Answersfor Reviewer 1:

The manuscript describes results of a newly deweeldpogeochemical model of the nitrogen
cycle (BioBUS) that has been implemented into doregy sigma-coordinate model of the
Namibian upwelling region. The manuscript consmtsnly of a comparison of model results
with observations or observational estimates ofgbixhemical tracer distributions. This
comparison is very detailed and appears objediwverall, the model seems to describe many
features of the Benguela upwelling system muclebéttan other models do, although this is
not firmly demonstrated by the authors. The fewnepi@s where a comparison to earlier
(box) model results is given, the results are samyilar.

General comment:

| value the paper as a fine example of a modeldatbn. However, the paper neither
demonstrates significant improvement compared ticeeanodel results, not does it address a
clear scientific question. The main scientific lesaithe quantitative assessment of the lateral
export of nitrogen out of the upwelling region irttee open subtropical South Atlantic. | am
unsure as to how new this really is. Presumablig ttansport could be diagnosed from
observational data bases and an estimate of theukkransport (e.g. Williams and Follows,
DSR 1998).

Overall, I think that the manuscript is more a matkscription (though some details like the
formulation of "burial” still need to be described the manuscript) than a scientific
biogeochemistry paper. Because of the lack of sfiermuestions (and answers) in the
relatively lengthy manuscript, | cannot recommenlgation in Biogeosciences but would
recommend publishing this paper (after revisions)ai journal like Geophysical Model
Development. | am not sure whether one can easihster papers from one EGU journal to
another, but this would certainly be a very goodarfunity to do so.

Answer:

As suggested by the two reviewers, we split therstibd paper in two different papers:

-One revised paper for Biogeosciences on the ratragansfers in the Benguela upwelling
system with clear scientific questions.

-Another one with the model description, model/daimparisons, and sensitivity analysis on
key processes and consequences for the nitrogeesflior Journal of Marine Systems. The
description of the BioEBUS model and the model/dataparisons in this paper come from
the version of our paper previously submitted tog&osciences and has taken into account
all comments of the reviewer.

A technical documentation will be written later asdbmitted to Geophysical Model
Development as recommended by the reviewer witkixéended description and validation of
the coupled model.

As explained above, the model/data comparison vg part of another paper for Journal of
Marine Systems. Thanks to this comparison, we detmated that the coupled
ROMS/BioEBUS model is able to represent many festaf the Benguela Upwelling System
(BUS) allowing us to use this model to investigsteentific questions on the nitrogen cycle.

This revised version of our paper for Biogeoscisnpeints out now challenging scientific
guestions and associated answers, while the prayigubmitted one was more confused as



noticed by the reviewer. Now, three scientific gies (see below) are clearly identified in
the introduction of the paper and answers givethéresult section.

1/ Nitrogen offshore export:

We estimated the total nitrogen (N) offshore ex@drlO°E off Walvis Bay domain and the
contribution of mesoscale activity (23%). Thus,stlactivity plays a significant role in
supplying the subtropical gyre in nutrients. N tateexport out of the BUS into the open
subtropical South Atlantic cannot be only explaineg the Ekman transport. To our
knowledge, this is the first estimation of the nexste influence on the N offshore export
from the BUS. We also show now the induced mesesuatulation compared to the mean
circulation (Figure 6 of the revised paper) for finst time in the Namibian upwelling.
Moreover, our results suggest that total N offsheqeort from the BUS contributes to 336
the new primary production estimated for the Soittantic Subtropical Gyre, so a
significant N source sustaining primary productionthe open ocean. No estimations have
been made so far in the South Atlantic Ocean.

2/ Nitrogen losses by denitrification and anammox

As compared with the data we have off Namibia, @upled physical/biogeochemical model
gives satisfying estimates of denitrification anghi@mox processes, and is the first 3-D
realistic configuration able to estimate these Bsé&s due to denitrification and anammox
processes in EBUS and associated OMZ. We show kghaethese N losses off Namibia

have no significant effects on the N offshore exgorthe first 50 meter-depth, at 10°E) from

the Namibian upwelling system to the South Atlasutbtropical Gyre.

