
1. Introduction
Understanding how energy travels through a turbulent system, both spatially and with respect to flow scales, has 
been historically challenging. The seminal paper of Kolmogorov (1941), who provided the first description of the 
energy cascade in a self-similar fashion, has inspired the research in high Reynolds number flows for decades. 
Since then, the celebrated −5/3 power law in the inertial range has been challenged especially for two dimen-
sional or quasi-two dimensional turbulent flows, see Alexakis and Biferale (2018) for a comprehensive review 
on energy cascades. Flow inhomogeneities, such as coherent vortices, and two dimensionality proved to force 
different scaling and, in some cases, more than a power law appears, depending on the range of wavenumbers 
considered. Coherent structures are indeed able to control the overall energy transfers (Thiesset & Danaila, 2020).

Geophysical flows are extraordinary examples where the energy can be exchanged among the different flow 
scales following both direct cascades (from large scales to small scales as in the classical Kolmogorov view) 
and inverse pathways, that is, small flow scales transfer energy to mean flow, or even multiple cascades. Several 
examples of estimates of energy budget and fluxes in the ocean can be found in the literature and most of them 
deal with open ocean domains (Aluie et al., 2018; Khatri et al., 2018; Poje et al., 2017; Savage et al., 2017; Scott 
& Wang, 2005; Torres et al., 2018).

Tidal energy pathways and the associated tidal energy cascade is important owing to its influence on the ocean 
energy budget and climate (Kelly et al., 2012). Tides can generate high energy currents that, interacting with 
coastal features such as headlands, capes, and tidal inlets, trigger the formation of tidal vortices in a wide range 

Abstract Tidal currents are predominant in coastal areas, causing the generation of vortices at different 
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unique opportunities to observe vortical flow structures. Coastal areas are often dominated by tidal currents that 
interact with coastline features (island, headlands or capes, and inlets) and periodically shed vortices at different 
scales. Coastal vortices are known to play a fundamental role in momentum, mass, and energy transport. 
Understanding how energy is exchanged among the wide range of flow scales (small/large vortices and large-
scale tidal circulations) is a fundamental question that deserves a thorough investigation, owing to the great 
impact on the coastal dynamics. With this in mind, we used a large-scale physical model to accurately recreate 
the main processes that lead to the generation of tidal vortices observed around natural inlets. The measured 
velocity fields have been analyzed with filtering techniques that allow for understanding the direction of energy 
exchanges. We demonstrated that the periodicity of the tidal flow produces multiple energy cascades depending 
on the tidal phase. We found that energy followed dual pathways toward large scales and vice versa.
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of scales. Coastal tidal vortices tend to be quasi-2D vortical structures with horizontal dimensions typically much 
larger than the flow depth. Their importance in momentum, mass, and energy transport is well recognized (Blon-
deaux & Vittori, 2020; Enrile et al., 2018, 2019; Geyer & MacCready, 2014; MacCready & Geyer, 2010; Nicolau 
del Roure et al., 2009; Suara et al., 2017; Whilden et al., 2014). Remote sensing observations from a satellite 
or high-frequency coastal radars helped to identify this complex dynamics. An example is reported in Figure 1 
where macrovortices generated by tidal currents in the western Sea of Okhotsk around the Shantar Islands and 
Uda Bay have been recently captured by Landsat 8. This image is an outstanding example of the variety of vorti-
ces at different scales that can be generated during high tides. In fact, intense tidal currents interacting with the 
coastline shed vortices in the form of von Karman streets with the typical horizontal scale in a range between 500 
and 800 m over a mean depth of 30 m, which ultimately contribute to the generation of larger vortices (Zhabin 
& Luk'yanova, 2020).

