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a b s t r a c t

In this work the flushing features of a tidal active coastal basin, the Venice lagoon, have been investigated.
The water transport time scale (TTS) has been computed by means of both an eulerian and a lagrangian
approach. The obtained results have been compared in order to identify the main differences between
the two methods.

The eulerian water transport time (WRT) scale has been computed through the definition of the remnant
function of a passive tracer released inside the lagoon whereas the lagrangian water transport time (WTT)
scale has been computed tracking the trajectories of simulated particles released inside the basin.

Both the methodologies rely on computer modeling. A 2D hydrodynamic model based on the finite
element method has been used. The model solves the shallow water equations on a spatial domain that
represents the whole Adriatic Sea and the Venice lagoon.

Numerical computations show that the two techniques, when applied to a tidal active coastal basin,

characterized by a complex morphology and dynamic, are differently influenced by the tidal variability.

In particular, the type and the phase of the tidal forcing at the beginning of the computation strongly
influence the WTTs distribution within the basin. On the other hand, the WRTs computation is not affected

ility.
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. Introduction

Semi-enclosed basins such as lagoons, gulfs and lakes are com-
only subjected to intensive anthropogenic inputs that modify

oth the trophic state and the health of the whole ecosystem. Most
f contaminants and masses of nutrients release in these aquatic
ystems are carried in a suspended or dissolved status by the fluid
edium.
Even if these environments are generally characterized by

ntense and rapid biogeochemical processes that can totally renew
he acquatic compartment, their cleaning capacity is mainly depen-
ent on the hydrodynamic processes that transport water masses
ith their constituents out of the basin (Rodhe, 1992).

The description of the transport process can be expressed by
he definition of a transport time scale. This time scale is generally

horter than the time scale of the biogeochemical renewal pro-
esses and gives an estimate of the water-mass retention within
he basin.

∗ Corresponding author. Tel.: +39 0783 22027; fax: +39 0783 22002.
E-mail address: andrea.cucco@cnr.it (A. Cucco).

304-3800/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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The water retention time or transport time scale (TTS) has
been asessed by many authors to be a fundamental parameter for
the understanding of the ecological dynamics that interest lagoon
environments (Monsen et al., 2002). In many works, the variabil-
ity of the transport time scale within the basin, has been used
to describe the variability of important environmental variables
such as the dissolved nutrient concentrations (Andrews and Muller,
1983), the mineralization rate of organic matter (den Heyer and
Kalff, 1998), the primary production (Jassby et al., 1990) and the
dissolved organic carbon concentration (Christensen, 1996). Thus
the computation of the TTS is of major interest in the environmental
management of lagoons and coastal basins (Baleo et al., 2001).

In literature, the TTS is defined through many different con-
cepts: age, flushing time, residence time, transit time and turn-over
time. As outlined in Takeoka (1984b), since there are many trans-
port phenomena in a coastal sea, there should be many time
scales for them. Nevertheless the definitions of these concepts
are often not uniquely defined and generally confusing. From a

survey of flushing studies of lagoons and coastal basins we iden-
tified two main groups of definition that are based on different
approaches.

In the first group of applications, the TTS is identified as the water
residence time (WRT) that is the time required for the total mass of a

http://www.sciencedirect.com/science/journal/03043800
http://www.elsevier.com/locate/ecolmodel
mailto:andrea.cucco@cnr.it
dx.doi.org/10.1016/j.ecolmodel.2009.01.008
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onservative tracer originally within the whole or a segment of the
ater body to be reduce to a factor 1/e (Sanford et al., 1992; Wang

t al., 2004; Luketina, 1998; Takeoka, 1984b, a; Francisco Rueda
nd Enrique Moreno-Ostos, 2006; Cucco and Umgiesser, 2005) In
articular, being the WRT a property of a specific location within
he water body that is flushed by the hydrodynamic processes such
pproach can be considered as an eulerian one to the definition of
he TTS.

In the second group, the TTS is identified as the water transit
ime (WTT) that corresponds to the time it takes for any water par-
icles of the sample to leave the lagoon through its outlet (Bolin
nd Rodhe, 1973; Zimmerman, 1976; Dronkers and Zimmerman,
982; de Kreeke, 1983; Prandle, 1984; Dimitar Marinov and Alain
orro, 2006; Giuseppe Bendoricchio, 2006; Babu et al., 2005). In

uch case the WTT is a property of the water parcel that is carried
ithin and out of the basin by the hydrodynamic processes there-

ore the described approach can be considered as a lagrangian one
o the definition of the TTS.

