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Abstract. The Eastern Boundary Upwelling Systems
(EBUS) contribute to one fifth of the global catches in
the ocean. Often associated with Oxygen Minimum Zones
(OMZs), EBUS represent key regions for the oceanic nitro-
gen (N) cycle. Important bioavailable N loss due to denitri-
fication and anammox processes as well as greenhouse gas
emissions (e.g, N2O) occur also in these EBUS. However,
their dynamics are currently crudely represented in global
models. In the climate change context, improving our ca-
pability to properly represent these areas is crucial due to
anticipated changes in the winds, productivity, and oxygen
content.

We developed a biogeochemical model (BioEBUS) tak-
ing into account the main processes linked with EBUS and
associated OMZs. We implemented this model in a 3-D
realistic coupled physical/biogeochemical configuration in
the Namibian upwelling system (northern Benguela) using
the high-resolution hydrodynamic ROMS model. We present
here a validation using in situ and satellite data as well as di-
agnostic metrics and sensitivity analyses of key parameters
and N2O parameterizations. The impact of parameter values
on the OMZ off Namibia, on N loss, and on N2O concentra-
tions and emissions is detailed. The model realistically repro-
duces the vertical distribution and seasonal cycle of observed
oxygen, nitrate, and chlorophylla concentrations, and the
rates of microbial processes (e.g, NH+

4 and NO−

2 oxidation,

NO−

3 reduction, and anammox) as well. Based on our sensi-
tivity analyses, biogeochemical parameter values associated
with organic matter decomposition, vertical sinking, and ni-
trification play a key role for the low-oxygen water content,
N loss, and N2O concentrations in the OMZ. Moreover, the
explicit parameterization of both steps of nitrification, am-
monium oxidation to nitrate with nitrite as an explicit inter-
mediate, is necessary to improve the representation of micro-
bial activity linked with the OMZ. The simulated minimum
oxygen concentrations are driven by the poleward meridional
advection of oxygen-depleted waters offshore of a 300 m iso-
bath and by the biogeochemical activity inshore of this iso-
bath, highlighting a spatial shift of dominant processes main-
taining the minimum oxygen concentrations off Namibia.

In the OMZ off Namibia, the magnitude of N2O out-
gassing and of N loss is comparable. Anammox contributes
to about 20 % of total N loss, an estimate lower than currently
assumed (up to 50 %) for the global ocean.

1 Introduction

The Eastern Boundary Upwelling Systems (EBUS) (Califor-
nia, Humboldt, Canary, and Benguela upwelling systems) are
specific areas connecting the coastal zone to the open ocean
with the subtropical gyres. The eastern part of these gyres

Published by Copernicus Publications on behalf of the European Geosciences Union.



3560 E. Gutknecht et al.: Coupled physical/biogeochemical modeling including O2-dependent processes

is forced by equatorward winds, especially the trade winds.
These winds drive the eastern boundary currents, specific to
each of these EBUS. Due to Earth’s rotation, the topogra-
phy, and the coastal boundary, a wind-driven offshore Ekman
flow takes place in the surface layer. This flow creates an up-
ward vertical advection of cold and nutrient-rich deep waters.
The injection of nutrients in the euphotic layer plays a ma-
jor role in the development of phytoplankton and zooplank-
ton biomasses up to fish. These EBUS represent 20 % of the
global catches (Fréon et al., 2009) with only 1 % of the global
surface. Other important features contribute to these highly
productive zones such as the wind curl (responsible of a sec-
ond upward vertical advection zone offshore of the continen-
tal shelf), the coastal topography, and the poleward under-
current with water masses enriched in nutrient and depleted
in oxygen originating from the equatorial zone. Currently,
these EBUS are crudely represented in the global climate
atmosphere–ocean models used within the Coupled Model
Inter-comparison Project 5 (CMIP5) due to their coarse res-
olution. A mean warm bias of 2–3◦C (difference between
the mean over the different CMIP5 models and the mean
of the observations) is estimated for these models (Toniazzo
and Woolnough, 2013). Improving our capability to repre-
sent these areas is of crucial importance, especially in the
climate change context. Indeed, these areas might experience
an important change in the winds (magnitude, direction) (i.e.,
Garreaud and Falvey, 2008) and thus in productivity (i.e.,
Bakun et al., 2010). Moreover, Stramma et al. (2008, 2010)
also noticed a decrease of dissolved oxygen concentrations
in the tropical ocean over the last 50 yr, with a higher de-
crease in the Atlantic ocean. Important greenhouse gas emis-
sions (N2O and CO2) occur in these EBUS, as shown re-
cently in the Humboldt system (Paulmier et al., 2008). How-
ever, future trends of these emissions are unknown. Ade-
quate tools have to be developed to address this question.
We need high-resolution models (a few km) combined with
a sufficiently detailed description of the biogeochemical pro-
cesses, relevant for the O, N, and C biogeochemical cycles
under oxic, hypoxic (O2 < 60 mmol O2 m−3), and suboxic
conditions (O2 < 25 mmol O2 m−3). Regional models offer
this opportunity.

In this paper we present a regional high-resolution coupled
physical/biogeochemical model taking into account the perti-
nent O2-dependent processes to follow chlorophylla, nitrate,
and O2 concentrations as well as nitrogen (N) loss and N2O
emissions that we applied in the Benguela upwelling system.
We discuss the impact of key parameter values on these key
quantities.

Among the different EBUS, the Benguela upwelling sys-
tem in the South Atlantic Ocean plays a special role. This
EBUS presents one of the highest primary productions of all
EBUS (Carr, 2002; Carr and Kearns, 2003). It is the only
one bordered by two warm currents: the Angola Current, en-
riched in nutrients and poor in oxygen content in the north-
ern part, (Monteiro et al., 2006; Mohrholz et al., 2008), and

in the southern part the Agulhas Current with its eddies, car-
rying cold (warm) and enriched nutrient (poor nutrient con-
tent) waters for the cyclonic (anticyclonic) eddies (Shannon,
2006). Baroclinic instabilities and interactions with wind and
bathymetry create a large variety of mesoscale and subme-
soscale structures (eddies, filaments, fronts, etc.) inducing a
strong mixing (Penven et al., 2001; Shannon, 2006; Veitch
et al., 2009). The Benguela upwelling system is divided into
two subsystems mainly due to the trade wind regime. The
northern part is characterized by a permanent upwelling with
seasonal intensity (maximum in winter). Due to its high pro-
ductivity and subsequent export production as well as the cir-
culation, an intense remineralization occurs between 100 and
600 m depth, creating an Oxygen Minimum Zone (OMZ),
especially in the Namibian upwelling system between 20◦ S
and 25◦ S (Monteiro et al., 2006; Hutching et al., 2009). This
OMZ is controlled by local productivity and stratification
as well as by remote forcing associated with the oxygen-
low content of the poleward Angola Current and associated
poleward undercurrent (Monteiro et al., 2008, 2011). In this
OMZ, denitrification and anammox processes occur and in-
duce nitrogen loss (Kuypers et al., 2005; Lavik et al., 2008).
During anoxic conditions, sulphur emissions can occur with
their subsequent impacts (respiratory barrier for zooplank-
ton, high fish mortality, etc.). A warming trend was observed
using the Sea Surface Temperature (SST) satellite data in this
EBUS (north and south) from 1997 up to 2006–2007 – a dif-
ferent feature as compared to the other EBUS (Rouault et al.,
2007; Demarcq, 2009).

In any modeling work, in situ observations represent an es-
sential component and cannot be dissociated from modeling
efforts. In the Benguela, thanks to several initiatives from dif-
ferent countries (e.g., South Africa, Namibia, Germany, Nor-
way), observations of important variables and fluxes were
made as N2O concentrations, nitrification, denitrification,
and anammox processes. Indeed, these three processes rep-
resent a loss of bioavailable (fixed) nitrogen through the pro-
duction of gaseous products (N2O and/or N2), with the po-
tential to affect biogeochemical cycles. So a detailed descrip-
tion of the microbial loop has to be included in models – for
example the two steps of nitrification. In our biogeochemical
model, two kinds of representations are used based on cur-
rent knowledge: (1) Anammox and denitrification processes
generate a N loss based on Yakushev et al. (2007) work; (2)
N2O production is estimated using the parameterization of
Suntharalingam et al. (2000, 2012) which estimates the N2O
production under oxygenated conditions and at low-oxygen
levels, mimicking the N2O production from nitrification and
denitrification processes.

In this paper we will especially address the following ques-
tions after an evaluation of the model performance. What
are the key parameters of the biogeochemical model and
their influence on the OMZ representation, N losses due to
denitrification and anammox processes, and N2O concentra-
tions and emissions to the atmosphere? What is the relative
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importance of the different coupled processes maintaining
the OMZ in the northern part of the Benguela upwelling sys-
tem?

In the first part of the paper, the biogeochemical BioE-
BUS model is detailed. Then the performance of this model
is shown using the “reference simulation” (with the best pa-
rameter set found in this study) for the physics and the rele-
vant biogeochemical variables and fluxes in the context of the
OMZ. Then, we present the sensitivity analysis performed on
key parameter values to improve the model performance. Fi-
nally, we discuss the influence of these key parameters on
important quantities such as the volume, minimum oxygen
concentrations, N losses, N2O concentrations, and emissions
before concluding.

2 A coupled model for the eastern boundary upwelling
systems: ROMS/BioEBUS

2.1 Hydrodynamic model

In this study we used the Regional Ocean Modeling System
(ROMS; Shchepetkin and McWilliams, 2003, 2005) in its
version with the 2-way nesting capability (ROMS-AGRIF;
Penven et al., 2006a; Debreu et al., 2012). This hydrody-
namic model is a split-explicit and free-surface model that
considers the Boussinesq and hydrostatic assumptions when
solving the primitive equations. The vertical discretization
follows a sigma or topography-following stretched coordi-
nate system. No explicit lateral viscosity is added in the mod-
eled domain except in the sponge layer at open boundaries,
where it increases smoothly on several grid points. Adapta-
tive open boundary conditions combine outward radiations
and nudging towards prescribed external boundary condi-
tions (Marchesiello et al., 2001). The vertical turbulent clo-
sure is parameterized using the KPP boundary layer schemes
(Large et al., 1994).

Recently, a ROMS-AGRIF nested configuration of the
Southern Africa region (SAfE for Southern African Exper-
iment) was developed by Penven et al. (2006b) and Veitch
et al. (2009). It is a 2-way nested grid AGRIF config-
uration, consisting in a 1/4◦ coarse grid covering Indian
and Atlantic regions around South Africa, extending from
2.5◦ W to 54.75◦ E and from 4.8◦ S to 46.75◦ S (SAfE coarse-
resolution configuration (SAfE CR), hereafter referred to as
SAfE “parent” domain in Fig. 1) including and “feeding” a
1/12◦ finer grid covering the northern and southern Benguela
upwelling system, extending from 3.9◦ E to 19.8◦ E and
from 12.1◦ S to 35.6◦ S (SAfE high-resolution configuration
(SAfE HR), hereafter referred to as SAfE “child” domain
in Fig. 1). These two SAfE configurations (SAfE CR and
HR) have been validated, in particular the SAfE HR for the
Benguela upwelling system (Veitch et al., 2009). We there-
fore used the SAfE HR outputs to provide the initial and open
boundary conditions (physical state variables) of the Namib-
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Fig. 1. Bathymetry (in meters) from 1′ GEBCO. Domain of the
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ian configuration developed here (see Sect. 2.3; small domain
in red in Fig. 1).

2.2 Biogeochemical model: BioEBUS

The hydrodynamic ROMS model is coupled to a
Biogeochemical model developed for theEasternBoundary
Upwelling Systems, thus namedBioEBUS. The advective-
diffusive equation determines the evolution of a biological
tracer concentrationCi :

∂Ci

∂t
= −∇·(uCi)+Kh∇

2Ci +
∂

∂z
(Kz

∂Ci

∂z
)+SMS(Ci). (1)

On the right-hand side of the equation, the first three terms
represent the advection (withu the velocity vector), the hor-
izontal diffusion (withKh the horizontal eddy diffusion co-
efficient), and the vertical mixing (with turbulent diffusion
coefficient Kz), respectively. The last term stands for the
“source-minus-sink” term (SMS) due to biological activity.

