JOURNAL OF

MARINE
SYSTEMS

L P&

ELSEVIER

Journal of Marine Systems 18 (1998) 287—-312

A seasonal three-dimensional study of the nitrogen cycle in the
Mediterranean Sea Part |. Model implementation and numerical
results

A. Crise *, G. Crispi, E. Mauri
Osservatorio Geofisico Sperimentale, P.O. Box 2011, 34016 Trieste, Italy
Received 1 February 1996; accepted 4 November 1997

Abstract

The influence of the generd circulation on the lower trophic level variability in the Mediterranean is investigated by
means of a three-dimensional coupled hydrodynamical ecological model. While the hydrodynamical forcing is obtained by a
primitive equation seasonal model, the trophic dynamics are described using an aggregated model based on inorganic
nitrogen, phytoplankton and detritus. The model results exhibit a quasi-repesating seasona cycle and the calculated fluxes
through the principal straits are of the same order as those estimated from literature data. The climatological influence of the
genera circulation on the nutrient distribution is evident in permanent cyclonic areas, while the anticyclonic circulation does
not give a detectable signal, due to the high oligotrophy of the upper layer. The seasona cycle shows marked spatial
differences according to the different regimes induced by the surface circulation, leading to the tentative conclusion that, in
the upper layer, the circulation directly or indirectly determines the distribution of the dissolved inorganic nitrogen
concentration. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is widely accepted that the distribution of bio-
logical production in ocean basins is correlated with
the presence of general circulation and mesoscale
features [for an overview, see the work of Mann and
Lazier (1991)]. Less effort has been paid to mod-
elling lower trophic level dynamics on a basin scale,
and explicitly taking into account the influence of
the hydrodynamical forcings on ecosystem function

* Corresponding author.

(Sarmiento et al., 1993; Najjar et al., 1992; Fasham
et a., 1993).

The Mediterranean appears to be a natural candi-
date for such studies being a semi-enclosed basin in
which al the relevant processes that govern ocean
circulation are present, but on a smaller scale, and
where trophic conditions vary from mesotrophic to
extremely oligotrophic. Nevertheless, the lack of
comprehensive datasets, the paucity of long biogeo-
chemical time series and the low level of knowledge
on the forcings has prevented an attack on this
problem up to now.

In recent years, a substantial improvement in
knowledge has been obtained through international
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cooperative programs that have helped to make large
quantities of new data and models calibrated for the
Mediterranean and its subbasins available.

Taking advantage of this renewed interest, the
aim of this study is a modelling of the genera
circulation influence on the seasonal nitrogen cycle
throughout the Mediterranean Sea, resolving sub-
basin scales features and their time evolution.

As a first guess, the complexity of the problem
cannot be approached, as in regional marine ecosys-
tem modelling, as done for the North Sea (Baretta et
al., 1995). Such modelling effort is based on a large,
comprehensive dataset that can be used to caibrate
and validate the biomass-oriented scheme described
by more than 50 state variables connected by over
hundred parameters. This model takes advantage of
the relatively simple dynamics of the North Sea,
described by means of a box model. The conditions
in Mediterranean are completely reversed: the known
oligotrophy and the prominent seasonal cycle in the
forcings, typical of the mid-latitudes, concur in creat-
ing a dynamical environment where physical pro-
cesses play a crucia role in conditioning the ecosys-
tem function. Moreover, the scarcity of available
dataset prevents any reasonable attempt to calibrate
detailed, deterministic models describing the whole
food chain from autotrophs to fishes. We use there-
fore a more aggregated description, where determina
tion of the scales at which the ecosystem response is
sensitive to the physical forcings will help in defin-
ing which processes have to be explicitly included
and which have to be parametrized or |eft out.

In Section 2, the aggregated coupled model is
discussed on the basis of a scale analysis. A descrip-
tion of the model, of the chosen parametrization and
initial conditions are then examined. Some theoreti-
cal considerations about a simplified formulation
of the equation-set lead to the conclusion that the
NPD model is able to determine phytoplankton per-
sistence on the basis of irradiance and nutrient avail-
ability.

The model results are described in Section 3,
showing the quasi-repeating seasonal cycle and the
fluxes through the principal straits. The climatologi-
cal influence of the general circulation is aso evi-
denced, as well as the effects of the seasonal cycle.

Finally, in Section 4 the overall conclusions are
drawn and an overview of future work is given.

Although Mediterranean datasets do not alow a
calibration of a basin-wide trophic model, an attempt
to link models with observations is made in order to
support the confidence in the numerical results. The
companion paper by Crispi et a. (1999) (henceforth
CCM-2) is focused on model verification. In situ and
remotely sensed data are used to confirm both spatial
variability and seasonal phytoplankton response to
the nutrient inport/export induced by the general
circulation.

2. Description of the model

An ocean general circulation model (OGCM) is
the most appropriate for describing the annua vari-
ability and interannual modulation of the mean flow
field for basin-wide simulations. For the Mediter-
ranean the typical time scale (for the surface layer)
is.

L O[10¢]m
© |y O[10 !]ms"

med

7 =0[107s]

= O[month] (1)

where t,, is the time scale typica of the whole
basin, L,y isthe typical length and |v| is the typica
module of the horizontal velocity. For subbasin fea-
tures the typical time scale can be assumed to be:

L O[10°]m 6
tap = W = O[10~!]ms? = 0O[10°%s]
= O[week] (2)

On the other hand, the scales involved in a de-
scription of a mixed layer model of the nitrogen
cycle (Fasham et al., 1990) are shown in Fig. 1 in
the abscissa, a logarithmic scale is used for explicit
reference on the time scale of each process. We see
that the degradation transitions from biota into detri-
tal forms have characteristic times of the same order
as those calculated for the subbasin features in Eq.
(2). For the other processes, the influence of the
genera circulation is not relevant when time and
space scales differ by many orders of magnitude, and
it is known that small-scale ecosystem dynamics are
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Fig. 1. Time referenced flow diagram of the nitrogen cycle [from the work of Fasham et al. (1990), redrawn].

dominated firstly by turbulent and then by viscous
processes.