Both approaches rely on numerical methods and are generally
sed without specifying their different underlying assumptions.
he two methods give similar results when applied to sim-
le cases, such as regular basins or artificial channels (Takeoka,
984b, a). On the other hand differences arise in applications to
asins characterized by complex morphology and hydrodynam-

cs.
The purpose of the present study is to compare the two different

ime scales, through an application to a complex basin character-
zed by a tide governed hydrodynamics, the Venice lagoon. WRT
nd WTT have been computed by means of numerical modelling
echniques and the main differences between the two transport
ime scales have been identified. Therefore, this work is not try-
ng to reproduce an estimation of real residence times in the
agoon, because this has already been done in Cucco and Umgiesser
2006), where also the return flow and diffusive fluxes have been
onsidered, but is to show the difference between the eulerian
nd the lagrangian approach of computing relevant basin time
cales.

. Site description

The lagoon of Venice is a complex and unique environment both
or the ecological aspects and for the beauty of its landscape. The
ity of Venice is an island situated approximately in the centre of the
agoon with other important islands in the southern or in the north-
rn part. The lagoon is connected to the Adriatic Sea through inlets
hich guarantee the water exchange with the open sea. The south-

rn and the central inlet (Chioggia and Malamocco, respectively)
re about 500 m wide whereas the north-most inlet (Lido) is nearly
000 m wide. The maximum depth is around 8 m for Chioggia and
4 m for Malamocco and Lido.

The lagoon hydrodynamic and water exchange at the inlets are
ainly governed by the tide (Gacic et al., 2002) which, in the Adri-

tic Sea, is composed by seven main harmonic constituents, four
emidiurnal M2, S2, N2, K2 and three diurnal K1, O1 and P1 (Polli,
960; Goldmann et al., 1975). The tidal range, in the Venice lagoon,
scillates between 1 m during a typical spring tide and 0.5 m during
typical neap tide.

Tides are strong enough to generate water currents up to 1 m/s
n the lagoon inlets and inside the main lagoon channels. The flush-
ng of the lagoon water is promoted by the tidal wave propagation
hich induces ebb and flood flows through out the lagoon inlets
ith a semidiurnal periodicity.

The lagoon water circulation induced by the tidal forcing, has
een well described by Umgiesser (2000), Solidoro et al. (2004),
mgiesser et al. (2004) and Cucco and Umgiesser (2005)
Fig. 1. Bathymetry and finite element mesh of the Venice lagoon and Gulf of Venice.

From previous hydrological investigations, the Venice lagoon
can be subdivided into four areas as illustrated in Fig. 1. The parti-

tion of the lagoon basin is based on a physical subdivision that is
more fully described in Solidoro et al. (2004).

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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. Methods

In this section the hydrodynamic model and the methods
dopted to compute the Venice lagoon WRTs and WTTs are given.
urthermore the simulations setup is described.

.1. The hydrodynamic model

A 2D hydrodynamic model of the Venice lagoon and Gulf
f Venice, based on the finite element method, has been
sed (Umgiesser and Bergamasco, 1993, 1995; Umgiesser et al.,
004). The model developed at ISMAR-CNR (Institute of Marine
cience—National Research Council) has been already applied suc-
essfully to reproduce the tidal and wind induced water circulation
n the lagoon and gulf of Venice (Umgiesser et al., 2004; Solidoro et
l., 2004; Bellafiore et al., 2008; Ferrarin et al., 2008).

The model uses finite elements for spatial integration and a
emi-implicit algorithm for integration in time. It resolves the ver-
ically integrated shallow water equations in their formulations
ith levels and transports. The horizontal diffusion, the baroclinic
ressure gradient and the momentum equation are fully explicitly
reated. The non-linear advective terms are treated using a semi-
agrangian techniques to avoid the time step constrains induced
y a explicit treatment. The Coriolis force and the barotropic pres-
ure gradient terms in the momentum equation and the divergence
erm in the continuity equation are semi-implicitly treated. The
riction term is treated fully implicitly for stability reasons due to
he very shallow nature of the lagoon. The model is uncondition-
lly stable for what concerns the effects of fast gravity waves, of
he bottom friction, of Coriolis acceleration and of the non-linear
dvective terms (Umgiesser and Bergamasco, 1995). The equations
ntegrated over the depth read:

∂U

∂t
− fV + gH

∂�

∂x
+ RU + X = 0 (1)

∂V

∂t
+ fU + gH

∂�

∂y
+ RV + Y = 0 (2)

∂�

∂t
+ ∂U

∂x
+ ∂V

∂y
= 0 (3)

here � is the water level, U and V the barotropic transport in the
and y direction, g is the gravitational acceleration, H = h + � the

otal water depth, h the undisturbed water depth, t the time and f
he Coriolis parameter. The terms X and Y contain all other terms
ike the wind stress, the nonlinear advective terms and those that
eed not to be treated implicitly in the time discretization.

