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Abstract

We present a biogeochemical model that couples the marine nitrogen and oxygen cy-
cles and includes euphotic, aphotic, aerobic and anaerobic processes. The model is
used to investigate the mechanisms affecting nitrite and nitrogen losses in the suboxic
layer of the Central Arabian Sea. In an idealized two-dimensional physical environment
the model is able to reproduce the observed meridional-vertical structure of suboxic
zone, secondary nitrite maximum, nitrate and oxygen. Characteristic features of verti-
cal profiles are well represented and the modelled nitrogen transformation rates are in
good agreement with observed values. The model results show that the oxygen mini-
mum zone is not vertically homogeneous, as all suboxic processes are confined to the
top 100 m of this zone. Minute differences in oxygen concentration determine the thick-
ness of the nitrite layer. The modelled average N-loss rate in the suboxic region of the
Arabian Sea is about 50 mmolNm™2 yr‘1 (about 30 times smaller than most previous
estimates). The system response time scale is about 50 yr, much larger than usually
assumed.

1 Introduction

The pathways of nitrogen in the ocean branch out when oxygen becomes depleted in
the water column (see, e.g. reviews by Arrigo, 2005; Lam and Kuypers, 2011; Zehr
and Kudela, 2011). Under low oxygen conditions the balance between the reactive
nitrogen compounds, i.e. ammonium, nitrite and nitrate changes. Nitrate and nitrite
are converted by bacteria to other inorganic forms of nitrogen through dissimilatory
nitrate reduction to nitrite (DNRN) or ammonium (DNRA). In addition, three microbial
processes eventually lead to the formation of dinitrogen gas N,: heterotrophic and
autotrophic denitrification as well as anaerobic ammonium oxidation (anammox). The
former and the latter are assumed to be the main mechanisms responsible for the loss
of reactive nitrogen from the system. In both denitrification processes, nitrate is reduced
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to N,. During the heterotrophic degradation process a significant amount of nitrite can
be formed as an intermediate product and subsequently reduced to N,. Autotrophic
anammox bacteria reduce nitrite to oxidize ammonium while N, is released directly.

The Arabian Sea is one of the largest regions with low oxygen conditions (referred
to as the oxygen minimum zone, OMZ) where a pronounced subsurface nitrite signal
is routinely observed (see, e.g. Paulmier and Ruiz-Pino, 2009, for a recent overview).
The occurrence of the so-called secondary nitrite maximum (secondary in depth not
in magnitude) has often been used as direct evidence for ongoing denitrification. This
has recently been called into question by Lam et al. (2011) who found indications for
active dissimilatory nitrate reduction to nitrite (DNRN), which can explain the observed
nitrite signal; at the same time there was hardly any N, production. The growth of het-
erotrophic denitrifiers seemed to be limited by low availability of labile organic matter;
most of the N, (although found in low quantity) was attributed to anammox (Lam et al.,
2011). Other studies suggest that heterotrophic denitrification is high and the dominant
process in the presence of nitrite (Ward et al., 2009; Bulow et al., 2010). Not only the
relative contributions of various pathways are unknown but also the total nitrogen loss
in the Arabian Sea. Recent estimates range from about 12 (DeVries et al., 2012) to 41
(Devol et al., 2006) Tg Nyr'1. These large uncertainties and contradictory findings also
raise the question of the spatial and temporal variability of the system.

So far, only few modelling studies have been carried out to address the nitrogen cy-
cling and losses in the Arabian Sea. Anderson et al. (2007) investigate the seasonal
and regional variability of denitrification with a biogeochemical nitrogen-oxygen-cycle
model coupled to a three-dimensional ocean circulation model. The results are in rea-
sonable agreement with the observational data. Their study does not, however, explic-
itly consider all relevant processes affecting nitrite (ammonium oxidation, nitrite oxida-
tion, anammox). In addition, nitrate and oxygen concentrations are strongly restored
to climatology below 550 m and 137 m, respectively, representing artificial sources (or
sinks) of these quantities. This measure potentially masks model deficiencies due to
missing processes, incorrect parameters and otherwise inaccurate oxygen and nitrate
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distributions. Hence, estimates of the total nitrogen loss may or may not be reliable.
A different modelling approach is applied by Lam et al. (2011). Based on the observed
vertical distributions of different nitrogen species, the net sources and sinks are com-
puted from a steady state reaction-diffusion model. Since this model is applied to a sin-
gle water column, three-dimensional advection and lateral diffusion are ignored. In ad-
dition, the method does not permit the identification of individual processes (anammox,
denitrification, DNRN, DNRA) involved in N-cycling.

In summary, the remaining open questions concerning the nitrogen cycling in the low
oxygen layers of the Arabian Sea are: What are the dominant processes that lead to
the existence of a pronounced secondary nitrite maximum? What are the relevant time
scales of the system? How much of the nitrogen is lost from the system?

An in-depth theoretical investigation might shed light on some of these issues. In this
study, we therefore address these questions using a horizontally and vertically resolved
numerical model. The biogeochemical component includes the most important aerobic
or anaerobic processes (e.g. ammonium and nitrite oxidation, denitrification, anam-
mox); it is embedded in time mean flow and turbulence fields. The model is applied in
an idealized configuration representative of a typical transect through the Arabian Sea.
The results are evaluated by qualitative and quantitative comparison with observations.

The paper is structured as follows: First, observed vertical profiles of different nitro-
gen species and oxygen are categorized into two different types (Sect. 2). The model
(concept, equations and configuration) is introduced in Sect. 3. Section 4 presents the
model results and their evaluation. The paper ends with a summary and conclusions
(Sect. 5).

2 Observational baseline

The existence and extent of a pronounced secondary nitrite maximum in the Arabian
Sea has long been demonstrated in numerous field studies, which have led to a large
data base of profiles. A selection of recent casts in this region is shown in Fig. 1, where
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locations with nitrite are marked as dark and light blue dots. The occurrence of nitrite
can be used to define the suboxic zone since large amounts of nitrite can accumulate
only in regions where the oxygen concentrations are below a critical value (here taken
as <2 M) so that aerobic processes cannot take place. The region with a suboxic
layer therefore roughly coincides with the region of a subsurface nitrite layer (see, e.g.
Naqvi, 1991).

No nitrite is found in the southern, western and far northern parts of the Arabian
Sea (Fig. 1, green dots) where oxygen concentrations are too high. Typical profiles of
nitrate, nitrite and oxygen at these stations (Figs 1 and 2a: profile TT043_13) are char-
acterized by a sharp increase of nitrate below the surface mixed layer (SML), followed
by a gradual increase to about 40 mmolm™ in 1500 m depth. Oxygen concentrations
decrease strongly below the SML, but they remain high enough to support aerobic pro-
cesses throughout the water column. Oxygen is recharged both from above (through
primary production in the euphotic zone) as well as lateral and below (as a result of
global ocean ventilation). Nitrite is present only in a small primary nitrite maximum at
the base of the SML. The formation of the primary nitrite maximum is not fully un-
derstood; it is, however, assumed that phytoplankton is responsible for the release of
nitrite due to incomplete assimilation of nitrate (Lomas and Lipschultz, 2006). Since we
are mainly interested in the nitrogen pathways in the suboxic zone, we do not further
consider the primary nitrite maximum.

