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Résumé

Le cycle océanique de l'azote est a I'origine de deux rétro-actions climatiques au sein du systeme terre. D'une
part, il participe au contréle du réservoir d'azote fixé disponible au développement du phytoplancton et a la
modulation de la pompe biologique, un des mécanismes de séquestration du carbone anthropique. D'autre part,
le cycle de I'azote produit un gaz a effet de serre et destructuer d'ozone, le protoxyde d'azote (N2O). L'évolution
future du cycle de I'azote sous l'influence du rechauffement climatique, de la déoxygénation et de 'acidification
des océans reste une question ouverte. Les processus tels que la fixation d'azote, la dénitrification et la
production de protoxyde d'azote seront modifiés sous I'influence conjuguée des ces trois stresseurs. Ces
interactions peuvent étre évaluées grace aux modeles globaux de biogéochimie marine. Nous utilisons NEMO-
PISCES et I'ensemble des modeles CMIP5S pour projeter les modifications des taux de fixation d'azote, de
nitrification, de production et des flux air-mer de N2O a l'horizon de 2100 en réponse au scénario 'business-as-
usual'. Les effets liés a 'action combinée du rechauffement climatique et de I'acidification des océans sur le
réservoir d'azote fixé, la production primaire et la rétro-action sur le bilan radiatif sont également évalués dans

cette these.

Abstract

The marine nitrogen cycle is responsible for two climate feedbacks in the Earth System. Firstly, it modulates the
fixed nitrogen pool available for phytoplankton growth and hence it modulates in part the strength of the
biological pump, one of the mechanisms contributing to the oceanic uptake of anthropogenic COs. Secondly, the
nitrogen cycle produces a powerful greenhouse gas and ozone (O3) depletion agent called nitrous oxide (NoO).
Future changes of the nitrogen cycle in response to global warming, ocean deoxygenation and ocean
acidification are largely unknown. Processes such as No-fixation, nitrification, denitrification and NoO
production will experience changes under the simultaneous effect of these three stressors. Global ocean
biogeochemical models allow us to study such interactions. Using NEMO-PISCES and the CMIP5 model
ensemble we project changes in year 2100 under the business-as-usual high CO; emissions scenario in global
scale No-fixation rates, nitrification rates, NoO production and NyO sea-to-air fluxes adding COy sensitive
functions into the model parameterizations. Second order effects due to the combination of global warming in
tandem with ocean acidification on the fixed nitrogen pool, primary productivity and N2O radiative forcing

feedbacks are also evaluated in this thesis.



Contents

Chapter 1
Introduction

B O G103 oo < OO OO 12
1.2, The N-CYClE @t PIESENL.cuiiiiiiiiiiciiiiiiiiicii e 15
1.2.1. Nitrogen COMPOUNAS ..ot 17
1.2.2. NItrogen CYCle PIOCESSES c..cuviuiiiiiiiiiiiii s 19
1.22.00 NorfIXAHON vttt 19
12220 NIFICAHON covuiiiieiiieci ettt 20
1.2.2.3. DenitrifiCation .o 21
1.2.2.4.  External NitrOgen IMPUL......coeiiiiiiiiiiiiiiiciies s ssas 21
1.2.3.  Physical transport of Nitrogen COMPOUNS .......coiuiiiiiriiiiiniii s 21
1.2.4. Nitrous oXide eMISSIONS ...c.ciiiiiiriiiiiiiii s 22
1.2.5.  Controls of the bioavailable Nitrogen POOL........ccccviiiriiiiininiiiicii s 26
1.3, The N-cycle i the PaSt.....cciiiiiiiiiii s 27
1.3.1. N20 in the last glacial Period ... 27
1.3.2. Swings in the Nitrogen DUt .......cccviiiiiiiiiiiiiiiiiii s 29
1.4, The N-cycle in the fULULE c.ovceiriicicciceccteeceee ettt seae 30
1.4.1.  Impact of global Warming .......cccccciiiiiiiiiiiii s 31
1.4.2.  Impact of ocean dEOXYZENAtION .....cviiiiiiiiiiiiiiciiii s 33
1.4.3.  Impact of ocean acidifiCation ..o s 35
1.4.4. Direct anthropogenic NItrOZEN INPULS......cccviiiiiiiiiiiiic e 37
1.5, OPEN QUESTIONS c..vuviieiiiiiiiiicitct bbbt 38
1.5.1.  Future marine N2O eMiSSIONS ...vueviviiviiiiiiiieiitiiieiite e 38
1.52.  Global warming and ocean acidification on the N-cycle........coovueiniiiiniiiininicinces 40

1.6.  Objectives and MEthOdS ..o 41



Chapter 2
Methods

2.1 IEEOAUCHON et 44
2.2, PISCES MOdEL....iiiiiiiiiiiiiiiiiiii s 47
2210 SEIUCHULE o.viieiictt s e a b a st 47
2.2.2. The N-cycle in PISCES .....cccoiiiiiiiiiiiiii s 49
2.3.  Datasets and data-based products..........cciiiiniiiiiii s 56
2310 Wortld Ocean Atas ..o 56
2.3.2.  Oz-corrected World Ocean Atlas.......ccciiiiniiiiii s 57
2.3.3.  Export of Organic MAatter ..o sssssenas 58
234, N2O 5€a-t0-al flUX.iiiiiiiiiiiiiiiiii s 59
2.3.5. N2O IVEILOLY ettt bbb 60
2.3.6.  N2-fIXAHOMN TALES couvuiiiiiiiiiiiiici bbb 61
2.4, CHMAate MOAEIS ... 62
240, IPSLACMB oo 62
242, CMIP5 MOMELS oo 63
2.5, SIMUlAtION PIAN .o 65
2.5.1.  Oceanic N2O emissions il the 2157 CENtULY ..o 65
2.5.2.  Ocean Acidification effect on the marine N-CYCle ....c.coverrierrineeinniernceneeeeeseeeneenen 65
Chapter 3

N-cycle in CMIP5 models

3.1 INEEOAUCHON oottt Rt 67
320 MethOdOIOZY ..o 71
3210 CMIPS5 MOAELS oot 71
3.2.2.  Data-based products and datasets..........ccuiuriiiiiniiiiiniiii s 72
3.2.3. N2O ParameteriZations .....cocuiuiieeiiieieieieieieieie st st 73

3.2.3.1. N2O ProdUCHON TALES..viveriierirerereriererierereereseereeesesseressesesesesseseesessesessssessesessesessesssesessessssessans 73



3.2.3.2. N2O INVENLOLY wovririiiiiiiiiiicieieieieieietetst sttt be b s sen s sasas 74

3.2.4.  No-fixation parameterization in CMIP5 Models.......ccocvuiiiiviiiiiiiiiiiiiiiciiccecns 75
3.3, N2O from CMIP5 MOELS ..oovuiueuririieiriieiieiiieiicieinecieeeietsestesseseie e taesesseaese st ssssssesssseaen 77
3.3.1. N2O Production FAES .....cvieciiiieiiiiiiiciiiciie bbb 77
3.3.1.1.  Drivers of uncertainties in estimating NoO production ... 79
3320 N2O IVEITOTY ittt e s sttt st b bbb sa s st sene 80
3.3.2.1.  N20 inventory estimates and ODSELVAIONS ....ccueeeverreeuerriieereiieinieeereiesereeseeeseneeesenseeesenens 83

3.4, No-fixation in CMIP5 MOELS ..ottt staese st ssesssesssaeaen 87
341 N2 fIXALOM FALES tuvuvrinieeieisiiereiieeteiesetesstsete st iesseseae st sttt et s st b st s s sstaesesstaesestaesesssssessscaen 87
3:4.2.  N2-fIXEIS DIOMIASS .cuviuieiiriiereiiieieieieietsiseiesteeies sttt sttt et s et se st sesstaesesesesessscaen 90
3.0 CONCIUSIONS ..ottt 91

Chapter 4

Oceanic NoO emissions in the 215 century

T EEOAUCHON vttt ettt ettt ettt ebete et eseebessebessebessebessebessebensese s esseseseesessebensesensebensesensesensereane 95

Chapter 5
Impact of ocean acidification on Ng-fixation

5.1 INEEOAUCHON w.cevieietttctct e 117
5.2, MethOdOIOY ...ocuimiiiiiiiiiiic e 119
52,1, PISCES MOdEL ..ot 119
5.2.2.  COgz sensitive term 0N No-fIXAON covuvuieivieiectciciccice st 120
523,  Experiment DEsIZi. ..o 120
5.3, Model EValuation ..o 121
5.3. 10 No-fIXALOM woviieiiiiiiic s 121
5.4.  Projections of No-fixation over the 21St CENTULY .o 123
5.4.1.  Ocean acidification and CO2 effeCt ... 123
5.4.2. Climate Change and Ocean Acidification........ccccciiiiiiiiiiiii e 124
5.5, DISCUSSION.c..cieiiitiici e 125

9



551, Ocean aCIAIfICATION cuviviieriiiririeriieteteret ettt ettt et eseseesessesessesessesessesessesesesensesssessesesensessesensesens 125

5.5.2.  Climate change and ocean acidification ... 126
5.6, MOAEL CAVEALS covuvviiniiiiiiii bbb 130
5.7 Summary and CONCIUSIONS .c.oviueriiiiieiiiieiicieircieteie ettt ettt seseacne 130
5.8, AcKNOWIEAZEMENLS ..ot 131
5.9, RELEICNCES ..ttt 131
5.10.  Supplementary Material.........cocooviiiiiiiiiiiiiiii e 136
5.10.1.  No-fixation parameterization termMS ..o 136
5.10.2.  Carbonate ChEMUSTIY ..cviuevieiueiieieiicieiriticteteeseieie ettt staese st ss e s s ssseaesenstacnen 137
Chapter 6

Impact of ocean acidification on nitrification

0.1, INEEOAUCHON .ottt e 139
0.2, MEthOdS ..o e 141
6.2.1.  Ocean circulation and biogeochemical model ........ccoviiiiiiiiiiiiiiiiiiic e 141
6.2.2. Nitrification parameterization in PISCES ... 142
6.2.3.  Expefiment DEsIGN. ..o s 143
6.3. Nitrification under future MAariNe STIESSOLS ..c.iiiiiiiiiiiiiiiiiiiiiie e 144
6.3.1.  Impact of ocean acidification on NItFfICAtON ...t 144
6.3.2.  Impact of climate change and ocean acidification on nitrification ........ccccvvivcviriniiicinienans 147
6.3.3. Nitrification impact on primary production and N2O production.........cccccveviecvviriniiiicininnnans 147
6.4, DISCUSSION....cuitiiiiicictct e 148
0.5, MOAEL CAVEALS c.vuvvieiiiiiiii bbb 150
6.6.  Summary and CONCIUSIONS .c.cviueuiiiiieiiiieiicieicetee ettt sesseacne 151
0.7 AcKNOWIEAEMENLS ...ttt e 151
0.8, RELEICNCES ...ttt 152
6.9.  Supplementary Material........cccoviiiiiiiiiiiiiiii e 155
6.9.1.  Carbonate ChEMUISLIY c.ucucuevieeueriiieiriieteieeteee ettt et be st s st senaes 155
6.9.2.  EXport of OFganic MAter.....cccoiiiuiiiiiiiiiiiiiiiiiiici s 155

10



Chapter 7
Conclusions and Perspectives

7.1 CONCIUSIONS w.oviviiiiiicii e 157
7.1.1. N-cycle in CMIPS5 MOAELS ..cvriuiieiriiieiiiieiieeieiicieticieeseiesseseiessese s steesessesesessesesenses 157
7.1.2.  Oceanic N2O emissions i the 2157 CENtULY ..o 159
7.1.3.  Impact of ocean acidification on No-fIXatioN ......ccociviriiiiiciiiinieees 160
7.1.4.  Impact of ocean acidification on NItFfICAtON ..o 161

720 PEISPECLIVES oueiviiiiiiiiiicicii e et 163
7.2.1. N-cycle processes in OGCBMS........cocuiiiiiiiniiiiiii e 163
7.2.2.  Living compartments il OGCBMS .......ccoviiiiiiiiiiiii s 164
7.2.3. Interannual N>O emissions from the 0Cean ... 165
7.2.4.  Combined effects 0n the N-CYCLE ....cccviiiiiiiiicicercecerce et senees 165
7.2.5.  EXternal N IPUL ..o 166

Chapter 8
References
REFETEINCES ..o 167

11



Chapter 1

Introduction

LoLo COMUEXE ettt 12
1.2, The N-CYCIE @t PIESEIIT ...cuiuiiiiiiiiiiiiiciicicee e 15
1.2.1. NItrogen COMPOUIIAS .......oouiuiiiiiiiiiiiitciee ittt ee et eene 17
1.2.2. NItrogen CYClE PIOCESSES .....c.coviuiiuiiiiiiiiieieieeieeteieete ettt ee et eenea 19
1,221, INO-TIXATION t.oivviieeeeeeie et e et e e e et e e e et e e e e et eeeeeraaeeeeeenseeeeseeaaeeeeeeneseeeeesseeeeannees 19
1.2.2.20 NIITICATON ..uitiiiiiiicieii e e 20
1.2.2.3. DenitrifICAtION ...c.oouiiiiiiiiiiiiiii e 21
1.2.2.4.  External NItrogemn IMPUL ....c..coieirereeietetetentente sttt eitestet ettt et ebe st eseestesessesnesbesuesbeeenennenne 21
1.2.3.  Physical transport of nitrogen COMPOUIAS .......cc.coiririririeiiieieteneneeeeeee ettt 21
1.2.4. Nitrous oXide CIMISSIONS. ......c.couiiiiiiiiiiiiiee ittt s et eneeeneas 22
1.2.5.  Controls of the bioavailable NItrogen POOL........c..coccviriririiieiiiiieeeeeee e 26
1.3, The N-CYCLE I the PASE cveeuieuieiiiiiiitirici ettt ettt ettt ettt besbe bbbt snene 27
1.3.1.  NoO in the last glacial PEriod......ccooiririiiiieiiiiiner ettt st 27
1.3.2. Swings in the NItrog@en BUAZEL........coiviriiiiiiiiiincececee ettt st 29
1.4, The N-cycle In the fULUIE c..ooeeiiiiiiiicce ettt et ne 30
1.4.1.  Impact of global WaIING . ....cc.coviriiiiiiriiiiiietcte sttt r e st ne 31
1.4.2.  Impact of 0cean dCOXYZEMALIOM ..c..ivuiiuiriiieiiiietetitente sttt ettt ettt ettt sbe b sbe st sie oo n e 33
1.4.3.  Impact of 0cean acIdifICAION ......co.ivuiruiriieiiiieteieteet ettt ettt st 35
1.4.4.  Direct anthropogenic NITOZEIL IIPULS..c..ceureureurerrertertererteeieettertetertentestesteeseeseeseestensensensessesuesseeseensenne 37
1.5, OPEI QUESTIOMS ...ttt ettt ettt ettt ettt et et et s bbbt bt eb st e e et s ettt e bt e bt e bt eates s et e b e s b e sbe s bt ebeeeeennene 38
1.5.1.  Future marine INoQO EINISSIONS. .....ceeeetttereeeeeeeeeeeeeeeeeeeeeeeeeeeeeaeeeeeeeeeeseesesseeesresaeeeeeeeeeeesessssnsnesnnsaneees 38
1.5.2.  Global warming and ocean acidification on the N-cycle.......ccceverininininininiinininneeeeeee 40
1.6.  Objectives and MEthOdS ....co.veiiiiriiririiiicee ettt ettt be st ne 41

1.1. Context

The nitrogen cycle (N-cycle) plays an pivotal role in the Earth's climate system. Nitrogen,
together with other nutrients (mostly phosphorus (P) and iron (Fe) in the ocean, P and
potassium (K) on land), is one of the limiting nutrients of the growth of plants, including
marine phytoplankton in the ocean. Their metabolism requires a constant supply of
bioavailable forms of nitrogen to grow. This mechanism links the N-cycle to the carbon cycle
(G-cycle), which ultimately regulates terrestrial and oceanic carbon dioxide (CO2) uptake from

the atmosphere.

