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Abstract

A new model of nitrogen isotopes incorporhteto thethreedimensionabcean component of a global
Earth System Climate Model suitable for muitillennial timescale simulations presented. The
model includes prognostic tracers for the stable nitrogen isotdpeand™N, in the nitrate,
phytoplankton, diazotroph, zooplankton, and detritus variables of the marine ecosystem model.
Fractionation dung NOs assimilaton by phytoplankton denitrification and excretion are considered
as well as the input of atmospheric nitrogen via nitrogen €iratiA global database af°NOj3
measurementis constructed andompared tdhe model results on a regional basis wiserféicient
observations existlt is shown that anodelversion that includes simple formulationssedimentary
denitrification andron limitation on the growth rate of diazotrophs sk@much betteagreement

wi t h  N®™NOgobsdrvailonshan model versicthat neglect one or botf theseprocesses
Thesemodelexperimentsuggest that an approximatély:1ratio of sedimenty denitrification to
water column denitrification P°SO;averageireadid when ac hi
simulated to steadgtate. Sedimentarylenitrification in the Atlantic Ocean is found to be the primary
mechanism which creates an legical niche for enough Nixation to occur in the North Atlantic to
ma t ¢ KOs dbservations.ron limitation shifts the main location f; fixation from the Eastern
Tropical South Pacific to the Western North Pacific and pregetight coupling beveen

denitrification and Nfixation in the Eastern Pacifighich occurs if iron limitation is neglected

Nitrate deficient waters from denitrification zones that occur at depths which cantaike deep
oceancan remain in nitrate defiaintil thiswaterreaches the surfacéle speculatéhata centennial to
millennial timescalenay exist bdore N, fixation can completely balance changes in denitrification

which might have contributed to the glaeialerglacial changes of atmospheric £O

1. Introduction



Theoceanimitrogen cycle is an important component of Earth's climate system because
biologically availablef{xed) nitrogen is one of the key limiting nutrients for photosynthesis which
drives sequestration &fO, from theatmosphere ansuiface ocean into the deep ocean. Changes in
this sacalled biological pump have been hypothesized to account fgnéicant amount of the
glaciatinterglacial fluctuations in atmospheric €AcElroy, 1983;Falkowskj 1997]. The size ohe
oceanidix ednitrogen inventoryegulateghe efficiency of the biological pump aheénceatmospheric
CO, concentrations.

Although the primary source and sink pro@ssthat contribute to the oceafiieed N budget
are relatively well known, the quantificationtbieir fluxes is still associated with considerable
uncertainty Codispoti et al. 2001;Brandes and Devol, 2002; Altabet, 2Q0@bdispotj 2007].
Planktonic N fixing microorganisms (e.g. diazotropthkat convert atmospheric,Ndas into fixed
nitrogen &e regarded as the dominant source with minor contributions from riverine and atmospheric
deposition. The dominant sink term is denitrification, which occurs in suboxie (O5 ) veaterand
thesea floorsedimentsasmicrobes use NQ instead of Qas tle electron acceptor during the
remineralization of organic mattdeyconvert NQ into a gaseous formf nitrogen(N.O and N)
thatis not readily available for uptake by most phytoplanktonthatcan exchange with the
atmosphere [Codispoti and Richard 976]. Theannamox reaction may also be a significant loss term
[Kuypers et al.2005 and 2006Fhamdrup et a).2006] but its global distribution is not well
established Minor contibutions of nitrogen lossccur from sediment burialf organic maer. Thus,
the global fluxe®f N, fixation and denitrificiion are the key processedstermining the balance or
imbalance of theceanic fixed\ budget. However, nitrogen fixation and denitrification are not
independent processes. They are coupleduseadenitrification creates relatively low Bdigh PQ
conditions that favonitrogen fixersover other phytoplanktormjrell, 1999]. Thus, a negative

feedback exists such that an initial perturbation, e.g. an increase in denitrification and a detnease



globaloceanic fixed\ inventory, will lead to higher Nfixation, which will dampen the effect on the
globaloceanic fixed\ inventory. However, just how tightly this coupling operates remains
controversial, since other processes, such as iratation of nitrogen fixergMoore and Doney
2007], can modulate the interaction between denitrification arfok&tion.

Nitrogen isotope observations in the water column and settmyerecords provideonstraints
on estimates dixed nitrogen sourceand sinks. Nitrogen exists in the form of two stable isotopes,
N and™N. Their ratio can be described as

AN =[(**N/™N).,.. ./ R,r,]° 1000 1)

sample

where Ry is the atmospheric ratio"N/*N)amospheri= 0.0036765Fogel and Cifuentes1993]. Each

isotope has Audget equation that depends on thedidue todifferent physical and biological

processessome of which preferentially add or remove onéhefisotopesvith respect to the other.

The degree dhisisotopic discriminationor fractiondion, for each processan be quantified with a

fractionation factar ~ 3%/"Z - 1) x 1000, where k is the specific reaction rate for each isotope. We

will refer to the'isotope effect asthef f ect t hat each p''Nosigmlss has on
N fixation introduces nitrogen into tleeeanidixed N budget close to the atmospheric N

isotope ratiof>N=~-2 O0&) since | ittl e f rfixatoni[Mnmagavaaodn oc c u

Wada 1986;Macko et al 1987;Carpenter et a].1997;Delwicheand Steyn1970]. Denitrification

preferentially consume$NO; leaving a residual oceanic pool enriched in the hedwi&d; with a

fractionati on f a {Clineand kKaplan&d75Leand Kaplarr1989;Brandes et al

1998;Altabet et al. 1999;Voss et al.2001;Sigman et a).2003]. Sedimentary denitrification is

limited by the amount of N§that diffuses into the sediments. It consumesrlyall of the NQ

available, leaving no significant residual pool enriched Withand thust is expected to have little



isotope effect on the residual N@ool in the ocearHrandes and Devpll997]. The average oceanic
UPNOsv al ue nSigman etma99]; Sigman et a).1999 can thereforde interpreted as the
balance between the isotopiects of water column denitrification and fikation.

The i nter pr¥signalinthewatedolunntard sdiliments is complicated by
fractionationprocesses within the food chain. Marine phytoplankton preferentially assithgate
lighter *NOs into their biomass with a range of fractionation factors estinmiatétk fieldbetweerb &
-9 a[Wada 1980;Altabet et al. 1991;Altabet and Fracois1994;Wu et al, 1997;Waser et al.1999;
Altabet et al. 1999;Sigman et a).1999;Altabet and Francois2001;DiFiore et al, 2006], with the
majority of estimates closer t@5 No nitrogen is | ost r gained
assimilation but the lightéfN is removed more efficiently from the surface anditsurface
remingalizatonc auses t he gener &NO;with depthithraughoutitee ocean @sépin g U
near locations when, fixation and/or denitrification araffectingt h ENOgsignal. Distinguishing
between the different isotope effects remains a chgdlemost notably in denitrification zones where
all of these pr oc e'¥Nsignsltormame extert. Sinteffiation introdyces h e U
relatively isotopically light nitrogen and denitrification preferentially removessoally light
nitrogenrelative to the oceanic average, any coupling between the two would likely dampen the true
isotope effecbbservedrom each process alondgqvi 2007]. The isotope effect of N{assimilation
by phytoplankton adds another level of compleaity limits our ability to use nitrogesotope
observationso determine the li@nce or imbalance of the glob@teanicixed N budget.

This modeling study presents a global oecaamosphereea icebiogeochemical model
amended witla dynamic nitrogen isotope rdou | e . Comparison™ f model r
observations will be used to quantify processes that affect the globalodears t r i b*INtWeon o f
hope that the wdelswill be a useful tool to better understand variationg'd in the pasaind

presentas recorded in ocean sedimeatslin the water columpwhich may not bg@ossiblefrom the



observations aloneThe main purpose of this paper is to provide a detailed description of the model
and an assessment of its skill in reproducing preseni'ds(; observations Sensitivityexperiments
are presented, illustratirtge effects of sedimentary denitrification and iron limitation on the growth

rates of nitrogen fixerson the globabceanic fixed\ cycleand its isotopes

2. Model Description

The physical model is based on the University of Victoria Earth System Climate NaekaV¢r
et al.,2001], version 2.8.tincludes a global, three dimensional general circulation model of the ocean
(Modular Ocean Model 2) with staté-the-art physical peameterizations such as diffusive mixing
along and across isopycnals, eddy induced tracer adveGent gndVicWilliams 1990] and a scheme
for the computation of tidally induced diapycnal mixing over rough topogrépinynions et 312004].
Nineteen veical levels are used with a horizontal resolution of 1.8°x3®%rder to improve the
simulation of equatorial currents we have increasedrédional resolutiomn the tropicgo 0.9°
(between 10°% 10°N and smoothly transitiorg to 1.8° at 20°N/B and addedn anisotopic viscosity
schemellarge et al, 2001] A more detailedlescription of thiparameterization and its effect on the
equatorial circulatiorran be found in Appendix AA two dimensional, single level energyoisture
balance model of the atmosphere and a-sthtke-art dynamiethermodynamic sea ice modeke

used, forced with prescribed NCEP/NCAR monthly climatological winds

2.1 The Marine Ecosystem Model

The marine ecosystemodel is an improved NPZD ecosystem modé&dimittner et al.
[2008] (Fig. 1). The inorganic variables include dissolved oxygend@ two nutrients, nitrate (ND
and phosphate (RJ) which are changed by biological processes in fixed elementad (&ij.r = 16,

