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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 nitrogen (N) cycle. Important bioavailable N loss
due to denitrification and anammox processes as well as greenhouse gas emissions
(e.g, N,O) occur also in these EBUS. However, their dynamics are currently crudely
represented in global models. In the climate change context, improving our capability
to properly represent these areas is crucial, due to anticipated changes in the winds,
productivity, and oxygen content.

We developed a biogeochemical model (BioEBUS) taking into account the main pro-
cesses linked with EBUS and associated OMZs. We implemented this model in a 3-D
realistic coupled physical/biogeochemical configuration in the Namibian upwelling sys-
tem (Northern Benguela) using the high-resolution hydrodynamical model ROMS. We
present here a validation using in situ and satellite data as well as diagnostic metrics,
and sensitivity analyses of key parameters and N,O parameterizations. The impact of
parameter values on the OMZ off Namibia, on N loss, and on N,O concentrations and
emissions is detailed. The model realistically reproduces the vertical distribution and
seasonal cycle of observed oxygen, nitrate and Chl a concentrations, and the rates of
microbial processes (e.g. NHZ and NO, oxidation, NO; reduction and anammox) as
well. Based on our sensitivity analyses, biogeochemical parameter values associated
with organic matter decomposition, vertical sinking and nitrification play a key role for
the low-oxygen water content, N loss and N,O concentrations in the OMZ. Moreover,
the importance of both steps of nitrification, ammonium oxidation to nitrate with nitrite
as an explicit intermediate, is highlighted to improve the representation of microbial
activity linked with OMZ. The simulated minimum oxygen concentrations are driven by
the poleward meridional advection of oxygen-depleted waters offshore of 300 m isobath
and by the biogeochemical activity inshore of this isobath, highlighting a spatial shift of
dominant processes maintaining the minimum oxygen concentrations off Namibia.
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In the OMZ off Namibia, N,O emissions to the atmosphere are comparable with
N loss. 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) (California, 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 is forced by
equatorward winds, especially the trade winds. These winds drive the eastern bound-
ary currents, specific of each of these EBUS. Due to Earth’s rotation, the topography
and the coastal boundary, a wind-driven offshore surface Ekman flow takes place in the
first 50-m depth. This flow creates a vertical advection of cold and nutrient-rich deep
waters. The injection of nutrients in the euphotic layer plays a major role in the develop-
ment of phytoplankton and zooplankton 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 participate to these highly productive zones as the wind curl
(responsible of a second vertical advection zone offshore of the continental shelf), the
coastal topography, the poleward undercurrent with water masses enriched in nutrient
and depleted in oxygen originating from the equatorial zone. Currently, these EBUS
are crudely represented in the global models due to their coarse resolution. A mean
warm bias of 2-3°C is estimated with these models. Improving our capability to rep-
resent 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) and thus in productivity. Moreover, Stramma et al. (2008, 2010) also notice
a decrease of dissolved oxygen concentrations in the Tropical Ocean over the last fifty
years with a higher decrease in the Atlantic Ocean. Important greenhouse gas emis-
sions (N,O and CO,) occur in these EBUS as shown recently in the Humboldt sys-
tem (Paulmier et al., 2008). However, future trends of these emissions are unknown.
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Adequate tools have to be developed to address this question. We need high resolution
models (few km) combined with a sufficient detailed description of the biogeochemical
processes, relevant for the O, N and C biogeochemical cycles under oxic, hypoxic
(O, < 60mmol O, m~2) and suboxic conditions (O, < 25mmol O, m~2). Regional mod-
els offer this opportunity.

In this paper, we present a regional high resolution coupled physical-biogeochemical
model taking into account the pertinent O,-dependent processes to follow chloro-
phyll a, nitrate and O, concentrations, N loss as well as N,O emissions which 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 system in the South Atlantic
Ocean plays a special role. This EBUS presents one of the highest primary produc-
tions of all EBUS (Carr, 2002; Carr and Kearns, 2003). This EBUS is the only one
bordered by two warm currents with the Angola current enriched in nutrients and poor
in oxygen content in the northern part (Monteiro et al., 2006; Mohrholz et al., 2008),
and in the southern part, the Agulhas current with its eddies, carrying cold (warm)
and enriched nutrient (poor nutrient content) waters for the cyclonic eddies (anticy-
clonic eddies) (Shannon, 2006). Baroclinic instabilities and interactions with wind and
bathymetry create a large variety of mesoscale and submesoscale structures (eddies,
filaments, fronts, ...) inducing a strong mixing (Penven et al., 2001; Shannon, 2006;
Veitch et al., 2009). The Benguela upwelling system is divided in two sub-systems
mainly due to the trade wind regime. The northern part of this upwelling system is
characterized by a permanent upwelling with seasonal intensity (maximum in winter).
Due to its high productivity, subsequent export production as well as the circulation, an
intense remineralization between 100 and 600 m occurs in its northern part, 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 oxy-
gen low content of the poleward Angola current and associated poleward undercurrent
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(Monteiro et al., 2008, 2011). In this OMZ, denitrification and anammox processes oc-
cur and induce nitrogen loss (Kuypers et al., 2005; Lavik et al., 2008). During anoxic
conditions, sulphur emissions can occur with their subsequent impacts (respiratory bar-
rier for zooplankton, high fish mortality, ...). A warming trend was observed using the
SST satellite data in this EBUS (north and south), a different feature as compared to
the other EBUS (Rouault et al., 2007; Demarcq, 2009).

In any modeling work, in situ observations represent an essential component and
cannot be dissociated from modeling efforts. In the Benguela, thanks to several ini-
tiatives from different countries (e.g. South Africa, Namibia, Germany, Norway), ob-
servations of important variables and fluxes were made as N,O concentrations, nitrifi-
cation, denitrification and anammox. Indeed, nitrification, denitrification and anammox
processes represent a loss of bioavailable (fixed) nitrogen through the production of
gaseous products (N,O and/or N,), with the potential to affect biogeochemical cycles.
So a detailed description of the microbial loop has to be included, for example the
two steps of nitrification. Thus, other more classical variables are also necessary as
nitrites. In our biogeochemical model, two kinds of representations were used based
on current knowledge: (1) Anammox and denitrification processes generate a N loss
based on Yakushev et al. (2007) work; and (2) N,O production is estimated using the
parameterization from Suntharalingam et al. (2000, 2012) which estimates the N,O
production under oxygenated conditions and at low-oxygen levels, mimicking the N,O
production from nitrification and denitrification processes.

In the first part of the paper, the biogeochemical BioEBUS model is detailed. Then
the performance of this model is shown using the Reference simulation (with the best
parameter set found in this study) for the physics and the relevant biogeochemical
variables and fluxes in the context of the OMZ. Then, we present the sensitivity analysis
done on key parameter values to improve the model performance. Finally, we discuss
the influence of these key parameters on important quantities as the volume, minimum
oxygen concentrations of the OMZ, N losses, N,O concentrations and emissions before
concluding.
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2 A coupled model for the Eastern Boundary upwelling systems:
ROMS/BioEBUS

2.1 Hydrodynamical 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 hydrodynamical 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 coordinate system. No explicit lateral vis-
cosity is added in the modeled domain, except in the sponge layer at open boundaries
where it increases smoothly on several grid points. Adaptative open boundary condi-
tions combine outward radiations and nudging towards prescribed external boundary
conditions (Marchesiello et al., 2001). The vertical turbulent closure is parameterized
using the KPP boundary layer schemes (Large et al., 1994).

Recently, a ROMS-AGRIF nested configuration of South Africa region (SAfE for
South African Experiment) was developed by Penven et al. (2006b) and Veitch et al.
(2009). It is a 2-way nested grid AGRIF configuration, 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 SAfE “parent” domain in Fig.1) including and “feeding” a 1/12°
finer grid covering the Northern and Southern BUS, 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 SAfE “child” domain in Fig. 1). These two SAfE configurations (SAfE CR and
HR) were validated, in particular the SAfE HR one for the BUS (Veitch et al., 2009). We
therefore used the SAfE HR outputs to provide the initial and open boundary conditions
(physical state variables) of the Namibian configuration developed here (see Sect. 2.3;
small domain in red in Fig. 1).
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2.2 Biogeochemical model: BioEBUS

The hydrodynamical model ROMS is coupled to a Biogeochemical model developed for
the Eastern Boundary Upwelling Systems, named BioEBUS. The advective-diffusive
equation determines the evolution of a biological tracer concentration C;:

o0C; ocC;

Oz‘l =-V.-(uC))+ ApVZC,- + %(Kpa—z’) + SMS(C)) (1)
On the right-hand side of the equation, the first three terms represent the advection
(with u the velocity vector), the horizontal diffusion (with A, the horizontal eddy diffusion
coefficient), and the vertical mixing (with turbulent diffusion coefficient Ki), 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 N,P,Z,D, model
(Koné et al., 2005) that was successfully used to simulate the first trophic levels of
the Benguela ecosystem. N,P,Z,D, 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 zooplank-
ton are split into small (flagellates and ciliates, respectively) and large (diatoms and
copepods, respectively) organisms. Detritus are also separated into small and large
particulate compartments. A cumulative layer at the sediment-water interface exists in
which detritus or sinking particles are stored. Within this cumulative layer, the detritus
cannot be advected; PON just accumulates on the sea floor, without further interac-
tion with the overlying waters. In BioEBUS, we added a Dissolved Organic Nitrogen
(DON) compartment with the source terms (phytoplankton exudation, organic excre-
tion 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). Indeed,
DOM is an important reservoir of OM and plays a key role in supplying nitrogen or car-
bon from the coastal region to the open ocean (Huret et al., 2005). The simulated DON
is the semi-labile one as the refractory and labile pools of DON have too long (hun-
dred of years) and too short (less than a day) turnover rates, respectively (Kirchman

15058

BGD
9, 1505115126, 2012

Coupled modeling in
EBUS

E. Gutknecht et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/15051/2012/bgd-9-15051-2012-print.pdf
http://www.biogeosciences-discuss.net/9/15051/2012/bgd-9-15051-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

et al., 1993; Carlson and Ducklow, 1995). An equation for nitrite (see Eq. 10) was also
included in order to have a more detailed description of the microbial loop: ammoni-
fication/nitrification processes under oxic conditions (see Egs. 19, 20, 26, 27), and
denitrification/anammox processes under suboxic conditions (see Egs. 22 up to 25
and 28) using the formulation of Yakushev et al. (2007). These processes are oxygen-
dependent, so an oxygen equation was also introduced in BioEBUS with the source
terms (photosynthesis), the sink terms (zooplankton respiration, bacteria remineral-
ization) as well as the sea-air O, fluxes following Pena et al. (2010) and Yakushev
et al. (2007) (see Eqg. 12 and the formulation used for sea-air fluxes below). Then,
to complete this nitrogen-based model, N,O was introduced using Suntharalingam
et al’s (2000, 2012) parameterization which allows determining the N,O production
under oxic conditions and at low oxygen levels (see Eq. 13).

