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Abstract

Assessment of the Mediterranean marine environment, in terms of nutrient depletion and easterly decreasing trophic
gradients, requires full exploit of the knowledge and processes of the ecosystem dynamics. The three-dimensional model here
proposed takes into account the phosphorus and nitrogen cycles coupled with the temporal and spatial hydrodynamical
evolution. The food web considers, as primary producers, small autotrophs and large autotrophs uptaking on a multi-nutrient
environment characterized by differential remineralizations of the detrital matter components. Grazing effects are modulated by
herbivorous zooplankton response. The model is compared with the OCEAN-calibrated chlorophyll averages of the 1979—1985
Coastal Zone Color Scanner (CZCS) satellite data. This procedure validates the model biomass in the Western Mediterranean,
which is 0.24 mg Chl m ™ when averaged yearly, with CZCS excess of about 10%, and in the Eastern Mediterranean, where the
mean is 0.09 mg Chl m >, with CZCS excess of 25%. The time series of the modelled results are well correlated with the CZCS
estimates, with a higher value in the western than in the eastern basin. The temporal and spatial evolution of the biochemical
patterns are studied. The effects of the implemented design on phosphorus and nitrogen cycles throughout the food chain are
quantitatively followed and compared with results coming from specific cruises. Results about the vertically integrated
biomasses are reported, giving an average of 2.7 g C m™~2 for the total phytoplankton in the western basin and of 1.6 g C m™2 in
the eastern one. The zooplanktonic biomass attains a mean value of 1.0 g C m~2 in the western basin and of 0.3 g C m ™2 in the
eastern one. Average productions accord with plankton abundances, with western primary and secondary productions,
respectively, two and three times higher than the eastern ones. © 2002 Elsevier Science B.V. All rights reserved.
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3. significant decadal trends of the nutrients
(Béthoux et al., 1992).

Nutrient depletion is a direct consequence of the
thermohaline processes taking place in the Mediterra-
nean. The inverse estuarine circulation of the whole
basin determines a negative budget for the nutrients at
the Gibraltar Strait (Coste et al., 1988), importing
nutrient poor surface water from the Atlantic Ocean
and exporting relatively nutrient-rich intermediate
water.

Oligotrophy is related to the interaction of the
general circulation pattern with the productivity inside
the basin and with the export production and reminer-
alization along the water column. Permanent and
recurrent gyres, mainly cyclones in the northern area
of the basin and anticyclones in the southern one, give
rise to regional variabilities affecting the vertical import
of nutrients, which is the determining factor for new
production (Dugdale and Wilkerson, 1988). The influ-
ence of these variabilities also on primary production
was experimentally assessed in the Western (Berland et
al.,, 1973) as well as in the Eastern Mediterranean
(Berman et al., 1984).

To capture the medium- and long-term evolution of
the trends involves the main biogeochemical features
and, therefore, relies on the knowledge of the general
dynamics of the ecosystem (Margalef, 1985). This
evidence leads to a conceptual design of the function-
ing of the Mediterranean ecosystem where both phys-
ical, chemical and biological components are impor-
tant.

There are some recent works for the Mediterranean
area on the subject. Marcer et al. (1991) made a 3D
analysis of the behaviour of the marine environment;
their study was applied to a real bay and fully exploits
the nitrogen—phytoplankton—zooplankton food chain
determining the sedimentation of biogenic particles.
Pinazo et al. (1996) gave the variability of the nitro-
gen—phytoplankton—detritus food chain on the north-
western Mediterranean shelf using a 3D hydrody-
namical model; the grazing loss is simulated here by
linear loss in terms of phytoplankton.

The 3D domain reached a subbasin application
taking full advantage of a primitive equation model
giving realistic fluxes at interfaces in the work by
Civitarese et al. (1996); regeneration processes were
taken fully into account in the nitrogen—phytoplank-

ton—detritus ecosystem description. Another regional
application in the Gulf of Lions was set up by Tus-
seau-Vuillemin et al. (1998); their model gave the size
fractionation growing on nitrate, ammonium and si-
lica of the diatoms and flagellates, while herbivores
and protozoa act as external grazing loss for the eco-
system.

A 3D study was proposed using nitrogen—phyto-
plankton—detritus parameterized for the nitrogen cycle
on an overall Mediterranean scale; this model gave
chemical fluxes at the principal straits, and seasonal
variability of inorganic nitrogen and of phytoplankton
(Crise et al., 1998; Crispi et al., 1999).

The study of the onset of the spring bloom in
northwestern Mediterranean was carried out by means
of nutrient—phytoplankton—zooplankton—detritus
model coupled with a primitive equation model (Levy
et al., 1999). Also, in Adriatic Sea, a 3D multi-nutient
approach has been proposed (Zavatarelli et al., 2000).

The objective of the present work is to integrate the
time and space evolution of the Mediterranean lower
trophic levels in a three-dimensional model, heretoafter
referred to as ECHYM, acronym of “ECoHYdrody-
namical model of the Mediterranean.” The aims of this
model are: (a) to study the phytoplanktonic biomass
and its variability, (b) to understand the role of the
phosphorus and nitrogen cycles in the ecological pro-
cesses of the euphotic and intermediate levels, and (c)
to obtain the large scale ecological response of the
ecosystem to seasonal forcing.

To this purpose, the biological processes are
described by an aggregated scheme, that designs the
trophic web of nutrients—autotrophs—herbivores
chain and the remineralization processes. These tro-
phic levels are regulated by nonlinear diffusion—
advection—reaction equations solved at the same grid
as the hydrodynamics.

In the next section, the conceptual description of
biochemical processes as assessed in the 10 variable
ECHYM is briefly given. The mathematical apparatus
is fully developed in Appendix A as regards the bio-
logical equations.

In the physical forcing section, the coupling of the
ecological model with the ecosystem dynamics is
explained.

The Parameterization section describes the trim-
ming procedure chosen for the overall Mediterranean
integration.
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In the Results section, concentrations are analyzed
for the biological compartments by average, and sur-
face chlorophyll data are used for validating the mod-
el’s results; the coupling is discussed taking into
account some transects in a specific area; and the
phytoplankton behaviour at basin scale is reported,
giving an insight into higher trophic levels and pro-
ductions.

The conclusions summarize the results.

