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Abstract

A plankton functional types model forced by a hydrodynamic model is used

in the present work to study the impacts of a coastal eddy on the distribution

of nutrients and plankton in the western part of Gulf of Lion (NW Mediter-

ranean Sea). This study, based on a realistic simulation of the year 2001,

focuses on a long-life anticyclonic eddy detected during summer. The studied

anticyclonic eddy has some biogeochemical characteristics of those observed

in the open ocean as for example the low productivity at their core and rising-

up of nutricline on their edges. However the functioning and consequences

of such coastal eddy on nutrients and plankton distributions are complicated

by potential interactions with topography, wind-induced upwelling along the

Languedoc Coast and nearby Northern Current (NC). Especially the prox-

imity of the southern edge of the eddy with the NC makes possible the

exchanges of organic matter (e.g. plankton) at times during the eddy’s life.

The coastal eddy thus transports organic matter from the coastal zone to

the offshore domain. The coupled model also suggests the importance of
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offshore-to-coastal transport by NC through a seeding process of the eddy in

plankton at the beginning of its life.

A detailed biogeochemical functioning of the studied eddy all along its life-

time is proposed from the model results. At the beginning the eddy mainly

acts as a transporter of the plankton wind-induced bloom occurring along

the Languedoc Coast several days before the eddy set up. At the same time

the eddy shows upwards vertical velocities on its edges creating upwelling of

nutrient-enriched waters. The process of eddy-induced upwelling is notably

enhanced on the eddy western side along the Roussillon Coast due to the

shelf topography. The around-eddy advection and relative lower tempera-

tures prevent the large development of phytoplankton along the Roussillon

Coast and the eddy-induced bloom is predicted to occur near the north-

western side of the eddy. The eddy-induced and wind-induced blooms of

phytoplankton then merge on the eastern side by advection and this process

of aggregation may explain the persistent occurrence of a filament of high

chlorophyll observed on the offshore edge of the eddy throughout the study

period. The changes in plankton composition due to a combination of top-

down and bottom-up processes during the coast-to-offshore transport may

explain the disappearance of the filament south of 43◦N at the surface.
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1. Introduction

Eddies and the physical-biogeochemical processes linked to these struc-

tures have been intensively studied in the open ocean for the past decade.

Their functioning and impacts on the regional and global biogeochemical

cycles (Siegel et al., 1999; Oschlies, 2002; Sweeney et al., 2003) are start-

ing to be well understood (see also the E-FLUX and EDDIES programmes,
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special volume Deep-Sea Research II, 55, 2008). Eddies play a key role in

ocean dynamics, heat transport and biogeochemical budgets through intense

upwelling of nutrients, subduction of plankton and horizontal stirring (see

review of Lévy, 2008). With appropriate spatial resolution, numerical stud-

ies also show the importance of these processes, particularly when coupled to

biogeochemical models, at the scales of ocean basins (Oschlies and Garçon,

1998; McGillicuddy et al., 1998; Eden and Dietze, 2009) or fronts (Franks

and Walstad, 1997; Lévy, 2003). Crucial questions as for example the in-

fluence of eddies on the soft-tissue carbon pump (Omta et al., 2007) or on

the long-term evolution of marine ecosystems (Sasai et al., 2010) have been

recently addressed using coupled modelling.

While numerous in the open ocean (McGillicuddy et al., 1998, and references

therein; Martin and Richards, 2001; Martin and Pondaven, 2003), studies of

eddy dynamics and their biogeochemical impacts in the coastal domain are

globally much more scarce. However the number of coastal-eddy studies has

been increasing for several years. In the region of western Australia, Moore II

et al. (2007) and Dietze et al. (2009) have shown the crucial role of eddies

generated from coastal jet in the cross-shelf exchanges of phytoplankton by

experimental and numerical studies, respectively. Recently, an integrated

study of the eddies associated to the East Australian Current (e.g. Suthers

et al., 2011) has shown consequences of generation and evolution of coastal

eddies on the end-to-end ecosystem of the New South Wales Coast. Other

studies such as that of Calado et al. (2010) highlight the ability of a coastal

eddy to induce strong upwelling involving potential increase of biological pro-

ductivity on the Southeast Brazil continental margin.

To our knowledge, in the literature, no similar studies have been done in

the Northwestern Mediterranean Sea (NWMS). Millot (1979, 1982) however

inferred the presence of coastal recirculation in the western part of Gulf of

Lion from current measurements and satellite images. More recently (Hu
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et al., 2009, 2011a; Kersalé et al., submitted) confirmed the Millot’s obser-

vations with new in situ measurements and numerical modelling. Observa-

tions of coastal eddies have also been made in the eastern part of the gulf

of Lion (Allou et al., 2010) and in the Catalan Sea (Tintoré et al., 1990;

Rubio et al., 2009; Garreau et al., 2011). In the Gulf of Lion particularly,

ocean colour studies using remote sensors, from CZCS to the most recent

MERIS, have synoptically revealed strong spatial variations of chlorophyll

(Demarcq and Wald, 1984; Bosc et al., 2004; Forget and André, 2007) and

suspended matter (Forget and Ouillon, 1998; Forget et al., 2001; Reffray

et al., 2004) concentrations down to the submesocale (2-20 km, sensu Lévy,

2008). The spatial variability of biogeochemical properties mainly appears

in the form of filaments, fronts, meanders and eddies (Bosc et al., 2004; For-

get and André, 2007; Hu et al., 2009). The Gulf of Lion is characterized

by its strong northerly and northwesterly winds, known locally as the Mis-

tral and Tramontane, that frequently generate upwellings and downwellings

along the coast (Millot, 1990) as well as transient processes such as cur-

rents, eddies and dense water formation on the Gulf of Lion shelf (Petrenko,

2003; Dufau-Julliand et al., 2004; Ulses et al., 2008; Hu et al., 2009). Sev-

eral rivers including the most important one, the Rhône, provide the Gulf

of Lion with fresh water and a year-round supply of important quantities

of nutrients and organic matter (Ludwig et al., 2009). These river runoffs

influence the pelagic ecosystem of the Gulf of Lion and also the biogeochem-

istry of the NW Mediterranean basin (Minas and Minas, 1989; Moutin et al.,

1998; Auger et al., 2011). Depending on their spatial extent and shape the

freshwater plumes can thus interact with another important hydrodynamic

feature of the area, the Northern Current (NC) (Millot, 1990). This current

is associated with strong mesoscale instabilities in the form of meanders, ed-

dies and filaments (Sammari et al., 1995; Durrieu de Madron et al., 1999;

Flexas et al., 2002) and usually flows along the shelf break of the Gulf of
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Lion from the Ligurian Sea to the Catalan Sea but can occasionally partially

penetrate the continental shelf (Petrenko, 2003; Petrenko et al., 2005). The

NC is generally characterized by low nutrient contents, a deep nutricline and

low year-round biological activity (Lefèvre et al., 1997). These biogeochemi-

cal features are in contrast to continental-origin water masses. When the NC

water masses interact with those of the shelf during episodes of intrusions

(Petrenko et al., 2005) or when eddies are generated from the NC meanders

(Diaz et al., 2000) the spatial variability of biogeochemical properties and

processes is notable.

The present work lies in the framework of the LAgrangian Transport EXper-

iment (LATEX) project (2008-2011) launched to study the role of mesoscale

eddies on the shelf-offshore exchanges in the Gulf of Lion. A set of recent

works by Hu et al. (2009, 2011a,b) has increased our knowledge on the physi-

cal dynamics of the coastal eddies occurring in the western part of the Gulf of

Lion (Fig. 1). The objective of the present work is to characterize the biogeo-

chemical functioning of such eddies, and, especially, to highlight the induced

nutrient and plankton spatial distributions in the western Gulf of Lion. To

fullfill this objective the main tool used here is a physical-biogeochemical nu-

merical model that enables a combined analysis of interactions between the

various hydrodynamic and biogeochemical processes occurring in the eddy.

The study especially focuses on a coastal anticyclonic eddy which was de-

tected using realistic numerical modelling during the summer of 2001 (Hu

et al., 2009).

2. Method

2.1. Model Description

The physical model used in this study is Symphonie (Estournel et al.,

2003; Marsaleix et al., 2008), a 3-D primitive equation, free surface model,

based on hydrostatic and Boussinesq approximations. This model has already
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been used to simulate the wind-induced circulation, episodes of dense water

formation and intrusion of the NC onto the continental shelf (Dufau-Julliand

et al., 2004; Petrenko et al., 2005; Ulses et al., 2008). The Symphonie version

used in this study was developed by Hu et al. (2009) which improved the

advection-dispersion algorithm for a better representation of submesoscale

in the Gulf of Lion.

The biogeochemical model was constructed using the Eco3M modeling

platform (Baklouti et al., 2006a,b). This modular and mechanistic platform

for biogeochemical modelling was recently used to represent a stage struc-

tured population model of the copepod Centropages typicus applied to the

northwestern Mediterranean (Eisenhauer et al., 2009) and also to explain

some specificities of biogenic elements stoichiometry in the Mediterranean

Sea (Mauriac et al., 2011).

The biogeochemical model is a multi-nutrient and multi-plankton functional

types model that simulates the dynamics of several biogeochemical decou-

pled cycles of biogenic elements (carbon, nitrogen, phosphorus and silica) and

non-redfieldian plankton groups. The model structure used in this study is

mostly based on the pelagic plankton ecosystem model recently developed

for the Northwestern Mediterranean basin by Auger et al. (2011).