BioEBUS (Fig. 2) is a nitrogen-based model derived from
the N2P2Z2D2 model (Końe et al., 2005) that was suc-
cessfully used to simulate the first trophic levels of the
Benguela ecosystem. N2P2Z2D2 model takes into account
the main planktonic communities and their specificities in
the Benguela upwelling ecosystem. Nitrate and ammonium
represent the pool of dissolved inorganic N. Phytoplankton
and zooplankton are split into small (flagellates and cili-
ates, respectively) and large (diatoms and copepods, respec-
tively) organisms. Detritus is also separated into small and
large particulate compartments. A cumulative layer at the
sediment–water interface exists in which sinking particles

www.biogeosciences.net/10/3559/2013/ Biogeosciences, 10, 3559–3591, 2013
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Fig. 2. Interactions between the different compartments of the
BioEBUS model. Black arrows represent the nitrogen-dependent
processes; red arrows, the oxygen-dependent processes; blue ar-
rows, the processes linked with N2O production. To simplify the
representation of all interactions between variables, arrows from or
to a grey rectangle act on all variables included in this grey rect-
angle. For example, the arrow between nutrients and phytoplankton
(assimilation) is a simplification of 6 interactions: NO−

3 to PS, NO−

3
to PL , NO−

2 to PS, NO−

2 to PL , NH+

4 to PS, NH+

4 to PL .

are stored. Within this cumulative layer the particules can-
not be advected; they just accumulate on the sea floor, with-
out further interaction with the overlying waters. In BioE-
BUS, we added a Dissolved Organic Nitrogen (DON) com-
partment with the source terms (phytoplankton exudation, or-
ganic excretion of zooplankton, hydrolysis of detritus) and
the sink terms (ammonification of DON) following Dadou et
al. (2001, 2004) and Huret et al. (2005) (see Eq. 8 below). In-
deed, DOM is an important reservoir of OM and plays a key
role in supplying nitrogen or carbon from the coastal region
to the open ocean (Huret et al., 2005). The simulated DON is
the semilabile one as the refractory and labile pools of DON
have too long (hundreds of years) and too short (less than
a day) turnover rates, respectively (Kirchman et al., 1993;
Carlson and Ducklow, 1995). An equation for nitrite (see
Eq. 10) was also included in order to have a more detailed de-
scription of the microbial loop: ammonification/nitrification

processes under oxic conditions (see Eqs. 21, 27, 28), and
denitrification/anammox processes under suboxic conditions
(see Eqs. 22 up to 26 and 29) using the formulation of Yaku-
shev et al. (2007). These processes are oxygen dependent, so
an oxygen equation was also introduced into BioEBUS with
the source term (photosynthesis), the sink terms (zooplank-
ton respiration, bacteria remineralization) as well as the sea–
air O2 fluxes following Pẽna et al. (2010) and Yakushev et
al. (2007) (see Eq. 12 and the formulation used for sea–air
fluxes Sect. 2.2.6). To complete this nitrogen-based model,
N2O was introduced using the parameterization of Sunthar-
alingam et al. (2000, 2012), which allows determining the
N2O production under oxic conditions and at low oxygen
levels (see Eq. 13).

The model contains 12 state variables (Table 1). The for-
mulation of the SMS terms for each of the biogeochemical
tracers, with parameter values (Table 2), is given by the fol-
lowing:

SMS(PS) = (1− εPS) · JPS(PAR, T , N) · [PS] −G
PS
ZS

· [ZS]

−G
PS
ZL

· [ZL] −µPS · [PS], (2)

SMS(PL) = (1− εPL ) · JPL (PAR, T , N) · [PL] −G
PL
ZS

· [ZS]

−G
PL
ZL

· [ZL] −µPL · [PL] −wPL · d[PL]/dz, (3)

SMS(ZS) = f 1ZS · (G
PS
ZS

+ G
PL
ZS

) · [ZS] −G
ZS
ZL

· [ZL] − γZS

·[ZS] −µZS · [ZS]
2, (4)

SMS(ZL) = f 1ZL · (G
PS
ZL

+ G
PL
ZL

+ G
ZS
ZL

) · [ZL] − γZL · [ZL]

−µZL · [ZL]
2, (5)

SMS(DS) = (1− f 1ZS) · (G
PS
ZS

+ G
PL
ZS

) · [ZS] +µPS · [PS]

+µPL · [PL] +µZS · [ZS]
2
− µDS · [DS]

−remDS− wDS · d[DS]/dz (6)

SMS(DL) = (1− f 1ZL ) · (G
PS
ZL

+ G
PL
ZL

+ G
ZS
ZL

) · [ZL] +µZL

·[ZL]
2
− µDL · [DL] − remDL − wDL

·d[DL]/dz, (7)

SMS(DON) = εPS · JPS(PAR, T , N) · [PS] + εPL · JPL

(PAR, T , N) · [PL] + f 2ZS · γZS · [ZS]

+f 2ZL · γZL · [ZL] +µDS · [DS] +µDL

·[DL] − remDON, (8)

SMS(NO−

3 ) = −

[
aJPS(PAR,T ) · f ′

PS
(NO−

3 ,NO−

2 ,NH+

4 )

·[PS] + aJPL (PAR,T ) · f ′

PL
(NO−

3 ,NO−

2 ,NH+

4 )

· [PL ]] ·
[NO−

3 ]

[NO−

3 ] + [NO−

2 ]
+ Nitrif2 − Denitr1, (9)
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Table 1.BioEBUS biogeochemical model state variables (symbols and units), initial surface values used for the simulation, and scale depth
considered for the exponential decrease with depth (for NO−

2 , NH+

4 and DON).

Symbols Variables Units Initial values Scale depth (m)

PS Nanophytoplankton (flagellates) mmol N m−3 f ([Chl])a
vertical extrapolationf

PL Microphytoplankton (diatoms) mmol N m−3 f ([Chl])a

NO−

3 Nitrates mmol N m−3 CARSb –
NO−

2 Nitrites mmol N m−3 0.05 100
NH+

4 Ammonium mmol N m−3 0.1c 100
ZS Microzooplankton (ciliates) mmol N m−3 d

ZL Mesozooplankton (copepods) mmol N m−3 d

DS Small detritus mmol N m−3 0.02c constant with depth
DL Large detritus mmol N m−3 0.02c constant with depth
DON Dissolved organic nitrogen mmol N m−3 0.5 100
O2 Dissolved oxygen mmol O2 m−3 CARSb –
N2O Nitrous oxide mmol N2O m−3 f ([O2]) e –

a [PS], [PL ], [ZS] and [ZL ] are a function of [Chl] from SeaWiFS climatology.
b CARS database (2006).
c Kone et al. (2005).
d Low concentrations offshore (based on Koné et al., 2005) and increasing concentrations onshore.
e Function of [O2] from CARS database (2006) using the parameterization of Suntharalingam et al. (2000, 2012).
f Vertical extrapolation of Chla from the surface values using Morel and Berthon (1989) parameterization (romstools; Penven et al., 2008).

SMS(NO−

2 ) = − [aJ PS (PAR, T ).f ′

PS
(NO−

3 ,NO−

2 ,NH+

4 )

·[PS] + aJPL (PAR,T ) · f ′

PL
(NO−

3 ,NO−

2 ,NH+

4 )

· [PL]] .
[NO−

2 ]

[NO−

3 ] + [NO−

2 ]
+ Nitrif1 − Nitrif2

+Denitr1− Denitr2− Anammox, (10)

SMS(NH+

4 ) = −aJPS(PAR, T ).f ′′

PS
(NH+

4 ) · [PS] − aJPL

(PAR,T ) · f ′′

PL
(NH+

4 ) · [PL] + (1− f 2ZS)

·γZS · [ZS] + (1− f 2ZL ) · γZL · [ZL]

−Nitrif1 + remDS+ remDL + remDON

−Anammox (11)

and

SMS(O2) = RO2/N ·
(
JPS(PAR, T , N) · [PS] + JPL (PAR, T , N)

·[PL] − DcDON(O2) − DcDS(O2) − DcDL(O2)

−(1− f 2ZS) · γZS · [ZS] − (1− f 2ZL ) · γZL · [ZL]
)

−1.5 · Nitrif1 − 0.5 · Nitrif2 + FluxOA(O2). (12)

The parameterization of Suntharalingam et al. (2000, 2012)
generates N2O production under oxygenated conditions (ni-
trification) and at low-oxygen levels (enhanced yield of
N2O), below the euphotic zone:

SMS(N2O) = α · (1.5 · Nitrif1 + 0.5 · Nitrif2)+

β · (1.5 · Nitrif1 + 0.5 · Nitrif2) · FO2, (13)

If [O2] < O2max, thenFO2 = [O2]/O2max

If [O2] ≥ O2max, then FO2 = exp[−KO2([O2] −

O2max)/O2max]

2.2.1 Primary production

The growth rateJPi
(PAR, T , N) of phytoplankton Pi (i rep-

resents flagellates or diatoms) is limited by light availabil-
ity for photosynthesis (PAR: photosynthetically active radia-
tion), temperature T (◦C), and nutrients (N represents NO−

3 ,
NO−

2 , and NH+

4 ),

JPi
(PAR, T , N) = aJPi

(PAR, T ).fPi
(NO3

−, NO−

2 , NH+

4 ) (14)

aJPi
(PAR, T ) represents the phytoplankton Pi growth rate

limitation by PAR and temperature, using the analytical for-
mulation of Evans and Parslow (1985):

aJPi
(PAR, T ) =

J maxPi
·αPi

· PAR√
(J max2Pi

+(αPi
· PAR)2)

, (15)

whereJ maxPi
is the maximal light-saturated growth rate,

and function of temperature (Eppley, 1972):

JmaxPi
= aPi

· bc·T . (16)

Exponential decrease of light intensity is formulated as in
Koné et al. (2005):

PAR(z) = PAR0 · exp(− (kw · z + kchl a ·

0∫
z

θ · RC/N · [Pt ] · dz)). (17)

PAR0 is the incident radiation at the surface of the ocean,
kw and kchl a are the light attenuation coefficients due to
water and to chlorophylla, respectively,θ is the chloro-
phyll / carbon ratio,RC/N is the carbon / nitrogen Redfield ra-
tio for phytoplankton, [Pt ] represents the sum of nano- and
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é

et
al

.(
20

05
)

O
C

00
:O

liv
ie

ri
an

d
C

ha
ve

z
(2

00
0)

T
00

:T
ia

n
et

al
.(

20
00

)
H

05
:H

ur
et

et
al

.(
20

05
)

Y
07

:Y
ak

us
he

v
et

al
.(

20
07

)
F

90
:F

as
ha

m
et

al
.(

19
90

)
S

00
-1

2:
S

un
th

ar
al

in
ga

m
et

al
.(

20
00

,2
01

2)
.

www.biogeosciences.net/10/3559/2013/ Biogeosciences, 10, 3559–3591, 2013



3566 E. Gutknecht et al.: Coupled physical/biogeochemical modeling including O2-dependent processes

microphytoplankton concentrations, dz is the depth step (ver-
tical thickness; in m).

Limitation by nutrients (Fasham et al., 1990) is given by a
Michaelis–Menten formulation:

fPi
(NO−

3 ,NO−

2 ,NH+

4 ) = f ′

Pi
(NO−

3 ,NO−

2 ,NH+

4 ) + f ′′

Pi
(NH+

4 )

fPi
(NO−

3 ,NO−

2 ,NH+

4 ) =
([NO−

3 ] + [NO−

2 ]) · exp(−Kpsi · [NH+

4 ])

KNO3Pi
+ [NO−

3 ] + [NO−

2 ]

+
[NH+

4 ]

KNH4Pi
+ [NH+

4 ]
. (18)

The phytoplankton Pi growth rate is limited by NO−3 , NO−

2 ,
and NH+

4 . NH+

4 is preferred to NO−3 and NO−

2 by phyto-
plankton.KNO3Pi

and KNH4Pi
are the half-saturation con-

stants for NO−3 + NO−

2 and NH+

4 uptakes by flagellates or
diatoms. Small phytoplankton cells are more adapted to
low nutrient and stratified conditions than larger ones. Half-
saturation constants for NO−3 and NO−

2 are usually higher
than those for NH+4 , for both flagellates and diatoms (Eppley
et al., 1969; Caperon and Meyer, 1972a, 1972b). Besides the
more elevated surface / volume ratio, small cells have better
assimilation efficiency than large cells (Nalewajko and Gar-
side, 1983). So, the half-saturation constants are lower for
flagellates than diatoms.

Note that here it is assumed that phytoplankton is not lim-
ited by phosphate (Dittmar and Birkicht, 2001; Tyrrell and
Lucas, 2002) and/or silicate and/or other micronutrient like
metals (e.g., Fe), which is a reasonable assumption for the
Namibian upwelling system.

2.2.2 Grazing

The specific feeding rate of a predator Zj on a food type Pi
is calculated according to the following formulation (Tian et
al., 2000, 2001):

G
Pi

Zj
= gmaxZj

.
eZj Pi

· [Pi]

kZj
+ Ft

, with Ft =

∑
eZj Pi

· [Pi] (19)

gmaxZj
is the maximum grazing rate of the predator Zj (j

represents ciliates or copepods),eZj Pi
is the preference of

the predator Zj to the prey Pi , [Pi ] is the prey concentration,
kZj

is the half-saturation constant of the predator Zj for in-
gestion, andFt is the total biomass of available food for the
predator Zj (Fasham et al., 1999).

2.2.3 Decomposition of particulate and dissolved
detritus

Decomposition of particulate or dissolved organic nitrogen
(Det represents DS, DL or DON in the following equations)
is formulated as follows (Yakushev et al., 2007):

remDet= DcDet(O2) + DcDet(NO3). (20)

(1) DcDet(O2) is the decomposition of Det in oxic conditions
(or ammonification): (CH2O)106(NH3)16H3PO4+106O2 →

106CO2 + 16NH3 + H3PO4 + 106H2O
The parameterization from Yakushev et al. (2007) takes

into account the temperature influence and an oxygen depen-
dence using a Michaelis–Menten formulation:

DcDet(O2) = exp(Ktox · T ) · KN · [Det] ·Fox. (21)

If [O2] ≤ O2ox, thenFox = 0

If [O2] > O2ox, thenFox = ([O2] − O2ox)/([O2] − O2ox+

Kox),
whereKN is the decomposition rate in oxic conditions

(KNP4 for DS and DL , andKND4 for the DON).

(2) DcDet(NO3) is the decomposition of Det in suboxic
conditions (denitrification): (CH2O)106(NH3)16H3PO4 +

84.8HNO3 → 106CO2 + 42.4N2 + 148.4H2O+ 16NH3 +

H3PO4
The relative consumption of NO−3 and NO−

2 during the
classic reaction (Richards, 1965) can be determined using
Anderson et al. (1982):

0.5CH2O+ NO−

3 → NO−

2 + 0.5H2O+ 0.5CO2

0.75CH2O+H+
+NO−

2 → 0.5N2 +1.25H2O+0.75CO2
Yakushev et al. (2007) consider the suboxic decomposition

of particulate (DS, DL) or dissoled organic matter (DON) in
two stages:

DcDet(NO3) = 0.5·Denitr1(Det)+0.75·Denitr2(Det) (22)

Denitr1(Det) = KN32·Fdnox· FdnNO3 · [Det] (23)

Denitr2(Det) = KN24·Fdnox· FdnNO2 · [Det] (24)

If [O2] > O2dn, then Fdnox= 0.