12



Land and ocean absorb substantial amounts of anthropogenic emissions of COg, thus
reducing the anthropogenic greenhouse gas (GHG) effect and diminishing the potential
impact of global warming. Net CO; uptake in land and ocean absorbs similar quantities of
atmospheric COg, in the order of 1.0 to 3.2 PgC yr! over the last 2002-2011 time period
(Giais et al., 2013). They account to about half of the total anthropogenic CO3 emissions, 1.e.,
8.3 PgC yr! over the last decade. In the ocean, whereas this net carbon sink is thought to be
mainly driven by physical-chemical processes, phytoplankton growth is a key player in the
oceanic carbon cycle. Phytoplankton production of organic matter leads to a vertical gradient
of carbon in the ocean interior, a process known as the bilogical pump, contributing to the
storage of anthropogenic COy. Figure 1 shows the coupling between the C-cycle and the N-
cycle in land and ocean, with particular focus on the contributions and losses of different
forms of nitrogen compounds into the nitrogen pool (Gruber and Galloway, 2008). Part of the
strength of the biological pump relies on the sources and sinks of bioavailable nitrogen, and
therefore on the intrinsic natural variability of the N-cycle. The pool of reactive (or bivavailable)
nitrogen has been historically regulated by natural processes, shown in blue in Figure 1, such
as No-fixation, nitrification and denitrification. These processes bond the atmospheric N-cycle
with that from land and ocean. Over past timescales the natural variability of these processes
has been suggested to drive the biological pump, with a direct impact on the climate system. In
addition, two N-cycle processes (nitrification and denitrification) are responsible for the
production of a powerful, long lived greenhouse gas and ozone (O3) depletion agent called
nitrous oxide (N2O). The terrestrial and oceanic production of N2O contributes directly to the

atmospheric greenhouse gas budget, and therefore modulates in part the climate system.

Since the industrial revolution, and particularly since the development and extensive use of
the Haber-Bosch process, fixing artificially atmospheric No for its use as a fertilizer in the form
of ammonium (NH4*), the natural N-cycle has been significantly altered. Human population
growth and its associated industrial activity have released large amounts of nitrogen
compounds to the atmosphere and have also increased the amount of fixed nitrogen in soils
(Figure 1, in red). This additional supply of nitrogen compounds have increased the reactive
nitrogen available via atmospheric nitrogen deposition in land and ocean surface. The
massive use of fertilizers has also increased significantly the riverine nitrogen discharge
directly into the ocean. The N-cycle has been altered indirectly by fossil fuel combustion and
other industrial related activities that have increased the atmospheric concentration of COs,
methane (CHi) and NyO, the so-called greenhouse gases. The increasing greenhouse gas
concentration in the atmosphere has lead to phenomena such as global warming, ocean
deoxygenation and ocean acidification (Gruber, 2011). These environmental forcings have a

direct impact on many of the N-cycle processes and nitrogen compounds distribution.
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Natural and anthropogenic perturbations of the N-cycle have been a matter of research over
the last decades but their magnitude, effects and feedbacks in the climate system remain
largely unknown, particularly in the ocean realm (Gruber and Galloway, 2008; Zehr and
Ward, 2002). Many uncertainties exist concerning the current understanding of the N>O
formation processes in the ocean (Freing et al., 2012; Zamora et al., 2013), for instance, and
the changes they might be subject to in future environmental conditions. Moreover, future
oceanic forcings will certainly impact the regulating mechanisms of the bioavailable nitrogen

pool, i.e., No-fixation, nitrification and denitrification, which in turn fuel the oceanic buwlogical
pump.

These questions can be addressed using Earth System Models (ESMs). ESMs are used to
make future projections of changes in the N-cycle and, most important, to analyze the
interactions among the N-cycle, the C-cycle, and the feedback within the marine stressors
themselves. These models must be however evaluated in terms of their current capabilities to
study present and future N-cycle processes, particularly when making future projections of

oceanic NoO sea-to-air emissions and analyzing changes in the fixed nitrogen pool.

1.2. The N-cycle at present

While the role of the marine N-cycle on a global scale is known from a biogeochemical and
climate perspective, the understanding as today of the underlying mechanisms of N-cycle

processes is not satisfactory (Gruber and Galloway, 2008; Zehr and Ward, 2002).

The oceanic N-cycle is a sequence of reduction and oxidation processes among nitrogen
compounds in different oxidation states (Figure 2). The most abundant form of nitrogen in the
ocean 1s dissolved dinitrogen (N2). Ny is reduced to ammonium (NH4*) as a product of No-
fixation, a reduction process performed by a particular group of phytoplankton called
diazotrophs in the surface layers of the ocean. NH4* can be remineralized into ammonia (NH3)
and then oxidized back to Ny via anaerobic ammonium oxidation (or anammox) (Thamdrup
and Dalsgaard, 2002). Alternatively, NH4* can also be oxidized via nitrification. Nitrification
is a two-step bacterial process, turning NH4* into NOj-, with a by product (N2O) and an
intermediate product, nitrite (NOy), prior to complete the NOjs- formation. The nitrogen cycle
is closed back to N2 by three reduction processes of NOs-. The first process is bacterial
denitrification. Denitrifying bacteria respire NOs when O is completely exhausted.
Denitrification turns NOs3- into NO2 and N2O to produce No. The second process is anammox,
producing NOy and eventually No. The last process is the dissimilatory nitrate reduction to

ammonium, or DNRA, turning NOj3- into NHy*.
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The mechanisms and environmental conditions under which these processes occur are not yet
fully understood. Processes such as No-fixation or nitrification have been a matter of study
over the last decades, while other transformations such as anammox or DNRA are lacking a
more accurate description and their relative importance in the N-cycle has been just
hypothesized (Lam et al., 2009). The complexity of the nitrogen cycle relies not only on the
many unknowns regarding occurrence and environmental controls, but also on the spatial
coupling or decoupling of many of its processes, the uneven distribution of the nitrogen

compounds in the ocean and the feedbacks between the processes that might self regulate the

nitrogen content in the ocean over long timescales.

DNRA

Anammox

Denitrification

N,-fixation

Oxidation State

4
Remin. kK NH, assim. !

Anammox

Nitrification

Figure 2: Nitrogen compounds and transformations within the N-cycle sorted along the oxidation state axis.
Oxidation processes such as remineralisation, anaerobic ammonium oxidation (anammox) and nitrification are
shown in the lower part of the diagram. Reduction processes such as denitrification, anammox and No-fixation are
shown in the upper part of the diagram. Solid lines represent the different processes pointing towards the end

products, while dotted lines represent the intermediate or by- products in nitrification and denitrification processes.
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1.2.1. Nitrogen compounds

The nitrogen compounds are neither evenly distributed nor have the same abundance in the
ocean interior. The bioavailable nitrogen compounds, i.e., NH4* and NOg-, are relatively
scarce in the ocean compared to nitrogen in its gaseous inorganic form (Ng). Ny represents
94% of the total nitrogen budget in the ocean, whereas NOs- accounts only to 4% and
dissolved organic nitrogen (DON) to 1%. Half of the remaining 1% is completed with
particulate organic nitrogen (PON), NOy, NH4* and N2O (Gruber, 2008).

The global depth average distribution of NOs- in the ocean is shown in Figure 3. NOs- is
depleted at the sea surface due to the continuous uptake of phytoplankton, but it occupies the
deep ocean in a large reservoir with an average value of 30 pmol kg-!. NH4* follows the same
fate as that from NOjs- in the euphotic zone but at much larger magnitude. Phytoplankton has
a preference for assimilating NH4* among the fixed nitrogen compounds and NHy* is quickly
exhausted either on its original supply from No-fixation or its remineralized form from the
deeper layers. As a consequence, NH4* concentration peaks close to the euphotic zone, where
its production after remineralisation of organic matter exceeds its own consumption by
phytoplankton. NH4* is therefore less abundant than NOs- and it is completely depleted at
depth. NOg, as an intermediate compound in the nitrogen cycle, is also consumed in the

euphotic zone and depleted below 100m.
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Figure 3: Global depth average of NOgs-, NH4* and NOy in (a) the whole water column and (b) the first 300m.

Concentrations of NH4* and NOjy are augmented 100 times for intercomparison on the same unit scale. (JGOFS).
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While the nitrogen pool of NO3- and NH4* is modulated by phytoplankton demands, the
distribution of N2O is strictly linked to bacterial production processes by nitrification and
denitrification (see 1.2.4 Nitrous oxide emissions). The depth distribution of NoO and the in-
situ O2 measurements from several cruise campaigns is shown in Figure 4 (Suntharalingam
and Sarmiento, 2000). Nitrification and denitrification operate together in regions where Oq
concentration falls below 5 to 20 pmol L-l. In these oxygen minimum zones (OMZs or oxygen
deficient  zones, ODZ, in literature) N2O production is particularly enhanced by the
simultaneous production processes and N2O concentration reaches its maximum in various
oceanic locations, up to 40 to 50 nmol L-!. Minima are observed in the sea surface due to gas
exchange, whereas a remaining NoO reservoir is found in the deep around 16 nmol L-! (Bange
et al., 2009). The Oz consumption follows the same profile but mirrored on the concentration
scale. The minimum on Os concentration is observed in the same depth range between 200
and 1000m deep, where the NoO maxima are found. Os increases at the surface and in the

deep at a global depth average of 195 pmol L-! (Bianchi et al., 2012).
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Figure 4: Global depth average profile of NoO (in nmol L-!) and the corresponding Os (in pmol L-!) from the same
measurements. The different lines correspond to the cruises from the BATS, SAGA and RITS cruise campaigns.

(Suntharalingam and Sarmiento, 2000).

18



1.2.2. Nitrogen cycle processes

1.2.2.1. No-fixation

No-fixation is the largest source of external bioavailable nitrogen into the ocean (Gruber and
Galloway, 2008). A particular group of phytoplankton known as diazotrophs fix dissolved Ny in
low-latitude warm waters, contributing to the fixed nitrogen pool in larger quantities than
atmospheric nitrogen deposition or riverine nitrogen supply do. Despite the energetically
expensive process of breaking the triple bond of N, resulting in a slower growth rate,
diazotrophs have been succesful performing this strategy to compensate the lack of other
forms of bioavailable nitrogen in their close proximity, taking advantage in the competition

against the non-diazotrophs, which are nitrogen limited.

Two groups of diazotrophs are responsible for No-fixation in the ocean, cyanobacteria and
proteobacteria (Carpenter and Capone, 2008), known as the No-fixers. The No-fixers and its
unique No-fixation process have been studied particularly over the last two decades, when the
distribution and the main environmental controls of the Nj-fixation process have been
identified. No-fixation is fostered under high seawater temperatures above 15 to 20°C
(Garpenter, 1983; Capone et al., 1997), although temperatures above 30 to 34 °C reduce their
metabolims and hence the No-fixation capability (Fu et al., 2014). Just like any other
phytoplanktonic organism, diazotrophs need high incoming radiation (Chen et al., 1998, Orcutt
et al., 2001), and also the constant supply of PO4 (Wu et al., 2000; Safiudo-Wilhelmy et al.,
2001) but mostly Fe for activate the enzyme responsible of breaking Ny (Falkowski, 1997;
Berman-Frank et al., 2007). Diazotrophs are highly competitive in abscence of other forms of
fixed nitrogen, i.e. NH4* and NOs- (Capone et al., 1997; Karl et al., 2002; Holl and Montoya,
2005) and are favoured by relatively low Oz conditions (Stuart and Pearson, 1970). Recent
studies have also analyzed the diazotrophs performance under high levels of seawater GOq
concentration (Barcelos e Ramos et al., 2007; Hutchins et al., 2007; Hutchins et al., 2013),
where dissolved COs plays the role of an additional nutrient, and growth rates and No-fixation
rates increase as GOy concentration does. Recent studies have analyzed more in detail the
interplay of the environmental conditions for Ny-fixation, going beyond single terms to
combinations of them. Two examples are the studies by Dutkiewicz et al. (2012), where the
N:Fe ratio regulates ultimately the No-fixation activity, and Deutsch et al. (2007), where the

additional key term is the local N:P ratio.

Over the last years significant improvements have been made both on the observational and

modelling side on No-fixation. The first global database of marine No-fixers abundance and
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No-fixation rates was made available under the auspices of the MAREDAT project
(Buitenhuis et al., 2013) by Luo et al. (2012). More than 5,000 measurements were compiled,
spanning 30 years of observations, of Na-biomass, No-fixation rates and metadata of
temperature, Fe and Oz. The observational analysis have been completed on a global scale
with modelling studies, including idealised box model analysis to estimate the global budget
and their uncertainties related to changes in ocean circulation (Eugster and Gruber, 2012).
No-fixers and No-fixation process have been included into the standard model output of global

ocean models, gathered under the auspices of the Coupled Model Intercomparison Project 5

(CMIP)5) (Taylor et al., 2012) and shown in Chapter 2.

1.2.2.2.  Nitrification

Nitrifying bacteria carry out the oxidation of NH4* into NOj3-. These organisms are separated
into ammonia-oxidizing bacteria plus archaea, who perform the first step from NH4* to NOy,
and nitrite-oxidizing bacteria who finalize the process, turning NOy- into NOs3-. None of these
organisms is able to perform both steps simultaneously. Nitrification occurs at the lower
boundary of the euphotic zone, where NH4* is not longer assimilated by phytoplankton due to
the abscence of light and where NHi* from remineralisation of organic matter is fully

available for nitrifying bacteria.

There are a few environmental controls which determine the optimum conditions for
nitrification that have been identified. While No-fixation has a permanent supply of dissolved
No, nitrification depends primarily on the amount of organic matter remineralised, and
therefore on the export of organic matter (CEX) to depth. Nitrification is inhibited by light
(Horrigan et al., 1981), although there are growing evidences that nitrification could occur in
the euphotic layer. Nitrification shows its maximum around 100m deep where nitrifying
bacteria is highly competitive against the phytoplankton in that depth range because of the

absence of light.

