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Reconstruction of Oceanic Data Fields
and Data Assimilation

Pierre BRASSEUR and Jean-Michel BRANKART
GHER, University of Liege

Abstract.

In the new generation of models conceived to understand and predict the evolution of
marine systems, the assimilation of observations has an increasingly significant role to play.
The reconstruction of data fields from scattered observations, or data analysis, appears
as a key component of any complex data assimilation scheme. This strategy has promising
implications, not only for physical, but also for biological, ecological and biogeochemical
marine models.

Among a variety of methods, the Variational Inverse Model (VIM) is a mathematical/
numerical analysis tool developed at the GHER with the aim of taking into account the
peculiarities of oceanic data fields. The objectives of this new technique are multifold: on
the one hand, it guides the interpretation of experimental data into their physical context;
on the other hand, it provides the indispensable bodyguard that prevents primitive
equation models from producing unrealistic results. The utility of the VIM in a global
modelling perspective will be illustrated by three kinds of applications related to the
modelling of the Mediterranean general circulation:

(i) mathematical visualization of extensive sets of in situ observations (reconstruction of
the hydrology at the climatological scale in the Mediterranean Sea);

(ii) realistic initialization of primitive equation models designed to simulate dynamical
processes (seasonal variability of the general circulation in the Western Mediter-
Tanean);

(iii) optimal adjustment of boundary conditions (control of thermodynamic forcings in
the Mediterranean); ‘

The possible extensions of the VIM to intermittent and continuous data assimilation
schemes will be discussed briefly.
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1.— Introduction: why do ocean models need efficient analysis
methods?

The assimilation of observations is more and more considered as an essential
ingredient of most up-to-date ocean models (Robinson and Leslie, 1985). The
reason of that tendency is quite evident: whatever the degree of sophistication
reached, a series of deficiencies and weaknesses inevitably affect numerical mod-
els. Indeed, simplifications of the real world are required to make numerical
models effective and tractable. On the other hand, the volume of oceanic ob-
servations has increased substantially, namely since more and more satellites are
providing the scientists with high-resolution sea-surface properties (elevation,
temperature, roughness, wind stress, ...).

The imperfections of models may have different sources: (i) structural un-
determinations, when the structure of the model equations has been simplified,
leaving some processes —unimportant at first insight —misrepresented; the hy-
drostatic assumption made in a majority of circulation models is a typical example
of structural deficiency; (ii) statistical undeterminations, when the data base
used to pilot the system’s behaviour is inadequate, for instance when initial
and boundary conditions, or even auxiliary parameters of the model, are poorly
known (Wunsch, 1989).

For a given structure of the model equations, the model trajectory in the
phase space depends on: (i) the initial conditions from which the evolution of
the system starts, (ii) the boundary conditions used to reflect how the system
interacts with the external world, and (iii) the various numerical parameters of
the model equations. The trajectory will be different if one of these three types
of settings is changed.

Usually, additional sets of observations relevant to the system itself are
available, although not in a form suitable for direct integration in the model. On
the one hand, initial and boundary conditions are seldom “observed” in the real
ocean, as well as auxiliary parametres such as those taking place in a turbulent
closure scheme. On the other hand, some state variables can be estimated from
direct observations, but only within a certain accuracy. These estimations are
indicatory of the real trajectory of the model in the phase space.

Broadly speaking, data assimilation relates to techniques conceived to
improve our estimation of the optimal trajectory in the phase space, taking into
account both the model results and the direct observations on the state variables.
It is customary to distinguish between variational and recurrent data assimilation
schemes (Ghil and Malanotte-Rizzoli, 1991).

There are indeed two possibilities to approach the real trajectory. Varia-
tional data assimilation determines the “best” initial and boundary conditions,
as well as the best model parameters, which are supposed to produce an optimal
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trajectory, fitting the observations as much as possible. For instance, the adjoint
technique, developped initially for meteorological applications, is a relatively
complex and time consuming method: it requires the repeated integration of the
model, forward and backward in time, in order to minimize some cost function
measuring the distance between the trajectory and the observations.

Recurrent data assimilation schemes, like the well-known Kalman filter,
proceeds differently: after a certain time integration of the model, the forecast
is corrected according to the observed state of the system, producing in this way
the best possible guess. This new guess is then used to reinitialize the model for
a further time integration. The successive corrections, to be meaningful, require
that both the model forecast and the observations are provided with a confidence
level testifying their mutual accuracy.

The reconstruction of data fields from scattered observations, or data
analysis, appears as a key component of any complex data assimilation scheme.
Indeed, to operate one of the procedures mentioned hereabove, it is necessary
to estimate, at the time of assimilation, the point in the phase space which is most
consistent with the observations. Typically indeed, the observations provide only
a fragmentory picture of the system, leaving some state variables unexplored.
The purpose of data analysis, which is effectively a nowcasting procedure, is
to reconstruct —from scattered observations—a comprehensive picture of the
system’s state at a given time.

Among various methods, the Variational Inverse Model (VIM) is a mathe-
matical/numerical analysis tool derived from meteorological studies and adapted
to the ocean at the GHER. The objectives of this new technique are multifold: on
the one hand, it guides the interpretation of experimental data into their physical
context; on the other hand, it provides the indispensable bodyguard that prevents
primitive equation models from producing unrealistic results.