In the context of geophysical flows, the study of energy cascades commonly relies on standard methods based 
on Fourier analysis (Khatri et al., 2018; Scott & Wang, 2005; Siegelman et al., 2022). Fourier spectral analysis 
provided important results but limited in their applicability to quasi-homogeneous regions with simple boundary 
conditions, and the techniques typically require some kind of special treatment at the boundaries. Few studies, 
instead, introduced the use of filter-space technique (FST) (Aluie et  al.,  2018), widely and successfully used 
in turbulent flow analysis (Aluie, 2011; Aluie & Eyink, 2009, 2010; Aluie & Kurien, 2011; Chen et al., 2003; 
Eyink, 1995; Eyink & Aluie, 2009; Germano, 1992; Liao & Ouellette, 2013, 2014; Liu et al., 1994). Different 
from Fourier spectral analysis, FST retains the spatial distribution of the fluxes and their direction, thus, clearly 
indicating whether the process exhibits a direct or inverse energy/enstrophy cascade. Moreover, FST helps in 
avoiding spurious effects that might arise by applying FFT on finite and non-periodic domains, as discussed in 
(Aluie et al., 2018).

The present study has the specific purpose to understand the energy and enstrophy transfers caused by the peri-
odic generation and destruction of coherent vortices induced by a tidal flow. To this end, we designed a series of 
experiments using a large-scale flume with the aim to reproduce a tidal flow in a domain that resembles a tidal 
channel with lateral flats, communicating with the open ocean through a tidal inlet. The dimensions of the tidal 
flume allow for the development of a sufficiently high Reynolds number flow and the generation of a wide range 
of turbulent flow scales, similar to the vortices shown in the satellite image of Figure 1. The measured velocity 
fields have been analyzed using FST to accurately compute the spectral fluxes among the flow scales and within 
a tidal period, possibly leading to a better understanding of the tidal energy pathways and cascades.

2. Material and Methods
2.1. Experimental Setup and Measuring Techniques

The experiments have been carried out in a large scale tidal flume composed of two main parts: a basin and a 
tidal compound channel with exponentially decreasing width landward, divided by a tidal inlet. A sketch of the 
experimental setup is shown in Figure S1 in Supporting Information S1 together with the details of the apparatus 
and the particle image velocimetry (PIV) equipment used. The tidal inlet geometry mimic a so-called barrier 
island following the classification of previous studies (Nicolau del Roure et al., 2009; Valle-Levinson, 2010; 
Vouriot et al., 2019). Different tidal waves have been tested varying the tidal period T and amplitude a, with the 
assumption of small amplitude waves ϵ = a/D0 ≪ 1, where D0 is the mean water depth, set at 0.12 m. Thus, the 
corresponding inviscid wavelength is estimated as 𝐴𝐴 𝐴𝐴𝑔𝑔 = 𝑇𝑇

√

𝑔𝑔𝑔𝑔0 (Cai et al., 2012; Toffolon et al., 2006).

A particular attention will be dedicated to the processes during the different tidal phase, that is, flood, when the 
mean flow is directed toward the channel, and ebb, when the mean flow reveres and is directed toward the basin 
(open sea).

The present experiments have been designed imposing a similitude based on the external dimensionless param-
eters suggested by Toffolon et al. (2006), namely the convergence ratio parameter (γ = Lg/(2πLb), where Lb is 
the convergence length) and the friction parameter (χ = ϵLg/(2πC 2D0), where C is the Chézy coefficient) that 
represents the ratio between friction and inertia. For the present study, we imposed similitude laws preserving the 
friction parameter, see Supporting Information S1 for the details. Based on our parameters reported in Table S1 
in Supporting Information S1, the experiments well represent weakly convergent and weakly dissipative estuarine 
environments as classified in Toffolon et al. (2006).
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Figure 1. Top panel: Macrovortices generated by tidal currents in the western Sea of Okhotsk around the Shantar Islands and Uda Bay. Von Karman streets are 
observed during high tides with mean size of vortices of 500 m over a mean flow depth of 30 m. Adapted from the NASA image by Norman Kuring/NASA's Ocean 
Color Web, https://earthobservatory.nasa.gov/images/149148/tidal-vortices-in-the-sea-of-okhotsk. Four examples of measured 2D velocity fields for Experiment 04HR 
(T = 100 s, ϵ = 0.022 and Lg = 108.5 m) together with the contours of the Okubo-Weiss parameter (λ0 = 1/4(S 2 − ω 2)) to help the identification of vortical structures. 
(a) rising flood; (b) falling flood; (c) beginning of ebb phase; (d) final stage of ebb phase.
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Imposing the above similarity law helps in extending the results obtained in our laboratory experiments to real 
geophysical contexts. In fact, estuarine or semi-enclosed coastal bays are well described by the external param-
eters introduced by Toffolon et al.  (2006) as shown in their figure 11, where several real estuaries have been 
classified in terms of friction parameter and convergence parameter using the semi-diurnal tide M2 as the domi-
nant tidal component. Provided the value of χ and γ and the geometrical scaling factors, see Supporting Informa-
tion S1, the present results can be potentially transferred to the real world context.

