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Figure 4.19: Average residual velocity (squares) and maximum residual velocity (diamonds)
divided by the tidal velocity peak at the inlet (|up|) as function of the form factor F.

phase shift modifies the temporal evolution of the tide signal but not its integral in a finite time

interval, i.e. the tidal period.

As shown in Figure 4.19, the intensity of the residual current relative to the tidal peak velocity

(|up|) seems to decrease for increasing F both in terms of mean intensity (square symbols) and

maximum residual velocities (diamonds symbols), computed as shown in equation (4.24). This

is in agreement with what observed in the case of monochromatic tides ( see Figure 4.15) for

increasing period and constant relative tidal amplitude. In fact, the diurnal component tends to

dominate for increasing form factor and, for constant ϵ, this leads to weaker residual currents.

We also observe that, in the present experiments, the residual currents could reach intensities up

to 50% of the peak tidal velocities. The fact that the time dependent velocity fields and the steady

components (residuals) assume quite a different behavior could influence the mixing processes.

In fact, we expect that the presence of secondary flood-macrovortices in the case of strongly mixed

tides could modify the Lagrangian properties of the transport processes.

4.3 LAGRANGIAN ANALYSIS

One of the main goals of the present study is to assess the dispersion processes occurring in

weakly dissipative tide dominated estuaries characterized by the presence of an inlet mouth and

a tidal channel with lateral flats. To this end, we started from the Eulerian velocity fields u(x, t),

described in the previous sections, and computed numerical trajectories of material particles by
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integrating ẋ(t) = u(x, t) using a fourth-order Runge-Kutta algorithm with adaptive step size.

About 2×104 trajectories have been computed, from a regular grid seeding over a 10 m ×2 m

region of the total measuring domain. Computing numerical trajectories based on measured

or computed Eulerian velocity fields is a practice commonly adopted in dispersion studies, see

among others Lekien et al. (2005), Stocchino et al. (2011) and Enrile et al. (2020).

Background theory has been already introduced in Chapter 4.3.2, to which the reader is referred.

Here we highlight the results of the Lagrangian analysis performed.

4.3.1 AUTOCORRELATION FUNCTIONS AND LAGRANGIAN INTEGRAL SCALES

We start our analysis showing the computed autocorrelation functions and the corresponding

Lagrangian integral time scales, evaluating from the equations (3.11) and (3.12). The shape of

the correlation function and their integral, namely the Lagrangian Integral Scale, are strongly

related to the expected dispersion regimes (Taylor, 1921).

Figure 4.20 shows the autocorrelation functions Ruu (panels a) and b)) and Rvv (panel c)) as

functions of the normalized time for experiments in single component series. The flow is mainly

unidirectional as shown by the rapidly decaying of the spanwise autocorrelation Rvv (panel c));

thus, providing a small contribution to the overall value of TL. The streamwise autocorrelation

functions show a strong looping-like shape in all cases. The intensity of the negative and positive

lobes is inversely dependent on the relative tidal amplitude ϵ (panel a)) for a fixed period. This is

consistent with the fact that the periodic flow intensifies as the amplitude increases, leading to a

decrease in the Ruu. Tidal period variations for a fixed amplitude produce smaller difference in

the streamwise autocorrelation structure, see panel b). In Figure 4.21, the Lagrangian time scale

TL normalized with the tidal period T as a function of the parameter χ is shown. It can be seen

that the integral time scales show monotonic decrease as the relative amplitude increases, and

hence the friction parameter increases. The values of TL are found to be in a range between 0.03

and 0.28 T for the investigated values of χ. Interestingly, it seems that the Lagrangian integral

scale attains an almost constant value for χ> 0.15. Figure 4.21 reports also a power fitting of

the non dimensional Lagrangian integral scale as a function of the friction parameter χ, which

shows that the fitted trend can be written as:
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Figure 4.20: Lagrangian autocorrelation functions and integral time scales as a function of the
tidal amplitude, period and the parameter χ. a) Longitudinal autocorrelation function Ruu for
varying non dimensional tidal amplitude ϵ for a fixed value of the tidal period T = 100s. b) Longi-
tudinal autocorrelation function Ruu for varying tidal period for a fixed value of non dimensional
tidal amplitude ϵ= 0.03. c) Spanwise autocorrelation function Rvv for all experiments.
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χ.

(4.25)
TL

T
= 0.0025χ−0.98 +0.037

with a goodness of fit R2 = 0.82.

The fact that TL is always smaller than the tidal period T implies that a diffusive regime,

where the absolute dispersion depends linearly on time and a diffusivity coefficient can be defined,

is likely to occur after a much shorter time compared to the external time scale (T). This also

means that the tidal period is a good choice as a reference external scale for estuary classification

(Toffolon et al., 2006) but less significant to discriminate among the different dispersion regimes.

A decorrelation time smaller than the tidal period has also been found in dispersion analysis

based on field data (Enrile et al., 2020). However, the periodicity imposed by the tidal forcing

could be responsible for the looping-like behavior of Ruu and, as we will see in the next section, it

might also affect the long time behavior of the total absolute dispersion a2(t). Note that looping

autocorrelation could be triggered also by the presence of large scale vortical structures as noted

in Berloff et al. (2002) and Veneziani et al. (2004) and addressed in Section 4.3.2.1.
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Figure 4.22: Autocorrelation functions. a) Ruu experiment 24SC. b) Ruu experiments 2MC and
13MC. c) Rvv experiment 2MC and d) experiment 13MC.

