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Preface
The use of models in hydrobiology and water quality studies is continuously
increasing. Models are a nice way to integrate the knowledge coming from
measurements with the intrinsic prediction capabilities of these models.
In order to carry out water quality applications the underlying physical processes
should be studied. Hydrodynamics is the most important driving force on the
chemical and biological parameters. It is indispensable to have a thorough
knowledge of these processes for any further research.
This thesis wants to fill the gap that often is existing between physical and
biological sciences. It shows a way how to use modeling techniques to describe
environments with strong and important hydrodynamics and compute ecologically relevant parameters in these basins. It links the description between the
underlying physical dynamics and the extremely difficult description of complex
systems like the ones studied in water quality applications.
This thesis is the result of over ten years of research in which a framework of
models has been constructed in order to describe these interactions. The results
have already been published in various international peer reviewed journals.
Ten of these papers have been used to form this thesis.
The idea to this dissertation was born some years ago, when me and my friend
Arturas were sitting in a small restaurant in Venice. When I was telling him
that I still had in mind to accomplish my PhD, he invited me to do so at his
university.
This event was the trigger to finally start working seriously on this thesis. The
material was already there, I just had to collect the pieces of my scientific work
and put everything together. However, I did not think that simply collecting
and writing up the contents of some ten papers was such a daunting task. But
now, when I see what has been accomplished, I have to say that I am very
satisfied.
This thesis would not have been possible without my old friend Arturas Razinkovas. He continuously encouraged me to go on with this work and made it possible
for me to carry out this research in Klaipeda University. To him my gratitude
for his help. Petras Zemlys, my second advisor, was also strongly involved in
this thesis. Without him I would have never been able to finish the summary
of my Doctoral Dissertation. He was especially helpful in the translation to
Lithuanian, which would have been impossible to organize from Italy. It was a
pleasure to work in his Modeling Group, discussing many matters on numerical
modeling and on applying models to the Curonian Lagoon.
During my stay I got to know many colleagues working in CORPI, and it was a
pleasure working together with them. In particular, I would like to thank Zita
Gasiūnaitė, as she enabled me as the director of CORPI to stay for longer times
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in her institute. My thanks goes also to the other colleagues Renata, Darius,
Sergej, Richardas, Saulius, Loreta, Evelina, Rasa and all the others I cannot list
here. Thanks also to all the other Lithuanians I have met during my stay in
Klaipeda and Vilnius, like Alina, Lina (both of them), Jurgita and many more.
During all this time the most important stimulus to go on with the research
on lagoons was provided by the LEMSM group. During the frequent meetings
we had possibility to discuss different aspects of lagoon research. My special
thanks to Ethem and John for all the effort they put into the maintenance of
this group, and to all the other colleagues like Ramiro, Vladimir, Sofia, Angel,
Boris, Irina, Javier, Angheluta, Eugeniusz and many more that were present
in our joint meetings. A special thanks also to my Turkish colleagues (one in
particular) who hosted us so often and did a wonderful job in making us feel
comfortable.
There are also my colleagues in Italy I would like to thank for supporting me
and helping me with advice and support. Implicitly I have to thank all my
co-authors for the good collaboration. Thanks also to the people in my research
group, especially Christian, Michol, Andrea, Francesca and Debora. Special
thanks also to Stefano Zecchetto and Stephan Dick for the continuous help they
provided me with.
Finally I would like to thank my family who made it possible that I could travel
so often and so far. My wife Alessandra was continuously encouraging me to
continue and finish this thesis. And thanks also to my daughters Clara and
Anita for the patience they had with their busy father.
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Chapter 1

Introduction
Scientific background
The topic of coastal management has become ever more important in
recent years. Our lagoons and coastal zones are ever more under pressure from
the ongoing urban development that is going on our coasts. But how can coastal
management be tackled by the scientist and the policy maker?
One first answer is certainly by the use of numerical modeling. In the
recent year we have seen a florishment of models that can be used for watershed
management in the coastal zone. Not all models are apt to be applied to all
basins, because geometrical complexities have to be taken into account that
different models do in different ways.
Anyway, numerical models are now in a development where most processes occurring can be described in an adequate way. For the hydrodynamic
processes, equations are nowadays well-known, but their solution is still complicated due to the non-linearity of the equations. On the other side, ecological
models have to deal with complex systems, often not fully understood. This
leads to a necessary simplification of the equations that often are described
through first order reactions and mass balances. However, the coefficients of
these reactions are difficult to estimate and vary from one place to the other.
Modeling in the coastal zone and lagoons is much more complicated than
in the open ocean. Highly variable morphology demands high and flexible resolution of the model discretization that makes models much more complicated
than in the open ocean. The dynamics is often dominated by men-made forcings,
nutrient input through run-off from the mainland, pollution of coastal waters
through sewage input and other anthropogenic influences. This all makes modeling the coastal zone a challenge for the scientist that asks for special tools to
be applied.
However, modeling has become an inestimable tool for the study of hydrodynamics and ecological processes in lagoons and the coastal zone. Reasons for
using numerical modeling are manifold. Here we summarize the most important
ones:
• Monitoring is expensive: In effect, monitoring is an integral constituent
of every modeling development, providing the data needed for successful
1

calibration and validation of the model. However, monitoring campaigns
are expensive, and cannot be supported for very long time spans. On
the other side, models, once calibrated, are cost effective, needing only
a limited amount of data (input data, forcings, etc.). Models can even
provide a tool to optimize measurement campaigns and make them more
cost effective. This fact makes modeling so much more appealing for the
study of lagoons.
• Modeling can interpolate (spatially and temporally) between measurements: For how dense a monitoring network can be planned, it will never
be able to cover completely the whole water basin in space and time. Doubling the monitoring frequency also doubles the financial needs for the
campaign. On the other hand, modeling gives the possibility to compute
the value of variables in any location of the basin, and at any time. This
actually makes it possible to interpolate between measurements, when
these are available and the model does reproduce them. If measurements
are not available, they still provide a means of estimating the parameter
variables.
• Modeling allows for testing several hypothesis and projects: Models can
be used for "What if predictions" and answer arising questions. Here,
basically, scientists or policy makers need results for scenarios that cannot
be controlled externally. Impacts of a dike, that still has to be build,
possible pollution due to a future sewage introduction into a water basin,
etc. With models these scenarios can be tested before the construction
and results can be analyzed before spending a lot of money.
• Forecasting is impossible with monitoring: Even if monitoring is essential
for the set-up of models, it will never allow the prediction of environmental
parameters in the future. This possibility is only given to numerical models
that can project the evolution of state variables into the future. This makes
it possible to use models in the framework of operational forecasting, where
answers are desired for the short-term and long-term period. A wellcalibrated model that has available the system forcings (mostly from other
forecasting models) is able to project the present value of state variables
into the future.
• Modeling gives faster answers: Sometimes fast answers to pressing questions are needed. There is no time to devise a monitoring campaign, or
do measurements. Situations like this arise during accidental spill of pollutants into the water body, or the analysis of an event that might repeat
after short. In this case, if a model is available, answers to questions can
be given very fast.
In order to be able to apply modeling to lagoons and the coastal zone
it is important to simulate the underlying hydrodynamic behavior. The hydrodynamics is very often the engine that drives all other variables and governs
their evolution. It is therefore of extreme importance to be able to describe the
hydrodynamic processes in an efficient and satisfactory manner.
Coastal lagoons are strongly influenced by men living close to the watershed. Therefore the description of ecological processes and state variables is
2

extremely important. Due to the complexity of the formulation of such a model
an existing water quality model has been used and integrated into the modeling
framework. The model chosen is EUTRO from the WASP package, developed
in the EPA of the US.
The whole framework of models has been then applied to the Venice
lagoon. Yhe choice of this pilot site was obvious, because the Venice lagoon is a
natural test bed where a big amount of data has been collected in the last years
that can be used to calibrate and finally validate the model applications.
Finally, the suitability of the model has been tested by applying the
modeling framework also to other lagoons, in particular to the Curonian lagoon
in Lithuania and the Cabras lagoon in Sardinia. This was done in order to show
that the model is able to reproduce other realities with different dynamics and
external forcings.
Objectives of the study
The aim of this study is the development of a numerical model that is
capable of simulating most of the important processes that are occurring in
shallow lagoons and the coastal zone. The development of the model is shown,
and its application to the Venice Lagoon is discussed. Furthermore, applying
the model to other lagoons will show its general suitability for this task.
In particular, the objectives of this study are:
• Construct an efficient numerical model that is able to simulate the underlying hydrodynamic behavior of coastal lagoons.
• Couple a well-known water quality model to the underlying hydrodynamics in order to describe the bio-geo-chemical cycles in shallow water basins.
• Apply the model to the Venice lagoon where all the modules can be tested
in an exhaustive way.
• Export the model to other European lagoons (Curonian lagoon in Lithuania and Cabras lagoon in Sardinia).

Novelty of the study
For the first time a finite element model has been developed and applied
for the Venice lagoon that is capable of describing the evolution of physical
and bio-geo-chemical state variables. The model is efficient in its computations,
making it possible to simulate several years, a fact very important for the modeling of biological variables that normally show high variability during the year.
A water quality model (EUTRO), conceived for 0D applications, has been interfaced with a 2D hydrodynamic model and is now running directly coupled
with the hydrodynamic simulation, making possible the feed back of biological
variables to the flow field.
For the first time, the same model has also been applied to two other water
bodies, the Curonian lagoon in Lithuania, and the Cabras lagoon in Sardinia,
two completely different water bodies with respect to the Venice lagoon, but
equally well described by the numerical model.
3

This model has been constructed from scratch and is one of the few finite
element models available as Open Source to the scientific community. It can be
downloaded from the website1 .
Defensive statements

• Finite element modeling techniques can be efficiently applied to coastal
zones and lagoons and are needed for coastal management and sustainable
development
• The proposed model is capable of efficiently computing the state variables
(hydrodynamic and ecological) of the various modules
• The ecological module can be used to assess water quality and the impact
of external forcings
• Physical forcing is important to explain the variation of ecological state
variables in the Venice lagoon
• Residence time is a fundamental parameter for characterizing different
water circulation zones inside investigated lagoons
• The model, initially applied to the Venice lagoon, can be efficiently used
in other shallow lagoons maintaining the same efficiency of computation
and quality level of the results

Significance of the results
The results of the application of the model show that numerical modeling
techniques can be efficiently applied to shallow water bodies such as lagoons and
the coastal zone. Even if in the open ocean finite difference models are perfectly
appropriate, in the coastal zone and lagoons finite elements are fundamental.
The complicated geometry and morphology of these areas can be described only
with the flexible unstructured grids of the finite element method.
The hydrodynamic simulations in the Venice lagoon provide the basis
for further studies that have been carried out. Sediment transport models and
water quality models have been successfully linked to the base model. The
model constructed in this way can be easily ported to other water bodies where
these modules are working in the same way and produced good scientific results.
Using the same underlying model gives a possibility for the inter-comparison of
different lagoons, excluding the danger that differences in the model formulation
would lead to differences in the results.
The model will be therefore an important tool that can be used for efficient coastal management and can be used in "What if predictions" and the
planning and hindcast of events.
Approbation of study results
1 http://www.ve.ismar.cnr.it/shyfem

4

This thesis is based on work that has been carried out through the last
10 years at the ISMAR Institute in Venice. Actually, some of the work, like
the development of the finite element model, dates back to the 1980s. However,
only in the last 8 years this material has been published in an organic way.
This thesis is based on 10 articles, all published in international journals. Moreover, the results of this dissertation have been presented in over 20
international conferences on oceanography, ecology and modeling techniques.
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Chapter 2

Literature review
In this chapter a literature review will be presented. Due to the many
topics this thesis is dealing this review will be divided into different sections.
Numerical models of the Venice lagoon
Due to the complicated morphology and bottom topography of the lagoon
the hydrodynamics of the lagoon can be understood only by massive use of
mathematical modeling. The circulation that is generated by tides and wind is
modified by the non-linear interaction with the bottom of the lagoon.
In the past, considerable effort has been put into modeling the hydrodynamics of the Venice Lagoon. A one dimensional model, which solves the
dynamics following the network of channels in the lagoon, has been proposed
(Di Silvio and D’Alpaos, 1972; D’Alpaos, 1978). This model was quite successful in describing the general flow and the tidal propagation in the Venice
Lagoon. However, the one-dimensional characteristics of the model limited its
application to problems where only the water level response of the lagoon was
important. The model could not describe flow over shallow water flats or cross
channel flow.
Various finite difference methods have been applied with different grid
sizes of 300 m (Chignoli and Rabagliati, 1975) and 600 m (Volpi and Sguazzero,
1977; Sguazzero et al., 1978). The major problem with these models was the
representation of the narrow channels and the fast varying bathymetry with the
fixed grid size. The grid size was either too coarse for the resolution of the
narrow channels, or unnecessarily fine for the large flats in the central lagoon.
In 1987 the Danish Hydraulic Institute set up an operational model for
the Venice Lagoon that was used in planning the sluice gates that were to be
built in the lagoon (Marchi et al., 1992). Also this model used a fixed finite
difference grid size of 300 m for the description of the lagoon.
More recently a high resolution finite difference model was implemented
with a grid size of 100 m (Casulli and Cheng, 1992; Casulli and Cattani, 1993).
This model can describe the channel network faithfully, but the computational
demand of such a high resolution model is quite high.
However, all finite difference models suffered from the same problem:
the need of a small grid size to resolve the narrow channels inside the lagoon.
7

Because of the characteristics of the finite difference method, this grid size had
to be imposed everywhere, even in areas far away from the inlets and the main
zones of interest. There was always a compromise to be made between accuracy
and feasibility.
The finite element method
Finite element methods allow more flexibility with its subdivision of the
system in triangles varying in form and size. They have been introduced into
hydrodynamics since 1973 and have been extensively applied to shallow water
equations by numerous authors (Grotkop, 1973; Taylor and Davis, 1975; Wang
and Connor, 1975; Herrling, 1977b,a, 1978; Holz and Nitsche, 1982). Lately
other authors have also applied the finite element method to tidal modeling
(Le Provost and Poncet, 1978) and to deeper areas in 3D versions (Lynch and
Werner, 1991; Lynch et al., 1996). An excellent treatment and review of this
subject can be found in Lynch et al. (1996).
Other approaches include the use of arbitrary unstructured grids where
the equations are resolved with a finite volume approach (Casulli and Zanolli,
1998). This finite volume approach has then been extended to the resolution of
the non-hydrostatic equations and has also been applied by Casulli and Zanolli
(2002) to the Venice Lagoon with promising results.
The ecological model EUTRO
The ecological model EUTRO, a sub-model of the water quality modelling
System WASP, released by the US Environmental Protection Agency (EPA)
(Ambrose et al. 1993), has been chosen as a starting point for the ecological
module because WASP is a model for a generic aquatic ecosystem widely known
and tested under a variety of different conditions (Desmedt et al., 1998; Vuksanovic et al., 1996; Warwick et al., 1999; Kellershohn and Tsanis, 1999; Tufford
and McKellar, 1999). Further, it is based on a modular structure, thought to
permit easy substitution of user written routines into the main code, so that
site-specific adaptation should not present particular problems.
EUTRO, a module of a water quality program released by the US-EPA,
WASP SYSTEM (The Water Quality Analysis Simulation Program1 ) has been
used and progressively updated since 1981 in different applications in the field
of water resource and quality management. It has been applied to different
environments, such as rivers, reservoirs, estuaries and coastal areas, and to
different topics, such as the biogeochemical dynamics and dissolved oxygen dynamics, bacterial contamination, toxic chemical movement, nutrient cycles and
eutrophication phenomena (Desmedt et al., 1998; Vuksanovic et al., 1996; Warwick et al., 1999; Kellershohn and Tsanis, 1999; Tufford and McKellar, 1999).
Residence time
Residence time is not a well-defined term. In the literature various meanings are associated with this concept. Some authors define it as the time re1 http://www.epa.gov/ceampubl/savearea/wasp.htm
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quired for a water particle to travel from a location to the boundary of the region
(Bolin and Rodhe, 1973; Zimmerman, 1976; Dronkers and Zimmerman, 1982;
de Kreeke, 1983; Prandle, 1984). In other works it is defined as the average
time for all the water to remain in the initial domain (Wang et al., 2004). From
the first definition the residence time turns out to be dependent on the position
and the tidal phase when the particles are initially released and it can be easily
associated to the transit time concept. From the second one it is similar to the
turnover time of a basin because it represents an average over the whole domain.
Other ways to compute the residence time refer to the mathematical
expression given by Takeoka (Takeoka, 1984a,b) known as the remnant function.
An important point in the determination of the residence time is the
return flow. Not all the water entering on the incoming tide is ‘new water’,
because some of the water that re-enters is water that has been ejected in the
last tidal cycle. Therefore, the tidal flushing and the cleaning capacity depend
not only on the tidal range and the basin geometry but also on the effluent water
that returns on the subsequent flood tide, the so called return flow, as defined
by Sanford et al. (1992). Hence, in order to investigate the cleaning capacity of
the Venice Lagoon that can be characterized through the water residence time,
the influence of the return flow on the basin flushing dynamic has to be taken
into account.
Sediment transport
Suspended particulate matter (SPM) is known to be an important component in estuarine environments (Kausch, 1990). Being incorporated into particles and flocks of varying size and composition, it acts as adherent surface for
substances such as heavy metals as well as for bacteria and plankton (Eisma and
Irion, 1988). Flocs of high organic content feed small fish and benthic animals
(Bernat et al., 1994). Suspended in the upper water column, SPM increases
turbidity and reduces the available solar radiation for the photosynthetic activity of phytoplankton (Baretta-Bekker et al., 1998). Settling during still water
and in areas of low current energy (Christiansen et al., 2000), SPM deposits
and is incorporated into the sediment by benthic organisms either by filtering
or burrowing (Kröncke, 1996; Sand-Jensen, 1998). This stabilization process is
counteracted especially in shallow lagoons as in Venice Lagoon, Italy, caused by
erosion through wind-induced currents and waves action as well as strong tidal
currents (Day et al., 1998) and long-term changes in sea level (Day et al., 1999).
Then, long-term accumulation of fine-grained material may be lost during a sudden and short-term storm event. Hence, for the calculation of budgets of SPM
and the attached substances, inter- and intra-tidal changes in concentrations of
SPM and the sediment fine fraction have to be considered.
In the Lagoon of Venice, Italy, the stability of phytobenthic macroalgae
populations and the inhabited mud flats have been under discussion for several decades (Bettinetti et al., 1995; Runca et al., 1996). Naturally, the public
awareness on the ecological status around the city of Venice is considerable.
Eutrophication in the 1980s was accompanied by enormous macroalgae growth
(Ulva Sp.) which still occurs in reduced form during summer (Bergamasco and
Zago, 1999). In some areas, formerly stable sea grass and macroalgae populations vanish (Sfriso and Marcomini, 1996). Either increasing sediment export
9

by hydrodynamic and atmospheric conditions or ecologically unfavorable detrimental conditions may be the reasons for the observed destabilization.
The Curonian lagoon
Hydraulic circulation in coastal and lagoon environments is a factor of primary importance for most of the physical and biogeochemical processes. Interseasonal and inter-annual variations in hydraulic forcing could drastically change
the biogeochemical processes in the lagoon both by changing the salinity and
turbulence. In case of the Curonian Lagoon these factors are considered to be
critical for the development of cyanobacteria blooms (Pilkaityte and Razinkovas, 2006) as well as structure and function of the whole plankton community
(Gasiunaite, 2000; Gasiunaite and Razinkovas, 2004). On the other hand, the
Curonian Lagoon could be treated as an estuarine continuum and expected to
be divided into the lentic, limnic and estuarine parts. However, due to the
strong seasonal variation in river discharge and wind climate this zonation cannot be derived explicitly from the geographical features as was tried in the past
(Červinskas, 1959; Žaromskis, 1996), but rather using averaged values of salinity
and current velocity.
The Curonian Lagoon, also known as the Kursiu Marios, is a estuarine
coastal freshwater lagoon. It is an open system, influenced by a discharge of
the fresh Nemunas and other smaller rivers and saline water of the Baltic Sea.
The Klaipeda Strait is the only lagoon outlet, it has a width of 400 m and
characteristic depth of 8-14 m. Water salinity in the northern part of the lagoon
may fluctuate between 0.1-7 psu and representatives of marine, brackish and
fresh-water species live there. The Kursiu Marios lies along the Baltic coast of
Lithuania and the Kaliningrad oblast (province) of Russia. The total area of
the lagoon is approximately 1600 km2. Total volume of water of the lagoon
is approximately 6.2 km3, and the average depth, about 3.8 m (Pustelnikovas,
1998). It is separated from the Baltic by a narrow (1-3 km) sandy barrier, the
Curonian Spit. The lagoon is heavily polluted from a combination of agricultural
and industrial sources. Concentrations of petrochemicals and heavy metals in
lagoon waters are very high. Not surprisingly, fishing and swimming in the
lagoon declined significantly in modern times (Pustelnikovas, 1998).
Fresh water runoff to the Curonian Lagoon is dominated by the Nemunas
River, averaging 22 km3 yr-1, or 96 % of the average annual runoff. Nemunas is
a low land trans-boundary river, the largest in Lithuania with a catchment’s area
of 97923.8 km2. The major part of the Nemunas discharge (18 km3 yr-1) flows
into the lagoon through the northern branches of the Atmata and Skirvita, and
its smaller part (4 km3 yr-1) flows into the southern part of the lagoon through
the Matrosovka (Gilija) branch (Dumbrauskas and Punys, 2003). Another 1
km3 yr-1of water flows into the South-East part of the lagoon via the Deima
River (Dumbrauskas and Punys, 2003). The Nemunas River receives the water
in its last part from the Minija tributary.
The scientific hydrodynamic investigations of the Curonian Lagoon have
started in the first half of the last century. Measured variation in physical and
chemical parameters or measured water currents were initially used to describe
the water circulation pattern. These studies pointed out the relationship between the wind and the current velocities and suggested a cyclonic behavior of
10

the surface water currents in the central and southern part of the lagoon. This
cyclonic circulation pattern has been therefore confirmed in the 1959 by the
application of a reduced physical model of the Curonian Lagoon (Červinskas,
1959). Only during the last years hydrodynamic models have been applied to
the Curonian Lagoon. It was revealed on the basis of application of a 2d finite element model (Chubarenko and Chubarenko, 1995) that (i) an intensive
northward current along the shore of Curonian Spit as well as large anticlockwise circulation in the wide southern part of the lagoon (accompanied by rather
small clockwise circulation just in the south-eastern corner of the lagoon caused
by Deima discharge) are developed during the western wind; (ii) any instant system of currents are rather different from the well know Miller’s current pattern
(Červinskas, 1959), which is to considered as only general (long-term averaged)
structure of fluxes in the lagoon. Raudsepp and Kouts applied a 2D finite difference hydrodynamic model to simulate the circulation pattern under steady wind
blowing from eight different directions. In this study the influence of the rivers
was not taken into account, but anyway the model results showed the presence
of a two-gyre circulation system in the southern part of the lagoon (Raudsepp
and Kõuts, 2002). In 2002, Davuliene at al. using a 3D finite difference baroclinic circulation model studied the dominant currents and the dispersion of a
passive tracer in the Curonian Lagoon and in the Lithuanian coastal waters
under different forcing. The model was calibrated and validated comparing the
model results against measured water level data. The authors showed that the
two-gyre circulation structure in the southern part of the lagoon develops under
all wind directions except for the easterly and westerly winds. Moreover, they
pointed out the strong influence of the Nemunas River on the water circulation
of the northern part of the lagoon (Davuliene et al., 2002). All the models described above, adopt a finite difference method with a regular grid and do not
permit an adequate resolution over the whole basin. For this reason the finite
element technique, that allows the use of elements with variable dimension, has
been preferred in this application for the Curonian Lagoon.
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Chapter 3

Methods
3.1

The hydrodynamic model of the Venice lagoon

The Lagoon of Venice is a complex system in terms of its hydrodynamics
and its ecosystem. To understand its behavior it is necessary to gain a sound
understanding of the physical processes that take place in the basin, the most
important of which is the hydrodynamics.
The Venice Lagoon is situated in the Northwest of the Adriatic Sea. It
covers roughly an area of 500 km2 and a length of 50 km, with the major axis
in the North-East, South-West direction. It is characterized by a complicated
network of channels and shallow water flats. A few principal deep channels
(maximum depth around 15 meters) cross an area of very shallow water with
an average depth of the order of 1 meter (see Fig. 3.1 for reference).
Three inlets, situated at the eastern boundary of the lagoon, allow a water
exchange between the Northern Adriatic Sea and the lagoon. These inlets are
called, from north to south, Lido, Malamocco and Chioggia (Fig. 3.1). They
are from 500 to 1000 meters wide and up to 15 meters deep.
The water circulation is mainly triggered by the sea level at the inlets.
The propagation of the tidal wave is mainly sustained by the major channels
and then extends to the shallow water areas. The presence of many islands and
semi-submerged areas (called barene) complicates the circulation pattern.
The lagoon is subjected to the principal wind systems of the Adriatic Sea,
that is the northeasterly bora and the southeasterly scirocco. Bora wind, by
far the strongest in this area, blows roughly parallel to the lagoon’s major axis.
The scirocco wind system is blowing from the South East to the central part of
the Adriatic Sea and causing storm surge effects in the North Adriatic and the
flooding of the city of Venice.
In the following a two dimensional finite element model for the Venice
Lagoon is presented. It obviates for some of the shortcomings of the above
mentioned finite difference models and allows for the resolution of all important
bathymetric and geometric features that characterize the Venice Lagoon. These
are mostly the resolution of the narrow channels inside the lagoon, the faithful
description of the borderline and the flooding and drying of the shallow water
flats, areas that amount to about 15% of the total surface of the Venice Lagoon.
13

+
0 1 2 3 4 5 km

+

*#

Airport
Industrial port

# B5

#

#

+

# C3 Venezia
#
§
+
#
+ H4
+
+
+ M29§ #
#
# B10
#

*

+ M27
# C6

+

+ H7

+ H5

+ M7
#
+ H3

S. Erasmo

Treporti

+
+ M14 # C4
+ +
+

Lido inlet

+

# B13
+ H6 #

+
#

*

# C1
+
+ H2
# B3

#

* §+ M17+

+

*

+ H1
#

+

#

Malamocco inlet

+ M32/H8
+
+

*

+
# B16+ + H9
# B17

Adriatic Sea

#

+ M37/H10

+ H11

#
#

*
*+

+ H12+

Chioggia inlet

* : river
§ : sewage treatment
# : sampling point
+ : tide gauge

#
+

Figure 3.1: Overview of the Venice Lagoon. The figure shows the setting of the
Venice Lagoon and the location of the tide gauges and sampling stations. Letters
M and H denote tide gauges where time series data (M) or harmonic constants
(H) were available. Letters B and C denote sampling points for temperature
and salinity.
venlag62

UNKNOWN

apnstd.str

14

The development of the model has already been partially described in other
places (Umgiesser and Bergamasco, 1993, 1995), but no thorough treatment has
been given on its equations and its application to the Venice Lagoon, including
calibration and validation aspects.
This work describes in detail the development of the hydrodynamic model
and its numerical solution, including the novel introduction of staggered finite
elements for the use in a shallow water model. The application of the model to
the Venice Lagoon, its calibrations and validation against different sets of experimental data are discussed too. In particular, model coefficients are calibrated
against a set of harmonic constants (phase shift and amplification of tidal wave
propagation) and model predictions are then validated with observed values of
water elevation, temperature and salinity.
Because of the shallow depth of the lagoon and relative high tides acting
at the inlets virtually no stratification can develop and the hydrodynamic system
can be regarded as well mixed. Recent current measurements at the inlets (Gacic
et al., 2002, 2004) have shown that basically no vertical structure was present in
the velocity data and other monitoring programs (Pastres et al., 2002) confirm
that no statistical significant differences could be found between samples of
temperature and salinity taken at the bottom or at the surface. This allows the
two dimensional shallow water equations to be applied to the Venice Lagoon, for
which solution algorithms exist that are nowadays a basic tool in the solution
of partial differential equations.

3.1.1

The shallow water equations

We start with the depth integrated shallow water equations that are the
equations for the conservation of momentum and mass:
∂ζ
∂U
+ gH
+ RU + X = 0
∂t
∂x

(3.1)

∂V
∂ζ
+ gH
+ RV + Y = 0
∂t
∂y

(3.2)

∂ζ
∂U
∂V
+
+
=0
∂t
∂x
∂y

(3.3)

where t is the time coordinate, U, V the horizontal transports in the x, y direction, ζ the water level, h the undisturbed water depth and H = h + ζ the total
water depth and g the gravitational acceleration.
The transports U, V can be obtained from the horizontal velocities u, v
by vertical integration over the whole water column
Z

ζ

U=

Z
udz

ζ

V =

−h

vdz.
−h

The bottom stress is written as the usual quadratic friction law as
√
u2 + v 2
R = cb
H
where cb represents a bottom drag coefficient.
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All other terms that will be discretized explicitly in the following treatment have been lumped into the terms X, Y . They read
X=u

∂2U
∂U
∂U
1
∂2U
)
+v
− f V − τxs − AH ( 2 +
∂x
∂y
ρ0
∂x
∂y 2

(3.4)

Y =u

∂V
∂2V
∂V
1
∂2V
)
+v
+ f U − τys − AH ( 2 +
∂x
∂y
ρ0
∂x
∂y 2

(3.5)

where f is the Coriolis parameter, ρ0 the constant density and τxs , τys the wind
stress acting at the surface of the fluid. The last term is the horizontal turbulent
diffusion (AH is the horizontal eddy viscosity).
The simplifications that have been applied to obtain these equations are
basically that ρ, the density is constant and homogeneous over the domain and
that there is only a barotropic pressure gradient in the fluid. Here use has
already been made of the hydrostatic equation ∂p
∂z = −ρg.
Baroclinic pressure gradients have not been included in the equations,
even if horizontal temperature and salinity gradients exist in the lagoon that
give rise to these terms. However, the barotropic pressure gradient is much
stronger, as can be seen through a simple scale analysis. If we integrate the
hydrostatic equation (with ρ constant over the water column) we can gain an
expression for the pressure p at depth z which is p = p0 + ρg(ζ − z). Taking
the partial derivative in x, neglecting second order terms and the atmospheric
pressure p0 and averaging over the total water depth H we obtain
1 ∂p
∂ζ
g ∂ρ H
=g
+
.
ρ ∂x
∂x ρ ∂x 2
∂ρ
The term ∂x
can be estimated through a simplified version of the equation
∂S
1 ∂ρ
of state ρ ∂x = −α ∂T
∂x + β ∂x where T and S are temperature and salinity
respectively and α and β are the thermal and saline coefficients of expansion
with typical values of α = 2 · 10−4 K−1 and β = 8 · 10−4 psu−1 . Therefore the
ratio between the barotropic and baroclinic pressure gradient can be evaluated
as
2∆ζ
2∆ζ
≈ 50
≈ 500
Hβ∆S
Hα∆T

where ∆ζ, ∆S and ∆T are differences of water level, salinity and temperature
over comparable distances respectively. Here we used ∆ζ = 0.2 m, ∆S = 10
psu and ∆T = 4 degrees Celsius (typical values for the variability over the
lagoon), and H = 1 m for the average water depth. This confirms the fact that
for estuaries and lagoons salinity is the major contribution to the baroclinic
pressure, and, in the case of the Venice lagoon, that the barotropic pressure
gradients are much more important than the baroclinic ones. Therefore, to a
first approximation, the latter ones may be neglected.