For each experiment, we have collected 2D-velocity fields on the free surface using PIV with a high spatial and 
temporal resolution.

2.2. Filter-Space Technique for Nonlinear Energy and Enstrophy Transfers Estimation

We can safely define our problem as two dimensional, considering the large separation between the horizontal 
and vertical flow scales. For 2D flows, the two relevant global inviscid invariants are the kinetic energy EC = 1/2 
< u ⋅ u > and the enstrophy Z = 1/2 < ω ⋅ ω >, where u is the velocity field and ω = ∇ × u is the vorticity. To 
quantify the nonlinear energy and enstrophy fluxes in our experiments, we apply the FST. FST, differently from 
the more standard spectral methods, allows for computing the temporal and spatial distribution of the energy/
enstrophy transfers in the domain. Moreover, FST can be applied to inhomogeneous flows without periodic 
boundary conditions and cases where FFT methods would require a preprocessing of the flow fields (domain 
periodizing, data tapering, and detrending), see for example, the discussion in Aluie et al. (2018) for the differ-
ences between FST and FFT methods.

FST is applied to the 2D-velocity measurements. This approach is based on building low-pass spectral filtered 
velocity fields by convolving the measured flow fields with a filter function with a kernel size (l). Thus, flow 
scales below l are suppressed and larger scales are retained. Varying the kernel size from the smallest length scale 
to the largest relevant scale of the flow produces a sequence of filtered fields at a prescribed l (Aluie et al., 2018; 
Eyink,  1995; Eyink & Aluie,  2009; Germano,  1992; Liao & Ouellette,  2013,  2014). For any field f(x), the 
low-pass filtered field is defined as � �(�) = �� ∗ � , where * stands for convolution and Gl(x) is a normalized 
filtering function (e.g., a top-hat or Gaussian filter among others), typically characterized by a fast decay, with 
∫Gl(x)d nx = 1 and l is the dimension of the kernel and n is the dimension of the space of integration.

Applying the filter to the Navier-Stokes equation and after some manipulations, we are left with the scale-filtered 
equation for the mean kinetic energy at the scale l, E (l), that can be written as (Liu et al., 1994; Rivera et al., 2014):

𝜕𝜕𝜕𝜕(𝑙𝑙)

𝜕𝜕𝜕𝜕
+

𝜕𝜕𝜕𝜕
(𝑙𝑙)

𝑖𝑖

𝜕𝜕𝜕𝜕𝑖𝑖

= −𝜈𝜈
𝜕𝜕𝜕𝜕

(𝑙𝑙)

𝑖𝑖

𝜕𝜕𝜕𝜕𝑗𝑗

𝜕𝜕𝜕𝜕
(𝑙𝑙)

𝑖𝑖
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|

2 (1)

where 𝐴𝐴 𝐴𝐴
(𝑙𝑙)

𝑖𝑖
= 𝑢𝑢

(𝑙𝑙)

𝑖𝑖

(
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𝑗𝑗
𝜏𝜏
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𝑖𝑖𝑗𝑗
 describes the transport terms that redistribute energy in space owing to the 

large-scale flow (first term), large-scale pressure (second term), and turbulence (third term). The second term 
is the energy dissipation, the term Π (l) is the new term arising from the application of the FST, and the last term 
represents the dissipation for large scale drag (α).

In particular, Π (l) is defined as:

Π(𝑙𝑙)(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = −𝜏𝜏
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(𝑙𝑙)

𝑖𝑖𝑖𝑖
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 is the residual stress tensor and 𝐴𝐴 𝐴𝐴
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)

 is the filtered 
rate of strain (Eyink & Aluie,  2009; Liao & Ouellette,  2014). The term Π (l) represents the link between the 
filtered small scales (lower than l) and the resolved large flow scale (larger than l) as the source or sink of energy 
between the flow scales. It measures the spectral energy fluxes retaining the direction of the nonlinear transfer 
and, in particular, based on the sign convention assumed Π (l) > 0 implies energy transfer to smaller scales and, 
conversely, Π (l) < 0 denotes energy transfer toward larger scales.

