
www.elsevier.com/locate/jmarsys

Journal of Marine Systems 51 (2004) 147–160
A partition of the Venice Lagoon based on physical properties and

analysis of general circulation

C. Solidoroa,*, D. Melaku Canua, A. Cuccob, G. Umgiesserb

a Istituto Nazionale di Oceanografia e di Geofisica Sperimentale-OGS, Departiment Oceanografia,

Borgo Grotta Gigante 42/c, 34010 Sgonico (TS), Italy
b Istituto di Scienze Marine-CNR, Venice, Italy
Received 15 January 2003; accepted 19 May 2004

Available online 28 July 2004
Abstract

A finite element model, previously released and calibrated, is used to partition the lagoon of Venice into a number of

physically homogeneous areas, and to investigate propagation of tide waves, water level set-up and internal circulation in the

lagoon of Venice.

Spatial distribution of passive tracers released at the three inlets led to the identification of the boundaries between the four

subbasins in which the lagoon could be subdivided. The analysis of the spatial distribution of salinity, as a result of freshwater

discharge from rivers and exchanges with the sea, suggested a further subdivision of each subbasin into three smaller areas: one

dominated by river influence; one dominated by sea influence; and one with intermediate characteristics. The final result is a

partition of the lagoon into 10 areas, based on physical processes, which can be used to discuss and quantify the general

circulation under the influence of different forcing scenarios. Monthly fluxes among different areas are evaluated, thus

providing a box model of the lagoon, which could be used by people who do not want to delve into the complexity of a real

coupled model, but want to make a first-order assessment of interactions among physical, chemical and biological factors in a

spatially non-homogeneous frame.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction separated by two watershed through which the resid-
The lagoon of Venice is the largest Italian lagoon.

It exchanges water and energy with the sea through

three inlets. For this reason, the lagoon is traditionally

subdivided into three subbasins, one for each inlet,
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ual flow is minimum. The amount of salt water that

flows in and out during each tidal cycle amounts to

around a third of the total volume of the lagoon (Gačić

et al., 2004). Freshwater is discharged into the lagoon

from a number of tributaries, which transport into the

lagoon a large nutrient load from the 1850-km2

drainage basin (Zonta et al., 2001). The most impor-

tant tributaries are located in the northern lagoon area.

This area received more than 50% of the total loads in

2001. Also, in the lagoon, there is one large power
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plant, and one of the most important industrial areas in

Italy. They constitute point sources of heat, freshwater

and nutrients (Cossarini et al., 2002).

As a result, physical and water quality parameters

in the lagoon exhibit a large spatial and time variabil-

ity (Solidoro et al., 2004), and spatially averaged

values can be considered only as a first approximation

of the characteristics of the lagoon, even though they

are computed starting from a large number of meas-

urements. A more accurate description might be

achieved by subdividing the lagoon into a number

of smaller, internally more homogeneous subareas,

but then quantitative knowledge about the fluxes

among these subareas must be available, too. Infor-

mation on such fluxes, barely obtainable from exper-

imental monitoring programs, can be derived by using

validated numerical models.

Indeed, the use of models to assess the importance

of physical processes and general circulation in estu-

aries is strongly recommended in the recent scientific

literature (Cloern, 2001; Hobbie, 1999) and represents

a common practice in all modern large integrated

programs, such as the San Francisco Bay Program,

the Chesapeake Bay Program or the Great Lake

Program.

In the present work a previously calibrated and

validated hydrodynamic model is used with the aim to

(a) identify a physical basis of separating the lagoon

into a number of subareas (boxes), (b) provide the

physical characteristics (average volume and exten-

sion, residence time, phase shift in the propagation of

tidal wave) for each of these areas and (c) compute

fluxes between subareas under different scenarios of

meteorological forcing. Points (a) and (b), apart from

offering a classification, set the basis for the definition

of a box model. The actual definition of the box

model, as well as the understanding of the general

circulation of the lagoon under both an idealized and

realistic scenario of forcing function, is deduced from

point (c).

Results might be useful for a full exploitation of

the measurements collected in monitoring programs

of the whole lagoon, such as the MELa1 program

(Solidoro et al., 2004). They are the counterpart of

recent efforts to divide the lagoon into homogeneous

areas from a water quality point of view (Cossarini et

al., 2002; Solidoro et al., 2004) and might be used by

people who do not want to delve into the complexity
of a real coupled model, but who want to make a first-

order assessment of interactions between physical,

chemical and biological factors in a spatially non-

homogeneous frame.