If [O2] ≤ O2dn, then Fdnox= 1−[O2]/(O2dn

· (O2dn+ 1−[O2])) .

If [NO−

3 ] ≤ NO3mi, then FdnNO3 = 0.

If [NO−

3 ]> NO3mi, then FdnNO3 = ([NO−

3 ] − NO3mi)/

([NO−

3 ]−NO3mi + 1).

If [NO−

2 ] ≤ NO2mi, then FdnNO2 = 0.

If [NO−

2 ] > NO2mi then: FdnNO2 = ([NO−

2 ] − NO2mi)/

([NO−

2 ] − NO2mi + 1).

Then, the 1st and 2nd stages of denitrification are

Denitr1= Denitr1(DON)+Denitr1(DS)+Denitr1(DL) (25)

Denitr2= Denitr2(DON) + Denitr2(DS) + Denitr2(DL). (26)
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2.2.4 Nitrification

The two stages of the nitrification were considered with no
light inhibition following Yakushev et al. (2007).

1st stage of nitrification: NH+4 + 1.5 O2 →

NO−

2 + 2H+
+ H2O

with Nitrif1 =
KN42 · [O2]

[O2] + O2nf
· [NH+

4 ]. (27)

2nd stage of nitrification: NO−2 + 0.5 O2 → NO−

3

with Nitrif2 =
KN23 · [O2]

[O2] + O2nf
· [NO−

2 ]. (28)

2.2.5 Anammox

As the anammox process occurs in the Benguela upwelling
system, this process is taken into account using the formula-
tion of Yakusehv et al. (2007):

NO−

2 + NH+

4 → N2 + 2H2O

with Anammox= Kanammox· [NO−

2 ] · [NH+

4 ] ·Kconvert. (29)

2.2.6 Fluxes at the ocean–atmosphere interface

O2 and N2O fluxes at the ocean–atmosphere interface are
expressed using the gas transfer velocity from Wanninkhof
(1992), and the Schmidt number from Keeling et al. (1998)
for O2 and from Wanninkhof (1992) for N2O. O2 satu-
ration concentrations at one atmosphere total pressure for
water-saturated air are determined using Garcia and Gor-
don (1992). N2O concentrations in equilibrium with moist
air at total pressure of one atmosphere come from Weiss and
Price (1980). The dry mole fraction of atmospheric N2O is
assumed to be 318 ppb (Lueker et al., 2003; Cornejo et al.,
2006; Anonymous, 2008).

2.2.7 Chlorophyll/nitrogen ratio

Chlorophyll a concentrations ([Chla]; in mg Chl m−3) are
derived from simulated phytoplankton concentrations ([P];
in mmol N m−3) assuming a variable Chl / N ratio following
(Hurtt and Armstrong, 1996):

[Chl a] = 1,59· χ · [P]. (30)

1.59 represents the standard Chl / N ratio (in g Chl
(mol N)−1). If growth is light limited, then the
Chl / N ratio is maximum and χ = χmax= 1, hence
C/Chlmin = 50 g C (g Chl)−1. If phytoplankton growth is
nutrient limited, χ = nutrient-limited growth rate/light-
limited growth rate, and the upper limit for the (C/Chl)max
is fixed to 160 g C (g Chl)−1 (Charria et al., 2008). In this
case the appliedχ ratio increases with the quantity of light
available for a constant growth rate.

2.2.8 Sensitivity analysis

Sensitivity analyses were performed on key parameters in
order to better represent the distribution of the well-known
biogeochemical fields (O2, NO−

3 and Chla) and the rates
of the microbial loop (NH+4 and NO−

2 oxidation, NO−

3 re-
duction, anammox). Different N2O parameterizations were
also tested to study the impact on the N2O concentrations in
the OMZ. The objective is to evaluate the sensitivity of key
biogeochemical parameters on the OMZ off Namibia, on N
losses due to denitrification and anammox processes and on
N2O emissions to the atmosphere. The sensitivity analyses
are detailed in Sect. 4. The most adjusted simulation repre-
sents the “reference simulation” and is confronted to data in
the following section (Sect. 3).

2.3 Namibian configuration

The Namibian configuration (Fig. 1) is built on a Mercator
grid, spanning 5◦ E to 17◦ E and 19◦ S to 28.5◦ S with a hori-
zontal resolution of 1/12◦ (ranging from 8.15 km in the south
to 8.8 km in the north). The grid has 32 sigma levels stretched
so that near-surface resolution increases. In the coastal area,
with a minimum depth of 75 m, the thickness of the first
(to the bottom) and last (near the ocean–atmosphere inter-
face) levels is 11.4 m and 0.4 m, respectively. In the open-
ocean area, with a maximum depth of 5000 m, the thickness
of the first and last levels is 853.5 m and 5 m, respectively.
Bottom topography from 1′ GEBCO (General Bathymetric
Chart of the Oceans:http://www.gebco.net) (Fig. 1) prod-
uct was interpolated onto the model grid and smoothed as
in Penven et al. (2005) in order to reduce pressure gradi-
ent errors. The ROMSTOOLS package (Penven et al., 2008,
http://www.romsagrif.org) was used to build the model grid,
atmospheric forcing, and initial and boundary conditions.

The Namibian configuration used in this study is a small
domain which is a subdomain of the SAfE HR climatological
configuration (Veitch et al., 2009) (Fig. 1). For temperature,
salinity, free surface, and the velocity (zonal and meridional
components), the initial conditions come from the 1 January
of the 10th year of SAfE HR (Veitch et al., 2009); the open
boundary conditions are also provided by the 10th year of
this simulation for which variables were averaged every 5
days.

A 1/2◦ resolution QuikSCAT (Liu et al., 1998) monthly
climatological wind stress (courtesy of N. Grima, LPO,
Brest, France) based on data spanning from 2000 to 2007 is
used to force the model at the surface. Surface heat and fresh-
water fluxes are provided by 1/2◦ resolution COADS-derived
monthly climatology (Da Silva et al., 1994). An air–sea feed-
back parameterization term, using the 9 km Pathfinder cli-
matological SST (Casey and Cornillon, 1999) is added to
the surface heat flux to avoid model SST drift (Barnier et
al., 1995; Marchesiello et al., 2003). A similar correction
scheme is used for Sea Surface Salinity (SSS) because of
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the paucity of evaporation–precipitation forcing fields as in
Veitch et al. (2009).

For biogeochemistry, initial and open boundary conditions
for NO−

3 and O2 concentrations are provided by the monthly
climatology of the CSIRO Atlas of Regional Seas (CARS,
2006). Phytoplankton (PS and PL) is a function of Chla de-
rived from SeaWiFS climatology and vertically extrapolated
from the surface values using Morel and Berthon (1989) pa-
rameterization. For zooplankton (ZS and ZL), we applied a
cross-shore profile following in situ observations, with low
concentrations offshore (based on Koné et al., 2005) and in-
creasing concentrations onshore. N2O is a function of O2
from the CARS database (2006) using the parameterization
of Suntharalingam et al. (2000, 2012). For other biogeo-
chemical tracers, initial and lateral boundary conditions are
established using a vertical constant profile (for DS and DL)

or exponential profile (for NO−2 , NH+

4 and DON) (see Ta-
ble 1) based on Końe et al. (2005).

The simulation is run for a total of 19 yr. A physical
spin-up is performed over 7 yr as the model needs a few
years to reach a stable annual cycle, then the coupled phys-
ical/biogeochemical model is run for 12 yr. The last 8 yr
(years 12–19) will be analyzed in the following sections of
the paper. Over these 8 yr the coupled model presents bal-
anced nitrogen and oxygen budgets. The time step of the
physical model is 15 min, and the biological time step is
5 min. Outputs are saved as 3-daily averages.

2.4 Data used

In the studied area, simulated fields are compared with differ-
ent types of available data sets. The CSIRO Atlas of Regional
Seas allowed establishment of monthly climatology with
1/2◦ of resolution for temperature and salinity fields (CARS,
2009) and oxygen and nitrate concentrations (CARS, 2006).
The World Ocean Atlas (WOA) 2001 includes a seasonal
and annual global climatology of Chla (Conkright et al.,
2002). The monthly climatology SeaWiFS products of level
3-binned data (9 km, version 4, O’Reilly et al., 2000), from
1997 to 2009, processed by the NASA Goddard Space Flight
Center and distributed by the DAAC (Distributed Active
Archive Center) (McClain et al., 1998), are used for com-
parison with surface simulated Chla. Simulated Chla is the
sum of flagellate and diatom concentrations expressed in N
units and converted into Chla (mg Chl m−3) using a variable
ratio described (see Sect. 2.2.7, Eq. 30).

Different in situ data (sections and stations) are used for
the model/data comparison. Their positions are shown in
Fig. 3. Temperature, salinity, oxygen, nutrients, Chla, pri-
mary production, and mesozooplankton data were collected
in May 1998 during the AMT 6 cruise (Aiken, 1998; Aiken
and Bale, 2000; Aiken et al., 2000). Samples were col-
lected during expeditions M57/2 of RVMeteor February
2003 (Zabel et al., 2003; Kuypers et al., 2005) and AHAB1
of RV Alexander von Humboldtin January 2004 (Lavik et

Fig. 3. Cruise sections and stations used for the model/data com-
parison: the Danish Galathea expedition (October 2006), the ME-
TEOR expedition 57/2 (February 2003), the AHAB1 expedition
(January 2004), AMT 6 cruise (May 1998), the Walvis Bay mooring
at 23◦ S between 1994 and 2004 (Monteiro and van der Plas, 2006),
the time series of copepod abundance from the coast (14.5◦ E) to
70 nautical miles (13.23◦ E) off Walvis Bay at 23◦ S between 2000
to 2007 (Kreiner and Ayon, 2008), and the N2O data from FRS
Africanacruise (December 2009). The black dashed lines indicate
the bathymetry (in meters). Specific stations are indicated and will
be discussed later in the text.
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al., 2008), and allowed estimation of temperature, salinity,
oxygen, and nutrients in the Namibian upwelling system. In
October 2006 the Danish Galathea expedition crossed the
Benguela upwelling system. Measurements of temperature,
salinity, oxygen, nutrients, and Chla were collected (cour-
tesy of L. L. Søerensen, National Environmental Research
Institute, Denmark) at different stations and along a vertical
section. The AMT 17 cruise in November 2005 estimated
DON concentrations in the southern Benguela. For the first
time in the Namibian upwelling system, N2O samples were
collected off Walvis Bay at around 23◦ S during the FRS
Africana cruise in December 2009 within the framework
of the GENUS project (Geochemistry and Ecology of the
Namibian upwelling system). The collected samples were
poisoned with mercuric chloride onboard and measurements
were done after the cruise at IFM-GEOMAR, Germany, by
using the static equilibration method according to Walter et
al. (2006).

All data enumerated above will be compared to simula-
tions outputs for the same geographical positions (except
for DON because there are no available measurements in
the Namibian upwelling system) and the same climatologi-
cal months.

3 Model evaluation

To compare simulated fieldsm of the “reference simulation”
and datad (in situ, satellite, and climatological data), differ-
ent statistical metrics are selected: the mean (M), the bias
(Mm − Md), the root mean square (RMS), the standard de-
viation (σ), and the correlation coefficient between simu-
lated fields and data (R) that are combined in a Taylor di-
agram (Taylor, 2001). For the statistics the model is interpo-
lated onto the observed data locations. The performance of
the coupled model is studied over the whole 3-D simulated
domain (Namibian configuration). The model is in agree-
ment with data ifR ≥ 0.9, 0.6 ≤ σ ∗

≤ 1.4 and RMS∗ ≤ 0.4
(R: correlation coefficient,σ ∗: normalized standard devia-
tion, and RMS∗: normalized centered pattern RMS differ-
ence).

3.1 Temperature, salinity, and density

We first evaluate the model capability to represent temper-
ature, salinity and density fields in the Namibian upwelling
system. Density is computed from temperature and salinity
data using the same Jackett and McDougall (1995) relation-
ship as the one used in ROMS. The statistics are computed
between the simulated fields and in situ data as well as annual
and seasonal CARS (2009) climatologies. For comparison
with seasonal CARS (2009) climatology, statistics are per-
formed between the surface and 600 m depth as below this
depth they do not show clear seasonal variation. The annual

fields are also compared in the top 600 m as well as over the
whole water column.

For the three fields, statistics highlight an important vari-
ability when model outputs are compared with in situ data.
The correlation coefficient usually stays above 0.9, the nor-
malized standard deviation is between 0.6 and 1.4, and the
normalized centered pattern RMS difference is less than 0.45
(Fig. 4a, b, and c). In general, the model outputs slightly
overestimate the temperature field, and underestimate salin-
ity and density fields as compared to in situ data for specific
years (Table 3). The most important differences between sim-
ulated and in situ data are mainly observed in the surface
layer (0–100 m) over the continental shelf and slope because
this area is very sensitive to the different forcing fields. How-
ever, no clear latitudinal trend can be highlighted. These re-
sults especially point out an important interannual variability
for the in situ data that is not represented using our simula-
tion. Indeed, the monthly climatological fields (winds, heat,
and freshwater fluxes) used to force the model are linearly
interpolated between each month and are repeated each year,
so the forcing fields are smoothed in time.

