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ABSTRACT
Tidal channels can be characterized by complex flow structures arising by the interaction of 
a periodic flow and a tidal inlet. The presence of a compound geometry could complicate further 
the dynamics. Large scale coherent structures are periodically triggered and dissipated in a single 
tidal period. The resulting time dependent circulation is variable in time and space leading to a 
strong inhomogeneity. In the present study, we investigate the dispersion regime of tracer particles 
released in different sub-domains with the aim of understanding the variability of the Lagrangian 
transport processes. We use a large scale physical model with a simplified geometry of a system 
composed by a large basin (open ocean) and a long compound tidal channel. The tidal channel 
is connected with the outer basin through a tidal inlet representing an island barrier. The model 
is forced by a single harmonic tidal wave. Several tidal periods and tidal amplitudes were tested 
in order to generate a great variety of tidal circulations and residual currents. We describe the 
dispersion regimes using a fully Lagrangian approach, namely the single particle statistics. 
The results suggest that, even in a simplified geometry, the dispersion processes are strongly 
inhomogeneous and lead to anomalous dispersion regimes, namely super or sub-diffusive, 
depending on the sub-domain considered. The presence of coherent structures with a typical 
size of the channel width controls the ability of the flow to disperse tracers. Super-diffusive and 
sub-diffusive regimes are related to strong looping like Lagrangian autocorrelation functions 
that slowly decay to zero. Averaging over the entire domain leads, most of the time, to the 
standard regimes predicted by Taylor’s theory.
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1 INTRODUCTION

Tidal flows are a fundamental driver for several 
coastal environments such as estuaries, tidal 
embankments and coastal lagoons. They 
generate intense circulations together with 
the action of other hydraulic unbalance such 
as baroclinic pressure gradients, river inflows 
and wind stresses (Valle-Levinson 2010). The 
relative importance of the mentioned factors 
depends on several characteristics including 
the coastal morphology, the presence of 
freshwater inputs and the local climatology.
Several classifications of estuaries and coastal 
bays were proposed in the past years taking 
into account a variety of parameters (Geyer 
& MacCready 2014, Valle-Levinson 2010, 
Valle-Levinson 2021). Among these different 
attempts, some criteria are linked to the 
influence of the tides and their propagation 
inside the estuaries (Seminara, Lanzoni, 
Tambroni, & Toffolon 2010, Toffolon, 
Vignoli, & Tubino 2006, Cai, Savenije, & 
Toffolon 2012). In particular, Toffolon et al. 
(2006) proposed the convergence parameter 
and the friction parameter as the two main 
external parameters that can be used to 
classify the different response of estuaries 
to tidal forcing. They defined as external 
those parameters that do not depend on the 
dynamics inside the estuary, but only on 
variables that can be defined a priori based 
on the geometry and the forcing tide.
Tides have also a major role on mass 
transport and mixing, especially through the 
generation of the so-called residual currents 
(Jay 1991, Zimmerman 1986, Geyer & 

MacCready 2014). Residual currents are 
derived by averaging the time dependent 
circulation over a tidal period and they are 
recognized to be a fundamental driver for 
mass transports and dispersion processes 
owing to the strong and persistent straining 
and shearing (Ridderinkhof & Zimmerman 
1992).
Regarding the mixing processes that can 
occur in a semi-enclosed coastal environment, 
the morphology of the coastline plays an 
important role. In fact, several coastal 
environments are connected to the open 
ocean through tidal inlets, barrier islands and 
other openings. These geographycal features, 
coupled with the periodic circulation, may 
generate large scale vortical structures 
that are able to influence momentum and 
mass transport processes (Awaji, Imasato, 
& Kunishi 1980, Awaji 1982, Branyon, 
Valle-Levinson, Mariño-Tapia, & Enriquez 
2021, Kusumoto 2008, Nicolau del Roure, 
Socolofsky, & Chang 2009, Dronkers 2019).
Mixing in estuaries and coastal bays has long 
attracted the interest of several researchers 
due to the extreme importance of these coastal 
environments. Several studies focused on 
the definition of the time scales and the 
estimation of the dispersion coefficients 
in monochromatic tidal force conditions. 
Different attempts to define the proper time 
scale for mixing processes led to use different 
measures such as residence time, flushing 
time or age (see [Cucco, Umgiesser, Ferrarin, 
Perilli, Canu, & Solidoro 2009, Umgiesser, 
Ferrarin, Cucco, De Pascalis, Bellafiore, 
Ghezzo, & Bajo 2014, Viero & Defina 2016, 
Yang, Chui, Shen, Yang, & Gu 2018] among 
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many others). The main goal was also to 
classify estuaries based on these time scales; 
an example can be found in Umgiesser 
et al. (2014) where several estuaries and 
coastal bays of the Mediterranean Sea were 
compared. Note that most of these time scales 
were based on Eulerian concepts and quite a 
few on Lagrangian approaches.
Moreover, many field studies were devoted 
to the measurement of dispersion coefficients 
(Monismith, Kimmerer, Burau, & Stacey 
2002, Lewis & Uncles 2003, Banas, Hickey, 
MacCready, & Newton 2004) and they 
reported a wide range of values, spanning 
almost two orders of magnitudes from 10 to 
103 m2/s-1.
In the present study, we are interested in 
dispersion processes assesed by means of 
pure Lagrangian quantities. In particular, 
we apply single particle statistics that 
are commonly used to understand the 
different dispersion regimes (LaCasce 
2008). Single particle statistics based on 
tracer particle trajectories are the base for 
the computation of the absolute dispersion 
and the corresponding absolute diffusivity. 
Taylor’s well known theory (Taylor 1921) 
suggests the presence of two main dispersion 
regimes depending on the time evolution 
of the single particle trajectory. This theory 
predicts, in case of homogeneous turbulent 
flow, that for a long time after the particle 
deployment, the absolute dispersion grows 
linearly in time, thus, producing a Brownian 
diffusive regime. The time that discriminates 
the existence of the diffusive regime is the 
decorrelation time or the integral Lagrangian 
time. Taylor’s theory was proved to be valid 
for a much broader class of flows including 
atmospheric and ocean applications (LaCasce 
2008). Moreover, extensions of the classical 
Taylor’s theory are now available even for 
inertial particles (Boi, Mazzino, Muratore-
Ginanneschi, & Olivieri 2018). However, 

the asymptotic Brownian regime is subject 
to several constraint in order to exist. First 
of all the particle, velocity autocorrelation 
function should rapidly decay to zero and 
their integral should be finite. Flows where 
these two conditions may be violated were 
investigated and the so-called anomalous 
dispersion regimes were found for several 
flows of geophysical interests (Artale, 
Boffetta, Celani, Cencini, & Vulpiani 1997, 
Berloff, McWilliams, & Bracco 2002, 
Veneziani, Griffa, Reynolds, & Mariano 
2004, Boi, Afonso, & Mazzino 2015). An 
anomalous dispersion regime could lead 
to super or sub-diffusive regimes, where 
the absolute dispersion grows in time with 
exponents greater than 2 or smaller than 1, 
respectively. These non classical regimes are 
often associated to looping auto-correlation 
functions (Berloff, McWilliams, & Bracco 
2002).
Tides are an example of flows that could 
produce non-monotonic particle velocity 
correlations leading to possible particle 
looping trajectories that also reflect on a 
looping character of the Lagrangian integral 
time scales (Enrile, Besio, Stocchino, & 
Magaldi 2019).
In the present study, we investigate 
experimentally the flow generated by a tidal 
forcing on a large scale physical model 
of a basin connected to a compound tidal 
channel through a tidal inlet (barrier island). 
Large scale Particle Image Velocimetry 
is employed to measure two dimensional 
surface velocity fields providing a high 
spatial and temporal description of the flow. 
Varying the controlling parameter, a detailed 
Lagrangian analysis of the typical integral 
scales and of single particle statistics is 
performed and it provides a clearer picture 
of the processes occurring in a compound 
tidal channel. Finally, standard single particle 
statistics assume flow homogeneity. In the 
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present case of a tidal flow that interacts 
with an inlet, the resulting flow shows strong 
inhomogeneities. To this end, we performed 
also a spatial analysis trying to retain the 
effect of the different flow sub-domains.