The vertical profiles in the central and north-eastern parts of the Arabian Sea are
significantly different. Light blue dots in Fig. 1 indicate profiles of the type shown in
Fig. 2b (profile TT043_11). In these locations, a suboxic zone (defined by an O, con-
centration of less than 2 uM) exists and a subsurface nitrite signal is found. In many
profiles, suboxic conditions occur directly below the SML. A distinct peak in nitrite with
concentrations up to a few uM in about 200 m depth is typical. The nitrite maximum
coincides with a strong reduction in nitrate. Summing up both reactive nitrogen species
reveals a non-monotonic profile, indicative of nitrogen loss. The nitrite layer is about
100 m thick and the distributions are often symmetrical with respect to the maximum.
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Nitrite profiles of this type are abundant in the center of the Arabian Sea, i.e. in the
region that we call the “edge” of the suboxic zone.

The nitrite signal is even more pronounced in the north-eastern part of the Arabian
Sea (dark blue dots in Figs. 1, 2c: profile TT043_7) where the top of the suboxic zone is
located deeper (in about 200 m depth). The sharp increase in nitrite over a distance of
only 50 m is contrasted by a quasi-linear decrease from the maximum at 250 m down to
about 700 m. Again, the nitrite maximum corresponds to the nitrate minimum, affecting,
however, a much larger portion of the upper water column. Profiles of nitrite at other
locations within this “core” of the suboxic zone (Fig. 1, dark blue dots) all share this
specific vertical asymmetry, even though in some cases the vertical shape is disturbed
by lateral intrusions of water masses with different concentrations of nitrite.

The three profiles presented here are representative for our categories “outside”,
“‘edge” and “core”. They have been chosen as the reference, because they originate
from the same cruise and are comparatively well resolved in the vertical.

3 Model description
3.1 Basic concept

The target area for this study is the poorly ventilated, oligotrophic region of the Ara-
bian Sea. In order to describe the pathways of nitrogen under aerobic and anaerobic
conditions, a biogeochemical model is developed that combines the nitrogen and oxy-
gen cycle. Two-dimensional (horizontal-vertical) advection and diffusion are considered
through prescribed time-mean flow and diffusivity fields. External input of nitrogen (i.e.
nitrogen fixation and atmospheric deposition of ammonium combined) and lateral in-
put/output of nitrate is included. These fluxes are balanced by the loss of nitrogen
through detrital sinking below the level of the nutrient (nitrate) maximum as well as due
to anaerobic nitrogen loss processes (denitrification and anammox). A steady state
solution is obtained, analyzed and compared with observations.
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In the configuration of the physical environment, we have made use of “Occam’s
razor”, i.e. we exclude as many complicating aspects of the physical environment as
possible, as long as the main phenomenology is captured and general quantitative
agreement is obtained. One of the advantages of this approach is that the relevant
processes can be identified and that certain hypotheses can be ruled out. Additional
details can be dealt with in later refinements.

3.2 Biogeochemical model

The biogeochemical model considers the different marine nitrogen pathways and uses
stoichiometric ratios as specified in Appendix A. It uses 7 prognostic variables: phy-
toplankton (P), nitrate (NO3), ammonium (NH,), nitrite (NO,), two detritus pools (D,
Dg) and oxygen (O,); for simplicity, NO;, NO, and NHZ are called NO3, NO, and
NH,, respectively. Figure 3 shows the coupled nitrogen and oxygen fluxes between the
different model compartments.

The different groups of aerobic and anaerobic bacteria are not explicitly included as
prognostic variables. Instead, we assume these organisms are generally abundant in
their respective niches. Thus, “only” the bacterial activities, i.e. the nitrogen transfor-
mation processes are explicitly considered.

The model is a typical NPZD-type model driven by the light-limited growth of phy-
toplankton based on nitrate and ammonium (PPROD-A, PPROD-N) in the euphotic
zone. The growth rate for ammonium based growth is assumed to be higher than nitrate
based growth, because the former requires less energy (see Appendix A). The loss of
phytoplankton through mortality (PMORT) is the source for the two detritus pools that
differ in lability and sinking velocities. During remineralization (REMIN-L, REMIN-R)
nitrogen is transferred from the detritus compartments to the ammonium pool. In low
light, ammonium oxidation (AMMOX) leads to nitrite which is further oxidized (NITOX)
to nitrate. Under suboxic conditions nitrate reduction to nitrite (DNRN) or ammonium
(DNRA) as well as autotrophic denitrification (A-DENIT), anammox (ANAMMOX) and
nitrite reduction to N, (NRN2) take place (to avoid confusion we have introduced the

13587

BGD
9, 13581-13625, 2012

Nitrogen cycling in
the Central Arabian
Sea

A. Beckmann and
|. Hense

Title Page
Abstract Introduction
Conclusions References

Tables Figures

1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/13581/2012/bgd-9-13581-2012-print.pdf
http://www.biogeosciences-discuss.net/9/13581/2012/bgd-9-13581-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

term NRN2, because the widely-used alternative “(heterotrophic) denitrification” may
or may not include DNRN). The latter three processes constitute internal sink terms for
nitrogen in our model. The coupled oxygen cycle considers the following processes:
production through PPROD and consumption by REMIN, NITOX and AMMOX. Note
that the oxygen balance is not formally closed, as water (H,O) represents both the
unlimited source for O, production during photosynthesis and the ultimate fate of oxy-
gen in several aerobic and anaerobic processes. All reaction equations are given in
Appendix A.

The functional dependencies and parameters to describe PPROD, PMORT and
REMIN are those commonly used in ecosystem models (see, e.g. Anderson et al.,
2007; Beckmann and Hense, 2007). Light and nutrient limitation of phytoplankton
growth are described by the Monod kinetics with typical values for the maximum growth
rate and half saturation constants. Mortality is modelled as a linear term; the mortality
rate includes natural as well as grazing losses, in accordance with other model ap-
proaches (e.g. Beckmann and Hense, 2007). For the two detritus species, different
remineralization rates and sinking velocities are applied, resulting in different reminer-
alization length scales (the ratio of sinking speed and remineralization rate) of 100m
and 3000m, respectively. This is necessary to account for the fast turnover of part
of the biogenic material in the upper layers of the ocean and the simultaneous deep
penetration of part of the detritus (see also Lutz et al., 2002; Lamborg et al., 2008).
The refractory detritus is assumed to be resistant to denitrification; this is motivated by
the fact that decomposition of refractory organic matter is hampered under anaerobic
conditions (e.g. Kristensen et al., 1995).