Moreover, following Enrile et al. (2019), we investigated the possible influence of the initial

conditions associated to particle release. To this end, we performed a sequence of Lagrangian

computations, releasing the numerical particles at different times during a single wave period

(semi-diurnal plus diurnal tidal signals in multi components series) and, then, we computed our

target functions (Ruu, Rvv and the corresponding integral scales) averaging them. For the single

harmonic experiments (Figure 4.22a)), there is no effects of the different releasing time whereas

the low variability of the computed autocorrelation functions for a couple of multi components

experiments is shown as grey shaded area in Figure 4.22 panels b) - d). Differently from the

single component experiments, multi components tidal waves are more complex and their shapes

varied in the three series of experiments. Figure 4.22 panels b), c) and d) show the autocorrelation

functions for two experiments, namely experiment 2MC (red lines) and 13-MC (blue lines).

The longitudinal velocity autocorrelations (see Figure 4.22b)) show a dependence on the initial
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Figure 4.23: Non dimensional Lagrangian integral time scale TL/T as a function of the form
factor F.

conditions only for the intensity of Ruu, without visible modifications of the periodicity of the

oscillations. As in the case of the monochromatic tidal waves, the longitudinal autocorrelations

show negative lobes, which may even reach the half of the total autocorrelation. These negative

lobes influence the dispersion regimes for time of same order of the Lagrangian time scale. The

spanwise autocorrelation function Rvv, in panels c) and d), show a different behaviour. The

subsequent releases produce a wider spread of the autocorrelation values and, more importantly,

the negative lobes are likely to appear for particular initial times. It is not simple to relate the

different autocorrelation function shapes with the initial times neither is particularly relevant:

the main point is that particles tend to decorrelate themselves from their initial conditions

differently if released at different instants during a multiple constituents tidal period. Moreover,

the presence of negative lobes will impact the computation of the Lagrangian time scales, being

the latter the integral of the autocorrelation functions.

The resulting Lagrangian integral scales are shown in Figure 4.23. The symbols represent

the average values of TL normalized with the tidal diurnal period Td, whereas the bars indicate
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the spread of the computed values that reach also about the 10% of the mean decorrelation time.

The Lagrangian scales computed for all the different releases oscillate around a mean value with

a periodicity similar to the semi-diurnal period (data not shown), with a behavior similar to the

one described in Enrile et al. (2019). As in the case of monochromatic tides, TL remains always

much shorter than the tidal period ( TL/T is about 0.07).

4.3.2 SINGLE PARTICLE STATISTICS
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Figure 4.24: Non dimensional total absolute dispersion as a function of the non dimensional time:
dash-dotted lines indicate the total absolute dispersion inferred from the residual current flow.
Regimes are plotted in dashed lines. Experiments 14-SC (orange lines), 15-SC (green lines) and
16-SC (blue lines).

Longitudinal dispersion is known to be produced or influenced by several mechanisms such

as shear dispersion owing to periodical flows, macro-vortices and a steady residual current.

We investigated how the interaction between a periodic tidal forcing, an inlet mouth and a

compound channel triggers a fairly complex flow where all the latter mechanisms are active. The

topological analysis of the flow based on the Okubo-Weiss criterion enlightened the presence
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of both elliptical (vortices at different scales) and hyperbolic regions (shear structures) in the

domain with a markedly non-stationary character. We performed the single particle statistics

analysis, see equations (3.9), starting from two different Eulerian velocity fields, namely the

complete unsteady field (u(x, t)) and the associated residual current (U(x)). The reason will be

clear when we will discuss the time behaviour of a2(t). A second important preliminary comment

refers to the kind of dispersion coefficients (K) we estimate. As noted by Besio et al. (2012) the

output of the single particle statistics analysis might produce coefficients that are related to

several mixing processes and this depends on the initial Eulerian field assumed to compute

the trajectories of numerical particles. In the present case, the only flow decomposition that we

performed is an average over the tidal period in order to generate the residual fields and no other

averages have been performed (e.g. a moving average of the unsteady fields to isolate turbulent

fluctuations). This means that our procedure yields the estimate of a longitudinal coefficient

(Kx), a transverse coefficient (K y) and a total diffusive coefficient (K = Kx +K y) that include

also the turbulent diffusion contribution. All the dispersion properties will be presented in non

dimensional form using as scaling quantity the ensemble-averaged Lagrangian kinetic energy

per unit mass

(4.26) EL = 1
2
〈uL(x, t)2 +vL(x, t)2〉

and the Lagrangian integral scale TL, where the brackets 〈•〉 indicate an ensemble average over

the particles. The results presented in the following are derived from numerical integration of

particles uniformly released on the entire tidal channel. The particles were released on a regular

grid with a spacing equal to half of the PIV mesh of the Eulerian measurements. Tests with a

different number of particles were performed increasing the spacing four times: the computed

statistics did not change. In the case of multiple components tides, the absolute dispersion was

evaluated using several initial deployment times, as for the autocorreltaion functions.

Using a uniform seeding is the standard procedure when single (and multiple) particle statis-

tics is studied (LaCasce, 2008). A drawback of the latter is the assumption of homogeneous flow

conditions, which most of the time is not valid for geophysical applications. Flow inhomogeneities

are present also in the flow, i.e. the region around the tidal inlet is strongly affected by large scale
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Figure 4.25: Non dimensional total absolute dispersion as a function of the non dimensional
time: grey lines refer to different initial particles releasing, red solid lines to their averaged, red
dash-dotted lines indicate the total absolute dispersion inferred from the residual current flow.
Regimes are plotted in dashed lines. Experiments a) 2-MC and b) 13-MC.

macro-vortices, whereas the channel far from the inlet is more uniform. However, we consider

useful the implementation of this approach in order to characterize the behaviour of the tidal

mixing generated by the presence of an inlet also based on the common approach to study water

quality using numerical models of the advection-diffusion equation (e.g.water quality module of

Delft3D, Mike21, FVCOM) that requires the definition of global dispersion coefficients, see Ren

et al. (2014); Alosairi and Alsulaiman (2019) among many others.