At mid-latitudes, the seasonal cycle of the nutri-
ents is connected with the nutrients transported into
the photic zone or included within the productive
layer by the seasonal deepening of the compensation
depth (for definition, see Section 2.3), where it is
transformed into new production. For elementary
stationarity considerations, at equilibrium, the net
balance of detritus flux must compensate the integral
of new production,on an annual average (Eppley and
Peterson, 1979).

For these reasons, an aggregated ecological model
able to reproduce the nutrient dynamics seems to be
sufficient as a first guess at a description of the
trophic response to the physical forcings,and further
analytical details, presented in Section 3, will sup-
port this statement.The ecological model needs to be

tightly coupled with the OGCM in order to benefit
from the full resolution of the physical forcings.

2.1. The ecological equations

The aggregated trophodynamic nitrogen model
describes the nitrogen cycle by giving the space and
time evolution of three large compartments, N, P and
D, that schematically represent the above medium-
to-long term processes. N represents the dissolved
inorganic nitrogen, P is the phytoplankton biomass
nitrogen equivalent and D those organic forms that
span from DON to macro aggregates. In this stage,
zooplankton is implicitly considered: in an olig-
otrophic environment microzooplankton can be in-
corporated in the phytoplankton compartment be-
cause the forcings time scaes (‘perpetua year
monthly means) and the model response cannot re-
solve high frequency processes connected by the
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regenerated production (Anderson et al., 1993).
Mesozooplankton is difficult to be explicitly consid-
ered in a coupled model because the overwintering
and feeding strategies cannot be represented as a
simple biological tracer (Broekhuizen et al., 1995).
On the other hand, zooplankton parametrization un-
certainties and errors affect not only the upper trophic
level, but the whole system steady state (Fransz et
a., 1991). The possible overestimation of phyto-
plankton concentration affects the model prognosis,
but it dightly alters the statistics (scatter plots, re-
gressions) and the differential entities (fluxes), which
constitute the basis of our results analysis.

The choice of nitrogen as limiting factor can be
seen as redigtic in the Western Mediterranean, while
in the Levantine basin there is some experimental
evidence that phosphorous acts as primary produc-
tion limitator (Berland et al., 1988), and thus in that
basin we could have an overestimation of the pri-
mary production. The trophodynamic model is basi-
cally composed of three diffusion—advection reac-
tion equations that will be discussed in detail in the
following sections.

2.1.1. Phytoplankton equation
All the autotrophic forms are included in one
compartment which blends the trophic characteristics
of ultraplankton and microplankton:
P 5 92
a_t = —(UV)P— KHAhP+ KV8_22
+F(T,I,N)P—dP, (3)

where U is the prognostic velocity and 4,, is the
horizontal Laplace operator. F(T,I,N) denotes the
phytoplankton growth rate dependent on tempera-
ture, nitrogen concentration and irradiance, and d the
phytoplankton mortality and respiration rate. The
Michaelis—Menten nutrient limitation for algal
growth is formulated as follows:

F(T,I,N) =g(T)L(I)

Cy+N (4)

where C, isthe half-saturation constant for nitrogen.
The temperature dependency term g(T) is computed
using the Arrhenius formulation (Eppley, 1972):

g(T) =GmaxekTT (5)

The light limitation formula L(1) is:

|
L(i) = rfLel’ T (6)
Iopt
where the optimum light |, is chosento be 1,/2, in
agreement with Steele (1962).

We used two formulations in the implementation
of the irradiance formula: for the normalized
daylength rf the first one assumes a zona indepen-
dency, being function on time only:

27 (day + 10)
360

rf(day) =f, +f, cos( (7)
where day is the julian day of a ‘reduced’ 360 days
year. The depth dependent irradiance | is calculated
exploiting the Lambert—Beer law:

| =1 e %2

where |, is the scalar irradiance at surface. This
formulation used in a daily integrated cycle basically
eliminates the need for estimation of the photosyn-
thetic active ratio (PAR): the 1 /1, ratio is indepen-
dent of the fraction of total irradiance present in the
photosynthetic active band.

A second, improved, light model based on a
non-spectral formulation of the irradiance was devel-
oped consistently with the physical model, including
a spatial dependence on the extinction coefficient,
phytoplankton selfshading and cloud effects. In par-
ticular, light extinction in the water column was
assumed to be dependent on the zonally variant
extinction coefficient and on the phytoplankton con-
centration (selfshading):

=15 2 ko 2" (8)

where k, is the light extinction coefficient and K,
is the selfshading factor. Another factor relevant to
the spatial and temporal modulation of the light
forcing is the surface irradiance dependence on nor-
malized cloud coverage cl derived by COADS dataset
(Castellari et al., 1990), following the empirical for-
mulation of Reed (1977):

1= 15(1 — 0.62¢l + 0.0019 sunbeta) (9)

where sunbeta is function of the sun zenith angle. In
this case, the normalized day-length rf to be intro-
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duced in Eqg. (6), is calculated using the Brock
(1981) method:

rf = daylength /7= arccos( —tg(declination)
xXtg(¢)) /@ (10)

where ¢ is the latitude in radiant. The sun declina-
tion is calculated as follows:

declination = —0.406 cos (27 (day + 10) /360)
(11)

relying on the simplifying hypothesis of a circular
Earth orbit around the Sun (Forsythe et al., 1995).