Only few estimates of metabolic rates and half saturation constants for bacterial pro-
cesses are available. The diversity of bacteria (generally and also in the ocean) is large
and their metabolic pathways (e.g. anammox) and characteristics (e.g. growth rates)
vary considerably. Proper description of specific processes like anammox requires the
determination of all participating bacteria and the derivation of a suitably weighted av-
erage of metabolic rates and half saturation constants. This task is non-trivial and has
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not been done yet. We have therefore made what we consider reasonable assump-
tions for all values to describe the bacterial processes: In particular, we assume that
the rates of aerobic autotrophic processes are generally higher than those of aerobic
heterotrophic processes and of anaerobic autotrophic processes. Aerobic and anaer-
obic heterotrophic processes are assumed to be of the same order of magnitude. Fi-
nally, we adopt the general notion that the rate for ANAMMOX is lower than for NRN2
(see, e.g. Dalsgaard et al., 2012, and references therein). Rate limitations for bacterial
processes are again described by the Monod kinetics: AMMOX and NITOX are both
suppressed under light. The heterotrophic processes DNRN, DNRA and NRN2 are
limited by detritus, ANAMMOX by nitrite. In addition, aerobic processes depend on an
oxygen limitation function; anaerobic processes depend on the same relationship in
complementary form.

Adding sinking of detritus, advection and diffusion, the following system of prognostic
equations is solved:

‘2_’; - PPROD-A + PPROD-N — PMORT + diff(P) — adv(P)
ONO,
57~ =~ PPROD-N + NITOX - fy -DNRN - gy - DNRA — A-DENIT
+ diff(NOg) — adv(NOg)
ONH,
o =~ PPROD-A+ REMIN-L + REMIN-R + f, - DNRN + i - NRN2
+ DNRA — AMMOX — ANAMMOX + diff(NH,) — adv(NH,)
ONO
- 2 — _ NITOX + fy - DNRN — Ay - NRN2 + AMMOX — ANAMMOX

+ diff(NO,) — adv(NO,)
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oD
—L = aPMORT - REMIN-L — fp-DNRN — gp - DNRA — A, - NRN2

ot
—sink(D, ) + diff(D,) —adv(D, )
oD
a_tR = (1 — a)PMORT - REMIN-R - sink(DR) + diff(Dg) — adv(Dg)

00
5 —tz = qpn-PPROD-N + g, ,-PPROD-A - g, - (REMIN-L + REMIN-R)

E;
— 0.5NITOX — 1.5AMMOX + diff(O,)-adv(O,)

where nitrogen (N) is the model currency for all variables except oxygen, which is given
in O, units. In these equations, a is the allocation factor for labile detritus. The pho-

1 tosynthetic and respiratory quotients are gy, q,4 and q,, respectively; stoichiometric
factors f, g and h refer to DNRN, DNRA and NRN2, respectively, where the subscript
denotes nitrate/nitrite, while , stands for both detritus species, see also Table 1. The
individual terms are:

PPROD-N = N ! NO, i, p
max k/ +/ kNO3 + N03 kNH4 + NH4

PPROD-A = u4 ! NHs P
° = Hmax \ 357 ) \ e, + NH,

PMORT = yP
REMIN-L = 7, 0D,
REMIN-R = 7, 0Dg
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kl
AMMOX = e,6——NH
Ak o+l

K
NITOX = eyo——NO,

Kk +1
DNRN = 8y (1 - 0) P no
N kpnmrn + D °
DNRA = 6, (1 - 0) P no
5 = -0) — 0
A Konra + DL ®
ANAMMOX = 8,54 (1 - 0) NG \h
= OANA kN02 +NO, 4
NRN2 = 6, (1 - 0) . no
= -0)————
2 Knrnz + DL 2
A-DENIT = v(1 - 6)NO;
o¢p

S|nk(¢) = WCDE

2
o diff() = 2 (Av(z)a_(‘b) AL

- 8z 0z oy?
_ 09 [6J0))
adv(ep) =v 3y +w 7

where “sink”, “diff” and “adv” refer to sinking, diffusion and advection, respectively, and
@ is a replacement character for specific prognostic variables. Central to the model

15 is the oxygen dependence of various processes. A simple linear measure of the oxy-
gen limitation for aerobic processes (REMIN, AMMOX and NITOX) and anaerobic pro-
cesses (DNRN, DNRA, ANAMMOX, NRN2 and A-DENIT) is

o= %min(oz,e)

13591

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

BGD
9, 1358113625, 2012

Nitrogen cycling in
the Central Arabian
Sea

A. Beckmann and
|. Hense



http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/13581/2012/bgd-9-13581-2012-print.pdf
http://www.biogeosciences-discuss.net/9/13581/2012/bgd-9-13581-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

where @ is the threshold value for suboxia. For a complete list of parameters see Ta-
ble 1.

3.3 Model configuration

The model configuration is a two-dimensional (y-z) section through the upper ocean,
thought to roughly represent a south-west—north-east transect through the Arabian
Sea. The horizontal extent is 1000 km, with 20 km horizontal grid spacing. The ver-
tical extent is limited to the upper 1500 m (roughly the depth of the nitrogen maximum
where the diffusive flux vanishes, see Beckmann and Hense, 2007, 2009), the vertical
grid spacing is uniformly 2 m.

The physical environment consists of a prescribed vertical profile of turbulent diffu-
sivity, a weak lateral mixing A, and an overturning circulation mainly confined to the
upper 500 m of the fluid. Both advection and diffusion are assumed to be time-invariant
(i.e. we consider seasonal time scales as unimportant for the subsurface distributions
of oxygen and nitrogen species).

The vertical diffusivity profile represents (i) the surface mixed layer (SML) with high
levels of mixing to produce quasi-homogeneous conditions down to its base, (ii) a bar-
rier layer (BL) with a minimum of vertical mixing as a consequence of the strong strat-
ification at the base of the SML and (iii) a thermocline layer (TCL) with downward
increasing diffusivities (see Fig. 4 and Appendix B). The barrier layer is necessary to
prevent oxygen and nitrate from excessively diffusing downward into the subsurface
layers and upward into the SML, respectively. Here, the barrier layer is assumed to be
located between 90 and 100 m depth throughout the model domain. This is a simplifi-
cation, as the observed SML shallows northward. However, the omission of this detalil
does not affect the general results of this study. The functional form of the vertical
mixing profile is given in Appendix B. A lateral diffusivity of 5 m?s™" is used.

The prescribed overturning circulation is dominated by an Ekman cell in the upper
100 m, following the model results of Miyama et al. (2003). In addition, a weak up-
welling circulation is prescribed in the upper 500 m, in accordance with the conceptual
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idea presented in, e.g. Lee (2004). The spatial structure is shown in Fig. 4. Typical
meridional velocities in upper 150 m are a few cms™ (1000 kmyr'1), and vertical ve-
locities of a few tens of myr‘1. The advective transfer across the barrier layer is about
1 myr'1. Below 150 m depth, the maximum lateral flow is 5 kmyr‘1 and the maximum
upwelling velocity is 1.3 myr‘1 in the center of the domain. The exact functional form
of the streamfunction is given in the Appendix C.