3.1.2

Staggered finite elements

For decades finite elements have been used in fluid mechanics in a standardized manner. The domain is divided into triangular elements and the vertices of these elements are called nodes. All variables are expanded by what
is called form functions, which are functions that have a simple form and can
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Figure 3.2: Form functions used in the FEM model: form functions in the domain (a) and the
domain of influence of node i (b).
easily be integrated analytically over the domain. A variable like the water level
ζ can then be written anywhere in the domain as
ζ = ζm ϕm

m = 1...K

(3.6)

where the summation over double indices is assumed, ζm is the value of ζ at
node m, ϕm the form function associated with node m and the summation runs
over all K nodes of the model domain.
The form functions ϕm were chosen as continuous piecewise linear functions inside the elements allowing a subdivision of the whole area of interest into
small triangular elements specifying the coefficients ζm at the vertices (nodes)
of the triangles. The functions ϕm are 1 at node m and 0 at all other nodes and
thus different from 0 only in the triangles containing the node m. An example
is given in the upper left part of Fig. 3.2a where the form function for node i is
shown. The full circle indicates the node where the functions ϕi take the value
1 and the hollow circles where they are 0.
This approach is straightforward but not very satisfying with the semiimplicit time stepping scheme for reasons explained later. Therefore another
way has been followed in the present formulation. The fluid domain is still
divided in triangles and the water levels are still defined at the nodes of the
grid and represented by piecewise linear interpolating functions in the internal
of each element as in (3.6). However, the transports are now expanded, over
each triangle, with piecewise constant (non continuous) form functions ψn over
the whole domain. We therefore write for the x-component of the transport
U = Un ψn

n = 1...J

(3.7)

where n is now running over all triangles and J is the total number of triangles.
An example of ψn is given in the lower right part of Fig. 3.2a. Note that the
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form function is constant 1 over the whole element, but outside the element
identically 0. Thus it is discontinuous at the element borders.
Since we may identify the center of gravity of the triangle with the point
where the transports Un are defined (contrary to the water levels ζm which
are defined on the vertices of the triangles), the resulting grid may be seen as
a staggered grid where the unknowns are defined on different locations. This
kind of grid is usually used with the finite difference method. With the form
functions used here the grid of the finite element model resembles very much an
Arakawa B-grid that defines the water levels on the center and the velocities on
the four vertices of a square.
Staggered finite elements have been first introduced into fluid mechanics
by Schoenstadt (1980). He showed that the un-staggered element formulation
of the shallow water equations has very poor geostrophic adjustment properties. Williams (1981) and Williams and Zienkiewicz (1981) proposed a similar
algorithm, the one actually used in this work, introducing constant form functions for the velocities. He showed the excellent propagation and geostrophic
adjustment properties of this scheme.
However, the introduction of staggered finite elements into the shallow
water equations and the use of the velocities in the center of the element is quite
a novel approach. Therefore, the full treatment and the discretization of the
momentum and continuity equations are given in the appendix.

3.1.3

The conservation equation for a scalar
The equation that governs the evolution of a dissolved substance is
∂uS
∂vS
∂2S
∂2S
∂S
+
+
= KH ( 2 +
) + Qs + I
∂t
∂x
∂y
∂x
∂y 2

(3.8)

Rζ
where S = −h sdz, s the concentration of the substance, KH the horizontal
eddy diffusivity and Qs the flux of s through the water surface. Fluxes through
the bottom have been neglected here. I indicates inputs of the substance.
This equation applies equally well to dissolved tracers as it does to temperature and salinity. In the case of temperature the source term is given by
the radiation Qrad [W m−2 ] through the water surface and can be written as
Qs = Qrad /(ρcp ) with cp the specific heat of water (3991 J kg−1 K−1 ). In
the case of salinity the source/sink term is the evaporation and precipitation of
water through the surface [kg m−2 s−1 ], but also freshwater input from rivers
has to be taken into consideration.
We must note that this equation is un-coupled from the solution of the
hydrodynamic equations of momentum and continuity. This is true because in
the derivation of these equations the density ρ has been considered constant. In
taking the density constant there is no influence from the changing temperature
and salinity through the baroclinic pressure term on currents. In this way, these
equations can be treated independently, facilitating the solution of the system.

3.1.4

Stability of the discretization

No complete treatment on stability can be given here. It can however
be said that the semi-implicit treatment of the hydrodynamic equations can
18

give a certain advantage over explicit
√ methods what concerns the long and fast
gravity waves with a speed c = gH. For the weighting parameters αz and
αm (see appendix for reference) both greater or equal 0.5 (from semi-implicit
to fully implicit) the discretization is not subject to the Courant criterion of
∆t < ∆x/c, where ∆x is a typical length scale of the element. For αz = αm =
0.5 (semi-implicit) it can also be shown that the linearized equations are energy
conserving, a highly desirable property.
The method does also not show problems with sign reversal of the velocity
in the case of strong friction if the bottom friction term is treated fully implicitly.
Retaining only the local acceleration term and the bottom friction term and
discretized explicitly (αr = 0) we have U (1) = (1 − ∆tR)U (0) . It can be easily
seen that for ∆tR > 1 the velocity changes sign and for ∆tR > 2 the method
becomes unstable. When discretizing the friction term implicitly (αr = 1) the
solution for U (1) becomes U (1) = U (0) /(1+∆tR) which is stable for any choice of
∆t and R. This is especially important for applications in shallow areas where R
can become arbitrarily large due to its inverse dependence on the water depth H.
The explicitly treated terms have their effect on the stability of the
method. It can be shown that the Coriolis term is subject to the stability
criterion
∆t 2
(f − R2 ) ≤ 1.
2R
If R ≥ f this is always true and the stability does not depend on the time step.
On the other hand, if this criterion is not satisfied, the explicit method is weakly
unstable only if friction is low. However, it can be seen that the eigenvalues of
the system matrix are always smaller than 1 + (∆tf )2 , a value close to 1 since in
moderate latitudes the value for f is around 10−4 s−1 . In practice this stability
criterion is normally never a problem due to the dominance of the friction term
in lagoons and due to the weak nature of the instability of the Coriolis term.
Advection is a greater problem for stability. No criterion can be given for
the advective terms in the momentum equation due to the non-linear nature of
the terms. However, these terms can be estimated to obey a similar stability
criterion as the advective terms in equation (3.8) for temperature and salinity.
In this case the Courant criterion is valid, with the propagation velocity given
by the current velocity:
|u|
∆t ≤
∆x
where again ∆x is a typical size of the element investigated and |u| is the modulus of the current velocity. This stability criterion is normally much less restrictive than the one for the fast gravity waves that has already been eliminated
through the use of the semi-implicit approach.
Finally the numerical stability for the diffusion term, both in the momentum and in the scalar conservation equation requires the following criterion
∆t ≤

(∆x)2
2α

where α is the turbulent horizontal eddy viscosity or diffusivity. This criterion
is normally not very restrictive, because in small elements, where the time step
seems to be severely limited, the value for α is small since turbulent quantities
are resolved better by the higher resolution of the numerical grid.
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3.1.5

Mass conservation and tidal flats treatment

It should be pointed out that only through the use of this staggered grid
the semi-implicit time discretization may be implemented in a feasible manner.
If the Galerkin method is applied in a naive way to the resulting equations,
introducing the linear form functions for both the transports and water levels
and setting up the system matrix, the model is not mass conserving. This may
be seen in the following way (see Fig. 3.2b for reference). In the computation
of the water level at node i, only ζ and transport values belonging to triangles
that contain node i enter the computation (full circles in Fig. 3.2b). But when
the barotropic transports of node j are computed, water levels of nodes that
lie further apart from the original node i are used (hollow circles in Fig. 3.2b).
Some of these water levels have not been included in the computation of ζi , the
water level at node i. So the computed transports are actually different from the
transports inserted formally in the continuity equation. The continuity equation
is therefore not satisfied.
These contributions of nodes lying further apart could in principle be accounted for. In this case not only the triangles Ωi around node i but also all the
triangles that have nodes in common with the triangles Ωi would give contributions to node i, namely all nodes and elements shown in Fig. 3.2b. The result
would be an increase in the bandwidth of the matrix for the ζ computation, i.e.,
dis-advantageous in terms of memory and time requirements.
Using instead the approach of the staggered finite elements, only the
water levels of elements around node i are needed for the computation of the
transports in the triangles Ωi . In this case the model satisfies the continuity
equation and is mass conserving.
The shallow water flats have also to be treated by the model. These areas,
during a tidal cycle, may be sometimes exposed from the water, and sometimes
covered with water and are treated in a mass consistent way by the model.
When the water level falls below a critical value (here 5 cm), the element is
taken out of the computation, storing its actual water mass.
On these dried areas, a laplacian interpolation is carried out to compute
the water levels at every time step. When the interpolated water level at all
nodes in the element is higher than another critical value (10 cm), the element
is re-introduced into the active system of computation with the water mass that
it had before being taken out from the system. The choice of different critical
values for switching on and off elements avoids high frequency oscillations during
flooding and drying. Through this procedure it is possible to integrate more than
one row of elements without iterating over the dry points. In all cases, mass is
exactly conserved. For details see Umgiesser and Bergamasco (1993).

3.2
3.2.1

The model implementation in the Venice Lagoon
The numerical grid

The numerical grid describing the lagoon of Venice is made out of 7842
triangular elements and 4359 nodes. The grid is shown in Fig. 3.3. Clearly
visible in the grid are the inlets connecting the lagoon with the Adriatic Sea
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and the island of Venice situated at the center of the lagoon. Small elements
are placed in the vicinity of the deep narrow channels that run through the
lagoon starting from the inlets and leading to the remote parts of the lagoon.
Due to the highly variable geometry and bathymetry the grid has been
constructed manually without the use of an automatic mesh generator. In this
way it was possible to fit the elements along these channels and optimize the
number of triangles used for the description of the bathymetry (see Fig. 3.3).
Element size ranges from over one kilometer in the parts far from the inlets
down to about 50 meters in the channel system of the lagoon. This is clearly
an advantage of the finite element method over the fixed size of finite difference
cells.
Tidal flat areas are also contained in the grid. During a tidal cycle these
flat areas might be either wet or dry, depending on the tidal excursion. The
areas of the fishing farms that make up around 18% of the total area of the
lagoon have been excluded, since they are actually separated by dikes from the
lagoon and do not participate in its tidal dynamics.
In every element the bottom depth has been specified as well as the
element type. This element type is later used when assigning varying friction
coefficients taking into account the different nature of the bottom roughness
and allowing to differentiate between channels and tidal flat areas.

3.2.2

Boundary conditions and forcings

The principal forcings the lagoon is subjected to are the tides and the
wind. Other factors which influence temperature and salinity are the discharge
of the rivers, rain, evaporation and radiative forcing.
The water level is prescribed at the three inlets of the lagoon as an open
boundary condition. In this way the velocities and fluxes are free to adjust.
The water levels are measured close to the inlets, outside in the Adriatic Sea.
No amplitude difference or phase shift can be distinguished between the three
inlets, and therefore the tide gauge data of the Lido inlet has been imposed on
all three boundaries.
The tide varies between ±50 cm during spring tides to about ±15 cm
in the period of neap tides. The tide is basically semi-diurnal, only during
neap tides a strong component of the K1 constituent can be identified. This
strong amplitude makes the tides in Venice one of the highest tides in the
Mediterranean Sea (Sanchez et al., 1992).
The wind, acting on the water surface, is transformed through the use of
the well-known quadratic drag law as
τxs = ρa cD |uw |uw
x

τys = ρa cD |uw |uw
y

w
where cD is the wind drag coefficient, ρa the air density, uw
x , uy the wind speed
w
in x, y direction at standard height (10 m) and |u | its modulus. The wind was
measured at the oceanographic platform, situated in the Adriatic Sea, close to
the coast and consisted in wind speed and direction data every 3 hours.

3.2.3

Parameters

The most important parameter to be set for the hydrodynamic model is
the value of the bottom friction coefficient cb . This value has been computed
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Figure 3.3: Grid and bathymetry of the FEM model. The grid consists of 7842
triangular elements and 4359 nodes. The gray values refer to the bathymetry.
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through the Chezy formula

g
C2
with C the Chezy coefficient. The parameter C in turn depends on the water
depth through
1
C = ks H 6
cb =

where ks is the Strickler coefficient (units m1/3 s−1 ). With the use of the element
index different areas have been identified that have been given different values of
the Strickler coefficient. Inside the lagoon a distinction has been made between
the channels, the tidal flats and the other areas. Other distinctions have been
made between the areas close to the inlets and the Treporti channel that leads
from the Lido inlet northward.
At the inlets different values for the Strickler parameter have been used
for inflow and outflow conditions. In this way it was possible to parameterize
unresolved physical processes like the local losses due to the sudden expansion
of the out-flowing water. Modeling these processes explicitly would require a
mesh much finer at the inlets (in the order of 10 m). It would, however, not
give more insight in the hydrodynamic processes occurring in the lagoon as a
whole. The initial values of the Strickler coefficients for the different parts of
the lagoon have been set in agreement with Umgiesser (2000), and are given in
the first two columns of Tab. 3.1.
area
default
tidal flats
channels
Chioggia inlet
Malamocco inlet
Lido inlet

default values
inflow outflow
36
36
36
36
36
36
32
19
36
17
36
20

calibrated values
inflow
outflow
30
30
36
36
27
27
38
19
30
17
30
20

Table 3.1: Initial and calibrated Strickler coefficients [m1/3 s−1 ] for the model of
the Venice Lagoon.
For the wind drag coefficient cD a standard value of 1.5·10−3 has been
used. No variable drag coefficient has been used (like Smith and Banke (1975)
or similar) because the uncertainty of the wind data was quite high.
For the horizontal turbulent diffusivity KH a low value of 3 m2 s−1 has
been chosen and the horizontal turbulent viscosity AH has been set to 0 because
in the case of the Venice Lagoon there was no need to stabilize the numerical
solution with the viscosity.
All simulations have been carried out with a time step of 300 s. The
initial conditions have been set constant. This is certainly not a problem for the
current velocities and the water level (initial condition 0), since these quantities
approach a dynamic steady state very fast (less than a day). For the temperature
and salinity variables the time to reach a steady state distribution is much
longer. Therefore, a warm up period of 3 months was chosen, enough for the
variables to approach a dynamic steady state, and the constant initial values
have been set to 20 degrees Celsius and 28 psu.
23

Figure 3.4: Overall structure of the WASP SYSTEM; the DYNHYD module
reproduces the transport phenomena, while TRACER, EUTRO, and TOXY
reproduce respectively the tracer movement, the ecological–eutrophication processes and the toxic-chemical processes. Specific input data files enter the submodules (TRACER, EUTRO, TOXY, and DYNHYD) that can be run in conjunction or separately by WASP.

3.3
3.3.1

The ecological model
The original EUTRO module

The starting point for our ecological module is EUTRO, a module of a
water quality program released by the US-EPA, WASP SYSTEM (The Water
Quality Analysis Simulation Program). The WASP SYSTEM (see Fig. 3.4) has
been used and progressively updated since 1981 in different applications in the
field of water resource and quality management.
EUTRO simulates the evolution of up to eight state variables in the water column and sediment bed, including dissolved oxygen (DO), carbonaceous
biochemical oxygen demand (CBOD), phytoplankton carbon and chlorophyll a
(PHY), ammonia (NH3), nitrate (NOX), organic nitrogen (ON), organic phosphorus (OP), and orthophosphate (OPO4). The interacting eight state variables
can be considered as four interacting systems: the carbon cycle, the phosphorus
cycle, the nitrogen cycle and the dissolved oxygen balance (Fig. 3.5). Different
levels of complexity can be selected by switching the eight variables on and off,
in order to address the specific topics.
The evolution of phytoplankton concentration (Reaction 1, Tab. 3.2) is
described by the anabolic and the catabolic terms, plus a grazing term related
to zooplankton concentration, which however is treated as a constant (Reactions
10–14, Tab. 3.3). The anabolic term (Reactions 10 and 13, Tab. 3.3) is related
to light intensity, temperature and concentration of nutrients in water, while the
catabolic term (Reactions 11 and 14, Tab. 3.3) depends mainly on temperature.
Phytoplankton growth is described by combining a maximum growth rate
under optimal conditions, and a number of dimensionless factors, each ranging
from 0 to 1, and each one referring to a specific environmental factor (nutrient,
light availability), which reduces the phytoplanktonic growth insofar as environmental conditions are at suboptimal levels. Phytoplankton stochiometry
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Figure 3.5: Box fluxes of the WASP: the WASP is formed by the four subsystems
of the phosphorus cycle, the nitrogen cycle, the carbon cycle and the oxygen
cycle. Arrows indicate the matter flow between the state variables.

is fixed at the user-specified ratio, so that no luxury uptake mechanisms are
considered, and the uptake of nutrients is directly linked to the phytoplankton
growth, and described by the same one-step kinetic law. More specifically, the
influence of inorganic phosphorus and nitrogen availability on phytoplankton
growth/nutrients uptake is simulated by means of Michaelis–Menten–Monod
kinetics (Reactions 42 and 43, Tab. 3.3). Phytoplankton uptakes nitrogen both
in the forms of ammonia and nitrate, but ammonia is assimilated preferentially, as indicated in the ammonia preference relation (Reaction 38, Tab. 3.3).
The influence of temperature is given by an exponential relation (Reaction 13,
Tab. 3.3), while the functional forms for the limitation due to suboptimal light
condition can be chosen between two alternative options, namely the formulation proposed by Di Toro et al. (1971) and the one proposed by Smith (1980)
(Di Toro and Smith subroutines, Reaction 44, Tab. 3.3). Finally, the two more
frequently used models for combining maximum growth and limiting factors,
the multiplicative and the minimum (or Liebig’s) model, are both implemented,
and the user can choose which one to adopt (Reaction 41, Tab. 3.3). Nitrogen
and phosphorus are then returned to the organic compartment (ON, OP) via
phytoplankton and zooplankton respiration and death. After mineralization,
the organic form is again converted in the dissolved inorganic form available for
phytoplankton growth.
The DO mass balance is influenced by almost all of the processes going
on in the system. The re-aeration process acts to restore the thermodynamic
equilibrium level, the saturation value, while respiration activities and mineralization of particulate and dissolved organic matter consume DO and, of course,
photosynthetic activity produces it. Other terms included in the DO mass
balance are the ones referring to redox reactions such as nitrification and deni25

trification. The re-aeration rate is computed from the model in agreement with
either the flow-induced rate or the wind-induced rate, whichever is larger. The
wind-induced re-aeration rate is determined as a function of wind speed, water
and air temperature, in agreement with O’Connor (1983), while the flow-induced
re-aeration is based on the Covar method (Covar, 1976), i.e. it is calculated as
a function of current velocity, depth and temperature.

Table 3.2: State variables and general reactor equations of the EUTRO model

3.3.2

The extended version

As already mentioned, the EUTRO module does not simulate explicitly
the dynamic of zooplankton community. Indeed, the phytoplankton mass balance equation does contain a loss term that is ascribed to grazing pressure, but
such a term is computed assuming that the density of zooplankton is fixed at
a prescribed value. As a consequence, the mass flux referring to this term is
transferred directly to the organic matter compartment. EUTRO can therefore be seen as a particular extension of the NPD models that is as one of
those models in which the matter is thought to be cycling through the major
compartments Nutrient, Plankton and Detritus. These models are commonly
used in oceanography, where the ecosystem sub-models are coupled to a general circulation model of a very large area, and where, as a consequence, the
discretization, both spatial and temporal, and the level of details one can take
into consideration, cannot be very fine. Such a hyper-aggregated representation
of the ecosystem functioning is however less suitable for smaller systems, such
as lagoon or coastal areas, where one is usually interested in processes covering
temporal scales of the order of months or seasons, and high spatial resolution is
frequently a plus.
Clearly the EUTRO parameterization is a particularly rich extension of
the NPD models, since the compartment ‘N’ is expanded up to three distinct
state variables, and other three state variables are used to described the compartment ‘D’. It therefore appears very much appropriate to release the constrain of a unique pool for plankton community, and to distinguish, at the very
least, between an autotrophic phytoplankton community and an heterotrophic
zooplankton community, up-scaling in this way the model to a member of the
class of the NPZD models, where the zooplankton becomes a state variable.
The importance of such an extension can hardly been underestimated, since
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NPD systems can exhibit only the so-called ‘bottom-up’ dynamics, in which the
availability of nutrient is the only driving factor controlling plankton evolution,
whereas the inclusion of a predator– prey relationship enables also the arising
of ‘top-down’ controlled dynamics, in which the driving factor is the dynamic
of the grazer. This is important even if one is focused mainly on phytoplankton
dynamics (for example because one feels that there is not enough zooplankton
data for a full calibration), and zooplankton is considered only as a ‘closure’
term for phytoplankton.
Indeed, there is a big difference (see Fig. 4.12 later in the result chapter)
in phytoplankton evolution between the case in which grazing is parameterized
by fixing the zooplankton at a constant value and the case in which zooplankton
is left to evolve. In fact, only in the latter case predator–prey oscillation can
arise. This might imply substantial differences on the phytoplankton evolution
at monthly and seasonal scale.
A new subroutine has therefore been written, describing the dynamics
of a generic herbivorous zooplankton compartment (ZOO), meant to be representative of the pool of all the herbivorous zooplankton species, and modifying
accordingly the subroutines relative to phytoplankton, organic matter, nutrients, and dissolved oxygen, which were influenced by such a modification.
The grazing has been described by means of a type II functional relationship, as it is usually done for aquatic ecosystems. However, the possibility to
select a type III relationship, as well as to maintain the original parameterization
of constant zooplankton, has been included.
The zooplankton assimilates the ingested phytoplankton with an efficiency EFF, and the fraction not assimilated, ecologically representative of faecal
pellets and sloppy feeding, is transferred to the organic matter compartments
(dotted lines Fig. 3.5). Finally, zooplankton mortality is described by a first
order kinetics. The code has been written by adopting the standard WASP
nomenclature system, and the choice between the different available functional
forms is performed by setting the index IGRAZ. A choice of 0 (the default value)
corresponds to the original EUTRO version, giving the user the ability to chose
easily between the extended version or revert to the original one.
Furthermore, we introduced a new option for the light limitation on
growth using the Steele formulation (Steele, 1962) that can use hourly light
input values (Reaction 44, Tab. 3.3). Again, the choice between different available functional forms (Ditoro, Smith, and Steele) is made by setting the index
LGHTSW equal to 1, 2 or 3. The new version is therefore able to simulate
diurnal variations depending on light intensity, such as night anoxia due to
phytoplankton respiration during nighttime.

3.3.3

The coupling

Mathematical models usually describe the coupling between ecological
and physical processes by suitable implementation of an advection/diffusion
equation for a generic tracer, which, in the more popular parameterization,
reads as (Crise et al., 1999):


∂Φi
∂Φi
∂
∂Φi
2
+ U ∇H Φi − ws
= Kh ∇H Φi +
Kv
+ F (Φ, T, I, ..)
∂t
∂z
∂z
∂z
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(3.9)

Table 3.3: Functional expressions and parameter values in the present application of the EUTRO module

where U is the (average components of the) velocity, the Φi are the tracers
which compose the entire vector of the biological state variable Φ and F is a
source term. T and I indicate, respectively, water temperature and irradiance
level, while ws represent the downward flux rates (sinking velocity) for the tracer
Φi , and Kh and Kv are the eddy coefficients for horizontal and vertical turbulent
diffusion.
The formulation differs from the generic advection/diffusion equation for
a passive tracer because of the term F that includes the contributions of the
biological/biogeochemical activities, and is therefore often referred to as the
reactor term.
The first terms of the sum in Eq. (3.9) give the variations induced in the
tracer Φi by physical processes (advection, diffusion, and sinking). Since the
simplified hypothesis is assumed that active tracers do not affect the transport
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Table 3.4: Parameters

process, these terms do not depend upon tracers other than Φi , i.e. tracers
do not influence each other (or, in other words, the tracers’ dynamic is not
coupled) as far as the physically-induced variation is regarded. The presence
of spatial operators implies that the evolution of the tracer Φi in the position
x, y, z depends not only on the density of the tracer in that particular location,
but also upon its densities in the neighborhood of that point, i.e. the dynamic
of a tracer is coupled to those of the same tracer in the surrounding space.
In contrast, the whole biological state vector Φ is explicitly considered in
the last term of Eq. (3.9), without a spatial operator. As far as the biologically
induced variations are regarded, the fate of each tracer in every location x, y, z
is tightly coupled to other tracers in the same location, but is not directly
influenced by processes going on elsewhere. For this reason the reactor term is
sometimes referred to also as the local term.
Therefore, in this approximation the global temporal variation of any
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Table 3.5: Variables

tracer (state variable, conservative or not) can be split into the sum of two
independent contributions:
∂Φi
∂Φi
=
∂t
∂t

+
phys

∂Φi
∂t

(3.10)
biol

and it might be convenient, in writing a computer code, to devote independent modules to computation of each of them (Fig. 3.6). Indeed, most of
the modern water quality programs do have, at least conceptually, a modular
structure. In this way the same code can be used for simulating different situations: by switching off the module referring to the reactor term the transport
of a purely passive tracer is reproduced, while a 0D, close and uniformly stirred
biological system is simulated if the module referring to the physical term is not
included. Finally, the inclusion of both modules gives the evolution of tracers
subjected to both physical and biogeochemical transformation, in a representation that, depending upon the parameterization of the physical module, can be
1, 2 or 3 dimensional.
As mentioned before also the WASP SYSTEM has been structured as
a series of modules. More specifically it consists of two stand alone programs:
DYNHYD, which reproduces the transport phenomena, and WASP, which reproduces the biogeochemical processes such as eutrophication phenomena, simulated by the subsystem EUTRO, and toxic-chemical processes simulated by
the subsystem TOXI (Fig. 3.4).
The modular structure shows up in the fact that the main components
DYNHYD, EUTRO and TOXI can be run in conjunction or independently from
each other. It is also easy to substitute the hydrodynamic module DYNHYD
with another one, since WASP, and therefore its main components EUTRO and
TOXI only need the information of the fluxes between the discretized boxes and
their respective volumes (Fig. 3.4).
On the other hand this structure creates some constraints: since every
box has to be explicitly specified in the input data file, the discretization is
generally not highly refined. The trade off of this flexibility and user-friendly
version is usually a low resolution of the spatial discretization.
Furthermore, temperature, light intensity, salinity and wind used as forc30

Figure 3.6: Operator splitting technique: forcings and parameters are input for
each of the two subsystems for the derivative computation in the proper time
step. The derivatives are coupled afterwards, allowing different time steps for
the two processes and therefore optimizing the computational resources.

ings in the EUTRO module are entered by the user as generic piecewise linear
time functions. This implies that the user should define the values of the linear
approximation directly in the input file. It is therefore inconvenient to enter the
forcing functions in highly refined time step (i.e. a daily value). The same constraints are encountered in the source load input procedure. The model seems
therefore more suitable to investigate long-term trends than the local and short
ones.
With the actual implementation of WASP, it is quite difficult to extract
only the biochemical reactor of EUTRO and use it in another model. Even if the
code is cleanly separated within WASP (i.e. kinetics separated from the time
loop, advection, dispersion, loading), the problem with the extraction is that
WASP passes information through common blocks with equivalences and linear
time functions that require WASP utilities. Within WASP, the eutrophication
kinetics are accessed with one subroutine call (i.e. WASPB), which returns
kinetic derivatives back to the WASP solvers. While the basic scientific code
for eutrophication is separated from the rest of WASP, this scientific code relies on standard WASP data transfers, which make it difficult to extract the
eutrophication routines.
We have therefore reorganized the way the different subroutines composing EUTRO are linked, by rearranging common block definition, subroutine
calls, variable declarations and memory accessing, in order to separate cleanly
the biochemical reactor of EUTRO from the rest of the code that deals with all
other kinds of tasks such as the time loop administration, the advective fluxes
between boxes, etc. In this way, the whole EUTRO module has been reduced to
one subroutine call (EUTRO0D) that is done from the main program through
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Figure 3.7: Coupled hydrodynamic-ecological system: the extraction procedure
allows the coupling of EUTRO with different hydrodynamic model (0D–3D), by
setting the proper information in the interface subroutines.

an appropriate interface. As a result a clean division is achieved between the
hydrodynamic motor, parameters used by the model and the resolution of the
differential equations and the ecological model as evidenced by the overall structure of the modules, Fig. 3.7. We focus here on the EUTRO module, but the
TOXI module could be dealt with in exactly the same way.
Note that in this way the EUTRO module can be linked equally easily
to a hydrodynamic model of any dimensionality and complexity, from a 0D
representation or simple box model discretization up to full-blown 3D primitive
equation models for the simulation of the general circulation. Only the interface
will be different since it will depend on the specificity of the hydrodynamics and
on the way the data structure is handled in the main routine. In fact, and as
already mentioned, problems like horizontal and vertical discretization have no
influence at all on the computation performed in the EUTRO0D module: the
only information required is if the box the computations refers to is in contact
with the water surface (re-aeration), with the bottom, or is inside the water
column.
It is the responsibility of the main module to implement the time loop
administration, the advective and diffusive transport of the state variables, both
in the horizontal and vertical direction and the application of the boundary
conditions.
The typical use of the new EUTRO module is as follows: the main program first sets all parameters needed in EUTRO through the call to EUTRO
INI. These parameters are the kinetic constants of the reactions that are described in EUTRO and are considered constant for a site. They have to be
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set therefore only once at the beginning of the simulation. Once set, these
parameters are available to the EUTRO module as global parameters.
For every box in the discretized domain (horizontal and vertical), and
for every time step, the main program calls the subroutine EUTRO0D. Inside
EUTRO0D the differential equations that describe the biochemical reactions are
solved with a simple Euler scheme.
The values passed into EUTRO0D can be roughly divided into four
groups. The first group is made out of the aforementioned constants that represent the kinetic constants and other parameters that do not vary in time
and space. The second group represents the state variables that are actually
modified by EUTRO0D through the biochemical reactions. These variables are
transported and diffused by the main routine and are just passed into EUTRO0D for the description of the processes. After the call no memory remains
in EUTRO0D of these state variables. They must therefore be stored away by
the main routine to be used in the next time step again. The third and fourth
groups of values have to do with the forcing terms. They have been divided in
order to account for the different nature of the forcing terms. The third group
consists of the hydrodynamic forcing terms that are directly computed by the
hydrodynamic model and parameters related to the box discretization. They
consist of water temperature, salinity, current velocity, and depth and type of
the box. Here the type identifies the position of the box (surface, water column,
sediment), which is needed for some of the forcings to be applied. These variables are passed directly into EUTRO through a parameter list. The last group
contains other forcing terms that are not directly related to the hydrodynamic
model. These consist of the meteorological forcings (wind speed, air temperature, ice cover), light climate (surface light intensity, day length) and sediment
fluxes. These parameters are set through a number of commodity functions that
are called by the main routine. The reason why the last two parameter groups
are handled differently from each other has also to do with the fact that the
third group is highly variable in time and space. Variables like current velocity
change with every time step and are normally different from element to element.
The fourth group is very often only slowly variable in time (light, wind) and can
very often be set constant in space. Therefore these values can be set at larger
intervals, and do not have to be changed when looping over all the elements in
the domain.
The overall flow of information during one time step is the following:
First the hydrodynamic model resolves the momentum and continuity equation
to update the current velocities and water levels. After that the physical (temperature and salinity) and biochemical scalars are advected and diffused. Once
this advection step has been handled the new loadings and forcing terms are
setup and then EUTRO is called for the biochemical reactions.
Note that the operator splitting technique, which decouples the advective
and diffusive transport from the source term, allows for different time steps of
the two processes for a more efficient use of the computer resources.

3.4

Residence time

In this section the definition of the residence time and the return flow
factor is given.
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3.4.1

Residence time formulation

In this work the residence time has been defined as the time required for
each element of the domain to replace most of the mass of a conservative tracer,
originally released, with new water. To compute it we refer to the mathematical
expression given by Takeoka (Takeoka, 1984a,b) known as the remnant function.
The tracer, initially released inside the lagoon with a concentration of
100%, is subject to the action of the tide and the wind forcing that drives it
out of and often again inside the basin through the three inlets. This leads to a
decay of its concentration. The remnant function r(x, y, t) of the concentration
is given at each position of the domain as r(x, y, t) = C(x, y, t)/C0 (x, y), where
C(x, y, t) is the concentration at time t of the passive tracer in the position x, y
and C0 (x, y) = C(x, y, t = 0) is its initial value. The residence time τ can then
be defined as (Takeoka, 1984a,b)
Z ∞
τ=
r(t)dt
(3.11)
0

and for every position x, y of the domain as:
Z ∞
τ (x, y) =
r(x, y, t)dt

(3.12)

0

If the decay of the concentration C is exponential,
C(t) = C0 e−αt

(3.13)

then it is easy to see that (3.11) gives τ = 1/α, which is the time it takes to
lower the concentration to 1/e of its initial value (e-folding time).
The residence time, as we defined it, can be associated with the renewal
time concept that defines the proper transport time scale for the physical process
we are interested in.
In the following the residence times have been computed for different
simulated scenarios and for each element of the grid domain.