Some changes have however been made to Auger et al. (2011)’s version. These

modifications deal with the protist grazers (nano- and microzooplankton)

and heterotrophic bacteria compartments. In Auger et al. (2011)’s version

the heterotrophs (from bacteria to mesozooplankton) were represented by

the Anderson and Pondaven (2003) model with the main characteristic of

homeostatic regulation of elemental composition. While this assumption can

be acceptable for mesozooplankton such as copepods (Urabe and Watanabe,

1992; Sterner and Robinson, 1994), laboratory and field experiments (Putt

and Stoecker, 1989; Eccleston-Parry and Leadbeater, 1995; Vrede et al., 2002;

Makino et al., 2003) do not clearly show this physiological balance for unicel-
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lular heterotrophs. On the whole, field studies suggest that the physioecology

(growth rate) of proto-zooplankton are closer to that of phytoplankton than

that of mesozooplankton (Hirst and Bunker, 2003; Le Quéré et al., 2005).

Therefore we have chosen to represent the protist grazers and heterotrophic

bacteria processes, especially the terms of exudation, uptake/excretion of

dissolved organic/inorganic matter, similarly to that of phytoplankton as

recently proposed by Baklouti et al. (2011). Other changes deal with the

reduction of the particulate organic matter to one compartment both for the

sake of simplicity and because the modelled pattern of size classes of particles

are often difficult to validate due to a lack of corresponding in situ data sets.

The last modification concerns the use of a more realistic temperature func-

tion for phytoplankton functional types which is the thermo-inhibition curve

of Eppley (1972). All the equations and processes modified with regards to

the Auger et al. (2011)’s version as well as parameter values are presented in

Appendix A. A schematic diagram is shown in the Figure 2.

2.2. Model Implementation

2.2.1. Coupling Technique

The Hu et al. (2009)’s version of Symphonie calculates the advection and

diffusion of the biogeochemical tracers, while the biogeochemical model com-

putes the temporal variations of these quantities due to biological processes.

The spatial and temporal variations of the biogeochemical tracers (C) are

governed by the conservation equation for which the horizontal diffusion of

tracer is neglected :

∂C

∂t
+
∂uC

∂x
+
∂vC

∂y
+
∂(w − ws)C

∂z
=

∂

∂z

(

Kv
∂C

∂z

)

+ ξbio (1)

Where (u, v, w) are the mean current velocity components, ws is the

sinking velocity of particulate organic matter and microphytoplankton, Kv
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is the vertical turbulent diffusion coefficient obtained with the parameter-

ization of Gaspar and Lefevre (1990), and ξbio is the source/sink term for

the biogeochemical variables. To limit computation time, the hydrodynamic

model is run independently, with a barotropic time step of 6 seconds. The

outputs (temperature, velocity, surface elevation, and vertical diffusion) are

averaged over periods of 17 hours (local inertial period) and saved. These

results are subsequently read by the biogeochemical model, which has a time

step of 1 hour.

2.2.2. Grid, Initial and Boundary Conditions

The modelled zone extends over the Gulf of Lion and part of the Ligurian

and Catalan Seas, measuring 711 by 303 km. The study zone is centred on

the western part of the Gulf of Lion as indicated in Figure 1. The grid is

rotated 31 ◦ counter-clockwise from true north, and uses a square horizontal

mesh with a resolution of 3 km. Sigma coordinates were used on the vertical

with a maximum of 40 vertical levels. The model was run for the year 2001.

The initial conditions for the variables of the biogeochemical model are pro-

vided by numerical fields of a larger-scale physical-biogeochemical model,

OPATM-BFM (Lazzari et al., 2011), interpolated for all biogeochemical vari-

ables on the Symphonie model grid. Tests were conducted by integrating the

total quantity of carbon, nitrogen and phosphorus in the domain volume in

order to determine the spin-up period of the model. Due to the open bound-

ary conditions, none of the total quantities are strictly conservative, but we

consider the spin-up period to be over when the total carbon in the model

reaches a maximum and begins to stabilize. The period lasts around 100

days, therefore model results can be studied from April 15th, 2001 onwards.

Six rivers are taken into account by the model (Fig. 1): the petit Rhône, the

grand Rhône, the Hérault, the Orb, the Aude and the Ebro, which is out-

side the Gulf of Lion. Daily measurements of river discharge rates provided
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by the Banque Hydrologique de France (2010) are interpolated to each time

step of the model. River temperature is prescribed by a sinusoidal function

based on a 20-years climatology of river temperature from the Rhône (Banque

Hydrologique de France, 2010). Monthly measured concentrations of biogeo-

chemical model variables as ammonium (NH4), nitrate (NO3), phosphate

(PO4) and dissolved organic carbon (DOC) are daily interpolated from Lud-

wig et al. (2009). The other variables are not available from in situ data and

hence have been derived from empirical relationships. Silicate concentrations

(H3SiO4) are derived from the measured nitrate concentrations using the ra-

tio 1:1.4 reported by Moutin et al. (1998). Dissolved organic nitrogen (DON)

and phosphorus (DOP ) river concentrations are respectively calculated from

total nitrate (NO3) and phosphate (PO4) concentrations using robust em-

pirical NO3:TN and PO4:TP ratios established for the Rhône (Ludwig et al.,

2009). Particulate organic carbon (POC) contents are calculated from an

empirical linear relationships between organic suspended matter and Rhône

runoffs (Sempéré et al., 2000). Particulate organic nitrogen (PON) and phos-

phorus (POP ) contents are derived from POC data using the constant ratios

of POC:PON=11.3 and POC:POP=106.9 measured in the Rhône River for

the 2007-2008 period (Raimbault, unpubl. data). The study of Moutin et al.

(1998) also provides an estimate of particulate chlorophyll detritus (POChl)

inputs (∼3.7 mg Chl m−3) to the open sea resulting from the osmotic lysis of

freshwater phytoplankton species at the river mouth. Marine zooplankton,

phytoplankton and bacteria are considered to be absent from the river inputs.

Riverine zooplankton, phytoplankton and bacteria biomasses are included in

the particulate organic pool described above. Due to the absence of data

concerning riverine biogenic silica (POSi) inputs to the Gulf of Lion, POSi

is fixed at a constant value of 28 mmol m−3 averaged from concentrations

measured in the world’s largest rivers (Conley, 1997). This data set is lin-

early interpolated to each modelled day.
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The open boundaries conditions, to the west and south of the model domain,

are derived from the 10-day averaged numerical fields of the OPATM-BFM

(Lazzari et al., 2011) model and used to assign values to the biogeochemical

tracers in case of advection into the modelled domain.

2.3. Satellite data

2.3.1. Ocean color data

Ocean color data from SeaWiFS are used in this study to evaluate the

realism of the modelled surface chlorophyll concentrations (considered as a

proxy of phytoplankton biomass). When compared to in situ data in the

Mediterranean Sea, the four-channel algorithm used by NASA to derive the

oceanic chlorophyll concentration from ocean colour images from SeaWiFS

performs poorly (Gregg and Casey, 2004). These low performances can be

attributable to the presence of inorganic suspended matter causing over-

estimation of chlorophyll concentrations by global algorithms (Volpe et al.,

2007). Therefore, in this study, we have chosen to utilize a five-channel

algorithm (OC5) on 1.1-km resolution SeaWiFS data (Gohin et al., 2002).

This algorithm with the ability to isolate the optical signal of chlorophyll

pigment has been used successfully in the coastal ocean (Gohin et al., 2005),

and particularly in the Mediterranean Sea (Fontana et al., 2009). The latter

study shows a mean absolute error of 39.9% between in situ and satellite data.

This error value is close -but however slightly lower- than those obtained in

the studies of Lavigne et al. (2012) and Boss et al. (2008) for the NWMS.

The thickness of the surface layer detected by SeaWiFS is called the first

optical layer (Bricaud et al., 2010) and the lower limit of this layer depends

of the amount of matter in the water column. In order to accurately compare

the concentrations of the SeaWiFS-derived chlorophyll to those modelled,

we must average the modelled concentrations of total chlorophyll (sum of

chlorophyll concentrations of pico-, nano- and microphytoplankton) over the
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first optical layer. The depth of this layer (zopt1) is given by:

zopt1 =
zeupho
ln(100)

(2)

where zeupho is the depth of the modelled euphotic zone. The modelled total

chlorophyll concentration averaged over the first optical layer is then calcu-

lated:

Chlopt1 =
1

zopt1

∫ h+η

h+η−zopt1

Chl(z)dz (3)

where h is the thickness of the water column, and η is the surface elevation.

2.3.2. Sea surface height data

The eddy kinetic energy deduced from the sea surface height anomaly is

examined in order to confirm the presence of the eddy in 2001. Elevated

levels of eddy kinetic energy indicate the presence and intensity of mesoscale

dynamic structures. The eddy kinetic energy is deduced using weekly average

geostrophic currents (zonal component UAviso, meridional component VAviso)

provided by Aviso (Ducet et al., 2000). The average geostrophic current for

the year 2001 (UAviso2001, VAviso2001) is subtracted from the weekly fields to

obtain the geostrophic current anomaly (U
′

Aviso, V
′

Aviso). The weekly eddy

kinetic energy (EKEAviso) is then calculated from the geostrophic current

anomaly:

EKEAviso =
1

2

[

(U
′

Aviso)
2 + (V

′

Aviso)
2
]

(4)

In order to make coherent comparisons with the satellite data, similar

calculations are computed based on the model sea surface height output (η).

Again, the yearly average sea surface height (η2001) is subtracted to retain

the sea level anomaly only (η
′

). These modelled sea level anomalies (η
′

) are

interpolated in time (7 day moving average as used in the Optimal Inter-

polation altimetry treatment, refer to SSALTO/DUACS User Handbook) to
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match up with the satellite-derived maps. The geostrophic current anomaly

(U
′

Model, V
′

Model) is calculated using the thermal wind equation. The eddy

kinetic energy of the model (EKEModel) is given by:

EKEModel =
1

2

[

(U
′

Model)
2 + (V

′

Model)
2
]

(5)

2.4. ADCP data

A ship-mounted VMBB-150 kHz, merged at 3 m below the water surface,

was used to measure the current velocity. Following Petrenko et al. (2005),

the ADCP configuration used during the cruise was: 60 cells of 4 m depth,

an ensemble average of 1 min and bottom tracking when possible. Conse-

quently, the depth range of current data covers 11 to 243 m. The software

for ADCP data analysis was provided by the French INSU (Institut National

des Sciences de l’Univers) technical division.