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

SMS(Ps) = (1 - &p,) - Jp, (PAR, T)N) - [Ps] - Gy - [Z5] - Gy° +[Z,] - ap - [Ps] (2)
SMS(P) = (1 - p,)-Jp (PAR, T,N)-[P] - G [Z5] - G-+ [Z.] - pp, -[PL1 - W, -[P(]

(3)
SMS(Zg) = F17,+(Gy° + G5)-[Zs] - G5 (2] - Yz, - [Zs] - iz, - [Zs PP (4)
SMS(Z,) = 1z, (G5 + Gy + G59) (2]~ vz, *[Z1] - iz, (2P (5)
SMS(Ds) = (1= F17,)- (G3° + Go*)-[Zs] + g - [Ps] + ip, [P+ piz, - [ZsT
—Hp - [Ds] - remDg - wp_ -[Dg]

Ps P . Z
SMS(Dy) = (1-112) (G, + G5 + G;°)-[Z] + iz, - [2,1? - up, -[D,] - remD,
-wp, -[D(]
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SMS(DON) = ep, - Jp, (PAR, T,N)-[Pg] + £p_ - Jp (PAR, T,N)- [P ] + 27 - V7, - [Zs]

8
+f2; vz -[Z ]+ pp, -[Dsl+ up -[D ] -remDON ®)
SMS(NO;) = —[a Jp (PAR, T)- f;,S(NO;, NO,)-[Ps]+ aJdp (PAR, T)-

) - - [NO; ] " . 9)
fF,L(NO3 ,NO,)-[P.]]- m + Nitrif2 — Denitr1
SMS(NO,) = —[a Jp (PAR, T)- f;,S(NO;, NO,)-[Ps] + aJdp (PAR, T)-

, - - [NO;1 - - ,
fp (NO3,NOy) - [P]]- m + Nitrif1 — Nitrif2 + Denitr1 (10)

—Denitr2 — Anammox

SMS(NHy) = —aJp (PAR, T)- f{;’s(NHZ) -[Ps]-adp (PAR, T)- f;;L(NHZ) -[P.]

+(1-12z.) vz, [Zs]+ (1 = 127) vz -[Z.] - Nitrif1 + remDg + remD, + remDON (11)
— Anammox

SMS(0,) = Ro, /N - (Jpg (PAR, T,N) - [Ps] + Jp (PAR, T,N) - [P, ] - DcDON(O,)
—DcDg(03) - DeD (Oy) - (1 = 12z,) - Yz, - [Zs] - (1 = f27) - vz, - [ZL]) (12)
—1.5-Nitrif1 — 0,5 - Nitrif2 + FluxOA(O,)

The N,O parameterization from Suntharalingam et al. (2000, 2012) generates N,O pro-
duction under oxygenated conditions (nitrification) and at low-oxygen levels (enhanced
yield of N,O), below the euphotic zone:

SMS(N,O) = a-(1.5-Nitrif1 + 0.5- Nitrif2) + 8- (1.5 - Nitrif1 + 0.5 - Nitrif2) - Fp, (13)
If [02] < OZmax then: F02=02/02max

If [O2] = Oppax then: F02= eXp[_KO2 (02-0, max)/OZmax]

2.2.1 Primary production

The growth rate Jp (PAR, T,N) of phytoplankton F; (/' represents flagellates or di-
atoms), is limited by light availability for photosynthesis (PAR: Photosynthetically Active
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Radiation), temperature T (°C), and nutrients (N represents NO;, NO,, and NHZ),
Jp(PAR, T,N) = aJp (PAR, 7) - fp (NO,,NO;, NHZ) (14)
aJPi(PAR, T) represents the phytoplankton P; growth rate limitation by PAR and tem-
perature, using the analytical formulation of Evans and Parslow (1985):

Jmaxp -ap - PAR
aJdp (PAR, T) = — (15)

\/(Jmaxg +(ap, - PAR)2)

where Jmaxp is the maximal light-saturated growth rate, function of temperature (Ep-
pley, 1972):

Jmaxp = ap - b7 (16)

Exponential decrease of light intensity is formulated as in Koné et al. (2005):
0

PAR(2) = PARy-exp | — | ky- 2+ kchla-/Q-RC/N-[Pt}dz (17)
zZ

PAR, is the incident radiation at the surface of the ocean, k, and kg are the light
attenuation coefficients due to water and to chlorophyll a, respectively. 8 is the chloro-
phyll/carbon ratio, rg )N Is the carbon/nitrogen Redfield ratio for phytoplankton, [R] rep-
resents the sum of nano- and microphytoplankton concentrations, dz is the depth step
(vertical thickness) (m).

Limitation by nutrients (Fasham et al., 1990) is given by a Michaelis-Menten formu-
lation:

fp,(NO3,NO;,NH}) = 1, (NO;,NO}) + 1 (NH;)
NO;]+[NO;T)- exp(~K.g - [NH; NH;
fp,(No;,No;,NH;):([ ol + NO>D _p( ps'_[ al) | [INH] _
Knos,, + [NO5]+[NO, ] Kihap, + [NH, ]
15061

(18)

BGD
9, 1505115126, 2012

Coupled modeling in
EBUS

E. Gutknecht et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/15051/2012/bgd-9-15051-2012-print.pdf
http://www.biogeosciences-discuss.net/9/15051/2012/bgd-9-15051-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

The phytoplankton P; growth rate is limited by NO, NO,, and NHZ. NHZ is preferred to
NO, and NO, by phytoplankton. Kyo,  and Ky, are the half-saturation constants for
3p; 4p;

NO; +NO, and NHI 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; and NO,, are usually higher than those for NH,, for both flagellates
and diatoms (Eppley et al., 1969; Caperon and Meyer, 1972a,b). Besides the more
elevated surface/volume ratio, small cells have better assimilation efficiency than large
cells (Nalewajko and Garside, 1983). So, the half-saturation constants are lower for
flagellates than diatoms.

Note that here, it is assumed that phytoplankton not limited by phosphate (Dittmar
and Birkicht, 2001; Tyrrell and Lucas, 2002) and/or silicate and/or other micro-nutrient
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 Z; on a food type P; is calculated according to
the following formulation (Tian et al., 2000, 2001):

ez p-[Pl
P; Z;P; i
sz = Gmaxg, 'Wy avec Fy = Z ez,p,* [Pl (19)

Imax,. is the maximum grazing rate of the predator Z; (j represents ciliates or cope-
J

pods), ezp is the preference of the predator Z; to the prey P, [F] is the prey concen-

tration, ij is the half-saturation constant of the predator Z; for ingestion, F; is the total

biomass of available food for the predator Z; (Fasham et al., 1999).
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2.2.3 Decomposition of particulate and dissolved detritus

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

remDet = DcDet(O,) + DcDet(NO3) (20)
(1) DcDet(O,) is the decomposition of Det in oxic conditions (or ammonification):

The parameterization from Yakushev et al. (2007) takes into account the temperature
influence and an oxygen dependence using a Michaelis-Menten formulation:

DcDet(O,) = exp(Kiox - T) - Ky - [Det] - Fox (21)
If [O,] < O,0x then: Fox =0

If [O,] > O,0x then: Fox = ([O,] — O,0x)/([O,] — O,0x + Ky, )

where Ky is the decomposition rate in oxic conditions (Kyp, for Dg and D, and Kyp4

for the DON).
(2) DcDet(NQO3) is the decomposition of Det in suboxic conditions (denitrification):

(CH50)406(NH3)4gH3PO,4 + 84.8HNO; — 106CO, + 42.4N, + 148.4H,0
+ 16NH; + H3PO,

The relative consumption of NO, et NO, during the classic reaction (Richards, 1965)
can be determined using Anderson et al. (1982):

0.5CH,0 + NO; — NO; +0.5H,0 +0.5CO,
0.75CH,0 + H* + NO, — 0.5N, + 1.25H,0 + 0.75CO,
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Yakushev et al. (2007) consider the suboxic decomposition of particulate (Dg, D) or
dissoled organic matter (DON) in two stages:

DcDet(NO3) = 0.5.Denitr1(Det) + 0.75.Denitr2(Det)
Denitr1(Det) = Ky, - Fdnox - FANNO; - [Det]
Denitr2(Det) = Kyp4 - Fdnox - FANNO, - [Det]

RSN
Eep

If [O5] > O,dn then: Fdnox = 0
If [O,] < O,dn then: Fdnox = 1 - [0,]/(0,dn - (O,dn + 1 - [O,]))

If [NO;]1 < NOgmi then
If [NOZ] > NOgmi then
If [NO; ] < NO,mi then
If [NO, ] > NO,mi then
Then, the 1st and 2nd

: FdnNOg = 0
: FANNO3 = (INO;] - NOgmi)/(INO3] - NOgmi + 1)
: FdnNO, = 0
: FAnNO, = (INO;] - NO,mi)/(INO;] - NO,mi + 1)

stages of denitrification are:

Denitr1 = Denitr1(DON) + Denitr1(Dg) + Denitr1(D,) (25)
Denitr2 = Denitr2(DON) + Denitr2(Dg) + Denitr2(D, ) (26)

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; + 1.50, — NO; +2H" + H,0

Knaz-[Oa]

with Nitrif1 = NH* 27
[0,] + O,nf (N, 27)
2nd stage of nitrification: NO, + 0.50, — NO,
N Kz - [Op] _
with Nitrif2 = ————-[NO 28
[O,] + Oynf (NG ] (28)
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2.2.5 Anammox

As the anammox process occurs in the Benguela upwelling system, this process is
taken into account using the formation of Yakusehv et al. (2007), under suboxic condi-
tions:

NO, +NH, — N, +2H,0
with
Anammox = Kanammox - [INO5 1+ [NHZ] “Keonvert (29)

2.2.6 Fluxes at the ocean-atmosphere interface

O, and N,O 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 O, and from Wanninkhof (1992) for N,O. O, saturation concentrations at
one atmosphere total pressure for water-saturated air are determined using Garcia and
Gordon (1992). N,O concentrations in equilibrium with moist air at total pressure of one
atmosphere come from Weiss and Price (1980). The dry mole fraction of atmospheric
N,O is assumed to be 318 ppb (Lueker et al., 2003; Cornejo et al., 2006; Anonymous,
2008).