Ro.p=170). The organic variables include two classes of phytoplankitoogen fixers diazotroph$



(Pp) and a general phytoplankton clasg)(Rs well as zooplankton (Z) and particulate detritus (D)
The addition of diazotrophs andsdolved oxygen to the traditional NPZD model allows for the
simulation of denitrificationandN i x ati on, t wo k €3. Rgur@Xcensparesshe a f f e
global annual distribution of surface N@nd subsurface (300 m) @ith the World Ocean Atlas 2005
(WOADO05) climatological databasé significantadditionto this versions alimiting term for
denitrification,Lyos = 0.5fanh(NOs; 1 5) + 1],which approaches zero B©; is consumed below 5
eM (See Eq. 9).
2.2 The Nitrogen Isotope Model

The nitrogen isotope modsimulateshe exchange of the two nitrogen isotog&s,and™N,
throughot t he marine ecosystem. "Nareembediedwithmth®e gnost |
maitine ecosystem model for @bmpartments contaimg nitrogen nitrate diazotrophs, phytoplankton,
zooplankton and detritus (Fig. 1). The processes that fractibe@teen the nitrogen isotopes aresNO
assimilationduring photosynthesigxcretionof inorganic nitrogen by zooplanktpandwater column
denitrification Fractionatiorresults in the isotopic enrichment of the more reactive,
thermodynamically preferretight 1N into the product of each reaction &yrocesspecific
fract i on a tFora detaileddistussion of fitrogen isotope fractionation dynamics see
Mariotti et al.[1981]. N, fixation will affect i*°N by introducing atmospheric’d N = 0& by
definition) into the fixed N pool.

The open system fcdonation equation is usédr fractionation during N@assimilation

[Altabet and Francois2001]:

d15P0= ﬁNQ -ERSSIM(]‘ l:IASSII\/)’ (2)

whereti®Pyi s PNhoéphyioplankton biomass assimilated during one time gpuassiv is the



fraction of NG; availablethat isconverted into biomassi{ssim = JoPo X t NOs). The open system

equation is used here to enstiratwhen phytoplankton assimilate all availabl®;into their biomass

(le.upssm=1t hey wi | | i n c B\ vAue asahateof the Boeircesmateridany studies

have estimated the fractionation factor in both laboratory and ocean environments. A wide variety of

values have been reported i n cWadaaodHattosl878;t i ngs I

Montoyaand McCarthy 1995;Waser et a].1998]. A more confined range has been observed in field

esti mat es f Wadgnl980&Altabed et &. &991;Altabet and Fracois1994;Wu et al,

1997;Altabet et al. 1999;Sigman et a).1999;Altabet and Franca, 2001;DiFiore et al, 2006] . In

our model we ¢ hwhhsieneahe maadrity & fieloestimatéand also in agreement

withWaseretal] 1998] ' s v al uewas tisedbas tAeasubstitate aduriny &similation.
Nitrate in suboxiwat er s have been obs®ENvaleedduteto have mu

denitrification. Observations from present day suboxic zones in the Eastern Tropical North Pacific

(ETNP) andheAr abi an Sea (AS) have repor Clmelandkaplac t i on a

1975;Liu and Kaplan 1989;Brandes et a).1998;Altabet et al. 1999;Voss et a].2001;Sigman et a.

2003] a valuewhichwe adapt irthe model.Fractionation during denitrification is alsomulated

using the open system fractionation equatio

OASNQOX = ﬁNQ -%ENI (l l:bENI) (3)

where NQ°% is the oxygerequivalent reduction of nitrate during denitrification thasgenverted
into N, gas. The termipgy, is the fraction of available NQwvhich is reduced into Nyas (Ipeni = €pD
X 0.8X Ron X I3, X Lnos X gpt NOy).
Excretion is the process responsible for the-stéps e e n r i ‘aNhalorg the trophfc a

chain in our model and Emulatedusing the instantaneous fractionation equation:



a NLO = U dcr (4)

The instantaneous fractionatiequation is used becawsereton will always be a small fraction of
the total zooplankton biomass. Excretgiiogen has been measured to be consistently enriched by
~3a r el at i vheckey Jrand Millerb1889]ywhidh is the source of the excreted nitrogen.
This is also consistent with the average enrichment per trophic Miveldawa and Wadal984] and
the valueused in the model.

Implementing these fractionation equations into the reagtosystem model requires us to

consider the exchanges™8N and™®N separately.Total nitrogen abundance now hhe form

N =N+ N (5)

for each variable in the isotope model. A fractionation coefficgetdlcuated for each processor

example, onsider fractionation durinyOs assimilationby phytoplankton. Followingiraud et al.

[2000], the isotopic ratio of new nitrogen biomassg) (B found using equations (1) and (2):

édlSPo 6 B adl4po 6
aed—t O = bASS|M6€‘d—t O (6)
G ASSIM G ASSIV
where
15N ° (1_ N)
b _ 03 _ L&ssuw Ussi BM @)
ASSM 1IN, 1000 '



Applying equations (5) and (@jves the amount of newP relative to the amount of total new

nitrogen biomass, which given by theprimary productionJoPo), calculated by the marine

ecosystem maal.

(8)

édl5% g bASSIM J P
G dt ASSIM 1+ bASSIM

Analogous derivations can be done for all fractionation coefficients. Thed@mendent set of

equations for°N which are embedded into the marine ecosystem are as follows (see Fig. 1)

lSNQ b . /Q
= BRos, D22 o 7 4 poo
U[ c ° 1+ bEXCR 1+ /anvl °° 1 +ASQM

9)

a
15 S 1 _P%ENI 0. Bo P sNOSSLNO3
¢ DENI

”15% — bASSIM * 2

= J,P,- ReL P - P - 10
e IR RECB - R (G)P 7 BT (10)

UISPD — bASSIM a®N o -

= uyJoh + J.,P-u JR) -

Ut 1+ bASSIM (}a NA?-M( DD N YD D) R’D q B) i
- Ry, e, P (11)
(12)

10



ulSD
Lt

=(1-2)8 R Go)P & RoPEP %% R &

+Rz£z Z- DRDS '[% Déu%\' (13)

whereRu=ro, po, .0 = "N / (**N + *N) is the ratio of heavy over total nitrogen. This notation follows
Schmittner et al[2008] andwe refer to that paper for a detail@elscription(See also Fig. 1)Here it
suffices to note it the equations for total nitrogefN + *°N) are identical to the ones bN except
thatRx = bx/(1+bx) = 1 in the total nitrogen equations.

The model wascarefully testedvith zero fractionatiomn order to quantify and minimize
numerical errors, whitoccur e.g. due to slightly negative values of biological tracers caused by
inaccuracies of the advection scheme. The biological code was adjusted to avoid negative
concentrations as much as possible. Initialiynericalerrors ini™N ranged from+ 14 in grid points
attheseaflootro+0.1a i n t h e .ulbep weadecaeddosBiry = 1instead of Rpy =
0.0036765~hich reduced thaumericalerrorsby over an order of magnitude. This modification
amounts to a scaling 01N and**N by a constanfactorwhich doesotaffectt h €N dynamics The
remainingm mer i ¢ al errodeepfobleandand NBeO1&d in the
of magnitude smaller than the observed variabilithe model is integratddr over 3000 yearsasit

approaches equilibrium.

3. Nitrogen Isotope Model Results

The gl obal varfNaNO;andp hoyft ospul r'aPajlcibe modg! is
dominated by the effects dIO; utilization by phytoplankton, Mfixation, and denitrificationFigure 3
illustratesresults fronthefull model including all processes (Figa)3as well as results frosensitivity
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experimentssolating the effect of individual processes (Fib:€} on thespatial pattern of thglobal
N signal. The isotope effect dfi, fixation is turned off by setig the diazotroph's isotope value
equal to tlat of general phytoplankton class'each location. Note that the total nitrogen inventory is
not changed in any of these simulations.
As phytoplankton preferentially assimildf&NOs into organic matter andraw down surface
NOs, they leave a residual pool of enricH&0s. This surface utilization effect depends on the extent
to which NQis drawn down at the surfae@ad the physical supply of N@o the surfaceThis is most
obvious in theNO; assimilaton only experiment (Fig.l9 whi c h s'IN@waueswhay#O; U
(Fig. 2 is low. The Southern Ocean follows this general utilization effest (Fig. 9). However,
when NQ is not well utilized (i.e. the physical supply exceeds the biologicakeptevhich occurs in
Hi gh Nutrient Low Chl or o'NODyidnlainly ceridle oy thesayiceooh s ,
U*°NO; being supplied to the surfaaghich isprimarily subsurface watewith | o w ENO;vialues
approachi ng 5a iinoethere is andalrurdanceoot MO ansume, [Ehytoplankton
will efficiently PgalitNOs-tigndinee thahsgy tarnsio dquatior @), U
will be near0. A different response occurs along coastal upwelling regimes where upNelas
nearly completely dsan down. If phytoplanktoimcorporate all of the upwelled N@to their
biomass thewcquire the isotope value from the source watéP, = upwelledi™®NO; as theuassim
term equald. The NQ utilizationeffect alonecrat es mi ni ma of generally |
|l atitudes and in the equatorial wupwelling regirt
gyres of the southern hemisphérég. 3b)
Water column denitrification only occurs at depth itgiisobpe effectcan still be detected at
the surfacelue toupwelling and vertical mixing ofaterenriched in>NO; (Fig. 3) This phenomenon
persists in three locations in the presgay oceans: the Eastern Tropical North Pacific (ETh),