1.1. Model description

A finite element discretization of the shallow

water equation was used to develop a 2D hydrody-

namic dispersion model. According to it, the lagoon

is subdivided into over 7600 triangular elements. The

possibility of using elements (Fig. 1) of variable

sizes—typical of finite element methods—was fully

exploited, in order to suit the complicated geometry

of the basin, the rapidly varying topographic fea-

tures, and the complex bathymetry. In fact, an

intricate channel network connects the internal

islands and intersects the large flat shallow areas

that cover most of the lagoon. Integration is perfor-

med by using a semi-implicit, unconditionally stable

method in the time domain, and a staggered grid in

the spatial one. Wind stress and bottom friction are

considered explicitly, by means of standard parame-

terizations, and while the wind is considered homo-

geneous all over the lagoon, different bottom friction

coefficients are used to simulate channels and shal-

low water zones. Open boundaries are treated by

fixing water levels at the three inlets, and suitable

fluxes of fresh-water in correspondence of the 15

major tributaries. A full slip condition (normal ve-

locity equal to zero and no constraint on the tangen-

tial velocity) is imposed at closed boundaries. The

model copes also with shallow water flats in a mass

conserving way. It treats both areas that are tempo-

rarily dried during the minimum of the tidal cycle

(barene) and emerged areas that are temporarily

submerged during the maximum of the tidal cycle

(velme). When the water level is below an assigned

threshold of 5 cm, the corresponding element is

taken out of the algebraic system and later added

when the water level is re-stabilized again.

The model is calibrated and validated using liter-

ature values and field observations from the lagoon. In

particular, model results were compared to water level

data (two periods with 40 points evenly distributed all

over the lagoon), to phase shift in the propagation of

tidal wave (12 points), to temperature data (1 year

long evolution in 30 stations) and to salinity data (1-



1 Consistently with oceanographic literature, we define as

longitudinal (or meridian) division a subdivision made by lines that

run along the meridians, and therefore separate areas along the

west–east direction. Conversely, a transverse partition will separate

northern areas from southern areas.

Fig. 1. Bathymetry of the Venice Lagoon obtained by using the grid of the numerical model, superimposed. The grid contains 4237 nodes and

7666 elements. Channels are distinguished by their darker color and by the fact that they are represented by very small elements. Bigger

elements are used for the shallower parts (lighter grey shades), where hydrodynamic activity is reduced. White arrows indicate the islands

forming Venice, the Island of S. Erasmo, and some channel courses flowing to the Lido inlet. The white stars at the inner edge of the lagoon

mark the outflow points of major tributaries (DES=Dese, SIL= Silone, OSE=Osellino, NAV=Naviglio, LUS=Lusore, TAG=Taglio,

MON=Montalbano, CUO=Cuori).
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year-long evolution in 30 stations). Details on the

conceptual and numerical structure of the model, as

well as on calibration and validation against experi-

mental data are given in Umgiesser et al. (2004).

1.2. Identification of subareas

Results of specifically designed model runs have

been analyzed and combined to identify a division of

the lagoon into smaller areas which are internally

homogeneous from a physical standpoint.
First a transverse1 partition was sought by looking

for a physical-based division of the lagoon into three

subbasins pertaining to the three inlets. For this aim,

we simulated the release of three different tracers at

the three inlets and followed their dispersion under



Table 1

Set-up of the simulations performed

Simulation Wind River Tide level at

inlets

Inlets1 No Mean year value Idealized M2

Inlets2 No Mean year value Idealized M2

RivInl No Mean year value Idealized M2

SWT No Mean year value Idealized M2

Tres No Mean year value Idealized M2

Ref No Mean year value Idealized M2

Sirocco Southeast (5m/s) Mean year value Idealized M2

Bora Northeast (10m/s) Mean year value Idealized M2

Year99 Observed values Observed values Observed

values
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idealized (climatological) conditions, up to the steady

state distribution. Each tracer was set at its own

released point to a predefined common concentration

value. Each of the points of the lagoon was then

assigned to a specific inlet, depending upon which of

the three tracers was—at steady state condition—

present in the highest concentration, and upon where

such tracer was released. This simulation is thereafter

referred to as inlets1.

The same experiment was then repeated by adding

a fourth tracer to check the possibility of deriving a

subdivision of the northern subbasin into two smaller

subbasins. In fact, the Lido inlet bifurcates just inside

the lagoon into two major channels, namely the

Treporti Channel, which flows northward, and the

S. Nicolò channel, which flows westward (Fig. 1).

Consequently, the release points were set at the

beginning of these two channels and—once again—

at the Chioggia and Malamocco inlets (simulation

inlets2).