As today, there are no global databases available compiling nitrification rates measurements.
Only few nitrifying bacteria distributions in the open ocean have been compiled in the
MAREDAT project (Buitenhuis et al., 2013). Global ocean biogeochemical models have
included recently nitrification among their model output (e.g., IPSL, GFDL, CESM and
CMCC, described in detail in Chapter 2).
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1.2.2.3. Denitrification

Respiration of NOs-in low Og conditions leads to the reduction of NOj3- back to the inorganic
form of Ny in a process called denitrification. The removal of bioavailable nitrogen is done by
anaecrobic bacteria when Oy concentration is below 2 to 5 pmol L-! (Tiedje, 1988). Dissolved
O3 concentration is therefore the main environmental control of denitrification occurrence.
Denitrification is also inhibited by light, although this assumption comes automatically by the
fact that OMZs are located well below 200m deep. When O; is completely depleted (i.e.,
anoxia), NoO 1is consumed instead of NOj (Cohen and Gordon, 1978). Sediment
denitrification, based on the same biological mechanisms, is also a prominent removal process
of fixed nitrogen from the ocean. The degradation of the biologically available nitrogen
compounds occurs in the surface of the sediments mostly along coastal margins (Middelburg

et al., 1996; Devol, 2008), but without completing the whole NOj3- to N2O formation process.

1.2.2.4. External nitrogen input

Atmospheric deposition of reactive nitrogen and river discharge of dissolved organic and
inorganic nitrogen are the second and third most relevant external sources of nitrogen into
the ocean after No-fixation (Gruber and Galloway, 2008). Reactive nitrogen coumpounds
(NOy, NHy,) are transported from land onto the sea surface via atmospheric deposition. These
plumes of reactive nitrogen are associated with high industrialised areas close to the seaside
like those from North America, India and Southeast Asia. Recent estimates of atmospheric
nitrogen deposition are between 38.9 (Dentener et al. 2006) to 68 TgN yr-! (Duce et al., 2008).
Atmospheric nitrogen deposition alone is responsible of 3% of the global new primary
production (Duce et al., 2008). Particulate and dissolved organic and inorganic nitrogen is
supplied by river discharge into estuaries (Mayorga et al., 2010). Rivers contribute with 30
TgN yr! into the oceanic nitrogen budget (Gruber and Galloway, 2008). The impact on
marine productivity is however larger, 5% of new primary production, than atmospheric

nitrogen deposition (DaCunha et al., 2007).

1.2.3. Physical transport of nitrogen compounds

Critical as the biological supply mechanisms and nitrogen cycle transformations is the physical

transport of nitrogen compounds in the ocean interior, as the ultimate mechanism responsible
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of the distribution of the main nitrogen compounds. There are two basic mechanisms of
transport of nitrogen compounds from the ocean interior to the euphotic layer, namely
mixing and upwelling. Mixing between the subsurface and the euphotic layer supply fixed
nitrogen in the remineralised forms of NH4* and NOs- back to the surface. Upwelling in the
eastern boundary currents represents one of the most important sources of nutrients into the
euphotic layer. Upwelling delivers NOs- from its deep reservoir together with other nutrients
such as POy or Fe, which regulate the phytoplankton population distribution and ultimately

surface NOs- and NH4* concentrations.

1.2.4. Nitrous oxide emissions

Estimations of global oceanic NoO emissions to the atmosphere are about 4 TgN yr-! (Nevison
et al., 1995; Suntharalingam et al., 2000), with a wide interval of uncertainties from 1.8 to 9.4
TgN yr! (Table 1). The oceanic N2O emissions represents one third of all the natural sources
of N2O in the Earth System, or one fourth of all the total sources, including the anthropogenic
ones (Ciais et al.,, 2013). Other contributions of N2O to the atmosphere are mainly
nitrification in soils and anthropogenic-related activities such as fossil fuel combustion,
industrial processes and agricultural exploitation (Figure 5). The same interval of uncertainties
from oceanic emissions applies to estimates of soil emissions and those from anthropogenic

sources.

N.O Uncertainties

(TgN yr-1) (TgN yr!)
Natural N»O sources
Soils under natural vegetation 6.6 3.3-9.0
Oceans 3.8 1.8-9.4
Atmospheric chemistry 0.6 0.3-1.2
Anthropogenic NoO Sources 6.9 2.7-11.1
Total 17.9 8.1-30.7

Table 1: Natural and anthropogenic sources of NoO to the atmosphere. Oceanic NoO emissions account up to
30% of the total natural emissions and 25% of the total NoO emissions including those from anthropogenic
activities. Anthropogenic activities include fossil fuel combustion, industrial processes, agriculture, biomass and

biofuel burning and human excreta. (Ciais et al., 2013).
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Measurements of oceanic NoO flux to the atmosphere and N2O concentrations in the ocean
interior are sparse in space and time domains (Nevison et al., 1995; Bange et al., 2009). The
first cruises measuring NoO concentration and NoO sea-to-air fluxes covered long transects
along the Atlantic (BLAST), western Pacific (RITS89) western Pacific and Indian ocean
(SAGAZ2). However, the spatial coverage of oceanic N2O concentration measurements have
been mostly focused on the NoO production hotspots at the Eastern Tropical Pacific (ETP)
(Paulmier and Ruiz-Pino, 2009; Cornejo and Farias, 2012), Benguela Upwelling System
(BUS) (Gutknecht et al., 2013) and Northern Indian Ocean (Naqvi et al., 2010), but very
limited in the open ocean. Measurements of NoO sea-to-air emissions from the ocean to the
atmosphere show a poor spatial coverage (Nevison et al., 2004), in which any attempt of
global interpolation results in very uncertain values of the actual global oceanic NoO
emissions. The lack of measurements together with the limited understanding of the N.O
production processes result in the above mentioned large interval of uncertainties when global

estimates are made.

N2O formation in the ocean is associated with two particular bacterial processes; nitrification
in ocean and in soils, and water column denitrification in the ocean interior (Cohen and
Gordon, 1978; Goreau et al,, 1980; Elkins et al, 1978). The combination of these two
processes together with NoO consumption by the same denitrifying bacteria in complete
anoxia (i.e., dissolved Oj exhausted) yield a positive net N2O production in the ocean interior

and the subsequent sea-to-air emissions of N>O.
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Figure 5: Contributions (in TgN yr-!) to the atmospheric NoO budget and their uncertainties from terrestrial and
oceanic sources. Natural NoO sources such as oceanic, atmospheric chemistry and soils under natural vegetation
are marked in black, while the anthropogenic contributions including those from atmospheric deposition in the
ocean, agriculture, coastal, human excreta, fossil fuels, industry, biomass and biofuel burning, and atmospheric

deposition on land are marked in red (Ciais et al., 2013).

Natural N2O emissions have been historically in equilibrium with the only known substantial
N2O sink, i.e., annihilation with stratospheric Os. Ice core measurements have shown a
constant N9O atmospheric concentration of 270 ppb over the 2000 years prior to the
industrial revolution, as shown in Figure 7. However, an increase in atmospheric NoO
concentration has been observed over the last two hundred years. NoO atmospheric
concentration has increased by 18% since pre-industrial times, reaching 325 ppb at present
(NOAA  ESRL  Global Monitoring  Division,  Boulder,  Colorado,  USA,
http://esrl.noaa.gov/gmd/). Changes are quite likely attributed to anthropogenic sources of
N2O that must have increased the atmospheric concentration significantly over the last two

hundred years.

N2O plays the role of a greenhouse gas (GHG) in the atmosphere. It is ranked third in
radiative forcing (RF) after methane (CH4) and carbon dioxide (COy) (Table 2) (Myhre et al.,
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2013). Although its radiative forcing potential is lower, NoO shows the longest lifetime of these
greenhouse gases. One molecule of NoO lasts in the atmosphere up to 131 £ 10 yr (Prather et
al., 2012), exceeding by an order of magnitude the lifetime of CO2 and CHy. CO» estimated
lifetime span 30 to 95 yr, while CH4 has a shorter lifetime of 11.2 * 1.3 yr (Prather et al.,
2012). During its lifetime, N2O 1is distributed from the troposphere up to the stratosphere.
When NyO reaches the stratosphere, it is annihilated in a photochemical reaction where O3 is
consumed (Crutzen, 1970; Johnston, 1971), weakening the Os layer. Other Oz depletion
emissions such as chlorofluorocarbons (CFGs) have been limited after the mitigation policies
agreed in the The Montreal Protocol on Substances That Deplete The Ozone Layer in 1987. This
reduction in CFCs emissions suggests that N2O is now leading the O3 depletion, and it might
keep playing this role the next hundred years, as suggested by Ravishankara et al. (2009)
(Figure 6).

Species Concentration Radiative Forcing
(Ppx) (W m=)
COs (ppm) 391 £0.2 1.82 £ 0.19
CH, (ppb) 1803 + 2 0.48 = 0.05
N>O (ppb) 324+ 0.1 0.17 £ 0.03

Table 2: Mole fractions and radiative forcing for the three most important greenhouse gases: carbon dioxide
(COy), methane (CH4) and nitrous oxide (N2O). Concentrations are based on measurement averages (Myhre et al.,

2013).
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Figure 6: Ozone Depletion Potential (ODP) of NyO and CFCs for present and future scenarios up to year 2100.

Regulation of CFC emissions after The Montreal Protocol on Substances That Deplete The Ozone Layer (1987) reduced

significantly the role of CFCs as the most important ozone depletion agent at the end of the 20th century. NoO

would be the main emission responsible of the O3 depletion until 2100 (Ravishankara et al., 2009).
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Figure 7: Atmospheric NoO concentration (in ppb) from 0 AD to present time. Data points are from ice-core
measurements (red) and direct atmospheric measurements (blue). The atmospheric NoO concentration has
experienced an 18% increase from pre-industrial to present times, reaching 325 ppb at present. (Ciais et al., 2013

and NOAA ESRL Global Monitoring Division, Boulder, Colorado, USA, http://esrl.noaa.gov/gmd/).

1.2.5. Controls of the bioavailable nitrogen pool

The contribution of inputs, losses and their intermediate processes among the different
nitrogen compounds in the fixed nitrogen pools regulate primary production over vast regions

of the ocean, modulating in this way the strength of the biological pump.

The main input of bioavailable nitrogen as NHy* into the ocean is No-fixation. Up to 134
TgN are introduced in the fixed nitrogen pool per year via Np-fixation according to
interpolation techniques based on the compilation of measurements from Luo et al. (2012)
(Table 3). This estimation is subject however to large uncertainties. Observations of No-fixers
distribution, biomass and No-fixation rates show a sparse temporal and spatial coverage which
cast doubts on the accuracy of its potential global extrapolation. Moreover, the measurement
techniques used in this compilation of observations have been also a matter of debate.
Estimates using this database could increase up to 177 TgN yr! (Grosskopf et al., 2012). On
the other hand, model studies have estimated global No-fixation rates in the same order of
magnitude, spanning 134 (Eugster and Gruber, 2012) to 137 TgN yr! (Deutsch et al., 2007),
with uncertainties in the order of + 16 to = 34 TgN yr! respectively. Global ocean
biogeochemical model estimates from the CMIP5 project (Taylor et al., 2012) increase the
uncertainties up to = 75 TgN yr-!, despite the agreement on the global mean estimate of 134

TgN yr! (see Chapter 5).

The loss of fixed nitrogen in the ocean is driven by water column and sediment
denitrification, in which NOs- is converted by denitrifying bacteria back into an inorganic

form of nitrogen (Ny) in low O3 conditions. Recent model studies estimated 30 and 85 TgN yr-
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I for water column and sediment denitrification respectively (Eugster, 2013), in the same order
of magnitude than previous studies from Somes et al. (2010), Galloway et al. (2004) or Gruber
(2004) (Table 3). A comparison between the estimated total input of nitrogen via No-fixation
and the total loss of nitrogen via total denitrification suggests that at present the oceanic

nitrogen budget might be at equilibrium (Gruber, 2008).

Total Sediment Water Column
No-fixation Denitrification Denitrification Denitrification
Study Study
(TgN yr-1) (TgN yr!) (TgNyr-1) (TgNyr-1)
115 85 30 Eugster, 2013
Luo etal., 2012 137+9
Grosskopf et al., 2012 177+ 8
Eugster & Gruber, 2012 134 £ 16
105 38 67 Somes et al., 2010
Deutsch et al., 2007 137 + 34
274 193 81 Galloway et al., 2004
245 180 65 Gruber, 2004
Carpenter et al., 1992 10

Table 3: Estimations of No-fixation rates in TgN yr-! combining model studies from Deutsch et al. (2007), Eugster
and Gruber (2012), and observational analysis from Luo et al. (2012) and the additional corrections from
Grosskopf et al. (2012) based on the former study. Estimates of water column and sediment denitrification (in TgN
yr-l) at present are from model estimates (Eugster, 2013; Somes et al., 2010) and geochemical estimates (Galloway

et al., 2004; Gruber, 2004).

1.3. The N-cycle in the past

The scenario as today concerning natural oceanic N2O emissions and the natural equilibrium
in the fixed nitrogen pool is a consequence of historical swings over long timescales.
Paleorecords indicate this natural variability and describe the cycles that the N-ctcle has been
subject to in the past. The additional variability induced by anthropogenic forcings must be

put in context of historical fluctuations in N2O emissions and in the fixed nitrogen pool.

1.3.1. N2O 1n the last glacial period

N2O bubbles trapped into ice cores allow us to reconstruct past atmospheric NyO

concentrations. The atmospheric N2O concentration has experienced significant changes over

27



the last 600.000 yr (Figure 8) during glacial and interglacial time periods. This variability is
highly correlated with changes in temperature in the northern hemisphere, although it is not
yet clear in which way causality operates (Janssen et al., 2007). Moreover, the potential
contribution of the oceanic N2O emissions to the total NoO budget remains unknown, and so

do the land emissions over the same period.