Figures 4.24, 4.25 and 4.26 summarize results of the single particle statistics for the entire

set of experiments for both single and multiple component tides. Figure 4.24 displays the typical

behaviour of the time dependence of the non dimensional absolute dispersion a2(t)/(ELT2
L) for

the unsteady velocity case (solid lines) and for the residual current case (dash-dotted lines)

against the non dimensional time t/TL in three experiments of the single harmonic tide taken

as examples (exp. 14SC, 15SC and 16SC). Considering the results for the absolute dispersion

computed with the time dependent Eulerian fields, different regimes are visible depending on

the time. For time lower than TL a ballistic regime is observed and, then, for O (t/TL) ∼ 1 a

super diffusive regime appears and lasts for few integral time scales. Super diffusive regimes are

usually related to negative lobes in the autocorrelation functions which intensity reach about
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Figure 4.26: Averaged total absolute dispersion for all multi component experiments.

the 50% of the autocorrelation (Berloff et al., 2002; Veneziani et al., 2004), as also observed in

the present experiments. High anticorrelation is observed in all experiments, see Figure 4.20a)

and 4.22b), after the first zero of Ruu regardless the controlling parameters and this yields to a

regime where a2(t)/(ELT2
L)∝ (t/TL)α with α≃ 2−3.

For longer times, t/TL > 10, the non dimensional absolute dispersion shows an oscillating

behaviour with a periodicity proportional to the tidal period. Interestingly, the oscillations hide a

linear growth in time that is revealed by the absolute dispersion computed using the residual

current only (dash-dotted lines). Indeed, for each experiment, a2(t)/(ELT2
L) computed using the

field U(x) seems to smooth out the super diffusive regime and the oscillations for longer times,

displaying the standard picture of a ballistic regime for time lower than few TL and a diffusive

(linear regime) for longer times.

Figure 4.25a) shows the results of a typical experiment when the tidal signal is composed by

two harmonics, namely experiment 2MC. Grey lines represent the output of single deployment,

whereas the solid red line the average over the different releases of the total absolute dispersion.

The effects of the initial conditions are clearly visible and produce a bundle of curves that,
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however, tend to similar regimes for long times. This has been also observed by Enrile et al. (2019)

where the spread of the different curves was computed and a decrease in time was observed.

Physically, this suggests that after several tidal cycles the particles are no longer influenced by

their initial conditions. However, this further time scale of the process must not be confused with

the Lagrangian integral scale TL that separates the ballistic regime from the Brownian regime,

when the latter exists. As ballistic regime, we meant a quadratic dependence on the independent

variable, whereas Brownian regime stands for a linear one. Interestingly, all total absolute

dispersion curves tend to a diffusive regime for t/TL ≳ 10 regardless the initial conditions, which

is well described by the averaged a2(t)/(ELT2
L) (red solid line).

Even in this case for t/TL ≲ 1 a ballistic regime is always recovered, whereas super-diffusive

regime a2(t)/(ELT2
L) ∝ t2÷3 appears only for some particle deployments and this is coherent

with the autocorrelation functions that might show positive lobes after negative ones, which

intensities migth be of the same order (about the 50% of the autocorrelation itself, see Figures

4.20 and 4.22. Moreover, panels a) and b) of Figure 4.25 also report the non dimensional total

dispersion evaluated using the residual currents only (dash-dotted lines). As for the single

harmonic experiments, the residual currents lead to a time dependence of the total absolute

dispersion that filters out the oscillations due to the periodic velocity fields, leaving unaltered the

overall slope of the curves. This could demonstrate how the net particle dispersion is produced

by the residual currents as claimed in tidal flows (MacCready, 1999; Valle-Levinson, 2010). The

total non dimensional averaged dispersion for all multiple component experiments are plotted in

Figure 4.26. Averaging over a great number of initial conditions filters out possible super-diffusive

regimes and all curves collapses onto a ballistic initial regime. All experiments shown in Figure

4.26 reach an asymptotic diffusive regime with some behaviours related to the shape of the tidal

waves. In particular, the oscillations observed for t/TL ≳ 10 depend on the form factor F and show

typical periods depending on its values, see Figure 4.27 panels a) - c) where three experiments

are displayed. Experiments 2MC and 4MC are characterized by tidal waves dominated by the

semi-diurnal components, F = 0.2 and F = 0.4, respectively, whereas experiment 7MC corresponds

to a mixed tide mainly diurnal (F = 1.6). The observed oscillations are coherent with the dominant

frequency of the forcing tides.
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Figure 4.27: Focus on linear regimes in multiple component series: experiments a) 2MC, b) 4MC
and c) 7MC.

The dispersion coefficients (K ,Kx,K y) were evaluated performing a linear regression of the

non dimensional absolute dispersion for times t/TL ≳ 10. The obtained values, scaled by ELTL,

are plotted in Figure 4.28 as a function of the external parameter χ for the single harmonic cases

(panel a)) and as a function of the form factor for the multiple components experiments (panel b)).

Not surprisingly the greatest contribution is given by the longitudinal coefficient Kx that turns

out to be two order of magnitudes greater than the spanwise coefficient K y, see panel a). This is

true also for the multiple components experiments. The dimensionless dispersion coefficients can

be again fitted with a power laws as a function of χ in the case of single component tides, as done

for the Lagrangian integral scale. The fitting laws reads:

K
ELTL

= 1.7×10−5χ−2.26 +0.560(4.27)

Kx

ELTL
= 9.4×10−6χ−2.37 +0.540(4.28)

K y

ELTL
= 7.5×10−6χ−1.94 +0.015(4.29)

with goodness of fit R2 equal to 0.75, 0.75 and 0.81, respectively. A couple of aspects deserve

attention. Firstly, the choice of χ as a controlling external parameter is suitable not only for

the hydrodynamic characterization (Toffolon et al., 2006; Cai et al., 2012) but also to globally
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Figure 4.28: Non dimensional horizontal dispersion coefficients (K ,Kx,K y)/(EkTL) as a function
of a) the parameter χ and b)F. Dotted lines in a) represent the fitting laws reported in equations
(4.28), (4.29) and (4.29).