The friction term R is given by R = cB

√
U2 + V2/H2 which

orresponds to a quadratic bottom friction formulation. In this
xpression, the bottom drag coefficient cB can be assumed either
onstant or dependent on the depth through the Strickler formula:

B = g

C2
, C = ksH1/6 (4)

ith C the Chezy coefficient and ks the Strickler coefficient. Details
f the numerical treatment are given in Umgiesser and Bergamasco
1995) and Umgiesser et al. (2004).

At the open boundary, the water levels are prescribed in accor-
ance with the Dirichlet condition, while at the closed boundaries,
nly the normal velocity is set to zero and the tangential velocity is
free parameter. This corresponds to a full slip condition.

Baroclinic pressure gradients are not included in the model. Even

f horizontal temperature and salinity gradients exist in the lagoon
hat give rise to these terms, the barotropic pressure gradient is

uch stronger (Umgiesser et al., 2004).
The model allows for flooding and drying of the shallow water

ats. This is especially important for the Venice lagoon, since about
lling 220 (2009) 913–922 915

15% of the area is partially wet and dry during a spring tidal cycle.
The model has been applied to reproduce the tidal propagation

in the Gulf of Venice and in the Venice lagoon. A full descrip-
tion of the calibration process and results is given in Umgiesser
et al. (2004), Solidoro et al. (2004), Cucco and Umgiesser (2005),
Bellafiore et al. (2008) and Ferrarin et al. (2008).

3.2. Comupational domain

The numerical computation has been carried out on a spatial
domain that represents the Venice lagoon and part of the Gulf of
Venice through a finite element grid (Fig. 1). The finite element
method allows high flexibility with its subdivision of the numer-
ical domain in triangles varying in form and size. It is especially
suited to reproduce the geometry and the hydrodynamics of com-
plex shallow water basins such as the Venice lagoon with its narrow
channels and small islands.

The domain has been discretized using an adaptive mesh gen-
erator onto an irregular grid which consists of 17,267 nodes and
32,008 triangular elements (Fig. 1). This finite element mesh has
a bandwidth of 490 and a characteristic length that ranges from
roughly 10 m to 1 km.

The element shape and size distribution within the lagoon area
is depending upon three main geometrical constrains. The first
one tends to fix the size of the elements as a function of the ratio
between the local shallow water wave speed and a selected time
step. The second one limits the size of elements as a linear function
of the local depth gradient. The third one sets the minimum angle
between the element edges equal to 30◦. Therefore, finer elements
are found where water depth and depth gradient are higher such
as the lagoon channels, whereas larger elements are found where
water depth and depth gradient are lower such as the inner lagoon
shallow and flat areas.

What concerns the open sea part of the domain, the element
sizes have been forced to increase moving from the coastline toward
the off-shore western border of the mesh. Finally a finer resolu-
tion of the mesh has been also imposed for the open seas areas in
front of the lagoon inlets in order to allow a suitable accuracy for
reproducing the inertial features generated by the outflow currents.

The model considers as open boundary the west off-shore bor-
der of the domain, elsewhere as closed boundaries the whole
perimeter of the lagoon and islands and the Adriatic Sea coast line.
The open boundary geometry and location has been chosen in order
to be far enough from the Venice lagoon, and to be located close to
the oceanographic platform ACQUAALTA (www.ismar.cnr.it), where
tidal data are available.

3.3. The transport time scales

In this section the methods used to compute the lagoon WRTs
and WTTs are described.

3.3.1. The WRT
In this study the eulerian water residence time, WRT, has been

defined as the time required for each element of the lagoon area
to replace most of the mass of a conservative tracer, originally
released, with new water. To compute it we refer to the mathemat-
ical expression given by Takeoka (1984b, a) known as the remnant
function.

The tracer, initially released inside the lagoon with a concentra-
tion of 100%, is subject to the action of the tide forcing that drives it

out through the three inlets. This leads to a decay of its concentra-
tion. The remnant function r(t) of the concentration is given at each
position of the domain as r(t) = C(t)/C0 where C(t) is the concentra-
tion at time t of the passive tracer S in the x, y, and C0 = C(t = 0) is its
initial value. The residence time � can then be defined as (Takeoka,

http://www.ismar.cnr.it
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eap tide water levels versus particles and tracer release times.