The mathematical formulation of the VIM has been developed in Brasseur
(1990), Brasseur and Haus (1991) and Brasseur et al. (1993), and is summarized
in table 1. Compared to standard objective analysis methods, the VIM has the
major advantage of taking into account the peculiarities of oceanic domains and
processes (introducing, for instance, the possibility of anisotropic correlation
functions via kinematic constraints). Three different classes of applications will
be described hereafter (only a few samples of the results produced by VIM will
be shown here).
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Table 1

Mathematical formulation of the Variational Inverse Model (VIM),
described in details in Brasseur (1991) and Brasseur and Haus (1991)
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2.— Data analysis and visualization of oceanic data fields.

One of the first motivations of data analysis is the “mathematical” or
“scientific” visualization of huge observed data sets. Indeed, from a collection
of historical data, it is necessary to reduce the information to only a few visible
properties, highly suggestive and reflecting the global behaviour of the marine
system. The aim of the example described below was to produce a three-
dimensional numerical representation of the hydrology in the Mediterranean.

During the last decade, a lot of numerical and experimental studies have
been conducted in the Western Mediterranean to identify and diagnose regional
processes: among them, the deep water formation taking place in the Gulf of
Lions at the end of the winter, the instability of the Algerian Current, the
anticyclonic circulation associated with the Alboran Sea gyre, the exchange of
water, heat and salt through the Gibraltar and Sicily straits, ... A vast amount
of in situ measurements (mainly hydrographic data) emerged from the surveys of
these local processes.

However, no exhaustive historical data bank has been compiled up to
now with all in situ data collected in the Mediterranean Sea. Two major
files containing a substantial part of the experimental work are available for
the purposes of this study: the french BNDO (Bureau National des Données
Océaniques, Brest, France) file containing exclusively hydrographic casts for the
Mediterranean region, and the NODC (National Oceanographic Data Center,
Washington, USA) file which is a subset of a larger world ocean data bank. These
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two major sources have been merged to constitute the so-called MED data bank,
and other smaller data sets, collected by regional institutions, will be considered
for possible upgrade in the future.

The BNDO data set consists of about 17,000 STD casts taken in the Eastern
and Western basin, the Black Sea and also the Atlantic region adjacent to the
Strait of Gibraltar. These measurements were collected since 1911, but the data
set is mainly representative of the period 1945-1978. The data point distribution
is highly inhomogeneous in space and in time. In the Western basin, a lot of
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Fig. 1.— Spatial distribution of STD/CTD casts in the Mediterranean from 1911 to 1980,
as recorded in the BNDO and NODC data banks: upper = winter, lower = summer.
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stations are located in the Gulf of Lions during February, as a consequence of the
survey of deep water formation processes. However, the density of data collected
during the autumn and the winter is rather low, especially in the Eastern basin.

In the BNDO file, the temperature and salinity measurements are given
at the original sampling depths, but in the NODC file, which contains more
than 20,000 vertical profiles, the values are interpolated at standard levels. The
coverage of the Eastern basin from NODC is much better than from the BNDO
data file, as well as the southern part of the western basin, along the algerian
coast. Even if some overlap exists between the two sets, the different spatial and
temporal station distributions are complementary, so that one can expect a better
representation of the hydrology from a merged version of the two original files.

The spatial distribution of data available at 10 m depth (for the winter and
summer periods only) is shown in figure 1. The VIM has been applied to this
data set to reconstruct the three-dimensional hydrological field in the Eastern
and Western Mediterranean basin (annual-mean distribution). The trace of the
temperature and salinity fields at 10 m depth is illustrated in figure 2. This picture
could be considered as a climatological reference and should be compared (or,
tentatively, assimilated) to the results of general circulation models.

Although very schematic, the patterns of figure 2 represent a synthetic
view of the hydrology, obtained from the experimental work achieved sofar
in the Mediterranean: this picture provides indeed a global and consistent
representation of the hydrology, after reconstruction from numerous pieces of
information.

More complex visualisation tools (three-dimensional color graphics, video-
animations, ...) can also be used to highlight the 3 D structures appearing in the
reconstructed fields (Haus, 1993): these technical tools are extremely useful to
explore in details the interior of the ocean. Since the new generation of power-
stations, the joined utilisation of efficient analysis procedures and scientific
visualisation software will offer the possibility of a deeper exploitation of direct
and remote observations.
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Fig. 2.— Temperature and salinity fields in the Mediterranean at 10 m depth
(annual-mean distribution), reconstructed by the VIM from historical data.

3.— Data analysis and initialization of numerical models.

According to the classical picture, the Mediterranean sea can be considered
as a “concentration” basin, where evaporation exceeds precipitation and river
runoff. The budgets of salt and water masses are balanced by the inflow of
Atlantic Water (AW) in the surface layer and the outflow of a mixture of
Levantive Intermediate Water (LIW) and Mediterranean Deep Water (MDW)
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through the Strait of Gibraltar. The mass of LIW originates in the Levantine
region, enters the Western basin through the Sicilian Channel and then circulates
at mid-depth between the light, modified AW and the pool of dense, deep water.
The formation of MDW is subject to typical conditions encountered in the Gulf
of Lions in late winter.

Within this very simple scheme however, the WMCE studies indicate a
more complex circulation (La Violette, 1990). In particular, some features of the
circulation display a strong seasonal signal and variability. One critical question
concerns the main physical forcing mechanisms responsible for that behaviour.