3/ N,O emissions

In the last question, we show thagONemissions off Namibia are significant as compdoed
the other EBUS. Indeed, this small domain repres&rit% of the EBUS in term of surface,
however its MO outgassing contributes to 4.4% of the total EB&Sssions. In terms of
emissions per unit area, the Walvis Bay area eh@taieen 2 and 5 times morethan
other coastal upwelling areas. So, the Walvis Bagaarepresents an importantN
outgassing as compared to its regional extensidri@other coastal upwelling regions.

Individual comments:

1) Question:

The model is a new configuration (the "Namibianfaguration") of the ROMS model. The
physical model is evaluated against hydrographiseplations of T and S. It is not clear
whether model has reached a seasonally cyclingytate, yet. On p.3548, lines 25-27 may
suggest that there is still some substantial teaibift in the model results. To convince the
reader (and me) it would be good to show a timeesesf some properties like upwelling
transport, N@QO,/N,O concentrations.

Answer:

In the revised paper, a physical spin-up is perémover 7 years (Y1-Y7), and then the
coupled physical/biogeochemical model is run for yigars (Y8-Y19): 4 years for the
physical/biogeochemical spin-up (Y8-Y11) and 8 ge@r12-Y19) for the analysis of the
model outputs. As can be seen on the time seriasevhged volume kinetic energy, salinity,
and nitrates, oxygen, nitrous oxide, and totalogi&n concentrations (Fig. 1 below), the
model needs a few years to reach a seasonallyngystieady state, for the physical simulation
as well as the coupled simulation. From Y12 to Yith@, coupled model has reached a stable



state, with interannual variability due to non Aneprocesses which generate mesoscale
activity.
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Figure 1. Time series of volume averaged kinetiergyy salinity, and nitrate, oxygen,
nitrous oxide and total nitrogen concentrations floe 19-year Namibia simulation.



2) Question:

Units for G concentrations should be changed to umol/l (or tkgobr mmol/ni). M/l is
difficult to assess in combination with all the etiN and C fluxes that are given in molar
units.

Answer:

We agree and changed the ml/l units ferad®ncentrations for mmolfrunits. We chose the
ml/l units for comparisons with previous publisheerks. We now specify the O
concentrations also in ml/l units in brackets wiieés necessary for these comparisons.

3) Questions:

The treatment of the sediment and the way "secaatestl' is computed do not become clear.
Equations in the Appendix seem to be valid forvilaéer column only. Does remineralisation
of detritus stop in the sediment? Is there a sedlinager below the last grid box of the water
column? Otherwise, sediment material would be stiliject to advection, wouldn't it?

Answer:

In the model, a cumulative layer exists in whichrities or sinking particles are stored. We
used the same approach as Koné et al. (2005) aed wiodels applied in eastern boundary
upwelling systems. Within this cumulative layere thetritus cannot be advected; PON just
accumulates on the floor artificially in the modeljthout further interaction with the
overlying waters.

4) Question:

p. 3540, line 26/27. Nixation is not necessarily restricted to the ocaimosphere interface.
There is enough Ngas resolved in sea water everywhere.

Answer:

We agree and made this change in the revised papgon (line 91/92).

5) Question:

p 3542, 1.4 & 6. "suboxic..." "During these anoxigents" not clear what is meant here. Are
you referring to the same suboxic=anoxic events?

Answer:

This sentence was not precise enough.

We made the following change, lines 125-131 ofréwesed paper:

“In this OMZ, suboxic concentrations below 25 mn® m® (or ~ 0.5 ml Q I'Y) are
encountered in Walvis Bay (Monteiro et al., 20080&), and even below the detection level
during some periods of the year. During these e@revents, in addition to the respiratory
barrier that affects zooplankton and fish (Ekaalet2010), sulfur emissions can occur with
subsequent impacts on the mortality of commerqigces (benthic communities such as
demersal fish, lobster and shellfish; Lavik et 2008).”

6) Question:

p3542 , 1.14. "alleviate". This does not seem t&ensense.

Answer:

We agree and replace by “could potentially mitigidiae 133 of the revised paper.

7) Question:

p. 3545, 122-24. Is there no,® consumption at very low £oncentrations? If so, this could
perhaps be stated explicitly.