2 EXPERIMENTAL SETUP
Physical experiments were carried out in 
the hydraulic Laboratory of the Department 
of Civil, Chemical and Environmental 
Engineering (DICCA) of the University 
of Genova, Italy. A sketch of the overall 
experimental set-up is shown in Figure 1. The 
experimental apparatus can be divided in two 
main parts: a tidal channel and a rectangular 
basin, connected each other through a tidal 
inlet. In particular, the 23 m long tidal channel 
is characterized by a symmetrical compound 
cross-section, i.e. composed by a deep main 
channel and two lateral flats. . Overall the 
tidal channel system is 2.42 m wide (wch) but 
the main channel has a landward decreasing 
width, starting from about 70 cm at the tidal 

inlet (wi) reaching about 11 cm at the channel 
end. Consequently, the two tidal flats have a 
varying width between 0.86 m and 1.16 m 
on each side. This convergence feature is 
common in real tidal channels that are typically 
characterized by a landward convergence and 
a meandering behavior (this latter aspect not 
respected in our experimental apparatus for 
the sake of simplicity). The main channel has 
a longitudinal slope equal to 0.255  and tidal 
flats are located at a constant elevation of 0.24 
m from the bottom of the channel. The basin, 
representing the sea, is 6 m long and 2.20 m 
wide (wb), allowing for a maximum depth 
equal to hb =  0.5 m. Contrary to the tidal 
channel, the bottom of the basin is horizontal. 
The mean water elevation referred to the 
bottom of the channel at the channel inlet has 
been maintained constant and equal to 0.36 
m during all the experimental campaign. As 
already mentioned, the connection between 
the two main parts is made through a tidal 
inlet. It consists of two thin vertical plates 

Figure 1: Sketch of the experimental set up and measuring systems.
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exp. a [m] Rh [m] T 
[s] Re X Y

8 0.003 0.086 160 9485 0.06 1.02

9 0.005 0.085 160 20923 0.11 1.02

10 0.007 0.085 160 25845 0.16 1.02

11 0.010 0.085 160 29981 0.23 1.02

12 0.012 0.086 160 35902 0.27 1.02

13 0.002 0.087 100 17881 0.02 0.64

14 0.004 0.086 100 30853 0.06 0.64

15 0.007 0.086 100 33837 0.10 0.64

16 0.011 0.085 100 30984 0.15 0.64

17 0.017 0.086 100 43470 0.23 0.64

18 0.002 0.083 130 13783 0.03 0.83

19 0.003 0.084 130 23452 0.05 0.83

20 0.005 0.085 130 30541 0.08 0.83

21 0.007 0.086 130 36422 0.12 0.83

22 0.009 0.086 130 44764 0.15 0.83

23 0.002 0.084 180 8172 0.06 1.15

24 0.004 0.085 180 15930 0.10 1.15

25 0.006 0.085 180 14287 0.14 1.15

26 0.008 0.086 180 27268 0.19 1.15

27 0.010 0.086 180 35195 0.24 1.15

li= 0.86 m placed at the seaward tidal flats 
edges, hence water exchange between the 
basin and the channel is allowed only at the 
inlet cross section of the main tidal channel. 
This is a common configuration in estuaries 
characterized by the so called barrier 
island, accumulations of sediments partially 
emerged between two inlets, constituted as 
a result of subsequent marine depositions 
and erosional processes occurring in the 
shoreline region. The inlet opening has not 
been altered during the whole experimental 
campaign. The entire experimental apparatus 
is made by concrete providing an estimated 
conductance coefficient C of about 12 m1/2/s, 
which corresponds to a Manning’s resistance 
coefficient of about 0.0167 sm-1/3.In order 
to provide an oscillating water level, a tidal 

generator system has been installed at the 
end of the rectangular basin, in an adjacent 
feeding tank. The generator consists of 
a cylinder, with a length of 2.8 m and a 
diameter of 1.1 m, that reproduces volume 
waves with variable periods and amplitudes. 
It is important to note that, in order to reduce 
wave reflections, a dissipative sloping 
mound has been installed at the end of the 
tidal channel (at the opposite side of the 
oscillating cylinder). Moreover, in order to 
avoid the generation of surface waves, two 
free floating polystyrene sheets have been 
placed just in front of the oscillating cylinder: 
these damped water surface oscillations of 
any kind.
The cylinder is remotely controlled using a 
digital signal acquisition/generation system 
and it provides a time law signal that reads:

η = asin (ωt)

where t is the time, η the free surface elevation, 
ai the tidal amplitude, and ω = 2π/T the tidal 
angular frequency, being T the tidal period. 
A list of the experimental parameters can be 
found in Table 1.

In order to classify the tidal flows in the 
present geometry we follow the approach 
suggested by Toffolon et al. (2006) and we 
use the two non-dimensional parameters 
suggested in the cited study. In particular, 
we define the convergence ratio parameter 
(γ), that is related to the planimetric scales 
of the estuary, and the friction parameter 
(χ), defined as the ratio between friction and 
inertia. These two dimensionless parameters 
are written as:

Table 1: Main experimental parameters.
(1)

(2)
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where ϵ = a/Rh is the non dimensional tidal 
amplitude, Rh is the mean hydraulic radius of 
the channel and Lb is the convergence length. 
Differently from the original definition, we 
substituted the hydraulic radius to the mean 
flow depth, as it is more appropriate in the 
case of complex cross-sections with tidal 
flats. The present experiments have been 
designated preserving the friction parameter 
χ and using a distortion of the planimetric and 
altimetric lengths. Distorted similitude laws 
are commonly employed when the model 
shows a marked difference between the three 
spatial scales involved. In particular the value 
of the planimetric scale (define as the length 
of the prototype geometry over the model 
one) varied, depending on the reference 
prototype, in a range between 1000 and 2000, 
whereas the altimetric one between 30 and 
50. Then, the obtained values of χ represent
realistic situation of weakly-convergent and
weakly-dissipative tidal environments, see
data from real estuaries and embankments in
Toffolon et al. (2006).

2.1 Measuring technique
During each experiment, water level and 
surface velocities have been measured. 
In particular, free surface elevation was 
monitored using four ultrasound gauges 
(Honeywell model 946-A4V-2D-2C0-380E, 
with a 30 cm range and an accuracy of 0.2% of 
the full scale), fixed on four aluminum profiles 
that allowed to place the gauges on the axis 
of the channel respectively at a distance of 0, 
4.75, 14.3 and 25 m based on the coordinate 
system shown in Fig. 1.  The gauge outputs 
are voltage measurements as function of time. 
In order to obtain centimeter measurements, 
a calibration procedure was followed, finding 
out, as expected, a linear relationship between 
voltage and centimeters measurements. 
Large Scale Particle Image Velocimetry 
(LS-PIV) was employed to measure the 

two-dimensional time dependent surface 
velocity fields u(x, y, t) = (u(x, y, t), v(x, y, t)), 
where, according to the notations of Figure 
1, we denote by x the landward oriented 
longitudinal axis of the channel with its 
origin located in the basin at a distance of 
about 3 m from the channel inlet and by y 
the lateral coordinate; u and v are the x and 
y components of the velocity u, respectively. 
PIV is a non intrusive optical method of flow 
visualization and it is used in a wide range of 
applications in order to obtain instantaneous 
velocity measurements, in particular when 
dealing with fluid velocity measurements. 
By means of statistical methods, the local 
displacement for the images is determined 
assuming an homogeneous motion of the 
seeded tracers in the domain, between two 
consecutive time recordings. PIV technique 
allows for the calculation of the surface 
Eulerian velocity fields. It is then possible 
to infer information of the main features of 
the flow under investigation. Finally, the 
computation of the trajectories of the tracers 
from the integration of the velocity flow 
enables for the analysis of mixing processes. 
This experimental approach, based on the 
free surface velocity measurement, is often 
used in many experimental works with 
primary focus on quasi-2D vortical structures 
(Jirka 2001, Nicolau del Roure, Socolofsky, 
& Chang 2009). It is worth noting that, in 
our application, the large dimension of the 
investigated area imposes specific equipment 
modifications with regards to the standard PIV 
technique. Indeed, the employment of a laser 
light is unfeasible owing to the large scale at 
hand. Lighting was thus produced using eight 
500W white light halogen lamps.The channel 
water surface was densely and uniformly 
seeded by polyethylene particles (940 kg 
m-3, mean dimension 3 mm) used as PIV
tracers. LS-PIV acquisitions were recorded
employing five high-resolution GigaEthernet
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digital cameras (Teledyne Dalsa Genie 
Nano C1280 and C2450). Depending on the 
camera model, the resolutions varied between 
24482048 pixels and 12801024 pixels. 6-mm 
lens have been mounted on the cameras. 
Cameras were fixed on rigid supports placed 
at an elevation of 4 m from the bottom of the 
channel, pointing downwards, as shown in 
Figure 1. Based on the camera arrangement, 
the field of view (FoV) for the velocity 
measurements was such to cover a large area, 
including the inlet region, of about 13 × 2 m, 
extending from about the last 3 m of the basin 
to about the first 10 m of the channel for the 
entire width, with cameras overlapping in the 
longitudinal direction of about 20%. The LS-
PIV acquisition frame rate was set equal to 
10 fps. Depending on the set of experiments 
considered each camera recorded more than 
5000 images (a single acquisition lasted about 
10 tidal cycles). The images from the five 
digital cameras have been binarized and then 
merged in order to obtain single panoramic 
images of the entire FoV for each temporal 
instant before PIV analysis. An example of 
the five recorded images and their merged 

