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Abstract. Horizontal mixing of shallow coastal flows is studied with spe-11

cific focus on the role played by large-scale horizontal eddies (macrovortices).12

Description of macrovortex-induced mixing is given on the basis of numer-13

ical solutions of a specific Boussinesq-type model, FUNWAVE2D, commonly14

used for analyses of nearshore circulation. Validation of the model results is15

first made against a set of experimental data, forming the ‘Bari dataset’, here16

taken to represent the ground truth. The model’s tunable parameters are,17

then, calibrated to satisfy an overall best agreement between the numerical18

solutions and the measurements. This is achieved by means of values close19

to those suggested in the literature i.e. slot width of 0.05, slot shape of 20,20

Shapiro filtering about twice per wave period. The main results of the work21

are concerned with a sensitivity analysis of the numerical solutions on both22

the type / intensity of subgrid scale (SGS) turbulence modelling and the in-23

tensity of the breaking induced dissipation. Statistics of mixing, rather than24

inspection of the velocity spectra, are used to assess the value of the best-25

fitting parametrization. Such analysis reveals that the model’s results depend26

very weakly on the type and intensity of the subgrid turbulence represen-27

tation (no dependence at all is found for the longer waves), while they are28

very sensitive to the intensity of wave breaking. For both types of bathyme-29
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tries at hand (neighbouring or isolated submerged breakwaters) an increas-30

ing intensity of wave breaking leads increasing values of dispersion and dif-31

fusivity. A discussion is, finally, provided on the role of the mentioned parametriza-32

tions towards suitable Horizontal Large Eddy Simulations (HLES) of coastal33

flows performed by means of depth-averaged, frequency-dispersive models.34

It seems well evident that, provided small enough grid sizes are used (smaller35

than the representative water depth), also for dispersive models much more36

important is to focus on the correct parametrization of breaking than on that37

of the subgrid turbulence.38
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1. Introduction

In many cases shallow-water flows, in which the horizontal scales are much larger than39

the vertical scale, are characterized by the presence of large-scale features similar to those40

of 2D turbulence. Such flows are most often analysed in terms of depth-averaged proper-41

ties like in the case of the classic Nonlinear Shallow Water Equation (NSWE) or in their42

dispersive versions like the various available Bousinesq-type models. The importance for43

shallow flows of horizontal, large-scale eddies (macrovortices hereinafter) has been widely44

reported for coastal flows (e.g. Oltman-Shay et al., 1989; Peregrine, 1998; Chen et al.,45

1999; Brocchini et al., 2002). Large-scale, horizontal mixing of coastal flows is largely pro-46

moted by macrovortices which are generated because of a spatially-non-uniform breaking47

of the incoming waves (e.g. Peregrine, 1998; Brocchini et al., 2004). Although such dif-48

ferential breaking may be induced by various reasons (irregularity of the incoming field,49

wave-wave interaction, etc.) the major cause of persistent breaking unevenness is due to50

topography. This is often characterized by longshore, isolated (natural bumps or man-51

made submerged breakwaters) or almost-continuous features (bars or arrays of submerged52

breakwaters) over which uniform wave fronts break with large lateral gradients. Hence,53

macrovortices can be shed which alter both the hydrodynamics and the morphodynamics54

(Steijn et al., 1998; Chen et al., 1999; Bühler & Jacobson, 2001; Brocchini et al., 2004).55

Depth-averaged circulation models have already proved very useful in describing56

nearshore flows stirred and mixed by macrovortices: Boussinesq-type models have been57

used both to reproduce rip-currents systems at large (Chen et al., 1999) and to investigate58

the details of such flow in dependence of the planar geometry and topography at hand59
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(Kennedy et al., 2006). In view of the importance of the small-scale turbulence, many60

Boussinesq-type models, like FUNWAVE2D include a simple parametrization of such tur-61

bulence (Smagorinski, 1963). Such approach, though well-suited for simplified quasi-3D62

and wave-resolving computations, has never been verified to obey the theoretical con-63

straints imposed by the theory of 2D turbulence.64

One major constraint is, obviously, that the rate of energy cascade towards the65

computationally-unresolved scales (of wavenumber larger than the cut-off wavenumber66

kC) should be zero (Lesieur, 1987). In the case of shallow flows this absorption of cascad-67

ing energy must be reduced since already drained by bed friction through the ‘short-cut68

cascade’ of Uijttewaal & Booij (2000). This reduced dissipation can be modelled through69

direct inclusion of a frictional damping term in the SGS model (e.g. Uittenbogaard, 1999;70