describe the asymptotic dispersion regimes. Secondly, the results suggest that for increasing

friction parameter the non dimensional coefficients tend to become constant and this is consistent

also with results obtained in river dispersion, whereas for increasing friction the dispersion

coefficients tend to be independent from the friction parameters itself (Webel and Schatzmann,

1984; Chau, 2000; Besio et al., 2012). In the present case, for increasing χ, K /(ELTL) and its

main contribution Kx/(ELTL) tend to a value around 0.5, which is slightly higher than the

measurements reported in the cited works that predicted a value around 0.3. The increased

asymptotic values could be explained with a stronger non uniformity of the flows at hand

compared to a uniform, unidirectional river flow.

We recall that the classical Taylor’s theory (Taylor, 1921) links the turbulent diffusion

coefficient with the integral Lagrangian scale, as a typical time scale, through a typical velocity

scale squared as long as a diffusive regime is recovered. As a matter of fact, the dispersion

coefficient can be defined as: K = ρ2
LTL, where the velocity variance ρL was already introduced in

equations (3.11) and can be assumed to be a proper velocity scale and to be of the same order

of EL (Taylor, 1921; LaCasce, 2008; Stocchino et al., 2011). Not surprisingly the results suggest

that both the non dimensional Lagrangian integral time scale and the dispersion coefficient tend

to be constant for the same range of parameters. Moreover, the fact that dispersion tends to be
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independent in flows where the friction parameter tends to dominate is known also in case of

river uniform and non uniform flows (Besio et al., 2012). The set of equations (4.25), (4.28), (4.29)

and (4.29) could be used to predict the typical dispersion time scales and coefficient especially for

weakly and strongly dissipative conditions, which seem to be the most frequent, see Figure 4.1.

Panel b) shows the estimated values of the dimensionless diffusion coefficient K /(ELTL)

as a function of the form factor F. The results suggest that mixed tides enhance the overall

longitudinal dispersion with respect to monochromatic tides. In fact, the values of the total non

dimensional coefficient show a maximum around F = 0.5 and then a slow decrease for increasing

F. A second observation regards the effect of the phase lag between the tidal constituents. On

average, phase lag φ= π/4, namely a lag in the diurnal constituent, produces higher diffusion

coefficients. The range of values of K /(ELTL) is in agreement with the values obtained for the

monochromatic case.

We show how the present experimental estimates can be translated to realistic estuaries.

Indeed, the observed values of K must be conveniently rescaled in the prototype (an equivalent

system with real estuaries dimensions). To this end, let us denote by λV and λH the scaling

factors for velocity and flow depth, respectively defined as the ratio between the typical scale

of velocity and flow depth in the prototype and in the laboratory model. Hence, the scaling

factor for the dispersive coefficients turns out to be λK = λ
1
2
VλH . Noting that the scaling factor

for the velocity, can be defined as the ratio between the scaling factors of longitudinal length

and time, and setting the time scaling factor in order to represent a semi-diurnal or diurnal tide

and using typical length scale of estuaries as reported in several works (Seminara et al., 2010;

Toffolon et al., 2006; Zhang and Savenije, 2017), we are able to define λK and, therefore, to rescale

the experimental estimates to reality. Depending on the controlling parameters, the present

measurements suggest values of K in a range between 102 and 103 m2s−1. Large variability in

the diffusion coefficient is commonly observed in field measurements of real estuaries with values

comparable with our estimates (Fischer et al., 1979; Monismith et al., 2002; Lewis and Uncles,

2003; Banas et al., 2004). Several Authors also report a strong variability of the longitudinal

coefficient Kx with the distance from the inlet, with larger values occurring near the ocean (Banas

et al., 2004). In order to account for this variability, simple scaling has been proposed such as
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Kx/(Ub)= ck where U is a scale for the tidal induced velocity, b is the estuary width and ck is a

constant estimated by a regression over the measurements. Banas et al. (2004) suggested that

the constant should assume values in a range between 0.05 and 0.1. This scaling is based on

a conceptual model where the major agents of dispersion are thought to be the macro-vortices

generated by the residual current (MacCready, 1999) that, as in the present experiments, scales

with the channel width. If we treat the present data using this simple model, we obtain for the

constant ck a median value equal to 0.023 and an estimate of the first percentile (25th) and

third percentile (75th) equal to 0.020 and 0.035, respectively, which is fairly close to the expected

value. In real estuaries, this and other similar scalings were suggested in order to take into

account for the spatial variability along the estuary. In fact, different mechanisms could modify

the value of the longitudinal dispersion coefficient depending on the local hydrodynamics. The

proposed relationship based on the external friction parameter should, instead, describe the

global response of an estuary without considering a spatial dependency of the coefficient when

the hydrodynamics is generated by tidal flow dominated by one harmonic.

Finally, a direct comparison with field observations specifically performed to understand the role

of the tidal wave shape is complicated by the fact that no information on the typical tides are

reported in the studies (Monismith et al., 2002; Lewis and Uncles, 2003; Banas et al., 2004). In

the future, the tendency of a mixed tide to increase the longitudinal dispersion should be verified.

4.3.2.1 Anomalous dispersion

Tidal channels are characterized by complex flow structures arising from the interaction of a

periodic flow and the tidal inlet. In our geometry, the presence of a compound geometry could

complicate further the dynamics and 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 also in the dispersion processes. This could lead

to anomalous dispersion regimes, namely super or sub-diffusive, depending on the sub-domain

considered. The procedure for the computation of the absolute dispersion, seen in Section 4.3.2,

requires an initial uniform seeding over the entire domain and this leads to a global evaluation

of the the absolute dispersion disregarding any flow inhomogeneities (LaCasce, 2008).
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In this section we 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 has been decided upon the analysis of the time periodic flow fields and the

corresponding residual (steady) circulation discussed in Section 4.2.3. In fact, the flow patterns

appeared to be quite different in the following three regions: 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 has been 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).