Eastern Tropial South Pacific (ETSP) arideArabian Sea. Deficiencies in the coarse resolution

12



physical circulation model cause the simulation of subwsaterto exist only in one of these locations,

the ETNP. The physical circulation model simulates too broadlaatbw coastal upwelling which
underestimates production and the remineralization of organic matter at depth. Thisdsits lea
overestimated @concentrations, larger than required for denitrification, in the ETSkhaAdabian

Sea. However suboxia theso-called shadow zonef the ETNP is captured better and investigated

more in Section 5.2. In the model minor denitrification also occurs off SW Africa and in the Bay of
Bengal, which is not observe@enitrification alone leads tihe simulateanaximaof>2 0a i n t he
Eastern Equatorial Pacific, the Bay of Bengal and the Eastern Tropical Atlantic, valuet df 80 i n

t he t r opiathigh latitudes (Fig. 4C).

Nitrogen fixation introduces atms pher i ¢ “NMuivEr 6§ ni 6tio the fi xe:
whichismucH ower t han t he o c €hefixation oBNgasrinbo@rganioreater 5 a
requires the breaown of the triple N bond which is much more energetieadgensive than
conwerting NGQ. Therefore, in the model diazotrophs are only allowed to grow in waters warmer than
15°C, and their growth rate is handicapped by a factor of 0.5 compared to the general phytoplankton
class. They however are not limited by N&dd will flourish in low N* = NO; - 16xPQ waters caused
by denitrification. Diazotrophs will uptake N@ it is available in the modgtonsistent witrculture
experimentsHoll and Montoya2003. Denitrification therefore creates an ecological niche for
diazotrophgTyrell, 1999]. There is no iron (Fe) limitation on the growth rate of diazotrophgin th
CNTRL simulation despite that the best studied diazotpthodesmiundoes require Fe to grow
[SanudeWillhelmy et al, 2001]. Howeverthe Fe requirements of Estudied diazotrophs, which may
contribute to a significant portion of globaj fixation [Karl et al., 2002] are not well constrained so
this simplificaton may be valid. In #gamodelsimulatiors the majority of N fixation occurs in
oligotrophic waterslownstream of denitrification in the Pacific Ocean (Big

The ability of diazotrophs to fix atmospherig iNto theoceanic fixed N inventoris an
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important negative feedback that can keepotteaniciixed N budget in balance. Thisedback
depend on how efficiently low N* waters in denitrdation zones can reashrface watersuitable for
N fixation to occur In the CNTRLsimulation the majority of Mfixation occurs just outside the high
nutrient waters along the Eastern Pacific cold tonduearly all of the low N* water from
denitrification that reaches the surface here is restored back neafNg=6) showing that N

fixation isvery efficiently balancing the nitrogen lof®m denitrification. Although65% of
denitrification in the model occurs near 300 m deptlgnitrificationcontinues to occun the ETNP up
to 1100 m depth. Denitrification in the moaeay be overestimatdakecause suboxic water in WOAQ05
exists up to ~800 m, but it still suggests that denitrificati&m occuiat greater depthS his deep low

N* water does not reach the surface as efficiently limiting the amount fafdtion that carbalance
denitrification occurring in the deepocean. This is evident in the Pacific Ocean afxXdtion does
not completelybalance denitrification (Figr) even though at the surface outside of denitrification
zones N*is restored to nearly O (Fig). This suggests that thé@rogendeficit in the Pacifics due to
the low N* waterescamg out of the Pacifithroughthe deep cean circulation without reaching the
surface where Nfixation could restore N* to 0 and balance the Pacific Ocean fikbddget.
Fractionation during excretion has only aminoreffe on t he &N isthesurtaae bceamn o f

(compare Fig. & 3e), certainly much smaller than the other three processes discussed above.

4. Model Experiments

The default version of the model, referred to as CNTRL in the follgwiietudes neither
sedimentary denitrificationor Fe limitationof nitrogen fixers Three additional experiments are
thereforeperformed to test the impaa$these processes. These experiments are referred to as
SedDeni (sedimentary denitrification), FeLim (iron limitation on the growth rate of diazotrophs), and

SD+FelL (both includedh the following. It should be noted thiesehighly simplified
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parameterizationare used to mimic theggocesseand the results of these sensitivity experiments
should be interpreted more qualitatively then quantitatively
4.1 SedimentaryDenitrifi cation

One signifi@nt shortcoming of the modslthe absence of sedimentary denitrification, which
has beemstimated to be the largest sink term in the globabnidixed N budget Codispoti, 2007].
We implement the metamodel equatiorivbfidiebug et al.[1996] into based on labile carbon flux

(Fc) into the sedimentfottom water concentrations NO; and Q, and depth (2):

SedDeni= Usp X107 [-2.2567- 0.1850 x log(R) - 0.2210 x log(p) x log(R)
- 0.3995 x log(NQ) x log(0») + 1.2500 xog(NOs) + 0.4721 x log(Q)

- 0.0996 x log(Z) + 0.4256 x log{Fx log(Oy)] (14)

We assume that the flux of labile carbon fluy) @ccurs at a ratio of & = 7.5 of the sinking detritus.
Since the coastal shelfs are not well resolved in the neelese an additionglarameterizatiofor the
shelf systems. If the ocean grid box is adjacent to any land mass, the amount of carbon sinking through
130 m depth is multiplied by the coefficient SHELF and is fluxed into the shelf sediments. The
SHELF wmefficient is a constant s&® 0.5. The remaining carboi. x (1 - SHELF) continues to sink

to greater depths. This simple parameterization likely overestimates sedimentary denitrification on
narrow shelfs (e.g. the East African shelf) and underestsrssdimentary denitrification on broader
shelfs (e.g. the Eastern North American shelf, Southeastern South American®hislfgsults in a
broader global distribution of sedimentary denitrification than which probably octhesphysical
circulationmodel's inability to fully resolve coastal upwelling systems also underestimates primary
production and sinking carbon fluxes on the continental shelfaemck theesulting sedimentary

denitrification. To account for this, we arbitrarily multiply thedimentary denitrification rate by a
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coef f igptuned A5t 0 s et t h e NDearepagemttte inrhe model tod-5 similar
to themethodusedby Deutsch et al[2004] andBrandes and DevgR002] to estimate sedimentary
denitrification Sedimentary denitrification does not fractionate nitrogen isotopes but does induce more
N, fixation which lowers the global oceanit’™N signal. Without this parameteriztion, the deep
o ¢ e a'nMNiOgavetiage will drift abov@a which occurs in CNTRL.Thetuning parametespwas
also tested at the value 6 and 7 which resulted in deep ocEa@; averages of 52 and 4.9% |
respectively.Figure 4 shows the spatial distribution of sedimentary denitrification compared with total
(sedimentary + water colump denitrification. In the model95% of the sedimentary denitrification
occurs withinthis shelf parameterization.
4.2 Iron Limitation

Another experiment idesignedo simulate a potential Fe limitation on diazotrophs (FeLim).
The iron use requements for growth supported by fikation based on the nitrogenase complex was
found to be 2.5 5.2 times greater than that of fixed nitrogen assimilating phytoplankton and further Fe
requirement may also exist due to physiological phenomena not ylireletied to the structural and
bioenergetic Fe demand of nitrogenase, such as the variations in Fe catalyst stoich®anetty [
Wilhelmy et al.2001;Raven et a).1999]. An idealized Fe limitation simulation is ddrexeby
decreasing the growth radé diazotrophs where dissolved Fe deposition flux estimatesFaomet al.
[2006] are the smallest by an additional factor of 0.5 and the comparison of resyHixatiNn
signals are showim Figure 5. The regiowhere the majority of Nfixation ocars in the model
changes from the Eastern Tropical South Pacific to the Western Tropical North Pacific. This prevents
the tight coupling of Afixation and denitrification in the Eastern Tropical Pacific and allows low N*
water to flow away from the denfication zone before pfixation occurs.Water column
denitrification in the Eastern Pacific is reduced #{% due to less local input of new nitrogen via N

fixation. This experiment shows that proximal fixation near the denitrification zones stilates
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growth,andremineralization at deptlvhich further increases rateswéter colummdenitrification and

N fixation (Fig.7) leadingto excessivesurface N* in the Eastern Equatorial Pacifiongared with
observations (Figg). The CNTRL simulatiomverestimates N* in the Southern Tropical Pacific,
whereas the FeLim experiment simulates a much better fit with observations, suggesting that aeolian

Fe deposition is limiting MNfixation to some degree and affecting its spatial pattern.