Most of the available data on past atmospheric NoO concentration belongs to the last 100.000
yr. During this period abrupt changes and shifts in climate conditions have been observed.
These changes are also known and Dansgaard-Oeschger (D-O) events. Records of
atmospheric N2O concentration are highly correlated with these abrupt D-O changes.
Assuming nitrification and denitrification as the only known production pathways of N2O in
the ocean interior, changes within these processes might explain the abrupt changes observed.
In fact, it has been suggested by Gruber (2004) that changes in NyO production via
denitrification or a combination of changes in denitrification and nitrification might have lead
to the observed changes during D-O events. The isotopic fractionation during N>O
production allow us to differenciate the main NoO sources. Denitrification produces lght (N2O
and Np) and feavy products (NO3). While NoO and N» escape to the atmosphere, the NO3
isotopic signal is transferred into organic matter that is eventually stored into sediments
(Suthhof et al., 2001). N records from sediment cores support the hypothesis of a large
activity of denitrification during D-O events. This behaviour has been observed in sediment
cores from the Arabian Sea (Pichevin et al.,, 2007) and the ETP (Suthhof et al., 2001),
traditional hotspots of NoO production. However, sediment records only allow us to
reconstruct denitrification activity, leaving NoO production pathway via nitrification with
significant uncertainties of how it evolved in the past, as changes in nitrification are assumed
to have occurred in the last glacial period (Fluckiger et al., 2004). From the modelling
perspective, model analysis of changes in oceanic N2O have tried to explain the mechanisms
behind the correlation between atmospheric N2O concentration and the D-O events. These
model experiments have focused on changes in ocean circulation as the main driver of
changes in N2O production and eventually on atmospheric NoO concentration. One of the
plausible explanations proposed in these experiments is the substantial change on the strength
of the Atlantic Meridional Overturning Circulation (AMOC) during D-O events. Model
studies from Schmitter and Galbraith (2008), or Goldstein et al. (2003), induced freshwater
inputs in the North Atlantic, thus changing the strength of the AMOC. As a result, they
obtained a highly correlated variability in atmospheric N2O concentrations during D-O
events. Whether the same mechanisms might operate in the future modulating oceanic NoO

emissions is a question which remains open.
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Figure 8: Atmospheric concentration of NoO, COs, CHa4, 0D and A'80 from paleorecords. Warm interglacial

periods are shown in grey. (Janssen et al., 2007).

1.3.2. Swings in the nitrogen budget

Palacorecords have shown evidence of variability of the atmospheric CO; concentration over
glacial to interglacial periods, from 175ppm to 300ppm in the last 800 kyr (Wolff, 2011).
Fluctuations in the oceanic nitrogen inventory, driven presumably by changes in the balance
between No-fixation and denitrification, might have caused significant variations in the
strength of the biological pump and therefore in atmospheric CO; concentration (McElroy,
1987). McElroy (1987) argued that swings in the dominance of Na-fixation over denitrification
could explain significant changes in the oceanic fixed nitrogen inventory and hence on the
oceanic uptake capability of atmospheric COj. That would imply that No-fixation and
denitrification can be decoupled in a way that one process can operate almost independently
from the other over long time scales. Gruber (2008) suggested however that the nitrogen cycle
could not be the only or major driving mechanism of the biological pump during long time
periods, as compared to the hypothesis proposed by McElroy (1987). The negative feedbacks
between changes in Np-fixation and denitrification would not allow such an imbalance in the
N-cycle in long time periods, as they are coupled in a way that changes in Ny-fixation are
automatically translated into denitrification. In addition, changes in the nitrogen cycle are
located mostly at mid- to low latitudes, whereas in carbonate chemistry changes at high

latitudes via the solubility pump have larger implications on the overall CO2 uptake capacity
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of the ocean. The time scope of these hypothesis will not be tested in this thesis, that considers

shorter time scales within the next hundred years.

1.4. The N-cycle in the future

Anthropogenic activities have caused perturbations in the marine N-cycle on top of its natural
variability. There are direct and indirect anthropogenic induced changes to the marine
environment that might change N-cycle processes and transformations. Direct anthropogenic
effects include increasing levels of nitrogen supply to the oceans via river discharge due to the
extensive use of fertilizers. Increasing industrialization will also increase atmospheric nitrogen
deposition of reactive nitrogen compounds. All the extra amount of nitrogen into the natural
N-cycle will undoubtedly lead to changes in ocean biogeochemistry. Indirect anthropogenic
effects occur via higher levels of atmospheric greenhouse gas concentrations and seawater
COg, creating three main stressors on the marine environment, namely global warming,

ocean deoxygenation and ocean acidification (Gruber, 2011).

Direct and indirect anthropogenic induced changes will modify the external N supply into the
ocean, No-fixation, nitrification and denitrification processes, with consequences on oceanic
N2O emissions, on the amount of bioavailable nitrogen and on global climate feedbacks. The
oceanic regions in which global warming, ocean deoxygenation and ocean acidification
operate have been summarised in Figure 9 (Gruber, 2011). Increased stratification expand at
low latitudes due to higher temperatures, with subsequent changes in the nutrient supply to
the euphotic layer and therefore on marine productivity (Sarmiento et al., 2004). Changes in
dissolved O3 content are also concentrated at low latitudes, particularly on the eastern
boundary currents and the northern Indian Ocean. The low latitudinal effects on productivity
together with the location of the OMZs in the same latitudinal band makes the N-cycle the
ideal candidate to experience the manifold interactions with future oceanic stressors. Some of
the most relevant N-cycle processes, namely No-fixation, nitrification and water column
denitrification occur indeed mostly at low latitudes (see Chapter 2). These processes will
experience changes in the distribution of the organisms which perform such transformations,
in the metabolic efficiency of these processes, in the environmental conditions under which
these processes occur and, finally, in the physical transport of the nitrogen compounds within

the ocean interior.
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Figure 9: Oceanic regions subject to a significant impact of changes by increasing stratification leading to lower
productivity (blue) and deoxygenation (pink) as a result of climate change (Gruber, 2011). The combined effects of
stratification and deoxygenation are coincident in low latitudinal regions, where most of the N-cycle processes

occur.

1.4.1. Impact of global warming

Global warming, as a result of higher atmospheric concentrations of GOz and other
greenhouse gases, will increase seawater temperatures and induce higher levels of ocean
stratification. This will trigger changes in mixing between the euphotic and the subsurface
layers, and in the strength of nutrient upwelling at the eastern boundary currents region,

causing a reduced supply of Fe, PO4, NH4* and NOs- in the euphotic layer.

Based on the current understading of Ne-fixation process, questions on whether No-fixation
efficiency will change in the future due to global warming could be intuitively anticipated.
First order effects will operate on the environmental controls on No-fixation. Changes in
seawater temperature are expected, boosting No-fixers population growth and enhanced No-
fixation. On the other hand, restrictions in the supply of nutrients into the euphotic layer such
as Fe or POy, which are crucial for the diazotrophs to perform No-fixation, would limit
substantially No-fixation in regions where No-fixers are Fe limited like in the Pacific basin.
Regions where No-fixers are not so Fe limited, like the Arabian Sea or the North Atlantic due
to dust deposition (Luo et al., 2014), might show less sensitivity to changes in Fe supply due to

global warming.

31



Regarding nitrification, future changes in marine productivity will directly modify the total
amount of NH4* which is potentially oxidized. Model studies have projected a decrease in net
primary production (NPP) due to a lower supply of nutrients to the euphotic layer (Steinacher
et al., 2010; Bopp et al., 2013). As a consequence, less organic matter would be exported to
depth, resulting in a more limited amount of NH4* to be oxidized by nitrifying bacteria. It

might therefore expect a decrease in ntirification rates on a global scale.

However, changes in seawater temperature will have a direct impact on ecosystem structures,
including nitrifying bacteria. Whether the population of bacteria might change substantially in

the future is a question which remains open.

Little is known about the effect of global warming on denitrification. There are no studies on
how higher temperatures change the metabolic process of reducing NOs- by denitrifying
bacteria. Changes in denitrifying bateria population are neither fully analyzed or understood

(Freing et al., 2012).

Model studies project an increasing trend in atmospheric greenhouse gas concentration in
2100 under a variety of potential future scenarios, NoO being the only compound which
shows an increase for all the future scenarios considered (Figure 10). Dedicated analysis on
spectfic sources of N>O to the atmosphere have isolated the individual contribution of the
terrestrial sources to the global radiative forcing (Stocker et al., 2013). Terrestrial NoO
emissions under high CO» business-as-usual scenario might increase by 80%, leading to a
temperature increase of 0.4 to 0.5°C in 2100 in combination with CHjy soil emissions. The
magnitude of the potential contribution of future oceanic N2O emissions to the radiative
forcing remains unknown. Changes in nitrification will be translated into changes in NoO
production, particularly when it has been suggested that most of the N>O production in the
ocean interior is fuelled by the nitrification pathway (Freing et al., 2012). Therefore a decrease
of NoO production is intuitively expected if primary production decreases. Transport of NoO
from the subsurface to the air-sea interface might be affected too due to increased
stratification. Finally, changes also in NoO solubility must be considered together with the
water masses which were in contact with the atmosphere at different equilibrium

concentrations of NoO.
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Figure 10: Historical and projected COy, CH4 and N>O concentrations in 2100 under different Representative
Concentration Pathways (RCPs) scenarios. Future values beyond present time are compared to previous climate
reports using the former model generations and related scenarios. NoO atmospheric concentration is expected to
increase in each of the scenarios studied, up to a 33% increase in the business-as-usual high COj emissions

scenario. (Meinshausen et al., 2011; Ciais et al., 2013).

1.4.2. Impact of ocean deoxygenation

Ocean deoxygenarion is a consequence of the ongoing reduced ventilation associated with
increased stratification, together with lower solubility due to higher seawater temperatures
(Ciais et al. 2013). This fact has been reflected in ocean general circulation and
biogeochemical model future projections. Figure 11 shows the decrease of the Oz content on a
global scale by several IPCC class models, and the increase in the hypoxic (O2 concentration
< 80 pmolL-!) volumes from 1850 to 2100 under the high CO; business-as-usual scenario
(Bopp et al., 2013). There are few long time records of Os measurements that could confirm
this hypothesis (Stramma et al., 2008, Stenardo et al., 2009), but nevertheless this result is
consistent with the projections made by the previous generation of global ocean

biogeochemical models (Steinacher et al., 2009; Cocco et al, 2012).
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Figure 11: Model projections of changes in (a) Global oxygen content (in %) and (b) O concentration below 80
mmol m-3 using the CMIP5 model ensemble under the business-as-usual high COy emissions scenario RCP8.5

(Bopp et al., 2013).

Changes in the dissolved O2 concentration are not expected to imprint significant changes in
No-fixation. No-fixation occurs in the euphotic layer, where high levels of Oz are observed and
therefore little changes are expected on this process. Moreover, few studies report sensitivity of
diazotrophs to Og levels, as they live mostly in the ocean surface. No-fixation does have however
sensitivity to Og, as reported by Stuart and Pearson, 1970, but future changes seem far from

changing that limiting facto substantially enough.

Ocean deoxygenation might shift the boundaries of occurrence of nitrification and
denitrification in the ocean interior. Nitrification is characterized by being a global process
and therefore little changes are expected due to the relatively small volume of the OMZs
subject to change. The expansion of the OMZs at depth will increase the occurrence of
denitrification, leading to an enhanced loss of bioavailable nitrogen and an increase in NoO
production and N2O consumption. While N2O production in low-Oz environments might be
boosted, N2O consumption might be boosted as well by the same denitrifying bacteria in
anoxic environments (Bange et al., 2000). Culture experiments have shown a high sensitivity
of N2O production to Og levels (Goreau et al., 1980; Frame and Casciotti, 2010), whereas
direct observations disagree with this assumption, as shown by Zamora et al., 2012, where
N2O shows a linear relationship with Oz even at OMZs such as those in the Eastern Tropical
Pacific (E'TP). The evolution of the balance between NoO production and consumption in the

OMZs in the future remains unclear.
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1.4.3. Impact of ocean acidification

The oceanic uptake of atmospheric GOg has decreased the levels of seawater pH by 0.1 units
on average since pre-industrial times (Orr et al.,, 2004). Model projections, following the
increasing atmospheric GOz concentration and the current absoption capacity of the ocean,
suggest that pH could reach even lower levels (Steinacher et al., 2009, Bopp et al., 2013).
Adaptation of phytoplankton groups and bacteria to decreased levels of seawater pH remains
one of the big unknowns in biogeochemical studies. Process efficiencies and population
dynamics must certainly change within changes in their environmental conditions due to
ocean acidification. No-fixation might be favoured by increasing seawater COs (Barcelos e
Ramos et al.,, 2007, Hutchins et al., 2007, Hutchins et al., 2012), although their future
evolution remains unclear. Barcelos e Ramos et al., 2007, analysed the effect of increasing
levels of seawater COy on particular species of No-fixers named Trichodesmium. Trichodesmium is
supposed to be responsible of at least half of the total Na-fixation in the global ocean. In these
culture experiments GOq played the role of an additional nutrient, doubling No-fixation rates
and No-fixers growth rates from pre-industrial to projected 2100 COq levels (Figure 12a and
Figure 12b).
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Figure 12: Experimental results of the COy fertilization effect on diazotrophs, showing (a) growth rate of
Trichodesmium under high levels of pCOy fitted to a Michaelis-Menten curve and (b) No-fixation rates fitted to a

linear function (Barcelos e Ramos et al., 2007).

Changes in No-fixation in other species (Croccosphera) in addition to Trichodesmium have been
analysed in more detail by Hutchins et al., 2013. Results of Na-fixation rates under high levels

of seawater CO2 on the most and less sensitive species of No-fixers, i.e., Trichodesmium
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Erythraeum and Trichodesmium Thiebautii are shown in Figure 13. Boundaries of the response of
No-fixers are defined by half saturation constants of 431 ppm and 65 ppm respectively. In
both cases there is an increase of the Ny-fixation rates for the whole range of seawater COq
concentrations considered. The range of spatial changes in seawater GOz and the distribution
of the diazotrophs species sensitive to these changes will ultimately determine the future

evolution of No-fixation.

w
o

T : 30
= et = Trichodesmium
= 25 S 251 thiebautii H9-4
S L 4 ¢ = B
5 R s O North Pacific
£ 20 = € 201 K,/,=65,V,,, =15,/”2=100
= i z v
: : P
S 10 Trichodesmium g
s erythraeum KO4-20 =
2 South Pacific 2
X o s e 2
= . Ki,=431V,, =31,2=095 =

v v ZN

500 1000 1500 2000 0 500 1,000 1500 2,000

pCO, (ppm) pCO, (ppm)

Figure 13: Experimental results of No-fixation rates for the most and least sensitive No-fixation species to seawater
COg fitted to a Michaelis-Menten curve in Hutchins et al., 2013, in particular (a) Trichodesmium Erythraeum and (b)

Trichodesmium Thiebautir.

Nitrifying bacteria show low sensitivity to changes in seawater CO3 levels (Badger et al., 2008,
Berg et al., 2007). However, nitrification is sensitive to changes in pH, as shown by
Huesemann et al. (2002). This study analysed the effect of increased levels of H*
concentration in estuaries (Figure 14). Nitrification efficiency decreased together with pH by
50% for changes of only 1% in pH. Changes in nitrification were further explored by Beman
et al. (2011), this time from an open ocean perspective. Laboratory experiments using
different cultures from different oceanic basins showed the same response of nitrifying
bacteria to lower pH levels. Figure 15 shows a decrease from 5% to 20% in nitrification due
to a 1% change in pH. This results suggests that future ocean acidification might have a

significant impact on nitrification and therefore on N2O production.