3.4.2

Return flow factor

From the classical tidal prism method (Sanford et al., 1992), the average
residence time τav of a small and well-mixed embayment is given by
τav =

T Vav
(1 − b)P

(3.14)

where T is the average tidal period, Vav the basin average volume, P the tidal
prism or inter-tidal volume and (1 − b) is the fraction of new water entering the
basin during a tidal cycle.
The term b is the return flow factor. It expresses the fate of the concentration once it is outside the embayment. The value b = 0 expresses the fact
that no water previously ejected returns into the lagoon and b = 1 corresponds
to a situation where all of the tracer returns to the basin.
When the tide forces the circulation, the lagoon water mass is carried out
of the embayment during the ebb phase. Some fraction of the discharged water
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is lost by exchange and mixing within the receiving water body, the remainder
returns back to the lagoon basin on the subsequent flood phase.
The return flow has a significant effect on the increase of the residence
time and it depends on three important factors as outlined by Sanford et al.
(1992): the phase of the tidal flow in the connecting channel relative to the flow
along the coast, the amount of mixing that occurs once the water is outside
the embayment and the strength of the inlet flow relative to the strength of the
coastal current.
If we define τ0 as the residence time for b = 0 (e.g., the case of no return
flow), Eq. (3.14) gives
T Vav
(3.15)
τ0 =
P
Combining the two Eqs. (3.14) and (3.15) we have
τav =

T Vav
τ0
=
(1 − b)P
1−b

(3.16)

We can therefore estimate the return flow factor computing the two residence
times τav and τ0 . This formulation is independent from the tidal prism P , the
tidal period T and the basin average volume Vav .
In order to estimate the return flow factor for each forcing scenario, another simulation is carried out in which all of the tracer mass that exits the
lagoon is set to 0, therefore, no tracer can re-enter the basin. This allows the
computation of the value of τ0 . Since the residence times are computed for
every grid point of the basin, not only the average values but also the spatially
varying τ (x, y) and τ0 (x, y) can be estimated. From these values we are able
to compute not only an overall value for b but we can compute the spatially
variable return flow factor b(x, y), given by
b(x, y) =

τ (x, y) − τ0 (x, y)
τ (x, y)

(3.17)

The value b(x, y) is an estimate of the effect that the tracer return flow
exerts on the local residence time whereas the spatial average of b(x, y) is an
estimate of the return flow factor term b in the tidal prism method (Eq. 3.14).
As outlined by Sanford et al. (1992) the tidal prism method is subject to many
limitations and assumptions. It can be applied if the basin is well mixed and the
receiving body (the Adriatic Sea in this case) is characterized by homogeneous
condition. In the case of the Venice Lagoon, the system is far from being well
mixed and the Adriatic Sea does not guarantee a homogeneous condition (its
tracer concentration is increasing over time). Therefore, the tidal prism method
is inadequate to compute the lagoon residence time, but the numerical approach
can still be applied and a return flow factor independent from the tidal prism
method can be defined by (3.17).

3.4.3

The general simulation set-up

The numerical computation has been carried out on a spatial domain
that represents the two basins through a finite element grid. The grid contains
10,948 nodes and 20,013 triangular elements (Fig. 3.8).
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Figure 3.8: Bathymetry and finite element grid of the Venice Lagoon and Gulf
of Venice, a subset of the numerical domain of the model. The lagoon and the
sea are connected through three inlets, Chioggia, Malamocco and Lido inlet,
respectively, from south to north. Starting from the Malamocco inlet the deep
artificial Petroli Channel enters the lagoon from the Adriatic Sea. The Lido
inlet is connected to the northern area through the deep Treporti Channel. The
partition of the lagoon basin in four regions is illustrated. These regions are the
far-north sub-basin (NBn), the northern-central sub-basin (NBc), the central
sub-basin (CB) and the southern sub-basin (SB).
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The model considers as open boundary the Strait of Otranto, elsewhere as
closed boundaries the whole perimeter of the two basins. It uses finite elements
for spatial integration and a semi-implicit algorithm for integration in time. The
terms treated implicitly are the water level gradient and the Coriolis term in the
momentum equation and the divergence term in the continuity equation. The
friction term is treated fully implicitly, all other terms are treated explicitly.
All simulations presented in this work have been carried out using a time
step of 300 s. This time step could be achieved due to the unconditionally stable
scheme of the finite element model. The water level has been imposed at the
open boundary of the Otranto Strait. A spin-up time of 30 days has been used
for all the simulations (Cucco and Umgiesser, 2005). This time was enough to
damp out all the noise that was introduced through the initial conditions.
Several simulations were carried out to reproduce the effect induced by
the main meteorological and tidal forcing. Three situations were investigated.
In the first scenario, only the tide forces the basin. In the others, two typical
wind regimes, the scirocco from SE and the bora from NE, were prescribed
together with the tide (Umgiesser, 2000).
The most important tidal harmonic constituents for the Adriatic Sea are
M2, S2, K1, N2, K2, O1 and P1 (Polli, 1960; Goldmann et al., 1975). The
tide used in this work has been synthesized using these principal constituents.
The duration of each simulation is 2160 h, about 3 months. Neap and spring
tidal forcing effects have been simulated. The water level of the Venice Lagoon
oscillates between ±0.52m during a typical spring tide and between ±0.23m
during a typical neap tide.
For the wind forcing, the two wind regimes considered were chosen to be
constant in time and space, with typical wind speeds of 12 m/s for the bora and
7 m/s for the scirocco. The wind forces the model for the total duration of the
simulations.

3.5

The sediment transport model

Modelling the dynamics of particulate material is based on the Lagrangian
concept (Maier-Reimer, 1980; Maier-Reimer and Sündermann, 1982). Subsequent to simulations of the hydrodynamic situation, relevant parameters for the
impact of the currents on the sediment are derived from a simple wave model
and a bed shear velocity model (Rolinski and Sündermann, 2001). Using the
hydrodynamic data of currents, water elevation and bed shear velocities as input
data, the transport, deposition and erosion of SPM are simulated.
For the hydrodynamic model the same grid as in the earlier applications is
used (Fig. 3.9). Using real-time forcing for tidal elevation at the open boundaries
and atmospheric data, the model provides water elevation and transport for the
period 1st to 21st of August 1998 with a spin up time of 3 days to ensure initial
steady state conditions. River discharge has been deduced from annual means
given in Cavazzoni (1973) and Zonta et al. (2001) and amounts to 35 m3 s−1 .
This value has been distributed proportionally (Zonta et al., 2001) to the single
inlets as fresh water boundary conditions.
Though the hydrodynamic model is well tested and applied for several
purposes in the lagoon (see e.g. (Zecchetto et al., 1997; Umgiesser, 2000)),
the transfer of data from the irregular finite element structure onto a regular
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finite difference grid had to be accomplished, since the transport formulations
of the SPM model are realized on a regular ARAKAWA-C finite difference grid
(Arakawa and Lamb, 1977). Developing an interpolation method (Rolinski and
Sündermann, 2001) special care was taken to preserve mass consistency between
the resulting transport and water elevation fields.

3.5.1

Bottom effective parameters

Wind is an important source of current energy in shallow areas. Additionally, it generates waves which may erode the sediment. The bottom effective
parameter bed shear velocity, v ∗ , results from currents
p and wind waves and is
proportional to the bed shear stress, τb , with v ∗ = τb /ρ and water density ρ.
Prior to the calculation of v ∗ , a wave model is applied, which determines energy,
direction and period of waves from wind velocity, fetch-length and water depth
(Stephan, 1978) with constants from the Shore Protection Manual (1984) (see
(Mayer, 1996)). Since the impact of waves on bed shear velocity decreases with
decreasing wave lengths or increasing water depth, the bottom effective component of the wave energy spectrum or the significant wave energy and period
are derived. Necessary factors, depending on depths, frequency and energy, are
taken from the JONSWAP-spectrum for wind waves in deep water and their
extension to wind waves in shallow water by means of the Kitaigorodskii factor
(Bouws et al., 1985). Thus, bed shear velocities can be determined using current
speed, water level and wind velocity and direction as input data and implicitly
taking into account the wave climate.

3.5.2

Modelling suspended particulate matter dynamics

Suspended particulate matter is treated in terms of discrete particles
(Maier-Reimer, 1980), not as a homogeneously distributed continuum inside
the grid cells.
Physical processes such as transport in the water column by advection
and diffusion, as well as fluxes between water column and sediment (deposition
and erosion) are taken into account (Puls et al., 1997a; Rolinski, 1999). The
model is designed to simulate the dynamics of small particles consisting of fine
grains in the range of 5 (silt) to about 150 µm(fine sand).
Transport
Transport by the mean currents is given by the integration of the velocities over time in Lagrangian notation (Mayer, 1996; Puls et al., 1997a; Rolinski,
1999). Sinking of material is considered with an additional vertical velocity of
particles which is kept constant during the simulation. Since SPM is a mixture
of inhomogeneous material, its composition is parameterized by fractions of different sinking velocities. In the numerical realization of the sinking process,
the vertical velocity is modified with the sinking velocity of the particle. Diffusive transport due to fluctuations of the currents on sub-grid and short-term
scales have to be included separately, since numerical diffusion is negligible in
the Lagrangian based models or is reduced to numerical inaccuracies (Rolinski, 1999). Effects of turbulent contributions to the velocities are assumed to
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Figure 3.9: Model area and bathymetry from Regional Charts from 1970
(Umgiesser and Bergamasco, 1993) of the northern part of the lagoon of Venice
with its inlet Lido (upper panel). Axes give geographical coordinates. Positions
are denoted of input locations from rivers R1 to R5 (crosses), stations VL1 to
VL9 (circles), and transects T1 to T7 for flux determinations (solid lines). For
comparison, the finite element grid of the entire lagoon of Venice is given and
location of the lagoon in Italy (lower panels).
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be equally probable in each spatial direction and, thus, formulated as a random walk method (Monte Carlo Scheme) using constant horizontal and vertical
exchange coefficients (Maier-Reimer, 1980; Rolinski and Sündermann, 2001).
Since the numerical solution of the transport formulations is adapted to
the ARAKAWA-C grid, simulations with the Lagrangian model were enabled
only by transformed velocities and water elevation from the finite element hydrodynamic model of Umgiesser and Bergamasco (1993). A mass conservation
transformation from finite elements onto a regular rectangular grid was developed and performed (Rolinski and Sündermann, 2001). Nevertheless, the
transport formulation of particles had to be modified in order to take into consideration the different shape and spatial extent of the finite elements which
underlie the rectangular grid cells.
Deposition
Settling of SPM on the bottom is parameterized in such a way, that
particles deposit when bed shear velocities remain below a critical value which
has to be determined from measurements. It is assumed that the particle size
has an influence on its settling behavior near the bottom. Formulations of
∗
the critical bed shear velocity for deposition, vcr,d
, thus include the particle’s
sinking velocity, Ws . Small particles with Ws < 5 × 10−5 m s−1 are assumed
∗
∗
= 0.008 = vs,d
; larger ones with Ws > 5 × 10−4 m s−1
to settle when vcr,d
∗
∗
at vcr,d = 0.028 = vt,d as derived from measurements in the lagoon (F-ECTS
Project Consortium, 2002). For Ws in the range of [5 × 10−5 ; 5 × 10−4 ], a
log-linear interpolation between the two values is applied:
∗
∗
∗
∗
vcr,d
= vs,d
+ (vl,d
− vs,d
)·

log(|Ws |) − log(5 · 10−5 )
.
log(5 · 10−4 ) − log(5 · 10−5 )

(3.18)

The sedimentation rate (Jd in kg m−2 s−1 ) is determined as the mass
which is removed from the particles’ load and integrated into the sediment. It
depends on the particle’s sinking velocity, Ws , the bed shear velocity, v ∗ , its
∗
critical value, vcr,d
, and the near bottom concentration, Cbot in kgm−3 (Krone,
1962):
(
∗
∗
WS (1 − vv∗ ) Cbot if v ∗ < vcr,d
cr,d
Jd =
∗
∗
0
if v ≥ vcr,d
Near-bottom concentration Cbot is determined from C̄, assuming an exponential vertical profile of the SPM concentration (Puls et al., 1997b), where
C̄ is the mean concentration computed from the particles in the grid cell near
the bottom. Deposited mass per grid cell with area F per time step ∆t amounts
to Md = ∆t · Jd · F in kg.
Effects of burrowing benthos organisms are met by separating the area of
the grid cell into an inhabited and sterile portion (Pohlmann and Puls, 1994).
Rough estimates on the abundance of organisms are based on observations made
during the project F-ECTS and unpublished reports (Amos et al., 1998; F-ECTS
Project Consortium, 2002). Where organisms are abundant, deposited mass is
incorporated into the sediment directly, otherwise it remains on the sea floor in
a thin layer in the sterile part of the grid cells.
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Erosion
Erosion is an instantaneous process which is initiated when the bed shear
∗
velocity exceeds a critical value, vcr,e
. Parameterizations usually distinguish
sediments according to their content of fine material such as muddy or sandy
sites (Pohlmann and Puls, 1994) in order to meet the differing reaction of the bed
to current and wave action. This concept is expanded here by considering the
compactness of the sediment for the determination of erosion depths. Critical
erosion thresholds were measured at several stations in the lagoon and combined
to provide a horizontal distribution. Values range from 0.019 to 0.055 ms−1
in the shallow regions and 0.038 ms−1 in the canals. From vertical profiles
of erosion thresholds, additionally, a friction angle Φ was determined (Amos
et al., 1998), describing the increasing consolidation inside the sediment. This
information is used for a revised form for the eroded depth hero [m]
(
∗
(v ∗ )2 −(vcr,e
)2
∗
if v ∗ > vcr,e
fero ·
∗
2
(v
)
cr,e
(3.19)
hero =
∗
0
if v ∗ ≤ vcr,e
∗
from the horizontal distribution and fero [m] derived by fitting
with vcr,e
from the friction angle Φ to

log(fero ) = 0.00075 φ2 − 0.052 φ − 2.257 .
Consideration of fero equals an implementation of a consolidation process
in terms of decreasing erodibility with depth as it was found in salt-marsh creeks
in the lagoon (Fagherazzi and Furbish, 2001). Using ρs , the density of the
sediment in the range of 1850e 1778 kgm−3 as a function of the content of fine
material (Wirth and Wiesner, 1988), the eroded mass can be computed through
Me = ρs hero F in kg. This value is independent of the applied time step.
Redistribution inside the sediment
Inside the sediment, masses of fine material are stored and redistributed
by bioturbating organisms and diffusion processes. For the exchange of mass
between water and sediment, the upper centimeters of the sediment are included
in the model domain. This sediment can be regarded as storage capacity for
fine grains. The depth of the model sediment is chosen to be 20 cm from
sediment cores and current observations so that the maximum erosion depth and
the maximum bioturbation activity of the most abundant species is captured
(Pohlmann and Puls, 1994).

3.5.3

Application to the Venice Lagoon — The model area

Understanding and predicting the dynamics of an estuarine and lagoon
ecosystem under changing hydrodynamic and nutrient conditions still poses a
complex question. The Venice Lagoon, Italy, typifies such an environment with
a structured morphology of narrow channels cutting into shallow waters and
salt marshes. Here the physical conditions such as water elevation and current
velocities forced by wind, waves, river runoff and the tides are not the only
controlling factors which determine sediment stability and transport. Biological
components from bacterial mats, rooted macrophytes and floating or attached
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macroalgae modulate physical parameters like shear velocities, erodibility and
compactness of the sediment (Coffaro and Bocci, 1997; Bergamasco et al., 1998).
The major forces acting on the Venice Lagoon are the tides and the
wind. Tides are responsible for a permanent exchange with the Adriatic Sea
with maximum exchange rates through the inlets of 20,000 m3 s−1 . The tidal
amplitude during spring tide reaches ±0.5 m.
Winds are mainly responsible for the resuspension of the sediments and
the redistribution of water masses inside the lagoon. Prevailing wind regimes
are the bora, a cold katabatic wind from the NE, and the scirocco from the SE.
The latter causes the phenomenon of high tide (‘Aqua alta’) in Venice.
All major rivers have been diverted in the last centuries and do not discharge directly into the lagoon anymore. The annual mean of the total river
discharge is around 35 m3 s−1 (Zonta et al., 2001). Sediments are of sandy nature
close to the inlets (around 200 µm) and gradually change to silt and mud in the
more remote parts of the lagoon. There, they show the typical characteristics of
cohesive sediments. The distribution of the sediments can be found in Barillari
(1981).
As a first step towards an integrated comprehension of interacting physical and biological processes, a suspended sediment transport model including
locally modified sediment characteristics is applied to the northern part of the
Venice Lagoon.
The bathymetric data have been obtained from the Regional Charts from
1970 with subsequent integration of the changes close to the inlets in the year
1990. By means of these data, the triangular mesh of the finite element model
(Umgiesser and Bergamasco, 1993, 1995) has been created. Those have been
interpolated to a rectangular grid of 250 m resolution, of which only the northern
part was chosen for the model application. In this configuration, 3330 grid cells
are considered in the numerical grid with 109!79 cells. Fig. 3.9 shows the model
area with the Lido outlet to the Adriatic in the lower part of the figure. Depths
in this inlet range between 6 and 13 m.
Dividing into several arms, the Lido inlet drains the northern and part of
the central lagoon where the city of Venice is situated. The Vittorio Emanuele
channel, kept at about 10 m for shipping purposes, connects the Lido around
the south of the city of Venice with the industrial port of Marghera e an area
with deeper water in the north-west of Venice. Marghera is connected also with
the central lagoon by the Petroli channel in southward direction that eventually
connects to the Malamocco inlet, the central inlet of the lagoon of Venice. With
depths of up to 15 m, the Petroli channel is the deepest part of the watershed
towards the south where the open boundary is defined. Fig. 3.9 indicates measuring sites from the field campaigns, open boundaries and locations of river
input.
From the bathymetric data it can be deduced that the median depth is
about 1.5 m and deep channels exist with up to 15 m depth. Tidal flats cover
up to 15% of the area and about 20% of the lagoon is shallower than 0.3 m.
Tides in Venice reach amplitudes which are among the highest in the Adriatic
Sea with about ±0.5 m during spring tides and about ±0.15 m during neap
tides. Thus, large areas of the lagoon are exposed during spring low tide, while
at high tides major parts of the tidal flats are covered with water.
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Input data
Simulations cover a three week period in August 1998 from 1.8.1998 0:00
to 22.8.1998 21:00 UTC with a temporal resolution of 5 min.
Beginning at neap-tide, the period covers more than one spring-neapcycle. The available data set from the F-ECTS field measurements includes
water elevation and vertically integrated horizontal velocities. Vertical velocities
are calculated from the continuity equation.

Sinking velocities In order to reflect the inhomogeneous composition of
SPM, three fractions representing grain sizes of 10, 30 and 100 µmwith different sinking velocities are considered. In Venice Lagoon, extensive erosion
experiments were carried out, from which Ws of fine particles were derived from
the temporal changes of the SPM concentration in a benthic chamber before and
after an erosion event (Amos et al., 2000; F-ECTS Project Consortium, 2002).
Tab. 3.6 gives sinking fractions and an additional value for eroded material
which is assumed to settle more rapidly.

Boundary conditions Open boundaries are de- fined versus the Adriatic Sea,
in the southern part of the lagoon and at the rivers that discharge into the lagoon
(see Fig. 3.9). SPM concentrations in the vicinity of the open boundaries are
available for summer 1998 (F-ECTS Project Consortium, 2002), whereas riverine
influx is determined as loadings with a unit of g s−1 by Italian authorities.
Tab. 3.7 gives boundary conditions as used for the simulations.

Bed shear velocity thresholds Parameterization of erosion uses a critical
threshold value, which depends on sediment characteristics and state of consolidation. Measurements of the critical erosion threshold at several stations
of the lagoon are combined to provide a horizontal distribution. Additionally,
a friction angle Φ was determined (Amos et al., 1998) to describe the increasing consolidation inside the sediment. Determination of the depth up to which
an erosion event is effective, is parameterized according to this friction angle
(Rolinski and Sündermann, 2001).
Mean size
µm
10
30
100

WS
Portion of grains Sinking period
m s−1
%
for 1 m
46 h 18 min
6 ×10−6 30
2 ×10−5 40
13 h 53 min
1 ×10−4 30
2 h 46 min
5 ×10−4
0 h 33 min
Coarse grains (last row) characterise eroded material from the sediment.
Table 3.6: Fractions of sinking velocities from measurements in Venice Lagoon
denoting mean grain size, sinking velocity used in the model application, percentage of grains in the distribution and the sinking period for 1 m
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Input area
Adriatic Sea
Southern lagoon
R1: Canale Silone
R2: Dese
R3: Dese (2nd outlet)
R4: Osellino
R5: Naviglio Brenta
For the location of tributaries see Fig. 1.

Suspended solids
10 mg L−1
10 mg L−1
112 g s−1
62 g s−1
62 g s−1
27 g s−1
24 g s−1

Table 3.7: Boundary conditions for the open boundaries (concentrations) and
for riverine inflow (mass influx)

3.5.4

Simulation of bottom effective parameter

In Venice Lagoon with its shallow areas, waves have an impact on erosion
and sedimentation cycles. Therefore, a simple wave model is applied which
determines energy, direction and period of waves from wind velocity, fetch length
and water depth (Stephan, 1978) with constants from the Shore Protection
Manual (1984) (Rolinski and Sündermann, 2001). Subsequently, wind, current
and wave information are used for calculating bed shear velocities (see Section
2.2).
Wind and waves
Though observations showed multi-directional wave generation and refraction, wave modelling efforts with rather simple parameterizations are reported (DHI, 1992). Analysis of wind and wave data by DHI (DHI, 1991, 1992)
concluded that waves are predominantly produced by the local wind and a
steady wind model is able to predict the wave climate. Since erosion is said
to be caused by locally generated wind waves, it seems adequate to apply a
fetch-length based model providing unidirectional waves.
Fig. 3.10 shows wind data from meteorological measurements in the lagoon measured at the CNR Platform at standard height of 10 m (F-ECTS
Project Consortium, 2002) for the first 8 days of the simulated period in August
1998. Wind velocity and direction are considered to be spatially uniform in the
lagoon. The range of values obtained from the wave model (see Section 2.2) at
the seven locations denoted in Fig. 3.9 can be seen in Fig. 3.11 where time series
at the deep station VL3 and at the shallow station VL5 are shown. Both series
embrace the values at the other 5 locations. It shows clearly that the direction
of the waves is strictly following the wind and that the wave heights are related
to the absolute wind velocity. Wave frequencies during the fifth and sixth day
are of little variance due to the constantly blowing wind and the assumptions
of fully developed waves during each time step.
Wave heights increase in shallow areas and in the direction of the wind,
since the principle of a fetch length based model assumes the increase of wind
impact on wave generation with the distance on which the wind had already
contact with the water surface. In the lee shore of islands and the mainland,
this distance is small depending on the wind direction and, thus, simulated wave
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Figure 3.10: Wind velocity and direction from meteorological stations for August 1998 (F-ECTS Project Consortium, 2002). Dashed lines denote time steps
at which model results are shown.

heights are reduced. A drawback, of course, is the limitation of the model area
to the northern part because in case of south-easterly winds fetch-lengths near
the watershed to the southern lagoon are underestimated.
Bed shear
Currents and waves as well as bottom roughness have an influence on bed
shear velocity v ∗ . To assess dominating parameters, the model values have to
be correlated with the input data. In Fig. 4.48, simulated bed shear velocity
time series at stations VL1 to VL7 are shown. As expected, the results differ
according to water depth. At rather shallow stations, e.g., VL4 with a water
depth of 0.31 m, VL5 (0.37 m), VL6 (-0.1 m) or VL7 (0.26 m), bed shear
velocities are influenced mainly by wave action with maximum values when
wind and wave action is highest during the 5th to 7th of August. At deeper
stations as VL3 with 5.6 m depth and VL2 (0.77 m) effects of the tidal current
show periodically occurring peaks during the simulation period with increasing
values towards spring-tide. Wind induced waves have little impact at VL2
and are negligible at VL3. Horizontal patterns reflect the time dependence of
dominating influences. When tidal currents are weak and water level and waves
are rather low, small values of bed shear velocity are induced at all stations.
Waves of slightly higher energy (heights up to 0.1 m) and stronger currents in
the deeper channels lead to v ∗ values of 0.01-0.02 ms−1 in the deeper part of the
lagoon. Full ebb currents are the main cause for values of more than 0.03 ms−1
increasing towards the outlet whereas under the combined effect of full flood
currents and waves of more than 0.1 m height a value of 0.03 ms−1 is exceeded
almost in the entire model domain.
For verification, model values are compared with available predictions of
bed shear stress in dependence of water depths up to 2 m and wind velocity as
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Figure 3.11: Model results of significant wave heights, wave directions and frequency using wind data shown in Fig. 3.10.

derived from measurements by DHI (1991). These predictions were especially
qualified for the comparison since they were already arranged according to water
depth and wind velocity. Values for bed shear stress were used to define parameters for a function, composed of depth dependent parameters for a quadratic
polynomial of the wind velocity. The function values hold only for shallow regions (< 2 m) and for wind effects only. Thus, the model values, accounting
also for wave effects and currents, have to exceed the function. A comparison
shows, that this is not true only in a deeper station (VL3). The bed shear
velocity model seems to provide values of the right order of magnitude as well
as reflecting the influence of the driving forces correctly. In station VL2 tidal
currents have a considerable impact on the bottom which is further enhanced
by wind waves.
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Chapter 4

Results
4.1

Calibration and validation in the Venice lagoon

Calibration and validation of the model has been performs in different
ways. First the model has been calibrated against available harmonic data
(Goldmann et al., 1975) consisting in amplitudes and phase delays of the tide
inside the lagoon. The calibration has been carried out by changing the Strickler
coefficient, as discussed in section 4.1.1.
After this calibration the model has been validated by running two more
simulations and comparing model prediction against two independent data sets.
Namely the model has been used to simulate both a situation of calm winds (see
section 4.1.2) and a storm surge event, during which the wind heavily influenced
the water levels (section 4.1.3).
Finally a one-year long simulation has been run for the reproduction
of temperature and salinity fields in the lagoon. These simulations are quite
important for verifying that the model simulates properly not only the water
levels, but also the transport and dispersion processes. During these simulations
none of the parameters of the model has been changed. Details on the comparison among model prediction and observed data of temperature and salinity
are given, respectively, in sections 4.1.4 and 4.1.5. These comparisons represent
additional corroborations of the model.

4.1.1

Calibration experiment: phase shift and amplification of tidal wave propagation

Calibration started from a set of Strickler coefficients that were used by
the previous version of the model (Umgiesser, 2000). Using these values a more
thorough calibration has been carried out.
Measured data of phase shift and amplification rate with respect to Diga
Sud Lido of semi-diurnal and diurnal principal tidal constituents that were available for 12 tide gauges displaced inside the lagoon (Goldmann et al., 1975) were
used. The tide gauges are named H1-H12 and are shown in Fig. 3.1.
By varying the bottom friction coefficient (Strickler) and comparing the
computed results with the observed data the final Strickler coefficients have
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Figure 4.1: Scatterplot of measured minima and maxima against simulated
values. The results refer to the period of June, 1992.

been found. Both tidal amplitudes and phase shifts have been used in this
calibration.
Results of the calibration are summarized in Tab. 3.1. The first two
columns of Tab. 3.1 indicate the default Strickler coefficients while the third and
fourth columns give the coefficients after the wave propagation (amplification
and phase shifts) has been taken into account for calibration.
In Tab. 4.1 the amplitudes and phase shifts before and after the calibration have been listed. It can be clearly seen how the amplitudes and phases are
better reproduced with the calibrated values. For the tidal flats a value of 36
m1/3 s−1 for the Strickler coefficient has been chosen, whereas for the channels
a value of 27 m1/3 s−1 has been used. The three inlets show quite normal values
during in-flow conditions, but have a higher friction during out-flow, because of
the aforementioned local losses close to the head of the jetties. The Treporti
channel, the one that leads northward from the Lido inlet, needs higher values
(46 m1/3 s−1 , not shown in the table) in order to calibrate the simulation results
with the northern tide gauge data. This second set of the friction parameter
has been used in the other simulations discussed below.

4.1.2

Validation experiment 1: Water levels during calm
winds

The calibrated model has been validated against two data sets taken
under different wind forcing. The first period corresponds to a situation in
June, 1992 where calm winds were present. It therefore allowed the model
calibration without dealing with the uncertainty of the wind data.
The model was forced using experimental water levels at the inlets for 5
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2
Stations RHo2 RHm
∆g02
Default Strickler values
1
0.73
0.96
73
2
0.73
0.94
65
3
0.85
0.91
35
4
1.03
1.13
38
5
1.06
1.11
27
6
1.01
1.09
31
7
1.03
1.12
34
8
0.98
1.09
34
9
0.89
1.11
45
10
0.96
1.07
29
11
0.77
1.15
67
12
0.97
1.01
11
Calibrated Strickler values
1
0.73
0.75
73
2
0.73
0.74
65
3
0.85
0.85
35
4
1.03
1.03
38
5
1.06
1.04
27
6
1.01
1.01
31
7
1.03
0.99
34
8
0.98
0.98
34
9
0.89
0.99
45
10
0.96
0.97
29
11
0.77
1.01
67
12
0.97
0.96
11

2
∆gm

RHo1

1
RHm

∆g01

1
∆gm

71
67
42
24
21
20
31
27
32
25
42
20

0.84
0.83
0.94
1.02
1.01
0.99
0.99
0.98
0.96
0.96
0.86
0.98

0.96
0.94
0.91
1.04
1.01
1.01
1.02
1.01
1.02
1.00
1.06
0.97

44
37
18
19
13
16
16
17
24
16
38
5

35
32
16
7
5
4
11
9
12
8
18
5

82
77
34
32
27
25
41
35
41
32
52
22

0.84
0.83
0.94
1.02
1.01
0.99
0.99
0.98
0.96
0.96
0.86
0.98

0.84
0.83
0.91
0.99
0.98
0.99
0.96
0.97
0.97
0.96
1.00
0.96

44
37
18
19
13
16
16
17
24
16
38
5

45
42
17
11
9
7
18
14
18
12
25
7

Table 4.1: Amplification RH and phase shift ∆g of the tidal wave with respect
to the inlets for the default value of the friction parameter and its calibrated
value. Results are given for the 12 tidal stations (H1-H12 in Fig. 3.1) in the
Venice lagoon. The subscripts m and o refer to model results and observations.
The superscript 2 and 1 refer to the M2 and K1 component of the tide.

days. The simulated levels were then compared with the levels measured by tide
gauges of about 40 stations in the lagoon. The available tide gauges are marked
by + in Fig. 3.1. All the experimental data and forcings here used were collected
by the National Hydrographic and Mareographic Service - Venice Office.
The comparison among observed and predicted data is illustrated in
Fig. 4.1, where maxima and minima of the measured and simulated values are
plotted against each other, and in Fig. 4.2, where the simulated time evolution
is compared to measured data in 6 selected stations, meant to be representative
of different situations within the lagoon (area close to the inlets, close to the
inner land, intermediate, in the north, south and central sub-basin, see Fig. 3.1
for a location of the stations).
It can be seen that most of the 40 points are close to the ideal line of best
fit (Fig. 4.1). The differences for the minima are due to station M29 as noted
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Figure 4.2: Results of water level calibration, June 1992. The line labeled
observed shows the measurements and the line labeled modeled refers to the
simulation results.
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below. The average error (rms-error) is 2.43 cm, (it would have been 2.95 cm
by using the default Strickler coefficients).
Results are generally in good agreement with the available tide gauge
data. Some stations show less satisfactory results during ebb period. This is
due to the fact that the discretization is rather coarse in the areas of the shallow
water flats. The small scale tidal marshes cannot be described with this mesh,
and the effects are more pronounced during the ebb period where water levels
are shallow and large areas have fallen dry. One such example is station M29.

