
Confidential manuscript submitted to GBC

Marine N2O emissions from nitrification and denitrification1

constrained by modern observations and projected in2

multi-millennial global warming simulations3

G. Battaglia1,2, F. Joos1,2
4

1Climate and Environmental Physics, Physics Institute, University of Bern, Bern, Switzerland5

2Oeschger Centre for Climate Change Research, University of Bern, Bern, Switzerland6

Key Points:7

• A new parameterization for marine N2O production by nitrification and denitrification8

is developed9

• Modern marine N2O emissions are constrained by observations to 4.3 (2.8 to 5.9) Tg N yr−1
10

• Probabilistic projections yield massive reductions in O2 and a long-term increase in N2O11

emissions12

Corresponding author: Gianna Battaglia, battaglia@climate.unibe.ch

–1–



Confidential manuscript submitted to GBC

Abstract13

Nitrous oxide (N2O) is a potent greenhouse gas (GHG) and ozone destructing agent, yet,14

global estimates of N2O emissions are uncertain. Marine N2O stems from nitrification and den-15

itrification processes which depend on organic matter cycling and dissolved oxygen (O2). We16

introduce N2O as an obligate intermediate product of denitrification and as an O2-dependent17

byproduct from nitrification in the Bern3D ocean model. A large model ensemble is used to18

probabilistically constrain modern and to project marine N2O production for a low (RCP2.6)19

and high GHG (RCP8.5) scenario extended to AD 10,000. Water-column N2O and surface ocean20

partial pressure N2O data serve as constraints in this Bayesian framework. The constrained21

median for modern N2O production is 4.5 (±1σ-range: 3.0 to 6.1) Tg N yr−1, where 4.5%22

stems from denitrification. Modeled denitrification is 65.1 (40.9 to 91.6) Tg N yr−1, well within23

current estimates. For high GHG forcing, N2O production decreases by 7.7% over this cen-24

tury due to decreasing organic matter export and remineralization. Thereafter, production in-25

creases slowly by 21% due to wide-spread deoxygenation and high remineralization. Deoxy-26

genation peaks in two millennia and the global O2 inventory is reduced by a factor of two com-27

pared to today. Net denitrification is responsible for 7.8% of the long-term increase in N2O28

production. On millennial timescales, marine N2O emissions constitute a small, positive feed-29

back to climate change. Our simulations reveal tight coupling between the marine carbon cy-30

cle, O2, N2O, and climate.31

1 Introduction32

Nitrous oxide (N2O) is an atmospheric trace gas that plays important roles in the strato-33

spheric ozone cycle and as a greenhouse gas (GHG) that is more than 200 times more potent34

than carbon dioxide (CO2) [Gruber, 2008]. Natural N2O emissions to the atmosphere result35

from microbial metabolic pathways on land and in the oceans. N2O is inert within the tropo-36

sphere and is photochemically decomposed after mixing into the stratosphere. Prather et al.37

[2015] suggest that the pre-industrial atmospheric lifetime of N2O was 123 yrs, which con-38

strains natural N2O sources to 10.5±1 Tg N yr−1. Measurements of N2O concentration ([N2O])39

and N2O production and reduction rates in natural settings are difficult and sparse which makes40

the attribution of N2O sources and sinks to processes and systems uncertain. Estimates of global41

terrestrial and oceanic N2O emissions from natural sources vary by up to a factor of five. They42

range between 3.3 and 9.0 Tg N yr−1 and between 1.8 and 9.45 Tg N yr−1 for terrestrial and43

oceanic emissions, respectively [Ciais et al., 2013]. During the last 100 years, atmospheric N2O44
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concentrations have increased from ∼270 ppb currently reaching ∼325 ppb as result of ad-45

ditional, anthropogenic sources [2.7-11.1 Tg N yr−1, Ciais et al., 2013].46

Hot spot regions for marine N2O production are the low oxygenated waters of the east-47

ern boundary upwelling systems, such as the Arabian Sea [Law and Owens, 1990; Naqvi et al.,48

2000; Nicholls et al., 2007], the southern African coast [Frame et al., 2014], and the eastern49

equatorial Pacific [Ji et al., 2015; Babbin et al., 2015; Arévalo-Martı́nez et al., 2016, 2015; Kock50

et al., 2016; Zamora et al., 2012]. N2O production also occurs in well-oxygenated waters. Most51

studies associate N2O production with processes in the open ocean water column. In coastal52

environments, however, N2O might also be produced from interactions with sediments [Frame53

et al., 2014].54

In the ocean, N2O primarily forms (i) as a by-product from nitrification and (ii) as an55

intermediate-product from respiratory denitrification. Process-oriented studies measure water56

column concentrations of involved species, incubate water samples with isotopes, determine57

the N2O isotopomere configuration or probe relevant genomes or enzymes. The exact metabolic58

pathways and their relative importance for global N2O production remain unclear as is the fu-59

ture evolution of marine N2O emissions [Freing et al., 2012; Bange, 2008]. Both nitrification60

and denitrification processes and the related N2O production are tightly linked to the cycling61

of organic matter and oxygen concentrations ([O2]).62

Nitrification by autotrophs occurs nearly everywhere in the global ocean where organic63

matter is remineralized aerobically releasing ammonia (NH3). Nitrification is a two step pro-64

cess, whereby NH3 is first oxidized to nitrite (NO−
2 ) by ammonia oxidizing archaea (AOA)65

or bacteria (AOB), and subsequently NO−
2 is oxidized to nitrate (NO−

3 ) by nitrite oxidizing66

bacteria (NOB). Both reactions are linked to the reduction of O2. N2O has been reported as67

secondary product from ammonia oxidation [Ward, 2008; Goreau et al., 1980; Nevison, 2003;68

Loescher et al., 2012; Ji et al., 2015], though the relevance of different biogeochemical path-69

ways remains somewhat controversial. N2O can form from NH3 oxidation to NO−
2 by AOA70

and AOB. In addition, AOA [Santoro et al., 2011] and AOB [Frame and Casciotti, 2010] have71

been shown to also be able to reduce NO−
2 to N2O in laboratory cultures through pathways72

similar to those involved in heterotrophic denitrifiers, a process also referred to as nitrifier den-73

itrification. Microenvironments within sinking particles may provide favorable conditions, i.e.,74

low [O2] and availability of organic carbon [Charpentier et al., 2007; Wilson et al., 2014; Frame75

et al., 2014; Breider et al., 2015; Popp et al., 2002]. Isotopic constraints suggest AOA might76
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well dominate local and global nitrification and N2O production [Francis et al., 2005; Santoro77

et al., 2011; Loescher et al., 2012; Beman et al., 2012; Peng et al., 2015; Trimmer et al., 2016]78

and also be active in the euphotic zone, where AOB are thought to be light inhibited [Ward,79

2008]. Several studies inferred surface production of N2O [Dore and Karl, 1996; Morell et al.,80

2001; Charpentier et al., 2010; Law and Ling, 2001], but the global relevance of N2O produc-81

tion in the euphotic zone is debated [Freing et al., 2012; Zamora and Oschlies, 2014].82

Respiratory denitrification occurs under anoxic conditions and N2O is formed as an in-83

termediary product. A series of nitrogen oxide compounds are used as terminal electron ac-84

ceptors for the oxidation of organic matter in the absence of O2 which ultimately produces85

N2 (NO−
3 → NO−

2 → NO → N2O → N2). The net N2O production results from potentially86

large gross fluxes of production and consumption [Bange, 2008; Devol, 2008]. The different87

denitrification steps have been shown to exhibit different O2 sensitivities, with N2O produc-88

tion starting at higher [O2] compared to N2O reduction [Castro-Gonzalez and Farias, 2004;89

Babbin et al., 2015; Ji et al., 2015]. Resulting N2O depth profiles may exhibit characteristic90

double peak structure, where N2O is depleted within anoxic zones [Bange, 2008; Arévalo-Martı́nez91

et al., 2016; Kock et al., 2016; Ji et al., 2015; Babbin et al., 2015]. Nitrification and denitri-92

fication share common intermediate products (NO−
2 , N2O) such that processes are potentially93

coupled at suboxic transitions within the water column complicating the interpretation of in-94

situ profile data [Devol, 2008; Frame et al., 2014; Ji et al., 2015].95

Additional processes such as heterotrophic nitrification [Bange, 2008], anammox [Kar-96

tal et al., 2007] and chemoautotrophic denitrification [Gilly et al., 2013] might also contribute97

to N2O production. It has also been suggested that an interplay of abiotic-biotic reactions might98

lead to N2O production, where enzymatically produced intermediates (NH2OH, NO−
2 ) are ox-99

idized or reduced to N2O by metals [Zhu-Barker et al., 2015].100

Given these complexities, modeling studies so far have largely employed highly param-101

eterized frameworks and do not resolve the mentioned intermediate products or individual pro-102

cess rates. Studies have estimated global marine N2O emissions either from interpolated sur-103

face measurements of pN2O and related air-sea flux parameterizations [4 (1.2-6.8) Tg N yr−1
104

Nevison et al., 1995] or from inferred N2O yields per O2 consumption coupled to observed105

O2 or temperature climatologies and modeled or observationally-inferred respiration rates [5.8±2 Tg N yr−1
106

Nevison, 2003], [2.2-4.3 Tg N yr−1 Freing et al., 2012], [6.2±3.2 Tg N yr−1 Bianchi et al.,107

2012]. Modeling studies within global ocean circulation models usually couple N2O produc-108
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tion to modeled aerobic remineralization fluxes, assuming that nitrification follows aerobic rem-109

ineralization instantaneously. The yield of N2O per unit organic matter remineralized is as-110

sumed to depend non-linearly [Suntharalingam and Sarmiento, 2000; Schmittner et al., 2009]111

or linearly [Zamora et al., 2012; Zamora and Oschlies, 2014] on oxygen concentrations. Some-112

times a first order [Jin and Gruber, 2003; Martinez-Rey et al., 2015] or zeroth order [Zamora113

and Oschlies, 2014] consumption term for denitrification is included. The [O2] threshold be-114

low which consumption starts is different in different models [10 mmol m−3 O2, Zamora et al.,115

2012], [4 mmol m−3, Nevison, 2003; Jin and Gruber, 2003], [5 mmol m−3, Martinez-Rey et al.,116

2015].117

Explicit N2O production and consumption from denitrification in line with requirements118

from organic matter stoichiometry and with O2-dependent decoupling of N2O production and119

consumption was only recently implemented in a 1D water column model [Babbin et al., 2015].120

This model was applied together with observations of N2O and related tracers in the eastern121

tropical North Pacific [Babbin et al., 2015] and denitrification was identified as the major net122

source of N2O. Trimmer et al. [2016], on the other hand, employing a similar model, explained123

their data from a neighboring site with low oxygen archaeal production from nitrification. N2O124

production in this study was modeled as an exponential function of -[O2], without coupling125

to remineralization rates. Nevertheless, results by Ji et al. [2015] and Babbin et al. [2015] con-126

firm that gross local N2O fluxes from denitrification may be up to hundred times larger than127

those from nitrification. Yet, gross fluxes from denitrification, consistently linked to the sto-128

ichiometry of organic matter fluxes, have never been implemented in a global ocean circula-129

tion model.130

Here, in a novel approach, we implement marine N2O production and consumption fluxes131

within the Bern3D Earth System Model of Intermediate Complexity. Stoichiometric relation-132

ships between the produced and consumed N2O from denitrification and their corresponding133

organic matter fluxes are explicitly considered. We interpret modeled mean O2 concentrations134

in each grid-cell to represent a range of [O2] and microenvironmental conditions at the sub-135

grid scale. This is described by a distribution around the mean [O2] allowing nitrification and136

denitrification to co-occur within the same grid-cell in low oxygen waters. Nitrification is mod-137

eled with an exponential O2-dependent yield from organic matter remineralization fluxes in138

line with earlier parameterizations. Denitrification considers stoichiometry with respect to or-139

ganic matter fluxes following Paulmier et al. [2009] and a Michaelis-Menten type regulation140

of N2O consumption. N2O is taken as the only obligate intermediate of the denitrification se-141
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ries. This permits us to evaluate simulated denitrification fluxes with independent estimates142

of total nitrogen (N) loss (20-150 Tg N yr−1, as summarized in Yang and Gruber [2016]).143

Model parameters and uncertainties are estimated in a Bayesian, Monte Carlo approach144

using a 1000-member model ensemble. For the first time, both water column concentration145

as well as surface partial pressure N2O data [Kock and Bange, 2015] are used together as con-146

straints. In addition, the model circulation, simulated O2 distribution and remineralization fluxes147

are constrained by observation-derived fields of natural radiocarbon [Key et al., 2004] and dis-148

solved O2 [Garcia et al., 2014; Bianchi et al., 2012]. Data-constrained, probabilistic estimates149

are presented for regional-to-global marine N2O production and consumption, sea-to-air N2O150

fluxes, and the marine N2O-climate feedback. The simulations cover the industrial period and151

the 21st century applying a low (RCP2.6) and a high (RCP8.5) greenhouse gas scenario. These152

are extended to year AD 10,000 to quantify century- to millennial-scale changes and long-term153

feedbacks between marine N2O and climate similar to the constant composition commitment154

simulations presented in Zickfeld et al. [2013].155

2 Modeling Framework156

2.1 The Bern3D Model157

The Bern3D Earth System Model of Intermediate Complexity is a three dimensional fric-158

tional geostrophic balance ocean model [Müller et al., 2006] with a sea ice component cou-159

pled to a single-layer energy and moisture balance model of the atmosphere [Ritz et al., 2011]160

and a prognostic marine biogeochemistry module [Tschumi et al., 2011; Parekh et al., 2008].161

Here a version with a horizontal resolution of 41 by 40 grid-cells and 32 logarithmically-scaled162

vertical layers is used (see also Roth et al., 2014; Battaglia et al., 2016). The components at-163

mosphere, ocean and sea ice share the same horizontal resolution. The physical ocean model164

has an isopycnal diffusion scheme and Gent–McWilliams parameterization for eddy-induced165

transport [Griffies, 1998]. The NCEP/NCAR monthly wind-stress climatology [Kalnay et al.,166