Repeating the same operations on the enstrophy budget (Eyink, 1995), we can define a filtered enstrophy flux as:

𝑍𝑍 (𝑙𝑙)(𝑥𝑥𝑥 𝑥𝑥𝑥 𝑥𝑥) = −𝜎𝜎
(𝑙𝑙)

𝑖𝑖
(𝑥𝑥𝑥 𝑥𝑥)

𝜕𝜕𝜕𝜕(𝑙𝑙)(𝑥𝑥𝑥 𝑥𝑥)

𝜕𝜕𝑥𝑥𝑖𝑖

 (3)
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where 𝐴𝐴 𝐴𝐴
(𝑙𝑙)

𝑖𝑖
= (𝑢𝑢𝑖𝑖𝜔𝜔)

(𝑙𝑙)
− 𝑢𝑢

(𝑙𝑙)

𝑖𝑖
𝜔𝜔(𝑙𝑙) is the vorticity stress. Similar to Π (l), Z (l) measures the spectral enstrophy fluxes, 

with the same sign convention previously introduced.

The space and time average of Π (l) (Eyink, 2005) and Z (l) (Rivera et al., 2014) can be associated to the mean spectral 
fluxes in Fourier decomposition and, eventually, linked to power laws in the wavenumbers, such as the classical 
−5/3 Kolmogorov law for the direct energy cascade or the inverse energy cascade of the Kraichnan-Leith-Batch-
elor law (Alexakis & Biferale, 2018). We have provided the details of the computation of the scale-filtered fluxes 
in Supporting Information S1.

3. Results and Discussion
3.1. The Generation of Vortices at Several Scales

First, we discuss the Eulerian tidal flows generated in the experimental flume. Four snapshots of the two dimen-
sional velocity fields of the Experiment 04HR (T = 100 s and ϵ = 0.022) are shown in Figure 1. See the Movie S1 
for the entire movie.

The contours represent the values of the Okubo-Weiss parameter λ0 (Okubo, 1970; Weiss, 1991), see Supporting 
Information S1 for the details of the computation of the Okubo-Weiss parameter. Blue regions, corresponding to 
negative values of λ0, denote the dominance of the local rotation (vortex), whereas red regions are dominated by 
strain. Panels (a) and (b) correspond to the flood phase and (c) and (d) to the ebb phase. The flow induced by the 
tidal wave of wavelength Lg (coming from the left in the figure) interacts with the tidal inlet, of size lw, shedding 
vortices at a frequency much larger than that of the tidal period and with a typical size smaller than lw, about 
0.1–0.2lw. These vortices tend to merge and be deformed by the large scale shear flow, ultimately forming larger 
macro-vortices that, at the end of the flood, occupy the entire lateral tidal flats. These macro-vortices tend to be 
elongated in the longitudinal direction with a lateral dimension equal to wch/2 and greater than wch (or 2–3 times 
lw) in the streamwise direction, see panel (b) of Figure 1.

Similar observations are reported in previous studies with simpler geometries, that is, rectangular channels (Nico-
lau del Roure et al., 2009; Vouriot et al., 2019). Different from previous studies, the flood macro-vortices are 
completely destroyed during the ebb phase, panels (c) and (d), leaving a flow substantially uniform along the 
entire channel width. The main reason for the different behavior can be ascribed to the channel geometry. In the 
present study, the presence of the later flats induces a more intense flow during the ebb, which is able to flush-out 
the main vortices.

During the ebb, small vortices are generated toward the open basin owing to a similar shedding mechanism from 
the tip of the tidal inlet. A similar process was observed in all experiments with the only difference relative to 
the final longitudinal extension of the flood macro-vortices, which increase inversely with the tidal period T, see 
Supporting Information S1 for the flow fields of all experiments. The generation of vortices as observed in our 
experiments qualitatively resembles the field observation as shown from the satellite image of figure 1 or figure 
2 of Zhabin and Luk'yanova (2020).