Changes in denitrification due to lower levels of pH are unknown. Studies based on the same
genetic mechanisms of denitrification in soils estimate that changes in seawater pH are not
significant enough to be noticeable in denitrification (Liu et al., 2010). Therefore changes in

N2O production in the OMZs are not expected to change significantly due to changes in pH.
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Figure 15: Nitrification rates in response to experimentally reduced levels of seawater pH from different samples at

HOT, BATS, SPOT and Sargasso Sea locations (Beman et al., 2011).

1.4.4. Direct anthropogenic nitrogen inputs

In addition to changes in the marine nitrogen cycle in the ocean interior, the increasing
human population will boost the use of fertilisers and the reactive nitrogen emissions, part of
which will eventually end in the marine environment either via atmospheric deposition or

riverine supply.

Atmospheric nitrogen deposition is expected to increase in the next century. Growing
industrialized areas will produce more NOy, NH, and organic nitrogen compounds that will
increase the supply of nitrogen on the sea surface via atmospheric deposition. Duce et al.

(2008) projected an increase from 68 at present to 77 TgN yr-! in year 2030, in the same order
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of magnitude from the study by Dentener et al. (2004) from 38.9 to 68.9 TgN yr! over the
same time period. It is estimated that in the future it could potentially equal the contribution
of No-fixation due to larger industrialized areas in coastal regions (Duce et al., 2008,
Krishnamurthy et al., 2007). Changes of N2O production and N>O emissions due to
atmospheric nitrogen deposition from pre-industrial to present were analysed by
Suntharalingam et al. (2012), which could give an estimate about future changes if
atmospheric deposition increases at the same rate. Atmospheric nitrogen deposition from the
previous studies estimated 20/22.1 TgN yr! in 1851, increasing by 48/16.8 TgN yr! at
present (Dentener et al., 2004; Duce et al., 2008). Due to these changes over the historical
period NoO emissions were estimated to increase by 3 to 4%, following the imprint of

additional nitrogen in export production with an increase of 4%.

There are many uncertainties on how river discharge might change in the future, however it
1s intuitively expected that the increasing population and therefore increasing food demand
might also increase the use of fertilizers and other industrial processes that contribute to the
N-budget in soils and hence in rivers. The extensive use of fertilizers will increase the river
discharge over coastal regions and river basins. DaCunha et al. (2011) projected changes in
biogeochemical markers such as primary production and export production in a variety of
future scenarios up to 2050, assuming river discharge values from a world population of 12
billion inhabitants. The increase in river discharge of DIC, DOC, POC and DIN lead to an
increase on export production of 6% in 2050, which might eventually be translated into an

increase of NoO emissions in the same magnitude.

1.5. Open questions

1.5.1. Future marine NoO emissions

The evolution of oceanic NoO emissions in the future remains largely unknown. Multiple
stressors on the marine N-cycle will certainly change the N2O production, N>O transport and
N2O sea-to-air flux to the atmosphere, with a potential impact on the ocean contribution to
the global GHG budget and the Os depletion process. Critical questions that have to be
addressed are clustered around NO production, NoO transport, other N2O production

processes and the current capabilities of models.

Many uncertainties still exist regarding the relative contribution of nitrification and

denitrification to the total N2O production budget, and how these production pathways will
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evolve in the future. Although nitrification seems the dominant pathway (Freing et al., 2012),
the evolution of these pathways might not be as such in the future. Changes in the volume of
hypoxic and suboxic waters will definitely imply changes in the production of N;O via
denitrification. Experimentally, it has been found that NoO shows a higher yield under
suboxic regimes (Goreau et al., 1980; Frame and Casciotti, 2012), but also does the N.O
consumption, as suggested by Zamora et al. (2013). There are many uncertainties regarding
the coupling between N2O production and consumption in the boundaries and core of the
OMZs respectively. Changes in the bacterial community will modify the distribution of the
N2O producers in the ocean interior. Increasing temperatures will modify the metabolism of
bacteria and quite likely their abundance and distribution. The COs attenuation effect on
N2O production via nitrification (Beman et al., 2011) could reinforce the projected decrease in
export of organic matter to depth in 2100 (Bopp et al., 2013). The extent at which the GOq

reduction effect is enhanced under lower levels of pH is still unknown.

The magnitude of changes in transport from the subsurface to the surface might be critical in
estimating the N>O sea-to-air flux. Oceanic stratification might enlarge the NoO reservoir at
deep, as any other biogeochemical compound produced or transported below the euphotic
zone (Freing et al., 2012). Changes in N2O solubility will modify the N2O inventory and the

gas exchange with the increasing atmospheric NoO.

The contribution of anammox as an alternative source of N2O remains largely unknown. It
has been reported as one of the major sources of N2O off the Namibia coast (Kuypers, 2005),
but many uncertainties remain on its adequate environmental conditions, occurrence and

relative contribution among the other NoO production processes.

Uncertainties when using ocean biogeochemical models to estimate NoO sea-to-air flux has
been also a matter of debate (Zamora and Oschlies, 2014). On a single model analysis, NoO
production from surface nitrification represents 50% of the uncertainty, followed by the
distribution of O» in the model by 24%. Other parameters that introduce uncertianties on the
estimations are the NoO consumption rate and the O threshold at which NoO production
switches to NoO consumption. Model projections of future NoO emissions are tied to the
foundational assumption of N2O production parameterizations, i.e., the apparent oxygen
utilization and its linear relationship with the excess of NoO (Elkins et al., 1978; Butler et al.,
1989). Mechanistic parameterizations based nitrification and denitrification rates as well as
the N2O formation sensitivity to changes in temperature are not available as today and this

fact hamper accurate projections of NoO production and hence N>O sea-to-air emissions.
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1.5.2. Impacts of global warming and ocean acidification on the

N-cycle

Multiple effects of higher levels of dissolved COg are presumed to occur in the N-cycle.
Despite the experimental results on particular processes such as No-fixation or nitrification,
the combined effects and the second order non-linearities in the fixed nitrogen pool, as well as
in other biogeochemical cycles, are difficult to predict. Critical questions that have to be
addressed are centered around the equilibrium between No-fixation and denitrification and
how it might evolve in the future, and the unknown response to higher-than-ever dissolved

COy concentrations.

The potential compensation between the COgq fertilization effect on No-fixation (Barcelos e
Ramos et al., 2007; Hutchins et al., 2007; Hutchins et al., 2013) and the GOs attenuation
effect on nitrification (Huesemann et al., 2004; Beman et al., 2011), might play an important
role on the response of the N-cycle as a whole to marine stressors. The magnitude, occurrence
and local coupling or decoupling between these two processes would clarify the future
response of the N-cycle in the next century. Moreover, the assumption of equilibrium between
inputs and losses of fixed nitrogen at present might not be valid in the future. In addition to
the arguments exposed by Gruber (2008), the role of an intermediate process between No-
fixation and denitrification, i.e., nitrification, has not been yet discussed in detail. Changes in
nitrification might change the dissolved Os distribution in subsurface layers, hence having
direct implication in the occurrence of denitrification in the ocean interior and therefore on
the negative feedback between the coupled formation-and-removal of fixed nitrogen. Spatial
coupling and decoupling of changes in No-fixation and nitrification are also of paramount
importance. The time scales over which both processes can co-exist would determine changes

over longer time periods such as those observed during paleoscales.

Paleorecords have shown variations in the N-cycle associated with an specific range of
changes in atmospheric COg2 concentration, from 175ppm to 300ppm. The amplitude of
periodical swings between No-fixation and denitrification in a context of much larger
variations of atmospheric COs than that from the paleoscales analyzed by McElroy must be
addressed considering the range of atmospheric COs estimates looming ahead, up to more

than 900ppm.
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1.6. Objectives and methods

The aim of this thesis is to explore and project changes in the N-cycle under global warming,
ocean deoxygenation and ocean acidification on a global scale. Particular attention is paid to

changes in No-fixation, nitrification and oceanic NoO emissions to the atmosphere in 2100.

The main questions that are addressed in this work are which are the main sources of
uncertainties in NoO production rates and N»O inventory estimates using state-of-the-art
global ocean biogeochemical models, how will evolve the oceanic N2O emissions to the
atmosphere int he future, and what is the impact of the individual and combined effect of
ocean acidification and global warming on No-fixation and nitrification. This thesis is

organized in the five following chapters:

Chapter 2

Methods

I describe PISCES ocean biogeochemical model, particularly the way the N-cycle is
represented in the model, and its coupling configuration with NEMO ocean general
circulation model. I put the current PISCES and NEMO capabilities in the context of the
CMIP5 models. In addition, I describe the existing databases and data-based products that
are used to constrain the representation and accuracy of the main nitrogen compounds and

other biogeochemical variables in models.

Chapter 3

N-cycle in CMIP5 models

I compare the model estimations and their uncertainties with NoO inventories and NoO
production rates derived from climatologies and data-based products of temperature, salinity,
O3 and export of organic matter to depth (CEX). I identify the major sources of these
deviations considering the existing parameterizations found in literature for estimating NoO
production and N2O inventory in a steady-state fashion. The calculation method is based on

offline estimations using O2 and CEX from the CMIP5 model output archive. Data-based
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products estimates are made using temperature, salinity and Oj from the World Ocean Atlas
(WOA) 1998 to WOA2009, including the oxygen-corrected World Ocean Atlas 2005
(hereinafter WOAZ2005%) from Bianchi et al. (2012). For CEX we use two dimensional CEX
fields at 100m deep from Laws et al. (2000), Eppley et al. (1989), Schlitzer et al. (2004) and
Dunne et al. (2007). The N2O parameterizations used are those from Butler et al. (1989) and
Nevison et al. (2003). N2O inventory is compared to the measurements gathered in the
MEMENTO Database (Bange et al., 2009). The PISCES ocean biogeochemical model is
used additionally to analyse the temporal and spatial correlation between N2O production

and N-oO flux.

In addition, I explore the main uncertainties in the current representation of No-fixers
biomass and Ny-fixation rates in the state-of-the-art ocean biogeochemical models, by
comparing the CMIP5 model output data in the existing repositories with the database from
Luo et al. (2012). Strengths and weaknesses are identified when estimating the global No-
fixation budget and the spatial distribution of No-fxation occurrence. Of particular interest are
the environmental controls of the Na-fixation process, such as temperature or Fe supply,

considered in each of the individual models.

Chapter 4

Oceanic NoO emissions in the 215t century

I analyse changes in N>O sea-to-air flux in 2100 together with the mechanisms triggered by
global warming on N>O production pathways, N2O storage and N2O transport in 2100 under
the business as usual high COy emission scenario RCP8.5. I make future projections of
oceanic N2O emissiosn using PISCES ocean biogeochemical model in the framework of the
IPSL-CM5 physical forcings for the historical and future scenarios. Two different
parameterisations are implemented into PISCES, inspired by Butler et al. (1989) and Jin and
Gruber (2003). A dedicated box model is designed, synthesizing the main drivers of changes
in N>O sea-to-air flux in a simplified fashion. I explore the range of different magnitudes of
export of organic matter in combination with mixing coefficients which modulate future NoO

oceanic emissions to expand the analysis to a wider scope of future scenarios beyond the single

PISCES experiment.
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Chapter 5

Impact of ocean acidification on No-fixation

I analyse the increase in seawater COg in tandem with global warming on Ny-fixation. I
estimate the effects of the individual and the combined effects on a global scale, from pre-
industrial 1851 to 2100 under the business as usual high CO2 emission scenario RCP8.5. I
implement a new parameterisation in PISCES ocean biogeochemical model following the
laboratory experiment results from Hutchins et al. (2013). A Michaelis-Menten function is
added to the No-fixation parameterization assuming dissolved CO» playing the role of a
nutrient. I analyze the separated and combined effects of ocean acidification and climate
change, and estimate changes in No-fixation rates on a global scale, in the nutrient cycling via
the relative amount of NH4* in the nitrogen pool, and in primary production at the end of the

century. The expansion of Ne-fixation occurrence latitudinal- and depthwise is also analyzed.

Chapter 6

Impact of ocean acidification on Nitrification

I analyze the combined effects of global warming and decreasing levels of seawater pH on
nitrification. I use NEMO-PISCES ocean general circulation and biogeochemical model to
analyze the individual and combined effect of the two marine stressors during the next
century under the business-as-usual high COj emissions scenario (RCP8.5). I developed a new
parameterisation including a pH sensitive term based on Beman et al. (2011) experiments. 1
explored changes in nitrification efficiencies and the secondary effects of nitrification on
subsurface NOg-, Oz concentration, primary production and changes in N2O production on a
global scale. I take advantage of the previously NoO parameterization included in the same

fashion as in the previous experiments.

»
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Methods
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2.1. Introduction

Ocean biogeochemical models are a useful tool to explore past, present and future changes in
the marine N-cycle. Models allow us to study the interactions in ocean biogeochemistry
between systems of several elements under different but combined physical, chemical and
biological forcings.

The scope of the analysis is particularly complex when taking into account three different
marine stressors, 1.e., global warming, ocean deoxygenation and ocean acidification, applied
to different processes: No-fixation, nitrification, denitrification and N2O production. These
processes involve a variety of nitrogen compounds (NOsz-, NHy* and N2O) from the N-cycle
and their coupling with C-, P-; O»- and Fe- cycles, on top of changes in phytoplanton nutrient
uptake, primary productivity, export of organic matter to depth or bacterial processes, among
many others. Moreover, the ultimate purpose of ocean biogeochemical models, linking the

nutrient cycling with marine CO; sequestration, complete the global picture analysing the
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implications of changes in the N-cycle with climate feedbacks on a global scale. The
complexity of these various interactions is difficult to reproduce both in laboratory
experiments and also to be observed in direct measurements, which are spatially limited,
temporally scarce, and difficult to analyze under the changing environment due to
anthropogenic forcings.

Models were historically developed to solve questions beyond these laboratory boundaries.
Since their inception in the 1940s (Riley, 1946; Riley et al., 1949), ocean biogeochemical
models have evolved significantly (Figure 1). Focusing only on global models, they have
experienced significant improvements over the last decades fueled primarily by the increasing
computational development in the semiconductor industry over the same time period, and
therefore by the increasing state variables, increasing physical model resolution and longer
simulation time periods.

Starting in the 1980s, biogeochemical models were initally phosphate-based using a crude
representation of geochemistry only with particulate organic matter. It was during the 1990s
when the first living compartments were introduced, together with the NPZD concept, having
nutrients (stands for N), phytoplankton (for P), detritus (for D) and zooplankton (for Z) as the
paradigmatic and most extended biogeochemical model architecture. The sharp increase in
computational capacity in the 2000s brought the ability to compute more compartments and
interactions and therefore they came along with an outburst of nutrients (Fe, NH4*, Silicate)
and more living compartments for particular phytoplankton groups and plankton functional
types (PFTs). The pinnacle in model complexity has been achieved recently (Follows et al.,
2007), where a myriad of phytoplankton groups compete for the existing resources, yet with a
simple metabolic description of these living subgroups.

