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Abstract. Eastern boundary upwelling systems (EBUS) arefixed N via denitrification and anammox under suboxic con-

regions of high primary production often associated with ditions (G < 25 mmol @ m~3); and (3) the NO emission to

oxygen minimum zones (OMZs). They represent key regionghe atmosphere in the upwelling area.

for the oceanic nitrogen (N) cycle. By exporting organic mat-  In the mixed layer, the total N offshore export is estimated

ter (OM) and nutrients produced in the coastal region to theas 8.5+ 3.9x 10°°molNyr—1 at 10 E off the Walvis Bay

open ocean, EBUS can play an important role in sustainingarea, with a mesoscale contribution of 20 %. Extrapolated to

primary production in subtropical gyres. However, losses ofthe whole BUS, the coastal N source for the subtropical gyre

fixed inorganic N through denitrification and anammox pro- corresponds to 02 0.04 molN nT2yr—1. This N flux rep-

cesses take place in oxygen depleted environments such assents a major source of N for the gyre compared with other

EBUS, and can potentially mitigate the role of these regionsN sources, and contributes 28 % of the new primary produc-

as a source of N to the open ocean. EBUS can also represetion estimated for the South Atlantic subtropical gyre.

a considerable source of nitrous oxideo( to the atmo- Export production (16.91.3x 10°°molNyr—1) helps

sphere, affecting the atmospheric budget ON to maintain an OMZ off Namibia in which coupled ni-
In this paper a 3-D coupled physical/biogeochemicaltrification, denitrification and anammox processes lead to

model (ROMS/BIOEBUS) is used to investigate the N bud- losses of fixed N and M0 production. However, neither

get in the Namibian upwelling system. The main processesN losses (0.04-0.025x 10°°molNyr—1) nor N,O emis-

linked to EBUS and associated OMZs are taken into accountsions (0.03t 0.002x 10 mol Nyr—1) significantly impact

The study focuses on the northern part of the Benguela upthe main N exports of the Walvis Bay area.

welling system (BUS), especially the Walvis Bay area (be- The studied area does not significantly contribute +®@N

tween 22 S and 24 S) where the OMZ is well developed. emissions (0.5 to 2.7 %) compared to the global coastal up-

Fluxes of N off the Walvis Bay area are estimated in orderwelling emissions. Locally produce®® is mostly advected

to understand and quantify (1) the total N offshore exportsouthward by the poleward undercurrent.

from the upwelling area, representing a possible N source

that sustains primary production in the South Atlantic sub-

tropical gyre; (2) export production and subsequent losses of
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1 Introduction ested in quantifying losses of fixed N through denitrification
and anammox processes and estimating th® EMmissions
Although eastern boundary upwelling systems (EBUS) rep-to the atmosphere.
resent less than 1% of the global areas of the oceans, they Uncertainties also remain in the ability of nutrient sources
contribute about 11 % of the global oceanic new primaryto sustain primary production in the subtropical gyres of the
production (Chavez and Toggweiler, 1995; Carr, 2002; Carrocean. Several processes could be at work: ¢lbiNlogical
and Kearns, 2003; Monteiro, 2010) and 20 % of the globalfixation; (2) atmospheric deposition of reactive nitrogen; (3)
catches (Feon et al., 2009). Thus, EBUS are important for Ekman transport of nutrients and organic matter (OM) from
the socio-economic activity of surrounding countries and forthe enriched borders of the subtropical gyres; and (4) trans-
the global economy. This high primary production inducing port of nutrients and OM by mesoscale activity. By exporting
high aerobic remineralization associated with large-scale cir-OM and nutrients produced in the coastal upwelling areas to
culation also allows the development and maintenance othe open ocean, EBUS could represent a significant source
oxygen minimum zones (OMZs; Paulmier and Ruiz-Pino, of nitrogen, especially on the eastern border of the subtrop-
2009). Recent studies have revealed an expansion and an ifeal gyres, but also in remote locations. For example, OM
tensification of these OMZs over the last fifty years (Strammaproduced in the Canary upwelling system could irrigate the
et al., 2008; Keeling et al., 2010) due to stronger ocean stratNorth Atlantic Ocean (Peleget al., 2006). However, losses
ification and weaker ocean ventilation (Stramma et al., 2008 of fixed N described above, taking place in oxygen-depleted
2010). This phenomenon is more critical in the coastal areagnvironments such as EBUS, could mitigate the N source ef-
than in the open ocean (Gilbert et al., 2010), especially for thefect to the subtropical gyre.
EBUS. In particular, the tropical Atlantic Ocean presents the One system in which we expect significant shelf/offshore
most intense decline in oxygen concentrations of the globainteractions is the Benguela upwelling system (BUS) in the
ocean (Stramma et al., 2008, 2010). Due to the postulate@outh Atlantic Ocean, off the South African and Namibian
reduced availability of oxygen in the ocean as a result ofcoasts. Due to the reduced zonal extension of the South At-
global change, the OMZs have received increasing interestantic Ocean, the BUS could be a non-negligible N source
in the international scientific community. However, global for the eastern part of the South Atlantic subtropical gyre by
models currently fail to represent OMZs due to coarse spatiabxporting OM and nutrients to the open ocean. In addition,
resolution and poor representation of biogeochemical prothe BUS presents one of the highest primary production of
cesses. The development of regional models able to represeatl EBUS (Carr, 2002; Carr and Kearns, 2003; Chavez and
EBUS and associated OMZs is crucial as these regions play Bessg, 2009). As with other EBUS, the trade winds main-
key role for the global oceanic nitrogen (N) cycle. Currently, tain a horizontal pressure gradient along the coast associated
the N budget is not balanced (Gruber and Galloway, 2008)with a coastal geostrophic current flowing towards the Equa-
For instance, several unknowns persist for the major N losgor. In the BUS, this coastal current is called the Benguela
fluxes such as denitrification or anammox processes. Thes€urrent and contains cold and nutrient-rich waters. This sys-
oxygen-dependent processes are particularly active in EBU$m as well as the other EBUS is characterized by intense
and associated OMZs, and lead to losses of fixed N from thenesoscale activity which arises in the form of eddies, fila-
ocean and nitrous oxide g) emissions to the atmosphere ments, fronts and Rossby waves (e.g., Penven et al., 2001,
(Codispoti et al., 2001; Cornejo et al., 2006; Farias et al.,Charria et al., 2006; Capet et al., 2008; Veitch et al., 2009;
2007; Paulmier et al., 2008). The oxygen decline presentlyGutknecht et al., 2010; Gruber et al., 2011). The BUS is the
observed in EBUS might therefore lead to an increase inonly EBUS bordered by two warm systems. To the south,
oceanic losses of fixed N and emissions ofN(Codispoti  the Agulhas Current leaks anticyclonic and cyclonic eddies
et al., 2001; Codispoti, 2010; Nagvi et al., 2010). carrying warm nutrient-depleted and cold nutrient-enriched
N2O is a greenhouse gas with a global warming potentialwaters, respectively (Boebel et al., 2003; Lutjeharms et al.,
~ 300 times more efficient than carbon dioxide £Qain  2003; Richardson et al., 2003; Schmid et al., 2003). To the
et al., 2000; Ramaswamy et al., 2001). Its present increasaorth, the Angola cyclonic gyre or “Angola Dome” repre-
in the atmosphere plays a determining role in the budgetsents a pool of nutrient-enriched and oxygen-depleted wa-
of stratospheric ozone and tropospheric heat (Denman et alters (Monteiro et al., 2006; Mohrholz et al., 2008), which
2007). The global ocean is a major source gN\contribut-  are advected poleward by the warm and saline Angola Cur-
ing about 30—40 % of the atmospherig® budget (Bange, rent to the Angola-Benguela front (15-°18) before being
2006; Denman et al., 2007). Coastal upwellings could con+elayed by the subsurface undercurrent in the northern part
tribute up to 50 % of the oceanic source (Nevison et al., 2003pf the BUS (Mohrholz et al., 2008). This large-scale forc-
due to the two main microbial processes affecting th®©N ing associated with high local primary production and subse-
cycle: denitrification, which generates a loss of fixed nitrogenquent export production allows the maintenance of an OMZ
with N2O as a gaseous intermediate tg; ldnd nitrification,  in the northern part of the BUS, especially in the Namib-
which is the oxidation of ammonium to nitrate, with® as  ian upwelling system between 28 and 28 S (Monteiro et
a by-product (i.e., Bange, 2008). In this study, we are inter-al., 2006, 2008 and 2011; Hutchings et al., 2009). In this
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OMZ, suboxic concentrations below 25mmal@—2 (or plicit lateral viscosity is zero everywhere in the simulated
~0.5mL O L1 are encountered in Walvis Bay (Monteiro domain, except in the sponge layer at open boundaries where
et al., 2006, 2008), and even below the detection level forit increases smoothly on several grid points. It uses adap-
some periods of the year. During these extreme events, in adive open boundary conditions combining outward radiations
dition to the respiratory barrier that affects zooplankton andand nudging towards prescribed external boundary condi-
fish (Ekau et al., 2010), sulfur emissions can occur with sub-tions (Marchesiello et al., 2001). The vertical turbulent clo-
sequentimpacts on the mortality of commercial species (bensure is parameterized using the KPP boundary layer scheme
thic communities such as demersal fish, lobster and shellfish{Large et al., 1994).
Lavik et al., 2008). Biogeochemical processes such as deni- The SAfE (Southern African Experiment) configuration
trification and anammox in this OMZ induce large losses of (Penven et al., 2006b; Veitch et al., 2009), a ROMS-AGRIF
fixed N (Kuypers et al., 2005; Lavik et al., 2008), reaching nested configuration of South Africa region, has been used
more than 1 TgNyr! and hence could potentially mitigate to provide the initial and open boundary conditions of the
the N export towards the South Atlantic subtropical gyre.  Namibian configuration described in Gutknecht et al. (2013)
In our study of the Namibian upwelling system, the fol- and briefly reminded below.
lowing questions are addressed: (1) What is the significance
of the N export from the coastal upwelling area to the east-2.2 Biogeochemical model: BioEBUS