2.1.2. Detritus equation
The detritus equation parametrizes different func-
tional groups that include the non-living part of PON
and DON. The detrital pool receives contributes
through the phytoplankton loss rate d, derived from
cell respiration and lysis, and through remineraliza
tion r, regenerates dissolved inorganic nitrogen:
D u-Vv)bD aDKA2D K82
at (U-V)D =wp 7 =Ky 4y V922
—rD+dP (12)

The vertical sinking is simulated by a vertica
velocity constant along the water column. A careful
estimation of the detritus vertical flux is extremely
important for an overall productive zone budget de-
termination. In terms of vertical transport, the falling
particles can be operationally grouped into three
categories: fecal pellets, aggregates, and dissolved
organic matter (at least the labile part should be
taken into account). The last fraction makes a small
contribution to the gravity-driven D flux because of
its neutral buoyancy. They have different remineral-
ization rates, depending on external conditions (tem-
perature, pressure), and the ultimate fate of the nitro-
gen content is influenced by recycling in the produc-
tive zone under different states before sinking. Nev-
ertheless, using Mediterranean literature data for all
these D-forms, a regeneration time scale O(10 days)
has been obtained and an averaged sinking velocity
of O(5 mday ') estimated (Mauri and Crise, 1995).
These values, assigned respectively to r and wyp,
were used in run b.10 and following ones (see Table
2).

2.1.3. Dissolved inorganic nitrogen equation
In this compartment are included all the inorganic
forms of nitrogen creating a nutrient pool which is
made available to the phytoplankton uptake:
N , d°N
a—t = —(UV)N— KHAhN-i- KVG_ZZ
—-F(T,N,I)P+rD (13)

For the sake of simplicity, in this equation the
external sources and sinks are not mentioned (discus-
sion of the Gibraltar budget parametrization will be
carried out in Section 2.2). The riverine input is
disregarded for the moment in the model; this can be
justified basically by the fact that the Nile is dammed
and the effects of runoff are quite loca (Azov,
1986); the Po and Adriatic river discharges do not
seem to affect exchange with the Mediterranean,
possibly because of the trapping effect on nutrient
distribution (Poulain et a., 1996) due to the shelf
benthic processes; and the Rhone only seems to
make relevant contributions of nitrates (0.082 x 10°
tm~2) and Kjerdal nitrogen (0.050 X 10° tm™?2),
according to Tusseau and Mouchel (1995), but these
values are quite small in comparison with the values
at Gibraltar and Sicily Straits reported in Table 3.

2.1.4. Boundary conditions and convection
parametrization

The no-flux conditions for this set of equations
are obtained with the vanishing of the normal gradi-
ents of al biological state variables at the bound-
aries

db
i

Here, b is a generic biologica tracer and n is the
coordinate normal to the wall. The biharmonic

parametrization of the turbulent eddy diffusivity
needs an additional boundary condition:

o4
an

In the case of water column instability, the con-
vective adjustment is obtained by an instantaneous
vertical mixing applied to all the tracers, repeating
the mixing up to five times if necessary. The convec-




292 A Criseet al. / Journal of Marine Systems 18 (1998) 287-312

tion contemporarily acts on both biochemical and
physical tracers.

2.2. Initial conditions and ecological parameters

Within the NPD framework, an attempt was made
to develop a better and more general parametrization
of vertical biology-controlled nitrogen transport pro-
cesses. A correct estimate of nitrogen fluxes needs a
realistic initialization of the DIN: since nitrates are
by far the largest fraction of the DIN (at least in the
ocean interiors) it is initidized with nitrate vertical
profiles typical for each subbasin, as shown in Fig.
2. This stepwise initializing function was smoothed
using an order three moving average filter.

The profile of the phytoplanktonic biomass used
for initiaization of the model is worked out from the
chlorophyll a measured in the lonian Sea during the
POEM-BC-091 cruise in October 1991. The chloro-
phyll values, mg Chlam™2 are converted to biomass
mg C m~2 by means of the relation C:Chla= 24
given by Gould and Wiesenburg (1990) for the

Depth (km)

Western Mediterranean Sea, taking the average of
this ratio from the 80 m profile in November. The
biomass values are obtained using the Redfield et al.
(1963) ratio.

The detritus initial profile is chosen as null every-
where. After the spin-up it reaches its quasistationary
equilibrium inside the basin.

The overall parameters used for the NPD model
are reported in Table 1. The light attenuation coeffi-
cient relies on POEM-BC-091 Secchi disk data
(Kovacevic et al., 1994) after an averaged postpro-
cessing of the lonian data.

To simulate the nitrogen inflow /outflow through
the Gibraltar Strait a representation of the nutrient
exchanges is implemented using an Atlantic box
extending from 5.5 W to 9.5 W. In this buffer zone,
a Newtonian relaxation to values typical of the upper
Atlantic layer for all three state variables (inorganic
nitrogen, phytoplankton and detritus) is imposed.

For relaxation of nitrate in the Atlantic box of the
model we used the data from the ATLANTIS II
cruise (Osborne et a., 1992). For phytoplankton the
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Fig. 2. Measured NO; profiles used to generate basin-dependent initial conditions for DIN concentrations. (Data from McGill, 1970; Coste

et a., 1972, 1988; POEM Group, 1987; Rabitti et al., 1994.)
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Table 1

Parameters used for the standard NPD ecomodel

Parameter Definition Unit Vaue Reference

Cn Nitrate half-saturation mgatN m~3 0.25 Maclsaac and Dugdale (1969)
d Phytoplankton mortality st 555 % 107 Slagstad (1982)
Grax Maximum growth rate st 6.83x10°° Eppley (1972)

T Regeneration rate st 1.19%x 1075 calibration

Wp Detritus sinking velocity cms™! —0.0012 calibration

ke Temperature coefficient °c~1 6.33x 1072 Eppley (1972)

k, Light attenuation cm™?! 0.0005 POEM-BC-091
Kphyto Self-shading coefficient m? mgatN ~* 0. calibration

lopt/ 1o Optimum light ratio 0.5 Steele (1962)

f, Photoperiod add. coef. 05 UNESCO (1983)
f, Photoperiod mul. coef. 0.125 UNESCO (1983)
Ky Horizontal diffusion cm* st 0.2 x 10%° calibration

Ky Vertical diffusion cm? st 15 calibration

same profile used for initialization inside the basin is
used for relaxation in the buffer zone. Detritus relax-
ation to zero is assumed for the whole Atlantic zone,
with a time constant of 5 days, as for the other
variables. The profiles used for restoring the inor-
ganic nitrogen and the phytoplankton in the Atlantic
buffer zone are shown in Fig. 3.