panoramic view is shown in Figure 2.
We followed the multi-frame/single exposure 
approach in which the temporal order of the 
particle position is preserved. Finally, for 
the analysis of the images we employed the 
commercial software IDTproVisionTM PIV 
software. In particular, we took advantage 
of the adaptive cell size approach that allows 
for the maximization of the cross-correlation 
between two consecutive images starting from 
an initial interrogation window. In our case, 
depending on the experimental parameter, 
the interrogation window varied from 24 x 
24 pixels to 45 x 45 with a maximum overlap 
of 50%, ending up with about 15 thousand 
velocity vectors.

3 BACKGROUND ON LANGRANGIAN 
DIPERSION

The most natural framework for analyzing 
mixing processes is the Lagrangian (or 
material) one, which studies the evolution 
of material particles during the flow 
motion. To this end, we started from the 
Eulerian velocity fields (u(x, t)), described 
in the previous sections, and computed the 

Figure 2: Example of acquired PIV images and the panoramic view.
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numerical trajectories of material particles 
by integrating ẋ(t) = u(x, t) using a fourth-
order Runge-Kutta algorithm with adaptive 
step size. About 2×104 trajectories were 
computed, from a regular grid seeding over 

a 10 m × 2 m representing the entire measure 
domain.
The numerical particle trajectories are then 
employed to estimate single and multiple 
particle statistics (LaCasce 2008). In 

Figure 3: Top panel shows the horizontal velocity u as a function of the non dimensional time t/T . The 
time signal is extracted at a coordinate x = 4 m and y = 0 m, see point marker in panel a1). Red dots cor-
respond to panel names below. Panels a) - d) free surface velocity fields at different times with superimpo-
sed contours of the Okubo-Weiss parameter λ0. Panels a1) - d1) correspond to flood phase and panels a2) 

- d2) to ebb phase. Note that the domain reported is restricted to the region around the inlet.
Data from

Experiment 26.
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particular, we define the absolute dispersion 
A2(t) and its trace, the total absolute dispersion 
a2(t), as : (Elhma¨ıdi, Provenzale, & Babiano 
1993, Provenzale 1999, LaCasce 2008, 
Stocchino, Besio, Angiolani, & Brocchini 
2011):

where M is the number of particles and xim(t) 
is the ith position component of the m-th 
particle at time t and xim(t0) the initial one. 
Note that the time derivative of a2(t) provides 
an estimate of the total absolute diffusivity 
coefficient K(t)  (Provenzale 1999, LaCasce 
2008), defined as:

Classical dispersion regimes are identified 
based on the time dependence of the total 
absolute dispersion following the theory of 
(Taylor 1921), found to be valid in several 
geophysical contexts (LaCasce 2008). 
The so-called Lagrangian integral scale 
TL separates the quadratic and the linear 
time dependence regime of the absolute 
dispersion. It is defined as the time integral 
of the Lagrangian autocorrelation function of 
the i-th Lagrangian velocity component uLi:

-0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05

a2)

y
 [

m
]

-1

-0.5

0

0.5

1

0.1m/s

a1)

b2)

y
 [

m
]

-1

-0.5

0

0.5

1
b1)

c2)

y
 [

m
]

-1

-0.5

0

0.5

1
c1)

x [m]
3 3.5 4 4.5 5 5.5 6 6.5 7

d2)

x [m]

y
 [

m
]

3 3.5 4 4.5 5 5.5 6 6.5 7
-1

-0.5

0

0.5

1
d1)

t/T

u
[m

s
-1
]

0 0.2 0.4 0.6 0.8 1
-0.2

0

0.2

a
2

b
2

a
1

c
2

b
1

d
2c

1

d
1

Figure 3: Top panel shows the horizontal velocity u as a function of the non dimensional time t/T . The time signal is extracted at a
coordinate x = 4 m and y = 0 m, see point marker in panel a1). Red dots correspond to panel names below. Panels a) - d) free surface
velocity fields at different times with superimposed contours of the Okubo-Weiss parameter λ0. Panels a1) - d1) correspond to flood
phase and panels a2) - d2) to ebb phase. Note that the domain reported is restricted to the region around the inlet. Data from
Experiment 26.

354

355

a2(t) provides an estimate of the total absolute dif-
fusivity coefficient K(t) (Provenzale 1999, LaCasce
2008), defined as:356

K(t) =
1

2

d

dt
a2(t) (5)357

358

359

360

361

362

Classical dispersion regimes are identified based on
the time dependence of the total absolute dispersion
following the theory of (Taylor 1921), found to be
valid in several geophysical contexts (LaCasce 2008).
The so-called Lagrangian integral scale TL separates
the quadratic and the linear time dependence regime363

of the absolute dispersion. It is defined as the time in-364

tegral of the Lagrangian autocorrelation function of365

the i-th Lagrangian velocity component uLi
:366

TLi
=

∫ +∞

0

Riidτ (6)367

Rii(τ) =
1

M

∑
M

ρLii
(τ)√

ρLii
(0)2

(7)368

ρLii
(τ) = ⟨uLi

(t)uLi
(t+ τ)⟩. (8)369

where the brackets indicate an average over the 
entire duration of each trajectory. The integral 
Lagrangian time scale TL is then calculated as 
the average of the longitudinal and transverse 
time scale, namely TL = 1/2(TLx + TLy).

4 RESULTS AND DISCUSSION
4.1 The flow fields
We firstly analyze the measured two-
dimensional Eulerian free surface velocity 
fields u(x, t), obtained from the large scale PIV 
measurements, with the aim of distinguishing 
regions with different dynamical properties. 
To this end, the Eulerian fields were post-
processed with the aim to identify vortical 
structures. Among the many techniques 
of vortex identification, we employed the 
method based on the evaluation of the Okubo-
Weiss parameter (Okubo 1970, Weiss 1991). 
For steady or slowly time dependent flows, 
the Okubo-Weiss criterion makes use of the
eigenvalues of the local velocity gradient 
tensor D, which can be written as D2 = λ0I, 
where the Okubo-Weiss parameter λ0 = −
det(D) is the product of the eigenvalues 
of D. However, it is better to write as 
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Figure 4: Examples of free surface residual current fields for the
experiments from 13 to 17.
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the normal (Sn) and shear (Ss) components, and ω2 is392
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the square vorticity. The sign of λ0 discriminates be-
tween locally hyperbolic flow regions ( λ0> 0 strain
dominated) and locally elliptical flow regions (λ0< 0
rotation dominated). The latter are signature of coher-
ent vortices.