ern part of the South Atlantic subtropical gyre? Does it sus-

tain primary production in the open ocean as compared to thd N€ hydrodynamic ROMS model is coupled to BioEBUS
other N sources? (2) What are the losses of fixed N via den{Gutknecht et al., 2013), a biogeochemical model developed

itrification/anammox in the OMZ off Namibia? (3) What are f0f EBUS and associated OMZs. The evolution of a biolog-
the N,O emissions to the atmosphere in the upwelling area?9a| tracer con_centratlom is determined by an advective-
To answer these questions, we investigated the N fluxes iififfusive equation:

the Namibian upwelling system, and more specifically off the aC; ) 9 aC;

Walvis Bay area (between 28 and 24 S) where the OMZ  —— = —V - (uC;) +KnV*C; +£(Kz¥)+SMS(Ci) (1)

is well developed. We use thBiogeochemical model for

EasternBoundary Upwelling Systems (BioEBUS), which  The advection (with: the velocity vector) is represented by
represents the N cycle, one of the main limiting nutrients inthe first term on the right-hand side, the horizontal diffusion
the ocean, and takes into account the main processes linke@vith Ky, the horizontal eddy diffusion coefficient) by the
with EBUS and associated OMZs. This model has been cousecond term, and the vertical diffusion (with turbulent dif-
pled to the 3-D hydrodynamic ROMS model over the Namib- fusion coefficientk;) by the third term. The last term rep-
ian upwelling system in the already validated “Namibian resents the source minus sink (SMS) term due to biological
configuration” (Gutknecht et al., 2013). This coupled model activity.

and its summarized validation are presented in Sect. 2. The BioEBUS is a nitrogen-based model (Fig. 1) derived from
mean and eddy circulation as well as transport of nitrogena N2P2Z2D, model (Kore et al., 2005), taking into account
are described in Sect. 3.1. Then, N fluxes in the mixed layeithe main planktonic communities and their specificities in
of the Walvis Bay area are studied. Nitrogen export fromthe Benguela upwelling ecosystem as well as the main pro-
the coastal area to the eastern part of the subtropical gyreesses linked with EBUS and associated OMZs. It was re-
is studied in Sect. 3.2. Losses of fixed N are estimated ircently adjusted and validated in Gutknecht et al. (2013) us-
Sect. 3.3, and BD emissions to the atmosphere are consid-ing available satellite and in situ data in the northern part

ered in Sect. 3.4. Conclusions are presented in Sect. 4. of the BUS. In this model, phytoplankton and zooplankton
are split into small (B and Z: flagellates and ciliates, re-

spectively) and large (Pand Z : diatoms and copepods, re-

2 Coupled physical/biogeochemical model spectively) organisms. Detritus are also separated into small
and large particulate compartmentsg(Bnd 0O.). A semi-
2.1 Hydrodynamic model: ROMS labile dissolved organic nitrogen (DON) compartment was

added since DON can be an important reservoir of OM and
The hydrodynamic model used in this study is the Re-can potentially play an important role in supplying nitro-
gional Ocean Modeling System (ROMS; Shchepetkin andgen or carbon from the coastal region to the open ocean
McWilliams, 2003, 2005), in its version with the 2-way (Huret et al., 2005). The pool of dissolved inorganic nitro-
nesting capability (ROMS-AGRIF; Penven et al., 2006a; gen is split into nitrate (NQ), nitrite (NO, ) and ammonium
Debreu et al., 2012). It is a split-explicit and free-surface (NHI) species to have a detailed description of the microbial
model that considers the Boussinesq and hydrostatic assumppop: ammonification/nitrification processes under oxic con-
tions when solving the primitive equations. A specificity of ditions, and denitrification/anammox processes under sub-
ROMS comes from its vertical discretization with a sigma oxic conditions (Yakushev et al., 2007). These processes are
or topography-following stretched coordinate system. Ex-directly oxygen-dependent, so an oxygen)@quation was
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Fig. 1. 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 linke@witbduction. 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:tii®s, NO; to B, NO; to Ps, NO; to A,

NH, to Ps, NH} to R..