The phytoplankton first level values are also re-
laxed to the initial profile value P° at surface with a
time constant R of 5 days:

P=P—-R(P—-P? (14)
where P is the prognostically evaluated phytoplank-
ton in the generic grid point of the first level and P’
is the relaxed value. To ensure the tracer conserva-

tiveness a balancing term in the detritus compart-
ment is introduced:

D=D+P —P (15)

where D' is the modified detritus concentration.
Using staggered finite differences it is possible to
have negative concentrations where strong lateral or
vertical gradients are present (Sarmiento et al., 1993).
This wiggling effect is overcome here with the fol-
lowing borrowing technique:

Xi = 0; Xinod(i+ 1.3 = Xmodii + 1.3 + X if X; <0,
(16)

where X, i =123 are respectively DIN, phyto-
plankton and detritus in that order. The FORTRAN-

like symbols X .q4i+13 Used for the index mean
that when negative values occur for a variable the
compensation is obtained cyclically by borrowing
the needed amount of nitrogen equivalent from the
successive state variable. This technique has the
property that if a total negative balance is obtained
the phytoplankton and detritus compartments are set
to zero and the negative value is assigned to the DIN
of the overall nitrogen concentration. The absence of
a source term in the DIN Eg. (6) dependent on DIN
itself does not propagate the instability in time and
space, thus leaving to the diffusion term of the
equation the task of reestablishing realistic values for
al three state variables.

2.3. Analytical results

An analytical discussion of the equation set de-
scribing the nitrogen cycle dynamics can give impor-
tant insights into some of the system dynamic char-
acteristics, even though a more rigorous treatment
will be |eft to a forthcoming paper. Under the simpli-
fying hypothesis of lateral and vertical homogeneity,
and in absence of relaxation the Egs. (13), (3) and
(12) can be rewritten as a NPD equation set:

dN
— = ~GnN/(Cy+N)P+D (18)
dP
— =GnN/(Cy+N)P—dP (19)
dD
E=dP—rD (20)
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Fig. 3. (@) NO; profile used as restoring condition for DIN in the Atlantic box. (b) Average initial and restoring profile used in the whole
model domain to initialize, and in the Atlantic box to restore, the phytoplankton concentration.



A Criseet al. / Journal of Marine Systems 18 (1998) 287-312 295

where Gy, is the average of the contribution of
temperature and light terms to the growth rate along
the year:

1
Gr=——

= year yearg(T) L(T)dt.

Summing the N, P, and D equations, we obtain:

dX-N
a9 =0, (22)
where:
IN=N+P+D (22)

giving the conservativeness of the total nitrogen.
This result can be extended to the full 3D coupled
model when Gibraltar and other possible
sources/sinks are disactivated (Crise et al., 1992).
Exploiting the conservation closure (Eqg. (22)) the
NPD system can be reduced to a two-dimensional
autonomous (i.e., non-explicitly time-dependent) sys-
tem of ODE. This system admits no more than two
equilibria, depending on the parameter choice. A
trivial equilibrium solution is possible when all the
nitrogen is present in inorganic form only:

Ne1=ZN; Py =Dg =0

The other equilibrium solution is:

N aCy 23

e2 GT| _ d ( )
r

P2 = d+r(ZN_Ne2) (24)

D d YN—N 25

02 = m( —Ng,) (25)

Under the condition:
N,P,.D>0

for the second equilibrium, the following inequality
always holds:

N> N,,

Thus, we can rewrite Eg. (23) as an inequality
condition on the phytoplankton persistence at equi-
librium:

Gd(1+Cy/EN) (26)

An analysis of this condition leads to identifica-
tion of two possible scenarios. the eutrophic and the
oligotrophic regimes. In the eutrophic limit (¥ N >
Cy), we obtain the result that the phytoplankton
survival is guaranteed within the annua averaged
compensation depth, i.e., the depth where the phyto-
plankton growth (basically light-limited and tempera-
ture dependent) compensates the losses (mortality
and respiration) on an annual basis. The compensa-
tion depth can be evaluated by simply finding the
depth zc where (in the absence of nutrient limita-
tion) the following integral relation holds:

foch Gy Pdtdz= [ [ dPdtdzGy,

year 0 “year

Because of the supposed homogeneity we have:
| (Gn—d)pPdt=0.
year

P is by definition positive, and thus:
Gy —d=0.