1996] is prescribed at the surface. Air–sea gas exchange, carbonate chemistry and natural ∆14C167

of DIC is modeled according to OCMIP-2 protocols [Najjar et al., 1999; Orr and Najjar, 1999].168

Carbonate chemistry calculations are updated according to Orr and Epitalon [2015]. The global169

mean air-sea transfer rate is reduced by 19% compared to OCMIP-2 to match observation-based170

estimates of natural and bomb-produced radiocarbon [Müller et al., 2008]. N2O solubility and171

the Schmidt number are calculated according to Wanninkhof [1992].172
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The carbon cycle model [Tschumi et al., 2011; Parekh et al., 2008] simulates production173

and remineralization/dissolution of organic matter, calcium carbonate and opal. The N cycle174

is not explicitly modeled. The euphotic zone is defined above 75 m. Production of particu-175

late organic matter (POP, expressed in phosphorous (P) units) within the euphotic zone is a176

function of temperature, light availability, phosphate and iron following Doney et al. [2006].177

Remineralization of POP follows a power law profile [Martin et al., 1987, Eq. A.1]. The or-178

ganic flux reaching the sea floor is remineralized in the deepest box. As in the original model179

version, two thirds of organic matter production form dissolved organic matter (DOP), which180

here decays into its mineral constituents with an e-folding lifetime of 1.5 years. A new for-181

malism is introduced which assigns remineralization of POP and DOP to aerobic (p1) and anaer-182

obic (1-p1) pathways depending on the mean grid-cell dissolved O2 concentration (see p1 in183

Figure 1b and Eq. A.5). We introduce two power law profiles, Faerob and Fdenit, with two184

distinct remineralization length scales for aerobic and anaerobic remineralization (αaerob and185

αdenit). The changes of the respective piecewise Martin curves are weighted with p1([O2]) and186

(1-p1([O2])) to yield the total remineralization profile (Eqs. A.2, A.3, A.4). This way, aero-187

bic and anaerobic remineralization may co-occur within the same grid cell. The effect on the188

remineralization profile is illustrated in Figure 1a (refer to the Appendix A: for implemented189

equations).190

2.2 Marine N2O Pathways191

2.2.1 N2O from Nitrification192

Net nitrification is assumed to instantly follow aerobic remineralization and is stoichio-193

metrically accounted for in the O2 consumption term (J(O2), see Appendix, Eq. A.6) [as equa-194

tion 10 in Paulmier et al., 2009]. N2O produced during nitrification J(N2Onit.prod.) (mmol195

N2O m−3 s−1) is therefore coupled to the aerobic remineralization flux below the euphotic196

zone with an O2-dependent yield:197

J(N2Onit. prod.) = [α+ β · f([O2])] · J(O2), (1)
198

f([O2]) = f1 · exp(−f2 · [O2]) + (1− f1) · exp(−f3 · [O2]). (2)

α is a constant yield factor (not to be confused with αaerob and αdenit) and the func-199

tion β*f (O2) describes an O2-dependent N2O-yield from nitrification (Figure 1c). This O2-200

dependent yield of nitrification follows the functional form applied by Jin and Gruber [2003];201
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Martinez-Rey et al. [2015] using two exponentials (Eq. 2). It is motivated by the linear rela-202

tionship between excess N2O and apparent oxygen utilization (AOU) in well-oxygenated wa-203

ters [Cohen and Gordon, 1979; Butler et al., 2000], laboratory data of Goreau et al. [1980],204

oceanic observations of Nevison [2003]; Ji et al. [2015] and most recent incubation results of205

Trimmer et al. [2016]. This functional form is chosen here as it offers many degrees of free-206

dom and therefore produces a wide range of solutions; from almost linear to exponential cov-207

ering the range reported by other studies. Parameterizations employed in other global mod-208

eling studies [Suntharalingam et al., 2000; Jin and Gruber, 2003; Nevison, 2003; Zamora and209

Oschlies, 2014; Martinez-Rey et al., 2015] and derived in observational studies [Ji et al., 2015]210

are shown in Figure 1c) for comparison. N2O production emerges from the product of yield211

and remineralization rate. The selected range of parameterizations covers the parameteriza-212

tions used by Nevison [2003]; Zamora and Oschlies [2014]; Martinez-Rey et al. [2015], whereas213

Jin and Gruber [2003] used a similar functional form, but applied much higher yield factors.214

This discrepancy was also noted in Martinez-Rey et al. [2015, section 2.2, p. 4136], and could215

arise from lower remineralization fluxes in the low O2 regions in the Jin and Gruber [2003]216

model.217

2.2.2 N2O from Denitrification226

N2O consumption from denitrification is modeled with first-order kinetics following Ya-227

magishi et al. [2007]; Babbin et al. [2015] and consumption is therefore the product of a loss228

rate kc and [N2O]. To ease notation, grid-cell indices (x, y, k) are omitted. In addition, a Michaelis-229

Menten term reduces the consumption rate coefficient, kc, at low [N2O] and a function (1-p2)230

describes the grid cell fraction with consumption. kc (in units of s−1) equals:231

kc =
1

τ
· [N2O]

KN2O + [N2O]
· (1− p2). (3)

We introduce a function, p2 (Figure 1b), as a function of the mean grid-cell [O2] to pa-232

rameterize small-scale processes of N2O consumption and production. p2 co-determines the233

relative importance of N2O consumption and N2O production by denitrification (see Eq. B.1234

and Figure 1b). This way, N2O consumption by denitrification sets in at lower [O2] compared235

to N2O production by denitrification in agreement with observations [Castro-Gonzalez and Farias,236

2004; Babbin et al., 2015; Ji et al., 2015] and similar to the 1D water column model of Bab-237

bin et al. [2015]. Potential N2O consumption by denitrification is computed by using a semi-238
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Figure 1. Remineralization profiles, fraction of aerobic remineralization and N2O yield factors. a) The

original remineralization profile using the standard value of αaerob (light blue profile) and two profiles with

lower remineralization under anaerobic conditions indicating the sampled range in αdenit (orange and gray

profiles). b) Fraction of aerobic remineralization p1 as a function of grid-cell mean dissolved O2 (black line).

Colored lines offset to lower [O2] represent the sampled p2 distributions to regulate N2O production and

consumption by denitrification. Vertical dashed lines indicate the 2σ range of p1. c) N2O yield from nitrifica-

tion as sampled in the Monte Carlo framework (colored lines). Thick black lines show N2O yields from the

literature. Colored lines in b) and c) are coded according to the skill score of the related model simulation.

218

219

220

221

222

223

224

225

implicit numerical scheme as the time scale for consumption (1/kc) is a few days only and239

comparable to the length of the model time step, ∆t:240

J(N2Odenit.cons.)
pot = −kc · [N2O]

1

(1 + ∆t · kc)
, (4)

where the fraction results from the numerical scheme.241

Potential N2O consumption rates do not depend on organic matter availability and may242

thus exceed corresponding organic matter conversion rates. This would violate the first order243

principle of mass conservation. In addition, N2O production by denitrification is assumed to244
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co-occur in low oxygen grid-cells which is also coupled to anaerobic remineralization of or-245

ganic matter. Therefore, we limit N2O consumption, J(N2Odenit.cons.) (mmol N2O m−3 s−1)246

(i) by the anaerobic remineralization flux to conserve mass and (ii) by limiting the fraction of247

the anaerobic remineralization that is available for N2O consumption to enforce that consump-248

tion and production can co-occur in a grid cell. We write:249

J(N2Odenit.cons.) = −min
(
kc · [N2O]

1

(1 + ∆t · kc)
, zcons · Jdenit(PO4) · 20.5%

)
. (5)

The first term in the minimum function represents potential N2O consumption. The sec-250

ond term represents the upper limit of consumption as a function of anaerobic remineraliza-251

tion; Jdenit(PO4) (mmol-P m−3 s−1) is the P release from organic matter by denitrification252

( ∆Fdenit(zk)
(zk−1−zk) + [DOP ]·(1−p1)

1.5yr ) and zcons the stoichiometric ratio between P and N2O for con-253

sumption (refer to the Appendix C: for stoichiometric relationships, Eq. C.3). The stoichio-254

metric ratio for production (zsource=69) is four times smaller than for consumption (zcons=276).255

Equal N2O consumption and production by denitrification would therefore correspond to a share256

of Jdenit(PO4) equal to 20% for N2O consumption and equal to 80% for N2O production. Here,257

an upper-limit share of 20.5% is applied for the N2O consumption pathway in equation 5. This258

means that up to 5% more N2O may be consumed than produced by denitrification within a259

grid cell. This choice permits a large range of consumption and production fluxes in our prob-260

abilistic approach, discussed in the next section, and reflects the notion that denitrification leads261

to a substantial net production not to a net consumption of N2O [Babbin et al., 2015; Naqvi262

et al., 2000; Nicholls et al., 2007]. In a small ensemble without the 20.5% limitation, consump-263

tion fluxes were slightly bigger decreasing net N2O production by between 0.1-0.8 Tg N yr−1.264

While the impact on emissions is small the resulting N2O concentrations show larger discrep-265

ancy with observations (higher errors and lower correlation).266

The remaining remineralization of phosphorous is scaled to result in N2O production (mmol267

N2O m−3 s−1):268

J(N2Odenit.prod.) = zsource ·max
(
Jdenit(PO4)− |J(N2Odenit.cons.)|

zcons
, 0
)
. (6)

Observations do not indicate large [N2O] gradients near the sea floor of the open ocean.269

Guided by this observation, the organic matter flux reaching the sea floor is not coupled to den-270

itrification fluxes and N2O production/consumption by denitrification is set to zero for this de-271
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position flux. In other words, we implicitly postulate that organic matter reaching the sea floor272

is largely converted within reactive sediments and that any N2O produced within the reactive273

sediment layer by denitrification is also consumed in these low oxygen environments. The over-274

estimation of [N2O] in parts of the deep ocean (Figure 6) may be linked to these simplified275

boundary assumptions regarding nitrification and denitrification. To this end, we tested the im-276

pact on global N2O production of our assumption of zero net production by denitrification near277

the sea floor in a sensitivity simulation using the ’best consistent’ parameter set shown in Ta-278

ble 1. Inclusion of N2O production and consumption by denitrification from the deposition279

flux in the lowermost cells leads to a increase in net N2O production of 0.5 Tg N yr−1. Then,280

simulated concentrations are higher leading to higher errors with available observations.281

The Michaelis-Menten formalism and limiting the N2O consumption to 20.5% of the282

anaerobic remineralization flux help to avoid that [N2O] falls below the saturation concentra-283

tion. This would be in disagreement with available observations. The parameterization allows284

for large production and consumption fluxes of N2O and potentially large net positive N2O285

production from denitrification as argued for by Babbin et al. [2015]. In addition, our param-286

eterization considers appropriate stoichiometric ratios and ensures mass conservation such that287

organic matter is consumed only once. Mass conservation is usually neglected in 1D studies288

[Babbin et al., 2015] but important for global applications. N2O production and consumption289

at low O2 concentrations in previous global studies was not explicitly tied to denitrification290

fluxes. The O2-dependent nitrification yield was sometimes taken to represent N2O produc-291

tion from denitrification [Jin and Gruber, 2003; Martinez-Rey et al., 2015]. For N2O consump-292

tion, low rates were chosen (τ=4 months Jin and Gruber [2003], k−1=(1/0.138) yr= 7.2 yr Martinez-293

Rey et al. [2015]) or assumed to follow zero order kinetics [Zamora and Oschlies, 2014].294

2.3 Ensemble Generation, Metrics for Skill Assessment and Datasets295

Latin Hypercube sampling [McKay et al., 1979] is applied to generate a 1000-member297

ensemble including 11 parameters (Table 1). It is an efficient, statistical, Monte Carlo sam-298

pling technique which generates controlled random samples from a multidimensional distri-299

bution. The sampled parameters concern ocean transport and mixing (1 parameter) and organic300

matter remineralization (2 parameters) as these exert a crucial control on N2O production. Im-301

portantly, the parameters governing the N2O-yield from nitrification (5 parameters) and pa-302

rameters affecting N2O consumption by denitrification (3 parameters) are sampled. We apply303

normal, uniform or log-normal priors based on literature information and previous sensitiv-304
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Table 1. Sampled model parameters and their prior distributions296

Parameter Description Prior distributiona Best consistent

parameter setb

Ocean transport and mixing

kdiff−dia ocean diapycnal diffusivity (m2 s−1) L(2.25e-5,s=0.2,l=0) 2.2e-05

Organic matter remineralization

αaerob coefficient of Martin curve for aerobic rem-

ineralization

N(-0.83, -0.0625) -0.83

αdenit coefficient of Martin curve for denitrification U(-0.1,-0.01) -0.03

Nitrification

α Background N2O yield from nitrification

(mol N2O / mol O2)

U(0, 7e-5) 3.3e-05

β Maximal N2O yield from nitrification at

lowest [O2] (mol N2O / mol O2)

U(5e-5,2e-3) 9.1e-4

f1 Factor to weight first exponential in N2O

yield from nitrification

U(0.4, 0.7) 0.6

f2 c Rate of decrease in first exponential of N2O

yield from nitrification (m3/mol O2)

U(-150,-80) -83

f3 c Rate of decrease in second exponential of

N2O yield from nitrification (m3/mol O2)

U(-40,-10) -25.5

Denitrification

τ timescale of N2O consumption from denitrifi-

cation (days)

U(4, 20.9) 10.5

KN2O [N2O] where consumption rate is half its

maximal value (Michaelis-Menten term)

(µmol N2O m−3)

U(10, 60) 38.1

offset offset in error function for N2O consumption

(mmol O2 m−3) (sampled around 0, absolute

value is taken for model)

N(0, 0.5) 0.16

aNormal distribution N(standard value, standard deviation), log-normal distribution

L(standard value, s=shape parameter, l=location parameter), uniform distribution U(min.,

max.). bSee discussion in Section 3.3; parameter set reproduces median fluxes and me-

dian concentration fields. cWe sampled f2 and f3, but give here also the ranges for their

inverse values for convenience. The range in f2 corresponds to a range in (1/f2) from

