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Abstract

In order to study the influence of wind mixing on the spring variability of the plankton production of the north western
Ž . Ž .Corsican coastal area, a one-dimensional 1D , vertical, coupled hydrodynamicrbiological model ECOHYDROMV is

used. A hydrodynamic 1D model of the water column with a k–l turbulent closure is applied. The biological model
comprises six state variables, representing the plankton ecosystem in the spring period: phytoplankton, copepods, nitrate,
ammonium, particulate organic matter of phytoplanktonic origin and particulate organic matter of zooplanktonic origin. The

Ž .system is influenced by turbulence expressed by the vertical eddy diffusivity , temperature and irradiance. The model takes
into account momentum and heat surface fluxes computed from meteorological data in order to simulate a typical spring
atmospheric forcing for the considered area. Results show that primary production vertical structure is characterised by a
subsurface maximum which deepens with time and is regulated by the opposite gradients of nitrate concentration and
irradiance. Surface plankton productivity is mainly controlled by turbulent vertical transport of nutrients into the mixed
layer. The short time scale variability of turbulent mixing generated by the wind appears to be responsible for the plurimodal
shape of plankton blooms, observed in the considered area. Furthermore, the model is applied to the study of the spring

Ž .evolution of the plankton communities off the bay of Calvi Corsica for the years 1986 and 1988. In order to initiate and
validate the model, time series of hydrological, chemical and biological data have been used. The model reproduces
accurately the spring evolution of the phytoplankton biomass measured in situ and illustrates that its strong variability in
those years was in close relation to the variability of the wind intensity. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Ligurian current of Atlantic origin, which
characterises the surface waters of the north-western
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Corsican coastal area, determines the oligotrophic
character of the local plankton ecosystem. At the end
of winter the surface waters of the Ligurian current

Ž .and of the bay of Calvi Corsica present maximum
surface concentrations of nitrate, silicate and phos-
phate of 2.0, 2.0 and 0.2 mmol my3, respectively
Ž .Goffart, 1992 . The phytoplankton bloom is usually
observed from late February until the end of March
ŽHecq et al., 1981; Brohee et al., 1989; Goffart,´
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.1992 . A chlorophyll maximum of 1–2 mg Chl a
my3 is measured which is representative of an olig-
otrophic ecosystem. Copepod biomass, constituting
80–90% of the total mesozooplankton biomass in

Žspring, presents the highest values ;100 mg dry
y3 .weight m from late March until the end of April

Ž .Dauby, 1985; Brohee et al., 1989 . Within the eu-´
photic layer, the vertical distribution of primary pro-
ducers is determined by the opposite gradients of
light and nutrients and by the tendency of phyto-
plankton cells to sink. The sub-superficial chloro-
phyll maximum is located at 20 m depth at the
beginning of March and exceeds 40 m at the begin-

Ž .ning of April Goffart, 1992 . By the end of March
Žthe upper layer becomes depleted in nutrients N03

y3 .-0.2 mmol N m . Within the coastal area, the
transfer of nutrients from deeper layers is mainly
controlled by hydrodynamic processes such as coastal
upwellings and turbulent mixing generated by the

Ž .wind. Some coupled one-dimensional 1D models,
considering a variable vertical turbulent mixing, have
demonstrated the regulation of the plankton ecosys-
tem of the Ligurian Sea by the hydrodynamic forcing
ŽLacroix, 1998; Lacroix and Djenidi, 1992; Tusseau

.et al., 1997; Levy et al., 1998 . Although a close
relationship between wind intensity variability and
the plurimodal shape of phytoplankton blooms is
nearly always observed in the coastal area of Calvi
ŽHecq et al., 1981; Brohee et al., 1989; Goffart,´

.1992 , the dynamics of that relationship have not

been studied by using a modelling approach. The 1D
vertical hydrodynamicrbiological model elaborated

Ž .for this study ECOHYROMV is adapted to the
specificity of the marine system of the north-western
Corsican coastal area and is tested for its predictive
capacity by using time series of hydrobiological and
meteorological data available over several years in
this area. Attention is focused on the variability of
phytoplankton production in relation to that of verti-
cal nutrient transport into the surface mixed layer.

The coupled hydrodynamicrbiological 1D model
is based on the assumption of horizontal homogene-
ity. The station from which data were obtained to
initialise and validate the model is located in the

Žwestern continental shelf off the bay of Calvi Fig.
.1 , where bathymetric variations and then upsloping

vertical velocities are small. The study area is suffi-
ciently protected from the Liguro-Provençal frontal

Ž .zone 20 to 25 km from the Corsican coast , where
convection occurs. The circulation in this area is
determined by the Ligurian Current flowing along
the Corsican coast. The mean direction of the mea-
sured current at the sampling station is from south-

Žwest to north-east, parallel to the coastline Norro,
.1995 . This direction often occurs independently of

the local meteorological events indicating that up-
welling motion is reduced in this area. The examina-
tion of data sets over several years shows that a
positive vertical nutrient transport in the surface
layer is correlated either with north-east wind events

Ž . Ž .Fig. 1. Bathymetry of the coastal area of Calvi isobaths every 50 m depth and location of the station cross from which data were obtained
to initialise and validate the model.
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Žwhich is the optimal direction for upwelling motion
. Žin the area or with south-west wind events associ-

.ated with downwelling motion . This fact demon-
strates that vertical turbulent motion dominates over
vertical advection and thus drives the vertical nutri-
ent transports in the area.

With the aim of simulating a theoretical standard
state of the local plankton ecosystem, the model has
been first tested with initial conditions and physical
forcing constraints corresponding to mean values for
this area. Then a sensitivity study is realised for
estimating the relative effect of variations in initial
conditions, forcing constraints and model parameters
on the ecosystem dynamics. Furthermore, additional
simulations are performed in order to study the
impact of strong wind events on the plankton biomass
evolution in the area. In order to make a further
validation of this model and to demonstrate the
strong correlation between wind intensity and phyto-
plankton biomass variability, simulations are carried
out off the bay of Calvi for the spring period of the
years 1986 and 1988, where several secondary phy-
toplankton blooms have been observed.

2. Data

2.1. Hydrobiological data

Hydrobiological data come from measurements
taken in the coastal area of Calvi over several years.

ŽDaily surface measurements of hydrological temper-
. Žature and salinity and biological data chlorophyll a

Ž . .Chl a and mesozooplankton concentrations are
available for the spring period of the years 1979
Ž . Ž .Hecq et al., 1981 , 1984 Dauby, 1985 , 1986
Ž . ŽBrohee et al., 1989; Goffart, 1992 and 1988 Gof-´

.fart, 1992 . Daily surface measurements of nutrients
concentrations are available for the spring period of

Ž . Ž .the years 1976 NO , NO , PO Bay, 1978 and2 3 4
Ž Ž . . Ž .1988 NO , NO , SI OH Goffart, 1992 . Further-2 3 4

Ž .more, vertical profiles of temperature Fig. 2a , salin-
Ž . Žity, Chl a Fig. 2b and nutrients NO , NO ,2 3

Ž . . ŽSI OH concentrations 10 sampling depths be-4
.tween 0 and 100 m are available for different

Žperiods in spring between 1983 and 1991 Goffart et
.al., 1995 .