As the modeled outputs represent a climatological situa-
tion, and not the interannual variability, the same statistics
are now presented between the simulated fields and CARS
(2009) climatologies (green and red symbols in Fig. 4). The
correlation coefficient is above 0.96 for three fields. The nor-
malized standard deviation is between 0.93 and 1 for tem-
perature, between 0.83 and 0.93 for salinity, and between 0.9
and 1 for density. The normalized centered pattern RMS dif-
ference is less than 0.2 (or a RMS difference of 0.78◦C) for
temperature, 0.27 (or a RMS difference of 0.096) for salinity,
and 0.28 (or a RMS difference of 0.16 kg m−3) for density.
The biases present the same trends as those observed with
in situ data: a slight overestimation of temperature in our
simulation (positive biases between 0.053◦C during spring
and 0.33◦C during winter), while salinity and density fields
are slightly underestimated (negative biases between−0.043
during spring and−0.0063 during winter,−0.069 kg m−3

during winter and−0.017 kg m−3 in autumn, respectively)
(Table 3). These different statistical metrics giving satisfying
results, we illustrate in the following paragraph two types
of model/data distributions: in space (Fig. 5) and in time
(Fig. 6).

The simulated 8 yr mean of temperature, salinity, and den-
sity is compared to the annual climatology from CARS
database (2009) along a vertical section (west–east direction)
at 23◦ S (Fig. 5). As a signature of the coastal upwelling off
Namibia, simulated temperature, salinity, and density iso-
contours rise to the surface over the continental shelf and
slope, in agreement with the CARS climatology (2009). In
the top 100 m near the coast, simulated salinity is lower than
the climatological data. This bias seems to come from the
SSS corrections used in the model configuration. Indeed, the
SSS values from the COADS climatology used for the cor-
rection scheme in the freshwater fluxes (Sect. 2.3) are lower
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a) b)

c) d)

e)

Fig. 4. Taylor diagrams for(a) temperature,(b) salinity, (c) density,(d) oxygen, and(e) nitrate concentrations. The radial distance from the
origin is proportional to the standard deviation of a pattern (normalized by the standard deviation of the data: in situ, satellite or climatological
data). The green dashed lines measure the distance from the reference point (the data; black filled circle in the diagram) and indicate the
RMS error. The correlation between both fields is given by the azimuthal position. The statistics use data from the METEOR expedition 57/2
in February 2003 (transects at 23◦ S, 24.4◦ S, and 25.5◦ S), the AHAB1 expedition in January 2004 (transects at 22◦ S, 23◦ S, 24◦ S, 25◦ S,
26◦ S, and 27◦ S), the Galathea data in October 2006 (surface data, 5 stations, and triaxus data), the AMT 6 cruise in May 1998 (transect
at 26.7◦ S and 4 stations), and the CARS databases (2006, 2009) (seasonal and annual climatologies). For the comparison with in situ data,
simulated fields were monthly averaged (note there are 10 outputs by month) using the last 8 yr of simulation (Y12–Y19). For the comparison
with CARS database, simulated fields were either seasonally or annually averaged.
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Table 3.Biases (modeled fields – data) for temperature (◦C), salinity, density (kg m−3), oxygen (mmol O2 m−3), and nitrate (mmol N m−3)

concentrations.

Temperature Salinity Density Oxygen Nitrate

M57/2 Feb 2003 23◦ S 0.14 −0.049 −0.052 28.35 −1.53
M57/2 Feb 2003 24.4◦ S 0.31 0.029 −0.044 −4.67 0.93
M57/2 Feb 2003 25.5◦ S 0.49 −0.025 −0.1 17.7 −0.066

AHAB1 Jan 2004 22◦ S −0.4 −0.21 −0.085 61.81 −3.87
AHAB1 Jan 2004 23◦ S −0.22 −0.15 −0.066 48.68 −0.53
AHAB1 Jan 2004 24◦ S −0.095 −0.13 −0.085 66.92 −1.28
AHAB1 Jan 2004 25◦ S −0.13 −0.11 −0.068 67.7 2.49
AHAB1 Jan 2004 26◦ S 0.81 0.0022 −0.17 38.64 −3.38
AHAB1 Jan 2004 27◦ S 0.49 −0.0049 −0.1 6.94 2.41

Galathea Oct 2006 0.7 0.069 −0.094 23.77 0.15

AMT6 May 1998 0.36 −0.13 −0.18 26.27 −6.4

CARS summer 0–600 m 0.07 −0.031 −0.029 2.95 1.01
CARS autumn 0–600 m 0.074 −0.015 −0.017 2.5 0.11
CARS winter 0–600 m 0.33 −0.0063 −0.069 −5.56 −1.89
CARS spring 0–600 m 0.053 −0.043 −0.04 0.98 0.23
CARS annual 0–600 m 0.13 −0.024 −0.039 0.22 −0.14
CARS annual 0 m–bottom 0.084 −0.012 −0.026 0.97 0.037

than in situ data and CARS climatology (2009) at 23◦ S (not
shown). The time series (Fig. 6) confront the seasonal cycle
of simulated temperature and salinity with CARS monthly
climatology (2009). Both data sets follow the same seasonal
cycle, with an isotherm and isohaline rise during the winter
season associated with the seasonality of the trade winds in
this area. The SST varies between 12–13◦C in austral win-
ter and 17–18◦C in austral summer. The isotherm 9◦C is
located around 300–350 m depth in the simulated and clima-
tological fields. For salinity, a subsurface maximum salin-
ity observed during summer (in the first 200 m depth) rises
to the surface in austral winter, progressively, in agreement
with the climatology. This subsurface maximum comes from
strong poleward undercurrent along the Namibian Shelf in
austral summer that feeds the Namibian system in salty An-
gola water masses (Monteiro and van der Plas, 2006). When
the trade winds become stronger during austral winter, the
dominant flow on the Namibian Shelf is equatorward (Mon-
teiro and van der Plas, 2006) and these salty subsurface wa-
ters upwell to the surface. This feature is also present in the
10 yr time series off Walvis Bay (see Fig. 3 for location) at
23◦ S (Monteiro and van der Plas, 2006). An underestimation
of salinity over the first 100 m depth can be noticed for the
simulated field as explained previously. Despite a lower stan-
dard deviation as compared to CARS database (2009), these
statistics show that the model is able to simulate the annual
mean and seasonal cycle for temperature, salinity, and den-
sity fields over the Namibian upwelling system.

3.2 Oxygen and nutrients

Simulated oxygen and nitrate fields are first compared to in
situ data. As for the previous evaluated fields (Sect. 3.1), the
different statistical metrics highlight an important variabil-
ity between the in situ data and the modeled fields. For oxy-
gen and nitrate, the correlation coefficient is above 0.8 for
all comparisons, except for AHAB1 data in January 2004
(Fig. 4d and e). The normalized centered pattern RMS differ-
ence is usually lower than 0.6 and the normalized standard
deviation stands between 0.4 and 1.1, except for AHAB1
data. This standard deviation stays lower than 1 for the oxy-
gen concentrations. The bias between the simulated and in
situ oxygen concentrations is usually positive, with higher
bias for AHAB1 cruise up to 67.7 mmol O2 m−3 (Table 3).
This positive bias is mainly due to the overestimation of oxy-
gen concentrations on the continental shelf especially for wa-
ter depth below 130 m. This explains the lower variation of
the simulated oxygen concentrations as compared to in situ
measurements (σ ∗ < 1). From these results it appears that the
model does not succeed in representing extremely low nitrate
and oxygen concentrations on the bottom shelf waters. In-
deed, sampling conducted during the AHAB1 cruise reveals
particular conditions (important sulfidic event) in the conti-
nental shelf waters off Namibia (Lavik et al., 2008). Sulfate
reduction produces toxic hydrogen sulfide under oxygen- and
nitrate-depleted conditions, usually linked with the continen-
tal shelf sediment processes, which are not considered in the
BioEBUS model at the moment.
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Fig. 5. Simulated 8 yr mean of(a) temperature (◦C), (b) salinity, (c) density (kg m−3), (d) oxygen (mmol O2 m−3) and, (e) nitrate
(mmol N m−3) concentrations at 23◦ S between the surface and 600 m depth, with a zoom in the first 100 m depth. Colored circles for
the annual mean CARS databases (2006, 2009) are overlaid on the simulated fields using the same color bar.

Except these extreme events, the seasonal cycle and
annual mean of simulated oxygen and nitrate concentra-
tions give satisfying results as compared to CARS database
(2006) (Fig. 4d and e).The correlation coefficient is above
0.9 and 0.95 for oxygen and nitrates, respectively, for
all comparisons with CARS. The normalized standard de-

viation is between 0.84 and 0.89 for oxygen, and be-
tween 0.92 and 1.04 for nitrates. The biases vary between
−5.56 and 2.95 mmol O2 m−3 for oxygen, and between
−1.89 mmol N m−3 and 1.01 mmol N m−3 for nitrates and
are found in austral winter and summer, respectively (Ta-
ble 3).
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Fig. 6.Times series (last 8 yr of simulation: Y12 to Y19) of temperature (◦C) (a, e), salinity(b, f), oxygen (mmol O2 m−3) (c, g), and nitrate
(mmol N m−3) (d, h) averaged over the continental shelf and slope (∼ 12.5–15◦ E) and between 22–24◦ S. Simulated fields are on the left
side and CARS (2006, 2009) monthly climatology on the right side.

The vertical section at 23◦ S (Fig. 5d and e) and the
time series (Fig. 6) confirm the good statistics for oxygen
and nitrate fields as compared to CARS database (2006).
The model simulates a realistic vertical structure for oxy-
gen concentrations, with the OMZ located along the con-
tinental slope (Fig. 5d). More oxygen-depleted waters are
present in the northern part of the domain (between 19◦ S
and 24–25◦ S) where the South Atlantic Central Waters
(SACW; Mohrholz et al., 2008) are present. For nitrates
the simulated and climatological surface concentrations are
lower than 1 mmol N m−3 in the open ocean and higher than
16 mmol N m−3 along the coast. The pool of high nitrate con-
centrations (around 30–35 mmol N m−3) is located at depths
between 200 and 1500 m (with variations depending on lat-
itude and related to the upwelling cells along the coast; not
shown). Discrepancy is visible with too high oxygen and ni-
trate concentrations simulated over the continental shelf, and

especially for water depth below 130 m, probably due to bio-
geochemical sediment processes, as explained before.

The time series (Fig. 6) confront the seasonal cycle of
simulated oxygen and nitrate concentrations with CARS
monthly climatology (2006). Both data sets follow the same
seasonal cycle, with shallow deoxygenated waters in aus-
tral summer and a thicker oxygenated surface layer during
austral winter. This feature is due to the alternative domi-
nance of the poleward undercurrent in austral summer and
the coastal Benguela Current in austral winter, as explained
in the previous section. However, the OMZ is more ex-
panded (vertically and temporally) in the CARS climatology
(2006) than in the simulated field, with a thicker oxygenated
surface layer in the latter. This difference comes from the
very coastal deoxygenated water column (see above), more
developed in the observational data (CARS, 2006) than
in the model, in which the seasonal variations are lower
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Table 4. Comparison between simulated and in situ data in the modeled domain for nitrite and ammonium concentrations (mmol N m−3),
total primary production (g C m−2 d−1) integrated over the euphotic zone, annual primary production (102 g C m−2 yr−1), and mesozoo-
plankton (mmol N m−2) integrated over 200 m depth.

This study in situ data Reference

NO−

2 (mmol N m−3)

0.002–0.37

0.01–0.67 Galathea (October 2006)
(3 sampled stations)

0.01–0.432 AMT 6 (May 1998)
(+2 high values: 2.93 and 2.96) (4 sampled stations)
0.01–1 AHAB1 (January 2004)
(up to 3.4 for O2 < 4.5 mmol O2 m−3) (> 70 sampled stations)

NH+

4 (mmol N m−3)

0.006–0.56

< 0.3 Galathea (October 2006)
(3 sampled stations)

22 m depth: 3.13 AMT 6 (May 1998) (only 2 measurements at
161 m depth: 0.62 St. 26.7◦ S–14.25◦ E)
0.001–4 AHAB1 (January 2004)
(up to 8 for O2 < 4.5 mmol O2 m−3) (> 70 sampled stations)

Total primary production (g C m−2 d−1; integrated over the euphotic zone)

summer 0.1–2.3 0.39–8.83 Barlow et al. (2009)
(February–March)
winter (June–July) 0.1–1.2 0.14–2.26
May 0.4–1.3 1.02–2 AMT 6 (May 1998)

(3 sampled stations)

Annual primary production (102 g C m−2 yr−1)

5

4.3 Brown et al. (1991)
7.6 Ware (1992)
9.5 Carr (2002)

Tilstone et al. (2009):
5.1± 0.6 – AMT data
3.7 up to 9.5 – models

Mesozooplankton (mmol N m−2; integrated over 200 m depth)

23◦ S 21.5–120 21.5–150 Kreiner and Ayon (2008)
23◦ S: 2000–2007

May 21.5–71.5 25.5–157.5 AMT 6 (May 1998)
(3 sampled stations)

(Monteiro and van der Plas, 2006). Indeed, both vertical pro-
files (model and climatology) are very similar when exclud-
ing the area shoreward of the 130 m isobath (not shown). The
simulated seasonality is similar as the variation of the 10 yr
time series in Walvis Bay at 23◦ S (Monteiro and van der
Plas, 2006). The simulated oxygen concentrations are be-
tween 225 and 270 mmol O2 m−3 close to the surface, and
frequently lower than 50 mmol O2 m−3 at depth, in agree-
ment with this in situ time series at 23◦ S. However, con-
centrations below 25 mmol O2 m−3 are scarcely obtained at
this location using the coupled model, while they are fre-
quently observed in the in situ time series. An upwelling of

nutrient-rich waters occurs during the austral winter season
(Fig. 6d and h) linked with the wind-driven upwelling. How-
ever, a seasonal cycle is not so marked in the simulated nitrate
due to important nonlinear processes associated with eddy
activity simulated using the eddy-resolving ROMS model
(Gutknecht et al., 2013) as compared to coarse resolution cli-
matology.