6.667 to 12.5 mmol m−3. The range in f3 corresponds to a range in (1/f3) from 25 to 100

mmol m−3.
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ity tests (see below and Table 1). Normal or log-normal distributions are chosen if a best guess305

parameter value has previously been identified (αaerob, kdiff−dia, offset). Log-normal distri-306

butions are chosen for asymmetric ranges to limit the parameter values at the lower range. Uni-307

form distributions are chosen for parameters which are poorly known. For each ensemble mem-308

ber and each of the datasets (see below) a relative mean squared error (MSErel) is calculated309

as a sum over all grid-cells (indexed j) where observations are available. The sum is weighted310

by aj , which represents the grid-cell volume/area, and normalized by σ2:311

MSErel =
∑
j

aj ·
(Xmodel

j −Xobs
j )2

σ2
. (7)

Model errors are thus judged small or large relative to the magnitude of σ2 [Schmittner312

et al., 2009]. Following Steinacher et al. [2013] and Schmittner et al. [2009], we estimate σ2
313

as the volume-weighted variance of the model–data residuals for the ensemble member with314

the lowest MSE such that the best-fitting ensemble member has a MSErel close to unity. The315

different MSErel (here 3) are averaged to a total MSEreltot to yield a skill score Sm as:316

Sm = exp
(
−0.5 ·MSEreltot

)
. (8)

Sm is a likelihood-type function and corresponds to a Gaussian distribution of the data-317

model residuals with zero mean and variance σ2. Sm can be interpreted as an indication of318

the relative performance of each individual model configuration, where configurations which319

have relatively small deviations from the data are considered more probable than configura-320

tions which differ more from the observations. Sm are used as weight to compute probabil-321

ity density functions (PDFs) and related measures such as the median (50th percentile) and322

68% confidence interval (±1σ, the 16th to 84th percentile range) of the ensemble results. The323

methodology follows earlier papers of Steinacher et al. [2013]; Steinacher and Joos [2016];324

Battaglia et al. [2016].325

Three observational datasets (Table 2) are used to constrain marine N2O emissions. We326

use (1.) water column [N2O] data and (2.) surface pN2O measurements from the MEMENTO327

database [Kock and Bange, 2015, accessed 23.11.2016]. The measurements are assigned to the328

corresponding Bern3D grid-cell. Different measurements on the same grid-cell are averaged329

using distance-weighting. Another score based only on the (3.) mean N2O concentrations be-330

low 1.5 km in each basin (3 values for each run) is calculated in addition. This is to ensure331

that [N2O] in the deep ocean is not overestimated.332
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Table 2. Observational data used to constrain the model ensemble333

Variable Reference Time frame of

model

(1.) dissolved N2O (∼10% of all grid-cells) MEMENTO Kock and Bange [2015] 1990-2005

(2.) surface pN2O (∼50% of surface grid-cells) MEMENTO Kock and Bange [2015] 1977-1995

(3.) N2O mean concentration below 1500 m in

each basin (3 average values from 426 (Atlantic),

138 (Pacific), 62 (Indian) measurements on the

Bern3D grid)

MEMENTO Kock and Bange [2015] 1990-2005

We average the modeled N2O over the time period 1990-2005 (a 15 year period until334

the start of the RCP scenarios) and the modeled pN2O over 1977-1995 where most observa-335

tions were made. The N2O skill scores are insensitive to the time periods considered for av-336

eraging.337

σ2 is estimated based on the variance of the model-data residuals for the ensemble mem-338

ber with the lowest MSE as described above. The only exception is constraint (3.). Here, σ2
339

is taken as the variance of all observations below 1.5 km. In a final evaluation step we penal-340

ize members which have a correlation coefficient of less than 0.35 (score 0 by choice). See341

section 3 and 4 for a discussion.342

Sensitivity tests with smaller ensembles were used to determine plausible prior ranges343

for the parameters describing nitrification and denitrification. In addition, the parameters af-344

fecting mixing (kdiff−dia) and aerobic organic matter remineralization (αaerob) have been tuned345

during the development of Bern3D with respect to O2, natural ∆14C and CFC distributions346

[Gerber and Joos, 2013; ?; Battaglia et al., 2016]. Here, these two parameters are sampled within347

relatively narrow ranges such that all members achieve similar and good skill scores with re-348

spect to O2 and natural ∆14C distributions. This represents a pre-selection step in the model349

evaluation and acknowledges uncertainties in circulation and remineralization fluxes. The rem-350

ineralization coefficients (αaerob and αdenit) and the O2 thresholds (µ and σ) tend to have com-351

pensatory effects on modeled O2 and remineralization fluxes (see also similar case in supple-352

mentary material of DeVries et al. [2013]). Only the remineralization parameters are therefore353
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sampled in the Monte Carlo framework in order to minimize the degrees of freedom and fa-354

cilitate interpretation. The scaling factor in the Martin curve is one order of magnitude lower355

for remineralization by denitrification (αdenit) than for aerobic remineralization (αaerob). This356

low range of values for (αdenit) is consistent with the available observational evidence and re-357

produces remineralization fluxes in line with estimates of total N loss as summarized by Yang358

and Gruber [2016].359

2.4 Experimental Design360

Each model run is first spun up over 5000 years to a pre-industrial steady state, with at-361

mospheric CO2 set to 278 ppm and N2O to 272.96 ppb. Over the industrial period (AD 1765-362

2005) we include CO2 and non-CO2 radiative forcings according to Eby et al. [2013] and we363

prescribe the atmospheric N2O history according to Meinshausen et al. [2011]. From AD 2005364

to AD 3000 the RCP2.6 and RCP8.5 scenarios [Meinshausen et al., 2011] are prescribed sim-365

ilar to the constant composition commitment simulations in Zickfeld et al. [2013]. Simulations366

are extended from year AD 3000 to year AD 10,000 for the 200 members with the highest367

skill score. After year AD 3000, the concentrations and radiative forcings are kept constant368

(Figure 9a). The cumulative weight of the 200 best simulations is 54% of the total weight. These369

200 members yield a ±1σ range of 2.6 to 5.0 Tg N yr−1 for modern N2O production. This370

is lower than for the full ensemble (3.0 to 6.1 Tg N yr−1) (see Figure D.1 for an illustration371

of the skill score).372

The equilibrium climate sensitivities (ECS) of the model configurations range between373

∼3.5 and ∼4◦C for a doubling of atmospheric CO2. The range reflects variations in the di-374

apycnal mixing coefficient (kdiff−dia). These ECSs are at the higher end of values summarized375

in the latest IPPC [likely between 1.5 and 4.5◦C Stocker et al., 2013b]. The current model376

configuration does not include sediment interactions, temperature dependent remineralization,377

variable stoichiometry, nitrogen-cycle feedbacks, atmospheric nutrient deposition, dynamic wind,378

nor freshwater input/albedo changes from melting of continental ice-sheets.379

We distinguish marine N2O production from each individual production term. N2O pro-380

duction from nitrification results from two components: (i) the constant nitrification-yield (’α381

term’ in equation 1) and (ii) the O2-dependent nitrification-yield (’β*f (O2) term’ in equation382

1, [N2Oβ]). (iii) ’Net denitrification’ results from (iv) N2O production minus (v) N2O con-383

sumption by denitrification (equation 5 and 6). N2O from both nitrification terms, from net384
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denitrification and N2O’s solubility component are explicitly carried as model tracers. Trac-385

ers add up to within 10−11 µmol m−3. This way, the model-data differences can be attributed386

to processes. The oceanic N2O inventories are separated in a biological-production compo-387

nent (including all production terms) and a solubility component. Changes in emissions due388

to changes in storage can therefore be disentangled. Additional tracers (O2 solubility compo-389

nent, remineralized nutrients, ideal age) are included to aid the interpretation of the future pro-390

jections.391

–16–



Confidential manuscript submitted to GBC

3 Results392

3.1 Current N2O Production From Nitrification and Denitrification393

The constrained model ensemble yields an average global median (and ±1σ range) net394

N2O production of 4.5 (3.0 to 6.1) Tg N yr−1 for the time period 1990 to 2005 (Figure 2a).395

Noticeably, the observational constraints shift the prior distribution of N2O production to lower396

values (Figure 2, dashed versus solid lines). The sampled (prior) N2O production ranges from397

1.0 to over 13 Tg N yr−1 (Figure 2a). The 1990 to 2005 average global-mean sea-to-air flux398

is slightly lower than N2O production, 4.3 (2.8 to 5.9) Tg N yr−1, as rising atmospheric N2O399

leads to a solubility driven oceanic N2O uptake anomaly. The observation-constrained range400

of global emissions is narrower than the range of 1.8 to 9.4 Tg N yr−1 summarized in the IPCC401

AR5 [see pink line in Figure 2a), IPCC AR5 Ciais et al., 2013].402

96.0% of net production stems from nitrification, 4.2 (2.8 to 5.8) Tg N yr−1, with the411

reminder from denitrification, 0.2 (-0.34 to 0.79) Tg N yr−1 (Figure 2b). The small net con-412

tribution from denitrification results from large gross N2O fluxes (Figure 2c). 52.9 (33.2 to413

74.3) Tg N yr−1 are consumed and 53.2 (33.4 to 74.7) Tg N yr−1 produced (median values414

of gross fluxes do not add up to the median net flux of 0.2 Tg N yr−1).415

The N2O consumption flux of 52.9 Tg N yr−1 represents the conversion of N2O to N2416

(equation 10). In addition, NH3 produced during N2O production and consumption (equation417

C.1 and C.2) is likely also oxidized to N2 (NH+
3 +3/5 HNO−

3 −→ 4/5 N2 + 9/5 H2O; equa-418

tion 17 in Paulmier et al. [2009]). Total N loss by conversion to N2 amounts then to 65.1 (40.9419

to 91.6) Tg N yr−1, given the assumed stoichiometric ratios. This compares very well with420

estimates of total N loss from denitrification which span 20-150 Tg N yr−1 as summarized421

by Yang and Gruber [2016]. Modeled global export of particulate organic carbon out of the422

euphotic zone is 9.88 (9.19 to 10.6) Gt C yr−1. This estimate from the constrained-model en-423

semble is well within published estimates [Sarmiento and Gruber, 2006, 6.5 to 13.1 Gt C yr−1]424

but higher than what CMIP5 models simulate [4.9 to 8.1 Gt C yr−1, Bopp et al., 2013]. Aer-425

obic remineralization of dissolved and particulate organic carbon below the euphotic zone is426

19.7 (18.2 to 21.2) Gt C yr−1, and anaerobic remineralization below the euphotic zone is 48.3427

(30.3 to 67.7) 10−3 Gt C yr−1.428

The geographic pattern of water-column-integrated N2O production (Figure 3a) resem-429

bles to some extent that of POM export and water-column-integrated aerobic remineralization430
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Figure 2. Probability density functions (PDFs) of modeled N2O fluxes. a) Net N2O production and air-sea

exchange, b) net oceanic N2O production from nitrification and denitrification and c) gross production and

consumption by denitrification. Dashed curves indicate the associated prior and continuous curves the con-

strained posterior PDFs. Straight lines below the PDFs indicate associated ranges published in the literature.

In a) estimates from Ciais et al. [2013]; Nevison et al. [1995]; Suntharalingam and Sarmiento [2000]; Zamora

and Oschlies [2014]; Nevison [2003]; Bianchi et al. [2012]; Saikawa et al. [2014]; Thompson et al. [2014]. In

c) estimates of total N loss as summarized by Yang and Gruber [2016] converted to N loss by conversion to

N2 from denitrification given the here assumed stoichiometric ratios (see main text).

403

404

405

406

407

408

409

410

(Figure 3c). High N2O production is simulated in the high biological productivity regions of431

the Southern Ocean, the northern North Pacific and North Atlantic and low N2O production432

is simulated in the oligotrophic gyre regions. In these regions, N2O production scales approx-433

imately linearly with aerobic remineralization. Simulated [O2] are high (Figure 3b) such that434

the N2O yield is approximately constant (close to constant nitrification yield, α, Eq. 1). N2O435

production is highest in the low oxygen regions of the eastern tropical Pacific, Atlantic and436

Indian Oceans. Here, moderate-to-high remineralization combines with highest N2O yields (Eq.437
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1) for nitrification. In addition, N2O is affected by denitrification. The interplay of the differ-438

ent fluxes within low oxygen waters is illustrated at a profile located in the Pacific OMZ at439

10.5◦N and 98◦W. Here, modeled O2 concentrations decrease rapidly from the surface and al-440

low for denitrifying conditions over the first km. The modeled N2O profile exhibits a typical441

structure (Figure 4c) with a N2O peak at shallow depths, a broad minimum at intermediate442

depths in the thermocline and increasing [N2O] towards the deep ocean. Gross fluxes from443

denitrification are ∼50 times higher than those from nitrification (Figure 4a) and nitrification444

and denitrification can co-occur within grid cells (Figure 4b). The modeled consumption rates445

are comparable to the N2O consumption rates measured at offshore stations by Babbin et al.446

[2015, ∼2 nmol L−1 day−1 = 730 µmol m−3 yr−1]. Observational profiles of N2O at neigh-447

boring locations show high variability (Figure 4d). This small-scale variability makes it dif-448

ficult to match individual N2O observations in the simulations.449
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Figure 3. Maps of variables of interest. Modeled median a) net production of N2O, b) average [O2] in the

upper ocean (175-824 m depth), and c) aerobic remineralization of POM and DOM below 75 m for the time

period 1990 to 2005. d) is the average upper ocean [O2] of WOA13 [Garcia et al., 2014; Bianchi et al., 2012].
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Figure 4. Profiles at 10.5◦N and 98◦W. a) Modeled N2O production and consumption from denitrifica-

tion. b) Net N2O production and N2O production from the two nitrification terms. c) Modeled N2O and O2

concentrations. Lines correspond to modeled median and ranges to the 68% confidence interval given by the

ensemble. d) Observational profiles of N2O and O2 at four neighboring locations. Production from α refers to

the constant nitrification-yield and production from β*f (O2) refers to the O2-dependent nitrification-yield.
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3.2 Evaluation of Modeled N2O and O2 Concentrations458