In parallel, ocean circulation models have experienced a similar development over the last
decade, increasing their resolution up to 12 of a degree and including mesoscale turbulent
features such as eddies. As a result, coarse resolution models in the 1980s have evolved
towards high resolution, eddy resolving global circulation models, coupled to the existing

ocean biogeochemical models in high-end computational architectures.
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2.2. PISCES model

2.2.1. Structure

PISCES is an NPZD-type ocean biogeochemical model designed to address questions not
only related to the carbon cycle but to other nutrients as well (Aumont and Bopp, 2006). Its
representation of marine ecosystems (Figure 2) at a primary level includes five nutrients (NOs-,
NH4*, POy, Silicate and Fe), two phytoplankton groups (nanophytoplankton and diatoms),
two zooplankton sizes (micro and mesozooplankton), plus five compartments of organic
matter (dissolved organic matter, big and small organic particles, dissolved Si and two types of
dissolved Fe). Nutrient availability and three wavelength radiation bands (red, green and blue)
limit the phytoplankton growth. Phytoplankton is either grazed by zooplankton or degraded
into the organic matter pool. Zooplankton is controlled by mortality, fueling the same organic
matter pool. Remineralization of the organic matter feeds the nutrients pool in addition to the
external nutrient supply. PISCES uses constant Redfield ratios for C, N and P of 122:16:1
(Takahashi et al., 1985). Ratios of C:Si and C:Fe are variable and computed by the model.

Ocean biogeochemical models have been triggered mainly by the development of the carbon
cycle and the analysis of marine GOz sequestration, being the development of other nutrients
stimulated in parallel. PISCES includes among its biogeochemical processes No-fixation,
nitrification, denitrification and production and sea-air gas exchange of NyO due to
nitrification and denitrification. In addition there is external nitrogen inputs from atmospheric
nitrogen deposition and riverine nitrogen supply. These processes and the way they are

embedded into PISCES are described in the following sections.
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2.2.2. The N-cycle in PISCES
2.2.2.1. No-fixation

No-fixation is included in PISCES as a combination of environmental limiting terms on No-
fixation process performed by nanophytoplankton, who play the role of diazotrophs in the
model. Diazotrophs are not explicitly resolved in the model and only No-fixation rates are
diagnosed. The parameterization used in PISCES includes the following limiting terms:
abundance of other nitrogen compounds other than Nj (assumed to be in infinite supply), i.e.,
NOg3 and NH4*, availability of Fe, incoming photosynthetic available radiation (PAR) and
temperature. The combination of limiting terms modulating No-fixation is formulated in Eq.
(1) as:

J o K, ] [Fe] )
N =R e INOG, + NH,] K + [Fel

(1 — e—IpAR) . aTEMP

1)
where p is the growth rate of nanophtoyplankton, &, is the half saturation constant of NOs, K
1s the half saturation constant of Fe, PAR i1s the photosynthetic available radiation and TEMP
is temperature. The range of variation of the different limiting terms is shown in Figure 3. No-
fixation is inhibited above 2 to 3 pmol L-! of NH4*+ NOs-, below Fe concentrations of 0.05

nmol -1, below 12 to 15°C and below 20 W m-2 of PAR.
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Figure 3: Offline estimates of the limiting terms in Ny-fixation in NEMO-PISCES from (a) NOs+ NH4*
concentration (in mmol L), (b) dissolved Fe concentration (in nmol L), (c) Temperature (in °C), (d)
Photosynthetic available radiation (PAR) (in Wm-2). Offline estimates for nitrification limiting terms in NEMO-

PISCES from (e) Photosynthetic available radiation (PAR) (in Wm-2) and (f) Oy concentration (in pmol L-1).
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The spatial distribution of vertically integrated No-fixation rates in PISCES at present
(averaged 1985 to 2005 time period in the historical simulation) is shown in Figure 4. No-
fixation is found mainly at low latitudes, without significant No-fixation activity in the subpolar
and polar regions due to light and temperature restraints. Regions of high No-fixation rates
are located in the western part of the major oceanic basin and they are inhibited by upwelling
of other nitrogen compounds in the eastern boundary currents. The contribution of Fe from
western river basins in the tropical Atlantic (i.e., Amazon river) supports No-fixation in the
Atlantic. High No-fixation rates in the Benguela Upwelling System (BUS) show either an
undersestimation of upwelling in that region or alternative transport effects in the South

Atlantic in the model.

Latitude

30°E 90°E 150°E 150°W 90°W 30°W

Longitude

Figure 4: No-fixation rates (in log pmol m-2 d-!) in PISCES model, averaged over the 1985 to 2005 time period in
the historical simulation. Environmental factors regulate the occurrence of Ny-fixation performed by
nanophytoplankton in the model. No-fixation is inhibited at high latitudes quite likely due to temperature and PAR

effects.
2.2.2.2. Nitrification

Nitrification is modelled in PISCES in Eq. (2) based on the amount of carbon exported to
depth which is remineralized into NH4* and subject to conversion into NOs-. This amount is
then modulated by three additional terms: the nitrification rate, light inhibition, and the

attenuation of nitrification in suboxic areas:

NHs (1 _ A0y))

Nitrif = ANg, ——=
1+ PAR )
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where PAR i1s averaged over the mixed layer and A(O2) equals to 1 at complete anoxia (i.e.,
dissolved O3 concentration equal to zero). The range of values in which these limiting terms
operate are shown in Figure 3. Nitrification is particularly enhanced in total abscence of light,
whereas O2 levels should be above the suboxic threshold of 1 pmol L-l. Nitrification in
PISCES is shown in Figure 5 using the N2O production in high-Os areas for present day
(averaged 1985 to 2005 time period using historical simulations) for comparison purposes with
denitrification in the next section. Denitrification has not been explicitly diagnosed in our
model analysis. It is assumed that the distribution of nitrifying bacteria in the model is
ubiquitous in the ocean interior, so wherever there is export of organic matter to depth the
model computes nitrification, consuming NH4* and producing NOs-. There is nitrification in
all of the major oceanic basins, with hotspots in the western part of the oceanic basins and the
Arabian Sea. Lowest values are found in the subtropical gyres and at high latitudes both in

the Arctic and the Southern Ocean.

60°N

0°

Latitude

Longitude

Figure 5: NoO production via nitrification as a proxy of nitrification (in gN yr-!) in PISCES averaged over the 1985

to 2005 time period using the historical simulation.

2.2.2.3.  Denitrification

It is assumed in the model that denitrification operates in the water column and also in
sediments. Denitrification is computed in the model where dissolved Oz concentration falls
below 6 pmol L-!. Regions where water column denitrification occurs in PISCES are shown in
Figure 6. Denitrification is found at ETP, Bay of Bengal and the Benguela Upwelling System.

Minima are found in the subtropical gyres, Southern Ocean and Arctic regions.
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Figure 6: NoO production via denitrification as a proxy of denitrfication occurrence (in gN yr-!) in PISCES

averaged over the 1985 to 2005 time period using the historical simulation.
2.2.2.4. External N input

PISCES uses the output of the INCA model (Hauglustaine et al., 2005) as an input for
atmospheric nitrogen deposition fields. INCA simulates the transport and deposition of NOy
and organic nitrogen compounds, with a global atmospheric deposition of 40 TgN yr-l. In
PISCES, all the nitrogen from atmospheric deposition is assumed to be dissolved and it
contributes directly to the nitrogen pool of nutrients. Large plumes in the vicinity of highly
dense industrialised areas characterize the spatial distribution of the nitrogen deposition fields
(Figure 7). North Atlantic, North Sea, western Pacific Ocean and Indian Ocean are regions
where nitrogen deposition is more prominent. The distribution and magnitude of the nitrogen
deposition is assumed to be constant in the model along the historical and future simulation
periods.

PISCES uses the model output from the Global Erosion Model (GEM) by Ludwig et al.
(1996) as an input of the riverine discharge into the ocean. This model output comprises 180
river basins with their respective supply of dissolved inorganic carbon (DIC), dissolved organic
carbon (DOC), and particulate organic carbon (POC). Largest contributions correspond to
the major river basins such as the Amazon river or the southeast asian continental margins
(see Figure 8). Organic matter is assumed to be remineralised in estuaries and added to the
nutrients pool directly with fixed stoichiometry. River discharge is assumed to be constant

along historical and future simulated periods.
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Figure 7: Atmospheric nitrogen deposition fields from INCA model (Hauglustaine et al., 2005] for the present
scenario in 2000 (in mgN m-2yr-1) in World Ocean Atlas 2001 regular grid. Plumes of reactive nitrogen compounds
such as NOy and organic nitrogen extend eastward from dense industrialised areas in the western part of North

Atlantic and North Pacific oceanic basins.
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Figure 8: Location of river basins and discharge estimate from the Global Erosion Model (GEM) by Ludwig et al.
(1996) in terms of (a) dissolved inorganic carbon (DIC, in TgC yr-1), (b) dissolved organic carbon (DOC, in TgC yr-
1) and (c) particulate organic carbon (POC, in TgC yr-!).
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2.2.2.5. NyO production

Nitrous oxide, from production, consumption and transport to air-sea gas exchange, is
included into PISCES model. Two different parameterisations are embedded into the model.
One parameterization (P.TEMP) is based on the parameterization proposed by Butler et al.
(1989), where N2O production is a linear function of Oz consumption, plus an additional term
sensitive to changes in temperature which reflect the effect of temperature on the bacteria

metabolism. The parameterization in Eq. (3) is formulated as:

JP-TEMP (N,O)=(@y+6T )](Oz)consumption (3)

where y is a background yield (0.53 x 10-* mol NoO/mol O3 consumed), § is the temperature
dependency of ¥ (4.6 x 106 mol NoO (mol Oy)! K-1), T is temperature (K), and F(Os)congumprion 18
the sum of all biological Oz consumption terms within the model.

The other parameterization (P.OMZ) is based on Jin and Gruber (2003). This
parameterization shows a more mechanistic approach than the previous one, with two
production pathways differentiated, one in high-O; conditions only due to nitrification and a
low-Os production pathway merging the NoO formation from nitrification and denitrification.
In addition, an extra N;O consumption term is considered, based on the growing evidences
that within the 1 to 10 pmol L-! concentration range of dissolved Oz, N2O is consumed

(Zamora et al., 2013). The P.OMZ parameterization is implemented as:

]P'OMZ'STEP (Nz 0) = (CZ + ﬂf(oz))](oz)consumption —k N0 (4)

where a is, as in Eq. (3) a background yield (0.9 - 10-* mol NoO/mol Oz consumed), b is a
yield parameter that scales the oxygen dependent function (6.2 - 10-%), f{O3) is a unitless
oxygen-dependent step-like modulating function, as suggested by laboratory experiments
(Goreau et al.,, 1980). The oxygen modulating function ff{02) is shown Figure 9. N.O
production 1s enhanced in low oxygenated regions. At complete anoxia there is no N;O
production (Bange et al., 2000). £ is the 1t order rate constant of NoO consumption close to
anoxia (zero otherwise). For £ we have adopted a value of 0.138 yr-! following Bianchi et al.
(2012) while we set the consumption regime for Oz concentrations below 5 pmol L-l. The
model N2O sea-to-air flux is shown in Figure 10. There are three major latitudinal bands of
N2O emissions, with no significant NoO flux to the atmosphere in the subtropical gyres and
high latitudes. The bands correspond to the NoO production hotspots in the North Atlantic,

Benguela Upwelling System, ETP and western basins of the Pacific and Indian oceans.

54



12

0.8

0.6

£(02)

04 -

0.2

10
Oxygen (uM/L)

12

14

16

18

20

Figure 9: O2 modulating function included into P.OMZ N>O production parameterization, based on Goreau et al.

(1980) experiments.

Latitude

30°E 90°E

150°E

150°W

Longitude

Figure 10: Sea-to-air NoO flux (in mgN m-2yr-!) in P.OMZ parameterization averaged over the 1985 to 2005 time

period in the historical simulation.
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2.3. Datasets and data-based products

Historical PISCES model projections of N-cycle processes have been evaluated against the
biogeochemical variables available in databases and data-based products as today. This
includes O from the World Ocean Atlas series, export of organic matter to depth (CEX) from
Dunne et al. (2007), Eppley et al. (1989), Laws (2000) and Schlitzer et al. (2004), N2O sea-to-
air flux from Nevison et al. (2004), N2O concentration from the MEMENTO database
(Bange et al., 2009) and No-fixation rates from Luo et al. (2012). In all cases the existing data
has been compared to the 1985 to 2005 time period from PISCES historical simulations,

assuming that period as the best projected present scenario comparable to the observations.

2.3.1. World Ocean Atlas

Temperature, salinity and Oz are used from the World Ocean Atlas data available from the
1998, 2001, 2005 and 2009 releases (Garcia et al., 2010a). Of particular interest in this study
are the Og fields, which represent the boundaries at which nitrification and denitrification
occur. Hypoxia (Oz < 60 pmol L) and suboxia (O2 < 5 pmol L-!) from the World Ocean
Atlas 2009 (hereinafter WOA2009) are shown in Figure 11. Hypoxia is present in the three
major oceanic basins. The largest hypoxic area is located in the Pacific and it expands from
the ETP towards the northern hemispheric part of the basin. The hypoxic areas in the north
Pacific are located around 600m deep. Hypoxia in the Indian ocean is concentrated in the
Arabian Sea and the Bay of Bengal. These hypoxic areas are much shallower than those from
the Pacific, around 100m deep. Two small areas of hypoxia appear in the Atlantic: the
Benguela Upwelling System and the area off-coast of Senegal. Suboxia is exclusively found at
the ETP and the Arabian Sea. The global volume of suboxia (0.3 x 106 km3) is currently two

orders of magnitude lower than that from hypoxia (77.3 x 106 km3) (see Chapter 3).
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Figure 11: Occurrence in the water column of hypoxic (blue) and suboxic (light blue) regimes in WOA2009
(Garcia et al., 2010a).

2.3.2. Oo-corrected World Ocean Atlas

Considering the particular interest of this analysis in the enhanced production of N>O in low
oxygented waters, the most accurate description of the OMZs is required when looking at the
N20O production and consumption in the core of OMZs. The interpolation techniques used in
the World Ocean Atlas 2005 have been revised by Bianchi et al. (2012), particularly in regions
where the low Os regimes are found, i.e., hypoxia and suboxia. Bianchi et al. (2012) released a
new data-based product (hereinafter WOA2005%) with larger hypoxic and suboxic volumes
than the ones from World Ocean Atlas 2005. The extension of these Og regimes is shown in
Figure 12a. There are no significant changes in the hypoxic extension if we compare them to
the previously shown World Ocean Atlas 2009 results. However, there is a substantial change
in the extension of the OMZ in the ETP. The histogram for low O concentration levels
below 60 pymol L-! is shown in Figure 12b. The differences between WOA2005* (right, yellow)
and the WOA2005 (left, dark green) are more pronounced as the dissolved O» concentration
decreases. There is more than a two-fold increase for the suboxic regime lower than 5 pmol L-

I from 0.6 x 106 km3 in WOAZ2005 to 1.9 x 106 km3 in WOA2005%*.
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Figure 12: (a) Occurrence in the water column of hypoxic and suboxic regimes in WOA2005*. (b) Histogram of
oxygen content (in 106 km3) in WOA2005 (dark green) and WOA2005* (yellow) from Bianchi et al. (2012) over the

low Oy spectrum.