2.2.7 Chlorophyll/nitrate ratio

Chlorophyll a concentrations ([Chl a]; in mg Chl m'3) are derived from simulated phyto-
plankton concentrations ([P]; in mmolN m’s) assuming a variable Chl/N ratio following
(Hurtt and Armstrong, 1996):

[Chl a]=1.59- y-[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 y = y,.x = 1, hence C/Chl,,, = 50gCgChi™".
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If phytoplankton growth is nutrient limited, y = nutrient-limited growth rate/light-limited
growth rate, and the upper limit for the (C/Chl),,. is fixed to 1SOQCgChI'1 (Charria
et al., 2008). In this case, the applied y 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 (O,, NO; and Chl a), the rates of
the microbial loop (NHZ and NO, oxidations, NO; reduction, anammox). Different N,O
parameterizations were also tested to study the impacts on the N,O 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 N,O emissions to the atmosphere. The sensitivity analyses are detailed in
Sect. 4. The most adjusted simulation represents the “Reference simulation” and is
confronted to data in the following section (Sect. 3).

2.3 Namibian configuration

The ROMS 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 horizontal resolution of 1/12° (ranging from 8.15km 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 75m, the
thickness of the first (at the bottom of the ocean) and last (near the ocean-atmosphere
interface) levels is 11.4 m and 0.4 m, respectively. In the open-ocean area, with a max-
imum depth of 5000 m, the thickness of the first and last levels is 853.5m and 5m,
respectively. Bottom topography from 1" GEBCO (General Bathymetric Chart of the
Oceans: http://www.gebco.net) (Fig. 1) product was interpolated onto the model grid,
and smoothed as in Penven et al. (2005) in order to reduce pressure gradient errors.
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The ROMSTOOLS package (Penven et al., 2008, http://www.romsagrif.org/) was used
to build the model grid, atmospheric forcing, initial and boundary conditions.

The Namibian configuration used in this study is a small domain which is a sub-
domain 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 salt fluxes are provided by
1/2° resolution COADS-derived monthly climatology (Da Silva et al., 1994). An air-sea
feedback parameterization term, using the 9-km Pathfinder climatological Sea Sur-
face Temperature (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 the paucity of
evaporation-precipitation forcing fields as in Veitch et al. (2009).

For biogeochemistry, initial and open boundary conditions for NO, and O, concen-
trations are provided by the monthly climatology of the CSIRO Atlas of Regional Seas
(CARS, 2006). Phytoplankton (Pg and P|) is a function of Chl a derived from SeaW-
iFS climatology and vertically extrapolated from the surface values using Morel and
Berthon (1989) parameterization. For zooplankton (Zg and Z,), we applied a cross-
shore profile following in situ observations, with low concentrations offshore (based
on Koné et al., 2005) and increasing concentrations onshore. N,O is a function of O,
from CARS database (2006) using Suntharalingam et al. (2000, 2012)’s parameter-
ization. For other biogeochemical tracers, initial and lateral boundary conditions are
established using a vertical constant profile (for Dg and D, ) or exponential profile (for
NO,, NHZ and DON) (see Table 1) based on Koné et al. (2005).
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The simulation is run for a total of 19yr. 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
physical/biogeochemical model is run for 12yr. The 8 last years (years 12—19) will be
analyzed in the following sections of the paper. Over these 8yr, the coupled model
presents balanced 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 different types of available data
sets. The CSIRO Atlas of Regional Seas allowed to establish 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 Chl a (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 comparison with surface simulated Chl a. Simulated Chl a is the sum of
flagellate and diatom concentrations expressed in N units and converted into Chl a
(mg Chl m'3) using a variable ratio described (see Sect. 2.2, Eq. 30).

Different in situ data (sections and stations) are used for the model/data compari-
son. Their positions are shown in Fig. 3. Temperature, salinity, oxygen, nutrients, Chl a,
primary 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 collected during expeditions M57/2 of RV Meteor February 2003 (Zabel et al.,
2003; Kuypers et al., 2005) and AHAB1 of RV Alexander von Humboldt in January
2004 (Lavik et al., 2008), and allowed to estimate temperature, salinity, oxygen and
nutrients in the Namibian upwelling system. In October 2006, the Danish Galathea
expedition crossed the BUS. Measurements of temperature, salinity, oxygen, nutri-
ents, and Chl a were collected (courtesy of L. L. Sgerensen, National Environmental
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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, N,O samples were
collected at 9 stations 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 on board and measurements were done after the cruise at IFM-
GEOMAR, Germany by using the static equilibration method according to Walter et al.
(2008).

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

3 Model evaluation

To compare simulated fields m of the “Reference simulation” and data d (in situ, satel-
lite and climatological data), different statistical metrics are selected: the mean (M),
the bias (M,,, — My), the Root Mean Square (RMS), the standard deviation (o), and the
correlation coefficient between simulated fields and data (/) which are combined in
a Taylor’s diagram (Taylor, 2001). For the statistics, the model is interpolated 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 agreement with
data if R > 0.9, 0.6 < 0" < 1.4 and RMS" < 0.4 (R: correlation coefficient, 6*: normal-
ized standard devivation, and RMS": normalized centered pattern RMS difference).

3.1 Temperature, salinity, and density

We first evaluate the model capability to represent temperature, salinity and density
fields in the Namibian upwelling system. Density is computed from temperature and
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salinity data using the same Jackett and McDougall (1995) relationship 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) climatology’s. For comparison with
seasonal CARS (2009) climatology, statistics are performed 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 variability when model outputs
are compared with in situ data. The correlation coefficient usually stays above 0.9,
the normalized standard deviation is between 0.6 and 1.4, and the normalized cen-
tered pattern RMS difference is less than 0.45 (Fig. 4a—c). In general, the model out-
puts slightly overestimate the temperature field, and underestimate salinity and density
fields as compared to in situ data for specific years (Table 3). The most important dif-
ferences between simulated and in situ data are mainly observed in the surface layer
(0—100m) over the continental shelf and slope because this area is very sensitive to
the different forcing fields. However no clear latitudinal trend can be highlighted. These
results especially point out an important interannual variability for the in situ data that is
not represented using our simulation. Indeed, the monthly climatological fields (winds,
heat and fresh water 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 situation, and not the interannual
variability, the same statistics are now presented between the simulated fields and
CARS (2009) climatology’s. The correlation coefficient is above 0.96 for three fields.
The normalized standard deviation is between 0.93 and 1 for temperature, between
0.83 and 0.93 for salinity, and between 0.9 and 1 for density. The normalized centered
pattern RMS difference is less than 0.2 (or a RMS difference of 0.78 °C) for tempera-
ture, 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
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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~2 in autumn, re-
spectively) (Table 3). These different statistical metrics giving satisfying results, we illus-
trate 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 density 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, sim-
ulated temperature, salinity and density isocontours rise to the surface over the con-
tinental 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 correction scheme in the salt
fluxes (Sect. 2.3) are lower 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 winter season associated
with the seasonality of the trade winds in this area. Sea surface temperatures (SST)
vary between 12—13°C in austral winter and 17—-18 °C in austral summer. The isotherm
9°C is located around 300-350-m depth in the simulated and climatological fields. For
salinity, a sub-surface maximum salinity observed during summer (in the first 200-m
depth) rises to the surface in austral winter, progressively, in agreement with the cli-
matology. This sub-surface 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 equator-
ward (Monteiro and van der Plas, 2006) and these salty sub-surface waters 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
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salinity over the first 100-m depth can be noticed for the simulated field as explained
previously. Despite a lower standard 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 density 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 previ-
ous evaluated fields (Sect. 3.1), the different statistical metrics highlight an important
variability between the in situ data and the model fields. For both oxygen and nitrate
fields, the correlation coefficient is above 0.8 for all comparisons, except for AHAB1
data in January 2004 (Fig. 4d, e). The normalized centered pattern RMS difference is
lower than 0.6 usually 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 oxygen
concentrations. The bias between the simulated and in situ oxygen concentrations is
positive usually with higher bias for AHAB1 cruise up to 67.7 mmol O, m~2 (Table 3).
This positive bias is mainly due to the overestimation of oxygen concentrations on the
continental shelf especially for water-depth below 130 m. This explains the lower vari-
ation of the simulated oxygen concentrations as compared to in situ measurements
(6" < 1). From these results, it appears that the model does not succeed in represent-
ing extreme low nitrate and oxygen concentrations on the bottom shelf waters. Indeed,
sampling conducted during AHAB1 cruise reveals particular conditions (important sul-
phidic event) in the continental shelf waters off Namibia (Lavik et al., 2008). Sulfate
reduction produces toxic hydrogen sulfide under oxygen and nitrate depleted waters,
usually linked with the continental shelf sediment processes, not considered in BioE-
BUS model at the moment.

Except these extreme events, the seasonal cycle and annual mean of simulated
oxygen and nitrate concentrations give satisfying results as compared to CARS
database (2006) (Fig. 4d, e).The correlation coefficient is above 0.9 and 0.95 for
oxygen and nitrates, respectively, for all comparisons with CARS. The normalized
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standard deviation is between 0.84 and 0.89 for oxygen, and between 0.92 and 1.04
for nitrates. The biases vary between —5.56 and 2.96 mmol O, m~2 for oxygen, and
between —1.89 mmolNm~ and 1.01 mmolNm™ for nitrates and are found in austral
winter and summer, respectively (Table 3).

The vertical section at 23°S (Fig. 5d, 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 oxygen concentrations, with the
OMZ located along the continental 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 mmolN m™3
in the open ocean and higher than 16 mmolN m~3 along the coast. The pool of high ni-
trate concentrations (around 30—-35 mmol N m'3) is located at depth between 200 and
1500 m (with variations depending on latitude and related to the upwelling cells along
the coast; not shown). Discrepancy is visible with too high oxygen and nitrate con-
centrations simulated over the continental shelf, and especially for water-depth below
130 m, probably due to biogeochemical 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 austral summer and a thicker
oxygenated surface layer during austral winter. This feature is due to the alternative
dominance 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
expanded (vertically and temporally) in the CARS climatology (2006) than in the simu-
lated 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 varia-
tions are lower (Monteiro and van der Plas, 2006). Indeed, both vertical profiles (model
and climatology) are very similar when excluding the area onshore 130-m isobath (not
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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 con-
centrations are between 225 and 270 mmol O, m™~2 close to the surface, and frequently
lower than 50 mmol O, m~2 at depth, in agreement with this in situ time series at 23° S.
However concentrations below 25 mmol O, m~2 are scarcely obtained at this location
using the coupled model, while they are frequently observed in the in situ time series.
An upwelling of nutrient-rich waters occurs during the austral winter season (Fig. 6d, h)
linked with the wind-driven upwelling. However, a seasonal cycle is not so marked in the
simulated nitrate due to important non-linear processes associated with eddy activity
simulated with the eddy-resolving ROMS model (Gutknecht et al., 2012) as compared
to coarse resolution climatology.