984b, a):

=
∫ ∞

0

r(t) dt (5)

nd for every position x, y of the domain as:

(x, y) =
∫ ∞

0

r(x, y, t) dt. (6)

f the decay of the concentration C is exponential:

(t) = C0 e−˛t (7)
hen, the WRT � can be computed as � = 1/e that is the time it takes
o lower the concentration to 1/e of its initial value. A complete
escription of the model may be found in Cucco and Umgiesser
2005).

able 1
verage and standard deviations of the water transport time scale distribution in the Ven
wo sets of simulations.

ransport time scale Total NBn

RT 83.8 ± 56.2 83.9 ± 26.0
TT 82.3 ± 65.7 93.2 ± 29.2

he statistics are given for both the eulerian and the lagrangian method. Values are expre
24 h spring tide water levels versus particles and tracer release times; panel C, 24 h

To compute the spreading and the fate of the tracer, a solute
transport model has been used. The model solves the advection and
diffusion equation of a tracer C which in the vertically integrated
form reads:

∂C

∂t
+ ∂uC

∂x
+ ∂vC

∂y
= KH

(
∂2C

∂2x
+ ∂2C

∂2y

)
(8)

where C =
∫ �

−h
c dz, u and v are the barotropic velocities and KH

is the horizontal eddy diffusivity. Fluxes through the bottom and

the water surface have been neglected here. A first-order explicit
scheme based on the total variational diminishing (TVD) method
has been used to solve the transport equation (Darwish, 2003).
The TVD scheme reduces the numerical diffusion adding an anti-
diffusive flux to the classic first-order explicit scheme.

ice lagoon basin and sub-basins as computed averaging the results obtained by the

NBc CB SB

45.9 ± 15.2 106.1 ± 57.5 61.0 ± 22.7
67.2 ± 22.2 86.4 ± 46.7 73.5 ± 26.2

ssed in days.
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Table 2
Average and standard deviations of WRTs distribution in the Venice lagoon basin and sub-basins obtained from SE, SF, NE and NF simulation results.

Tidal phase Total NBn NBc CB SB

SE. Spring tide—ebb phase 84.3 ± 56.2 84.2 ± 26.3 45.8 ± 15.1 106.9 ± 57.7 61.0 ± 22.4
SF. Spring tide—flood phase 83.8 ± 56.2 84.1 ± 26.2 45.6 ± 15.1 106.2 ± 57.7 60.6 ± 22.4
N .2
N .2

V

3

f
u
m

s
t

t
l
c

i
a
t
t
1

o
t
h
b

E. Neap tide—ebb phase 83.7 ± 56.2 83.7 ± 26
F. Neap tide—flood phase 83.5 ± 56.2 83.7 ± 26

alues are expressed in days.

.3.2. The WTT
The lagrangian water residence time, WTT, has been computed

ollowing an hybrid eulerian–lagrangian formulation based on the
se of a particle tracking model coupled with the hydrodynamic
odel.
In particular, at each model run the lagoon area is seeded with

imulated particles that are transported within the basin and even-
ually carried out of the lagoon by the water currents.

For each particle, the time required to reach the open sea from
heir initial position, has been recorded. Then, the WTT for each
ocation of the domain where a particle has been released, has been
omputed.

In order to compute the fate of the particles, the eulerian veloc-
ty field produced by the hydrodynamic model has been used to
dvect the particles and a random walk technique has been used
o simulate the diffusive processes generated by the small scale
urbulence (Zimmerman, 1976; Ridderinkhof and Zimmerman,
992).

The particles have been released on a regular distribution in

rder to fill each element of the lagoon area with almost one par-
icle. The number of particles required to initialize the model runs
as been increased, starting from a initial number, until the WTT
asin average value remained constant. A number of about 400,000

Fig. 3. Distribution of the average WRTs residence time in the Venice lagoon.
46.2 ± 15.1 105.8 ± 57.7 61.2 ± 22.4
46.2 ± 15.1 105.6 ± 57.7 61.2 ± 22.4

labelled particles have been released. Each particles is representa-
tive of an area of about 1000 m2.

3.4. The general simulation set-up

All simulations presented in this work have been carried out
using a time step of 100 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 off-shore open boundary. A
spin up time of 15 days has been used for all the simulations. This
time was enough to damp out all the noise that was introduced
through the initial conditions.

Only effects induced by the tidal forcing have been consid-
ered, other meteorological forcings, such as wind pressure and heat
fluxes have not been taken into account.

The tide used as boundary condition in the simulations has
been synthesized using the amplitude and phase shift of the main
tidal harmonic constituents for the Gulf of Venice provided by Polli

(1960); Goldmann et al. (1975). The duration of each simulation is
5760 h, about 8 months. Neap and spring tidal forcing effects have
been simulated. In Fig. 2, panel A, part of the adopted water level
time series is reported. The tides oscillates around the 0.23 m level
which is the local average sea level.