As deep water formation is often thought to be one of the possible forcing
mechanisms of the general circulation, the utilisation of numerical models based
on the hydrostatic approximation (e.g., Beckers, 1992) could be questioned.
In the case of the Mediterranean, such approximations could actually prevent
the models from reproducing some non-hydrostatic features of the circulation
(or, at least, could imply an extremely long spin-up period) if the model initial
conditions are too different from the real situation. For instance, if initial fields
are characterized by a too weak stratification, vertical mixing, diffusion and deep
water formation could be inhibited.
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Fig. 3.— Vertical cross-section in the Western Mediterranean (South
to North, longitude = 5°E); temperature (left) and salinity (right)
fields reconstructed from data representative of the February month.

To avoid this problem, the VIM has been applied to monthly data sets to
reconstruct realistic temperature and salinity fields, representative of one specific
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period of the year. The February month is classicaly used to start a simulation,
since the MED data bank has a very good coverage for that period. Figure 3
shows a vertical cross-section in the temperature and salinity fields through the
Gulf of Lions: the analysis of in situ observations clearly demonstrates that the
stratification is wery weak in the Northern Mediterranean for that period.

These fields are injected as initial conditions in the GHER primitive equa-
tion model and are gradually adjusted to the surface heat and momentum fluxes.
Beckers (1992) has shown that the reponse of the model initiated with monthly
VIM results is much better than with annual mean fields (like those produced by
Levitus, 1982).
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Fig. 4.— Geostrophic currents calculated from the winter density field (10 m depth).
This advection pattern is subsequently used as kinematic constraint in the VIM.

Using the method proposed by Beckers and Brasseur (1993), the geostro-
phic currents are finally calculated from the winter density field (figure 4). Then,
the advection constraint of the VIM can be implemented for improving the
analysis procedure, especially in regions where the data distribution is very
sparse.
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4.— Data analysis and estimation of optimal boundary conditions.

Another weakness of numerical models concerns the sea-surface boundary
conditions: heat fluxes, for instance, are often poorly known and their param-
eterization remains rather approximative. However, if in situ observations are
reliable enough to reproduce the seasonal cycle of the temperature field in the
upper layer, it is possible to estimate the distribution and intensity of heat fluxes
which could reproduce the observed themal field: this is typically an inverse
problem.
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Fig. 5.— Seasonal cycle of the temperature field (10 m depth) in the Mediterranean
reconstructed from in sifu observations; snapshots representative of Spring and Summer.
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As a tentative data assimilation experiment, the VIM has been used to
reconstruct the seasonal cycle of the thermal field in the upper layer of the
Mediterranean. Figures 5 and 6 shows four snapshots of the seasonal tem-
perature field at 10 m depth in the Mediterranean. These VIM analyses have
been exploited as a control of the surface heat fluxes in the primitive equa-
tion model (Beckers, 1992): when the surface temperature predicted by the
model is lower (higher) than the observed values, heat fluxes are increased
(reduced). This method, proposed by Beckers (1992), has been successfully
applied to study the seasonal variability of the circulation in the Mediter-
ranean. In particular, the predictions of the model with data assimilation
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are in excellent agreement with the SSTs provided by remote sensing pho-
tographs.

Other applications of data analysis, in relation with model boundary condi-
tions, could be investigated. For instance, the question of mass exchange thrdugh
the Strait of Gibraltar is still under study. As climatological data are available in
the Atlantic region adjacent to the Mediterranean basin, a numerical buffer zone
just in front of the Gibraltar Strait could be introduced to match the model with
climatological observations. In the case of narrow straits, this approach seems to
give better results than the traditional open-sea boundary conditions.

5.- Conclusions.

Three different applications of a variational procedure for analysing oceanic
data have been described in the context of the Mediterranean basins. The
reconstruction of 3 D physical fields offers now the opportunity of more complex
data assimilation systems. The main problem to solve remains the estimation
of 3D error fields, in order to make the data/model blending as consistent as
possible.

The nudging of physical variables into primitive equation model is now
under investigation: this quite simple assimilation scheme will allow the dynamic
insertion of hydrographic data in the ocean’s interior, in addition to the opti-
mization of initial and boundary conditions.

Other perspectives are also foreseen: for instance, the availability of alti-
metric measurements from newly operational satellites (TOPEX-POSEIDON)
will have an undisputable interest for controlling the sea surface elevation pre-
dicted by non rigid-lid models. The question how altimeter observations must
be pre-processed and spatially interpolated before their actual assimilation into
primitive equation model is far from beeing completely solved.
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Abstract.

After a review of the Mediterranean system, and the justification of the scientific
interest, we examine the type of model (scope, purview and resolution) used for the
description and simulation of the Mediterranean circulation from a system-oriented view
and a process-oriented view. These two aspects of mathematical simulations are then
illustrated by two examples:

a) The simulation of the month to month variability of the general circulation in the
Western Mediterranean Sea shows the main physical features, but the choice of initial
conditions is crucial for a realistic simulation, and an inverse model is proven to be
absolutely necessary for a valuable prognostic model.

b) Secondly, a high resolution simulation of the Algerian Current instability is performed.
It is well known that the Atlantic water flows along the Algerian coast as a light
water intrusion. This current is unstable, and mesoscale activities generate cyclones
and anticyclones, but only the latter grow enough to get separated from the mean
flow. Numerical simulations, in an idealized case, and reality show strong instabilities
that are analyzed by energy budgets. It is suggested that the instabilities are primarily
baroclinic, which is consistent with initial vertical movements at the front.