This result is exactly the lower boundary for
inequality (Eg. (26)) in the eutrophic limit: the
ecosystem is thus strongly light-limited. In the olig-
otrophic limit (Cy > X N) the growth rate must be
larger than the nutrient dependent term in Eq. (26);
the C—total nitrogen availability ratio is larger than
one and the conditions for phytoplankton survival
are much more severe in comparison with the eu-
trophic regime. This equilibrium also takes into ac-
count the fact that in oligotrophic waters small-sized
small-C, cells can survive better than larger and
slower growing ones: the restrictions on phytoplank-
ton persistence in the oligotrophic limit are relaxed
by the presence at the denominator of low values of
the half saturation constant Cy,. This numerical result
is supported also by observations: the Levantine
basin, which is considered to be highly oligotrophic,
exhibits a larger picoplankton presence, constituting
between 70% and 82% of the total chlorophyll all
over the year (Berman et al., 1986; Berland et al.,
1988). Armstrong (1994) numerically demonstrated
that smaller algal classes dominate in oligotrophic
conditions, larger size phytoplankton being added
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when the oligotrophy is released. The integration of
the NPD equation gives the opportunity to numeri-
caly investigate the behaviour of the time response
of the NPD system (Fig. 4). In these simulations the
phytoplankton and DIN concentration evolution is
shown at six different levels (5 m, 15 m, 30 m, 50 m,
70 m, 90 m). Theinitia conditions are the same used
in the lonian Sea initialization of the overall model.
Four different irradiance models are considered. The
main difference between the UNESCO (1983) and
Eq. (9) parameterization of irradiance is essentially
the different excursion of the phytoplankton cycle,
and this also causes the phytoplankton extinction at
90 m. The introduction of clouds increases the excur-
sion, even with respect to the first case; moreover at
90 m, phytoplankton disappears after the first year.
The introduction of selfshading, K, =0.3x107°
m? mgatN~!, does not change the patterns and
values of the cycle in a significant way. Thus this
parameter is not used in the coupled simulations
shown in this work, even though further investiga
tions seem to be necessary to assess the importance
of selfshading effects in this oligotrophic environ-
ment.

3. Simulation results

3.1. Model runs, spinup and quasi repeating cycle

The simulation experiments were planned so as to
obtain a quasi-repeating cycle. The MOM-based
primitive equation model set up by Pinardi et a.
(1993) is run first to obtain the spinup of the hydro-
dynamics. The version used in this paper, hereafter
called PE4L31, has a spatial discretization of 1/4
degree horizontally and 31 levels verticaly. The
level depths for tracers are located respectively at 5,
15, 30, 50, 90, 120, 160, 200, 240, 280, 320, 360,
400, 440, 480, 520, 580, 660, 775, 925, 1150, 1450,
2050, 2350, 2650, 2950, 3250, 3550, 3850 m.

The subgrid turbulence parametrization is known
to be crucia in determining the high frequency tall
of the power spectrum as well as the high wavenum-
ber spectra for active and passive tracers. The con-
stant coefficient parametrization adopted in this work

was subjected to a sensitivity analysis in the first
runs (run b.1, b.2, b.3, not shown), considering also
the parametrizations used for similar numerical ex-
periments (Wu and Haines, 1996). The figures ob-
tained represent a good compromise between sub-
basin scales permanence and model stability: we
have 0.4 X 10%° cm* s™*, as biharmonic horizontal
eddy viscosity, and 1.5 cm? s ! for the vertical
viscosity, while 0.2 X 10*° cm* s and 0.3 cm? s !
are respectively the biharmonic horizontal and verti-
cal eddy diffusivity coefficients for physical tracers
while the omologous for the biological parameters
are reported in Table 1.

The spinup of PE4AL31 is 5 years with a timestep
of 2400 s, chosen as a compromise between asymp-
totic convergence of the kinetic energy and progres-
sive vertical structure erosion induced by the diffu-
sive processes. After the spinup time the whole
coupled model is run for at least 3 years. This time
seems enough to reproduce a seasonal cycle in the
upper layer. A summary of the most important nu-
merical experimentsis presented in Table 2. The first
observation to make is that the sensitivity analysis is
focused basically on the ecological part. An excep-
tion is run b1l which uses higher horizontal eddy
viscosity and diffusivity.

In Fig. 5, the relative effects of model sensitivity
to the incremental parameter variation are presented
in a scatter plot form: in the case of linear correspon-
dence between variables the scatter plot is supposed
to lie on a straight line. Two reference levels were

Table 2

Selected numerical experiments with PE4L31-NPD coupled model
Run PE4L31 model  NPD model

b8.1 standard standard with wp = 0

b9.567  standard standard

b10.5678 standard standard with wp, = 0.0058 cm s~ ?
andr=11810"%s"1

b11.567 A, =0.8%x10'° asbl0.5678 with K, = 0.4x 10'°
b14.567 standard as b10.567 with improved

light model

The hydrodynamics has a spinup time of 5 years. The duration of
each biological run after the fifth year isindicated in the postfix of
each run name. Each run is identified by the key modifications
introduced in that run. The standard parameters are those pre-
sented in Table 1.
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Table 3

Annual nitrate budget estimations in the Gibraltar and Sicily straits (10° t yr~1)

Nitrate concentrations Water fluxes Gibraltar Sicily
Coste et al. (1988) Lacombe (1971) —-221 -
Coste et a. (1988, Coste (1971) Béthoux (1979) -311 —1.58
Coste et al. (1988, Coste (1971) Sarmiento et al. (1988) -125 —-091
Coste et al. (1988) Bryden and Kinder (1991) -105 -
Coste et a. (1988, Coste (1971) Harzallah et al. (1993) —141 -0.85
b8 PE4L31 —-1.73 —-051
b9 PE4L31 -178 —0.63
b10 PE4L31 —274 —-1.85
b14 PE4L31 —-250 —-1.70

The model results are evaluated after the first year of simulation.

chosen to see the differences in model response: one
at 100 m depth, where the DIN concentration begins
to be evident, and the other at 300 m depth, below
the direct effect of the productive layer, and different
markers are used to identify the subbasins. The
effects of the enhanced vertical flux (run b10) are
evident in the increment in DIN concentration both
at 100 m (Fig. 5¢) and 300 m (Fig. 5f) for the
Western Mediterranean. The lonian Sea does not
present any variation while the Levantine seems to
be more nutrient depleted. If higher horizontal vis-
cosity and diffusivity are introduced (run bll) the
shape of the scatter plot is basically the same, but the
marker cloud is much more scattered, both at 100 m
and 300 m (Fig. 5b and e, respectively). The spread-
ing is present in all the basins, stronger in the upper
level and more pronounced for low concentrations.
This effect can be related to the basin-wide constant
parametrization of eddy viscosity and diffusivity.
The improved light model has the effect of reduc-
ing high concentrations, and this is particularly true
at 300 m (Fig. 5d). This is definitely not a direct
effect on phytoplankton uptake because the produc-
tive layer is shalower in the Western Mediterranean
(where the differences are higher) in b14 than in b9.
Instead a reduction in solar irradiance during the

most productive period (late winter—early spring)
reduces the downward fluxes of detritus, limiting the
increment of remineralized DIN.