The boundary conditions are of the mixed type: at the surface, a no flux condition is
assumed for all variables except ammonium and oxygen. For oxygen, a surface value
of 200 uM is prescribed. The external input of nitrogen is the sum of atmospheric depo-
sition and fixation, here treated as a combined surface flux of ammonium. The atmo-
spheric deposition of nitrogen amounts to 5-10 mmolm™2 yr'1 (Galloway et al., 2004).
Estimated values for nitrogen fixation are between 8.7 and 87 mmolm_zyr_1 (Bange
et al. (2000), computed from a total estimate for the Arabian Sea of 4.93 x 102 m?
horizontal area). Since today’s mid-depth conditions are the result of past decades, we
use a conservative value for the nitrogen flux (30 mmol m'2yr'1 in total).

At the base of the model domain (in 1500 m depth), no flux conditions for P, NO, and
NH, are assumed, uniform values for nitrate (40 mmol m'3) and oxygen (50 mmol m'3)
are specified. The lower model boundary is open for sinking detritus species. The lat-
eral boundaries are open at outflow points, and allow for an advective and diffusive
influx of NO3 and O, at inflow points; the external profiles for nitrate and oxygen at the
southern boundary are shown in Fig. 4.

The model is initialized with vertically uniform profiles of nitrate, phytoplankton and
oxygen and run to steady state (defined as a maximum pointwise imbalance of all terms
of less than 0.001 mmolNm™2 yr‘1, which was reached after 3000 model yr) with a time
step of 100s (for explicit time stepping). Two-dimensional advection is implemented
with an upstream scheme.
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4 Results and discussion

The steady state model solution provides us with two-dimensional transects and indi-
vidual profiles of all state variables. We are interested in the subsurface distributions
of nitrate, nitrite and oxygen, the sources and sinks of nitrite, the time scales of the
system, the total N loss and the integrated nitrogen budget.

4.1 Spatial distribution of NO3, NO, and O,

The simulated oxygen, nitrite and nitrate fields are shown in Fig. 5. The oxygen dis-
tribution features concentrations of about 200 uM in the SML, an abrupt decline in the
barrier layer and a minimum layer between 200 and 800 m depth (Fig. 5a). The min-
imum values are about 30 UM near the southern boundary, but less than 2 muM (our
suboxic zone) in most of the domain. Below the minimum layer, concentrations gradu-
ally increase downward. The spatial pattern along this section is similar to the clima-
tological fields observed in the Arabian Sea (see, e.g. WOAQ09, Garcia et al., 2010b).
Note, however, that the oxygen values are systematically too high in the low-oxygen
regions in the WOAOQ9 climatology, as pointed out by Bianchi et al. (2012).

The corresponding nitrite distribution (Fig. 5b) coincides with the maximum horizon-
tal extent of the suboxic zone, but is limited to its upper part. The nitrite layer thickens
significantly as the distance from the southern inflow boundary increases. Maximum
values reach almost 4 uM, representing a typical (albeit not extreme) nitrite signal. In
general, the nitrite distribution pattern is in good agreement with the available observa-
tions from, e.g. Morrison et al. (1999).

Nitrate (Fig. 5c¢) is depleted throughout the SML; the subsurface nitrate distribution
shows a strong vertical increase, monotonically in the south, but with an embedded
subsurface minimum in the northern part of the model domain. This minimum is the
result of anaerobic processes in the suboxic zone. The relatively high concentration of
nitrate in the main oxicline is partly maintained by northward advection of nitrate directly
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below the SML. The depth of the absolute nitrate maximum increases northward (from
850 to 1450 m), as found in the climatology (see, e.g. WOAQ9, Garcia et al., 2010a).

According to the classification of the observational data (see Sect. 2), the southern-
most 150 km are representative of “outside” conditions, while the suboxic zone is split
at km 600 into the “edge” and “core” region.

4.2 \Vertical structure at selected locations

Individual profiles of NO5, NO,, and O, are shown in Fig. 6 from three different loca-
tions, representing the conditions “outside” (without any secondary nitrite maximum),
in the transition zone “edge” (with a thin nitrite layer but deeper suboxic layer) and in
the fully developed suboxic layer “core” (with a significant “N-deficit”).

The southernmost set of profiles (Fig. 6a) is very similar to the prescribed boundary
conditions, except that the upper thermocline (500—1500 m) nitrate concentrations are
slightly higher. Relatively high oxygen concentrations due to lateral inflow prevent the
development of a suboxic layer and therefore the production of nitrite. The other two
stations (“edge” and “core”) are characterized by similarly thick suboxic layers with
oxygen concentrations <2 uM: extending from about 160 to 750-800 m (Fig. 6b, c).
The nitrite signal, however, is significantly different. Nitrite is present down to a depth
of 625 m at “core” compared to 275 m at the “edge” station. In both cases, nitrate within
the nitrite layer is markedly reduced.

The general structure of the simulated profiles of the nitrogen species and oxygen
(Fig. 6) shows striking similarity to those observed in the Arabian Sea (Fig. 2). Both
magnitude and thickness of the nitrite layer compare very favorably with the obser-
vations (TT043_11 versus “edge”; TT043_7 versus “core”). In particular, the sharp in-
crease at the top of the suboxic zone, the thin peak at “edge” and the linear decrease
at “core” correspond very well to the typical profiles found in these regions.

There are, however, also systematic differences of the observed and modelled pro-
files: (i) there is no primary nitrite maximum at station “outside” in the model; (ii) the
observed profiles are generally less smooth than the modelled ones, and the amplitude
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of the upper nitrate maximum (referred to as the “oxicline nitrate tongue”) above the
suboxic zone is somewhat smaller in the model; and (iii) the sharp increase of nitrite at
the top of the suboxic zone is not visible in the observations.

These differences between model and observations are related to the following fac-
tors: (i) the formation process for the primary nitrite maximum is not included in the
model (this, we believe, is of little consequence for the subsurface dynamics); (ii)
the prescribed circulation and mixing does not reflect regional variations of the three-
dimensional flow and turbulence fields in the Arabian Sea; likewise, the surface mixed
layer depth, external N input and vertical boundary conditions are assumed to be con-
stant over the model region, while they vary in reality; (iii) the coarse resolution of the
measurements (typically 50 m sampling interval) cannot resolve sharp gradients. We
therefore believe that the model is more realistic in this respect.

The good correspondence of the general shape and magnitude of all three types of
profiles motivates us to further investigate the nitrite dynamics within the suboxic zone.

4.3 Nitrite dynamics

The difference in the nitrite profiles between the two stations “edge” and “core” despite
similarly thick suboxic layers at both stations is of particular interest. We therefore com-
pare the modelled net production/consumption rates of nitrite as a function of depth for
both stations, along with the contributions from each individual process and the oxygen
concentrations (Fig. 7).

The tendency terms are significantly different from zero only at the upper and lower
boundary of the nitrite layer, the magnitude and vertical structure of all individual terms
differ only slightly and share the same relative proportion. In both locations the pro-
duction of nitrite due to DNRN (plus a small contribution from AMMOX) occurs only in
a 50 m thick layer just below the top of the suboxic layer. Consumption due to NITOX is
found at the top and bottom of the nitrite layer, while NRN2 and ANAMMOX are limited
to the upper 100 m. The sharp upper nitrite gradient zone at locations “edge” and “core”
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(see Fig. 6) is the result of the close vertical proximity of the NITOX and DNRN peaks
(Fig. 7).