1.— Introduction.

Mathematical models of the marine system have considerably evolved since
the early days of the hydrodynamic depth-integrated constant viscosity models
of tides and storm surges on the shelf or the quasi-geostrophic models of ocean
circulation in idealized basins.

Improvements include (i) progressive confluence of shelf and ocean models
with in particular the extension of the former to three dimensions and the rallying
of the latter to primitive equations, (ii) expansion of hydrodynamic models to
biogeochemical and ecosystem models, (iii) refined parameterization of sub-grid
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scale processes, in particular turbulent vertical diffusion, introducing new state
variables like the turbulent kinetic energy k (e.g. Nihoul et al., 1989), (iv) refined
numerical methods and algorithms on supercomputers.

At this stage, one can rely on sound 3D & —£ models able to describe the
so-called “weather” of the sea, from mesoscale processes like tides and storm
surges, inertial oscillations, diurnal cycles (time scale: from a few hours to a few
days) to synopticscale and macroscale processes like general circulation currents,
seasonal cycles and associated frontal structures, upwellings, deep convection
(time scales: from a few days to a few months).

Such a robust model, however, even restricted to its hydrodynamic sector,
has a minimum of seven state variables: the three components of the velocity
vector v, pressure p, buoyancy b (or salinity S), temperature T and the
turbulent kinetic energy k, described by time-dependent 3D partial differential
equations.

It raises the questions of (i) the size of the database necessary to provide
3D initial and boundary conditions (see also the paper of Brasseur and Brankart,
1993, this volume), (ii) the required amount of computing power and the diffi-
culty of designing simple, relevant, numerical tests, (iii) the volume of simulation
outputs and the need to “sample” them intelligently, with the objectives of the
model in mind.

Faced with all these difficulties, one is naturally tempted to simplify the
model. But one can easily burn one’s fingers over drastic simplifications, made
too lightly for the purpose of mathematical or numerical tests.

A sensible approach to the problem of reducing the size of the model is
the restriction to the diagnostic study of one or a few, isolated and idealized,
processes. Devised to investigate, in details, particular mechanisms, scrutinize
the behaviour of specific state variables, elucidate fundamental questions ...,
often very refined in their representation of, sometimes, rather subtle processes,
diagnostic models are frequently content with very crude approximations of
the physical world (constant depths, rectilinear coasts, infinite ocean, steady
two-dimensional fronts, rigid sea surface, ...). In brief, the reduction, in this
case, bears on the model’s ambition and realism, trying to conserve the “physical
insight” of the process study.

Advantages of diagnostic models are readily listed: (i) reduced dependence
on initial and boundary conditions, (ii) reduced computing cost of numerical
tests and simulations, (iii) reduced complexity of simulation’s outputs, easier
interpretation of results and better understanding of the process (at least, in its
idealized form).

Disadvantages are quite as easily pointed out: (i) risk of misunderstanding
the real process if it actually results from several interacting effects, (ii) risk, if
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Fully 3D
Operational Model

(Theoretically)

Diagnostic Models Metagnostic Models
* Refined mechanisms{. . | .. Realfield conditions
* High definition - |*- Parameterizations
- Reduced realism ¢ - High realism
Purpose: Purpose:

Fundamental Managt_ament
questions questions
Process-Oriented System-Oriented

Fig. 1.— Diagnostic and metagnostic versions of a mathematical model.

the realism is prohibitively reduced, in applying the model’s equations —which
have been calibrated with real field data —to an idealized system to which they
are not, actually, applicable, (iii) loss of accuracy and loss of pertinence to the
questions posed to the physicists by co-workers in other disciplines and managers
which were, probably, the initial motivations of the modelling enterprise.

Answer to these questions must be realistic and require the operation, on a
routine basis, of a system-oriented (as opposed to process-oriented) metagnostic
model.

Called upon to tackle a practical situation, a metagnostic model may not
ignore real field conditions (depths, coastlines, actual atmospheric forcing, ...).
Its aim however is to assess the consequences of particular events and provide
the marine nowcasts and forecasts which will assist interdisciplinary field studies,
planning and management. The model must be sound, expeditious and efficient
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but is not required to provide detailed information on the delicate machinery
subtending its parameterization scheme.

Advantages of a metagnostic model are obvious but its disadvantages should
not be ignored: the critical need of many—many more than for process stud-
ies—reliable data to calibrate, initiate and operate the model and, accordingly, its
unavoidable sensitivity to the quality as well as the quantity of the available data.
The realism of a metagnostic model may be paid—as a result of shortage of data
and limitations of computing facilities — by a reduction of the model’s definition
and precision. Finally, the tremendous amount of data produced by such a modetl
calls for an appropriate 3D visualization package.

In the present paper we will show two applications: one for the metagnostic
approach, and the second for the diagnostic approach. These two different ways
are summarized on figure 1.

2.— Methods and models.

The mathematical model on which rely the diagnostic and metagnostic
versions, is a general primitive equation model with turbulent closure scheme
based on the kinetic turbulent energy and an algebraic mixing length (depending
on the local stratification) approach (e.g. Nihoul, 1988; Nihoul et al., 1989).