Fig. 4. Distribution of the variation coefficient of the local WRT in the Venice lagoon.
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Table 3
Average and standard deviatons of WTTs distribution in the Venice lagoon basin and sub-basins obtained from SE, SF, NE and NF simulation results.

Tidal phase Total NBn NBc CB SB

SE. Spring tide—ebb phase 74.5 ± 62.2 90.6 ± 31.2 60.3 ± 22.7 78.5 ± 45.5 61.5 ± 25.2
SF. Spring tide—flood phase 91.5 ± 75.2 97.5 ± 33.3 76.1 ± 28.2 95.4 ± 55.3 89.6 ± 35.3
NE. Neap tide—ebb phase 77.3 ± 65.4 91.5 ± 31.1 63.6 ± 24.2 81.7 ± 47.3 64.3 ± 25.7
N .3

V

b
c
fi
I
g
o
c

z
t

s
u
s
a
r
i

b
t
3

F. Neap tide—flood phase 86.1 ± 72.1 94.8 ± 32

alues are expressed in days.

The bottom boundary condition enforces quadratic friction
ased on barotropic (depth-averaged) velocity according to the
lassical quadratic drag law. In this application the Strikler coef-
cient Ks have been set up as dependent on the bottom features.

n particular, inside the lagoon, different areas have been distin-
uished, such as channels, tidal flats, inlets, etc., and different values
f Ks have been computed in these areas by varying the Strickler
oefficient in the Chezy formula (Eq. (4)) (Umgiesser et al., 2004).

The horizontal diffusivity coefficient KH has been set equal to
ero in order to simulate only the advective component in the tracer
ransport equation (Eq. (8)).

The average numerical diffusion affecting the adopted TVD
cheme has been estimated equal to about 0.07 m2/s when sim-
lating the tidal induced tracer transport with the selected time
tep within the lagoon domain. Therefore in order to compare
ppropriately the tracer dynamics with the particles dynamics, a
andom walk diffusion parameter equal to about 0.07 m2/s has been

mposed.

To investigate the variability of the circulation pattern induced
y the tide, the tracer and particles have been released in
he basin during both spring and neap tide events. A set of
0 different simulations have been carried out initializing the

Fig. 5. Distribution of the average WTTs time in the Venice lagoon.
70.6 ± 26.3 91.3 ± 52.7 79.1 ± 31.4

particle and tracer concentration at selected times within the
neap and spring tidal cycle. In particular 12 simulations have
been used to investigate the spring tidal period variability,
whereas 18 simulations are needed for the neap tide period. In
Fig. 2, panel B and panel C simulations names and initializa-
tion times are reported in relation to the phase and type of tidal
period.

In all simulations the tracer concentration is always set to zero
outside the lagoon inlets therefore the return flow factor (Cucco and
Umgiesser, 2006) is not considered here.

4. Results and discussion

In this section the results obtained from the computation of the
WRTs and WTTs are presented and discussed.

4.1. The WRT

The average WRT obtained from the set of simulations results
is 83.8 ± 56.2 for the whole basin, 83.9 ± 26.3 for the NBn, 45.9 ±
15.2 for the NBc, 106.1 ± 57.5 for the CB and 61.0 ± 22.7 for the SB
(Table 1).

In Table 2 the statistics are reported for the simulations SE, SF
and NE, NF in which the tracer has been released at the beginning
of both an ebb and a flood phase of a spring tide and of a neap
tide, respectively. These scenarios and the obtained results can be
considered as representative of the variability of the whole set of
simulations.

The basin average WRT is almost the same for the four scenarios
(Table 2). A difference of 12 h is found between the two spring tide
scenarios, with higher values for SE with respect to SF. In the case
of neap tide scenarios the differences are always lower then 5 h.
Comparing the results obtained from the spring tide simulations
(SE and SF) with those obtained from the neap tide simulations (NE
and NF), a difference of about 1 day is detected Similar results are
found from the analysis of the sub-basins statistics.

For both spring and neap tide simulations the highest differ-
ences have been found between the average WRT computed for the
CB sub-basin. In particular a difference of about 17 h is detected
between SE and SF simulations whereas a difference of about 5 h
is found between the NE and NF. A maximum difference of about
1.4 day is detected between the spring tide and neap tide simula-
tions.

Therefore, both the tidal phase or the type of the tidal forcing
at the moment of the tracer released does not strongly affect the
basin and sub-basins average WRTs.