Below this layer of active transformation, nitrite merely spreads diffusively downward
until there is a balance with the upward diffusion of oxygen that removes the nitrite
via NITOX. For “edge” this balance is reached above 300 m, because the advective
and horizontal diffusive input of oxygen is still large enough to allow for some nitrite
oxidation. At “core” the oxygen levels are extremely low throughout the suboxic zone,
leading to accumulation of nitrite down to 600 m (see Fig. 7). Even though generally
smaller than the prescribed threshold values of 8 =2 puM, the oxygen concentration
within the suboxic zone is not uniform and negligible concentrations are necessary for
the “survival” of nitrite.

The explanation for the comparably thin layer of anaerobic transformations is that
the heterotrophic source and sink processes (DNRN, NRN2) require labile detritus
which is available only in the upper part of the suboxic zone. Similarly, the autotrophic
ANAMMOX requires ammonium which is only produced during heterotrophic (detritus-
consuming) processes (remineralization, DNRN, DNRA and NRN2) and thus also re-
stricted to the upper part of the suboxic zone.

Quantitative evaluation of the model results is possible for the “core” station, by look-
ing at the observed rates of individual processes affecting nitrite. Rate estimates are
available from five studies (see Table 3). The measurements stem from different sta-
tions, different times and are based on different methods, so that some variation is to
be expected. The range of the observed values, however, is still relatively small for
AMMOX (3.0-4.3nM day'1) and ANAMMOX (0.9-6.3nM day'1) but strikingly large for
denitrification (from almost undetectable to 25.4 nM day‘1 ). This may be due to method-
ological uncertainties (see, e.g. Bulow et al., 2010; Lam and Kuypers, 2011), or due to
temporal variability and/or spatial (in particular vertical) variations.

It is therefore highly encouraging that most modelled rates are of the same order of
magnitude, albeit typically larger than the observations (see Table 3). This bias towards
higher values in the model is not surprising because the model rates are maximum
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pointwise values, while measurements at 30—200 m intervals may have missed the
absolute maximum of the profile. Larger discrepancies exist for denitrification/NRN2.
Note that the model rates are very similar for “core” and “edge”, but that the maximum
rates for station “edge” are generally higher (Table 3).

In addition to the pointwise rates, a few estimates of the vertically integrated con-
tribution of the individual processes are available. For example, Lam et al. (2011)
report a vertically integrated AMMOX rate in the core of the suboxic zone of
0.24 mmolm 2 day‘1, while the model value at station “core” is 0.29 mmolm™2 day‘1.
A similar very good agreement is obtained for ANAMMOX, which is 0.1 mmol m~2 day'1
in the model versus 0.06 mmolm‘zday‘1 from observations by Lam et al. (2011).
Vertically integrated values for NITOX and DNRN are, however, significantly lower in
the model despite higher pointwise values: while Lam et al. (2011) found a value of
7.03mmolm™2 day_1 for NITOX and 6.91 mmolm™2 day_1 for DNRN, the model yields
1.07 mmolm™— day'1 and 0.94 mmolm™2 day'1 for NITOX and DNRN, respectively. Al-
though the magnitude is different, the ratio of NITOX to DNRN (slightly larger than one)
is very similar in both observations and model.

An important result of this model study is that the average rates for the entire suboxic
zone are significantly lower than the pointwise values (see Table 3) because active
processes occur only near the top of the nitrite layer. This is in line with observations
showing a strong decrease of rates with increasing depth (e.g. Bulow et al., 2010; Lam
etal., 2011).

4.4 Time scales of the system

We have shown that the nitrite signal is produced by DNRN and significantly affected
by vertical diffusion. Since the diffusion time scale for the suboxic zone is quite long
(>1000yr), it can be expected that the system’s response is rather slow. A sensitivity
experiment was conducted to determine this response time scale. A sudden change in
external nitrogen input leads to adjustments in the nitrite layer on time scales of several
decades, typically 35 yr for the edge region and 50 yr in the core region. This time scale
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is mainly set by DNRN, for which the model finds a minimum inverse rate of 52 yr. Note
that the system response time refers to exponential changes of the inventory, i.e. after
50yr, 64 % of the change has taken place; 90 % of the change has occurred after 2.3
exponential time scales (115yr).

Alternatively, the model allows us to quantify the nitrite turnover time, which is often
used to estimate the total nitrogen loss (see below). This time scale is calculated using
the total inventory of nitrite divided by the average NLOSS rate. In our model, the aver-
age turnover time is only 14 yr and not really representative of the dynamical evolution
of the system. Given the fact that the reservoir is vertically inhomogeneous and that
advection and diffusion need to be considered as well, the response time scale of the
system (i.e. the adjustment time scale to an external change) is a more adequate mea-
sure of the system’s inertness. The apparent agreement with the estimates from Lam
et al. (2011) of 49 £ 20yr, is therefore only fortuitous, as the turnover time and system
response time are conceptually different.

4.5 Nitrogen losses

In our model, reactive nitrogen is removed from the system through heterotrophic den-
itrification, i.e. nitrite reduction to N, (NRN2) and anammox (ANAMMOX), as well as
autotrophic denitrification (A-DENIT). The relative contributions of these processes are
63 % ANAMMOX and 30 % NRN2; A-DENIT is rather unimportant with 7 % of the total.
ANAMMOX has been found to be dominant by Lam et al. (2011) whereas other studies
point towards a larger contribution from NRN2 (e.g. Ward et al., 2009). Judging from
our model studies, the latter seems unlikely because an increased ANAMMOX rate
and/or a reduced NRN2 rate leads to clearly unrealistic distribution patterns of nitrite,
nitrate and oxygen.

Very large discrepancies exist between the nitrogen losses (NLOSS) calculated from
observations (up to 2000 mmolm'zyr'1) and those resulting from our model (up to
60 mmolm 2 yr‘1, see Table 4). The latter are roughly 30 times smaller than those of
Bulow et al. (2010) and Devol et al. (2006) which are in the range of previous estimates
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(e.g. Bange et al., 2000). A similarly small annual rate of 44 mmolm 2 yr‘1, however,
can be derived from the observations by Lam et al. (2011).