Answer:



In the revised version of the paper (lines 196-198} changed the parameterization of
Nevison et al. (2003) for the parameterization ohtBaralingham et al. (2000, 2012) which
takes into account the ;0 produced during the denitrification process. We ribt take
explicitly into account the consumption of@® during the second step of the denitrification as
the parameterization of J® production is based on,Qoncentrations. Moreover, (8
consumption occurs at very low, @oncentrations (< 1-2 mmol,@n) (Gruber, 2004). In
our simulations, there are few oxygen concentratioelow 1-2 mmol @m?, and over few
pixels (Fig. 2 below). Thus, we will not affect oestimations by adding a,® consumption
term or changing our fD parameterization with a decreasing function freeny low G
concentrations up to 0 mmaol@ as in Jin and Gruber (2003),

Jin and Gruber, 2003. Offsetting the radiative ffiere# ocean iron fertilization by enhancing,® emissions.
Geophys. Res. Letters, Vol 30, NO. 24, 2249, dol:0P9/2003GL018458.

Gruber, N., 2004. The dynamics of the marine ni#rogycle and its influence on atmospheric,®@@riations, in
The ocean carbon cycle and climate, edited by Mlo#s and T. Oguz, Kluwer Academic Publishers, pp97
148.
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Figure 2. Minimum oxygen concentrations (top) inah@®, m°, and number of pixels where
oxygen concentrations are below 2 mmelh® (bottom) for the whole analyzed domain.

8) Question:

p.3546., 1.12 ™is better simulated as comparedidta”. What is meant here? Better than
what?

Answer:



“With these modifications, the general spatiakrihsition of the different types of plankton
from the coast to the open ocean in the BUS ibsiinulated as compared to data” has been
changed to: “With these modifications, the genspaitial distribution of the different types of
plankton from the coast to the open ocean in th& Belts closer to the data”, in the validation
paper for the Journal of Marine Systems.

9) Question:

p.3547, 1.21, Are maximum growth rates given foeemperature of O degrees Celsius?
Answer:

Yes, in the submitted manuscrig, represents the maximum growth rate of phytoplankton

for T=0°C (the maximum growth ratesad= aj beT = ap ). This sensitivity study is now in

the other paper for Journal of Marine Systems,tegdbeen removed from the present revised
manuscript for Biogeosciences.

10) Question

p.3550, section 4. Please specify whether the medaterpolated onto the observed data or
vice versa. Also, it would be good to say whethér data are assumed statistically
independent from each other and whether there ightwieg applied to account for the
different volume of different model grid boxes.

Answer:

For the figure, no interpolation between the datd thhe model grids has been made. For the
statistics, the model is interpolated onto the ples data. All data are assumed statistically
independent from each other.

To clarify this point, we added “For the statistit®e model is interpolated onto the observed
data locations.”, lines 235-236 of the revised nsanpt for Biogeosciences.

11) Question

p.3551, L.17ff. state whether you refer to salinigits (psu) or whether you refer to

normalized biases.

Answer:

We refer to non-normalized salinity biases. Thisteece is no longer in the revised version
for Biogeosciences and is included in the modeddamparison section in the other paper
for Journal of Marine Systems.

12) Question

p. 3553, 1.4/5 "simulated salinity is weaker thaeasured salinity" ?

Answer:

This sentence does not appear anymore in the cepegeer.

“simulated salinity is weaker than measured salimtthe surface one, especially near the
coast” has been changed to “simulated salinitpwgel than measured salinity in the surface
one, especially near the coast” in the paper tonddwf Marine Systems.

As explained in the submitted paper, this bias fram the sea surface salinity corrections
used in the model configuration.

13) Question:

p.3553, 118-20. It would be good to see whethemtioelel has been spun up sufficiently, i.e.
how large the remaining drift is in physical anddgg@ochemical model fields.

Answer:

The model has been spun up sufficiently. See oswanto question 1 and Fig. 1 above.



14) Question:

p.3554. It might be useful to quantitatively compaimulated and observed volumes with
oxygen concentrations lower than, e.g., 50umol/l.

Answer:

We have another paper especially onddncentrations and OMZ volume (Le Vu et al., in
prep). The volume of simulated OMZ compared to CARSunderestimated as already
explained in the submitted version of the papeinman the continental shelf. If we remove
O, concentrations for water depth lower than 200ms, tcomparison is better.