also introduced in BioEBUS with the source term (photosyn-raphy from 1 GEBCO product (General Bathymetric Chart
thesis), the sink terms (zooplankton respiration, bacteria remef the Oceanshttp://www.gebco.nét

ineralisation) as well as the sea—aif fluxes following Pé&a As described in Gutknecht et al. (2013), initial and open
et al. (2010) and Yakushev et al. (2007). To complete thisboundary conditions for temperature, salinity, free surface
nitrogen-based model, nitrous oxide,®) was introduced and the velocity (zonal and meridional components) are pro-
using the parameterization of Suntharalingam et al. (2000yided by the outputs of the SAfE configuration (Veitch et
2012). It allows determining thed® production under oxy- al., 2009). We applied the same ocean—atmosphere forcing
genated conditions and at low-oxygen levels, mimicking theas Veitch et al. (2009). A QuikSCAT monthly climatological
N2O production from nitrification and denitrification pro- wind stress is used to force the model at the surface. Surface
cesses. The SMS terms of BioEBUS as well as parameteheat and salt fluxes are provided by COADS-derived monthly
values are described in detail in Gutknecht et al. (2013). climatology (Da Silva et al., 1994). An air—sea feedback pa-
rameterization term, using the 9 km Pathfinder climatologi-
cal sea surface temperature (Casey and Cornillon, 1999), is
added to the surface heat flux to avoid model sea surface tem-
perature drift (Barnier et al., 1995; Marchesiello et al., 2003).
The Namibian configuration spans frofi5to 17 E and A similar correction scheme as in Veitch et al. (2009) is used

19°S to 28.3S. It has a horizontal resolution of 1712  for sea surface salinity because of the paucity of evaporation—
a vertical grid of 32 sigma-levels stretched so that near-precipitation forcing fields.

surface resolution increases, and a smoothed bottom topog-

2.3 The Namibian configuration

Biogeosciences, 10, 4114435 2013 www.biogeosciences.net/10/4117/2013/
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For biogeochemistry, initial and open boundary conditionsperature, salinity, and density, respectively). Our climatolog-
for NO3 and G concentrations are provided by the CSIRO ical configuration succeeds in simulating the annual mean
Atlas of Regional Seas (CARS, 2006). Phytoplankton is aand seasonal cycle of physical properties. Statistics between
function of Chla derived from SeaWiFS climatology. simulated fields and in situ data for specific years are less
is a function of Q using the parameterization of Sunthar- satisfactory (Fig. 2) as the important interannual variability
alingam et al. (2000, 2012). For other biogeochemical trac-observed off Namibia is not reproduced in this climatologi-
ers, initial and lateral boundary conditions are established useal simulation.
ing a vertical constant or exponential profile based onéon
et al. (2005). Please see Gutknecht et al. (2013) for more de2.4.2 Oxygen and nutrient distribution
tails.

The simulation is run for a total of 19yr. A physical Simulated and climatological data sets follow the same sea-
spin-up is performed over 7yr as the model needs a fewsonal cycle. Deoxygenated waters are shallower in austral
years to reach a stable annual cycle. Then the coupled physummer and oxygenated surface layer is thicker during aus-
ical/biogeochemical model is run for 12 years. The last 8tral winter. These changes are due to the alternative domi-
years (years 12-19) of simulation are used to analyze th@ance of the poleward undercurrent in austral summer and

model performance and the nitrogen fluxes. the coastal Benguela Current in austral winter (Gutknecht et
al., 2013). The wind-driven upwelling of nitrate-rich waters
2.4 Performance of the coupled model in austral winter is also correctly simulated.

On annual mean, correlation coefficients are 0.94 and 0.99
A detailed analysis of the coupled model performance is prefor oxygen and nitrate, respectively (Fig. 2). The normalized
sented in Gutknecht et al. (2013), using annual and seasonakntered pattern RMS difference are 0.35 and 0.16 (or a RMS
climatologies and recent in situ data sampled in the BUS difference of 16.5 mmol @m~3 and 1.82 mmol N m?), and
Here, a short validation is summarized in Fig. 2 and Ta-the normalized standard deviation are 0.9 and 1.01, respec-
ble 1. Temperature, salinity, and density fields are comparedively. As for the physical variables, the statistical metrics
to CARS database (2009), oxygen and nitrate concentrationkighlight an important variability between the in situ data
to CARS database (2006). Chlorophyltoncentrations are  used for comparison with the model.
compared to SeaWiFS (McClain et al., 1998; O'Reilly et Simulated nitrite and ammonium distribution present a
al., 2000) and World Ocean Atlas (WOA) 2001 (Conkright sub-surface maximunm~50 m depth) above the continen-
et al., 2002) climatologies. Statistics are also performed betal shelf, with concentrations in the range of in situ concen-
tween the model and recent in situ data off Namibia. A Tay-trations reported in the Namibian upwelling system during
lor diagram (Fig. 2) summarizes the statistics between simuAHAB1, Galathea and AMT6 cruises (Table 1). However,
lated fields and data for which the model is interpolated ontowe do not have enough in situ measurements to really con-
the observed data locations (Taylor, 2001). For other fieldsclude on the performance of the model in simulating the ver-
(nitrite, ammonium, primary production, and zooplankton), tical distribution and seasonal cycle of nitrite and ammonium
data are more scattered, so the model/data comparison is preff Namibia.
sented in Table 1. The performance of the coupled model is
studied over the whole 3-D Namibian configuration. 2.4.3 Chlorophyll @ and primary production

2.4.1 Physical properties The model simulates minimum Chl during winter. Some
weeks after the maximum upwelling, Chlincreases up to
Simulated fields and climatological database follow the samenmaximum values in summer. This simulated seasonal cy-
seasonal cycle. During winter season, trade winds inten€le is in good agreement with the one issue from the Sea-
sify and simulated temperature, salinity and density isoconWiFS climatology (Gutknecht et al., 2013). Simulated and
tours rise to the surface along Namibian coast, as a signasatellite data (Fig. 2) present a correlation coefficient of
ture of the coastal upwelling. Sea surface temperatures var@.91, a normalized standard deviation lower than 1 high-
between 12-13C in winter and 17-18C in summer. A  lighting an underestimation of the simulated Ghlariance,
maximum sub-surface salinity coming from the strong pole-on spatial and temporal scales, and a normalized centered
ward undercurrent in austral summer progressively upwellpattern RMS difference to 0.51 (or a RMS difference less
to the surface with intensification of the trade winds in win- than 0.58 mg Chl m®). Better results are obtained when sim-
ter (Gutknecht et al., 2013). ulated Chla is compared with SeaWiFS data (described
On annual mean, correlation coefficients are above 0.9%bove) than with surface WOA 2001 data (Fig. 2) due to the
for the three physical variables (Fig. 2). The normalized stan-biomass temporal changes observed in EBUS (Gutknecht et
dard deviations are between 0.88 and 1.01, and the normahl., 2013). In our modeling experiment, the Namibian system
ized centered pattern RMS differences are less than 0.17 (appears to be twice more productive in summer than in win-
a RMS difference of 0.51C, 0.063, and 0.1 kg IT¥ for tem- ter, in agreement with Barlow et al. (2009) who described the

www.biogeosciences.net/10/4117/2013/ Biogeosciences, 10, 411852013
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Table 1. Summary of comparison between simulated and in situ data for nitrite, ammonium, primary production (integrated over the euphotic
zone), and zooplankton (time series at &3integrated over 200 m depth).

Model Data
Nitrite 0.002-0.37 from0.01to 1
(mmol N m*3) (AHAB1, Galathea, AMT 6 cruises)
Ammonium 0.006-0.56 <0.3to4
(mmol N m*3) (AHAB1, Galathea, AMT 6 cruises)
Annual primary 5+ 0.05 4.3 (Brown et al., 1991)
production 7.6 (Ware, 1992)
(1P gCnr2yr-l) 9.5 (Carr, 2002)

5.1+ 0.6 (Tilstone et al., 2009; AMT data)
3.7 to 9.5 (Tilstone et al., 2009; models)

Mesozooplankton 21.5-120 21.5-150 (KA08)
(mmol N m2)

AHABI cruise: R/VAlexander von Humboldiruise in January 2004 (22-23%, 12-18 E).

