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Impact of atmospheric and oceanic interannual variability on the
Northwestern Mediterranean Sea pelagic planktonic ecosystem and
associated carbon cycle

Marine Herrmann,' Frédéric Diaz,>* Claude Estournel,* Patrick Marsaleix,* and Caroline Ulses®

[1] The Northwestern Mediterranean Sea (NWMS) is one of the most productive areas of the Mediterranean
Sea. The NWMS pelagic planktonic ecosystem is strongly influenced by hydrodynamics, in particular winter
deep convection. Here, we investigate the response of this ecosystem and associated carbon cycle to oceanic
and atmospheric winter conditions interannual variability. For that we developed a tridimensional coupled
physical-biogeochemical model, ran annual simulations forced by XXth climate conditions and performed
statistical and budget analysis.Our coupled model reproduces correctly the seasonal evolution of the NWMS
pelagic planktonic ecosystem. It however overestimates the contribution of nanophytoplankton to the total
phytoplanktonic biomass and GPP, underestimates the bacteria biomass and represents the spring bloom with 1
month delay. Our results confirm that the control of phytoplanktonic development and bacteria growth by the
phosphorus availability is a marked specificity of the NWMS, that is, temporally reduced by deep convection.
They confirm the relevance of the Behrenfeld (2010) hypothesis in explaining the bloom dynamics. The
variability of the winter atmospheric conditions induces differences of vertical mixing and water temperature
that propagate into the whole NWMS ecosystem through a chain of relationships. The high frequency filtering
associated with averaging diagnostics explains that this variability seems weak at the NWMS scale. However
for most of the variables and processes, differences induced by the winter atmospheric variability are significant
at the annual scale. Net metabolism and deep carbon export are systematically positive and show larger
variabilities related, respectively, to the water temperature and convection intensity.

to environmental changes. It has long been known as
globally oligotrophic [Dugdale and Wilkerson, 1988;
Antoine et al., 1995]. In reality it shows strong spatiotem-
poral gradients of nutrients and productivity largely related
to different scales of hydrodynamical processes that influ-
ence the functioning of planktonic pelagic ecosystems,
through their role in nutrients and plankton physical disper-
sion [D’Ortenzio and Ribera d’Alcala, 2009]. This influ-
ence is particularly evident in the Northwestern
Mediterranean Sea (NWMS) [Diaz et al., 2000; Niewia-
domska et al., 2008], one of the most productive regions of

1. Introduction

[2] The Mediterranean Sea can be considered as a scale-
down model of the global ocean that enables to study at a
regional scale major processes of the global oceanic circu-
lation and water cycle [Béthoux et al., 1999]: thermohaline
circulation, deep convection, dense water cascading,
exchanges between the coast and the open ocean, response
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the Mediterranean Sea [Bosc et al., 2004].

[3] Deep convection plays a major role in the NWMS
[MEDOC-Group, 1970]. Winter cold and windy atmos-
pheric events induce the deep vertical mixing of the water
column, injecting nutrients abundant in the deep layers up
to the depleted euphotic zone and resulting in spring
blooms clearly observable through their signature on sur-
face chlorophyll concentration [Bosc et al., 2004]. The in-
tensity of convection is mainly related to the winter
atmospheric buoyancy loss [Herrmann et al., 2010] and



consequently shows a strong interannual variability, with
“warm” years with very limited vertical mixing, and
“cold” years where the water column can be mixed over its
whole depth [Herrmann et al., 2009]. Given the strong
influence of hydrodynamics on NWMS marine ecosystems,
an important and open question is to know how these eco-
systems, in particular the pelagic planktonic ecosystem that
constitutes their first trophic levels, respond to the atmos-
pheric and oceanic interannual variability.

[4] Observational studies attempted to assess the variabili-
ty of Mediterranean planktonic pelagic ecosystems function-
ing over the late decades. These studies were however
mainly dedicated to the effect of decadal variability [Kou-
wenberg, 1998; Marty et al., 2002; Molinero et al., 2008
Marty and Chiaverini, 2010], and very few studies dealt
with interannual variability. Garcia-Comas et al. [2011]
observed larger abundances of zooplankton in the Ligurian
Sea in the 1980s and late 1990s after cold and dry winters
characterized by strong mixing and intense spring blooms.
These observations support the hypothesis of a yearly domi-
nant bottom-up effect on the control of the zooplankton bio-
mass and community [Vandromme et al., 2011]. A recent
intercomparison of time series obtained at coastal stations
showed that zooplankton fluctuations may be more due to
climatic and anthropogenic local factors than related to re-
gional climatic indexes [Berline et al., 2012]. Those results
show that many studies are still required to characterize and
understand the interannual to long-term variabilities of these
ecosystems. Tridimensional coupled physical-
biogeochemical modeling is a relevant approach to address
those questions. It is particularly suitable in the Mediterra-
nean Sea where physical forcings and biological activity
show a strong spatiotemporal variability over a large range
of scales. Moreover, the numerical approach enables to grasp
a part of the knowledge of the ecosystem functioning that is
not accessible to observations, as biogenic element budgets
at a regional scale or the succession of limiting nutrients and
plankton functional types.

[s] Studies based on tridimensional coupled modeling
involving plankton functional types models at the Mediterra-
nean basin or subbasin scales remain extremely scarce. The
first attempts to reproduce Mediterranean surface chloro-
phyll and nutrients gradients were made with either physical
box models [Sarmiento et al., 1988 ; Béthoux et al., 1992] or
more sophisticated tridimensional hydrodynamical models
[Crispi et al., 1998, 1999], but these hydrodynamic models
were associated with very approximate biogeochemical con-
ceptualizations and parameterizations. Crispi et al. [2002]
were the first to perform a coupling between a one-fourth
degree tridimensional hydrodynamic model and a biogeo-
chemical model based on nitrogen and phosphorus curren-
cies and including an explicit microbial loop. They
succeeded in reproducing the West-to-East gradients of chlo-
rophyll and nutrient concentrations observed over the Medi-
terranean. Lazzari et al. [2011] coupled a nine-plankton
functional type biogeochemical model [BFM, Vichi et al.,
2007] to an eddy-resolving ocean model [OPAMEDI16,
Béranger et al., 2010]. They correctly reproduced the inter-
annual variability of the key biogeochemical components at
the Mediterranean scale over a 6 year period.

[6] The objectives of the present study are to assess and
understand the response of NWMS pelagic planktonic eco-

systems to the atmospheric and oceanic interannual vari-
ability. Surface chlorophyll concentration and primary
production satellite data show that at the scale of the whole
Mediterranean basin, the Northwestern basin is quite ho-
mogeneous [Bosc et al., 2004]. The object of this paper is
therefore to study the role of this area as a whole entity in
terms of functioning, variability of ecosystems and associ-
ated carbon cycle. For that, we adopt a numerical approach
based on the coupling between an eddy-resolving ocean
circulation model and a multinutrients and multiplankton
functional type model. The use of an eddy-resolving ocean
model is indeed essential given the major role that meso-
scale processes play in deep convection [Herrmann et al.,
2008a] and nutrients mixing [Lévy et al., 2001]. The nu-
merical tools and simulations are described in section 2.
We performed statistical and budget analysis over the do-
main to examine the response of the main biogeochemical
variables and processes to the interannual variability of
winter atmospheric and oceanic conditions. They are pre-
sented and commented in section 3. Results are discussed
and conclusions are presented in section 4.

2. Tools

2.1. The Physical Model

[7]1 The 3-D primitive equation ocean model SYMPHO-
NIE is used to compute the evolution due to the hydrody-
namics of the planktonic pelagic ecosystem in the NWMS.
This model is described in detail in Marsaleix et al. [2009,
2011, 2012]. It was used to study the circulation in the
NWMS, in particular deep water formation over the shelf
[Ulses et al., 2008; Herrmann et al., 2008b] and in the
open ocean [Herrmann et al., 2008a; Herrmann and
Somot, 2008]. The horizontal grid is orthogonal and eddy-
resolving: the 3 km grid spacing is 3.5 times smaller than
the first Rossby deformation radius in this region. A 40 ver-
tical levels hybrid sigma-step coordinates system is used.
The horizontal viscosity is 60 m? s~'. Vertical eddy viscos-
ities and diffusivities are calculated according to the Gas-
par et al. [1990] second-order closure scheme. In case of
unstable stratification, a nonpenetrative convective adjust-
ment algorithm is used [Madec et al., 1991]. At the surface,
the model is forced by air-sea fluxes (heat flux, water flux,
and wind stress). The large-scale oceanic forcing terms are
applied at the open boundaries following the nesting
method described in Auclair et al. [2006] and Estournel et
al. [2009]. The Rhone river freshwater discharge is intro-
duced as a lateral boundary condition. The area covered by
the tridimensional numerical grid is shown in Figure 1.

2.2. The Biogeochemical Model

[8] The biogeochemical model is a multinutrient and
multiplankton functional types model that simulates the dy-
namics of several biogeochemical decoupled cycles of bio-
genic elements (carbon, nitrogen, phosphorus, and silicon)
and of nonredfieldian plankton groups. The model structure
used in this study is based on the same pelagic plankton
ecosystem model as the one fully described and used by
Herrmann [2007, chap. 5] and Auger et al. [2011]. There
are six main groups (zooplankton, phytoplankton, hetero-
trophic bacteria, particulate organic matter (POM, small
(S) and large (L)), dissolved organic matter (DOM) and



Wlnter (DJF) ol Ihe SllTILI|a!40ﬂ

(c)‘.,,,., (e)

um erof inters

a0 w1 W%
Winter surface heat flux (W.m 3

Figure 1.

1500 500 4]
(d) % -100
e _150&_\‘__“;,-- "
ES o
3200
§ 250, =
2 i
8 { c1
£ -300| e
@ —e—W2
=-350 ——Ci
] ——Ca
o J M A

3
Month

Daily surface heat flux (W.m ‘2)

F
Month
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domain. (b) Evolution for the 30 first years of the simulation of Somot et al. [2006] of HF pr, the atmos-
pheric heat flux averaged between December and February over the domain. (c) Distribution of HFpp
over these 30 years. Evolution of the (d) monthly, and (e) daily heat flux between December and April

for the seven selected years.

nutrients (or dissolved inorganic matter, DIM)), and 33
state variables. Figure 2 shows a synthetic scheme with the
functional groups, their chemical constituents and the bio-
geochemical processes. The description of phytoplankton
is derived on the mechanistic formulations modeling plat-
form Eco3M [Baklouti et al., 2006a, 2006b]. The descrip-
tion of zooplankton and bacteria is based on the model of
Anderson and Pondaven [2003] adapted by Raick et al.
[2005] for multigroup and multielement modeling in the
Ligurian Sea.