Ž . Ž . Ž . Ž . Ž .Fig. 2. Vertical profiles of measured variables bay of Calvi, Corsica . a Temperature 8C : 10r03r83 squares , 03r04r85 circles and
Ž . Ž . Ž y3 . Ž . Ž . Ž .11r05r88 crosses . b Chlorophyll a concentration mg m : 20r02r84 squares , 10r03r83 circles and the 03r04r85 crosses .
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2.2. Meteorological data

The meteorological data have been provided by
Žthe meteorological station of Calvi airport Meteo,

. ŽFrance . Three-hourly measurements of wind speed
.and direction , air temperature, relative humidity and

cloudiness, are available for the years 1984, 1986
and 1988. Daily global radiation measurements taken
in the bay of Calvi are available for the spring period

Ž .of the years 1979, 1984 Dauby, 1985 and 1986
Ž .Brohee et al., 1989 .´

3. Model formulation

The coupled hydrodynamicrbiological 1D model
is adapted to the spectral window of mesoscale

Ž .processes time scale of some hours to some days
where an interaction of resonance appears between

Žhydrodynamic and biological processes Nihoul and
.Djenidi, 1991 . The mesoscale variability of wind

mixing corresponds to the typical duration of a phy-
toplankton bloom. The hydrodynamic model de-
scribes the mixed layer physics. It is driven by
momentum and heat fluxes described by functions
adjusted to measurements taken in situ. The biologi-
cal model seeks to reproduce the spring evolution of
the principal plankton communities of the study area.
The vertical structure of the biological variables is
regulated by the mixed layer dynamics in relation to
meteorological conditions. The coupling of the two
models is carried out by means of the vertical pro-

˜files of the eddy diffusivity l and temperature T
calculated by the hydrodynamic model and injected
at every time step into the biological model. The
eddy diffusivity magnitude is a measure of the verti-
cal mixing induced by the wind, which implies a
nutrient transport into the mixed layer and thus
stimulates the primary production.

3.1. The hydrodynamic model

The hydrodynamic model is based on the GHER
Ž3D, non-linear, primitive equations model Nihoul

and Djenidi, 1987; Nihoul et al., 1989; Beckers,
.1991 . Since the hypothesis of horizontal homogene-

ity is assumed, the model is reduced to its vertical
Ž .dimension vertical 1D model .

The equations of the 1D model are:

Eu E Eu
q fe nus n 1Ž .˜3 ž /Et Ex Ex3 3

ET E ET
˜s l 2Ž .ž /Ex Ex Ex3 3 3

ES E ES
˜s l 3Ž .ž /Et Ex Ex3 3

2
Ek Eu E Ek

sn 1yR y´q n 4Ž . Ž .˜ ˜f ž /Et Ex Ex Ex3 3 3

ryr0
b T ,S syg 5Ž . Ž .
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'ns0.5l k 6Ž .˜
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z
lsk z 1yd 1yR , 0FzFH 9Ž . Ž .fž /H

Ž .with k the von Karman constant s0.4 , z the
height above the sea bottom, H the total depth and d

a constant ranging between 0.5 and 1.

Eb
l̃

Ex3
R s 10Ž .f 2

Eu
ñ

Ex3

where u is the horizontal velocity vector, e is the3

unit vector along the vertical pointing upwards, f is
the Coriolis parameter, g is the acceleration of grav-
ity, b is the buoyancy, T is the temperature, S is the
salinity, k is the turbulent kinetic energy, r is the
local density of the sea water, r is a reference0

Boussinesq density, n is the vertical eddy viscosity,˜
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l̃ is the vertical eddy diffusivity, ´ is the energy
dissipation rate, l is the mixing length and R is thef

flux Richardson number.
ŽA k–l turbulent closure model is used Nihoul,

.1984 , consisting of one supplementary evolution
Ž Ž ..equation for the turbulent kinetic energy k Eq. 4

and one empirical, algebraic expression for the mix-
Ž Ž ..ing length l Eq. 9 . The influence of the stratifica-

tion is parameterised by the flux Richardson number
Ž Ž ..R Eq. 10 , which measures the relative impor-f

tance of the production and the inhibition of turbu-
lent kinetic energy.

3.2. The biological model

We use a typical model of the north-western
Mediterranean plankton ecosystem which we adapted

to the specificity of the plankton ecosystem off the
Ž .bay of Calvi Corsica . We choose the dissolved

Ž y3 .inorganic nitrogen concentration mmol N m as
the unit of the model in order to describe the nitro-

Ž .gen cycle within the ecosystem Fig. 3 . Nitrogen
seems to be the most useful nutrient for understand-
ing the inner processes of nutrient flow in the
Mediterranean since various fractions exist that rep-
resent different aspects of ecosystem processes
Ž .Dugdale and Wilkerson, 1988 . Phosphorus or silica
does not show such fractionation. On another hand,
nitrogen appears to be the more limiting element for
the phytoplankton growth in the considered area. The
phosphorus concentrations are relatively high in this
area, in contrast with many Mediterranean regions,
due to a continuous phosphate contribution from the

Žseagrass Posidonia oceanica Bay, 1978; Dauby,

Fig. 3. Block-diagram of the biological model. State Õariables: NO : nitrate; NH : ammonium; PH: phytoplankton; CO: copepods; POMph:3 4
˜particulate organic matter of phytoplankton origin; POMco: particulate organic matter of zooplankton origin. Forcing Õariables: l: vertical

eddy diffusivity; T : temperature; IR: irradiance.
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.1985 . The atomic ratio nitrogenrphosphorus pre-
sents a maximum value of 10, which is much lower

Ž .than the Redfield ratio NrPs16 . In spring the
molar ratio nitrateqnitritersilicate is close to 1 in
the sub-superficial waters of the coastal area of Calvi
Ž .Goffart, 1992 , and then the silica is not considered

Žas a limiting element in the first degree Jacques and
.Treguer, 1986 .

The model comprises six state variables in order
to describe the spring evolution of the plankton

Ž .ecosystem: phytoplankton PH , the herbivorous
Ž .copepods CO representing the zooplanktonic com-

partment; dissolved inorganic nitrogen represented
Ž . Ž .by nitrate NO and ammonium NH ; particulate3 4

Ž .organic matter of phytoplanktonic origin POMph
comprising the dead phytoplankton; and particulate

Ž .organic matter of zooplanktonic origin POMco
comprising the dead bodies and the faecal pellets of
copepods. We consider three forcing variables acting
on the system: irradiance IR, temperature T and

˜Ž .turbulence expressed by the eddy diffusivity l . The
Žsedimentation of biogenic particles alive and dead

phytoplankton, dead bodies and faecal pellets of
.copepods is also considered.

The phytoplankton growth is limited by the nutri-
Žents concentration, irradiance and temperature e.g.

.Andersen and Nival, 1988 . We assume that the
nutrient-limitation is controlled by the more limiting

Žnutritive element e.g. Rhee, 1978; Andersen et al.,
.1987 , which is nitrogen in the study area. We

consider that the dissolved inorganic nitrogen con-
sists of nitrate and ammonium in order to distinguish

Žthe new and regenerated production Dugdale and
.Goering, 1967 and we use the function of Wrob-

Ž .lewski 1977 to simulate the ammonium inhibition
of the nitrate uptake by the phytoplankton. The
functions of limitation by irradiance and temperature
are defined by the formula of Peeters and Eilers
Ž . Ž1978 . They take into account photoinhibition Platt

. Žet al., 1980 and thermoinhibition Eppley, 1972;
.Andersen and Nival, 1988 , respectively. The inges-

tion of copepods is represented by the general ex-
Ž .pression of Ivlev 1955 modified by Parsons et al.