Figure 3 reports examples of the 2D velocity fields
with contours of the Okubo-Weiss parameter for
experiment 26. In particular, panels from a1) to d1)
show four snapshots taken during the flood phase,
whereas panels from a2) to d2) refer to the ebb phase.
In order to help the identification of the main flow
structures, we focused on the area around the inlet,
located at x = 4 m. We recall that the geometry of the
inlet in the present study is identical to the bar-rier
island analyzed in a previous work (Nicolau del Roure,
Socolofsky, & Chang 2009). In their study, however,
the Authors tested different other config-urations of the
inlets in a shallow basin without tidal flats with the aim
of understanding the trajectory of the vortex cores
during a tidal cycle. In the present case, the generation
of the macro-vortices during the flood phase is found
to be controlled by the inlet corners that act as a source
of vorticity that is then convected towards the tidal
channel. From the time sequence shown in Figure 3
from a1) to d1), it is clearly vis-ible that small scales
vortices are emitted with a pe-riod much shorter than
the tidal one and, more inter-estingly, they tend to
merge forming the larger struc-tures that occupy the
entire tidal flats width, leaving a strong jet in the
center-line of the channel (red regions for λ0> 0). The
mechanisms leading to the observed macro-vortices
generation were already pointed out by Niolau et al.
(2009), who described it as the en-trainment of small
scales vortices in the main vorti-cal structure. It is
worth noting that, contrary to the mentioned
experiments, the flood macro-vortices are always
flushed away toward the basin during the ebbing
regardless of the tidal wave period and amplitude. This
behaviour could be attributed to the presence of a
compound tidal channel, a geometry that is known to
enhance ebb dominance (Kang & Jun 2003, Geng,
Gong, Zhou, Lanzoni, & D’Alpaos 2020).434

 where S2 = Sn2 + Ss2 is the 
total square strain, sum of the normal (Sn) and 
shear (Ss) components, and ω2 is the square 
vorticity. The sign of λ0 discriminates between 
locally hyperbolic flow regions (λ0 > 0 strain 
dominated) and locally elliptical flow regions 
(λ0 < 0 rotation dominated). The latter are 
signature of coherent vortices. Figure 3 
reports examples of the 2D velocity fields 
with contours of the Okubo-Weiss parameter 
for the experiment 26. In particular, panels 
from a1) to d1) show four snapshots taken 
during the flood phase, whereas panels 
from a2) to d2) refer to the ebb phase. 
In order to help the identification of the 
main flow structures, we focused on the 
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area around the inlet, located at x = 4 m. 
We recall that the geometry of the inlet in 
the present study is identical to the barrier 
island analyzed in a previous work (Nicolau 
del Roure, Socolofsky, & Chang 2009). 
In their study, however, the Authors tested 
different other configurations of the inlets in 
a shallow basin without tidal flats with the 
aim of understanding the trajectory of the 

vortex cores during a tidal cycle.   In the 
present case, the generation of the macro-
vortices during the flood phase is found to 
be controlled by the inlet corners that act as 
a source of vorticity that is then convected 
towards the tidal channel. From the time 
sequence shown in Figure 3 from a1) to d1), it 
is clearly visible that small scales vortices are 
emitted with a period much shorter than the 
tidal one and, more interestingly, they tend 
to merge forming the larger structures that 
occupy the entire tidal flats width, leaving a 
strong jet in the center-line of the channel (red 
regions for λ0 > 0). The mechanisms leading 
to the observed macro-vortices generation 
were already pointed out by Niolau et al. 
(2009), who described it as the entrainment 
of small scales vortices in the main vortical 
structure. It is worth noting that, contrary to 
the mentioned experiments, the flood macro-
vortices are always flushed away toward 
the basin during the ebbing regardless of 
the tidal wave period and amplitude. This 
behaviour could be attributed to the presence 
of a compound tidal channel, a geometry that 
is known to enhance ebb dominance (Kang 
& Jun 2003, Geng, Gong, Zhou, Lanzoni, & 
D’Alpaos 2020).
It is well known that the periodic oscillations 
due to tides not only generate a time 
dependent flow, but also a steady current 
known as residual current. As far as the 
mass transport of any kind (sediment, 
nutrients and biogeochemicals), it becomes 
relevant after several tidal cycles and this 
is mainly due to the appearance of the 
residual currents, often referred to as “tidal 
pumping” that may lead to significant 
longitudinal dispersion (Zimmerman 1986, 
Jay 1991, Banas, Hickey, MacCready, 
& Newton 2004, Valle-Levinson 2010). 
The free surface residual current can be 
obtained averaging the time dependent free 
surface velocity fields over a tidal period, 

a

b

c

d

e

Figure 4: Examples of free surface residual 
current fields for the

experiments from 13 to 17.
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decomposing the velocity fields as:
     
u(x, t) = u′(x, t) + U(x)

where
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It is well known that the periodic oscillations due
to tides not only generate a time dependent flow, but
also a steady current known as residual current. As
far as the mass transport of any kind (sediment,
nutri-ents and biogeochemicals), it becomes relevant
after several tidal cycles and this is mainly due to
the ap-pearance of the residual currents, often
referred to as “tidal pumping” that may lead to
significant longitu-dinal dispersion (Zimmerman
1986, Jay 1991, Banas, Hickey, MacCready, &
Newton 2004, Valle-Levinson 2010).
The free surface residual current can be obtained aver-
aging the time dependent free surface velocity fields
over a tidal period, decomposing the velocity fields
as:449

u(x, t) = u′(x, t) + U(x) (9)450
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represents the Eulerian free surface residual current,
no longer time dependent (Jay 1991), and u′(x, t) is
still a time dependent velocity field that could be, in
principle, further averaged over a typical Eulerian
integral scale to filter o ut t he t urbulent fluctuations
(Valle-Levinson 2010). In general, the net advection
associated with tides may also vanish and the only net
mass transport is then related to the residual current.

Examples of free surface residual current fields are
reported in Figure 4 for the experiments from 13 to
17. Note that only a portion of the entire domain is
here represented, in order to highlight the most ac-
tive region of the entire domain. As a general com-
ment, we observe that the resulting Eulerian resid-
ual current is perfectly symmetrical with respect to
the main channel, as expected in a symmetrical do-
main. It can be seen that the flow pattern appears quite
regular away from the inlet mouth. It is mainly gov-
erned by the presence of two macro-vortices on the
tidal flats and shows smaller vortical structures on the
basin side. The series shown is for a fixed tidal period
and varying the tidal amplitude. The latter increases
from panel a) to panel e) influencing b oth intensity
and shape of the residual current. Indeed, intensity
and dimension of the macro-vortices placed on the
tidal flats increase as ϵ increases.

4.2 Single particle statistics

As discussed in section 3, particle trajectories form
the basis for the computation of the single particle
statistics. In the present study, particles trajectories
were numerically computed starting from the veloc-
ity fields measured using LS-PIV. The standard pro-
cedure for the absolute dispersion computation re-
quires an initial uniform seeding over the entire do-
main. This leads to a global evaluation of the abso-487
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lute dispersion disregarding any flow inhomogeneities
(LaCasce 2008).

On the contrary, the present study aims to inves-
tigate the differential ability of different flow sub-
domains to disperse particles. The flow under inves-
tigation can be subdivided in three different flow sub-
domains. This distinction was decided upon the anal-
ysis of the time periodic flow fi elds an d th e corre-
sponding residual (steady) circulation discussed in the
previous section. In fact, the flow patterns appeared to
be quite different in the following three regions: the 
outer basin, where the forcing tide is coming, the
inlet region, where the large scale macro-vortices
are generated and dissipated periodically during a
tide, the inner part of the tidal channel, where the
influence of the inlet is no longer felt and the flow
seems to be regular and quasi-uniform.

A similar analysis was conducted by Berloff et al.
(2002) and Veneziani et al. (2004), where they consid-
ered different oceanic flow domains. They investigate
the Lagrangian transport in terms of absolute disper-
sion and discuss the differences among dynamically
separated flow regions (gyres and jet streams).

In the present study, for each experiment we sepa-
rately consider the statistics computed in the follow-
ing sub-domains:513
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524

525

526

527

528

529

1. Zone 1: this zone extends for the entire domain
of measurements and it is used for comparison
with the sub-domains;

2. Zone 2: extends from x = 3m to x = 6.2m and
covers the area of the most dynamically active
flow in the inner part of the tidal channel and
the part of the basin where vortices are generated
during the ebb phase;

3. Zone 3: is the most upstream area in the tidal
channel far from the inlet where no macrovor-
tices are observed (from x = 8m to x = 12m );

4. Zone 4: this is the zone where the flood macro-
vortices are generated and dissipated (from x =
3.8m to x = 6.2m);

5. Zone 5: this is the part of the basin which is the 
furthest from the tidal inlet closer to the region where
tides are generated (from x= 0m to x= 3m );530

The boundaries of the different zones are shown in531

Figure 5. In the same figure three points are also re-532

ported (circled in black) that are used to analyze local533

behaviors of the Lagrangian properties.534

Examples of the calculated absolute dispersion535

with time are reported in Figures 6 and 7 together536

with the corresponding longitudinal velocity auto-537

correlation functions Ruu(t) for four experiments. In538

particular, the results obtained for experiments 13 and539

17 are shown in Figure 6 and the ones for experiments540

23 and 27 in Figure 7. The selected experiments be-541

long to the series with the shortest and longest tidal542

represents the Eulerian free surface residual 
current, no longer time dependent (Jay 1991), 
and the u′(x, t) is still a time dependent velocity 
field that could be, in principle, further 
averaged over a typical Eulerian integral 
scale to filter out the turbulent fluctuations 
(Valle-Levinson 2010). In general, the net 
advection associated with tides may also 
vanish and the only net mass transport is then 
related to the residual current.
Examples of free surface residual current fields 
are reported in Figure 4 for the experiments 
from 13 to 17. Note that only a portion of the 
entire domain is here represented, in order to 
highlight the most active region of the entire 
domain. As a general comment, we observe 
that the resulting Eulerian residual current 
is perfectly symmetrical with respect to the 
main channel, as expected in a symmetrical 
domain. It can be seen that the flow pattern 
appears quite regular away from the inlet 
mouth. It is mainly governed by the presence 
of two macro-vortices on the tidal flats and 
shows smaller vortical structures on the 
basin side. The series shown is for a fixed 
tidal period and varying the tidal amplitude. 
The latter increases from panel a) to panel 
e) influencing both intensity and shape of 
the residual current. Indeed, intensity and 
dimension of the macro-vortices placed on 
the tidal flats increase as ϵ increases.

