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Abstract

An analysis of existing biochemical datasets, collected using different measurements methods, confirms peculiarities of the Medit-
erranean Sea, such as its oligotrophy, easterly decreasing gradients, and influence of hydrodynamics on the biochemical patterns.
Thus assessment of this marine environment requires a model based on a three-dimensional characterization of the ecosystem
dynamics. The model, which covers all the Mediterranean basin, conceptually takes into accounts the cycles of nitrogen and phos-
phorus through the detritus and food chains. It includes as major compartments dissolved inorganic nutrients, two pools of phyto-
plankton producers, one of zooplankton, and detritus. Dynamic of dissolved oxygen is also simulated. Simulations are presented
and results from this conceptualization are reported. 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Chemical data used here for analysis of major features
in the Mediterranean Sea are historical and recent data.
The historical data are: NODC dataset (Levitus et al.,
1993; Conkright et al., 1994) from 1948 to 1973 for the
Eastern Mediterranean Sea and ABCD dataset
(Zavatarelli et al., 1998), periods 1911–14 and 1948–91
for the Adriatic Sea. The recent data come from cruises
in different areas: MEDIPROD I (Coste et al., 1972) and
DISCOVERY (Cruzado, 1995) in the Western Mediter-
ranean Sea, and POEM (Rabitti et al., 1994) in the East-
ern Mediterranean Sea.

This dataset exhibits the following peculiarities
regarding nutrients:

1. an extreme oligotrophy with respect to the world
ocean;

2. a huge spatial variability with maxima in coastal
areas due to rivers run-off and/or anthropic pressure;

3. significant seasonal excursion with variances of the
same order as the mean values.
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The first peculiarity is a direct consequence of concen-
tration characteristic of the Mediterranean. The inverse
estuarine circulation of the whole basin creates a nega-
tive budget for the nutrients at the Gibraltar Strait (Coste
et al., 1988), importing nutrient poor surface water from
the Atlantic Ocean and exporting into it relatively nutri-
ent rich intermediate water.

Permanent and recurrent gyres, mainly cyclonic in the
northern area of the basin and anticyclonic in the south-
ern one, determine the regional distributions that affect
the vertical advection of nutrients, which is the determin-
ing factor for new production (Dugdale and Wilker-
son, 1988).

Moreover, processes at a scale smaller than the above-
mentioned sub-basin scale, such as fronts, coastal upwel-
lings and transient gyres, can determine a few kilometers
coherence in the ecosystem function, as well as shorter
temporal variabilities in the biochemical processes
(Margalef, 1985).

Thus an analysis of the Mediterranean ecosystem
variability must take into account the detailed hydrodyn-
amics of the basin, which can be done by coupling the
biochemical processes with a 3-D model of the entire
basin.

Primary production in the Mediterranean ecosystem is
limited both by the nutrient availability, distributed by
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oceanographic processes present at different time and
space scale, and by irradiance and its penetration in the
water column.

To obtain the temporal and spatial evolution of the
lower trophic levels, the biological processes are concep-
tualized in a highly aggregated scheme. The rationale is
that any model is a simplification of the real processes
whose full complexity is beyond our capability to mimic.
Therefore the aim of this model is not only to follow the
evolution of the biogeochemical compartments chosen in
the aggregated description, but also to understand major
features of ecosystem function and to learn something
about processes and the large scale ecological responses
of the ecosystem to different scenarios of environmen-
tal conditions.

In order to cope with the huge variability of a basin
as large and differentiated as the Mediterranean one, two
different groups of primary producers are considered, the
first being representative of the small autotrophic micro-
flagellates, the picoplankton, and the second of the large
diatoms, the netplankton. Both groups, each one at its
own specific rate, are grazed by zooplankton, and their
growth depends on temperature, irradiance and nutrient
availability. The potentially limiting nutrients taken into
account in the model are inorganic nitrogen, both in oxi-
dized and reduced form, and reactive phosphorus. Sili-
cate is not taken into account because experimental data
suggest that this element is not generally a limiting fac-
tor.

As indicated in Fig. 1, depicting the major steps of the
cycles of macronutrients, the model can be aggregated
further, by the aggregation of functionally similar state
variables, up to a representation taking into account a
nutrient, N, a single planktonic pool P, and a detritus
compartment, D.