The subsequent numerical resolution is prepared by a coordinate change
that is a generalization of the classical o-coordinate change (e.g. Cheng and
Sommerville, 1975; Deleersnijder, 1989). This coordinate change introduced by
Kasahara (1974) and recently revisited by Deleersnijder and Ruddick (1993) al-
lows for an easy transformation of the primitive equations towards a conservative
form.

It also enables the use of for energy budgets in the transformed space.
These budgets are similar to those found in Orlanski and Cox (1973), but in
our case, the definition of the mean current is @ priori not given (Beckers,
1992). One can indeed deduce evolution equations for mean kinetic energy,
eddy kinetic energy, mean barotropic potential energy, eddy barotropic potential
energy, mean available potential energy and eddy available potential energy, ail
energies being defined in Beckers (1992b). The corresponding energy transfers
can then be used to define the baroclinic instability (Orlanski, 1968) that will be
investigated in the second application.

Finally, concerning the numerical resolution method (Beckers, 1992b), the
partial differential equations are solved by a variant of the finite difference
technique: a finite volume method on the Arakawa C-grid allows indeed for
an efficient conservative computing. A constraining feature is the presence
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of the free surface. It has the advantage of enabling the model to deal with
mesoscale processes, but surface gravity waves impose a time step (Beckers and
Deleersnijder, 1993) that is small compared to the rest of the time scales involved.
In order to avoid a prohibitive computational cost, a mode-splitting technique
(e.g. Sheng et al., 1978; James, 1986; Blumberg and Herring, 1987; Killworth et
al., 1991) is implemented by integrating the 2D equations with the small time
step over several steps before integrating the 3D equations with a larger time
step.

3.— Applications.

In order toillustrate the system-oriented and process-oriented type of study,
two applications are representative.

3.1.— The General Circulation in the Western Mediterranean.

The GHER metagnostic model is presently being applied to the simulation
of a complete annual cycle, using the climatological forcing provided by May
(1982) and assimilating new data supplied by the joint application of objective
analysis and inverse modelling (Roussenov and Brasseur, 1989; Brasseur and
Brankart, 1993). A complete annual cycle in climatological conditions will
hopefully provide a much better set of initial conditions, on which realistic
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Fig. 2.— Surface currents in December, computed by the model.
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metagnostic and prognostic modelling can be based. The model will then be
run, on a routine basis, with boundary inputs supplied by a Meteorological
Forecasting Model operated at the French Meteorological Office, with a view
of exploiting the results, as a regular service in the scope of the EROS 2000
Project, to assist interdisciplinary field surveys, planning and management.

As a result of the excellent scope (i.e. the model’s dimension in state space),
the numerical grid is relatively coarse (81 X 47 X 14 grid points), but promising
results have already been obtained with this grid. For example, the surface
currents obtained for the month of December (figure 2) comply with the general
idea of the circulation in the Western Mediterranean Sea: we can see the two
anticyclonic gyres in the Alboran Sea, the generally cyclonic circulation in the
central basin and the well defined Liguro-Provengal current.

A more quantitative comparison with observations can be based on mass
fluxes through straits. As an example, figure 3 correlates the fluxes computed by
the model and the measurements of Astraldi ef al. (1990) in the Corsican Chan-
nel. The accordance between the two sources gives an idea of the potentialities
of a metagnostic model, at least if accurate boundary and initial conditions are
provided. The need of data is typical for metagnostic models, in opposition to
the process-oriented studies as the following one.
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3.2.— The Algerian Current Instabilities.

In the general circulation pattern, one generally states that the Atlantic
Water entering the strait of Gibraltar first exhibits an anticyclonic gyre in the
western Alboran Sea. In the eastern Alboran Sea, a second and more variable
anticyclonic gyre (Heburn and La Violette, 1990) leads to the Almeria-Oran
front (Tintoré et al., 1988). The fluctuations of the second gyre alter the
fresh water flow that emerges from this gyre. Due to the Coriolis force, this
creates a coastal current which is called the Algerian Current when he reaches
0° longitude. This Algerian Current is generally described as a narrow coastal
current of less the 60 km width (e.g. Perkins and Pistek, 1990) which separates
at the eastern Algerian coast. One branch flows then across the Sardaigna and
the Sicily strait, while the other one flows northward along the western coast of
Sardinia.

But it is well known (e.g. Millot et al., 1990), that the Algerian Current is
subjected to various instabilities (especially in Summer) generating gyres which
move eastward at a speed of a few kilometers per day. The anticyclones deviate
the mean flow northward, which could explain the northern Balearic front
(Millot, 1991). Afterward, the cyclones collapse, while the anticyclones grow to
reach 100 km of diameter before they separate from the mean flow and propagate
seaward.

The deviation from the nice relatively uniform coastal current has several
significant consequences. Trivially, the spreading of Atlantic Water to the north
modifies the hydrological situation, but more subtle interactions are possible
with the underlaying intermediate water that can be trapped at the bottom of
one of those anticyclones (Millot ez al., 1990). It is also clear that the Algerian
Current instabilities are of prime importance from an eco-hydrodynamic view.
Indeed, the instabilities exhibit strong vertical motions that can be detected on
satellite pictures (e.g. Arnone et al., 1990). In the Algerian Current, for example,
an upwelling is generally found upstream of the anticyclones (Martinez et al.,
1990).