Here, for each experiment we separately consider the statistics computed in the the following
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Figure 4.29: Sketch of the sub-domains investigated.

sub-domains:

1. Zone 1: this zone extends for the entire domain of measurements and it is used for compar-

isons with the sub-domains;

2. Zone 2: zone 2 extends from x = 3m to x = 6.2m and covers the area where the macro-vortices

occur both 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 );
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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 further away from the tidal inlet where the tides are

generated (from x = 0m to x = 3m );

The boundaries of the different zones are shown in Figure 4.29. In the same figure three points

are circled in black and are used to analyze local behaviors of the Lagrangian properties.

Examples of the computed absolute dispersion with time are reported in Figures 4.30 and 4.31

together with the corresponding longitudinal velocity auto-correlation functions Ruu(t) for four

experiments. In particular, the results obtained for experiments 13SC and 17SC are shown in

Figure 4.30 and the ones for experiments 23SC and 27SC in Figure 4.31. 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.13SC and 23SC) and largest tidal amplitude (exp.17SC

and 27SC). Note that, as we did in Section 4.3.2, the total absolute dispersion a2 has been made

non dimensional using the mean kinetic energy per unit mass Ek and the Lagrangian integral

scale TL. It can be seen that the change in the dispersion regime occur 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 behaviours.

Starting from panel a) of Figure 4.30, 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 various regimes. In particular, we display the

ballistic regime, a2/EK T2
L ∝ t2, and the asymptotic diffusive regime, a2/EK T2

L ∝ t. The oscillating

behaviour of the dispersion for time longer than t/TL > 1 is observed again, since it is controlled

by the periodic nature of the tidal forcing. In fact, we see that for increasing tidal period, the

oscillations in a2 tend to lengthen their period accordingly, see panels a) and b) of Figure 4.31

where the results for experiments 23SC and 27SC 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/EK T2
L ∝ tα are associated to time exponents α in the range
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Figure 4.30: Total absolute dispersion for experiment a) 13SC and b) 17SC in the different
sub-domains. Lagrangian longitudinal velocity autocorrelation functions of experiment c) 13SC
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between 2 and 3. In particular, for the experiment 13SC, with the lowest tidal period and lowest

tidal amplitude, all zones show the transient super-diffusive regime. Super-diffusive regime are

often related to the presence of positive lobes in the auto-correlation functions (Berloff et al.,

2002; Veneziani et al., 2004) and, in fact, regardless the seeding zones Ruu(t) is found to have a

looping character with the first positive lobe more intense than the first negative one, see Figure

4.30 panel c).

However, the looping character of the auto-correlation in the present case, and differently from

the oceanic applications discussed in previous contributions (Berloff et al., 2002; Veneziani et al.,

2004), can be determined by the simultaneous effect of two sources of periodicity. The first and

more intuitive is related to the periodicity of the forcing applied to the system. A second source

of periodicity could be found in the presence of the coherent macrovortices generated by the

interaction of the the tidal wave with the inlet. The flood macrovortices are periodic flow features

that ultimately control the generation of the residual current, again characterized by the presence

of large scale flow structures, see Figure 4.11 and followings. The presence of the latter flow

structures introduces another time scale, i.e. their typical turnover time, defined as

(4.30) TT = 1p
2Z2

,

where Z2 is the total enstrophy, evaluated as the ensemble averaged square vorticity,

(4.31) Z2 =
〈||ω||2〉

2

The vortex turnover time TT was the responsible for the looping character found in the mentioned

studies (Berloff et al., 2002; Veneziani et al., 2004), where they isolated the region characterized

by the presence of a gyres. In our case the mean turnover time is very close to tidal period and

this might be responsible for the super-diffusive regimes found in zone 2 and 4. It is interesting

to note that zone 3 (tidal channel away form the inlet) and zone 5 (initial part of the basin) show

the strongest super-diffusive regime even if no coherent structures are present. In this case,

the periodicity of the flow simply induced by the tidal signal is strong enough (and similar to

zone 2 and 4) to cause a periodic autocorrelation with a positive lobe, see panel c) of Figure 4.30.

Anomalous diffusion is commonly observed when at least one of the two following conditions is

not satisfied for the Lagrangian velocity auto-correlation function: convergence of its integral for
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t → 0 or fast enough decay for t →∞ (Castiglione et al., 1999; Boi et al., 2015). In the present

case, Ruu(t) shows a strong looping like character and this might break the second requirement

regarding its fast decaying. Note the tidal flow under investigation is mainly characterized by

the longitudinal dispersion and the auto-correlation functions of the spanwise velocities 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 long time, see panel a). However, for all zones the long term trend follows the

classical Brownian (Gaussian) regime. In fact, the asymptotic law a2/EK T2
L ∝ t well describes

the average behavior of a2.

Increasing the dimensional tidal amplitude ϵ for a fixed tidal period produces, in general,

a more intense tidal circulation and residual currents, as can be seen in the velocity maps of

Figure 4.12 and consistent with field observations (Valle-Levinson et al., 2009). The effects on the

Lagrangian transport are clearly highlighted on the behavior of both a2/EK T2
L, 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/EK T2
L ∝ tα with time exponents α< 1.