Galathea: Danish Galathea expedition in October 2006 (courtesy of L. L. Sgerensen) (28-28.5
11.5-15.5E).

AMT 6 cruise: Atlantic Meridional transect 6 cruise in May 1998 (Aiken, 1998; Aiken and Bale, 2000;
Aiken et al., 2000) (20-27S, 11.5°~15 E).

KAO08: Kreiner and Ayon (2008) (23S, 13.5-14.2E).

same seasonal cycle. Annual primary production simulatecdreak. Alongshore winds were strong enough to make the
by the coupled model is£0.05x 10°gCm2yr-1, in the nutrient-rich and oxygen-depleted waters intersect the sur-
range of previous estimates made in the BUS:3I0? face along the coast of Walvis Bay (Mohrholz et al.,

to 9.5x 10°g Cn2yr—1 (Brown et al., 1991; Ware, 1992; 2009, in Cruise Report from Verheye and Ekau, 2009).
Carr, 2002; Tilstone et al., 2009) (Table 1). Spatio-temporalFor climatological December month, our coupled model
variability of Chl a and primary production is reasonably also simulates an upwelling along the coast of Namibia,
well captured in our modeling experiment (Gutknecht et al.,but monthly averaged 0 concentrations do not exceed

2013). 30 x 10~3 mmol N,O m~3 on the bottom waters of the conti-
nental slope. However, the relation betweers@d NbO con-
2.4.4  Zooplankton centrations seems to be correctly reproduced by the model

(Gutknecht et al., 2013). More in situ measurements are re-

Seasonal cycle of zooplankton follows that of GhWith & g1y heeded to validate our fields at low oxygen concentra-
time lag of 3 to 8 weeks necessary for zooplankton to re-j s

act to the phytoplanktonic biomass increase (Postel et al., aq symmarized here and detailed in Gutknecht et
1995). Simulated copepod biomass (integrated over 200-my (2013), the model realistically represents the annual mean
depth) varies between 21.5 and 120mmol Ninwith & 04 the seasonal cycle of temperature, salinity, density, ni-
maximum of copepod biomass during summer—early fall,;a¢0 and oxygen concentrations. Vertical gradients of simu-
Iocat.ed between 10 and 50 nautical miles off the co§5t1ated oxygen and nitrate concentrations as well as horizontal
In situ data sampled between 2000 and 2007 (Kreinelyistribtions provide satisfying results. Simulated nitrite and
and Ayon, 2008) present the same seasonal cycle, Withymmonjum concentrations are within the range of available
biomass varying bzetween 21.5mmol Nfrend a maximum ity data. Additionally, spatial pattern and seasonal cy-
of 150 mmol N usually observed during the first part e of chiorophylla concentrations, primary production and
of the year (summer—early fall). As described in details by ;oqpjankton biomass are well captured in our climatological
Gutknecht etal. (2013), b_Oth amp||tUQe and spath-temDQVahqodeling experiment, although the important variability ob-
location of the copepod biomass maximum appear well Simgeq in in situ data for specific years makes the analysis
ulated. delicate. Finally, simulated and in situp@ concentrations
have similar values, and the relation linking t0 NoO seems

2.4.5 NO distribution to follow the same trend.

During the FRS Africana cruise in December 2009, in
situ NoO concentrations (the first in situ measurements
made off Namibia) reached up to 4010~2 mmol N,O

m~3 in oxygen-depleted waters onto the shelf and shelf

Biogeosciences, 10, 4114435 2013 www.biogeosciences.net/10/4117/2013/
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Temperature (model-CARS)
Salinity (model-CARS)
Density (model-CARS)
Oxygen (model-CARS)
Nitrate (model-CARS)
Chlorophyll (model-WOA)
Temperature (model-data)
Salinity (model-data)
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Fig. 2. Taylor diagram for temperature, salinity, density, oxygen, nitrate and chlorophyll concentrations. The radial distance from the origin is
proportional to the standard deviation of a pattern (normalized by the standard deviation of the data: in situ, satellite or climatological data).
The green dashed lines measure the distance from the reference point (the data; black filled circle in the diagram) and indicate the RMS
error. The correlation between both fields is given by the azimuthal position of the test field. The statistics use data from annual climatologies
(CARS 2006 and 2009, WOA 2001 and SeaWiFS) and from various cruises (summarized here as “in situ”; see details in Gutknecht et al.,
2013). For comparison with annual climatologies, simulated fields were averaged using the 8 last years of simulation. For comparison with
in situ data, simulated fields were monthly averaged, and we used the monthly mean corresponding to the cruise (see details in Gutknecht e
al., 2013).

3 Nitrogen fluxes in the Walvis Bay area area is defined as the area betweeh2and 24 S, and from

the coast to 10E, with a surface of 10.& 10* km?. The bud-
The positive evaluation of the model performance for theget highlights the different important pathways for the phys-
mean state and seasonal cycle allows for us to investigate thigal and biogeochemical N transfers in the Walvis Bay area.
nitrogen (N) fluxes in the Walvis Bay area. This section startsParticular attention is given to the use and interpretation of
with a description of the mean and eddy circulation and transdiagnostics in sigma vertical coordinates.
port of the main nitrogen form responsible for high produc-
tivity in EBUS: the nitrate. Then, we focus on N fluxes inthe 3.1 Circulation, nitrate transport and role of mesoscale
mixed layer in order to answer the main questions outlined activity
in the introduction section. First, total N offshore export is
estimated in the mixed layer at the°I® boundary, and rep- The circulation in the Walvis Bay area (Fig. 3) is typical of
resents a possible N source originating from the upwellingEBUS (Marchesiello et al., 2003). Alongshore trade winds
area to sustain primary production in the eastern part of thegenerate horizontal offshore Ekman transport and upwelling
South Atlantic subtropical gyre. Secondly, export productionof deep, cold and nitrate-rich waters along the coast. The
across the mixed layer depth is estimated, and represents awastal upwelling process drives an alongshore, equatorward
OM supply to oxygen-consuming processes, leading to subeoastal jet (the coastal part of the Benguela Current) and
oxic conditions and loss of fixed N. Finally, we evaluate the a poleward undercurrent in geostrophic balance (nearshore
role of the studied area as a® source for the atmosphere. positive wind stress curl also participates in the poleward
To address these points, the full N budget is investigated irflow). In the offshore region, negative wind stress curl yields
the mixed layer (50 m depth on average) of the Walvis Baythe offshore Benguela Current (in Sverdrup balance), as well
area, using the 8 last years of simulation. The Walvis Bayas surface convergence and downwelling. To compensate for

www.biogeosciences.net/10/4117/2013/ Biogeosciences, 10, 411852013



4124 E. Gutknecht et al.: Nitrogen transfers off Walvis Bay

= 0.1
-100 N
0.05
-200 b
=]
2 -300 b 0
a
-400 b
-0.05
-500 N
600 ‘ ‘ : 0.1
10 105 ik 1.5 12 125 13 135 14 145
Longitude

b)

