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Abstract. The ocean is a substantial source of nitrous oxide

(N2O) to the atmosphere, but little is known about how this

flux might change in the future. Here, we investigate the po-

tential evolution of marine N2O emissions in the 21st century

in response to anthropogenic climate change using the global

ocean biogeochemical model NEMO-PISCES. Assuming ni-

trification as the dominant N2O formation pathway, we im-

plemented two different parameterizations of N2O produc-

tion which differ primarily under low-oxygen (O2) condi-

tions. When forced with output from a climate model sim-

ulation run under the business-as-usual high-CO2 concentra-

tion scenario (RCP8.5), our simulations suggest a decrease

of 4 to 12 % in N2O emissions from 2005 to 2100, i.e., a re-

duction from 4.03/3.71 to 3.54/3.56 TgN yr−1 depending on

the parameterization. The emissions decrease strongly in the

western basins of the Pacific and Atlantic oceans, while they

tend to increase above the oxygen minimum zones (OMZs),

i.e., in the eastern tropical Pacific and in the northern Indian

Ocean. The reduction in N2O emissions is caused on the one

hand by weakened nitrification as a consequence of reduced

primary and export production, and on the other hand by

stronger vertical stratification, which reduces the transport of

N2O from the ocean interior to the ocean surface. The higher

emissions over the OMZ are linked to an expansion of these

zones under global warming, which leads to increased N2O

production, associated primarily with denitrification. While

there are many uncertainties in the relative contribution and

changes in the N2O production pathways, the increasing stor-

age seems unequivocal and determines largely the decrease

in N2O emissions in the future. From the perspective of a

global climate system, the averaged feedback strength asso-

ciated with the projected decrease in oceanic N2O emissions

amounts to around −0.009 W m−2 K−1, which is compara-

ble to the potential increase from terrestrial N2O sources.

However, the assessment for a potential balance between the

terrestrial and marine feedbacks calls for an improved rep-

resentation of N2O production terms in fully coupled next-

generation Earth system models.

1 Introduction

Nitrous oxide (N2O) is a gaseous compound responsible for

two key feedback mechanisms within the Earth’s climate.

First, it acts as a long-lived and powerful greenhouse gas

(Prather et al., 2012) ranking third in anthropogenic radia-

tive forcing after carbon dioxide (CO2) and methane (CH4)

(Myhre et al., 2013). Secondly, the ozone (O3) layer de-

pletion in the future might be driven mostly by N2O after

the drastic reductions in CFCs emissions start to show their

effect on stratospheric chlorine levels (Ravishankara et al.,

2009). The atmospheric concentration of N2O is determined

by the natural balance between sources from land and ocean

and the destruction of N2O in the atmosphere largely by pho-
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tolysis (Crutzen, 1970; Johnston, 1971). The natural sources

from land and ocean amount to ∼ 6.6 and 3.8 TgN yr−1, re-

spectively (Ciais et al., 2013). Anthropogenic activities cur-

rently add an additional 6.7 TgN yr−1 to the atmosphere,

which has caused atmospheric N2O to increase by 18 % since

preindustrial times (Ciais et al., 2013), reaching 325 ppb in

the year 2012 (NOAA ESRL Global Monitoring Division,

Boulder, Colorado, USA, http://esrl.noaa.gov/gmd/).

Using a compilation of 60 000 surface ocean observa-

tions of the partial pressure of N2O (pN2O), Nevison et

al. (2004) computed a global ocean source of 4 TgN yr−1,

with a large range of uncertainty from 1.2 to 6.8 TgN yr−1.

Model-derived estimates also differ widely, i.e., between 1.7

and 8 TgN yr−1 (Nevison et al., 2003; Suntharalingam et al.,

2000). These large uncertainties are a consequence of too few

observations and of poorly known N2O formation mecha-

nisms, reflecting a general lack of understanding of key el-

ements of the oceanic nitrogen cycle (Gruber and Galloway,

2008; Zehr and Ward, 2002), and of N2O in particular (e.g.,

Zamora et al., 2012; Bange et al., 2009; Freing et al., 2012).

A limited number of interior ocean N2O observations were

made available only recently (Bange et al., 2009), but they

contain large temporal and spatial gaps. Information on the

rates of many important processes remains insufficient, par-

ticularly in natural settings. There are only a few studies from

a limited number of specific regions such as the Arabian Sea,

central and North Pacific, Black Sea, the Bedford Basin and

the Scheldt estuary, which can be used to derive and test

model parameterizations (Mantoura et al., 1993; Bange et

al., 2000; Elkins et al., 1978; Farias et al., 2007; Frame and

Casciotti, 2010; Westley et al., 2006; Yoshida et al., 1989;

Punshon and Moore, 2004; de Wilde and de Bie, 2000).

N2O is formed in the ocean interior through two major

pathways and consumed only in oxygen minimum zones

(OMZs) through denitrification (Zamora et al., 2012). The

first production pathway is associated with nitrification (con-

version of ammonia, NH+4 , into nitrate, NO−3 ), and occurs

when dissolved O2 concentrations are above 20 µmol L−1.

We subsequently refer to this pathway as the high-O2 path-

way. The second production pathway is associated with

a series of processes when O2 concentrations fall below

∼ 5 µmol L−1 and involves a combination of nitrification and

denitrification (hereinafter referred to as low-O2 pathway)

(Cohen and Gordon, 1978; Goreau et al., 1980; Elkins et al.,

1978). As nitrification is one of the processes involved in the

aerobic remineralization of organic matter, it occurs nearly

everywhere in the global ocean with a global rate at least one

order of magnitude larger than the global rate of water col-

umn denitrification (Gruber, 2008). One of the main reasons

is that denitrification in the water column is limited to the

OMZs, which occupy only a few percent of the total ocean

volume (Bianchi et al., 2012). This is also the only place in

the water column where N2O is being consumed.

The two production pathways have very different N2O

yields, i.e., fractions of nitrogen-bearing products that are

transformed to N2O. For the high-O2 pathway, the yield is

typically rather low, i.e., only about one in several hundred

molecules of ammonium escapes as N2O (Cohen and Gor-

don, 1979). In contrast, in the low-O2 pathway, and partic-

ularly during denitrification, this fraction may go up to as

high as 1 : 1, i.e., that all nitrate is turned into N2O (Tiedje,

1988). The relative contribution of the two pathways to

global N2O production is not well established. Sarmiento and

Gruber (2006) suggested that the two may be of equal im-

portance, but more recent estimates suggest that the high-O2

production pathway dominates global oceanic N2O produc-

tion (Freing et al., 2012).