4. Model Evaluation

The relatively smalhumbero f **Nipbservationsind the sparsgpatial and temporabverage
makes a full globahssessmentith our model impossible. However, particular regions have been
sampled sufficiently enough fwovide a neaningful comparisowith the model results. All
observations arbkorizontally interpolated onto a 5° x 5° grid using a Laplacian weigiitgdithm.
The depth levelareconsistent withthe WOAO5and a linear interpolation is used for depths of missing
dataif nearby data existsA globalclimatological database 6f°NO; data hashusbeen constructed
and is available for download (http://mgg.coas.oregonstate.edu/~andreas/Nitrogen/n15datdpase.htm
Figure 8 shows the annualyeraged global distribution of available observations averaged over 200
m - 300 m deptho demonstrate thgpatial coveragbut seasonatamplingbiases exist depending on
theregion. Even thoughcomplete global model evaluation cannot be made at this time, regional
evaluations are still ofalue Since the nitrogen isotope model is endsztlwithin the physical
circulation and marine ecosystem model, it can only be expected to match observations if the physical
circulation and marine ecosystem model also simulate oceanographic conditions consistent with the
respective observations. Desadbout the data sets used can be found in their respective subsection.
Comparisons will be shown f&@outherrOcean (IndiasPacific sector)the Eastern Tropical North
Pacific,theWestern Pacifc anthe North Atlantic. The*>N of particulatematter acoss two

meridional transects in the Equatorial Pacific and Southwest Indian @eegresenteds well. Other
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regions wih availableli*°NO; observationsnclude the Bering Sed¢hmann et a).2005] Northeast
Pacific [Galbraith, 2006], Indian OceamJtabet et al. 1999], and Central Equatorial Pacif&lfabet
et al, 2001]
5.1 Southern Indian-Pacific Ocean

The Southern Ocean represents a critical region of biogeochemical cycling in the ocean because
it is the largest open ocean region of incompletavdown of the major nutrientd hisresults in an
excess amount of GQt the surface which is released to the atmosphere. The degree to which surface
nutrients are utilized here may have profound impacts on etearsphere exchanges of £Qhis is
an ideal location taest the skillof the nitrogen isotope model to capture the;N@ization effect on
u*N as nutrients are consumed and converted into bioovessa large range of surface NO
concentrationsFigure 9 shows a full comparison with ebgations recorded in the regioBigman et
al., 1999;Altabet and Francois2001;DiFiore et al, 200]. This data set compiledservations from
8 cruises otoveringall four seasons. Since all cruises do not cover the same location, some seasonal
biases occur but we still use an annual avefagmaximum spatial coverage. The model does not
capture interannual variability (due to the prescribed monthly climatological winds) of some
observationsbhits t i | | captures t he “y@&wit deardasing NgRigd9a)of i nc
The | argest di scr ep aNOysurfacs valuds gigh, d).oThdseevalvey ocauo d e |
near the southern coast of Australia where the model overestitinatsaw down and utilization of
surface NQ compared tmbservations from these cruig€sg. 9a,c), butthesimulated NQis in better
agreement with climatological (WOAOQ5) observati§Rgy. 2). Where the model draws down nearly
all NOs, the renainingli®™NOz;b e comes as heavy as 304 and more.
i ncapabl e &NO;anthesslawN@coucentrationsTherefore, it is impossible falsify
this model response.ower *°NO; values occur in SD+Felecause the additiasf sedimentary

denitrification which does not fractionate the isotop@sluces more pfixation which introduces
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relatively |light atmospheric®™idstrogen and | ower
5.2 Eastern Tropical North Pacific

The ETNP is one dhreeregions along with the ETSP and Arabian Sea with persistent suboxic
zones allowing denitrification to fractionate the nitrogen isotopes. The small spatial scale of suboxic
zones makes them difficult for the model to simulate accurately. The abilégrioduce the
equatorial undercurrent that advects relatively oxygeamwater from the western basgimportant in
the simulation of the suboxic zone. The anisotropic viscosity scfieange et al, 2001]improves
equatorial dynamics (See Appendix Mlost notably the Pacific Equatorial Undercurrent is increased
from 0.15 m/s to nearly 0.7 m/s, but it is still too weak compared to observations whickiedboitves
near 1 m/s (Fig. AR The core of the suboxic zone is too far south compared to deaikia collected
wi tINOslFig. 10) but isin better agreement witWOAO5 (Fig. 9. The underestimation of
upwelling and production off NW Mexico leads to overestimatedubsurface concentrations that
mix southwards causing the simulated suboxiezuot to extnd as far north as observed

Figure10 shows OctobeNovember averaged modep® o nc e nt r d°N@;ocompareéd n d i
to observations represamg data from cruises taken during October 2000 and November 24884t
etal, ?;Sigmanetal2005] . Wi t hi n *NOgobsereatons) the model captu@s | a b
the general observed trends such as the subsurface maximum. SD+FeL matches the vertical profile of
t h ENOyobservationdetterthan CNTRL, becausef its smallevolumeof suboxicwater Near the
equatorwhere©® s under est i MiQsie simulatedodoe tdverestimgted U
denitrification. The underestimated Pacific Equatorial Undercurrent, which is a source of relatively
oxygenrich water from the Western Pacifimight be a reason for this model deficiency.

The coupling of nitrogen fixation at the surface above denitrification ashere surface N©
concentrations aneearlydepletedsuch as in the ETNIB a key process that can balance the global

oceanic fixedN budget. As waters become suboxic, denitrificabeginsto remove NQ@from the
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system creating an ecological niche where diazotrophs can thirsterface NQ concentrations are
depleteddiazotrophswill fix newatmospheric nitrogertheremineraization of which fueldower G,
concentrationst depthsand more denitrification. positive feedbackn N, fixation occurs above
denitrification zonesn themodelwhich issersitive to the growth rate afiazotrophs.

i*°NOsin the ETNP demasesowards the surfaceJline and Kaplan1975;Brandes et a.
1998;Voss et al.2001;Sigman et al.2005] suggesting a source of isotopically light nitrogen near the
surface.Brandes et al[1998] suggested in the Arabian Sea as much as 30% of primary peaduct
must have been from new nitrogenviafNi x at i on t o accotM®kandnotedat he | «
similar pattern in the ETNP. HowevButka et al[2004] argue that the preferentraimineralizatiorof
isotopically light organic matter during nitrification is the primary reason for this lgfPNOsnear
the surfaein the ETNP. Te presence of Nixation would balance the nitrogen loss, howevethis
trend is due to the isotope effect of nitrification, this balance would not exist. Incubation experiments
by Lehmann et al[2002] showno evidence for nitrogen isotope fractionation during orgaitten
remineralization n oxi c conditions. Some sl dfipartieutate t r ap
matter may be lighter at greater depths compared to just below the euphotidlrainet fet al. 1991;
Thunell et al, 2004;GayeHaake et al.2005]. These observations sugg#st the decrease ti°NO;
towardsthe surface is from the relatviely light atmospheric nitrogemtodgen fixersemineralizing
near the surface. Otherwisehe organic matter that Mevaiumer al i z
similar to the denitrification zone water which upwells and fuels productivity. When the isotope effect
of N, fixation is not considered t he model ov &XO(Figsi3enarhednputafur f ac e
isotopically light atmospheric nitrogen from Nixation is required in the model to closely simulate the
decreasi myOst pwaddef t Be s 1INOfcansteint met\Wie tah calcutaie the U
amount of N fixation that s directly contributing to the nitrogen loss via denitrification. CNTRL and

SD+FeL simulates that 18% and 23%, respectively, of the nitrogen removed from denitrification is
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being balanced by Nixation occurring directly above at the surface in the ETNP.
5.3 Western Pacific
The Western Pacific idownstream to the denitrification zonefsthe ETNP and ETSP making
it a potential region whereMixation may occur as low N* water flows westward out of the eastern
high surface nutrient cold tongue. Hoxee along the equator there is no evidence of isotopically light
atmospheric Blbeing introduced into the system via fikation [Yoshikawa et al2006]. This region
has very low amounts of aeolian dust and dissolved Fe deposittel[s et al, 2005 Fan et al,
2006], which may be a potential mechanism that limgéxdtion. If N, fixation does not occur here,
this low N* water will need to flow someplace where enough Fe is available to supgtdn.
Since he majority of continental lanthasse®xistin the northern hemispheragolian dust deposition
is larger in the North Pacific #im in the South Pacific (Fi§). Thus, enough dissolved Fe in surface
water may exist in the Northwest Pacific to suppartikation that can restore Ndtnear zero and
balance the fixed N budget. However, the Southern Ocean is the largest HNLC region limited by Fe.
Low N* water that flows southwards may remain in nitrate deficit until it eventually reathesFe
sufficient water(e.g. in the Atlantior Indian Ocean) which suggests a ma#ntennial timescale of
interbasin ocean circulation for,Mixation tocompletelybalance thaitrogen loss from denitrification.
Although no data is directly available, we assepublished values in this regi@md compare
them wih our model simulations (Fig1). Three data sets are compared to zonally avetégé@sin
the Western North Pacific at 180 m depth because surfagedhOentrations are too small to measure
U*°NOsthere. The general trend of tbleservations s  h e’a®@s near thetequator and lighter
values northwards which suggests mogdik&ation occurring at higher latitudes where aeolian dust
depositionis larger The SD+FeL experiment generally captures this decreasing northwards trend
while CNTRL simulates the opposite, suggesting that dissolved Fe deposition is an important

component irsupporting growth by Nfixation and may be limiting the ability of diazotroph's to
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compensate the fixed nitrogen loss from denitrification.
5.4 North Atlantic