The other nutrients, i.e. nitrite and ammonium, present low values in the simula-
tion with maximum value of 0.37 and 0.56 mmolNm™, respectively, with a subsur-
face maximum usually observed around 50-m depth above the continental shelf (not
shown). These two nutrients are quikly transformed in nitrate by nitrification processes.
As reported in Table 4, simulated values are within the range of in situ concentra-
tions reported in the Namibian upwelling system. During the AHAB1 cruise, both nu-
trients reached very high concentrations as compared to other cruises, up to 3.4 and
8 mmol N m™2 for nitrite and ammonium concentrations, respectively. Note that nitrite
and ammonium concentrations, respectively above 1 and 4mmolNm™ only corre-
spond to extreme low oxygen concentrations (O, < 4.5mmol O, m'3) on the bottom
shelf waters (water depth usually below 130 m). As explained above, these extreme
conditions are not represented by our climatological simulation. More in situ measure-
ments of nitrite and ammonium concentrations are needed to conclude. However sim-
ulated fields seem to have the same order of magnitude as in situ data, maybe 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 sea-
sonal cycle of oxygen and nitrate concentrations. Vertical gradients of both fields as
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well as horizontal distributions give satisfying results, except concentrations near the
sediment-water interface over the continental shelf for water depth lower than 130 m.
Simulated nitrite and ammonium concentrations are within the range of available in situ
data.

3.3 Chlorophyll a and total primary production

The model is able to reproduce the low and high chlorophyll a concentrations (Chl a)
offshore and along the coast, respectively, as well as a tighter onshore-offshore gra-
dient in the southern part of the domain, and a slacker one in the northern part
(Fig. 7a, b). However the magnitude of the extremes of Chl a (offshore and coastal
values) are lower in the modeled field, explaining the normalized standard deviation
lower than 1 in Fig. 7e. Indeed, simulated surface Chl a are around 0.3 mg Chl m~2 off-
shore, being slightly higher than those derived from SeaWiFS sensor (0.2 mg Chl m~3),
and Chl a increases up to 7 mg Chl m~2 at the coast in the model while coastal concen-
trations reach 10 mg Chl m~ in the satellite data (Fig. 7a, b). The time series (Fig. 7c, d)
highlight the good agreement between the seasonal cycle of simulated Chl a and the
seasonal cycle of the SeaWiFS climatology. Between 22-24°S, minimum Chl a are
simulated in austral winter during the maximum upwelling season. Some weeks after
the maximum upwelling, Chl a increases up to maximum values in austral summer.
The Taylor diagram presented in Fig. 7e gives a quantitative comparison between the
simulated and observed (climatological and satellite data) Chl a patterns. The statis-
tics are better when the simulated Chl a is compared with the more recent SeaWiFS
data (1998-2009) than surface WOA (2001) data, being due to the biomass temporal
changes observed in BUS (Demarcq, 2009). Indeed, the Northern part of the Benguela
upwelling system presents a positive anomaly of surface Chl a about +0.19mg Chl m~3
for the last ten years (Demarcq, 2009). The annual and seasonal mean fields present
a correlation coefficient between 0.8 and 0.9 compared with SeaWiFS climatology, cor-
responding to the same decade as the wind used to force the model. The normalized
standard deviation lower than 1 highlights an underestimation of the simulated Chl a
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variance on annual, seasonal 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). Satel-
lite Chl a 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).

The simulated total primary production is how compared with the BENEFIT data
from Barlow et al. (2009) (Table 4). In our modeling experiment, following the sea-
sonal cycle of Chl a (see above), the Namibian system appears to be twice as much
productive in austral summer (up to 2.Sng‘2 day'1 near the coast) than in aus-
tral winter (up to 1.Zng'2 day’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 8.83gC m~2 day'1 during February—March 2002, and between 0.14
and 2.26gC m~2 day_1 during June—July 1999, with important spatial variations. How-
ever, 8-yr mean of simulated primary production is in agreement with satellite estima-
tions (Table 4). In the BUS, annual primary production was estimated between 3.7 x 10?
and 9.5 x 10°gCm~2yr~' (Ware, 1992; Carr, 2002; Tilstone et al., 2009; see Table 4).
Brown et al. (1991) estimated the primary production in the Northern Benguela system
at 4.3 x 10° ng‘2 yr'1 inshore of the 500-m isobath. Taking this same limit (500-m
isobath), the simulated estimation is equal to 5 x 10? gC m~2 yr‘1, in the range of pre-
vious estimations.

The spatio-temporal variability of Chl a and primary production is quite well captured
in our modeling experiment.

3.4 Zooplankton and DON

The temporal evolution of simulated copepod (mesozooplankton: large zooplankton or
Z, in the model) abundance at 23° S is compared with in situ data from Kreiner and
Ayon (2008) (Table 4). To convert the copepod abundance (number of individuals per
m?: no m'2) from Kreiner and Ayon (2008) in mmol N m~2, we used a mean dry weight
of individual animal of 40.75 ug for each individual. It corresponds to a mean dry mass
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for Calanoides Carinatus (juvenile, and adult stages) as estimated by Huggett et al.
(2009), a major copepod species in the Namibian system. The biomass was converted
in 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 (Aiken, 1998; Aiken and Bale, 2000; Aiken et al., 2000) estimations in this
area. Integrated over 200-m depth, in situ data between 2000 and 2007 present an
important interannual variability, with biomass from 1 x 10° to 7 x 10° nom ™2 (or21.5
to 150 mmoINm'Z). However, the maximum abundance is usually observed during
the first part of the year (summer—early fall) and is located between 10 (14.2°E) and
50 nautical miles (13.5° E) off the coast (Kreiner and Ayon, 2008). For the same tran-
sect (23° S), our coupled model simulates a copepod abundance varying from 21.5 to
120 mmol N m™2, with a maximum of copepod abundance during summer—early fall, sit-
uated at the same distance from the coast as in situ data. Seasonal cycle of zooplank-
ton follows that of Chl a with a lag time as 3 to 8 weeks are necessary to 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 pum, 500—
1000 pum, 1000-2000 um, > 2000 um) 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
fraction between 200 and 2000 um, usually considered as mesozooplankton (copepods
in the model). For the same climatological month (May), the monthly mean concentra-
tions are within the range of in situ data but do not reach the in situ high values, there
is still a factor 2 difference. However, using the 3-day average outputs for May, the
simulated copepod concentrations can reach 107 mmolN m™2, closer to the maximum
concentration measured during AMT 6 cruise. Regarding the full analyzed period and
domain, mesozooplankton regularly reach concentrations about 130—145 mmol N m™2
at the beginning of the year. So, simulated copepod distribution seems to corroborate
in situ measurements from Kreiner and Ayon (2008) and AMT 6 cruise, with slightly
lower concentrations.
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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 concentra-
tions were taken in the offshore region of the Namibia upwelling system. The simulated
and in situ profiles are not directly comparable, however in situ concentrations give an
indication on the vertical distribution we can expect offshore of our domain. The simu-
lated DON concentrations (0.5—1.5mmol N m~° at the surface) are within the range of
in situ concentrations (0.7—3.4 mmol N m~2 at the surface).

3.5 N-O distribution

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

The in situ N,O concentrations reach up to approximately 40 x 1 0% mmol N,O m~2in
oxygen-depleted waters in the water column onto the shelf, and at the shelf break near
the water-sediment interface and tend to decrease with increasing O, concentrations
(Fig. 9a, b). The simulated N,O concentrations, averaged for climatological December
month, are compared to these first data available in 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). However, here we want to show that the sim-
ulated N,O concentrations have similar values as compared to the first in situ N,O data
when the simulated O, concentrations are close to the measured O, concentrations.
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It is the case for the oxygenated water column and for waters close to the sediment
onto the continental slope, with simulated values up to 30 x 1072 mmol N,O m~2 and
in situ values up to 40 x 107° mmol N,O m~2. The simulated 3-day averaged N,O con-
centrations follow the same trend as in situ measurements for the full analyzed period
(Fig. 9c). Simulated values reach 90—-100 x 1072 mmol N,O m~2. 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 biogeochemi-
cal model of Koné et al. (2005) (see Sect. 2.2), we had to adapt the BioEBUS model,
especially some of the parameter values within the range of values found in the litera-
ture (Table 2). A first adjustment was made using BioEBUS in zero spatial dimensions
(time dependent only) as the coupled high resolution model requires a lot of computer
time for a simulation. For the adjustments we used the main features for the differ-
ent 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 nutrients uptake (half saturation constants KNOspS

and KNH4P ) were adjusted in order to obtain a better agreement for the Chl a and ni-
L

trate concentrations between the simulated field and data. The maximum growth rate
of the large phytoplankton (diatoms) had to be reduced from 0.8356 day'1 (Koné et al.,
2005) to 0.6 d! (Fasham et al., 1990; Oschlies and Garcon, 1999; Huret et al., 2005)
to obtain a better agreement between the simulated primary production and the BENE-
FIT 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 grazing function with the introduction of the preference parameter for the zooplank-
ton for different types of plankton using the formulation of Dadou et al. (2001, 2004),
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the associated maximum growth rates and half saturation constants for ingestion, and
the small zooplankton specific excretion rate. Finally, parameters linked to the microbial
loop (hydrolysis of detritus p and up ) 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 n° 1 in Table
5; the solid black line in Fig. 10).

After this first coarse adjustment, sensitivity analyses were performed on key pa-
rameters 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 microbial loop when
estimations based on in situ measurements are available. Moreover, different N,O pa-
rameterizations were also tested to improve the N,O concentrations in the deep ocean.
The objective is also to evaluate the sensitivity of biogeochemical parameter values on
the OMZ off Namibia, N losses due to denitrification and anammox processes, and
N,O emissions to the atmosphere. The methodology consists in arbitrarily changing
the value of key parameters from the “Initial simulation” (Test n° 1). Parameter 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 after adjustments are mentioned in Table 2. For each
analysis, the perturbed simulated fields were compared with the annual climatology’s
of nitrate and oxygen concentrations from CARS (2006) and Chl a concentrations from
WOA (2001). NHZ and NO, oxidation rates, NO, reduction and anammox rates were
compared to in situ estimations (Fig. 11). We keep the parameter value when the dif-
ference between the simulated fields and the data is the smallest among the different
tests we made, with realistic parameter value. These sensitivity analyses are illustrated
in Fig. 10 and 11, in which simulated fields or rates are 8-yr mean, spatially averaged
between 22-24° S and 10-15° E. For N,O 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 n° 14 and 15).
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4.1 Principal simulated variables

The adjustments made on decomposition rate of particulate organic matter (Kyp4) and
dissolved organic matter (Kyp4) from Yakushev et al. (2007) formulations and sinking
velocity of large detritus (wp ) clearly improve the distribution of nitrate, oxygen and
Chl a concentrations, and more especially the associated vertical gradient (Fig. 10).
The oxygen concentrations are higher than climatological data, as the model does not
simulate extreme low oxygen concentrations onto the continental shelf (see Sect. 3.2).
Excluding this area (vertical profiles overlap on Fig. 10a), the simulated concentrations
get closer to CARS data. By intensifying the vertical sedimentation of large detritus
(Test n° 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 im-
provement of the Chl a profile and the oxygen concentrations below 50-m depth. The
simulated oxygen, nitrate and Chl a vertical profiles are in better agreement with the
data when combining the increased vertical velocity to the decreased decomposition
rates of detritus and DON (Test n° 4). As this combined simulation (Standard simu-
lation) gives satisfying results, we are now interested in improving the relevant rates
for the nitrogen cycle (especially nitrification, denitrification and anammox processes)
without changing the distribution of oxygen, nitrate and Chl a concentrations. In this
objective, a series of simulations is performed and is detailed in the following section.
The relevant improvements are combined in the Reference simulation (Test n° 15).