4.2 Single particle statistics
As discussed in section 3, particle trajectories 

form the basis for the computation of the 
single particle statistics. In the present 
study, particles trajectories were numerically 
computed starting from the velocity fields 
measured using LS-PIV. The standard 
procedure for the absolute dispersion 
computation requires an initial uniform 
seeding over the entire domain. This leads to 
a global evaluation of the absolute dispersion 
disregarding any flow inhomogeneities 
(LaCasce 2008).
On the contrary, the present study aims to 
investigate the differential ability of different 
flow sub-domains to disperse particles. The 
flow under investigation can be subdivided 
in three different flow sub-domains. This 
distinction was decided upon the analysis 
of the time periodic flow fields and the 
corresponding residual (steady) circulation 
discussed in the previous section. In fact, the 
flow patterns appeared to be quite different in 
the following three regions: the outer basin, 
where the forcing tide is coming, the inlet 
region, where the large scale macro-vortices 
are generated and dissipated periodically 
during a tide, the inner part of the tidal 
channel, where the influence of the inlet is no 
longer felt and the flow seems to be regular 
and quasi-uniform.
A similar analysis was conducted by Berloff 
et al. (2002) and Veneziani et al. (2004), 
where they considered different oceanic flow 
domains. They investigate the Lagrangian 
transport in terms of absolute dispersion and 
discuss the differences among dynamically 
separated flow regions (gyres and jet streams).
In the present study, for each experiment we 
separately consider the statistics computed in 
the following sub-domains:

1. Zone 1: this zone extends for the entire
domain of measurements and it is used
for comparison with the sub-domains;

2. Zone 2: extends from x = 3m to

(9)

(10)
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x = 6.2m and covers the area of the most 
dynamically active flow in the inner part 
of the tidal channel and the part of the 
basin where vortices are generated during 
the ebb phase;

3. Zone 3: is the most upstream area in the
tidal channel far from the inlet where no 
macrovortices are observed (from x = 8m 
to x = 12m );

4. Zone 4: this is the zone where the
flood macro-vortices are generated and
dissipated (from x = 3.8m to x = 6.2m);

5. Zone 5: this is the part of the basin most
far from the tidal inlet closer to the region
where tides are generated (from x = 0m
to x = 3m );

The boundaries of the different zones are 
shown in Figure 5. In the same figure three 
points are also reported (circled in black) that 
are used to analyze local behaviors of the 
Lagrangian properties.
Examples of the calculated absolute dispersion 
with time are reported in Figures 6 and 7 
together with the corresponding longitudinal 
velocity auto-correlation functions Ruu(t) for 
four experiments. In particular, the results 
obtained for experiments 13 and 17 are shown 
in Figure 6 and the ones for experiments 23 
and 27 in Figure 7. The selected experiments 
belong to the series with the shortest and 
longest tidal period T and, for a fixed value 
of T, we show the results for the smallest 

(exp.13 and 23) and largest tidal amplitudes 
(exp.17 and 27). 
Note that the total absolute dispersion a2 
was made non dimensional using the mean 
kinetic energy per unit mass Ek, defined as 
Ek = 1/2 < (uL2 + vL2)> and the Lagrangian 
integral scale TL computed using equation 
(8). uL and vL are the Lagrangian particle 
velocities and the brackets indicate an 
ensemble and time average over the total 
number of particles. It known from the 
Taylor’s theory (Taylor 1921)  that the 
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Figure 6: a) total absolute dispersion for 
experiment 13 in the different sub-domains. 

b) total absolute dispersion for experiment 17
in the different sub-domains. c) Lagrangian

longitudinal velocity autocorrelation functions 
of experiment 13. d) Lagrangian longitudinal 

velocity autocorrelation functions
of experiment 17.
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Figure 5: Sketch of the sub-domains investigated.
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asymptotic dispersion coefficients scale with 
a typical time scale and a square velocity 
scale (LaCasce 2008). The Lagrangian 
integral time scale TL is often used as the 
typical scale to discriminate the dispersion 
regimes and, thus, it is a reasonable choice as 
a representative time scale (Stocchino, Besio, 
Angiolani, & Brocchini 2011). The choice of 
the typical velocity scale, instead, may vary 
depending to the flow analyzed and often 
the friction velocity was used (Chau 2000, 
Stocchino, Besio, Angiolani, & Brocchini 
2011). In the present case, we preferred to use 
the Lagrangian kinetic energy of the particles. 
The fact that the chosen scales are relevant 
in the present case is demonstrated that 
most of the total absolute dispersion signals 
collapse onto a narrow band. Moreover, we 
will see that the change in the dispersion 
regime occurs for non dimensional times of 
the order of TL, further demonstrating that TL 
is the proper time scale to discriminate the 
transition between subsequent dispersion 
behaviors.
Starting from panel a) of Figure 6, we 
can observe that the time dependence of 
a2 is strongly influenced by the particle 
seeding sub-domains. In the same plot the 
expected theoretical curves are reported to 
better discriminate the different regimes. In 
particular, we display the ballistic regime, 
a2/EKTL2
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Figure 6: a) total absolute dispersion for experiment 13 in the dif-
ferent sub-domains. b) total absolute dispersion for experiment
17 in the different sub-domains. c) Lagrangian longitudinal ve-
locity autocorrelation functions of experiment 13. d) Lagrangian
longitudinal velocity autocorrelation functions of experiment 17.

period T and, for a fixed value of T , we show the
results for the smallest (exp.13 and 23) and largest
tidal amplitudes (exp.17 and 27). Note that the total
absolute dispersion a2 was made non dimensional us-ing
the mean kinetic energy per unit mass Ek, defined as Ek

= 1/2 < (u2
L + v2L) > and the Lagrangian inte-gral

scale TL computed using equation (8). uL and vL are the
Lagrangian particle velocities and the brack-ets
indicate an ensemble and time average over the total
number of particles. It is known from Taylor’s
theory (Taylor 1921) that the asymptotic dis-persion
coefficients scale with a typical time scale and a
square velocity scale (LaCasce 2008). The Lagrangian
integral time scale TL is often used as the typical
scale to discriminate the dispersion regimes and, thus,
it is a reasonable choice as a representative time scale
(Stocchino, Besio, Angiolani, & Brocchini 2011). The
choice of the typical velocity scale, instead, may vary
depending on the flow analyzed and often the friction
velocity was used (Chau 2000, Stocchino, Besio,
Angiolani, & Brocchini 2011). In the present case, we
preferred to use the Lagrangian kinetic energy of the
particles. The fact that the cho-sen scales are relevant
in the present case is demonstrated by the fact that
most of the total absolute dispersion sig-567

nals collapse onto a narrow band. Moreover, we will568

see that the change in the dispersion regime occurs569

for non dimensional times of the order of TL, fur-570

ther demonstrating that TL is the proper time scale571

to discriminate the transition between subsequent dis-572

persion behaviors.573

Starting from panel a) of Figure 6, we can observe574

that the time dependence of a2 is strongly influenced575

by the particle seeding sub-domains. In the same plot576

the expected theoretical curves are reported to bet-577
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a general comment, we observe that for times longer
than t/TL > 1 the dispersion presents an oscillat-
ing behaviour with a periodicity that is controlled by
the tidal forcing. In fact, we see that for increasing
tidal period, the oscillations in a2 tend to lengthen
their period accordingly, see panel a) and b) of Fig-
ure 7 where the results for experiments 23 and 27 are
shown.