[0] Eco3M was used to study the impact of coastal
mesoscale eddies on the spatial distributions of nutrients
and plankton in the western part of the Gulf of Lions

(R. Campbell et al., Nutrients and plankton spatial distribu-
tions induced by a coastal eddy in the Gulf of Lion. Insights
from a numerical model, submitted to Progress in Ocean-
ography, 2013). Fontana et al. [2009] performed chloro-
phyll data assimilation into the coupled SYMPHONIE-
Eco3M model, improving the realism of coupled simula-
tions over a NWMS coastal zone. Auger et al. [2011] used
and calibrated this coupled model to study the pelagic eco-
system in the Rhone river plume. As the present study deals
with the whole NWMS there are some differences with the
Auger et al.’s [2011] version: the set of the biogeochemical
parameters was adapted to the representation of pelagic
ecosystems dynamics in the offshore areas of the study
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Figure 2. The ecosystem pelagic planktonic model: functional groups, chemical constituents, and bio-
geochemical processes. Solid, respectively, dotted lines show the fluxes of organic, respectively inor-
ganic matter. Note that DOC contains only the labile and semilabile fractions. The part of refractory
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model results to compare them with field values. The right-top plot shows in details the predation links,
with numbers and line thicknesses corresponding to the values of the zooplankton preference coefficients

[see Herrmann, 2007 ; Auger et al., 2011].

zone, there is no state variable for particulate inorganic
matter from terrestrial origin and the impact of colored
DOM is not taken into account. The detailed values of the
parameters are provided in Herrmann [2007, Table 5.1].

2.3. The Coupling Principle

[10] The spatiotemporal evolution of a biogeochemical
tracer of concentration C is given by:

a_c_'_au_c_i_av_c_i_a(wfwsed)cfg KB_C +8_C|
o | ox oy oz T9z\"oz ) T ar'sec
~~ N~——

) @) 3) )

(1)

[11] The term (1) corresponds to the temporal variation.
The three following terms (2) correspond to the horizontal
and vertical advection, wy,, being the settling velocity.
Equation (3) corresponds to the diffusion with K, the verti-
cal diffusion coefficient and (4) to the variation associated
with the biogeochemical processes. The biogeochemical

model enables to compute this last term, while the physical
model is used to compute the other terms. Butenschon et al.
[2012] compared two coupling methods: the Operator
Splitting and the Source Splitting methods. The Operator
Splitting method separates the system into two separate
subsystems, governed, respectively, by the physical and the
biological processes, that are solved sequentially. The
Source Splitting method uses the fact that the physical
timescale is much smaller than the biogeochemical time-
scale, and solves biogeochemical rates at coarser time step
than transport processes. Butenschin et al. [2012] showed
that for Eulerian coupled hydrodynamical-biogeochemical
models, Source Splitting is more relevant than Operator
Splitting since it produces lower errors and is computation-
ally cheaper. We use the Source Splitting method, using
the physical time steps of Herrmann et al. [2008b] of the
order of a few seconds, and taking a biogeochemical time
step equal to 1 h. Strictly speaking, as for many models
[Lazzari et al., 2010], the biogeochemical model is actually
forced by the hydrodynamical model and not coupled with
it: the influence of the biogeochemical processes on the



hydrodynamical ones is considered as negligible [Mann
and Lazier, 1991]. We therefore performed “offline” bio-
geochemical runs forced by the results of the hydrodynami-
cal simulations.

2.4. The Simulations

2.4.1. Hydrodynamics

[12] The hydrodynamical settings of the simulations
were described by Herrmann et al. [2008b] who studied the
impact of atmospheric interannual variability on dense
water formation over the Gulf of Lions shelf. Results of an
oceanic simulation performed for the 1960-2099 period
over the whole Mediterranean Sea by Somot et al. [2006]
using the OPAMEDS eddy-permitting model were used to
prescribe the initial and lateral boundary hydrodynamical
conditions. Lateral boundary conditions for SYMPHONIE
(temperature, salinity, horizontal velocity, and sea surface
elevation) were provided at each time step by the time-
interpolated monthly averaged results of the simulation
performed with OPAMEDS. Boundary conditions have a
double objective: the radiation of outgoing waves and the
forcing of the inner solution by external fields provided by
the basin model. This is achieved by applying our open
boundary conditions schemes on the difference between
the modeled and external variables rather than on the abso-
lute variables following Marsaleix et al. [2006].
OPAMEDS outputs were made consistent with SYMPHO-
NIE characteristics using the variational inverse method
VIFOP described by Auclair et al. [2006]. At the surface,
SYMPHONIE was forced by air-sea fluxes (heat flux,
water, and momentum air-sea fluxes) at a daily frequency.
To force OPAMEDS and our model at the surface, air-sea
fluxes were provided by a run performed with the atmos-
pheric regional climate model ARPEGE-Climate for the
1960-2099 period [Somot et al., 2006]. This atmospheric
simulation is divided into two periods. During the first 40
years, the greenhouse gases and aerosols concentrations
correspond to the concentrations observed between 1960
and 1999. During the following 100 years, these concentra-
tions increase following the IPCC A2 scenario [/PCC,
2001]. Note that the initial conditions of this simulation
correspond to the real January 1960 conditions, but that
there is no data assimilation in the atmospheric simulation:
it is realistic from a climatological point of view, but, due
to the atmospheric chaotic behavior, a climate model year
does not correspond to the actual year with the same num-
ber. For example, year number 1962 is just the third year of
the simulation, and one should not expect this year to fol-
low the chronology of the real year 1962. We use the same
Rhone discharge as Somot et al. [2006], based on the clima-
tological monthly UNESCO RivDis database [Vordsmarty
et al., 1996].

[13] Since it was not technically possible to perform a
multidecadal coupled simulation at a 3 km resolution, we
selected seven representative years of the present climate pe-
riod [defined as the 1961-1990 period of the ARPEGE-
Climate simulation following the PRUDENCE project,
Christensen et al., 2002]. As explained above deep convec-
tion plays a major role in the NWMS circulation and
strongly influences the dynamics of the pelagic planktonic
ecosystem. Since the strength of deep convection is related
to winter surface heat flux [Herrmann et al., 2010], we

examined surface heat flux averaged over the coldest period,
i.e., December-February, HF pr, and over the model domain
for the present period of the ARPEGE-Climate simulation
(Figure 1b). We selected seven representative years (blue
Cl1, C2, C3, C4, W1, W2, W3) with winter heat flux distrib-
uted over the whole range of the heat flux values (Figure 1c).
We then performed seven corresponding simulations of the
NWMS circulation using SYMPHONIE. Those hydrody-
namic simulations are analyzed in details in Herrmann et al.
[2008b]. Results of those hydrodynamical simulations are
used to force the biogeochemical model in order to compute
the tridimensional evolution of the pelagic planktonic eco-
system over the NWMS during those 7 years.

2.4.2. Biogeochemical Initial Conditions

[14] When performing our simulations, no experimental
data or numerical results were available over the studied
area to perform a tridimensional varying initialization of the
biogeochemical variables. We therefore adopted the follow-
ing method: we wused vertical profiles obtained at
DYFAMED on 20 January 2004, i.e., at a period when the
water column was vertically mixed hence the most homoge-
neous, to initialize the biogeochemical variables over the
whole domain. We then performed a biogeochemical simu-
lation beginning in January and forced 5 years in loop by the
results of the average year C4 hydrodynamical simulation.
In September of the third year of this simulation, the annual
cycle of the biogeochemical variables was stabilized: after
this time, the temporal evolution of each biogeochemical
variable repeated itself quasi identically for all the following
annual loops. Raick et al. [2005] obtained the same stabiliza-
tion time length in the Ligurian Sea. We then used the bio-
geochemical tridimensional fields of this loop simulation in
September of the third year to provide initial conditions to
seven different annual biogeochemical simulations. These
seven simulations were forced by the daily atmospheric
fields of the 7 years selected above and by the oceanic fields
of the corresponding seven hydrodynamical simulations.
They ran from September to next September. At the end, we
obtained seven annual biogeochemical simulations that can
be considered as the twins of the hydrodynamical simula-
tions analyzed in Herrmann et al. [2008b].

[15] Initial vertical profiles of the main biogeochemical
variables obtained by the model spin-up at the center of the
convection area (42°N, 5°E) are shown on Figure 3. Data
collected during the BOUM Experiment in summer 2008
[Moutin et al., 2012] enable to check the realism of those
profiles. The values observed at [42°N, 5°E] during BOUM
are presented in Table 1. Most of our vertical profiles show
the same shape as observations, with similar depths of max-
imum. Nitrate and phosphate concentrations at depth larger
than 1000 m are underestimated in our initial profiles, but
remain in the range of concentrations observed in the Medi-
terranean basin [Pujo-Pay et al., 2011, Table 2]. The verti-
cal silicate gradient is underestimated with too large
concentrations at the surface and too low ones at 200 m
[Crombet et al., 2011]. Ammonium concentrations in the
upper layer are significantly overestimated in our initial
profiles [Pujo-Pay et al., 2011]. Taking into account the re-
fractory part of DOC [40 mmolC m™>, Santinelli et al.,
2012], the modeled DOC concentrations correctly match
those observed. The initial total chlorophyll profile repro-
duces the typical summer shape with a deep maximum of
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Table 1. Ranges and Depths of Maximum Values of Some Biogeochemical Variables Measured at [42°N, 5°E] During the BOUM

Cruise [Moutin et al., 2012]*

Range (min-max)
(mmol (C, NP, Si) m >

Variable or mgChl m~3) Depth of max (m) Reference
Nitrate [<0.05-9.6] 400-1900 Pujo-Pay et al. [2011]
Phosphate [<0.01-0.42] 500-1200 Pujo-Pay et al. [2011]
Ammonium [<0.001-0.005] Surface Pujo-Pay et al. [2011]
Silicate® [<1.0-5.2] 200 Crombet et al. [2011]
Chlorophyll® [<0.2-0.6] 50 Crombet et al. [2011]
DOC [39-70] Surface Pujo-Pay et al. [2011]
POC* [<1.5-8.7] Surface Pujo-Pay et al. [2011]
Heterotrophic Bacteria® [0.15-0.7] 70 Christaki et al. [2011]
Heterotrophic nanoflagellates® [0.01-0.8] 10 Christaki et al. [2011]
Microzooplankton? [0.009-0.14] 70 Christaki et al. [2011]
Mesozooplanktonb [0.04-0.16] 50 Nowaczyk et al. [2011]

Heterotrophic bacteria abundance is converted into biomass using the usual carbon conversion factor of 12 fgC cell ™' [Fukuda et al., 1998]. Hetero-
trophic nanoflagellates abundance is converted into biomass using the mean biovolume of 20 ym?® cell ™' [Tanaka and Rassoulzadegan, 2002] and the
carbon conversion factor of 183 fgC um’3 [Caron et al., 1995]. Microzooplankton (total ciliates) abundance is converted into biomass using the mean
biovolume of 11,000 pym?® cell ™! [Tanaka and Rassoulzadegan, 2002] and the carbon conversion factor of 0.19 pgC pm > [Putt and Stoecker, 1989].
Mesozooplankton (small copoepods <1 mm) abundance is converted into biomass using the carbon conversion factor of 0.04 mgC ind ™' [Razouls and

Razouls, 1976].
Ranges of values available over 0-200 m depth.
“Ranges of values available over 0-300 m depth.
dRanges of values available over 0~150 m depth.