Uittenbogaard & van Vossen, 2004).71

One second constraint is that the rate of enstrophy flowing towards the smallest dissi-72

pative scales must be constant (Lesieur, 1987). Hence, it is necessary to suitably investi-73

gate the generation/cascading/dissipation processes of enstrophy as reproduced by depth-74

averaged models. Such an analysis has been tailored by Terrile et al., (2006) to two types75

of circulation models like the Boussinesq-type model here considered (i.e. FUNWAVE2D,76

Wei et al. 1995; Chen et al., 1999) and the wave-averaged model SHORECIRC (Sancho77

& Svendsen, 1997; Putrevu & Svendsen, 1999). Their analysis, based on an analytical78

treatment of the enstrophy transport equation, has confirmed that, though enstrophy can79

be locally dissipated via viscosity at large depth gradients (Brocchini & Colombini, 2004),80

such dissipation is one order of magnitude smaller than the classic viscous dissipation81

proportional to the square of the vorticity gradient.82
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All the mentioned studies require availability of adequate benchmarks which come either83

in terms of kinematic properties (e.g. velocity and energy spectra) or in terms of mixing84

properties (e.g. statistics of passive tracers). Piattella et al. (2006), on the basis of85

the close connection between kinematic and mixing flow properties, have both detailed a86

theoretical approach to interpret nearshore flow circulation patterns in terms of mixing87

properties of passive tracers and applied such method to discuss experimental flows coming88

from the ‘Bari experiments’ (e.g. Lorenzoni et al., 2005; Piattella et al., 2006). The same89

approach has been applied with some success also to characterize the various possible SGS90

parametrizations for a shock-capturing NSWE solver (Brocchini et al., 2001) towards its91

extension to a HLES version (Grosso et al., 2006).92

With the same procedure, i.e. referring as benchmarks to the mixing properties of93

the flows studied during the ‘Bari experiments’ and the similar ‘Delaware experiments’94

(Kennedy & Thomas, 2004), we here aim at assessing the influence of possible SGS95

parametrizations and wave breaking intensity on the solutions provided by FUNWAVE2D.96

In particular we want to: (i) clarify the eventual importance of including bed friction con-97

tributions in the SGS parametrization; (ii) assess the relative weight on the solution of98

the SGS and breaking turbulence; (iii) provide a range of parameters for the mentioned99

closures and relate those ranges to physical processes of 2D turbulence.100

The paper is structured so that section 2 illustrates the Boussinesq-type model at hand,101

with specific focus on both SGS and wave breaking parametrization. Section 3 provides102

an extensive description of the benchmark flow and experimental data i.e. of the ‘Bari103

dataset’ (comprehensive of measurements of water level, flow velocities and tracers statis-104

tics) and of the preliminary calibration of the model. In section 4 a sensitivity analysis of105
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the model performances is proposed on the basis of the response to changes both in the106

type/intensity of SGS turbulence modelling and in the intensity of the breaking induced107

dissipation. Statistics of mixing, rather than inspection of the velocity spectra, are used108

to assess the value of the best-fitting parametrization. In the final section 5 a discussion109

is provided on the role of the mentioned parametrizations towards suitable Horizontal110

Large Eddy Simulations (HLES) of coastal flows performed by means of depth-averaged,111

frequency-dispersive models.112

2. Model description

FUNWAVE2D is based on fully nonlinear Boussinesq equations derived by Wei et al.

(1995). The equations are depth-integrated equations for the conservation of mass and

momentum for nonlinear waves propagating in shallow and intermediate water depths. In

cartesian coordinates the extended Boussinesq equations of Wei et al. (1995) are written

in terms of a reference velocity uα = (uα, vα) at a reference elevation zα = −0.531h, where

h is the water depth. The mass conservation equation can be written as

βηt + ∇M = 0 (1)

where M is the depth-integrated volume flux given by

M=Λ (h + η)

{

uα+µ2

[

z2
α

2
− 1

6

(

h2 − hη+η2
)

]

∇(∇·uα)+
[

zα+
1

2
(h−η)

]

∇ [∇·(huα)]