In order to understand the evolution and effects of the Algerian Current,
the question of the instability mechanism naturally arises and can be challenged
by several methods.

A first insight in the instability mechanism can be achieved by using a
reduced analytical gravity model (with a single moving upper layer). Several
studies (e.g. Killworth and Stern, 1992; Paldor, 1982; Killworth, 1983; Paldor,
1983a, 1983b; Cushman-Roisin, 1985; Paldor and Ghil, 1990) show that criteria
of instability or stability depend strongly on the initial base current. Furthermore,
in the most simple case of a uniform coastal current, it has been shown that the
current is stable in the scope of a reduced gravity model (Beckers, 1992a; Beckers
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and Nihoul, 1992). This model doesn’t seem very appropriate for the explanation
of the Algerian Current instabilities.

It is thus tempting to look for another instability mechanism and turn
towards the possibility of having a second moving layer that allow for baroclinic
instabilities (e.g. Saltzman and Tang, 1975; Hart, 1979). The baroclinic instability
mechanism has been put forward by Millot ez al. (1990) to be responsible for
the Algerian current’s instabilities; this hypothesis has been supported by the
laboratory experiments of Griffiths and Linden (1981), while other laboratory
experiments (Chabert d’Hiéres et al., 1992) suggest shear layer instabilities at
the coast.

The aim of the present section is to prove that the instability of the Algerian
Current is most probably due to the baroclinic instability mechanism. For this
purpose, a numerical 3D primitive equation model is applied to a situation
comparable to the one used in the analytical reduced gravity model of Beckers
(1992a) and Beckers and Nihoul (1992). A uniform coastal surface current in a
periodic channel (figure 4) is perturbed and the evolution of this perturbation
computed by the model.

Figure 5 shows the surface currents exhibiting the propagating of wavelike
features along the front in a first stage. The amplitude of this feature increases
and leads to a detachment of the current from the coast where the wave has
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its crest. This detachment allows for the development of an anticyclone at the
coast, while at the wave trough, a strong cyclone appears. In the late stage of the

instability, only the anticyclone grows, while the cyclone decays.



32 J.M. BECKERS, J. HAUS, J.C.J. NIHOUL, R. SCHOENAUEN

In order to verify the baroclinic instability hypothesis, we use the energy
analysis of Beckers (1992a, 1993). To do so, we have to define a “mean” current.
In the periodic case with an initially zonal current, the use of a zonal mean is
indicated. Looking at the energy transfers, it can be shown that the condition
of baroclinic instability are satisfied. We have thus a transfer of available
potential energy towards the eddy kinetic energy. An interpretation of the
vertical velocities is then possible by assuming that transfers are locally similar to
mean transfers. One would then obtain an inequality that shows that an off-shore
water parcel moving towards the front, will be downwelled. Similarly, a lighter
particle moving from the coastal current towards the front will be upwelled. This
phenomenon of upwellings downstream of the wave troughs and downwellings
downstream of the wave-crest is the one shown on figure 6 and also observed in
the Gulf Stream and atmospheric jets (Newton, 1978).
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Fig. 6.— Down and upward motion during the baroclinic instabil-
ity. The colour of the trajectory indicates the local vertical velocity.

To connect this diagnostic (process-oriented) study with the system-oriented
one, we observe that, in a baroclinic instability, there is a transfer of eddy kinetic
energy towards mean kinetic energy. The paradigm of the constant horizontal
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eddy diffusivity is thus clearly inappropriate in a general circulation model.
The possibility of negative eddy diffusion coefficients (computed eventually by a
diagnostic model) should thus be included in the metagnostic model.

4.— Conclusion and perspectives.

On the few selected examples given above, one can see that the GHER
metagnostic model reproduces well the main trends of the general circulation.
More detailed process studies may be pursued with the model by investigating
localized areas with finer grid diagnostic submodels operating in parallel with
the basin metagnostic model; diagnostic studies providing useful information
to refine the mathematical representation of dominant processes, metagnostic
nowcasts and forecasts supplying a realistic overview of the system in which the
individual processes are immersed and improved boundary conditions for the
process studies.

The handicap of the metagnostic model remains however the complexity
imposed by its realism. The model is very demanding in initial and boundary
conditions and the qualitative and quantitative deficiency of reliable data may
severely reduce the model’s resolution and predictability.

A more thorough exploitation of the data—in particular, applying varia-
tional inverse methods to reconstruct complete data fields—and the operation
of the model in a preliminary simulation with climatological forcing to reshape
the initial conditions will hopefully bring significant improvements in this respect,
in the near future.
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Abstract.

The need for reliable management models of the marine resources is large. In this
paper, the problem of the mathematical modelling of ecosystems is approached mostly
from the point of view of the physical oceanographer.

Hydrodynamic phenomena in the range of 10°s to 107 s (the weather of the sea)
form the prescribed physical conditions in which ecosystems must develop. Sometimes,
these phenomena result in important constraints (advection of new material, high flushing
rate, vertical diffusion, ...) which must be taken into account as accurately as possible in
any modelling attempt of the ecosystem. A detailed three-dimensional, time-dependent
description of the currents and turbulence fields is thus prerequisite in such a case.

However, the complexity of mathematical models must be limited. Therefore, a
trade-off must be found between the complexity of, respectively, the biological and the
physical descriptions in agreement with the ultimate goals of the study.