Regarding the influence of the initial seeding zones,
we can observe the appearance of super-diffusive
regimes for a short time interval of few Lagrangian
scales around the value of t/Tl = 1. This super-
diffusive regimes a2/EKT

2∝ tα are associated to593
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time exponents α in the range between 2 and 3. In
particular, for experiment 13, with the low-est tidal
period and lowest tidal amplitude, all zones show the
transient super-diffusive regime. Super-diffusive
regimes are often related to the presence of intense
positive lobes in the auto-correlation functions
(Berloff, McWilliams, & Bracco 2002, Veneziani,
Griffa, Reynolds, & Mariano 2004) and, in fact, re-
gardless of the seeding zones, Ruu(t) is found to
have a looping character with the first positive lobe
more in-tense than the first negative one, see Figure
6 panel c).

However, it is interesting to note that the loop-
ing character of the auto-correlation in the present
case and differently from the oceanic applica-
tions discussed in previous contributions (Berloff,
McWilliams, & Bracco 2002, Veneziani, Griffa,
Reynolds, & Mariano 2004) can be determined by the
simultaneous effects of two sources of periodicity. The
first and more intuitive is related to the periodicity of
the forcing applied to the system, i.e. the tidal forcing.
A second source of periodicity could be found in the615

t2, and the asymptotic diffusive 
regime, a2/EKTL2
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Figure 6: a) total absolute dispersion for experiment 13 in the dif-
ferent sub-domains. b) total absolute dispersion for experiment
17 in the different sub-domains. c) Lagrangian longitudinal ve-
locity autocorrelation functions of experiment 13. d) Lagrangian
longitudinal velocity autocorrelation functions of experiment 17.

period T and, for a fixed value of T , we show the
results for the smallest (exp.13 and 23) and largest
tidal amplitudes (exp.17 and 27). Note that the total
absolute dispersion a2 was made non dimensional us-ing
the mean kinetic energy per unit mass Ek, defined as Ek

= 1/2 < (u2
L + v2L) > and the Lagrangian inte-gral

scale TL computed using equation (8). uL and vL are the
Lagrangian particle velocities and the brack-ets
indicate an ensemble and time average over the total
number of particles. It is known from Taylor’s
theory (Taylor 1921) that the asymptotic dis-persion
coefficients scale with a typical time scale and a
square velocity scale (LaCasce 2008). The Lagrangian
integral time scale TL is often used as the typical
scale to discriminate the dispersion regimes and, thus,
it is a reasonable choice as a representative time scale
(Stocchino, Besio, Angiolani, & Brocchini 2011). The
choice of the typical velocity scale, instead, may vary
depending on the flow analyzed and often the friction
velocity was used (Chau 2000, Stocchino, Besio,
Angiolani, & Brocchini 2011). In the present case, we
preferred to use the Lagrangian kinetic energy of the
particles. The fact that the cho-sen scales are relevant
in the present case is demonstrated by the fact that
most of the total absolute dispersion sig-567

nals collapse onto a narrow band. Moreover, we will568

see that the change in the dispersion regime occurs569

for non dimensional times of the order of TL, fur-570

ther demonstrating that TL is the proper time scale571

to discriminate the transition between subsequent dis-572

persion behaviors.573

Starting from panel a) of Figure 6, we can observe574

that the time dependence of a2 is strongly influenced575

by the particle seeding sub-domains. In the same plot576

the expected theoretical curves are reported to bet-577

ter discriminate the different regimes. In particular,578

we display the ballistic regime, a2/EKT
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L ∝ t2, and579

the asymptotic diffusive regime, a2/EKT
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a general comment, we observe that for times longer
than t/TL > 1 the dispersion presents an oscillat-
ing behaviour with a periodicity that is controlled by
the tidal forcing. In fact, we see that for increasing
tidal period, the oscillations in a2 tend to lengthen
their period accordingly, see panel a) and b) of Fig-
ure 7 where the results for experiments 23 and 27 are
shown.

Regarding the influence of the initial seeding zones,
we can observe the appearance of super-diffusive
regimes for a short time interval of few Lagrangian
scales around the value of t/Tl = 1. This super-
diffusive regimes a2/EKT
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time exponents α in the range between 2 and 3. In
particular, for experiment 13, with the low-est tidal
period and lowest tidal amplitude, all zones show the
transient super-diffusive regime. Super-diffusive
regimes are often related to the presence of intense
positive lobes in the auto-correlation functions
(Berloff, McWilliams, & Bracco 2002, Veneziani,
Griffa, Reynolds, & Mariano 2004) and, in fact, re-
gardless of the seeding zones, Ruu(t) is found to
have a looping character with the first positive lobe
more in-tense than the first negative one, see Figure
6 panel c).

However, it is interesting to note that the loop-
ing character of the auto-correlation in the present
case and differently from the oceanic applica-
tions discussed in previous contributions (Berloff,
McWilliams, & Bracco 2002, Veneziani, Griffa,
Reynolds, & Mariano 2004) can be determined by the
simultaneous effects of two sources of periodicity. The
first and more intuitive is related to the periodicity of
the forcing applied to the system, i.e. the tidal forcing.
A second source of periodicity could be found in the615
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period T and, for a fixed value of T , we show the
results for the smallest (exp.13 and 23) and largest
tidal amplitudes (exp.17 and 27). Note that the total
absolute dispersion a2 was made non dimensional us-ing
the mean kinetic energy per unit mass Ek, defined as Ek

= 1/2 < (u2
L + v2L) > and the Lagrangian inte-gral

scale TL computed using equation (8). uL and vL are the
Lagrangian particle velocities and the brack-ets
indicate an ensemble and time average over the total
number of particles. It is known from Taylor’s
theory (Taylor 1921) that the asymptotic dis-persion
coefficients scale with a typical time scale and a
square velocity scale (LaCasce 2008). The Lagrangian
integral time scale TL is often used as the typical
scale to discriminate the dispersion regimes and, thus,
it is a reasonable choice as a representative time scale
(Stocchino, Besio, Angiolani, & Brocchini 2011). The
choice of the typical velocity scale, instead, may vary
depending on the flow analyzed and often the friction
velocity was used (Chau 2000, Stocchino, Besio,
Angiolani, & Brocchini 2011). In the present case, we
preferred to use the Lagrangian kinetic energy of the
particles. The fact that the cho-sen scales are relevant
in the present case is demonstrated by the fact that
most of the total absolute dispersion sig-567
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than t/TL > 1 the dispersion presents an oscillat-
ing behaviour with a periodicity that is controlled by
the tidal forcing. In fact, we see that for increasing
tidal period, the oscillations in a2 tend to lengthen
their period accordingly, see panel a) and b) of Fig-
ure 7 where the results for experiments 23 and 27 are
shown.
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time exponents α in the range between 2 and 3. In
particular, for experiment 13, with the low-est tidal
period and lowest tidal amplitude, all zones show the
transient super-diffusive regime. Super-diffusive
regimes are often related to the presence of intense
positive lobes in the auto-correlation functions
(Berloff, McWilliams, & Bracco 2002, Veneziani,
Griffa, Reynolds, & Mariano 2004) and, in fact, re-
gardless of the seeding zones, Ruu(t) is found to
have a looping character with the first positive lobe
more in-tense than the first negative one, see Figure
6 panel c).

However, it is interesting to note that the loop-
ing character of the auto-correlation in the present
case and differently from the oceanic applica-
tions discussed in previous contributions (Berloff,
McWilliams, & Bracco 2002, Veneziani, Griffa,
Reynolds, & Mariano 2004) can be determined by the
simultaneous effects of two sources of periodicity. The
first and more intuitive is related to the periodicity of
the forcing applied to the system, i.e. the tidal forcing.
A second source of periodicity could be found in the615
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Figure 8: Spatial distribution of the total absolute dispersion
for experiment 14 in four different instants during a tidal
cycle: a)t/T = 1/4 b) t/T = 1/2, c) t/T = 3/4 and d)t/T = 1.

Ruu(t) shows a strong looping-like character and this
might break the second requirement regarding its fast
decaying. Note that the tidal flow under investigation
is mainly characterized by the longitudinal dispersion
and the auto-correlation functions of the spanwise ve-
locities Rvv(t) (not shown) tends to zero much more
rapidly than the corresponding auto-correlations along
the longitudinal direction. Thus, the strong correlation
in the longitudinal direction is the controlling factor
that generates non-Gaussian diffusion regimes.