In conclusion, the vertical detritus fluxes seem to
play a mgjor role in maintaining the vertical nutrient
gradient. Here, we will discuss in particular the
results obtained in run bl4, which is considered the
most detailed in the parametrization of physical forc-
ings and biological response, and all the examples
will be referred to this run unless otherwise stated.

3.2. Nitrogen budgets

In Table 3, the total nitrate budgets in the Gibral-
tar and Sicily straits after the first year of simulation
are reported. All the numerical experiments were
obtained with the same physical submodel. These
results are compared with some estimates obtained in
terms of water fluxes and using the nitrate mean
concentrations in the inflow and outflow water
masses. For nitrate concentrations in the Gibraltar
Strait, an inflow mean concentration of 4.0 mgatN
m~23 and an outflow of 8.6 mgatN m~2 are used
(Coste et ., 1988). For the Sicily Strait the estimate
of 4.0 mgatN m~2 for the outflow water concentra-
tion is used, while for the inflow an upper value of
1.0 mgatN m~2 is held fixed (Coste, 1971).

Fig. 5. Scatter plot of DIN annual means obtained with run b9 vs. b14, b11, and b10 at 100 m (plots a, b and ¢) and at 300 m (plots d, e, and
f) depth, respectively. The Levantine and the lonian values are marked in yellow and green, the other Mediterranean values are plotted in

black.
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The model results are in keeping with the budget
estimate ranges here considered. Our lowest results
were obtained using no sinking rates (run b8). Thisis
due to the fact that in this run we did not have any
mechanism to pump the matter down. Considering a
sinking rate of 1 m day —* (run b9), an increased loss
at the strait is obtained. This result is magnified by a
further increase in the sinking rate and regeneration
time (run b10), suggesting that this could be a good
choice for calibration of the overall model. Also the
introduction of a variable penetration light coeffi-
cient diminishes the exchanges and this is due to the
lower biological activity in particular in the western
part of the basin.

The phytoplankton and the detritus concentrations
show, when averaged throughout the basin, a clear
seasonal peak in March-April, (Fig. 6b). The
monthly sampling prevents the capture of the ex-
pected delay in detritus possibly because the time
shift is supposed to be smaller than the sampling
time. The evolution shown refers to run bl0, 54
months of simulation starting from the January initial
conditions. The cycle obtained for this run is quasi-
stationary in the sense that the late winter maximum
and late summer minimum of the phytoplankton and
the pattern of evolution are maintained over the 4
years of simulation.

The total and the inorganic nitrogen present, as
expected, a negative trend that explains the nutrient
net loss at Gibraltar (Fig. 6a). The seasona cycle is
superimposed and seems to be not influenced by the
trend, at least during this experiment.

3.3. Climatology

As a climatological synopsis of the trophic re-
sponse to physical forcings in the Mediterranean Sea
we present a comparison between the stream func-
tion and the nutrient distribution below the euphotic
zone. Fig. 7a represents the annual mean total trans-
port streamfunction ¢y expressed in S; the centers
of the anticyclones and the cyclones are identified

respectively by positive and negative values. The
model reproduces the well known permanent cy-
clonic patterns in the Gulf of Lions, in the Thyrre-
nian, and in the Levantine Basin. The Algerian cur-
rent is represented by the presence of an unstable
coastal front that on average exhibits an energetic
sequence of cyclonic and anticyclonic gyres. In the
lonian Sea we find that the circulation is basically
anticyclonic, but the center of the basin is directly
influenced by a wind-driven cyclonic gyre. The Lev-
antine basin is influenced by the large cyclonic area
connected with the Rhodes gyre, with the noticeable
exception of the anticyclone offshore from the Isragli
coast.

If we compare the above maxima and minima
positions with the maxima in DIN concentration at
140 m depth (Fig. 7b), where no primary production
is present, we see that there is a strong correlation
between the high nutrient concentration spots and
cyclonic areas in the open sea, while coastal effects
such as upwellings and coastal boundary currents are
the prevailing processes in importing nutrients into
areas such as the Spanish coast of the Alboran Sea,
the Sicily and Calabria coasts, and the Algerian
current. On the contrary, the effect of the anticy-
clonic areas on the DIN distribution is less evident in
the upper layer because the Ekman pumping in an
anticyclonic vortex deepens the nutrient depleted
layer, advecting water laterally in the upper layer.
This effect can increase the spreading of coastal
upwellings and possibly contributes to the remote
control of the straits regime (in particular in the
lonian sea).

The permanent cyclonic gyres in the Gulf of
Lions and in the Rhodes area create isopycnal domes
that carry nutrients into the euphotic zone, substain-
ing the nutrient maxima reproduced by the model.
This effect is aso present in the Thyrrenian, but is
much smoother.

In order to give a comprehensive view of the
correlation between general circulation and DIN dis-
tribution, we plotted in Fig. 8 the stream function vs.