2. Conceptual scheme of the phosphorus and
nitrogen cycles

The description of the food web used, the nutrient-
driven trophic cycles and their interactions with the
microbial loop are shown in Fig. 1. Two different size-
fractionated primary producers are considered, the first
representing the small autotrophs, the ultraplankton,
with size smaller than 10 um, and the second the large
autotrophs, the netplankton, with size larger than 10
pum. Both primary producers compartments grow, each
at its own specific rate, depending on the temperature,

irradiance level and nutrient availability. As a closure
for the food web, the grazing pressure upon primary
producers is simulated by a single zooplanktonic com-
partment. The potentially limiting nutrients used in the
model are inorganic nitrogen, both in oxidized and
reduced form, and reactive phosphorus. Detrital matter
remineralization and fate is dynamically simulated,
keeping its phosphorous, nitrogenous and carbona-
ceous components. The oxygen variable, not included
in this diagram, is a prognostic variable whose evolu-
tionary and boundary conditions are described in
Appendix A.

The phytoplankton growth limitations are described
by Monod kinetic for the uptake of phosphorus, nitrates
and ammonia and by Steele formulation for light,
whereas the effect of the temperature is simulated by
the Lassiter and Kearns (1974) function, whereby the
growth rate increases exponentially up to an optimal
temperature, and declines above it, and vanishes at the
temperature of arrest.

The choice of considering in ECHYM both phos-
phorus and nitrogen is supported by ongoing research
(Thingstad and Rassoulzadegan, 1995). The impor-
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Fig. 1. The biochemical compartments of ECHYM are shown. The arrows represent fluxes flowing from one compartment box into another one;
phosphorus fluxes are in light grey, nitrogen ones in dark grey. Ultraplankton, Netplankton and Zooplankton compartments have fixed P:N:C
ratios, while Detritus changes its composition accordingly to the overall dynamics. Also, the labile dissolved organic matter, DOM, pools and
the free living Bacteria compartment are introduced in this scheme using dashed arrows. These processes are described, as discussed in the text,

by first-order kinetics.
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tance of phosphorus limitation is due to the skewness
of N:P ratio in the Mediterranean Sea, generally above
Redfield et al. (1963) oceanic one. The nitrogen role
in limiting the phytoplankton growth must be retained
for studying areas under the influence of the Medi-
terranean Atlantic Water and with strong seasonal
vertical apport of nutrients, where phosphorus content
is relatively higher.

Silicates are not taken into account in the model as
contributing to the limiting nutrient factor because they
are generally abundant in the euphotic layer (Krom et
al., 1993).

The grazing activity is described by a type II func-
tional response (Holling, 1965), modified as in Fasham
et al. (1990), to include the possibility of herbivores
grazing upon both groups of primary producers. A
similar approach was used to simulate primary produc-
tion with a one-dimensional model in an oceanic
environment, using a first-order loss term for small
autotrophs and a rectangular shaped hyperbolic grazing
for large autotrophs (Bisset et al., 1994). The zooplank-
ton processes, predation, egestion, ingestion, internal
matter ratio, excretion and mortality are simulated in
line with known phenomenology as reported in the
Parameterization section.

The detritus chain describes the recycling of carbon
and macronutrients through remineralization of the
nonliving organic matter, produced by exogenous
input, mortality processes, excretion and exudation,
all set as linear processes. The introduction of the
detritus compartment permits to follow the particulate
matter motion at a basin and subbasin scale, outside the
euphotic zone, which is a condition to keep the new
production balanced (Eppley and Peterson, 1979).

The flow analysis by Michaels and Silver (1988)
shows that, even in oligotrophic environments where
picoplankton dominates primary production, netplank-
ton is the main responsible for the sinking of particulate
matter. Their approach, based on the Azam et al. (1983)
microbial food web, gives this result because of the
immediate pressure on netplankton of the flux producer
trophic level, namely the herbivorous zooplankton,
while there are at least two steps from the nanoplankton
and at least three from the bacteria and picoplankton. In
ECHYM, the number of trophic steps from the phyto-
planktonic groups to the zooplankton is reduced to only
one and, thus, the particle production ultimately relies
on the calibration of the overall cycles.

In the present parameterization, this shift towards
the netplankton production path is resolved using a
relatively high value of the ultraplankton exudation rate
and an efficiency in the grazing of the netplankton
which introduces a temporal delay in the releasing of
the matter with respect to the ultraplankton particles
remineralization.

The bacteria compartment and the dissolved organic
matter fluxes are also to be considered and are intro-
duced in Fig. 1 using dashed boxes and arrows in the
scheme. In fact, the relative fluxes are synthesized in
the model by first-order kinetics as explained above.
Moreover, the fluxes from dissolved organic phospho-
rus and nitrogen to nutrients, via bacteria, are shunted
by the exudation of phytoplankton groups directly into
nutrients. Grazing from bacteria is also taken into
account by the specific parameterization of the grazing,
through the efficiencies, and of the excretion rate of the
zooplankton. This procedure is in the same line of
reasoning of that used by Steele (1998) in incorporating
the microbial loop in a simple nutrient—phytoplank-
ton—zooplankton designed for the oligotrophic Sar-
gasso Sea.

3. Physical submodel

The model spans the Mediterranean basin, with a
horizontal spatial discretization of one-fourth degree
(182x57 grid points) and with a vertical resolution of
31 levels. The equations describing the nitrogen and
phosphorus uptake as well as the grazing and reminer-
alization processes are integrated on the same grid. For
a generic biological tracer, BT, the equation is:

OBT
—5, — 2ridsr — (u- V)BT — KE'V{BT
d°BT OBT
BT
Ky a2 "B g,

The first term, gridgT, represents all the sources and
sinks for the variable BT. They are determined by the
reaction of BT with all the related chemical and bio-
logical tracers at a specific point. These terms with their
different dependencies are treated in Appendix A.

The second term represents the advection scheme
forced by the hydrodynamical equations given beneath.
The third and fourth terms give the biharmonic hori-
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zontal and the harmonic vertical turbulent diffusivities,
respectively, while the last term represents the sinking
effects a biological compartment may experience.
The hydrodynamics is based on the following fully
3D primitive equations in a spherical coordinate system
(4, ¢, z) using the following assumptions: the Boussi-
nesq, the hydrostatic and the rigid-lid approximations:
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The horizontal and vertical components of the
velocity % are in the preceding equations v = (v;,
ve) and w=v,, respectively; T and S are the temper-
ature and salinity, while p and ¢ represent the pres-
sure and densrfy The Coriolis parameter is given by
f = 2Qsing k and g is the gravity constant. 4y =
0.4x10" cm* s7! and 4y =1.5 cm? s are the
horizontal and vertical constant eddy viscosity coef-
ficients, while KHT:KHS:0.4><1019 em* s7! and
Ky'=K5=0.3 cm? s~ ! are the horizontal and verti-
cal constant turbulent diffusion coefficients.