}

(2)

in which η is the free surface elevation relative to the still water level, ∇ is the horizontal

gradient operator while β and Λ are dimensionless parameters introduced for the treatment

of shoreline run-up. The associated momentum conservation equation is:

uαt + (uα · ∇)uα + g∇η + V1 + V2 + Rf − Rb − Rs = 0 (3)
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where g is the gravitational acceleration and V1 and V2 are the dispersive Boussinesq113

terms, defined in Wei et al. (1995) and the terms Rb, Rs and Rf represent the effects of114

wave breaking, subgrid turbulent mixing and bottom friction, respectively.115

A fourth-order Adams-Bashforth-Moulton predictor-corrector scheme is employed in the116

numerical model to perform the time integration (Wei & Kirby, 1995), ensuring that the117

truncation error does not contain terms, which are mathematically similar to the actual118

dispersive terms (truncation errors of a second-order approximation may contaminate the119

real dispersive terms in the equations).120

2.1. Boundary conditions

Lateral boundaries have been represented as impermeable walls (horizontal velocity121

normal to the wall is zero) with no local filter along them, in order to avoid energy loss122

through them. A closed offshore boundary in combination with a sponge layer is used to123

serve as the offshore non-reflective boundary. Input waves are, then, generated internally124

by a source function technique developed by Wei et al. (1999). Sponge layers have been125

added at both ends of the domain (seaward of the source function and shoreward of the126

beach) to absorb energy by removing both unwanted backward-propagating waves from127

the source and reflected waves radiating out of the numerically-simulated region (Chawla128

& Kirby, 1999). To simulate swash motions, the entire computational domain is treated129

as an active fluid domain by employing an improuved version of the slot or permeable130

sea-bed technique for simulation of runup introduced by Tao (1984) (more details in Chen131

et al., 1999).132
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2.2. Energy dissipation

In the momentum equation (3) the terms Rb, Rs and Rf represent the effects of wave133

breaking, subgrid turbulent mixing and bottom friction, respectively.134

Modelling of energy dissipation caused by wave breaking in shallow water is simulated by

adding a momentum mixing term (Rb) to the Boussinesq-type equations with a dissipation

mechanism spatially and temporally localized and tied to the front face of the wave. In

analogy to the ‘roller’ model by Schäffer et al. (1993), the onset and cessation of wave

breaking is determined using the parameter η∗

t defined as:

η∗

t =







η
(F )
t t ≥ T ∗

η
(I)
t + t−t0

T ∗

[

η
(F )
t − η

(I)
t

]

0 ≤ t − t0 < T ∗
(4)

where T ∗ is the transition time, t0 is the time at which wave breaking occurs, and t − t0135

is the age of the breaking event. The value of η
(I)
t varies between 0.35

√
gh and 0.65

√
gh,136

while the values of η
(F )
t and T ∗ are 0.15

√
gh and 5

√

h/g respectively. The effectiveness137

of the breaking model was detailed by Kennedy et al. (1999) and by Chen et al. (2000).138

The lower limit of η
(I)
t is found to be more suitable to bar/trough beaches while the upper139

limit gives optimal agreement for waves breaking on monotone sloping beaches.140

In addition to the energy dissipation term due to wave breaking, localized on the front

face of the break wave, subgrid-scale turbulent processes associated with surf zone eddies

may become an important factor influencing the flow pattern of the wave-generated cur-

rent field. The turbulence that occurs in regions with large gradients in the horizontal

velocities such as around tips of breakwaters is therefore simulated by the Smagorinsky-

type subgrid model (Smagorinsky, 1963), introduced in the momentum equations, to

account for the effect of the resultant eddy viscosity on the underlying flow (see Chen et
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al., 1999). The eddy viscosity due to the subgrid turbulence has been defined as

νs = Cdm∆x∆y





(

∂U

∂x

)2

+

(

∂V

∂y

)2

+
1

2

(

∂U

∂y
+

∂V

∂x

)2




1/2

(5)

in which U and V are the velocity components of the time-averaged underlying current141

field, ∆x and ∆y are the grid spacing in the x− and y−directions, respectively, and Cdm142

is the mixing coefficient whose values have been assumed ranging between 0.1 and 2.0.143

The bottom friction, in FUNWAVE2D, important in wave transformation close to the

shoreline and for nearshore circulation patterns, acts like a sink of both energy and mo-

mentum, unlike the momentum mixing terms for wave breaking and subgrid turbulence

(Chen et al., 2003). The bottom shear stress is given by a quadractic term written in

terms of the combined velocity due to waves and currents

Rk =
Cf

h + η
uα |uα| (6)

where Cf is the friction coefficient set between 5 × 10−3 and 5 × 10−1.144

To understand the role of the subgrid turbulence and get information on the behaviour

of different SGS models an alternative approach has also been implemented. This is

the recently developed SGS model by Uittenbogaard (1999), which is of Smagorinsky

type, but includes damping by bed friction. In HLES modelling of turbulence, where the

hydrodynamics and the sediment transport are solved on time and length scales much

smaller than the dominant 2D turbulent motions, horizontal motions are resolved by the

correct and well established momentum for shallow water flow (Uittenbogaard & van