Theuncertainties in thprocesses that affect the nitrogen isotope signal iNénth Atlantic
make it difficult to interpret and model nitrogen isotopes. Despite consideratijeestimates of
nitrogen fixation, atmospheric N deposition and cycling between nitrogen assimilation and nitrification
are not well establishdalt may dlbe significant in this regiofMichaels et al. 1996;Lipschultz et al.
2002;Hansell et al.2004 and2007;Knapp et al. 2005and2008]. Therefore the nitrogen isotope
model does not incorporate isotoptfects from atmospheric N deposition and fidation. This data
set is from cruises in May 2002004 [Altabet,2005] October 2002napp et al. 2008], and May
2005 Bourbonnais et a]2009..Fi gur e 12 shows the cW@wihri son of
available observations. CNTRL overestimatels ENOgvalues everywherenost likely due to the
underestimation of Nfixation. Since constarstoichiometryis used in the ecosystem model, barely
any N fixation occurs in the North Atlantic Ocean in CNTRL as water column denitrificatibicth
does not occur in the North Atlantics the only process that can alter N* and create an ecological niche
for diazotrophs CNTRL simulates a utilization effect similar to the Southern Ocean where only
fractionation duringNO3 assimilationby phytoplankton dring photosynthesia f f €®ssIn i
SedDeni anéD+Fel, sedimentary denitrificatiatcurringoff Northwest Africa, Northeast South
America, and Eastern North America fuel fixation further into theropical North Atlantic (Fig5h).
Thi s r e d°N®;acsosstthk Brth Atlantic basin which i;» much better agreemenith
observations The similarity of SedDeni and SD+FeL suggdistd sedimentary denitrificatiopmot
nitrate-deficient waters from the Pacifimight be the most important mechanism that fuelfix\ation
in the North Atlantic
5.5 Comp a r ‘PNsobsimking orgamic matter

The abil ity N ofsiskingorgdnia matter that Buxes into the sediments can be a
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powerful tool for i nt eNthreughout Barthisipastclimates. FigiBes e d i r
compares two me r'tNdfparticaldte nitregenrfreneobsersatiomsthabei and

Francois 1994]in the Equatorial Pacifiand Southwest Indian Ocean. The Equatorial Pacific transect
records generally decreasingluesfrom south to ndh with a minimum at the equator where
upwellingcauses small utilization effect to occutCNTRL and SD+FeL simulate ife minimumof

U*N at the equator, but only SD+FelL captures the observed-smuth trend because the majority of

N fixation occus in the North Pacific rather than the South Paaatwere itoccurs INCNTRL. In the
Southwest Indian Ocean transect, the observations record an inverse trend yatimbidtrations

suggesting surface utilization effect. CNTRAnd SD+FeL simulatéhe magnitude ofhe general

trend well but there is a consi $Nie+88a tbohaasy t hr o
compared to observations. This may be due to tderestimation of the scalled particle removal
effect[Altabet 1988 ,Altabet and Francoisl994]. They observe that large fast sinking particles

exhibit similar variations but are enriched by28Io6wh en compared to suspend
surface. The only process in the model that may capture this particle removal effect is fraotionatio

during excretion which may be underestimated because it has a small effectioN tsignal (Fig.

3e). The trend in SD+FeL is similiar batlditionalN, fixation induced by sedimentary denitrification

causesslightly lower U*N values

6. Discussion

We have shown that the nitrogen isotope model captures the essential dynakiltfaltp
simulate results consistent with available data sets when the physical circulation madealiaed
ecosystem model are alsonsistent with theirespective observations. Nitrogen isotope observations
can now be used as an additional constriai help quantify the globalceanic fixed\ budget.

Sedimentary nitrogen isotope records will be of value to validate the model's ability to simulate
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previous climate states that are significantly different from the present and the transient changes
between. As many different physical and biological processes can affect the nitrogen isotope signal,
this model can also be used as a tool to help interpret which combination of these different processes is
most likely driving the changes in sedimentaryagen isotope records and reveal how these processes
have evolved throughout past climates.
The addition of sedimentary denitrification in the Sedem SD+Felexperimens allowus to
calculate the global balance of total denitrification andi®ation. This balanceset thedeepoceanic
a v er afgNO;which ishear 3 . Since the majority of sedimentary denitrification occurs on the
coastakhelvesvhich are not well reso@d in the model, wine sedimetary denitrification to set the
simulated depo ¢ e a' iNOgavetiagetod i n SD+FelL . We still cannot
magnitudes of denitrification and,Mxation are correct, but it is their relative ratios that set the global
oceanicaveragef U°NOz which we can analyze here. As the madels to equilibrium, Mfixation
and total denitrification become balanced so it is the fraction of nitrogen loss which is fractionated
(water column denitrification) compared to nitrogen loss without fractionation (sedimentary
denitrification) which willset the global oceamaveragef i'>NO;. We tune sedimentary
denitrification using a simple coefficient and find that the ratio of sedimentary denitrification to water
column denitification that sets the deep oceaai@rageof i"™NOsto 58 i s ~1 7)5Asbur( Fi g.
climate transitios into the Anthropocene, this steagtate solution may be more valid for the late
Holocene fixed N budget rather than the present day because of our potentially transient climate state.
Our simulations show different spatial and temporal responsesfofdion to denitrification
which represents a negative feedback orotieanic fixed\ inventory. The SedDeni experiment
shows that sedimentary denitrification may be the primary mechanism that fiedathén in the
North Atlantic Ocean. While Nixation does exceed total denitrification inside the Atlantic Ocean due

to low N* waters flowing in from the Pacific, our experiments without sedimentary denitrification
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(CNTRL, FelLim) do not s i iNODJasdbservdtiansv(Fi®2h dhisgh s ub st

suggests the observed trend of increasgfikistion in the North Alantic during the last glacial
interglacial transition interpreted IRen et al[2009] may be more affected by the increasing sea level
and resulting area of continental shelfs wheemajority sedimentary denitrification occurs compared
to the increase in water column denitrification and low N* water from the Eastern Tropical Pacific that
may flow into the North Atlantic and fuel Nixation.

A direct coupling between denitrifigab and N fixation occurs in the ETNP where the
combination of suboxic OQwaterand nearly completely consumsdrfaceNO; concentrationgxist
which creates an ecological niche where diazotrophs can thrive and generate more production to fuel
additionaldenitrification. N fixation was found to account for 18% and 23% of the nitrogen lost via
denitrification in the ETNP in CNTRL and SD+FeL, respectively. A tight coupling was also simulated
in CNTRL and SedDeni in the Eastern Pacific when Fe did nat imaigrowth of diazotrophs. Just
outside the high nutrient waters off the Eastern Pacific cold tongue diazotrophs were able to grow and
nearly restore the surface waters backvalaeof N* near O (Figs5, 6). Given the close proximity to
the suboxizones, this new nitrogen was able to flow back intcstliEoxic regions via thequatorial
undercurrent and increase production and further decreasen@entrations at deptlidowever
denitrification that takes place at greater depths and mixes intleépeoceamay cause this water to
be in nitrate deficit on the millennial timescale of the deep ocean circuldtiben diazotroph's
growth rate was decreased in areas of small aeolian dust deposition (FeLim, $Pdieatrophs
were not able to balae the nitrogen loss until the low N* water flowed into the Western Tropical
Pacific. In these experiments this new nitrogen does not efficiently flow back into the Eastern Pacific
which results in less productivity amdsmaller volume of suboxic waterhis SD+FeL experiment
shows moe skill in simulating N* (Fig8) , O (Fig. 1 0 ) , °NOg (figs.tPe10) observations

suggesting that Fe is an important limiting micronutrient for growth bfgpxidtion and can prevent a
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tight coupling between denitriftion and N fixation. The ocean circulation then becomes the most
critical factor in determining the spatial and temporal ability fefikation to balance thaitrogenloss

by denitrification because the low N* water mustti@sportedo regionswith sufficientFe to support

N fixation. This represents a potential maéntennial to millennial time scale fok Fixation to be

able to respond to changes in denitrification and completely balanoedagidixed N budget as

some of this low N* watemay have to flow into the Atlantic and Indian Ocean basins before the right
conditions for N fixation exist.