We start the model-data comparison with the relationship between N2O and O2 concen-459

trations (Figure 5) before turning to the actual N2O and O2 distributions, separately. Median460

fields are chosen for evaluation purposes. We note that median fields are, by definition, not461

necessarily physically self-consistent. However, individual runs with N2O production close to462

the median fluxes and a run with the best guess parameters provided in Table 1 produce fields463

for individual N2O production terms, N2O emissions, and for N2O concentrations that show464

generally small differences compared to the corresponding median fields.465

The N2O and O2 relationship is important given the critical role of O2 concentrations466

in setting both the N2O-yield from nitrification and in separating aerobic remineralization from467

denitrification. Generally, the observed relationship is matched by the model (colored versus468

black dots in Figure 5). Three features stand out. First, the model reproduces the wide spread469

of [N2O] observed at very low [O2] (N2O spanning 5 - 100 µmol m−3). Such conditions pre-470

vail in equatorial regions (see colors in Figure 5 indicating the latitudinal position). Consump-471

tion and production by denitrification is critical to achieve this spread. Second, modeled N2O472

at O2 concentrations spanning 20-150 mmol O2 m−3 is well within the observational range,473

while modeled variability of N2O is lower than observed (black dots in Figure 5). Most of the474

observations at these intermediate O2 have been made in equatorial regions, too. Third, at high475

[O2] (>200 mmol O2 m−3), where essentially background [N2O] prevail, model-data agree-476

ment is good. Such conditions prevail in high latitude waters.477

We now examine modeled [N2O] in more detail. The MEMENTO database of marine480

N2O measurements [Kock and Bange, 2015] currently covers ∼10% of the ocean volume. This481

low coverage, combined with the small scale variability of N2O, hampers any model-data com-482

parison. Globally, the modeled RMSE is 11.1 µmol N2O m−3 with a correlation coefficient483

r of 0.52 between simulated median and observed [N2O]. Other modeling studies achieve sim-484

ilarly low correlation coefficients [Martinez-Rey et al., 2015, their P.OMZ parameterization:485

r=0.42, their P.TEMP parameterization: r=0.49] but usually have higher errors [see Figure 3486

of Martinez-Rey et al., 2015]. In Figure 6, we compare measured and simulated N2O profiles487

for three latitudinal bands in the Atlantic, Pacific and Indian. In the northern North Atlantic,488

measured and simulated [N2O] are close or somewhat above the saturation concentration rel-489

ative to atmospheric N2O (10 µmol m−3) and model-data agreement is high, except below 3.5490

km, where the model tends to overestimate [N2O]. Reasonable to good data-model agreement491

is also found in the Southern Ocean where N2O increases from saturation concentration at the492
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Figure 5. Modeled median (colors) and observed (black) relationship between N2O and O2 concentrations.

The colors indicate the latitudinal position of each modeled N2O-O2 pair ranging from 70◦S to 72.5◦N.

478

479

surface to about 20 µmol m−3 in the upper 1000 m below which it remains relatively con-493

stant. In the North Pacific, the model median underestimates peak concentrations found at ∼1 km494

depth. In equatorial regions, observed [N2O] are highly variable (σ =14.7 µmol m−3) and495

reach concentrations up to 126.4 µmol m−3 within the upper ocean. In the lower water col-496

umn of equatorial regions, measured concentrations show smoother profiles back to more uni-497

form values of 15-20 µmol m−3. The model fails to produce the observed high (small scale)498

variability in the upper ocean of equatorial regions, particularly so in the Pacific. Modeled pro-499

files generally are smoother than observed (compare also Figure 4c and d). In equatorial re-500

gions, high net positive N2O production from denitrification close to the surface can lead to501

single high outliers in the model (up to 203 µmol m−3) which are not present in the Bern3D502

gridded MEMENTO database. Nevertheless, high [N2O] have been reported [∼250 µmol m−3
503

Arévalo-Martı́nez et al., 2015], [986 µmol m−3 Arévalo-Martı́nez et al., 2016], [533 µmol m−3
504

Naqvi et al., 2000], [∼850 µmol m−3 Kock et al., 2016]. Consumption of N2O by denitrifi-505

cation is critical to reduce concentrations in these hot spot environments to essentially solu-506

bility concentrations. The model thereby simulates steep concentration gradients in these re-507

gions, but on larger spatial scales than observed. Data-model misfits exist in bottom waters508
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along the coast of the eastern equatorial Pacific. Ocean-sediment interactions are not included509

in the model setup and all organic matter reaching the sea floor is nitrified in the model. Be-510

low low O2 waters, a larger fraction of exported organic matter reaches the sea floor in com-511

parison with a fully aerobic water column (see also Figure 1a). This apparently leads to an512

overestimation of local N2O production. Near sea floor production is relatively small and amounts513

to ∼5% of net N2O production in the Pacific.514

In the following, we turn to the modeled distribution of O2. The Bern3D model does519

simulate low O2 environments in eastern boundary upwelling systems of all basins (compare520

Figure 3b and d). In the Equatorial Pacific, the EMIC model fails to resolve Equatorial Un-521

dercurrents. The OMZ here is therefore one coherent region rather than showing two distinct522

regions separated by a well-ventilated band. In the North Pacific, modeled [O2] are too high,523

in the equatorial Atlantic, modeled [O2] are too low, and in the Indian Ocean, the volume of524

low O2 waters is too large (Figure 3b and d). Despite these shortcomings, a frequency dia-525

gram reveals similar frequency distributions for modeled and observed oxygen (Figure 7a). Both526

model and observation-based distributions cover a range between 0 and 400 mmol O2 m−3
527

and show two peaks around 150 and 200 mmol O2 m−3. Importantly, the median model re-528

sults feature a realistic extent of low O2 environments. The modeled volume of water with [O2]529

<80 mmol m−3 and with [O2] <50 mmol m−3 matches observation-based estimates within530

some percent (see Table D.1). As most models, the Bern3D model overestimates the volume531

of water with O2<5 mmol O2 m−3 by about a factor of five. This is less than found for the532

Earth System models considered in Cocco et al. [2013], except for the IPSL model which un-533

derestimates the volume occupied by suboxic waters (Table D.1).534

3.3 The Role of Individual Observational Constraints539

In this section we address how the observational constraints (Table 2) used in the skill540

assessment constrain the parameter ranges and resulting N2O fluxes. Recall that skill scores541

are set to zero if the correlation between observed and modeled [N2O] is less than 0.35. This542

serves as an additional constraint. As mentioned in section 2.3, the parameters were sampled543

within plausible ranges as informed by literature values and preceding simulations with a smaller544

ensemble size. The constrained ensemble shows substantially narrower distributions for N2O545

production and air-sea fluxes than present in the unconstrained ensemble. This finding lends546

support to our approach.547
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2012] and b) projections of modeled median [O2] at model year AD 2099, c) at model year AD 4000 and d)
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535

536

537

538

The observational constraints reject both very low and very high net N2O production and548

sea-to-air fluxes. The confidence intervals obtained when only including one constraint in the549

skill computation are similar (Figure 8). The surface partial pressure data constraint yields lower550

production than inferred from the water column concentration constraints. The combination551

of all constraints yields the narrowest confidence interval (3.1 versus 3.7 Tg N yr−1). In a fur-552

ther sensitivity test, we added observation-based O2 and natural ∆14C as two additional con-553

straints. This yields slightly higher median values and ranges than the standard computation554

(4.7 (3.2 to 6.6) Tg N yr−1). In brief, our results are moderately sensitive to choices such as555

whether an individual constraint is included or not and how exactly the individual constraints556

are aggregated in the skill assessment.557
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Low net N2O production from nitrification (< 2 Tg N yr−1) yields on average low ab-558

solute errors, but correlation between modeled and measured N2O fields is also very low (Fig-559

ure 8d). Members with low productivity are therefore rejected as we require correlation co-560

efficients to be larger than 0.35 (Section 2.3). Very high production by nitrification, on the other561

hand, leads to too high background concentrations in the deep ocean via transport and mix-562

ing and to low skill (Figure 8c). The additional skill score computed from deep basin-average563

N2O concentrations (data set (3.) in Table 2) therefore constrains nitrification at the high end.564

The surface pN2O data alone hardly constrain N2O production from nitrification (Figure 8b).565

The N2O production related to the constant yield factor for nitrification (α term in equation566

1) is hardest to constrain. These fluxes yield a smooth background [N2O] field in the entire567

ocean which does not lead to pronounced errors. Ensemble members with net N2O produc-568

tion by denitrification higher than ∼2 Tg N yr−1 yield results in conflict with water column569

N2O data and those with net N2O production by denitrification higher than ∼1 Tg N yr−1 yield570

results in conflict with surface pN2O (Figure 8a,b). These ensemble members have low skill571

scores.572

A single run is highlighted in Figure 8 (black dot). This run re-produces the median fluxes573

presented and can be regarded as a best consistent model. Evaluation of its N2O and O2 fields574

are comparable to the median fields presented in Section 3.2 and its parameter values are in-575

cluded in Table 1. This best consistent model configuration may be chosen for paleomodel-576

ing studies.577
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3.4 Future Projections585

The short- and long-term response of marine N2O production and marine N2O emissions586

to increased levels of GHGs is different. N2O production and emissions are projected to first587

decrease over the 21st century (7.7% less net production compared to the modern reference588

period). Thereafter, N2O production and emissions are projected to increase to reach higher589

levels under new steady state conditions (21% higher net production compared to the mod-590

ern reference period). The changes result from changes in meridional overturning, deoxygena-591

tion, warming and resulting changes in remineralization fluxes. We look at each of these con-592

tributing factors in turn to explain the N2O signal in more detail (Figure 9, Table D.2). In Ta-593

ble D.2, the modern reference median values and ±1σ ranges of the variables of interest are594

given along with the changes by the end of the 21st century and the changes for new steady595

state conditions by AD 10,000 for both the RCP2.6 and RCP8.5 GHG scenario. Changes are596

expressed relative to the modern reference period. We focus the following discussion on the597

RCP8.5 scenario.598

3.4.1 Transient Circulation Changes, Export Production and Deoxygenation599

In response to the constant composition commitment scenario RCP8.5, atmospheric tem-600

peratures rise and stabilize after ∼1000 years. For the ocean, it takes ∼4000 years to reach601

a new thermal equilibrium (Figure 9c, 7.2◦C warmer compared to today). As temperatures rise602

and surface density decreases, meridional overturning in the ocean slows down (Figure 9e) in603

line with other global warming modeling studies [Stocker et al., 2013b]. Here, meridional over-604

turning in the Atlantic (AMOC) decreases by 42% at AD 2100 compared to the modern ref-605

erence period and recovers to pre-industrial levels thereafter. In the new steady state condi-606

tions, the upper cell of the AMOC becomes shallower in the Bern3D. An AMOC slowdown607

and partial or full recovery emerges in other multi-millennial simulations [Zickfeld et al., 2013;608

Li et al., 2013; Schmittner et al., 2008; Weaver et al., 2012]. No recovery of the AMOC was609

found in Yamamoto et al. [2015, 4xCO2 simulation]. In our simulations, the peak weakening610

of meridional overturning in the Indo-Pacific follows after the one in the North Atlantic (-52%611

compared to the modern reference period), and its recovery is slower. After ∼3000 years of612

simulation, the Indo-Pacific MOC overshoots pre-industrial conditions in the Bern3D and sta-613

bilizes thereafter at a higher level (+27% compared to the modern reference period). The mech-614

anisms involve increased precipitation, reduced sea ice formation and weaker vertical mixing615

which lead to a strong initial freshening and stratification in surface deep water formation re-616
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gions in the Southern Ocean. After ∼AD 2100, sea ice formation is absent. At higher over-617

all temperatures and in the absence of sea ice formation stronger deepwater formation results618

for the new steady state. Ocean ventilation is also affected by convection (not analyzed within619

the scope of this work). A reduction and a slow increase towards recovery of the Indo-Pacific620

MOC has also been reported by Schmittner et al. [2008, SRES A2 scenario] over a 2000 yr621

simulation involving similar mechanisms. In Yamamoto et al. [2015, 4xCO2 simulation], Antarc-622

tic Bottom Water formation initially decreases and overshoots pre-industrial levels after 1000623

years. In their model simulation, enhanced deep ocean convection contributed to enhanced ven-624

tilation. Generally, pre-industrial circulation states, magnitudes and timing of changes highly625

depend on model configurations and applied forcings such that the long-term evolution of merid-626

ional overturning remains uncertain. Most global warming simulations, including ours, do not627

include melting of continental ice sheets, which would tend to further (transiently) reduce cir-628

culation [Bakker et al., 2016].629

The transient slow down of ocean ventilation impacts tracer distributions and export pro-630

duction. Deep ocean water masses age, remineralized nutrients accumulate, [O2] decreases and631

it takes millennia to re-equilibrate their distributions. As the Indo-Pacific MOC is enhanced632

under the new steady state, the deep ocean is better ventilated, except in the North Atlantic,633

where a shallower AMOC increases water mass age and nutrient concentrations in the deep.634

Global export production and remineralization fluxes decrease till AD ∼2200, slowly635

recover thereafter and overshoot pre-industrial levels at AD ∼5000 (Figure 9b, Table D.2). The636

long-term increase in export production is driven by higher biological export productivity in637

the Arctic and Southern Ocean due to reduced temperature and light limitation of productiv-638

ity in response to warming and sea ice retreat. This results in correspondingly higher reminer-639

alization fluxes in high latitudes (Figure 10a,b). In contrast, no change or a decrease in ex-640

port and remineralization is projected in other regions (Figure 10a,b). Negative anomalies in641

remineralization are most pronounced in the northern North Atlantic and also occur in the At-642

lantic, Indian and northern North Pacific. This is mainly a result of increased stratification and643

a concomitant increase in nutrient limitation of productivity, similarly as discussed by Steinacher644

et al. [2009]. On global average, the decrease in the remineralization flux is largest when the645

MOC is lowest.646

O2 is affected by changing ocean physics, warming and biogeochemistry. The global mean647

[O2] decreases by a factor of two in the next 2000 years and remains below pre-industrial over648
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the entire high GHG simulation (RCP8.5) (Figure 7, Figure 9g, Figure 10c,d). These changes649

only emerge on multi-century to millennial timescales. By the end of the 21st century, the dis-650

tribution of low O2 water volumes has hardly changed (Figure 7b and Table D.1). Deoxygena-651

tion peaks at year AD 4000 when deep water had sufficient time to age, to accumulate rem-652

ineralized nutrients, and to integrate losses by oxygen consumption. In addition, warming causes653