Ž .1967 . The great difference in the sedimentation
velocity between phytoplanktonic and zooplanktonic
wastes forces us to distinguish two compartments for

Žthe particulate organic matter e.g. Andersen and
.Rassoulzadegan, 1991 . Sedimentation velocity of

Žfaecal pellets and dead bodies of copepods collected
.in the study area was determined in vitro by measur-

ing the time to sink a known distance in a burette
Žfilled with filtered seawater allowed to stabilise e.g.

.Turner, 1977 .
The system of differential equations of the biolog-

ical model is:

EPH E EPH
ph ph co ˜s P yM PHyGrz COq lŽ . ž /Et Ez Ez

EPH
phyW 11Ž .

Ez

ENO E ENO3 3NO 3 ˜syP PHq l 12Ž .ž /Et Ez Ez

ENH 4 NH co4syP PHqEx COqRem POMphŽ
Et

E ENH 4˜qPOMco q l 13. Ž .ž /Ez Ez

ECO
co co co cos Ass Grz yM yEx COŽ .

Et

E ECO
˜q l 14Ž .ž /Ez Ez

EPOMco
co co cos 1yAss Grz qM COŽ .

Et

E EPOMco
˜yRem POMcoq lž /Ez Ez

EPOMco
mcoyW 15Ž .

Ez

EPOMph
phsM PHyRem POMph

Et

E EPOMph EPOMph
mph˜q l yWž /Ez Ez Ez

16Ž .

The model parameters and the mathematical for-
mulations of the processes are listed in Tables 1 and



( )N. Skliris et al.rJournal of Marine Systems 27 2001 337–362 343

Table 1
Processes and parameters of the biological model

Process Definition Formulation

Phytoplankton
Growth

ph ph phP Growth rate P sP LIMN LIMIR LIMTEmax
NO NO ph3 3P Growth rate due to NO P sP LIMNO LIMIR LIMTE3 max 3
NH NH ph4 4P Growth rate due to NH P sP LIMNH LIMIR LIMTE4 max 4
phP Maximum growth ratemax

LIMN Limitation by inorganic nitrogen LIMNsLIMNO qLIMNH3 4
yc NH 4 Ž Ž ..LIMNO Limitation by NO LIMNO se NO r NO qKNO3 3 3 3 3 3

Ž .LIMNH Limitation by NH LIMNH sNH r NH qKNH4 4 4 4 4 4

KNO Half-saturation constant for NO3 3

KNH Half-saturation constant for NH4 4

c Inhibition constant for NO3
2Ž . Ž Ž ..LIMIR Limitation by irradiance LIMIRs2 1qb x r x q2b x q1IR IR IR IR IR

IR Optimal irradianceopt

b Shape factor of the photoinhibition curve x s IRrIRIR IR opt
2Ž . Ž Ž ..LIMTE Limitation by temperature LIMTEs2 1qb x r x q2b x q1T T T T T

T Temperature
T Optimal temperatureopt

Ž . Ž .T Lower lethal temperature x s TyT r T yTo T o opt o

b Shape factor for the thermoinhibition curveT

Mortality
phM Mortality rate

ph phN Nitrogen concentration pour NFN M sMmin max

N Threshold of the mortality curvemin
ph ph phM Maximum mortality rate pour N)N M sa rNqMmax min m min
phM Minimum mortality ratemin

a Shape factor of the mortality curvem

Sedimentation
phW Sedimentation rate

Copepods
Ingestion

co co co Žyk ŽPHyPH ..iv minŽ .Grz Ingestion rate Grz sGrz 1yemax
coGrz Maximum ingestion ratemax
coAss Assimilation coefficient

k Ivlev’s coefficientiv

PH Threshold concentration for feedingmin

Excretion
coEx Excretion rate

co co co TExo Excretion rate at 08C Ex sExo be

b Shape factor for the excretion curvee

T Temperature
Mortality

coM Mortality rate

P.O.M
Regeneration
Reg Regeneration rate
Sedimentation

mphW Sedimentation rate for POMph
mcoW Sedimentation rate for POMco
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2, respectively. Except from the parameters values
determined in vitro or in situ for the study area, the
others were chosen following a calibration process,
from a range of parameter values used in the pelagic

Žecosystem models of the Ligurian Sea Andersen and
Nival., 1988; Andersen and Rassoulzadegan, 1991;
Andersen et al., 1987; Marcer et al., 1991; Lacroix,

.1998; Lacroix and Djenidi, 1992; Levy et al., 1998 .
The vertical profiles of the temperature and eddy
diffusivity are calculated by the hydrodynamic model
and they are injected at every time step into the
biological model. The temporal evolution of irradi-

Ž .ance IR t is obtained from the in situ measure-

ments. The photosynthetically active irradiance
Ž .IR 0,t which penetrates the sea surface is calcu-par

lated by:

IR 0,t sPar 1yalb IR t 17Ž . Ž . Ž . Ž .par

where Par is the percentage of photosynthetically
active irradiance and alb is the spring average albedo
of the sea surface of the considered area.

The vertical profile of IR is calculated by:par

IR z ,t s IR 0,t eyk eŽ t . z 18Ž . Ž . Ž .par par

Ž .where z is the depth and k t is the light attenua-e

tion coefficient considered as independent of depth

Table 2
Numerical values of the biological model parameters

Parameters Units Values Refs.

Phytoplankton
ph y1P day 3.0 Marcer et al., 1991max

y3K mmol N m 1.0 Marcer et al., 1991NO 3
y3K mmol N m 0.7 Levy et al., 1998NH 4
y3 y1Ž .c mmol N m 1.5 Fasham et al., 1990

y2IR W m 40 Andersen and Nival, 1988opt

b w.d. y0.6 Andersen and Nival, 1988IR

T 8C 16 Andersen and Rassoulzadegan, 1991opt

T 8C 9 Andersen and Rassoulzadegan, 1991o

b w.d. y0.55 Andersen and Rassoulzadegan, 1991T
ph y1M day 0.1 Andersen et al., 1987max
ph y1M day 0.03 Andersen et al., 1987min

y3 y1a mmol N m day 0.035 Andersen et al., 1987m
y3N mmol N m 0.5 Andersen et al., 1987min

ph y1W m day 0.5 Andersen and Rassoulzadegan, 1991

Copepods
co y1Grz day 0.96 Andersen and Nival, 1988max
coAss w.d. 0.8 Andersen et al., 1987

3 y1Ž .k m . mmol N 0.5 Marcer et al., 1991iv
y3PH mmol N m 0.02 Marcer et al., 1991min

co y1Exo day 0.0672 Andersen and Nival, 1988
b w.d. 1.025 Andersen and Nival, 1988e

co y1M day 0.04 Marcer et al., 1991

P.O.M
y1Rem day 0.1 Andersen and Nival, 1988

mph y1W m day 1.5 Andersen and Rassoulzadegan, 1991
mco y1W m day 50

Irradiance
y1k m 0.045 Dauby, 1985e min
y1k m 0.12 Dauby, 1985e max

Par % 50 Bougis, 1974
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and the temporal evolution of which is obtained from
the field observations. It presents a maximum in

Ž y1 .February k max;0.12 m and a minimum ine
Ž y1 . Ž .August k min;0.045 m Dauby, 1985 .e

In order to initiate and validate the model we have
Žto convert the available data of Chl a mg Chl a

y3 . Žm and copepod concentration mg dry weight
y3 . Ž y3 .m into terms of nitrogen mmol N m . The

phytoplankton concentration is converted by means
y1 Žof the ratio: N Chl a s9.06 mg N mg Chl

y1 . Ž y1 .a s0.642 mmol N mg Chl a which is a
Žtypical value for the Ligurian Sea Andersen and

.Nival, 1988 . Copepod concentration is converted by
means of the mean spring ratio determined for the

y1 Žstudy area: N dry weight s0.065 mg N mg dry
y1 . Ž y1 .weight s0.0046 mmol N mg dry weight

Ž .Lepoint, personal communication .