Vossen, 2004). The formulation of the applied SGS model takes the following form

νSGS =
1

k2
s

[
√

(γσT )2 S2 + B2 − B
]

(7)
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where B = 3/4Cf |U |h−1 takes into account the effect of bottom friction for 2D isotropic

turbulence, γ = 1/2I∞
√

1 − α−2 is a numerical coefficient depending on the dimensionality

of turbulence (2D in this case), S2 is the sum of the horizontal shear stress and U and V

are the velocity components of the time-averaged underlying current field,

S2 = 2

(

∂U

∂x

)2

+ 2

(

∂V

∂y

)2

+

(

∂U

∂y

)2

+

(

∂V

∂x

)2

+ 2
∂U

∂y

∂V

∂x
. (8)

The truncation wave number defined as ks = flp/
√

∆x∆y determines which part of the145

length-scales of turbulence is modelled with the SGS model while σT is the turbulence146

Prandtl-Schmidt number, and it ranges typically between 0.5-1.0 while I∞ ≈ 0.844. Nu-147

merical experiments estimate flp
∼= 0.3 such that ks ∼ ∆x−1 for a square grid. A good148

result of (7) is that the only calibration coefficient is the slope α of the energy spectrum,149

which for 2D turbulence assumes values equal to α = 5/3 or 3 (Kraichnan, 1971). Anyway150

sensitivity of γ to α is negligible (Uittenbogaard & van Vossen, 2004).151

3. The flow conditions for parametric analysis

This section describes all the tests made, varying both numerical and physical parame-152

ters, to establish the best agreement between experimental and numerical data using the153

root mean square error analysis.154

3.1. Wave basin experiments and model setup

The evolution of macrovortices generated during a large-scale laboratory experiment has155

been studied in terms of statistical properties of passive tracers following the approach156

of Piattella et al. (2006). The experiments, described in Lorenzoni et al. (2004, 2005)157

were carried out at a 40m x 29m portion of the large-scale wave basin of the Polytechnic158

of Bari (90m long, 50m wide). Model breakwaters (4m long, with berm width of about159
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0.3m and a constant submergence of about 0.015m) were placed over a sandy beach of160

almost uniform slope both offshore of the breakwaters (1:200) and inshore of them (1:20),161

as showed in figure 1. Fine sand (d50=0.2mm) was used as coverage of the bottom. At162

the offshore boundary of the domain, with still water depth of 0.79m, both regular and163

irregular waves were generated with periods in the range between 0.91s-1.82s and heights164

in the range 1.67cm-6.67cm.165

Two distinct configurations were analysed: ‘single breakwater configuration’ (hereafter166

SBC) and ‘rip current configuration’ (hereafter RCC); in the former case the structure167

is far from any other structures and, in the latter, breakwaters are separated by narrow168

gaps. For both configurations, velocities around the breakwaters and water levels over169

the breakwaters were measured.170

Floaters (10− 25 wooden spheres with diameter of 25mm-42mm) were released around171

the breakwaters and their meandering tracked with a fixed video camera. The initial172

locations of floaters were random but close to the heads of the breakwater for the single173

breakwater configuration and in the gap between the breakwaters for the rip current174

configuration. Images, rectified into cartesian still water coordinates, allow for inspection175

of the floaters dispersion under the action of waves, currents and macrovortices (more176

details on the procedure can be found in Kennedy & Thomas, 2004 and Kennedy et al.,177

2006).178

The computational domain is set to be 19.95m longshore and 15.45m crosshore for the179

RCC and 16.95m longshore and 10.15m crosshore for the SBC. The computational grid180

sizes have been chosen equal to ∆x=∆y=0.05m, while the run time step is 0.01s for both181

configurations. Note that the chosen grid guarantees that the ratio between the grid size182
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and the water depth is less than a half at both inshore and offshore toes of the submerged183

structures and only three over their berm. This and knowledge that macrovortices are184

generated over the lateral slopes of the structures, well satisfy the fundamental request185

for proper HLES computations (e.g. Uittenbogaard & Van Vossen, 2004). All the model186

runs have been executed for 150s.187

Simulations were done for cases described in table 1 and numerical parameters were188

fixed evaluating the RMSE between numerical results and laboratory measurements for189

elevation and velocity components uα and vα, for the last 100s of data.190

Validation and calibration of the numerical model have been made, on the basis of the191

data pertaining to the RCC, by varying the main parameters of the model, as described192

in tables 2 and 3.193

The numerical results were compared with measurements of laboratory experiments194

and the mean square error was then calculated for elevation and velocity components u195

and v. Furthermore wave heights and current speed components measured during the196

experiments at 18 gauges distributed as in figure 1 have been compared to numerical197

model results. Specific flow conditions of cases E and F have been used, both for the sake198

of brevity and because these are the cases more extensively discussed in Piattella et al.199