For t/TL > 3 the total absolute dispersion changes
its character showing oscillatory trends that persist for
a long time, see panel a). However, for all zones the
long term trend follows the classical Brownian (Gaus-
sian) regime. In fact, the asymptotic law a2/EKT
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Ruu(t) shows a strong looping-like character and this
might break the second requirement regarding its fast
decaying. Note that the tidal flow under investigation
is mainly characterized by the longitudinal dispersion
and the auto-correlation functions of the spanwise ve-
locities Rvv(t) (not shown) tends to zero much more
rapidly than the corresponding auto-correlations along
the longitudinal direction. Thus, the strong correlation
in the longitudinal direction is the controlling factor
that generates non-Gaussian diffusion regimes.

For t/TL > 3 the total absolute dispersion changes
its character showing oscillatory trends that persist for
a long time, see panel a). However, for all zones the
long term trend follows the classical Brownian (Gaus-
sian) regime. In fact, the asymptotic law a2/EKT
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that zone 3 (tidal channel away form the inlet) and637

zone 5 (initial part of the basin) show the strongest638

super-diffusive regime even if no coherent structures639

are present. In this case, the periodicity of the flow640

simply induced by the tidal signal is strong enough641

(and similar to zone 2 and 4) to cause a periodic auto-642

correlation with an intense positive lobe, see panel c)643

of Figure 6. Anomalous diffusion is commonly ob-644

served when at least one of the two following condi-645

tions is not satisfied for the Lagrangian velocity auto-646

correlation function: convergence of its integral for647

t → 0 or fast enough decay for t → ∞ (Castiglione,648

Mazzino, Muratore-Ginanneschi, & Vulpiani 1999,649

Boi, Afonso, & Mazzino 2015). In the present case,650
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Figure 8: Spatial distribution of the total absolute dispersion
for experiment 14 in four different instants during a tidal
cycle: a)t/T = 1/4 b) t/T = 1/2, c) t/T = 3/4 and d)t/T = 1.

Ruu(t) shows a strong looping-like character and this
might break the second requirement regarding its fast
decaying. Note that the tidal flow under investigation
is mainly characterized by the longitudinal dispersion
and the auto-correlation functions of the spanwise ve-
locities Rvv(t) (not shown) tends to zero much more
rapidly than the corresponding auto-correlations along
the longitudinal direction. Thus, the strong correlation
in the longitudinal direction is the controlling factor
that generates non-Gaussian diffusion regimes.

For t/TL > 3 the total absolute dispersion changes
its character showing oscillatory trends that persist for
a long time, see panel a). However, for all zones the
long term trend follows the classical Brownian (Gaus-
sian) regime. In fact, the asymptotic law a2/EKT 2 ∝ 
t

665

well describes the average behavior of a2.666

Increasing the dimensional tidal amplitude ϵ for a667

fixed tidal period produced, in general, a more intense668

tidal circulation and residual currents, see the veloc-669

ity maps of Figure 4. The effects on the Lagrangian670

transport are clearly highlighted on the behavior of671

both a2/EKT
2
L, panel b), and Ruu(t), panel d). In this672

case, the super-diffusive regime is no longer observed673

  well describes the average 
behavior of a2.
Increasing the dimensional tidal amplitude ϵ 
for a fixed tidal period produced, in general, 
a more intense tidal circulation and residual 
currents, see the velocity maps of Figure 4. 
The effects on the Lagrangian transport are 
clearly highlighted on the behavior of both 
a2/EKTL2, panel b), and Ruu(t), panel d). In 
this case, the super-diffusive regime is no 
longer observed for all zones. This might be 
due to the fastest decay of the longitudinal 
auto-correlation functions. Again, for longer 
times (t/TL > 10) an average linear trend 
can be found for all sub-domains with only 
one exception. In fact, zone 3 manifests a 
diffusion regimes of the kind a2/EKTL2 
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Figure 5: Sketch of the sub-domains investigated.
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period T and, for a fixed value of T , we show the
results for the smallest (exp.13 and 23) and largest
tidal amplitudes (exp.17 and 27). Note that the total
absolute dispersion a2 was made non dimensional us-ing
the mean kinetic energy per unit mass Ek, defined as Ek

= 1/2 < (u2
L + v2L) > and the Lagrangian inte-gral

scale TL computed using equation (8). uL and vL are the
Lagrangian particle velocities and the brack-ets
indicate an ensemble and time average over the total
number of particles. It is known from Taylor’s
theory (Taylor 1921) that the asymptotic dis-persion
coefficients scale with a typical time scale and a
square velocity scale (LaCasce 2008). The Lagrangian
integral time scale TL is often used as the typical
scale to discriminate the dispersion regimes and, thus,
it is a reasonable choice as a representative time scale
(Stocchino, Besio, Angiolani, & Brocchini 2011). The
choice of the typical velocity scale, instead, may vary
depending on the flow analyzed and often the friction
velocity was used (Chau 2000, Stocchino, Besio,
Angiolani, & Brocchini 2011). In the present case, we
preferred to use the Lagrangian kinetic energy of the
particles. The fact that the cho-sen scales are relevant
in the present case is demonstrated by the fact that
most of the total absolute dispersion sig-567

nals collapse onto a narrow band. Moreover, we will568

see that the change in the dispersion regime occurs569

for non dimensional times of the order of TL, fur-570

ther demonstrating that TL is the proper time scale571

to discriminate the transition between subsequent dis-572

persion behaviors.573

Starting from panel a) of Figure 6, we can observe574

that the time dependence of a2 is strongly influenced575

by the particle seeding sub-domains. In the same plot576

the expected theoretical curves are reported to bet-577

ter discriminate the different regimes. In particular,578

we display the ballistic regime, a2/EKT
2
L ∝ t2, and579

the asymptotic diffusive regime, a2/EKT
2
L ∝ t. As580

581

582

583

584

585

586

587

588

589

590

591

592

L

a general comment, we observe that for times longer
than t/TL > 1 the dispersion presents an oscillat-
ing behaviour with a periodicity that is controlled by
the tidal forcing. In fact, we see that for increasing
tidal period, the oscillations in a2 tend to lengthen
their period accordingly, see panel a) and b) of Fig-
ure 7 where the results for experiments 23 and 27 are
shown.

Regarding the influence of the initial seeding zones,
we can observe the appearance of super-diffusive
regimes for a short time interval of few Lagrangian
scales around the value of t/Tl = 1. This super-
diffusive regimes a2/EKT

2∝ tα are associated to593
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time exponents α in the range between 2 and 3. In
particular, for experiment 13, with the low-est tidal
period and lowest tidal amplitude, all zones show the
transient super-diffusive regime. Super-diffusive
regimes are often related to the presence of intense
positive lobes in the auto-correlation functions
(Berloff, McWilliams, & Bracco 2002, Veneziani,
Griffa, Reynolds, & Mariano 2004) and, in fact, re-
gardless of the seeding zones, Ruu(t) is found to
have a looping character with the first positive lobe
more in-tense than the first negative one, see Figure
6 panel c).

However, it is interesting to note that the loop-
ing character of the auto-correlation in the present
case and differently from the oceanic applica-
tions discussed in previous contributions (Berloff,
McWilliams, & Bracco 2002, Veneziani, Griffa,
Reynolds, & Mariano 2004) can be determined by the
simultaneous effects of two sources of periodicity. The
first and more intuitive is related to the periodicity of
the forcing applied to the system, i.e. the tidal forcing.
A second source of periodicity could be found in the615

 tα 
with a time exponents α < 1. The latter is a 
signature of sub-diffusive regimes (Artale, 
Boffetta, Celani, Cencini, & Vulpiani 
1997). In general, sub-diffusive regimes are 
associated to the finite size of the domain 
compared to the typical length scale of the 
flow ( Artale, Boffetta, Celani, Cencini, & 
Vulpiani 1997, Besio, Stocchino, Angiolani, 
& Brocchini 2012, Enrile, Besio, Stocchino, 
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& Magaldi 2019)  or when the first negative 
lobe of the looping auto-correlation function 
is more intense than the second positive 
lobe (Berloff, McWilliams, & Bracco 2002, 
Veneziani, Griffa, Reynolds, & Mariano 
2004). In this case, for short tidal period, the 
auto-correlation for zone 3 does not show a 
strong lopping character and the sub-diffusive 
regime may attributed to the finite scale of 
the domain. Moving to the experiments with 
the lowest tidal period (experiments 23 and 
27), the results are shown in Figure 7. The 
increase of the tidal period, for a fixed tidal 
amplitude, panels a)-c) and panels b)-d), 
produces an increase of the role of the friction 
or, in dimensionless terms, of the friction 
parameter χ (Toffolon, Vignoli, & Tubino 
2006, Cai, Savenije, & Toffolon 2012). The 
unsteady flow and the resulting residual 
current are affected by the larger value of χ 
reflecting on smaller flood macrovortices. 
The impact on the Lagrangian transport is 
quite important. A first consequence is that 
the Lagrangian integral time scale TL seems 
to decrease with χ. A second effect is that 
for the same tidal amplitude, panels a) of 
the Figure 6 and 7, we no longer observe 
super-diffusive regimes for time of the order 
of TL = 1 even if Ruu(t) is still oscillating. 
Moreover, in this case, the total absolute 
dispersion of zone 2 and 4 seems to reach a 
slightly sub-diffusive regime with a2/EKTL2 
oscillating less. In this case we could argue 
that this sub-diffusive regime is similar to the 
one found by Veneziani et al. (2004) and it is 
mainly due to the effect of the macrovortices. 
Another, difference is the behavior of zone 
1, the outer basin. By inspecting carefully 
panel a) of Figure 7, we note that the long 
term behavior tends toward a super-diffusive 
regime, however, with exponents slightly 
close to the one of the ballistic regime, 
found for t/TL < 1. The low tidal period is 
likely to maintain the particles correlated for 