Two strategies have been pursued in the development of

parameterizations for N2O production in global biogeochem-

ical models. The first approach builds on the importance of

the nitrification pathway and its close association with the

aerobic remineralization of organic matter. As a result the

production of N2O and the consumption of O2 are closely

tied to each other, leading to a strong correlation between

the concentration of N2O and the apparent oxygen utiliza-

tion (AOU). This has led to the development of two sets

of parameterizations, one based on concentrations, i.e., di-

rectly as a function of AOU (Butler et al., 1989), and the

other based on the rate of oxygen utilization, i.e., OUR (Fre-

ing et al., 2009). Additional variables have been introduced

to allow for differences in the yield, i.e., the ratio of N2O

produced over oxygen consumed, such as temperature (But-

ler et al., 1989) or depth (Freing et al., 2009). In the second

approach, the formation of N2O is modeled more mechanis-

tically and tied to both nitrification and denitrification by an

O2-dependent yield (Suntharalingam and Sarmiento, 2000;

Nevison et al., 2003; Jin and Gruber, 2003). Since most mod-

els do not include nitrification explicitly, the formation rate

is actually coupled directly to the remineralization of organic

matter. Regardless of the employed strategy, all parameteri-

zations depend to first order on the amount of organic mat-

ter that is being remineralized in the ocean interior, which is

governed by the export of organic carbon to depth. The de-

pendence of N2O production on oxygen levels and on other

parameters such as temperature plays a secondary role. This

has important implications not only for the modeling of the

present-day distribution of N2O in the ocean but also for the

sensitivity of marine N2O to future climate change.

Over this century, climate change will perturb marine N2O

formation in multiple ways. Changes in productivity will

drive changes in the export of organic matter to the ocean

interior (Steinacher et al., 2010; Bopp et al., 2013) and hence

affect the level of marine nitrification. Ocean warming might

change the rate of N2O production during nitrification (Fre-

ing et al., 2012). Changes in carbonate chemistry (Bindoff

et al., 2007) might cause changes in the C : N ratio of the

exported organic matter (Riebesell et al., 2007), altering not

only the rates of nitrification but also the ocean interior oxy-
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gen levels (Gehlen et al., 2011). Finally, the expected gen-

eral loss of oxygen (Keeling et al., 2010; Cocco et al., 2013;

Bopp et al., 2013) could substantially affect N2O production

via both nitrifier denitrification and classic denitrification.

Ocean biogeochemical models used for IPCC’s Fourth As-

sessment Report estimated a decrease between 2 and 13 % in

primary production (PP) under the business-as-usual high-

CO2 concentration scenario A2 (Steinacher et al., 2010). A

more recent multi-model analysis based on the models used

in IPCC’s Fifth Assessment Report also suggests a large re-

duction of PP down to 18 % by 2100 for the RCP8.5 scenario

(Bopp et al., 2013). In these simulations, the export of or-

ganic matter is projected to decrease between 6 and 18 % in

2100 (Bopp et al., 2013), with a spatially distinct pattern: in

general, productivity and export are projected to decrease at

mid- to low latitudes in all basins, while productivity and ex-

port are projected to increase in the high latitudes and in the

South Pacific subtropical gyre (Bopp et al., 2013). A wider

spectrum of responses was reported regarding changes in the

ocean oxygen content. While all models simulate decreased

oxygen concentrations in response to anthropogenic climate

change (by about 2 to 4 % in 2100), and particularly in the

mid-latitude thermocline regions, no agreement exists with

regard to the hypoxic regions, i.e., those having oxygen lev-

els below 60 and 5 µmol L−1 (Cocco et al., 2013; Bopp et al.,

2013). Some models project these regions to expand, while

others project a contraction. Even more divergence in the re-

sults exists for the suboxic regions, i.e., those having O2 con-

centrations below 5 µmol L−1 (Keeling et al., 2010; Deutsch

et al., 2011; Cocco et al., 2013; Bopp et al., 2013), although

the trend for most models is pointing towards an expansion.

At the same time, practically none of the models is able to

correctly simulate the current distribution of oxygen in the

OMZ (Bopp et al., 2013). In summary, while it is clear that

major changes in ocean biogeochemistry are looming ahead

(Gruber, 2011), with substantial impacts on the production

and emission of N2O, our ability to project these changes

with confidence is limited.

In this study, we explore the implications of these future

changes in ocean physics and biogeochemistry on the ma-

rine N2O cycle, and make projections of the oceanic N2O

emissions from year 2005 to 2100 under the high-CO2 con-

centration scenario RCP8.5. We analyze how changes in bio-

geochemical and physical processes such as net primary pro-

duction (NPP), export production and vertical stratification

in this century translate into changes in oceanic N2O emis-

sions to the atmosphere. To this end, we use the NEMO-

PISCES ocean biogeochemical model, which we have aug-

mented with two different N2O parameterizations, permitting

us to evaluate changes in the marine N2O cycle at the process

level, especially with regard to production pathways in high-

and low-oxygen regimes. We demonstrate that while future

changes in the marine N2O cycle will be substantial, the net

emissions of N2O appear to change relatively little – i.e., they

are projected to decrease by about 10 % in 2100.

2 Methodology

2.1 NEMO-PISCES model

Future projections of the changes in the oceanic N2O cy-

cle were performed using the PISCES ocean biogeochemi-

cal model (Aumont and Bopp, 2006) in offline mode with

physical forcings derived from the IPSL-CM5A-LR coupled

model (Dufresne et al., 2013). The horizontal resolution of

NEMO ocean general circulation model is 2◦× 2◦ cos ∅
(∅ being the latitude) with enhanced latitudinal resolution

at the Equator of 0.5◦. PISCES is a biogeochemical model

with five nutrients (NO3, NH4, PO4, Si and Fe), two phyto-

plankton groups (diatoms and nanophytoplankton), two zoo-

plankton groups (micro- and mesozooplankton) and two non-

living compartments (particulate and dissolved organic mat-

ter). Phytoplankton growth is limited by nutrient availability

and light. Constant Redfield C : N : P ratios of 122 : 16 : 1 are

assumed (Takahashi et al., 1985), while all other ratios, i.e.,

those associated with chlorophyll, iron and silicon (Chl : C,

Fe : C and Si : C), vary dynamically.