-100 7
0.05
-200 7

-300 7 0

Depth

-400 7

600 I I I
10 10.5 11 1.5 12 12.5 13 13.5 14 14.5

Longitude

Depth

LR
o
A -
/
-500 = = - _
/,,4! L N Reference vector
= .
== o

600 e v I I I
10 105 11 115 12 125 13 135 14 145
Longitude

Fig. 3. () Zonal component of velocity (nTs; positive values indicate eastward directiof). Meridional component of velocity (mr<;
positive values indicate northward directiofg) Zonal and vertical component of total nitrate flux (vectors) and meridional component of
total nitrate flux divergence (in color; positive sign represents a nitrate source and negative a sink) (MM&N)NThe reference vector
indicates 0.2 mmol N m?s~1 on the x-axis and 0.2 10~3mmol N m~2s~1 on the z-axis. Fields are 8 yr means, averaged betwees 22
and 24 S.

coastal Ekman divergence, a return flow develops at depthof Walvis Bay, and also represents a net source of ni-
balanced by friction in the bottom Ekman layer and by along-trate for the studied area (contribution of 18 %), with
shore pressure gradients in the interior. a maximum input in the first 50km from the coast
The surface layer (here considered as the mixed layer(Fig. 3c). The higher inflow at the southern boundary’ (@4
Fig. 4) is mainly supplied in nitrate by local upwelling; +20.2+1.3x 1019molNyr—1) than outflow at the northern
vertical advection contributes 67 % of nitrate inputs for boundary (22S; —16.14+ 1 x 101°mol N yr—1) is due to ni-
the mixed layer. The Benguela Current advects nitratedrate sink by biology and offshore advection (Fig. 4). Vertical
coming from the intense ilderitz upwelling cell south diffusion is also noticeable with a 15 % contribution to nitrate

Biogeosciences, 10, 4114435 2013 www.biogeosciences.net/10/4117/2013/



E. Gutknecht et al.: Nitrogen transfers off Walvis Bay 4125

Outgasing (N,0): 10" mol N yr*
-0.03 % 0.002
22°5 DIN
10°€ /" )
P PON
Om i 24°S
: B
o Meridional advection:
Zonal advection: : Biogeochemistry:; . .
BArlT L. i§ 9909 1218 | o2
4— ------- E ". :. o
4x1.7 P +18.9£09 M +1.6+1.8
S, SRS R
MLD £ - -
Vertical advection: i
+
*+15.7£041 Vertical diffusion:
+0.1£0.02 *3.5£03
Vertical sinking: 2.2% 02
14411 )
K 18.9+0.7 18.3 + 0.6
NH,* » NO, NO, \
i 10.2+0.5 47.2%1.8
24+0.1
27202 9.4+0.3 DON
44.8+17
12.5+0.4 v

Plankton| .

.....
., 8
. *
......
. o
. *

. -

. o
........
"""""""""""
................
.....................

Fig. 4. Full nitrogen budget in the mixed layer (®mol N yr—1) with zoom on biogeochemical fluxes. Fluxes of DIN are indicated in black,
DON are in light grey and PON in dark grey. As JGontributes to more than 96 % of DIN fluxes, we do not presenf NiOxes but
assume them equal to DIN fluxes. Fluxes are 8 yr means, averaged betWezarP24 S.

inputs in the mixed layer. At depth, the upwelling return flow  Nitrate advection is composed by mean flow (with Ekman
supplies the Ekman divergence. However, the poleward unand geostrophic components) and eddy contribution. While
dercurrent flowing from Angola represents a net sink of ni- mesoscale processes are known to significantly increase lo-
trate for the studied area with maximum loss on the shelfcal nutrient input in the surface layer and favor photosynthe-
break as the poleward nitrate flux at°Z3l carrying away sisin the open ocean, it was recently suggested that they have
some of the input by the return flow, is higher than the pole-an opposite effect in EBUS (Rossi et al., 2008, 2009; Gruber
ward nitrate flux at 22S (Fig. 3c). et al., 2011). Gruber et al. (2011) confirm the reduction of
biological production due to mesoscale eddy activity. They
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show that eddies induce a cross-shore advection that tendess due to eddy activity (Fig. 7). For the Walvis Bay area,
to oppose that of the upwelling cell resulting in a relative eddy activity leads to a 17 % decrease in primary production.
loss of nutrients in the nearshore region compensated by offThis is a significant decrease and should be accounted for in
shore transport at depth. This description is consistent wittglobal estimations of primary production.

our own estimation of the eddy impact on nitrate distribu-

tion of the Walvis Bay area. We computed 3-D eddy-induced3.2 Nitrogen offshore export

transports in the whole region of interest using the classical

Reynolds decomposition. The temporal mean for each comln the surface layer, vertical and meridional nutrient sources

ponent (zonal, meridional and vertical) is decomposed in &€ Mainly consumed by the phytoplankton. Indeed, phyto-
mean flow and eddy contribution. For example, for zonal ad-Plankton consumes 85 % of nutrients, the rest being exported
vection, we obtain the following: offshore (Fig. 4). Also, the local ecosystem produces a large

amount of PON; only 8 % of PON sources in the Walvis Bay
duNO3) @@ NO3) 8(u/NO§/) area come from_ horizontal advectiqn. Here, the PON term
= o + rra (2) includes all particulate OM forms, inert and alive (so both
classes of detritus, zooplankton and phytoplankton). Large
The first term on the right-hand side of the equation repre-detritus mainly sink by gravity (see following section) and
sents the mean flow; the second term, the eddy contributionthe other particulate OM forms are exported offshore and
u andNOj are the 8yr mean of and NG;. The fluctu-  vertically diffused. At the 10E boundary, nitrate contributes
ant parts 4 = u — & and Nq/ =NOj —N_Og) are deter- (O 40% of the total N offshore export in the mixed layer,
and PON to 47 %, mainly under the form of plankton (di-
atoms, ciliates and copepods). DON is less important for the
d-Offshore export (13 %) due to active decomposition in the

vection over the shelf is governed by the mean flow, putmixed layer (Fig. 4). The total N offshore export is estimated
to 8.5+ 3.9x 10°mol N yr—1 for the first 50 m depth of the

the mean transport is largely compensated by eddy contri ) ;
water column at 10E off the Walvis Bay area (Fig. 4), 50 %

butions over the slope region (Fig. 5). The mean flow acts''< X X
as a net source of nitrate due to upwelling and Ekman transP€iNg €xplained by Ekman transport on 8 yr mean. As inves-

port from the shelf. On other hand, the eddy contribution rep-igatéd in the previous section, mesoscale activity impacts
resents a net loss of nitrate in the nearshore region due ifhe nitrate distribution in the studied area. In the mixed layer,
eddy diffusion and advection, acting against the wind-driven€ddy transport contributes to the N offshore export from the

upwelling (Fig. 6). In agreement with Gruber et al. (2011) UPwelling area to the open ocean. At the” EDboundary,

and Colas et al. (2013), eddy advection below the mixegeddies contribute to 20 % of total N offshore export on 8yr
layer is driven by a shoreward eddy-induced (bolus) flow bal-M&&n (from 4% to 38 % on annual mean), playing a signif-
anced at depth by an offshore flow (represented by a boluiEant role in supplying the subtropical gyre with nitrogen.
streamfunction in Fig. 6). In the mixed layer, submesoscalel© our knowledge, there is no other quantitative estimation

eddy advection associated with frontal processes (Colas dlf the mesoscale impact on nitrogen cross-shore exports in