3.3. Boundary conditions

3.3.1. Surface boundary conditions
The classical bulk formulas are used to determine

the turbulent fluxes at the air–sea interface. The
surface boundary conditions for k and u are ob-
tained by expressing the continuity of the momentum

Ž .and turbulent kinetic energy fluxes Nihoul, 1984 :

Eu ra
n s C V V 19Ž .˜ V 10 10

Ex r3 wsurf

Ek rair 3
n s C V 20Ž .˜ K 10

Ex r3 wsurf

where r is the specific mass of air at sea level, ra w

the specific mass of seawater, C and C are appro-V K

priate bulk exchange coefficients and V is the wind10

speed measured at 10 m height above the sea sur-
face.

The surface boundary conditions for T are given
Ž .by Nihoul, 1984 :

ET Fnet
l̃ s 21Ž .

Ex r Cp3 wu wsurf

where Cp is the specific heat of seawater at con-w

stant pressure and F is the net heat flux at thenet

air–sea surface.
F is given by:net

F sF 1yalb qF yF qF 22Ž . Ž .net S LW E H

where F is the shortwave radiation flux, alb is theS

sea albedo, F is the net upward longwave radia-LW

tion flux, F is the turbulent flux of latent heat andE

F is the turbulent flux of sensible heat.H

F is obtained from the field observations of dailyS

sea surface irradiance. F is approximated by anLW
Ž .empirical relationship Haney, 1971 :

1r2
F s0.985 0.39y0.05 re TŽ .½ 5LW S 10

= 1y0.6n2 s T 4 23Ž .Ž .c S

where s is the Stefan–Boltzman constant, T is theS

sea surface temperature, r is the relative humidity,
Ž .e T is the saturation vapour pressure at the airS 10

Ž .temperature at 10 m height above the sea surface
and n is the fractional cloud cover.c

The turbulent fluxes of sensible and latent heat
are calculated by bulk formulas:

F sr C V Ca T yT 24Ž . Ž .H a H 10 p S 10

F sr C V L q T yq T 25Ž . Ž . Ž .E a E 10 S S 10

where C , C are appropriate bulk coefficients, Ca
H E p

is the specific heat of air at constant pressure, L is
Ž .the latent heat of evaporation, q T is the satura-S S

tion specific humidity at the sea surface temperature
Ž .and q T is the specific humidity at 10-m height.10

Ž . Ž .q T and q T are calculated from T and T ,S S 10 S 10

respectively, and the tables of thermodynamic prop-
erties of water vapour. The quantities needed to
estimate the fluxes are obtained from the meteoro-
logical data sets.

Since the variations in the sea surface salinity are
Žsmall in spring for the study area Brohee et al.,´

.1989 , we assume that evaporation and precipitation
compensate and thus surface boundary conditions for
salinity give zero. For the biological variables we
consider that there is no diffusion or sinking across
the air–sea interface.
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3.3.2. Bottom boundary conditions
We assume a logarithmic bottom layer. The bot-

Žtom stress is parameterised by e.g. Blumberg and
.Melor, 1987 :

2

Eu 0.4
5 5n s u 1 u 1 26Ž . Ž . Ž .˜

z 1Ž .Ez bottom � 0ln
z0

Ž .where z 1 is the height of the centre of the first
Ž .mesh where the velocity u 1 is calculated and z is0

Ž .the roughness length s0.003 .
The bottom boundary conditions for k have been

derived by assuming that production balances dissi-
pation of k with neutral stratification:

Eu
ks4n 27Ž .˜

Ez

We assume that there are no heat or salt sources at
the sea bottom and thus we consider zero tempera-
ture and salinity bottom fluxes. For the biological
variables we consider that there is no diffusion at the
bottom, but we assume that particulate organic mat-
ter sinks into and accumulates in a sediment trap
Ž .e.g. Andersen and Nival, 1988 .

3.4. Initial conditions

The initial conditions for the fields of temperature
T and salinity S are typical data values for the
coastal area of Calvi at the beginning of spring
Ž .Goffart, 1992; Goffart et al., 1995 . The linear

Ž Ž .vertical profiles are quasi-homogeneous T zs0 s
Ž . Ž . Ž12.68C–T zs100 s12.48C, S zs0 s38–S zs

. .100 s37.95 . We consider a typical average veloc-
ity of the water column u off the bay of Calvi ofm

y1 Ž .10 cm s Norro, 1995 , the vertical distribution of
which follows a logarithmic profile. We deduce the
initial profile of the turbulent kinetic energy by
assuming the balance between production and dissi-
pation of energy:

4r3Eu2y4r3 4r3ks0.5 l 1yR 28Ž . Ž .n f
Ez

Ž .The initial conditions Table 3 for phytoplankton
and copepod biomasses and the nutrient concentra-

Table 3
Initial values of the biological state variables, expressed as mmol
N my3

State variables Initial values

PH 0.22
CO 0.025

Ž . Ž .NO zs0 m : 1y zs100 m : 33

NH 0.24

POMph 0.022
POMco 0.0025

tions are obtained from the observations in the study
Žarea at the beginning of spring Hecq et al., 1981;
.Brohee et al., 1989; Goffart, 1992 . Since there are´

no data available for the particulate organic matter
concentration, we assume that it constitutes 10% of

Ž .the alive organic matter e.g. Marcer et al., 1991 .
The initial vertical profiles of the biological state
variables are homogeneous except for nitrate, which
increases linearly from 1 to 3 mmol N my3 between
0 and 100 m.

3.5. Discrete model

The differential equations are solved numerically
by a standard finite volume technique. A water
column of 100-m height is considered. Vertical grid
resolution is 2 m and the time step is 10 min. The
temporal discretization of the equations is carried out
in an explicit way except for the vertical turbulent
and sedimentation fluxes, which are treated in an
implicit way in order to ensure the stability of the
numerical scheme. Space discretisation is imple-
mented by means of a centered-differences scheme.

4. Results and discussion

4.1. Standard run

In order to simulate a standard state of the plank-
ton ecosystem spring evolution, a simulation is per-
formed using initial conditions and physical forcing
constraints corresponding to mean values for this
area. The temporal evolution of irradiance is de-
scribed by a sinusoidal function adjusted to the in



( )N. Skliris et al.rJournal of Marine Systems 27 2001 337–362 347

situ measurements of daily irradiance taken over
several years. Wind speed is taken oscillating sinu-
soidally around the monthly mean value with a
period of 4 days and an amplitude of 2 m sy1,
representative of the 4-day mean variation observed
in the data sets.