2.2 N2O parameterizations in PISCES

We implemented two different parameterizations of N2O

production in NEMO-PISCES. The first one, adapted from

Butler et al. (1989), follows the oxygen consumption ap-

proach, with a temperature-dependent modification of the

N2O yield (P.TEMP). The second one is based on Jin and

Gruber (2003) (P.OMZ), following the more mechanistic ap-

proach, i.e., it considers the different processes occurring at

differing oxygen concentrations in a more explicit manner.

The P.TEMP parameterization assumes that the N2O pro-

duction is tied to nitrification only. This is implemented in

the model by tying the N2O formation in a linear man-

ner to O2 consumption. A small temperature dependence is

added to the yield to reflect the potential impact of temper-

ature on metabolic rates. The production term of N2O, i.e.,

J P.TEMP (N2O), is then mathematically formulated as

J P.TEMP(N2O)= (γ + θT )J (O2)consumption, (1)

where γ is a background yield (0.53× 10−4 mol N2O (mol

O2)−1 consumed), θ is the temperature dependency of γ

(4.6× 10−6 mol N2O (mol O2)
−1 K−1), T is temperature (K)

and J (O2)consumption is the sum of all biological O2 con-

sumption terms within the model. The same ratio between

constants γ and θ is used in the model as in the original for-

mulation from Butler et al. (1989). Although this parameter-

ization is very simple, a recent analysis of N2O observations

supports such an essentially constant yield, even in the OMZ

of the eastern tropical Pacific (Zamora et al., 2012).

The P.OMZ parameterization, formulated after Jin and

Gruber (2003), assumes that the overall yield consists of a

constant background yield and an oxygen-dependent yield.

The former is presumed to represent the N2O production by

www.biogeosciences.net/12/4133/2015/ Biogeosciences, 12, 4133–4148, 2015
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nitrification, while the latter is presumed to reflect the en-

hanced production of N2O at low oxygen concentrations, in

part driven by denitrification, but possibly including nitrifica-

tion as well. This parameterization includes the consumption

of N2O in suboxic conditions. This gives

J P.OMZ(N2O)= (α+βf (O2))J (O2)consumption−kN2O, (2)

where α is, as in Eq. (1), a background yield

(0.9× 10−4 mol N2O (mol O2)−1 consumed); β is a

yield parameter that scales the oxygen-dependent func-

tion (6.2× 10−4); f (O2) is a unitless oxygen-dependent

step-like modulating function, as suggested by laboratory

experiments (Goreau et al., 1980) (Fig. S1, Supplement);

and k is the first-order rate constant of N2O consumption

close to anoxia (zero otherwise). For k, we have adopted a

value of 0.138 yr−1 following Bianchi et al. (2012) while

we set the consumption regime for O2 concentrations

below 5 µmol L−1. The constant α is on the same order of

magnitude as the one proposed by Jin and Gruber (2003),

while β is two orders of magnitude smaller. The use of the

original value would result in a significant increase in N2O

production associated with OMZs and, hence, in a departure

from the assumption of dominant nitrification.

The P.OMZ parameterization allows us to independently

quantify the N2O formation pathways associated with ni-

trification and those associated with low oxygen concentra-

tions (nitrification/denitrification) and their evolution in time

over the next century. Specifically, we consider the source

term αJ (O2)consumption as that associated with the nitrifica-

tion pathway, while we associated the source term βf (O2)

J (O2)consumption with the low-oxygen processes (Fig. S2,

Supplement).

N2O production is inhibited by light in the model, and

therefore N2O production in P.TEMP and P.OMZ parame-

terizations only occurs below a fixed depth of 100 m.

We employ a standard bulk approach for simulating the

loss of N2O to the atmosphere via gas exchange. We use the

formulation of Wanninkhof et al. (1992) for estimating the

gas transfer velocity, adjusting the Schmidt number for N2O

and using the solubility constants of N2O given by Weiss

and Price (1980). We assume a constant atmospheric N2O

concentration of 284 ppb in all simulations to explore future

changes inherent to ocean processes without feedbacks due

to changes in the atmosphere.

2.3 Experimental design

NEMO-PISCES was first spun up over 3000 years using

constant preindustrial dynamical forcings fields from IPSL-

CM5A-LR (Dufresne et al., 2013) without activating the

N2O parameterizations. This spin-up phase was followed by

a 150-year-long simulation, forced by the same dynamical

fields now with N2O production and N2O sea-to-air flux em-

bedded. The N2O concentration at all grid points was pre-

scribed initially as 20 nmol L−1, which is consistent with the

MEMENTO database average value of 18 nmol L−1 below

1500 m (Bange et al., 2009). During the 150-year spin-up, we

diagnosed the total N2O production and N2O sea-to-air flux

and adjusted the α, β, γ and θ parameters in order to achieve

a total N2O sea-to-air flux in the two parameterizations at

equilibrium close to 3.85 TgN yr−1 (Ciais et al., 2013). In

addition, the relative contribution of the high-O2 pathway

in the P.OMZ parameterization was set to 75 % of the to-

tal N2O production based on Suntharalingam et al. (2000),

where a sensitivity model analysis on the relative contribu-

tion of high- and low-O2 production pathways showed that

a higher contribution of nitrification (75 %) than denitrifica-

tion (25 %) achieved the best model performance compared

to the data product from Nevison et al. (1995). P.TEMP can

be considered as 100 % nitrification, testing in this way the

hypothesis of nitrification as the dominant pathway of N2O

production on a global scale. Nitrification could contribute

with up to 93 % of the total production based on estimations

considering N2O production along with water mass transport

(Freing et al., 2012).

Projections in NEMO-PISCES of historical (from 1851 to

2005) and future (from 2005 to 2100) simulated periods were

done using dynamical forcing fields from IPSL-CM5A-LR.

These dynamical forcings were applied in an offline mode

– i.e., monthly means of temperature, velocity, wind speed

or radiative flux were used to force NEMO-PISCES. Future

simulations used the business-as-usual high-CO2 concentra-

tion scenario (RCP8.5) until year 2100. Century-scale model

drifts for all the biogeochemical variables presented, includ-

ing N2O sea-to-air flux, production and inventory, were re-

moved using an additional control simulation with IPSL-

CM5A-LR preindustrial dynamical forcing fields from year

1851 to 2100. Despite the fact that primary production and

the export of organic matter to depth were stable in the con-

trol simulation, the air–sea N2O emissions drifted (an in-

crease of 5 to 12 % in 200 years depending on the param-

eterization) due to the short spin-up phase (150 years) and

the choice of the initial conditions for N2O concentrations.