Due to the instability of the water column, the
processes are simulated using a procedure that mixes
the contents of two adjacent levels, when the column
is in an unstable condition, for up to five subsequent
iterations. Whenever instabilities of the biochemistry
are introduced, all biological sources and sinks are set
to zero and the calculation proceeds.

The overall model is driven by interactive heat
fluxes (Castellari et al., 1998), climatological forcings
through NMC monthly mean winds and using mer-

idionally variant surface irradiance COADS monthly
cloud coverage.

In Fig. 2, the initializations are shown for nitrates.
For the other variables, the initial fields are chosen as
follows: phosphate values are one sixteenth of the
nitrate values at each grid point; oxygen is set equal
to 250 uM O 17'; netplankton and ultraplankton are
both at the 0.1 uM C 17! level; zooplankton is set at
0.01 pM C 1"'; all detritus compartments as well as
ammonia have null initial values. In this work, no
boundary conditions are imposed for geochemistry. In
fact, the influence of the main rivers is important,
mainly along the shelf, so it can be disregarded on
average when analyzing the open sea response. Works
by Tusseau-Vuillemin et al. (1998) and by Civitarese et
al. (1998) estimate chemical budgets supporting this
approximation for Rhone and Po rivers, respectively.

4. Parameterization

All the parameters of the ecosystem are collected in
Table 1. Brief comments about the ecological implica-
tions are given in this section.

Both size-fractionated phytoplanktonic groups
grow with the same limitation in light, but with slightly
different limitations in temperature, with a greater
optimal value for the ultraplankton. They uptake with
different growth rate parameters; higher for netplank-
ton (Brand and Guillard, 1981) than for ultraplankton
(Kana and Glibert, 1987). The half-saturations are
those typical of oligotrophic environments, generally
favourable to smaller cells. The inhibition coefficient
for the nitrate uptake in presence of ammonia is the
same for both phytoplankters and is set to the value
given in Wrobleski (1977). The respiration, exudation
and lysis parameters for netplankton are close to
steady-state outcomes (Sakshaug et al., 1989). The
ultraplankton group gets loss terms consistently re-
duced by an amount proportional to its minor growth
rate with respect to netplankton one, giving, moreover,
a greater extent to exudation recycling than to lysis, as
discussed above. For both groups, the P:N:C internal
composition is taken equal to the Redfield et al. (1963)
fixed ratio.

The zooplankton grazes on both ultraplankton and
netplankton through a rectangular hyperbolic expres-
sion, driven by the same grazing rates and half-satu-
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Fig. 2. Nitrate initial profiles, in pM N 171, in the different areas of the Mediterranean Sea. (Data from Coste et al., 1972, 1988; McGill, 1970;

POEM Group, 1992; Rabitti et al., 1994 a,b).

rations, using values typical for herbivores (Fasham et
al., 1990). Anyway, the P:N:C for the zooplankton
composition is fixed at a different ratio to the Redfield
one in line with the stoichiometry of the herbivorous
taxonomy (Beers, 1966). The temperature dependence
of excretion doubles the value every 10 °C (McLaren,
1965). The specific mortality does not depend on
physical parameters and is chosen as a typical temper-
ate area average (Davis, 1987), while the excretion is in
agreement with the relation given in Wen and Peters
(1994). The efficiency parameters focus the prevalent
path from the phytoplanktonic group to zooplankton.
In fact, the efficiency from the ultraplankton to the
herbivores is smaller than that from the netplankton in
line with increasing nitrogen with respect to phospho-
rous release rates at decreasing daily excretion.
Remineralization and fate of detritus compartments
are followed, introducing different remineralization
rates: faster for the phosphorous compartment, inter-

mediate for the nitrogenous one, and slower for the
carbonaceous one. The average sinking velocity of the
detrital compartment is kept as evaluated in a single
nutrient model (Crise et al., 1998).

The dynamics of the nitrification processes are
analysed as in Zakardjian and Prieur (1994), also in
terms of ammonia oxidation. The chlorophyll to carbon
ratio in the ultraplankton is chosen as twice that of the
netplankton compartment. This is in agreement with
field measures by Eppley et al. (1977) and by Glover et
al. (1988) and confirmed by laboratory experiments by
Llewellyn and Gibb (2000). This doubling from
nutrient-rich to nutrient-limited situations is also well
represented by a cell-based model description (Zonne-
veld, 1998).

As the above discussion illustrates, the choice of all
parameters is carried out starting from laboratory anal-
yses and from in situ data. The calibration is done
following a general line of reasoning about size-frac-
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Table 1
List of ecological parameters
Parameter Definitions Units Values
Us maximum growth rate of ultraplankton s 1.60x107°
kps phosphorus half-saturation of ultraplankton mgat P m—> 0.015
kns nitrogen half-saturation of ultraplankton mgat N m > 0.15
kas ammonia half-saturation of ultraplankton mg at N m~> 0.15
Vs ammonia inhibition coefficient for ultraplankton mgatN~'m> 1.5
e maximum growth rate of netplankton s 3.20x107°
kpr phosphorus half-saturation of netplankton mgat P m—> 0.025
It nitrogen half-saturation of netplankton mg at N m~> 0.25
kaL ammonia half-saturation of netplankton mg at N m~> 0.25
28 ammonia inhibition coefficient for netplankton mgat N~' m~? 1.5
Kot nitrification rate st 1.11x107°
kao nitrification half-saturation for oxygen mg at O m~> 31.25
Rne nitrogen to carbon ratio in phytoplankton mg at N/mg at C 0.1509
Rpc phosphorus to carbon ratio in phytoplankton mg at P/mg at C 0.0094
Rsr chlorophyll to carbon transformation quota 2.
'Ne nitrogen to carbon ratio in zooplankton mg at N/mg at C 0.25
rpc phosphorus to carbon ratio in zooplankton mg at P/mg at C 0.0208
Roc oxygen to carbon ratio mg at O/mg at C 1.
Ruie nitrification oxygen mg at O/mg at N 2.
kdecc carbon remineralization rate s7! 0.59%x107¢
KdeeN nitrogen remineralization rate s7! 1.18x107°
kdecp phosphorus remineralization rate st 2.36x107°
ks ultraplankton respiration rate 5! 0.068x107°
ke netplankton respiration rate 5! 0.127x10°¢
kes ultraplankton exudation rate 57! 0.289%107°
ker netplankton exudation rate s 0.359%x107°
Kexz zooplankton excretion rate s7! 0.289x107°
€s ultraplankton efficiency 0.25
€L netplankton efficiency 0.50
g zooplankton grazing rate st 1.157x107°
o preference coefficient 1.
ky grazing half-saturation mgatCm > 4.
ds ultraplankton lysis s 0.222x107°
dp. netplankton lysis 5! 0.555x107°
dy zooplankton mortality s ! 0.289x107°
0 arrhenius base exp (°C™h 1.07
To arrhenius reference temperature °C 20.
TSmax maximum ultraplankton temperature °C 30.
Ts ultraplankton optimal temperature °C 19.5
bs ultraplankton temperature coefficient ec! 0.1157
T max maximum netplankton temperature °C 24.
T netplankton optimal temperature °C 16.5
by, netplankton temperature coefficient °C 0.1157
Iopi/ly Optimum light ratio 0.5
KT horizontal turbulent diffusion cm* 57! 0.2x10"
KET vertical turbulent diffusion em? s~} 1.5
NCON mixing iterations 5
Wp detritus sinking velocity ems ™! 0.0058
Kaer reaereation surface coefficient 57! 1.157x107°