Fig. 4a shows the simulated spring evolution of
the vertical profile of temperature. The model repro-
duces reliably the development of the seasonal ther-

Ž .mocline observed in the study area see Fig. 2a .
Until the end of March stratification is week. As
spring progresses, the heat flux becomes more and
more intense and wind mixing in the upper layer of

the euphotic zone induces the establishment of the
seasonal thermocline. The spring evolution of eddy

Ž .diffusivity vertical structure Fig. 4b is regulated by
wind intensity oscillations and the solar radiation
evolution. At the beginning of March the computed
mean mixing depth is about 15 m. But as the solar
radiation, and then the buoyancy flux, increase with
time, eddy diffusivity decreases and the mixed layer

Ž .becomes thinner about 10 m at the end of May .
Fig. 5 shows the spring variations of phytoplank-

ton, copepods and nutrients concentrations integrated
over 50 m depth. At the beginning of spring the
water column is stabilised and primary production is

Ž . Ž . Ž . Ž 2 y1.Fig. 4. Spring variations of the vertical structure of: a temperature 8C , b eddy diffusivity m s . The thick solid line represents the
˜ y5 2 y1Ž .simulated mixed layer depth using the criteria that l)5P10 m s .
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Ž y2 . Ž . Ž . Ž .Fig. 5. Spring variations of the integrated biomasses mmol N m of nitrate dashed line , ammonium crosses , phytoplankton solid line
Ž .and copepods circles in the upper 50 m.

Žno longer limited. The euphotic layer depth ;35
.m is significantly deeper than the mixed layer depth

Ž .;15 m allowing phytoplankton cells to grow in
light conditions. We simulate the peak of phyto-
plankton bloom at the first week of March. Phyto-
plankton consumes rapidly the high amounts of ni-
trate transported in the upper layer by the intense
winter mixing. From the second week of March,
nitrate is exhausted in the surface layer. Primary
production is sustained by the regeneration process
but is not able to compensate losses by grazing and
mortality. The spring variation of the simulated depth

Žmean f-ratio ratio between nitrate uptake over total
.inorganic nitrogen uptake is typical of the North

Ž .Western Mediterranean Sea Minas et al., 1988 . It
Ž .presents high values ;0.9 only during the bloom

at the beginning of March due to the high nitrate
consumption, but varies between 0.25 and 0.4 at the
rest of the season where production is mainly regen-
erated. Copepod biomass grows when food is avail-
able and begins to decrease when the phytoplankton
concentrations are too low. The peak of the copepod
biomass is simulated at the end of the third week of
March. In April the rate of loss of phytoplankton

biomass decreases as the surface layer ammonium
stock increases and light and temperature conditions
become more favourable for photosynthesis. At the
end of April, phytoplankton growth almost compen-
sates losses by mortality and grazing allowing cope-
pod biomass to increase slowly and to reach a new
peak at mid-May.

Fig. 6 shows the vertical profile of the biological
state variables at selected days in the simulation.
March 7 and March 25 present the maximum of
phytoplankton and of copepod biomass, respectively.
The maximum value of the simulated phytoplankton

Ž y3biomass ;1.2 mmol N m s1.87 mg Chl a
y3 . Ž .m , located at 20 m depth Fig. 6a , falls in the

Ž y3range of the measured values 1 mg Chl a m :
Hecq et al., 1981 to 2 mg Chl a my3 : Goffart,

.1992 . In the model, the maximum phytoplankton
growth occurs when the combined effects of light ant
nitrate limitations are minimal. Zooplankton is con-
fined in the upper 50-m layer where primary produc-
tion is high. The maximum value of copepod biomass
Ž y3 y3. Ž0.27 mmol N m ;58 mg dry weight m Fig.
.5b , located at 30-m depth, is in the range of the

Ž y3 Žreference data 45 mg dry weight m Hecq et al.,
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Ž y3 . Ž . Ž .Fig. 6. Vertical profiles of the biological state variables mmol N m at selected days: March 7 solid line , March 25 dashed line and
Ž . Ž . Ž . Ž . Ž . Ž . Ž .April 10 crosses . a phytoplankton, b copepods, c NO , d NH , e POMph, f POMco.3 4

. y3 Ž1981 to 105 mg dry weight m Brohee et al.,´

..1989 . By the end of March, nitrate vertical distribu-
Ž . Žtion Fig. 6c presents a depleted surface layer NO3

y3 .-0.1 mmol N m and a clear nitracline at 30-m
Ž .depth. Ammonium maximum concentration Fig. 6d

occurs at 45-m depth just after the copepod peak.
ŽThe vertical distribution of dead phytoplankton Fig.

.6e follows that of living phytoplankton. Zooplank-
ton excretion and biodegradation of dead phyto-
plankton represent the two most significant sources
of ammonium in the upper 50-m layer with a spring
mean contribution of 55% and 41%, respectively. As
a consequence of high sedimentation speed, copepod
dead bodies and faecal pellets reach the sea bottom
rapidly, and thus they do not significantly contribute

to the regenerated production in the surface layer
Ž .Fig. 6f .

After the bloom, limitation by nitrate and grazing
lead to the depletion of the phytoplankton stock in
the surface layer and to the formation of a pro-
nounced subsurface maximum. The propagation of

Ž .the maximum location Fig. 7a follows the depth of
Ž .the nitracline Fig. 7b and is regulated by available

Ž .light Fig. 7c . The maximum propagates between
the optimum light depth and the base of the euphotic
zone. It is located at 30-m depth at mid-March and it
exceeds 40 m at the beginning of April, in agreement

Ž .with the observations see Fig. 1b . The spring mean
downward displacement is about 0.5 m dayy1. Until
the end of April, the maximum magnitude decreases
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Ž . Ž y3 . Ž . Ž y3 . Ž .Fig. 7. Spring variations of the vertical structure of: a phytoplankton mmol N m , b nitrate mmol N m and c photosynthetically
Ž y2 . Ž .active irradiance W m . The thick solid line represents the simulated euphotic layer depth 1% of incident PAR and the thick dashed

line represents the optimum light depth for phytoplankton growth.
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with time as a result of decreasing irradiance at the
nitracline depth. The temperature of the water col-
umn remains quasi-invariable in March when the
plankton productivity presents the highest values and
thus does not significantly influence the phytoplank-
ton bloom evolution. Turbulent diffusion induces the
homogenisation of phytoplankton biomass in a mixed
layer of about 10 m. The seasonal thermocline,
inhibiting the replenishment of the surface layer with
nutrients, is established at mid-April between 10 and
15 m depth and thus does not regulate the subsurface
maximum propagation which occurs below this layer.
Sedimentation of phytoplankton causes a further
deepening and sharpening of the subsurface maxi-
mum. The rate of deepening decreases with time due
to the rarefaction of light energy and the presence of
increasing amounts of nitrate which sustain growth
for longer and longer periods of time as the maxi-
mum layer deepens. At the beginning of May the
subsurface maximum magnitude starts to increase.
The rapid increase of solar radiation and the decrease
of light attenuation coefficient in that period allow
the phytoplankton growth at high depths where nutri-
ents are abundant. At the end of May we simulate a

Ždeep phytoplankton maximum formation at 60 m
. Ždepth in agreement with the observations Goffart et

.al., 1995 . This deep primary production accounts
for a large fraction of the total spring production. In
late May, 80% of the phytoplankton biomass is
confined in a thin layer between 45 and 65 m depth.
As a result of high growth rate, the diffused nitrate
from the deep layers is rapidly consumed within this
maximum layer inhibiting the nitrate replenishment
of the upper water column. Moreover, regenerated
production mainly occurs within this layer as zoo-
plankton and dead phytoplankton follow phytoplank-
ton biomass time and space evolution. However, the

Žsimulated maximum at the end of May 1.1 mmol N
y3 .m is 30% to 40% higher than the observed

values. Furthermore, the model underestimates the
nitracline location, which is normally observed 5 to
10 m deeper in that period.