The latter is a signature of sub-diffusive regimes (Artale et al., 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 et al., 1997; Besio et al., 2012; Enrile et al., 2020) or when the first negative

lobe of the looping autocorrelation function is more intense than the second positive lobe (Berloff

et al., 2002; Veneziani et al., 2004). Whenever this latter case occur, for short tidal period, the

auto-correlation for zone 3 does not show a strong looping character and the sub-diffusive regime

may attributed to the finite scale of the domain. Moving to the experiments with the shortest

tidal period (experiments 23SC and 27SC), the results are shown in Figure 4.31. Increasing the

tidal period and the tidal amplitude with fixed period, 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
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Figure 4.32: Spatial distribution of the total absolute disperion for experiment 14SC 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.

(Toffolon et al., 2006; Cai et al., 2012). The unsteady flow and the resulting residual current

is affected by the larger value of χ resulting in 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 as χ increase, i.e. higher frictions. A second effect is that for

the same tidal amplitude, compare panels a) of the Figure 4.30 and 4.31, we no longer observe

super-diffusive regimes for time of the order of TL = 1 even if Ruu(t) is still oscillating. Moreover,

in cases of super-diffusive regime, the total absolute dispersion of zone 2 and 4 seems to reach

a slightly sub-diffusive regime with a2/EK T2
L less oscillating. 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
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Figure 4.33: Experiment 14SC: time behaviour of a2(t) (a, b and c) and Ruu(t) (d, e and f) of the
control points 1, 2 and 3, see Figure 4.29 for their spatial location.

due to the effect of the macrovortices. Another, difference is the behavior of zone 1, the outer

basin. By inspecting panel a) of Figure 4.31, we note that the long term behavior tend toward a

super-diffusive regime, however, with exponents slightly close to the one of the ballistic regime,

found for t/TL < 1. The lower tidal period (T = 180 s) it is likely to maintain correlated the

particles for longer times, thus, inducing a non-Gaussian separation. The overall trend of the

absolute diffusivity (zone 1) on average seems to smear out these non canonical regimes, leading

to a picture close to the one predicted by the Taylor’s theory, i.e. a ballistic regime followed by a

Brownian regime for times longer than some TL.

The last case we show in Figure 4.31 refers to experiments 27SC, panels b) and d), with same

period of experiment 23SC 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/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 23SC). 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 27SC

(see panel b) of Figure 4.31).
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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 4.32 for experiment 14 (T = 100 s). For 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 appears with increasing intensity as the time goes. 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 4.2. In fact,

λ0 > 0 marks region where the total strain dominates over rotation and this might imply that

the particle separation could increase more rapidly (d’Ovidio et al., 2009). 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.

If we now analyze the local behaviors of selected control points, see the location of point 1, 2

and 3 marks on Figure 4.29, tracer particles are transported differently by these classes of flows.

Keeping the same logic of Figures 4.30 and 4.31, we plot the total absolute dispersion and the

corresponding longitudinal auto-correlation for the three control points in Figure 4.33. 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 to the same mechanisms described by Veneziani et al. (2004). In fact, in their

work, Veneziani et al. (2004) found out that loop structures behave as trap particles, inhibiting

they tendency to diffuse, resulting in a sub-diffusive behaviour. Point 2 has been 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
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point in the most upstream channel, instead, seems to be a sub-diffusive regime characterized by

an oscillating behaviour.

In conclusion, this complex and non homogeneous flow patterns have a strong influence on

the Lagrangian transport of tracer particles and the flow inhomogeneities induce different

separations of particles released in different sub-domains.

4.3.3 MULTIPLE PARTICLE STATISTICS
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Figure 4.34: Example of the results obtained from multiple particle statistics analysis. Dimension-
less relative dispersion coefficient as a function of the non dimensional separation of experiments
a) 18SC and b) 26SC. In each panel the expected theoretical laws are also reported.

The analysis of the Eulerian time dependent fields shows that even in a relatively simple

geometry, as the one used in the present experimental campaign, flow structures at different

scales are generated and, more interestingly, interact during a tidal cycle. The asymptotic

dispersion regime proved to exist as an average process over the entire domain. In this section,

we are interested to discuss the interplay among the particle trajectories and the different scales

of the flow. To this end we apply tools commonly reported as multiple particle statistics, see

LaCasce (2008) for a review and application on geophysical contexts.

The computation of r2(t), D and Λ(r) was performed on both data sets, single and multiple
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Figure 4.35: Example of the results obtained from multiple particle statistics analysis. Dimension-
less relative dispersion coefficient as a function of the non dimensional separation of experiments
a) 4MC and b) 13MC. In each panel the expected theoretical laws are also reported.

constituents tides, with the aim to understand which are the typical regimes and if different

regimes are triggered by more complex forcing. In the case of multiple constituents we again

performed a series of simulations varying the initial time of deployment. Figures 4.34 and

4.35 show the typical results for the relative dispersion, the dimensionless relative diffusivity

coefficient D/(ELTL) as a function of the dimensionless separations r/(E1/2
L TL), for experiments

forced by a single harmonic tide, Figure 4.34 panels a) and b) (experiment 18SC and experiment

26SC) and for experiments 4MC and 13MC of the multiple components runs, Figure 4.35 panels

a) and b). In the same plots the theoretical laws, namely the Richardson-Obukhov and the

Kraichnan-Lin laws (Kraichnan, 1966; Lin, 1972; Er-El and Peskin, 1981; Bennett, 1984; Babiano

et al., 1990), are shown to help the identification of the regimes.

It is interesting to note that in all cases, regardless the characteristics of the tidal wave, two

distinct regimes can be observed. For separation smaller than a typical injection scale r i/(E1/2
L TL),

the diffusivity coefficient grows as

(4.32) D/(ELTL)∝ (r/(E1/2
L TL))2,

whereas for separation larger than the injection scale the regime follows closely the Richardson-
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Figure 4.36: Non dimensional FSLE as a function of the non dimensional separation for experi-
ments a)4-MC and b) 13-MC. In each panel the expected theoretical laws are also reported.