In Fig. 3 the spatial distribution of the WRTs obtained averaging
the whole set of simulations results is reported. The distribution is
mainly dependent on the relative distance from the three inlets and

on the presence of the main channels, that, due to their high depths,
reduces the WRT values. The WRTs range between values lower
than 1 day, inside the inlets, and values higher than 150 days in the
inner lagoon areas and in correspondence to the lagoon watersheed
(Solidoro et al., 2004).
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Fig. 6. WTTs distribution in the Venice lagoon. The particles are released at the
beginning of a ebb phase of a spring tide, case SE, left panel; the particles are released
at the beginning of a flood phase of a spring tide, case SF, right panel.

Fig. 7. WTTs distribution in the Venice lagoon: the particles are released at the begin-
ning of a ebb phase of a neap tide, case NE, left panel; the particles are released at
the beginning of a flood phase of a neap tide, case NF, right panel.
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In order to better understand the influence of the tidal forcing on
he WRTs computation, a further analysis has been carried out. The
oefficient of variation (CV) of the local WRT have been computed
or each element of lagoon domain from the whole set of simula-
ions. The CV has been defined as the ratio between the standard
eviation and the average value of the local WRT.

In Fig. 4 the spatial distribution of the CV is reported. As we can
ee, values are almost 0 all over the basin except for the lagoon inlets
here CV values not higher then 0.7 are found. The obtained results

ndicate that the tidal variability does not influence the WRTs all
ver the basin except for the inlets areas where a low variance is
ound. In particular in such areas the extreme CV values correspond
o a WRT ranging between 2.1 days computed for SE scenario and
.5 days computed for NF scenario.

.2. The WTT

The basin and sub-basins average WTTs obtained from the two
ets of simulations is 82.3 ± 65.7 for the whole basin, 93.2 ± 29.2
or the NBn, 67.2 ± 22.2 for the NBc, 86.4 ± 46.7 for the CB and
3.5 ± 26.2 for the SB (Table 1).

Both for the basin and the sub-basins, the standard deviation is
haracterized by higher values with respect to the previous case,
orresponding to an higher spatial variability of the WTTs with
espect to the WRTs.

What concerns the WTT basin average, a similar value to the one
omputed for the WRT has been found. On the other hand the sub-
asins averages differ with respect to the previous case by values
anging between 10 and 20 days. In particular, for all the sub-basins,
he WTT averages are greater than the corresponding WRT aver-
ges except for the CB sub basin which is characterized by a lower
verage WTT value.

In Table 3 the statistics computed for the scenarios SE, SF, NE
nd NF are reported. The highest average values, both for the basin
nd the sub-basins, have been detected for the scenario SF when
he particles are released at the beginning of the flood phase of a
pring tide. On the other hand the lowest values are found for the
cenario SE, in which the particles are released at the beginning of
he ebb phase of the spring tide. The neap tide scenarios (NE and
F) are characterized by intermediate values between the previous

wo cases.
The difference between the basin average values obtained by the

wo spring tide scenarios (SE and SF) is about 18 days, whereas the
ifference between the values obtained between the two neap tide
cenarios (NE and NF) is about 9 days. A difference ranging between
and 5 days is detected between the basin average values obtained

rom the two ebb tidal phase scenarios (SE and NE) and from the
wo flood tidal phase scenarios (SF and NF).

Contrary to the WRT case, both the tidal phase and the type of
idal forcing at the release time strongly influence the basin and
ub-basins average WTTs.

In Figs. 5–7 the spatial distributions of the average WTTs and
f the WTTs obtained from the scenarios SE, SF, NE and NF are
eported. WTTs range between values lower than 6 h close to the
nlet, as found for scenario SE and NE, and values greater than 150
ays in the inner parts of the lagoon and in correspondence to the

agoon watersheed.
In all cases, the distributions present high heterogeneity which

an be explained considering that, the deterministic velocity
eld used for the particles tracking computations, may result

n a “lagrangian chaos” (Zimmerman, 1986; Pasmenter, 1988;

idderinkhof and Zimmerman, 1992). In fact, as pointed out by
immerman (1986), the sum of an eulerian turbulent field and a
eterministic eulerian shear velocity creates a turbulent lagrangian
otion with velocity and correlation time-scales being increased

ompared to the small scale turbulence. Therefore, particles ini-
Fig. 8. Distribution of the variation coefficient of the local WTT in the Venice lagoon.

tially close together may move far apart requiring different times
to exit the domain.

The highest differences in the residence time distribution are
found between the ebb and flood simulations of both spring and
neap scenarios. In particular, considering the scenario SE (Fig. 6),
three vast areas, close to the inlets present WTTs lower than 6 h
which corresponds to the half period of the semidiurnal tide. On
the other hand, in scenario SF (Fig. 6), no areas are detected with
residence time values lower than 6 h.