O2 loss due to changes in solubility (see also Battaglia and Joos [2017] for process attribu-654

tion).655

The projected changes affect the distribution of low O2 waters and the volume of wa-656

ter holding low O2 concentrations expands in the deep ocean. The volume of water with [O2]657

<50 mmol O2 m−3 increases by about a factor of 8, and the volume of water with [O2] <5658

mmol O2 m−3 increases by more than a factor of 2 until AD 4000 (Table D.1, Figure 7). Un-659

der new steady state conditions, the respective volumes are still ∼50% larger than today. Tran-660

siently, higher [O2] is established in upper ocean equatorial waters where remineralization is661

lowered and ventilation increased compared to pre-industrial. Under new steady state condi-662

tions, O2 concentrations partly recover in much of the deep ocean as deep overturning is again663

enhanced. A lower O2 solubility component (-43.0 mmol O2 m−3) due to warming prevents664

global-average [O2] from recovering to pre-industrial values and negative [O2] anomalies es-665

tablish in the upper ocean. Also negative [O2] anomalies remain in the deep North Atlantic666

as a result of the shallower AMOC. The simulated O2 changes are comparable to those by Schmit-667

tner et al. [2008, SRES A2 scenario over 2000 years] who found global mean [O2] concen-668

trations to transiently decline by 30% and slowly recover thereafter and the suboxic volume669

to triple. Similar mechanisms, albeit different magnitudes, were reported by Yamamoto et al.670

[2015] for a 4xCO2 simulation over 2000 yr. Global mean [O2] concentrations initially de-671

crease but overshoot pre-industrial levels after 1500 years as overturning is enhanced. In their672

simulation, the volume of hypoxic waters increased initially and decreased thereafter. This re-673

sults from sustained reductions in export production and shallower remineralization depth in674

response to increased temperatures in their study.675

3.4.2 Drivers of N2O Production Changes685

The evolution of remineralization and [O2] determine the evolution of marine N2O pro-686

duction. Globally-averaged N2O production is projected to decrease over the 21st century (Fig-687

ure 9f and h) in line with reductions in aerobic remineralization. The trend is reversed in the688

22nd century and projected N2O production increases to reach a new steady state around AD689
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Figure 9. Timeseries of physical and biogeochemical variables as simulated over the industrial period and

projected for RCP2.6 (blue) and RCP8.5 (red). A reduced ensemble, including only the 200 members with

the highest skill (Sm), is used after AD 3000. See Table D.2 for modern reference values and changes at AD
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production terms are shown only for RCP8.5. Production from α refers to the constant nitrification-yield and
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7000. Global N2O production increases faster than global remineralization fluxes, highlight-690

ing the influence of changes in O2 on the N2O yield from aerobic remineralization. By the691

end of the 21st century, global N2O production decreases by 0.33 (0.21 to 0.46) Tg N yr−1
692

(median percentage change: 7.7%). N2O production stabilizes at rates of 0.73 (0.56 to 0.98) Tg N yr−1
693

(21%) higher than today. The air-sea flux of N2O adjusts to changes in N2O production with694

a time lag related to the exchange time scales between deep and surface ocean waters. The695

transient slow down of the overturning circulation manifests itself in a transient increase in696

the oceanic N2O inventory (Figure 9i). Additional N2O from biological production accumu-697

lates within the ocean when circulation slows, despite a decrease in net N2O production. The698

prescribed increase in atmospheric pN2O under the RCP scenarios leads to an increase in the699

ocean’s N2O solubility component and a corresponding perturbation in the air-sea N2O flux.700

At the global scale, nitrification (0.67 (0.47 to 0.93) Tg N yr−1, 92%) dominates the long-701

term increase in N2O production (Figure 9h). The O2-dependency of nitrification-production,702

’β*f (O2) term‘, 0.49 (0.24 to 0.82) Tg N yr−1, 68%) contributes the most. Over the 21st cen-703

tury, on the other hand, the dependency on organic matter remineralization prevails.704

Turning to spatial patterns of change, changes in N2O production are small in large parts705

of the Pacific, Indian, and Atlantic, but significant in eastern equatorial regions, along the coast706

of Africa and in high latitudes (Figure 10c,d). [O2] in the upper ocean is projected to slightly707

increase in equatorial regions over the industrial period and the 21st century (Figure 10c), while708

changes in export and remineralization are small around the equator (Figure 10a). As a result,709

pronounced negative anomalies in N2O production are projected in eastern equatorial regions710

by 2099 AD (Figure 10e). There, [O2] concentrations in the thermocline are low (Figure 3d)711

and, in turn, the sensitivity of N2O production to changes in O2 is high (Figure 1b). By the712

time a new steady state has established, positive O2 anomalies are much less abundant and neg-713

ative O2 anomalies prevail (Figure 10d). These negative O2 anomalies explain the pronounced714

positive production anomalies in the eastern equatorial Pacific and Indian and along the coast715

of southern Africa, as well as in the North Pacific by the end of the simulation. The long-term716

increase in N2O production in the Southern Ocean and the Arctic is linked to the increase in717

productivity, related to sea ice retreat, and the decrease in O2 in the high latitude thermocline718

and deep ocean.719

Global N2O production from denitrification is projected to moderately change over the720

course of the simulation. Small increases or decreases are possible. Under new steady state721
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conditions, the median is projected to increase slightly. This evolution results from a complex722

interplay of anaerobic remineralization of organic matter, and O2 and N2O concentrations and723

is more difficult to disentangle (Figure 9d,g,i). Spatially, denitrification fluxes show anoma-724

lies in the OMZs of the eastern tropical Pacific, Atlantic and Indian Ocean. Transiently, new725

denitrifying regions establish in the deep North Pacific and parts of the deep Southern Ocean.726

In summary, an increase in export production and aerobic remineralization of organic727

material leads to positive N2O production anomalies in the Arctic and Southern Ocean, and728

a decrease in export and remineralization to negative production anomalies in the northern At-729

lantic. In other regions, particularly those with intermediate to low [O2], N2O production changes730

are mainly driven by changes in N2O yield due to changes in [O2].731

3.5 N2O Climate Feedback732

The simulated changes in marine N2O emissions to the atmosphere will provide a feed-733

back on radiative forcing and climate. We diagnose the resulting changes in radiative forcing734

from a simple 1 box model (assuming a constant perturbation lifetime of 109 years [Prather735

et al., 2015] and using the radiative forcing given by Etminan et al. [2016]). The related tran-736

sient feedback factor is expressed as radiative forcing per temperature change (Figure 9j). Sim-737

ulated changes in N2O emissions initially cause a negative feedback by the end of the 21st738

century (-0.005 W m−2 K−1 for RCP8.5). By the time a new steady state establishes, higher739

N2O emissions cause a positive feedback to climate change (0.004 W m−2 K−1 for RCP8.5).740
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Figure 10. Maps of median changes (∆) of variables of interest for the extended RCP8.5 scenario.

(a,b) Aerobic remineralization of particulate and dissolved organic matter below the euphotic zone, (c,d) up-

per ocean (175-824 m) [O2] and (e,f) net N2O production integrated over the entire water column. Results

are for year 2099 minus 1990-2005 averaged time period (first column) and for year 10,000 minus 1990-2005

averaged time period (second column). Contour lines in (c,d) mark the extent of waters with less than 5 mmol

O2 m−3 for modern (black) conditions and at 2099 and 10,000 AD (red). Colorbars apply to both time slices.

741

742

743

744

745

746

4 Discussion747

We find that marine N2O production and its changes are dominated by nitrification. The748

dominant role of nitrification to N2O production has also been inferred from in-situ concen-749

tration measurements in combination with observational water mass age tracers [Freing et al.,750

2012, ∼93% from nitrification]. Comparison to other global modeling studies is difficult. Den-751

itrification has not been included explicitly and the remaining parameter values are usually cho-752
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sen to yield net N2O production of ∼3.8 Tg N yr−1. Gross, global denitrification fluxes in our753

study for the modern ocean are ∼13x larger than N2O from nitrification, the net effect how-754

ever may range from net negative (-0.34 Tg N yr−1) to slightly positive (0.79 Tg N yr−1), sup-755

porting the view that net N2O production is dominated by nitrification. In response to anthro-756

pogenic warming, net N2O production by denitrification in the probabilistic assessment makes757

up 7.8% of the net change.758

Marine production and emissions of N2O critically depend on remineralization fluxes759

and O2 concentrations with highest sensitivities at O2 concentrations below ∼80 mmol O2 m−3
760

such as found in the Equatorial Pacific. The Bern3D model projects regionally slightly ele-761

vated O2 concentrations in this environment by the end of the 21st century while the global762

volume occupied by low O2 waters remains almost unchanged on this timescale. These re-763

sults are in line with many Earth System models considered in Cocco et al. [2013, their Fig-764

ure 2 and 6]. Schmidtko et al. [2017], on the other hand, inferred from O2 measurements that765

the oxygen minimum zones in the Equatorial Pacific expanded over the last five decades. Bern3D766

simulates such an expansion in the upper ocean of the Equatorial Pacific only on longer timescales.767

The projected decrease in global N2O production by the end of the 21st century under768

RCP8.5 (0.33 (0.21 to 0.46) Tg N yr−1) is comparable to what Martinez-Rey et al. [2015] have769

found (0.41 Tg N yr−1, their P.OMZ parameterization) for the IPSL Earth system model. While770

the global decrease by the end of the 21st century and underlying mechanisms are compat-771

ible between the two studies, models can differ in their regional response. In the Equatorial772

Pacific, for instance, Martinez-Rey et al. [2015] project higher remineralization rates and lower773

O2 concentrations and therefore increased N2O production by 2099 which is in contrast to our774

results. In Bern3D, this region shows positive N2O production anomalies only on longer timescales.775

Our long-term simulations project that marine N2O emissions will eventually cause a776

small, positive feedback to climate change on millennial timescales. As such, they would tend777

to add to the positive feedback associated with the terrestrial biosphere [Stocker et al., 2013a].778

We find a much smaller sensitivity of N2O emissions to climate change than proposed by Schmit-779

tner et al. [2008], who projected a doubling of N2O production in response to an extended high780

greenhouse gas scenario (SRES A2).781

Ice core records have revealed a positive climate feedback in Earth’s history, with higher782

natural N2O production and emissions in warmer climates both from the land and from the783

ocean [Schilt et al., 2014, 2010]. In our simulations, this positive feedback in response to an-784
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thropogenic warming becomes evident in long-term projections as a result of deoxygenation785

and higher remineralization fluxes. On the short-term, transient decreases in circulation de-786

termine decreases in remineralization fluxes which decrease N2O production. Such decreases787

are also in line with paleomodeling studies, where transient decreases in the AMOC lead to788

transient decreases in N2O emissions. The Younger-Dryas cold period [12.7-11.55 kyr BP, Gold-789

stein et al., 2003] or Dansgaard-Oeschger climate oscillations [modeled for the period 50-45790

kyr BP in Schmittner and Galbraith, 2008] are examples of such changes in the past.791

5 Caveats in Modeling Marine N2O792

Observations of N2O concentrations reveal high variability which are not resolved in EMICS793

such as Bern3D nor in state-of-the-art Earth System Models. It is likely that N2O production794

varies on small spatial and temporal scales together with the variable availability of organic795

matter and O2. Here, we account for this sub-grid scale variability by introducing functions796

for the relative share of aerobic versus anaerobic remineralization and of N2O production ver-797

sus consumption by denitrification. This permits the three processes - N2O production by ni-798

trification and denitrification and consumption by denitrification - to co-occur within a single799

grid-cell with low [O2]. In this framework, a tight coupling between N2O produced and con-800

sumed by denitrification emerges. Higher resolution modeling studies are needed to confirm801

this finding. We also recall that vast areas of the ocean have not been sampled yet.802

Potentially important feedback mechanisms have been neglected in this study. Imbal-803

ances within the N-cycle (denitrification versus N2-fixation) can feed back on export produc-804

tion and therefore impact long-term projections of N2O and marine biogeochemistry. Rem-805

ineralization rates are assumed to be constant in time, as there is a lack of information on this806

issue (see e.g. Roth et al. [2014]). Further, we prescribe constant stoichiometric ratios, and do807

not account for anthropogenic nitrogen deposition.808

Ocean sediments are not explicitly represented in this study. Thus, organic matter rem-809

ineralization and N2O production and consumption by nitrification and denitrification within810

the sediments as well as diffusive exchange of N2O between sediment pore water and ocean811

waters are not modeled. We assumed that all organic matter falling to the sea floor is nitri-812

fied under aerobic conditions, likely biasing N2O production by nitrification high at the seafloor.813

This has a small impact on simulated N2O emissions in our coarse-resolution model as the814

associated N2O production is small. Regarding denitrification, we assume zero net production/consumption815

for the sedimentary deposition flux. This assumption appears justified for the open ocean and816
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for simplicity as N2O concentration data show small near-bottom gradients, but may be more817

problematic along continental margins. In such boundary regions, N2O concentrations and thus818

mechanisms modulating N2O production and consumption show strong spatial heterogeneity819

[Bourbonnais et al., 2017]. Benthic denitrification may significantly affect near bottom N2O820

concentrations as benthic denitrification fluxes are large. Our ensemble yields an N-loss by821

benthic denitrification of 131.0 (121.0 - 144.0) TgN yr−1, well within the range of published822

estimates [Yang and Gruber, 2016, 70-300 Tg N yr−1] and larger than N-loss by denitrifica-823

tion in the open ocean. Future modeling work may address benthic denitrification and asso-824

ciated N2O production and consumption explicitly.825

In addition, we did not account for pH dependencies. Surface ocean pH is projected to826

drop by the end of the 21st century (mean of CMIP5 models is 0.31 for RCP8.5) as anthro-827

pogenically emitted CO2 dissolves in the ocean. This would further decrease the direct avail-828

ability of NH3 over NH+
4 (pKa=9.25 at 25◦C), which serves as the actual substrate of nitri-829

fication. Nitrification rates have been shown to decline in short-term manipulative experiments830

with lower pH [Beman et al., 2011]. How the N2O yield responds is uncertain given the com-831

plex production pathways. Rees et al. [2016] found less N2O production with decreasing pH832

in temperate and polar marine environments and Frame et al. [2017] found higher N2O yields833

with unaltered nitrification rates in a freshwater lake. How potentially slower rates affect equi-834

librium distributions and competition among different processes remains to be determined.835