The functional dependences are reported in Appendix A.
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tionated counting. In fact, the evidence from polar
oceanic areas shows a prevalence of larger individuals,
size>10 pm, when eutrophic conditions are experi-
enced, while a symmetrical reverse is observed in oli-
gotrophic conditions with the dominance of the smaller
fraction, size < 10 pm, (Shiomoto et al., 1997; Fiala et
al., 1998). In the Mediterranean too, similar assump-
tions can be made, assigning the prevalence of net-
plankton to the periods in which mixing is generally
important in the months from December to April, while
the other months are dominated by the ultraplankton.
This partition permits a trimming of the netplankton
and ultraplankton specific efficiences in Mediterranean.

5. Results
5.1. Biological seasonal evolution

The biomass concentrations in pM C 17!, as
integrated all over the basin along the 5 years of the

central simulation, are shown in Fig. 3. The chosen
parameterization is able to maintain a quasi-stationary

evolution in the period considered. The simulation
correctly reproduces the rise of the spring blooms for
both phytoplanktonic groups. The model shows a
netplankton bloom in the early spring, followed by
the ultraplankton one, which reaches it maximum
productivity at higher levels of light intensity and
temperature. Such blooms cause rapid depletion of
nutrients and formation of sinking particles. The
grazing activity starts affecting the phytoplanktonic
stocks at the end of the spring after both phytoplank-
ton groups are fully developed. A lower late-summer
secondary maximum is present only in the ultraplank-
ton evolution.

The ultraplankton in full line has the greatest
values, on average 58% of the total phytoplankton,
with respect to 42% of the netplankton during the
last 3 years of the simulation. Both variables reach a
minimum value in early winter, which is very stable
along the simulation when, after 2 years, a quasi-
stationary cycle is reached, and the same appears
also true for the maxima. The total phytoplankton
range lies in the interval from minimum 1.6 g C m 2
to maximum 3.2 g C m™~2 when vertically integrated.

0.3
— Ultraplankton
------- Netplankton
— — Zooplankton
02t}

Average Concentrations (m MC/I)

Time (months)

Fig. 3. Time evolution concentrations, in uM C 1™, integrated all over the basin of ultraplankton (full line), of netplankton (dotted line) and of

zooplankton (dashed line) for the 5-year model integration.
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Thus, the maximum of the phytoplankton biomass is
about twice its lower values reached during the
summer.

The zooplankton is shown by a dashed line. Its
average value is only a fraction of the total phytoplank-
ton and attains 23% always during the last 3 years of the
simulation. Average minima are 0.2 g C m ™2, while
maxima reach 0.9 g C m~2. From these values, zoo-
plankton maximum attains more than four times its
minimum, which is reached during late summer.

The buoyancy content, b, of the upper layer of the
ocean up to the generic depth, zy, is by definition the
work needed to destroy stratification, i.e. the potential
energy calculated starting from z, to surface given by:

_ 7 (pzo) — p(2))
b(zo)fg/o R e

The buoyancy content is per se a quantity that is not
related to a specific process capable of affecting, in
principle, the vertical density distribution in the ocean
(turbulent diffusivity, convection, mixed layer dynam-
ics, internal wave breaking, lateral advection, mesocale
processes, etc.). Instead, it represents the net effect of
all the above processes, thus reproducing, in a quanti-
tative way, what is qualitalively known as the ‘mixing-
stratification’ seasonal cycle of the upper ocean. The
higher the buoyancy in a layer, the higher the work to
homogenize the water column.

The importance of the buoyancy content for a
biogeochemical model stems from the fact that its
variability shows how and when the stratification
prevents an efficient import of the nutrient pool present
below the euphotic layer in the euphotic zone. As
shown in Crise et al. (1999), the DCM meridional
average in the Mediterranean Sea is deepest in the
oligotrophic water of the Levantine basin and shallow-
est in the Alboran Sea, producing a prominent west—
east gradient. Assuming that the nutricline starts at 90
m, on average, in the Western Mediterranean and at 160
m in the Eastern Mediterranean, the average buoyancy
content, calculated from the base of the nutricline for
each subbasin, is generically defined as:

1
bar == //M dsh(S)

where xM in turn identifies Eastern and Western
Mediterranean area and S is the surface.

In Fig. 4a, the evolutions of b in the two basins are
superposed, showing a coincident minimum (i.e. the
less stratified water column) in correspondence with
late winter and a maximum in the late autumn and
stronger in the eastern basin due to the higher surface
temperature found in the surface layer.

The phytoplankton concentrations for the Western
and Eastern Mediterranean, integrated within the base
of the nutricline, shown in Fig. 4b, reach a quasi-
stationary stage after 2 years. This result stresses the
fact that the eastern basin converges to a quasi-sta-
tionary stage faster and exhibits similar amplitudes
confirming at basin scale what was inferred by Turley
et al. (2000) from chlorophyll data. A delay in the
onset of the late winter bloom of about 2 months,
January for the Western and March for the Eastern
Mediterranean, is present, however not related to the
density structure of the water mass in the upper layer.

In the two subbasins, a plot of the depth integrated
phytoplankton concentration split into netplankton
and ultraplankton again shows an evident difference
between the autotrophic biomass concentrations of the
eastern and western basin, much higher in the western
one. Again, on the western side, netplankton domi-
nates in all seasons (Fig. 4c), while on the eastern
side, the opposite is true (Fig. 4d). Therefore, the
depth of the nutricline and the buoyancy content
influence the concentration of the biomass of each
subbasin, but they do not affect the total biomass
present in the water column within the euphotic zone.