In the first case (SE), the particles close to the inlets and in the
surroundings are immediately carried out the basin, by the ebb flow,
reducing their WTTs to values lower than 6 h. The size of such areas
depends upon the tidal range length.

On the other hand, in the second case (SF), the flood tide at the
beginning of the computation, drives the particles, initially located
close to the inlets, to the inner part of the basin, increasing the time
required to exit the lagoon. Similar differences are found between
the WTTs distribution obtained from scenario NE and NF (Fig. 7), In
this case, the size of the areas close to the inlets where the WTTs
variability is higher, is smaller due to the lower neap tidal range
length.

In order to analyse the influence of the tidal forcing variability
over the WTTs computation, the CV has been computed for each
element of lagoon domain.

In Fig. 8 the spatial distribution of the CV is reported. As we can
see, CV values are lower than 0.5 all over the basin except for the
areas close to the inlets where CV reaches values higher than 1.8.
The obtained results confirm that the tidal variability influences the

WRTs computation all over the basin and particularly in the inlet
areas where an high variance is found. In such areas the extreme
CV values correspond to a WTT ranging between 0.1 days computed
for SE scenario and 17.7 days computed for SF scenario.
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. Conclusions

The differences between the WRTs and WTTs of tidal active
oastal basin have been investigated using the Venice lagoon as test
omain. Computation has been carried out partially neglecting the
iffusive transport processes of both tracer and particles in order to
nderline only the effects of tidal variability over the tidal flushing.
hrefore, the obtained WRTs are different from values computed by
ucco and Umgiesser (2006) which considered both advective and
iffusive dynamics.

The two approaches give similar results for the overall basin turn
ver time (Table 1). Furthermore, the average spatial distribution
f WRTs and WTTs within the lagoon domain can be considered as
oughly similar (Figs. 3 and 5). In fact both WRTs and WTTs increase
rom inlets to the lagoon borders and watersheeds.

The WTT distribution presents generally higher variability
nduced by the “lagrangian chaos” and by the initial density of
he released particles which is not comparable to the continuuos
istribution of the tracer concentration.

The WTT spatial variability is also characterized by the presence
f non-monotonic gradients, not found in the WRT distribution. This
s also due to the caotic features of the lagrangian motion.

WRTs and WTTs mainly differ when considering the influence of
he tidal variability over the TTS computation. Results show that the

RT computation is not affected either by the phase or by type of
he tide at the moment of the tracer release. Therefore, it is not nec-
ssary to worry about tidal variability when computing the WRTs
f basins forced by composite tides and characterized by a turn-
ver time and a tidal variability time scale with a similar order of
agnitude.
On the other hand, results reveal that the computation of WTTs is

trongly affected by the tidal variability at the moment of the parti-
les released. In particular, the highest differences have been found
or areas in the nearby of the inlets and between WTTs values com-
uted releasing the particles at the beginning of an ebb phase and
t the beginning of a flood phase of a spring tide. Therefore the tidal
hase at the moment of the particle released has to be considered
s the main factor influencing the WTT computation. This means
hat differences of about 6 h between the particles release times
an lead to differences of about 20 days for the basin average WTT.

Furthermore, in the WRTs computation, the return flow factor
Cucco and Umgiesser, 2006) can be easily taken into account thus
stimating the influence of the external circulation over the flushing
eatures of the different areas of the basin.

On the other hand, in the case of the WTTs, the computation of
he return flow does not give any adjoint information to the flushing
eatures of the basin. Infact, the fate of particles outside the lagoon,
oes not depend by the initial particles position inside the basin but
epends sligthly only on the way they are carried within the inlets.
herefore the WTTs computed considering the return flow factor,
enerally indicated as exposure time (Monsen et al., 2002), differs
rom the classical WTTs just for a fixed time interval which is about
he same for all the lagoon areas. Concluding, from an hydrological
tand point, in order to investigate the flushing features of a tidal
mbayment, the eulerian transport time scale (WRT) seems to be
he most representative parameter of all the processes occurring in
he basin. Furthermore, the eulerian approach being almost inde-
endent on the tidal variability, guarantees an easy solution for the
omputation of the basin flushing features and, the obtained trans-
ort time scale, the WRT, is able to describe the long term flushing
ynamics of the basin.
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GačIć, M., Kovačević, V., Mazzoldi, A., Paduan ,J.D., Arena, F., Mosquera, I.M., Gelsi,
G., Arcari, G., 2002. Measuring water exchange between the Venetian lagoon
and the Open Sea. EOS, Transaction, American Geophysical Union 83 (20),
217–222.

Giuseppe Bendoricchio, G.D.B., 2006. A water-quality model for the lagoon of Venice,
Italy. Ecological Modeling 184, 69–81.