Controversy also exists around potential nitrification in the surface ocean and associated836

production of N2O. N2O production in the euphotic zone was excluded in our model formu-837

lation. Because AOBs are thought to be light inhibited [Ward, 2008], nitrification (and N2O838

production) in the surface layer has long been ruled out. A compilation of open ocean mea-839

surements of the specific rate of surface nitrification in combination with global modeling by840

Yool et al. [2007] revealed that nitrification may account for half of the nitrate taken up by grow-841

ing phytoplankton. In recent years, AOA have in fact been observed in the euphotic zone [Church842

et al., 2010; Beman et al., 2012] and within enrichment cultures and incubation experiments,843

AOAs have been shown to produce N2O [Santoro et al., 2011; Loescher et al., 2012]. Most844

studies quantifying global surface N2O production, nevertheless, rely on N2O concentrations845

measurements within the water column and air-sea and cross-thermocline flux parameteriza-846

tions [Dore and Karl, 1996; Morell et al., 2001; Charpentier et al., 2010; Law and Ling, 2001].847

Large uncertainties exist in the extrapolation of instant, local gas-exchange fluxes over annual848

time scales and globally [Freing et al., 2012]. N2O production in the euphotic zone would be849
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hard to constrain within data assimilation efforts such as our, as the imprint on N2O in the wa-850

ter column is small due to fast outgassing [see also Zamora and Oschlies, 2014]. As the to-851

tal flux of N2O to the atmosphere 10.5±1 Tg N yr−1 is constrained by its atmospheric life-852

time [123 yrs for pre-industrial conditions, Prather et al., 2015] the room for surface produc-853

tion is not that large as we already require 4.6 (3.1 to 6.1) Tg N yr−1 from the ocean for pre-854

industrial conditions. This would leave 5.9 Tg N yr−1 pre-industrial emissions from land in855

line with IPCC AR5 estimates of 6.6 (3.3 to 9.0) Tg N yr−1. Nevertheless, extremes of the856

confidence intervals (3.1 from the ocean and 3.3 Tg N yr−1 from the land) would allow for857

up to 5.1 Tg N yr−1 from surface production.858

6 Conclusion859

We present a novel parameterization of marine nitrous oxide (N2O) production and con-860

sumption for application in ocean biogeochemical and Earth System Models. A probabilis-861

tic, Bayesian framework is applied, relying on a 1000-member model ensemble and a com-862

prehensive set of diverse observational data. The framework is used to constrain model pa-863

rameters, modern global and regional marine N2O fluxes, and probabilistic projections over864

this century and the next 8000 years.865

Observations of dissolved N2O within the water column and of surface partial pressure866

of N2O are used as constraints. In addition, observation-derived, globally gridded datasets of867

natural radiocarbon and dissolved oxygen (O2) are used to constrain modern ocean circula-868

tion and physical transport time scales, remineralization fluxes of organic matter, and oxygen869

concentrations. These environmental parameters exert a crucial control on marine N2O pro-870

duction and emissions.871

Earlier N2O modeling in global ocean models interpreted the O2-dependency of nitri-872

fication to represent N2O production from denitrification. Here, denitrification fluxes are rep-873

resented explicitly and related stoichiometrically to remineralization fluxes of organic matter.874

This new approach permits evaluation with estimates of total nitrogen loss by denitrification875

from the marine environment and considers the mass balance of organic matter conversion.876

Modeled N2O production by denitrification and environmental sensitivities depend on the avail-877

ability of organic matter, dissolved N2O and dissolved O2. The median value and uncertainty878

range of the constrained global denitrification flux is consistent with independent estimates of879
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total nitrogen loss. Globally, net denitrification fluxes make up 4.5% of modern N2O produc-880

tion and are responsible for about 7.8% of projected production changes.881

The confidence range in marine N2O emissions from our probabilistic framework, 2.8-882

5.9 Tg N yr−1, is narrower than summarized in the latest report of the Intergovernmental Panel883

on Climate Change (IPCC), 1.8-9.4 Tg N yr−1, while our constrained median of 4.3 Tg N yr−1,884

is higher than the IPCC best guess estimate of 3.8 Tg N yr−1 [Ciais et al., 2013]. In response885

to human-made global warming and increased concentrations of greenhouse gases, we project886

marine N2O production to first decrease by 7.7% over the 21st century in a business-as-usual887

scenario. This results from projected decreases in circulation and associated reductions in the888

export and remineralization of organic matter. For sustained anthropogenic forcing, the global889

marine oxygen inventory is reduced by a factor of two within the next two millennia with po-890

tential for far-reaching environmental consequences. Marine production of N2O is projected891

to eventually become 21% higher than for today in response to wide-spread deoxygenation and892

higher remineralization fluxes. As such, marine N2O emissions constitute a small, positive feed-893

back to climate change on millennial timescales. Our simulations reveal intricate interactions894

between the marine carbon cycle, N2O, oxygen, and climate.895

A: Remineralization of Particulate Organic Matter896

This appendix details the calculation of the remineralization of particulate organic mat-897

ter (POP) in the Bern3D model. Biological productivity within the euphotic zone is a func-898

tion of temperature, light availability, phosphate and iron following Doney et al. [2006]. One899

third of production is exported as POP and is remineralized instantaneously in the water col-900

umn beneath. We apply the empirical power law profile of Martin et al. [1987] for both aer-901

obic and anaerobic remineralization, but with different scaling factors for aerobic (αl = αaerob)902

and anaerobic (αl = αdenit) remineralization. The general form of the power law profile is:903

Fx,y(zk) = Fx,y(zk−1) · ( zk
zk−1

)αl , for z>z0. (A.1)

Fx,y(zk) (mmol-P m−2 s−1) is the downward particle flux per unit area evaluated at the904

bottom of the grid-cell (zk) with longitude, latitude and depth indices x, y, k, respectively. z0905

is the depth of the euphotic zone and Fx,y(z0) is the export flux out of the euphotic zone taken906

as initial flux. The index k is taken to increase with depth.907
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We assume that the O2 concentration within a grid-cell varies around a modeled mean908

concentration such that aerobic and anaerobic remineralization may co-occur within the same909

grid-cell. The fractions of DOP and POP that follows the aerobic path is (p1) and the frac-910

tion that follows the anaerobic remineralization path is(1-p1), where p1 is a function of [O2].911

This yields for the flux of POP at depth k:912

Fx,y(zk) = Fx,y(zk−1)·
(
p1([O2])

(
zk
zk−1

)αaerob

+ (1− p1([O2]))

(
zk
zk−1

)αdenit
)
, for z>z0.

(A.2)

The change in the POP flux with depth for aerobic remineralization within grid-cell x,913

y, k is then given by (omitting x, y for clarity):914

∆Faerob(zk) = p1([O2(k)]) · F (zk−1) ·
(

1−
(

zk
zk−1

)αaerob
)
. (A.3)

For anaerobic remineralization it is given by:915

∆Fdenit(zk) = (1− p1([O2(k)])) · F (zk−1) ·
(

1−
(

zk
zk−1

)αdenit
)
. (A.4)

(p1) is given by an error function (Figure 1b). This function depends on the mean mod-916

eled O2 concentration, O2(x,y,k):917

p1([O2]) = 0.5 · (1 + erf
[O2(x, y, k)]− µ

σ ∗
√

2
). (A.5)

The error function (erf) varies between -1 and +1. µ (6 mmol O2 m−3) corresponds to918

the O2 concentration where erf is zero and p1 equals 0.5 (see Figure 1a). σ (0.7 mmol O2 m−3)919

is the standard deviation of the distribution. At low [O2], p1 is zero and only denitrification920

occurs. p1 increases from zero to one as the mean O2 concentration in a grid-cell increases921

from about 4.4 to 7.4 mmol O2 m−3. Within this O2 concentration range (∼ µ ± 2σ) both922

denitrification and aerobic remineralization (including nitrification) co-occur. p1 is one for higher923

O2 concentrations such that only the aerobic path is followed.924

The parameter values of the function p1 are selected based on sensitivity experiments.925

While values of αaerob and αdenit are varied within the Monte Carlo approach, the parameters926

of p1 are not varied. This is to limit the number of free parameters and as variations in µ and927

σ and variations in αl have compensating influence on remineralization.928
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The remineralization of DOP is assigned to aerobic and anaerobic conditions with the929

same function (p1). The organic flux reaching the sea floor is remineralized in the deepest box.930

The O2 demand for complete aerobic remineralization (rO2:P) is 170 molO2

molPO4
and includes ni-931

trification. There is no O2 consumption during denitrification. The O2 consumption term (or932

aerobic remineralization, mmol O2 m−3 s−1) then is:933

J(O2) = 170 ·
(

∆Faerob(zk)

zk−1 − zk
+

[DOP ] · p1

1.5yr

)
. (A.6)

Fixed stoichiometric ratios are used to convert biological P fluxes into carbon (C), and934

alkalinity (Alk) fluxes for both aerobic and anaerobic remineralization (P:Alk:C=1:17:117).935

Alkalinity fluxes are not adjusted under anaerobic conditions for reasons of mass conserva-936

tion as the model does not include N2-fixation.937

B: N2O production versus consumption938

The function separating N2O production and consumption at low O2 is defined as:939

p2([O2]) = 0.5 · (1 + erf
[O2]− (µ− offset)

σ ∗
√

2
). (B.1)

p2 is equal to the function separating aerobic and anaerobic conditions, except that it is940

shifted towards lower O2 values by an offset (Figure 1b).941

C: Stoichiometry for Denitrification with N2O as Obligate Intermediate Product942

To develop formulations of N2O production by denitrification, we establish the stoichio-943

metric relationships between N2O produced (zsource) or consumed (zcons) per molecule P944

released by anaerobic remineralization. The stoichiometric relationship with N2O as the di-945

rect and only obligate intermediate product is - after Paulmier et al. [2009]:946

CaHbOcNdP +2 · zsource ·HNO3 → (C.1)

aCO2 + dNH3 +H3PO4

+(
1

2
a+

5

8
b− 1

4
c− 15

8
d− 7

8
)H2O

+zsource ·N2O
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for N2O production and947

CaHbOcNdP +zcons ·N2O → (C.2)

aCO2 + dNH3 +H3PO4

+(
1

2
b− 3

2
d− 3

2
)H2O

+zcons ·N2

for N2O consumption. It follows:948

zsource = (
1

2
a+

1

8
b− 1

4
c− 3

8
d+

5

8
), (C.3)

zcons = (2a+
1

2
b− c− 3

2
d+

5

2
).

How much N2O is produced (zsource) and how much consumed (zcons) per P reminer-949

alized therefore depends on the composition of the organic matter (a, b, c, d). As most global950

biogeochemical models, the standard version of the Bern3D model prescribes only the C:P (a=117)951

and N:P (d=16) ratios without specifying the assumed H and O content of the organic mat-952

ter. However, the terms ( 1
8b - 1

4c) and ( 1
2b - c) in equation C.3 can be consistently inferred from953

the oxygen demand of complete aerobic remineralization, set to O2:P=-170 in the Bern3D model.954

Complete aerobic remineralization of organic matter (including nitrification) follows [Paulmier955

et al., 2009]:956

CaHbOcNdP +(a+
1

4
b− 1

2
c+

5

4
d+

5

4
)O2 → (C.4)

aCO2 + dHNO3 +H3PO4

+(
1

2
b− 1

2
d− 3

2
)H2O.

Thus, (a+ 1
4b - 1

2c + 5
4d+ 5

4 ) = 170 or equivalently 1
8b - 1

4c = 15.875 and 1
2b - c = 63.5957

in Bern3D. This yields zsource = 69 and zcons = 276 for the given C:P and N:P ratios and the958

given oxygen demand of complete aerobic remineralization. Different compositions of organic959

matter have been reported. Assuming classical Redfield [1963] stoichiometry of C106H263O110N16P960

would imply zsource= 53 and zcons =212. The stoichiometry proposed by Anderson [1995]961

of C106H175O42N16P would result in zsource= 59 and zcons =236. Here, we rely on stoichio-962

metric values derived from the analysis of thermocline and deep water composition by Ander-963
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son and Sarmiento [1994], which results in 30% and 15% higher values for these stoichiomet-964

ric ratios.965

D: Summary of Numerical Results966

In Figure D.1, the cumulative weight and a histogram of the skill scores is shown. In967

the Bern3D model, the chosen formulations of N2O production and consumption can lead to968

very high point sources close to the surface which in turn can lead to numerical oscillations969

from the advection scheme (neighboring cells in horizontal direction without these high sources970

have negative [N2O] or [N2Oβ] lower than its solubility component; see section 2.4 for the971

definition of [N2Oβ]). In the skill assessment, these grid-cells are excluded. This concerns ∼1%972

of the oceanic grid-cells. For the calculation of median values and ranges all cells are con-973

sidered. Skill scores computed by including these cells yield indistinguishable results com-974

pared to excluding these cells.975

Table D.1 summarizes modeled and observed volumes of three different low O2 regimes976

and Table D.2 summarizes the median values and confidence intervals for critical variables ad-977

dressed in the main text.978
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Figure D.1. Cumulative weight (a) and histogram (b) of the skill scores. The top 200 ensemble members,
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Table D.1. Modeled and observed volumes of three different low O2 regimes981

Volume [1015 m3]

O2 < 80 mmol m−3 O2 < 50 mmol m−3 O2 < 5 mmol m−3

This studya (1990-2005) 144.9 (125.2 to 170.5) 68.5 (61.1 to 78.4) 7.1 (6.4 to 8.1)

WOA09b (WOA13c on

B3D grid)

126 (127.7) 60.4 (64.6) 2.43 (1.4)

From Cocco et al. [2013]

BCM-C 1990s 137 68.4 19.9

IPSL 1990s 38.9 18.5 1.01

UVIC2-8 1990s 67.9 32.9 4.91

CSM1.4 1990s 33.3 18.1 5.44

CCSM3 1990s 38.6 22.5 6.55

GFDL 1990s 153 105 39.9

MPIP 1990s 154 93.6 35.7

RCP2.6

This study AD 2099 153.0 (135.0 to 177.0) 73.0 (66.4 to 83.1) 7.37 (6.51 to 8.33)