3 Present-day oceanic N2O

3.1 Contemporary N2O fluxes

The model simulated air–sea N2O emissions show large spa-

tial contrasts, with flux densities varying by one order of

magnitude, but with relatively small differences between the

two parameterizations (Fig. 1a and b). This is largely caused

by our assumption that the dominant contribution (75 %) to

the total N2O production in the P.OMZ parameterization is

the nitrification pathway, which is then not so different from

the P.TEMP parameterization, where it is 100 %. As a result,

the major part of N2O is produced in the subsurface via ni-

trification, contributing directly to imprint changes into the

Biogeosciences, 12, 4133–4148, 2015 www.biogeosciences.net/12/4133/2015/
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Figure 1. N2O sea-to-air flux (in mgN m−2 yr−1) from (a) P.TEMP parameterization averaged for the 1985 to 2005 time period in the

historical simulation, (b) P.OMZ parameterization over the same time period, (c) data product of Nevison et al. (2004) and (d) latitudinal

N2O sea-to-air flux (in TgN degree−1 yr−1) from Nevison et al. (2004) (black). P.TEMP: blue; P.OMZ: red.

sea-to-air N2O flux without significant meridional transport

(Suntharalingam and Sarmiento, 2000).

Elevated N2O emission regions (> 50 mgN m−2 yr−1) are

found in the equatorial and eastern tropical Pacific, in the

northern Indian ocean, in the northwestern Pacific, in the

North Atlantic and in the Agulhas Current. In contrast, low

fluxes (< 10 mgN m−2 yr−1) are simulated in the Southern

Ocean, Atlantic and Pacific subtropical gyres, and southern

Indian Ocean. The large-scale distribution of N2O fluxes is

coherent with Nevison et al. (2004) (Fig. 1c). This comes as

a natural consequence of the relatively high contribution of

nitrification, and hence hotspots of N2O emissions are as-

sociated with regions where higher export of organic matter

occurs in the model.

There are, however, several discrepancies between the

model and the data product. At high latitudes, the high N2O

emissions observed in the North Pacific are not well repre-

sented in our model, with a significant shift towards the west-

ern part of the Pacific Basin, similar to other modeling stud-

ies (e.g., Goldstein et al., 2003; Jin and Gruber, 2003). The

OMZ in the North Pacific, located at approximately 600 m

deep, is underestimated in the model due to the deficient rep-

resentation of the meridional overturning circulation (MOC)

in the North Pacific in global ocean biogeochemical mod-

els, which in turn might suppress areas of low oxygenation

and therefore one potential N2O source. Discrepancies be-

tween model and observations also occur in the Southern

Ocean, a region whose role in global N2O fluxes remains

debated due to the lack of observations and the occurrence

of potential artifacts due to interpolation techniques reflected

in data products such as that from Nevison et al. (1995)

(e.g., Suntharalingam and Sarmiento, 2000; Nevison et al,

2003). The model also overestimates N2O emissions in the

North Atlantic. The emphasis put on the nitrification path-

way suggests that hotspots of carbon export are at the origin

of elevated concentrations of N2O in the subsurface. N2O is

quickly outgassed to the atmosphere, leading to such areas of

high N2O emissions in the model.

Model–data discrepancies can be seen as a function of

latitude in Figure 1d. The modeled N2O flux maxima peak

at around 40◦ S, i.e., around 10◦ north to that estimated by

Nevison et al. (2004), although Southern Ocean data must

be interpreted with caution. In the Northern Hemisphere the

stripe in the North Pacific in not captured by the model, split-

ting the flux from the 45◦ N band into two peaks at 38 and

55◦ N.

www.biogeosciences.net/12/4133/2015/ Biogeosciences, 12, 4133–4148, 2015
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Table 1. Standard deviation and correlation coefficients between

P.TEMP and P.OMZ parameterizations with respect to MEMENTO

database observations (Bange et al., 2009).

P.TEMP P.OMZ OBS

Standard deviation (in nmol N2O L−1) 12 18 16

Correlation coefficient with obs. 0.49 0.42 –

3.2 Contemporary N2O concentrations and the

relationship to O2

The model results at present day were evaluated against

the MEMENTO database (Bange et al., 2009), which con-

tains about 25 000 measurements of colocated N2O and

dissolved O2 concentrations. Table 1 summarizes the stan-

dard deviation and correlation coefficients for P.TEMP and

P.OMZ compared to MEMENTO. The standard deviation

of the model output is very similar to MEMENTO, i.e.,

around 16 nmol L−1 of N2O. However, the correlation coef-

ficients between the sampled data points from MEMENTO

and P.TEMP/P.OMZ are 0.49 and 0.42, respectively. Largest

discrepancies are found mostly in the deep ocean and in the

OMZs.

Figure 2 compares the global average vertical profile of

the observed N2O against the results from the two parame-

terizations. The in situ observations show three characteristic

layers: the upper 100 m layer with low (∼ 10 nmol L−1) N2O

concentration due to gas exchange keeping N2O close to its

saturation concentration, the mesopelagic layer, between 100

and 1500 m, where N2O is enriched via nitrification and den-

itrification in the OMZs, and the deep ocean beyond 1500 m,

with a relatively constant concentration of 18 nmol L−1 on

average. Both parameterizations underestimate the N2O con-

centration in the upper 100 m, where most of the N2O is po-

tentially outgassed to the atmosphere. In the second layer,

P.OMZ shows a fairly good agreement with the observations

in the 500 to 900 m band, whereas P.TEMP is too low by

∼ 10 nmol L−1. Below 1500 m, both parameterizations sim-

ulate too high N2O compared to the observations. This may

be caused by the lack or underestimation of a sink process

in the deep ocean, or by the too high concentrations used

to initialize the model, which persist due to the rather short

spin-up time of only 150 years.

The analysis of the model simulated N2O concentrations

as a function of model simulated O2 shows the differences

between the two parameterizations more clearly (Fig. 3a

and b). Such a plot allows us to assess the model perfor-

mance with regard to N2O (Jin and Gruber, 2003), with-

out being subject to the strong potential biases introduced

by the model’s deficiencies in simulating the distribution of

O2. This is particularly critical in the OMZs, where all mod-

els exhibit strong biases (Cocco et al., 2013; Bopp et al.,

2013). P.TEMP (Fig. 3a) slightly overestimates N2O for dis-

solved O2 concentrations above 100 µmol L−1, and does not
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Figure 2. Global average depth profile of N2O concentration (in

nmol L−1) from the MEMENTO database (dots) (Bange et al.,

2009). P.TEMP: blue; P.OMZ: red. Model parameterizations are av-

eraged over the 1985 to 2005 time period from the historical simu-

lation.

fully reproduce either the high N2O values in the OMZs or

the N2O depletion when O2 is almost completely consumed.