The other nutrients, i.e., nitrite and ammonium, present
low values in the simulation, with a maximum value of 0.37
and 0.56 mmol N m−3, respectively, with a subsurface max-
imum usually observed around 50 m depth above the con-
tinental shelf (not shown). These two nutrients are quickly
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Biases
0,5
0,51
0,78
0,61
0,58
0,3
0,37
0,42
0,33
0,25
0,11
0,08
0,09
0,1

0,076

Fig. 7. 8 yr mean and times series (last 8 yr of simulation averaged between 22–24◦ S) of logarithm of surface chlorophylla concentrations
(mg Chl m−3) from the coupled model(a, c)and SeaWiFS climatology(b, d). Taylor diagram for logarithm of chlorophylla concentrations
(e). See legend of Fig. 4 for details. Biases between the modeled fields and compared data have been added to the right of the legend.

transformed into nitrate by nitrification processes. As re-
ported in Table 4, simulated values are within the range of in
situ concentrations reported in the Namibian upwelling sys-
tem. During the AHAB1 cruise, both nutrients reached very
high concentrations as compared to other cruises, up to 3.4
and 8 mmol N m−3 for nitrite and ammonium concentrations,
respectively. Note that nitrite and ammonium concentrations
respectively above 1 and 4 mmol N m−3 only correspond
to extremely low oxygen concentrations (O2 < 4.5 mmol
O2 m−3) on the bottom shelf waters (water depth usually be-
low 130 m). As explained above, these extreme conditions
are not represented by our climatological simulation. More in

situ measurements of nitrite and ammonium concentrations
are needed to conclude. However, simulated fields seem to
have the same order of magnitude as in situ data, possibly at
the lower limit of the measured concentrations.

The comparison between simulated fields and the CARS
database (2006) confirms that our model correctly represents
the annual mean vertical distribution and seasonal cycle of
oxygen and nitrate concentrations. Vertical gradients of both
fields as well as horizontal distributions give satisfying re-
sults, except concentrations near the sediment–water inter-
face over the continental shelf for water depth lower than
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130 m. The simulated nitrite and ammonium concentrations
are within the range of available in situ data.

3.3 Chlorophyll a and primary production

The model is able to reproduce the low and high chloro-
phyll a concentrations (Chla) offshore and along the coast,
respectively, as well as a tighter onshore–offshore gradient
in the southern part of the domain, and a slacker one in
the northern part (Fig. 7a and b). However, the amplitude
between the extremes of Chla (offshore and coastal val-
ues) is lower in the modeled field, explaining the normal-
ized standard deviation lower than 1 in Fig. 7e. Indeed, sim-
ulated surface Chla are around 0.3 mg Chl m−3 offshore, be-
ing slightly higher than those derived from SeaWiFS sensor
(0.2 mg Chl m−3), and Chla increases up to 7 mg Chl m−3

at the coast in the model, while coastal concentrations reach
10 mg Chl m−3 in the satellite data (Fig. 7a and b). The time
series (Fig. 7c and 7d) highlight the good agreement between
the seasonal cycles of simulated Chla and of the SeaWiFS
climatology. Between 22–24◦ S, minimum Chla are simu-
lated in austral winter during the maximum upwelling sea-
son. Some weeks after the maximum upwelling, Chla in-
creases up to maximum values in austral summer.

The Taylor diagram presented in Fig. 7e gives a quanti-
tative comparison between the simulated and observed (cli-
matological and satellite data) Chla patterns. The statistics
are better when the simulated Chla is compared with the
more recent SeaWiFS data (1998–2009) than surface WOA
(2001) data, being due to the biomass temporal changes
observed in EBUS (Demarcq, 2009). Indeed, the northern
part of the Benguela upwelling system presents a positive
anomaly of surface Chla about+0.19 mg Chl m−3 for the
last 10 yr (Demarcq, 2009). The annual and seasonal mean
fields present a correlation coefficient between 0.8 and 0.9
compared with SeaWiFS climatology, corresponding to the
same decade as the wind used to force the model. The nor-
malized standard deviation lower than 1 highlights an under-
estimation of the simulated Chla variance in an annual, sea-
sonal, and spatial way, and the normalized centered pattern
RMS difference is less than 0.6 (or a RMS difference less
than 0.22 mg Chl m−3). Satellite Chla seasonal cycle is well
depicted by the model (Fig. 7c, d), with statistical metrics for
seasonal distribution close to those obtained for the annual
mean pattern (Fig. 7e).

To complete our model/data comparison, the simulated
distribution of Chla is now compared with in situ data from
the AMT 6 cruise in May 1998, where vertical profiles of
Chl a were estimated from four different sources (E. Fernan-
dez, P. Holligan, R. Barlow, and the British Oceanographic
Data Center; Barlow et al., 2002, 2004) at three stations situ-
ated in the middle of our domain (St. 14, 15, and 16; Fig. 8).
Vertical profiles of simulated Chl-a are within the range of
the different estimations, with a subsurface maximum about
1.7 mg Chl m−3 observed in the first 50 m depth of the wa-

Fig. 8.Vertical distribution of Chla(mg Chl m−3) at stations 14(a),
15(b), and 16(c). The black solid line represents the simulated field
(averaged May over 8 yr). The markers represent the estimations
made during the AMT 6 cruise, in May 1998, from four different
sources (E. Fernandez for the diamonds, P. Holligan for the circles,
the British Oceanographic Data Centre for the stars, and R. Barlow
for the triangles).

ter column. The vertical pattern as well as the range of the
simulated Chla is quite in agreement with in situ data.

The simulated total primary production is now compared
with the BENEFIT data from Barlow et al. (2009) (Table 4).
In our modeling experiment, following the seasonal cycle of
Chl a (see above), the Namibian system appears to be twice
as productive in austral summer (up to 2.3 g C m−2 d−1near
the coast) than in austral winter (up to 1.2 g C m−2 d−1).
Along the Namibian coast, Barlow et al. (2009) describe
this same seasonal cycle, but the total primary production
is much higher: between 0.39 and 8.83 g C m−2 d−1 during
the period of February–March 2002, and between 0.14 and
2.26 g C m−2 d−1 during the period of June–July 1999, with
important spatial variations. However, the 8 yr mean of sim-
ulated primary production is in agreement with satellite es-
timations (Table 4). In the Benguela upwelling system, an-
nual primary production was estimated between 3.7× 102

and 9.5× 102 g C m−2 yr−1 (Ware, 1992; Carr, 2002; Til-
stone et al., 2009, see Table 4). Brown et al. (1991) estimated
the primary production in the northern Benguela system at
4.3× 102 g C m−2 yr−1 inshore of the 500 m isobath. Taking
this same limit (500 m isobath), the simulated estimation is
equal to 5× 102 g C m−2 yr−1, in the range of previous esti-
mations.

The spatio-temporal variability of Chla and primary pro-
duction is quite well captured in our modeling experiment.

3.4 Zooplankton and DON

The temporal evolution of simulated copepod (meso-
zooplankton: large zooplankton or ZL in the model)
biomass at 23◦ S is compared with in situ data from
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Fig. 9. (a) Oxygen (mmol O2 m−3), and (b) nitrous oxide
(10−3 mmol N2O m−3) concentrations estimated with the coupled
model at 23◦ S (averaged December over 8 yr) between the surface
and 1500 m depth, with a zoom in the first 100 m depth. Colored cir-
cles for the FRSAfricana(December 2009) data are overlaid on the
modeled fields using the same color bar.(c) Nitrous oxide concen-
trations (10−3 mmol N2O m−3) as a function of oxygen concentra-
tions (mmol O2 m−3) at 23◦ S. Black dots represent the simulated
3-day averaged fields for the whole analyzed period (Y12–Y19),
and red stars in situ measurements from the FRSAfricanacruise in
December 2009.

Kreiner and Ayon (2008) (Table 4). To convert the copepod
abundance (number of individuals per m2: no m−2) from
Kreiner and Ayon (2008) in biomass (mmol N m−2), we used
a mean dry weight of individual animal of 40.75 µg for each
individual. It corresponds to a mean dry mass forCalanoides
carinatus(juvenile and adult stages) as estimated by Huggett
et al. (2009), a major copepod species in the Namibian sys-
tem. The abundance was converted into terms of carbon by
assuming that 40 % of the dry weight was carbon (Peterson et
al., 1990). The C / N ratio of 5.36 used for mesozooplankton
biomass comes from AMT 6 estimations in this area (Aiken,
1998; Aiken and Bale, 2000; Aiken et al., 2000). Integrated

over 200 m depth, in situ data between 2000 and 2007 present
an important interannual variability, with biomass from 21.5
to 150 mmol N m−2. However, the maximum biomass is usu-
ally observed during the first part of the year (summer–early
autumn) and is located between 10 (14.2◦ E) and 50 nauti-
cal miles (13.5◦ E) off the coast (Kreiner and Ayon, 2008).
For the same transect (23◦ S), our coupled model simulates
a copepod biomass varying from 21.5 to 120 mmol N m−2,
with a maximum biomass during summer–early autumn, sit-
uated at the same distance from the coast as in situ data. Sea-
sonal cycle of zooplankton follows that of Chla with a lag
time of 3 to 8 weeks necessary for zooplankton to react to the
phytoplanktonic biomass increase (Postel et al., 1995).

During AMT 6 cruise, zooplankton biomass was estimated
at three stations (St. 15, 12, and 7; see Fig. 3 for location).
Data from different size classes (200–500 µm, 500–1000 µm,
1000–2000 µm,> 2000 µm) were integrated over the first
200 m depth of the water column. To compare with our
simulation (Table 4), we only take into account the frac-
tion between 200 and 2000 µm, usually considered as meso-
zooplankton (copepods in the model). For the same clima-
tological month (May), the monthly mean concentrations
are within the range of in situ data but do not reach the
high in situ values; they still differ by a factor of 2. How-
ever, using the 3-day average outputs for May, the simulated
copepod concentrations can reach 107 mmol N m−2, closer
to the maximum concentration measured during AMT 6
cruise. Regarding the full analyzed period and domain, meso-
zooplankton regularly reach concentrations of about 130–
145 mmol N m−2 at the beginning of the year. So, simulated
copepod distribution seems to corroborate in situ measure-
ments from Kreiner and Ayon (2008) and AMT 6 cruise, with
slightly lower concentrations.

In situ measurements of DON in the Namibian upwelling
system are not available, so the simulated semi-labile DON is
compared with data from the AMT 17 cruise that crossed the
offshore region of the southern Benguela upwelling system
in November 2005 (Holligan, 2005). To estimate the semi-
labile part of in situ DON measurements, we assumed the
deepest value for each station as refractory DON, and we
removed this refractory part (assumed constant with depth)
of the vertical profile of DON. For the same climatological
month, simulated vertical profiles of semi-labile DON con-
centrations were taken in the offshore region of the Namib-
ian upwelling system. The simulated and in situ profiles are
not directly comparable; however, in situ concentrations give
an indication of the vertical distribution we can expect off-
shore of our domain. The simulated semi-labile DON con-
centrations (0.5–1.5 mmol N m−3 at the surface) are within
the range of in situ concentrations (0.7–3.4 mmol N m−3 at
the surface).
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Fig. 10.Eight-year averaged vertical profiles for O2 (a) and NO−

3 (b) concentrations from the surface to 600 m depth, and for chlorophylla

concentrations(c) from the surface to 100 m depth, for different tests. Vertical profiles were averaged between 22–24◦ S and 10–15◦ E. For
oxygen, vertical profiles excluding the continental shelf overlap in(a).

3.5 N2O distribution

During the FRSAfricana cruise in December 2009, intense
alongshore winds were observed off Namibia, leading to
upwelling of nutrient-rich and oxygen-depleted subsurface
waters. This event was intense enough to make the OMZ
intersect the surface along the coast around Walvis Bay
(Mohrholz et al., 2009 in the cruise report from Verheye and
Ekau, 2009). For the climatological month of December, our
coupled model also simulates an upwelling along the coast
of Namibia.

The in situ N2O concentrations reach up to approxi-
mately 40× 10−3 mmol N2O m−3 in oxygen-depleted wa-

ters in the water column onto the shelf, and at the shelf
break near the water–sediment interface and tend to de-
crease with increasing O2 concentrations (Fig. 9a and b).
The simulated N2O concentrations, averaged for climato-
logical December month, are compared to these first data
available off Namibia. The simulated fields and in situ data
do not agree well because we compare climatological fields
with in situ measurements for a specific year (2009). How-
ever, here we want to show that the simulated N2O con-
centrations have similar values as compared to the first in
situ N2O data when the simulated O2 concentrations are
close to the measured O2 concentrations. This is the case

Biogeosciences, 10, 3559–3591, 2013 www.biogeosciences.net/10/3559/2013/



E. Gutknecht et al.: Coupled physical/biogeochemical modeling including O2-dependent processes 3579

for the oxygenated water column and for waters close to
the sediment onto the continental slope, with simulated val-
ues up to 30× 10−3 mmol N2O m−3 and in situ values up
to 40× 10−3 mmol N2O m−3. The simulated 3-day averaged
N2O concentrations follow the same trend as in situ measure-
ments for the full analyzed period (Fig. 9c). Simulated values
reach 90–100× 10−3 mmol N2O m−3. However, more in situ
measurements are needed to validate our fields at low oxygen
concentrations.