The measured flow fields showed quite a distinct dynamics depending on the tidal phase. The flood is charac-
terized by an intense vortex dynamics, including merging events and a tendency of the vortices to be deformed 
by the large scale shear flow. The vortices are surrounded by regions of intense strain (marked by positive values 
of the λ0). On the contrary, the ebb phase is characterized by the annihilation of the macro-vortices owing to the 
large shear flow toward the open basin, with intense accelerations around the inlet.

The question that we shall address in this study is how the energy and enstrophy transfers are influenced by the 
different flow characteristics observed within a tidal period.

3.2. Nonlinear Energy and Enstrophy Transfers

We now analyze the nonlinear energy and enstrophy fluxes associated to the time periodic velocity fields, 
computing the spectral fluxes from Equations 2 and 3. Owing to the periodic nature of tidal flows, we subdivide a 
single cycle in six time frames on the basis of the dynamics observed from the velocity fields. The flood and ebb 
are analyzed in three sub-intervals 1/6T long, labeled in the following as Flood (Ebb) 1, 2 and 3.
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Examples of spatial distributions of the ensemble averaged spectral energy flux Π (l) and enstrophy flux Z (l) for 
a selected scale l = 0.15lw are shown in Figure 2 for six instants in a tidal period. The maps represent a single 
instant in the period, marked by colored dots in the middle panel of Figure 2, where the time signal of the velocity 
in front of the inlet is reported to help the identification of the tidal phase. The spatial maps of both of Π (l) and 
Z (l) reveal some common features between the fluxes of the two invariants (energy and enstrophy). In particular, 
a marked spatial inhomogeneity is revealed. In fact, the most active area is limited to the portion of the domain 
around the tidal inlet up to a distance of about ∼3lw during the flood. Moreover, it is interesting to note how the 

Figure 2. Contour maps of the spectral energy flux Π (l) (top six panels) and enstrophy flux Z (l) (bottom six panels) computed for a filter scale l = 0.15lw (lw = 0.86 m) 
at different tidal phases for Experiment 01HR (T = 180 s, ϵ = 0.0325 and Lg = 195.3 m). The central panel reports a time signal of the measured velocity at the inlet and 
it is used to identify the six sub-intervals. The dots correspond to the exact times where the Π (l) and Z (l) maps are taken.
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fluxes maintain a time dependence, which is the consequence of a periodic forcing. In particular, the flood is 
characterized by the presence of a larger and larger portion of the domain where Π (l) < 0 in a background field 
of small values of Π (l), that is, the energy is gained by scales larger than l. The opposite is observed during the 
ebb when Π (l) reverses its sign, becoming highly positive, implying a transfer toward scales smaller than l. The 
fluxes of Z (l) show a different evolution especially for the distribution of the positive and negative areas with the 
highest values around the inlet as the energy fluxes. Increasing the kernel l leads to smoother fields of the spectral 
fluxes, as expected from the FST method. Examples of maps of Π (l) and Z (l) for l = lw and l = 2lw are reported in 
Supporting Information S1.

To better highlight the transient nature of energy and enstrophy transfers, we report in Figure 3 the spatial-aver-
aged values of the fluxes 𝐴𝐴 ⟨Π⟩ (panels a–d) and 𝐴𝐴 ⟨𝑍𝑍⟩ (panels e–h) as a function of the dimensionless time t/T and 
filter scales l/lw for all the experiments.

This is probably the most important result of the present analysis and it is the first evidence of the periodic 
dependence of the spectral fluxes. The time maps emphasize the differences between the flood and ebb phases 
for both fluxes. During the flood, flow scales in the range 0.15 ≲ l/lw ≲ 2.5 are characterized by a transfer of 
energy toward the larger scales (inverse energy cascade), whereas scales above l/lw ≳ 2.5 tend to invert their sign 
and, therefore, transfer direction, leading to a direct energy cascade. The ebb phase is almost perfectly mirrored 
with respect to the flood. It is interesting to note that, during flood, length scales below the value of 0.15 show 
positive values of 𝐴𝐴 ⟨Π⟩ , although not particularly intense. We will comment further on this later on. Enstrophy 
shows a similar behavior in terms of periodicity, although the sign remains fairly constant along the scales. The 
flood seems to be dominated by an inverse cascade of enstrophy and ebb, by a direct cascade of enstrophy. The 
most relevant change of sign from positive to negative is observed for l/lw ≲ 0.15 during most of the flood phase.