While this aggregated NPD variant has been directly
implemented in the 3-D structure of the model, the one

Fig. 1. Schematics of the links among the state variables. The variables of the NPD model are represented in the great boxes.

including all ten variables has been tested on a 1-D verti-
cal model, before coupling it with the basin scale model.

In the next section the primitive equation model is
described, which accounts for the hydrodynamical vari-
ables, velocities and temperature, to be coupled with the
ecological model. Afterwards the ten variables model is
discussed and a 1-D application is shown. In the last
session the coupling is discussed taking into account a
nitrate-based model, giving also some perspectives into
the applications of such a model.

2. Primitive equation model

The hydrodynamics are based on the following fully
3-D primitive equations in a spherical coordinate system
(l,w,z) using the following assumptions: the Boussinesq,
the hydrostatic and the rigid-lid approximations.
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∂t
1 (u→ · =)v→ 1 f

→
3 v→ 5 2

1
r0

=Hp (1)

2 AH=4
Hv

→
1 AV

∂2v→

∂z2

∂p
∂z

5 2 rg (2)

= · u→ 5 0 (3)

∂T
∂t

1 (u→ · =)T 5 2 KH=4
HT 1 KV

∂2T
∂z2 (4)

∂S
∂t

1 (u→ · =)S 5 2 KH=4
HS 1 KV

∂2S
∂z2 (5)



485G. Crispi et al. /Environmental Modelling & Software 13 (1998) 483–490

r 5 r(T,S.p) (6)

In the preceding equationsv→ 5 (vl,vw) andw 5 vz are
respectively the horizontal and vertical components of

the velocityu→; T andSare the temperature and salinity,
while p and r represent the pressure and density.

The Coriolis parameter is given byf
→

5 2Vsinwk
→

and
g is the gravity constant.AH and AV are the horizontal
and vertical constant eddy viscosity coefficients, while
KH andKV are the horizontal and vertical constant turbu-
lent diffusion coefficients.

The model is integrated throughout all the Mediter-
ranean basin, with a horizontal spatial discretization of
1/4 degree and with a vertical resolution of 31 levels.
On the same grid the equations describing nitrogen and
phosphorus uptake, and also grazing and remineraliz-
ation processes, are integrated.

For a generic biological tracer, BT, the equation is:

∂BT
∂t

2 (u→ · =)BT 5 2 KH=4
HBT 1 KV

∂2BT
∂z2 (7)

2 wBT

∂BT
∂z

1
∂BT
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where the term
∂BT
∂t |

source

represents all the biological

and chemical sources/sinks for the variable BT.
The details of the 3-D coupling and its parameteriz-

ation are discussed in detail in Crise et al. (1998).

3. The nitrogen, phosphorus and carbon cycles

The 10 variables model, depicting the nitrogen, phosp-
orus and carbon cycles, has been tested on a 1-D water
column, 100 m depth and discretized in 10 equal levels,
driven by the temperature as computed by the 3-D model
in the Ligurian Sea, and by the light intensity at the sur-
face in the same site. This 1-D model has no flux bound-
ary conditions at the surface and at the bottom. The
euphotic zone initial conditions correspond to a well
mixed layer for nutrients.

Growth limitation is described by Monod kinetic for
the uptake of nitrates, ammonia and phosphorus and by
the Steele (1962) formulation for light, whereas the
effect of temperature is simulated by the Lassiter and
Kearns (1974) function, in agreement with growth rate
increasing exponentially up to an optimal temperature,
and declining above it up to vanish at the temperature
of arrest.

Grazing activity is described by a type II functional
response (Holling, 1965), modified as in Fasham et al.

(1990) in order to include the possibility that the herbiv-
ores graze upon both groups of primary producers.

A similar uptake approach is used for simulating pri-
mary production with a 1-D model in an oceanic
environment, using in that case a rectangular hyperbolic
grazing for netplankton and a first-order loss term for
picoplankton (Bisset et al., 1994).

The detritus chain describes the remaining part of the
biogeochemical cycles of carbon and macronutrients,
that is the recycling, through mineralization, of the non-
living organic matter, particulate and dissolved, pro-
duced by exogenous input, mortality processes, excretion
and exudation, all set as linear processes. The introduc-
tion of the detritus compartment permits to follow the
fate and the remineralization of the particulate matter at
a basin and sub-basin scale below the euphotic zone,
which are well known condition for balancing the world
ocean new production (Eppley and Peterson, 1979).