0.5 mg m " around 50 m [Crombet et al., 2011]. The max-
ima of nanoflagellates and bacteria biomasses and their re-
spective locations in the vertical water column correspond to
observations [Christaki et al., 2011]. The model catches the
vertical shapes of microzooplankton and mesozooplankton
but the modeled maxima are overestimated [Christaki et al.,
2011; Nowaczyk et al., 2011]. It must be kept in mind that
the BOUM is a punctual data set that cannot reflect the spa-
tial and temporal variability of biogeochemical variables.
One can reasonably conclude from those comparisons that
the initialization state used in this work is realistic.

2.4.3. Biogeochemical Boundary Conditions

[16] For the same reasons as for the initial conditions, no
information concerning the fluxes at the lateral boundaries
was available. To overcome this problem we applied a
buffer zone of 20 points along the lateral open boundaries:
the horizontal advection is switched off in this buffer zone to
avoid applying to the biogeochemical variables strong verti-
cal advections and velocities potentially induced by the
boundary conditions from the hydrodynamics. The solution
is then smoothed over the buffer zone in order to eliminate
strong unrealistic horizontal gradients that can appear along
the boundary: for incoming fluxes the value of C at the first
point of the domain where the model runs tridimensionally
is given by the average of the 20 points of the buffer zone.
For the outgoing fluxes, the concentration is computed
“classically” using the values of the inner domain.

[17] Data available to assess the fluxes of organic and
inorganic matter of atmospheric origin are extremely
scarce. Moreover those fluxes are highly episodical and can
therefore be considered as globally negligible. We did not
take them into account in this study. Nutrients and organic
matter fluxes at the sea bottom due to diagenesis or sedi-
ment resuspension were also neglected.

[18] For nutrients and dissolved and particulate organic
matter coming from the Rhone river, we applied the
monthly in situ concentration data provided by the

“Rhone-Mediterranee”  monitoring network  (http://
www.rdbrmc.com/cartordbrmce/) for 2003-2004. The an-
nual mean of those values is shown in Table 2.

3. Impact of Atmospheric and Oceanic
Interannual Variability on the NWMS Pelagic
Planktonic Ecosystem

[19] In this section, we analyze the results of the seven
annual coupled simulations: our goals are to evaluate how
the model reproduces the seasonal evolution of the NWMS

Table 2. Yearly Average Value of the Concentrations of Small
and Large Particulate Organic Matter and Dissolved Organic and
Inorganic Matter at the Rhone Mouth®

Variable Concentration value
Small Particulate Organic . . .

Carbon POCg 36.00
Nitrogen PONg 6.00
Phosphorus POPg 0.38
Chlorophyll POChlg 0.00
Silicon POSig 0.00
Large Particulate Organic . . .

Carbon POC, 6.60
Nitrogen PON, 1.10
Phosphorus POP,, 0.07
Silicon POSi, 1.10
Dissolved Organic . . .

Carbon DOC 12.00
Nitrogen DON 2.00
Phosphorus DOP 0.12
Nutrients

Nitrate NO3 96.91
Ammonium NH, 3.99
Phosphate PO, 1.53
Silicate SiO4 53.84

Units are mmol(C, N, P, Si) m ™ except for chlorophyll (mgChl m ).
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pelagic planktonic ecosystem, and to study the response of
this ecosystem to atmospheric and oceanic interannual vari-
ability under present climate conditions at the scale of the
whole region.

3.1.

[20] Oceanic convection plays a major role in the
NWMS oceanic circulation and biological activity. Studies
by Somot et al. [2006], Herrmann and Somot [2008], and
Herrmann et al. [2008a, 2008b, 2010] were specifically
dedicated to the modeling of NWMS convection. They
showed that the hydrodynamical model SYMPHONIE
reproduces realistically convection functioning and vari-
ability at different space and time scales and that convec-
tion interannual variability is strongly related to the winter
atmospheric buoyancy loss variability. We refer the reader
to those papers for the detailed analysis of the hydrodynam-
ical simulations, and only present here the points that will
be relevant for the analysis of the biogeochemical
simulations.

[21] The mixed layer depth (MLD) at each model grid
point is defined using a threshold value of 4 cm® s~ for the
vertical diffusion coefficient [Herrmann et al., 2008a].
Figure 4 shows the annual cycle of the MLD averaged over
the NWMS, MLDpyuss, and of the temperature averaged
over the NWMS and the upper 200 m, 7Typuss.- The 200 m
layer was chosen to compute average values for the differ-
ent ecosystem components because it corresponds to the
base of the nutricline and more generally because it con-
tains most of the planktonic components and includes the
euphotic layer, as can be seen on vertical profiles in
Figure 3.

[22] The region of convection, corresponding to the
region of high surface water density (>29.1 kg m™?), is
localized around [42°N, 5°E] (Figure 5), in agreement with
MEDOC-Group [1970]. The strong interannual variability
of deep convection intensity is reproduced in our simula-
tions, with years where MLD vy, does not exceed 200 m
and years where it exceeds 1000 m. The standard deviation
of the annual mean of MLDyy,,.s among the seven annual
simulations is equal to 52% (Table 3). The duration of deep
convection is also highly variable with years where it stops
at the beginning of March and other where it occurs until
April. Stronger deep convection is associated with colder
surface layer: we obtain a correlation coefficient of —0.85
(SL >0.9999) between the annual mean of Tyys and the
annual mean of MLDypn,s. This cooling results both from
the strong atmospheric heat loss that induces deep convec-
tion and from the vertical mixing of the water column that
injects cold deep water up to the surface.

[23] HFpyr is larger than the average for “warm” years
W1, W2, W3, i.e., the sea looses less heat than the average
(Figure 1b). During these years, winter convection is weak
with annual MLDyy.s between 52 and 70 m, smaller than
the 130 m average value (Table 3 and Figure 4). The 200 m
upper layer is warm with annual 7y between 16.1 and
16.2°C larger than the 15.9°C average (Table 3 and
Figure 4). HF p - is lower than or equal to the average for
“cold” years Cl1, C2, and C3. During these years, winter
convection is strong with annual MLD yy,5 around 190 m.
The 200 m upper layer is cold, with annual Ty of,

Hydrodynamic Characteristics

W3 | |

J A S
Figure 4. Time series for the seven annual simulations of
the mixed layer depth and of the mean 0-200 m tempera-
ture averaged over the whole domain, MLDyy,s and
Tnwus- The black line above each graph shows the evolu-

tion of the associated p value, with periods of p <0.05
highlighted in gray (see section 3.1).

respectively, 15.7, 15.9, and 15.3°C. Year C4 shows a par-
ticular behavior. It is the year with the weakest HFpr
among the 7 years group (Figure 1b). However it leads to
an ocean behavior closer to the “C” years than to the “W”
years, with an annual MLD yps (153 m) larger and an an-
nual Tyys (15.7°C) colder than the average. The explana-
tion for this is provided by Figures 1d and le where we
show the detailed monthly and daily evolutions of the air to
sea heat flux over the modeled domain for each selected
year. Heat loss over the modeled domain in January is par-
ticularly weak for C4. December and February heat losses
are average. This results in mean December-February heat
loss that is the weakest among the 7 years. But March and
April heat losses of C4 are the strongest. Moreover, this
winter, six strong atmospheric events with average heat
loss larger than 400 W m ™2 occur, at beginning of Decem-
ber, mid-December, beginning of February, mid-May, and
mid-April. As a result, for year C4, convection occurs,
resulting in an annual MLDyy.s (153 m) larger than the
130 m average though smaller than the values around 190
m obtained for years C1, C2, and C3. Mixed layer deepen-
ing follows the strong events mentioned above (Figure 4).
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Figure 5.

(left) Surface density and (middle) nitrate concentration on end of February and (right) sur-

face chlorophyll concentration on mid-May for year C1.

Consequently to this and to the strong heat loss between
February and April, the upper layer temperature at the be-
ginning of May is the lowest (Figure 4). Finally, from the
point of view of the physical oceanic behavior, C4 is closer
to the “C” years than from “W?” years. This analysis of the
differences of physical characteristics between the selected
years therefore shows that these years can be divided into

two groups: a group with years of very strong (C1, C2, and
C3) and strong (C4) convection and cold upper 200 m layer
(group C), and a group with years of weak convection and
warm upper layer (W1, W2, W3, group W).