15) Question:

p.3556, 1.19-21. Could the overestimate gfa@dd underestimate of N®e explained by too
weak upwelling?

Answer:

We used the same configuration as in Veitch e28l09) in the Benguela upwelling system.
In this simulation as well as ours, the horizongglolution is 1/12°, so 8.5 km at 23°S. A finer
resolution (1-2 km) would be better to capture thght intensity of the vertical velocity
associated with the Ekman pumping. However in Vedtal. (2009), they made a model/data
comparison and found that the upwelling near thetsctends to be overestimated due to an
underestimation of the wind drop-off. So the aldrage wind stress from QuickSCAT is too
strong along the coast.

16) Question:

p.3556, 1.23-28. This reads as if there is goodagent everywhere. The authors should say
that the satellite data show highest chlorophykroa wider area in the north, which is in
contrast to the model behaviour that shows higldsbrophyll and a widest off-short
extension in the south.

Answer:

In the revised manuscript, we improved the cougmdulation, and we also changed the
initial and boundary conditions for both phytoplesrk and zooplankton classes to improve
the spatial distribution of chlorophyll concentoais. Indeed, southern boundary conditions
impact over some hundred kilometers onto the domdai& to intense alongshore current.
These changes have clearly improved the chloropbgticentrations and removed the
different chlorophyll distribution between the nwtn and southern parts of the domain (Fig.
3 below). This figure is now part of the other pa@MS) about the model/data comparison
and sensitivity analysis.
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Figure 3. Annual mean of surface Chlorophyll-a cemications (mg Chl i) from SeaWiFS
sensor (a) and the coupled model (b).

17) Question:

p. 3560, |. 29. | agree that the simulated valuwsseccloser to the in-situ values, but it should
be said that there is still a factor 2 (or 100%fedence.

Answer:

We agree and have added your precisitmere is still a factor 2 differentat the end of the
sentence. This detailed comparison is now parthef dther paper for Journal of Marine
Systems.

18) Question:

p.3561, 1.25-27. Why should the more complex patamation of Freing et al. help? As |
understand, Freing account for nitrification pracesly, and they apply their method to north
Atlantic data only, i.e. they do not have to dedhwery low oxygen.

Answer:

We agree and have removed this sentence in thegedemanuscript.

19) Question:

p. 3563, I. 16 "a contribution decreasing towal#sghore" I. 18 "represents a nitrate sink"
Answer:

Sorry, the explanation was not very clear in thénsitted manuscript. To improve the
understanding of the nitrate advection fluxes, Wwanged the representation from Fig. 18 of
the submitted paper to Fig. 3 of the revised pay&r.now represent the annual averages of
zonal and vertical component of nitrate flux usuggtors and meridional component of total
nitrate flux divergencdin color). Between 100 and 600-m depth, the zanatent advects
nitrate enriched waters toward the shore. Overstbpe, one part is vertically advected and
another part is poleward advected by the polewardercurrent. Along the poleward
undercurrent, poleward fluxes at the southern bapn@4°S) are higher than those at the
northern boundary (22°S); that is why it generata®et sink of nitrate. Over the shelf, the
zonal current is weaker than over the slope. Glogke coast, the vertical nitrate advection is
principally supplied by the meridional componenigdo the intense Luderitz cell South of
Walvis Bay. We include these precisions in thegediversion of our paper (lines 365-368).

20) Question:

p. 3563, 1.25. Is the high f-ratio of about 0.%greement with observations?

Answer:

Monteiro (2010) reported that tlweatio between upwelling systems greatly variesffa1 to
0.8 and that mean values were between 0.2 anch@l8iSouthern and Northern Benguela
upwelling systems based am situ data, respectively. Our studied area, Walvis Baya
particularly productive area within the Benguelandmn. So, f-ratio in our studied area can
greatly differ. For example, Rees et al. (2006)nested a f-ratio up to 0.8 during AMT6
cruise (May 1998) in the Benguela upwelling systesimg nitrate and ammonium uptake
with N (figure 9a in their paper). So this value is filam the mean range between 0.2 and
0.3. The f-ratio can vary with time as well as pase due to N®input variability in the
euphotic zone associated with winter vertical ngxieddies, filaments, etc. Estimations based
on sparsén situ data should not capture this variability.