Fig. 8. Scatter plot of total transport streamfunction (Sv) in abscissavs. DIN concentration (mmol N m~2) in ordinates respectively at 40 m
(a), 100 m (b), 180 m (c¢) and 300 m (d) depth. With Ib and gl, we denote the DIN concentrations coming from Levantine Basin and Gulf of

Lions areas.
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nutrient concentration at different depths using yel-
low for the Levantine Basin, green for the Gulf of
Lions (Ib and gl in the figure) and black markers for
the rest of the Mediterranean.

In Fig. 8a, we see that at 40 m depth there is
virtually no effect of the circulation on nutrient
distribution and the highest maxima are present in
proximity to =0, a condition found along the
coasts, suggesting that the upwelling areas could be
the main origin of this maximum. This effect is
present, with different intensities in al the plots in
Fig. 8.

Neither the Levantine nor the Gulf of Lions pre-
sent a specific response to the cyclonic circulation:
this can be explained by the fact that the phytoplank-
ton uptake is fast and virtually all new nutrient
inputs are transformed into new production. This
signal is present in the phytoplankton distribution
(not shown).

At 100 m depth (Fig. 8b), we observe a much
more scattered distribution and this is due to two
concurring causes. the progressive increase in nutri-
ent concentration with depth extends the dynamic
range of DIN, and the deep chlorophyll maximum
(DCM) found around this level in the Levantine
basin (Kimor et al., 1987; Krom et al., 1993; Berland
et a., 1988), while the Western Mediterranean has a
shallower euphotic zone. In the latter case, the phy-
toplankton uptake is not present and the nutrient
distribution is affected only by the physical dynam-
ics and by the remineralization processes. A clear
influence of the circulation is therefore expected.
The results confirm these speculations: the Levantine
Basin has a distribution similar to the previous case,
while in the Gulf of Lions the effect of the cyclonic
regime begins to be detectable. The anticyclonic
circulation does not seem to affect nutrient distribu-
tion coherently and this supports the above consider-
ations.

At 180 m and 300 m depth (Fig. 8c and d) we
find similar patterns for the basin overall, and in
particular no specific influence of the anticyclonic
circulation, or dependence of DIN concentration on
circulation intensity in both the considered cyclonic
areas. The distributions in the |b and gl areas are
between the axis = 0 and a maximum value pro-
portional to ¢ intensity. This effect could be related
to homogenization in vortices (Young and Rhines,

1982; Young, 1983), summed with the diffusion
introduced to parametrize the subgrid scale mixing
effects, these two processes thus working to smooth
the DIN gradient induced by circulation. As a net
effect we find similar DIN concentrations in the
neighbourhoods of the cyclonic gyres even in the
presence of high ¢ gradients.

Another relevant conclusion is that the distribu-
tion of DIN in the upper ocean exhibits a pro-
nounced gradient between western and eastern basin,
as demonstrated by nitrates data.

3.4. Seasonal cycle

The trophic seasonal variability in the Mediter-
ranean seems to mitigate the chronic oligotrophy that
affects this basin, as seen in Fig. 9a where the DIN
distributions at 60 m are shown. In the upper layer
where the effect of Ekman suction is stronger, we
see that, despite highly different concentrations in
the eastern and western basins, in February, the
mixing induced by wind stirring and by convective
adjustment during the winter season creates large
areas with relatively higher nutrient availability. The
Ligurian—Provencal Sea and the Catalan Sea seem to
be particularly involved in these processes, with a
southern zonal front roughly corresponding to the
Balearic Front (Millot, 1987). The Ligurian Sea sea-
sonal cycle will be compared against a pelagic water
column dataset in the CCM-2 confirming the basic
seasonal behaviour. Strong wind driven upwellings
are present at the northern coast of the Alboran Sea
and along the Provencal and Catalan coasts. In the
Alboran sea, there is a signature of fronts produced
by the Western and Eastern (weaker) Alboran Gyres.
The Mediterranean water flowing along the Spanish
coast, enriched in nutrients by coastal processes,
exhibits higher nitrate concentrations than the sur-
face Atlantic water at the same level. This is in
accord with the ALMOFRONT 1 experimenta re-
sults of Prieur and Sournia (1994). The prevailing
northwesterly winds create upwelling along the
south-western Sicily coast and along the Calabrian
coast. The Levantine Basin attains its highest DIN
concentration in this month, possibly because of the
dense water formation and the instability that eventu-
aly generate a vertical homogenization dragging on
the surface nutrients present at depth. There is aso
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an increased concentration of DIN in the side lobes
of the Rhodes Gyre. In June (Fig. 9b) the difference
between the two main subbasins is striking and can
be related to the different regimes at this level: in the
Eastern Mediterranean the nutrient limitation is
stronger, because an earlier developed and more
stratified seasona thermocline decouples the upper
layer from the ocean interiors, and prevents the input
of turbulent energy below the mixed layer. As we
can see in Fig. 10b, the 60 m depth level is situated
below the thermocline, but because of the high light
penetration in this basin the nutricline is located well
below this quota. During the relatively calm season
this stable vertical structure prevents any trophic
input to the nutrient limited upper layer (at least at
the climatological scale). These considerations will
be verified with an in situ time series in CCM-2.

The above considerations are not valid for the
western basin: in this area the light extinction coeffi-
cient is higher and the euphotic zone is shallower:
Fig. 10a suggests that the 60 m level is on the
nutricline edge, explaining the higher concentrations
found. In general, the Western Mediterranean ex-
hibits a more energetic distribution of nutrients in-
duced by the wind stress in coastal areas and by the
local circulation (Alboran Gyres). High DIN concen-
trations are present in the Ligurian—Provenccal Basin,
maintaining the meridional DIN gradient in this area.
The wind driven upwelling offshore from the south-
ern Sicily coast is still present as also shown by
Piccioni et al. (1988) using NOAA7 thermal maps
for the summer season.

In September (Fig. 9c), the nutrient depletion is
still stronger and the map shows a very similar
situation to June, with the exception that the Lig-
urian—Provenccal nutrient concentration is amost
homogeneous.