longer times, thus, inducing a non-Gaussian 
separation. The overall trend of the absolute 
diffusivity (zone 1) on average seems to filter 
out these non canonical regimes, leading to a 
picture close to the one predicted by Taylor’s 
theory, i.e. a ballistic regime followed by a 
Brownian regime for times longer than some 
TL. The last case shown in Figure 7 refers to 
experiment 27, panel b) and d), with same 
period of experiment 23 but with larger 
ϵ. This is the experiment with the largest 
friction parameter χ. The behavior in this 
case is somehow more complex than the 
previous experiments. Zone 3 and 5 shows 
a strong super-diffusive regime for 0.5 < t/
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absolute dispersion for experiment 14 in four 
different instants during a tidal cycle: a)t/T = 
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TL < 10, followed again by a slightly sub-
diffusive regime for the zone 3. The most 
dynamically active zones (2 and 4) show an 
initial ballistic regime and then, for times t/
TL > 10, they tend to be slightly sub-diffusive 
as in the previous case (experiment 23). In 
this case, the overall behavior (zone 1) is 
mainly controlled by zone 2 and 4, leading 
to time exponents greater than 1 for longer 
times, even if the sub-diffusive character is 
not as strong as in other cases, e.g. zone 3 and 
5 of experiment 27 (see panel b) of Figure 7).
Finally, we try to retain the non homogeneous 
character of the dispersion processes studying 
the time evolution of the spatial distribution 
of the absolute dispersion. In fact, we can plot 
the value of Tr(A2) without averaging over 
the particle ensemble. This leads to a spatial 
field of the absolute displacement reached by 
a single particle released at time t0 in a specific 
position. An example of the results is shown 
in Figure 8 for an experiment with T = 100 s, 
namely experiment 14. Four time instants are 
shown in the figure for a single tidal period. 
In particular, we plot t/T = 1/4, 1/2, 3/4, 1 

corresponding to the peak of the flood phase, 
the end of the flood, the peak of the ebb phase 
and, finally, the end of the ebb phase.
The role of the non homogeneous flow fields 
appears quite clearly and regions at differential 
values of absolute dispersion periodically 
appear with increasing intensity with time. 
Regions of high particle displacement bound 
the flood-macrovortices in the tidal channels 
and the smaller flow structures at both sides 
of the inlet entrance. Signs of the behavior 
could have been identified in the maps of the 
Okubo-Weiss parameter where λ0 is greater 
than zero, see Figure 3. In fact, λ0 > 0 marks 
regions where the total strain dominates 
over rotation and this might imply that the 
particle separation could increase more 
rapidly (d’Ovidio, Isern-Fontanet, López, 
Hernández-García, & García-Ladona 2009). 
In some instants, the high values of the trace 
of A2 are almost closed around regions of 
very low values, which correspond to the 
vortical structures of zone 2 and 4, see panels 
b) and d). In other phase of the tidal wave,
instead, high values of the absolute dispersion
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are found in the tidal channel away from 
the inlet, zone 3 in particular. This is due to 
the fact that the flow in that zone could be 
described as almost uniform, leading to a fast 
increase of the absolute dispersion.
If we now analyze the local behaviors of 
selected control points, see the location of 
point 1, 2 and 3 marks in Figure 5, we can 
observe the different ability of these class of 
flow to transport tracer particles. Keeping the 
same logic of  Figures 6 and 7, we plot the total 
absolute dispersion and the corresponding 
longitudinal auto-correlation for the three 
control points in Figure 9. We selected three 
control points in order to show three possible 
behaviors of the absolute dispersion. In fact, 
we observe in all cases an initial ballistic 
regime followed by three different trends 
depending on the location. Point 1, around 
the tidal inlet, is clearly characterized by a 
sub-diffusive regime most probably due the 
same mechanisms described by Veneziani et 
al. (2004). Point two was selected on the outer 
boundary of the flood-macrovortices and 
the ballistic regime in this case is followed 
by an oscillating time dependence that, on 
average, reaches an asymptotic diffusive 
regime. A single point in the most upstream 
channel, instead, seems to be characterized 
a ballistic regime and then by a stronger 
oscillating behavior that on average is again 
sub-diffusive.

5 CONCLUSIONS
In this experimental study, we investigated 
the possibility of different dispersion regimes 
in a fairly simple large scale laboratory model 
of a tidal channel. The flow is generated by 
a tidal single harmonic wave with varying 
periods and amplitudes. The geometry of 
the flume is characterized by the presence of 
a tidal inlet that forces the flow to generate 
coherent structures at different scales 

depending on the tidal phase. Indeed, large 
scale flood macrovortices tend to dominate 
the flood phase triggered by vortex shedding 
at the inlet barrier. At the peak of the flood, 
they occupy the entire compound cross 
section with a perfectly symmetric pattern. 
Similar flow structures have been previously 
observed also in the absence of a compound 
channel (Nicolau del Roure, Socolofsky, & 
Chang 2009). Contrary to previous works 
the flood-macrovortices are completely 
flushed out in the ebb phase. Interestingly, 
phaseaveraging the flow fields leaves us 
with a nonhomogeneous residual current 
again characterized by the presence of two 
symmetric large scale vortices on the tidal 
flats and smaller structures outside the tidal 
inlet. This complex and non homogeneous 
flow patterns have a strong influence on the 
Lagrangian transport of tracer particles. We 
computed the total absolute dispersion using 
numerical particles seeking for the existence 
of different dispersive regimes and beyond 
the ones predicted by Taylor’s classical theory 
(Taylor 1921). The total absolute dispersion 
showed a variety of behaviors depending on 
the experimental parameters, in particular, 
the tidal period and amplitude and the friction 
coefficient values. All these controlling 
parameters can be nicely grouped in one 
non di839 mensional parameter, namely 
the friction parameter χ (Toffolon, Vignoli, 
& Tubino 2006). The shape of the auto-
correlation functions and how fast they tend 
to zero have a crucial role in the definition o 
f the possible regimes (Castiglione, Mazzino, 
Muratore-Ginanneschi, & Vulpiani 1999, 
Boi, Afonso, & Mazzino 2015). Both the auto-
correlation functions and the total absolute 
dispersion present strong oscillations, mainly 
controlled by the tidal period, as often 
observed in tidal environments (Orre, Gjevik, 
& LaCasce 2006, Enrile, Besio, Stocchino, 
& Magaldi 2019). Most importantly, the flow 
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inhomogeneities induce different separations 
of particles released in different sub-domains. 
Super-diffusive regimes are often observed 
for times of the order of the Lagrangian 
time scale especially in regions not affected 
by large scale macro-vortices. The super-
diffusive regimes are then followed by sub-
diffusive or Brownian regimes depending on 
the experimental parameters. Slightly sub-
diffusive regimes are most often found in sub-
domains controlled by the presence of large 
scale macro-vortices. Tidal flows controlled 
by the inlet mouth can be interpreted as 
several other geophysical flows where 
coherent structures (Berloff, McWilliams, & 
Bracco 2002, Veneziani, Griffa, Reynolds, 
& Mariano 2004) or the finite size of the 
domain (Artale, Boffetta, Celani, Cencini, 
& Vulpiani 1997, Enrile, Besio, Stocchino, 
& Magaldi 2019) have an important role. 
However, although non canonical regimes 
are found, most often the overall dispersion 
(averaged over the entire domain) seems 
to reach an asymptotic diffusive regime, 
allowing for the definition of an effective 
dispersion coefficient.
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