This SD+FeL experiment is igeneralagreementvith themodel ofMoore and Doney{2007]
which includes Fe as a prognostic tracéheir simuléions founcthis stabilizing feedback in their
model operateon centennial timscales.The qualitative denitrificatio; fixation coupling was
similar to our model with the Pacific Ocean being a sink of fixed nitrogen due to Fe limiting the
coupling ofN; fixation and denitrification, while the Atlantic and Indian Oceans are a source of fixed
nitrogen as low N* waters circulate out of the Pacific into these basins which allowed grforatiNn
to occur there. AMoore and Doney2007] noted, this patta of N, fixation differs from the model of
Deutsch et al.[2007] which simulates a tighter coupling in the Eastern Pacific which is more similiar
to CNTRL. Deutch et al.[2007]'s highest MNfixation rates occur in the equatorial cold tongue
upwelling regime in waters with high Nzoncentrations, which may be unlikely becatigenitrogen
fixer Trichodesmiuntan more efficiently assimilate N@uring photosynthesis if it is availablddgll
and Montoya2005], which is the case in this region. Diazol®pave this ability in our model which
is why N, fixation is not simulated there.

A potential centennial to millennial tireeale delay of Bfixation to changes in denitrification
may represent a long enough period to significantly change the glodmaic fixed N inventory. A
major change tthisinventory can impact the efficiency of the biological pump and atmosphetsic CO

concentrations. Sedimentary nitrogen isotope records in the Eastern North Pacific interpreted as
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changes in water column deniicéition during the last glackhterglacial transition generally began
increasing at ~20 kya and continued until ~14 Kyarjeshram et al1995 an®000;Emmer and
Thunell 2000;Kineast et al.2002;Hendy et al.2004]. If water column denitrificatiotid actually
increase over this period it would suggest thabtteanidixed N inventory would remain in deficit
until the increase in water column denitrification came to an end afidaiion couldcompletely
balance this loss, which would ocatrarelatively shorimulti-centennial time scale compared to this
~6 kyr period of imbalance. We speculate th& multi-millennial timescale during which the
nitrogen inventory may have beendeficit might have contributed thsing atmospheric CO
corcentrations which began at ~17 kyr and leveled off at ~11Ngnhpinet al, 2001], ~3 kyr lags

after the interpreted changes in water column denitrification.

8. Conclusions

A new model of nitrogen isotopes has been implemented intbrxedimensioml ocean
component of globalEarth System Climate Model. We have shown that this model can successfully
reproduce the generspatial patterns f  a v a“INO;alsénations when the physical circulation
andmarineecosystem model also reproduce results consistent with observations. Model experiments
includingsimple formulations fosedinentary denitrification anée limitation on the growthates of
diazotrophs simulated a much betigreemenwvi t h  N™NOgobsdrvations suggesting these
processes are important components obtteanidixed N budget.We speculatéhat N, fixation and
denitrification are only loosely coupled due tanidefication that occurs at depthvhich mix intothe
deep oceaand Fe limitation of nitrogen fixersA centennialmillennial time lag might therefore exist
before a nitrogen loss due to a change in denitrification (caused e.g. by warming) woarhodeately
balanced by increased fixation. Such a time lag might be enough to allow changes in the oceanic

fixed N inventory to contribute significantly to the observed glaritdrglacial CQ changesThis
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model is capable of simulations on the muaiillennialtime scals and futureapplications will include
simulations of past cl i MvdedinsentaecotsThemodelmightbe o mp ar i
able toprovidenew insightanto importantphysical and biogeochemical changegEiar t hds hi st o

such as those involved inglacialnt er gl aci al and '“WNiaddclimaeni al vari a

Appendix A. Anisotropic Viscosity Scheme

Horizontal viscosity isequiredin ocean circulation models to resoblhewestern boundary
currents ando smooth otitnumerical nois¢Munk 1950;Bryan et al, 1975;Large et al, 2001].
Isotropic viscosity schemes apply one large viscosity value needed for these purposes everywhere in
the model which is not physically realistic outside of these specific areas.oAdeéiciency when
using isotropic viscosities is the underestimation of the Pacific Equatorial Undercurrent which in
models is typically about 10% compared to what is obsehag¢ et al, 2001]. The Pacific
Equatorial Undercurrent is a source of rigkly warm, fresh, nutrieapoor and oxygemich water that
flows into the Eastern Pacific which has significant physical and biogeochemical effects. We
implement an anisotropic viscosity scheme simildrame et al[2001] in the tropics to better rdse
equatorial dynamics. Figure Al shows zonal and meridional surface viscosities used and Figure A2
shows a comparison at 125°W of the simulated currents with observations in the Eastern Tropical

Pacific [Kessler 2006], the region most significantly efted by the anisotropic viscosity scheme.

28



References Cited

Altabet, M.A., W. G. Deuser, S. Honjo, C. Stienen (1991), Seasonal and-cdatled changes in the
source of sinking particles in the North Atlanfiature 354, 136139

Altabet ,M.A. and R. Francois (1994), Sedimentary nitrogen isotopic ratio as a recorder for surface
ocean nitrate utiliztion, [Bbal Biogeochem. Cycle8, 103116

Altabet, M.A., C. Pilskaln, R. Thunell, C. Pride, C. SigmanCkavez, R. Francois (1999), The
nitrogen isotope biogeochemistry of sinking particles from the margin of the Eastern North Pacific,
DeepSea Res. |46, 655679

Altabet, M.A., D. W. Murray and WL. Prell (1999), Climatdinked variations in Arabian Sea
denitrification over the last 1 m: Implications for the marine N cyclBaleoceanogy.14, 732
743

Altabet, M.A., and R. Francois (2001), Nitrogen isotope biogeochemistry of the Antarctic Polar Frontal
Zone at 170WDeep Sea Res..|U8, 42474273

Altabet, M. A. (2001), Nitrogen isapic evidence for micronutrient control of fractional NO
utilization in the equatorial Pacifitjmnol. Oceanogr46(2), 368380

Altabet, M.A. (2005), Isotopic tracers of the marine nitrogen cycleMarine Organic Matter:
Chemical and Biological Maersedited by J. Volkman, vol. 2 of "The Handbook of
Environmental Chemistry", Editan-Chief: O. Hutzinger, pp. 25293,
http://dx.doi.or¢10.1007/698 2 008

Altabet, M.A., Higginson, M., and Murray, DV. (2007), The e#ct of millennialscale changes in
Arabian Sea denitrification on atmospheric Cature 415 159162

Altabet, M.A. (2007), Constraints on oceanic N balance/imbalance from sedimé&iNamgcords,
Biogeosciencedl, 7586

Berelson, W. M. (2002), Partelsettling rates increase with depth in the ocBaepSea Res49, 237
251

Brandes, JA., and A.H. Devol (1997), Isotopic fractionation of oxygen and nitrogen in coastal marine
sedimentsGeochim. et Sosmo. Ac&il(9), 17931801

Brandes, JA., A. H. Devol, T. Yoshinari, DA. Jayakumar, SN. A. Nagvi (1998), Isotopic
composition of nitrate in the central Arabian sea and eastern tropical pacific: A tracer of mixing
and nitrogen cycleg,imnol. Oceanogr43(7), 16801689

Brandes, JA, and A.H. Dewl (2002), A global marindixed nitrogen isotopic budget: Implications
for Holocene nitrogen cycling;lobal Biogeochem. Cycle$6, 1120, doi:10.1029/2001GB001856

Bryan, K., S. Manabe, R. C. Pacanowski (1975), A global catansphere climate modelar®|l:
The ocean circulatiod, Phys. Oceanogi5, 30-46

Capone, DG., J.P. Zehr, H. Paerl, B. Bergman, andJECarpenter (1997Jrichodesmiuma globally
significant marine cyanobacteriu®¢ience276, 12211229

Carpenter, DG., H.R. HarveyB. Fry, D.G. Capone (1997), Biogeochemical tracers of the marine
cyanobacteriunTrichodesmiumDeepSea Res., B4, 27-38

Checkley, Jr., DM. and CA. Miller (1989), Nitrogen isotope fractionation by oceanic zooplankton,
Deep Sea Res36, 14431456

Cline, JD. and I.R. Kaplan (1975), Isotopic fractionation of dissolved nitrate during denitrification in
the eastern tropical North Pacific Ocelfgr. Chem, 3, 271299

Codispoti, LA., and FA. Richards (1976), An analysis of the horizontal regimeewiittification in
the eastern tropical North Paciflamnol. Oceanogy.21(3) 379388

Codispoti, LA. (2007), An oceanic fixed nitrogen sink exceeding 400 Tg Nsathe concept of
homeostasis in the fixegitrogen inventoryBiogeosciencegl, 233253

De PotHolz, R., O. Ulloa, L. Dezileau, J. Kaiser, F. Lamy, D. Hebbeln (2006), Melting of the

29


http://dx.doi.org/

Patagonian Ice Sheet and deglacial perturbations of the nitrogen cycle in the eastern South Pacific,
Geophy. Res. LetB3, L04704, doi:10.1029/2005GL024477

Delaney, M.L. (1998), Phosphorus accumulation in marine sediments and the oceanic phosphorus
cycle,Blobal Biogeochem. Cycle$2(4), 563572