4.1.3

Validation experiment 2: Water levels during storm
surge (scirocco wind)

In November 1999 a strong scirocco wind developed and started to blow
over the Adriatic Sea and the Venice Lagoon. During this period of storm surge
a high water event has been observed in Venice.
The model has been run for 5 days to simulate this period. Both sets
of Strickler coefficients have been used. As in the previous case the model
was forced using experimental tide levels at the inlets, and wind stress at the
surface measured at the oceanographic platform in the Adriatic Sea. Again the
simulated levels were then compared with the levels measured by the tide gauge
of over 30 stations in the lagoon (Fig. 3.1).
The comparison between the results of this simulation and observed data
can be seen in Fig. 4.3, and in Fig. 4.4. As in the previous case, the first
figure presents a scatterplot of observed and predicted elevation of minima and
maxima in the 38 stations, while the second figure gives the time evolution in
the 6 selected stations. The comparison with empirical data is quite satisfactory,
better in the north and little worse in the southern parts (stations M32, M37).
The average rms-error is 5.2 cm.
It must be noted that the wind data is applied directly to the lagoon
without taking into account the sheltering effect of the islands that interrupts
the fetch of the scirocco wind. This sheltering effect is especially strong in
the central lagoon where the largest islands are situated (Venice, S. Erasmo).
Moreover, no tentative has been undertaken to calibrate the value of cD , which
has been used with its standard value.
The agreement with empirical data could be improved if realistic high
frequency meteo data were available. In Zecchetto et al. (1977) it is shown how
spatially variable wind fields can influence and alter the circulation in the lagoon.
Therefore, it is anticipated that through the use of a regional meteorological
model for the wind fields more accurate results could be achieved.

4.1.4

Corroboration experiments: Water temperature

A one-year simulation has been run for the reproduction of the salinity
and temperature field in the lagoon. Of course, in order to reproduce the temperature evolution, the heat flux through the water surface has been modeled
too, through the application of a radiative module that simulates the exchange
of heat fluxes between the atmosphere and the sea water (see equation 3.8).
This module is especially well suited for the application to very shallow areas
like the lagoon of Venice (Dejak et al., 1992). Details of the implementation can
be found in Zampato et al. (1998).
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Figure 4.3: Scatterplot of measured minima and maxima against simulated
values. The results refer to the period of November, 1999.

In this case the radiative forcing, and additional meteorological parameters are required to force the model. The year of reference is 2001, where data
for the comparison inside the lagoon exists. Water levels at the three inlets were
measured by the Mareographic Centre of the Municipality of Venice.
Meteorological data have been collected from the Istituto Biologia del
Mare (IBM-CNR) and from the Istituto Cavanis, two Venetian institutions situated in the city of Venice. The data have been downloaded from their web
sites (http://www.ibm.ve.cnr.it and http://www.istitutocavanis.it) respectively.
Hourly values of solar radiation [W/m2], air temperature [o C], wind speed [m/s]
and direction have been collected at the meteorological station of the IBM-CNR
institute in Venice, while relative humidity [%], and cloud cover (expressed by
a 0-1 coefficient) have been interpolated from the three values daily collected at
hours 8.00, 14.00 and 19.00 at the meteorological station of the Cavanis institute
in Venice. The wind data have been considered spatially constant, but clearly
varying in time.
Unfortunately, the river discharge data was not available for the same
year 2001. Therefore, daily data collected in the framework of the DRAIN
Project (Zonta et al., 2001) had to be used and refer to the year 1999. However
this mismatch does not represent a major limitation for the reproduction of the
temperature fields, since the influence of freshwater input from rivers is very
low, and confined to a limited area close to the tributary outlets and to specific
moments of high runoff.
Data for the boundary conditions at the inlets and for the comparison
inside the lagoon are collected in the framework of the MELa1 (Monitoring Environmental parameter in the Lagoon of Venice) monitoring program, promoted
by Consorzio Venezia Nuova, and sponsored by local and national authorities
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Figure 4.4: Results of water level calibration, November 1999. Labeling of
curves as in Fig. 4.2.
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Figure 4.5: Scatterplot of temperature simulation, 2001. The bars indicate the
daily variability of the simulation.

(Pastres et al., 2002). In this program, a number of experimental parameters,
including salinity and temperature, are measured once a month in 30 stations,
which cover uniformly the whole lagoon. All measurements are taken during
one day, or two when this was not possible, and during the slack water phase of
the tidal cycle. The available stations are marked by # in Fig. 3.1.
Results can be seen in Fig. 4.5, where observed values of temperature at
the 30 stations are compared to model predictions, and in Fig. 4.6 where the
temporal evolution is given for 6 selected stations, representative of different
locations in the lagoon, and also close to the stations selected for validation
against water elevation data. In Fig. 4.5 the vertical bars indicate daily variations of simulated temperature (difference between minimum and maximum
values computed during the day), while the dots mark the daily average of
simulated temperature, to be compared with the experimental data. In the
following plots (Fig. 4.6) the daily average value is given, together with the
oscillation band due to night and day cycle. The dots represent experimental
data, which are collected in different moments during the day.
The inspection of the figures reveals a satisfactory agreement between the
model output and experimental data. Nearly all data points are in the range
given by the minimum and maximum of the modeled data. The seasonal trend
is followed nicely by the simulated data. Minimum data in winter (3 degrees
Celsius) and maximum values of nearly 30 degrees Celsius are well described.
Clearly, apart from being an important results by itself, the capability of
the model of reproducing the annual cycle of temperature in the lagoon testifies
the capability of the model of correctly reproducing transport phenomena.
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Figure 4.6: Results of temperature calibration, 2001. The dots represent experimental data, which are collected in different moments of the day. Of the
simulation three curves corresponding to minimum, maximum and average values during the day are shown.
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4.1.5

Additional experiments: Salinity

The simulation described in the previous section provides information on
salinity field. Therefore it is tempting to use this information for a first order
assessment of the capability of the model to reproduce salinity. This represents
a further test case of the model, which might increase our confidence on its
capability of correctly reproducing transport phenomena.
Clearly, in this case the mismatch between river discharge data used to
force the model, which refer to 1999, and salinity data available for comparison,
which refer to 2001, is critical, and deprives us from the possibility of a real
assessment. Therefore the conclusions that can be derived from this experiment
has to be taken only as additional, qualitative, contributions. While keeping
this limitation in mind, and in order to derive some indication from this data
set, too, we decided to compare yearly averages of observed salinity values to
a steady state simulated distribution obtained by running the model under a
scenario of forcings made by no wind, an idealized M2 tide at the inlets, and a
constant river discharge computed on the basis of the annual discharge of each
tributary in the year 1999.
Indeed, since the total amount of rain, computed on an annual base, was
similar in year 1999 and year 2001, it can be assumed that the total amount
of freshwater yearly input into the lagoon was similar too. This hypothesis is
supported also by the estimates on annual freshwater discharged provided by
regional authority. In turn, this enables us to assume that the yearly averaged
value of salinity distribution was similar in the two years. Of course, the temporal evolution of salinity fields would be different, as the actual distribution of
rain within the two years was different, but it is reasonable to think that the averaged procedure, by masking high frequency variability, makes this comparison
possible. Moreover, it is reasonable to assume that areas close to river mouths
are more influenced by the actual modulation of the freshwater discharge than
areas which are close to the inlets, where the signal of the Adriatic Sea is more
important.
Results are depicted in Fig. 4.7. As it can be seen, the agreement with
data is acceptable. Even if the available data set cannot be used for a real
validation of the salinity distribution, the results show that the model is capable
of modeling the overall features. The highly variable salinity pattern can be
described quite well through the use of the dispersion module. Minimum values
of around 22 psu up to maximum values of 34 psu are modeled in reasonable
correspondence with the data. The stations behind the tidal marsh belt (B10,
B16) have values that are too high with respect to the experimental data. As
with the case of the water levels, this behavior could be avoided through a finer
digitalization of the shallow flats that do not allow enough exchange between
the remote parts and the central part of the lagoon. Stations close to the main
land (C3) normally show salinity values that are too low. This is true especially
in the north (C1, B3), close to the inlet of the major rivers.
These results were expected because of the uncertainty in the river discharge data. Clearly, a more significant comparison could be done once, and
if, discharge data and salinity data will be available for the same period. The
model does however a good job in explaining the overall salinity pattern in the
lagoon.
56

40

simulated values of Salinity [psu]

35

B10

C8
C6B17

B16

C5
B9

B4
B6
B7
B5

30

B14
C7
B13
B19
C4
B15
B18
B12
B11

B8

B3
C1

C3

B20

C2

25

B1

20
20

25

30

35

40

observed values of Salinity [psu]

Figure 4.7: Scatterplot of climatological salinity simulation, 2001.

4.2
4.2.1

A partitioning of the Venice lagoon
General circulation

General circulation in the lagoon is analyzed by following the fluxes of
water through the boundaries that separate the boxes. The idealized cases of
sinusoidal M2 tide in combination with no wind, bora wind and sirocco wind are
considered, as well as the realistic case obtained by forcing the circulation with
observed values of wind and water levels at the inlets. In the latter case, forcing
refers to year 1999. Data used as boundary conditions and forcings in the simulation of the year 1999 were collected by different Venetian institutions: wind
and river data were made available by the Italian National Research Council’s
Institute of Marine Sciences (ISMAR-CNR) and tide level data at the inlets
are after experimental observations carried out by “Centro Previsioni Maree del
Comune di Venezia” (the Venice Tide Forecasting Center). The set up of all
simulations is summarized in Tab. 4.2. Further considerations on the general circulation can be inferred from the analysis of the residual velocity field, and from
the residual transport field. The latter can be constructed by integrating—for
each location—the residual velocity over the water depth.

4.2.2

The partitioning

Results of inlets1 and inlets2 simulations are illustrated in Fig. 4.8. The
only difference in their results is that during the second simulation, the Lido
inlet area of the first simulation is subdivided into two areas. According to these
results, the southern sub-basin (SB) is the area driven mainly by the water
flowing through the Chioggia inlet and the central area (CB) is that driven
mainly by the Malamocco inlet. The northern area, driven mainly by the Lido
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Simulation
Inlets1
Inlets2
RivInl
SWT
Tres
Ref
Sirocco
Bora
Year99

Wind
No
No
No
No
No
No
Southeast (5m/s)
Northeast (10m/s)
Observed values

River
Mean year value
Mean year value
Mean year value
Mean year value
Mean year value
Mean year value
Mean year value
Mean year value
Observed values

Tide level at inlets
Idealized M2
Idealized M2
Idealized M2
Idealized M2
Idealized M2
Idealized M2
Idealized M2
Idealized M2
Observed values

Table 4.2: Set-up of the simulations performed

Inlet water, is subdivided into a far-northern sub-basin (NBn), influenced mostly
by the Lido inlet water that enters the Treporti channel, and a northern subbasin closer to the central one (NBc) where the Lido inlet water flows through
the S. Nicolo‘ channel.
As for the longitudinal division, results of RivIn simulations do not provide a clear subdivision of the lagoon into two areas. In fact, the tracer released
at the inlets is present at concentrations higher than those of the tracer released
at the rivers practically everywhere, probably due to the fact that the flow of
water in the two cases is very different. The signature of the rivers is therefore
hidden, and could be recognized only by defining as a riverine area all the area
in which the ratio between RT and SWT concentrations is higher than a predefined value to be chosen arbitrarily. At this point, since a subjective criteria
had to be introduced anyway, we preferred to base our selection on the salinity
distribution (Fig. 4.9), and to use the spatial distribution of the tracer released
at the inlet (Fig. 4.9b), and the distribution of the ventilation time (Fig. 4.9c)
as the terms for our comparison.
Although the significance of processes is different for each figure, there is
a great similarity between figures. A west–east gradient is present in all figures,
and it emphasizes both the river signatures, more evident in Fig. 4.9a, and the
sea water signature, more evident in Fig. 4.9a and b. The longitudinal division
has been constructed by comparing Fig. 4.9a and b. In particular, the salinity
isoline 27.5 was chosen as a guideline for delimiting the river areas, because this
value is in correspondence to a very sharp spatial gradient in salinity. In an
analogous way, the 31.5 salinity isoline served as a guideline for delimiting the
marine area. Of course, those guidelines cannot be regarded as sharp delimiters,
also because the spatial distribution depicted in the figures are obtained by
averaging over the tidal cycle the actual distributions which vary cyclically as a
function of tidal wave propagation. In particular, the river signal is particularly
evident at the maximum of the ebb phase, while the sea water penetration
is more pronounced at the center of the flow phase. Isolines represented a
first order working approximation, useful in making the comparison easier with
suggestions provided by other variables. The map of salinity isolines was then
compared with the spatial distribution of the SWT (Fig. 4.9b).
In both the NBn and NBc sectors, this comparison suggests a longitudinal division made up of lines connecting most small islands present in this
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Figure 4.8: The four sub-basins of the Venice Lagoon. The Southern Sub-basin,
labeled SB, is driven mainly by the water flowing through Chioggia inlet. The
central area, driven mainly by water from the Malamocco inlet, is marked as
CB. The Northern Sub-basin (NB), driven mainly by flows from the Lido inlet,
is subdivided further into two parts: the far northern sub-basin (NBn), mostly
influenced by the water that after flowing through the Lido inlet enters into the
Treporti channel and the Northern Central Sub-basin (NBc) where water enters
the D. Navi and S. Nicolo‘ channels.
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Figure 4.9: Spatial distributions of salinity in simulation ref (a), the Sea Water Tracer in simulation
SWT (b) and the ventilation time computed in simulation Tres (c).

sub-basin, which act as natural reference points. Also, a comparison with the
spatial distribution of the residence time (Fig. 4.9c), confirmed the opportunity
of discriminating marine vs. riverine influenced area, and outlines how marine
areas are indeed areas in which ventilation time is low, that is areas which exchange water with the sea quite easily. This observation is verified further by
the bathymetry of Fig. 3.3, which shows the ramification of the main channels
crossing lagoon and their connection to the Adriatic Sea through the inlets.
Similar considerations hold also for the CB and, to a smaller extent, for the
SB, where there is no island for a reference point, but where SWT and salinity
isolines resemble each other.
The resulting subdivision is super-imposed on the transverse (Fig. 4.8)
in Fig. 5.1, which shows how the lagoon is divided into 10 boxes. The figure
indicates also the presence of the major tributaries.
Tab. 5.1 summarizes the results of the analysis on the general circulation
pattern under different meteorological forcings. It reports residual fluxes of
water among the boxes, computed by averaging on the tidal cycle in the idealized
case, and integrated on an annual base for the year99 simulation. More details
on general circulation can be obtained by inspection of the residual velocity
and residual transport fields, root square means of velocity and mean water
levels. These distributions are not reported here because of space limitation, and
because the net fluxes among the boxes suffice in offering a good representation
of prominent features of the general circulation pattern. Residual velocity and
residual transport fields are depicted only for the ref case (Fig. 5.2a and b,
respectively) in order to exemplify to what extent they can provide additional
information with respect to Tab. 5.1, and to offer a more articulated discussion
of the reference situation.
Other cases are discussed by using the integrated quantities of Tab. 5.1.
However, a graphical illustration of these data is offered to give a more intuitive
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Figure 4.10: The computational grid of the model consists of 4359 nodes and
7842 triangular elements. Inlets, rivers, sampling points and the diffuse (city
and islands) and point (sewage plants) sources are shown.

representation. In particular, Fig. 5.3a, b and c refers to simulations ref, sirocco
and bora, respectively, while Fig. 5.3d depicts net residual transport for the
simulation year99.

4.3

The coupling of the EUTRO model

The applications involving the EUTRO module have been used on the
grid already descried earlier. An overview of the sampling points, the rivers inflowing into the lagoon, the sources of nutrients and BOD and the topographic
features can be found in Fig. 4.11.
A huge effort has been made to preserve and investigate the ecosystem
of the Venice lagoon, mainly from an experimental point of view, but, in the
last 10 years, also a good number of modelling studies have been performed. In
spite of this there still is a lot of modelling work to be done, including research
61

in coupled ecological-transport models. In fact, several 0D ecological models
have been proposed for nutrient cycles and macro algae proliferation (Coffaro
and Sfriso, 1997; Coffaro and Bocci, 1997; Coffaro et al., 1997; Solidoro et al.,
1997c,b,a; Pastres et al., 1995, 1997) and a box model has been set up, in order to include exchanges with the Adriatic Sea in a mass balance of nutrients
(Bergamasco and Zago, 1999), but, as far as we know, only two 3D fully coupled
ecological- transport models have been presented in the literature. Furthermore,
one of these (Solidoro et al., 1997c,b,a; Pastres et al., 1995, 1997) is focused only
on the central part of the lagoon of Venice and adopts several simplifying assumptions in its transport module, while the other one (Bergamasco et al., 1998)
includes a primitive equations physical sub-model (POM) and covers all the lagoon, but with a very coarse spatial discretization and an extremely simplified
ecological sub-model. On the other hand there are a few hydrodynamic models,
some using finite element (Umgiesser and Bergamasco, 1993; Umgiesser, 1997)
other finite difference schemes (Casulli and Cheng, 1992) which can be used to
compute sea level, fluxes, and main general circulation patterns under different scenarios of meteo-climatic forcing. Also, very recently, several companies
have started working on the development of coupled hydrodynamic-ecological
modelling, sponsored by the municipality or governmental agencies.

Table 4.3: Parameter values of the 0D model application

4.3.1

EUTRO0D test

The first test is the comparison between the results provided by EUTRO0D module and the original version of EUTRO, in order to verify the correctness of the extraction procedure. A one-box (0D) system has been simulated
under the assumption of constant values for forcings such as salinity, depth, volume of water, wind speed, light intensity, and advective fluxes (Tab. 4.3). The
box is therefore representative of a homogeneous water basin where no stratification occurs. The system exchanges 10-8 cubic meters per second of water with
the boundaries in order to minimize the influences of part of the code different from the EUTRO module. Boundary conditions and initial conditions have
been set for the eight state variables as reported in Tab. 4.4, under two different
scenarios. The parameters are chosen in agreement with the parameters given
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for the lagoon of Venice in Solidoro et al. (1997b). The time step used in both
the simulations is of 5 min, and the simulations are 1 year long. Furthermore,
zooplankton density has been set as a constant, since the original version of
EUTRO does not simulate this variable dynamically but only permits to simulate the grazing as a first order process, proportional to phytoplankton, where
zooplankton could be a time function, and is set to 1.0 by defaults. The original EUTRO module was run within the WASP SYSTEM frame, while a very
simple main program (define the forcing, call the module, manage the output)
was designed for running the EUTRO0D module.

Table 4.4: Boundary and initial conditions for three tests of the 0D model
Results of the simulations evidences that, under both scenarios of initial
conditions, the two models return the same output, indicating that the extraction and re-organization of the biological module has been performed correctly,
and that EUTRO0D maintains the capability of EUTRO, and therefore of the
WASP SYSTEM, in describing biological systems. Examples of the agreement
between the trajectories is given in Fig. 4.11, which report the comparison between the simulation of several variables under the first of the three scenarios
of Tab. 4.4.

4.3.2

Zooplankton as a state variable

A second set of simulations aims to illustrate the importance of the inclusion of zooplankton density as new state variable in EUTRO0D. A simulation
where zooplankton is set as a constant, as it is in the original EUTRO code,
and one in which it is set as a state variable are compared, by running the EUTRO0D model for one-year. Forcings and conditions reported in Tab. 4.3 are
used once again, except for the temperature and light intensity values, which
are varied in agreement with the pattern typical for the lagoon of Venice.
Fig. 4.12 shows the comparison between the phytoplankton concentrations in the two runs. As one can see, when the zooplankton is described by
a constant value (continuous line) the phytoplankton dynamic is driven essentially by the meteorological forcing, that is by the seasonal cycle of light and
temperature. The situation is, instead, remarkably different in the extended
version of variable zooplankton (dashed line). In such a case, the light and
temperature cycle still trigger the phytoplanktonic bloom, which starts at the
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Figure 4.11: Comparison between the two simulations obtained with the same
initial and boundaries conditions, parameters and forcings using the original 0D
EUTRO code and the extracted one. The suffix 2 near the name of the variable
indicates the simulation obtained with the original code.

beginning of the spring, but after a first period during which the growth is not
dissimilar to those of the previous case, a sharp decline occurs in the density
of phytoplankton, due to the fact that zooplankton density reaches a level high
enough as to terminate the bloom because of the grazing pressure. After this,
the classic pattern of prey–predator oscillation is observable, as expected in the
case of top-down control, i.e. of no (or little) nutrient limitation to the phytoplanktonic growth. Finally, around day 300, with the beginning of the autumn,
light and temperature are again at values too low for sustaining the phytoplanktonic growth, and the two simulations converge again towards the same, low,
winter level.
Enriched water bodies might exhibit more stable levels of phytoplankton
and zooplankton throughout the growing season (see for example Murdoch et al.
(1998)). Damping of large predator–prey oscillations could be caused by a number of reasons, including inedible algae absorbing nutrients and reducing their
availability to edible species, limited spatial movement of algae enhancing stability through a combined effect of many local populations (meta-populations),
and variation between the zooplankton individuals present contributing to overall stability. More stable phytoplankton and zooplankton concentrations can be
produced with this simple predator–prey model by lowering the grazing rate and
zooplankton death rate constants and increasing the half-saturation constant for
phytoplankton in grazing. As an example, Fig. 4.13 shows the evolution of phytoplankton density for three different values of the half saturation constant for
phytoplankton in grazing.
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Figure 4.12: Comparison between phytoplankton concentration evolution obtained running the EUTRO module with constant zooplankton (continuous line)
and zooplankton as a state variable (dotted line).

Figure 4.13: Comparison among zooplankton time series simulated by EUTRO
0D, varying KPZ, the half saturation constant for phytoplankton in grazing,
between 0.1, 0.75 and 1.5.
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4.3.3

Application to the lagoon of Venice

Finally, the coupling of EUTRO0D and FEM has been tested in the case
of the Venice Lagoon. In this first application the main external forcing for the
hydrodynamic model is the tide, described by an idealized function (sinusoidal
function) that forces the system entering the Lagoon through three inlets. River
in-flows at the boundaries are input using average values in agreement with
Bernardi et al. (1986). The lagoon, the inlets and the riverine point sources are
indicated in Fig. 4.14, in which the model grid is plotted. The figure gives a
striking example of the level of detail which can be reached by a finite element
discretization and therefore of the potentiality of this approach in comparison
with the more traditional finite difference approach.
Initial conditions for the ecological module are set in agreement with the
values given in Regione Veneto (2000), while boundaries and loadings are entered in agreement with experimental data, as described in detail in Melaku
Canu et al. (2001). Fig. 4.14 reports also the spatial indication of the nonpoint sources, i.e. the area around the populated islands of the lagoon, which
receive urban loads. Light intensity and temperature are assumed to be spatially constant over the grid domain, and their values have been derived from
an experimental data set of daily values, properly averaged, from the Regione
Veneto (2000). Daily values of light intensity are then split by the model into
hourly values, taking into consideration the information, available, about how
the length of the photoperiod changes during the year.
With this set up, a one-year long simulation is performed. From the spatially homogeneous initial distribution of the state variables, patterns develop as
a result of the super-imposition of physical and biological processes. The analysis of the spatial and temporal evolutions of nutrients, plankton and oxygen
indicates that results are ecologically consistent. As an example, Fig. 4.15 depicts the spatial distribution of nitrogen concentration at days 100 (Fig. 4.15a)
and 133 (Fig. 4.15b). In both the figures the signature of the hydrodynamic field
is clearly recognizable, for example in the spots of higher concentration around
the point sources or in gradients along the major channel connected to the three
inlets. In Fig. 4.15b, however, NH3 concentration is at a lower level, even around
the point sources, and a clear concentration decline can be seen around all the
input point sources, especially around the two major sewage plants shown in
Fig. 4.14 close to the sampling point 6. This is emphasized in Fig. 4.15c, where
differences in spatial distribution of ammonia concentration between day 100
and day 133 are plotted. The reduction in nutrient level can be explained by
considering that in the same period the first phytoplankton bloom occurs and
consequently a significant amount of nutrient is taken up. Therefore the winter nutrient pattern, due to the physical forcings and anthropogenic loading,
is consequently modified. In fact, the comparison of the spatial distributions
of phytoplankton at day 100 and 133 (Fig. 4.16) evidences the existence of a
spatial correlation between the growth of phytoplankton and the decrement in
NH3.
As can be seen from Fig. 4.17, that shows the simulated evolution of
phytoplankton and zooplankton concentration in the sampling points 1 and 2,
phytoplankton dynamic then evolves, in conjunction with zooplankton dynamic,
by giving rise to predator–prey oscillations, and then decreases to a very low
value in winter.
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Figure 4.14: Spatial discretization used to run the model of the Venice Lagoon.
Rivers input, sewage treatment plants, and spatial indications of the non-point
sources are shown. Numbers from 1 to 6 indicate the sampling points used to
extract the time series from the model output.
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Figure 4.15: Spatial concentration of NH3 at days 100 (a), 133 (b) and relative
differences (c).

Figure 4.16: Spatial concentration of phytoplankton at day 100 (a) and 133 (b).

68

Figure 4.17: Evolution of the zooplankton and phytoplankton state variables in
the sampling points 1 and 2 (as shown in Fig. 4.14) simulated by the 2D model.

Another example of the consistency of the model results is presented in
Fig. 5.4a, where the time evolution of DO is illustrated for the 6 sample points
shown in Fig. 4.14. It can be noted that all the locations show the typical oxygen
evolution, with lower values in summer and higher values in winter, because of
the influence of water temperature on the DO saturation value. This evolution
is consistent with the observed one, shown in Fig. 5.4b, as derived by averaging
monthly value of DO, recorded in 12 stations located in the central part of the
lagoon (Pastres and Solidoro, 1999).
Also the analysis of the time evolution of the spatial distribution of the
other state variables confirms that the simulation gives reasonable results, within
the frame of the adopted simplification. Such analysis is not reported in full
detail here, because of space limitation, but also because this would shift the
focus from the principal aim of our work, which is to set up a new general
coupled model for analysis of water ecosystems, while the implementation on
the Venice Lagoon is meant to be just a first test. For the same reason we did
not attempt here a comparison between model output and experimental data, a
step certainly due in the future, but not central at this point. Calibration of the
model against experimental data, together with the implementation of a ‘heat
flux’ module for the computation of water temperature from meteorological
conditions, are indeed implementations planned for the near future.
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4.4
4.4.1

Temporary closures through mobile gates
External forcing and boundary conditions

As for the hydrodynamic model, the main external forcing is the tide. The
model is forced by the experimental time series of tide referring to November
1996. Temperature, considering the short term of our simulation, is assumed
as a constant. The load of freshwater discharged by each river is in agreement
with Bernardi et al. (1986).
As for the ecological model, the loading factors from the drainage basin
and from the urban areas inside the lagoon are nutrients (phosphate and nitrate) and organic matter expressed as CBOD. Daily loadings, (computed as
in Section 6) are summarized in Tab. 4.6. Boundary conditions at the three
inlets are assigned following Bergamasco and Zago (1999) for nitrogen concentration; these values compare reasonably well with experimental measurements
taken close to the Lido inlet (Pastres and Solidoro, 1999) and are kept constant
during the simulation. DO is assumed to be at its saturation level both in the
three inlets and in the rivers.
Both loads and boundary conditions at the inlets are affected by a very
high degree of uncertainties. However, in the present case, this is not a crucial limitation, since our work aims to provide a comparison between the two
scenarios of the presence and absence of the closure at the inlets — together
with the very high tide — and, therefore, it is performed by running pairs of
simulations which are forced by the same input of pollutants. Furthermore, a
scenario of loads obtained by multiplying by two, the reference values is considered (Tab. 4.7). This scenario should account for a possible underestimation of
pollutants loads, and represents a good test for the resilience of the ecosystem
of the lagoon in extremely critical conditions.
The re-aeration rate is computed from the model in agreement with either
the flow-induced rate or the wind-induced rate, whichever is larger. The flowinduced re-aeration is based on the Covar method (Covar, 1976), i.e. it is
calculated as a function of velocity, depth and temperature, while the windinduced re-aeration rate is determined as a function of wind speed, water and air
temperature, in agreement with O’Connor (1983). Parameter values, reported
in Tab. 4.5, are chosen in agreement with the WASP documentation.
The simulations performed are summarized in Tab. 4.7: run 1 is the
reference simulation obtained by using a sinusoidal tide, run 2 and 3 are obtained
by forcing the model with the real tide and the reference value of pollutant loads,
respectively, with and without the closure of inlets in concomitance of tide higher
than 80 cm. The comparison between run 2 and 3 is meant to outline the effect
of the closure of the mobile gates. In the same way, the comparison between run
4 and 5, which is performed by using the same scenario of physical forcings, but
doubling the pollutant load, illustrates the effects of the closure in an extreme
case. Run 6 refers to a 2-month simulation with high loadings and with multiple
closures, while run 7 simulates the case in which the inlets are kept continuously
closed for 2 weeks.
All of the simulations have been performed after 1 month of spin-up,
during which the hydrodynamic model was forced with the sinusoidal tide and
the biological model with the computed loading factors. The time step for the
coupled model is 5 min (300 s). The loading factors and boundary conditions
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Table 4.5: DO Module: state variables, parameters and functional groups description
DO model Description
State variables and functional groups
B
CBOD, Carbonaceous biochemical oxygen demand
B1
Carbonaceous oxidation
B2
Settling of the particulate fraction of CBOD
B3
CBOD load in the element
N
N-BOD measured as NH3
N1
Nitrification
N2
Settling of the particulate fraction of N-BOD
N3
N-BOD load in the element
Parameter description
K1
CBOD deoxygenation rate constant 20o C
cp1
CBOD deoxygenation rate temperature coefficient 20o C
Kbod
CBOD half saturation constant for oxygen limitation of deoxygenation
v
Settling velocity (calculated from hydrodynamic model)
f1
Fraction dissolved CBOD
f2
Fraction dissolved NBOD
d
Depth (from hydrodynamic model)
K2
NBOD deoxygenation rate constant
cp2
NBOD deoxygenation rate temperature coefficient
Knit
Half saturation constant for oxygen limitation of nitrification
cpsed
Sediment oxygen demand temperature coefficient
cn
Nitrogen to oxygen ratio
kr
Reareation rate (from hydrodynamic and wind forcing functions)
Osat
Oxygen concentration at saturation (from salinity and temperature values)
sed
Sediment oxygen demand constant
T
Water temperature (from data field)

are reported in Tab. 4.6. DO concentration values in initial conditions and at
the boundaries are the computed saturation value that depends on temperature
and salinity. The temperature value is kept constant at 10o C.

4.4.2

Pollution load estimation

The biggest polluting factors in the lagoon of Venice are organic substances and nutrients (phosphates and nitrogen) originating from the domestic
(resident and tourists), industries, intense agriculture, and animal-breeding.
Unfortunately, and surprisingly enough, direct measurements of these
loads are not available as yet. Therefore, the regional authority, in the report
‘Pollution prevention and environment restoration of the lagoon of Venice and
its hydrological network’ (Regione Veneto, 1998), has estimated the loads discharged by the river on the basis of the type and the intensity of the economic
activities taking place in the drainage basin.
The drainage basin loads from industrial and agricultural activities are
estimated using specific converting factors for each activity, while the urban
load is computed on the basis of extension and type of area. The self-purifying
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Value

Units

0.2
1.047
0.1
–
0.5
0.5
–
0.1
1.08
0.1
1.08
0.25
–
–
0.2
–

per day
–
mg O2 /l
m/s
–
–
m
per day
–
mg N/l
–
–
per day
mg/l
g/mq per day
o
C

Table 4.6: Load and boundary conditions inputs in the lagoon of Venice and boundary conditions in two scenarios

Loads from drainage basin

Diffuse civil and urban loads
Sewage treatment plants
Boundaries; inlets
Parameter initial values
** saturation value

rivers
Venezia-Giudecca
Murano-S.Erasmo
Burano
Campalto
Fusina
all inlets

Run
1
2
3
4
5
6
7

Units
mg/l
(t per day)
t per day
t per day
t per day
t per day
t per day
mg/l
mg/l

DO
9.37**

9.37**
9.37**

Forcing tide
Sinusoidal tide
High tide (November 1996)
High tide+closure when water
level higher than 80 cm
High tide (November 1996)
High tide+closure when water
level higher than 80 cm
2 months+High tide+closure
when water level higher than 80 cm
Long term continuous closure (days)

Scenario 1
normal loads
CBOD NH3
11.14
3.27
(32.73) (9.6)
7.907
1
0.518
0.065
0.353
0.0447
0.915
0.435
2.193
0.989
0.266
0.077
2
0.5

Scenario 2
doubled loads
CBOD NH3
22.28
6.54
(65.46) (19.2)
15.814 2
1.036
0.13
0.706
0.0894
1.83
0.87
4.386
1.978
0.266
0.077
2
0.5

Loadings
Normal loads
Normal loads
Normal loads
Doubled loads
Doubled loads
Doubled loads
Normal loads

Table 4.7: Runs conducted under different forcing tides and loadings combinations

processes occurring in the river network are also considered (dei Lavori Pubblici,
1993).
Direct loads in the lagoon from the sewage treatment plants and industrial
plants as well as urban and civil loads from the historical centre (that are not
treated before dumping) are added. The civil loads are computed on the basis
of the average number of people in the area, weighting differently residents and
tourists (Franco, 1989). Industrial loads are introduced using available data;
the yearly load is around 1500 t N per year and 150 t P per year. (Regione
Veneto, 1998).
Since in this model application it is important to distinguish, if nitrogen
is introduced as ammonium or nitrate, a repartition of the total nitrogen load
has been attempted. We have assumed that the reduced form (ammonia) is
roughly equal to 90% of the civil and zootechnical loads, 10% of the agricultural
loads, and 75% of the industrial and urban loads, following the qualitative
indications by the Regione Regione Veneto (1998). The total load so computed
has then been partitioned between rivers and non-point sources, again following
the indication of the Regione Regione Veneto (1998).
72

As for BOD, estimates given in Franco (1989) have been used to assess
the civil loads coming from the islands not collected in a sewage system and
estimates given by the Regione Veneto (1998) for the loads produced by sewage
treatment plants. An averaged value of BOD concentration has been assumed
for all the rivers, as computed from a set of experimental measurements on the
five major rivers in winter 1988 (Franco, 1989).
As already mentioned, pollutant loads and boundary conditions are summarized in Tab. 4.6.