Decreasing the tidal period, from panels (a) to (d), tends to make the separation of the flow scales more evident 
and sharper, for example, two positive maxima clearly appear in Experiment 04HR (T = 100 s) (panel d). Cascade 
transitions that cause a change in the direction of the energy transfers are found in turbulent flow systems, when 
the controlling parameters are varied, for example, turbulence in layers of finite thickness (Celani et al., 2010) 
or in rotating systems (Buzzicotti et al., 2018). Several possible scenarios can be foreseen (Alexakis & Bife-
rale, 2018) and, among them, the system can transit from a forward cascade to a split cascade as found for thin 
layers or rotating turbulence. The results indicate that tidal flows undergo a similar scenario during a single 
period. The more intense fluxes observed for a decreasing tidal period (and tidal wave length) could be due to the 
increase in the velocity intensities.

In natural estuaries or coastal bays, the results of Figure 3 suggest that, for a given period of the dominant tide, 
shallower flow conditions (i.e., for decreasing mean flow depth D0) enhance the establishment of higher energy 
and enstrophy fluxes with a more marked transition between the flow scales and the tidal phases.

Further reducing the dimensions of the problem by averaging over time, the energy and enstrophy fluxes only 
depend on l/lw. We indicated the space-time averaged quantities as 𝐴𝐴 ⟨⟨Π⟩⟩ and 𝐴𝐴 ⟨⟨𝑍𝑍⟩⟩ . Averaging over the entire 
time of the process is common in order to grasp the overall picture of the energy/enstrophy transfers and the 
link to the spectral cascades (Aluie et al., 2018; Benavides & Alexakis, 2017; Fang et al., 2019; Fang & Ouel-
lette, 2016; Liao & Ouellette, 2013, 2014, 2015a, 2015b; Rivera et al., 2014). Care must be taken in the present 
case since our process is periodic, contrary to most of the cited studies that dealt with statistically steady flows. 
We perform time averages over different time intervals and in particular, over the flood and ebb phases separately 
and over the entire period T.

The results of the different time averages are summarized in Figure 4. Panels (a) and (b) show the fluxes 𝐴𝐴 ⟨⟨Π⟩⟩ 
and 𝐴𝐴 ⟨⟨𝑍𝑍⟩⟩ for all experiments dividing the flood phase from the ebb. As explained in detail in Supporting Infor-
mation S1, the error bars reported in the plots refer to the RMSD computed among the different realizations. 
RMSD is about 8% of the mean values for a scale below 2.5 and tend to increase for a larger scale up to a value 
of about 15%.

Two fundamental characteristics of the process are evident. First, the mean spectral energy flux changes the sign 
at two specific length scales. In particular, during the flood, 𝐴𝐴 ⟨⟨Π⟩⟩ is positive for scales lower than l/lw ≲ 0.15 
and then becomes strongly negative in the range 0.15 ≲ l/lw ≲ 2–2.5. The first zero-crossing is independent 
of the forcing tidal period, whereas the second depends on the tidal period. Larger flow scales (l/lw ≳ 2.5) are 
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Figure 3. Contour maps of the space averaged 𝐴𝐴 ⟨Π⟩ and 𝐴𝐴 ⟨𝑍𝑍⟩ as a function of nondimensional tidal phase t/T and nondimensional scale l/lw. Panels (a–d) represent 𝐴𝐴 ⟨Π⟩ 
of Experiment 01HR (T = 180 s, ϵ = 0.0325 and Lg = 195.3 m), 02HR (T = 160 s, ϵ = 0.0308 and Lg = 173.6 m), 03HR (T = 130 s, ϵ = 0.0225 and Lg = 141.0 m) 
and 04HR (T = 100 s, ϵ = 0.0217 and Lg = 108.5 m), respectively. Panels (e–h) represent 𝐴𝐴 ⟨𝑍𝑍⟩ of Experiment 01HR (T = 180 s, ϵ = 0.0325 and Lg = 195.3 m), 02HR 
(T = 160 s, ϵ = 0.0308 and Lg = 173.6 m), 03HR (T = 130 s, ϵ = 0.0225 and Lg = 141.0 m) and 04HR (T = 100 s, ϵ = 0.0217 and Lg = 108.5 m), respectively.
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characterized by positive fluxes. Second, the energy fluxes during the two phases show a symmetry with respect 
to the fixed zero-crossing scales. However, the energy fluxes at the large scale during the ebb are much less vigor-
ous compared to the more energetic flood phase. Similarly, enstrophy changes the direction of transfer according 
to the tidal phase. The flood is dominated by a negative flux, whereas the ebb is characterized by positive fluxes.