To understand these differences a closer look at the two approaches used to de-
termine nitrogen loss from observations is necessary. In the first approach pointwise
measurements are extrapolated leading to a significant overestimation. Both Bulow
et al. (2010) and Devol et al. (2006), for instance, extend the observed rates (obtained
down to a maximum depth of 400 m) to the entire suboxic layer of 600 m thickness. As
pointed out in the previous subsection, our model results indicate that source and sink
processes of nitrite take place only in the upper part (50—-75m) of the suboxic zone;
the rates are not uniform throughout this layer. In addition, the vertical extent of the
suboxic zone is not uniformly 600 m. In the second approach, the total nitrogen loss
rate is calculated from the N-deficit AN and a ventilation time scale (e.g. Bange et al.,
2000). In simple terms, AN is obtained by taking the difference between the “expected”
nitrate profile (derived from a statistical correlation between nitrate plus oxygen with
potential temperature) and the measured nitrate concentrations. Our model allows us
to calculate the N-deficit explicitly. The difference of the NO5 + NO, + NH, inventory at
the “outside” location and the “core” location leads to a AN of 11000 mmolm™2. The
average N-deficit over the suboxic zone is 6000 mmolm~2 and therefore higher than,
e.g. the estimate of 2200 mmol m~2 by Bange et al. (2000). This is an interesting result,
which, however, should not lead to the conclusion that the modelled N loss is higher
than the observational estimate. On the contrary, the time scale to create this deficit in
the model is about 110yr, i.e. almost two orders of magnitude larger than the 1-10yr,
which are usually taken as “ventilation time” for the suboxic zone. Employing such short
time scales leads to a severe overestimation of the sinks.

4.6 Integrated nitrogen budget

Our final focus is the balance of nitrogen fluxes in the region with a suboxic layer. We
conceptually divide the region into four layers, the surface mixed layer, the oxicline
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layer, the suboxic layer, and the oxic interior (Fig. 8). The upper two are each about
100 m thick, the suboxic layer varies in thickness. Fluxes are separated in horizontal
and vertical; advective and diffusive fluxes are combined. Note that the relative pro-
portion of “edge” and “core” regions will be different for other sections through the
three-dimensional suboxic zone in the Arabian Sea; therefore, the values should not
be extrapolated to the observed phenomenon. They do, however, provide a consistent
picture of the main pathways of nitrogen into and out of the suboxic region.

The overall nitrogen budget of the region consists of 30 mmolm‘zyr‘1 input at the
surface, about the same flux to the deep ocean and a lateral net inflow that is balanced
by N-losses of 54 mmol m~2 yr‘1 in the suboxic zone.

The surface mixed layer receives nitrogen from external sources, and in form of ni-
trate from the oxicline layer. The latter is fueled by nitrogen from the divergence of
lateral advection from the south (15 %), the remineralization of sinking detritus (30 %),
upward diffusing oxidized nitrite (50 %) and ammonium (5 %). The detritus export from
the SML is 103 mmolNm ™2 yr'1, in agreement with the 78—-124 mmoINm‘zyr'1 (con-
verted from carbon units using the Redfield ratio) found by Sarma et al. (2003) for the
Eastern and Central Arabian Sea in 130 m depth.

The suboxic layer is fed by diffusive nitrate fluxes from above (24 %) and below
(12 %), sinking detritus from above (46 %) and (mainly advective) lateral influx from
the south (18 %). While the entering labile detritus D, is almost completely consumed,
the refractory detritus Dy passes this layer largely unaffected. Hence, more than half
of the entering detritus sinks out of the suboxic zone. The main outflux of nitrogen,
however, occurs at the top of the suboxic zone, through upward diffusion of nitrite and
ammonium. The former is as large as the loss through denitrification and anammox.

The model results show that lateral inputs are important to maintain the balances
in the suboxic zone. In particular, the “oxicline nitrate tongue”, although not directly
affecting the suboxic layer, is necessary to supply both the SML and the suboxic layer
with nitrate.
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4.7 System sensitivity

A number of experiments have been performed with modified parameters of the physi-
cal environment and the biogeochemical model to test the sensitivity of the system.

Essential elements of the physical model are the presence of a “barrier layer” of very
low vertical diffusion just below the surface mixed layer (SML) to avoid extensive diffu-
sion of oxygen to the deeper layers and at the same time to limit the upward diffusion
of nitrate. Without this layer too much oxygen penetrates into the subsurface layers
and prohibits the formation of a nitrite signal. Similarly, the vertical mixing in the upper
thermocline layer needs to be sufficiently small (no more than 1-2 x 107°m? s‘1) SO
that the suboxic zone can reach down to the observed 600—-800 m. Higher mixing rates
transport oxygen upward and lead to shallower nitrite layers. In addition, an overturning
circulation with an inflow of nitrate below the SML as well as a general upwelling needs
to be included. This is important to reproduce the “oxicline nitrate tongue” as well as the
horizontal gradients in the nitrite concentrations leading to the differences in the “core”
and “edge” regions of the suboxic zone. Modifying the functional dependencies for the
vertical mixing coefficient and/or the overturning streamfunction, however, turned out to
be qualitatively irrelevant: stronger or weaker (or even seasonally varying) wind-driven
overturning with the SML does not affect the subsurface fields, nor does the depth and
degree of homogeneity of the SML.

Essential elements of the biogeochemical system are the explicit inclusion of vari-
ous source and sink processes of nitrite, and the consideration of (at least) two detritus
species with different remineralization length scales. The former is necessary to obtain
the sharp increase of nitrite at the top of the suboxic zone; the latter allows for a re-
alistic representation of remineralization in both the oxicline and the deep ocean. The
model results are not very sensitive to changes in the oxygen threshold value 6 below
5. Values of 10 or more, however, lead (counter-intuitively) to a much smaller nitrite
signal, because more of the nitrite produced by DNRN is oxidized within the suboxic
zone by NITOX. The model results are found also insensitive to the partial allocation of
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surface input into detritus compartments and/or alternative non-Redfield formulations
(e.g. Anderson, 1995) of the stoichiometric relationships.

All in all, we find that model solutions with different parameter sets that share the
main phenomenology with the presented ones have very similar rates and balances.
Hence, we are confident that the main aspects of the system have been captured.

5 Summary and conclusions

We have developed a biogeochemical model for the marine nitrogen cycle under oxic
and suboxic conditions. It has been applied in a two-dimensional configuration with
prescribed circulation and mixing, and is able to reproduce the extent and magnitude
of the main observed features in the Arabian Sea: the oxygen minimum zone and the
nitrite signal.

According to our model results the suboxic layer of the Arabian Sea is not homoge-
neous, neither horizontally nor vertically. Suboxic layers (defined by a certain oxygen
threshold value) of similar thickness may host thin or thick nitrite signals, depending on
small changes in oxygen concentrations. The variety in vertical distributions of nitrite in
the Arabian Sea can be explained by distance from oxic water columns in combination
with weak upwelling.