The modelled seasonal averages for the surface
chlorophyll are shown in Fig. 5. The model’s results
average the third, fourth and fifth years of the simu-
lation. This average is maintained in Figs. 7—12 and in
Tables 2, 3 and 4. In winter (Fig. 5a), the surface bloom
is evident in the modelled chlorophyll, in particular, in
the Western Mediterranean with higher values in the
northwestern Mediterranean, about 2 mg Chl m >, and
lower values, down to 0.05 mg Chl m~>. This is due to
the deep nutrients available in surface layer because of
the mixing processes. In spring (Fig. 5b), a clear west—
east decreasing difference, about 1 mg Chl m ™, is
evident with a maximum in the Alboran Sea and a
minimum in the Levantine Sea. In particular, the
Alboran Sea peak chlorophyll due to the permanent
hydrodynamical structures is evident, as well as the
Spanish coast upwelling in the Balearic Sea and in the
Ligurian—Provengal basin. The biological effects
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caused by upwelling along the south coast of Sardinia,
Sicily and the south-east coast of Italy are evident. In
summer (Fig. 5c), the depleted situation is reached,
with values of the order of 0.05 mg Chl m ™ or less. In
autumn (Fig. 5d), the modelled surface chlorophyll
begins to grow again and follows the circulation
patterns, with the minima in the southern regions and
in the Levantine basin and the maxima in the Alboran
Sea. The coast of Sicily is slightly affected by upwell-
ing. Generally, the patterns are lower in the eastern than
in the western part, where there is also greater seasonal
variability.

The seasonal variability of the upper layer chlor-
ophyll is available from the Coastal Zone Color
Scanner (CZCS) scenes taken by the satellite Nim-
bus-7, funded by NASA’s Mission to Planet Earth
Program. Here, the seasonal averages from 1979 to

1985 are considered as analyzed in the OCEAN
Project by the EC Joint Research Centre and the
European Space Agency (Barale et al., 1999; Sturm
et al., 1999). The integer data, bd, are transformed into
chlorophyll concentrations using the transformation:

Chl — o(bd—128)/36

The sequence of seasonal averaged images (Fig. 6)
show that the maxima are obtained in winter, decreas-
ing in spring. In summer, the pigment concentrations
show their lowest values, followed by a new increase
in autumn, particularly where upwelling or eddies are
present. The patterns are lower in the eastern part than
in the western one, where there is also a greater sea-
sonal variability. Here is also evident signature of the
most important rivers, Rhone, Po, Ebro, Nile. They
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give an important contribution to the primary produc-
tion as well as to the total suspended matter present in
their plumes. Anyway, the interaction with the open
sea is clearly confined inside the shelf areas adjacent
to these rivers.

To give a quantitative description of the distance
between the model and data in Fig. 7a, the monthly
averages are split in the Western Mediterranean for
ECHYM and for CZCS in areas with a depth greater
than 200 m. The values are of the same order with an
annual mean for the model 0.24 mg Chl m—>, with
CZCS value, 0.26 mg Chl m >, about 10% higher
than model’s result. The maximum values happen for
both curves in January, while minima are reached in
the summer months. The variability is greater in the
model than in the CZCS. This excursion is expressed
by the model’s standard deviation, which is about
twice as large as the CZCS one. The correlation
between the two series is very high with a value of
0.80. This marks a very good resemblance of the
model’s averaged surface chlorophyll concentrations
with respect to the satellite ones.

In Fig. 7b, the model and the CZCS average
monthly values are given in the Eastern Mediterra-
nean, where areas deeper than 200 m for both curves
are again considered. The averages here are 0.09 mg
Chl m™ for the model and 0.12 mg Chl m— for the
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CZCS, with 25% in excess of CZCS with respect to
the model. In any case, the behaviour is respected
with the maximum value in February for both series
and very low values in summer. The values are more
than twice lower than those attained in the western
basin. Also, the variance in the model is about twice
the CZCS estimation. Correlation in this case gives a
value equal to 0.65, still high but lower than in the
western case.

5.2. Nutrient cycles

In Fig. 8, the limitations of the primary producers
are shown in function of the temperature and nutrient
distributions during April at the surface 20-m layer,
when the permanent stratification in the overall Med-
iterranean begins to appear. The temperature factor
for the ultraplankton, upper left plate, and the net-
plankton, upper right plate, are shown. From this
analysis, a comparison between netplankton and ultra-
plankton on temperature dependency shows that the
larger one is favoured in the northwestern Mediterra-
nean, while in the eastern basin, the two fractions
have a similar temperature limitation. The total
nutrient limitations in the lower plates, multiplied
by the specific maximum growth rates, are shown
for the ultraplankton, left plate, and for the netplank-
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Fig. 7. Surface chlorophyll concentration (mg Chl m~*) monthly averaged in Western Mediterranean (a) and in Eastern Mediterranean (b) in
areas deeper than 200 m. Averages, standard deviations and correlation coefficients are also reported.
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Netplankton Temperature Dependency

L I —
04 045 05 055 06 065 07 075 08 0BS5S 09 085

8

g £ E ¥ 8

¥

02 04 06 08 1 12 14 16 18 2 22 24

Fig. 8. Temperature (upper plates, dimensionless) and nutrients (lower plates, day ") limitations of ultraplankton (left) and of netplankton (right)

growths at the surface 20-m layer in April.

ton, right plate. The situation is generally favourable
to the netplankton in spite of its higher half-saturation
parameter due to its higher specific growth rate (1.38
day ' for ultraplankton and 2.76 day ' for netplank-
ton, respectively). In some oligotrophic areas of east-
ern basin, netplankton and ultraplankton show similar
nutrient limitation. Being the total growth rate
obtained as a product of the temperature, nutrient
and irradiance limitation terms, the overall situation is
favourable to netplankton growth.

Fig. 9 is the analogue of Fig. 8 in October, near the
end of the stratification period. The limitations are
shown at the upper 20-m layer for temperature, upper
plates, and for the nutrient lower plates (Fig. 9) also in
October. Here, temperature effects are dominant with
maxima, i.e. low limitations for ultraplankton every-
where in the western and in the northern areas of the
eastern basin. The netplankton is generally penalized
except in some northern coastal areas of both basins,
while in the southern and eastern parts of the Ionian—
Levantine, its growth is inhibited by high temper-

ature. The nutrients’ dependence is nearly similar for
both, with a slight prevalence of the netplankton in
southwestern Mediterranean. This cannot reverse the
combined situation, which is highly favourable to the
growth of the ultraplankton.