We now attempt to provide a physical description of the processes behind the behavior of the fluxes discussed so 
far. First, it is important to acknowledge a limitation of the present analysis that is somehow related to the appli-
cation of FST and the scale resolved by the LS-PIV measurements. In particular, it is not possible to cover the 
entire range of scales involved in the process. In the small scale range, we do not resolve the viscous scales where 
energy dissipation occurs owing to viscous effects. Viscosity would act at the Kolmogorov scale that can be eval-
uated as 𝐴𝐴 𝐴𝐴 ∼ 𝐿𝐿∕𝑅𝑅

3∕4

𝑒𝑒  (Tennekes et al., 1972). In present experiments, η assumes a value of about 10 −4m, too small 
for the LSP-IV resolution that is about 2 cm. However, as expected, the energy is transferred to the smaller scale 
in weak direct energy cascade fashion for l/lw ≲ 0.15 and we observe that the fluxes tend to be zero for l/lw → 0. 
Second, we are not able to describe the largest scale (channel length), where a large scale quadratic dissipation 
proportional to the drag α occurs, see the last term in Equation 1. This is limited by the FST computation that does 
not allow to reach those scales. Again, we may expect that the fluxes tend to be zero for the largest scales and the 
measurements seem to be consistent with this.

Figure 4. Temporal and spatial average of Π and Z as a function of the nondimensional scale l/lw. Panel (a) 𝐴𝐴 ⟨⟨Π⟩⟩ and panel 
(b) 𝐴𝐴 ⟨⟨𝑍𝑍⟩⟩ for all experiments averaged on the flood and ebb phases. Panel (c) 𝐴𝐴 ⟨⟨Π⟩⟩ and panel (d) 𝐴𝐴 ⟨⟨𝑍𝑍⟩⟩ for all experiments 
averaged on tidal period.
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From a physical standpoint, both energy and enstrophy fluxes are controlled by a delicate balance between stress 
and strain, the former, and vorticity stress and vorticity gradient, the latter. The relative alignments among these 
quantities are even more important than their intensities (Liao & Ouellette, 2014; Xiao et al., 2009). Previous 
studies dedicated to the physical explanation of energy and enstrophy cascades showed how vortex merging 
(Aluie & Kurien, 2011; Kraichnan, 1967) and thinning (Chen et al., 2006; Kraichnan, 1976; Xiao et al., 2009) 
are responsible for an inverse energy cascade, whereas strain dominated flow regions are mostly responsible for a 
direct cascade (Chen et al., 2003). These conclusions were often drawn by computing the Okubo-Weiss parameter 
and conditionally averaging the fluxes with the values of λ0.

In the present case, we observed that the flow fields during the flood phase is, on average, dominated by nega-
tive values of λ0 indicating the presence of vortical structures that are strongly influenced by the mean large 
scale advection, causing merging and, more importantly, thinning processes. Chen et al. (2006) provided a clear 
physical picture on the process that modifies a vortex immersed in a large-scale strain field (the large scale tidal 
flow in the present case). A small scale vortex is elongated along its stretching direction and thinned along its 
compressing direction, reducing the velocity and energy around it as imposed by Kelvin's theorem. At the same 
time, the velocity will change its alignment, producing a net positive or tensile stress along the stretching axis, 
ultimately increasing the large scale energy. The associated ≪Π≫ tends to be negative in the range of scale 
where these processes are active and positive for the larger scales where strain tends to dominate. Enstrophy is 
also influenced by the rotation dominated scales and tends to be negative as the energy fluxes, whereas it tends 
to vanish for larger scales.