Goldmann, A., Rabagliati, R., Sguazzero, P., 1975. Characteristics of the tidal wave in
the lagoon of Venice. Technical Report 47, IBM, Venice Scientific Center.

Jassby, A.D., Powell, T.M., Goldman, C.R., 1990. Interannual fluctuations in primary
production: direct physical effects and the trophic cascade at castle lake, Cali-
fornia. Limnology and Oceanography 35, 1021–1038.

Luketina, D., 1998. Simple tidal prism model revisited. Estuarine Coastal and Shelf
Science 46, 77–84.

Monsen, N.E., Cloern, J.E., Lucas, L.V., 2002. A comment on the use of flushing time,
residence time, and age as transport time scales. Limnology and Oceanography
47 (5), 1545–1553.

Pasmenter, R.A., 1988. Deterministic diffusion, effective shear and patchiness in
shallow tidal flow. In: Dronkers, J., van Leussen, W. (Eds.), Physical Processes
in Estuaries. Springer, Berlin, pp. 45–52.

Polli, S., 1960. La propagazione delle maree nell’Alto Adriatico. Publications of the
Istituto Sperimentale Talassografico, Trieste 370.

Prandle, D., 1984. A modeling study of the mixing of 137 cs in the sea of the european
continental shelf. Philosophical Transaction of the Royal Society of London 310,
407–436.

Ridderinkhof, H., Zimmerman, J.T.F., 1992. Chaotic stirring in a tidal system. Science
258, 1107–1111.

Rodhe, H., 1992. Modeling Biogeochemical Cycles. Academic Press, pp. 55–71.
Sanford, L., Boicourt, W., Rives, S., 1992. Model for estimating tidal flushing of small

embayments. Journal of Waterway, Port, Coastal and Ocean Engineering 118 (6),
913–935.

Solidoro, C., Canu, D.M., Cucco, A., Umgiesser, G., 2004. A partition of the Venice
lagoon based on physical properties and analysis of the general circulation.
Journal of Marine Systems 51 (1–4), 147–160.

Takeoka, H., 1984a. Exchange and transport time scales in the Seto Inland Sea. Con-
tinental Shelf Research 3 (4), 327–341.

Takeoka, H., 1984b. Fundamental concepts of exchange and transport time scales in
a coastal sea. Continental Shelf Research 3 (3), 311–326.

Umgiesser, G., 2000. Modeling residual currents in the Venice lagoon. In: Yanagi, T.
(Ed.), Interactions Between Estuaries, Coastal Seas and Shelf Seas. Terra Scientific
Publishing Company (TERRAPUB), Tokyo, pp. 107–124.
Umgiesser, G., Bergamasco, A., 1993. A staggered grid finite element model of the
Venice lagoon. In: Morgan, K., Ofiate, J.P., Zienkiewicz, O. (Eds.), Finite Elements
in Fluids, Pineridge Press, pp. 659–668.

Umgiesser, G., Bergamasco, A., 1995. Outline of a primitive equation finite element
model. Rapporto e Studi. Vol. XII. Istituto Veneto di Scienze, Lettere ed Arti,
Venice, Italy, pp. 291–320.



9 Mode

U

U

W

Zimmerman, J.T.F., 1976. Mixing and flushing of tidal embayments in the Western
Dutch Wadden Sea. Part 1. Distribution of salinity and calculation of mixing time
22 A. Cucco et al. / Ecological

mgiesser, G., Canu, D.M., Cucco, A., Solidoro, C., 2004. A finite element model for
the Venice lagoon. Development, set up, calibration and validation. Journal of

Marine Systems 51 (1–4), 123–145.

mgiesser G., Bergamasco A., 1995. Outline of a Primitive Equations Finite Ele-
ment Model. Rapporto e Studi, Istituto Veneto of Scienze, Lettere ed Arti XII,
pp. 291–320.

ang, C., Hsu, M., Kuo, A., 2004. Residence time of the danshueiiver estuary, Taiwan.
Estuarine, Coastala and Shelf Science 60, 381–393.
lling 220 (2009) 913–922
scales. Netherlands Journal of Sea Research 10, 149–191.
Zimmerman, J.T.F., 1986. The tidal whirlpool: a review of horizontal dispersion

by tidal and residual currents. Netherlands Journal of Sea Research 20 (213),
133–154.


	Eulerian and lagrangian transport time scales of a tidal active coastal basin
	Introduction
	Site description
	Methods
	The hydrodynamic model
	Comupational domain
	The transport time scales
	The WRT
	The WTT

	The general simulation set-up

	Results and discussion
	The WRT
	The WTT

	Conclusions
	Acknowledgements
	References