It is worth noting that in the two periods shown,
the nutrient limitation, obtained by normalizing
nutrient dependency using 1.38 and 2.76 day ',
respectively, is always stronger than temperature one,
even in the northwestern area. A notable exception is
when in October temperature exceeds the netplankton
temperature of arrest.

The onset of late winter bloom, and the varia-
bility it induces, is evidenced along a transect in the
northwestern Mediterranean at 42.5N 4—8E (Fig.
10). In the upper plates, the temperature (shaded)
and the salinity (contoured), for the analysis of the
thermohaline conditions, and the nitrate (shaded) and
phosphate (contoured), for the chemical situation,
are visualized during March in the upper 300 m.
Temperature and salinity distributions show clear
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Fig. 9. Temperature (upper plates, dimensionless) and nutrients (lower plates, day ') limitations of ultraplankton (left) and of netplankton (right)
growths at the surface 20-m layer in October. Missing shading represent null values of the temperature limitation.

mixing conditions to 250 m down in the western
part of the transect, while the eastern part of the
basin shows stratification below a depth of 180 m.
Nutrients give a similar situation with the nutricline
at 180—200 m, with a mixing in the western area.
Phosphate concentrations reach high values, up to
0.18 uM P 1™', while nitrates are about 2 uM N 17!
in the surface layer.

The concentrations of the biological variables are
given in the lower plates with the ultraplankton
(shaded) and netplankton (contoured) and with the
total sum (shaded, defined as the sum of ultra-
plankton and netplankton) and zooplankton (con-
toured). The high values of the ultraplankton are in
the western part of the transect and in one surface
area of the transect. This is due to the fact that the
downwelling conditions do not import nutrients to
the surface layers; thus, these conditions favour the
smaller cells. Otherwise, in the eastern part of the
transect, there are upwelling conditions, with an
increase of nitrate and phosphate along the water

column. This trophic regime favours the netplankton
bloom. The higher values of the total phytoplank-
ton, from 1 to 2 uM C 1"', cover the area of nut-
rient minima. Zooplankton is nearly constant, appro-
ximately 0.5 uM C 17! in the first 150 m and has an
abrupt diminution to one fifth of this value in the
following 100 m.

The same transect is shown in April (Fig. 11). The
mixing record is still present in the western area, but
with a newly formed capping in temperature, which
becomes stronger in the eastern part. Nutrients repre-
sent a similar situation with mixing in the western
area, and the nutricline are clearly present from 30 to
80 m in the eastern and central parts. Strong oligo-
trophic conditions persist in the first 30 m. Ultra-
plankton and netplankton distributions show a bloom
of netplankton up to 4.5-5.5 uM C 1"" in the upper
part, the first 60 m; the values are lower for ultra-
plankton, approximately 1.4 pM C 17'. The latter
occupies the central part, while the former is ubig-
uitous prevaling in the eastern part. The zooplankton
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Fig. 10. Transect in Northwestern Mediterranean Sea, 42.5N 4—8E from surface to 300 m in March. From upper to bottom plates: temperature,
shaded in °C, and salinity, contoured in ppt; nitrate, shaded in pM N 171, and phosphate, contoured in pM P % ultraplankton, shaded in pM C
17!, and netplankton, contoured in pM C 17" total phytoplankton, shaded in uM C 17!, and zooplankton, contoured in pM C |

is now confined to the first 80 m, with values from 0.4
tol4uM C 17",

A comparison between Fig. 10 and Fig. 11 con-
firms that the onset of the vernal bloom is fueled by
nutrient availability in the upper layer, but the neces-
sary condition is the stratification of the water col-
umn.

These results can be compared with the data
acquired in April 1969 during MEDIPROD I cruise.
The nitrate concentrations in these data are less than 2
uM N 17" in the first 50-m layer, while phosphates are
less than 0.1 uM P 1" in the same layer (Coste et al.,
1972; Fig. 22e—f). The model’s nitrate and phosphate
distributions in the April stratification conditions of

Fig. 11 reproduce very well these concentrations in
the euphotic layer.

In the same cruise, the observed chlorophyll bio-
mass occupies with a broad maximum the centre of the
transect along the first 30-m layer (Jacques et al., 1973;
Fig. 2c¢). The model is in agreement with this spatial
location of the biomass, considering the high value
position reached by the total phytoplankton concen-
trations of Fig. 11.

Also, zooplanktonic biomass in the first 20-m layer
can be compared with the reference values from 0.15 to
0.75 uM N 1! obtained by Andersen and Nival (1988)
starting from 1967 to 1971 copepods abundance meas-
ures, originally expressed in dry weight. After the
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Fig. 11. Transect in Northwestern Mediterranean Sea, 42.5N 4—8E from surface to 300 m in April. From upper to bottom plates: temperature,
shaded in °C, and salinity, contoured in ppt; nitrate, shaded in pM N 1!, and phosphate, contoured in pM P I ultraplankton, shaded in pM C
17!, and netplankton, contoured in uM C 7% total phytoplankton, shaded in uM C 17!, and zooplankton, contoured in uM C 1L

transformation into carbon using the N:C ratio for the
zooplankton, ryc, a range from 0.6 to 3.0 uM C 17" is
obtained. The model’s results are well inside this
interval; in fact, the zooplanktonic biomass of Fig. 11
range from 0.9 to 1.3 uM C 17"

5.3. Ecosystem response

At abasin scale, other works, 3D (Crise et al., 1999)
and box model (Crispi et al., 2001), explain the
presence of the toward west increasing nutrient gra-
dient. In the present paper, ECHYM shows how this
more detailed model is used to analyse the spatial dis-
tribution for the biomass subjected to seasonal forcing.

The westerly drift of both total phytoplankton and
zooplankton is evidenced in Fig. 12, where a transect
at 12—-20E encompassing the Sicily Strait and the
Ionian Sea is shown. Meridional average is taken to
mean the effects that give stronger levels in the
northern part and lower ones in the southern areas.

The nutrients shoaling is clear in the upper plate
with nitrates (shaded) and phosphate (contoured).
This can be noted from the deepening of the 0.06
uM P 17! phosphate isoline, which is at 40 m in the
western area and is found at 60 m in the eastern part
of the transect.

This situation produces two effects. In the lower
plate, with total phytoplankton (shaded) and zooplank-
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Fig. 12. Meridionally averaged transect across Sicily Strait and Ionian Sea, 12—20E from surface to 300 in October. In the upper plate nitrate,
shaded in pM N 17!, and phosphate, contoured in uM P 17!, are shown. In the bottom plate total phytoplankton, shaded in uM C 17!, and

zooplankton, contoured in pM C 17!, are shown.

ton (contoured), the biomass deepens from 20-30 to
50—60 m eastward bound. Moreover, the total phyto-
plankton maxima become consistently smaller, with
higher values in the western areas and lower values in
the eastern ones. Zooplankton shows a similar behav-
iour, with higher variabilities that, in part, obscure the
overall trend.