[24] We obtain a correlation coefficient of —86% (SL
>0.984) between the annual MLDyy,s and the mean
December-March winter surface heat flux over the domain,

Table 3. Interannual Variability of the NWMS Atmospheric, Hydrodynamics and Main Biogeochemical Variables and Processes: Av-
erage Annual Value Obtained for Each of the Seven Simulations, Average Over Those Simulations, Absolute and Relative Standard
Deviation to this Average, p Value Obtained for the Student 7 Test Performed Between Averaged Values of Samples (C1, C2, C3, C4)

and (W1, W2, W3)*

Yearly Average Variability

Variable Unit Cl1 C2 C3 C4 Wi w2 W3 Mean o a(%)  p(%)
Atmospheric and Hydrodynamics

HF p ey —121 —136 —139 —100 —100 —91 —103 —113 19 17 6.1

Tnwus °C 15.7 15.9 15.3 15.7 16.2 16.2 16.1 15.9 0.3 2 1.4

MLDwwass m 193 195 191 153 59 52 70 130 67 52 0.02

Biogeochemical Variables

NO3,4x gNm™? 12.07 11.96 12.41 11.60 10.18 9.34 10.83 11.20 1.12 10 0.7

PICOPHYTO ;. mgChl m > 1.06 1.14 1.00 1.02 1.15 1.19 1.11 1.09 0.07 7 5.9

NANOPHYTO¢y;;  mgChlm ™2 22.77 22.43 23.72 22.73 25.06 25.18 24.45 23.76 1.16 5 0.3

MICROPHYTOc;; ~ mgChlm™> 5.15 3.89 5.73 4.39 4.68 5.42 4.99 4.89 0.63 13 66.0
CHLTOT mgChlm ™2 29.0 27.5 30.5 28.1 30.9 31.8 30.6 29.8 1.6 5 3.7

PICOPHYTO, gCm 2 0.044 0.047 0.041 0.041 0.048 0.049 0.046 0.045  0.003 7 6.8

NANOPHYTO¢ gCm™? 2.21 2.24 2.34 223 243 2.42 2.38 2.32 0.09 4 0.7

MICROPHYTO, gCm 2 0.35 0.26 0.40 0.30 0.31 0.37 0.34 0.33 0.05 14 69.3
NANOZOO¢ gCm™2 0.44 0.45 0.43 0.42 0.48 0.50 0.48 0.46 0.03 7 0.3

MICROZOO eCm™? 0.33 0.32 0.34 0.31 0.35 0.37 0.35 0.34 0.02 6 1.1

MESOZOO¢ gCm™2 0.62 0.63 0.60 0.60 0.71 0.75 0.68 0.66 0.06 9 0.2

PHYTO, gCm 2 2.60 2.55 2.77 2.57 2.79 2.84 2.77 2.70 0.12 4 39

Z00¢ gCm™? 1.39 1.40 1.37 1.33 1.55 1.62 1.51 1.45 0.11 7 0.2

Bacteria gCm2 0.26 0.26 0.26 0.25 0.28 0.29 0.27 0.27 0.01 5 0.4

Total biomass gCm 2 425 421 4.39 4.15 4.61 4.75 4.55 442 0.23 5 0.4

POCs gCm™? 3.83 3.81 4.04 3.72 4.11 4.25 4.10 3.98 0.19 5 1.9

POC, gCm2 0.015 0.016 0.014 0.014 0.018 0.019 0.017 0.016  0.002 13 0.6

DOC gCm™2 27.6 27.6 27.0 26.3 29.2 30.4 29.1 28.2 1.5 5 0.4

Biogeochemical Processes Involved in Carbon Cycle

GPP gCm2y! 245 246 248 239 255 260 258 250 8 3 0.4

Respiration gCm2y! 228 232 226 221 241 249 242 234 10 4 0.4

Net metabolism eCm 2y ! 17.1 13.7 22.0 17.7 14.4 11.2 15.3 15.9 3.5 22 14.1
POC export eCm 2y ! 11.7 13.6 9.4 13.4 9.0 7.0 8.6 10.4 2.5 24 2.8

DOC export eCm 2y ' 211 24.5 10.2 21.6 8.5 8.7 10.8 15.1 7.0 46 4.5

Total OC export gCm 2y ' 328 38.1 19.7 35.0 17.5 15.8 19.4 255 9.4 37 3.6

e-ratio % 13.4 15.5 7.9 14.7 6.8 6.0 7.5 10.3 4.1 3.1

dConcentrations are integrated over the first 200 m and averaged over the whole domain.



HFpyry (Table 3). Herrmann et al. [2010] studied in
details the factors responsible for the interannual variability
of deep convection in the NMWS. Using their values, one
obtains a correlation coefficient of —83% (SL >0.95)
between the December-March heat flux and the annual vol-
ume of dense water formed, which is also representative of
the deep convection intensity and equivalent to our annual
MLDywas- The interannual variability of winter surface
heat loss is therefore largely responsible for the interannual
variability of intensity of oceanic deep convection in the
NWMS. To determine quantitatively if groups C and W are
significantly different from each other, we performed statis-
tical hypothesis Student ¢ test between both groups (Cl,
C2, C3, C4 and W1, W2, W3). The goal of the ¢ test is to
reject the null hypothesis, here that both groups come from
a population with equal mean. For each ¢ test performed,
the p value indicates the probability of obtaining the same
result of the test if the null hypothesis was right. Classi-
cally, one rejects the null hypothesis at a 5% significance
level. In other words, a p value smaller than 0.05 indicates
that groups C and W are significantly different. ¢ Test are
performed for each value of MLD s and Typass, and the
corresponding evolution of the p value is plotted above
their graphs (Figure 4). ¢ Test are also performed for the
mean annual values (Table 3). The smallest p values for
MLDywas and Typps are obtained during the period of
strong winter mixing (January-March) when the differences
between the C and W groups are the strongest (Figure 4).
However in general, differences are not always signifi-
cantly different. This is due to the strong high-frequency
variability of MLDyyas and Tapways, itself induced by the
high frequency variability of the atmospheric forcing: the
time scale of a strong and cold north wind event is of a few
days, with a quick feedback of the marine layer in terms of
mixed layer deepening and cooling. Moreover, these wind
events do of course not happen every year at the same
moment. As a result, it is not always obvious to see differ-
ences between groups C and W at a daily timescale. At an
annual scale, p values obtained for the annual MLD yps
(1.4%) and Ty (0.02%) are however largely below 5%.
From the hydrodynamic point of view, the variability of
winter atmospheric heat flux therefore induce significant
differences of MLD and temperature between groups C and
W at the annual scale.

3.2. Interannual Variability of the Pelagic Planktonic
Ecosystem Composition

[25] As explained in section 1, the present study aims to
examine the impact of the atmospheric and hydrodynamic
interannual variability on the NWMS ecosystem function-
ing in considering the area of study as a whole. For that, we
performed budget analysis, computing the spatial averages
over the model domain of the biogeochemical variables
and main processes. To aggregate the variables or proc-
esses in space and time, we first averaged them spatially
over the whole domain at each time step for each year. For
a given variable or process, we thus obtained and plot
seven time-vectors (Figures 4, 6-9) that allow to examine
the temporal evolution of the NWMS ecosystem and the
interannual variability of this evolution. ¢ Test were per-
formed for these spatially averaged values and the corre-
sponding p value evolution are plotted above the
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corresponding graphs, in the same way we did for
MLD ypass and Typags. We then computed the time average
of these seven time-vectors, obtaining for each year an an-
nual value (seven first columns of Table 3). Finally, we
computed the average, the standard deviation (absolute and
relative) and the p values associated with these seven an-
nual values (last four columns of Table 3).

3.2.1. Nutrients Availability

[26] Nitrate, phosphate, and silicate show globally the
same annual cycle (Figure 6). This evolution is similar for
the seven simulations. The concentration of those nutrients
in the surface layer is minimum in September, when the
water column is strongly stratified [the average MLD vy
varies between 10 and 20 m in summer (Figure 4), in agree-
ment with climatological data given by D Ortenzio et al.
[2005]. Nutrients concentration then progressively
increases when the stratification weakens: winter vertical
mixing brings those nutrients initially present in the deep
layers up to the surface. It reaches a maximum in February-
March during the period of violent mixing, and the surface
enriched area corresponds to the region where deep con-
vection occurs (Figure 5). Nutrients concentrations start to
decrease in winter when mixed layer is maximum
(Figures 4 and 6). This suggests that the initiation of phyto-
plankton bloom begins in winter. The decrease is the
strongest during the spring bloom in May-June then it is
slower until September. In average over the domain, maxi-
mum winter values are equal to 3.5-5.0 mmoIN m > for
the nitrate, 0.14-0.2 mmolP m > for the phosphate and
2.7-3.2 mmolSi m > for the silicate. Those values are in
agreement with winter values observed at DYFAMED by
Marty et al. [2002]: 2-3 mmoIN m >, 0.15-0.2 mmolP
m >, and 3 mmolSi m>. The trophic regime in the NWMS
therefore varies seasonally from mesotrophy in winter-
spring to oligotrophy in summer, following the
stratification.

[27] The nitrate concentration in the upper 200 m layer
constitutes our indicator of the nutrients availability in the
euphotic layer. The interannual variability of nutrients
availability is very small during the stratified period (June-
November), when this availability is very weak (Figure 6).
It is maximum between December and May, i.e., during the
convection and spring bloom periods when the surface
enrichment is maximum. During this period, the p value is
generally lower than 5%: the differences between the C
and W groups are significant. The standard deviation of
NO3,ax, the annual maximum of the nutrient availability
indicator, is equal to 10% (Table 3), and again the differ-
ence between C and W groups is significant (p value equal
to 0.7%). The surface enrichment being largely due to win-
ter vertical mixing, this interannual variability is strongly
correlated with the variability of winter convection inten-
sity: the correlation coefficient between NOs,,,, and the
winter maximum of the annual MLD yy,s is equal to 0.94
(SL >0.998). The variability of atmospheric and oceanic
winter conditions hence induces a significant variability of
nutrients availability that lasts during the following seasons
(spring and part of summer) and at the annual scale.

[28] Ammonium shows a spatial and temporal evolution
which is almost opposite to that of the three other nutrients
(Figure 6). This is due to the fact that it is not present in
deep layers but that it comes from rivers and heterotrophic
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Figure 6. Time series of the biogeochemical variables and associated p value (see section 3.1) for the
seven annual simulations: zooplankton, phytoplankton, bacteria, organic matter, nutrients, total chloro-
phyll. The indexes correspond to the constituent element whose concentration is shown, averaged over
the whole domain and over the first 200 m. Units are mmol(C, N, P, Si) m > except for chlorophyll
(mgChl m™>). Periods of p <0.05 highlighted in gray.

plankton excretion. This evolution is similar for the seven
annual simulations and the concentration range is in agree-
ment with that found in experimental data set [Segura-
Noguera et al., 2011]. Ammonium concentration in the sur-
face layer is maximum until November, when it begins to
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decrease due to its vertical dilution by winter mixing. It
reaches a minimum in March-April, and then increases
strongly until May-June. This is due to the end of winter
convection and the beginning of ammonium excretion asso-
ciated with the development of heterotrophic plankton



nitrate:phosphate ratio (molN/molP)

nitrate:silicate ratio (molN/molSi)

DON:DOP ratio (molN/molP)

Figure 7. Time series for the seven annual simulations of
the dissolved organic and inorganic matter averaged over
the whole domain and over the first 200 m and of the asso-
ciated p value (see section 3.1): ratios between the concen-
trations of nitrate and phosphate, nitrate and silicate, and
dissolved organic nitrogen and phosphorus. Periods of p
<0.05 highlighted in gray.