(2006).200

The overall agreement between measured and calculated values at all gauges has been

quantified by means of the root mean square error

RMSE =

√

√

√

√

1

N

N
∑

1

(Am − An)2 (9)

where Am are measured experimental quantities and An are the numerical results. The201

best agreement is reached for RMSE values close to 0.202
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The parametric analysis has been performed by first varying the values of the numerical

parameters. In particular it has been analyzed the effect of changes in the slot character-

istics and in the stabilizing filtering (Shapiro filter). In the former case, the modified sea

bed elevation z∗ due to the presence of the slot (Chen et al., 1999) reads

z∗ =
zs

1 − δ
+ h0

(

δ

1 − δ
+

1

λ

)

(10)

where zs is the solid seabed elevation, h0 the still water level and the dimensionless203

parameters δ and λ control the width of the slot and the smoothness of the transition204

to the slot for the treatment of the moving shoreline. In order to perform numerical205

analyses, δ and λ have been tested for values ranging respectively between 0.02 and 0.05206

and between 20 and 40. Values of δ = 0.05 and λ = 20 have been chosen since these207

lead to stable numerical solutions and the related RMSEs (see figure 2) are comparable208

to those obtained with the parameters suggested in the user manual which, however, at209

times, gives unstable solutions.210

Nonlinear interactions in the model generate higher harmonic waves (that can have211

very short wavelength) causing blow-up of the numerical solution. This can be avoided212

applying a numerical Shapiro 4th order filter (Shapiro, 1970). This filter has been run213

every 100, 150 and 200 time steps. The value of 150 has been chosen since the RMSE214

obtained is relatively small and because a fraction of long wave energy is filtered out every215

time step (see figure 3).216

Once fixed the values of the numerical parameters for the model (i.e δ = 0.05, λ = 20,217

Nshapiro = 150) a calibration of the physical parameters of the model has been made to218

tune the model for an overall agreement of the numerical and experimental hydrodynamic219

solutions. Such analysis has been performed for the bottom friction (Cf), the wave break-220
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ing coefficient (Cbrk), and the subgrid mixing coefficient (Cdm), as reported in table 3.221

The bottom friction factor Cf , equation (6), has been tested for values equal to 5× 10−3,222

5 × 10−2 and 5 × 10−1. The subgrid mixing coefficient Cdm has been tested for values223

equal to 0.02, 0.1 and 2.0. The wave breaking coefficient Cbrk has been tested for 0.7,224

1.2, 2.5. The results of the analyses on the mentioned physical parameters are reported225

in figures 4, 5 and 6. Figure 4 shows that, although Cf = 0.005 gives the largest RMSE226

for all flow variables, such error is comparable in size with those given by Cf = 0.05227

and Cf = 0.5. Hence, since the bed friction estimated from the experimental data is of228

the order of 0.005, such value has been taken as the operative value for the bed friction.229

The parametric study on the wave breaking efficiency reveals that the suggested value230

of Cbrk = 1.2 is, actually, the one which provides the best overall agreement in terms231

of RMSE (see figure 5). Hence, Cbrk = 1.2 has been chosen as the operative value for232

the breaking efficiency. However, the other two values under investigation have also been233

used for the mixing study which follows (see table 4 for the complete set of runs per-234

formed for the mixing analysis). Very week dependence of the hydrodynamic data on the235