As a qualitative comparison, the averaged values
along 15—20E transect measured in 1991 during the
cruise POEM-BC-091, as reported by Rabitti et al.
(1994b; Fig. 4), is considered. In particular, the phyto-
plankton cell abundance gives a maximum around 50
m, with a population about twice that observed at
surface. This is in good agreement with the model
results where the total phytoplankton has its maximum
at 50—60 m with a value around 1.3 uM C 17!, while the
biomass decreases down to 0.5 uM C 1! at surface.

Moving from the subbasin scale to global scale
estimate in Table 2, the biomass divided into its
ultraplankton, netplankton and zooplankton compo-

nents is reported in the western basin. The integration
is made along all the water column giving the mini-
mum value, the maximum value and the average
reached during the evolution. This gives the quantifi-
cation of the representative values and of the excur-
sions during seasonal variability of the three biolo-
gical variables.

The averages show that netplankton is effectively
favoured throughout the year and attains about two
times the ultraplankton biomass. The zooplankton

Table 2
Vertically integrated biomasses in the western basin expressed in g
Cm?

Group Minimum Maximum Average
Ultraplankton 0.5 1.8 0.9
Netplankton 1.0 33 1.8
Zooplankton 0.5 1.9 1.0
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value is lower and reaches values of the same order as
the ultraplankton ones. The excursions are about three
times the minima for phytoplankters and about four
times for zooplankton; moreover, there is a slight
prevalence of lower values with respect to higher
ones during evolution.

The maxima of total phytoplankton are in corre-
spondence with the spring bloom and attain an aver-
age value of 5.1 g C m 2. This is in good agreement
with measures in the Northwestern Mediterranean
(Nival et al., 1975) that give integrated averaged
values from 4.6 to 5.6 g C m 2 along the upper 200
m during spring. The zooplankton measures, again
integrated in the first 200 m, gave excursion from 0.2
g C m 2 in March to 1.2 g C m 2 in April. These
values are of the same order of the zooplankton
minimum and maximum reported in Table 2.

The vertically integrated biomasses are reported in
Table 3 for the pelagic eastern basin, again divided
into the three biological groups. The situation here is
reversed with respect to Table 2; effectively higher
averages are obtained for ultraplankton, about three
times the netplankton ones. Their variability is lower
for ultraplankton, also with prevalent lower values.

The efficient decreasing of the total phytoplankton
from the western, 2.7 g C m_z, to the eastern basin,
2.3 g C m™2, is not so striking, as expected by CZCS
estimates (see Fig. 7). The eastern phytoplankton
biomass expressed in carbon units is estimated as
being about 85% the average value of the western
part. The figure reduce to 72% when maxima are
considered.

For what concerns the zooplankton in the western
basin, the average, 1.0 g C m~2, is around three times
the eastern basin one 0.3 g C m 2. This is in line with
the phytoplankton composition in the basins: in
ECHYM, zooplankton, being representative of large
individuals, therefore, grazes more efficiently net-
plankton, which is abundant in the west, than ultra-
plankton, dominant in the eastern basin.

Table 3
Vertically integrated biomasses in the eastern basin, Adriatic and
Aegean excluded, expressed in g C m™>

Group Minimum Maximum Average
Ultraplankton 1.3 2.7 1.7
Netplankton 0.3 1.0 0.6
Zooplankton 0.1 0.6 0.3

Table 4

Yearly primary and secondary productions, expressed in g C m2
yearfl, in the western basin and in the eastern basin, Adriatic and
Aegean excluded

Western basin Eastern basin

Ultraplankton production 32 38
Netplankton production 88 18
Total primary production 120 56
Secondary production 13 4

Thus, the zooplankton is nearly depleted in the
eastern basin and has a greater relative variability
around its central value. A threefold diminution of the
zooplankton average value and variability, relative to
the western abundance, is emerging from data in terms
of cell counts and wet weight (Kovalev et al., 1999).

Focussing on the primary and secondary produc-
tions, these annual means are reported in Table 4.

The total net primary production amount, in the
western basin, to 120 g C m~? year ', effectively
more than twice that in the eastern one, without
considering Adriatic and Aegean, estimated in 56 g
C m 2 year '. Spatial reverse of the two fractions is
made clear in this table with a dominance of netplank-
ton production in the western basin, while in the
eastern one, the ultraplankton is more productive.

The difference in the secondary production is even
more striking. Herbivorous production is 13 g C m >
year ' in the western basin, which amounts more than
three times the eastern one, estimated at 4 g C m >
year '. Generally, the herbivorous production is esti-
mated in about 10% of the net primary production in
both basins.

Data obtained during three cruises in the northwest-
ern Mediterranean and two cruises in the Cretan Sea are
reported by Turley et al. (2000). Interpreting these data
as rough annual averages (months are November—
April/May —July and March—September, respectively),
obtained primary productions are 183 g C m * year '
for the western and 55 g C m ™2 year ' for the eastern
Mediterranean. These values indicate that northwestern
Mediterranean, though intermediate between Alboran
and Tyrrhenian, produces more than the average of all
the western basin. On the other hand, oligotrophic
Cretan Sea appears very near to the average oligotro-
phic conditions spread throughout the eastern basin.

Other estimates obtained by means of a light-photo-
synthesis 1D model (Antoine et al., 1995) give as



516 G. Crispi et al. / Journal of Marine Systems 33—34 (2002) 497-521

yearly averaged primary productions: 157.7 g C m ™2
year ' for the western basin and 109.4 g C m > year '
for the eastern one including Adriatic and Aegean.

The summarizing comment to these higher values
is the increasing role of the nutrient limitation going
from west to east, inducing a diminution of about 25%
in the west and 40% in the east, with respect to the
‘optimal’ productivities produced by the light inten-
sity alone.

6. Conclusions

In this work, biochemistry of the Mediterranean Sea
is modelled, starting from the known phenomenology
of the physical forcings, of the chemical profiles and of
the biological peculiarities.

A quasi-stationary evolution is obtained without
using any constraints upon the biological compart-
ments.