4.2. SensitiÕity analysis study

A sensitivity analysis study is realised in order to
estimate the relative effect of initial conditions of the
state variables, forcing constraints and parameters

values variations on the spring evolution of the
plankton ecosystem. Variations in initial conditions

Žand forcing constraints wind intensity and irradi-
.ance are representative of the spring variability ob-

served in the data sets of different years. Variations
in model parameters values correspond to the range
of values found in the literature for each parameter.
Simulations are performed to calculate the spring
evolution of the phytoplankton biomass integrated
over 50 m and then the mean spring biomass and the
maximum biomass values are compared to those of
the standard run.

The biological results are the most sensitive to
variations of initial conditions of nitrate. Nitrate
amount, transported in the upper layer by the intense
winter mixing, determines the magnitude of spring
primary production in this oligotrophic area. The
sensitivity to the initial conditions of the other state
variables is much lower. An increase of 25% in the
initial nitrate concentration leads to an increase of
8.2% in the mean spring phytoplankton biomass and

Ž .an increase of 16.3% in its maximum value Fig. 8a .
The variation in the phytoplankton biomass evolu-
tion, with respect to the standard run, occurs mostly
in early March where nitrate is consumed within a
few days. Then the variation is small since the
increase of primary production during the bloom is
compensated by the loss of phytoplankton biomass
due to the increase of grazing pressure.

Fig. 8b shows the changes of phytoplankton
biomass evolution due to variations of the monthly
average wind speed. Wind mixing deepens the upper
mixed layer and thus induces a vertical transport of
nutrients into the surface layer where the light condi-
tions are optimal for photosynthesis. An increase of
15% in the monthly average wind speed leads to an
increase of 2.1% in the mean spring phytoplankton
biomass and an increase of 7.7% in its maximum

Ž .value. Variations of the surface irradiance "5%
lead to very small changes in the phytoplankton
biomass evolution as a consequence of the small
degree of natural variability. An increase of 5% in
the surface irradiance leads to an increase of 0.5% in
the mean spring phytoplankton biomass and an in-
crease of 1.1% in its maximum value.

Model results are relatively sensitive to the value
of parameters included in the formulation of the
grazing process and of the photosynthetic produc-



(
)

N
.Skliris

et
al.r

Journalof
M

arine
System

s
27

2001
337

–
362

352

Ž y2 .Fig. 8. Influence of initial conditions, forcing constraints and parameters on the evolution of the integrated phytoplankton biomass mmol N m in the upper 50 m. The solid
Ž . Ž . Ž .line represents the standard case. a Variation of the initial concentration of nitrate. Initial concentration is 25% higher crosses and 25% lower dashed line than in the

Ž . Ž . Ž . Ž . costandard case. b Variation of the monthly mean wind speed. Wind speed is 20% higher crosses and 20% lower dashed line than in the standard case. c Variation of Ass :
co Ž . co Ž . co Ž . Ž . Ž . Ž . Ž .Ass s0.8 solid line ; Ass s0.7 dashed line ; Ass s0.9 crosses . d Variation of T : T s168C solid line ; T s188C dashed line ; T s148C crosses .opt opt opt opt
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tion, indicating that these are the most important
biological processes regulating the plankton ecosys-
tem evolution. Although the process formulations
and the values of these parameters, chosen from the
literature, correspond to populations and similar ex-
ternal conditions of the study area, it is important to
determine these values in situ in order to take into
account the specificity of the local plankton ecosys-
tem. Fig. 8c and d show the changes in the phyto-
plankton biomass evolution due to variations in Assco

Ž .assimilation coefficient for copepod ingestion and
Ž .T optimal temperature for phytoplankton growth ,opt

respectively, parameters to which the model results
are the most sensitive. An increase of 12.5% in Assco

leads to a decrease of 4.7% in the mean spring
phytoplankton biomass and a decrease of 0.1% in its
maximum value. The variation in the phytoplankton
biomass evolution, with respect to the standard run,
is significant after the phytoplankton bloom when
copepod biomass becomes important. An increase of
12.5% in T leads to an increase of 1.2% in theopt

mean spring phytoplankton biomass and an increase
of 3.8% in its maximum value. Sedimentation veloc-
ity of biogenic particles, plankton mortality rates and
the parameters related to the regeneration process
Žcopepod excretion, regeneration of particulate or-

.ganic matter have a minor influence on the evolu-
tion of the plankton ecosystem.

4.3. The ecosystem response to strong wind eÕents

As spring progress the seasonal thermocline de-
velops and imposes a rigorous constraint on the
vertical flux of nitrate from deep water. New produc-
tion leads to the complete nitrate exhaustion in the
mixing layer. In the absence of vertical movements
related to coastal upwellings or to the instability of

Žthe water column usually, at the beginning of spring
the heat budget becomes positive in this area and

.induces the water column stabilisation , the only
possibility of stimulation of the new production in
the upper layer is the reinforcement of turbulence
generated by the wind. Strong wind events, often
occurring in this region, can induce the rapid in-
crease of the mixing depth and the destabilisation of
the thermocline. The mean mixing depth and the
location of the thermocline observed in situ are 3–4

Ž .m deeper than the computed values standard run .

This discrepancy is probably due to the impact of
Žshort-term wind variability time scale of some hours

.to 1 or 2 days which is not taken into account in the
standard run. The short time scale wind variability
yields a chronological sequence of pulsing nutrient
enrichment, which can be determinant for primary

Žproduction in oligotrophic areas Klein and Coste,
.1984 . We studied the response of the plankton

ecosystem to the speed and duration of a strong wind
event. In a simulation a wind event of 12 m sy1

during 24 h was introduced, located after the phyto-
Ž .plankton bloom of the beginning of spring Fig. 9 .

We observe a new phytoplankton bloom, with a
maximum appearing 3 days after the passage of the
strong wind event. Prior to the wind event the sur-

Ž .face layer is depleted in nitrate f-ratio ;0.25 and
the phytoplankton biomass decreases gradually with
time. The rate of regenerated NH input in the water4

column is a slow process, unable to sustain a positive
net growth. During the wind event the mixed layer
exceeds the depth of the nitracline, which implies an

Ženrichment of the upper layer in nitrate Fig. 9a and
.b . The nitrate entrainment from deeper layers starts

with a time lag of several hours due to the time and
space evolution of turbulent kinetic energy within
the mixed layer. Moreover, the phytoplankton
biomass remains at moderate levels. Turbulent mix-
ing causes the convergence of one part of the surface
plankton into deeper layers where light is more
limiting for growth. After the passage of the wind
event, the intense mixing stops and phytoplankton,
confined by stratification in the upper layer, con-

Žsumes rapidly the lately transported nitrate f-ratio
.;0.8 and a second phytoplankton bloom occurs

Ž .Fig. 9c . The new nitrate input magnitude in the
upper layer depends on the relative position of the
initial nitracline depth and of the mixed layer depth
during the wind event. Unlike the regenerated pro-
cess the new production due to the wind driven
nitrate transport leads to a rapid increase of the
phytoplankton biomass. The variation in the phyto-
plankton biomass evolution, with respect to the stan-
dard run, is much higher compared to that due to
variations in the monthly mean wind speed. The
results suggest that the short time scale wind vari-
ability has to be taken into account in order to
reproduce in more realistic way the plankton ecosys-
tem evolution. The introduction of the wind event
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Ž . Ž 2 y1.Fig. 9. Spring variations of the vertical structure of variables: a eddy diffusivity m s . The thick solid line represents the simulated
˜ y5 2 y1 y3 y3Ž . Ž . Ž . Ž . Ž .mixed layer depth using the criteria that l)5P10 m s . b Nitrate mmol N m . c phytoplankton mmol N m . A wind

event of 12 m sy1 during 24 h is imposed on March 26.

leads to an increase of about 10% in the spring mean
phytoplankton biomass. Furthermore, the passage of
the wind event induces a deepening of the nitracline
of about 5 m. As a result of decreasing nitrate

amount, the deep phytoplankton maximum at the end
of May is decreased about 25% which is in accor-
dance with the reference data. Provided that at high
depths the growth rate is mainly controlled by light
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limitation, the maximum layer position was not al-
tered. By regulating the rate of nitrate consumption,
irradiance day to day variations can slow down or
accelerate growth but they do not significantly affect
the mean new production due to the wind event. A

Ž .simulation is performed not shown where mini-
mum PAR conditions during 48 h succeed the wind
event. The phytoplankton peak is simulated 36 h

Žlater with respect to the simulation performed with

.mean PAR conditions for that period while the
phytoplankton maximum is only decreased about
15%.