3. Results

3.1. Detection of eddy presence in the study area in 2001

A series of seasonal short cruises (SARHYGOL: Regular and Automatic

Survey of HYdrodynamics in the GoL) has been performed during the 2001

year every two months (Petrenko et al., 2005). We compared ADCP data

from these cruises to the numerical results of realistic hydrodynamic model

SYMPHONIE. In February 2001 (SARHYGOL 6), no eddy structure has

been detected neither in the ADCP data nor in the model outputs in the

NW part of the Gulf of Lion (data not shown). In late April-early May

(SARHYGOL 7), the analysis of the ADCP data clearly shows the presence

of an anticyclonic structure centred at 42◦38’N and 3◦12’E (Fig. 3) whose

spatial extension and centre location are accurately reproduced by the hy-

drodynamic model (Fig. 3). In June (SARHYGOL 8), inertial oscillations

complicate the local circulation and the presence of an anticyclonic eddy is
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not retained (data not shown). Two other cruises (SARHYGOL 9 and 10,

early September and early November, respectively) were planned but, due

to bad meteorological conditions, no sampling in the study area could be

performed.

In the physical model, an anticyclonic eddy has been detected by the tech-

nique of wavelet analysis (Doglioli et al., 2007) from July 17th to August

18th, 2001. In the Hu et al. (2011a)’s classification, since it lasts 32 days

it is called a ”long-life” coastal eddy. No field data were available in 2001

in the area to confirm its presence. However, the computation of kinetics

energy from the Sea surface height enables us to validate its presence in the

field. In Figure 4, the satellite-derived and modelled eddy kinetic energy

(calculated as outlined in section 2.3.2) are compared. During the period in

which wavelet analysis identifies the eddy, there is a clear signature of high

eddy kinetic energy (0.008 m2 s−2) in the western Gulf of Lion (Figure 4-A).

In the map of satellite-derived eddy kinetic energy, the values are equally el-

evated and shows a relatively good agreement with the model. The position

of this high eddy kinetic energy patch is located slightly farther offshore and

more to the South in the satellite derived map. It is however fundamental to

bear in mind that the altimeters were designed to be used in the open ocean,

and have difficulties in coastal regions due to contamination of the altime-

ter waveforms by land and inaccuracy of geophysical corrections (Bouffard

et al., 2008). Despite the limitations of altimetry in the coastal domain, it

has been successfully used to identify the presence of mesoscale activity in

the Mediterranean Sea (Pascual et al., 2007).

By dividing the Gulf of Lion into eastern and western halves, the signal of

this anticyclonic mesoscale eddy can be isolated. In a time-series of both

eastern and western Gulf of Lion average eddy kinetic energy (Figure 4-B),

there is a marked increase (from 0.001 − 0.002 to 0.003 − 0.004 m2 s−2)

in energy in the western part of the gulf during the period in which the
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eddy is present. This increase is well represented by the model. Indeed, the

model (mean 0.0015±0.0011m2 s−2) reproduces the general trend of satellite-

deduced (mean 0.0015±0.0011 m2 s−2) eddy kinetic energy in the western

Gulf of Lion (r=0.747, p=1.4×10−6, n=30) during the analysed time-series.

The increased levels of satellite-deduced eddy kinetic energy in the western

part of the Gulf of Lion confirm that the anticyclonic eddy detected in the

physical model is actually present in the field. In this study we focus on this

anticyclonic eddy and we hereafter refer to three particular dates correspond-

ing to the beginning (A: July 23rd, 2001), middle (B: August 1st, 2001) and

end (C: August 14th, 2001) of the eddy’s lifetime. All the physical properties

of the eddy are presented at these dates and at 20 m depth.

3.2. Physical Eddy Characteristics

The modelled temperature patterns show that the eddy (Fig. 5) has a

distinct temperature signature of 20◦ to 21.5◦C, slightly warmer than sur-

rounding waters (18◦C) and this trend tends to increase along its lifetime.

According to the temperature field, the eddy is located along the Roussillon

Coast and its location does not move much during its lifetime. However its

size tends to increase with a clear motion of the eddy southwards at the

end of the study period. The intensity of the modelled tangential velocity

on the edge of the eddy ranges between 0.10 and 0.25 m s−1. The current

velocities are, most of time, higher on the western edge than on the east-

ern one. The modelled field of current velocity also shows that a northward

coastal current along the Catalan Coast permanently feeds the eddy on its

southwestern edge. The flow of the NC can be detected in the surrounding

of the eddy and it is characterised by the southwestward high velocities (up

to 0.3 m s−1) on the southeast part of the study zone. It can be seen that

the southeastern edge of the eddy is located close to the NC, especially at

the end of its lifetime.
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The vertical sections of temperature and current vertical velocities are pre-

sented in Figure 6. These sections begin south of the eddy at Cabo de Creus

and pass through the centre of the eddy (defined as the maximum value of

absolute relative vorticity). They clearly show a vertical structuring of the

temperature distribution associated to the presence of the eddy. A few days

after the eddy set up (date A), the eddy core displays a clear warming of

the upper layer (down to 10 m). This warming is noticeable down to 40 m

at the eddy centre, matching the maximum values of downwards velocities

(3 × 10−4 m s−1). On the contrary the southern and northern edges of the

eddy show upwelling areas characterized by upwards velocities with maxi-

mum of 2 × 10−4 m s−1. It can be noted that the thermal front is more

marked on the northern side of the eddy than on the southern one. At date

B, the warming has continued (23◦C at surface) and has spread at depth

especially in the core of the eddy with temperatures higher than 20.5◦C at

20 m depth. The pattern of vertical velocities has slightly changed. The area

of upwelling delineating the northern edge of the eddy is still visible but the

area of upwards velocities in the southern zone of study has almost vanished

in the 0-40 m layer and it is then restricted to deeper layers. At date C,

the surface temperatures in the eddy core have decreased by more than 1◦C

relative to those of date B but warming has propagated at depth (∼20◦C at

40 m depth) suggesting a process of downwelling active until the end of the

eddy’s lifetime. Downwards vertical velocities which have entrained warmer

surface waters down to 40 m depth are on the order of 2×10−4 m s−1. On the

whole, the spatial pattern of vertical velocities has not much changed relative

to the previous date. However, the area of upwards velocities observed at

date B on the northern side of the eddy no longer reaches the surface layer

at date C.
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3.3. Nutrients and plankton distributions within and around the eddy

Figure 7 shows horizontal and vertical sections of nitrate concentrations

at dates A, B, and C. The first snapshot (date A) reveals a decreasing surface

gradient of nitrate from 1.6 mmol m−3 in the southern part of the transect

to 0.7 mmol m−3 in the northern part (Fig. 7-A bottom). The eddy core

corresponds to an area of minimum concentrations and it also displays the

nitrate-depleted largest layer (Fig. 7-A top) spreading down the lower limit

of the euphotic zone (around 40 m). The nitracline rises up from the eddy

centre to its sides but the rising pattern is asymmetric. In agreement with

the vertical velocities pattern (Fig. 6), the rising up of the nitracline is much

more abrupt on the southern edge of the eddy than on the northern one.

Deep concentrations of nitrate (>2 mmol m−3) largely penetrate into the

euphotic layer up to 20 m depth south of the eddy. The horizontal field at

20 m (Fig. 7-A bottom) shows that the high nitrate concentrations spread

over the coastal area located between Cabo de Creus and the southwestern

edge of the eddy. Concentrations of nitrate are also high along the Roussillon

Coast near the western side of the eddy suggesting that the process of nitrate

rising up observed on the vertical pattern may extend northwards along the

coast. At date B, the thickness of the nitrate-depleted layer has thinned

with a general rising up of the nitracline on the transect (Fig. 7-B top).

It can be noted however that the eddy’s centre remains the area of nitrate

lowest concentrations at both the surface and depth. Two enriched areas

(1.3 mmol m−3) between the nitracline and surface exactly match the edges

of the eddy. The horizontal pattern at 20 m depth (Fig. 7-B bottom) show

that this enriched-nitrate area spreads almost all around the eddy from the

Cabo de Creus to half of its eastern edge. At date C, the depth and the

shape of nitracline on the transect have not much changed relative to date B

but the nitrate concentrations in the 0-20 m layer have globally increased up

to a factor of 3 at some locations of the eddy (Fig. 7-C top). These locations
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correspond to the two edges but also to its centre. On the horizontal section

the area of high nitrate concentrations (2 mmol m−3, Fig. 7-C bottom) is

still present but its extension around the eddy is reduced relative to that of

date B. This zone also tends to spread eastward to the eddy centre. The

eddy core however still remains an area of minimum nitrate concentrations.

The modelled horizontal and vertical patterns of other nutrients (phos-

phate and silicate) are not shown in the present study because their dis-

tributions are very close to those of nitrate. The horizontal and vertical

distributions of the abundance ratios of nitrate to phosphate (Fig. 8) and

nitrate to silicate (Fig. 9) are presented hereafter because it will be demon-

strated in the Discussion that these ratios have a strong influence on the type

of phytoplankton growing in and around the eddy.

At the three dates, the nitrate:phosphate values display main changes in the

0-40 m layer varying from 22 to 100 (Fig. 8 top). Below the euphotic layer,

the nitrate:phosphate values are around of 22, typical value for the Mediter-

ranean deep waters (Mc Gill, 1969). Comparing the values obtained at the

three dates, important changes can be seen. At date A, the area of highest

ratios (around 60), indicating a phosphate deficit relative to nitrate, matches

the eddy core but it also extends on the northern side of the eddy at shal-

lower depths (Fig. 8-A top). The southern side of the eddy shows a sharp

gradient of decreasing ratios southwards with values close to the typical deep

waters ratios. As for the nitrate horizontal distributions, this area extends

along the Roussillon and Languedoc Coasts near the western edge of the eddy

(Fig. 8-A bottom). At date B, the nitrate:phosphate ratios have increased

(up to 80) in the upper layer of the eddy especially in the southern part (Fig.