P.OMZ (Fig. 3b) overestimates the N2O concentration over

the whole range of O2, with particularly high values of N2O

above 100 nmol L−1 due to the exponential function used in

the OMZs. There, the observations suggest concentrations

below 80 nmol L−1 for the same low O2 values, consistent

with the linear trend observed for higher O2, which seems

to govern over most of the O2 spectrum, as suggested by

Zamora et al. (2012). The discrepancy at low O2 concen-

tration may also stem from our choice of a too low N2O

consumption rate under essentially anoxic conditions. Fi-

nally, it should be considered that most of the MEMENTO

data points are from OMZs and therefore N2O measurements

could be biased towards higher values than the actual open-

ocean average, where our model performs better.

4 Future oceanic N2O

4.1 N2O sea-to-air flux

The global oceanic N2O emissions decrease relatively lit-

tle over the next century (Fig. 4a) between 4 and 12 %.

That is, in P.TEMP, the emissions decrease by 0.15 from

3.71 TgN yr−1 in 1985–2005 to 3.56 TgN yr−1 in 2080–2100
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Figure 3. Relationship between O2 concentration (in µmol L−1)

and N2O concentration (in nmol L−1) in the MEMENTO database

(black) (Bange et al., 2009), compared to model (a) P.TEMP (blue)

and (b) P.OMZ (red) parameterizations averaged over the 1985 to

2005 time period from the historical simulation.

and in P.OMZ, the decrease is slightly larger at 12 %, i.e.,

amounting to 0.49 Tg N yr−1 from 4.03 to 3.54 TgN yr−1.

Notable is also the presence of a negative trend in N2O emis-

sions over the 20th century, most pronounced in the P.OMZ

parameterization. Considering the change over the 20th and

21st centuries together, the model projects a decrease be-

tween 7 and 15 %.

These relatively small global decreases mask more sub-

stantial changes at the regional scale, with a mosaic of re-

gions experiencing a substantial increase and regions expe-

riencing a substantial decrease (Fig. 4b and c). In both pa-

rameterizations, the oceanic N2O emissions decrease in the

northern and south western oceanic basins (e.g., the North

Atlantic and Arabian seas) by up to 25 mgN m−2 yr−1. In

contrast, the fluxes are simulated to increase in the eastern

tropical Pacific and in the Bay of Bengal. For the Benguela

Upwelling System (BUS) and the North Atlantic a bimodal

pattern emerges in 2100. As was the case for the present-day

distribution of the N2O fluxes, the overall similarity between

the two parameterizations is a consequence of the dominance

of the nitrification (high-O2) pathway in both parameteriza-

tions.

Nevertheless, there are two regions where more substan-

tial differences between the two parameterizations emerge:

the region overlying the oceanic OMZ at the BUS and the

Southern Ocean. In particular, the P.TEMP parameterization

projects a larger enhancement of the flux than P.OMZ at the

BUS, whereas the emissions in the Southern Ocean are en-

hanced in the P.OMZ parameterization.

4.2 Drivers of changes in N2O emissions

The changes in N2O emissions may stem from a change in

net N2O production, a change in the transport of N2O from

its location of production to the surface, or any combination

of the two, which also includes changes in N2O storage. Next

we determine the contribution of these mechanisms to the
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Figure 4. (a) N2O sea-to-air flux (in TgN yr−1) from 1851 to

2100 in P.TEMP (blue) and P.OMZ (red) using the historical and

future RCP8.5 simulations. Dashed lines indicate the mean value

over the 1985 to 2005 time period. Change in N2O sea-to-air flux

(mgN m−2 yr−1) from the averaged 2080–2100 to 1985–2005 time

periods in future RCP8.5 and historical simulations in (b) P.TEMP

and (c) P.OMZ parameterizations.
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Figure 5. (a) Anomalies in export of organic matter at 100 m (green), low-O2 production pathway (short dashed red), high-O2 produc-

tion pathway (long dashed red) and total P.OMZ production (red) from 1851 to 2100 using the historical and future RCP8.5 simulations.

(b) Anomalies in export of organic matter at 100 m (green) and P.TEMP production (blue) over the same time period. (c) Change in high-O2

production pathway of N2O (in mgN m−2 yr−1) in the upper 1500 m between the 2080–2100 and 1985–2005 averaged time periods. Hatched

areas indicate regions where change in export of organic matter at 100 m deep have the same sign as in changes in high-O2 production path-

way. (d) Change in low-O2 production pathway of N2O (in mgN m−2 yr−1) in the upper 1500 m between the 2080–2100 and 1985–2005

averaged time periods. Hatched areas indicate regions where oxygen minimum zones (O2 < 5 µmol L−1) expand. (e) Volume (in 106 km3) of

hypoxic (black, O2 < 60 µmol L−1) and suboxic (red, O2 < 5 µmol L−1) areas in the 1851 to 2100 period in NEMO-PISCES historical and

future RCP8.5 simulations.

overall decrease in N2O emissions that our model simulated

for the 21st century.

4.2.1 Changes in N2O production

In both parameterizations, global N2O production is simu-

lated to decrease over the 21st century. The total N2O pro-

duction in P.OMZ decreases by 0.41 TgN yr−1 in 2080–2100

compared to the mean value over 1985–2005 (Fig. 5a). The

parameterization P.OMZ allows for the contributions of high

and low O2 to be isolated and will be analyzed in greater de-

tail in the following sections. N2O production via the high-

O2 pathway in P.OMZ decreases on the same order as total
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production, by 0.35 TgN yr−1 in 2080–2100 compared to the

present. The N2O production in the low-O2 regions remains

almost constant across the experiment. In P.TEMP parame-

terization, the reduction in N2O production is much weaker

than in P.OMZ due to the effect of the increasing tempera-

ture. N2O production decreases by 0.07 TgN yr−1 in 2080–

2100 compared to present (Fig. 5b).