2.3.3. Export of Organic Matter

Four data-based products of export of organic matter are used: Eppley et al. (1989), Laws
(2000), Schlitzer et al. (2004) and Dunne et al. (2007). Laws et al. (2000) derived a model
based CEX product, using as model input *C observations translated into production
estimates from several stations of the Joint Global Ocean Flux Study (JGOFS) programme.
The observations covered the Pacific (HOT, equatorial and subarctic Pacific stations),
Atlantic (BATS, Greenland polynya stations), Arabian Sea and Southern Ocean (Ross Sea
station). The Laws et al. (2000) model used total production estimates, temperature and
depth. Schlitzer et al. (2004) approach was based on a global inverse model, using datasets of
nutrients and Oz. The model calculated the optimal CEX as the best fit between the model
and the water column profiles based on the adjoint method. Dunne et al. (2007) developed a
satellite-based CEX product. It used satellite data of temperature, chlorophyll and PAR from
SeaWIFS and temperature from NCEP reanalysis to estimate primary production via a suite
of algorithms from Behrenfeld and Falkowski (1997). Once the primary production was
estimated, it was propagated through POC flux and export rates based on Dunne et al. (2005)
and taking into the account the spatial variability by using the method for particle export
stoichiometry proposed by Sarmiento et al. (2004).

Global estimated CEX in PgC yr-! found for the references used are discussed in detail in
Chapter 3. The distribution of CEX is shown in Figure 13 for each of the data-based
products. In addition to coastal regions, all the data-based products spot regions of high CEX
along the North Atlantic, North Pacific, Equatorial Pacific and western part of the major

basins.
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Figure 13: Export of organic matter to depth (CEX, in gC m-2d-!) at 100m in (a) Dunne et al. (2007), (b) Schlitzer et
al. (2004), (c) Eppley et al. (1989) and (d) Laws (2000).

2.3.4. NoO sea-to-air flux

Using more than 60,000 surface partial pressure NoO measurements, Nevison et al. (2004)
developed an interpolated data-based product of NoO sea-to-air flux. The data-based product
identified N2O emission hotspots in the North Atlantic, North Pacific, Arabian Sea, ETP and
the Southern Ocean, particularly in the vicinity of the Agulhas current (see Figure 14). The
O3 content in the Southern Ocean, where high levels of O3 are present, has casted doubts on
whether the Southern Ocean is such a prominent source of N2O. Nevison et al. (2003)
suggested that the bias introduced by summer-only NoO measurements and the coincidence
by chance between measurements and the model misrepresentation of NoO production in

that region could have introduced artifacts in the interpolated product.
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Figure 14: NoO sea to air flux (in mgN m-2yr-!) from the interpolated data-based product of Nevison et al. (2004)

using surface partial pressure NoO measurements.

2.3.5. N2O inventory

The largest compilation of NoO concentration measurements from Bange et al. (2009) was
used. The so-called MEMENTO database combines CH4 and NoO measurements. More
than 120,000 surface and depth N2O concentration samples are included along transects over
the major oceanic basins (Figure 15). Despite the large number of measurements, depth
profiles are only available in particular regions such as ETP, Arabian Sea and off the Senegal

coast. The database also includes the in-situ dissolved O concentration levels.

Figure 15: Available measurements of NoO concentration comprising more than 100,000 measurements along
transects (lines) and spots where depth profiles are available (blue dots) compiled in the MEMENTO database
(Bange et al., 2009).
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2.3.6. No-fixation rates

No-fixation rates and No-fixation biomass measurements have been gathered and presented by
Luo et al. (2012). The compilation is part of the MAREDAT project on marine ecosystem
databases, with more than 5,000 data points distributed in transects in the Atlantic, Pacific
oceans and Mediterranean Sea (see Figure 16). Most of the data points are located at mid to
low latitudes, where No-fixers are expected to be found. However, potential high latitudinal
No-fixation has not been explored yet. The database comprises measurements of No-fixation
biomass, No-fixation rates, diazotroph species responsible for No-fixation (7richodesmium,
Unicellular Cyanobacteria -UCYN- and Heterocyst) and in-situ chlorophyll, temperature, salinity,

NOs-, PO, and Fe concentrations.

Latitude

0° 100°E 160°W 60°W
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Figure 16: Mean depth-integrated No-fixation rates (in log(pmol N m-2 d-)) contained in the MAREDAT database

of No-fixation rates and No-fixers biomass from Luo et al. (2012).
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2.4. Climate Models

2.4.1. IPSL-CM5

I use the Institut Pierre Simon Laplace (IPSL) Earth System Model (ESM) components to
analyse future changes in the marine N-cycle. The IPSL-CM5 model uses PISCES (Aumont
ant Bopp, 2006) as the ocean biogeochemical model in tandem with NEMO (Madec et al.,
2008) as the ocean circulation model. Both models, in combination with the atmospheric
module LMDZ (Hourdin et al., 2006) can be coupled to analyse present and future
projections of ocean biogeochemistry and global climate feedbacks.

LMDZ model is run under different atmospheric GHG concentrations, following the
Representative Concentration Pathways (RCP) IPCC standarized protocol (see Figure 17).
The four scenarios (RCP2.6, RCP4.5, RCP6.0 and RCP8.5) represent four associated
radiative potentials in W m-2 in 2100. This capability allows the IPSL-CMJ) to participate in
model evaluations of the same kind (ex., Coupled Model Intercomparison Project 5, GMIP3,
Taylor et al., 2012) and scientific assesments (ex., Intergovernmental Panel for Climate
Change, IPCC reports 2007 and 2013) on global climate projections. From the lowest to
highest CO2 emissions scenarios, NEMO responds to these forcings in terms of wind stress,
radiation or temperature, and therefore with consequent changes on the ocean circulation
fields. PISCES ultimately experiences these changes from the physical to the chemical
perspective with a direct impact on global biogeochemical cycles.

PISCES and NEMO can be run completely decoupled from the atmospheric component.
Moreover, PISCES and NEMO can be coupled in an offline fashion, where the forcing
dynamic fields from NEMO online experiments (i.e., fully coupled with LMDZ) are applied as
monthly or yearly averages to PISCES. All the experiments I have done in this work
presented here have been offline simulations with the physical forcings derived from the
coupled NEMO-LMDZ set up. A more refined temporal analysis would help us to introduce,
for instance, the Oz intra-annual variability, which is not present in this study. Nevertheless,
the long-term global estimations that I try to solve within the focus of this work gives
confidence on the methodology and results. Despite the disadvantages of such approach in
terms of missing the variability, offline experiments are one of the great advantages in global
biogeochemical model analysis, reducing enormously the computational time cost and
allowing a greater number of resources to explore decadal to centennial interactions in ocean

biogeochemistry.
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Figure 17: Representative Concentration Pathway (RCP) scenarios used as a standard protocol in the future model
projections on the IPCC assessments. RCP8.5 represents the business-as-usual high COj emissions scenario

(IPCC, 2013).

2.4.2. CMIP5 models

Models included into the Coupled Model Intercomparison Project 5 (CMIP5, Taylor et al.,
2012) are used in the model evaluation and model projections and help to frame the envelope
of uncertainties when using ocean biogeochemical models to estimate oceanic NoO and No-
fixation (see Chapter 3). This set of models share the same scope in terms of future RCP
scenarios and standarised model output variables, both for the physical and biogeochemical
diagnosis, but they have different ocean circulation and ocean biogeochemical components.
CMIP) distinctive biogeochemical features have been summarized in Table 1. Models have a
wide range of complexity, from basic NPDZs to more complex biogeochemical modules with
dynamical stoichiometry, various PFTs or full Fe-cycle representation. IPSL-ESM is among
those who have a broad representation of N-cycle processes and most of the external nitrogen
input processes too. Only half of the CMIP5 models have such number of external N-input
mechanisms, more than 1 phytoplankton group, nitrification or NHs* among their nutrients.
None of the CMIP5 models have included variable stoichiometry into the C/N ratio and
other processes such as anammox are also not included. Despite the different level of degree
in their complexity, intercomparison projects such as CMIP5 allow us to identify the
sensitivity to additional or to the total absence of many of these components on N-cycle

processes.
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Can ESM
CESM - BGC
CMCC - CESM
GFDL-ESM
Had-GEM2
IPSL-CM5
MIROC
MPI-ESM

MRI

NorESM

Dust deposition

Riverine input
External supply  Atmospheric N dep

Sediment Fe supply

Hydrothermal vents

NO;

PO,

Fe

Si

Nutrients

Diatoms / 1 group

Nano/Pico/Non-diatom
Explicit

Diazotrophs

phytoplankton
Calcifiers

groups .
Cyanobacteria

Flagellates

No-fixation

Nitrification
N-cycle Denitrification

Annamox

NH:

Fe-cycle Scavenging *
P-cycle DOP

C/N

C/P

C/Fe

C/Si

Stoichiometry *

Table 1: Biogeochemical features of the CMIP5 model suite. Availability is denoted in grey, absence is marked by
dots. The information has been summarised from Zahariev et al. (2008) (CanESM), Moore et al. (2004) (CESM-
BGC), Vichi et al. (2007) (CMCC-CESM), Dunne et al. (2013) (GFDL-ESM), Palmer and Totterdell (2000) (Had-
GEM2), Aumont and Bopp (2006) (IPSL-CM5), Watanabe et al. (2011) (MIROC), Maier-Reimer and Kriest
(2005) (MPI-ESM), Yukimoto et al. (2011) (MRI) and Assman et al. (2010) (NorESMT1). (Vogt et al., in prep).
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2.5. Simulation Plan

2.5.1. Oceanic N>O emissions in the 215 century

Future model projections of oceanic NoO emissions are based on three experiments (see Table
2). The oceanic N2O is stabilised in the ocean interior in a spin-up run (SPIN), where the total
flux and the different production terms are equilibrated (see Chapter 4 for details). An
historical simulation (HIST) is done for the present scenario, setting up the initial conditions
and evaluating the model in terms of NoO sea-to-air flux. The simulation RCP8.5 applies the

future forcing scenario until year 2100.

Name Description Period Years Target

SPIN Standard PISCES v3.2 with N2O as anew  Pre-industrial 50 Spin up for equilibrated N2O sea-to-air flux.
tracer

HIST PISCES with N2O along the historical — Historical 154 Achieve a realistic starting point for the future
period 1851 to 2005 estimations of N:O. 3.6 Tg N/yr for each

parameterisation.

RCP8.5 PISCES with N2O along the 21st century Future 95 Estimate the future oceanic emissions of N2O.
2006 to 2100

Table 2: Name, description, forcing period, duration and comments on the experiments for estimating the global
oceanic NoO emissions in 2100. During the spin-up, the N»O sea-to-air flux is stabilised around the reference value
of 4 TgN yr! from Nevison et al., 2003. Historical and future RCP8.5 simulations allows us to estimate present

and future NoO emissions.

2.5.2. Ocean Acidification effect on the marine N-cycle

Ocean acidification and climate change effects on No-fixation and nitrification are analysed in
a series of simulations (see Table 3). The control (C'TL) simulation sets the default scenario
and identifies model drifts for further future corrections. No-fixation is analysed separately
with high levels of atmospheric CO2 (N2.CTL.OA) and in combination with Climate Change
(N2.RCP.OA). The same approach is used for nitrification only, with NIT.CTL.OA and
NIT.RCP.OA respectively. Both processes are analysed being COg sensitive simultaneously in
a last set of experiements only under ocean acidification (BOTH.CTL.OA) and in tandem
with climate change (BOTH.RCP.OA).
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Name Description Period Years Target

CTL Control simulation without CO» Pre-Industrial 250 Reference simulation for model drifts and
effect on nitrification or N-fix 1851 to 2100 analysis of ocean acidification

N2.CTL.OA Ocean acidification on No-fix only. Pre-Industrial 250 Effect of high CO, levels on No-fixation

1851 to 2100

N2.RCP.OA Climate change + Ocean Historical + Future 250 Effec of high CO; levels and global warming on
acidification on No-fix only 1851 to 2100 No-fix

NIT.CTL.OA Ocean acidification on Nitrification Pre-Industrial 250 Effect of high CO, levels on Nitrification
only. 1851 to 2100

NIT.RCP.OA Climate change + Ocean Historical + Future 250 Effec of high CO: levels and global warming on
acidification on Nitrification 1851 to 2100 Nitrification

BOTH.CTL.OA Ocean acidification on No-fix and Pre-Industrial 250 Effect of high CO, levels on Ns-fix and
Nitrification 1851 to 2100 Nitrification

BOTH.RCP.OA Climate change + Ocean Historical + Future 250 Effec of high CO; levels and global warming on

acidification on No-fix and

Nitrification

1851 to 2100

No-fix and Nitrification

Table 3: Name, description, forcing period, duration and comments on the experiments for analysing the effect of

increasing levels of COs on Ny-fixation in combination with nitrification. Dedicated analysis on each individual

processes are done, together with the effect of climate change on top of ocean acidification.

>
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Chapter 3

N-cycle in GMIP5 models
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3.1.Introduction

Climate models for climate projections (e.g., for CMIP5 and the last IPCC assessment report)
include a representation of the land and oceanic carbon cycle, as they address the questions of
climate-carbon feedbacks. To do so, an explicit representation of the terrestrial and marine
primary productivities is essential.

On the terrestrial side, primary productivity is mostly modelled as limited by atmospheric
COg, temperature and water availability. Only two models (CESM and NorESM) do include
nutrient limitation of plant growth by the availability in soils. On the ocean side, nutrient
limitation has been used in very early ocean biogeochemical models (see Chapter 2). In
CMIP5 all models include a limitation on the phytoplankton growth, as seen in Chapter 2.
For instance, Figure 1 shows the surface NO3 concentration in CMIP5 models compared to
the climatology from Garcia et al. 2010b. The representation of NOs requires at least a

minimal description of N-cycle processes. As discussed in Chapter 2, the representation of the
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N-cycle in CMIP5 models 1s very diverse. A complete assessment of the individual
representation of the N-cycle in the CMIP5 mode suite is out of the scope of this work.
However, I focus in this section on two particular N-cycle processes which are relevant for the
analysis, namely N2O production and No-fixation. N2O is not part of the CMIP5 model
standard output. I explore how the CMIP5 models can be used to estimate N2O production

and N>O inventories. On the contrary, No-fixation is included into CMIP5 models.