Obukhov law. Correctly for very large separation the growth of the relative diffusivity coefficient

attains a constant value

(4.33) D(ELTL)≈ 2K /(ELTL),

where K /(ELTL) is the total absolute diffusivity, previously defined. The injection scale r i/(E1/2
L TL)

is very close to the Lagrangian integral spatial scale. In fact, the change in the relative dispersion

regime is close to r/(E1/2
L TL)≈ 1. The two-regime scenario is also confirmed by the trends of the

dimensionless FSLE ΛTL as a function of the dimensionless separation (r/(E1/2
L TL)), see Figure

4.36 panels a) and b). As for the autocorrelation functions, grey lines indicate the output for the

different deployments, whereas the solid lines represent the averaged value. Also in this case we

reported the expected theoretical laws (Artale et al., 1997). The Kraichnan-Lin law previously

described is found for

(4.34) r/(E1/2
L TL)< r i/(E1/2

L TL)

and implies an exponential growth of the FSLEs.

As the separation r increases, the FSLE slope suggests the presence of both the Richardson-
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Obukhov regime

(4.35) ΛTL ∝ (r/(E1/2
L TL))−2/3

and the linear regime

(4.36) ΛTL ∝ (r/(E1/2
L TL))−2.

Moreover, the FSLE for very large separation exhibits the limiting regime expected for separation

close to the saturation length rmax, i.e. the maximum separation imposed by the domain. This is

typical for semi-enclosed basins as observed in similar geometrical contexts (Artale et al., 1997;

Cencini and Vulpiani, 2013; Enrile et al., 2019).

The results suggest that local dispersion is the dominant process for most of the separation

range. Relative dispersion in local dispersion is characterized by the effect of local straining,

which is not efficient in producing large separation, and the dispersion of pairs is dominated by

eddies of the same scale of their separation. From a physical standpoint, this could be explained

by the presence of large scale macro-vortices as the dominant features in all tidal cases so that

separations are influenced by local straining produced by the mentioned macrovortices.

Moreover, the overall picture seems not to be influenced by tidal wave shape and phase

lag between the constituents and this could be explained observing that all the cases are able

to trigger similar macro-vortices. Note that the computation of the multiple particle statistics,

similarly to the single particle statistics, is averaged over the ensemble of particles deployed

uniformly over the domain. This standard procedure relies on the assumption of homogeneity of

the flow under investigation (Berloff et al., 2002). Thus, the observed regimes must be considered

as the average behaviour of the Lagrangian dispersion.

Finally, it is worth noting that the injection separation r i was described as of the same order

of magnitude of the Lagrangian integral length scale. However, another length scale could play

a role in the present experiments, namely the length of the side wall of the tidal inlet l i. As

previously noted, the generation of the flood-macrovortices is controlled by the vortex shedding

from the corners of the tidal inlet. This mechanism could be also explained in analogy with

the vortex generation downstream a coastal headland, where the extent of the headland is a

controlling length scale of the process (Signell and Geyer, 1991; Davies et al., 1995).
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Two observations might be important for the present case. Firstly, the l i is very close to the

Lagrangian integral spatial scale. This could be linked to the nonlinear energy transfer that

occurs a tidal period. In fact, there is a strong relationship between the scaling law of relative

dispersion regimes with the energy cascades and transfers (direct/inverse energy cascade and

direct/inverse enstrophy cascade). Scaling arguments to describe the different dispersion and

energy regimes can be summarized searching for laws of the kind:

(4.37) D ∝ r(α+1)/2.

The link with the energy cascades is the value of the exponent α, having assumed the turbulent

energy spectrum as a function of the wave numbers in the form of E(k)∝ k−α. Relative dispersion

in local dynamics is characterized by values 1<α< 3 and, in particular, for α= 5/3, dispersion of

pairs follows the Richardson-Obukhov law that corresponds to the energy cascade

(4.38) E(k)∝ k−5/3.

On the contrary, non-local dynamics is characterized by the effect of vortices with typical scales

much larger than the separation. This regime is described by the Kraichnan-Lin law D ∝ r2, or

more generally for α> 3. In this case, the expected energy spectrum corresponds to an enstrophy

cascade

(4.39) E(k)∝ k−3.

The change of regimes occurring for a length scale comparable to the Lagrangian spatial scale

might suggest a nonlinear energy transfer characterized by an inverse or split energy cascade

(Alexakis and Biferale, 2018).

Secondly, the flow could be described as a forced turbulence, where the forcing is the presence

of the tidal inlet and, thus, l i could be regarded as the length scale of the injected energy. We

clearly observed a vortex merging process that several times is a signature of an inverse energy

cascade process. A further piece of information that could confirm this scenario is the presence

of two distinct regimes in the relative dispersion and in the FSLE, separated by the injection

scale r i. However, further analyses are required to provide a sound proof of the existence of an

inverse energy cascade, which would require the evaluation of the energy spectrum and higher

order structure functions (Nikora et al., 2007; Alexakis and Biferale, 2018; Enrile et al., 2020).

92



4.4. INHOMOGENEOUS LAGRANGIAN ANALYSIS

Figure 4.37: FTLE fields evaluated at different integration time T. Experiment 24SC

4.4 INHOMOGENEOUS LAGRANGIAN ANALYSIS

In this section, we will show the results derived from the computation of the FTLE, as introduced

in Chapter 3.3.1. As already introduced, FTLE computation required the definition of an inte-

gration time interval T. As seen in Enrile et al. (2018b), a sensitivity analysis depending on the

integration time has been performed, within a range of T between 20 s and 180s.