The vast majority of the changes in the N2O production in

the P.OMZ parameterization is caused by the high-O2 path-

way with virtually no contribution from the low-O2 pathway

(Fig. 5a). As the N2O production in P.OMZ parameterization

is solely driven by changes in the O2 consumption (Eq. 2),

which in our model is directly linked to export production,

the dominance of this pathway implies that the primary driver

for the future changes in N2O production in our model is the

decrease in export of organic matter (CEX). It was simulated

to decrease by 0.97 PgC yr−1 in 2100, and the high degree of

correspondence in the temporal evolution of export and N2O

production in Fig. 5a confirms this conclusion.

The close connection between N2O production associated

with the high-O2 pathway and changes in export production

is also seen spatially (Fig. 5c), where the spatial pattern of

changes in export and changes in N2O production are ex-

tremely highly correlated (shown by stippling). Most of the

small deviations are caused by lateral advection of organic

carbon, causing a spatial separation between changes in O2

consumption and changes in organic matter export.

As there is an almost ubiquitous decrease in export in all

of the major oceanic basins except at high latitudes, N2O

production decreases overall as well. Hotspots of reductions

exceeding −10 mgN m−2 yr−1 are found in the North At-

lantic and the western Pacific and Indian basins (Fig. 5c).

The fewer places where export increases are also the loca-

tions of enhanced N2O production. For example, a moder-

ate increase of 3 mgN m−2 yr−1 is projected in the Southern

Ocean, South Atlantic and eastern tropical Pacific. The gen-

eral pattern of export changes, i.e., decreases in lower lati-

tudes and increases in higher latitudes, is consistent gener-

ally with other model projection patterns (Bopp et al., 2013),

although there exist very strong model-to-model differences

at the more regional scale.

Although the global contribution of the changes in the low-

O2 N2O production is small, this is the result of regionally

compensating trends. In the model’s OMZs, i.e., in the east-

ern tropical Pacific and in the Bay of Bengal, a significant

increase in N2O production is simulated in these locations

(Fig. 5d), with an increase of more than 15 mgN m−2 yr−1.

This increase is primarily driven by the expansion of the

OMZs in our model (shown by stippling), while changes

in export contribute less. In effect, NEMO-PISCES projects

a 20 % increase in the hypoxic volume globally, from 10.2

to 12.3× 106 km3, and an increase in the suboxic volume

from 1.1 to 1.6× 106 km3 in 2100 (Fig. 5e). Elsewhere, the

changes in the N2O production through the low-O2 pathway

are dominated by the changes in export, thus following the

pattern of the changes seen in the high-O2 pathway. Overall

these changes are negative, and happen to nearly completely

compensate for the increase in production in the OMZs, re-

sulting in the near constant global N2O production by the

low-O2 production pathway up to year 2100.

4.2.2 Changes in storage of N2O

A steady increase in the N2O inventory is observed from the

present to 2100. The pool of oceanic N2O down to 1500 m,

i.e., potentially outgassed to the atmosphere, increases by

8.9 TgN from 1985–2005 to year 2100 in P.OMZ, whereas

P.TEMP is less sensitive to changes, with an increase of

4.0 TgN for the time period considered (Fig. 6a). The inven-

tory in the upper 1500 m in P.OMZ is 237.0 TgN at present,

while in P.TEMP in the same depth band it is 179.8 TgN.

This means that the projected changes in the inventory repre-

sent an increase of about 4 and 2 % in P.OMZ and P.TEMP,

respectively.

This increase in storage of N2O in the ocean interior shows

a homogeneous pattern for P.TEMP, with particular hotspots

in the North Pacific, North Atlantic and the eastern bound-

ary currents in the Pacific (Fig. 6b). The spatial variability

is more pronounced in P.OMZ (Fig. 6c), related in part to

the enhanced production associated with OMZs. Most of the

projected changes in storage are associated with shoaling of

the mixed layer depth (shown by stippling), suggesting that

increase in N2O inventories is caused by increased ocean

stratification. Enhanced ocean stratification, in turn, occurs

in response to increasing sea surface temperatures associated

with global warming (Sarmiento et al., 2004).

4.2.3 Effects of the combined mechanisms on N2O

emissions

The drivers of the future evolution of oceanic N2O emissions

emerge from the preceding analysis. Firstly, a decrease in

the high-O2 production pathway driven by a reduced organic

matter remineralization reduces N2O concentrations below

the euphotic zone. Secondly, the increased N2O inventory at

depth is caused by increased stratification and therefore to

less efficient transport to the sea–air interface, leading to a

smaller N2O flux.

The global changes in N2O flux, N2O production and N2O

storage for P.OMZ are presented in Fig. 7. Changes in N2O

flux and N2O production are mostly of the same sign in al-

most all of the oceanic regions, in line with the assumption

of nitrification begin the dominant contribution to N2O pro-

duction. Changes in N2O production in the subsurface are

translated into corresponding changes in N2O flux. There is

only one oceanic region (subpolar Pacific) where this cor-

relation does not occur. The N2O inventory increases in all

of the oceanic regions. The increase in inventory is particu-

larly pronounced at low latitudes along the eastern boundary

currents in the equatorial and tropical Pacific, Indian Ocean
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Figure 6. (a) Anomalies in N2O inventory (in TgN) from 1851 to

2100 in P.TEMP (blue) and P.OMZ (red) using the historical and fu-

ture RCP8.5 simulations in the upper 1500 m. Change in vertically

integrated N2O concentration (in mgN m−2) in the upper 1500 m

using NEMO-PISCES model mean from the averaged 2080–2100

to 1985–2005 time periods in future RCP8.5 and historical scenar-

ios, respectively, in (b) P.TEMP and (c) P.OMZ. Hatched areas in-

dicate regions where the annual mean mixed layer depth is reduced

by more than 5 m in 2080–2100 compared to 1985–2005.

and also in smaller quantities in the Atlantic Ocean. Figure 7

shows how the decrease in N2O production and increase in

N2O storage occurs in all oceanic basins.
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Figure 7. Change in the whole water column in N2O sea-to-air flux

(blue), high-O2 production pathway (red), low-O2 production path-

way (orange), total N2O production (yellow) and N2O inventory

(green) for P.OMZ from the averaged 2080–2100 to present 1985–

2005 averaged time period in the NEMO-PISCES historical and fu-

ture RCP8.5 simulations (based on Fletcher et al. (2006) oceanic

regions).