Smagorinsky SGS intensity has been observed. Figure 6 shows that, though varying Cdm236

over two orders of magnitude, the RMSE of the hydrodynamic variables only changes of237

a few percent. The choosen operative value for Cdm is 0.1.238

3.2. Illustration of the numerical flow field

Submerged breakwaters reduce the wave energy which reaches the beach by triggering239

dissipation over the structure through the physical mechanisms of wave breaking and240

friction, and, thus, reducing both sediment transport and potential coastal erosion. Figure241
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7 shows the bathymetries used in Bari experiments which have been taken as reference242

for the numerical simulations.243

The main circulation is characterized by the bar macrovortices (shed at the breakwa-244

ter edges and seaward evolving) and, for the RCC, by the shore macrovortices (located245

between the shoreline and the breakwater). For the RCC the current velocity increases246

locally on the bars due to the irregularities in the bathymetry, introducing shear flows247

and a disruption of the organization of the feeder region especially close to the gap. This248

effect is still present but less evident close to the shore. Vortex production is attributed to249

the strong velocity shear associated with the rip current in the area between the channel250

and the submerged bar. In addition to the former vortex pairs, vortices also appear on251

the bar crests and near the shoreline behind the rip channel. The vorticity on the crest of252

the bar originates from the longshore non uniformity of breaking on the bar crest because253

of non uniformities in the bathymetry, similar to the mechanism of vortex generation due254

to non uniformities in bores (Peregrine, 1998).255

The computed wave field is reported in figure 8 for two different times, characterized256

by representative behaviours for the hydrodinamic conditions of the system. The model257

clearly reproduces the main features of a rip current as the feeder, the neck and pairs258

of vortex moving offshore. Pairs of vortices develop at the edges of the rip channel and259

migrate towards the offshore with various types of meandering: one vortex of the pair much260

weaker than the other (left panels) or as well-identified pairs (right panels). Vortices also261

appear on the bar crest and near the shoreline shoreward of the rip channel. These shore262

vortices (Kennedy et al., 2006) are particularly evident in the left panels of the figure.263
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Top panels of figure 8 show the variation of the surface elevation in the basin, where264

grey and dark areas represent, respectively, wave crests and wave troughs. Wave crests265

become more peaky and higher (narrower lines in figure) on the top of the breakwater266

due to nonlinear shoaling effects and their breaking occurs mainly near the shoreline and267

on the lee of the breakwater. Due to this the wave height is reduced in the lee of the268

breakwater. On the contrary, the wave height in the rip channel increases more than on269

the breakwater crest because of wave-current interaction and the absence of wave breaking270

in the channel. Wave refraction and diffraction occur near the breakwater as shown by271

the variation of wave crests orientation in the lee of the breakwater (top panel of figure272

8).273

Figure 9 shows plots of simulated surface elevation time series measured at four different274

locations (see wave gauges in figure 7) seaward of the breakwater (V15, S09), over the275

breakwater crest (S12) and in the gap between breakwaters (V12). As expected, the largest276

wave heights are found at gauge V12 located where the rip current occurs. Here waves277

are very asymmetric and with an evident second harmonic. Over the breakwater the278

smallest wave heights are found, corresponding to waves of sawtooth shape. Seaward of279

the breakwaters (V15 and S09) waves are similar to cnoidal waves with a slightly larger280

amplitude in correspondence of the channel (S09).281

4. Parametric analysis on dissipative terms

4.1. Mixing analysis

Two-dimensional (2D), inviscid, turbulence is characterized by two invariants, the ki-282

netic energy E and the enstrophy Z. This leads to a direct (from large scales to small283

scales) cascade of enstrophy and an inverse (from small to large scales) cascade of energy,284
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that are associated with the formation of coherent structures of vortices (e.g. Lesieur,285

1987).286

Flow mixing is here quantified in terms of absolute and relative statistics (i.e. dispersion287

and diffusivity) comparing experimental and numerical floaters motion and the results are,288

in many ways, consistent with the theory of 2D flow mixing. The analysis of both absolute289

and relative statistics helps understand the fluid flow evolution at different scales.290

The absolute dispersion is computed as

〈

X2
ij(t)

〉

≡ 1

M

∑

particles

xi(t)xj(t) (11)

where xi is the particle displacement from its initial position in the x-direction (i = 1)

and in the y-direction (i = 2) and M is the number of particles. The trace of this matrix

is the ‘total’ absolute dispersion, i.e. 〈X2〉 = 〈X2
11〉+ 〈X2

22〉 = 〈X2
x〉+

〈

X2
y

〉

. The absolute

diffusivity, i.e., the time derivative of the absolute dispersion, reads

K(1) ≡ 1

2

d

dt

〈

X2
〉

(12)

and the relative dispersion tensor is

〈

D2
ij(t)