In fact, a flow analysis approach (Michaels and Silver,
1988) suggests that even in oligotrophic environments
where picoplankton dominates the primary production,
netplankton is the main responsible of the sinking par-
ticulate matter. Anyway the production efficiencies to be
used in the Mediterranean Sea ultimately rely on cali-
bration of the overall model.

Fig. 1 shows dissolved organic matter and the
microbial loop might be easily included in our schemat-
ization, but they are not taken into account explicitly,
since they have a spatio–temporal scale much smaller
than the other processes included. Light and temperature
varies according to seasonal and night/day cycles, and
the model also takes into account self-shading effects.

The dynamics of dissolved oxygen are also repro-
duced, since this variable, besides being frequently
sampled, is an aggregated index of the quality of a
water body.

The sources/sinks follow for N, A, P and O, which
are respectively the concentrations of nitrate, ammonia,
phosphorus and dissolved oxygen expressed inmmol l−1.
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SandL are respectively the concentrations of picoplank-
ton and netplankton expressed inmmolC l−1. Z is the
concentration of the zooplankton variable in the same
units.
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The three equations for detritus follow, respectively
for carbon,DC, for nitrate,DN, and for phosphate,DP.

The nitrogen to carbon and phosphate to carbon ratios
are held constant for all picoplankton, netplankton and
zooplankton sinks.
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The growth limitations for picoplankton and netplank-
ton are:
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where f(I) is the limitation due to the incident lightI:

f (I) 5
I
I0

eH1 2
I
I0J (20)

and gS, gL are the limitations due to the temperatureT:

gS(T) 5 S TSmax 2 T
TSmax 2 TS

DbS(TS max2 TS)

ebS(T 2 TS) (21)

gL(T) 5 S TL max 2 T
TL max 2 TL

DbL(TL max2 TL)

ebL(T 2 TL) (22)

Parameters are reported in Table 1.
Starred parameters in the equations correspond to

those in Table 1 multiplied byq(T 2 T0).
The nominal trajectory of the model, Fig. 2, correctly

reproduces the formation of the well known ‘deep
chlorophyll maximum’. In fact, the dynamic of the pri-
mary production is first triggered by light and tempera-
ture and therefore the model shows a bloom of diatoms
in the early spring, followed by the bloom of micro-
flagellates, which reach their maximum of productivity
at higher level of light intensity and temperature. Such
blooms cause a rapid depletion of nutrients, which is
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Table 1
List of parameters

Parameter Definition Unit

mS Maximum growth rate of picoplankton s−1

kPS Phosphorus half-saturation of mg atP m−3

picoplankton
kNS Nitrogen half-saturation of picoplankton mg atN m−3

kAS Ammonia half-saturation of mg atN m−3

picoplankton
cS Ammonia inhibition coefficient for mg atN−1 m3

picoplankton
mL Maximum growth rate of netplankton s−1

kPL Phosphorus half-saturation of mg atP m−3

netplankton
kNL Nitrogen half-saturation of netplankton mg atN m−3

kAL Ammonia half-saturation of netplankton mg atN m−3

cL Ammonia inhibition coefficient for mg atN−1 m3

netplankton
knit Nitrification rate s−1

kAO Nitrification half-saturation for oxygen mg atO m−3

RNC Nitrogen to carbon ratio mg atN/mg atC
RPC Phosphorus to carbon ratio mg atP/mg atC
ROC Oxygen to carbon ratio mg atO/mg atC
Rnit Nitrification oxygen mg atO/mg atN
kdecC Carbon remineralization rate s−1

kdecN Nitrogen remineralization rate s−1

kdecP Phosphorus remineralization rate s−1

krS Picoplankton respiration rate s−1

krL Netplankton respiration rate s−1

kexz Excretion rate s−1

eS Picoplankton efficiency
eL Netplankton efficiency
g Zooplankton grazing rate s−1

a Preference coefficient
k Grazing half-saturation mg atC−1 m3

dS Picoplankton mortality s−1

dL Netplankton mortality s−1

dZ Zooplankton mortality s−1

knit Nitrification rate s−1

q Temperature coefficient °C−1

T0 Reference temperature °C
TS max Max. picoplankton temp. °C
TS Ref. picoplankton temp. °C
bS Temp. coef. for picoplankton °C
TL max Max. netplankton temp. °C
TL Ref. netplankton temp. °C
bL Temp coef. for netplankton °C
I0 Half-saturation irradiance level lux

more pronounced near the surface, where light intensity
is higher.