al., 2013) provides a more complicated pattern with strongEBUS'
vertical but weak lateral contribution to eddy transports (not
shown). Eddy diffusion (as opposed to eddy advection) is

the dominant mesoscale process in the mixed layer. It hag gnsjdering a horizontal surface for the South Atlantic sub-

maximum intensity in the coastal transition zone (betweentropical gyre of 9 10°km? (based on the South Atlantic
coastal and offshore regions) and tends to diffuse nitrate CONghtropical Gyral Province from Longhurst, 1998), N to-

centrations downgradient across the slope region (decreasing; oftshore export of the Walvis Bay area is equivalent
N nearshore and increasing it offshore). Therefore, eddy dify5 4 914 0.004 mol N nT2 yr~1 for this gyre. Assuming the

fusion contributes to the offshore export of nutrients as it re-g5 e contribution for the entire BUS (18 to 35 S with
moves them from the nearshore region; but as a whole, eddyy £ offshore. or 10.5 10° km?) as for the Walvis Bay

transport depletes the reservoir of nutrient available in thearea, the N source for the subtropical gyre would correspond

upwelling process (akin to the “nutrient leakage” process ofy 5 14 0.04 mol N nT2 yr—1. Compared to the other possi-
Gruber et al., 2011). To confirm the role of eddies on theyq \ sources sustaining primary production in the subtropi-
ve_rtlch distribution of n_|trates, a non eddy-resolvmg Simu- o gyre (Table 2), the BUS appears as a significant N source
lation is conducted as in Gruber et al. (2011) by lineariza-¢,r the eastern part of the South Atlantic subtropical gyre, at
tion of the momentum equation. In this case, cancellationig,st one order of magnitude higher than the other reported

of the nonlinear advection terma (Vu) prevents dynami-  gq,rces. However, the extrapolation made here certainly rep-
cal instabilities that develop into mesoscale eddies. The re;ogants an upper limit to the N export from the BUS to the

sulting nitrate deficit (up te-50 %) between eddy-resolving - gptropical gyre as Walvis Bay is particularly productive.
and non eddy-resolving simulations confirms a coastal nitrate

mined using 3 day mean outputs (filtering out high-frequency’
modes such as inertial oscillations).
Integrated over the whole water column, total nitrate a

Potential extrapolation to the whole Benguela
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Fig. 5. Sum of zonal, meridional and vertical components of nitrate advection terms (mm(ﬂstTr’r): total (a), mean(b), and eddy(c)
contributions. Advections terms are 8yr averages, integrated over the whole water column. Positive sign represents a nitrate source and
negative sign, a sink.

This N offshore export is likely to sustain primary pro- represents a major source of N for the subtropical gyre, po-
duction in the open ocean by supplying new nitrogen for thetentially contributing to 28 % of the new primary production
subtropical gyre. Annual mean primary production is esti- estimated for the South Atlantic subtropical gyre. Integrating
mated to about 0.27 gCmd 1, or 1.2 molNnT2yr—1 for the surface layer up to 100 m depth, BUS contributes to 42 %
the South Atlantic subtropical gyre using production model of the new primary production for the gyre.
and satellite chlorophyll data (Gregg et al., 2003). Using a Besides N sources reported in Table 2, another important
f ratio of 0.3 in the South Atlantic subtropical gyre, follow- N source could come from the open ocean mesoscale activ-
ing the study of Yool et al. (2007) (mean between the classiity. Poorly studied in the South Atlantic Ocean, Oschlies and
cal (0.5) and new (0.1¥-ratio in their study), new primary Gargon (1998) estimated the role of eddy-induced nutrient
production represents 0.36 mol NRyr—1. Our results sug-  supply in sustaining primary production in the North Atlantic
gest that N offshore export from the BUS to the open ocearsubtropical gyre, and concluded that about 30—40 % of new
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Fig. 6. Alongshore component of vector streamfunctior?énl) constructed from zonal velocities. In black: mean streamfunction con-
structed from the mean zonal velocify){ in red: bolus streamfunction associated with the zonal bolus velagify please see Colas et
al. (2013) for details.. The dashed line represents the mean depth of mixed layer.
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Fig. 7. Nitrate deficit (mmol N nT3) between the eddy-resolving simulation and a non eddy-resolving simulation, featuring the role of eddies
on vertical distribution of nutrients in the Benguela upwelling system. Dashed lines represent nitrate isocontours for the eddy-resolving
simulation. The fields are averaged betweeh22and 24 S.

production in the subtropics and mid-latitudes was due togyre (Table 2). Large incertitude remains on the N sources
mesoscale eddy activity. So, N source from the coastal upfor the South Atlantic subtropical gyre.

welling and open ocean mesoscale activity could be the two

major N sources sustaining primary production in the South3.3 Export production and N losses

Atlantic subtropical gyre. Obviously, an estimation of the , i i )

mesoscale role as well as submesoscale impact in the Souffigh primary production associated with EBUS produces
Atlantic Ocean is necessary to conclude. Biblogical fixa- |mportapt vertical nltroge.n and parbon export' fluxes (export
tion in the subtropical South Atlantic Ocean also appears td®reduction). For comparison with other studies, we took a
represent a significant N source for the subtropical gyre, fol-C/N Redfield ratio of 106/16 (Redfield et al., 1963). At
lowing Ganachaud and Wunsch (2002) (Table 2). Howeverd€Pth, this OM supply participates to the OMZ maintaining

their estimation is higher by two orders of magnitude than" Which_suboxic biogt_eochemical processes take place, asso-
the other N fixation estimation made in the South Atlantic ciated with losses of fixed N.
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Table 2. N source estimates (mol NT# yr—1) at regional and global scales.

N source Area Method Reference
(mol N m—2yr—1)

N> biological fixation

0.0058+ 0.0025 South Atlantic Gyre  AMT17 cruise Moore et al. (2009)
0.4+0.17 Subtropical South WOCE data + box model  Ganachaud and
Atlantic Wunsch (2002)

Atmospherical deposition

0.013 Global ocean Duce et al. (2008)
0.008 Global ocean Galloway et al. (2004)
0.002 South Atlantic Galloway et al. (2004)

Meridional transport (Ekman flux):

NO5:0.005 South Atlantic Gyre  AMT10 cruise Mahaffey et al. (2004)
DON: 0.015

Benguela upwelling system

0.14+0.04 South Atlantic Gyre  model This study

3.3.1 \Vertical sinking and total N export production sidered surfaces, the estimation of Monteiro (2010) for the
Benguela system represents a lower bound; the Benguela

. : . . is characterized by a carbon export flux range of 1.7-
In the surface layer, biological activity represents a net smkz_9 mol N nT2yr—1. The Northern Benguela is slightly more
of DIN, and a net source of particulate and dissolved OM giient in terms of export flux, with 1.83mol N yr—1.
(Fig. 4), bOth. fluxes belr_lg betlanced n t.h's equmbrat(_ed For the Walvis Bay area, the total N export production per
ecosystem. .N|trates susfta}ln 81_A) of total primary prod.uctlc_)nsqu(,jlre meter (14 0.1molNnT2yr1) is slightly lower
and ammonium 18 %, nitrite being mostly an intermediate in

N ) ) ) . than the previous range. Our studied area extends from
the oxidation of ammonium to nitrate. This higtratio (0.8) the coast to 10E, while Monteiro (2010) considers the
for the Walvis Bay area is higher than the meaAmatio of ’