〉

≡ 1

N

∑

pairs

yi(t)yj(t) (13)

where yi is the particles’ separation in the x-direction (i = 1) and in the y-direction (i = 2)

and N is the number of pairs. A pair is taken to be any two particles (or passive tracers)

which come within a predefined distance at a given time. Different maximum separations

are used for identifying pairs. Usually, the smaller the maximum initial separation D0,

the greater the range of scales sampled, but also smaller the sample size. The rate of

separation between the particles often depends on the initial separation D0 itself. Like
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for the absolute dispersion, the trace of this matrix is the ‘total’ relative dispersion, i.e.,

〈

D2
〉

=
〈

D2
11

〉

+
〈

D2
22

〉

=
〈

D2
x

〉

+
〈

D2
y

〉

(14)

and the relative diffusivity is defined as the time derivative of the dispersion

K(2) ≡ 1

2

d

dt

〈

D2
〉

. (15)

4.1.1. Absolute statistics291

Following Piattella et al. (2006), flow regimes, in a description which makes use of

absolute statistics, are separated with use of suitable time scales, like the Lagrangean

decorrelation time TL defined as

TL ≡
∫

∞

0
R(t)dt (16)

where R(t) is the normalized Lagrangian autocorrelation function. Note that, because of292

(16) and since R(t) → 0 for t → ∞, TL can be interpreted as the ‘time necessary for each293

particle to loose memory of its initial velocity’.294

Basically TL represents the time at which it is possible to identify a transition in the

behaviour of absolute statistics. In particular if t << TL absolute dispersion typically

increases quadratically in time while absolute diffusivity undergoes a linear growth,

〈X2〉 ∝ t2 and K(1) ∝ t . (17)

This regime represents the ‘ballistic regime’ (Taylor, 1921). Once t > TL the ‘Brownian295

regime’ is reached and absolute dispersion increases linearly in time, determining a con-296

stant diffusivity K(1) → const. Ultimately, particles separations reach the scale of the297

energy-containing eddies LL and the individual particle velocities become uncorrelated298

(LL is also known as the decorrelation length scale).299
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4.1.2. Relative statistics300

Usually the absolute dispersion and diffusivity are used to model the dynamics for times301

sufficiently large (t > TL) that there is dominance of the anisotropic large-scale turbulence,302

whose main effect is that of convecting the clouds of passive tracers. Viceversa for ‘small303

times’, i.e. t < TL the isotropic small-scale turbulence is more important and its principal304

effect is to deform the cloud of passive tracers rather than to advect it. This suggests305

use of the relative dispersion analysis for the small scale-time regime. The definition of306

‘small times’ somehow depends on the approach used to analyse the mixing. If relative307

statistics are to be analysed a more restrictive definition of the ‘small time regime’ is to308

be used which makes use of Tp. This is the time for which, soon after deployment, ‘pairs309

of particles have lost memory of their initial separation D0’, and, for this reason, Tp is310

smaller than TL. Since Tp depends on the particles initial separation the ‘large time’ limit311

cannot be uniquely defined and it makes more sense to think in terms of a large-space312

limit. This is defined as the size of the ‘energy-containing’ eddies.313

Hence for small separations a behaviour similar to the ‘ballistic regime’ is observed314

for which 〈D2〉 ∝ t2 and K(2) ∝ t while for separations larger than LL the particles315

are uncorrelated and the relative dispersion becomes absolute with a ‘Brownian regime’316

for which the relative diffusivity K(2) is constant and approximately equal to twice the317

absolute diffusivity K(1), K(2) ∝ 2K(1).318

4.1.3. The intermediate regimes: anomalous diffusion319

Various behaviours can be observed in the intermediate regime in dependence of the320

evolution modalities of the large-scale coherent vortices.321
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Differences can be found for the relative dispersion: i) in the case of a dominance

of enstrophy cascade an exponential growth of particle separations and, consequently, a

D2-law in the relative diffusivity are observed leading:

〈D2〉 ∝ exp
(

β1/3t
)

and K(2) ∝ β2/3〈D2〉 (18)

in which β represents the flux of enstrophy injected at the forcing wavenumber; ii) vicev-322

ersa in the presence of a background shear (Bowden, 1965; Bennett, 1987), the turbulent323

diffusivity follows a ‘4/3-law’ for particles pairs taking independent random walks in the324

y-direction in the presence of a shear flow (dU/dy) in the x-direction. Bennett (1987)325

found that the dispersion in the x-direction is characterized by a t3 growth, accompanied326

by a D4/3-growth of the diffusivity in the x-direction: 〈D2
x〉 ∝ t3 and K(2)

x ∝ 〈D4/3〉.327

Similar behaviours can also occur in the presence of waves. A group of particles advected328

by monochromatic waves only exhibits a quadratic in time dispersion in the direction329

of the wave phase speed, for example in the x-direction, but with a transversal mixing330

superimposed, the dispersion in the x-direction can grow as t3 like in the case of a simple331

shear (LaCasce & Bower, 2000).332

4.2. Model Results Analysis

The analysis of the laboratory experiments, as reported in Piattella et. al (2006),333

suggests three regimes: a ‘microturbulence regime’, an ‘intermediate regime’ and a final334