The second step was to discriminate areas in which

the influence of the riverine input is more important

than the influence of the exchanges with the sea

through the inlets, from areas in which the opposite

is true. This defined a longitudinal division. We had a

few possible approaches to achieve our aim. One

possibility was to perform a simulation analogous to

the ones outlined before, that is, to compare the steady

state concentration of a tracer released at three inlets

(sea water tracer, SWT) with those of a second tracer

released at the tributaries input points (river tracer,

RT). A second possibility was to simulate the steady

state salinity distribution, and to define higher salinity

areas as influenced more by the sea, and the lower

salinity areas as those influenced most by the river. A

third possibility was to look at the residence time of

the different areas, since areas more heavily affected

by the exchanges with the sea have shorter residence

times. All these three possibilities were investigated in

the RivInl, Sal and Tres simulations. All steady state

(climatological) simulations were forced by an ideal-

ized (sinusoidal) semidiurnal tide at the inlets, and by

a constant discharge of freshwater at river input

points, set to the yearly average outflow from each

river (Zonta et al., 2001). Also, a no wind condition

was pre-fixed. Tres was computed by following the

spatial distribution of SWT, and recording how long it

takes for each location to reach a SWT concentration
equal to 50% of the concentration at the inlets.

Therefore, it is a measure of how fast an area

exchanges half of its water with the sea, i.e., a sort

of ventilation time.

The superposition of the longitudinal and trans-

verse divisions defined an irregular mesh, which

identified a number of boxes of physically homoge-

nous properties.

1.3. 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 sinu-

soidal 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 differ-

ent 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 Table 1. 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 veloc-

ity over the water depth.



Fig. 2. The four subbasins of the Venice Lagoon. The Southern

Subbasin, 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 Subbasin (NB),

driven mainly by flows from the Lido inlet, is subdivided further

into two parts: the far northern subbasin (NBn), mostly influenced

by the water that after flowing through the Lido inlet enters into the

Treporti channel and the Northern Central Subbasin (NBc) where

water enters the D. Navi and S. Nicolò channels.
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2. Results

Results of inlets1 and inlets2 simulations are illus-

trated in Fig. 1. 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 subbasin

(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 Inlet water,

is subdivided into a far-northern subbasin (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. Nicolò 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 intro-

duced anyway, we preferred to base our selection on

the salinity distribution (Fig. 3), and to use the spatial

distribution of the tracer released at the inlet (Fig. 3b),

and the distribution of the ventilation time (Fig. 3c) 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. 3a, and the seawater signature, more

evident in Fig. 3a and b. The longitudinal division has

been constructed by comparing Fig. 3a 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 particu-

larly evident at the maximum of the ebb phase, while

the seawater 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 com-

pared with the spatial distribution of the SWT (Fig. 3b).

In both the NBn and NBc sectors, this comparison

suggests a longitudinal division made up of lines

connecting most small islands present in this subba-

sin, which act as natural reference points. Also, a

comparison with the spatial distribution of the resi-

dence time (Fig. 3c), confirmed the opportunity of



Fig. 3. 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).
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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. 1, 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 superimposed on the

transverse (Fig. 2) in Fig. 4, which shows how the

lagoon is divided into 10 boxes. The figure indicates

also the presence of the major tributaries.

Table 2 summarizes the results of the analysis on

the general circulation pattern under different meteo-

rological 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 resid-

ual velocity and residual transport fields, root square

means of velocity and mean water levels. These
Fig. 4. Subdivision of the lagoon resulting from the superposition of

the transverse and longitudinal divisions.
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. 5a and b, respectively) in order to

exemplify to what extent they can provide additional

information with respect to Table 2, and to offer a more

articulated discussion of the reference situation.

Other cases are discussed by using only the inte-

grated quantities of Table 2. However, a graphical

illustration of these data is offered to give a more

intuitive representation. In particular, Fig. 6a, b and c

refers to simulations ref, sirocco and bora, respective-

ly, while Fig. 6d depicts net residual transport for the

simulation year99.
3. Discussion

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 subbasin. In-

deed, 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 Mala-

mocco inlet, while the flow through the Lido inlet is

slightly lower (Gačić et al., 2004), even if NB receives

the freshwater input from the largest tributaries flow-

ing 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.



Table 2

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
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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 subbasins, which did not take into consideration

river–sea gradients, or the fact that the current legis-

lation defines a unique common value as the limit for



Fig. 5. Spatial distribution of residual velocity (a) and residual transport (b) for the ref simulation (no wind and idealized semidiurnal tide).
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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 CNR-

ISMAR along the transect delimited by the Dese

River and the Lido inlet (see Aubry 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 of

multivariate analysis (cluster and principal compo-

nents 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 divi-

sions are hypothesized: The first one closely resem-

bles the longitudinal partition proposed here for the

northern and the central subbasins and the second one

is in good agreement with our partition of the south-

ern subbasin. Our division is in reasonable agreement

also with the division proposed in Solidoro et al.

(2004). 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 den-

sity of chlorophyll, while physical properties were not

taken into account.