8-B top). The northeastern side of the eddy shows rather unchanged values

(around 60) relative to those of date A within the 0-15 m layer. Below 15 m

the ratios are close to 22. The low-ratio water mass present on the western

side of the eddy at date A has progressed around the eddy (Fig. 8-B bottom).
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This explains the low-ratio values at this place. The highest ratios (around

100) are found on the northern part of the transect eastwards. At date C,

the nitrate:phosphate ratios have globally decreased over the eddy area (Fig.

8-C top). The eddy core and its southern side show maximum values of 55

while the northern part presents lower maximum values (around 45). The

high ratio (>60) zone previously detected on the northern part of the study

area (Fig. 8-C bottom) is still visible within the 0-20 m layer.

At the three dates the vertical gradient of the nitrate:silicate ratios (Fig. 9

top) is especially strong around the lower limit of the euphotic layer (40 m).

The eddy core and, on the whole, the upper water column show ratios be-

low 0.40 indicating a strong depletion of nitrate compared to silicate. These

ratio values are typical of the end of the summer in the NWMS (Leblanc

et al., 2003). It can be noted however that low ratios (0.45 to 0.65) are

still found well below the lower limit of the euphotic layer (down to 70 m

depth). At depth the ratio values increase and tend to approach the typical

value observed in the deep waters of the western Mediterranean basin (Rib-

era d’Alcalà et al., 2003). The water mass upwelled near Cabo de Creus at

date A shows rather high nitrate:silicate ratios (0.55) compared to those of

the neighbouring areas (Fig. 9-A bottom). At dates B and C the area of high

ratios at 20 m depth is located between the coast and all the western side of

eddy (Fig. 9-B and 9-C bottom). Looking at the three spatial patterns may

suggest that the upwelled water mass near Cabo de Creus (date A) could

be merely entrained northwards along the coast (dates B an C) by the anti-

cyclonic circulation induced by the eddy. But if another transect across the

eddy is considered (e.g. that of nitrate concentrations, Fig. 10), it can be

clearly seen that the upwelling of nutrients also occurs along the Roussillon

and Languedoc Coasts and not only near the Cabo de Creus area. Hence

the anticyclonic circulation entrains the water mass upwelled near Cabo de

Creus northwards but the presence of the eddy also creates its own process
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of upwelling along its western side.

The horizontal patterns of the modelled biomasses of phytoplankton groups

at 20 m are presented in Figure 11 at the three dates A, B and C. On the

whole the distributions of phytoplankton are spatially influenced by the pres-

ence of the eddy but the spatial structuring depends on the group considered.

The distributions of micro- and nanophytoplankton are quite similar while

those of picophytoplankton are distinct from the other ones at each of the

analyzed dates. The eddy core generally shows a local maximum of picophy-

toplankton biomass (0.15 mmol C m−3, Fig. 11-3). If the whole studied zone

is considered, the area of highest biomass corresponds to the NC flow. At

date A, there is a continuity of high concentrations between the NC and the

eddy core suggesting a possible seeding of the eddy by the NC at the begin-

ning of the eddy’s lifetime. The western and northern edges of the eddy are

particularly depleted in picophytoplankton at the three dates. The northern

part of its eastern side is also concerned by low biomasses at dates A and

B. These very low concentrations are also found northeastwards along the

Languedoc Coast. Both micro- and nanophytoplankton biomasses present

minimum values (<0.20 mmol C m−3) within the eddy core during the stud-

ied period (Fig. 11-1 and 11-2). At date A, there is a clear asymmetry in

the distributions of both groups around the eddy. While the western and

northern edges show low biomasses of micro- and nanophytoplankton (0.25

mmol C m−3), 2-3 times higher biomasses are found on the eastern side. This

high-biomass area is in spatial continuity with the high biomasses present at

the northern coastal zone of the modelled domain (Fig. 11-A1 and 11-A2)

suggesting at this time a coast-to-offshore transport of phytoplantkon by the

eddy. At date B, a significant increase in biomass of the micro- and nanophy-

toplantkon (up to 0.40 and 0.60 mmol C m−3, respectively) can be noted all

along the western and northern sides of the eddy. This increase is especially

marked on the northern edge (Fig. 11-B1 and 11-B2). On the contrary
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the eastern edge of the eddy shows a moderate (resp. drastic) decrease in

nanophytoplankton (resp. microphytoplankton) biomass compared to date

A. At date C, the horizontal distributions of micro- and nanophytoplankton

(Fig. 11-C1 and 11-C2) are again different from the ones at date B. The

biomasses of the two groups have decreased along the western side of the

eddy and returned to equivalent (resp. lesser) values than those of nanophy-

toplankton (resp. microphytoplankton) at date A. On the northern side of

the eddy, the biomasses of nanophytoplankton have increased (to 0.8 mmol C

m−3, Fig. 11-C2) between dates B and C while those of microphytoplankton

have remained constant (Fig. 11-C1). The eastern side of the eddy again

displays high biomasses of the two groups but, at date C, this area of high

biomasses extends all along this edge of the eddy (Fig. 11-C1 and 11-C2)

and even well beyond its southward limit at date B.

The horizontal fields of the modelled biomasses of zooplankton groups at

20 m depth are shown in Figure 12. On the whole, as for phytoplankton

groups the presence of the eddy in this area has clear effects on the distri-

butions of the three groups of zooplankton. Here again the evolutions of

the micro- and mesozooplankton groups are quite different than that of the

nanozooplankton group. At the beginning of the eddy’s lifetime (date A),

the biomasses of the two largest-size classes are high (up to 0.25 and 1.75

mmol C m−3, for meso- and microzooplankton resp.) within the eddy core

while the biomasses are low on the southern and northern sides of the eddy

(Fig. 12-A1 and 12-A2). The biomass levels in the eddy core do not really

differ from those of the eastern and southern sides of the studied area. There

is a spatial continuity of high biomasses between these external areas and

the eddy core as it has been previously showed on the horizontal field of

picophytoplankton at the same date (Fig. 11-A3). At date B, the biomasses

of the two largest-size zooplankton groups have decreased around the eddy

and neighbouring areas (Fig. 12-B1 and 12-B2). This decrease is especially
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marked on the western side of the eddy for the microzooplankton group. On

the contrary, the biomass values of these two groups remain at high levels (up

to 0.25 and 1.40 mmol C m−3, for meso- and microzooplankton resp.) within

the eddy core. At date C, the biomasses of microzooplankton and meso-

zooplankton (Fig. 12-C1 and 12-C2) do not change much within the eddy

core compared to the previous snapshot. The changes rather occur on the

sides of the eddy especially for the microzooplankton group. The biomasses

of this group increase all around the eddy. While moderate on the western

side of the eddy, the increase in microozooplankton biomass is marked (to

1.50 mmol C m−3) on the northeastern edge. Whatever the date considered,

the nanozooplankton group shows the highest biomasses (up to 0.05 mmol C

m−3, Fig. 12-3) in the area of the NC flow (Fig. 6). The other parts of the

studied area -except the eddy one- are generally depleted in nanozooplankton

with biomasses below 0.02 mmol C m−3. At date A, there is a decreasing

gradient in the nanozooplankton biomasses between the NC area and the

southwestern side of the eddy (Fig. 12-A3) suggesting that the northward

current along the Catalan Coast may seed the eddy edge in this zooplankton

group. At date B, the horizontal gradient between the NC and the southern

part of the eddy still exists although it is less marked (Fig. 12-B3). The

increase in the nanozooplankton biomass is remarkable (up to 0.03 mmol C

m−3) almost all around the eddy’s edges. At date C, the biomass levels have

again decreased in the whole studied area (Fig. 12-C3). It is interesting to

note however that biomasses still remain slightly higher (up to 0.025 mmolC

m−3) than the background levels within the eddy core and also on its north-

eastern edge.

Vertical sections of several modelled plankton groups across the eddy are

shown in Figure 13. The selected groups presented are those with the high-

est biomass levels (e.g. nanophytoplankton, microzooplankton) and those

showing important development on the edges of the eddy (e.g. microphyto-
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plankton, nanozooplankton). The model predicts the highest biomasses of

phytoplankton on the edges of the eddy. The eastern side displays the high-

est concentrations whatever the considered date. This spatial structuring is

especially manifest for microphytoplankton (Fig. 13-1). It is less evident for

nanophytoplankton which is more distributed across the eddy, especially at

dates B and C (Fig. 13-2). It can be further noted that the model shows, on

the eastern edge of eddy, a vertical development depending on the considered

phytoplankton group. Nanophytoplankton mainly blooms (up to 0.6 mmol

C m−3) within the upper layer (0-20 m) while microphytoplankton biomasses

are found at their highest concentrations (up to 0.40 mmol C m−3) below

this layer (20-50 m depth). At dates B and C, the microphytoplankton max-

imum biomasses are located at the lower basis of the euphotic layer (Fig.

13-B1 and 13-C1). The distributions of the protist grazers (nano- and mi-

crozooplankton) mainly match those of nanophytoplankton. The maximum

biomasses of these two groups are thus predicted within the upper layer 0-20

m and near the eastern edge of the eddy (Fig. 13-3 and 13-4) and this trend

is increasingly marked the older the eddy. The high biomasses of nanozoo-

plankton, previously seen at 20 m on the southwestern edge of the eddy (Fig.