(Figure 6). Its maximum value (~0.5 mmoIN m™) is
reached between 30 and 50 m depth. These numbers are in
agreement with the 0.3-0.5 mmoIN m > values observed
by Diaz et al. [2001] between 20 and 60 m depth. Ammo-
nium is then consumed by the phytoplankton and its con-
centration decreases then stabilizes. As for the other
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nutrients, the ammonium concentration interannual vari-
ability is weaker between July and December, and stronger
between December and June. Differences between C and
W groups are significant during this period and again, this
variability is associated with the variability of winter con-
vection, stronger mixing resulting in stronger ammonium
depletion.

[29] The nitrate to phosphate ratio is generally higher
than 20:1 in Mediterranean waters [Mc Gill, 1969], i.e.,
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Figure 8. Time series for the seven annual simulations of
the GPP, respiration and net metabolism averaged over the
whole domain and of the associated p value (see section
3.1). Periods of p <0.05 highlighted in gray.
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Figure 9. Time series for the seven annual simulations of
the POC and DOC export under the 200 m isobath aver-
aged over the whole domain and of the associated p value.
Periods of p <0.05 highlighted in gray.

than that of 16:1 measured in the Atlantic Ocean by Red-
field et al. [1963]. This implies a trend of Mediterranean
waters to be P-depleted relative to N [Krom et al., 1991;
Thingstad and Rassoulzadegan, 1995; Diaz et al., 2001,
Pinardi et al., 2006]. In our simulations, the nitrate :phos-
phate ratio, computed as the ratio of the spatially averaged
concentrations of nitrate and phosphate, varies between
24:1 and 27:1 (Figure 7). This confirms that phosphorus
availability may control the primary production in the
NWMS at the scale of the basin. Maximum values and
minimum interannual variability are obtained during the
stratified period when nutrients availability is the weakest,
suggesting that this control intensifies during this period.
The interannual variability of the nitrate :phosphate ratio is
larger during the winter mixing period. From January, the
associated p value remains lower than 5% during most of
the year (Figure 7), winter oceanic and atmospheric condi-
tions therefore induces significant and lasting differences of
nitrate :phosphate ratio between years. Minimum values
indicating a weaker phosphate depletion are obtained for
years of strong convection during which the winter surface
enrichment is larger. These seasonal evolution and interan-
nual variability can be explained by the fact that the verti-
cal nitrate concentration gradient is weaker than the
phosphate concentration gradient: the ratio between the ni-
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trate concentration in the first 200 m and in the deep layer
is ~2 whereas it is ~2.5 for the phosphate (Figures 3 and
6). The nitrate :phosphate ratio consequently decreases with
depth. When convection occurs the nitrate :phosphate ratio
of the resulting homogenized water mass is all the smaller
that the convection is stronger. Such vertical gradients in
bio-limiting nutrients usually result from a balance between
phytoplankton demand in the euphotic layer, remineraliza-
tion and organic matter export [e.g., Anderson et al., 2005].
But the difference in the gradient values is a special feature
of Mediterranean Sea observed by Pujo-Pay et al. [2011]
that is explained by a difference in the depths of phospha-
cline and nitracline, the first being deeper. This difference
in depths may result from incomplete nitrate utilization by
phytoplankton due to the lack of phosphate at the bottom of
the euphotic layer [Diaz and Raimbault, 2000]. Our results
therefore strengthens the hypothesis of a plankton origin to
the high nitrate:phosphate ratios in the Mediterranean Sea
and suggest that the convection physical process can partly
alleviate the deficiency in phosphate relative to nitrate
observed in the upper layer.

[30] Thingstad and Rassoulzadegan [1999] and Leblanc
et al. [2003] observed that silicon can also be limiting in
the NWMS, in particular after spring blooms, the nitrate to
silicate ratio being larger than the 1:1 value given by Brze-
zinski [1985] for the global ocean. In our simulations, the
nitrate:silicate ratio is minimum and approximately equal
to 1:1 between June and September (Figure 7). Its interan-
nual variability is very weak during this period. During the
rest of the year the nitrate:silicate ratio is larger than 1:1
and reaches maximum values varying between 1.3 and 1.5
during the period of strong mixing. This result suggests a
potential Si deficit compared to N, in agreement with recent
observations made in the whole Algero-Provencal basin by
Crombet et al. [2011]. During the mixing period the inter-
annual variability of the nitrate:silicate ratio is maximum,
with larger values observed for years of strong convection.
The p values indicate that differences between years C and
W are significant during this period and the following
spring bloom (Figure 7). These seasonal evolution and
interannual variability can be explained by the fact that the
vertical nitrate concentration gradient is stronger than the
silicate concentration gradient: the ratio between the sili-
cate concentration in the first 200 m and in the deep layer is
~1.5 versus 2 for the nitrate (Figures 3 and 6). As a result,
the nitrate to silicate ratio increases with depth. Thus the
deeper convection is, the larger the nitrate:silicate ratio of
the resulting homogenized water mass is. This suggests that
the silicon availability may control the development of dia-
toms in the NWMS during winter convection, all the more
that the convection is strong. This is clearly the case for
year C2 (strong convection low microphytoplankton,
Figures 4 and 6). However year C3 shows the opposite pat-
tern, i.e., strong convection associated to large microphyto-
plankton biomass. Cullen et al. [2002] indeed showed that
the development of large-sized phytoplankton can also be
favored by strong turbulence and high nutrient concentra-
tions. This is most probably due to the fact that the convec-
tion episode for C3 is very strong until the beginning of
March but ends very soon compared with C1, C2, and C4
(Figure 4). As a result, the absolute silicate availability for
C3 is the largest of the 7 years when the spring bloom



begins in mid-March (Figure 6). Moreover, Herrmann et
al. [2008a] showed that mesoscale structures that develop
around the convection area transport stratified water inside
the mixed region when the convection ends. This input of
stratified water associated to smaller nitrate:silicate ratio
would favor the decrease of this ratio. Indeed, at the end of
May, when the microphytoplankton abundance is the larg-
est for C3, the nitrate:silicate ratio is low compared to the
other years (Figure 7). The development of microphyto-
plankton therefore appears to depend on a balance between
the convection intensity and the duration of the convection
episode that modulate the N:Si ratio of the upwelled water
and the absolute nutrients availability.

3.2.2. Phytoplankton

[31] The seasonal evolution of phytoplankton is globally
similar for the 7 years of the present period. The total chlo-
rophyll concentration in the surface layer progressively
decreases between September and January (Figure 6) due
to the decrease in light availability associated with the
deepening of the mixed layer (Figure 4). This concentration
is minimum during winter convective mixing (January-
February) with values around 0.1 mgChl m > correspond-
ing to observations made by Bosc et al. [2004] in February
1999 in the NWMS. Nano and microphytoplankton chloro-
phyll and carbon biomasses and total chlorophyll start to
increase when the deep convection is maximum in winter
(Figures 4 and 6) and not when deep convection ceases in
spring, as observed by Marty et al. [2002]. This result is in
agreement with the recent Dilution-Recoupling Hypothesis
of Behrenfeld [2010]. In this hypothesis the initiation of
bloom occurs owing especially to a decoupling between
phytoplankton growth and grazing due to the vertical dilu-
tion of preys and predators by winter mixing. The winter-
to-spring distributions of zooplankton also tend to confirm
that the prominence of the Behrenfeld [2010] hypothesis in
driving the time occurrence of the bloom in the NWMS
(see section 3.2.3). Chlorophyll concentration reaches its
maximum in April-May, exceeding 1 mgChl m > in the
Rhone plume and in the convection region in agreement
with the maximum values observed by Bosc et al. [2004] in
April 1999. This spring bloom however occurs approxi-
mately 1 month later than what was observed by Marty et
al. [2002] at DYFAMED. The surface chlorophyll concen-
tration decreases rapidly until June then more progres-
sively. The initial spring chlorophyll concentration
decrease seems mainly regulated by grazing more than by
nutrient depletion: at this time of the year, zooplankton
abundance and GPP are maximal (Figures 6 and 8). The
surface layer depletion associated with the summer restrati-
fication (Figure 4) then also contributes to the lower chloro-
phyll concentration through the decrease of the GPP.

[32] The interannual variability of the total chlorophyll
concentration is weak during the whole year, with a stand-
ard deviation of the annual average value equal to 5%
(Table 3). This variability is larger during the winter mix-
ing and spring bloom periods. Differences between C and
W groups are however significant during the winter and be-
ginning of spring and at the annual scale (Table 3). The
interannual variability of chlorophyll concentration is asso-
ciated both to the strength of winter convection and to the
surface temperature: even if the surface enrichment during
years of weak convection is smaller, euphotic layer is
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warmer. This favors the phytoplankton growth since the
temperature influence on primary production is parameter-
ized through an exponential Eppley-type term [Eppley,
1972], as explained in details in section 3.3.1. Larger val-
ues of chlorophyll concentration are therefore obtained for
the three warm years. However the duration of the winter
convection also influences the chlorophyll concentration:
during C3, the convection is strong but ceases early, and
though the surface layer is colder than the average, the
chlorophyll concentration is larger. The evolution of p val-
ues and large annual p values obtained for annual pico and
microphytoplankton show that the interannual variability of
these groups is not directly related to the variability of win-
ter atmospheric and oceanic conditions, contrary to what is
obtained for nanophytoplankton.