5 Caveats in estimating N2O using ocean

biogeochemical models

The state variables upon which representation of N2O in

models rely, i.e., oxygen and export of carbon, are compared

to the CMIP5 model ensemble to put our analysis into the

context of the current state-of-the-art model capabilities. We

focus here our analysis on suboxic waters (O2 < 5 µmol L−1)

and export production. Whereas CMIP5 models tend to have

large volumes of O2 concentrations in the suboxic regime,

it is not the case for our NEMO-PISCES simulation, which

clearly underestimates the volume of low-oxygen waters as

compared to the oxygen-corrected World Ocean Atlas 2005

(WOA2005*) (Bianchi et al., 2012). The fact that NEMO-

PISCES forced by IPSL-CM5A-LR is highly oxygenated is

confirmed by Fig. 8, where the histogram of the full O2 spec-

trum of WOA2005* and NEMO-PISCES is shown. The O2

distribution in the model shows a deficient representation of

the OMZs, with higher concentrations than those from ob-

servations. The rest of the O2 spectrum is well represented in

our model.

The O2 distribution in the model (Fig. 9) shows a deficient

representation of the OMZs, with higher concentrations than

those from observations in WOA2005* and the other CMIP5

models. NEMO-PISCES is therefore biased towards the high

O2 production pathway of N2O due to the modeled O2 fields.

When turning to the export of organic matter, NEMO-

PISCES is close to the CMIP5 average value of 6.9 PgC yr−1.

The overall distribution of export is also very similar to the
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Figure 8. Distribution of O2 concentration in the NEMO-PISCES

1985 to 2005 averaged time period (black) compared to the oxygen-

corrected World Ocean Atlas (red) from Bianchi et al. (2012). Inter-

val widths are O2 concentrations at steps of 5 µmol L−1.

CMIP5 model mean, and both show smaller values than

those from the data-based estimate of 9.84 PgC yr−1 from

Dunne et al. (2007) (Fig. 9).

The uncertainties derived from present and future model

projections can be estimated using the spread in the CMIP5

model projection of export of organic matter and assuming

a linear response between nitrification (or export) and N2O

production in the subsurface, which is assumed to be quickly

outgassed to the atmosphere. In NEMO-PISCES, a decrease

of 13 % in export leads to a maximum decrease in N2O emis-

sions of 12 % in the P.OMZ scenario. Based on results by

Bopp et al. (2013), changes in export of carbon span −7 to

−18 % in the CMIP5 model ensemble at the end of the 21st

century and for RCP8.5. The spread would propagate to a

similar range in projected N2O emissions across the CMIP5

model ensemble. When these values are applied to present

N2O emissions of 3.6 TgN yr−1, uncertainties are then brack-

eted between −0.25 and −0.65 TgN yr−1.

Regarding the low-O2 pathway, a similar approach is not

that straightforward. Zamora et al. (2012) found that a linear

relationship between AOU and N2O production might oc-

cur even at the OMZ of the eastern tropical Pacific. Zamora

et al. (2012) acknowledged the fact that the MEMENTO

database includes N2O advected from other regions and that

mixing could play a relevant role, smoothing the fit be-

tween N2O and AOU from exponential to linear. However,

Zamora et al. (2012) quoting Frame and Casciotti (2010),

suggested that regions where an exponential relationship in

N2O production is present might be rare and that other non-

exponential N2O production processes might occur. There-

fore the plot they presented could describe the actual lin-

ear relationship between N2O production and oxygen con-

sumption. Based on this hypothesis, we could refer again to

the linear relationship suggested in the high-O2 and export

scenario. However, in this case the CMIP5 model projec-

tions of changes in the hypoxic and suboxic volumes dif-

fer substantially. Most models project an expansion of the

OMZs in the +2 to +16 % range in the suboxic volume

(O2 < 5 µmol L−1). There are, however, models that project

a slight reduction of 2 %. Spatial variability in projections

add to the spread between CMIP5 models. These discrepan-

cies suggest that uncertainties from this spread must be in-

terpreted with caution when estimating potential future N2O

emissions.

The use of O2 consumption as a proxy for the actual N2O

production therefore plays a pivotal role in the uncertain-

ties in N2O model estimations. Future model development

should aim at the implementation of mechanistic parameter-

izations of N2O production based on nitrification and deni-

trification rates. Further, in order to determine accurate O2

boundaries for both N2O production and N2O consumption

at the core of OMZs, additional measurements and micro-

bial experiments are needed. The contribution of the high-O2

pathway that was considered in this model analysis might be

a conservative estimate. Freing et al. (2012) suggested that

the high-O2 pathway could be responsible of 93 % of the total

N2O production. Assuming that changes in the N2O flux are

mostly driven by N2O production via nitrification, it would

suggest a larger reduction in the marine N2O emissions in the

future. However, the mismatch between NEMO-PISCES and

the Nevison et al. (2004) spatial distribution of N2O emis-

sions in the western part of the basins suggests that changes

in the future might not be as big as those projected in the

model in such regions. Changes would be then distributed

more homogeneously.

The model assumption neglecting N2O production in the

upper 100 m avoids one important source of uncertainty in

estimating global oceanic N2O fluxes. In the case of nitrifica-

tion occurring in the euphotic layer, our results would be fac-

ing a significant uncertainty of at least ±25 % in N2O emis-

sions according to Zamora and Oschlies (2014) analysis us-

ing the UVic Earth system climate model. Finally, Zamora et

al. (2012) observed a higher than expected N2O consumption

at the core of the OMZ in the eastern tropical Pacific, occur-

ring at an upper threshold of 10 µmol L−1. The contribution

of OMZs to total N2O production remains an open question.

N2O formation associated with OMZs might be counterbal-

anced by its own local consumption, leading to the attenua-

tion of the only increasing source of N2O attributable to the

projected future expansion of OMZs (Steinacher et al., 2010;

Bopp et al., 2013).