4.4.3

Impact of the temporary closures

General features of the coupled model have been analyzed in run 1. The
simulation, performed by forcing the level at the three inlets with an idealized
sinusoidal tide and reference loads of pollutants, is depicted in Fig. 4.18 Fig. 4.19
Fig. 4.20. In Fig. 4.18, observed values of the water level measured by the tide
gauge located on the tip of the Punta della Salute (Venice) are compared with
the simulated values. The graph of Fig. 4.19 shows the root mean square of the
velocities. Water flows mainly along the major channel, and the hydrodynamic
regime is dominated by the tidal agitation. The figures are a good example of
how the model can reproduce the general circulation pattern within the lagoon,
a topic discussed in detail in Zecchetto et al. (1997), where the calibration of the
hydrodynamic model is described. The signature of the hydrodynamic features
are clearly recognizable also in the spatial distribution of CBOD concentration,
illustrated in Fig. 4.20a, referring to in-flowing tide, and in Fig. 4.20b, referring
to out-flowing tide. In both figures, the effects of the exchange with the sea are
clearly noticeable; exchanges at the Malamocco and Lido inlets have a purifying
effect, due to the introduction of less polluted water during the in-flowing tide
and to the out-flow of more polluted water during the out-flowing tide. On
the contrary, the Chioggia inlet acts as a (weak) source of CBOD, since the
concentration of this element in the southern part of the lagoon is pretty low.
In fact, the major impact of the pollutant input is in the central part of the
lagoon, which receives the inputs from the two large sewage treatment plants
(indicated by a paragraph symbol in Fig. 4.10, and recognizable as two major
dark spots in all the figures), from the historical city and from the industrial
area, while the northern and southern parts of the lagoon are markedly less
affected, even if the plumes of the major rivers are recognizable. For the same
reasons, the gradient of the tracer concentration is more pronounced in the Lido
inlet than in the Malamocco one, even if the hydrodynamic regime is similar in
the two areas. A similar pattern is also obtained from the spatial distribution
of ammonia (not shown), and is present in all the simulations performed. Run 1
also shows that in our simulation, the most important sources of CBOD are the
sewage plants (which serves all the city area of Mestre and part of the industrial
area), and that the civil loads from the historical city of Venice play a significant
role. Further, even if our study, as all scenario analysis, aims to provide general
indications on the difference between different alternative cases, rather than to
give a quantitatively accurate forecasting, simulated CBOD concentration levels
in the central part of the lagoon are comparable to the experimental findings of
BOD, which give as an average value in winter a figure between 2 and 2.5 mg/l
for BOD (Pastres and Solidoro, 1999), and, therefore, not far from 3 or 4 mg/l
for CBOD.
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Figure 4.18: Comparison between simulated and observed values of water level
at the Punta della Salute tide gauge inside the city of Venice.

Given the importance of the tidal forcing and of the exchanges at the
inlets, one might indeed expect that the reduction of the exchanges caused by
a closure of the inlets could significantly affect the spatial distribution and the
temporal evolution of BOD, whose concentration might be thought to increase
up to values high enough to cause hypoxic episodes in some locations of the
lagoon. This, in turn, might cause a further increase of the BOD concentration,
since the mineralization rate is slower at low concentrations of DO, giving rise
to a feedback effect ending up with even more in hypoxic phenomena.
This hypothesis has been tested by comparing the results of run 2 with 3.
In both cases, the coupled model has been forced with the measured time series
of tide referring to a week in November 1996, during which high tide events were
particularly frequent, but while in run 2 no closure of the inlets is simulated, in
run 3 a closure of all three inlets has been reproduced every time the water level
at the inlets was higher than 80 cm. Tide levels versus time series is plotted in
Fig. 4.21. It is shown that in the simulated 100 h there are 4 closures, whose
length ranges from 2 to 15 h. As indicated in Tab. 4.7, both run 2 and 3 have
been performed under the same scenario of pollutant loads (Scenario 1) used in
run 1. The comparison between simulations performed in run 2 and 3 shows as
the closure of the mobile gates does not alter substantially the space and time
evolution of the state variables of the models. As can be seen in Fig. 4.22, which
reports the spatial distribution of CBOD in the central part of the lagoon for
three different moments of the two simulations, the reduction of the exchanges
with the sea causes some accumulations of CBOD. At the end of the first 15 h
long closure (Figs. 4.22a and 4.22b), the CBOD concentration is slightly higher
in the case in which the mobile gates are closed (Fig. 4.22b), especially around
the town of Venice. However, when the mobile gates are opened again and
the normal exchanges with the sea are re-established, the spatial distribution
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Figure 4.19: General circulation pattern root mean square velocity field.

Figure 4.20: CBOD spatial distribution obtained in the reference simulation
(run 1) for conditions of in-flowing tide (a) and out-flowing tide (b).
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Figure 4.21: Tide series used for forcing the model. Continuous line (observed
series) is used in runs 2 and 4. Dotted line, the same experimental series, but
with the hypothetic closure, is used to force the runs 3, 5 and 6. Run 6 (33 days
long) is forced by cycling, repeating (8 times) the series indicated, and simulates
32 closures.

of CBOD within a few hours is the same as that obtained at the time step in
the scenario with no closure of the inlets. This is illustrated by the comparison
of Figs. 4.22c and 4.22d, referring to an hour before the beginning of the second closure, that is 12 h after the end of the first closure. A similar pattern is
observed also for all the other closures, and even towards the end of the simulations, after four repeated closures, there are very little differences between the
spatial distribution of CBOD in the two different scenarios. It is worth stressing
that the spots of marked high concentration of CBOD (north-west and west of
Venice, close to the land) are equally present in both simulations, and cannot
be ascribed to the functioning of the mobile gates. Instead, they are recognizable around the discharge points located in zones where the hydrodynamic
regime is low or medium (Fig. 4.19) and, as already mentioned, they actually
refer to the two large sewage treatment plants which discharge directly into the
lagoon. Anyway, the spatial distribution of the DO (not shown here) indicates
that the system is always far from anoxic or hypoxic conditions, even in the
area of highest CBOD concentration, or close to the source of pollutant loads.
In order to assess the response of the ecosystem to the mobile gate closures
in a more critical situation, another couple of simulations have been performed,
run 4 and 5, by doubling the pollutant load (Scenario 2, Tab. 4.6). Again, in
both cases the coupled model has been forced with the measured time series
of tide referring to a week in November 1996, and as before in one simulation,
run 4, no closure of the inlets is considered, while in the other one, run 5, there
are three closures in concomitance with the high tide (Fig. 4.21). The results
of the simulations are illustrated in the Fig. 4.23. Like in the case of normal
loads, scenario 1, the comparison shows that the temporary closure of the mobile
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gates does not affect too much the water quality of the lagoon. As a result of
the increment in the input, the CBOD concentration in run 4 and 5 is much
higher than in the run 2 and 3, and higher in run 5 (closure, Fig. 4.23b), than
in run 4 (no closure, Fig. 4.23a). Again, however, the system seems to be able
to recover quite easily to the unperturbed situation when the mobile gates are
open, as indicated by the similarity between the Fig. 4.23c and d, which refer to
the end of the two simulations. Also in this case, in spite of the depletion of the
water quality and the increasing of the CBOD (and NH3) concentration levels,
the DO concentrations are always by far above the anoxia level. As an example,
the Figs. 4.23e and 4.23f, which refers to the moment of higher accumulation of
CBOD (in run 4 and 5) shows that system does not reach a DO concentration
level lower than 50% of the saturation value in anyone location.
The same conclusions holds true even if the number of repeated closures is
higher; Figs. 4.24 and 4.25 shows the time evolution of DO in eight points during
an additional 33-day long simulation, run 6. This simulation has been forced by
cycling the forcing tide used in run 3 and 5, and the doubled loads. The eight
sampling points have been selected among the area of higher concentration of
BOD and/or lower concentration of DO, such as channels surrounded by islands
or points close to the major sources (Fig. 4.10). As it can be seen in the figure
a quasi-periodic regime is reached rather quickly, with oscillations of different
amplitude around different average values for the different points, but critical
conditions (i.e. DO concentration lower than 20% of the saturation value) are
never reached, indicating that the number of repeated closures is not a crucial
factor in relation to the problems here addressed.
A final simulation, run 7 (Fig. 4.25), has then been performed, in order
to see how much it would take for the system to reach an hypoxic condition,
if the closures were kept closed continuously. In this simulation, the lagoon is
never allowed to exchange its water with the Adriatic Sea, and water keeps on
flowing only out of the inertia gained during the one month of spin up, during
which the hydrodynamic model was forced with the sinusoidal tide. Pollutants
are continuously accumulate and undergo biological degradation. Results of
the simulation, Fig. 4.24 VELFEEM, a model obtained by internally coupling
WASP with the FEM model has been used to investigate the impact on the water
quality of the lagoon of Venice caused by a reduction in the exchange with the
Adriatic Sea. Such a reduction could be a consequence of the temporary closure
of the inlets of the lagoon, a project proposed in order to prevent the flooding of
the historical city in concomitance with highest high tide phenomena occurring
in wintertime (acqua-alta). Several scenarios of hydrodynamics and pollutant
loads are considered, and their effects on BOD-DO concentration are compared.

4.5
4.5.1

Influence of physical forcing on the ecosystem
Model setup and definition of scenarios

In order to compare the WQ variability, induced by changes in forcing
and in boundaries values we have defined three scenarios, which are the reference
scenario ref and the scenarios obtained by varying—one at a time—wind and
tide. A fourth scenario, nut, is made to evaluate the variation in WQT induced
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Figure 4.22: Comparison between BOD spatial distribution simulated in runs 2
(a, c, e) and 3 (b, d, f). (a) and (b) refer to the end of the first and 15 h long
closure, (c) and (d) to an hour before the beginning of the second closure, and
(e) and (f) to the distribution achieved after three repeated closures.
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Figure 4.23: Comparison between BOD and DO spatial distributions simulated
in runs 4 (a, c, e) and 5 (b, d, f). a) and (b) refer to the BOD spatial distribution
at the end of the first and longest (15-h long) closure, c) and (d), to the BOD
spatial distribution achieved after three repeated closures, and (e) and (f) to
the DO spatial distribution at the end of the first and longest closure.
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Figure 4.24: Time evolution of DO in seven sampling points during the run 6.
The forcing tide used in run 3 was repeated eight times to obtain the forcing
tide used in the 33-day long simulation.

Figure 4.25: Time series for DO spatial distributions in run 7, in which the
inlets are kept continuously closed.
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by changes in nutrient load from the drainage basin. The sensitivity to changes
in nutrient load will be used as a comparison term for sensitivity to variation in
physical forcing.
Therefore, a total of four simulations has been performed, under four
different scenarios. Each simulation covered 1 year, with a time step of 300 s,
and took around 4 days of computer time, by using a medium power workstation.
Boundary values of the sea levels and concentration of the state variables at the
three inlets of Lido, Malamocco, and Chioggia are entered in the model using
external data files (Bergamasco and Zago, 1999). Riverine inputs of freshwater,
nutrients and organic materials are given to the system using, again, external
data files. Wind regime and tide action are introduced in the model as an
external file of daily value of wind stress and water level at the inlets, both
measured in 1987 at the ISDGM-CNR station, Acqua Alta (Cavaleri, personal
communication). External data files are provided also for experimental values of
meteorological parameters, such as light intensity, clouds cover, humidity, which
are used for computation of water temperature and irradiance level. Thermal
loadings from the industrial sites are input in the model following Cedolini et al.
(1997).
Our reference scenario is described by simulation ref. Here the total
amount of nutrient loading is given by the DRAIN project results, and is 3996
tons per year for the total nitrogen and 228 tons per year for the total phosphorus. This is the most update estimate available (Zonta et al., 2001). Total loadings from the drainage basin are input assuming that the whole river network
presents a constant concentration of nutrients, while the amount of water discharged from each river (and therefore the amount of loadings discharged from
it) varies in agreement with the water flow average values given by Bernardi
et al. (1986), as written in Tab. 4.8. In order to simulate seasonality, these average values have been multiplied by a sinusoidal function. The CBOD loading
amounts to 11944 tons per year (Melaku Canu, 2001). The tide used in the
reference scenario is an idealized sinusoidal M2 tide, typical for the Northern
Adriatic. Wind action is not included.
Silone
Dese
Osellino
Brenta
Lova
Novissimo1
Novissimo2
Trezze
Total

9.3
3.1
1.7
3.9
1.9
7.4
1.7
1.6
30.6

Table 4.8: Average freshwater discharge from the river network

The tide scenario differs from the ref scenario because of the tide, that
in tide is given by the experimental value of sea levels measured in 1987. This
simulation is made in order to see how the tide forcing affects the water quality
and its variability in time and space.
The wind scenario is done to investigate the variability due to the wind
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action: the model is here forced by an experimental wind stress data file measured in the Lagoon of Venice in 1987.
The nut scenario is made to evaluate the variation in WQT induced by
changes in nutrient load from the drainage basin. This is the intervention more
frequently planned when thinking of preservation of water body subjected to
eutrophication, and can be used as a reference term in order to assess to which
extent mean annual distribution of TRIX, and therefore our evaluation of water
quality level in the lagoon, is sensitive to realistic parameterization of wind and
tide. On this purpose a run has been performed in which total loads of N and P
are, respectively, 26 and 58% higher than in ref. These values are the estimate
given in 2000 by Regione Veneto (Regione Veneto, 2000), and therefore the
difference between ref and nut gives also an idea of the uncertainty in WQT due
to uncertainty in nutrient loading. The loading and forcing conditions used in
each simulation are summarized in Tab. 4.9.

Wind
Tide
Loadings

Simulation
ref
No
Sinus
DRAIN

wind
Year 1987
No
DRAIN

tide
No
Year 1987
DRAIN

nut
No
Year 1987
Regione 2000

Table 4.9: Summary of forcing a loading conditions used in the for simulations

4.5.2

The relevant parameters

The water quality of a basin is defined in terms of actual and potential
primary productivity.2 Usually it is assessed by taking into account chlorophyll
a and DO concentration, which are proxies for actual primary production, as
well as concentrations of nutrients, which can be seen as proxies for potential
fertility. Indeed, in agreement with the new Italian legislation, water quality
targets in the Lagoon of Venice regard concentrations of nitrogen and phosphorus and the trophic index (TRIX). TRIX is defined as linear combination of
chlorophyll density Chla, of the logarithms of nutrients concentrations and of
DO (Vollenweider et al., 1998).
T RIX =

log10 (Chla × O2sat × DIN × P IN ) + 1.5
1.2

where O2sat is the percentage of oxygen saturation, DIN is the total
dissolved inorganic nitrogen and PIN is the particulate inorganic nitrogen. It
might be worth to note here that a principal component analysis on water
quality data, collected in a monitoring program which is currently going on in
the lagoon, showed that TRIX is very similar to the first component of the PCA,
and therefore can be thought of as a (diagnostic) index which summarizes an
important fraction of total variability of the system (Solidoro and Cossarini,
2001).
The model simulations give the temporal evolutions of the spatial distributions of the state variables. From these, it is possible to compute the value
of trophic indexes, too, including TRIX.
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Figure 4.26: Spatial distribution of the yearly average of total dissolved inorganic nitrogen at each point of the spatial domain.

4.5.3

The reference scenario

Effects of physical forcing, and namely of riverine input and tidal exchanges are clearly recognizable in spatial distribution of the state variables.
As an example, while analyzing the ref scenario it is possible to note that nutrient concentration is higher in the northern basin, and lower in the southern,
and that a gradient from the main land toward the sea inlet is also present
(Fig. 4.26), as expected from Solidoro and Cossarini (2001).
The figure presents the yearly averaged spatial distribution of total dissolved nitrogen, but this pattern is maintained throughout the whole year, and
it suggests that the phytoplankton bloom is not generally nutrient limited. This
is confirmed by the time evolutions of dissolved inorganic nitrogen, DIN, in four
sampling points (Fig. 4.27), which emphasis as even during the blooming season there is only a very low depletion of nutrient. More specifically, depletion is
higher close to river estuaries, where nutrient concentration is higher and phytoplankton blooms more intense, and lower in the vicinity of the inlets. However,
even when nutrients are at their minimum values, their concentration is higher
than the respective half saturation constants so that nutrient availability controls the phytoplankton dynamic, only for short interval of time, and only in
the less eutrophic area, which are those far from the point sources of nutrients.
Phytoplankton dynamic is clearly light and temperature driven. In win83

Figure 4.27: Total dissolved inorganic nitrogen, time series at the five sampling
points indicated in Fig. 4.10.

tertime the concentration values are low in the whole basin, at levels around
0.015 mg/l of Carbon, then in April, when temperature rises, first blooms appear. Blooming season lasts until September, when temperature is again too
low for supporting photosynthesis. Fig. 4.28 illustrates the seasonal evolution,
by reporting the time evolution of the average concentration value of the whole
basin, and the time series of the maximum values registered in the basins at each
time step. Within the blooming season nutrients are uptaken, and their concentration became, in some situation and for short intervals, so low as to limit
phytoplankton growth. However it is possible to note that blooms start where
water is shallow, and therefore irradiance and temperature reach more quickly
values favorable to growth, and wherever nutrient concentration is higher, that is
close to the river mouths, around the city of Venice, where urban loads are input
and, more generally, in the northern part of the lagoon. The highest blooms
are reached in June and July with values of 4–4.5 mg C/l. Tidal exchanges
with the sea, which presents a lower concentration of phytoplankton, are clearly
noticeable too. Fig. 4.29 illustrates, as an example, spatial distributions of phytoplankton in six different moments of the year. The spatial distribution of
CBOD concentration levels exhibits a similar pattern, but in this case—besides
the rivers and urban loads—it is possible to notice also the direct influence of
the phytoplankton blooms, since CBOD concentration rises in correspondence
to them (not shown here). The oxygen concentration gradient is negative from
the main land toward the sea inlet, during the coolest season, specifically during the months of January and December, and it goes in the opposite direction
during the other months (not shown here). Clearly, for this variable as well for
the other one, smaller scale features can be identified which are super-imposed
to this general pattern, because of the peculiarity of the different locations, and
of the combination of differing interacting processes.
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Figure 4.28: Time series of the phytoplankton concentrations: average, minimum and maximum of the whole basin.

These features are common to all the scenarios here considered, even if
the figures above described refer to the reference scenario ref.

4.5.4

Wind and tide scenarios

The implementations of the wind and tide scenarios produce little changes
in phytoplankton distribution. Conversely, easily recognizable modifications are
induced in the dynamic and spatial distribution of nutrients and, as a consequence, of TRIX. Therefore, it makes sense to focus our analysis on these
variables.
In addition, nutrients and TRIX are the parameters which should be
monitored in agreement with the indication given by the Italian legislation.
The incorporation of realistic values of tide introduces an oscillation, as
illustrated by the comparison of the dotted and the continuous lines in Fig. 4.30,
which refer to sampling point 1. In fact, beside the M2 tide there is now the
neap/spring cycle, which was not included in the ref scenario. By contrast, also
the averaged value of the response is altered by the introduction of realistic wind
stress, as it is illustrated by the gray line.
The inspections of time evolution in other locations (Fig. 4.31) puts in
evidence that the introduction of realistic values of physical forcing affects different locations in different way, depending on the exposure to tidal expansion
and to sensitivity to winds. Points which are close to the inlets, such as station
5, present higher tidal-induced oscillation, and results given by different scenarios are similar, while simulations give more distinct behavior in points which
are far from the inlets, like station 3.
The comparison of spatial distribution of DIN confirms that little differences are found among the ref and the tide scenario, while a different pattern is
found under the wind scenario. In the latter case wind-induced currents alter
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Figure 4.29: Spatial distribution of phytoplankton concentration at different
time step.
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Figure 4.30: Comparison among the time series of the total dissolved inorganic
nitrogen time concentration levels of simulations ref, wind and tide, at the
sampling point 1 (see Fig. 4.10 for the location).

the spatial distribution of nutrient which results higher in the area close to the
main land in the southern part of the lagoon, and lower in the vicinity of the
sea and in the northern part, as if a sort of squeezing and anticlockwise rotation would have exerted on the ref field. Fig. 4.32 illustrates this by comparing
the yearly averaged spatial distribution of DIN for the three scenarios. Similar
consideration can be made if a passive traces is considered (not shown here).

4.5.5

The trophic index, TRIX

Differences in the water quality under the different scenarios can be visualized also by comparing the spatial distribution of the trophic index, which
indeed is meant to summarize the information contained in the other parameters too. Fig. 4.33 illustrates the comparison of the yearly averaged value of
TRIX, while Figs. 4.34 and 4.35 give a suggestion on the temporal variability
of such an average, by reporting, for each location, respectively the minimum
and maximum value reached during the year. It should be noted here that the
palette (color bar) used for the maps has been chosen in agreement with the
discretization in classes given by the Italian water quality act (Decreto Legislativo, 1999): values lower than 4 indicate good water quality conditions, values
higher than 6 indicate bad conditions.
When analyzing the mean annual distribution of TRIX, ref and tide scenarios are similar, with water quality just slightly higher, as a consequence of
the introduction of real tide. Instead, model reproduction of the mean annual
distribution of TRIX turn out to be more sensitive to the parameterization of
the wind stress. Specifically, it can be seen as the inclusion of a realistic scenario
of wind gives better condition for the most part of the lagoon. A statistical test
(t-test) has been computed to check if the differences in the maps are significant.
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Figure 4.31: Comparison among the time series of the total dissolved inorganic nitrogen
(NOX+NH3) time concentration levels of reference simulation (ref), with only wind
(wind) and with only tide (tide) at various sampling points.

The test indicates that the spatial average of yearly mean values are significantly
different between ref and wind cases (P = 0.3 ×10-7) while the difference is less
significant between ref and tide (P = 0.32).
The assessment of water quality level, however, cannot be made by considering only the yearly averaged values, since the averaging procedure masks
the variability of the signal while in reality, beside the mean value, one is interested also in the probability that critical conditions arise. Since bad water
quality moments are traced by very high level of the trophic index, the inspection of Fig. 4.35, in which it is reported the worst situation reached in each point
of the lagoon during the year, seems appropriate. The analysis of Fig. 4.35 indicates that the wind scenario gives the worst situation, while the safest condition
is the result of the tide scenario. This is consistent with what we have already
observed, that is that the introduction of realistic value of physical forcing enhances the variability of the signal, so that even if the average value is lower,
the possibility that critical conditions (high values of TRIX) arise in some moment is higher. The comparison of Figs. 4.34 and 4.35 confirms that the highest
variability is induced by the wind scenario.
Finally, in order to assess to which extent mean annual distribution of
TRIX, and therefore our evaluation of water quality level in the lagoon, is
sensitive to realistic parameterization of wind and tide, we have run the nut
scenario, and used the sensitivity to a change in the nutrient load as a reference
term to which we compare the sensitivity to physical forcing. The comparison
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Figure 4.32: Spatial distributions of the yearly average of total dissolved inorganic nitrogen at each point
of the spatial domain for the reference simulation (ref), with only wind (wind) and with only tide (tide).

Figure 4.33: Spatial distributions of the yearly average of TRIX (Water Quality Trophic Index) at each
point of the spatial domain for the reference simulation (ref), with only wind (wind) and with only tide
(tide).
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Figure 4.34: Spatial distributions of the maximum value of TRIX (Water Quality Trophic Index) reached
at each point of the spatial domain for the reference simulation (ref), with only wind (wind) and with
only tide (tide).

Figure 4.35: Spatial distributions of the minimum value of TRIX (Water Quality Trophic Index) reached
at each point of the spatial domain for the reference simulation (ref), with only wind (wind) and with
only tide (tide).
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Figure 4.36: Comparison among sensitivities to different scenario. The boxplots illustrate—for each scenario—mean values and spatial variability of the
yearly average values of every point of the lagoon.

among different sensitivities has been made by analyzing four whisker boxplots (Fig. 4.36), which illustrate—for each scenario—mean values and spatial
variability of the yearly average values of every point of the lagoon.
Clearly, an increment of nutrient load significantly affects ecosystem dynamics. Indeed, as it was expected, a significant difference exist also between
results of nut and ref scenario. However, it is interesting to note that variation
in TRIX, though significantly higher than those produced by the other scenarios
here considered, is not so high as to make those negligible in comparison. Actually, it is possible to appreciate that the variations induced by the introduction
of realistic winds is as high as about 20% of the variation induces by reduction
of nutrient loads. This suggests that the parameterization of physical forcing is
an important factor, and ignorance about it might result in an important source
of uncertainty.

4.6
4.6.1

Bacterial pollution along the Venice coast
The numerical grid

Since the modeling of the Northern Adriatic Sea would be extremely
complicated because of the boundary conditions, the boundary has been moved
far from the investigated area, up to the Strait of Otranto, that represents the
open boundary.
The spatial domain is composed of the Adriatic Sea and the Venice
Lagoon, and the computation grid contains 8.072 nodes and 15.269 elements
(Fig. 4.37, top panel). The horizontal resolution varies from about 100 meters
inside the Venice Lagoon up to 60 km in the central Adriatic Sea. The bathymetric data have been derived from the NOAA 1:250000 for the Adriatic Sea
while they have been obtained from the Carta Tecnica Regionale of the year
1970 for the Venice Lagoon.
The model grid is constructed with an automatic mesh generator, starting
from the coastline of the whole basin of the Adriatic Sea, and it is represented
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Figure 4.37: Grid of the finite element model SHYFEM. (a) Full grid of the
Adriatic Sea. (b) Zoom of the coast of the Venice Province.

in Fig. 4.37. In particular, an higher grid resolution has been imposed in the
zones of major interest for the research, such as the area of the Venice Lagoon
and along the coasts of the Venice province (Fig. 4.37- bottom panel).

4.6.2

Simulation set-up

The numerical simulations have been carried out with meteo-marine forcings and microbiological data of the year 2002. The time step of the simulations
is 300 s.
Wind and pressure data have been generated by the global atmospheric
model of the European Centre for Medium Range Weather Forecast (ECMWF)
of Reading, UK, that are available for the whole Mediterranean area, with a
spatial step of 0.5 degrees in latitude and longitude. An astronomical tide
has been imposed at the Strait of Otranto, taking into account the 7 main
astronomical components, 4 semi-diurnal (period of 12 hours) M2, S2, N2 and
K2 and 3 diurnal (period of 24 hours), K1, O1 and P1.
For the microbiological parameters, data collected during in situ campaigns by ARPAV have been used, integrated with data of the treatment plants,
provided by the Venice province.
For the discharges of the rivers and of the treatment plants estimates of
the river authority has been used. In this study, the sewage discharges into the
Venice lagoon are not considered.
For the decay parameter a decay time (e-folding time) of 2 days has been
used. In future studies this time scale could be linked to the environmental
parameters such as light climate, temperature and salinity This parameter has
been estimated through literature values (Crane and Moore, 1986; Evison, 1988;
Mancini, 1978), but ideally specific studies would be needed to confirm these
numbers.
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Figure 4.38: Example of model results for Escherichia Coli, with a decay rate
of 2 days. Average concentration over the year 2002.

4.6.3

Scenarios

Different scenarios have been simulated, with and without taking into
account a decay rate. In the first case, merely theoretic, an infinite survival
time has been imposed for the microbiological parameters, while in the second
case, more closely according to what happens in nature, a decay time of 2 days
has been prescribed.
The elaboration of the results of the simulation with the SHYFEM model
produced maps for each microbiological parameter. In this work only the results
for Escherichia Coli (EC) will be shown and discussed. The other modeled
parameters were Total Coliforms, Fecal Coliforms and Fecal Streptococcus.
In Fig. 4.38 the map of the average concentration for the year 2002 and
the map of the influence of the discharges coming from the treatment plants
and the main rivers are presented for EC. In particular, the map of influence
of the 9 points taken into account for this study, were obtained computing the
bacterial quantity due to a specific discharge, that influences the elements of
the model grid. When this quantity exceeds the threshold of 30%, the element
is assigned to that discharge point. The area represented with the same color
indicates the influence zone of the discharge.
From the map of the average concentration, it may be observed that the
water masses transporting the bacterial load generally stays in a narrow stripe
of about 10 kilometers from the coastline: the highest values are concentrated
around the source points (treatment plants and rivers). Far from the coastline,
the bacterial concentration dilutes quickly and the values decrease.
From the map of influence (Fig. 4.39) it can be noted that the effect of
93

Escherichia Coli - decay 2 days
1
0

10

20

*

2

3* *

30 km

4

*
5

*
6

*

7

*
1 = Bibione + river Tagliamento
2 = Portogruaro + river Lemene
3 = Caorle + river Livenza
4 = Eraclea + river Piave
5 = Jesolo + Q. Altino + river Sile
6 = Cavallino
7 = Lido
8 = Chioggia + river Brenta
9 = river Adige

8
9

*
*

Dominant Treatment Plant (Threshold 30 %)
1

2

3

4

5

6

7

8

9

Figure 4.39: Example of model results for Escherichia Coli, with a decay rate of
2 days. Map of influence of the discharge points over the year 2002. Treatment
plants are indicated with an asterisc.

the circulation that tends to transport the water masses towards south, to the
area of the Po river. This means that the influence of some discharge points
extends to zones located in the south of the discharge area, and it may be that
the concentrations measured in some sampling stations are influenced by the
bacterial charge coming from other sources, located in the northern part of the
coast. This effect is mainly due to the effect of the anti-clockwise circulation
and to the transport of the water masses.
Finally in Fig. 4.40 the total time the threshold value is exceeded is given.
It is clear that only at discharge point 8 this happens, due to the river discharging with a high bacteriological concentration. This evidences the necessity to
provide better treatment of the waters in the upper part of the river.
In particular the following points can be evidenced:
• the microbiological pollution seems to be confined to the coastline, tending to move towards south (phenomenon connected to the anti-clockwise
circulation of the Adriatic Sea);
• the minimum impact of the treatment plants that discharge at about 4
km from the coastline;
• the ‘critical’ discharge concentration of point 8.
Finally, these results suggest the possibility to define a new sampling
methodology, basing on the zones of influence of the discharges, computed with
the SHYFEM model, that are different from the geographical zones of the discharge points.
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Figure 4.40: Map of total time the threshold value is exceeded. As can be seen
point 8 is critical for the water quality .

4.7

Residence times in the Venice lagoon

During this study four regions of the lagoon have been considered in
order to compare their relative renewal capability under different meteo-marine
forcing. These regions are the far-north sub-basin (NBn), the northern-central
sub-basin (NBc), the central sub-basin (CB) and the southern sub-basin (SB).
The partition of the lagoon basin is illustrated in Fig. 3.8. It is a physical based
partition that is more fully described in Solidoro et al. (2004a).