We validated the simulated primary production bynparing it within situ measurements
made off Namibia (see Section 2.4 of the revisqukpabut we do not have enough data to
really validate the simulated new production.



Rees, A., Malcolm E., Woodward I. J., Concentrai@md uptake of nitrate and ammonium in the Attanti
ocean between 60°N and 50°S, Deep-Sea Researb8, 1649-1665, 2006.

21) Question:

p. 3566, |. 27. Is there any formulation of anamntioat does not require the simultaneous
presence of N@and NH?? Why is the Yakushev et al. formulation to bldreee?

Answer:

This sentence has been removed. With our sengitwialysis, we found a set of parameters
for the denitrification and anammox processes wtattbws nitrogen fluxes closer to the
observations. See Section 3.2 in the revised maptsc

22) Question:

p. 3567, |.2. Woebken et al. reference is missftigere may be others, but this is the only
reference | checked - bad luck).

Answer:

Sorry, this reference has been added at the lastemibby one of the co-authors. The
references have been checked in the revised paper.

23) Question

p. 3567, . 10 Please explain how exactly the ‘dutux" is computed in the model without
sediment?

Answer:

In the model, a cumulative layer at the sedimertewaterface exists in which detritus or
sinking particles are stored. Within this cumulatilayer, PON just accumulates, without
further interaction with the overlying waters.

24) Question

p. 3568, 1.23. These numbers are given for 22-28le figure 18 shows numbers for the

entire latitude range of the mode. This is confgsiWhy not show and discuss either the total
region or the Walvis Bay alone?

Answer:

We first estimated N offshore export at 10°E fag Walvis Bay area (22-24°S; Fig. 18 of the
submitted paper) using the coupled model. And tlengextrapolated this estimation to the
whole Benguela upwelling system in the text.

In the revised masnuscript, we replaced Fig. 18 Wwig. 3 and Fig. 4; we also changed the
text in order to give a better explanation (se¢ice®d.1).

25) Question:

p. 3569, 1.15. Does this confuse mo} Mersus mol N in Fig. 19? Otherwise | do not
understand.

Answer:

In the submitted paper, all fluxes of Fig. 19 waremolN except for sea-air fluxes in mol
N2O. To avoid this confusion, all the fluxes are inlhy even sea-air fluxes in Fig. 8 of the
revised manuscript.

26) Question:

p.3569. should "air-sea flux" read "sea-air fluXt'’s somewhat difficult to understand that
the model simulates J@ concentrations too low by at least a factor 2 anthe same time
simulated air-sea (sea air? this is unclear int&x¢) are too high, at least off-shore. What
could be the reason for this apparent inconsistency

Answer:



All fluxes at the ocean-atmosphere interface apressed using the atmospheric convention,
so a flux from the ocean to the atmosphere hassdiy@sign. In the revised manuscript, we
checked all the term to avoid this confusion.
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Figure 4. Oxygen (mmol Om3), and nitrous oxide (I® mmol NO ni®) concentrations
estimated with the coupled model at 23°S, and @estafor climatological December.
Colored circles for the FRS Africana (December 2008ta are overlaid on the modeled
fields using the same color bar as the modeleddiel

When the model is compared with situ data from FRS Africana cruise in December 2009,
simulated monthly pD concentrations for December are clearly too lowhe OMZ (Fig. 4
above), however these modeled concentrations ase ¢b the data for the whole analyzed
period and area (Fig. 5 below), especially in oxyaed water. This is the reason whyON
fluxes to the atmosphere are similar to the obseorees. Unfortunately, we do not have data
offshore to evaluate the performance of the model.
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Figure 5. NO concentrations (I&mmol NO ni®) as a function of @concentrations (mmol
0, m®) for simulated 3-days averaged fields (black; W Y12 and Y19) and in-situ data
(red).

27) Question:

p. 3580, eq.A26/27. Is there no light inhibition rofrification in the model? This might be
useful to point out.

Answer:

There is no light inhibition of nitrification in gmodel and it is pointed out in the paper for
Journal of Marine Systems.
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