4.2 NHZ and NO; oxidation rates, NO; reduction and anammox rates

Using the Initial simulation, fast and shallow NHZ regeneration leads to low nitrification

rates in the OMZ (order of magnitude of 10~ mmolNm™ day‘1) as NHZ and NO,, are

oxidized in the surface layer. When the oxic decomposition processes occur deeper

in the water column (Test n° 4: Standard simulation), nitrifying activity shifts vertically,

and NH:{ and NO, oxidation rates are increased by a factor 65 and 112, respectively,

in the OMZ between the Initial and Standard simulations, while the rates for the whole
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water column are only decreased by a factor 1.4 for both stages of nitrification (Fig. 11).
The combined set of parameters tested in the fourth simulation also activates suboxic
processes non existent in the Initial simulation (Fig. 11) due to improvements of the
oxygen vertical distribution between Tests n° 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 hydrophysical-
biogeochemical model adapted for suboxic water column conditions (Black and Baltic
Seas). The anammox rate tested independently has a poor impact on microbial fluxes.
However, its increase (by a factor 10) becomes relevant when combining it with a re-
duction of the nitrification rate by the same factor (Test n° 14; Fig. 11) as here NO, is
the limiting factor for anammox bacteria. So a slower nitrifying activity improves anam-
mox fluxes off Namibia, with simulated anammox flux of 1.4 x 102 mmolNm™ daly_1
(Test n° 14; Fig. 11) in the lower limit of in situ estimations (Table 6), but it also af-
fects the N,O production linked with the OMZ (see following section). So we pre-
ferred to improve the different fluxes considered here without changing the nitrifica-
tion rates. Another way to improve the nitrification fluxes in the OMZ comes from the
significant source of NO, by NO; reduction and NHI by suboxic decomposition pro-
cesses (Test n° 9; Fig. 11). Moreover NO; reduction rate was too low as compared
to data. Combining the relevant tested parameters, the Reference simulation (Test
n° 15; Fig. 11) gives satisfying results for nitrification with 8-yr mean fluxes of 3 and
7.7x10"°mmolNm™2day™" for NH; and NO; oxidations within the simulated OMZ off
Namibia, respectively, and maximum fluxes of 17.6 and 37.7 x 1072 mmolNm™ day'1,
respectively, as compared to in situ estimations (Table 6) reported by Kalvelage et al.
(2011) and Fussel et al. (2011). NO, oxidation rate exceeds NH; oxidation rate due
to important input by anaerobic NO; reduction to NO, (mean and maximum values
of 5.6x 1072 and 37.3x 1072 mmolNm™ day_1, respectively, in agreement with in
situ measurements; Table 6), also discussed in Lam et al. (2009) and Fussel et al.
(2011). The 8-yr mean anammox flux is low (0.1 x 102 mmolNm™ day‘1), but note
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that maximum values can reach 4.3 x 102 mmolNm™> day‘1, in the range of in situ
estimations made off Namibia (Table 6).

4.3 N>O parameterization

Similarly to the sensitivity analyses performed on key biogeochemical parameters, dif-
ferent N,O parameterizations were implemented in BioEBUS (Table 5) from the Stan-
dard simulation. Nevison et al. (2003) determined the N,O production as a function of
depth and of the oxygen amount consumed by nitrification. If this parameterization rep-
resents a reasonable assumption for the global ocean, it is not satisfying for EBUS and
associated OMZs as they do not consider the N,O production due to denitrification pro-
cess. Suntharalingam et al. (2000, 2012) parameterizations relate the N,O production
to organic matter decomposition using the oxygen consumption rate in the oxygenated
ocean and at low-oxygen levels. On global scale the simulation from Suntharalingam
et al. (2012) using B = 0.01 mol N,O mol N~" and the formulation from Nevison et al.
(2003) give satisfying results, in term of N,O concentrations and vertical distribution,
as compared to the compiled database (Suntharalingam et al., 2012). Nitrification is
the main process affecting the marine N,O cycle at global scale, while denitrification
can play an important role at local scale. For this reason, the 8 coefficient accounting
for the N,O source in suboxic waters will also be tested here as in Suntharalingam
et al. (2012). Using B = 0.02 to 0.04 mol N,O mol N~", results represent an upper limit
for the global N,O source, still reasonable as compared to the recent estimates (Sun-
tharalingam et al., 2012). These results can then be more realistic under specific bio-
geochemical conditions such as those found in EBUS and associated OMZs.
Between Nevison et al. (2003) parameterization and the one from Suntharalingam
etal. (2012) using 8 = 0.03 mol N,O mol N~ (Fig. 12a), the mean increase of N,O con-
centrations takes place in the intermediate layer (100 to 400-m depth) for the whole
analysed domain (22-24°S and 10-15°E). However improvements are highlighted
when zooming on the continental shelf and shelf break where the OMZ is developed
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(vertical profile overlap on Fig. 12a). Suntharalingam et al. (2012) parameterization us-
ing B = 0.03 mol N,O mol N~ gives a significant N,O source using the parameter set of
the Reference simulation, providing N,O concentrations to the range of the few in situ
observations available in the Namibian 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 Chl a concentrations, as well as key
processes of the microbial loop (see Sect. 4), the best fitted simulation (Reference sim-
ulation) gives satisfying results compared to the climatologies and the in situ measure-
ments (see Sect. 3). Moreover, the N,O parameterization from Suntharalingam et al.
(2000, 2012), with higher g coefficient, also improves the N,O concentrations in the
interior ocean. We now discuss the impact of parameter values on OMZ off Namibia,
N losses due to denitrification and anammox processes, and N,O concentrations and
emissions to the atmosphere.

5.1 OMZ off Namibia

The oceanic volume of oxygen-depleted waters is very sensitive to biogeochemical
parameters used in the coupled model associated with organic matter decomposition
(Knps and Kypg), vertical sinking of large particles (wp, ) and nitrification (Ky4, and
Knza) (Fig. 13).

We first examine the hypoxic water volume using the common O, threshold of
60 mmol O, m=3 (Hofmann et al., 2011). This hypoxic water volume is very sensi-
tive to the parameter values associated with organic matter decomposition and vertical
sinking of large particles (see Tests n° 1 to 4, and n° 10 to 13 in Fig. 13). For example,
its volume is multiplied by a factor of 1.8 between the Initial and Standard simula-
tions. Improving the distribution of oxygen, nitrate and Chl a concentration, as well as
key processes of the microbial loop (see Sect. 4), we finally kept wp x 8, Knpa/15
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and Kyps/3 (between Tests n° 1 and 13); these improvements allowed to multiply 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 denitri-
fication processes, when tested independently (see Tests n° 5 to 9) or in combination
with previous improvements (see Tests n° 13 to 15), do not impact the hypoxic water
volume. Finally, the best-fitted simulation (Reference simulation) generates a hypoxic
water volume of 2.21 x 10% km® very close to CARS database (2.32 x 10° km3) for the
same O, threshold.

The tested biogeochemical parameter values have the same impact on the suboxic
water volume or OMZ volume (O, < 25mmol O, m’3) as the hypoxic water volume,
however with a higher intensity. For example, its volume is multiplied by a factor of
65.9 between the Initial and Standard simulations (see Tests n° 1 to 4 in Fig. 13). The
OMZ volume is still doubled at the end of the sensitivity analyses but differs by a fac-
tor of 2.3 with CARS database. However, this volume difference between the model
and CARS comes from the area shoreward of the isobath 130 m, as both estimations
are very close excluding this area (Fig. 13). Contrary to the hypoxic volume, the sub-
oxic volume is affected by parameter values associated with the nitrification process.
Indeed, the suboxic volume is divided by 1.6 when Ky4, and Ky,3 are divided by 10
(see the volume change between Tests n° 4 and 5, and between Tests n° 14 and 15
in Fig. 13). In the OMZ, NO; reduction generates a NO, source that is quickly oxi-
dized to NO, by the second stage of nitrification. This link between both processes
in the OMZ generates a maximum of nitrifying activity (that uses O, to oxidize NO,
and NO; to NHZ) directly affecting the suboxic volume. However it has no impact on
the hypoxic area as NO; reduction process is not present for oxygen concentrations
above 25 mmol O, m™~2. So the tested parameter values associated with organic matter
decomposition, vertical sinking and nitrification directly control the OMZ volume, but in-
terestingly have no influence on averaged and minimum oxygen concentrations in the
OMZ.
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The Reference simulation gives satisfying results as compared to CARS oxygen
volume, expect 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 oxygen demand) play a key role to maintain
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 biogeochemical 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 Current System, and argued that sediment denitrification is balanced
by water-column nitrification resulting in bottom oxygen concentrations equivalent to
the ones simulated without sediment module. Conversely, in regions where recycled
production is important, losses of bioavailable nitrogen through sediment denitrification
can decrease the primary production and then increase the bottom oxygen concentra-
tions (Bianucci et al., 2012).

The simulated OMZ off Namibia does not extend more poleward than 26°S
(Fig. 14a), and represents the southern boundary of the Eastern Tropical Southeast
Atlantic zone (Monteiro and van der Plas, 2006), supplied by the poleward undercur-
rent on the shelf and slope of the Benguela. Simulated minimum oxygen concentrations
are around 20 mmol O, m~ 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. 9¢). The minimum oxygen concentrations are located on the bottom wa-
ters 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 deoxygenated (using 3-day averages; not shown).