The other reason for the non-homogeneity of the suboxic zone is the distribution
of nitrite source and sink terms. NITOX as the main sink is active at the upper and
lower boundaries of the nitrite layer and balanced mainly by vertical diffusion. All other
processes are confined to the upper 100 m of the suboxic layer, the distance over
which DNRN and NRN2 consume most of the labile detritus. The importance of labile
detritus in controlling NRN2 has been also stressed by Lam et al. (2011). Their results
suggest that N,-production due to heterotrophic denitrification is strongly limited by the
low availability of labile detritus in the suboxic zone of the open ocean. They conclude
that the presence of nitrite is not a good indicator for active denitrification. The model
results confirm this view.
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An extrapolation of the model’s nitrogen losses over the entire suboxic zone of the
Arabian Sea (assuming an area of 1.5 x 102 m?, see Devol et al., 2006) yields a ni-
trogen loss of roughly 1.15Tg Nyr‘1. The majority of previous estimates range from 30
to 41 TgNyr'1 (Bange et al., 2000; Codispoti et al., 2001; Devol et al., 2006; Naqvi,
2008; Bulow et al., 2010). We argue that inadequate assumptions in the previously ap-
plied methods can explain this large discrepancy. First, pointwise loss rates should not
be taken as representative for the entire suboxic zone. Second, the N-deficit method
should not be applied with a ventilation time scale that may be adequate for the oxi-
cline layer, but not for the layers below. The relevant system response time is closer to
100 yr than to the frequently used 1-10yr, as proposed by, e.g. Bange et al. (2000). We
therefore conclude that the nitrogen loss for the Central Arabian Sea has often been
significantly overestimated. Note, however, that the main sinks of reactive nitrogen in
the Arabian Sea may be located in the shelf regions (see Jensen et al., 2011), which
are not part of this model study.

In this paper, we have presented a model-based view of the nitrogen cycling in the
Arabian Sea suboxic zone. We realize that some of our results may be considered
controversial, but would like to see them as a contribution that stimulates discussion
and further observational and modelling activities.

Appendix A

Marine nitrogen cycling

In the ocean, nitrogen occurs as part of organic matter, in several inorganic dissolved
compounds (nutrients) and as gas. Transformations between the different nitrogen
forms are biologically mediated. Some of these processes take place in the euphotic,
others in the aphotic zone; some of them under aerobic, others under anaerobic con-
ditions. Hence, the availability of light and oxygen is crucial in regulating the biologi-
cal activities and therefore the nitrogen pathways. The corresponding biogeochemical
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processes are described by reaction equations that provide the stoichiometric ratios of
the various constituents. The reaction equations used in our study are based on Paul-
mier et al. (2009) and Koeve and Kahler (2010). In addition, the equation for autotrophic
denitrification has been deduced from Lam and Kuypers (2011). The stoichiometric ra-
tios for organic matter are based on Redfield (Redfield et al., 1963). The complete set
of relevant reaction equations written in the undissociated ionized form is presented
below.

Primary production can take place based on nitrate or ammonium and produces
oxygen. While about 1104 photons photons are needed to produce one mole of or-
ganic matter and 138 mol O, on nitrate basis, less photons (about 848) are required if
ammonium is the source, resulting in one mole organic matter and 106 mole O,:

106C0, + 276H,0 + 16HNOg + HsPO, 25" C. 4sHps3011oN16P + 154H,0 + 1380,
106C0, + 212H,0 + 16NH,OH + HzPO, 288 C, 0sHp65011oN16P + 122H,0 + 1060,

Remineralization by heterotrophic bacteria is the reverse process; this decomposi-
tion of dead organic matter (detritus) requires oxygen and releases ammonium:

C106H2630110N16P + 122H,0 + 1060, — 106CO, + 212H,0 + 16NH,OH + H3PO,

Oxidation of ammonium and nitrite take place in the aphotic (i.e. at low irradiance),
oxic zone by groups of autotrophic bacteria. These two processes are sometimes com-
bined and referred to as nitrification. Here they are treated separately:

Heterotrophic nitrate reduction to nitrite/ammonium occurs only in layers with
low oxygen concentrations. There are two distinct transformations: dissimilatory reduc-
tion to nitrite (DNRN), which leads to nitrite plus some ammonium and dissimilatory re-
duction to ammonium (DNRA) which leads to ammonium exclusively. Both processes
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require detritus as an energy source for the bacteria:

Ci06H2630119N1gP + 212HNO3; — 106CO, + 16NH,OH + H3PO, + 212HNO, + 90H,0
C106H2630119N1gP + 53HNO; + 16H,O — 106CO, + 69NH,OH + H3;PO,

N,-production processes lead to a loss of reactive nitrogen from the system, since
dinitrogen gas (N,) cannot be used by organisms (except by diazotrophs). The path-
ways to N, are rather complex and a number of intermediate nitrogen compounds (NO
and N,O) are produced. These specifics are ignored here, since our interest is on the
main reactive nitrogen species (nitrate, nitrite and ammonium).

The heterotrophic process nitrite reduction to N, (NRN2) requires detritus and re-
leases N, and ammonium:

3C406H2630119N1gP + 424HNO, — 318CO, + 48NH,OH + 3H;PO, + 212N, + 482H,0

In addition to heterotrophic denitrifiers there are autotrophic bacteria that can carry out
denitrification; nitrate is reduced to N,. While these bacteria have been found in the
Arabian Sea, their role in the nitrogen cycle is still unclear. We include this process for
completeness:

2HN03 + Hzo i N2 + HQO

Finally, anaerobic ammonium oxidation (anammox) is a potentially important au-
totrophic process. Ammonium and nitrite are broken down by bacteria leading to the
formation of N,.

NH4OH + HN02 i N2 + HQO
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Appendix B

Vertical mixing profile

The prescribed functional dependence of vertical diffusion (see Fig. 4) is given by

AsmL if z>ZzguL
AV = ABL if ZgMmL >ZZZBL
ArcL + 82 (1 +tanh (—%)) if zg > 2z

with z positively upward. The diffusivity in the surface mixed layer (down to zg,_) and
in the barrier layer (between zg,, and zp ) are piecewise constant, with values Ag,
and Ag, respectively. The diffusivity in the thermocline layer (TCL, centered at z1¢| ) is
gradually increasing downward. The parameter values are listed in Table 2.

10 Appendix C

Overturning streamfunction

The prescribed overturning streamfunction (W = 3 ;) is composed of three parts:
one for the intra-SML circulation (W), one for the sub-SML (¥,) and one for the upper
ocean upwelling cell (W3). Their functional forms are:

. mz \ 1 Y=Yo
15 Yqi(y,2) = ¥ysin (—) — | 1+tanh
! ! ZguL/ 2 Lyp
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z7-2
wo(z) = W, [tanh ( OX') —tanh (ﬂ)]
hox

)= ()

VM%A=—W32WPI

with

2
h(y) = h, + Ah (l)
Ly

All parameter values are listed in Table 2. The prescribed overturning circulation is
characterized by an Ekman cell in the upper 90 m which would have 2.5 Sy, if integrated
zonally over the entire Arabian Sea. There is a northward flow beneath the SML, which
is compensated by a southward flow near the surface. The interior flow consists of
a closed upwelling circulation which enters from the south between 150 and 500 m
depth and leaves southward in the SML.
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Table 1. Biogeochemical model parameters.

Parameter Description Value Unit
Iy surface irradiance (PAR) 100 wm™2
Ky attenuation coefficient for water 005 m™
Wp, sinking velocity of labile detritus -5 mday_1
Wp, sinking velocity of refractory detritus -15 mday‘1
uﬁax maximum nitrate based growth rate 0.5 day™
,u,ﬁ‘,ax maximum ammonium based growth rate 0.651 day™’
kno, nitrate uptake half saturation constant 0.3 mmolm™®
K, ammonium uptake half saturation constant 0.3 mmolm™2
kno, nitrite consumption half saturation constant 0.5 mmolm™2
KDNRN detritus DNRN half saturation constant 0.05 mmolm™
Konra detritus DNRA half saturation constant 0.5 mmolm™2
Knpne detritus NRN2 half saturation constant 0.5 mmolm™2
ki light harvesting half sat. const. 10 Wm™2
K. self shading coefficient 0.03 m
y phytoplankton mortality 0.1 day™’
a allocation factor for labile detritus 0.75 -
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Table 1. Continued.