12-A3 and 12-B3), clearly show a spatial extension between the Roussillon

Coast and the eddy side at the beginning of the studied period (Fig. 13-A4

and 13-B4). In this area, the high biomasses extend down to the deeper

part of the euphotic layer at date B. It is interesting to further note that the

vertical distributions of protist grazers show a deepening of the iso-biomass

lines in the core eddy. This shape matches those of the distributions of bac-

teria and picophytoplankton (data not shown) that are also grazed by both

nanozooplankton and microzooplankton.
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4. Discussion

4.1. Biogeochemical model evaluation

The set of available SeaWiFS images allows to evaluate the biogeochemi-

cal model in terms of representation of chlorophyll spatial patterns and con-

centrations during the study period. As such, the modelled concentrations of

total chlorophyll are compared to the SeaWiFS-derived chlorophyll images

(Fig. 14) in the studied area. On July 23th, 25th, 29th and August 5th, 2001,

the SeaWiFS images clearly show a spatial structuring of surface chlorophyll

concentrations due to the eddy presence in the study zone.

At the beginning (images of July 23th, 25th), the distributions of chloro-

phyll concentrations in the area of the eddy display strong patchiness. Firstly

an enriched-chlorophyll area (>0.25 mg Chl m−3) is visible near Cabo de

Creus on the southern side of the eddy. An area of moderate concentrations

(0.15-0.20 mg Chl m−3) corresponding to the eddy core is found in the cen-

tral part of the study area. In this zone chlorophyll concentrations are lower

along the Roussillon Coast in the area corresponding to the western side

of the eddy. Northwards along the Languedoc Coast an enriched-chlorophyll

area (>0.30 mg Chl m−3) is again observed. From this area a filament of high

concentrations extends to the offshore domain delimiting the eastern edge of

the eddy. This filament does not persist south of the 43◦N. On July 29th

and August 5th, 2001, the asymmetry in the spatial distributions of chloro-

phyll concentrations around the eddy area is still observed. Especially, the

filament of higher chlorophyll concentrations on the eastern edge of the eddy

remarkably persists until the end of the eddy’s lifetime while on the western

edge and in the central part of the eddy concentrations of chlorophyll are

decreasing to very low values (<0.15 mg Chl m−3). The position and the

intensity of this filament do not show much changes until July 29th, even if

the filament tends to be narrower and narrower. This filament is found more
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to the Southwest on the satellite image of August, 5th and is characterized

by a more spread-out shape and slightly lower concentrations.

Overall the model reproduces the patchy distributions observed at the

beginning of the study sequence over the whole area as well as the more

homogeneous distributions at the end. Maps of errors between the satellite-

derived and modelled chlorophyll values confirm the correct performances

of the model. The absolute percent differences range between 33 and 41%

depending on the considered date (Fig. 14) and therefore fall most of time

within the confidence interval of the satellite-derived values. The concentra-

tions in the eddy core and along the western edge as well as their decreases

over time are well predicted. The model also catches the presence of the high-

chlorophyll filament during the eddy’s lifetime. The modelled chlorophyll

concentrations of the filament are however slightly underestimated except

on the images of July 23th and August 5th. Whereas the model generally

reproduces the high coastal concentrations (>0.30 mg Chl m−3) along the

Languedoc Coast, these concentrations decrease too quickly offshore in the

filament. The position of the modelled filament is slightly shifted westward

(∼20 km) on July 23th and 25th. The position of the filament is better

reproduced on July 30th and August 5th. It is interesting to note that the

model is able to reproduce the change observed in the location of the filament

between the last two dates.

The modelled contributions of the three phytoplankton groups to the total

chlorophyll concentrations are in line with those of carbon biomasses (Fig.

11). The phytoplankton dominant groups in the filament (data not shown)

are firstly nanophytoplankton and secondly microphytoplankton while chloro-

phyll biomass of picophytoplankton is very low. The contribution pattern is

reversed in the eddy core for which total chlorophyll concentrations are low

(<0.20 mg Chl m−3) with a dominant contribution of the picophytoplankton

group.
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4.2. Impact of the eddy generation and functioning on the nutrients and

plankton distributions

At date A, a strong upwelling of cold water is visible on the Langue-

doc Coast up to the subsurface layer (Fig. 5-A and 6-A top). This is a

usual location of upwellings in this part of the Gulf of Lion (Millot, 1999).

Its large horizontal extension clearly results from a strong northwest wind

episode occurring several days before date A and participating to the eddy

generation process (Hu et al., 2011a). According to this study, the north-

westerly episode has to be persisting at least 75% of the previous three days

to start the generation process. The wind induces an Ekman transport piling

the water close to Cabo Creus. The sea level difference and the topography

generate a northward current along the Roussillon Coast. If the vertical

stratification is important, both circulations (Ekman transport and coastal

jet) get linked generating and anticylonic eddy. Later strong northwesterly

can further fuel this eddy and maintain its existence over long periods, up to

nearly two months as in the present study. The model shows that the initial

upwelling of cold water has been associated to upwelling of nutrient-enriched

waters especially north of Cap d′Agde (Fig. 7-A bottom). The phytoplank-

ton community (mainly the largest-size groups) has already responded to

this coastal enrichment in nutrients since high biomasses are found on the

northern coast of Languedoc both in the model (Fig. 11) and the SeaWifS

images (23th July, Fig. 14). The upwelling zone does not extend southwest

of Cap d′Agde and especially near the northern edge of the eddy where both

nutrients and large-size phytoplankton concentrations remain low (Fig. 7-A

bottom, 11-A1 and 11-A2).

At date A, the eddy acts, on its eastern edge, as a direct carrier of the high

biomasses of the phytoplankton -produced several days before in the coastal

zone- to the offshore domain (Fig. 11 and 14). This feature clearly explains

the asymmetric vertical distributions predicted on the eddy transect at date
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A (Fig. 13-A1 and 13-A2). The model also reveals two further features

related to this coast-to-offshore transport at this time of the eddy’s life: i)

The transported biogenic matter does not reach the area of the NC and it is

not be consequently exported beyond the shelf; ii) The transported matter is

mainly composed of large-size phytoplankton and not of large zooplankton

(Fig. 12-A1) which the generation time is much longer (Carlotti et al., 2007)

than that of phytoplankton. The protist grazers with growth rates closer

to those of phytoplankton (Le Quéré et al., 2005) show higher and higher

biomasses (especially microzooplankton, Fig. 12-A2) southwards along the

eastern edge of the eddy. The northward coastal current along the Roussillon

Coast detected in the study of Hu et al. (2011a) is present at date A (Fig.

5-A) since the anticyclonic structure is already well established. Indeed as

expected for an anticyclonic eddy (McGillicuddy et al., 1999) the studied

eddy shows a downwelling process within its central part and an upwelling

process on its edges (Fig. 6-A top). The consequences of these physical

mechanisms on nutrients distributions are a deepening of nutriclines in the

eddy core and a rising up of these nutriclines on the edges (Fig. 7-A top).

Interestingly, although the upward velocities field appears to be less spread

on the southern edge compared to the northern one, the nutrient concen-

trations in the euphotic layer are much higher at date A in the southern

edge area of the eddy than in the northern one. This feature is explained

by the existence of an upwelling zone north of Cabo de Creus (Fig. 5-A).

The high-nutrient area extends along the Roussillon Coast probably through

advection by the alongshore current coming from the Cabo de Creus region.

North of Cap Leucate there are spots of nutrient-enriched waters (Fig. 7-

A) suggesting some localized eddy-induced upwellings along the Roussillon

Coast. The high nutrients concentrations at date B all along the western and

northern edges of the eddy (Fig. 7-B bottom and 10) show that the processes

of both advection from the south and eddy-induced upwelling intensify. The
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shallowing of the depth and the proximity of the coast may explain why the

rising up of nutrients is more intense on the western edge of the eddy than on

its eastern side. Recent studies (Calado et al., 2010; Oke and Griffin, 2011)

highlight that topographical forcing on coastal eddies favours occurrence of

upwellings. The upwelling process brings high amounts of nutrients up to the

surface on the western edge of the eddy while the eddy core displays lower

concentrations all along the eddy’s lifetime (Fig. 7-B bottom). The horizon-

tal gradient of nutrient abundance is thus strong between the sides and the

eddy’s core but the abundance ratios between nutrients (nitrate, phosphate

and silicate) also strongly change (Fig. 8-B bottom and 9-B bottom). Com-

pared to the study zone (including the eddy core) the upwelled water on the

coastal side of the eddy is enriched in nitrate relative to silicate as well in

phosphate compared to nitrate. On the contrary, the water mass trapped

inside the eddy core rather shows a strong deficit in phosphate relative to

nitrate as the ratios modelled in the northeastern part of the study zone.

High nitrate to phosphate ratios are a specific feature of the Gulf of Lion

shelf waters (Diaz et al., 2001; Leblanc et al., 2003) and more generally of

the surface Mediterranean Sea in summer (Moutin et al., 2008). The ratios

of abundance and amounts of nutrients in the upwelled water on the western

side of the eddy are typical of the end of the winter period (Leblanc et al.,

2003; Charles et al., 2005) in the area. Thus, according to the model results,

the occurrence of long-life anticyclonic eddies in the western zone of Gulf of

Lion enables to create and maintain, along the Roussillon Coast and during

several summer weeks, a nutrient availability typical of a winter period.