4.7.1

No wind

In the first case only the tidal forcing is considered and no wind is prescribed. The results are evaluated after the spin-up period.
To investigate the variability of the circulation pattern induced by the
tide, the tracer was released in the basin during both intense spring and neap
tidal events. Recognizing that the tidal phase of the tracer released might
influence the calculated residence time, we conducted two sets of 12 different
simulations initializing the tracer concentration at the beginning of every hour
of a spring tidal cycle and of a neap tidal cycle. The tracer concentration is
recorded every hour. From the average of the simulation results, the water
residence times in the basin have been computed both for the spring and neap
tidal period. In Fig. 4.41 the spatial distribution obtained from a spring tide
simulation is plotted.
Residence times range between values less than 25 days, close to the
inlets, and values over 60 days in the inner lagoon areas. The average value
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Figure 4.41: Water residence time distribution in the Venice Lagoon. Only tidal
forcing. Case A: the tracer return flow is allowed.

Figure 4.42: Water residence time distribution in the Venice Lagoon. Only tidal
forcing. Case B: the tracer return flow is prevented.
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Figure 4.43: Return flow factor distribution in the Venice Lagoon. Only tidal
forcing.

Figure 4.44: Water residence time distribution in the Venice Lagoon. Tide and
scirocco wind forcing.
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Table 4.10: Average values of the residence time of the Venice Lagoon basin and sub-basins,
obtained in the three simulated scenarios: only tidal forcing, tidal forcing with scirocco wind
and tidal forcing with bora wind. Case A with return flow, case B without return flow. All
results are in days.
Case A
Spring
Neap
Scirocco
Bora
Case B
Mean
Scirocco
Bora

Total

NBn

NBc

CB

SB

43.1 ±12.3
45.5 ±12.1
15.6 ±14.3
4.3 ±2.6

53.0 ±9.9
55.6 ±10.1
34.4 ±7.2
3.0 ±1.3

46.4 ±12.2
48.8 ±12.5
22.3 ±6.1
1.9 ±1.1

40.6 ±12.1
42.8 ±12.1
9.6 ±5.6
4.4 ±2.6

29.3 ±7.8
31.2 ±8.6
2.7 ±1.1
6.5 ±2.6

14.6 ±5.3
10.9 ±7.2
4.1 ±2.6

16.1 ±7.3
24.8 ±5.4
3.0 ±1.3

15.2 ±5.6
13.3 ±5.2
1.9 ±1.1

14.3 ±5.5
8.1 ±4.6
4.3 ±2.7

9.8 ±2.8
2.5 ±1.1
6.4 ±2.9

computed for the whole basin is 43.1±12.3 days for the spring tide simulations
and 45.5±12.1 days for the neap tide simulations (see Tab. 4.10).
Qualitatively, the distribution is mainly dependent on the relative distance from the three inlets and on the presence of channels, which can lower the
residence time. This is the case of the Petroli Channel, in the central lagoon,
and of the Treporti Channel in the central northern lagoon, respectively (see
Fig. 3.8), that, due to their high depths, can be considered as direct extensions
of the Malamocco and Lido inlets. The areas connected to these channels are
directly influenced by the sea and consequently their water residence times are
lower.
The average and the standard deviation of the water residence times in
the four sub-basins are 54.3±10.1 days for the NBn, 47.6±12.3 for the NBc,
41.7±12.1 for the CB and 30.2±8.2 for the SB, respectively. For the central and
the northern areas, the residence time distribution is in line with the results
obtained for the whole lagoon. For the southern part, the lower value of the
average and the standard deviation of the residence time can be explained by
the minor extension of the sub-basin itself and by its particular morphology. In
fact, even if the pumping action induced by the Chioggia inlet is less intense
with respect to the Malamocco and Lido inlets (Umgiesser, 2000), the water
entering and exiting the inlet covers quickly the whole sub-basin area. This is
due to the smaller extension of the sub-basin itself and due to the presence of
a dense channel net that is the cause of both the low average values and the
small variability (low values of the standard deviation) of the southern sub-basin
residence times.
Setting the tracer that exited the lagoon to 0, a simulation with the same
forcing conditions has been carried out and the residence times τ0 has been
computed. In Fig. 4.42 the spatial distribution obtained by this simulation is
reported. As can be see, the strongest changes with respect to first simulation
(Fig. 4.41) can be found close to the inlets, where residence times drop to values
of around 2 days. In the northern part of the lagoon, the high values of 60 days
are lowered to around 35 days. This demonstrates the importance that the
return flow has on the residence time.
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From these results, the return flow factor b has been computed for each
element of the Venice Lagoon domain. In Fig. 4.43 the spatial distribution of b
is shown. It can be seen that, also for this parameter, the spatial distribution
depends on the relative distance from the three inlets and on the presence of the
lagoon channels. The magnitude of b decreases moving from the three inlets,
where the values are quite close to unity, towards the inner part of the lagoon,
where the values are lower than 0.5. The average value for the whole basin
is about 0.66. This means that about 2/3 of the lagoon water that has been
ejected, returns to the lagoon during the next flood event. In Tab. 4.11 the
average values of b for the sub-basins are shown. No drastic variations of the
relative effect of the return flow on the residence times can be detected between
the sub-basins. The tide, in fact, generates in all of the inlets a strong flow and
does not induce any strong residual coastal circulation able to prevent the return
flow phenomena. In any case, the residence times inside all of the sub-basins
are strongly increased by the return flow events. Note that this distribution
of the return flow factor confirms what has been said before about the change
of residence time due to the return flow. The higher b, the stronger is the
influence of the return flow and the more relevant is the difference between the
two simulations, with and without return flow. Therefore, a low value of b
indicates little change of the residence times.
Scenario
No wind—average tide
Scirocco wind
Bora wind

Total
0.66
0.30
0.02

NBn
0.67
0.33
0.01

NBc
0.62
0.40
0.01

CB
0.62
0.16
0.02

SB
0.71
0.05
0.02

Table 4.11: Average values of the return flow factor b for the whole lagoon and
its sub-basins
It can be concluded from Fig. 4.41 that the areas that are mostly influenced (high b) are the ones close to the inlets, whereas the remote parts of the
lagoon show less change.

4.7.2

Scirocco wind

When the tidal forcing is supplemented by the wind action, the lagoon
circulation changes radically. The scirocco wind and tide induced circulation was
reproduced by the model simulation. The wind speed is 7 m/s and its direction
is from SE. In this case, the water velocity in the deepest lagoon channels of the
southern and central areas reaches values greater than 110 cm/s. An intense
residual circulation generated mainly by meteorological forcing moves the water
masses along the lagoon major axis direction from the southern to the central
areas. However, due to its low intensity and its direction, basically perpendicular
to the major basin axis, the scirocco wind does not influence much the water
circulation in the northern lagoon (Umgiesser, 2000).
The tracer was released inside the lagoon only during a spring tidal cycle
after the residual circulation reaches a steady state. As before, 12 different
simulations were carried out and the average results are plotted in Fig. 4.44.
The average and the standard deviation of the residence time is 15.6±14.3
days for the whole lagoon (see Tab. 4.10). As we can see the scirocco wind action
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Figure 4.45: Frequency distribution of the residence times for the northern and
southern sub-basins. Tide and scirocco wind forcing.

reduces the average of the residence time, but not the standard deviation which
is increased with respect to the no wind case. The statistics reveal a greater
renewal capacity of the whole basin, but still a high local heterogeneity.
The averages and standard deviations for the four sub-basins are 34.4±7.2
for the NBn, 22.3±6.1 for the NBc, 9.6±5.6 for the CB and 2.7±1.1 for the
SB, respectively (see Tab. 4.10). From these statistics, the sub-basins can be
grouped into two areas characterized by two distinctly different magnitudes of
the average residence time: the northern area, constituted by the NBn and NBc
and the southern area, constituted by the CB and SB. The average and the
standard deviation values for the new areas are 29.6±6.2 for the northern part
and 8.0±4.7 for the southern one (see Tab. 4.10). The relative low values of
the standard deviations suggest that the residence times inside the two areas
are distributed quite homogeneously. However, the two areas differ radically for
what concerns the average values of the residence times. This subdivision is
better emphasized by the frequency distribution of the residence time, reported
in Fig. 4.45. As expected, the curve for the southern basin is concentrated
around low values with a well-formed peak, and the one for the northern basin
is broad and shifted to higher values.
The spatial distribution of b (see Fig. 4.46) shows the inhomogeneity of
the return flow effect on the residence times. When scirocco wind and tide
force the basin, a residual circulation is generated both inside and outside the
lagoon. The induced water current reduces or totally prevents the return flow
phenomena in the southern areas, increasing the cleaning efficiency in this part
of the embayment. On the other hand, driving the water towards the northern
part of the lagoon, the wind creates a strong out-flow of the Lido inlet and, to
a minor extent, out of the Malamocco inlet, which gives rise to higher residence
times in the northern part of the lagoon. In Tab. 4.11, the average values of b
are reported. The average for the whole basin is about 0.30, which is in line with
the lower average residence time value compared to the no wind case. The low
value of b for SB shows that there is little tracer mass re-entering through the
southern inlet. The subdivision of the lagoon into two main areas, a northern
and a southern one, is evidenced even by the sub-basin averages that present
similar values between the NBn and the NBc and between the CB and the SB
(see Tab. 4.11).
In conclusion, wind action does not significantly influence the water circu100

Figure 4.46: Return flow factor distribution in the Venice Lagoon. Tide and
scirocco wind forcing.

Figure 4.47: Water residence time distribution in the Venice Lagoon. Tide and
bora wind forcing.
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lation in the northern area, in agreement with Umgiesser (2000). The circulation
is very active in the central and southern areas. Wind pushes the water into the
northern part inducing a higher water level with respect to the southern area.
Therefore, the scirocco wind forcing acts on the water renewal capacity of the
basin in a more efficient way in the southern areas than in the northern ones.

4.7.3

Bora wind

In the last scenario, a bora wind forcing has been simulated by the model.
The wind imposed on the model is from NE and its intensity is of 12 m/s. The
current velocity induced by the wind and the tide is vigorous all over the lagoon.
Water velocities up to 120 cm/s are detectable inside the main inner channels
and in the three inlets (Umgiesser, 2000).
Due to its direction and intensity, this wind, blowing along the major axis
of the lagoon, is able to increase the circulation both in the southern and in the
northern areas. The hydrodynamic pattern is completely wind dominated, and
therefore, the tidal variability plays a minor role.
The water residence times have been plotted in Fig. 4.47. The average
residence time and the standard deviation value are 4.3±2.6 days for the whole
basin, 3.0±1.3 for the NBn, 1.9±1.1 for the NBc, 4.4±2.6 for the CB and 6.5±2.6
for the SB (see Tab. 4.10). The average and standard deviation values are the
lowest ones of all the three cases. While in the previous scenarios, the highest
values of the average residence time were found for the northern sub-basin (NBn)
in this case, the highest value is found for the southern sub-basin. The bora
wind, in fact, driving the water to the south prevents the water in the area
south of Chioggia inlet to exit from the embayment and to be quickly renewed.
For this scenario, no intense return flow events occur through any inlet.
This is confirmed by average values of b that are close to zero (see Tab. 4.11).
This is due to the bora wind action that, generating a coastal current stronger
than the tidal flow, drags away quickly the released tracer to an area that is out
of reach for a possible return flow.
The bora wind is the most efficient forcing able to remove any possible
pollutant agent from the water box compartment. The action of this type of
wind enhances the lagoon’s environmental physical cleaning capacity.

4.8

Sediment transport in the Venice lagoon

During the simulation period, August 1998, tidal dynamics evolve from
an initially calm situation at neap tide to more stormy conditions around the
5th to 7th (see Fig. 4.48) at spring-tide and calm down towards the end of the
second week again. Correspondingly, SPM dynamics are expected to vary from
a settling phase over predominant erosion events to a calmer deposition period.
As an initial horizontal distribution, a homogeneous value of 10 mg L−1
was prescribed in the water column in areas shallower than 2 m. Flux over the
open boundaries and from tributaries are given in Section 3.1.1. The potentially
resuspended sediment material, the percentage of fine grains in the sediment
(here assumed to be smaller than 20 mm), was derived from more than 40 core
samples, taken from the upper 15 cm of the sediment in a grid of 1!1 km.
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Figure 4.48: Model results of bed shear velocities at positions VL1 to VL7 (see
Fig. 3.9).

Figure 4.49: Measurements of SPM during August 1998 at stations in the northern part of
the lagoon (F-ECTS Project Consortium, 2002).

Measurements for verification of the model results are available and shown
in Fig. 4.49 for vertically averaged distributions of SPM in the water column
and the content of fine material in the sediment. Whereas from the first, concentration time series can be deduced, the second allows the exchange of sediment
due to deposition and erosion to be described. Transport is discussed with data
from transects and trajectories from single particles.

4.8.1

Particle positions and trajectories

Position and load of 1000 particles are tracked from the 1st to 7th of
August starting either in the Palude di Cona area, encircled by transects T1 to
T3 (see Fig. 3.9), or in the most western part, west of 12o 18E in the Marghera
harbor area. After 7 days of simulation time 127 particles, i.e. 12.7%, are still
floating in the water column, carrying material of the slowest sinking fraction
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of 0.4 tonnes. From the Palude di Cona, most particles move westward, none
reaches positions eastward and only two are found south of Venice. On average,
particles from shallow areas are deposited in about 0.5–1 km and those from
small channels in 3–4 km distance. The floating particles from the palude originate from the western part with depths of about 0.4 m and can be found in
about 5 km to the west. The few floating particles from Marghera leave the area
towards the southeast. In the harbor region of Marghera, still floating particles
never left their position and can be regarded as captured in the harbor basins.
There is no exchange of material from both areas within the first week of August
1998.
Although the residual transport of particles from the Palude di Cona
westward is visible, an exchange towards Marghera does not take place. Particles’ trajectories turn southward and move between Venice and Murano towards
the outlet. When reaching the outlet area, transport into each of the main channels is possible so that particles starting at the Palude di Cona can be found
south of Venice after 7 days.

4.8.2

SPM distributions

Horizontal distributions of SPM concentrations, as shown in Fig. 4.50,
vary considerably in time but increase towards spring-tide as expected. In
order to compare SPM values with bed shear velocities, the chosen moments
correspond with those indicated in Fig. 4.48.
After 7 h of simulation time (upper left panel), the initial distribution of
10 mg L−1 in the shallow areas is only slightly altered. Two days later (upper
right panel), most of the material is deposited and in-flow from the Adriatic and
tributaries can be identified. At full ebb current (lower left panel), considerable
SPM concentrations are only found in shallow areas where bed shear velocities
are increased. The combined effect of full flood currents and strong winds
(lower right panel) result in high concentrations which increase northward up
to maximum values in the range of 500–1000 mg L−1 in the Palude di Cona
area. Resulting from those figures, the areas of highest impact of currents and
wind on the bottom are the shallow northern part like Palude di Cona and the
narrow strip more western as well as in the northeast.
Influence of Adriatic material reaches into the southeastern part along
the shore and around Venice since material is mainly transported through the
deep channels and only deposited on the shallow mud flats during spring high
water.

4.8.3

Temporal development

Concentrations of SPM at stations VL2 and VL4 to VL9 as shown in
Fig. 4.51 vary considerably between stations but show the expected increase
of concentrations during spring-tide. In addition to the total concentration,
Fig. 4.51 shows the origin of the particulate material. SPM that was introduced
at the beginning of the simulation, during the first 3 days at each of the stations
is deposited nearly completely. Boundary conditions dominate station VL8 after only a few days with material from the southern lagoon and station VL7
with Adriatic SPM. Shallow areas, as in stations VL5, VL6 and VL9, are eroded
during spring-tide and during the storm around 6th of August, with peak SPM
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Figure 4.50: Model results of SPM concentrations for indicated time steps.
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Figure 4.51: Model results of SPM concentration time series at stations VL2 to
VL9.

concentrations originating from the sediment. Stations in the vicinity of deeper
channels like VL2, VL4 and VL5 are reached after 4-6 days by SPM introduced
from the Adriatic. Comparison with data, shown in Fig. 4.49, gives the right
order of magnitude for the simulated concentrations. Unfortunately, measurements at the stations cover only parts of the simulation period, so that they
are shown in one figure. Even if a verification for each station is not feasible,
simulation results reflect the measured dynamics.

4.8.4

Transport

Flux of SPM material through the transects (indicated in Fig. 3.9) is
evaluated for each time step. Transport from the Palude di Cona area is mainly
determined by flux through the western and southern transects as can be seen
by the curves of Fig. 4.52. Combining the data of T1 to T3 to flux from the
shallow area, the middle panel in Fig. 4.52 indicates an import of material by
dominant negative numbers during the strong wind event around spring-tide.
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Cumulating the transport values to the sum in the lower panel, the import can be
quantified. Palude di Cona gains an amount of 4000 tonnes SPM during the 5th
to 7th whereas fluxes during the rest of the simulation are nearly balanced with a
slight tendency to a net import. The balance for the northern lagoon is negative,
i.e., it exports SPM to the Adriatic. Transport through the western (T4) and
eastern (T7) Lido transect control the fluxes in and from this area following
the increasing and decreasing volume of water, which enters the lagoon. This
development is disturbed by extreme values during spring-tide at transect T7,
governing the overall budget. During the first days, the very small values of
the sum of T4 to T7 (middle panel of Fig. 4.52 in gray) accumulate to a slight
import of up to 600 tonnes SPM. During the next 2 days or six tidal cycles
peak values of 660 tonnes Dt−1 import and 520 tonnes Dt−1 export amount to
an overall export of about 8000 tonnes of SPM. In the following calmer period
about 1000 tonnes leave and enter the lagoon during each ebb and flood tide
with a tendency to an import of SPM.
It can be summarized that during calm conditions, the lagoon itself and
the shallow area of Palude di Cona slightly import SPM. This trend can be
easily disturbed by short and strong wind events. Then particulate material
accumulates on some of the mud flats and is exported through the channels out
of the lagoon.

4.8.5

Fine fraction in the sediment

Exchange of SPM in the water column with the sediment is restricted to
the corresponding fine fraction. Depositing SPM particles transfer their mass
into the fine fraction of the sediment and eroded material is fed by this deposit.
The initial amount of fine material is defined by the given grain size distribution
and dry density of the sediment, given in the upper left panel of Fig. 4.53.
During the simulation time, the period of the 5th to 7th of August is expected to be the most prominent for deposition and erosion cycles. Spring-tide
and additional wave energy resulted in high concentrations of SPM originating from the sediment in several stations (see stations VL5, VL6 and VL9 in
Fig. 4.51). Transport increased significantly on the 5th of August. Therefore,
Fig. 4.53 gives the difference of fine-grained material from the initial values at
4.8.1998 when tidal amplitudes increased but caused moderate effects on the
sediment, at 5.8.1998 after bed shear velocities reached their first peak value
(compare Fig. 4.48) and at the end of the simulation time at 14.8.1998. Calm
conditions at the beginning (4th of August) are reflected in the increase of fine
material by depositing particles over almost the entire model domain. Shallow
areas gain about 50e 100 gm−2 ; channels about 20–30 gm−2 . Exceptions are
the channel system connecting Burano and Torcello to the south and towards
the mainland in the northwest.
The pattern changes drastically for the center of the domain the next
day (5th of August), when erosion reduced the fine fraction by 400–800 gm−2
(note the different order of magnitude). Erosion areas with low critical shear
stress values for erosion, the shallow areas between Venice, the Lido and the
mainland, change from a depositional area under calm conditions to an erosion
area. At the end of the simulation (14th of August), the pattern remains nearly
the same with stronger gradients. The median value for loss by erosion is 801
gm−2 and for gain by deposition 83 gm−2 after 14 days.
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Figure 4.52: Model results of SPM fluxes in tons per time step (5 min) through
transects (upper panel) (positive values indicate eastward or northward flux),
SPM fluxes out of Palude di Cona area and into Lido outlet area (middle panel)
and their cumulative sums (lower panel). Data of transects in the upper panel
are shifted for better comparison.
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Figure 4.53: Horizontal distributions of the fine fraction in the sediment as given
by the initial grain size distribution (upper left panel) and the difference at
indicated days of the simulation time. Negative values denote erosion; positive
deposition.
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Palude di Cona area was identified as an accumulation area by transport
through transects T1 to T3 in the previous section. Comparing the content of
fine material in the area enclosed by T1 to T3 at the end and the beginning of
the simulation, a positive value of 5166.6 tonnes is derived. Since areas were
affected both by deposition and erosion, gain and loss was determined separately
with 9724.3 and −4 557.7 tonnes. Assuming 0.5 m to be shallow water, it can
be stated further that the eroded material is originated only from the shallow
part, whereas 1988.7 tonnes are deposited in cells deeper than 0.5 m and 7735.5
tonnes in the shallower ones. Thus, in summary, the mud flats in Palude di
Cona gain material, although there is a transfer from the shallow sites into
deeper channels.
Temporal changes in the content of fine material show only in station
VL6 a considerable increase of 500 gm−2 during the initial period of deposition.
In the northeastern part, where critical shear values are higher, changes in the
fine fraction are limited. At stations VL7 south of Lido as well as at VL2 and
VL4 in the northeastern part, slight increases occur under calm conditions at
the beginning and during the second week. In the region of high impact by
erosion, at VL5, VL6 and VL9, loss of fine grains amounts from 600 up to 2400
g m−2 d−1 . These losses occur in single events, whereas deposition frequently
adds smaller amounts of fine material to the deposit in the sediment.

4.9

The Cabras lagoon

The lagoon of Cabras is a complex system in terms of its biological ecosystem and its hydrodynamics. It is situated near the city of Oristano and with an
area of 22.28 km2 it is the largest brackish basin in Sardinia. It is characterized
by an average depth of around 1.6 meters and a maximum depth of around 2.1
meters (Cannas et al., 1998). The lagoon communicates with the sea through
four small channels, placed in the southern part, and receives additional fresh
water from two rivers: the Rio Mare Foghe, which enters the lagoon in the
northern part, and the Rio Tanui, which runs through the Cabras village on
the eastern side of the lagoon (Fig. 4.54). In the past the lagoon has undergone several anthropogenic hydraulic works. The most important of them were:
the reclamation of the Mare Foghe lagoon (’50), the opening of the Scolmatore
channel with the subsequent construction of a W-shaped dam (’70) and the
construction of the Rio Mare Foghe dam (1995) (Vallerga et al., 1999).
The Scolmatore channel has been constructed to prevent the flooding of
villages situated around the lagoon. It is a channel about 200 meters wide which
connects the lagoon with the sea, but is closed by a W-shaped dam with a height
of about 30 cm above the average lagoon water level. Therefore it blocks the
tide entering the lagoon through this pathway and prevents inundations of the
coastal areas due to high river discharge and the subsequent rise of the lagoon
water level. In the past it has hardly ever been used because from the time of its
construction the fresh water in-flow through the rivers has strongly decreased
due to water demand for land use.
The Cabras Lagoon represents one of the vastest and productive wet
areas in Europe with a yield of fish reaching 40000 kg km−2 in 1998. It has
a remarkable socio-economical importance, with 300 fishermen involved and a
turnover equal to 3.5 millions Euro in 1998.
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Figure 4.54: The Cabras lagoon. In the lower part the 4 channels are visible,
which connect the lagoon with the Oristano Gulf and the Scolmatore channel,
closed by dam with a “W” like form.
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This lagoon has also a great environmental interest, as it hosts many fish,
plants and animal species (flamingo, cormorant, heron, etc.). Indeed, the lagoon
is included in the protected areas according to the Ramsar Agreement.
Despite its importance, there is a lack of studies on the Cabras Lagoon.
In a technical report, the University of Sassari estimates the amount of nutrient
input equal to 29 t year−1 , with average concentrations (139 g m−3 ) leading to
a classification of the lagoon as hypertrophic. Fifty percent of the calculated
input would derive from urban waste waters, coming from untreated discharges
from the hydrographic basin adjacent to the lagoon, including almost 30,000
inhabitants. Following the high fish mortality rate occurring in July ’99, an environmental control in the Cabras lagoon was carried out by IMC, International
Marine Centre (Vallerga et al., 1999).

4.9.1

The numerical grid

The finite element model has to be supported by a numerical grid. This
grid consists of nodes and triangular elements of variable dimension that describes the geometrical layout of the basin.
The contours of the basin, channels and the coast line have been acquired
by digitizing a map of the area (scale 1:2500). Using a finite elements method,
that allows the use of variable elements dimension, it has been possible to describe the area close to the channels with a higher resolution (down to 5 meter).
The bathymetry of the lagoon has been read directly from the maps and interpolated onto the grid, whereas for the channel a constant depth of 1.5 meter
has been imposed since no detailed data was available.
The resulting grid, constructed with an automatic mesh generator, contains of 3742 nodes and 6038 triangular elements, with a varying resolution from
5 to 100 meter (Fig. 4.55).
To simulate the opening of the Scolmatore channel a second grid has been
created taking in account also the Scolmatore channel directly connected to the
lagoon (Fig. 4.56). In this figure it is also easy to see the gradual decreasing of
the triangular element dimensions in the area close to the connecting channels.

4.9.2

Simulation set-up and data availability

The simulations have been carried out taking into account the effect of
different forcings on the circulation. The two main forcings of the system are
the tide and the wind.
The tide prescribed in the simulation has been calculated with the help
of a harmonic series. The amplitude and the phase of the harmonic components
used for the tidal computation are described in table 4.12.
Wind data was available from the station of Cape Frasca (Oristano) for
the period 1975-1995. An analysis (Ferrarin, 2002) carried out on this 21 year
available wind data showed that the main wind regimes are (Fig. 4.57):
- Mistral, from north-west. It represents the most frequent situation in the
area with over 45 % of wind events per year. It has a periodical trend
during the day, with higher intensity during the midday hours and lower
intensity during the night. Moreover, a seasonal periodicity has been found
and a time shift of the midday intensity peak, which has higher values in
winter (over 15 knots at 11 am) than in summer (10 knots at 1 pm).
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Figure 4.55: Grid of the Cabras Lagoon and the channels. Also indicated in the
figure are the Rio Tanui, close to the Cabras village, and the Rio Mare Foghe
in the northern part of the lagoon.
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Figure 4.56: Enlarged view of the channel system with the Scolmatore channel
inserted in the grid.
Component
M2
S2
N2
K2
K1
O1
P1

Ai [cm]
6.85
2.65
1.33
0.71
3.46
1.48
1.09

ψi [deg]
197.6
221.2
129.2
48.4
174.5
84.1
163.7

Table 4.12: Amplitude (Ai ) and phase (ψi ) of the 7 harmonic components used
for the tidal computation.

- Libeccio, from south-west, which has a mean intensity of 10 knots and represents 15 % of wind events per year.
- Sirocco, from south-east, which has a typical intensity of 12 knots and with
25 % of wind events per year is the most important wind after the Mistral.
The direction band is much narrower when compared with the Mistral
above (see Fig. 4.57).
A secondary forcing for the circulation of the Cabras Lagoon are the
two main rivers: the Rio Mare Foghe and the Rio Tanui. A study carried
out on the nutrients load in the Cabras Lagoon (Casula et al., 1999) shows
that the two rivers cover, respectively, over 60 % and 10 % of the total lagoon
hydrographic basin. They are torrent-like rivers with high flows in winter, when
the precipitation is abundant, and flows close to zero in summer, when the
rainfall is poor.
The hydrodynamic model has been used to study the most typical situation of water circulation in the Cabras Lagoon. The cases investigated are:
• only tidal circulation;
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Figure 4.57: Frequency distribution of the wind events (as events per year), for
intervals of 10 knots of intensity, resulting from a study carried out using over
21 years of wind data. The figure shows peaks corresponding to the 3 main
wind regimes: Mistral (from 270 to 360 deg), Sirocco (from 90 to 160 deg) and
Libeccio (from 200 to 270 deg).

• circulation induced by tide and wind:
– from NW (Mistral);
– from SW (Libeccio);
– from SE (Sirocco);
• case with tide, Mistral and:
– rivers;
– the Scolmatore channel open.
This last case is interesting because it considers the opening of the Scolmatore channel that connects directly the lagoon with the sea. This opening
would be one way to stimulate the circulation in the lagoon maybe avoiding
anoxic crises such as the ones that happened in the last years (Vallerga et al.,
1999).
In this study no spatial distinction of the bottom friction has been made
inside the lagoon because there was no information about the bottom characteristics (bottom vegetation, sediment grainsize). For this reason the Strickler
coefficient has been considered homogeneous over the whole lagoon and set equal
to 32 m1/3 s−1 . This is a default value, used in the hydrodynamic modeling of the
Venice Lagoon (Umgiesser et al., 2004; Umgiesser, 2000). The drag coefficient
for the momentum transfer of wind has been set to 2.5·10−3 .
The horizontal turbulent diffusivity viscosity AH has been set to 0 because in the case of the Cabras Lagoon there was not need to stabilize the
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numerical solution with the viscosity. These and other parameters used in the
hydrodynamic simulations are listed in table 4.13.
Parameter
ks
cD
AH
KH
ρ
ρa
∆t

Description
Strickler coefficient
Wind drag coefficient
Horizontal viscosity
Horizontal diffusivity
Water density
Air density
Time step

Value
32 m1/3 s−1
2.5·10−3
0 m2 s−1
3 m2 s−1
1025 kg m−3
1.225 kg m−3
300 s

Table 4.13: Physical parameters used in the hydrodynamic simulations of the
Cabras Lagoon.

For the present application the Coriolis term has been neglected due to
the small dimension of the basin.
All simulations have been carried out using a time step of 300 seconds.
This time step could be achieved due to the unconditionally stable scheme of the
finite element method. The initial condition is always the calm state. Since the
hydrodynamic variables enter in a dynamic steady state in less then a day, the
results are shown for the last 5 days after the spin-up period. The points where
the time series are plotted can can be seen in Fig. 4.58. The current velocity
fields have been plotted for time 12:00. They show a moment of incoming tide.

4.9.3

Tidal circulation

In this case only the influence of the tide drives the water in the Cabras
Lagoon. The tide has been imposed at the beginning of the main inlets (point 1
in Fig. 4.58 corresponding to line 1 in Fig. 4.59). As shown in the figure the tidal
wave undergoes a strong damping and a phase displacement in the channels and
its maximum height decreases from ± 0.12 meters at the beginning of the main
channel (line 1 in the figure) to ± 0.025 meters at the end of the channels (line 2
in the figure). Once the tide reaches the lagoon, it spreads in the basin without
any amplitude or phase changes (lines 3 and 4 in the figure).
The tide flows through the four small channels with a velocity of about 4060 cm s−1 and then enters the lagoon were the velocity quickly decreases to below
5 cm s−1 (Fig. 4.60a). Inside the lagoon the current pattern is homogeneous
with no special features associated.

4.9.4

Wind induced circulation

As explained before, three typical wind regimes of the zone have been
taken into account, the first blowing from NW, the second from SW and the
third from SE.
Apart from the wind forcing, the tidal forcing (the same one used in
the previous simulation) has been imposed at the open boundary (point 1 in
Fig. 4.58).
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Figure 4.58: The Cabras Lagoon. Sites 1 to 4 indicate where water levels and
velocity time series are recorded, salinity and temperature sampling sites are
marked A, B and C. The section WE, where the residual current is plotted, is
also shown.
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Figure 4.59: Tidal circulation - Water level variation at the 4 recording sites.
The continuous line shows the water level at site 1 (open boundary), whereas
the other lines represent the 3 sites in the lagoon. Water levels in the lagoon
are virtually identical (line 2, 3 and 4) and show a strong attenuation and phase
shift with respect to the imposed tide.