Monteiro and van der Plas (2006) showed that the remote and local forcing sparked
off low oxygen variability in the Namibian sub-system. The input fluxes at northern and
southern boundary conditions govern the OMZ formation, while local biogeochemical
oxygen demand only acts on persistence and intensity of the OMZ (Monteiro and van
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der Plas, 2006). The 3-D coupled modeling experiment presented here allows an anal-
ysis of the controlling processes of this OMZ. The 8-analysed years present a balanced
oxygen budget. Physical and/or biogeochemical processes only act to conserve these
low oxygen concentrations. Our analysis 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 14e).
This finding is also consistent with a modeling study covering the whole Benguela sys-
tem using the SAfE configuration with the same coupled ROMS/BioEBUS model (Le
Vu et al., 2012). It also highlights that the minimum oxygen concentrations located be-
tween isobaths 100 and 300 m are not driven by physical forcing (Fig. 14d) as in this
area, advection processes generate a weak gain of oxygen, when considering the 8-yr
average. Instead, the spatially constant biogeochemical sink (Fig. 14f), mainly due to
nitrifying bacteria, becomes the only process to deplete the oxygen content between
isobaths 100 and 300 m (Fig. 14e). This spatial shift in governing processes maintain-
ing the minimum oxygen concentrations occurs over the whole analyzed domain, from
20° S to the southern limit of the Namibian OMZ, and has not been reported previously
to our knowledge, and has to be confirmed with future studies.

OMZs associated to EBUS also play a major role in the global nitrogen cycle acting
as areas of N losses as well as N,O production and outgasing. 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 inorganic nitrogen from the marine ecosystem were
estimated using the coupled model, and analyzed through the sensitivity analysis on
biogeochemical parameter values (Fig. 13).

Due to its low concentrations, NO, is here the limiting factor for both processes (den-
itrification and anammox). As a consequence, increasing denitrification rates (Test n°
9 in Fig. 13) directly impact N losses as NO, reduction supplies the NO, pool for the
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second stage of denitrification (NO, 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, pool (NHZ oxidation and
NO, reduction) have to be more efficient. Then a slower nitrifying activity associated
to increased anammox and denitrification rates (Test n° 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 Northern Chile.
However, this combined set of parameters also affects the N,O production in the water
column off Namibia (see Sect. 4.3). We could also independently change the nitrifica-
tion rates (accelerate the NH,, oxidation rate and slow down the NO; oxidation rate) in
order to enhance NO, pool available for anammox bacteria. However daily rates are
close to in situ data (Fig. 11), and furthermore higher NO, oxidation rates than NH:.rr
oxidation rates are observed in the data due to significant source of nitrite by NOy
reduction (Lam et al., 2009; Fussel et al., 2011). Increasing anammox and denitrifica-
tion rates without changing the nitrifying activity (Test n® 15) results in NO, reduction
as the main process to deplete the water masses of the Namibian upwelling system
in nitrogen. On 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 N, production mechanism was
anammox in the OMZ off Namibia and Northern Chile, respectively, using punctual
observations during the same fall season (Namibia: R/V Meteor cruise in March/April
2003 — 4 stations; Chile: DINAMO cruise in March 2004 — 2 stations). However, anaer-
obic ammonium oxidation to N, 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 biogeochemical models. Instead anammox bacteria can reduce ni-
trate to ammonium via dissimilatory nitrate and nitrite reduction (Kartal et al., 2007).
The apparent complexity of anammox bacteria deserves to revise their representation
and formulation in the models, thereby to increase in situ measurements.
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It has become clear that anammox bacteria are of global importance in the biogeo-
chemical 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 (Ar-
rigo, 2005); nevertheless the relative importance of anammox and denitrification pro-
cesses in N losses is still an open discussion due to contrasting results in OMZs.

5.3 N3O concentrations and emissions to the atmosphere

Using our sensitivity analysis on N,O parameterizations, we choose Suntharalingam
et al’s (2000, 2012) one, with a higher G coefficient (see Sect. 4.3), and implemented
it in the Reference simulation. Indeed, between the Standard simulation using Nevison
et al. (2003) parameterization (Test n° 4) and the Reference simulation using the Sun-
tharalingam et al. (2000, 2012) one (Test n° 15), mean N,O concentrations increased
by a factor of 20 % in the intermediate layer (100 to 400-m depth) over the continen-
tal shelf and shelf-break where the OMZ is developed (Fig. 12a). This improvement
provides maximum N,O concentrations within the range of the first observations avail-
able in the Namibian upwelling system (see Sect 3.5 and Fig. 12b). The importance
of parameter values and N,O parameterization become even evident when zooming
on the OMZ area as mean N,O concentrations increased by a factor of 50 % between
the Standard and the Reference simulations (Fig. 13). The OMZ contributes to 40.5 %
of total N,O production over the analyzed domain (22—24° S and 10-15°E) and 25 %
over the all simulated domain, in agreement with Suntharalingam et al. (2000). Indeed,
these authors suggest that 25 to 50 % of the global oceanic N,O source could be lo-
calized in low-oxygen regions.

The parameter values and N,O parameterization directly impact N,O concentra-
tions in the OMZ, but do not significantly constrain the N,O sea-air fluxes. Indeed,
N,O outgasing only increases by 5.5 % between both simulations (Standard and the
Reference simulations; Fig. 13) due to similar mean N,O concentrations in the mixed
layer (increase < 1%; Fig. 13). These results diverge from those of Suntharalingam
et al’s (2000). They found that the majority of N,O formed under low oxygen conditions

15089

BGD
9, 1505115126, 2012

Coupled modeling in
EBUS

E. Gutknecht et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/15051/2012/bgd-9-15051-2012-print.pdf
http://www.biogeosciences-discuss.net/9/15051/2012/bgd-9-15051-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

is directly outgassed to the atmosphere, suggesting that an increase of N,O produc-
tion in the OMZ should result in similar increase of N,O sea-air flux. Higher simulated
oxygen concentrations over the shelf than observed ones are probably responsible for
this distinct sensitivity between N,O concentrations in the OMZ and N,O sea-air flux.
A more developed OMZ over the shelf will significantly improve our current estima-
tions, as shallower deoxygenated waters will upwell to the surface with direct impact
on sea-air fluxes.

Improvement of parameter values associated to organic matter decomposition, ver-
tical sinking and nitrification appears as important as the parameterization used to
estimate N,O emissions. Indeed between the Standard simulation using the Nevison
et al. (2003) parameterization (Test 4) and the Reference simulation using the one
from Suntharalingam et al. (2012) and 8 = 0.03 molN,O molN~" (Test 15), 45% of
N,O emissions increase comes from the parameterization used in BioEBUS and about
55 % are due to the improvement of the parameter values. So, both improvements
are crucial to better simulate N,O emissions using oceanic biogeochemical models.
However, in situ measurements are needed to refine the a and G coefficients used in
Suntharalingam et al. (2000, 2012) parameterization, and to improve the N,O vertical
distribution and emissions to the atmosphere.

Recently, Zamora et al. (2012) suggested that N,O production increases linearly with
decreasing oxygen, rather than exponentially, in the Eastern Tropical Pacific, based on
MEMENTO database. This fundamental difference in N,O production parameteriza-
tion introduces a large uncertainty in biogeochemical models, especially in EBUS and
associated OMZs (Zamora et al., 2012), even more in a context of expansion and in-
tensification of the OMZs (Stramma et al., 2008; Deutsch et al., 2010). Moreover, it
is currently assumed that N,O is produced via two mechanisms: denitrification under
suboxic conditions, N,O as an obligatory gaseous intermediate to N,, and nitrification
in oxic environments with N,O as a by-product. However, NO detoxification by anam-
mox could be another N,O source (Strous et al., 2006; Kartal et al., 2007). So more
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studies are needed to better understand the N,O cycle and improve its representation
in biogeochemical models, but our results are promising.

Finally, we currently do not take explicitly into account the consumption of N,O dur-
ing the second step of the denitrification as the parameterization of N,O production of
Suntharalingam et al. (2000, 2012) is only based on O, concentrations. Moreover, N,O
consumption occurs at very low O, concentrations (< 1-2 mmol O, m~2; Gruber, 2004)
or maybe up to 10 mmol O, m~2 as reported by Zamora et al. (2012) in the Eastern
Tropical Pacific. However, N,O consumption is not a relevant process in our Refer-
ence simulation; oxygen minimum values usually staying above this threshold limit of
10 mmol O, m~2 (see 3-day averaged oxygen concentrations in Fig. 9c). We will include
this consumption process using the formulation of Jin and Gruber (2003) or Zamora
et al. (2012) in future work.

6 Conclusions

We developed a biogeochemical model (BioEBUS) taking into account the main pro-
cesses linked with EBUS and associated OMZs. We implemented a 3-D realistic cou-
pled physical/biogeochemical configuration for the Namibian upwelling system using
the high-resolution hydrodynamical model ROMS. 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 N,O parameterizations to adjust the
coupled model, and relevant simulations are discussed in order to improve the spatio-
temporal distribution of oxygen, nitrate, chl a and N,O concentrations, as well as key
processes of the microbial 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 impact of parameter values on OMZ off Namibia, N losses
due to denitrification and anammox processes, and N,O concentrations and emissions
to the atmosphere. In a companion paper, this same configuration is used to quantify
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N offshore export likely to sustain the primary production of the subtropical gyre and
N,O outgasing (Gutknecht et al., 2012).

The low-oxygen water masses are very sensitive to biogeochemical parameter val-
ues associated with organic matter decomposition, vertical sinking and nitrification.
After adjustment of the coupled model, the simulated hypoxic water volume is simi-
lar to the observations (CARS climatology, 2006), and the suboxic volume also com-
pares well with observations 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 decorrelation of dominant pro-
cesses maintaining the minimum oxygen concentrations off Namibia was highlighted
with the poleward meridional advection of oxygen-depleted waters offshore of 300m
isobath and nitrifying activity inshore of this isobath.

After sensitivity analyses that clearly allowed improving NO; reduction and anam-
mox fluxes and associated N losses, NO, reduction is the main process to deplete the
water column of the Namibian upwelling system in nitrogen; anammox 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 processes in oceanic N losses still needs
to be better understood as anammox bacteria appear having a more complex and ver-
satile behavior than previously believed. Some biogeochemical pathways are not yet
well understood in natural ecosystems. The sensitivity analysis also highlights the im-
portance of nitrification processes and the need to take explicitly into account NO; in
such low oxygen environment. Both steps of nitrification, ammonium oxidation and ni-
trite oxidation, are necessary to improve the representation of microbial activity linked
with the OMZ, and should be detailed in coupled models dedicated to EBUS.

The N,O parameterization from Suntharalingam et al. (2000, 2012), using a higher
B coefficient gives satisfying results as compared to in situ measurements made off
Namibia, and especially for mean N,O concentrations in the OMZ. The OMZ area
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30

off Namibia contributes to 25-40 % of total N,O production in the studied area; the
same relative contribution as for global estimations. However, N,O concentrations in
the OMZ do not directly constrain the N,O sea-air fluxes as the different adjustments
performed here only generate an increase of about 5.5 % of N,O outgasing because
N,O concentrations in the mixed layer do not appear sensitive to parameter values.