When the flow reverses during the ebb phase, the flow is mostly dominated by large-scale strain and λ0 is mostly 
positive. In this case, the vorticity stress of Equation 3 tends to be antiparallel to the large-scale vorticity gradient, 
producing, on average, a direct cascade of enstrophy (Chen et al., 2003). Simultaneously, the energy fluxes are 
mostly positive owing to a changing in the alignment of the small scale turbulent stresses and the large scale strain. 
In particular, it is reasonable to assume that the stresses tend to be more orthogonal to the strain field (Liao & 
Ouellette, 2014; Xiao et al., 2009), as typical of open channel shear flows (Enrile et al., 2020; Nikora et al., 2007; 
Stocchino et al., 2011), and thus the fluxes tend to be positive as a signature of a direct energy cascade.

The period-averaged energy/enstrophy transfer process is shown in Figures 4c and 4d, where we report the tidal 
period averaged fluxes. The overall process seems to be dominated by a split-energy cascade where the large scale 
flow gains energy from the smaller scales in a range 0.15 ≲ l/lw ≲ 2–2.5 and loses energy in favor to the small 
scales for larger separations and for l/lw ≲ 0.15, where viscous dissipation ultimately occurs. A similar behavior 
has been described in a turbulence-like flows study characterized by the co-existence of 2D flow structures at 
different scales (Aluie & Kurien, 2011; Benavides & Alexakis, 2017).

The energy cascade transitions found in the present study could be linked to physical length scales relevant in 
natural contexts. In fact, the simplified geometry represented in our experiments is commonly found in coastal 
semi-enclosed embankments or bays or even in estuarine regions. The presence of a barrier island or similar 
coastal features are known to influence the local dynamics and transport properties (Blondeaux & Vittori, 2020; 
Nicolau del Roure et al., 2009; Vouriot et al., 2019). The present results suggest that the lateral extension of the 
barrier island is a crucial length of the energy process. In fact, for flow scales up to few times the latter length 
scale (lw in the present case), the flow should be dominated by a negative energy flux, whereas larger flow scales 
are dominated by direct energy cascades. Moreover, the presence of a multiple cascade could also influence the 
mixing properties. In fact, it is a well-known link between the energy cascades and the dispersion properties, see 
LaCasce (2008) for a review on the topic. The change in sign of the fluxes should be recovered also in a change of 
regime from the dispersion standpoint, that is, from a local dynamics, the mixing is governed by small scale  flow 
structures, to a nonlocal dynamics, where the mixing is governed by large scale flow structures. This is an impor-
tant aspect to be considered when transport processes are analyzed in realistic coastal areas dominated by the 
tides especially in shallow water conditions.

4. Conclusions
This study explored the challenging description of the exchange of energy and enstrophy among the range of 
scales of an extremely common class of coastal flows, that is, tidal currents. We approached the problem focusing 
the attention on the interaction of a tidal flow with an inlet using a large-scale laboratory model. In this controlled 
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environment, we recreated the commonly observed vortex shedding and merging that are expected to play a major 
role in the energy transfers. We preferred a FST rather the more standard spectral approach owing to the wealth of 
information that this framework offers. The results undoubtedly showed the transitional character of the energy/
enstrophy transfers during a single tidal period and the coexistence of multiple cascades. In fact, inverse energy 
and split-energy cascades were found to be the dominant processes. The pathways of energy toward the large 
scale were linked to vortex merging and thinning observed during floods, whereas a direct cascade was observed 
during the ebb when the mean flow caused the rapid decay of the tidal channel vortical structures and the large-
scale strain dominates. Two length scales appeared to dominate the process, the dimension of the tidal inlet that 
controls the small scale vortex shedding and the width of the tidal flats that is related to the size of the largest 
macro-vortices. The existence of multiple cascades could be a challenging process to be reproduced using coastal 
circulation models based on the RANS equations. In fact, the inverse energy cascade is often associated to the 
negative eddy viscosity process and this implies that standard modeling approaches based on the eddy viscosity 
closure should be able to reproduce negative values of the momentum transport coefficient in order to correctly 
describe a negative energy flux.

Our results contributed to the developing literature on the description of energy budget in geophysical flows and 
represent one of the few examples of application of filtering techniques to coastal environments.
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