In December (Fig. 9d), the wind and thermohaline
forcings cooperate in breaking the thermaocline in the
western basin, with subsequent mixing; this is not
true for the Eastern Mediterranean where late sum-
mer conditions are still present. In the Gulf of Lions,
low concentrations indicate weak convective adjust-

ments that are only able to mix the upper layer. To
explain this fact, let us denote by zmix the mixing
depth and by DIN(z) the local average DIN concen-
tration at the reference level z; the convective ad-
justment can be seen as an infinite velocity vertical
mixing which affects the physical and biological
tracers. DIN(z) can be described as continuous func-
tion monotonically increases with depth within the
mixing length, as we can safely assume since the
biologically mediated depletion of the euphotic zone
contributes to maintain a well shaped nutricline. We
obtain that, after convection, the average (vertically
homogeneous) DIN concentration is:

fzmime( z)dz
0

which will be comprised between by DIN(0) and
DIN(zmix) (average theorem).

DIN(0) < DIN < DIN( zmix)

At the zmix depth, thus, the convection affected
area will experience a reduction of nutrient (con-
versely at surface).

In this season, the Algerian Current seems to be
more energetic, but its contribution in terms of nutri-
entsis negligible. The lonian Sea, however, seemsto
be nearer to winter conditions when increased nutri-
ent availability is present, in particular in the north-
ern part of the basin.

In Fig. 11, four DIN monthly maps at 180 m are
presented. In February, the signature of the vertical
homogenization in the Liguro—Provenzal Basin and
in the Cretan Passage is seen by comparing Fig. 9a
and Fig. 11a we notice at these two sites that the
same area has the same DIN concentration (darker in
Fig. 9a and lighter in Fig. 11a). The intense vertical
export of nutrients from ocean interiors and the
enhanced wind driven circulation determine a patchy
trophic distribution.

During the early summer and late autumn periods,
a progressive DIN replenishment occurs, finally pro-
ducing a nutrient pool for the next winter mixing

Fig. 10. Second and third year time-depth diagrams in two sample station in Western (a) and Eastern (b) Mediterranean for inorganic
nitrogen (shaded) and phytoplankton (contoured), both in mmol N m~2. The year 2000 is assumed as the conventional starting time.
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period. In this process, the vertical flux induced by
the detritus sinking can be estimated, showing the
difference in DIN concentration below the nitracline
(180 m) between the b9 and b10 runs (Fig. 12),
which differ for detritus sinking velocities and rem-
ineralization rate parametrizations (see Table 2). The
b10 experiment allows higher nutrient regeneration
in depth, where higher primary production and higher
standing stocks are present. This in turn allows the
presence of a seasonally varying detritus vertical flux
that induces fertilization of the layers below the
nitracline during spring and summer, thus creating an
enriched pool of biochemical energy. This forms a
trophic cell able to capture the nitrogen forms and to
maintain lateral inhomogeneities over time, even in
the presence of intense lateral advection (as in the
Alboran Sea).

4. Discussion

Analysis of the model results leads to the conclu-
sion that the main influence of the genera circula-

tion on the Mediterranean ecosystem functioning is
related to nutrient horizontal and vertical transport.
At the climatological scale, the general circulation
induces two different trophic regimes in the two
principal subbasins, due to the combined effect of
the estuarine inverse circulation and the impact of all
the biogeochemica processes involved in degrada-
tion of the organic matter. The nitrogen budget of the
two basins is very sensitive to the remineralization
rate and detrital sinking velocity, particularly in the
Eastern Mediterranean. In light of this result, a thor-
ough estimation of the energy dissipated in the verti-
cal and horizontal diffusion processesis an important
step in the calibration of this three-dimensional
model.

Moreover, the cyclonic areas exhibit less oligotro-
phy than their surroundings, while the anticyclones
maintain the nutrient depleted characteristics of the
productive layer in depth, not substantially modify-
ing the ecosystem response.

The seasonal cycle in Mediterranean Sea is basi-
cally driven by physical forcings: the combined ef-
fect of the mixed layer dynamics and the seasonal



310 A Criseet al. / Journal of Marine Systems 18 (1998) 287-312

fluctuation of the irradiance determines different re-
sponses according to the trophic regime (basically
nutrient limited at surface, with the important excep-
tion of the winter period, and light limited in depth).
The key features are captured in the NPD formula-
tion of the trophodynamic model, supporting the idea
that the vertical dynamics of the mid-latitude ecolog-
ical systems can be explained, to a first approxima
tion, as being driven by the combined effect of the
mixed layer dynamics and the irradiance annual sig-
nal (Valiela, 1995). Our aggregate model is able to
automatically adjust to the different situations pre-
sent during the seasonal cycle in the Mediterranean
from winter (vertical mixing, relatively high nutrient
availability, fair irradiance) to summer (stratification,
nutrient depletion, high irradiance), giving conditions
for phytoplankton persistence consistent with other
independent considerations. Advection and diffusion
processes contribute to deeply modify the vertical
dynamics, creating and maintaining spatial gradients,
in particular for DIN (notably westward but also
northward). These processes are mainly explained in
terms of general circulation.

The comparison of model results with experimen-
tal data is presented in CCM-2, suggesting that the
NPD formulation can explain nitrogen seasonal cy-
cles in the open Mediterranean Sea, according to the
prevailing cyclonic or anticyclonic regimes and to
the zonal and meridional permanent trophic gradi-
ents, and resolves the basin-wide spatial and tempo-
ral gradients in surface chlorophyll.

These results are corroborated by those obtained
through a similar model (Hurtt and Armstrong, 1996),
calibrated against the Bermuda Atlantic Time Series
data set. Further development of the ecological model
structure is needed, but analogous Mediterranean
data sets should be made available for calibration
and verification.
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