4 Sensitivity analyses of key parameters

Due to the different modifications and additions made from
the original biogeochemical model of Koné et al. (2005)
(see Sect. 2.2), we had to adapt the BioEBUS model, es-
pecially some of the parameter values within the range of
values found in the literature (Table 2). A first adjustment
was made using BioEBUS in zero spatial dimensions (time
dependent only) as the coupled high-resolution model re-
quires a lot of computer time for a simulation. For the ad-
justments we used the main features for the different state
variables in the coastal area and in the open ocean, deduced
from the data (Sect. 2.4) or from the literature. As a more
detailed representation of the nitrification was introduced in
BioEBUS as compared to Koné et al. (2005), some of the
parameter values associated to phytoplankton nutrient up-
take (half-saturation constantsKNO3PS

and KNH4PL
) were

adjusted in order to obtain better agreement for the Chla

and nitrate concentrations between the simulated field and
data. The maximum growth rate of the large phytoplankton
(diatoms) had to be reduced from 0.8356 d−1 (Koné et al.,
2005) to 0.6 d−1 (Fasham et al., 1990; Oschlies and Garçon,
1999; Huret et al., 2005) to obtain a better agreement be-
tween the simulated primary production and the BENEFIT
data from Barlow et al. (2009) as well as the data from the
AMT 6 cruise, especially in the coastal area where diatoms
represent the dominant species. We also changed the graz-
ing function with the introduction of the preference parame-
ter for the zooplankton for different types of plankton using
the formulation of Dadou et al. (2001, 2004), the associated
maximum growth rates and half-saturation constants for in-
gestion, and the small zooplankton specific excretion rate.
Finally, parameters linked to the microbial loop (hydrolysis
of detritusµDS andµDL ) were tuned in order to represent
realistic mean value of DOM. This first adjusted version of
the model was tested in the 3-D coupled configuration, and
these results represent the “initial simulation” (or Test no. 1
in Table 5; the solid black line in Fig. 10).

After this first coarse adjustment, sensitivity analyses were
performed on key parameters using the 3-D coupled model
in order to improve the distribution of oxygen, nitrate, and
Chl a concentrations, as well as key processes of the mi-
crobial loop when estimations based on in situ measure-
ments are available. Moreover, different N2O parameteriza-

whole water column

in the OMZ

Fig. 11. NH+

4 and NO−

2 oxidation rates (10−2 mmol N m−3 d−1)

in the whole water column (top) and in the OMZ (middle). Bot-
tom: NO−

3 reduction and anammox rates (10−2 mmol N m−3 d−1).
Rectangles represent 8 yr mean values for the different tests per-
formed for the sensitivity analyses, averaged between 22–24◦ S and
10–15◦ E, and black bars represent the standard deviation of the 8
annual mean values (Y12–Y19) for these different quantities. The
range of in situ data is added to the right of the histogram (values
are reported in Table 6).

tions were also tested to improve the N2O concentrations in
the deep ocean. The objective is also to evaluate the sensi-
tivity of biogeochemical parameter values on the OMZ off
Namibia, N losses due to denitrification and anammox pro-
cesses, and N2O emissions to the atmosphere. The method-
ology consists in arbitrarily changing the value of key pa-
rameters from the “initial simulation” (Test no. 1). Param-
eter values are changed independently and their reference
values are increased or decreased by a factor of 2, 4, 6, 10,
and 30, and then are tested in combined sets using the same
approach as Charria et al. (2008). Relevant simulations are
summarized in Table 5. The coefficient values before and af-
ter adjustments are mentioned in Table 2. For each analysis,
the perturbed simulated fields were compared with the an-
nual climatologies of nitrate and oxygen concentrations from
CARS (2006) and Chla concentrations from WOA (2001).
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Table 5.Sensitivity analyses: tested parameter values, N2O parameterizations, and combined simulations.

Test no. Tested parameters Values corresponding to tested parameters

Sensitivity analysis on key parameters

1= Initial simulation preliminary adjustments made using a 0-D model
2 wDL × 4 20 m d−1

3 KND4/ 30 andKNP4/6 0.003 d−1 and 0.007 d−1

4= Standard simulation wDL × 4,KND4/30 andKNP4/6 20 m d−1, 0.003 d−1 and 0.007 d−1

5 Standard+KN42/10 andKN23/10 0.09 d−1 and 0.25 d−1

6 Standard+Kanammox/10 0.003 d−1

7 Standard+Kanammox× 10 0.3 d−1

8 Standard+KN32/10 andKN24/10 0.012 d−1 and 0.02 d−1

9 Standard+KN32× 10 andKN24× 10 1.2 d−1 and 2 d−1

10 Standard+KND4 × 10 andKNP4× 10 0.03 d−1 and 0.07 d−1

11 Standard+KND4 × 2 andKNP4× 2 0.006 d−1 and 0.014 d−1

12 Standard+wDL × 2 40 m d−1

13 Standard+wDL × 2 , KND4 × 2 andKNP4× 2 40 m d−1, 0.006 d−1 and 0.014 d−1

Sensitivity analysis on N2O parameterization

4= Standard+ Nev Standard +Nevison et al. (2003)
4a= Standard+ Sunth (β1) Standard+ Suntharalingam et al. (2000, 2012) : their standard simulation (β = 0.01 mol mol−1)

4b= Standard+ Sunth (β2) Standard+ Suntharalingam et al. (2000, 2012) withβ = 0.02 mol mol−1

4c= Standard+ Sunth (β3) Standard+ Suntharalingam et al. (2000, 2012) withβ = 0.03 mol mol−1

Final simulations (combination of previous simulations; see parameters values above)

14 (= Tests no. 13+ 7+ 9+ 5+ 4c) Standard+wDL × 2 , KND4 × 2, KNP4× 2, Kanammox× 10,KN32× 10,KN24× 10,KN42/10,KN23/10, Sunth(β3)
15= Reference simulation Standard+wDL × 2 , KND4 × 2, KNP4× 2,Kanammox× 10,KN32× 10,KN24× 10, Sunth(β3)
(= Tests no. 13+ 7+ 9+ 4c)

NH+

4 and NO−

2 oxidation rates, NO−3 reduction, and anam-
mox rates were compared to in situ estimations (Fig. 11). We
keep the parameter value when the difference between the
simulated fields and the data is the smallest among the dif-
ferent tests we made, with realistic parameter values. These
sensitivity analyses are illustrated in Fig. 10 and 11, in which
simulated fields or rates are the 8 yr mean, spatially averaged
between 22–24◦ S and 10–15◦ E. For N2O concentrations,
different parameterizations were tested (Nevison et al., 2003;
Suntharalingam et al., 2000, 2012; see Fig. 12) before being
included in the two last tested combined simulations (Tests
no. 14 and 15).

4.1 Principal simulated variables

The adjustments made on decomposition rate of particulate
organic matter (KNP4) and dissolved organic matter (KND4)

from Yakushev et al. (2007) formulations and sinking veloc-
ity of large detritus (wDL ) clearly improve the distribution
of nitrate, oxygen, and Chla concentrations, and more es-
pecially the associated vertical gradient (Fig. 10). The oxy-
gen concentrations are higher than climatological data as the
model does not simulate extremely low oxygen concentra-
tions onto the continental shelf (see Sect. 3.2). Excluding
this area (vertical profiles overlap on Fig. 10a), the simu-
lated concentrations get closer to CARS data. By intensifying
the vertical sedimentation of large detritus (Test no. 2), the
maximum of decomposition rate occurs deeper in the water

column. It decreases the nitrate concentrations in the surface
layer (0 to 50 m depth) with improvement of the Chla profile
and the oxygen concentrations below 50 m depth. The sim-
ulated oxygen, nitrate, and Chla vertical profiles are in bet-
ter agreement with the data when combining the increased
vertical velocity with the decreased decomposition rates of
detritus and DON (Test no. 4). As this combined simulation
(standard simulation) gives satisfying results, we are now in-
terested in improving the relevant rates for the nitrogen cycle
(especially nitrification, denitrification, and anammox pro-
cesses) without changing the distribution of oxygen, nitrate,
and Chla concentrations. In this objective a series of simu-
lations is performed and is detailed in the following section.
The relevant improvements are combined in the “reference
simulation” (Test no. 15).

4.2 NH+

4 and NO−
2 oxidation rates, NO−

3 reduction,
and anammox rates

Using the “initial simulation”, fast and shallow NH+4 regen-
eration leads to low nitrification rates in the OMZ (order
of magnitude of 10−4 mmol N m−3 d−1) as NH+

4 and NO−

2
are oxidized in the surface layer. When the oxic decomposi-
tion processes occur deeper in the water column (Test no. 4:
standard simulation), nitrifying activity shifts vertically, and
NH+

4 and NO−

2 oxidation rates are increased by a factor of 65
and 112, respectively, in the OMZ between the “initial” and
“standard simulations”, while the rates for the whole water
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Fig. 12. Vertical profiles of horizontally averaged(a) and maximum(b) N2O concentrations between 22–24◦ S and 10–15◦ E (in
10−3 mmol N2O m−3) from the surface to 600 m depth for different parameterizations (Nevison et al., 2003; Suntharalingam et al., 2000,
2012),β coefficient (Suntharalingam et al., 2000, 2012), and sensitivity analyses on key parameters. Vertical profiles were 8 yr averaged.
Vertical profiles of averaged N2O concentrations between 22–24◦ S and 12.5–15◦ E, zonal extension of the OMZ at this latitude range,
overlap in(a). Red stars represent in situ measurements from the FRSAfricanacruise in December 2009.

Table 6. In situ and simulated estimations of NH+

4 and NO−

2 oxidation, NO−

3 reduction, and anammox (10−2 mmol N m−3 d−1) in the
OMZ off Namibia. Simulated estimations are 8 yr mean values from the “reference simulation” (Test no. 15), computed between 22–24◦ S
and 10–15◦ E. In parenthesis are the maximum values.

NH+

4 oxidation NO−

2 oxidation NO−

3 reduction Anammox Reference

1.4–37 1.7–47 F̈ussel et al. (2011)
2.9–11 8.1–38 1.3–49 Kalvelage et al. (2011)

1.2–27 Kuypers et al. (2005),
Lavik et al. (2008),
G. Lavik and M. Kuypers
(personal communcation, 2010)}

3 7.7 5.6 0.1 This study – mean values
(17.6) (37.7) (37.3) (4.3) – (max)

column are only decreased by a factor of 1.4 for both stages
of nitrification (Fig. 11). The combined set of parameters
tested in the fourth simulation also activates suboxic pro-
cesses nonexistent in the “initial simulation” (Fig. 11) due
to improvements in the oxygen vertical distribution between
Tests no. 1 and 4.

For the “standard simulation”, we tested nitrification,
denitrification and anammox rate-limited reactions from
Yakushev et al. (2007) that used a 1-D hydrophysi-
cal/biogeochemical model adapted for suboxic water column
conditions (Black and Baltic seas). The anammox rate tested
independently has a poor impact on microbial fluxes. How-
ever, its increase (by a factor of 10) becomes relevant when
combining it with a reduction of the nitrification rate by the
same factor (Test no. 14; Fig. 11) as here NO−

2 is the lim-

iting factor for anammox bacteria. So, a slower nitrifying
activity improves anammox fluxes off Namibia, with sim-
ulated anammox flux of 1.4× 10−2 mmol N m−3 d−1 (Test
no. 14; Fig. 11) in the lower limit of in situ estimations (Ta-
ble 6), but it also affects the N2O production linked with the
OMZ (see following section). Thus, we looked for an indirect
way to increase the NO−2 pool in the OMZ and thus anam-
mox fluxes without changing the nitrification rates. An in-
crease of the NO−3 reduction rate represents the other way
to increase the NO−2 pool in the OMZ (Test no. 9). Combin-
ing the relevant tested parameters, the “reference simulation”
(Test no. 15; Fig. 11) gives satisfying results for nitrification,
with 8 yr mean fluxes of 3 and 7.7× 10−2 mmol N m−3 d−1

for NH+

4 and NO−

2 oxidations within the simulated OMZ
off Namibia, respectively, and maximum fluxes of 17.6
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and 37.7× 10−2 mmol N m−3 d−1, respectively, as compared
to in situ estimations (Table 6) reported by Kalvelage et
al. (2011) and F̈ussel et al. (2011). NO−2 oxidation rate
exceeds NH+4 oxidation rate due to important input by
anaerobic NO−3 reduction to NO−2 (mean and maximum
values of 5.6× 10−2 and 37.3× 10−2 mmol N m−3 d−1, re-
spectively, in agreement with in situ measurements; Ta-
ble 6), also discussed in Lam et al. (2009) and Füssel
et al. (2011). The 8 yr mean anammox flux is low
(0.1× 10−2 mmol N m−3 d−1), but note that maximum val-
ues can reach 4.3× 10−2 mmol N m−3 d−1, in the range of in
situ estimations off Namibia (Table 6).

4.3 N2O parameterization

Similarly to the sensitivity analyses performed on key bio-
geochemical parameters, different N2O parameterizations
were implemented in BioEBUS (Table 5) from the “standard
simulation”. Nevison et al. (2003) determined the N2O pro-
duction as a function of depth and oxygen amount consumed
by nitrification. If this parameterization represents a reason-
able assumption for the global ocean, it is not satisfying for
EBUS and associated OMZs as they do not consider the N2O
production due to denitrification process. The parameteriza-
tion of Suntharalingam et al. (2000, 2012) relates the N2O
production to organic matter decomposition using the oxy-
gen consumption rate in the oxygenated ocean and at low-
oxygen levels. At global scale the simulation from Sunthar-
alingam et al. (2012) usingβ = 0.01 mol N2O mol N−1 and
the formulation from Nevison et al. (2003) give satisfying
results in terms of N2O concentrations and vertical distribu-
tion as compared to the compiled database (Suntharalingam
et al., 2012). Nitrification is the main process affecting the
marine N2O cycle at global scale, while denitrification can
play an important role at local scale. For this reason theβ

coefficient accounting for the N2O source in suboxic waters
will also be tested here as in Suntharalingam et al. (2012).
Using β = 0.02 to 0.04 mol N2O mol N−1, results represent
an upper limit for the global N2O source – still reasonable
as compared to the recent estimates (Suntharalingam et al.,
2012). These results can then be more realistic under specific
biogeochemical conditions such as those found in EBUS and
associated OMZs.