Latitude
Latitude

b T T T T T T
0 100°E 160°W 60°W

1o T n T . T I T r T T T T T T T 0 r T T T T T T
o 100°8 160°wW oW 0 100°E 160°W 60°W 0 100°E 160°W 60°W
Longitude Longitude Longitude

(@)

; ; ; — &, - T T T T T T
160°W . 0 100°E 160°W 60w
Longitude

Longitude

© (*) @

Figure 1: NOj distribution averaged in the upper 1000m (in mmol m-3) in (a) WOA2009 (Garcia et al., 2010b), (b)
CESM, (c) GFDL-2G, (d) GFDL-2M, (e) IPSL-CM5-LR, (f) IPSL-CM5-MR, (h) MPI-LR, (i) MPI-MR and (k)

NorESM averaged in the 1995 to 2005 time period using the historical simulation.

The amplitude of marine N2O production rates and NoO inventory estimates as a result of the
inherent uncertainties in ocean biogeochemcial models using the available parameterizations
as today challenges the ability to calculate the oceanic contribution of N2O to the global
greenhouse gas budget. The same methodological perspective applies to model estimations of

global Ny-fixation rates and No-fixation spatial distribution.
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When studying marine N»O, it must be considered the fact that there are many uncertainties
on the processes which govern N2O formation in the ocean interior (Zehr and Ward, 2002;
Gruber and Galloway, 2008). The precise conditions under which nitrification and
denitrification occur are still not fully understood. Recent studies (Yool et al., 2007; Zamora et
al., 2013) have questioned assumptions such as N>O production only in the aphotic zone
(Horrigan et al.,, 1981), the boundaries of occurrence of denitrifcation below Oq
concentrations of 4 pmol L-! (Nevison et al., 2003), exponential increase of N2O production at
low O3 levels (Goreau et al., 1980) or NoO consumption only close to anoxia (O2 < 1 pmol L)
(Suntharalingam and Sarmiento, 2000; Jin and Gruber, 2003). Moreover, the relative
contribution of nitrification and denitrification to the global NoO budget is still unclear. Model
studies have suggested that nitrification and denitrification contributions are about 75%/25%
respectively (Suntharalingam et al., 2000; Jin and Gruber, 2003), but recent analysis of NoO
observations on a global scale increase the contribution of nitrification up to 93% of the total
N2O production (Freing et al., 2012).

Field observations of N2O go back to the '70s and out-number laboratory experiments as
information sources (Goreau et al., 1980; Frame and Casciotti, 2010). The first cruises in the
1970s (Yoshinari, 1973; Cohen et al., 1977; Elkins et al., 1978) linked the N2O inventory to
Oy consumption in the water column in terms of the apparent Oy utilization (AOU). First
parameterisations based on NoO measurements proposed a simple linear relationship between
AN2O and AOU (Elkins et al., 1978; Butler et al., 1989; Naqvi and Noronha, 1991; Law and
Owens, 1990; Hahn, 1981; Oudot et al., 1990; Cohen and Gordon, 1989), where AN2O 1s
defined following Yoshinari (1973). The observed discrepancies between NoO and the O»
profiles, particularly the pronounced decrease in NoO concentration at depth, lead to
embodying new variables into the former N»O parameterizations such as depth or
temperature (Butler et al, 1989) to explain such differences. Complexity in N.O
parameterisations increased when NoO was measured at the core of the OMZs at the Eastern
Tropical Pacific (ETP) or Benguela Upwelling System (BUS). The split of NoO production
into nitrification and denitrification explicit terms was first suggested by Suntharalingam et al.
(2000), although with a general description of the N2O production into high-Os production
pathway, associated only with nitrification, and low-O3, which included both nitrification and
denitrification. Jin and Gruber (2003) followed the same approach with a more detailed
representation of the N>O formation processes at the OMZs. The NoO parameterization by
Jin and Gruber (2003) included N2O consumption below 5 pmol L-! as well as a wider range
of low-Oy regimes where nitrification operates in tandem with denitrification. The step-
function like dependence under low-O; regimes use in Jin and Gruber (2003) was based on
the experimental work by Frame and Casciotti (2010). Nevison et al. (2003) adopted a broader

perspective including the export of particulate organic carbon (POC) and its remineralization,
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hence focusing on the drivers of the subsequent Oz profiles and N>O production from
nitrification. A more recent study by Freing et al. (2012), the role of water mass transport was
highlighted, reflecting the last time water masses were in contact with the atmosphere. Despite
the increased sophistication of the NoO parameterizations, they remain tied to its foundational
assumption: the observed Oz consumption, or altenatively to the biogeochemical driver of the
Oy profiles, 1.e., the export of organic matter to depth. Microbiological experiments provided
N20O production rates per mol of ammonium (NHy*) oxidized, respectively mole of nitrate
reduced nitrate (NOs) (Mantoura et al., 1993; Bange et al., 2000; Elkins et al., 1978; Yoshida
et al., 1989; Punshon and Moore, 2004; De Wilde and De Bie, 2000).

Diazotrophs distribution and the environmental controls that favour Ne-fixation occurrence
suffer from the same level of uncertainties as NoO formation in the ocean interior. The lack of
measurements in a large part of the major oceanic basins together with the on-going analysis
on the phytoplankton groups which are able to fix inorganic N9 and its relative contribution to
the global No-fixation budget leads to significant uncertainties. However, there have been
many attempts on parameterizing No-fixation in models, particularly in regional studies. The
most recent No-fixation parameterizations in regional models are summarized in Table 1. In
general, the basic assumption is the combination of limiting terms based on previous studies

on incoming radiation, temperature, PO4 and Fe concentrations or optimum C:N cell ratios.

Study Parameterization
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Table 1: No-fixation parameterizations in regional models as a combination of environmental terms such as
temperature, incoming radiation, POy and Fe concentration or C:N cell ratios from Hood et al. (2001), Fennel et

al. (2002), Lenes et al. (2008), Sonntag et al., (2011) and Ye et al. (2012).
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This complexity has been transferred in part to global ocean models from the CMIP5 suite, as
they seem to be in the initial stages of including No-fixation, at least at a comparable degree as
other C-cycle processes or the regional models described above. This will be discussed in
detail in section 3.2.4.

While No-fixation rates can be obtained from the model runs in the CMIP5 model
repositories, NoO sea-to-air emissions could only be obtained by doing transient simulations
but they have not been included into the standard CMIP5 output. Thus I focus on N.O
production rates and N2O inventories that can be computed offline based on CEX and O»
fields from CMIP5 models. I quantify in this section the uncertainties related to the estimation
of N2O production rates and N2O inventory using the state-of-the-art ocean biogeochemical
models and the climatology data-based products available as today. I compare the estimated
N20O inventory from models and data-based products to MEMENTO, the largest available
N2O database. Moreover, we analyze the representation of No-fixation rates and Na-fixation
biomass in the CMIP5 mode suite. I compare the global Ns-fixation rate budget to the
estimate of Luo et al. (2012) and to other global model estimates. Based on the common
assumption of combining limiting terms to build the No-fixation parameterizations, I analyze
the effect of temperature on No-fixation rates as the precursor of climate change effects

looming ahead.

3.2.Methodology

3.2.1. CGMIP5 models

The set of Earth System Models (ESM) who participated in the CMIP5 project share the
same scope in terms of simulated time periods and applied forcings, with a standarized model
output of relevant physical and biogeochemical variables. In this study I have analysed the
output of 8 models available in the CMIP5 repositories, namely GFDL-ESM2G, GFDL-
ESM2M, Hadley-GEM2, IPSL-CM5-LR, IPSL-CM5-MR, MPI-ESM-LR, MPI-ESM-MR
and Nor-ESM2. Detailed model performance and model intercomparisons in terms of
biogeochemical variables such as primary production, CEX and O can be found in recent
analysis from Bopp et al. (2013), and Steinacher et al. (2010), as well as Cocco et al. (2012) for
the previous model generation.

As today, N2O is not included in the standard output of the CMIP5 model suite (Taylor et al.,
2012). To evaluate modeled N2O production rates and inventories for present-day conditions,
the ten year average over the 1995 to 2005 time period was computed for historical

simulations as defined by the IPCC AR5 protocol. I use the variables on which N.O
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parameterizations are based, i.e., temperature, salinity, dissolved O and export of organic
carbon at 100 meters. Temperature and salinity are used for estimating oxygen saturation

(Osar), and AOU (Eq. (1)) in combination with Og in the form:
AOU = OQ - Osal (1)

where Ogy 1s calculated using Weiss and Price (1980) formulas based on temperature and
salinity.

On the contrary, No-fixation rates and No-fixation biomass are included into the standard
output of CMIP5 models. The output of the historical simulation runs for each of the
individual CMIP5 models are used, averaging the 1995 to 2005 time period as the best

estimate at present.

3.2.2. Data-based products and datasets

As a reference, data-based products of temperature, salinity and Oz were also used in this
study. In order to estimate the uncertainties linked to CEX, estimates from Laws et al. (2000),
Eppley et al. (1989), Schlitzer et al. (2000) and Dunne et al. (2007) were used (see Chapter 2).
For all the other variables (i.e., temperature, salinity and Og), I use the World Ocean Atlas
1998, 2005 and 2009 (Levitus et al., 2010), as well as the Os-corrected World Ocean Atlas
2005 (hereinafter WOA2005%) from Bianchi et al. (2012). For consistency, all the data-based
products as well as the model output were regridded into a regular 1° x 1° grid with 33
vertical levels, i.e., that from the World Ocean Atlas 2001 (Garcia and Gordon, 2001). The
same formulas from Weiss and Price (1980), were used to estimate Oy and subsequently
AOU from the data-based products.

The N2O inventories obtained from the CMIP5 models and data-based products are
compared to the MEMENTO database (Bange et al., 2009), comprising observations of in-
situ Oz and N2O concentration from more than a hundred cruises. The observations span 30
years, from 1970 to 2010. I have calculated the mean of this period and compared it to the
1995 to 2005 time period in CMIP5 models and data-based products.

No-fixation rates and No-fixation biomass from Luo et al. (2012) are used as a reference, as
well as the global estimate of Ny-fixation rates per oceanic basin and the total rate from the

same study.
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3.2.3. NoO Parameterizations

I estimate the NoO production rates and NoO inventory at steady-state (e.g., Nevison et al.,
2003; Bianchi et al., 2012) from the semi-empirical formulas proposed by Nevison et al. (2003)
and Butler et al. (1989).

3.2.3.1. N2O Production rates

N2O production rates in Nevison et al. (2003) are derived from Eq. (2) using the
remineralisation rate of particulate organic carbon (POC) in the water column, modulated by

the O9 concentration as:
6¢POC

0z (2)
where Ry¢ = 16:106, a; = 0.26 mol NoO/mol N x mmol Oy m-3 and as = -6-10-* mol

a,
JW,0) = Ry [
2

+a2]

N20O/mol N. N2O production is only considered for dissolved Oz concentrations above 4 pmol
L-! below which N2O consumption occurs (Nevison et al., 2003). The relative contribution of
N2O production to the total N2O budget in higher oxygenated waters was suggested to
amount to around 93% leaving only a minor contribution to low Os environments (Freing et
al., 2012). Moreover, NoO consumption estimates in the interior of the OMZs could be
underestimated and might counterbalance the N2O production in such regions (Zamora et al.,
2012). N2O production is assumed to be inhibited by light (Horrigan et al., 1981) and is
assumed zero over the top first 100 m. The with-depth evolution of export fluxes of POG in
the water column is required to estimate the NoO production from Eq. (2) POC fluxes were
reconstructed following Bianchi et al. (2012). This approach assumes that the decline with
depth of POC fluxes follows a power law below 100 m (Martin et al., 1987), but imposes
exponents of 0.80 and 0.36 for high, respectively and low-Oz environments. I used 0.85 and
0.35 respectively. Following this approach allowed to compare NoO production rate estimates
across the water column for a variety of model output and CEX compilations. In order to test
the robustness of this reconstruction methodology, I calculated the correlation coefficient
between the original, three-dimensional CEX field and the reconstructed one for POC fluxes
after Dunne et al. (2007). For this purpose I used two and three-dimensional CEX combined
with Oy from WOA2005*. 1 obtained a correlation coefficient of r2 = 0.96, with an
overestimation of 13% in total N2O production (Figure 2a) I further evaluated this approach
be comparing two and three-dimensional CEX fields from PISCES ocean biogeochemical
model, i.e., the biogeochemical module of the CMIP5 IPSL-CM5 model. The correlation

between the reconstructed export from the two-dimensional output and the original three-
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dimensional model output is r2 = 0.91 with an underestimation of 22% in the N2O production

rate on a global scale compared to the original three dimensional CEX (Figure 2b).
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Figure 2: Scatter plots for (a) original 3D CEX vs Reconstructed CEX from 2D CEX at 100m from Dunne et al.
(2007) and (b) original 3D CEX vs Reconstructed CEX from 2D at 100m from PISCES. The black line is the 1:1
line. (c) Global average depth profiles of PISCES (red) original 3D export, reconstructed 3D export (dashed red)
and Dunne et al. (2007) original 3D export (blue) and reconstructed 3D export (dashed blue) with oxygen from
WOA2005%*.

3.2.3.2. N2O Inventory

The N2O inventory is estimated after parameterizations by Nevison et al. (2003) and Butler et
al. (1989). I calculate in both parameterizations the excess of NoO (AN2O in equation (3)),
defined by Yoshinari et al. (1976), as the difference between the actual N>O concentration and

the N0 in equilibrium with the atmospheric NoO concentration (NoOy,) in the form:

AN,0 = [N,01,5s — [N,0]gs 3)

where NoOyg was calculated according to Weiss and Price (1980) using temperature and

salinity. A value of 300 ppbv for the atmospheric NoO concentration is selected in the
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calculation of N3Oga (Nevison et al., 2003). N2O inventory results are shown in actual NoO
concentration, or NoOgps in Eq. (3). Following Butler et al. (1989) (hereinafter Butler), AN2O i1s
given by :

AN,0 = a -AOU+pB -T -AOU @

where o 1s 0.125 x 104 mol NoO / mol Oj and f is 0.0093 x 10-3 mol N>O / mol O3 K.
Estimates of AN2O after Nevison et al. (2003) (hereinafter Nevison) were obtained following
Eq. (5):
U _z
AN,0 = Ry, [0—2 + K] ‘e Ze
5)
where ¢ = 0.31, k= -4 - 10, z. = 3000m and Ry:02 = 16:170. AN2O is restricted after Nevison
et al. (2003) to dissolved Oz concentrations above 4 pmol L-l. Figure 3 shows the N2O yield
per mol of Oz consumed for Butler and Nevison as an offline estimate for temperatures
ranging 5 to 25°C. Butler shows a higher temperature sensitivity, particularly below 150 pmol
L-! of dissolved Og, doubling the yield in this temperature range. Nevison shows less sensitivity
to changes in temperature, having the same exponential-like yield in the hypoxic regions,
where Oq falls below 60 pmol L.
The analysis of global budgets of NoO production and N2O inventory is restricted to depths
between 100m and 1000m, where most of the N2O 1is potentially produced and transported to

the atmosphere for sea-to-air gas exchange (Suntharalingam and Sarmiento, 2000).
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Figure 3: N2O 