Wind from NW (Mistral)
In this simulation a daily varying wind speed between 4 and 18 knots has
been prescribed, as a typical winter situation.
The circulation strongly changes with respect to a situation with only
tide (Fig. 4.60b). Mistral wind turns out to be the driving factor for the hydrodynamic activity of the lagoon, while the tide only modulates the discharges
through the channels. The current velocity inside the lagoon reaches values of
60 cm s−1 , which is one order of magnitude greater than in the case of the tide
only circulation.
The wind generates a shore current along all the south-west coast, which
pushes the water into the southern part of the lagoon. This water movement
raises the water level in that area, creating a south-north level gradient, which
can reach 3 cm between point 2 and point 4 (see Fig. 4.58 for reference). This
difference in water level generates a strong current from the south to the center
of the basin that is the opposite direction with respect the to wind. This current
is modulated by the tide, being stronger with the incoming tide than with the
outgoing one. Beyond Punta Urachi this current turns west forming a cyclonic
circulation subsystem and thus dynamically isolating the northern part from
the rest of the lagoon. Furthermore, this raising of the water level modifies
the sea-lagoon discharge variation with respect to the case of tidal circulation
(curves indicated as Tide and Mistral in Fig. 4.61).
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Figure 4.60: Velocity fields with tide and different wind regimes. Time 12:00 on
day 11 from the beginning of the simulation, incoming tide. The wind results
to be the driving forcing for the water circulation, while tide influences the
hydrodynamics only in a restricted area close to the inlets.
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Figure 4.61: Lagoon-sea discharges for the different case studies. The positive
values indicate the fluxes from the sea to the lagoon. The cases with Libeccio
wind and Sirocco wind are not reported in the figure because the discharges do
not change significantly from the situation of only tide circulation. Opening the
Scolmatore channel the water fluxes became 7 times higher than in the case of
the closed Scolmatore.

Wind from SW (Libeccio)
In this simulation the wind blows from SE and has a constant intensity
of 10 knots.
The water flows towards the north along the western shore, pushed by
the Libeccio, and returns to the south along the east coast (Fig. 4.60c). In this
way the wind creates two different circulation subsystems: the first one, which
covers the central part of the lagoon, is anti-cyclonic with higher velocities along
the west shore, whereas the second one, which interests the southern area close
to the inlets, is much smaller and more influenced by the tide than the first one.
The fluxes between the lagoon and sea do not change significantly from
the case of the tidal circulation. This is because the exchange between the
lagoon and the sea is governed by the tide, but the wind is responsible for the
circulation inside the lagoon.
Wind from SE (Sirocco)
The wind has been imposed to have constant intensity of 12 knots.
Also in this case the wind results to be the driving factor for the hydrodynamic activity of the lagoon. The velocity field has a specular behavior
with respect to the situation of wind from NW. As shown in Fig. 4.60d, the
Sirocco generates a circular current in the central part of the lagoon which has
anticyclonic direction and isolates the northern area from the rest of the basin.
This subsystem generates a current from the center to the south of the lagoon
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flowing against the incoming tide, and strengthening with the outgoing tide. In
any case, the Sirocco wind does not change significantly the sea-lagoon fluxes
from the situation of tide only.

4.9.5

Additional studies

In these simulations we have considered the most frequent situation, considering the tide and Mistral wind, with the addition of the rivers in the first
case and with the opening of the Scolmatore channel in the second case. This
last situation is interesting because it permits the study of the effects of an
anthropogenic change in the lagoon system.
Case with rivers
In this simulation the influence of the rivers on the hydrodynamic circulation has been investigated. A fresh water flow of 10 m3 s−1 has been imposed
for the Rio Mare Foghe and 2 m3 s−1 for the Rio Tanui. This situation simulates
a typical winter period, when the river flows are maximum.
The rivers do not strongly influence the circulation, apart from the area
near their inlets. However, they have an influence on the sea-lagoon discharges
(Fig. 4.61): the rivers raise the lagoon water level, obstructing the incoming
tidal wave. Due to the fresh water intake, the outgoing tide through the inlets
is greater than the incoming ones resulting in a discharge curve (marked River in
Fig. 4.61) that is always lower than the tide only (marked Tide in Fig. 4.61) and
the situation with Mistral wind and without rivers (marked Mistral in Fig. 4.61).
In any case, as will be seen later, the most important effect of the rivers
is on the salinity budget in the lagoon.
Case with open Scolmatore channel
Here the influence of opening the dam has been investigated. As in the
case above, tide and Mistral wind have been imposed as forcing.
When opening the dam, the circulation of the lagoon and their water level
are greatly affected by the tide (Fig. 4.62), which directly enters the lagoon.
The figure shows also a small amplification and phase shift of the tide inside
the lagoon (lines 2, 3 and 4 in Fig. 4.62). The amplification effect is probably a
result of the tidal resonance inside the basin. Among the 3 internal points there
are amplitude differences that are due to the action of the Mistral wind, which,
as explained before, raises the water level in the southern part of the lagoon
(point 2 and 3).
The fluxes between the lagoon and the sea are about 7 times higher
than in the case of the closed Scolmatore channel (curve marked Scolmatore in
Fig. 4.61). Anyway, as shown in Fig. 4.63, the hydrodynamic circulation in the
central part of the lagoon is still driven by the wind. Due to the strong action
of the tide, the lagoon undergoes a higher mixing than in the situation with the
closed channel.

4.9.6

Residual currents

The currents in the Cabras Lagoon are mostly caused by wind and tidal
action. The wind causes the water to move mainly in the wind direction in the
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Figure 4.62: Water level variation with the open Scolmatore channel. The
continuous line shows the water level at site 1 (open boundary), whereas the
other lines at the 3 sites in the lagoon. The water levels in the lagoon show
little amplification and phase shift with respect to the imposed tide. Differences
between sites 2, 3 and 4 are due to the action of the wind.

shallow parts of the lagoon and in the opposite direction in the deeper areas.
On the other hand, the tides produce an oscillatory motion in the water basin.
To separate this oscillatory motion from the effect of the other factors forcing
the circulation in the lagoon, the residual currents have been investigated.
If one looks at the current average over a longer period (2 weeks), the tidal
current averages out. What is left are the so-called residual currents (Umgiesser,
2000; Cucco, 2001). These residual currents show the effect of the wind and tides
as non-linear and topographic induced effects. They are important because
they give the net effect of water movement during the study period and they
determine the predominant spreading of a dissolved or particulate substance
inside the lagoon.
The results show that the residual current fields are similar to the instantaneous current fields; the current velocities have the same direction but lower
intensity. This means that the tide has no significant effect on the net water
movements inside the Cabras Lagoon.
An interesting fact is that all the three wind regimes create a circular
current in the bigger part of the lagoon, which has higher velocities along the
shore than in the center of the basin. This circulation, along a WE transect
(the WE line in Fig. 4.58), creates a current velocity gradient from the shore to
the center of the lagoon (Fig. 4.64), with highest values (4-5 cm s−1 ) close to
the east shore and somewhat lower values on the west shore.
This current distribution has an effect on the sediment transport in the
lagoon. Indeed in the area close to the east shore, where the velocity shows the
highest values, the deepest parts of the lagoon are found. This is probably due
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Figure 4.63: Case with open Scolmatore channel - Velocity field with outgoing
tide. The figure shows the strong current from the lagoon to the sea generated
by the tide.
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Figure 4.64: Modeled residual current velocities along transect W-E (see
Fig. 4.58) in the central part of the Cabras lagoon with different wind regimes.
The bottom of the figure represents the bathymetry along the transect.

to continuous erosion taking place in these areas.

4.9.7

Temperature and salinity distribution

The same model is used to investigate the evolution of the salinity and the
water temperature in the lagoon. The simulations were carried out for a oneyear period from November to October in order to compare these results with
the available experimental data. These data were measured at three sampling
sites in the basin (marked A-C in Fig. 4.58) and in one point outside the lagoon,
close to the Gulf of Oristano. The period of the field observations was the same
as the one of the simulations starting in November 2000 and ending in October
2001.
In the simulations real wind data and tidal data, generated by harmonic
constants, are imposed.
Water temperature
The variation in the water temperature of the Cabras Lagoon was studied
using a thermal radiative model (Zampato et al., 1998; Dejak et al., 1992). The
term Qs in equation 3.8 represents here the heat source Q/ρw cw h, where ρw is
the water density, cw is the specific heat of water (cw =3991 J Kg−1 C−1 ), h is
the depth of fluid layer and Q is the heat flux [W m−2 ] between the atmosphere
and the sea, computed by the thermal radiative model as follows:
Q = Qs + Qb + Qe + Qh
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Figure 4.65: Air and water temperature seasonal variation. The continuous
line shows the measured air temperature; the dotted line represents the computed water temperature. Small circles indicate the measured values of water
temperature.

where each term represents a physical process:
• Qs is the sun’s energy flux through the sea surface (short wave radiation);
• Qb is the net heat flux between the atmosphere and the sea (long wave
radiation);
• Qe is the heat flux generated by evaporation-condensation processes;
• Qh is the heat flux generated by conduction-convection processes.
Results show that the water temperature is similar to the air temperature
throughout the year, due to the low thermal inertia of the lagoon (dotted and
continuous lines in Fig. 4.65). Moreover, there is virtually no difference in the
spatial distribution of the water temperature in the lagoon as detected by the
experimental data. This is due to the strong forcing that the radiation exerts on
the surface of the water body and the relative shallow bathymetry that results
in a low thermal capacity.
Comparing the computed data with the measured data (small circles in
Fig. 4.65) we found that the thermal radiative model describes well the seasonal
cycle of the Cabras lagoon water temperature, which varies from 10 ◦ C, or less,
in January to more than 25 ◦ C in July.
Clearly, this faithful description of the water temperature is important
once the water quality model will be applied to the Cabras Lagoon.
Salinity
In the case of salinity the source/loss term Qs in equation 3.8 represents
the difference between evaporation and precipitation through the surface [kg
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m−2 s−1 ].
The experimental data, collected during the field observations, show that
the salinity in the Cabras Lagoon was close to 20 psu in November, strongly
decreased during the winter reaching 5 psu in February and then slowly increased
reaching 25 psu in September.
Salinity values between 6 to 25 psu measured in the sea outside the lagoon
and river salinity values equal to 0 psu were imposed as boundary conditions for
application in the model. The initial salinity of the lagoon imposed is equal to
23 psu. The river discharge was not available as data and has been computed
with an empirical function of the precipitation, by a simple linear equation:
Pq (t) = α · P (t − t0 )

(4.1)

with Pq the river discharge, P the precipitation, α a calibration constant, t the
time in months and t0 the time lag. Using the experimental salinity data we
found α=0.09 and t0 =2 months.
The model reproduces well the temporal and spatial variability of the
salinity data collected during field observations (salinity variation at sites A,
B and C is plotted in Fig. 4.66). During the year the lagoon shows distinct
variations in its salinity values, ranging from close to 5 psu during January,
when river discharges were maximum, to nearly 27 psu during July, when river
discharge was close to 0 and the lagoon slowly approached the salinity of the
open sea.
Inside the lagoon a north-south salinity gradient has been found. Especially during winter, when rainfall is abundant, salinity values are lower in the
northern part of the lagoon, due to the fresh water discharged by the Rio Mare
Foghe, than in the southern region, which communicates, through the inlets,
with the sea. This can be seen both in Fig. 4.66 where between the three curves
a salinity gradient can be found (for example: from 3 psu at site A to 13 psu
at site C on day January 1th ) and also in the spatial pattern shown in Fig. 4.67
where the situation on January 1th , when discharge of the rivers is highest, is
plotted. The signature of the fresh water can be traced along the western coast,
compatible with the circulation shown in Fig. 4.60b when the river discharge is
taken into account.
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Figure 4.66: Seasonal salinity variation at sites A, B and C inside the Cabras
Lagoon: computed and measured data.
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Figure 4.67: Salinity map of the Cabras Lagoon (January 1th ): in the northern
part of the lagoon the influence of the Rio Mare Foghe is clearly visible. The
salinity in this moment varies from 3 psu at site A to 9.5 psu at B and 13.5 psu
at C (see also Fig. 4.66).
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4.10

The Curonian lagoon

The aim of this chapter is to develop an application of the finite element
SHYFEM model to the Curonian Lagoon simulating the current regime and
to derive a hydraulic regime base zonation scheme, which is expected to be of
crucial value for further ecological studies. In the first part of this study the
hydrodynamic circulation of the Curonian Lagoon has been simulated taking
into account different forcing, such us wind, rivers and sea-lagoon exchange. The
model has been validated for the Curonian Lagoon by comparing the simulation
results against field measurements.
Considering different combination of forcing factors, the transport and
diffusion of a passive tracer, has been simulated inside the lagoon and the spatial
distribution of the residence time value, defined as the time needed to replace a
given volume of water with new clean water, has been represented. A statistical
GIS analysis of the modeled residence time, salinity values and in situ measured
bottom sediment characteristics led up to a synthetic hydraulic regime based
zonation scheme.

4.10.1

The model implementation and simulations set-up

The numerical computation has been carried out on a spatial domain
that represents the Curonian Lagoon through a finite element grid. The grid
contains 2919 nodes and 4883 triangular elements. As shown in Fig. 4.68, the
finite element method gives the possibility to follow faithfully the morphology
and the bathymetry of the system and to better represent the zones where
hydrodynamic activity is more interesting and important, like the Nemunas
Delta, the Klaipeda Strait and the Matrosovka and Deima mouths.
The principal hydraulic forcing of the Curonian Lagoon are the wind and
the Nemunas river discharges. The predominant winds on the Lithuanian coast
are south-west, west and south-east (Davuliene et al., 2002). The average annual
water discharge value is about 500 m3 s-1 for the Nemunas River, 124 m3 s-1
for the Matrosovka branch, 40 m3 s-1 for the Minija tributary and 30 m3 s-1
for the Deima River. The lagoon open boundaries are the Nemunas River and
the end of the Klaipeda Strait. As a condition for the sea-lagoon boundary we
impose to the model hourly water level data measured in the Klaipeda strait.
All simulations have been carried out with a time step of 300 seconds. In
this study no spatial distinction of the bottom friction has been made inside the
lagoon and the Strickler coefficient has been considered homogeneous over the
whole lagoon and set equal to 32 m1/3 s-1. This is a default value, used in the
hydrodynamic modeling of Venice and Cabras Lagoon (Umgiesser et al., 2004;
Umgiesser, 2000; Ferrarin and Umgiesser, 2005). The drag coefficient for the
momentum transfer of wind has been set to 2.5·10-3. The horizontal turbulent
diffusivity viscosity has been set to 0 because in the case of the Curonian Lagoon there was not need to stabilize the numerical solution with the viscosity.
These and other parameters used in the hydrodynamic simulations are listed in
Tab. 4.14.
The initial condition is always the calm state. This is certainly no problem
for the current velocity and the water level, since these quantities approach a
dynamic state very fast (less then a day). Spin up time of 5 days was chosen for
the short-term hydrodynamic and water residence simulations. For the one-year
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Figure 4.68: Computational finite element grid of the Curonian Lagoon with
a zoom on the Klaipeda strait and the Nemunas delta area. The spots indicate the automated monitoring station (Klaipeda, Joudkrante, Nida, Vente and
Uostadvaris) where data used to force and validate the hydrodynamic model
were measured.
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Parameter
Ks
CD
AH
KH
ρa
∆t

Description
Strickler coefficient
Wind drag coefficient
Horizontal viscosity
Horizontal diffusivity
Air density
Time step

Value
32 m1/3 s−1
2.5 x 10−3
0 m2 s−1
3 m2 s−1
1.225 kg m−3
300 s

Table 4.14: Physical parameters used in hydrodynamic simulations of the Curonian Lagoon.

long simulation a constant average salinity and temperature values have been
chosen as initial condition and the model was allowed to go to steady state for
30 days.

4.10.2

Sediment and GIS analysis

Bottom sediment samples were collected during field surveys in 1985-1990
in the Curonian lagoon (Gulbinskas, 1995). The types of bottom sediments were
distinguished on the basis of the decimal granulometric classification system according to the dominant (or main) fraction and median diameter of particles.
Often two or three fractions are quantitatively comparable with the main fraction. When not dominant fractions make up more than 30 %, sediment could
be further classified into subtypes.
All the GIS manipulations were performed using the IDRISI for Windows
software package. Image calculator was used to process the digital images obtained from the simulation results and experimental sediment characteristics.
These maps have been classified into binary raster images and then combined
together to derive the zonation of the Curonian Lagoon.

4.10.3

General circulation features

The south-west, west and south-east winds, with constant intensity of 8
m/s, have been chosen to be time and spatially constant over the whole domain
to simulate the evolving circulation pattern under different conditions. Average
river runoff was imposed in these scenarios. Lagoon was forced by the long-term
Baltic Sea water level fluctuations as tidal fluctuations are very small (1-2cm).
The simulations have pointed out that from a hydrodynamic point of
view, the Curonian Lagoon could be divided into two parts: the northern one
influenced by the Nemunas River and the southern one where the wind is the
only remarkable hydrodynamic forcing. Depending on the direction, the wind
creates different circulation sub-system in the southern part of the lagoon.The
simulation results showed the presence of a circulation structure similar to the
one reported in Davuliene et al. (2002) in this area. In most cases the system
evolves into a dominant gyre, with anticlockwise (wind from west, Fig. 4.69a)
and clockwise (wind from south-east, Fig. 4.69b) direction, and some smaller
gyres. In case of south-west wind, the circulation pattern is characterized by a
two-gyre system (Fig. 4.69c).
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Figure 4.69: Simulated water circulation imposing idealized wind forcing. a)
West wind; b) South-East wind; c) South-West wind.

132

Figure 4.70: Measured and simulated water level in 4 station inside the lagoon
(year 2001).
Numerical results stress (no figure available) that in the northern part of
the lagoon the Nemunas River runoff generates a south-north current that moves
from the river delta to the north towards the Klaipeda Strait. This current is
usually more evident during the spring flood period, when the discharges are
highest. This current creates an unidirectional water flow from the lagoon to
the sea and the brackish sea water is pushed into the lagoon only in case of
strong north or north-west winds and during extreme wind events it penetrates
deep southward into the lagoon. The simulations show that the Matrosovka
and Deima rivers do not influence the water circulation significantly.

4.10.4

Model validation

A one-year simulation has been carried out to validate the model results
against four experimental water level and salinity data sets provided by the
Marine Research Centre, Lithuanian Ministry of Environment. Real forcing
and boundary conditions of 2001 were used. Meteorological data from a station
situated in Klaipeda (by the Hydrometeorological Service, Lithuanian Ministry
of Environment) have been used. Hourly water level and salinity, automatically
measured in Nida and Uostadvaris, as well as data of twice a day measurements
in Joudkrante and Vente, have been used for validation (Fig. 4.68).
As shown in Fig. 4.70 (a-d), model results were generally in good agreement with the measured water levels. The long-term, seasonal and synoptic,
water level fluctuations in the Baltic Sea influence the simulated water level in
the whole basin. Moreover the water levels are affected by the wind and also by
the Nemunas River discharge.
The root mean square error (RMSE) and the correlation coefficient (R)
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between observed and modeled water level and salinity are reported in Tab. 4.15.
This analysis shows that the simulated water level results are better satisfactory,
better in Joudkrante and Nida stations (Figs. 4.70a and 4.70b) situated along
the western coast than in Vente and Uostadvaris stations (Figs. 4.70c and 4.70d)
located in the eastern part of the lagoon. Comparison of salinity data shows
that the model catches the salinity intrusion events in the lagoon and reasonably
reproduces the fluxes between the lagoon and the sea. This result (R=0.93 in
station Nida) demonstrates that finite element technique used for the Curonian
Lagoon in this study gives more accurate estimates of the hydrodynamics than
finite difference model applied before (R = 0.79 in station Nida) (Davuliene
et al., 2002).

Station
Joudkrante
Nida
Vente
Uostadvaris

Water level
RMSE [cm]
R
6.97
0.93
6.92
0.93
7.30
0.92
9.91
0.87

Salinity
RMSE [psu]
R
1.26
0.67
0.05
0.87
0.27
0.54
-

Table 4.15: Validation results. Comparison between measured and simulated
water level and salinity in 4 stations inside the lagoon. Analysis results are given
in terms of root mean square error (RMSE) and correlation coefficient (R).

4.10.5

Water residence time

The residence times have been computed imposing real forcing data and
boundary conditions. The simulation of an evolution of a passive tracer was
employed to investigate the importance of the various factors on the renewal
capacity of the basin. To cover the wide range of combinations of forcing factors
we made a series of simulations starting at the beginning of each month for the
period 1999-2001. As a result we got monthly residence time distributions for
3 years.
As described before, the Nemunas River tends to create a unidirectional
water flow from the central lagoon to the open sea. The model proved that
the renewal capacity of the Curonian Lagoon, except for the area close to the
Klaipeda Strait is mostly driven by the river fresh water discharges. Most of
the variation in water residence time is related to the spring floods, when the
river discharge reaches its highest values.
The monthly results have been averaged over the three years obtaining
the residence times distribution shown in Fig. 4.71. The lowest residence time
values were found in front of the Nemunas Delta and in the Klaipeda Strait,
while the central and southern parts of the lagoon are characterized by residence
times higher than 100 days.

4.10.6

Salinity distribution

Simulation results show that the brackish Baltic Sea water (average salinity around 7 psu) is pushed into the lagoon in case of strong north or north-west
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Figure 4.71: Modeled average residence time distribution of the Curonian Lagoon (averaged over the period 1999-2001).
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Figure 4.72: Simulated average number of days per year with salinity higher
than 2 psu.

winds. So, except for the Northern part of the lagoon, the salinity is around 0 in
the rest of the lagoon. However, it is known that for the benthic fauna the geographical threshold between the freshwater and estuarine communities is about
2 km south from the sea entrance in spring and 20 km from the sea entrance
in autumn (D. Daunys, pers. comm.). For zooplankton the threshold of 2 PSU
is known to be the critical value separating the freshwater and estuarine communities in the lagoon (Gasiunaite, 2000; Gasiunaite and Razinkovas, 2002).
Therefore we used the average number of days per year with salinity higher
than 2 psu as a proxy representing the influence of brackish water intrusion
(Fig. 4.72).

4.10.7

Sediment classification

Transitional and accumulative zones were derived from the sediment distribution map of the lagoon taking into the account qualitative properties of
sediment types and the depth (Gulbinskas, 1995) and are shown in Fig. 4.73.
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Transitional zones were represented by the samples dominated by coarse particles, while the accumulation zones refer mostly to the fine sediments.
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Figure 4.73: Transition-accumulation map based on in situ measured sediment
characteristics and water depth.
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Chapter 5

Discussion
5.1
5.1.1

Circulation in the Venice lagoon
Model Considerations

In this work a finite element model of the Venice Lagoon has been presented. The use of triangular elements enables the description of complicated
features of the lagoon, without increasing too much the computational demand.
The model uses a semi-implicit time stepping algorithm to solve the time evolution of the hydrodynamic variables and eliminates the stability constrains for
the fast gravity waves. The model also uses a novel staggered finite element
grid that shows good propagation properties. The model can be applied also to
other shallow water bodies, including sites with shallow water flats.
After calibration with harmonic data the propagation of the tidal wave
is well described by the model and the water levels are in good agreement with
the tide gauge data, even if, in the case of strong winds, the uncertainty of the
wind makes the comparison more difficult.
Salinity and temperature are also well described by the finite element
model, showing that the dispersion process is well simulated too. While the
temperature evolution could be well reproduced, a full validation of salinity was
not possible, due to the lack of a complete data set of river discharge.

5.1.2

Identifying partitions in the Venice lagoon

We observe that the central basin is the largest one, and that the boundary between the CB and NB significantly deviates from a straight line, and ends
up, in the inner (western) part in an area which was traditionally assigned to
the northern sub-basin. Indeed, while as far as we know, there is no subdivision
proposed in the peer review literature up to now, the watershed between the
northern and central basins is usually thought to be somewhere in the middle
of the lagoon, entirely south of the islands of the historical town of Venice. The
northern basin was therefore considered to be the largest one, in contrast with
what we are proposing here. It is possible to note, however, that our partition
is in agreement with experimental observations of fluxes at the inlets, which indicate that the largest flow of water is measured at the Malamocco inlet, while
the flow through the Lido inlet is slightly lower (Gacic et al., 2004), even if
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Figure 5.1: Subdivision of the lagoon resulting from the superposition of the
transverse and longitudinal divisions.

NB receives the freshwater input from the largest tributaries flowing into the
lagoon. This would also explain the contradiction that what was believed to be
the largest lagoon basin was served by a lower inlet flow.
It should be noted, however, that the historical town of Venice is still
entirely in the northern basin, and that the flow along the major channels inside
the city (Canal Grande and Giudecca) is relevant in transporting the Lido inlet
water, since it amounts to around 85% of the flux between boxes 3 and 6.
The longitudinal division of the lagoon into three strips, in agreement
with the salinity distribution, returns and emphasizes the estuarine character of
the lagoon. Sometimes this aspect is overlooked, as in the case of traditionally
subdividing the lagoon into three sub-basins, which did not take into consideration river–sea gradients, or the fact that the current legislation defines a unique
common value as the limit for nutrient concentration for the whole lagoon, implicitly denying the fact that the lagoon is a transitional environment. Of course,
there are other studies in which this estuarine character was recognized, such
as the monitoring program carried out by the ISMAR-CNR along the transect
delimited by the Dese River and the Lido inlet (Acri et al., 2004), but, to the
best of our knowledge, Solidoro and Cossarini (2002) and Cossarini et al. (2002)
were the first to recognize the existence of a transverse division as the dominant
feature of the lagoon. In the former work, the lagoon is subdivided on the basis
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Table 5.1: Residual fluxes of water between boxes, computed averaging on the
tidal cycle in the idealized cases and grouped on an annual base for the year1999
simulation

of multivariate analysis (cluster and principal components analysis) of water
quality parameters measured in 2001, while in Cossarini et al. (2002), a pool of
scientists from different institutions tried to set up a mass balance for the lagoon
by making use of the LOICZ methodology and a collation of databases coming
from different projects (MELa1, Interreg II, Drain). In the latter manuscript,
two possible divisions are hypothesized: The first one closely resembles the longitudinal partition proposed here for the northern and the central sub-basins
and the second one is in good agreement with our partition of the southern subbasin. Our division is in reasonable agreement also with the division proposed
in Solidoro et al. (2004b). It must be remarked, however, that in both papers,
the zonation was based on spatial distribution of water quality data, namely
the concentration of nutrients, organic matter, dissolved oxygen and density of
chlorophyll, while physical properties were not taken into account.
The existence of a similarity between such water quality-based/dataderived classification and the physical-based/model-derived classification here
proposed can be seen as a further verification of the importance of physical processes in defining water quality conditions, a major point in the conclusions of
the above mentioned paper, where a quantitative relationship is found to predict
a water quality indicator starting from salinity information and residence time.
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Figure 5.2: Spatial distribution of residual velocity (a) and residual transport
(b) for the ref simulation (no wind and idealized semi-diurnal tide).

Indeed, since our study relies on climatological simulations, it does not apply to
a specific year and therefore it completes the results in Solidoro et al. (2004b),
in which only data from 2001 and 2002 are taken into consideration.
Instead, our division is a little bit different form the subdivision of the lagoon into eight boxes, which had been utilized by Bergamasco and Zago (1999)
to set up a box model to study the nitrogen cycle and macroalgae dynamics.
They obtained eight boxes by identifying first a transverse division into four
sub-basins, and then subdividing each sub-basin into a mud flat box and into a
channel box. As a result not all the boxes are topologically connected (i.e., some
of mud flat boxes are made of the union of two regions which are not connected)
and, in our opinion, they are more difficult to use in practical applications. However, it must be stressed that the principle underlining the identification of the
boxes is similar to the one we followed in our work, and that some of the differences might derive from the fact that they use a much coarser hydrodynamic
model for the lagoon (1 km grid size).
General circulation can be followed by analyzing the time evolution of the
velocity field and transport field. However, the computation of net transports
along a number of transects greatly simplifies the interpretation, by providing
insight on the relative importance of different flow paths and, eventually, a
sketch of the prominent features of the circulation pattern. The identification
of transects and the computation of fluxes between them defines the box model.
A plus in our study is that the choice of transects was led to a comparison of
the physical features of the different areas, and consequently enabling boxes to
be better defined.
Fig. 5.2 illustrates the steady state situation that arises when the instan142

taneous circulation is driven only by a periodical idealized semi-diurnal forcing
at the inlets under no wind conditions. Residual currents (Fig. 5.2a) are pretty
low everywhere, and generally oriented southward, with the noticeable exception of the southern part of the NB, where most of the currents are significantly
higher and flow mostly northward. A complex situation is present in the Treporti
Channel and the Lido inlet, where water flows both northward and southward.
In particular, there is a clockwise eddy originating in the NB, around the islands
of Venice.
The picture is well defined by the residual transport field (Fig. 5.2b) obtained by vertically integrating the velocity at each grid point. The comparison
of the two figures shows that the transport due to the northeast flow occurring
in a large—but shallow—area is compensated by the southwest flow in a narrow
strip along a part of the Treporti channel, and that the loop is closed in its
northern part by a southeast flow occurring in a wide strip covering most of the
NB, and in its southern part by an intense flow along the Giudecca Channel.
The northeast flow along the other part of the Treporti Channel, quite evident
in Fig. 5.2a, appears to give a small contribution to the northeast transport
(Fig. 5.2b), while the flow along the La Nave Channel seems to be relevant, in
spite of pretty low residual currents. Circulation is simpler in the central and
southern part of the lagoon, with a relatively uniform, and very low southward
transport of water, and a few small eddies in correspondence of the channels,
which spread to the inlets. Also, a northeast current along the lagoon sandbar,
just north of the Malamocco inlet is revealed by the transport field. However,
this flow is deviated westward in proximity of the watershed, so that from here
no net flow is evident in the northern basin. Important information may be
gained from the flows along the inlets. A net transport toward the sea is easily
recognizable in the Chioggia inlet, while at the other two inlets, where currents
and flows occur in both directions, the situation is not so clear. The analysis of the total fluxes along transects is of help, by indicating that the water
flows into the lagoon through the Malamocco inlet, and out of the lagoon at
the other two inlets. Fig. 5.3 offers a schematic visualization of total fluxes
along the transects. In the figure, different arrow sizes and numbers show the
general circulation pattern in the lagoon and indicate the flow of water in cubic
meters per second. The representation greatly simplifies the interpretation of
the circulation pattern, by focusing the attention on integrated quantities, and
therefore on the overall picture, rather than on local details.
In this representation, it is easy to note that the clockwise eddy in the
NBn and NBc sectors (Fig. 5.3a) is caused by the freshwater flows from rivers.
A fraction of this river water flows into the Adriatic Sea in proximity of the
Lido inlet, but the major part flows southward, through the S. Nicolo‘ Channel,
then it splits and either reenters into the eddy (mainly through the Giudecca
channel) or it flows southward, along the Orfano Channel, into the CB. Adriatic sea water enters the CB through the Malamocco inlet, and flows to the SB,
where water is eventually discharged into the sea through the Chioggia inlet.
We conclude that the large input of freshwater located mainly in the northern
part of the lagoon is compensated mainly by the outflow through the Chioggia inlet, a fact that emphasizes the importance of the southward residual flow.
Also, it appears that the fluxes along the northern and central inlets are modest,
with respect to the riverine input, the southward flux and the outflow along the
southern inlet. Though tide is the major forcing driving the instantaneous gen143

eral circulation, the residual transport is the result of the non-linear interactions
between tide, topographic constraint, inertia and the preexisting setup inside
the lagoon. Indeed, one could argue that the main reason for the existence of
an important southward flow is that the outflow along the Lido inlet is partially
blocked, or compensated, by the in-flowing water (Fig. 5.2b). Actually, it would
be quite interesting to know to what extent the southward fluxes of water are
coming directly from the Treporti Channel, which cannot flow out of the inlet,
rather than from sea water flowing through the inlet, since this would mean
in terms of water quality, a water flow with different properties. However, a
detailed analysis of the circulation at the Lido inlet is not within the scope of
the present work, and should probably be performed taking into account the
circulation of plumes in the Adriatic Sea.
The scheme in Fig. 5.3 represents a description of residual circulation
which is more detailed, and somehow improved, with respect to the first analysis
proposed by Umgiesser (2000), where a previous version of the model is used
to simulate major features of residual currents. In this paper, a net northward
flux was identified, with water entering the Malamocco inlet, flowing northward
along the CB, and exiting along the Lido inlet. Also, the flow along the S. Nicolo‘
channel was northward, in agreement with a net outflow at the Lido inlet, and
no eddy around the islands of Venice could be observed. The discrepancies
can be partially explained with the introduction of the freshwater outflow from
tributaries, which was not considered by Umgiesser (2000), and partially by the
modification in the bottom stress coefficient made in the calibration procedure
(Umgiesser et al., 2004).
Meteorological records (not given here) show two prevailing wind regimes
in the lagoon. They are the bora wind, a strong, cold northeast wind, and the
sirocco wind, a warmer and more moderate wind from the southeast, which
is also responsible for flood phenomena in Venice. Both of these winds alter
significantly the circulation pattern described above. The steady state residual
circulation under a constant sirocco wind of 5 m/s is shown in Fig. 5.3b; the one
obtained under bora wind of 10 m/s is given in Fig. 5.3c. Fluxes are reported
also in Tab. 5.1. An idealized semi-diurnal tide is pre-fixed in both simulations,
as summarized in Tab. 4.2.
The more striking consequence of sirocco is the much larger amount of
water flowing into the lagoon. A residual flux of around 140 m3/s of water
enters the lagoon through the Chioggia inlet, flows northward into the CB and
exits from the lagoon partially at the Malamocco inlet (around 35 m3/s) and
partially at the Lido inlet, which receives also all the water from the Treporti
channel and transports to the Adriatic Sea around 140 m3/s of water. The
circulation in the inner part of the northern basin is instead pretty similar to
the reference one, even if the loop around Venice no longer exists, suggesting
that in the northern part of the lagoon the influence of wind is less important,
and the dominant feature is still the combination of the freshwater outflow from
the rivers and the topographic control. Remarkable is the outflow through the
Lido inlet, much greater than in the reference situation in spite of the presence
of a southeast wind. It is clear that in such a condition the water level gradient
predominates over the wind driven circulation.
On the contrary, the bora wind induces a very large inflow at the Lido
inlet, and strong southward currents flow all over the lagoon. The inflow of water
at the Lido Inlet is so strong that water flows through the inlet up the Treporti
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Figure 5.3: Schematic representation of residual fluxes between different boxes,
obtained by integrating residual fluxes along the proper transects. Arrows indicate circulation patterns and numbers give the flows of water in m3/s. Scenarios
in the figure refer to (a) reference condition (b) sirocco wind, (c) bora wind and
(d) one-year run of 1999.