Although there is an abundance of nutrients on the western side of the eddy,

the phytoplankton development remains low (dates A and C) or moderate

(date B) in this area (Fig. 11 and 13). The highest biomasses, composed

of the largest-size phytoplankton, are predicted on the northern side of the

eddy at dates B and C. These spatial and temporal patterns are typical of
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phytoplankton response to an upwelling event. The advection of water mass

with cold temperatures prevent an immediate development of phytoplank-

ton and the response of large-size phytoplankton to nutrient injection is on

the order of three days (Wilkerson et al., 2006). In the present study the

model predicts that the zone of maximal development for phytoplankton is

the northern side of the eddy about two weeks following its generation. The

eddy functioning thus enables the significant development of large phyto-

plankton types that are not usually present in such high concentrations at

the surface during late summer in the NWMS (Leblanc et al., 2003; Marty

et al., 2008). On the western and northern sides of the eddy every zooplank-

ton groups remain at low levels all along the eddy’s lifetime. This feature

suggests that, in these areas of the eddy, the phytoplankton development

is mainly controlled by bottom-up (nutrient availability) and physical (ad-

vection and temperature) processes. From date B, the high biomasses of

phytoplankton blooming on the northern side are advected around the eddy

and probably merge with plankton biomasses coming from the coastal up-

welling still occurring on the Languedoc Coast. From this date, the filament

visible both on the satellite images and the model outputs on the eastern

side of eddy would then be composed of biogenic matter of two different

sources. This aggregation process may explain why the highest biomasses of

nanophytoplankton especially are predicted on the eastern side of the eddy at

the surface from date B (Fig. 13-2) whereas nutrient availability is generally

lower on this side of eddy (Fig. 7 and 10). At this time the persistence of

nanophytoplankton over microphytoplankton in the filament at the surface,

i.e. far from the upwelling source, corroborates some previous observations

made on other upwelling systems (Fernandez and Bode, 1994; Botas et al.,

1990). The model also shows, below the surface filament, the dominance

and persistence of a microphytoplankton deep maximum all along the eddy’s

lifetime (Fig. 13-1). This deep maximum located around 40 m depth may
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be directly attributable to the rising up of the nutricline on the eastern edge

of the eddy. The depth of the microphytoplankton maximum at this year

period in NWMS is usually higher and located between 60 and 80 m (Marty

et al., 2008; Lasternas et al., 2011). At date A, the maximum of microphy-

toplankton biomass predicted at the surface, in addition to the deep one,

may come from the plankton produced by the upwelling of the Languedoc

Coast and transported by the eddy as proposed above. The eddy core shows

a modelled dynamics of plankton ecosystem functioning very different from

that described for the eddy sides. The smallest-size phytoplankton groups

dominate in carbon biomasses (Fig. 11-3) and the concentrations of total

surface chlorophyll are low all along the eddy lifetime (Fig. 14). Consid-

ering the nutrient pattern described above, the phytoplankton community

structure of the eddy core makes of this part of the eddy a Low Phosphate

Low Chlorophyll (LPLC, Moutin et al., 2008) system similar to the most

oligotrophic areas of the Mediterranean Sea during summer (Mauriac et al.,

2011). Biomasses of the three modelled groups of zooplankton are high in the

eddy core (Fig. 12, 13-3 and 13-4) especially compared to its western side.

These high biomasses are present from the beginning of the eddy’s lifetime,

suggesting a process of trapping and aggregation during the eddy genera-

tion. In details, the distributions of the smallest-size zooplankton appear to

be, most of time, anti-correlated to those of the smallest-size phytoplankton

suggesting a tight control by top-down processes (e.g. grazing). These pat-

terns corroborate summer observational features in this area (Agawin et al.,

2004; Charles et al., 2005). If converted in volumetric abundance (individ-

uals per cubic meter) using the weight range of the two main species of

copepods adults (0.02-0.04 mgC ind−1, Razouls and Razouls, 1976) observed

in the area, the carbon biomass of mesozooplankton inside the eddy ranges

between 140 to 70 ind m−3 from dates A to C. Using the same conversion

factor, the mesozooplankton modelled carbon biomass outside of the eddy
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give some abundances ranging between 40 and 170 ind m−3. All these values

fall in the range of abundances of the two main groups of mesozooplankton

observed in the Northwestern Mediterranean Sea at the end of summer (Mo-

linero et al., 2005; Mazzocchi et al., 2007).

Another intriguing feature of the eddy functioning is the spatial limit of the

surface phytoplankton filament south of 43◦N as observed on the SeaWifS

images and simulated by the model (Fig. 14). As there is a correct corre-

spondence between the model outputs and observations, the model can be

used to propose some assumptions to explain this feature. The presence of

high biomasses of micro- and nanophytoplankton on the eastern edge of the

eddy at the surface involves the development of the grazers throughout the

eddy’s life on this eddy side (Fig. 13-3 and 13-4). Contrary to those of the

phytoplankton groups, distributions of all groups of zooplankton show per-

sistence of high biomasses farther south than 43◦N and sometimes joining

the NC flow (Fig. 12). This model result suggests that the abrupt end of

the chlorophyll filament may be due to top-down processes through grazing

also explaining the sole persistence of zooplankton south of 43◦N. The high

biomasses of microphytoplankton persisting at depth due to the upwelled nu-

trients on the eddy side (Fig. 13-1), probably escape the predation process

since there is no corresponding deep maxima of zooplankton. This model

result suggests that the filament is only absent at the surface beyond the

latitudinal limit of 43◦N but persists at depth.

5. Conclusion and perspectives

This anticyclonic coastal eddy has some biogeochemical characteristics of

anticyclonic eddies observed in the open ocean (McGillicuddy et al., 1999)

as, for example, the low productivity at their core and rising up of nutri-

cline on their edges. But the functioning and consequences of such coastal

eddy in the NWMS are complicated by potential interactions with topog-
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raphy, wind-induced upwelling along the Languedoc Coast and the nearby

NC. Especially the proximity of the southern edge of the eddy with the NC

makes possible the exchanges of organic matter (i.e. plankton) at times of

the eddy’s life as suggested by the model results. In the present study the

coastal eddy contributes to the transport of organic matter from the coastal

zone to the offshore domain and this is a common feature of coastal eddies

recently showed in others systems (e.g. Dietze et al., 2009). The model re-

sults also show the importance of offshore-to-coastal transport, via seeding

of the eddy with plankton at the beginning of its life.

The overall results of the model enable us to propose a schematic biogeo-

chemical functioning of coastal eddies all along their lifetime in the western

part of the Gulf of Lion (Fig. 15). As proposed by Hu et al. (2011a) this

type of anticyclonic eddies needs two conditions to be generated: a persis-

tent and strong northwestern wind and a strong stratification of the water

column. The strong and persistent wind drives an intense upwelling along

the northern Languedoc Coast. These upwellings enables the rising up to the

surface of large amounts of nutrient that induce strong development of large-

size phytoplankton several days later (Fig. 15-1). As the wind continues to

blow the anticyclonic eddy sets up (Hu et al., 2011a) and the around-eddy

advection allows the transport of the wind-induced phytoplankton coastal

bloom offshore. At the same time the eddy shows upward vertical velocities

on its edges creating upwelling of enriched nutrient waters. This process

of eddy-induced upwelling is notably enhanced on the western edge of the

eddy along the Roussillon Coast likely due to the shelf topography. In this

coastal band, the upwelled water with nutrients characteristics close to that

of deep water (high phosphate and high nitrate) allows the supply of large

amounts of nutrients within the euphotic layer and even to the surface. On

the contrary the core of the eddy displays a very different trophic status with

clear deepening of the nutricline and a strong deficit in phosphate relative
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to the other nutrients. This situation characterises the beginning of eddy’s

life around date A (Fig. 15-2). The around-eddy advection and relative

lower temperatures of the upwelled water do not allow the large develop-

ment of phytoplankton along the Roussillon Coast and this development is

predicted to be high at the middle of the eddy’s lifetime mainly in an area

located between the northern Roussillon Coast (north of Cap Leucate) and

the northern side of the eddy. The eddy-induced and wind-induced blooms

of phytoplankton merge on the eastern side by advection and this process

may thus explain the persistent occurrence of a filament of high chlorophyll

observed on the offshore edge of the eddy all along the study period. Mean-

while the core of the eddy displays development of an active microbial loop

based on smallest-size plankton groups (bacteria, picophytoplankton, nano-

and microzooplankton). In this environment typical of the Mediterranean

surface waters during the summer, the development of nano-, picoplankton

and bacteria remains always low being both top-down controlled by the pro-

tist grazers trapped within the eddy core from its generation and bottom-up

controlled by the low availability of nutrients (especially phosphate) (Fig.

15-3).

The model results show that changes in the plankton composition during

the coast-to-offshore transport by around-eddy advection may explain the

disappearance of the observed high chlorophyll filament south of 43◦N at

the surface. Mainly composed of largest-size phytoplankton close to the up-

welled nutrient sources (northern side of the eddy and the Languedoc Coast),

the plankton community shows higher and higher biomasses of zooplankton

gradually as it is advected offshore and also during the eddy’s lifetime. The

process of top-down control is thus enhanced along the eastern side of the

eddy. This feature, combined with the progressive lack of nutrients resource,

may drive the disappearance of the surface chlorophyll filament South of

43◦N. A filament mainly composed of microphytoplantkon persists at depth
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beyond this limit by escaping the predation process and benefiting from the

eddy-induced rising up of nutrients in the euphotic layer. The southward

transport of organic matter by the around-eddy advection interacts at times

with the nearby NC making possible the export of coastal organic matter to

the offshore domain. This picture characterises the functioning of the eddy

from the middle to the end of its life (Fig. 15-4).

It would be interesting in some future studies to quantify the net fluxes of

organic matter and nutrients exchanged during interactions between such

coastal eddies and the NC over both an eddy life time and seasonal or an-

nual scales if several eddies occur on these scales. Another possibility would

be to extend realistic numerical simulations to some other years to high-

light the possible variability of biogeochemical functioning of this type of

eddy as it has been recently showed for physical functioning in the work

of Hu et al. (2011a). In the present study the plankton food web model

has enabled us to formulate many hypothesis regarding the plankton distri-

butions and trophic interactions between plankton functional types in line

with the presence of the eddy. Future years will see the implementation

of long-term observatories in Northwestern Mediterranean Sea such as the

French MOOSE (Mediterranean Ocean Observing System on Environment,

http://www.insu.cnrs.fr/co/expeditions-et-campagnes/moose-Mediterranean-

ocean-observing-system-on-environment) program. These observatories will

be dedicated to the acquisition of many types of data such as plankton size

spectra and dominant taxa at high frequency that may help to validate hy-

pothesis made with such plankton food web models.

6. Acknowledgements

We kindly thank Paolo Lazzari for the outputs from the OPATM-BFM
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mouth from visible satellite imagery. Oceanol. Acta 21, 739–749.