In fact, the buoyancy content act as a precondition-
ing of the trophic characteristics of the upper layer in
winter time, influencing the level, but not the timing of
the onset of spring bloom. Thus, the nutrient reminer-
alizations considered in the model are able to enrich
intermediate layers for the next winter supply into the
euphotic zone. This is evaluated by means of the
biogenic downward fluxes, which are responsible of
the Mediterranean oligotrophy, and zonal trophic gra-
dients in the decadal and longer periods.

The surface biomass is compared with the CZCS,
after transforming the carbon content given by the
model into chlorophyll concentrations using a statisti-
cal approach. The results of the western part in terms of
averaged values behave very well in comparison with
CZCS data, also with a high correlation; in the eastern
part also, there is a good resemblance, with a significant
correlation between model and data.

The model’s results for the biomasses are obtained
after dividing the overall Mediterranean into western
and eastern basins. The reverse of the dominance
between the two phytoplanktonic groups is nearly
symmetrical with a higher presence of netplankton in
the western basin and dominance of ultraplankton in
the eastern one. The situation of zooplankton depletion
is striking in the east, while zooplankton level is
approximately threefold in the west, reaching at least
the levels of ultraplankton concentrations.

The productions follow strictly the trophic gradient
of the two basins. Secondary production attains 10%
of the total primary production.
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Appendix A

The sources and sinks at each grid point for phos-
phate, nitrate, ammonia and dissolved oxygen, respec-
tively, P, N, A, O, follow; all expressed in pM |
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grid, = Rnckis S + Rackip L + Ruckas S
+ Rnckar L + kieenDN + rncka, Z

Rpcrne \ €sS + epal
S+ol+k

~+ Rnc (1 —
& Rnerpc

0]
— kY ——A4—R 1 T
nt0+kAO Nehsf ( )gs( )
P A S
P+ kps A+ kas
P A
L
P+ kpr A+ kaL

X

— Rxeurf(1)gu(T)

gridy = Rocs f(1)gs(T) 5——

X

R I T
+ Rocpy, f(I)gL( )P+kPL

N a4
_N + kNL A+ kAL_
0]
O+ kao

— Rockiecc De + telo. (4)

L — RockS

— Rockii, L — Ruyitkniy A

The expressions for S and L, respectively, concen-
trations of ultraplankton and netplankton expressed in
uM C 1!, and for Z, zooplankton variable in the
same unit, can be found below:

. P
gridg = us f(1)gs(T) Pt o

e~ Vs

S —dsS

X | —
N + kns A+ kas

SZ

— kS — kNS ———M——
S eS OCL+S+]€H7
P

P+ kp

grid;, = p; f(1)gr(T)

¥4

X |——e L—d/L
N + knp A+ kar g
oalZ

— kL -k L - ———
rL el OCL—FS-FkH’

Rpc €sS + eral

— = S 7 d;Z -k, Z. 7
rpC S+OCL+kH z Xz ( )

grid, =g

The three equations for detritus, expressed in uM
17!, follow, in carbon units, D¢, in nitrogen units, Dy,
and in phosphorus units, Dp, respectively:

gI‘idDC =d;Z +dsS+di L+ (1 - ES)

F:AV4
_ers 1 —
STk )
goLZ *
—=— — kieec D 8
XS+OCL+kH decC /C, ()

gl‘idDN = rnedzZ + RnedsS + RnedrL + Rae

FAVA
1] —eo)—"7
X{( ) ST al + ki
goLZ *
1— —=—— % — kgeenD
+( 6L)S+O€L+kﬁ} decNLIN, (9)

gI‘idDP = rpcdzZ + RpcdsS + RpcdrL + Rpc

g57Z
| —ee)—22
X{( ) S ol 1 fa
galZ %
l —€)=—=——— — kieerDp. (10
+( 6L)S+OCL+]€H} decP /P ( )

All parameters with an asterisk represent multi-
plication of the parameter itself with the temper-
ature-dependent factor, #” ’°. The nutrient limi-
tations for the phytoplankton growths, flimg and
flim;, are expressed in terms of phosphate, nitrate
and ammonia:

P N A
flimg = e Vsl ], 11
ST P+ hpg |:N+kNS A+ kas (1)

P N A
flim; = Vi (12
LT P Y kL [N+kNL A +kAJ (12)

The light limitation, f(/), is given by:

]e—kzz re—hez
e (13)

f) =rf

I opt

Here, I is the incident radiation at the sea surface:
I =1(1—0.62cl+ 0.0019sb), (14)
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Fig. 13. Model’s light extinction coefficient, £., em™ !, vs. longitude.

where [, is the total radiation reaching sea surface in
absence of cloud coverage, cl, and sb is the solar noon
altitude in degrees. The normalized daylength, rf, is:

rf = arccos(—1(dc))t(¢p)/n (15)

function of the sun declination, dc.

The zonally variant, k., is given in Fig. 13, as
obtained from Secchi disk data measured by the
POEM Group (Rabitti et al., 1994a,b) for the Eastern
Mediterranean, and during the EROS 2000 project
(Martin and Barth, 1995) for the Western Mediterra-
nean.

The limitations due to the temperature, 7, are:

T« —T bs(Tsmax —Ts)

s = (p=2p) e )
T, —T br(Timax —T1)

gL(T) — (T;max— TL) ebL(TfTL). (17)

The only biochemical constraint of the ecosystem
is oxygen relaxation performed at the surface level
using by the reaeration process:

relp = kaer(Osat - O); (18)

where Oy, is the oxygen saturation function of the
temperature and the salinity, as in Gromiec (1983):

Ot = 457.01 — 11.47T + 0.147% — 3.028

+ 0.064TS 4 0.0086S>. (19)

Finally, the statistical model by Cloern et al. (1995)
is used to transform the carbon content of the net-
plankton into chlorophyll concentrations through the
following expression:

C. = (0.003

+0.0154¢% 0907 ¢ =003 /kezo(1-¢ ) iy )7
(20)
and analogously the ultraplankton carbon content is
transformed using:

Cs = (0.003

+0.0154¢0-0507 ¢ =005 kezo (1-¢™50) iy YR, S
(21)

where Cg and C; are the chlorophyll concentrations
(mg Chl m™?) in the ultraplankton and in the net-
plankton compartment, respectively; 7T is the temper-
ature (°C), I, is the irradiance at the surface (mol
quanta m~2 day™'); z, is the upper layer depth; and
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Rg; is the transformation quota of the chlorophyll to
carbon coefficient from netplankton to ultraplankton
in specific conditions. Thus, the chlorophyll is diag-
nostically calculated assuming the irradiance, the
temperature and the nutrients availability as parame-
terized in the model. Such a transformation is per-
formed on biomasses and nutrients averaged in the
20-m upper layer.
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