[33] The spring bloom is mainly associated with a peak
of nanophytoplankton and to a lesser extent of microphyto-
plankton (Figure 6). During the summer oligotrophic pe-
riod, the picophytoplankton concentration progressively
increases. The respective contributions of each phytoplank-
ton group vary very weakly among the years, with standard
deviation smaller than 2%. We obtain a domination of the
nanoplankton group that corresponds to observations. How-
ever, its contribution as well as the summer microphyto-
plankton concentration are overestimated in our
simulations whereas the picophytoplankton and the spring
microphytoplankton concentrations are underestimated: in
our simulations, depending on the period, nanoplankton
represents between 60 and 80% of the total chlorophyll bio-
mass with a 80% average annual value, microplankton rep-
resents 10-30% with a 16% average annual value and
picophytoplankton less than 10% with a 4% average annual
value (Figure not shown). Observations by Marty et al.
[2002], Marty and Chiaverini [2010], and Vidussi et al.
[2000] suggest that the nanophytoplankton represents
between 45 and 65% of the total chlorophyll biomass, that
the microphytoplankton represents around 30% in spring
(versus 15% in our simulations) and 10% in summer (ver-
sus 20-25% in our simulations), and that the picophyto-
plankton contribution never goes below 10% and reaches
20% during the summer.

3.2.3. Zooplankton

[34] The three zooplankton groups follow globally the
same seasonal evolution, similar for the 7 years (Figure 6).
Zooplankton carbon concentration in the upper 200 m
decreases between September and February, due to the
decrease in preys availability and the dilution associated
with vertical convective mixing. It reaches a minimum dur-
ing the period and in the area of maximum convection. The
zooplankton biomass increase begins several weeks after
the initiation of the phytoplankton bloom when the avail-
ability of preys, less dispersed in the water column owing
to the convection weakening, becomes sufficient. The delay
varies from ~3 weeks for microzooplankton to ~6 weeks
for mesozooplankton. This suggests that the convective
process induces a temporal and spatial decoupling between
the prey-predator system. This decoupling is reduced dur-
ing the spring restratification period. These results are in
line with the Dilution-Recoupling Hypothesis recently
described by Behrenfeld [2010] that assumes that the
bloom dynamic results from a balance between the phyto-
plankton growth and the zooplankton grazing and from the



seasonally varying physical processes that affect this bal-
ance. The interannual variability of the three zooplankton
groups is maximal during the winter convective mixing and
spring bloom, then progressively decreases. The standard
deviation of the annual zooplankton biomass is equal to 7%
(Table 3), the larger concentrations being obtained for
warm years, due to larger preys abundance and weaker ver-
tical mixing. The evolution of p values and the annual p
values obtained for each zooplankton group and for the
whole zooplankton biomass (Figure 6 and Table 3) show
that interannual variability of winter atmospheric and oce-
anic conditions induce differences on zooplankton abun-
dance that stay significant most of the year and at the
annual scale.

[35] Nanozooplankton consumes bacteria and picophyto-
plankton, whose concentrations are maximum in July-
August (Figure 6). Nanozooplankton carbon concentration
is consequently maximum in summer. In 1999-2000,
Tanaka and Rassoulzadegan [2002] observed at
DYFAMED nanozooplankton concentrations Vetryin%
between 0.02 mmolC m > in January and 0.2 mmolC m™
in July in the 5-110 m layer. At this point, nanozooplank-
ton concentration varies in our simulations between 0.05
and 0.3 mmolC m > in the 0-200 m layer, in agreement
with those observations. Microzooplankton consumes
mainly nanozooplankton, nanophytoplankton, and then
microphytoplankton. Its maximum concentration is
observed in end of May-June, it then remains high during
the summer. At DYFAMED, its simulated concentration
varies locally between 0.05 and 0.5 mmolC m > through-
out the year, in agreement with values reported by Tanaka
and Rassoulzadegan [2002]: 0.03 (January)—0.4 (May)
mmolC m . Mesozooplankton consumes microzooplank-
ton and microphytoplankton. It progressively increases af-
ter the winter minimum and reaches its maximum value in
September. Concentration in the upper 200 m layer varies
between 0.1 and 0.4 mmolC m . This temporal evolution
is quantitatively in agreement with observations made by
Gaudy and Champalbert [1998] off Marseilles: 0.05-0.3
mmolC m >,

3.2.4. Organic matter (DOM and POM)
3.2.4.1. Dissolved Organic Matter

[36] DOC represents 77% of the total organic matter
(Table 3). In our model, DOM is produced by messy feed-
ing, phytoplankton exudation, POM remineralization and
bacteria senescence (Figure 2). It is consumed by bacteria.
As for the other components of the planktonic ecosystem
(except ammonium), its concentration in the surface layer
decreases between September and February-March
(Figure 6). Taking into account the refractory DOM (40
mmolC m > for DOC, Santinelli et al. [2012] and 3 mmoIN
m > for DON, Pujo-Pay and Conan [2003]), the minimum
modeled average concentrations of DOM in the surface
layer vary in March around 45-50 mmolC m > and 3.9-4.5
mmoIN m™>. Copin-Montégut and Avril [1993], Avril
[2002], and Pujo-Pay and Conan [2003] observed mini-
mum concentrations around 50-60 mmolC m > and 3.5
mmolN m . DOM concentration then increases due to the
intensification of the microbial loop and the stratification of
the water column. Maximum concentrations are reached in
June-August for the DOC and in August-September for the
DON and DOP. Locally, maximum modeled values can
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exceed 90 mmolC m >, 7 mmoIN m >, and 0.15 mmolP
m > in the open sea and 150 mmolC m >, 8 mmoIN m >,
and 0.18 mmolP m~> over the shelf (Figures not shown).
Copin-Montégut and Avril [1993], Avril [2002], and Pujo-
Pay and Conan [2003] observed maximum summer con-
centrations around 90—100 mmolC m > and 6 mmoIN m
in the open Ligurian Sea. The modeled DON and DOC
may thus be slightly overestimated probably owing to the
bacterial biomass underestimation that may induce an
underestimation of DOM assimilation (see section 3.2.5).
The interannual variability of the DOM seasonal evolution
and annual average is weak, it is however significant during
the winter and spring and at the annual scales (Figure 6 and
Table 3). Years and periods of stronger convection are
associated with smaller DOM concentrations.

3.2.4.2. Particulate Organic Matter

[37] Large POM particles are produced by the mesozoo-
plankton senescence. Small particles represent almost
100% of the total POM (Table 3) and are produced by zoo-
plankton egestion and senescence and phytoplankton senes-
cence. The evolution, variability, and p values of large and
small POM concentrations follow, respectively, those of
mesozooplankton and nanophytoplankton (which largely
dominates the total planktonic biomass (Table 3 and
Figure 0)).

3.2.5. Bacteria

[38] Bacteria consumes DOM, they thus follow the same
evolution (Figure 6). This seasonal evolution is in line with
previous observations performed in the NWMS [Tanaka
and Rassoulzadegan, 2002 ; Mével et al., 2008]. However
the modeled bacteria biomasses are underestimated by a
factor of 2-3 compared with those studies and recent in situ
estimations [Christaki et al., 2011]. In our model, hetero-
trophic bacteria only absorb DOM. POM is remineralized
into DOM via a parameterization independent from bacte-
rial biomass. Thus, only free-living bacteria communities
[sensu Mével et al., 2008] are taken into account. This
modeling choice does not enable to account for the pool of
particle-attached bacteria whose biogeochemical role in the
POC cycling in the NWMS has been highlighted [Ghi-
glione et al., 2007]. Accounting for this pool of heterotro-
phic bacteria would partly reduce the bacteria biomass
underestimation. Some underestimation of biogeochemical
fluxes associated to bacteria activity and involved in the
carbon cycle (organic matter consumption, respiration)
may result from this bias (see sections 3.3.2 and 3.3.3).

[39] The interannual variability of the bacteria seasonal
evolution is weak along the year (Figure 6) and on the an-
nual mean (3%, Table 3). It is maximum and significant
during the winter mixing and spring bloom periods. Differ-
ences of annual bacteria biomass between cold and warm
years induced by interannual variability of winter atmos-
pheric and oceanic conditions are significant, larger bio-
masses being associated with warm years.

[40] The evolution of the ratios of DON and DOP con-
centrations over the domain and the upper 200 m is shown
on Figure 7. DOC:DON and DOC:DOP ratios are always
larger than the bacteria internal composition ratios C:N
and C:P (figures not shown), in particular during the strati-
fied summer period. This suggests that nitrogen and phos-
phorus availability control the bacteria growth. Moreover
the DON:DOP ratio is always larger than the bacteria



internal composition ratio N:P (10.55), suggesting a stron-
ger control by phosphorus availability. The control by
phosphorus availability is influenced by the variability of
winter atmospheric and oceanic conditions: the DON:DOP
is larger for the stratified summer period and for “warm”
years and the associated p value is generally not significant.

3.3. Interannual Variability of the Biogeochemical
Processes

[41] In this section, we examine the main biogeochemi-
cal processes in order to understand and characterize better
the role of the NWMS pelagic planktonic ecosystem
regarding the carbon cycle: primary production, dissolved
inorganic carbon balance, and organic carbon deep export.
3.3.1. Gross Primary Production GPP

[42] The GPP corresponds to the fixation of dissolved
inorganic carbon by the phytoplankton associated with the
photosynthesis. It logically shows the same seasonal evolu-
tion and interannual variability as the phytoplankton carbon
biomass (Figure 8). Minimum and maximum of NWMS
averaged GPP values (respectively, 0.1-0.2 gC m > d ' in
February and 1.2-1.5 gC m 2 d~ ! in April-May) are in
good agreement with the 0.1-1.8 gC m > d~' range meas-
ured by Marty and Chiaverini [2002]. In summer, the GPP
slightly decreases from ~1.0-1.2 gC m 2 d~' in June to
~0.8-1.1 g€ m~2 d~! in September, whereas values meas-
ured by Martzy and Chiaverini [2002] decrease from ~1.0 to
~0.5 gCm * d . This overestimation of the summer GPP
in our model is related to the overestimation of the nanophy-
toplankton biomass during this period (see section 3.2.2).