The combined effect of climate change and ocean acidifi-

cation has not been analyzed in this study. N2O production

processes might be altered by the response of nitrification to

increasing levels of seawater pCO2 (Huesemann et al., 2002;

Beman et al., 2011). Beman et al. (2011) reported a reduc-

tion in nitrification in response to decreasing pH. This result

suggests that N2O production might decrease beyond what
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 Figure 9. Averaged O2 concentration between 200 and 600 m depth (in µmol L−1) (left) and export of carbon (in mmolC m−2 d−1) (right)

in (a) WOA2005* and Dunne et al. (2007), (b) CMIP5 model mean historical simulations over the 1985–2005 time period and (c) NEMO-

PISCES for the present 1985–2005 time period.

we have estimated only due to climate change. Conversely,

negative changes in the ballast effect could potentially rein-

force nitrification at shallow depth in response to less effi-

cient particulate organic carbon export to depth and shallow

remineralization (Gehlen et al., 2011). Regarding N2O for-

mation via denitrification, changes in seawater pH as a con-

sequence of higher levels of CO2 might not be substantial

enough to change the N2O production efficiency, assuming a

similar response of marine denitrifiers as reported for denitri-

fying bacteria in terrestrial systems (Liu et al., 2010). Finally,

the C : N ratio in export production (Riebesell et al., 2007)

might increase in response to ocean acidification, potentially
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leading to a greater expansion of OMZs than simulated here

(Oschlies et al., 2008; Tagliabue et al., 2011), and therefore to

enhanced N2O production associated with the low-O2 path-

way.

Changes in atmospheric nitrogen deposition have not been

considered in this study. It has been suggested that, due to

anthropogenic activities, the additional amount of reactive ni-

trogen in the ocean could fuel primary productivity and N2O

production. Estimates are, however, low, around 3–4 % of the

total oceanic emissions (Suntharalingam et al., 2012).

Longer simulation periods could reveal additional effects

on N2O transport beyond changes in upwelling or merid-

ional transport of N2O in the subsurface (Suntharalingam

and Sarmiento, 2000) that have been observed in this tran-

sient simulation. Long-term responses might include even-

tual ventilation of the N2O reservoir in the Southern Ocean,

highlighting the role of upwelling regions as an important

source of N2O when longer time periods are considered in

model projections. Additional studies using other ocean bio-

geochemical models might also yield alternative values using

the same parameterizations. N2O production is particularly

sensitive to the distribution and magnitude of export of or-

ganic matter and O2 fields defined in models.

6 Contribution of future N2O to climate feedbacks

Changes in the oceanic emissions of N2O to the atmosphere

will have an impact on atmospheric radiative forcing, with

potential feedbacks on the climate system. Based on the es-

timated 4 to 12 % decrease in N2O sea-to-air flux over the

21st century under RCP8.5, we estimated the feedback fac-

tor for these changes as defined by Xu-Ri et al. (2012). Con-

sidering the reference value of the preindustrial atmospheric

N2O concentration of 280 ppb in equilibrium, and its asso-

ciated global N2O emissions of 11.8 TgN yr−1, we quantify

the resulting changes in N2O concentration per degree for the

two projected emissions in 2100 using P.TEMP and P.OMZ.

The model projects changes in N2O emissions of −0.16 and

−0.48 TgN yr−1, respectively, whereas surface temperature

is assumed to increase globally by 3 ◦C on average accord-

ing to the physical forcing used in our simulations. These re-

sults yield −0.05 and −0.16 TgN yr−1 K−1, or alternatively

−1.25 and −3.80 ppb K−1 for P.TEMP and P.OMZ, respec-

tively. Following Joos et al. (2001) we calculate the feedback

factor in equilibrium for projected changes in emissions to

be −0.005 and −0.014 W m−2K−1 in P.TEMP and P.OMZ.

Stocker et al. (2013) projected changes in terrestrial

N2O emissions in 2100 using transient model simula-

tions leading to feedback strengths between +0.001 and

+0.015 W m−2 K−1. Feedback strengths associated with the

projected decrease in oceanic N2O emissions are on the same

order of magnitude as those attributable to changes in the ter-

restrial sources of N2O, yet opposite in sign, suggesting a

compensation for changes in radiative forcing due to future

increasing terrestrial N2O emissions. At this stage, potential

balance between land and ocean emissions is to be taken with

caution, as it relies of a single model run with constant atmo-

spheric N2O.

7 Conclusions

Our simulations suggest that anthropogenic climate change

could lead to a global decrease in oceanic N2O emissions

during the 21st century. This maximum projected decrease

of 12 % in marine N2O emissions for the business-as-usual

high-CO2 emissions scenario would compensate for the es-

timated increase in N2O fluxes from the terrestrial biosphere

in response to anthropogenic climate change (Stocker et al.,

2013), so that the climate–N2O feedback may be more or less

neutral over the coming decades.

The main mechanisms contributing to the reduction of ma-

rine N2O emissions are a decrease in N2O production in

highly oxygenated waters as well as an increase in ocean

vertical stratification that acts to decrease the transport of

N2O from the subsurface to the surface ocean. Despite the

decrease in both N2O production and N2O emissions, sim-

ulations suggest that the global marine N2O inventory may

increase from 2005 to 2100. This increase is explained by

the reduced transport of N2O from the production zones to

the air–sea interface.

Differences between the two parameterizations used here

are more related to biogeochemistry rather than changes in

ocean circulation. Despite sharing the high-O2 N2O produc-

tion pathway, leading to a decrease in N2O emissions in both

cases, the role of warming in P.TEMP or higher N2O yields

at low O2 concentrations in P.OMZ translate into notable dif-

ferences in the evolution of the two production pathways.

However, the dominant effect of changes in stratification in

both parameterizations ultimately drives the homogeneous

response of the parameterizations considered in model pro-

jections in the next century.

The N2O production pathways demand, however, a better

understanding in order to enable an improved representation

of processes in models. The efficiencies of the production

processes in response to higher temperatures or increased

seawater pCO2 are required. Other effects such as changes

in the O2 boundaries at which nitrification and denitrifica-

tion occur must be also taken into account. In the absence

of process-based parameterizations, N2O production param-

eterizations will still rely on export of organic carbon and

oxygen levels. Both need to be improved in global biogeo-

chemical models.

The same combination of mechanisms (i.e., change in ex-

port production and ocean stratification) have been identified

as drivers of changes in oceanic N2O emissions during the

Younger Dryas by Goldstein et al. (2003). The N2O flux de-

creased, while the N2O reservoir was fueled by longer resi-

dence times of N2O caused by increased stratification. Other

www.biogeosciences.net/12/4133/2015/ Biogeosciences, 12, 4133–4148, 2015
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studies point towards changes in the N2O production at the

OMZs as the main reason for variations in N2O observed in

the past (Suthhof et al., 2001). Whether these mechanisms

are plausible drivers of changes beyond year 2100 remains

an open question that needs to be addressed with longer sim-

ulations.

The Supplement related to this article is available online

at doi:10.5194/bg-12-4133-2015-supplement.
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