Figure 4.37 shows different FTLE fields evaluated at the increase of the integration time T, for

experiment 24SC. It can be seen that, as the integration time increases the ridges of FTLE,

i.e. the Lagrangian structures, clearly arise. As pointed out in Enrile et al. (2018b), panel a)
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Figure 4.38: a) The probability distribution of the finite-time Lyapunov exponents. b) Mean value
µσ and standard deviation σσ of FTLE as function of the integration time. c) Skewness parameter
of the probability distribution as a function of the integration time. Experiment 24SC.

corresponds to a field dominated by local strain where barriers are not fully developed whereas

longer integration times (panel l)) lead to uniform fields. The probability distribution P(σ, t)

evaluated as in Abraham and Bowen (2002), is shown in Figure 4.38 panel a).

As expected, the probability distributions of the FTLE narrows as the integration time

increases (panel c)), with a decreasing mean value µσ and standard deviation σσ (panel b)).

Similar results have been found from other experiments. In particular from Figure 4.39 panel l),

it can be seen that increasing the integration time does not provide a detailed description of the

FTLE fields, but leads to uniform ones. Analogous considerations to those of experiment 24SC

can be done regarding the statistical parameters of experiment 20SC, Figure 4.40.

Thus, based on these observations, we adopted an integration time value equal to 70s, long

enough to let the Lagrangian structures to appear clearly.

Figures 4.41 and 4.42 show four snapshots of the FTLE fields, integrated forward (red contours)

and backward (blue contours) in time. Here, we can recognize different time instants within a
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Figure 4.39: FTLE fields evaluated at different integration time T. Experiment 20SC

tidal cycle: starting from a flood phase (panels a)), the inversion of the tide follows (panels b)), to

pass through an initial phase of the ebb tide (panels c)) and conclude with the final instants of

the ebb phase (panels d)). Both forward and backward fields show structures at the transition

between the main channel and the lateral floodplains. Moreover, despite the complex flow, we

may observe that the high values in FTLE, both in forward (red) and backward (blue) integration,

accurately capture the boundary of the macro-vortices in the flood phase (panels a)). The presence

of a saddle point during the inversion of the tide is marked (panels b)): indeed, repelling and

attractive structures are perpendicular. During the ebb phase, forward and backward structures

align, in a sort of pure shear structures as in Enrile et al. (2018a). Furthermore, the evolution of

the FTLE reveals that the transport mechanism that governs the possible entrainment around

the inlet entrance shows a lobe dynamics behaviour (Du Toit, 2010). The similarity between

the transport processes is more easily appreciated when the FTLE are viewed as an animated

movie, rather than as a sequence of individual frames. A movie is provided as supplementary

material. In the movies, we see that the structure of the flows is remarkably similar to the FTLE
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Figure 4.40: a) The probability distribution of the finite-time Lyapunov exponents. b) Mean value
µσ and standard deviation σσ of FTLE as function of the integration time. c) Skewness parameter
of the probability distribution as a function of the integration time. Experiment 20SC.

structures. A comparison between Figures 4.41 and 4.42 is possible since we used the same

integration time. However, it is clear that the more the integration time is similar to the tidal

period of the experiment, the more structures are indeed depicted. Similarity in shapes can be

appreciated between the two experiments, but experiment 19SC involves greater velocity and

thus the dimension of the structures reaches a greater longitudinal coordinate both in flood and

ebb phase.

Similar repelling and attractive patterns have been found also in multi component experi-

ments. In Figure 4.43 examples of FTLE fields at different time are shown. In particular, in these

plots we stressed the fact that in the multi component experiments, two different flood phases

occur within a period, and this reflects also on the FTLE dimensions. As it can be seen, panels

b) and d) show two consecutive flood phases, being the first weaker then the second. Indeed,

whereas the longitudinal dimension of the FTLE in panels b) reaches about 5 m, during the

second stronger flood phase (panels d)), its size is greater. Evaluation of the most influential
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Figure 4.41: FTLE fields of experiment 09SC. Column 1) Forward integration. Column 2) Back-
ward integration. a) Flood phase; b) starting inversion tide; c) ebb phase and d) end of ebb
phase.
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Figure 4.42: FTLE fields of experiment 19SC. Column 1) Forward integration. Column 2) Back-
ward integration. a) Flood phase; b) starting inversion tide; c) ebb phase and d) end of ebb
phase.



4.4. INHOMOGENEOUS LAGRANGIAN ANALYSIS 99

Figure 4.43: FTLE fields of experiment 05MC. Column 1) Forward integration. Column 2)
Backward integration. a) starting flood phase; b) peak of the flood; c) ebb phase and d) peak of
the second flood phase.
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heuristic LCSs in FTLE fields, i.e. ridges, is pursued considering the dynamical properties of

these features (Mathur et al., 2007; Green et al., 2007). Ridges behave as attractors of trajectories

solution of the dynamical system of equation (3.27). In Figures 4.44 and 4.45, it can be seen that

almost all FTLE ridges in our flow field have hyperbolic cores and hence represent hyperbolic

material lines. However, even if finding ridges in FTLE is a first step in classifying LCS, it is just

a sufficient condition in detecting those structures. Indeed, as pointed out by Haller (2011) LCS

are defined as material surfaces that maximize repulsive or attractive behaviours in the nearby

of the material surface itself. LCS are thus, transport barriers that may play a relevant role in

the mass transport process (Haller and Beron-Vera, 2012).

Recognizing ridges in FTLE fields suggests that features of this kind does exist in our process

and deserve a deeper investigation.
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Figure 4.44: Ridges in the FTLE fields of experiment 24SC. Column 1) Forward integration.
Column 2) Backward integration. a)Flood phase; b) starting inversion tide; c) ebb phase and d)
end of ebb phase.
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Figure 4.45: Ridges in the FTLE fields of experiment 17MC. Column 1) Forward integration.
Column 2) Backward integration. a)starting flood phase; b) peak of the flood; c) ebb phase and d)
peak of the second flood phase.
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