[43] The annual GPP is in average equal to 250 gC m >
y !, with a very weak interannual variability (3%,
Table 3). Marty and Chiaverini [2002] obtain annual GPP
values varying between 86 and 232 gC m 2 y~'. Note
however that their estimations are based on instantaneous
GPP measurements made at a monthly frequency, whose
relevance could be questionable given the high GPP daily
variability (Figure 8). The winter GPP shows a stronger
variability (the standard deviation of the average
December-February GPP is equal to 23%) and is responsi-
ble for the annual variability: the correlation coefficient
between the average December-February GPP and the an-
nual GPP is equal to 0.90 (SL >0.9999). This variability
is mainly related to the strength of the winter convection,
and contrary to what could be expected at first sight, years
with stronger mixing are related to lower GPP and chloro-
phyll accumulation (section 3.2.2) than warmer years with
less mixing: we obtain a —0.82 (SL >0.9999) correlation
coefficient between the annual GPP and the annual
MLDuypas. Moreover these differences between warm
and cold years are significant, as shown by the p values in
winter and at the annual scale. They can be explained first
by the fact that vertical displacements associated with
deep convection prevent the phytoplankton from staying
at the lighted surface layer and thus from developing
through photosynthesis. Second, deep convection is also
associated with surface cooling (see section 3.1), and GPP
depends on the water temperature. This dependency on
the water temperature is taken into account through the
Eppley [1972] type parameterization that involves the
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term f(7) = Q,; in the GPP equation, with Q9 =
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20,7, =20'C,72=10'C [Herrmann, 2007; Auger
et al., 2011]. All other factors being equal, a temperature
difference of AT = +0.33°C (the variability of the upper
200 m temperature, Table 3) would induce a relative GPP

AT

difference of 1 — Qg = +2.3%. This value is of the same
order as the 3% variability computed for the average GPP
(Table 3). Our results therefore suggest that the warmer
and more stable mixed layer associated with weaker con-
vection has a positive impact on the phytoplankton devel-
opment that counteracts the negative impact of the smaller
nutrient availability.

3.3.2. Respiration and Net Metabolism

[44] The cumulated respiration (autotroph + heterotro-
phic) corresponds to the remineralization of organic carbon
under the dissolved inorganic carbon form by the plank-
tonic ecosystem. The difference between GPP and respira-
tion is equal to the net balance of dissolved inorganic
carbon fixation or production: the net metabolism [Smith
and Hollibaugh, 1993]. The evolution of GPP, total respira-
tion and net metabolism is showed on Figure 8. The sea-
sonal evolution of respiration follows the evolution of GPP,
with a very weak interannual variability all along the year
and in average (4%, Table 3). Seventy-one percent of the
annual total respiration is due to the bacteria respiration.
This contribution is almost constant among the years (inter-
annual variability <1%). Periods and years of high respira-
tion therefore correspond to periods of strong bacterial
activity. As for the GPP, differences between cold and
warm years are significant during winter and beginning of
spring and on the annual averages, with warmer years asso-
ciated to stronger respiration.

[45] Between August and February, the net metabolism
is negative, the NWMS planktonic ecosystem acts as a
source of dissolved inorganic carbon. During the rest of
the year, autotroph processes dominate those of the heter-
otrophic community, the NWMS acts as a sink of dis-
solved inorganic carbon regarding the soft-tissue
biological pump. In average, the annual net metabolism is
equal to 16 gC m2 y~! and is positive for the 7 years
(Table 3). Annually, the NWMS therefore always acts as a
sink for the dissolved inorganic carbon regarding the pe-
lagic planktonic ecosystem, in agreement with conclu-
sions of Sempéré et al. [2000]. The interannual variability
of the annual net metabolism is large, equal to 22%. How-
ever the evolution and the annual mean of the p values
show that differences between C and W years are not sig-
nificant, and the correlation coefficient between the annual
MLDypass and the annual net metabolism is equal to 0.61
(SL >0.85). This suggests that the winter heat flux and the
oceanic convection are not the major factors responsible
for this interannual variability. In fact, the net metabolism
is strongly related to the annual Ty,s, With a correlation
coefficient equal to —0.91 (SL >00.9999): the net metab-
olism is smaller during the warm years. This is mostly due
to the fact that the bacterial activity, hence respiration, is
particularly strong those years (see section 3.2.5). Note
that the underestimation of the modeled bacteria biomass
(see section 3.2.5) likely induces an underestimation of
the intensity of heterotrophic processes, in particular of
bacterial respiration. The annual net metabolism may thus
be overestimated, and the NWMS may be a lower sink for
dissolved inorganic carbon than suggested by the model
outputs.



3.3.3. Organic Carbon Bottom Export

[46] The vertical export of organic carbon is estimated
by computing the sum of the net sedimentation, advection,
and diffusion fluxes across the 200 m isobath. The POC
export takes into account particulate organic carbon, phyto-
plankton, zooplankton, and bacteria. The evolution of the
DOC and POC export is shown in Figure 9. For both dis-
solved and particulate compartments, organic carbon
export is clearly associated with deep convection: it is
strong during the winter mixing period (mid-November to
mid-May) and much lower during the stratified June-
November period. This behavior was observed by Avril
[2002] at DYFAMED for the DOC export. Annually, the
DOC export varies between 8.5 and 24.5 gCm 2y ', and
the POC export between 7.0 and 13.6 gC m? y!
(Table 3). At DYFAMED, Copin-Montégut and Avril
[1993] and Avril [2002] measured values of DOC export
varying between 13 and 22 gC m >y~ ', and Miquel et al.
[1992] and Marty et al. [1994] measured values of POC
export varying between 4 and 7 gC m >y '. The ranges
given by the model are therefore in good agreement with
the available observations. The DOC export may however
be slightly overestimated due to the underestimation of the
bacteria biomass (section 3.2.5) but available data do not
allow to evaluate that more precisely.

[47] The interannual variability of the annual organic
carbon export is large (37%, Table 3). Deep convection
appears to be one of the main factor of organic carbon deep
export: we obtain correlation coefficients of ~0.74 (SL
>98%) between the annual exports of POC, DOC and total
organic carbon and the annual MLDyy,.s. Differences
between group C and group W are significant (p < 5%, see
Table 3). Export is more than twice larger during “C”
years than during “W” years. This difference can be attrib-
uted to the vertical displacements that occur throughout the
water column during deep convection: as they do for dense
water formed at the surface, they transport organic matter
produced in the euphotic surface layer down to the deep
ocean. The stronger convection is, the stronger these dis-
placements, hence organic carbon exports are. Deep con-
vection intensity is itself strongly correlated to the winter
surface heat loss (see section 3.1). This shows that the
atmospheric interannual variability, precisely the interan-
nual variability of winter heat loss, strongly determines the
variability of organic carbon export toward the deep ocean,
hence plays a key role in the Mediterranean carbon cycle.
During warm years associated with weak winter heat loss
and convection, organic carbon is less exported and may
moreover be remineralized within the upper water column.
This would still weaken the ocean carbon storage since the
resulting carbon dioxide would be not sequestered in the
Mediterranean deep waters.

[48] Furthermore, there are some quantitative differences
in the form of carbon export depending on the warm or
cold year type. The interannual variability of annual aver-
age export is larger for DOC export than for POC: there is
a factor of 1.9 between the standard deviation of, respec-
tively, DOC and POC exports, and the relative difference
between C and W years is 1.4 times larger for DOC than
for POC. Hence the convection intensity would favor the
export of organic carbon under the dissolved form. Some
observations [see review of Santinelli et al., 2012] show
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high values of DOC concentrations at depths >1500 m in
the Algero-Provencal Basin following episode of intense
shelf or open ocean convection [Canals et al., 2007]. The
amount of DOC exported at depth mainly depends on the
amount of deep water formed but also on the ecosystem ac-
tivity that control surface DOC concentrations through pro-
duction and consumption processes. The model reproduces
the surface DOC accumulation during the stratified period
(Figure 6). This feature already observed in the oligotro-
phic Mediterranean Sea has been attributed to the lack of
phosphorus during summer that limits the bacteria DOC
consumption [Moutin et al., 2002]. According to the obser-
vations the exported DOC is very quickly consumed and
remineralized to CO, by heterotrophic bacteria as attested
by high Apparent Oxygen Utilization at depth and the dis-
appearance of the signal of high concentrations in a few
months [Santinelli et al., 2012]. The interannual variability
of the deep DOC export may have some implications for
the activity and diversity of deep water microbial loop
[e.g., Magagnini et al., 2007; Martin-Cuadrado et al.,
2007]. In particular, the DOC remineralization rates and
the occurrence of different microbial communities are
higher in the Mediterranean deep water than in the global
deep ocean.

[49] In average, 25.5 gC m 2 y~ ' of organic carbon is
exported annually towards the sea bottom (Table 3). This
represents ~10% of the annual GPP (the e-ratio). The other
90% will then be remineralized within the euphotic layer.
This suggests that the GPP would mainly be associated
with regenerated production at the scale of the NWMS.
The interannual variability of the e-ratio is equal to 4%
(Table 3). This weak variability is associated with the con-
vection strength, with a 0.75 correlation coefficient (SL
>0.9999) between the e-ratio and the annual MLDypas
and a small p value: the e-ratio is larger during more con-
vective years, suggesting that the contribution of new pro-
duction would be slightly stronger those years.

4. Discussions and Conclusions

[s0] We developed and used a 3-D coupled physical-
biogeochemical model and performed a groups of seven
simulations under the XXth century climate conditions in
order to assess the effect of oceanic and atmospheric inter-
annual variability on the NWMS pelagic planktonic ecosys-
tem, in terms of functioning, seasonal evolution and carbon
cycle. The objectives of the paper were to study this area as
a whole since it can be considered as homogeneous and
highly productive at the scale of the Mediterranean basin.
For that we performed statistical and budget analysis of the
model results.