145

and La Nave channels, until their courses bend southward after passing the
S. Erasmo Island where the topographic constraint ceases. Eventually all this
water moves into the CB, along with the river outflows, then into the SB, until
it finally outflows at the Malamocco and the Chioggia inlets. In practice, the
circulation is totally reversed with respect to the one induced by sirocco wind,
but the amount of water flowing though the lagoon is several times greater. Also,
in this case, the wind stress is capable of modifying the circulation pattern also
in proximity of the river outflows in the northern basin.
The residual transport obtained by forcing the model with experimental
data measured in 1999, given in Fig. 5.3d, is much more similar to the reference
scenario than to the scenarios of sirocco or bora. On the other hand, we stress
that the indications coming from these scenarios are meant to be taken only
as a qualitative indication of the influence of the winds, since it is not very
realistic to take into consideration a wind, which blows at a constant speed for
several days and induces a steady state circulation. Anyway, in year99 once
again, there is the clockwise eddy in the northern basin, the southward flux in
the central and the southern basins, and the freshwater inflow of the northern
basin is compensated by the outflow at the southern inlets. Therefore, it seems
that the fluxes computed in the reference case are a good representation of what
actually takes place and constitute a sound basis for a box model representation
of the system.
As already stated, the identification of the net fluxes through a number
of transects, Tab. 5.1 and Fig. 5.3a, enables us to compute the fluxes between
different areas, and fully defines a box model. This is an important additional
result of our study, and a tool for people who do not want to delve into the complexity of a real coupled model, but only want to make first-order assessments of
the interactions occurring between physical, chemical, and biological factors in
a spatially non-homogeneous frame. It should be stressed that, though Tab. 5.1
provides information on fluxes occurring in the presence of winds, the division
of the lagoon in different areas was made using climatological steady state conditions, obtained with idealized tidal forcing and no wind. Therefore, box model
results are more reliable if referring to conditions in which wind influence is not
dominant, or averaged out over a long period.
Physical characteristics (volume, area, phase shift, residence time of the
areas) given in Tab. 5.2 refer to these conditions, too.
In summary, this work presents several applications of a validated hydrodynamic transport model for the lagoon of Venice, previously calibrated and
validated against experimental data.
The first application was a partition of the lagoon of Venice, obtained by
analyzing the spatial distribution of physical properties simulated by means of
the model. Results indicate that it is possible to operate a transverse division,
which defines four sub-basins along the North–South axis, and a longitudinal
division, transversal to the major axis of the lagoon, which divides the lagoon
into three strips: an inner strip more influenced by the tributaries; an intermediate strip; and a third strip closer to the inlets, more subjected to the influence
of the sea. The CB is the largest one, contrary to what is generally thought.
This holds true even when the NBn and NBc are merged into a single one.
Superimposing the two divisions defines 12 boxes, then reduced to 10 boxes.
The second application was the analysis of the general circulation pattern
and the residual circulation under different scenarios of physical forcing. The
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steady state circulation under conditions of no wind, constant river outflows and
idealized M2 tide shows a net southward flux of water, and indicates that the
large flow of freshwater into the northern lagoon basin is compensated mainly
by the outflow through the Chioggia inlet. Residual fluxes at the inlets are
smaller, indicating the importance of nonlinearity in interactions between tide,
topographic constraint, inertia and freshwater input, which concur to determine
residual currents. An important fraction of the flux circulates along a clockwise
eddy around Venice, and through the Giudecca Channel, which plays a major
role in determining the circulation pattern. This picture is significantly modified
by the presence of wind. Sirocco tends to originate a northward residual flow,
with water entering the Chioggia inlet and leaving from the Lido one, while bora
forces the water to the South all over the lagoon, with an inflow of marine water
at the Lido inlet and an outflow at the other two inlets. Both winds enhance
the water flux at the inlets and inside the lagoon, so favoring the ventilation of
the lagoon. The analysis of a real case situation, year 1999, gives a situation
close to the reference one.
The combination of results of these two applications leads to an additional, significant result, which is the estimation of the fluxes of water between
the boxes under different meteorological conditions. In particular, the fluxes
under a climatological condition completely defines a box model for the lagoon
of Venice, which might be useful to members of the scientific community seeking
first-order assessments of interactions between physical, chemical and biological
factors in a spatially non-homogeneous frame, without having to deal with the
complexity of a real coupled model.
Box
1
2
3
4
5
6
7
8
9
10

Volume
[m3 ]
5.46e +
2.74e +
1.05e +
5.70e +
2.29e +
8.90e +
2.11e +
2.82e +
2.04e +
6.95e +

07
07
08
06
07
07
08
07
07
07

Area
[km2 ]
43.5
35.3
31.3
22.2
89.4
54.3
11.5
31.7
29.5
40.6

Residence
time [days]
16.4
20.2
7.4
18.7
18.8
20.4
8.3
17.9
8.9
6.4

Delay
[hours]
3.15
3.45
1.02
2.28
1.55
1.50
1.30
2.29
2.70
0.96

Table 5.2: Physical characteristics of the different boxes in terms of their average
volume, extension, residence time and phase delay in tide propagation

5.2
5.2.1

Applications of the Eutro model
Development and coupling of the models

A new modular modeling framework has been set up by coupling a finite
element hydrodynamic model and a standard water quality model. This has
required the restructuring of the EUTRO module of the WASP SYSTEM into a
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Figure 5.4: (a) Oxygen time series of six sampling points shown in Fig. 4.14.
(b) Evolution of dissolved oxygen concentration in the lagoon of Venice, average
values of field data.

new module which, being run by a single subroutine call, is easily implemented
in any hydrodynamic model.
The new structure preserves the capability of EUTRO of describing the
eutrophication process, the WASP nomenclature system, and an articulation of
the code close to WASP, so that WASP users should not have any difficulties
in using it. Conversely it presents some advantages in respect with WASP,
since zooplankton density can now be modelled explicitly, and the transport
phenomena are resolved by means of a finite element primitive equation model,
which is a parameterization that is much more flexible and powerful of those
adopted in the hydrodynamic module of the WASP SYSTEM, both in term of
spatial resolution and capability to cope with complex dynamics.
The cost of this coupling is the higher computational effort, though still
acceptable, so that a simpler parameterization of physical processes, like the
one used in WASP, might still be convenient if very long simulations of simple
system must be performed. If, on the other hand, a greater level of spatial detail
is required, and the simulation has to cover a period of a few years, we believe
that our Finite Element Ecological Model offers some definite advantages.

5.2.2

Temporary closures of mobile barriers

The simulations performed suggest that the temporary closures of the
mobile gates do not significantly affect the water quality of the lagoon. In fact,
even if the pollutant loads from industrial, agricultural, and domestic sources
are doubled, with respect to the average winter values actually estimated, BOD
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concentrations are only slightly higher than the value which would be obtained
without the temporary closures, and the DO concentration never reaches very
low levels. In any case, the system seems to be able to recover rather easily to
unperturbed situations (identified as the ones obtained by running the ‘control’
simulation with no closure at the inlets) when the inlets are opened again. As
far as the DO-BOD dynamics is concerned, repeated temporary closures is not
a major cause of critical conditions.
Very low levels of DO concentration are instead reached when the inlets
are kept continuously closed for very long tidal periods (more than 5 days), a
scenario extremely unlikely or, in any case, avoidable.
Moreover, our simulations show that the variability of the water quality is
higher in response to the changes in loading factors than in response to the shortterm hydrodynamic reductions. These results suggest that, in addition to the
problem of flooding, it would be worth the effort to determine the pollutant loads
in the lagoon, which are still little known, to elaborate strategies to reduce these
loads. Obviously, this might have some positive effects also in counterbalancing
the effects of temporary closures of the inlets.

5.2.3

Influence of physical forcing on the ecosystem

The coupled hydrodynamic–ecological model VELFEEM set up for the
Lagoon of Venice has been used to run four different 1-year simulations varying
the forcing conditions and the boundary conditions.
The model provides full space and time evolution of the state variables,
and reproduces their time and space variability.
Model output is sensitive to variation in the physical forcing, and in
particular to the parameterization of the wind stress. Indeed the variation
induced by modification in the wind stress are smaller, but not negligible, in
comparison with the ones produced by significant variation in the nutrient load.
Results exemplify how a numerical model can be used as “decision support system” in water quality management. They confirm that water quality
is strongly affected by nutrient load, and therefore a reduction of nutrient load
can be an important step towards improvement of water quality, but put in
evidence that a proper parameterization of physical forcing, and in particular of
wind stress, is important, because the uncertainty induced by oversimplifications
in the descriptions of this factors is relevant.
Results suggests that the effort recently made in order to estimate the
nutrient load coming from the watershed produced valuable results, but that
resources should be devoted to the investigation of other important processes.
This includes the role played by physical forcings in the definition of the water
quality level, and the modality of exchanges between lagoon and sea. Certainly,
a proper parameterization of theses processes would increase the accuracy of
our model prediction.

5.2.4

Bacterial pollution along the Venice coast

This presented study aims to the description of the dispersion of the
microbiological pollution due to the discharges of some treatment plants and
of the main rivers located along the coast of the Venice province (9 considered
discharge points).
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With the SHYFEM model, the information coming from the hydrodynamic circulation and physical-chemical features have been linked to the classical
methods of analysis, to assess the possible risks connected to the microbiological parameter of water, that may have economic influence on the local industry,
aquaculture and touristic activities. This subject (experimental part plus numerical modeling) represents a avant-guard study in Italy, and one of the first
study of this kind in Europe.
With the results of the study it was possible to provide some qualitative
information to determine the zones with higher risk of microbiological pollution
and the more unfavorable situations for the quality of the bathing water, in
particular depending on the wind conditions.
With further investigations, it may be possible to examine carefully the
life cycle of the microbiological parameters, to obtain a better modeling. In particular in this study the decay rate has been considered constant over the whole
year, whereas in nature the decay rate may vary strongly depending on the
temperature-salinity conditions and on the light, parameters that vary seasonally. This information may be integrated in the model with the implementation
of a specific existing part of the EUTRO module.
Other interesting information would come from the study of new scenarios
with different positions of the discharge of the treatment plants, taking into
account what may happen on the water quality moving the discharge of some
treatment plants off coast some kilometers into the sea and/or separating the
discharges of the rivers from those of the treatment plants.

5.3
5.3.1

Residence time and sediment transport
Residence time

In this work, the residence times of the Venice Lagoon were studied by
means of hydrodynamic modeling based on the finite element method. The
lagoon basin and the whole Adriatic Sea was covered with a finite element grid
made out of 10,948 nodes and 20,013 elements. The Strait of Otranto was
considered as the model open boundary.
The residence time was defined through the remnant function of a passive
tracer released inside the basin during the model simulations. Computing the
diffusion and transport equation of this passive tracer and integrating in time the
remnant function for each point of the domain, the residence time distribution
in the Venice Lagoon was found.
Three typical idealized scenarios were investigated. An astronomic tide
with different wind forcing was simulated. The wind regimes chosen to be
constant in time and space are the scirocco wind from SE (7 m/s of wind speed)
and the bora wind from NE (12 m/s of wind speed). The duration of each
simulation was about 3 months. The lagoon basin was subdivided in four regions
or sub-basins in order to compare their relative renewal capacity.
When only the tide forces the circulation, the water mass that exits the
lagoon is subject to a return flow into the embayment that affects the basin
residence times. This effect has been quantified by a simulation in which the
tracer that exited the lagoon has been set to 0, thus preventing its return to the
embayment. From the simulations results, the effect of the return flow on the
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lagoon residence time was quantified through the definition of the return flow
factor b.
When only tide is forcing the basin, the residence time distribution is
heterogeneous and mainly gives high values. The average of the basin varies
between 43.1±12.3 and 45.5±12.1 days depending on the tidal variability (spring
or neap tide). The northern and central sub-basins, covering 80% of the lagoon
area, show analogous values of the average residence time and standard deviation
that is in line with the ones of the entire lagoon. On the contrary, the southern
area of reduced dimensions is characterized by a low average value and by a
high homogeneity of its distribution. Inner areas of the basin are characterized
by a low water renewal capacity and residence times of more than 2 months
were detected in these areas far from the inlets. The areas close to the inlets,
even if directly connected to the open sea through the deep lagoon channels,
show still high residence time values of the order of about 20 days. This can
be explained by the return flow. In these areas, the computed b presents values
close to unity. This means that, during a tidal cycle, almost all the mass of the
tracer that exits the lagoon returns to the embayment during the flood phase.
Subsequently, dispersion and diffusion processes take away the tracer from the
areas close to the inlets reducing the return flow phenomena.
The average value of b for the basin has been estimated to be around the
0.66. This means that about 2/3 of the lagoon water that has been ejected to
the open sea, returns to the lagoon during the next flood event.
It is interesting to note that the average values of the residence time (with
or without return flow) are sensibly higher than a first analysis of the turnover
time might suggest. If we use an average depth of 2 m for the lagoon, and a
tidal excursion of 1m, during spring tides, we could conclude that in two tidal
cycles (1 day), the whole water in the lagoon would be exchanged. However,
the heterogeneous distribution of the mass inside the lagoon and the return flow
of the lagoon water, change this simplistic analysis completely.
When wind forcing is taken into consideration the circulation in the lagoon is increased. The effect of the scirocco and the bora wind on the water
circulation is different, due to the intensity and to the direction of these two
local winds (Umgiesser, 2000).
The scirocco wind action has reduced the average residence time in the
lagoon (15.6±14.3 days), but not homogeneously all over the basin. In fact, the
sub-basins can be grouped into two different areas: a southern one characterized by a low residence time average value (8.0±4.7 days) and a northern one
characterized by higher average values (29.6±6.2 days).
In the bora wind case, the basin residence time is the lowest of all the
cases (4.3±2.6 days) and the distribution is highly homogeneous. The wind
action, generating a residual circulation both inside and outside the basin, can
prevent the return flow of the tracer, reducing its effect on the residence times.
What concerns the scirocco wind scenario, the intensity and the pattern of the
induced residual circulation is able to reduce almost to 0 the values of b in
the southern and central sub-basins. In this case the return flow phenomena is
totally prevented through the Chioggia inlet whereas it is very weak through
the Malamocco inlet. On the other side the tracer return flow through the Lido
inlet is facilitated by the wind action and this involves a decrease of the renewal
capacity of the northern sub-basins.
The computed average value of b for the whole basin is about 0.3. This
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means that the action of the scirocco wind reduces to about 1/2 the effect
of the tidal return flow on the cleaning capacity of the lagoon embayment.
What concerns the bora wind scenario, the high intensity and the pattern of
the residual circulation prevents the return flow trough any lagoon inlet. Hence,
the bora wind can be considered as the most efficient forcing able to remove any
pollutant agent from the lagoon embayment.
The results presented above are obtained from numerical simulations that
reproduce two idealized scenarios characterized by forcing conditions that are
constant both in time and space. Furthermore, what concerns the scirocco wind
case, the duration of the wind events (about 4 days), in real life, is generally
shorter than the residence time values obtained from the simulation (the average
residence time is 15 days). An exception is given by the bora wind since the
duration of the bora wind events (2 days) is comparable with the values of the
residence time (the average residence time is 4 days). Hence, the residence times,
as computed, do not provide an exact value that characterizes the water of a
specific location, but can be considered as an estimate of the relative efficiency
of the renewal capacity of the basin, when these types of winds force the water
circulation.
Even with these limitations, the residence time can be considered a valid
time scale that characterizes the transport processes in the lagoon basin. The
renewal capacity of the basin, which depends on the meteo-marine forcing, can
be clearly investigated by the comparison between the residence time results
obtained from the different simulated scenarios.
In conclusion, this study shows the necessity of a coupled sea–lagoon
modeling approach for the estimate of the renewal capacity of lagoon basins.
The error that results from using a lagoon as an isolated domain for this type
of modeling study has been quantified through the definition and the estimate
of the return flow factor b. The Venice Lagoon served as an example, but the
results are expected to be valid also for other lagoon environments.

5.3.2

Sediment transport

The application of a Lagrangian model for the dynamics of suspended
particulate matter in the northern part of the Venice Lagoon is aimed at the
sediment stability under different hydrodynamic conditions. Simulations were
carried out during a stormy summer situation covering a spring-neap-cycle. Sedimentation and erosion are treated with inclusion of wind-generated waves into
the simulation of bed shear velocities as well as local sediment properties. These
were represented by the grain size distribution on the one hand, taken to be an
indicator for the colonization by filtering and burrowing animals and, thus, for
bioturbating activities. On the other hand, measurements of critical erosion
thresholds and consolidation state were incorporated into the determination of
sediment erosion.
The horizontal distribution of erosion characteristics is reflected in the
loss and gain of fine material in the model sediment after spring tide. By
integrating the temporal evolution of sedimentation during the calmer period at
the beginning and short-term erosion events during spring tide, the simulations
allowed to interconnect the amount of eroded mass to the transported mass over
several transects.
Accretion of sediment during the first 4 days of simulation time amounts
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to 0.2–0.4 mm on the shallow flats and 0.08–0.14 mm elsewhere, using water
content and bulk density values as published in Day et al. (1999); values are
comparable with own measurements (F-ECTS Project Consortium, 2002). Maximum values of 1.7–3.5 mm decrease in sediment height in the most endangered
shallow areas result from the next few days of simulation time. The obtained
effect can only be related to the spring-neap-cycle under investigation, which
included a relatively strong wind event.
The Palude di Cona area tends to accrete during the storm event. At
first sight this result is surprising because this part of the lagoon is characterized by shallow depths and strong winds are expected to erode the bottom.
Therefore, the locally suspended material must have been transported from a
nearby source. Umgiesser (2000) showed that during strong bora events there is
anti-clockwise circulation in the northern lagoon, with southward flowing water
close to the mainland. Sediments in the northern lagoon, which are suspended
by this anti-clockwise circulation, are subsequently transported southward along
the mainland. These sediments may contribute to the computed accretion in
the Palude di Cona.
In the same way, the accretion in the tidal marshes that are situated in
the same area may be explained. In Cappucci et al. (2004), erosion of these tidal
flats at the front, versus the channel, were found to be caused by boat waves,
and in the back of these tidal marshes, versus the north of the lagoon, a steady
accretion could be determined. Here as well, the only mechanism that could
explain the deposition was an unspecified sediment input. Since river input is
insignificant, only the transport of suspended sediments from other parts of the
lagoon may be considered.
Accretion by this mechanism is persistent over the year. In fact, bora
winds are the prevailing winds in the lagoon, and these imprint a cyclonic circulation on the residual currents in the northern lagoon. They may therefore
be responsible for the accumulation of sediments in the areas north of the tidal
flats and the areas close to the mainland.
It is important to note that the major loss of sediments is restricted to the
short period of the storm. During the rest of the simulation period, a trend of
sediment loss or gain could not be identified, as can be seen in Fig. 4.52 before
day 5 and after day 7. During the 2 days in-between, however, a prominent
import of sediment takes place into the Palude di Cona and an even higher
amount of sediment is exported through the Lido inlet. Evidently, long-term
sediment evolution of the lagoon is therefore not dominated by the average
(residual) processes that occur in the lagoon, but by the few peak events that
happen randomly over the year. Thus, high demands have to be made on the
description and simulation of sediment transport.
Day et al. (1999) give estimates for yearly averaged values of sediment
loss of 0.99±0.04 cm yr−1 at high energy sites and about 0.38±0.06 cm yr−1
at others. An extension of the studied cycle to a longer trend may only be
undertaken, when the hydrodynamic conditions are sufficiently representative
for the rest of the year, which is not the case. Besides, the simulation period
gives an excellent example for the disruption of longer accretional trends by
short-term erosion. Assuming a continuation of the sedimentation as during
the first 4 days (50–100 g m−2 ) for the rest of the year, an amount of 4200–
8750 gm−2 yr−1 would accumulate. A singular loss of 400–800 gm−2 is more
than compensated and the site would grow for 1.9–3.8 cm yr−1 . A scenario of
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a succession of calm and stormy conditions as during the simulated cycle, i.e.
a storm each fortnight, gain of 2200–4575 gm−2 yr−1 would face a loss of 10
285e 20 570 gm−2 yr−1 resulting in a net loss of 8000e 16 000 gm−2 yr−1 ; i.e., a
decrease of 3.6–7.4 cm yr−1 . Thus, assuming 10 to 14 storm events over the year
resulting in a loss of 0.99 cm yr−1 , the simulated scenario gives sedimentation
and erosion estimates well within the known bandwidth. To be able to draw a
reliable sediment balance for the northern basin of the lagoon as presented in
the last section, surely the simulation of longer periods is necessary.
Separating calm and stormy conditions and their impact on gain and loss
of material, a succession of 10 to 14 storm events would result in an overall loss
of 0.99 cm yr−1 ; an estimate which is very similar to the one derived entirely
from field data by Day et al. (1999) for the entire lagoon.
Sediment stability at the sediment surface and within the sediment have
decisive effects on the modelling results. Only with sufficient and appropriate
data about e.g. critical values of bed shear velocities for erosion or the compactness of the underlying sediment, reliable results can be expected. For long-term
simulations, the process of sediment consolidation after erosion events should
be implemented.
The stability of near-shore shallow areas, especially the Palude di Cona,
is given but only by locally transported material from nearby sources. Studies
about local budgets of accumulation and erosion also need a near-by source of
SPM in order to explain the changes in morphometry (Cappucci et al., 2004).
Local balances are thus dependent on better information about riverine inflow
and the respective SPM load.

5.4
5.4.1

Application to other lagoons
The Cabras lagoon

In this application a framework of models applied to the coastal lagoon
of Cabras has been described. Several important topics have been investigated
in order to gain as much insight as possible into the dynamics of the Cabras
Lagoon.
The hydrodynamic simulations indicate wind as the main forcing on the
water circulation of the Cabras Lagoon, while tide determines the discharges
through the Cabras lagoon inlets and modulates the circulation pattern set up
by the wind. The wind tends to create a circular current in the larger expanse of
the lagoon, which has higher velocities along the shore than in the center of the
basin. On the contrary, in the case when the Scolmatore channel is open, the
tide has a strong influence on the circulation in the southern lagoon area and
ensures a greater water mixing than in the situation with the closed channel.
The seasonal salinity variations are well described by the model which
faithfully simulates the experimental data. During the one-year investigation,
the lagoon shows distinct variations in its salinity pattern, ranging from close to
5 psu during January, when river discharges are maximum, and nearly 28 psu
during July when river discharge is close to 0. Results from the thermal radiative
model show that the water temperature is through all the year similar to the
air temperature, due to the low thermal inertia of the lagoon. The computed
water temperature fits with the data gained during the field observations.
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The results shows that the water fluxes with the sea, important for the
renewal capacity of the lagoon, have been well simulated by the model, which,
using the finite element method, gave the possibility to discretize the narrow
connecting channels with adequate resolution.
These applications of the model will serve as a basis for the application
of a water quality model that describes the fundamental nutrient and phytoplankton dynamics of the lagoon. A first application of the ecological model
to the lagoon of Venice (Umgiesser et al., 2003) illustrated the correctness of
the implementation and the consistency of the results and pointed out that the
model might constitute a useful tool to test hypotheses about specific ecosystem
mechanisms and an important part of a decision support system.

5.4.2

The Curonian lagoon

Several topics have been investigated through the use of numerical models
and experimental results. The results presented above show that:
• the Curonian Lagoon can be formally divided into two parts: the northern
one which is influenced by the Nemunas River and by salty water and the
southern one where the wind is the only hydrodynamic forcing;
• lowest residence time value (10-40 days) were found in front of the Nemunas Delta, due to the Nemunas River runoff, and in the Klaipeda Strait,
due to the water exchange with the Baltic Sea;
• Baltic Sea water influences the northern part (up to 20 km from the sea
entrance) of the lagoon only;
• the southern part of the lagoon has high residence times (> 120 days) and
could be classified as an accumulation area.
In transitory ecosystems zooplankton can be influenced by its passive drift
toward to the sea. Conditions when water residence time (RT) is shorter than
life cycle duration (LC) is unfavorable for development of particular species,
especially large cladocerans, while the copepods are more resistant to the hydraulic forcing. Average crustacean species life cycle duration (Gasiunaite and
Razinkovas, 2004) was used to classified the lagoon as:
• limnic (RT > LC), in its southern part;
• lentic (RT < LC): estuarine in the Klaipeda Strait and riverine in the
Nemunas Delta.
In the northern part of the Curonian Lagoon brackish species of benthos
and macrophytes can be found. However, as it was stated before, this boundary
is not permanent and can vary seasonally. We decided to use the boundary
where the salinity exceeds 2 psu for more than 50 days per year, a threshold
known from the experimental data for the plankton communities in the Curonian
Lagoon (Gasiunaite, 2000; Gasiunaite and Razinkovas, 2002). This threshold
approximately matches the average between the spring and autumn brackish
community penetration boundaries. However, this threshold is still arbitrary
and was used purely to match observed benthic macrofauna distribution.
155

Digital maps representing the average water residence time (Fig. 4.71)
and salinity occurrence (Fig. 4.72) obtained from the SHYFEM simulation were
transferred into the binary raster images according to the thresholds selected.
Bottom sediment distribution map was transferred into the binary raster representing transition and accumulation areas according to the sediment typology
and depth (Fig. 4.73). We used the map algebra to sum mentioned above binary
maps (where zeroes represent the limnic, accumulative and freshwater zones,
and ones represent the lentic, transitional and estuarine zones in corresponding maps) and formally derived the synthetic hydraulic regime based zonation
scheme of the Curonian Lagoon presented in Fig. 5.5. As a result three different
areas were identified:
• transitory: where hydrodynamic is more active (corresponding to low residence times), due to sea-lagoon water exchange and to the river runoff;
• intermediate: between transitory and stagnant
• stagnant or limnic: characterized by fine sediment and poor water renewal.
However, this zonation scheme represent situation averaged over the different seasons. In reality in spring and autumn most of the Northern part of
the lagoon could be regarded as transitional, while in summer transitional zones
shrink significantly turning most of the lagoon into the stagnant water body.
Summarizing, the hydrodynamic simulations indicate the Nemunas River
discharge as the main forcing imposing the water circulation patterns in the
northern part of the Curonian Lagoon, while the hydrodynamics in the southern part is mainly wind driven. One or two gyre circulation subsystem simulated
in the southern part of the lagoon was revealed similar to previous model applications (Davuliene et al., 2002; Raudsepp and Kõuts, 2002) using different type
of a model.
The comparison of model results to the experimental data set (salinity
and water level) shows that SHYFEM finite element model better simulates
the hydrodynamics of the Curonian Lagoon than the finite difference models
applied previously (Davuliene et al., 2002; Raudsepp and Kõuts, 2002).
Our calculated residence time map has a good agreement with the bottom
sediment distribution maps based on the field surveys.
Based on models results and sediment classification we derived a synthetic
hydraulic regime based zonation scheme of the Curonian Lagoon and propose
to identify transitional, intermediate and stagnant zones. Transitory zones are
both in the in the northern part influenced by Baltic Sea water and close to the
Nemunas Delta influenced by river inputs, while the whole southern part of the
lagoon, which is limnic and characterized by fine sediments could be classified
as stagnant.
The knowledge gained provides a missing link between physics and ecosystem analysis and helps to explain the spatially and seasonally highly heterogeneous distribution of both benthic and planktonic organisms. It also gives
an important outlook into the general hydraulic patterns of the lagoon. The
SHYFEM finite element model proved to be well suitable for the Curonian Lagoon and will be further expanded and coupled with the eutrophication model
(Zemlys et al., 2008).
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Figure 5.5: Hydraulic regime based zonation scheme of the Curonian Lagoon
derived by combining the simulated hydrodynamic results and the sediment
classification with a GIS technique.
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Chapter 6

Conclusions
This study has shown how numerical modeling can be applied efficiently
to shallow water bodies. A hydrodynamic model has been developed and applied
to the Venice lagoon. It has been coupled together with other modules, like a
transport and diffusion model, an ecological module and a sediment transport
module. All modules have been tested thoroughly and validated with data.
Finally, the model has been exported to show its applicability to other lagoons.
It has specifically been carried out for the Curonian lagoon in Lithuania and
the Cabras lagoon in Sardinia.
In particular, the following findings should be stressed:
• The finite element model is able to reproduce the hydrodynamics of the
Venice lagoon efficiently. Water levels, velocities, salinity and temperature
were successfully validated through the model application. Reproducing
the dispersion of sewage waters in the coastal zone showed how these
results can be used for coastal zone management. Detailed information
has been made available on the efficiency of the treatment plants and their
areas of influence have been identified.
• The model efficiently computes the hydrodynamic and ecological state
variables. Simulations of several years can be carried out on a regular
personal computer, simulating the complete set of state variables in no
more than one day of CPU time. Other modules computing sediment
transport and residence times can be applied equally efficiently.
• The ecological module has been used for various applications. Oxygen
depletion has been simulated in case of temporary closures of the lagoon
and the impact of sewage on the coast close to the Venice lagoon has been
studied. In both cases the model gave indications of the water quality of
the water body.
• It has been shown that physical forcing influences considerably even the
ecological state variables. In the the case of the Venice lagoon, both
tides and winds show strong influence on the development of the dissolved
nutrients in the water column. In particular, the wind was the major cause
for redistributing the nutrients inside the lagoon and was responsible for
the strong variability found.
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• Through numerical modeling it has been shown how information on the
water exchange capability can be computed and evaluated. Here the relevant state variable is the residence time. The importance of the residence
time was shown and an efficient way to compute it and the return flow
factor has been presented. The residence time was used to make a partitioning of lagoons that is helpful for the application of simpler box models.
• The model has been applied to the Cabras lagoon, a small coastal lagoon in
Sardinia. The application was successful in identifying the central settling
area of fine sediments and the salinity evolution during a whole year.
Moreover, the model has also been applied to the Curonian lagoon in
Lithuania. The basic hydrodynamics was simulated and a map of the
zonation of the lagoon was produced that identifies stagnant, transient
and intermediate areas.
Overall the constructed model showed a high flexibility in describing
basins with different morphological complexity. The ease of application was
shown by porting the model to different water bodies. The possibility to not
only compute basic hydrodynamic variables, but also simulate more complex
systems such as sediment transport and ecological variables makes the model
an ideal tool for the use in coastal zone management.
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