This study AD 4000 252.0 (174.0 to 337.0) 99.6 (75.5 to 137.0) 8.5 (7.54 to 9.3)

This study AD 10,000 120.0 (111.0 to 135.0) 61.7 (59.0 to 65.7) 7.01 (6.46 to 7.8)

RCP8.5

This study AD 2099 157.0 (141.0 to 182.0) 76.5 (69.9 to 86.5) 7.31 (6.24 to 8.34)

This study AD 4000 777.0 (731.0 to 813.0) 555.0 (468.0 to 613.0) 18.6 (15.7 to 30.7)

This study AD 10,000 201.0 (185.0 to 223.0) 106.0 (99.9 to 113.0) 11.9 (10.4 to 13.5)

aValues for this study include the median and the ±1σ range. bfrom Cocco et al. [2013, including

Bianchi et al. [2012] correction], cincluding Bianchi et al. [2012] correction.
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Table D.2. Summary of resultsa982

Variable [unit] modern RCP2.6 RCP2.6 RCP8.5 RCP8.5

(1990-2005) ∆ in AD 2099 ∆ in AD 10,000b ∆ in AD 2099 ∆ in AD 10,000b

Global mean SAT [◦C] 16.2 (16.1 to 16.4) 1.53 (1.49 to 1.55) 1.8 (1.62 to 1.91) 4.89 (4.77 to 4.99) 11.1 (10.9 to 11.2)

Global mean ocean T [◦C] 4.26 (3.97 to 4.5) 0.343 (0.336 to 0.353) 1.55 (1.42 to 1.71) 0.651 (0.644 to 0.657) 7.24 (7.16 to 7.29)

AMOC [Sv] 16.3 (15.5 to 17.0) -2.18 (-2.58 to -1.83) 2.97 (2.56 to 3.49) -6.8 (-7.24 to -6.42) 1.52 (1.2 to 1.8)

Indo-Pacific MOC [-Sv] 13.3 (12.8 to 13.9) -2.59 (-2.2 to -2.82) 2.25 (2.38 to 2.07) -5.79 (-5.5 to -6.08) 3.55 (3.9 to 3.36)

Global mean O2 [mmol m−3] 155.0 (148.0 to 163.0) -4.14 (-4.67 to -3.53) 6.8 (4.71 to 10.6) -7.34 (-7.94 to -6.65) -20.1 (-25.3 to -16.3)

N inventory solubility [Tg N] 427.0 (425.0 to 429.0) 10.9 (10.8 to 11.2) 77.3 (76.4 to 78.0) 19.6 (19.2 to 20.1) 212.0 (208.0 to 216.0)

N inventory biology [Tg N] 411.0 (271.0 to 552.0) 5.92 (3.61 to 9.81) -42.2 (-69.2 to -26.8) 10.1 (6.31 to 15.9) -31.2 (-50.8 to -6.7)

Export production [Gt C yr−1] 9.88 (9.19 to 10.6) -0.142 (-0.16 to -0.105) 0.761 (0.669 to 0.87) -0.545 (-0.596 to -0.476) 0.612 (0.55 to 0.716)

Aerobic remin. fluxes [Gt C yr−1] 19.7 (18.2 to 21.2) -0.26 (-0.311 to -0.157) 1.88 (1.68 to 2.14) -1.37 (-1.54 to -1.17) 1.68 (1.51 to 1.92)

Denitrification [10−3 Gt C yr−1] 48.3 (30.3 to 67.7) -0.868 (-1.34 to -0.284) 4.01 (2.61 to 5.51) -2.68 (-4.4 to -1.34) 16.6 (9.16 to 26.3)

Net N2O prod. [Tg N yr−1] 4.51 (3.03 to 6.08) -0.0628 (-0.0915 to -0.0367) 0.345 (0.225 to 0.475) -0.33 (-0.456 to -0.211) 0.732 (0.559 to 0.981)

N2O emissions [Tg N yr−1] 4.33 (2.84 to 5.87) -0.0325 (-0.00263 to -0.0643) 0.509 (0.645 to 0.389) -0.567 (-0.427 to -0.714) 0.898 (1.15 to 0.72)

cN2O prod. α [Tg N yr−1] 2.2 (0.691 to 3.71) -0.025 (-0.0499 to -0.00693) 0.195 (0.0631 to 0.334) -0.154 (-0.258 to -0.0466) 0.173 (0.0603 to 0.298)

dN2O prod. β*f(O2) [Tg N yr−1] 1.82 (0.874 to 3.41) -0.0335 (-0.0639 to -0.0105) 0.0863 (0.0409 to 0.152) -0.1 (-0.172 to -0.0437) 0.489 (0.237 to 0.824)

Net N2O from denit. [Tg N yr−1] 0.201 (-0.339 to 0.792) 0.00209 (-0.0278 to 0.028) 0.0441 (-0.00447 to 0.102) -0.0673 (-0.159 to 0.0162) 0.0587 (-0.0799 to 0.195)

eFeedback [10−3 W m−2 K−1] -6.34 (-7.59 to -5.43) -6.73 (-8.32 to -5.45) 6.95 (4.41 to 9.43) -4.83 (-5.94 to -3.9) 3.69 (2.81 to 4.93)

aModern reference median values (1990-2005) and ±1σ ranges of the variables of interest, the changes (∆) by the end of the 21st century and the changes for new steady state

conditions by AD 10,000 for the two scenarios (RCP2.6 and RCP8.5). The values correspond to the timeseries in Figure 9. bThe changes for AD 10,000 conditions are based

on a reduced ensemble, including only the 200 members with the highest skill (Sm). cProduction from α refers to the constant nitrification-yield and dproduction from β*f (O2)

refers to the O2-dependent nitrification-yield. eThe feedback factor is expressed relative to pre-industrial values.
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C. Heinze, J. Orr, A. Oschlies, B. Schneider, J. Segschneider, and J. Tjiputra (2013),1071

Oxygen and indicators of stress for marine life in multi-model global warming projec-1072

tions, Biogeosciences, 10(3), 1849–1868, doi:10.5194/bg-10-1849-2013.1073

Cohen, Y., and L. I. Gordon (1979), Nitrous oxide production in the Ocean, Journal of1074

Geophysical Research: Oceans, 84(C1), 347–353, doi:10.1029/JC084iC01p00347.1075

Devol, A. H. (2008), Chapter 6 - Denitrification Including Anammox, in Nitrogen in1076

the Marine Environment, edited by D. G. Capone, D. A. Bronk, M. R. Mulholland,1077

and E. J. Carpenter, 2nd edition ed., pp. 263–301, Academic Press, San Diego, doi:1078

10.1016/B978-0-12-372522-6.00006-2.1079

–48–



Confidential manuscript submitted to GBC

DeVries, T., C. Deutsch, P. A. Rafter, and F. Primeau (2013), Marine denitrification rates1080

determined from a global 3-D inverse model, Biogeosciences, 10(4), 2481–2496, doi:1081

10.5194/bg-10-2481-2013.1082

Doney, S. C., K. Lindsay, I. Fung, and J. John (2006), Natural Variability in a Stable,1083

1000-yr Global Coupled Climate–Carbon Cycle Simulation, J. Climate, 19(13), 3033–1084

3054, doi:10.1175/JCLI3783.1.1085

Dore, J. E., and D. M. Karl (1996), Nitrification in the euphotic zone as a source for ni-1086

trite, nitrate, and nitrous oxide at Station ALOHA, Limnology and Oceanography, 41(8),1087

1619–1628, doi:10.4319/lo.1996.41.8.1619.1088

Eby, M., A. J. Weaver, K. Alexander, K. Zickfeld, A. Abe-Ouchi, A. A. Cimatoribus,1089

E. Crespin, S. S. Drijfhout, N. R. Edwards, A. V. Eliseev, G. Feulner, T. Fichefet, C. E.1090

Forest, H. Goosse, P. B. Holden, F. Joos, M. Kawamiya, D. Kicklighter, H. Kienert,1091

K. Matsumoto, I. I. Mokhov, E. Monier, S. M. Olsen, J. O. P. Pedersen, M. Per-1092

rette, G. Philippon-Berthier, A. Ridgwell, A. Schlosser, T. Schneider von Deimling,1093

G. Shaffer, R. S. Smith, R. Spahni, A. P. Sokolov, M. Steinacher, K. Tachiiri, K. Tokos,1094

M. Yoshimori, N. Zeng, and F. Zhao (2013), Historical and idealized climate model1095

experiments: an intercomparison of Earth system models of intermediate complexity,1096

Clim. Past, 9(3), 1111–1140, doi:10.5194/cp-9-1111-2013.1097

Etminan, M., G. Myhre, E. J. Highwood, and K. P. Shine (2016), Radiative forc-1098

ing of carbon dioxide, methane, and nitrous oxide: A significant revision of the1099

methane radiative forcing, Geophysical Research Letters, 43(24), 12,614–12,623, doi:1100

10.1002/2016GL071930, 2016GL071930.1101

Frame, C., E. Deal, C. D. Nevison, and K. L. Casciotti (2014), N2O production in the1102

eastern South Atlantic: Analysis of N2O stable isotopic and concentration data, Global1103

Biogeochemical Cycles, 28, 1262–1278, doi:10.1002/2013GB004790.Received.1104

Frame, C. H., and K. L. Casciotti (2010), Biogeochemical controls and isotopic signatures1105

of nitrous oxide production by a marine ammonia-oxidizing bacterium, Biogeosciences,1106

7(9), 2695–2709, doi:10.5194/bg-7-2695-2010.1107

Frame, C. H., E. Lau, E. J. Nolan, T. J. Goepfert, and M. F. Lehmann (2017), Acidifica-1108

tion Enhances Hybrid N2O Production Associated with Aquatic Ammonia-Oxidizing1109

Microorganisms, Frontiers in Microbiology, 7, 2104, doi:10.3389/fmicb.2016.02104.1110

Francis, C. A., K. J. Roberts, J. M. Beman, A. E. Santoro, and B. B. Oakley (2005),1111

Ubiquity and diversity of ammonia-oxidizing archaea in water columns and sediments1112

–49–



Confidential manuscript submitted to GBC

of the ocean, Proceedings of the National Academy of Sciences of the United States of1113

America, 102(41), 14,683–14,688.1114

Freing, A., D. W. R. Wallace, and H. W. Bange (2012), Global oceanic production of1115

nitrous oxide, Philosophical Transactions of the Royal Society B: Biological Sciences,1116

367(1593), 1245–1255, doi:10.1098/rstb.2011.0360.1117

Garcia, H. E., R. A. Locarnini, T. P. Boyer, J. I. Antonov, O. K. Baranova, M. M. Zweng,1118

J. R. Reagan, and D. R. Johnson (2014), World Ocean Atlas 2013, Volume 3: Dissolved1119

Oxygen, Apparent Oxygen Utilization, and Oxygen Saturation, NOAA Atlas NESDIS1120

75 75.1121

Gerber, M., and F. Joos (2013), An Ensemble Kalman Filter multi-tracer assimilation:1122

Determining uncertain ocean model parameters for improved climate-carbon cycle1123

projections, Ocean Modelling, 64, 29–45, doi:10.1016/j.ocemod.2012.12.012.1124

Gilly, W. F., J. M. Beman, S. Y. Litvin, and B. H. Robison (2013), Oceanographic and1125

Biological Effects of Shoaling of the Oxygen Minimum Zone, Annual Review of Marine1126

Science, 5(1), 393–420, doi:10.1146/annurev-marine-120710-100849, pMID: 22809177.1127

Goldstein, B., F. Joos, and T. F. Stocker (2003), A modeling study of oceanic nitrous1128

nitrous oxide during the Younger Dryas cold period, Geophys. Res. Lett., 30(2), 1092,1129

doi:10.1029/2002GL016418.1130

Goreau, T. J., W. A. Kaplan, and S. C. Wofsy (1980), Production of NO2 - and N2O by1131

nitrifying bacteria at reduced concentrations of oxygen, Applied and Environmental1132

Microbiology, 40(3), 526–532.1133

Griffies, S. M. (1998), The Gent–McWilliams Skew Flux, J. Phys. Oceanogr., 28(5), 831–1134

841, doi:10.1175/1520-0485(1998)028¡0831:TGMSF¿2.0.CO;2.1135

Gruber, N. (2008), Chapter 1 - The Marine Nitrogen Cycle: Overview and Challenges,1136

in Nitrogen in the Marine Environment, edited by D. G. Capone, D. A. Bronk, M. R.1137

Mulholland, and E. J. Carpenter, 2nd edition ed., pp. 1–50, doi:10.1016/B978-0-12-1138

372522-6.00001-3.1139

Ji, Q., A. R. Babbin, A. Jayakumar, S. Oleynik, and B. B. Ward (2015), Nitrous oxide1140

production by nitrification and denitrification in the Eastern Tropical South Pacific1141

oxygen minimum zone, Geophysical Research Letters, 42(24), 10,755–10,764, doi:1142

10.1002/2015GL066853, 2015GL066853.1143

Jin, X., and N. Gruber (2003), Offsetting the radiative benefit of ocean iron fertiliza-1144

tion by enhancing N2O emissions, Geophysical Research Letters, 30(24), 2249, doi:1145

–50–



Confidential manuscript submitted to GBC

10.1029/2003GL018458.1146

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. Iredell,1147

S. Saha, G. White, J. Woollen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W. Higgins,1148

J. Janowiak, K. C. Mo, C. Ropelewski, J. Wang, A. Leetmaa, R. Reynolds, R. Jenne,1149

and D. Joseph (1996), The NCEP/NCAR 40-year reanalysis project, B. Am. Meteorol.1150

Soc., 77(3), 437–471, doi:10.1175/1520-0477(1996)077¡0437:TNYRP¿2.0.CO;2.1151

Kartal, B., M. M. M. Kuypers, G. Lavik, J. Schalk, H. J. M. Op den Camp, M. S. M.1152

Jetten, and M. Strous (2007), Anammox bacteria disguised as denitrifiers: nitrate re-1153

duction to dinitrogen gas via nitrite and ammonium, Environmental Microbiology, 9(3),1154