[s1] First, our results show that the model reproduces
correctly and quantitatively the seasonal and spatial vari-
ability and the main characteristics of the biogeochemical
components and processes of this ecosystem. They support
the Dilution-Recoupling Hypothesis of Behrenfeld [2010]
and are in line with some recurrent observations of phyto-
plankton spring blooms in the apparent absence of water
column stratification [e.g., Townsend et al., 1992; Back-
haus et al., 1999; Kortzinger et al., 2008]: the spring
bloom initiation seems to be induced by the decoupling
between preys and predators that allows the loss term



(grazing) to be smaller than the gain term (growth), rather
than by the decrease of the mixed layer depth. The e-ratio
analysis suggests that regenerated primary production may
represent most of the total GPP at the scale of the NWMS.
This dominance of regenerated production characterizes
oligotrophic regimes. Note however that in summer, i.e.,
the period during which the contribution of the regenerated
production is stronger, the GPP is overestimated in our sim-
ulations due to the nanophytoplankton overestimation. The
contribution of the regenerated production to the total GPP
may therefore be weaker than what is obtained here. Our
model also reproduces and confirms a biogeochemical
specificity of this ecosystem demonstrated experimentally
by Thingstad et al. [1998] and Tanaka et al. [2003]: the
weak phosphorus availability during stratified conditions
controls both the phytoplankton development and the bac-
teria growth, inducing a competition among those groups
for this element uptake. This control seems to be a perma-
nent characteristic of the planktonic pelagic ecosystem in
average over the NWMS. Note however that the analysis of
the N:P ratio time and depth evolutions shows that it varies
strongly throughout the water column (figure not shown),
with minimum and maximum values reaching, respec-
tively, 5 and 40, as observed by Marty et al. [2002]. It also
confirms their observation that nitrate could be a limiting
nutrient in autumn for very shallow (<40 m) waters of
weak chlorophyll concentrations and suggests that this is
also the case in summer.

[52] We identified three main weaknesses of our model.
First the relative contribution of nanophytoplankton to the
total phytoplanktonic biomass and GPP is however overes-
timated, and the contribution of each phytoplankton group
should be improved. This is probably due to the choice of
the parameters involved in the GPP formulation (in particu-
lar the Chl-specific absorption coefficient, the maximum
quantum yield, and the terms involved in the Eppley type
parameterization, see Herrmann [2007] and Auger et al.
[2011]). To adjust them it will be necessary to perform sen-
sitivity studies to these parameters, initially chosen from
empirical information available in the literature. The
formulation of other biological processes involved in the
phytoplankton concentration equilibrium (grazing, sen-
escence . .. ) may also need to be tested. Second, the spring
bloom occurs in our simulations with approximately one
month delay. Improving the realism of the phytoplankton
size classes composition should also reduce this bias:
Marty et al. [2002] observed that this bloom is largely asso-
ciated with microphytoplankton, whose contribution is
underestimated in our model. Third, the bacteria biomass is
significantly underestimated, which could be partly cor-
rected by including the particle-attached bacterial pool in
the bacteria component.

[s3] Aware of the weaknesses and strengths of our
model, we used it to examine the interannual variability of
the NWMS pelagic planktonic ecosystem, considering the
area as whole. First, our results suggest that deep convec-
tion influences the N:P and N:Si ratios in the euphotic
layer because of the differences of nitrate, phosphate, and
silicate vertical gradients. The depletion in phosphate rela-
tive to nitrate could be temporally reduced during the pe-
riod and for the years of strong convection. Deep
convection may also control the microphytoplankton devel-
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Figure 10. Synthetic scheme presenting the effect of
interannual variability of winter atmospheric conditions on
the NWMS ecosystem at the scale of the basin. Blue and
red signs indicates the trend associated with the respec-
tively C or W type years. Standard deviations among the
seven annual averages of the given variable or process
averaged annually and over the whole NWMS and associ-
ated p values are indicated below. Solid and dotted lines
indicate the respectively positive and negative relationships
between variables and/or processes.
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opment through the influence of its intensity and timing on
the absolute nutrients availability and its negative impact
on the N:Si ratio.

[54] Second, we show that the variability of atmospheric
and hydrodynamic processes, namely the winter atmos-
pheric heat loss and the resulting oceanic convection, indu-
ces differences on the NWMS averaged biogeochemical
variables and processes through a chain of relationships
that add up to or counteract each others. At the annual
scale, those differences are most of the time significant.
Figure 10 presents a synthetic scheme of those relation-
ships. Originally the interannual variability of winter
atmospheric heat loss induces differences of surface layer
temperature and vertical mixing, which are, respectively,
colder and deeper when the heat loss is stronger. Colder
surface layer results in smaller GPP. Stronger mixing
results in larger nutrients availability and larger dilution of
organic biogeochemical stocks (heterotrophic and autotro-
phic planktons, dissolved and particulate organic matter).
Smaller GPP and stronger dilution both hinders zooplank-
ton growth. For the phytoplankton groups, the negative
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impact of smaller GPP and stronger dilution counteracts
the positive effect of larger nutrient availability and weaker
zooplankton grazing. This compensating effect explains
that differences between cold and warm years are less sig-
nificant for these groups biomasses than for other variables
for which impacts add up to each other (Table 3 and
Figure 6). Smaller GPP associated with larger nutrient
availability results in smaller phytoplankton exudation that,
together with stronger dilution, reduces DOM abundances.
Stronger dilution and smaller DOM abundances then hin-
ders bacteria growth. Zooplankton, phytoplankton, and bac-
teria smaller abundance as well as stronger dilution result
in smaller POM abundance. Interannual variability of win-
ter oceanic and atmospheric conditions hence results in sig-
nificant differences of all the pelagic ecosystem
components at the annual scale, colder winters being asso-
ciated with smaller annual organic biomasses. Smaller bac-
teria biomass results in weaker respiration: 3/4 of the
annual respiration is due to the bacteria respiration that
mainly occurs in summer when the microbial loop is very
active, in particular during warm years. Smaller GPP and
respiration, that show weak interannual variabilities
(3—4%), compensate each other: the interannual variability
of the net metabolism, though large (22%), is not related to
the winter conditions. It is rather negatively related to the
surface layer temperature. The absence of correlation with
the convection strength together with the correlation with
water temperature can be explained by the fact that water
temperature results from the winter but also the summer
atmospheric conditions. This suggests that the large net me-
tabolism interannual variability may rather be related to
summer physical processes, in particular summer heat flux.
The net metabolism is always positive with a mean value
of 16 g€C m 2y '. These results suggest that the NWMS
pelagic ecosystem systematically acts as a sink for the dis-
solved inorganic carbon, all the more that the water is cold
in summer. Concerning the deep organic carbon export, the
positive effect of stronger mixing is stronger that the coun-
teracting negative effect of smaller particulate organic mat-
ter abundance. Deep carbon export shows a strong
interannual variability (37%) that is significantly related to
winter oceanic and atmospheric conditions, and also
remains always positive: the NWMS acts as a sink for or-
ganic carbon all the more than the winter mixing is strong.
For most of the variables and processes, the initial differen-
ces induced by the interannual variability of winter atmos-
pheric and oceanic conditions are larger and significant
during the periods of winter vertical mixing. Our results
however suggest that these differences can stay significant,
though weaker, during the following spring and even
summer and autumn seasons and at the annual scale. Con-
ditions of a given winter could therefore influence the com-
position of the ecosystem at the beginning of the following
winter. This could possibly play a role in the interannual
variability of the NWMS ecosystem.

[55] For most of the biogeochemical variables the mod-
eled interannual variability is significant but not very high
(varying between 4 and 14%, Table 3). One of the main
reasons for that is the smoothing effect of our budget diag-
nostics: the spatial averaging first filters out the small-scale
spatial variability along vertical and horizontal dimensions.
This variability can be very strong, both on the horizontal
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scale as can be seen for example by Figure 1 and on the
vertical scale (see the above example of the nitrate:phos-
phate ratio). Depending on the spatial extension and on the
position of deep convection, a given point could for exam-
ple belong to the convective area some years and not
others. Variables at this point would therefore show a
strong interannual variability that would be partly filtered
out by the integrating effect of the space averaging. The
NWMS moreover includes regions submitted to the influ-
ence of different physical processes (coastal and shelf dy-
namics, Northern current, open ocean convection, river
plumes, mesoscale activity, etc.). The time averaging then
similarly filters the high frequency, which is strong for
some variables or processes (see, e.g., GPP, Figure 8). For
the same reason, it is very difficult to evaluate the interan-
nual variability of the NWMS ecosystem components and
process at the basin scale from observations. Long time se-
ries of observations are indeed punctual and at a rather low
frequency. For example comparing observations made at
the DYFAMED station at a monthly frequency [Marty and
Chiaverini, 2010] suggests at the first sight that our model
underestimates the GPP interannual variability, however
given the frequency of this punctual time series the rele-
vance of the comparison is questionable. Finally, the inter-
annual variability of biogeochemical stocks and processes
over the NWMS is not very well known. This highlights
one of the main interests of 3-D coupled modeling: by pro-
viding a description of the ecosystem that is not perfect but
continuous along the four dimensions, it allows to study the
functioning, variability and role of the NWMS ecosystem
as a whole. It therefore appears as a valuable tool to com-
plement spatially or temporally punctual observations that
can not represent thoroughly all the scales of variability of
this ecosystem.

[56] In addition to the necessary improvement mentioned
above, other sources of errors and uncertainties of our mod-
eling approach should be investigated, as the impact of the
physical parameterizations and the formulation of the bio-
geochemical boundary conditions. This last point should be
considerably improved thanks to current coupled modeling
projects developed at the Mediterranean scale (SIMED?2,
MEDICCBIO). Next improvements concern also the imple-
mentation of an alkalinity module and the coupling with
benthic ecosystems and sediment transport models. Ulti-
mately, our approach tends to develop a regional earth sys-
tem model that would represent the different physical and
biological compartments of the NWMS system and their
interactions. This tool will be used to study many open sci-
entific questions concerning the functioning, variability and
evolution of the NWMS system. The present paper, that
considers the NWMS as a whole and assesses the impact of
the oceanic and atmospheric interannual variability on its
pelagic planktonic ecosystem and associated carbon cycle
under present climate conditions, constitutes the first step
of a longer term work. Following this study, we then used
our 3-D hydrodynamical-biogeochemical coupled model to
perform a first study of the potential impact of climate
change on this ecosystem (Herrmann et al., Impact of cli-
mate change on the Northwestern Mediterranean Sea pe-
lagic planktonic ecosystem and associated carbon cycle,
submitted to Journal of Geophysical Research, 2013). Our
simulations also showed that there is a strong spatial



variability inside our domain (shelf region, deep convection
region, Northern Current region. .., Figure 5). Next steps
of our work focus on this spatial variability (e.g., over the
Gulf of Lion shelf and in the Rhone river plume) [Auger et
al., 2011]. Moreover our study aimed to explore the inter-
annual variability of the ecosystem from a statistical and
budget point of view. P. A. Auger et al. (2013, Interannual
control of plankton communities by deep winter mixing
and prey/predator interactions in the NW Mediterranean,
Results from a 30-year 3D modelling study, in revision at
Progress in Oceanography) explore in details the variabili-
ty modes of this ecosystem.
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