Franks, P., Walstad, L., 1997. Phytoplankton patches at fronts: a model of

formation and response to wind events. J. Mar. Res. 55(1), 1–29.

39



Garreau, P., Garnier, V., Schaeffer, A., 2011. Eddy resolving modelling of

the gulf of lions and catalan sea. Ocean Dynamics 61, 991–1003.

Gaspar, P., Y.G., Lefevre, J., 1990. A Simple Eddy Kinetic Energy Model

for Simulations of the Oceanic Vertical Mixing: Tests at Station Papa and

Long-Term Upper Ocean Study Site. J. Geophys. Res. 95, 16179–16193.

Geider, R.J., Macintyre, H.L., Graziano, L.M., McKay, R.M.L., 1998. Re-

sponses of the photosynthetic apparatus of Dunaliella tertiolecta (Chloro-

phyceae) to nitrogen and phosphorus limitation. Eur. J. Phycol. 33(4),

315–332.

Geider, R.J., MacIntyre, H.L., Kana, T.M., 1997. Dynamic model of phy-

toplankton growth and acclimation: Responses of the balanced growth

rate and the chlorophyll a:carbon ratio to light, nutrient-limitation and

temperature. Mar. Ecol. Prog. Ser. 143(1-3), 187–200.

Gohin, F., Druon, J.N., Lampert, L., 2002. A five channel chlorophyll con-

centration algorithm applied to SeaWiFS data processed by SeaDAS in

coastal waters. Int. J. Remote Sens. 23, 1639–1661.

Gohin, F., Loyer, S., Lunven, M., Labry, C., Froidefond, J.M., Delmas, D.,

Huret, M., Herbland, A., 2005. Satellite-derived parameters for biological

modelling in coastal waters: Illustration over the eastern continental shelf

of the Bay of Biscay. Remote Sens. Environ. 95, 29–46.

Gorbunov, M., Kolber, Z., Falkowski, P., 1999. Measuring photosynthetic

parameters in individual algal cells by Fast Repetition Rate fluorometry.

Photosynth. Res. 62(2-3), 141–153.

Gregg, W.W., Casey, N.W., 2004. Global and regional evaluation of the

SeaWiFS chlorophyll data set. Remote Sens. Environ. 93, 463–479.

40



Hansen, B., Wernberg-Møller, T., Wittrup, L., 1997. Particle grazing ef-

ficiency and specific growth efficiency of the rotifer Brachionus plicatilis

(Muller). J. Exp. Mar. Biol. Ecol. 215, 217 – 233.

Harrison, W., Harris, L., Irwin, B., 1996. The kinetics of nitrogen utiliza-

tion in the oceanic mixed layer: Nitrate and ammonium interactions at

nanomolar concentrations. Limnol. Oceanogr. 41(1), 16–32.

Heldal, M., Scanlan, D.J., Norland, S., Thingstad, F., Mann, N.H., 2003. El-

emental composition of single cells of various strains of marine Prochloro-

coccus and Synechococcus using X-ray microanalysis. Limnol. Oceanogr.

48(5), 1732–1743.

Hirst, A., Bunker, A., 2003. Growth of marine planktonic copepods: Global

rates and patterns in relation to chlorophyll a, temperature, and body

weight. Limnol. Oceanogr. 48, 1988–2010.

Hu, Z., Doglioli, A., Petrenko, A., Dekeyser, I., 2011a. Numerical study of

eddy generation in the western part of the Gulf of Lion. J. Geophys. Res.

116, C12030.

Hu, Z., Doglioli, A., Petrenko, A., Dekeyser, I., 2011b. Study of a mesoscale

anticyclonic eddy in the western part of the Gulf of Lion. Journal of Marine

Systems 88, 3–11.

Hu, Z., Doglioli, A., Petrenko, A., Marsaleix, P., Dekeyser, I., 2009. Nu-

merical simulations of eddies in the Gulf of Lion. Ocean Model. 28(4),

203–208.

Kersalé, M., Petrenko, A., Doglioli, A., Dekeyser, I. & Nencioli, F., sub-

mitted. Physical characteristics and dynamics of the coastal latex09 eddy

derived from in situ data and numerical modeling. J. Geophys. Res. .

41
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7. Figures
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Figure 1: Model domain bathymetry and zoom on the study area. Arrow indicates the

main flow of the Northern Current (NC). Rivers taken into account by the model are

named. Isobaths at 50, 100 and 1000 m are shown in the modeled zone.
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Figure 2: Model schematic diagram. See Method section for abbreviations.
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Figure 3: Comparisons between fields of ADCP current vectors (at 24 m) [A] and corre-

sponding modelled current vectors [B] during the SARHYGOL 7 cruise (Early May 2001)

in the Gulf of Lion. [C] Zoom of the modelled current vectors at 24 m in the NW part of

the Gulf of Lion. Broken black (or green) lines show the cruise transects.
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[A]

[B]

Figure 4: A) Average of modelled eddy kinetic energy [in m2s−2] (left) and satellite-

derived eddy kinetic energy (right) during the eddy’s lifetime. White line indicates the

separation of the gulf in eastern and western zones. B) Time-series of the spatially-

averaged eddy kinetic energy in the western (lines) and eastern (dashed lines) parts of the

Gulf of Lion. Red: values derived from the geostrophic currents provided by Aviso. Black:

values derived from sea surface elevation of the model. The shaded grey area indicates the

presence of the eddy as defined using wavelet analysis.
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Figure 5: Fields of modelled temperature with wavelet analysis contour superimposed

(◦C) at 20 m depth, at the beginning (A: July 23, 2001), middle (B: August 1,2001) and

end (C: August 15, 2001) of the eddy’s lifetime. Vectors represent the current where the

speed is greater than 0.1 m s−1.
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Figure 6: Top: Vertical sections of temperature (◦C) from Cap Creus (left) through the

centre of the eddy (star) at the beginning (A: July 23, 2001), middle (B: August 1,2001)

and end (C: August 15, 2001) of the eddy’s lifetime. The white horizontal line and star

indicate the wavelet-analysis defined contour and centre of the eddy. The zero contour for

vertical velocity is included: plus signs indicate upwards, minus signs indicate downwards.

Bottom: The positions of section across the eddy and centre (black star) are indicated.
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Figure 7: Top: Vertical sections of modelled nitrate concentrations (mmol m−3) as indi-

cated in bottom of this figure. The white horizontal line and star indicate the wavelet-

analysis defined contour and centre of eddy. The continuous white line corresponds to the

lower limit of the euphotic layer. Bottom: Horizontal fields of nitrate concentrations at

20 m depth, at the beginning (A: July 23, 2001), middle (B: August 1,2001) and end (C:

August 15, 2001) of the eddy’s lifetime.
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Figure 8: Top: Vertical sections of modelled nitrate:phosphate (mol/mol) as indicated

in bottom of this figure. The white horizontal line and star indicate the wavelet-analysis

defined contour and centre of eddy. Bottom: Ratios of nitrate to phosphate at 20 m depth,

at the beginning (A: July 23, 2001), middle (B: August 1,2001) and end (C: August 15,

2001) of the eddy’s lifetime.

58



Figure 9: Top: Vertical sections of modelled nitrate:silicate as indicated in bottom of this

figure. The white horizontal line and star indicate the wavelet-analysis defined contour

and centre of eddy. Bottom: Ratios of nitrate to silicate at 20 m depth, at the beginning

(A: July 23, 2001), middle (B: August 1,2001) and end (C: August 15, 2001) of the eddy’s

lifetime.
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Figure 10: Top: Vertical section of nitrate (mmol m−3) across the eddy at date B (August

1,2001). The zero contour for vertical velocity is included: plus signs indicate upwards

velocities, minus signs indicate downwards velocities. The white horizontal line and star

indicate the wavelet-analysis defined contour and centre of the eddy. Bottom: The position

of the section across the eddy and centre (black star) are indicated.

60



Figure 11: Horizontal fields of phytoplankton functional types groups (mmol C m−3)

with wavelet analysis contour superimposed at 20 m depth, at the beginning (A: July 23,

2001), middle (B: August 1,2001) and end (C: August 15, 2001) of the eddy’s lifetime. 1.

Microphytoplankton. 2. Nanophytoplankton. 3. Picophytoplankton.
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Figure 12: Horizontal fields of zooplankton functional types groups (mmol C m−3) with

wavelet analysis contour superimposed at 20 m depth, at the beginning (A: July 23,

2001), middle (B: August 1,2001) and end (C: August 15, 2001) of the eddy’s lifetime. 1.