A case study demonstrating the feasibility of ecosystem models combining complex
hydrodynamics and simple biology is described. Results of both the hydrodynamic and
biological sub-models of the North-Western European Continental Shelf (NWECS) are
included.
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1.— Introduction.

During the last decades, great concerns have been raised about the health
and the future of the world ecosystem. The development of our urban and
industrialized society has led to unexpected short term and long term environ-
mental problems at regional and larger scales (with long term problems usually
associated to large physical dimensions and short term issues being only of
local interest). In the field of oceanography, these problems have been studied
extensively to be understood and, eventually, solved.

The pollution by heavy metals like zinc, lead, titanium, cadmium, mercury, ...
has been identified as a serious problem affecting all the successive levels of the
trophic chain. The transport of these toxic matters, their dispersion and transfer
through the trophic chain with the probable accumulation of heavy metals in the
higher trophic levels is now studied extensively (e.g. Abdullah and Royle, 1972;
Balls, 1985; Dehairs et al., 1985; Ackroyd et al., 1986; Bouquegneau and Joiris,
1988).

The excessive riverine and aerial inputs of inorganic nutrients lead to drastic
modifications in the nutrients balance and seriously affect the equilibrium of the
classic food web. This results in the proliferation of toxic, or simply unwanted,
species well beyond acceptable bounds (e.g. Lancelot et al., 1987; Fraga et al.,
1988; Delgado et al., 1990; Lancelot, 1990). Such phenomena are often very
spectacular, like phaeocystis blooms, green tides and the accumulation of foam
on the beaches, and have also a very negative impact on tourism. It is therefore
economically relevant to determine the precise conditions likely to promote such
phenomena to set up an efficient prevention policy.

The best solution to address the problems reported here-above is undoubt-
edly brought by the mathematical modelling of the ecosystems. Numerous ecosys-
tem or water quality models, no matter how they are called, have been developed
around the world to answer specific environmental questions (e.g. Tett et al., 1986;
Stigebrandt and Wulf, 1987; Radford ez al, 1988; Fransz et al., 1991). Most of
them result from the work done by biologists trying to understand, often through
box-models, how the real ecosystem works. Many such initiatives have been
crowned with success. However, such models usually lack some important aspects
of the real natural systems like spatial variability and hydrodynamic forcing.
Therefore, both the possibility to compare the results with field measurements
and satellite pictures, and the predictive ability of the model are likely to suffer
from such shortcomings.

The purpose of this paper is to show why and how hydrodynamic models
should be combined with purely biological models to build reliable ecosystem
models when severe hydrodynamic constraints exist.
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2.— The common framework for biological and hydrodynamic
models.

It may seem surprising to include the description of hydrodynamic processes
in the study when addressing biological processes. However, as we will show,
important links and interactions exist between these two sectors.

Biological systems can be studied at different length scales, from individual
organisms to a whole population. However, most of the practical problems
arise at the level of the ecosystem and so mathematical models focus on those
time scales inherent of the ecosystem. This usually means periods of time from
10*s—-10% s, possibly narrowed to 10° s—107 s, which correspond to characteristic
cycles in the life of many pelagic and benthic populations (periods of diurnal, sea-
sonal and annual oscillations) and to the rhythm of human activities interplaying
with the marine system.

There are hydrodynamic processes in this range of time scales. These are
(Table 1) the mesoscale (typical time scale ¢, of a few hours), synopticscale
(t. = afewdays) and seasonalscale (¢, = afew weeks) processes which are
usually referred to as the weather of the sea. Therefore, these hydrodynamic
processes are likely to interact significantly with the biological phenomena. In
fact, motions at the time scale of the weather of the sea are resonant processes
with the biological dynamics and maintain a permanent strain on the ecosystem,
. through the advection process. This mechanism tends to impose to the ecosystem
the length scales of the synchronous physical mechanisms and is therefore often
called the ecohydrodynamic adjustment (Nihoul and Djenidi, 1991).

Not only do biological and hydrodynamic processes have similar time scales
and length scales, but also similar mathematical formulations. In fact, the
equations describing the evolution in space and time of the state variables
whether physical or biological, are all particular expressions of a unique basic
equation (figure 1). This equation sets forth that the variations in time of any
state variable at any given point, result from (i) local production-destruction
according to the proper dynamics of the variable, (ii) advection by the fluid (flow)
and (iii) diffusion by sub-window scale processes (flux).

There is thus a common framework for the development of ecosystem mod-
els combining hydrodynamic and biological processes in one single big model.
However, a major simplification can be introduced here if one notices that
biological processes are very often influenced by hydrodynamics while the reverse
is seldom true, especially at large spatial scale. Therefore the hydrodynamic
sub-model can be run prior to the simulation of the biological cycles. Indeed,
biology can only influence hydrodynamics through two ways: (i) the modifica-
tion of the bottom roughness, and hence friction, by the development of the
benthic population, (ii) the modification of the baroclinic circulation because of
modifications of the sea water temperature vertical structure arising from of a
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= =0"-V-(vwy)-V -

Proper Advection Diffusion
dynamics
- Horizontal - Horizontal
- Temperature Large scale Isotropic
- Salinity Small scale Anisotropic
- Turbidity - Vertical - Vertical
Upwellings Stratification
- Flushing rate Tidal activity
Wind mixing

where y denotes the state variable, ¢ is the time, v the velocity vector, Q7 is the rate of
production-destruction of y, V is the three-dimensional nabla operator and é" is the turbulent
flux of y.