Parameter Description Value Unit

Tp labile detritus remineralization rate 0.05 day™

T refractory detritus remineralization rate 0.005 day™’

o nitrite oxidation rate 0.25 day™

€a ammonium oxidation rate 0.1 day ™’

6, NRN2 rate 0.2 day ™’

b DNRN rate 0.05 day™

5 DNRA rate 0.01 day”’

Sana anammox rate 0.05 day™’

v autotrophic nitrate reduction rate 0.000001 day_1

0 oxygen threshold 2 mmol O,

Qon photosynthetic quotient AO, : ANO;, 8.625 -

Qpa photosynthetic quotient AO, : ANH, 6.625 -

q, respiratory quotient AO, : ANH, 6.625 -

N DNRN factor for nitrate 212/228 -

o DNRN factor for detritus 16/228 -

an DNRA factor for nitrate 53/69 -

9b DNRA factor for detritus 16/69 -

hy NRN2 factor for nitrite 106/118 -

hp NRNZ2 factor for detritus 12/118 -
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Table 2. Physical model parameters.

Parameter Description Value Unit
A, horizontal diffusivity 5 m?s™"
AsmL surface mixed layer diffusivity 1x1072 m?s™"
AL barrier layer diffusivity 15x107°  m?s™
AtcL upper thermocline layer diffusivity 1x107° m?s™
AA vertical change of thermocline layer diffusivity 1 x 107> m?s™"
ZsmL depth of surface mixed layer -90 m

ZgL depth of barrier layer base -100 m
ZroL depth of thermocline layer center -900 m
htoL vertical scale of thermocline layer 200 m

v, streamfunction amplitude 31.25x10° m?s™"
v, streamfunction amplitude 2x10° m?s™’
Yy streamfunction amplitude 7600 m?s™"
Yo horizontal offset 9x10° m

Lyp horizontal scale 3x10° m
Zoxi oxicline center -120 m
ZsRF surface current center -10 m
hox vertical scale of oxicline flow 5 m

h, maximum vertical scale 270 m

Ah change in vertical depth scale 135 m
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Table 3. Observed and modelled rates (in nMNday_1) of open ocean nitrite source and sink
processes from the core of the suboxic region. DENIT (NRN2) refers to the loss of nitrate/nitrite

to N, due to heterotrophic denitrification.

(nMNday™) AMMOX  NITOX DNRN ANAMMOX DENIT
(NRN2)

Devol et al. (2006) 8.2
Ward et al. (2009)’ ~1 ~25
Bulow et al. (2010)? 6.3+3.2 25.4+9.1

0.9+0.2 251+5.6
Newell et al. (2011)° 3+0.8

4302

Lam et al. (2011) 36+0.04 <22* 297148 <18° %
This model: “core”’ 5.7 949 867 5.8 4.3
This model: “edge"7 7.6 116.2 1213 6.8 4.5
This model: suboxic zone average 0.1 1.7 22 0.2 0.1

Comments: ' rates determined by the exetainer method; 2 derived from two different methods: 15N02 or
46NZO for denitrification, 15NO2 or 15NH4 for anammox; ° derived from two different methods: 15NH4; 15NH4

plus ampicillin; 4 rate might not necessarily represent NITOX, since it has been derived indirectly; 5 observed
rate of N, production has been attributed to anammox since there was hardly any active heterotrophic

denitrification (or unidentifiable pathways); 8 below the detection limit; “maximum values.
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Table 4. Observed and modelled total loss of nitrogen (NLOSS) through ANAMMOX, denitrifi-
cation/NRN2 and autotrophic denitrification (A-DENIT).

NLOSS
mmolm™2 yr'1
Bange et al. (2000)’ 1208.8
Devol et al. (2006) 1952.4
Bulow et al. (2010)? 1857.1
Lam et al. (2011)® 43.8
This model: “core” 58.3
This model: “edge” 55.9

This model: suboxic zone average 54.0

Comments: ' published value has been divided by the given area
of the suboxic zone of 1.95 x 10" m?; 2 published values have
been divided by the given area of the suboxic zone of

1.5 x 10'2m?; 3 published daily value has been multiplied by
365.25 to yield an annual rate.
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Fig. 1. Distribution of measurements in the Arabian Sea, from the PANGAEA data base (http:
//www.pangaea.de). Color coding is introduced to discriminate casts with (blue) from casts
without (green) a secondary nitrite maximum. Stations where the nitrite signal is penetrating
deep are indicated by dark blue, those with a relatively thin nitrite layer by light blue. The
locations of three typical stations with comparatively high vertical resolution (see Fig. 2) are
shown as red dots. Dotted lines represent the bottom topography.
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Fig. 2. Observed profiles of oxygen, nitrate and nitrite in the Arabian Sea at stations TT043_13:
10°N, 64.90°E (Codispoti, 2003e,f), TT043_11: 15.38° N, 68.75° E (Codispoti, 2003c,d), and
TT043.7: 19.16° N, 67.16° E (Codispoti, 2003a,b), all from January 1995. The suboxic layer
(defined by oxygen concentrations below 2 uM) is shaded in light grey.
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Fig. 3. lllustration of the model concept involving biogeochemical aspects of the marine nitrogen

and oxygen cycles. State variables are square boxes, processes are indicated by ovals. Blue
and red arrows indicate nitrogen and oxygen fluxes, respectively. Processes in the red box
require oxygen, while processes in the green box occur only in case of suboxia. The yellow box
contains processes that require light, while processes in the grey box occur only “in darkness”.
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Fig. 4. The physico-chemical environment of the two-dimensional model consists of a shallow
Ekman overturning circulation (center) and a prescribed vertical profile of turbulent diffusivity
(right), featuring a barrier layer at the base of the mixed layer as well as a slight increase with
depth within the main thermocline. The boundary conditions for nitrate and oxygen are also

shown (left).
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Fig. 5. Steady state distributions of oxygen, nitrite and nitrate. Vertical lines indicate the location
of profiles presented in Fig. 6, representing typical cases for the core and edge as well as
outside of the suboxic zone. The dashed line indicates the depth of the nitrate maximum.
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Fig. 7. Vertical profiles of total nitrite tendencies, the oxygen concentration and the signatures
of individual processes for the profiles at location “edge” and “core” in the suboxic zone. The
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Fig. 8. Average fluxes across the boundaries of the suboxic zone (in mmolNm™ yr'1). Fluxes
smaller than 1 mmolNm™2 yr‘1 are not shown. The sum of fluxes in the several layers may not
add up to zero due to this omission and/or rounding. Losses from the suboxic layer are in white,

all others in yellow.
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