Mesozooplankton. 2. Microzooplankton. 3. Nanozooplankton.
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Figure 13: Top: Vertical sections of plankton functional types groups (mmol C m−3) going

east-west across the eddy at the beginning (A: July 23, 2001), middle (B: August 1,2001)

and end (C: August 15, 2001) of the eddy’s lifetime. The white horizontal line and star

indicate the wavelet-analysis defined contour and centre of the eddy. 1. Microphytoplank-

ton. 2. Nanophytoplankton. 3. Microzooplankton. 4. Nanozooplankton. Bottom: The

positions of the section across the eddy and centre (black star) are indicated.
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Figure 14: Chlorophyll concentrations (mg Chl m−3) derived from SeaWiFS using OC5

(upper), modelled total chlorophyll concentrations within the first optical layer (middle)

and the absolute percent difference (APD) between satellite and modelled values (lower)

on July 23rd, July 25th, July 29th, and August 5th 2001. The wavelet analysis contours

are superimposed on the model outputs. The mean APD (APD) for each date is included.
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Figure 15: Temporal sequence of the schematic functioning of coastal eddies. H(L)N:

high(low) nutrients concentrations, H(L)P: high(low) phytoplankton biomass, HZ: High

zooplankton biomass, MicroP: microphytoplankton. Red areas are nutrient-enriched;

green areas are phytoplankton-enriched; brown areas are zooplankton-enriched.
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Appendix A. Model variables, equations, biogeochemical processes

and parameters

Appendix A.1. List of state variables

Table A.1: List of state variables. X = C (carbon), N (nitrogen), P (phosphorus) or Si

(silica)

Variables Description Unit

NO3, NH4, PO4,SiO4 Nitrate, Ammonium, Phos-

phate, Silicate

mmol m−3

XPhy1, XPhy2, XPhy3 Pico-, nano-, microphyto-

plankton in X

mmol X m−3

ChlPhy1, ChlPhy2, ChlPhy3 Pico-, nano-, micro- phyto-

plankton in chlorophyll

mg Chl m−3

XZoo1, XZoo2,CZoo3 Nano-, microzooplankton in

X and meso-zooplankton in

carbon

mmol X m−3

XBac Heterotrophic Bacteria in X mmol X m−3

DOX Dissolved organic matter in

X

mmol X m−3

POX Particulate organic matter

in X

mmol X m−3 or mg

Chl m−3

Appendix A.2. Biogeochemical fluxes and functions
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Symbol Definition Units

UptPhyi,Nutj Phytoplankton i uptake rate of nutrient

Nutj, Nutj = [NO3, NH4, PO4, SiO4]

mmol m−3 d−1

ExuPhyi,DOX Phytoplankton i exudation rate of dissolved or-

ganic matter DOX, X = [C,N, P, SiO4]

mmolX m−3 d−1

MortPhyi,X Phytoplankton i senescence rate in X, X= [C,

N,P,Si,Chl]

mmolX m−3 d−1

Grazi,XPrey Zooplankton i grazing rate on XPrey,

Prey=[Phyi, Zooi, Bac], X =[C,N,P,Chl,Si]

mmolX m−3 d−1

MessyFeed3,X Zooplankton 3 messy feeding rate in X,

X=[C,N,P]

mmolX m−3 d−1

Eges3,X Zooplankton 3 egestion rate in X, X=[C,N,P,Si] mmolX m−3 d−1

ExuZooi,DOX Zooplankton i excretion rate of dissolved or-

ganic matter DOX, X=[C,N,P]

mmolX m−3 d−1

gmli Growth multi-nutrient limitation function for

zooplankton i

-

(X/C)Zooi Zooplankton i internal quota in X, X=[N,P] molX molC−1

fQ
X,Zooi

Quota function for exudation and excretion of

zooplankton i

-

ExcZooi,XNut Zooplankton i excretion rate of dissolved inor-

ganic matter XNut, XNut=[NH4, PO4]

mmolN m−3 d−1

or mmolP m−3

d−1

MortZooi,X Zooplankton i mortality rate, i=[1,2] mmolX m−3 d−1

PredZoo3,X Zooplankton 3 predation rate in X, X=[C,N,P] mmolX m−3 d−1

UptBacDOX Bacteria uptake rate of dissolved organic matter

DOX, X=[C,N, P]

mmolX m−3 d−1

gml Growth multi-nutrient limitation function for

bacteria

-

UptBacXNut Bacteria uptake rate of dissolved inorganic mat-

ter XNut, XNut = [NH4, PO4]

mmolX m−3 d−1

fQ
X,Bac Quota function for uptake and release of nutri-

ents and dissolved organic matter for bacteria

-

(X/C)Bac Bacteria internal quota in X, X=[N,P] molX molC−1

RespBac Bacteria respiration rate mmolC m−3 d−1

MortBacX Bacteria mortality rate in X, X =[C,N,P] mmolX m−3 d−1

Nitrif Nitrification rate mmolN m−3 d−1

fT
Phyi

(T ) Temperature function for phytoplankton pro-

cesses

-

RemPOX Remineralisation of particulate organic matter

POX, X=[C,N,P]

mmolX m−3 d−1
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Appendix A.3. Modified equations of the rates of change of the state vari-

ables

Zooplankton (Zooi i = 1,2)

ξCZooi =
2

∑

i=1

Grazi,Cprey − ExuZooi,DOC −MortZooi,C −
∑

j>i

Grazj,CZooi

ξNZooi =
2

∑

i=1

Grazi,Nprey−ExuZooi,DON−ExuZooi,NH4
−MortZooi,N−

∑

j>i

Grazj,NZooi

ξPZooi =
2

∑

i=1

Grazi,Pprey−ExuZooi,DOP−ExuZooi,PO4
−MortZooi,P−

∑

j>i

Grazj,PZooi

Picoheterotrophs (Bac)

ξCBaci =
2

∑

i=1

Grazi,CBac − uptBaci,DOC −RespBac−MortBacC

ξNBaci =
2

∑

i=1

Grazi,NBac − uptBaci,DON − uptBaci,NH4
−MortBacN

ξPBaci =
2

∑

i=1

Grazi,PBac − uptBaci,DOP − uptBaci,PO4
−MortBacP

Particulate organic matter (POM)

X ∈ [C,N, P ]

ξPOX = Eges3,X+PredZoo3,X+
2

∑

i=1

MortZooi,X+
3

∑

i=1

MortPhyi,X−RemPOX
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ξPOSi = Eges3,Si +MortPhy3,Si −RemPOSi

ξPOChl =
3

∑

i=1

Eges3,Chl +
3

∑

i=1

MortPhyi,Chl −RemPOChl

Dissolved organic matter (DOM)

X ∈ [C,N, P ]

ξDOX = MessyFeed3,X +
3

∑

i=1

ExuZooi,DOX +
3

∑

i=1

ExuPhyi,DOX +MortBacX +

+RemPOX − UptBacDOX

Dissolved inorganic matter (DIM)

ξNH4
=

3
∑

i=1

ExcZooi,NH4
−

3
∑

i=1

UptPhyi,NH4
− UptBacNH4

−Nitrif

ξPO4 =
3

∑

i=1

ExcZooi,PO4
−

3
∑

i=1

UptPhyi,PO4
− UptBacPO4

ξSiO4
= ExuPhy3,Si +RemPOSi − UptPhy3,Si
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Appendix A.4. Modified biogeochemical fluxes

Nano and micro-zooplankton

Exudation of DOC

ExuZooi,DOC = 1− gmli ∗Grazi,CPrey

gmli =







0 if (Xlim/C)Zooi < (Xlim/C)
min
Zooi

1−
(Xlim/C)

Zoomin
1

(Xlim/C)Zoo1

if (Xlim/C)Zooi ≥ (Xlim/C)
min
Zooi

.

Where Xlim is the limiting nutrient, X ∈ [N,P ], such that:

(Xlim/C)Zooi

(Xlim/C)Zoomax
i

= min

{

(Xlim/C)Zooi

(Xlim/C)Zoomax
i

}

Exudation of dissolved organic matter DOX X ∈ [N,P ]

ExuZooi,DOX = frExu
DOX,Zooi

∗ (1− frQX,Zooi
) ∗Grazi,XPrey

fQ
X,Zooi

=























min

{

1,

(

(X/C)max
Zooi

−(X/C)Zooi

(X/C)max
Zooi

−(X/C)min
Zooi

)0.05
}

if (X/C)Zooi ≤ (X/C)max
Zooi

−min

{

1,

(

(X/C)max
Zooi

−(X/C)Zooi

(X/C)max
Zooi

−(X/C)min
Zooi

)0.05
}

if (X/C)Zooi > (X/C)max
Zooi

.

Excretion of dissolved inorganic matter XNut ∈ [NH4, PO4], X ∈ [N,P ]

ExcZooi,XNut = (1− frExu
DOX,Zooi

) ∗ (1− frQX,Zooi
) ∗Grazi,XPrey
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Bacteria

Uptake of dissolved organic carbon

UptBacDOC = µBac ∗

(

DOC

DOC + kBac,DOC

)

∗ CBac ∗ gml ∗ fT
Bac(T )

gml =







0 if (Xlim/C)Bac < (Xlim/C)
min
Bac

1−
(Xlim/C)min

Bac

(Xlim/C)Bac
if (Xlim/C)Bac ≥ (Xlim/C)

min
Bac .

Where Xlim is the limiting nutrient, X ∈ [N,P ], such that:

(Xlim/C)Bac

(Xlim/C)max
Bac

= min

{

(Xlim/C)Bac

(Xlim/C)Bacmax

}

Uptake and release of dissolved organic matter X ∈ [N,P ]

UptBacDOX = µBac∗

(

DOX

DOX + kBac,DOX

)

∗(X/C)max
Bac ∗CBac∗f

Q
X,Bac∗f

T
Bac(T )

fQ
X,Bac =















min

{

1,
(

(X/C)max
Bac

−(X/C)Bac

(X/C)max
Bac

−(X/C)min
Bac

)0.05
}

if (X/C)Bac ≤ (X/C)max
Bac

−min

{

1,
(

(X/C)max
Bac

−(X/C)Bac

(X/C)max
Bac

−(X/C)min
Bac

)0.05
}

if (X/C)Bac > (X/C)max
Bac .

Uptake and release of nutrients XNut ∈ [NO3, PO4]

UptBacXNut = µBac∗

(

XNut

XNut+ kBac,XNut

)

∗(X/C)max
Bac ∗CBac∗f

Q
X,Bac∗f

T
Bac(T )

Respiration

Respbac = (1− ωbac) ∗ UptBacDOC
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Phytoplankton

Senescence X∈ [C,N, P, Chl, Si]

MortPhyi,X = τmort,Phyi ∗ (1− fT
Phyi

(T )) ∗XPhyi

fT
Phyi

(T ) = max



















0,

[

2 ∗ (1− βPhyi) ∗
T−T let

Phyi

T opt

Phyi
−T let

Phyi

]

[

T−T let
Phyi

T opt

Phyi
−T let

Phyi

]2

+ 2 ∗ (βPhyi) ∗

[

T−T let
Phyi

T opt

Phyi
−T let

Phyi

]

+ 1



















Appendix A.5. Biogeochemical parameters
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