Deutsch, C., D. M. Sigman, R. C. Thunell, A. N. Meckler, G. H. Haug (2004), Isotopic constraints on
glacial/intergla@ial changes in the oceanic nitrogen bud@ébpal Biogeochem. Cycless,
GB4012, doi:10.1029/2003GB002189

Deutsch, C., X. Sarmiento, DM. Sigman, N. Gruber, . Dunne (2007), Spatial coupling of nitrogen
inputs and losses in the ocedature, 445, doi:10.1038/nature05392

Delwiche, C.C. and PL. Steyn (1970), Nitrogen isotope fractionation in soils and microbial reactions,
Envrion. Sci. Techngl4, 929935

DiFiore, P.J., D.M. Sigman, TW. Trull, M. J. Lourey, K. Karsh, G. Cane, R. Ho (200€itrogen
isotope constraints on subantarctic biogeochemikt@eophys. Resl11, C08016,
doi:10.1029/2005JC003216

Emmer, E., and RC. Thunell (2000), Nitrogen isotope variations in Santa Barbara Basin sediments:
Implications for denitrification inite eastern tropical North Pacific during the last 50,000 years,
Paleoceanograhyl5, 377387

Falkowski, PG. (1997), Evolution of the nitrogen cycle and its influence on the biological
sequestration of COn the oceanNature 387, 272275

Fan, S:M., W. J. Moxim, H.L. Il (2006), Aeolian input of bioavailable iron to the oce@eophys. Res.
Letters 33, LO7602, doi:10.1029/2005GL024852

Fogel, M.L., and L.A. Cifuentes (1993), Isotope Fractionation during Primary Production. In: Engel,
M.H. and A. Ma&o (Editors),Organic GeochemistryPlenum Press, New York, pp. 861

Galbraith, E (2006) rnteractions between climate and the marine nitrogen cycle on gilagedlacial
time scales, Ph.D. thesis, University of British Columbia

Ganeshram, RS., T.F. Pedersen, &E. Calvert, JW. Murray (1995), Large changes in oceanic nutrient
inventories from glacial to interglacial period¥ature 376, 755758

Ganeshram, RS.,T. F. Pedersen, &. Calvert, GW. McNeill, M. R. Fontugne (2000), Glactal
interglaica variability in denitrification in the World's Oceans: Causes and consequences,
Paleoceanogy.15, 361376

GayeHaake, B., N. Lahajnar, {Ch. EmeisD. Unger, T. Rixen, A. Suthhof, V. Ramaswamy, H.
Schulz, A.L. Paropkari, MV. S. Guptha, V. Ittekko{;2005), Stable nitrogen isotope ratios of
sinking particles and sediments from the nothern Indian Od&amChem, 96(3-4), 243255,
doi:10.1016/j.marchem.2006.02.001

Gent, PR., and JC. McWilliams (1990), Isopycnal mixing in ocean circulation mod&I&hys.
Oceanogt. 20, 150155

Giraud, X., PBertrand, V. Garcon, |I. Dadou (2000), Modelindt 5N ev ol uti on: Firs:
palaeoceanographic applications in a coastal upwelling sydtévar. Res.58, 609630

Grantham, BA., F. Chan, KJ. Nielsen, DS. Fox, JA. Barth, A. Huyer, J. Lubchenco and/.
Menge (2004), Nearshore upwellgiven hypaia signals ecosystem and oceanographic changes
in the NE PacificNature 429, 749754

Gruber, N. and 1.. Sarmiento (1997), Global patterns of marine nitrogen fixationdandrification,
Global Biogeochem. Cyclekl, 235266

Hansell, D. A., N. R. Bats (2004), Excess nitrate and nitrogen fixation in the North Atldviacine
Chemistry 84, 243-265

Hansell, DA., D. B. Olson, F. Dentener, L.M. Zamora (2007), Assessment of excess nitrate
development in the subtropical North Atlantitéarine Chem.106, 562579

Hendy, I.L., T. F. Pedersen, P. Kennett, R. Tada (2004), Intermittent existence of a southern

30



Californian upwelling cell during submillennial climate change of the last 60 kyr,
Paleoceanographyl9, PA3007, doi:10.1029/2003PA000965

Holl, C. M. and JP. Montoya (2005), Interactions between nitrate uptake and nitrogen fixation in
continuous cultures of the marine diazotrdpicthodesmiungcyanobacteria)). Phycol, 41(6),
11781183

Jickells, T.D., Z.S. An, K.K. Andersen, AR. Baker, G. Begametti, N. Brooks, Jl. Cao, PW. Boyd,
R.A. Duce, K.A. Hunter, H. Kawahata, N. Kubilay, J. larocheSPLiss, N. Mahowald, M.
Prospero, AJ. Ridgwell, I. Tegen, R. Torres (2005), Global Iron Connections Between Desert
Dust, Ocean Biogeochemigtiand ClimateScience308 67-

Karl, D, A. MichaelsB. Bergman, D. Capone, E. Carpenter, R. Letelier, F. Lipschultz, H. Paerl, D.
Sigman, L. Stal (2002), Dinitrogen fixation in the world's oceBitgeochemistry57/58 47-98

Kessler, W. S. (2006), Ehcirculation of the eastern tropical Pacific: A reviBwggress in Oceanogr.
69, 181-217

Kineast, SS., S\W. Calvert, TF. Pedersen (2002), Nitrogen isotope and productivity variations along
the northeast Pacific margin over the last 120 kyr: saréand subsurface paleoceanography,
Paleoceanogyr.17(4), 1055, doi:10.1029/2001PA000650

Knapp, A. N., D. M. Sigman, F. Lipschultz (2005), N isotopic composition of dissolved organic and
nitrate at the Bermuda Atlantic Tinseries Study sité;lobal Biogeahem. Cyclesl9,
doi:10.1029/2004GB002320

Knapp, A.N., P.J. DiFiore, C. Deutch, D.M. Sigman, F. Lipschultz (2008), Nitrate isotopic
composition for N2 fixation in the Atlantic Ocedalobal BiogeochenCycles 22, GB3014,
doi:10.1029/2007GB003107

Kustkag A., E.J. Carpenter, and 8. SanudeWilhelmy (2002), Iron and marine nitrogen fixation:
Progress and future directidRes. Microbiol, 153 255262

Kuypers, M. M. M., G. Lavik, D. Woebken, M. Schmid, B. M. Fuchs, R. Amann, B. B. Jorgensen, M.
S. M. Jéten (2005), Massive nitrogen loss from the Benguela upwelling system through anaerobic
ammonium oxidationProc. Nat. Aca. Sci102 54785483

Kuypers, M. M. M., G. Lavik, B. Thamdrup (2006) Anaerobic ammonium oxidation in the marine
environment in:Pag and Present Water Column AnoxilATO Science Seried/. Earth and
Environmental Science84, edited by: L. Neretin, Springer, Dordrecht, 3H5

Large, W.C., G. Danabasoglu, @. McWilliams, PR. Gent, FO. Bryan (2001), Equatorial circulation
of a global ocean climate model with anisotropic horizontal visakihys. Oceanogi31, 518
536

Lehmann, MF., S.M. BernasconiA. Barbieri, JA. McKenzie (2002), Preservation of organic matter
and alteration of its carbon and nitrogen isotopepsition during simulated and in situ early
sedimentary diagenesiSeochim. Cosmochim. A¢te6(20), 35733584, doi:10.1016/S0016
7037(02)0096¥

Lehmann, M. F., D. M. Sigman, D. C. McCorkle, B. G. Brunelle, S. Hoffmann, M. Kienast, G. Cane, J.
Clement (BP05), Origin of the deep Bering Sea nitrate deficit: Constraints from the nitrogen and
oxygen isotopic composition of water column nitrate and benthic nitrate fiGkaisal
Biogeochem. Cycle&9, GB4005, doi:10.1029/2005GB0002508

Lipschultz, F., NR. Bates, C. A. Carlson, D. A. Hansell (2002), New production in the Sargasso Sea:
History and current statuglobal Biogeochem. Cycles6(1), 1001, doi:10.1029/2000GB001319

Liu, K. K., and I.R. Kaplan (1989), the eastern tropical Pacific as a sourceléf éhriched nitrate in
seawater off southern Californiaimnol. Oceanogy.34(5), 820-830

Luo, C., N. Mahowald, and J. del Corral (2003), Sensitivity study of meteorological parameters on
mineral aerosol mobilization, transport and distributibrGeophyg. Res.108D15), 4447,
doi:10.1029/2003JD003483

31



Macko, SA. M. L. Fogel, PE. Hare, and TC. Hoering (1987), Isotope fractionation of nitrogen and
carbon in the synthesis of amino acids by microorgani€em. Geo).65, 7992

Mariotti, A., J.C. Gemon, P. Hubert, P. Kaiser, R. Letolle, A. Tardieux, P. Tardieux (1981),
Experimental determination of nitrogen kinetic isotope fractionation: some principles; illustration
for the denitrification and nitrification process€$ant and Soil Sciencé2, 413-430