Lastly, a large number of uncertainties still remains on the understanding of biogeo-
chemical cycles, and especially the nitrogen cycle. For instance, the role of the anam-
mox process in dissimilatory nitrate reduction is still to be elucidated. N,O 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 already observed in a context of climate change. So
more studies are needed to better understand the N cycle and improve its representa-
tion in biogeochemical models.
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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,, NH, and DON).

a
b
c
d
e
f

Symbols Variables Units Initial Scale depth (m)
values

P Nanophytoplankton (flagellates) mmolNm™ f([cnip? . oot

Pf Microphytoplankton (diatoms) mmolNm™ f(chip? } Vertical extrapolation

NO; Nitrates mmolNm™ CARS” -

NO, Nitrites mmolNm™  0.05 100

NH; Ammonium mmolNm™  0.1° 100

Zg Microzooplankton (ciliates) mmolNm™2 d

Z Mesozooplankton (copepods) mmolNm™2 d

Dg Small detritus mmolNm™ 0.02° Constant with depth

D, Large detritus mmolNm™ 0.02° Constant with depth

DON Dissolved organic nitrogen mmolNm™ 0.5 100

0, Dissolved oxygen mmolO,m™  CARS” -

N,O Nitrous oxide mmolN,Om™  £(0,])° -

: [Ps], [PL], [Zs] and [Z, ] are a function of [Chi] from SeaWiFS climatology.

: CARS database (2006).
: Koné et al. (2005).

: low concentrations offshore (based on Koné et al., 2005) and increasing concentrations onshore.
: function of [O,] from CARS database (2006) using Suntharalingam et al. (2000, 2012) parameterization.

Penven et al., 2008).
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Table 2. BioEBUS biogeochemical model parameter values. “Values” are the parameter values
. “Original values” are from the original papers, and changed
for the needs of our configuration. We recall the references used by Koné et al. (2005) in their

used in the Reference simulation

modeling study.

Parameters Symbols Units Original values  Values References
Phytoplankton
Initial slope of P-I curve for Pg ap m?W~" day™"' 0.025 0G99, K05
Initial slope of P-I curve for P, @, m2W~" day™’' 0.04  Popova et al. (2002), KO5
Light attenuation coefficient due to pure water Ky m™’ 0.04 0G99, T00, KO5
Light attenuation coefficient by phytoplankton Kehia m? mg Chi™' 0.024 OC00, K05
Chl/C ratio 6 mg Chlmg c' 0.02  F90, Lacroix and Nival (1998), T00, KO5
Pg maximum growth rate at 0°C ap, day™’ 0.557 K05
P, maximum growth rate at 0°C ap, day" 0.8356 (K05) 0.6 Adjusted

b - 1.066 0G99, KO5

c coy”! 1 0G99, KOs
Mortality rate of Pg Hp, day" 0.027 K05
Mortality rate of P, g, day™ 0.03 0G99, K05
Exudation fraction of primary production (by Pg) Epg day™ 0.05  HO5, YO7
Exudation fraction of primary production (by P ) ep, day" 0.05  HO5, YO7
Strength of NH} inhibition of NOj uptake constant Kosi (mmol N m'a)'1 146 Y07
Half saturation constant for uptake of NH; by Pg KNHwS mmolNm™ 0.5 K05
Half saturation constant for uptake of NH; by P, KNHA?L mmolNm™® 0.7 (K05) 1 Adjusted
Half saturation constant for uptake of NO; +NO, by Pg KNOaps mmolNm~® 1 (K05) 0.5  Adjusted
Half saturation constant for uptake of NO; +NO, by P, KNOSFL mmolNm~® 2 K05
CIN ratio for phytoplankton Ren molCmolN~" 106/16  Redfield et al. (1963)
O,/N ratio Ro,/n mol O, mol N~ 170/16  Conkright and O'Brien (1994)
Sedimentation velocity of P Wp, m day’1 0.5 K05
Zooplankton
Assimilation efficiency of Zg fzg - 0.75 K05
Assimilation efficiency of Z, iz, - 0.7 K05
Maximum grazing rate of Zg Gmaxy, day" 1.2 (K05) 0.9 Adjusted
Maximum grazing rate of Z Gmax;, day" 0.96 (K05) 1.2 Adjusted
Preference of Zg for Pg 67.ps - 0.7 Adjusted
Preference of Zg for P €z.p, - 0.3 Adjusted
Preference of Z, for Pg €z.p, - 0.26  Adjusted
Preference of Z, for P €z.p, - 0.53  Adjusted
Preference of Z, for Zg €22, - 0.21 Adjusted
Half saturation constant for ingestion by Zg kz, mmolNm™ 1 (K05) 15 Adjusted
Half saturation constant for ingestion by Z; Kz, mmolNm™® 2 (K05) 4 Adjusted
Mortality rate of Zg Uz (mmol N m’s)" day’1 0.025 K05
Mortality rate of Z, Uz, (mmolNm~3)~" day™’ 0.05 0OCO00, K05
Excretion rate of Zg ¥z, day™ 0.1 (K05) 0.05  Adjusted
Excretion rate of Z Yz, day" 0.056  KO05
Organic fraction of Zg excretion 2z - 025  F90
Organic fraction of Z, excretion 2z - 025  F90
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Table 2. (Continued). BGD

Jaded uoissnasiqg

Parameters Symbols Units Original Values References
values 9, 15051-15126, 2012
Detritus
Hydrolysis rate of Dg Hp, day'1 0.1 (HO5) 0.12 Adjusted . .
Hydrolysis rate of D, o, day™' 0.1 (Ho5) 008  Adjusted Coupled modeling in
Sedimentation velocity of Dg Wpg mday ™ 1 K05 o EBU s
Sedimentation velocity of D wp, m day’1 5 (K05) 40 Adjusted
Decomposition in oxic conditions g E. Gutknecht et al.
Decomposition rate of DON Knpa day’1 0.1 (Y07) 0.006 Adjusted 8
Decomposition rate of PON Knpa day’1 0.04 (Y07) 0.014 Adjusted %
Temperature parameter Kiox (“C)’1 0,15 Y07 o
Half saturation constant Kox mmol O, m™3 15 Y07 )
(¢}
Rate of 1st stage of denitrification Ky, day’1 0.12 (Y07) 1.2 Adjusted i
Rate of 2nd stage of denitrification ~ Kyp4 day’1 0.2 (YO07) 2 Adjusted ! !
Oxygen parameter Oudn mmol O, m= 25 Yo7 o
NO; parameter NOj i mmolNm™2 0.001 Y07
NO, parameter NO, mmolNm™3 0.0001 Yo7 g - -
P o
Nitrification P2
Rate of 1st stage of nitrification Kaz day™ 0.9 Yo7 % ! !
Rate of 2nd stage of nitrification Kios day™ 2.5 Y07 o
0, parameter Oyt mmol O, m~3 1 Y07 >
; N -
Anammox [W)
-3 -O
Oxygen parameter Oypen mmol O, m 25 @ ! !
Anammox constant Kanammox day™ 0.03 (Y07) 0.3 Adjusted
Conversion constant Keonvert (mmolNm=)~" 1 Yakushev (personal —
N,O formulation (W)
Scalar multiplier a mol N,O mol N’ 0.75x10™* S00-12 Z
Scalar multiplier g mol N,O mol N! 0.03 S00-12 %
Ko, - 0.1 S00-12 %3
0G99: Oschlies and Garcon (1999); K05: Koné et al. (2005); OC00: Olivieri and Chavez (2000); T0O: Tian et al. Q-)U
(2000); HO5: Huret et al. (2005); YO7: Yakushev et al. (2007); F90: Fasham et al. (1990); S00-12: Suntharalingam 8 @ &)
- BY

et al. (2000, 2012).
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Table 3. Biases (model — data) for temperature (°C), salinity, density (kg m‘3), oxygen
(mmol O, m~2) and nitrate (mmol N m~3) concentrations between the modeled fields and data.

I

m
)
c
77

Temperature  Salinity Density Oxygen Nitrate Ca? E. Gutknecht et al.
M57/2 02/2003 23° S 0.137 -0.049 -0.052 28.351 —1.528 &
M57/2 02/2003 24.4° S 0.309 0.029 -0.044 -4.674 0.931 g' g
M57/2 02/2003 25.5° S 0.491 -0.025 -0.103 17.700 -0.066 -
AHAB1 01/2004 22° S ~0.399 -0.212 -0.085 61.809 -3.874 i
AHAB1 01/2004 23° S ~0.225 -0.149 -0.066 48.680 -0.535 e ! !
AHAB1 01/2004 24°S -0.095 -0.127 -0.085 66.920 -1.280 - ! !
AHAB1 01/2004 25° S ~0.131 -0.110 -0.068 67.697 2.495
AHAB1 01/2004 26° S 0.809 0002 -0.173 38.645 —3.385  Tables  Figues
AHAB1 01/2004 27° S 0.495 -0.005 -0.104 6.942  2.411 S
Galathea 10/2006 0.705 0.069 -0.094 23775 0.148 g
AMT6 05/1998 0.362 -0.132 -0.177 26.266 —-6.399 S ! !
CARS summer 0-600m 0.070 -0.031 -0.029 2955  1.008 o ! !
CARS automn 0-600m 0.074 -0.015 -0.017 2504 0.107 °
CARS spring 0-600m 0.327 -0.006 -0.070 -5.558 —1.892 = ! !
CARS winter 0-600 m 0.053 -0.043 -0.040 0982 0.232 -
CARS annual 0-600m 0.131 -0.024 -0.039 0219 -0.136 _
CARS annual 0 m—bottom 0.084 -0.012 -0.026 0973 0.037 =
(@)
(@]
 Interactive Disoussion
Ay
:
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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 (ng‘2 day‘1) integrated
over the euphotic zone, annual primary production (102 gC m~2 day‘1), and mesozooplankton
(mmol N m~2) integrated over 200-m depth.

This study  In situ data Reference
NO; (mmolNm™®)
0.002-0.37 0.01-0.67 Galathea (Oct 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 (Jan 2004)

(up to 3.4 for O, < 4.5 mmol O, m'a) (> 70 sampled stations)

NH; (mmolNm™)

0.006-0.56 <0.3 Galathea (Oct 2006)
(3 sampled stations)
22-m depth: 3.13 AMT 6 (May 1998)
161-m depth: 0.62 (only 2 measurements at
St. 26.7° S-14.25°E)
0.001-4 AHAB1 (Jan 2004)

(upto 8for O, < 4.5mmolO,m™®) (> 70 sampled stations)

Total primary production (g Cm™2day™"; integrated over the euphotic zone)

Summer (Feb-Mar) 0.1-2.3 0.39-8.83 Barlow et al. (2009)
Winter (Jun—Jul) 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 (10°gCm=2yr™")

5 4.3 Brown et al. (1991)
7.6 Ware (1992)
9.5 Carr (2002)
Tilstone et al. (2009):
51+0.6 — AMT data
3.7upto 9.5 — models

Mesozooplankton (mmol N m2; integrated over 200-m depth)

23°S 21.5-120 21.5-150 Kreiner and Ayon (2008)
23°S: 20002007
May 21.5-71.5 25.5-157.5 AMT 6 (May 1998)

(3 sampled stations)
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Table 5. Sensitivity analyses: tested parameter values, N,O parameterizations, and combined EBUS

simulations.