Between the parameterization of Nevison et al. (2003)
and the one from Suntharalingam et al. (2012) using
β = 0.03 mol N2O mol N−1 (Fig. 12a), the mean increase
of N2O concentrations takes place in the intermediate
layer (100 to 400 m depth) for the whole analyzed domain
(22–24◦ S and 10–15◦ E). However, improvements are high-
lighted when zooming in on the continental shelf and shelf
break where the OMZ is developed (vertical profile over-
lap on Fig. 12a). The parameterization of Suntharalingam
et al. (2000, 2012) usingβ = 0.03 mol N2O mol N−1 gives a
significant N2O source when using the parameter set of the
“reference simulation”, providing N2O concentrations to the

range of the few in situ observations available in the Namib-
ian upwelling system (see Sect. 3.5 and Fig. 12b).

5 Discussion: implication for the OMZ and associated
nitrogen fluxes

Improving the distribution of oxygen, nitrate, and Chla con-
centrations, as well as key processes of the microbial loop
(see Sect. 4), the best fitted simulation (reference simulation)
gives satisfying results compared to the climatologies and the
in situ measurements (see Sect. 3). Moreover, the N2O pa-
rameterization of Suntharalingam et al. (2000, 2012), with
higherβ coefficient, also improves the N2O concentrations
in the interior ocean. We now discuss the impact of parame-
ter values on the OMZ off Namibia, N losses due to denitrifi-
cation and anammox processes, and N2O concentrations and
emissions to the atmosphere.

5.1 OMZ off Namibia

The oceanic volume of oxygen-depleted waters is very sensi-
tive to biogeochemical parameters used in the coupled model
associated with organic matter decomposition (KND4 and
KNP4), vertical sinking of large particles (wDL ) and nitrifi-
cation (KN42 andKN23) (Fig. 13). The standard deviation of
the hypoxic and suboxic volumes over the 8 yr of simulation
is sizeable due to the intrinsic variability of the ocean using
an eddy-resolving coupled model.

We first examine the hypoxic water volume using the
common O2 threshold of 60 mmol O2 m−3 (Hofmann et al.,
2011). This hypoxic water volume is very sensitive to the
parameter values associated with organic matter decomposi-
tion and vertical sinking of large particles (see Tests no. 1 to
4, and no. 10 to 13 in Fig. 13). For example, its volume is
multiplied by a factor of 1.8 between the “initial” and “stan-
dard simulations”. Improving the distribution of oxygen, ni-
trate, and Chla concentration, as well as key processes of
the microbial loop (see Sect. 4), we finally keptwDL × 8,
KND4/15 andKNP4/3 (between Tests no. 1 and 13); these
improvements allowed multiplication of the hypoxic water
volume by a factor of 2.2 between the beginning and the end
of the sensitivity analyses. Biogeochemical parameters for
nitrification, anammox, and denitrification processes, when
tested independently (see Tests no. 5 to 9) or in combina-
tion with previous improvements (see Tests no. 13 to 15), do
not impact the hypoxic water volume. Finally, the best-fitted
simulation (reference simulation) generates a hypoxic wa-
ter volume of 2.21× 103 km3 very close to CARS database
(2.32× 103 km3) for the same O2 threshold.

The tested biogeochemical parameter values have the
same impact on the suboxic water volume or OMZ volume
(O2 < 25 mmol O2 m−3) as the hypoxic water volume – how-
ever with a higher intensity. For example, the OMZ was al-
most inexistent when starting the sensitivity analyses (Test 1
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60

Fig. 13. Top: oxygen volume below 25 mmol O2 m−3 (102 km3;
suboxic volume or OMZ volume) and below 60 mmol O2 m−3

(103 km3; hypoxic volume). The same fields using CARS (2006)
climatology are added to the right of the histogram. Middle: N loss
due to denitrification and anammox processes (108 mol N yr−1).
Bottom: mean N2O concentrations (mmol N2O m−3; left axis) in
the mixed layer (∼ 0–50 m) and in the OMZ, and mean N2O emis-
sions to the atmosphere (108 mol N yr−1; right axis). There are 8 yr
mean values for the different tests realized for the sensitivity analy-
ses, computed between 22–24◦ S and 10–15◦ E. Black (or blue for
sea–air flux) bars represent the standard deviation of the 8 annual
mean values (Y12–Y19) for these different quantities.

in Fig. 13) and became noticeable in the “standard simula-
tion” (0.8× 102 km3; see Test no. 4 in Fig. 13). The OMZ
volume is still doubled at the end of sensitivity analyses
(1.7× 102 km3; see Test no. 15 in Fig. 13) but differs by a
factor of 2.3 from the CARS database (3.9× 102 km3). How-
ever, this volume difference comes from the area shoreward
of 130 m isobath. Excluding this area both estimations are
very close (1.7 and 1.8× 102 km3 for the model and CARS,
respectively; Fig. 13). Contrary to the hypoxic volume, the
suboxic volume is affected by parameter values associated
with the nitrification process. Indeed, the suboxic volume is
divided by 1.6 whenKN42 andKN23 are divided by 10 (see
the volume change between Tests no. 4 and 5 and between
Tests no. 14 and 15 in Fig. 13). In the OMZ, NO−

3 reduc-
tion generates a NO−2 source that is quickly oxidized to NO−3
by the second stage of nitrification. This link between both

processes in the OMZ generates a maximum of nitrifying ac-
tivity (which uses O2 to oxidize NH+

4 and NO−

2 to NO−

3 ) di-
rectly affecting the suboxic volume. However, it has no im-
pact on the hypoxic area as NO−

3 reduction process is not
present for oxygen concentrations above 25 mmol O2 m−3.
So the tested parameter values associated with organic mat-
ter decomposition, vertical sinking, and nitrification directly
control the OMZ volume, but interestingly have no influ-
ence on averaged and minimum oxygen concentrations in the
OMZ.

The “reference simulation” gives satisfying results as com-
pared to CARS oxygen volume, except on the very coastal
area. None of our simulations can increase the simulated
OMZ volume close to the coast (bathymetry shallower than
130 m). Coastal sediment processes (a supplementary oxy-
gen demand) play a key role in maintaining bottom oxygen
concentrations at low values over the continental shelf, and
they will be implemented in a future work. However, impacts
of sediment biogeochemistry on water column N–C biogeo-
chemical cycles are still uncertain. Bianucci et al. (2012)
studied the role of sediment denitrification in water column
oxygen dynamics of the northern end of the California Cur-
rent system, and argued that sediment denitrification is bal-
anced by water-column nitrification resulting in bottom oxy-
gen concentrations equivalent to the ones simulated without
sediment module. Conversely, in regions where recycled pro-
duction is important, losses of bioavailable nitrogen through
sediment denitrification can decrease the primary produc-
tion and then increase the bottom oxygen concentrations
(Bianucci et al., 2012).

The simulated OMZ off Namibia does not extend more
poleward than 26◦ S (Fig. 14a), and represents the south-
ern boundary of the eastern tropical southeast Atlantic
zone (Monteiro and van der Plas, 2006), supplied by
the poleward undercurrent on the shelf and slope of the
Benguela. Simulated minimum oxygen concentrations are
around 20 mmol O2 m−3 on average over the 8 analyzed
years (Fig. 14a), but lower concentrations can be simulated
on 3-day averages (not shown; its occurrence can be seen in
Fig. 9c). The minimum oxygen concentrations are located
on the bottom waters over the continental shelf, and remain
around 250–300 m depth off the shelf break (Fig. 14b). On
8 yr average, the OMZ thickness is about 20 m over the shelf
break (Fig. 14c), but it can increase up to 150 m over the
slope when the simulated water column is particularly de-
oxygenated (using 3-day averages; not shown).

Monteiro and van der Plas (2006) showed that the re-
mote and local forcing sparked off low oxygen variability
in the Namibian subsystem. The input fluxes at northern
and southern boundary conditions govern the OMZ forma-
tion, while local biogeochemical oxygen demand only acts
on persistence and intensity of the OMZ (Monteiro and van
der Plas, 2006). The 3-D coupled modeling experiment pre-
sented here allows an analysis of the controlling processes
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Fig. 14. (a)Minimum oxygen concentrations (mmol O2 m−3) simulated in the OMZ,(b) depth (m) of these minimum oxygen concentrations,
(c) thickness (m) of the OMZ,(d) oxygen advection term (sum of zonal, meridional and vertical components; mmol O2 m−3 d−1;), (e)
oxygen mixing term (sum of horizontal and vertical components; mmol O2 m−3 d−1), and(f) oxygen consumption by biogeochemistry (oxic
decomposition+ nitrification; mmol O2 m−3 d−1) at the depth of minimum oxygen concentration. For fluxes, negative values represent an
oxygen sink and positive a source. All fields are averaged over the 8 analyzed years.

of this OMZ. The 8 analyzed years present a balanced oxy-
gen budget. Physical and/or biogeochemical processes only
act to conserve these low oxygen concentrations. Our anal-
ysis confirms that oxygen advection is the main sink term
maintaining the OMZ offshore the isobath 300 m whereas
mixing and mainly its vertical contribution act to dissipate
the OMZ (oxygen source; Fig. 14d and e). This finding is
also consistent with a modeling study covering the whole
Benguela system using the SAfE configuration with the same
coupled ROMS/BioEBUS model (Le Vu et al., 2013). It
also highlights that the minimum oxygen concentrations lo-
cated between isobaths of 100 and 300 m are not driven by

physical forcing (Fig. 14d) as in this area; advection pro-
cesses generate a weak gain of oxygen, when considering
the 8 yr average. Instead, the spatially constant biogeochem-
ical sink (Fig. 14f), mainly due to nitrifying bacteria, be-
comes the only process to deplete the oxygen content be-
tween isobaths 100 and 300 m. This spatial shift in governing
processes maintaining the minimum oxygen concentrations
occurs over the whole analyzed domain, from 20◦ S to the
southern limit of the OMZ off Namibia, and has not been
reported previously to our knowledge, and has to be con-
firmed with future studies. Supplementary sensitivity tests
(not shown) using different O2 concentrations at the northern
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boundary (here 19◦ S) were also performed. These tests con-
firmed that meridional advection of oxygen-depleted waters
at this northern boundary represents a necessary condition to
form the OMZ off Namibia but does not drive its intensity,
confirming the results of Monteiro and van der Plas (2006).

In this work we investigated the importance of the biogeo-
chemical parameter values on the OMZ features, using an
already validated configuration for the physics in the studied
area and the associated physical settings (Veitch et al., 2009).
However, previous works have shown that physical parame-
ter values such as the mixing coefficients can also have a
great impact on the OMZ characteristics (i.e., Duteil and Os-
chlies, 2011; Banyte et al., 2012; Fischer et al., 2012).

OMZs associated to EBUS also play a major role in the
global nitrogen cycle acting as areas of N losses as well as
N2O production and outgassing. We now discuss the impact
of parameter values on these two mechanisms.

5.2 N losses

Denitrification and anammox processes reduce bioavailable
nitrogen to gaseous end products. These losses of fixed in-
organic nitrogen from the marine ecosystem were estimated
using the coupled model, and analyzed through the sensitiv-
ity analysis on biogeochemical parameter values (Fig. 13).

Due to its low concentrations NO−2 is here the limiting fac-
tor for both processes (denitrification and anammox). As a
consequence, increasing denitrification rates (Test no. 9 in
Fig. 13) directly impact N losses as NO−

3 reduction sup-
plies the NO−2 pool for the second stage of denitrification
(NO−

2 reduction) that generates N loss. On the other hand,
increasing anammox rate alone cannot initiate significant
N losses. To increase N losses due to anammox, processes
supplying the NO−2 pool (NH+

4 oxidation and NO−3 reduc-
tion) have to be more efficient. Thus, slower nitrifying ac-
tivity associated with increased anammox and denitrifica-
tion rates (Test no. 14) improves the anammox fluxes off
Namibia (see Sect. 4.2). At the same time, it increases N
losses due to the anammox process more than N losses due
to denitrification (Fig. 13), in agreement with Kuypers et
al. (2005) off Namibia and Thamdrup et al. (2006) off north-
ern Chile. However, this combined set of parameters also af-
fects the N2O production in the water column off Namibia
(see Sect. 4.3). We could also independently change the ni-
trification rates (accelerate the NH+

4 oxidation rate and slow
down the NO−2 oxidation rate) in order to enhance NO−

2
pool available for anammox bacteria. However, daily rates
are close to in situ data (Fig. 11), and furthermore higher
NO−

2 oxidation rates than NH+4 oxidation rates are observed
in the data due to significant source of nitrite by NO−

3 reduc-
tion (Lam et al., 2009; F̈ussel et al., 2011). In Test no. 15
we increase the anammox and denitrification rates without
changing the nitrifying activity. This combination results
in NO−

2 reduction as the main process to deplete the wa-
ter masses of the Namibian upwelling system in nitrogen.

On the 8 yr mean, the anammox process only contributes to
one fifth of the total N losses (Fig. 13). This finding is not
in agreement with Kuypers et al. (2005) and Thamdrup et
al. (2006), who found that the dominant N2 production mech-
anism was anammox in the OMZ off Namibia and north-
ern Chile, respectively, using punctual observations during
the same autumn season (Namibia: RVMeteor cruise in
March/April 2003 – 4 stations; Chile: DINAMO cruise in
March 2004 – 2 stations). However, anaerobic ammonium
oxidation to N2 using nitrite as an oxidant does not seem to
depend on other microorganisms for the production of nitrite
and ammonium as it is currently parameterized in biogeo-
chemical models. Instead anammox bacteria can reduce ni-
trate to ammonium via dissimilatory nitrate and nitrite reduc-
tion (Kartal et al., 2007). The apparent complexity of anam-
mox bacteria deserves revision of their representation and
formulation in the models, thereby increasing in situ mea-
surements.