: Benguela system to be the 500 m depth contour. Taking the
0.3 for the northern Benguela sub—system (Mpnte|ro, 2010)same limit as Monteiro (2010), N export production is esti-
but closer to values of 0.5-1 for the Californian and Peru-

. . S ) mated to 2.3 0.04molNnT2yr~1, in the range of estima-
vian sysFems (Montewo, 2010). This h|.gﬂ‘rat|o. comes fr'om . tions made in the Benguela system. This result is close to the
the dominant influence of local upwelling which supplies ni-

: : ; upper bound, in agreement with the fact that Walvis Bay is a
trates to the Walvis Bay area. Then high plankton biomas PP g y

ducti .
feeds the detritus pool by plankton mortality (57 %) and fae-Sp roductive area

cal pellets (43%), and the ammonium and DON pools by

excretion. DON is mostly decomposed in the surface layer3-3-2 N losses

while only 50 % of detritus locally produced are decomposed

in the surface area; the other part sinks along the water colExport production contributes to the oxygen sink in the inter-

umn by gravitation (Fig. 4). Vertical sinking of detritus and mediate layer as oxygen is consumed by OM decomposition

diatoms is estimated to 14441.1x 10'%molNyr~1, with and nitrification processes. Due to these local biogeochemi-

large detritus being the main contributor (91 % of the total cal processes associated with physical remote forcing (Mon-

vertical sinking). teiro et al., 2006, 2008 and 2011; Hutchings et al., 2009;
Vertical sinking clearly sustains the total N export produc- Gutknecht et al., 2013), low oxygen concentrations are fre-

tion (sum of vertical sinking and diffusion of DON and PON: quently found in the subsurface waters off Namibia, mainly

16.94+1.3x 101%molNyr—1) at 50m depth on the Walvis between 100 and 600 m depth. Under suboxic marine con-

Bay area (Fig. 4), and feeds the intermediate layer in OMditions (O < 25 mmol @ m—3), a coupling between nitrify-

to be decomposed. Monteiro (2010) estimated the total aning, denitrifying and anammox bacteria occurs and produces

nual carbon export flux in the Benguela to 0.038 GtClyr losses of fixed N.

using a box model, in the range of the different estima- In the Walvis Bay area studied here, estimated losses

tions reported in the Benguela (0.02-0.09 GtClyisee Ta-  of fixed N due to denitrification and anammox pro-

ble 2.4.2 from Monteiro, 2010). Taking into account the con- cesses in the water column (0840.025x 10°°mol Nyr—1;
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Gutknecht et al., 2013) are clearly insufficient to affect the of surface conditions. Secondly, the same formulation as the
N offshore export (8.3 3.9x 101°molNyr1) as well as  one used in BioEBUS (gas transfer velocity and Schmidt
the export production (16:2 1.3 x 101°mol Nyr—1) of this number from Wanninkhof, 1992) is used to estimate ocean—
productive area. For the whole Benguela system, Kuypers eaitmosphere BO fluxes. Thirdly, we used the same wind
al. (2005) estimated the N loss only due to anammox to bespeeds (for December) as those used to force the coupled
1.4+1TgNyr ! (or 10+7.15x 101°molNyr1), based model, deduced from the QuikSCAT monthly climatology.
on in situ experiments off Namibia. This loss of fixed N is on The simulated fluxes present a shoreward increase similar
the same order as export production (0.02—0.09 Gt & gr to the three estimations made at & 13.7E and
25.2-113.2< 10*°mol Nyr~1) reported by Monteiro (2010) 14.7° E (Table 3) with, however, lower estimations on 8yr
and N offshore export (86:39.8x 101°molNyr—1; ex-  average, but more comparable estimations for the maximum
trapolation from the Walvis Bay area’s estimation). Our cli- values (see values in brackets). Indeed, the upwelled waters
matological simulation certainly represents a lower bound towere particularly @-depleted and BO-enriched during

the N loss estimation due to monthly averaged forcing, un-the time of the cruise (see Fig. 9 from Gutknecht et al.,
able to simulate extreme events (Gutknecht et al., 2013). Or2013). Close to the coast, ocean—atmosphes® Nux

the other hand, the extrapolation from Kuypers et al. (2005)from in situ observations could not be estimated g©N
certainly represents an upper limit as during the time ofconcentrations measured in the water column at°12 13ad

the cruise, Namibian shelf waters were particularly deoxy-too important standard deviations. This first comparison
genated, far from the annual mean conditions of the Benguelgives promising results. Moreover, in view of reportegN

system. emissions off Chile, Mauritania and California (Table 3),
mean coastal pD emissions simulated off Walvis Bay as
3.4 NpO emissions to the atmosphere well as maximum values are in the range gfONemissions

estimated in the EBUS. It is, however, obvious that more in

Previous sections focused on lateral and vertical N transsitu data are needed to really capture the spatial distribution
ports. We are now interested in the nitrogen exchanges at thand variability of NO emissions to the atmosphere in the
ocean—atmosphere interface agON\fluxes. Remember that Namibian upwelling system.
the NbO equation in the BioEBUS model is a parameteriza- Nevison et al. (2004) quantified the;® emissions from
tion based on nitrification and oxygen concentrations (Sunthe world’s major eastern boundary regions using an up-
tharalingam et al., 2000, 2012). ThereforeNdoes not in-  welling model and in situ data, and suggested their release
teract with the other variables of the biogeochemical model.contributes to about 5% of the total ocean sources. In their

At  10°E, simulated NO sea-air fluxes study, coastal upwelling areas do not extend more than 100
(+0.184+0.02x 102 mmol N, Om=2d~1; Table 3) are km offshore. For comparison, we use the same offshore
higher than those estimated over the South Atlantic sub-bound and named this region “the Walvis Bay coastal area”
tropical gyre from in situ measurements made during AMT in the following. Estimated MO outgassing for the Walvis
12 (May—June 2003) and AMT 13 (September—OctoberBay coastal area contributes to 0.8 % of the emissions of the
2003) cruises (Table 3). Using Wanninkhof (1992) rela- EBUS (+200+ 140 GgNyr?!; Table 4). This contribution
tionships, emissions were estimated to be +G&1®? varies between 0.5% and 2.7 % due to considerable uncer-
and +0.04< 10 2mmolN,Om—2d-1 in austral autumn tainty in the estimation from Nevison et al. (2004). In terms
and spring, respectively (Robinson et al., 2006; Forster ebf emissions per unit area, the Walvis Bay coastal area emits
al., 2009). However, the track of both cruises was in the0.7+0.01x 10-2mmol NoO m~2d~1, in the range of esti-
oligotrophic gyre (10S to 30 S—25°W; see tracks in Fig. 1 mations made for all EBUS but slightly lower than estima-
from Robinson et al., 2006), while even at the westerntion for the whole South-West Africa area (Table 4). Cur-
boundary of the Namibian configuration°(®), conditions  rently, with the qualities and defaults of the simulated OMZ
are not oligotrophic. off Namibia, NoO production associated with the OMZ of the

Simulated NO fluxes at the ocean—atmosphere Walvis Bay area is mostly advected southward by the pole-
interface present a cross-shore gradient up toward undercurrent (Gutknecht et al., 2013) and certainly out-
+1.440.3x 10 2mmolN,Om—2d-1 along the coast gases at lideritz cell. This explains our current estimation
(Table 3). This gradient is difficult to validate as until 2009, as compared to the South-West Africa area (Table 4) and the
there was no RO in situ data in the BUS. In December recent measurements made off Walvis Bay during the FRS
2009, the FRS Africana cruise in the framework of the Africana cruise (Table 3). However, the Walvis Bay coastal
GENUS project realized the firstJd® in situ measurements area certainly contributes more efficiently than our current
along the Walvis Bay transect (23). Ocean—atmosphere estimation. Observed OMZ is more developed over the con-
N2O fluxes were then estimated using mean values fromtinental shelf than the simulated one (Gutknecht et al., 2013).
three samples from each Niskin bottle. Some assumption3hen, high NO concentrations can directly be upwelled and
were made. First, concentrations measured at the first bottleutgased off the Walvis Bay area.
(between 4 and 18 m depth) are assumed to be representative

Biogeosciences, 10, 4114435 2013 www.biogeosciences.net/10/4117/2013/
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Table 3.N,O emissions to the atmosphere {Zanmol N,O m—2 d—1) estimated in EBUS using the atmospheric convention (positive flux
means an outgassing obl® from the ocean to the atmosphere).