Ž .Sensitivity analysis simulations Fig. 10 show
that the spring mean phytoplankton biomass level is
an increasing function of the speed but also of the
duration of the wind event. A wind event during 24 h
of a speed of 10, 12 and 14 m sy1 leads to an
increase in the spring mean phytoplankton biomass

Ž y2 . Ž . y1 ŽFig. 10. Spring variations of the integrated phytoplankton biomass mmol N m in the upper 50 m. a A wind event of 10 m s solid
. y1 Ž . y1 Ž . Ž . y1line , 12 m s dashed line and 14 m s crosses during 24 h is imposed on March 26. b A wind event of a speed of 12 m s during
Ž . Ž . Ž .24 h solid line , 36 h dashed line and 48 h crosses is imposed on March 26.
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Ž .of 2.9%, 10.2% and 18.1%, respectively Fig. 10a .
A wind event of a speed of 12 m sy1 and of a
duration of 24, 36 and 48 h, leads to an increase in
the spring mean phytoplankton biomass of 10.2%,

Ž .12.2% and 14.4%, respectively Fig. 10b . The more
intense or durable the wind is, the higher the biomass
maximum will be, but at the same time the latter will
appear later because of the dispersion of the plankton
during the strong wind event. The model results
reveal an ecohydrodynamic resonance which re-
quires the existence of wind events of high speed
Ž y1 .)11 m s and of a minimal duration of some

Ž y1 .hours, or of relatively moderate speed 7–11 m s
but of a minimal duration of 1 or 2 days. As the
nitracline deepens and stratification becomes stronger
with time, further wind events need to be more
intense in order to induce a nutrient transport into the
upper layer.

4.4. Application to the coastal area of CalÕi for
spring 1986 and 1988

Very often, it has been suggested that the strong
wind events were responsible for the plurimodal
aspect of the plankton blooms of the coastal area of

ŽCalvi Hecq et al., 1981; Brohee et al., 1989; Gof-´
.fart, 1992 . In order to make a further validation of

our model and to test this hypothesis we have per-
formed simulations for the spring period of the years

Ž . Ž .1986 27r02–30r04 and 1988 28r02–29r04 ,
where several secondary phytoplankton blooms have
been observed. Data of surface nutrients and chloro-
phyll concentrations are available almost every day
for both periods and zooplankton surface concentra-
tion is available for spring 1986. A real time series

Ž .of meteorological data three-hourly measurements
Ž .has been used Brohee et al, 1989; Goffart, 1992 in´

order to take into account the short time scale vari-
ability of heat fluxes and wind stress.

4.4.1. Spring 1986
The model reproduces the plurimodal shape of the

phytoplankton biomass evolution observed in situ
Ž .Fig. 11a and b . The simulated biomasses are a little
higher than the measured ones. One can see, apart

Žfrom the principal phytoplankton bloom on March
.2 , the existence of two secondary phytoplankton

Ž .peaks on March 8 and 28 consecutive to a nutrient
transport into the surface layer, just after the passage

Ž .of a strong wind event Fig. 11c . For both peaks,
the new production resulting from this nutrient trans-
port has almost the same magnitude with that of the
principal bloom on March 2. For the peak on March
8, it is interesting to note that a wind event of

Ž y1relatively low intensity on average ;7 m s
.during 24 h is sufficient to make a phytoplankton

bloom start again. Since it is the beginning of spring,
the water column presents a weak stratification and
there are still enough amounts of nutrients in the
subsurface layers to stimulate the primary produc-
tion. Prior to the wind event, surface nitrate concen-

y3 Ž .tration is about 0.2 mmol N m Fig. 11c and the
nitracline is located at 20 m depth. Maximum surface
concentration after the wind event approaches 0.6
mmol N my3. The nitrate entrained from the nitra-
cline during the wind event is largely consumed
within a single day.

As far as the second peak is concerned, the
enhancement of the phytoplankton productivity re-

Žquires a wind event much more intense on average
y1 .;10 m s during 24 h since the subsurface layers

Žare depleted in nitrate the nitracline is located at 30
.m depth and the grazing pressure is much stronger.

Furthermore, the heat flux, which becomes more
intense by the end of March, stratifies the upper
layer and thus induces the inhibition of turbulence.
In addition, the increase of light intensity during this
period induces the photoinhibition of phytoplankton
growth near the sea surface, in accordance with

Žprevious studies in the Ligurian Sea Andersen and
.Nival, 1988; Lacroix, 1998 . The monthly mean

intensity of PAR penetrating the sea surface is in-
creased from 44 W my2 in March to 71 W my2 in
April which is much higher than its optimum value

Ž y2for phytoplankton growth 40 W m , Andersen and
.Nival, 1988 . As a consequence, the monthly mean

Ž .value of the light limitation factor LIMIR in the sea
surface is decreased from 0.72 in March to 0.63 in
April. The high wind mixing intensity during the
wind event leads to a further delay of phytoplankton
peak appearance. In contrast with the first wind
event the nitrate is consumed within 3 days. As the
season progress, this ecohydrodynamic resonance re-
quires stronger and stronger wind events. Thus, two
strong wind events located on April 1 and April 10,
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Ž . Ž .Fig. 11. Application of the model to the coastal area of Calvi in spring 1986 27r02–30r04r1986 . a Time variations of surface
Ž y3 . Ž . Ž . Ž .phytoplankton biomass mmol N m simulated by the model solid line and observed in situ crosses . b Model results vs. in situ data

Ž y3 .of surface phytoplankton biomass mmol N m . The regression equation is ys0.9414=y0.0796 and the correlation coefficient is
2 Ž . Ž y3 . Ž . Ž y3 .R s0.8629. c Time variations of surface phytoplankton biomass mmol N m solid line , surface nitrate concentration mmol N m

Ž . Ž y1 . Ž . Ž . ph Ž y1 . Ž . Ž . Ž .crosses and wind speed m s dashed line . d Time variations of P day solid line , LIMNO dashed line , LIMIR crosses3
Ž .and LIMTE circles .

respectively, have a minor influence on the plankton
biomass evolution.