Marland, G., TA. Boden, and RJ. Andres (2006), In Trends: A Compendium of Data on Global
Change, Carbon Dioxide Information Analysis Center, Oak ridge National Laboratory, U.S.
Department of Energy, Oak Ridge, Tenn. USA

Matsumoto, K. et al. (200, Evaluation of ocean carbon cycle models with-thatsed metrics,
Geophys. Res. Let81, LO7303

McElroy, M.B. (1983), Marine biological controls on atmospheric@@d climateNature 302 328
329

Michaels, A.F., D. Olson, J. L. Sarmiento, J. W. Ararman, K. FanningR. Jahnke, A. H. Knapp, F.
Lipschultz, J. M. Prospero (1996), Inputs losses and transformations of nitrogen and phosphorus in
the pelagic North Atlantic, In: Howarth, R. W. (Ed.), Nitrogen Cycling in the North Atlantic Ocean
and its Watesheds. Kluwer Academic Publishers, Boston, MA, pp-234

Minagawa, M. and E. Wada (1984), Stepwise enrichment of 15N along food chains: Further evidence
and the relation b e Geoehanita el GoSndchnicalActs, 1i3%ia40 a g e,

Minagawa, M., and E. Wada (1986), Nitrogen isotope ratios of red tide organisms in the East China Sea
- a characterization of biological nitrogen fixatidviar. Chem, 19(3), 245259

Monnin, E., A. Indermuhle, A. Dallenbach, J. Fluckiger, B. Stauffef, $ocker, D. Raynaud, -M.
Barnola (2001), Atmospheric G@oncentrations over the Last Glacial Terminat®cgnce291,
112-114

Montoya, JP. and JJ. McCarthy (1995), Isotopic fractionation during nitrate uptake by phytoplankton
grown in continuos culire,J. of Plankton Resl17(3), 439464

Montoya, J. P.E. J. Carpenter, D. G. Capone (2002), Nitrogen fixation and nitrogen isotope
abundances in zooplankton of the oligotrophic North Atlahironol. Oceanogr47, 16171628

Moore, JK. and SC. Dong (2007), Iron availability limits the ocean nitrogen inventory stabilizing
feedbacks between marine denitrification and nitrogen fixa@tohal Biogeochem. Cyclg2l,
GB2001, doi:10.1029/2006GB002762

Munk, W. H. (1950), On the wind driven ocean cirtioia, J. Meteor, 7, 7993

Naqvi, S. S. A. (2007), The Indian Ocean, in: Nitrogen in the the Marine Environment, edited by:
Capone, D. G, Bronk, D. A., Mulhollnad, M. R., and Carpenter, Bcademic Press

Postgate, J. (1998), Nitrogen Fixation 3ra 6120 (Cambridge Univ. Press, Cambridge, 1998)

Raven, J. A.,, M. C. W. Evans, R. E. Korb (1999), The role of trace metals in photosynthetic electron
transport in @-evolving organisms$Photosynth. Res60, 111149

Ren, H., DM. Sigman, AN. Meckler, B Plessen, RS. Robinson, Y. Rosenthal, B. Haug (2009),
Foraminiferal Isotope Evidence of Reduced Nitrogen Fixation in the Ice Age Atlantic Ocean,
Science323 244248

SanudeWilhelmy, S.A., A. B. Kustka, C.J. Gobler (2001), Phosphorus limitation Tiychodesmium
in the central Atlantic OceaNature 411, 66-69

SanudeWilhelmy, S. A., A. TovaiSanchez, FX. Fu, D. G. Capone, E. J. Carpenter, and D. A.
Hutchins (2004), The impact of surfaadsorbed phosphorus on phytoplankton Redfield
stoichiomety, Nature 432, 897901

Schartau, M., and Oschlies, A. (2003), Simultaneouslaigad optimization of a 2Bcosystem model
at three locations in the North Atlantic: PaNléthod and parameter estimatésiVar. Res.61,
765793

Schmittner, A., ED. Gdbraith, S.W. Hostetler, TF. Pedersen, R. Zhang (2007), Large fluctuations of

32



dissolved oxygne in the Indian and Pacific oceans during Dans@aechger oscillations caused
by variations of North Atlantic Deep Water subductiBaleoceangr.22,
doi:10.1029/2006PA001384

Schmittner, A.A. Oschlies, H. D. Matthews, and E. D. Galbraith (2008), Future changes in climate,
ocean circulation, ecosystems and biogeochemical cycling simulated for a basinssal CO2
emission scenario until year 4000 AGlobal Biogeochem. Cycle22, GB1013,
doi:10.1029/2007GB002953

Sigman, D. M., M. A. Altabet, R. Michener, D. D. McCorkle, B. Fry, R. M. Holmes (19997), Natural
abundancéevel measurement of the nitrogen isotopic compositionof oceanic nitrate: Ann
adaptatiorof the ammonia diffusion methollar. Chem, 57, 227242

Sigman, DM., M. A. Altabet, D.D . Mc Cor kI e, R. Francoi s, G. Fi sc
the Southern Ocean: Consumption of nitrate in surface wé&sal Biogeochem. Cycles3(4),
11491166

Sigman, DM., R. Robinson, AN. Knapp, A. van Geen, BC. McCorkle, JA. Brandes, RC. Thunell
(2003), Distinguishing between water column and sedimentary denitrification in the Santa Barbara
Basin usinkg the stable isotopes of nitr@epclem., Geophys., Geosy4(5), 1-20,
doi:10.1039/2002GC00384

Sigman, DM., J. Granger, H. DiFiore, M. M. Lehmann, R. Ho, G. Cane, A. van Green (2005),
Coupled nitrogen and oxygen isotope measurements of nitrate along the eastern North Pacific
margin,Global Biogeochem. Cycles9, GB4022, doi:10.1029/2005GB0002458

Simmons, HL., S.R. Jayne, LC. St. Laurent, AJ. Weaver (2004), tidally driven mixing in a
numerical model of the ocean general circulatioean Mode| 6, 245263

Sutka, RL., N. E. Odrom, P.H. Ostrom, M.S. Phankumar (2004), Stable nitrogen isotope dynamics of
idssolved nitrate in a transect from the North Pacific Subtropical Gyre to the Eastern Tropical
North Pacific,Geochimica et Cosmochimica Ac&8(3), 517527

Thamdrup, B., TDalsgaard, M. M. Jensen, O. Ulloa, L. Farias, R. Escribano (2006), Anaerobic
ammonium oxidation in the oxygeteficient waters off northern Chileimnol. Oceanogr51(5),
21451256

Thunell, R.C., D.M. Sigman, F. MulleKarger, Y. Astor, R. Varela (2004Nitrogen isotope dynamics
of the Cariaco Basin, Venezuelalobal Biogeochem. Cycles8, GB3001,
doi:10.1039/2003GB002185

Tyrell, T. (1999), The relative influence of nitrogen and phosphorus on oceanic primary production,
Natureg 400 525531

Voss, M.J., JW. Dippner, JP. Montoya (2001), Nitrogen isotope patterns in the oxygen deficient
waters of the Eastern Tropical North Pacific Océ2eep Sea Res. |, @3, 3549

Wada, E., and A. Hattori (1978), Nitrogen isotope effects in the assimilationrgaimc nitrogenous
compounds by marine diatonGeomicrobiology Journall, 85101

Wada, E. (1980), Nitrogen isotope fractionation and its significance in biogeochemical processes
occurring in marine environmenisptope Marine Chemistredited by E. Glaberg, Y. Horibe, K.
Saruhashi, 37398, Uchida Rokakuho, Toyko

Waser, NA. D., P.J. Harrison, B. Nielson, &. Calvert, D.H. Turpin (1998), iNogen isotope
fractionation during the uptake and assimilation of nitarte, nitrite, ammonium, and urea by a
marine diatomlLimno. and Oceanog#3(2), 215224

Wu, J., SE. Calvert, CS. Wong (1997), Nitrogen isotope variations in the northeastdibBacific:
Relationships to nitrate utilization and trophic structireep Sea Res.44, 287314

Yoshikava, C., Y. Yamanaka, T. Nakatsuka (2006), Nitfdizogen Isotopic Patterns in Surface Waters
of the Western and Central Equatorial PacificQceanogr., 62511525

Zickfeld, K., M. Eby, and A.J. Weaver (2008), Carboytle feedbacks of changes in thigaftic

33



meridional overturning circulation under future atmospheric G&ahal Biogeochem. Cycles
22(3), GB3024, doi 10.1029/2007GB003118

34



2
A ﬁxatioriﬁ 15N=0%0

PO -P -
g 4 JoPp 5158])
w
Q /ST
= e NS
= o R . EASSIM OQ,-’/@?’;N
5 P:N AN /N = [
= JoPo //q%j/ <,
.f/‘ \\ 7 /
| ‘/,‘ ]
2 RO:N

{en
[y
(%] ]
Z

S

sinking
w dD/dz

Figure 1. Schematic of the marine ecosystem model with the nitrogen isotope model parameters in
color.
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Figure 2. Comparison between World Ocean Atlas 2005 (WOAOQ5) and anmuid¢| (CNTRL) (a)
surface NQ( ¢ M) ande Mb)atdO 300 m dept h.
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