Upwelling  Method NO emissions Reference
System 162 mmol NpO m=2 d~1)

Walvis Bay model at 19E: +0.18+0.02 This study
area 8 yr mean: std (max) to the coast: +1#40.3 (+5.1)

(22-224 S) 13.2 E: +0.4+0.01 (+1.1)

13.7 E: +0.54+0.02 (+1.4)
14.1° E: +0.84 0.08 (+4.3)

Walvis Bay 1 section 13%2E: +2.4+0.7 FRS Africana data
(23 9) (3 estimations) 13%E: +3+0.4 (December 2009)
14.1°E: +3.6+£0.6
Chile 4 cruises +6 (annual mean) Paulmier et al. (2008)
—0.18 to +33
1 station (67 m depth) +4.5 (annual mean)
Mauritania  using simple upwelling +0.26 (mean) Wittke et al. (2010)
model, in situ MO up to +17 (North)
measurements and up to +9 (South)
QuikSCAT product
Mauritania 3 cruises —0.17t0 4.3 Kock et al. (2012)
California using satellite +11 (upwelling events) Lueker et al. (2003)

ocean observations, and
and empirical formulation

4 Conclusions Table 4. N,O emissions to the atmosphere (GgN¥rand
gN m—2 yr—1) estimated in this study (8 yr meanstandard devia-
The coupled physical/biogeochemical model tion) and compared with estimations from Nevison et al. (2004).

(ROMS/BIioEBUS), developed and validated for exam- — —
ination of the Namibian upwelling system, was used to surfaces MO emissions ~ HO emissions
study the following nitrogen transfers in the Walvis Bay (km?) (GgNyr™) &92 dr_"lmd N20)
area (between 25 and 24 S): N offshore export, export

production, and the subsequent N losses and nitroge®)N Z\:zg"(sTﬁZysfsgj)ta' 23510 +1.6+0.02 +0.7:0.01

exchange at the ocean—atmosphere interface. all EBUS 17516 +200+ 140 +0.610 +1.6
The characteristics of the Walvis Bay area are typical of (Nevison et al., 2004)

EBUS, with local wind-driven upwelling supporting high  South-West Africa 1910 +16 +0.8

primary production and surface offshore Ekman transport. (Nevison etal., 2004)

The N budget in this bay is also controlled by the merid-

ional advection. Indeed, the Benguela current enriched in ni-

trates represents a nitrogen source in the surface layer arffshore export while, unexpectedly, DON only plays a sec-
the undercurrent below this surface layer, a nitrogen sinkondary role. The BUS is shown to be a significant N source
Eddy advective transport acts against the wind-driven circufor the eastern part of the South Atlantic subtropical gyre,
lation, resulting in a nitrate deficit and a primary production potentially contributing to 28-42 % of the new primary pro-
decrease of about 17 %. This effect should be accounted foduction estimated for the gyre.

in global estimations of primary production. In the mixed ~ The high export production sustained by large detritus
layer, mesoscale eddies (and frontal processes) provide $inking, and associated with remote forcing, contributes to
more complicated pattern. However, af H) they contribute  the maintenance of an oxygen minimum zone off Namibia
20 % of the total N offshore export, confirming the signif- in which coupled nitrification, denitrification and anammox
icant role of mesoscale activity in the cross-shore exportsprocesses lead to N losses angiNoroduction. However, N
The N offshore export cannot therefore be reduced to Ekmanhosses and D emissions simulated in the Walvis Bay area
and geostrophic transports. Nitrates and plankton (especiallipave a negligible impact on the main N exports of the region.
diatoms, ciliates and copepods) equally contribute to the N

www.biogeosciences.net/10/4117/2013/ Biogeosciences, 10, 411852013
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Estimated NO outgassing (mean value:
0.7+0.01x 10 2mmolN,Om—2d-1, coastal maxi-
mum value: +1.4- 0.3 x 102 mmol NbO m—2d-1) has the

E. Gutknecht et al.: Nitrogen transfers off Walvis Bay

Bange, H.: New Directions: The importance of oceanic ni-
trous oxide emissions, Atmos. Environ., 40, 198-199,
doi:10.1016/j.atmosenv.2005.09.02006.

same order of magnitude as the first fluxes estimated offfange, H.: Gaseous nitrogen compounds (NQONNp, NHg) in

Walvis Bay during the FRS Africana cruise in December
2009. The coastal domain of the Walvis Bay area does not

represent a significant area ob@® emissions compared to
the South-West Africa region, as;® locally produced is
mostly advected southward by the poleward undercurrent.

In future work, the N fluxes discussed in this paper will

the ocean, in: Nitrogen in the Marine Environment, 51-94, edited
by: Capone, D. G., Bronk, D. A., Mulholland, M. R., and Carpen-
ter, E. J., Amsterdam, 2008.

Barlow, R., Lamont, T., Mitchell-innes, B., Lucas, M.,
and Thomalla, S.: Primary production in the Benguela
ecosystem, 1999-2002, Afr. J. Mar. Sci., 31, 97-101,

doi:10.2989/AIMS.2009.31.1.9.7,82009.

be estimated for the whole BUS using the SAfE configura-Barnier, B., Siefridt, L., and Marchesiello, P.: Thermal forcing for a

tion and interannual forcings. To better depict very low O

global ocean circulation model using a three-year climatology of

concentrations on the continental shelf waters and improve ECMWEF analyses, J. Mar. Syst., 6, 363-380i:10.1016/0924-

N loss and NO outgassing estimations, future model de-

7963(94)00034-91995.

velopments will be necessary. A sediment module will be Boebel, O., Rossby, T., Lutieharms, J., Zenk, W., and Barron,

added to the BioEBUS model. Parameterization of biogeo-

chemical processes associated with loyv@aters will also

be improved. To estimate the response of the global ocean t
present and future climatic changes, it is crucial to better un

C.: Path and variability of the Agulhas Return Current, Deep-
Sea Res. Pt I, 50, 35-560i:10.1016/S0967-0645(02)00377-6
2003.

Brown, P. C., Painting, S. J., and Cochrane, K. L.: Estimates of phy-
toplankton and bacterial biomass and production in the northern

derstand the complex processes involved in OMZs and their 4,4 southern Benguela ecosystems, S. Afr. J. Sci., 11, 537-564,

representation in coupled models.
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