In order to investigate the relative importance of
forcing constraints on phytoplankton biomass evolu-
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Ž ph .tion, the variations in growth rate P and in
Ž . Ž .limitations by nitrate LIMNO , light LIMIR and3

Ž . Ž .temperature LIMTE at the sea surface Fig. 11d ,
were calculated. Provided that nitrate increases with
depth, an increase in surface nitrate concentration
Ž .and then in LIMNO in this model, is only associ-3

ated with wind driven turbulent mixing. Results show
that growth rate variations mainly follow those of
nitrate limitation suggesting that the wind driven
nitrate transport regulates phytoplankton biomass

Ž 2 .variability in this area. Correlation coefficients R
of a linear regression between P ph and LIMNO ,3

LIMIR, LIMTE are 0.84, 0.25 and 0.05, respec-
tively. Maximum growth rate occurs when a high
nitrate transport in the surface layer is combined
with optimum light conditions. Temperature limita-
tion factor increases slowly with time as sea surface
temperature approaches its optimum value for growth
but its day to day variations are too small to affect
growth rate variability.

The model simulates the copepod biomass peak
Ž .around April 10 Fig. 12 , which is in agreement

with the in situ measurements, but it is not able to
reproduce the variations observed from one day to
another. The copepod species determination for that

Ž .period Brohee et al., 1989 shows that the various´
peaks of the total copepod biomass can be associated

either with Centropages typicus or with Clauso-
calanus sp. peaks. Thus, a part of this variability can
be explained by the different physiological character-
istics and ingestion rates of the dominant copepod
species in the area. Furthermore, the strong variabil-
ity of each species concentration in the surface layer
is not directly correlated with the phytoplankton
biomass variability. Copepods developmental stage
composition can change dramatically in a period of
some weeks. In the bay of Calvi, nauplii constitute
80% of Clausocalanus sp. population at the begin-
ning of March while their percentage falls to 10% at
the end of April where the population is mainly
composed of final stages of copepodites and adults
Ž .Dauby, 1985 . In each developmental stage, cope-
pods have different nutritional acquirements, mortal-
ity and ingestion rates. A model of population dy-
namics is then necessary to reproduce in a more
realistic way the temporal evolution of copepods
compartment. On another hand, it has been sug-
gested that vertical migration of copepods, due to
food availability and light conditions can be respon-

Žsible for some of that variability Dauby, 1985;
.Brohee et al., 1989 . However, at the present time it´

is difficult to include explicitly the various dominant
copepod species as state variables in the model
because their migration rates and their population

Ž y3 . Ž . ŽFig. 12. Time variations of surface copepod biomass mmol N m simulated by the model solid line and observed in situ coastal area of
.Calvi, 27r02–30r04r1986 .
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Ž . Ž .Fig. 13. Application of the model to the coastal area of Calvi in spring 1988 28r02–29r04r1988 . a Time variations of surface
Ž y3 . Ž . Ž . Ž .phytoplankton biomass mmol N m simulated by the model solid line and observed in situ crosses . b Model results vs. in situ data

Ž y3 . 2of surface phytoplankton biomass mmol N m . The regression equation is ys0.9033= and the correlation coefficient is R s0.7225.
Ž . Ž y3 . Ž . Ž y3 . Ž .c Time variations of surface phytoplankton biomass mmol N m solid line , surface nitrate concentration mmol N m crosses and

Ž y1 . Ž . Ž . ph Ž y1 . Ž . Ž . Ž .wind speed m s dashed line . d Time variations of P day solid line , LIMNO dashed line , LIMIR crosses and LIMTE3
Ž .circles .
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dynamics are not sufficiently documented and thus
they have to be experimentally determined.

4.4.2. Spring 1988
Like in 1986 simulation, the model reproduces

reliably the primary production response to the
Ž .short-term variability of the forcing Fig. 13a and b .

Two strong wind events are responsible for the
phytoplankton peaks on March 24 and March 30
Ž . ŽFig. 13c . During the first wind event on average

y1 .;8.5 m s during 96 h surface nitrate concentra-
tion increased from 0.05 to 0.3 mmol N my3. The
phytoplankton peak is simulated 5 days after the
passage of the wind event. The delay of peak appear-
ance is associated with relatively low PAR condi-
tions and the persisting mixing of phytoplankton
during the wind event. During the second wind event

Žwhich is stronger but more brief on average ;10.1
y1 .m s during 48 h surface nitrate concentration

increased again from 0.05 to 0.3 mmol N my3.
However, as a result of better PAR conditions, ni-
trate is consumed within 2 days and the phytoplank-
ton peak is more pronounced. As in spring 1986,
wind driven nitrate transport is the most important
factor controlling phytoplankton biomass variability

Ž .in the surface layer Fig. 12d . The correlation be-
tween growth rate and nitrate limitation is much

Ž 2 .higher R s0.78 than that between growth rate
Ž 2 .and light limitation R s0.28 . It is interesting to

note that, unlike spring 1986, phytoplankton biomass
remains at low levels. Mean surface primary produc-
tion for the simulated periods of 1986 and 1988 is
0.141 and 0.075 mg Chl a my3 dayy1, respectively.
This discrepancy can be explained by the difference

Žin the initial nitrate stock of the water column at the
.end of February , which is about 30% higher in

1986. Simulated mean surface inorganic nitrogen
concentration in March–April 1986 and 1988 is 0.26
and 0.16 mmol N my3, respectively, while mean
light conditions and sea surface temperature evolu-
tion are not significantly different. It is possible that
the phytoplankton bloom started earlier in 1988 as a
consequence of an earlier water column stabilisation
and of sufficiently favourable light conditions. How-
ever, there are no phytoplankton data available be-
fore the simulated period to verify this hypothesis.

The validation of the model for these two years
confirms the sensitivity analysis results indicating

that nitrate initial conditions as well as wind inten-
sity short-term variability regulate the primary pro-
duction evolution in this oligotrophic area.

5. Conclusions — perspectives

By means of a coupled 1D hydrodynamicrbio-
logical model, we represented the typical spring
variations of the vertical structure of the plankton
communities of the north-western Corsican coastal
area, under the influence of local physical con-
straints. Apart from the bloom period at the begin-
ning of spring, the regime is oligotrophic and the
production mainly regenerated. Primary production
vertical structure is characterised by a pronounced
subsurface maximum, which deepens with time and
is regulated by the opposite gradients of nitrate and
of available light. The sensitivity analysis results
illustrate that in such oligotrophic coastal area the
plankton ecosystem is mainly controlled by turbulent
vertical transport of nutrients into the mixed layer.
Strong wind events often occurring in this area can
strongly stimulate the primary production and restart
phytoplankton blooms. The short-term wind intensity
variability has to be taken into account in order to
reproduce adequately the nutrient transports into the
mixed layer as well as the deep chlorophyll maxi-
mum formation.

In order to make a further validation of this
model, simulations were performed for the coastal
area of Calvi in spring 1986 and 1988 by using time
series of experimental data. The model proves to be
a reliable tool to reproduce the spring evolution of
the phytoplankton biomass. The model results en-
lighten the crucial role played by the wind mixing on
the strong variability of the spring primary produc-
tion of those years.

In our simulations, phytoplankton growth and
mortality rates correspond to diatoms physiological
characteristics. In the coastal area of Calvi, diatoms

Ždominate the phytoplankton bloom in March 70–
.80% of the phytoplankton population while flagel-

Ž .lates develop in late spring Dauby, 1985 . Although
the model is able to reproduce reasonably well the
primary production response to the variability of the
forcing, it is important to consider at least two

Ždifferent types of phytoplankton diatoms and flagel-
.lates , characterised by different growth rates and
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limitation factors, in order to simulate in a more
realistic way the phytoplankton biomass evolution.
Furthermore, three suggestions are made in order to
improve model representation of copepod biomass
variability: distinguishing the dominant copepod
species of the area as state variables in the model,
determining their migration rates and introducing a
sub-model of population dynamics.
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