Fig. 1.— The general evolution equation of hydrodynamic and biological variables. Hy-
drodynamic influences on biological processes are listed under the corresponding terms.

biologically induced increase of the light extinction coefficient. These feedbacks
from biology to hydrodynamics can only be significant at small scales in very
particular situations (e.g. proliferation of mucilagine in the Adriatic Sea) and,
in general, the hydrodynamic conditions form a prescribed environment for
ecosystems. In the same way, the results of the hydrodynamic sub-model form
imposed constraints to apply to the biological sub-model. This allows the
separate and prior validation of the hydrodynamic sub-model and a considerable
reduction in the required computer resources.
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3.— The optimum ecosystem model.

The introduction of the three-dimensional hydrodynamic processes in bio-
logical models, and hence of the horizontal and vertical dimensions, is a huge
theoretical benefit. However, its practical realization is far from obvious at this
time. Indeed, lumping together in a giant model] all the state-of-the-art in both
biological and physical modelling will not result in an optimum ecosystem model.
The reasons for such a remark are diverse.

First of all, it is clear that limited computer resources impose limitations
on the number of state variables. Even if processors speed and storage facilities
increase at an amazing rate, running complex coupled three-dimensional hydro-
dynamic and biological models involving as much as 40 state variables, as many
biological box models do, at each grid point will still remain a dream for some
time. Besides, there are also reliability and clarity constraints on the number of
state variables. A model with many state variables incorporates at least as many
different processes and interactions and involves a correspondingly large number
of parameters and boundary conditions which cannot be evaluated from existing
data bases without an inevitable margin of error. Because of the non-linear
biological dynamics, the precise determination of the resulting error bounds is
even often nearly impossible. On the other hand, the results of such a model,
because of its increased sophistication and fallibility, can become impossible to
be interpreted in terms of scientific diagnosis or management recommendations.

The bottom line is therefore that mathematical models must be simplified
views of the natural system with simplifications derived from the precise ob-
jectives of the study. The model must have an appropriately fine resolution in
physical and state space to describe adequately the system’s behaviour but, on
the other side, it must involve sufficiently few state variables for their evolution
equations to be amenable to analysis. The ecological model derived through this
approach appears as an optimum use of computer resources and accumulated
knowledge about the ecosystem. Tractability and reliability are thus the main
characteristics of this model.

The precise simplifications involved in the derivation of this optimum
ecosystem model concern not only the representation of the proper dynamics
of the biological system, but also the spatial and temporal resolutions and the
representation of the interactions of this system with other sectors of the state
space, like hydrodynamics, chemistry, economy ... In particular, hydrodynamic
influences can be included with variable levels of aggregation when the full
three-dimensional time-dependent description seems too complex, or irrelevant.
In biological box-models, total flow rates derived from measurements or from
the aggregation of the results of a hydrodynamic model can be included. In
1D vertically resolving models, the turbulent structure and the vertical profiles
of the horizontal advective inflows of nutrients can be further incorporated.
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Depth-mean horizontal currents at lateral boundaries and inside the domain
must be prescribed in depth-averaged, horizontally resolving, biological models.

As stated in a previous section, the relevance of any physical or biological
process must be appraised with respect to the goals of the investigation. Very
often, ecosystem models are designed to become real management tools of the
marine resources and/or anti-pollution warning systems. Such models should
thus be able to determine the influence of the anthropogenic disturbances on
the ecosystem. They should be fit for use in both diagnostic and prognostic
modes. They should help evaluating the consequences and the possible success
of any political decision designed to protect the environment prior to its real
application. For such a purpose, it is particularly crucial to track pollutant
patches and to be able to determine where the pollution is likely to develop,
which area will be mostly affected and how. The inclusion of an accurate
description of hydrodynamic processes is thus imperative.

On the other hand, biological models can be used as powerful research tools.
They are often the only way to study how the ecosystem really works. Indeed,
countless numerical experiments including simplifications, idealized scenarios
and extreme forcings, can be carried out to test hypothesis and to validate
or reject theories. In such a perspective, hydrodynamic processes seem less
important. However, even then, because of the largely non-linear dynamics of
ecosystems, a correct specification of the different fluxes, flushing rates and
vertical diffusion processes is compulsory to appropriately model the system’s
behaviour. So, for such a purpose too, a trade-off must be found between the
complexity of the real system and the necessary simplicity for the mode] to be
amenable to analysis.

4.— Hydrodynamic constraints.

All the hydrodynamic constrains applying to the biological state variables
are summarized in figure 1. To go into more details about these interactions, this
paragraph will be illustrated with references to the North-Western European
Continental Shelf.

The most obvious hydrodynamic constraint is the one produced by the
advection of the biological properties and/or variables by the mean fluid velocity.
In the same way that they are classified according to their origin and salinity,
water masses (Atlantic water, Coastal waters, Baltic water, ...) are characterized
by well-defined biological properties and nutrients concentrations (Lee, 1980).
The general motion of these water masses forced by the general circulation on
the NWECS determines thus the availability of nutrients, the off-shore influence
of river loads, the bio-geo-chemical exchanges (nutrients, organic matter, ...)








































































































































































































































































































































































































































































































































































































































































































































