635–642, doi:10.1111/j.1462-2920.2006.01183.x.1155

Key, R. M., A. Kozyr, C. L. Sabine, K. Lee, R. Wanninkhof, J. L. Bullister, R. A. Feely,1156

F. J. Millero, C. Mordy, and T.-H. Peng (2004), A global ocean carbon climatology:1157

Results from Global Data Analysis Project (GLODAP), Global Biogeochem. Cy., 18(4),1158

GB4031, doi:10.1029/2004GB002247.1159

Kock, A., and H. W. Bange (2015), Counting the ocean’s greenhouse gas emissions, Eos,1160

96(3), 10–13, doi:10.1029/2015EO023665.1161
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Morell, J. M., J. Capella, A. Mercado, J. Bauzá, and J. E. Corredor (2001), Nitrous oxide1189

fluxes in Caribbean and tropical Atlantic waters: evidence for near surface production,1190

Marine Chemistry, 74(2–3), 131–143, doi:10.1016/S0304-4203(01)00011-1.1191

Müller, S. A., F. Joos, N. R. Edwards, and T. F. Stocker (2006), Water mass distribu-1192

tion and ventilation time scales in a cost-efficient, three-dimensional ocean model, J.1193

Climate, 19(21), 5479–5499, doi:10.1175/JCLI3911.1.1194

Müller, S. A., F. Joos, N. R. Edwards, and T. F. Stocker (2008), Modeled natural and1195

excess radiocarbon: Sensitivities to the gas exchange formulation and ocean transport1196

strength, Global Biogeochem. Cy., 22(GB3011), 14 pp, doi:10.1029/2007GB003065.1197

Najjar, R. G., J. Orr, C. L. Sabine, and F. Joos (1999), Biotic-HOWTO. Internal OCMIP1198

Report, Tech. rep., LSCE/CEA Saclay, Gif-sur-Yvette, France.1199

Naqvi, S. W. A., D. A. Jayakumar, N. P. V., H. Naik, V. V. S. S. Sarma, W. D’Souza,1200

S. Joseph, and G. M. D. (2000), Increased marine production of N2O due to in-1201

tensifying anoxia on the Indian continental shelf, Nature, 408(6810), 346–349,1202

10.1038/35042551.1203

Nevison, C. (2003), Global distribution of N2O and the deltaN2O-AOU yield in the sub-1204

surface ocean, Global Biogeochemical Cycles, 17(4), 1–18, doi:10.1029/2003GB002068.1205

Nevison, C. D., R. F. Weiss, and D. J. I. I. I. Erickson (1995), Global oceanic emissions1206

of nitrous oxide, J. Geophys. Res., 100(C8), 15,809–15,820, doi:10.1029/95JC00684.1207

Nicholls, J. C., C. A. Davies, and M. Trimmer (2007), High-resolution profiles and nitro-1208

gen isotope tracing reveal a dominant source of nitrous oxide and multiple pathways of1209

nitrogen gas formation in the central Arabian Sea, Limnology and Oceanography, 52(1),1210

156–168, doi:10.4319/lo.2007.52.1.0156.1211

–52–



Confidential manuscript submitted to GBC

Orr, J., and R. G. Najjar (1999), Abiotic-HOWTO. Internal OCMIP Report, Tech. rep.,1212

LSCE/CEA Saclay, Gif-sur-Yvette, France.1213

Orr, J. C., and J.-M. Epitalon (2015), Improved routines to model the ocean carbonate1214

system: mocsy 2.0, Geoscientific Model Development, 8(3), 485–499, doi:10.5194/gmd-1215

8-485-2015.1216

Parekh, P., F. Joos, and S. A. Müller (2008), A modeling assessment of the interplay1217

between aeolian iron fluxes and iron-binding ligands in controlling carbon diox-1218

ide fluctuations during Antarctic warm events, Paleoceanography, 23, PA4202, doi:1219

10.1029/2007PA001531.1220

Paulmier, A., I. Kriest, and A. Oschlies (2009), Stoichiometries of remineralisation and1221

denitrification in global biogeochemical ocean models, Biogeosciences, pp. 923–935.1222

Peng, X., C. A. Fuchsman, A. Jayakumar, S. Oleynik, W. Martens-Habbena, A. H. Devol,1223

and B. B. Ward (2015), Ammonia and nitrite oxidation in the Eastern Tropical North1224

Pacific, Global Biogeochemical Cycles, 29(12), 2034–2049, doi:10.1002/2015GB005278,1225

2015GB005278.1226

Popp, B. N., M. B. Westley, S. Toyoda, T. Miwa, J. E. Dore, N. Yoshida, T. M. Rust, F. J.1227

Sansone, M. E. Russ, N. E. Ostrom, and P. H. Ostrom (2002), Nitrogen and oxygen1228

isotopomeric constraints on the origins and sea-to-air flux of N2O in the oligotrophic1229

subtropical North Pacific gyre, Global Biogeochemical Cycles, 16(4), 12–1–12–10,1230

doi:10.1029/2001GB001806, 1064.1231

Prather, M. J., J. Hsu, N. M. DeLuca, C. H. Jackman, L. D. Oman, A. R. Douglass, E. L.1232

Fleming, S. E. Strahan, S. D. Steenrod, O. A. Søvde, I. S. A. Isaksen, L. Froidevaux,1233

and B. Funke (2015), Measuring and modeling the lifetime of nitrous oxide including1234

its variability, Journal of Geophysical Research: Atmospheres, 120(11), 5693–5705,1235

doi:10.1002/2015JD023267, 2015JD023267.1236

Redfield, A. C. (1963), The influence of organisms on the composition of sea-water, The1237

sea, pp. 26–77.1238

Rees, A. P., I. J. Brown, A. Jayakumar, and B. B. Ward (2016), The inhibition1239

of N2O production by ocean acidification in cold temperate and polar waters,1240

Deep Sea Research Part II: Topical Studies in Oceanography, 127, 93–101, doi:1241

10.1016/j.dsr2.2015.12.006.1242

Ritz, S. P., T. F. Stocker, and F. Joos (2011), A coupled dynamical ocean-energy bal-1243

ance atmosphere model for paleoclimate studies, J. Climate, 24(2), 349–375, doi:1244

–53–



Confidential manuscript submitted to GBC

10.1175/2010JCLI3351.1.1245

Roth, R., S. P. Ritz, and F. Joos (2014), Burial-nutrient feedbacks amplify the sensitivity1246

of carbon dioxide to changes in organic matter remineralisation, Earth System Dynam-1247

ics, 5(1), 321–343, doi:10.5194/esdd-5-473-2014.1248

Saikawa, E., R. G. Prinn, E. Dlugokencky, K. Ishijima, G. S. Dutton, B. D. Hall, R. Lan-1249

genfelds, Y. Tohjima, T. Machida, M. Manizza, M. Rigby, S. O’Doherty, P. K. Patra,1250

C. M. Harth, R. F. Weiss, P. B. Krummel, M. Van Der Schoot, P. J. Fraser, L. P. Steele,1251

S. Aoki, T. Nakazawa, and J. W. Elkins (2014), Global and regional emissions estimates1252

for N2O, Atmospheric Chemistry and Physics, 14(9), 4617–4641, doi:10.5194/acp-14-1253

4617-2014.1254

Santoro, A. E., C. Buchwald, M. R. McIlvin, and K. L. Casciotti (2011), Isotopic Signa-1255

ture of N2O Produced by Marine Ammonia-Oxidizing Archaea, Science, 333(6047),1256

1282–1285, doi:10.1126/science.1208239.1257

Sarmiento, J. L., and N. Gruber (2006), Ocean biogeochemical dynamics, 318–358 pp.,1258

Princeton University Press.1259

Schilt, A., M. Baumgartner, T. Blunier, J. Schwander, R. Spahni, H. Fischer, and T. F.1260

Stocker (2010), Glacial-interglacial and millennial-scale variations in the atmospheric1261

nitrous oxide concentration during the last 800,000 years, Quaternary Sci. Rev., 29(1-2,1262

SI), 182–192, doi:10.1016/j.quascirev.2009.03.011.1263

Schilt, A., E. J. Brook, T. K. Bauska, D. Baggenstos, H. Fischer, F. Joos, V. V. Petrenko,1264

H. Schaefer, J. Schmitt, J. P. Severinghaus, R. Spahni, and T. F. Stocker (2014), Iso-1265

topic constraints on marine and terrestrial N2O emissions during the last deglaciation,1266

Nature, 516(7530), 234–237, doi:10.1038/nature13971.1267

Schmidtko, S., L. Stramma, and M. Visbeck (2017), Decline in global oceanic1268

oxygen content during the past five decades, Nature, 542(7641), 335–339, doi:1269

10.1038/nature21399.1270

Schmittner, A., and E. D. Galbraith (2008), Glacial greenhouse-gas fluctuations controlled1271

by ocean circulation changes., Nature, 456(7220), 373–6, doi:10.1038/nature07531.1272

Schmittner, A., A. Oschlies, H. D. Matthews, and E. D. Galbraith (2008), Future changes1273

in climate, ocean circulation, ecosystems, and biogeochemical cycling simulated for a1274

business-as-usual CO2 emission scenario until year 4000 AD, Global Biogeochem. Cy.,1275

22(1), GB1013—–, doi:10.1029/2007GB002953.1276

–54–



Confidential manuscript submitted to GBC

Schmittner, A., N. M. Urban, K. Keller, and D. Matthews (2009), Using tracer observa-1277

tions to reduce the uncertainty of ocean diapycnal mixing and climate-carbon cycle1278

projections, Global Biogeochemical Cycles, 23(4), 1–16, doi:10.1029/2008GB003421.1279

Steinacher, M., and F. Joos (2016), Transient Earth system responses to cumulative car-1280

bon dioxide emissions: linearities, uncertainties, and probabilities in an observation-1281

constrained model ensemble, Biogeosciences, 13(4), 1071–1103, doi:10.5194/bg-13-1282

1071-2016.1283

Steinacher, M., F. Joos, L. Bopp, P. Cadule, S. C. Doney, M. Gehlen, B. Schneider, and1284

J. Segschneider (2009), Projected 21st century decrease in marine productivity : a1285

multi-model analysis, Biogeosciences, pp. 7933–7981.1286

Steinacher, M., F. Joos, and T. F. Stocker (2013), Allowable carbon emissions lowered by1287

multiple climate targets, Nature, 499, 197–201, doi:10.1038/nature12269.1288

Stocker, B. D., R. Roth, F. Joos, R. Spahni, M. Steinacher, S. Zaehle, L. Bouwman,1289

Xu-Ri, and I. C. Prentice (2013a), Multiple greenhouse-gas feedbacks from the land1290

biosphere under future climate change scenarios, Nature Clim. Change, 3(7), 666–672.1291

Stocker, T., D. Qin, G.-K. Plattner, L. Alexander, S. Allen, N. Bindoff, F.-M. Breon,1292

J. Church, U. Cubasch, S. Emori, P. Forster, P. Friedlingstein, N. Gillett, J. M. Gre-1293

gory, D. Hartmann, E. Jansen, B. Kirtman, R. Knutti, K. Krishna Kumar, P. Lemke,1294

J. Marotzke, V. Masson-Demotte, G. A. Meehl, I. I. Mokhov, S. Piao, V. Ramaswamy,1295

D. Randall, M. Rhein, M. Rojas, C. Sabine, D. Shindell, L. Talley, D. Vaughan, and1296

S.-P. Xie (2013b), Technical Summary, in Climate Change 2013: The Physical Science1297

Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergov-1298

ernmental Panel on Climate Change, edited by T. Stocker, D. Qin, G.-K. Plattner,1299

M. Tignor, S. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex, and P. Midgley, Cam-1300

bridge University Press, Cambridge, United Kingdom and New York, NY, USA, doi:1301

10.1017/CBO9781107415324.004.1302

Suntharalingam, P., and J. L. Sarmiento (2000), Factors governing the oceanic nitrous1303

oxide distribution: Simulations with an ocean general circulation model, Global Biogeo-1304

chemical Cycles, 14(1), 429–454, doi:10.1029/1999GB900032.1305

Suntharalingam, P., J. L. Sarmiento, and J. R. Toggweiler (2000), Global significance of1306

nitrous-oxide production and transport from oceanic low-oxygen zones: A modeling1307

study, Global Biogeochem. Cy., 14(4), 1353–1370, doi:10.1029/1999GB900100.1308

–55–



Confidential manuscript submitted to GBC

Thompson, R. L., F. Chevallier, A. M. Crotwell, G. Dutton, R. L. Langenfelds, R. G.1309

Prinn, R. F. Weiss, Y. Tohjima, T. Nakazawa, P. B. Krummel, L. P. Steele, P. Fraser,1310

S. O’Doherty, K. Ishijima, and S. Aoki (2014), Nitrous oxide emissions 1999 to 20091311

from a global atmospheric inversion, Atmospheric Chemistry and Physics, 14(4), 1801–1312

1817, doi:10.5194/acp-14-1801-2014.1313

Trimmer, M., P. M. Chronopoulou, S. T. Maanoja, R. C. Upstill-Goddard, V. Kitidis, and1314

K. J. Purdy (2016), Nitrous oxide as a function of oxygen and archaeal gene abundance1315

in the North Pacific, Nature Communications, 7, 13,451, doi:10.1038/ncomms13451.1316

Tschumi, T., F. Joos, M. Gehlen, and C. Heinze (2011), Deep ocean ventilation, carbon1317

isotopes, marine sedimentation and the deglacial CO2 rise, Clim. Past, 7(3), 771–800,1318

doi:10.5194/cp-7-771-2011.1319

Wanninkhof, R. (1992), Relationship between wind–speed and gas–exchange over the1320

ocean, J. Geophys. Res.-Oceans, 97(C5), 7373–7382, doi:10.1029/92JC00188.1321

Ward, B. B. (2008), Chapter 5 - Nitrification in Marine Systems, in Nitrogen in the Marine1322

Environment, edited by D. G. Capone, D. A. Bronk, M. R. Mulholland, and E. J. Car-1323

penter, 2nd edition ed., pp. 199–261, Academic Press, San Diego, doi:10.1016/B978-0-1324

12-372522-6.00005-0.1325
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