The existence of a similarity between such water-

quality-based/data-derived classification and the phys-

ical-based/model-derived classification here proposed

can be seen as a further verification of the importance

of physical processes in defining water quality con-

ditions, 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. 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. (2004), 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 macro-

algae dynamics. They obtained eight boxes by identi-

fying first a transverse division into four subbasins,

and then subdividing each subbasin into a mudflat box

and into a channel box. As a result not all the boxes are

topologically connected (i.e., some of mudflat boxes
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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 identifica-

tion 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 differ-

ent 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 transectswas led to a comparison of the physical

features of the different areas, and consequently enabling

boxes to be better defined.

Fig. 5 illustrates the steady state situation that arises

when the instantaneous circulation is driven only by a

periodical idealized semidiurnal forcing at the inlets

under no wind conditions. Residual currents (Fig. 5a)

are pretty low everywhere, and generally oriented

southward, with the noticeable exception of the south-

ern 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. 5b) 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 com-

pensated 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. 5a, appears to give a

small contribution to the northeast transport (Fig. 5b),

while the flow along the La Nave Channel seems to be

relevant, in spite of pretty low residual currents. Circu-

lation is simpler in the central and southern part of the
lagoon, with a relatively uniform, and very low south-

ward 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 Mala-

mocco inlet, and out of the lagoon at the other two

inlets. Fig. 6 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. 6a) 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. Nicolò 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 general circulation, the residual transport

is the result of the non-linear interactions between tide,

topographic constraint, inertia and the preexisting set-

up inside the lagoon. Indeed, one could argue that the



Fig. 6. Schematic representation of residual fluxes between different boxes, obtained by integrating residual fluxes along the proper transects.

Arrows indicate circulation patterns and numbers the give the flows of water in m3/s. Scenarios in the figure refer to (a) condition of the ref, (b)

sirocco, (c) bora and (d) year99.
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main reason for the existence of an important south-

ward flow is that the outflow along the Lido inlet is

partially blocked, or compensated, by the inflowing

water (Fig. 5b). 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 circu-

lation at the Lido inlet is not within the scope of the

present paper, and should probably be performed

taking into account the circulation of plumes in the

Adriatic Sea.

The scheme in Fig. 6 represents a description of

residual circulation which is more detailed, and some-

how 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.

Nicolò 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 discrepan-

cies 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. 6b; the one

obtained under bora wind of 10 m/s is given in Fig.

6c. Fluxes are reported also in Table 2. An idealized

semidiurnal tide is pre-fixed in both simulations, as

summarized in Table 1.

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 topograph-

ic 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 and La Nave channels, until their

courses bend southward after passing the S. Erasmo

Island where the topographic constraint ceases. Even-

tually all this water moves into the CB, along with the

river outflows, then into the SB, until it finally out-

flows 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 themodel

with experimental data measured in 1999, given in Fig.

6d, 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 sce-

narios 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



Table 3

Physical characteristics of the different boxes in terms of their

average volume, extension, residence time and phase delay in tide

propagation

Box Volume

[m3]

Area

[km2]

Residence

time [days]

Delay

[hours]

1 5.46e + 07 43.5 16.4 3.15

2 2.74e + 07 35.3 20.2 3.45

3 1.05e + 08 31.3 7.4 1.02

4 5.70e + 06 22.2 18.7 2.28

5 2.29e + 07 89.4 18.8 1.55

6 8.90e + 07 54.3 20.4 1.50

7 2.11e + 08 11.5 8.3 1.30

8 2.82e + 07 31.7 17.9 2.29

9 2.04e + 07 29.5 8.9 2.70

10 6.95e + 07 40.6 6.4 0.96
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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, Table 2 and

Fig. 6a, 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 com-

plexity of a real coupled model, but only want to

make first-order assessments of the interactions occur-

ring between physical, chemical, and biological fac-

tors in a spatially non-homogeneous frame. It should

be stressed that, though Table 2 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 Table 3 refer to

these conditions, too.
4. Conclusion

The paper presents several applications of a vali-

dated 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 distribu-
tion of physical properties simulated by means of the

model. Results indicate that it is possible to operate a

transverse division, which defines four subbasins

along the North–South axis, and a longitudinal divi-

sion, transversal to the major axis of the lagoon,

which divides the lagoon into three strips: an inner

strip more influenced by the tributaries; an interme-

diate 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

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, in-

ertia 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 pic-

ture 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 favouring 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 particu-

lar, the fluxes under a climatological condition com-

pletely defines a box model for the lagoon of Venice,

which might be useful to members of the scientific

community seeking first-order assessments of interac-

tions between physical, chemical and biological factors
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in a spatially non-homogeneous frame, without having

to deal with the complexity of a real coupled model.
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