Test n® Tested parameters Values corresponding to tested parameters g E. GutkneCht et al.
Sensitivity analysis on key parameters 8
1 = Initial simulation Preliminary adjustments made using a 0-D model %
2 wp, x4 20mday™’ 5
3 Knpa/30 and Kyp,/6 0.003day™" and 0.007 day™" S _
4 = Standard simulation Wp, % 4, Knpa/30 and Kyp, /6 20mday~", 0.003day”" and 0.007 day™’ o)
5 Standard + Ky,,/10 and Ky,3/10 0.09day™" and 0.25day™" %
6 Standard + Kynammox/ 10 0.003day ™" ®
7 Standard + Kynammox X 10 0.3day”™’ =
8 Standard + Kyg,/10 and Kyp,/10 0.012day™" and 0.02day™" ! !
9 Standard + Ky, x 10 and Kypq x 10 1.2day”" and 2day™" —
10 Standard + Kyps x 10 and Kyp, x 10 0.03day™" and 0.07 day™"
1 Standard +Kyps x 2 and Kypy x 2 0.006day™" and 0.014 day ™ @) - -
12 Standard +wp x2 40mday™’ g
13 Standard +wp_x 2, Kyps x 2 @nd Kyps x2  40mday™", 0.006day™" and 0.014 day™ &
()]
(72}
Sensitivity analysis on N,O parameterization o ! !
4 = Standard + Nev Standard + Nevison et al. (2003) S
4a = Standard + Sunth(81) Standard + Suntharalingam et al. (2000, 2012): there standard simulation (8 = 0.01 mol mol") g? ! !
4b = Standard + Sunth(82) Standard + Suntharalingam et al. (2000, 2012) with 8 = 0.02 mol mol™’ o
4c = Standard + Sunth(33) Standard + Suntharalingam et al. (2000, 2012) with 8 = 0.03 mol mol ™" Q ! !
Final simulations (combination of previous simulations; see parameters values above) o
14 (=Testsn" 13 +7 + 9 + 5 + 4c) Standard +wp x 2, Kyps X 2, Knps X 2, Kanammox % 10, Kngz x 10, Kyag x 10, Kysp/10, Kyz3/10, Sunth(53) _
15 = Reference simulation Standard +wp, x 2, Knps % 2, Knpa % 2, Kanammox % 10, Knaz x 10, Kyz4 x 10, Sunth(83) o
(=Testsn° 13 + 7 + 9 + 4c) o
e
(=
(2}
2
o
o}
o
S
@ O
@ () (L
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Table 6. In situ and simulated estimations of NH:{ and NO, oxidation, NO; reduction and

anammox (102 mmolNm™ day") in the Namibian OMZ. Simulated estimations are 8-yr mean
values from the reference simulation, computed between 22—24° S and 10-15°E. In brackets

are the maximum values.

NH; oxidation NO; oxidation NO; reduction Anammox Reference
1.4-37 1.7-47 Fussel 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
communication, 2012)

3 7.7 5.6 0.1 This study

(17.6) (37.7) (37.3) (4.3)
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H24°S (1127) : - -
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408
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24°E 48°E
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Fig. 1. Bathymetry (in m) from 1" GEBCO. Domain of the Southern Africa Experiment (SAfE
“parent” grid; 2.5° W-54.75°E and 4.8° S-46.75" S, 1/4°). The high resolution domain (SAfE
“child” grid; 3.9° E-19.8°E and 12.1°S-35.6" S, 1/12°) is represented by the domain within the
white rectangle, and the Namibian configuration (5° E-17°E and 19° S-28.5° S, 1/12°) devel-
oped and validated in this study is depicted by the domain within the red rectangle.
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17 17 > N based processes
———p O based processes

(@] N,O N,O based processes
2 2 — 2

1. Assimilation of nutrients

Exudation

Grazing

Fecal pellets

Mortality of phytoplankton
Mortality of zooplankton
Excretion

Decomposition of detritus

N
-
'
4
© © N o T s~ w DN

DON
NOS' 10. Decomposition of DON
10, 9 11,12. Nitrification
1 13,14. Denitrification

Hydrolysis

15. Anammox
loss 16. Vertical sinking

17. Sea-air flux
DL

Fig. 2. Interactions between the different compartments of the BioEBUS model. Black arrows
represent the nitrogen-dependent processes, red arrows the oxygen-dependent processes,
and blue arrows the processes linked with N,O 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 rectangle. For example, the arrow between nutrients and phytoplankton (assimilation)
is a simplification of 6 interactions: NO; to Pg, NO; to P, NO; to Pg, NO; to P, NH; to Pg,
NH, to P,.
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Galathea surface data (10/20086)
® Galathea stations (10/2006)
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B  METEOR 57/2 (02/2003)
AHAB1 (01/2004)
Mooring Walvis Bay (1994-2004)
= = = AMT6 transect (05/1998)
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Fig. 3. Cruise sections and stations used for the model/data comparison: the Danish Galathea
expedition (October 2006), the METEOR expedition 57/2 (February 2003), the AHAB1 expedi-
tion (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 N,O data from FRS Africana cruise (December 2009). The
black dashed lines indicate the bathymetry (in m). Specific stations are indicated and will be
discussed later in the text.
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Fig. 4. Taylor's 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 (see the expression in Sect. 4). The
correlation between both fields is given by the azimuthal position of the test field. 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 database
(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 8 last years of
simulation (Y12-Y19). For the comparison with CARS database, simulated fields were either
seasonally or annually averaged.
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Fig. 5. Simulated 8-yr mean of (a) temperature (°C), (b) salinity, (c) density (kg m~3), (d) oxygen
(mmol O, m~2) and, (e) nitrate (mmol N m~) 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

database (2009) are overlaid on the simulated fields using the same color bar as the simulated
fields.
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Fig. 6. Times series (8 last years of simulation: Y12 to Y19) of temperature ("C) (a, e), salinity
(b, f), oxygen (mmol O, m~3) (e, g), and nitrate (mmolN m~3) (d, h) averaged over the conti-
nental 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.
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Fig. 7. 8-yr mean and times series (8 last years of simulation averaged between 22-24° S)
of logarithm of surface chlorophyll a concentrations (mg Chl m's) from the coupled model (a,
c) and SeaWiFS climatology (b, d). Simulated field is on the left side and SeaWiFS monthly
climatology on the right side. Taylor’'s diagram for logarithm of chlorophyll a concentrations (e).
See legend of Fig. 5 for details. Biases between the modeled fields and compared data have
been added to the right of the legend.
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Fig. 8. Vertical distribution of chlorophyll a concentrations (mg chl m'3) at stations 14 (a), 15
(b), and 16 (c). The black solid line represents the simulated field (averaged May over 8yr).
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
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Oceanographic Data Center for the stars, and R. Barlow for the triangles).
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Fig. 9. (a) Oxygen (mmol O, m‘3), and (b) nitrous oxide (10'3 mmol N,O m'3) concentrations
estimated with the coupled model at 23° S (averaged December over 8yr) between the sur-
face and 1500-m depth, with a zoom in the first 100-m depth. Colored circles for the FRS
Africana (12/2009) data are overlaid on the modeled fields using the same color bar as the
modeled fields. (¢) Nitrous oxide concentrations (10‘3 mmol N,O m‘3) as a function of oxygen
concentrations (mmol O, m'3) at 23° S. Black dots represent the simulated 3-days averaged
fields for the whole analyzed period (Y12-Y19), and red stars in situ measurements from the
FRS Africana cruise in December 2009.
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Fig. 11. NH} and NO; oxidation rates (107> mmol N m~° day™") in the whole water column (top)
and in the OMZ (middle). Bottom: NO; reduction and anammox rates (10‘2 mmolNm™2 day'1).
Rectangles represent 8-yr mean values for the different tests performed for the sensitivity analy-
ses, 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 on Table 6).
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Fig. 12. Vertical profiles of horizontally averaged (a) and maximum (b) N,O concentrations
between 22-24°S and 10-15°E (in 10™> mmolN,Om™°) from the surface to 600-m depth for
different parameterizations (Nevison et al., 2003; Suntharalingam et al., 2000, 2012), G coeffi-
cient (Suntharalingam et al., 2000, 2012), and sensitivity analyses on key parameters. Vertical
profiles were 8-yr averaged. Vertical profiles of averaged N,O concentrations between 22—
24° S and 12.5-15° E, zonal extension of the OMZ at this latitude rage, overlap in (a). Red stars
represent in situ measurements from the FRS Africana cruise in December 2009.
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4 - Volume (10 km®) for [O,] < 25 mmol O, m™ off isobath 130m

-Volume (10° km®) for [O,] < 60 mmol O, m™
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Fig. 13. Top: oxygen volume below 25 mmol O, m™~2 (10? km?; suboxic volume or OMZ volume)
and below 60 mmol O, m=3 (103 km?®; 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 (10° molNyr™'). Bottom: mean N,O concentrations (mmolN,O m~2; left
axis) in the mixed layer (~ 0-50m) and in the OMZ, and mean N,O emissions to the atmo-
sphere (10° mol Nyr'1; right axis). There are 8-yr mean values for the different tests realized
for the sensitivity analyses, 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.
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Fig. 14. (a) Minimum oxygen concentrations (mmol O, m'3) simulated in the OMZ, (b) depth
(m) of these minimum oxygen concentrations, (¢) thickness (m) of the OMZ, (d) oxygen advec-
tion term (sum of zonal, meridional and vertical components; mmol O, m~2day™';), (e) oxygen
mixing term (sum of horizontal and vertical components; mmol O, m™2 day’1), and (f) oxygen

consumption by biogeochemistry (oxic decomposition + nitrification; mmol O, m~2 day'1) when
simulating the minimum oxygen concentrations. For fluxes, negative values represent an oxy-
gen sink and positive a source. All fields are averaged over the 8 analysed years.

15126

| Jadeq uoissnosigq | Jeded uoissnosiq | Jaded uoissnosiqg

Jaded uoissnasiq

BGD
9, 15051-15126, 2012

Coupled modeling in
EBUS

E. Gutknecht et al.

(8
S

]
2


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/9/15051/2012/bgd-9-15051-2012-print.pdf
http://www.biogeosciences-discuss.net/9/15051/2012/bgd-9-15051-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