It has become clear that anammox bacteria are of global
importance in the biogeochemical nitrogen cycle (Strous and
Jetten, 2004; Arrigo, 2005). It is currently assumed that
anammox process contributes up to 50 % to the global fixed
nitrogen removal (Arrigo, 2005); nevertheless, the relative
importance of anammox and denitrification processes in N
losses is still an open discussion due to contrasting results in
OMZs.

5.3 N2O concentrations and emissions to the
atmosphere

Using our sensitivity analysis on N2O parameterizations, we
choose the one from Suntharalingam et al. (2000, 2012),
with a higherβ coefficient (see Sect. 4.3), and implemented
it in the “reference simulation”. Indeed, between the “stan-
dard simulation” using the parameterization of Nevison et
al. (2003) (Test no. 4) and the “reference simulation” us-
ing the one from Suntharalingam et al. (2000, 2012) (Test
no. 15), mean N2O concentrations increased by a factor of
20 % in the intermediate layer (100 to 400 m depth) over the
continental shelf and shelf break where the OMZ is devel-
oped (Fig. 12a). This increase provides improvement in max-
imum N2O concentrations within the range of the first ob-
servations available in the Namibian upwelling system (see
Sect. 3.5 and Fig. 12b). The importance of parameter val-
ues and N2O parameterization becomes even evident when
zooming in on the OMZ area as mean N2O concentrations
increased by a factor of 50 % between the “standard” and the
“reference simulations” (Fig. 13). The OMZ contributes to
40.5 % of total N2O production over the analyzed domain
(22–24◦ S and 10–15◦ E) and 25 % over the whole simulated
domain, in agreement with Suntharalingam et al. (2000). In-
deed, these authors suggest that 25 to 50 % of the global
oceanic N2O source could be localized in low-oxygen re-
gions.
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The parameter values and N2O parameterization directly
impact N2O concentrations in the OMZ, but do not signif-
icantly constrain the N2O sea–air fluxes. Indeed, N2O out-
gassing only increases by 5.5 % between both simulations
(standard and the reference simulations; Fig. 13) due to sim-
ilar mean N2O concentrations in the mixed layer (increase
< 1 %; Fig. 13). These results diverge from those of Sunthar-
alingam et al. (2000). They found that the majority of N2O
formed under low-oxygen conditions is directly outgassed to
the atmosphere, suggesting that an increase of N2O produc-
tion in the OMZ should result in similar increase of N2O
sea–air flux. In our simulation, N2O production associated
with the OMZ of the Walvis Bay area is mostly advected
southward by the poleward undercurrent instead of being lo-
cally outgased to the atmosphere (Gutknecht et al., 2013).
Our budgets especially underestimate the N2O production
inshore of 130-m isobath as the OMZ is not correctly repro-
duced on the continental shelf.

Improvement of parameter values associated with organic
matter decomposition, vertical sinking, and nitrification ap-
pears as important as the parameterization used to estimate
N2O emissions. Indeed, between the “standard simulation”
using the Nevison et al. (2003) parameterization (Test 4)
and the “reference simulation” using the one from Sunthar-
alingam et al. (2012) withβ = 0.03 mol N2O mol N−1 (Test
15), 45 % of N2O emission increase comes from the param-
eterization used in BioEBUS and about 55 % due to the im-
provement of the parameter values. So, both improvements
are crucial to better simulate N2O emissions using oceanic
biogeochemical models. However, in situ measurements are
needed to refine theα andβ coefficients used in the param-
eterization of Suntharalingam et al. (2000, 2012) and to im-
prove the N2O vertical distribution and emissions to the at-
mosphere.

Recently, Zamora et al. (2012) suggested that N2O pro-
duction increases linearly with decreasing oxygen, rather
than exponentially, in the eastern tropical Pacific, based on
MEMENTO database. This fundamental difference in N2O
production parameterization introduces a large uncertainty
in biogeochemical models, especially in EBUS and associ-
ated OMZs (Zamora et al., 2012), even more in a context
of expansion and intensification of the OMZs (Stramma et
al., 2008; Deutsch et al., 2010). Moreover, it is currently as-
sumed that N2O is produced via two mechanisms: denitrifi-
cation under suboxic conditions with N2O as an obligatory
gaseous intermediate to N2, and nitrification in oxic environ-
ments with N2O as a by-product. However, NO detoxifica-
tion by anammox could be another source of N2O (Strous
et al., 2006; Kartal et al., 2007). So more studies, especially
derived proxies for existing communities (e.g., ladderanes as
in Kuypers et al., 2005) are needed to better understand the
N2O cycle and improve its representation in biogeochemical
models, however our results are promising.

Finally, we currently do not explicitly account for the
consumption of N2O during the second step of denitrifica-

tion as the parameterization of N2O production of Sunthar-
alingam et al. (2000, 2012) is only based on O2 concentra-
tions. N2O consumption occurs at very low O2 concentra-
tions (< 1–2 mmol O2 m−3; Gruber, 2004) or maybe up to
10 mmol O2 m−3, as reported by Zamora et al. (2012) in the
eastern tropical Pacific. However, N2O consumption is not a
relevant process in our “reference simulation”; oxygen min-
imum values usually remained above the threshold limit of
10 mmol O2 m−3 (see 3-day averaged oxygen concentrations
in Fig. 9c). We will include this consumption process us-
ing the formulation of Jin and Gruber (2003) or Zamora et
al. (2012) in future work.

6 Conclusion

We developed a biogeochemical model (BioEBUS) taking
into account the main processes linked with EBUS and
associated OMZs. We implemented a 3-D realistic cou-
pled physical/biogeochemical configuration for the Namib-
ian upwelling system using the high-resolution hydrody-
namic ROMS model. A detailed validation using in situ and
satellite data as well as “metrics” is presented in this paper.
Sensitivity analyses were performed on key parameters and
different N2O parameterizations to adjust the coupled model,
and relevant simulations are discussed in order to improve
the spatio-temporal distribution of oxygen, nitrate, Chla, and
N2O concentrations, as well as key processes of the micro-
bial loop. The “reference simulation” gives satisfying results
as compared to in situ and satellite data as well as microbial
rates available in the studied area. We then discussed the im-
pact of parameter values on the OMZ off Namibia, N losses
due to denitrification and anammox processes, and N2O con-
centrations and emissions to the atmosphere. In a compan-
ion paper (Gutknecht et al., 2013), this same configuration is
used to investigate the full N budget off Walvis Bay in or-
der to understand and quantify the N offshore export likely
to sustain the primary production of the subtropical gyre, the
export production and subsequent losses of fixed N via den-
itrification and anammox under suboxic conditions, and the
N2O outgassing in the upwelling area.

The low-oxygen water masses are very sensitive to bio-
geochemical parameter values associated with organic mat-
ter decomposition, vertical sinking, and nitrification. After
adjustment of the coupled model, the simulated hypoxic wa-
ter volume is similar to the observations (CARS climatology,
2006), and the suboxic volume also compares well with ob-
servations when excluding the area shoreward of the 130 m
isobath. Coastal sediments appear necessary to improve the
oxygen distribution in the coupled model.

Using the high-resolution configuration, a spatial decorre-
lation of dominant processes maintaining the minimum oxy-
gen concentrations off Namibia was highlighted with the
poleward meridional advection of oxygen-depleted waters
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offshore of the 300 m isobath and nitrifying activity inshore
of this isobath.

After sensitivity analyses that clearly allowed improving
NO−

3 reduction and anammox fluxes and associated N losses,
NO−

2 reduction is the main process to deplete the water col-
umn of the Namibian upwelling system in nitrogen; anam-
mox process only contributes to 20 % of the total N losses.
This relative contribution is lower than the currently assumed
contribution (up to 50 %) for the global ocean. However,
this relative contribution of anammox and denitrification pro-
cesses in oceanic N losses still needs to be better understood
as anammox bacteria appear to have a more complex and ver-
satile behavior than previously believed. Some biogeochem-
ical pathways are not yet well understood in natural ecosys-
tems. The sensitivity analysis also highlights the importance
of nitrification processes and the need to take explicitly into
account NO−2 in such low-oxygen environments. Both steps
of nitrification – ammonium oxidation and nitrite oxidation –
are necessary to improve the representation of microbial ac-
tivity linked with the OMZ, and should be detailed in coupled
models dedicated to EBUS.

The N2O parameterization of Suntharalingam et al. (2000,
2012) using a higherβ coefficient gives satisfying results as
compared to in situ measurements made off Namibia, and
especially for mean N2O concentrations in the OMZ. The
OMZ area off Namibia contributes to 25–40 % of total N2O
production in the studied area; the same relative contribution
as for global estimations. However, N2O concentrations in
the OMZ do not directly constrain the N2O sea–air fluxes as
N2O production associated with the OMZ is mostly advected
southward by the poleward undercurrent.

Lastly, a large number of uncertainties still remains on the
understanding of biogeochemical cycles, and especially the
nitrogen cycle. For instance, the role of the anammox process
in dissimilatory nitrate reduction is still to be elucidated. N2O
production parameterization introduces a large uncertainty in
biogeochemical models, especially in EBUS and associated
OMZs (Zamora et al., 2012). These questions are of first im-
portance to better understand the nitrogen cycle, and better
apprehend the expansion and intensification of the OMZs al-
ready observed in a context of climate change. Therefore,
more studies are needed to better understand the N cycle and
improve its representation in biogeochemical models.
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Sudre, J., Garçon, V., Machu, E., Rixen, T., Kock, A., Flohr, A.,
Paulmier, A., and Lavik, G.: Nitrogen transfers off Walvis bay: a
3-D coupled physical/biogeochemical modeling approach in the
Namibian upwelling system, Biogeosciences, in press, 2013.

Hofmann, A. F., Peltzer, E. T., Walz, P. M., and Brewer,
P. G., Hypoxia by degrees: Establishing definitions for
a changing ocean, Deep-Sea Res. Pt. I, 58, 1212–1226,
doi:10.1016/j.dsr.2011.09.004, 2011.

Holligan, P.: Atlantic Meridional Transect, AMT 17 Cruise Report:
RRS Discovery, 15 October to 28 November 2005, 135 pp., Ply-
mouth Marine Laboratory, Plymouth, UK, 2006.

Huggett, J., Verheye, H., Escribano, R., and Fairweather, T.: Cope-
pod biomass, size composition and production in the Southern
Benguela: Spatio-temporal patterns of variation, and comparison
with other eastern boundary upwelling systems, Prog. Oceanogr.,
83, 197–207,doi:10.1016/j.pocean.2009.07.048, 2009.

Huret, M., Dadou, I., Dumas, F., Lazure, P., and Garçon,
V.: Coupling physical and biogeochemical processes in the
Rio de la Plata plume, Cont. Shelf Res., 25, 629–653,
doi:10.1016/j.csr.2004.10.003, 2005.

Hurtt, G. C. and Armstrong, R. A.: A pelagic ecosystem model cal-
ibrated with BATS data, Deep Sea Res. Pt II, 43, 653–683, 1996.

Hutchings, L., van der Lingen, C. D., Shannon, L. J., Crawford,
R. J. M., Verheye, H. M. S., Bartholomae, C. H., van der Plas,
A. K., Louw, D., Kreiner, A., Ostrowski, M., Fidel, Q., Bar-
low, R. G., Lamont, T., Coetzee, J., Shillington, F., Veitch, J.,
Currie, J. C., and Monteiro, P. M. S.: The Benguela Current:
An ecosystem of four components, Prog. Oceanogr., 83, 15–32,
doi:10.1016/j.pocean.2009.07.046, 2009.

Jackett, D. R. and McDougall, T. J.: Minimal Adjustment of Hy-
drographic Profiles to Achieve Static Stability, J. Atmos. Ocean.
Tech., 12, 381–389, 1995.

Jin, X. and Gruber, N.: Offsetting the radiative benefit of ocean iron
fertilization by enhancing N2O emissions, Geophys. Res. Lett.,
30, 2249,doi:10.1029/2003GL018458, 2003.

Kalvelage, T., Jensen, M. M., Contreras, S., Revsbech, N. P., Lam,
P., Gunter, M., LaRoche, J., Lavik, G., and Kuypers, M. M.
M.: Oxygen sensitivity of anammox and coupled N-Cycle pro-
cesses in Oxygen Minimum Zones, PLoS ONE, 6, e29299,
doi:10.1371/journal.pone.0029299, 2011.

Kartal, B., Kuypers, M. M. M., Lavik, G., Schalk, J., Op den
Camp, H. J. M., Jetten, M. S. M., and Strous, M., Anammox
bacteria disguised as denitrifiers: nitrate reduction to dinitrogen

gas via nitrite and ammonium, Environ. Microb., 9, 635–642,
doi:10.1111/j.1462-2920.2006.01183.x, 2007.

Keeling, R. F., Stephens, B. B., Najjar, R. G., Doney, S. C.,
Archer, D., and Heimann, M.: Seasonal variations in the at-
mospheric O2/N2 ratio in relation to the kinetics of air-
sea gas exchange, Global Biogeochem. Cy., 12, 141–163,
doi:199810.1029/97GB02339, 1998.

Kirchman, D. L., Lancelot, C., Fasham, M., Legendre, L., Radach,
G., and Scott, M.: Dissolved organic matter in biogeochemical
models in the ocean, in: Towards a Model of Ocean Biogeochem-
ical Processes, 209–225, Springer-Verlag, 1993.
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