Grazing activity starts affecting the phytoplanktonic
stocks toward the end of the spring. A local sensitivity
analysis, based on the linearization of the trajectory of
the model, has been performed on the 1-D model, indi-
cating that many parameters, if slightly changed, have
a similar influence on model output of chlorophyll and
nutrients. This points out once more the uselessness of
a too detailed biological description as long as experi-
mental data are restricted to information currently avail-
able.

Fig. 2. 1-D time evolution (abscisses—one year of simulation) vs
depth (ordinates—100 m) of picoplankton (shaded) and netplankton
(contoured) concentrations, higher plate; zooplankton, middle plate;
phosphate (shaded), ammonia (contour), lower plate.

4. The nitrate-based model

The nitrogen model gives the space and time evolution
of inorganic nitrogen, NO3−, phytoplankton, PHY, zoo-
plankton, ZOO, detritus, DET, all in nitrogen units.

The schematization of the sources for each tracer is
the following
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2 G
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kNP 1 NO−

3
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NO−

3 · PHY
kNP 1 NO−

3

2 d ·PHY (24)
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Fig. 3. Annual mean surface chlorophyll concentrations obtained from the 3-D NPD model in Mediterranean (mgChl m−3). Areas deeper than
200 m are shown.

Fig. 4. Annual mean surface chlorophyll concentrations obtained after the Goddard Space Flight Center processing of the CZCS data for the years
1978–86 (mgChl m−3).
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2 g
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whered is the respiration and mortality rate for phyto
and r is the nutrient regeneration rate.

The limiting factor G for the algal growth depends
on the temperatureT, on the irradianceLf and on the
Michaelis–Menten uptake formulation. The zooplankton
efficiency,h, is put to a value of 0.75, while its degra-
dation in detritus,a, is 1/3. The zooplankton growth,g,
and mortality, d, are chosen respectively 1.1573
10−5 s−1 and 1.7363 10−6 s−1; the grazing half-satu-
ration, kPZ, is 1.0 mg atN m−3.

The results for the NPD aggregated description are
discussed in Crispi et al. (1998) and we report only those
considerations important for the discussion. The intro-
duction of the zooplanktonic state variable gives similar
results as integrated in the overall 3-D model. In fact the
difference between the two submodels, i.e. with or with-
out herbivores, is methodological: while NPD is devoted
to general assessment of the trophodynamics in the over-
all ecosystem, NPZD is designed to estimate the bulk of
biomass present in different compartments and the fluxes
among them.

All the parameters are chosen in literature ranges for
oligotrophic environments, after considering the sensi-
tivity of the entire model to different values of each para-
meter.

This was possible because of the simplicity of the eco-
logical model and enabled us to calibrate, considering
selected results from different projects, the 3-D model
to the values of detritus remineralization and sinking.

In Fig. 3 the annual mean chlorophyll concentrations,
as calculated with the 3-D NPD model in Mediterranean
areas deeper than 200 m, are shown. The phytoplankton
biomass, averaged on the upper 20 m, is expressed in
carbon units using the Redfield et al. (1963) carbon to
nitrogen ratio. This field is transformed into chlorophyll
concentrations using the Cloern et al. (1995) relation.

The values range from maxima values, about
1.0 mgChl m−3, in the Western Mediterranean to few
hundredths in the southern Ionian Sea and in the Lev-
antine basin. Higher concentrations are visible connected
with the effects of coastal upwelling along the southern
and eastern Sicily coast.

In Fig. 4 the annual averages of the same quantity,
this time obtained starting from the sensors of the Coas-
tal Zone Color Scanner as analyzed by Goddard Space
Flight Center, are shown.

The values are of the same order as those presented
before but they are higher in the Ligurian–Provenc¸al Sea
and in some coastal areas. This similar pattern attests the
relevance of the general circulation for the open ocean
surface ecosystem response.

Besides its explanatory capabilities this model is able
to estimate the active or passive pollutants distributions
with pointwise or distributed sources for analysis of
scenarios. The model is set up for integration of NPZD
and of the corresponding equations tracing an active
tracer, for example marked nitrogen.
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