‘equilibrium regime’. In this contribution the numerical results, obtained with a ‘hot335

start’ procedure, are characterized by only two regimes: the ‘intermediate regime’ and336

the ‘equilibrium regime’, the ‘ballistic regime’ being absent. Since the numerical results337

have been analysed after the solution reached a condition characterized by waves over338
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the entire domain no small-scale turbulence regime could be observed. The parametric339

analysis on the role of dissipative mechanisms (wave breaking and subgrid turbulence) has340

been performed using the numerical parameters already fixed to obtain the best overall341

agreement between hydrodynamic experimental data and model results (see section 3.1).342

In particular, the values used for the sponge layer offshore, inshore and lateral boundaries343

(2) are 59, 29, 1, 1, respectively, the slot width 0.05, the slot shape 20 and the shapiro344

filter has been applied every 150 run time steps. The values of the physical parameters345

like the bottom friction Cf , have been tested initially as reported in table 3. The subgrid346

mixing coefficient parametric analysis has been done employing values of Cdm equal to347

0.02, 0.1, 2.0, while the analysis on wave breaking has been performed using Cbrk equal348

to 0.7, 1.2 and 2.5. Bottom friction Cf has been kept fixed to a value of 0.005.349

4.2.1. Absolute Statistics350

The experimental absolute dispersion, for the SBC and the RCC, shows the classical351

initial quadratic growth in time, representing the ballistic regime, till the time at which352

waves reach the breakwater (t ≈10s-15s). As explained above, in the numerical data, the353

first regime to appear is the ‘intermediate regime’ (compare left panels with right panels354

of figures 10 and 11).355

The intermediate regime, defined as the ‘growth regime’ in Piatella et al. (2006), char-356

acterizes the experimental data for approximately (10–20)s < t < (40–60)s, and figures 10357

and 11 show that the duration of this regime is function both of the wave forcing and of the358

topographic features. In this regime the macroturbulence, induced by waves (SBC) and359

large-scale shear (RCC), dominates. For both the RCC and the SBC the ‘growth regime’360
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is characterized by 〈X2〉 ∝ t3 and the time at which transition between the intermediate361

and the final ‘asymptotic’ phase occurs is around t ≈ (40–60)s.362

The intermediate regime, for the numerical results, also follows a t3 growth for both363

the RCC and the SBC (right panels of figures 10 and 11) and the decay patterns well364

compare to those of the experimental data. The absolute dispersion and the time at which365

transition between the intermediate and the final ‘asymptotic’ phase occurs is around366

t ≈ (20–25)s for short waves and t ≈ (30-35)s for long waves, the numerical results367

lagging some (10 − 20)s behind the experimental data (and the numerical intermediate368

regime being slightly longer than the experimental one).369

During the ‘asymptotic’ or ‘Brownian regime’ an almost linear growth of the absolute370

dispersion is observed in the experiment data (left panels of figures 10 and 11).371

Numerical results show a well defined linear growth both qualitatively and quantitatively372

(i.e. giving values comparable to the experimental ones), for both short and long waves373

in the RCC (right panels of figure 10) and when the SBS is forced by long waves (bottom374

right panel of figure 11). On the contrary, when the SBC is forced by short waves the375

asymptotic dispersion, unexpectedly, undergoes a weak decay (top right panel of figure376

11).377

The absolute diffusivity is computed as the time derivative of the absolute dispersion,378

using equation (11). As shown in figures 12 and 13, for the experimental cases (left379

panels), the absolute diffusivity linearly grows in time for t < (10 − 15)s and reaches an380

asymptotic value.381

The absolute diffusivity forced by long waves well reproduces the experimental data382

both quantitavely and qualitatively for both the RCC and the SBC, (see bottom panels of383
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figures 12 and 13), with K(1) ≈ (2.0− 5.0)× 10−2 m2s−1. A worse comparison is obtained384

when short waves force, both the RCC and the SBC, since the model overestimates the385

absolute diffusivity, and an unexpected decay in t occurs for the SBC (top right panels of386

figures 11 and 13) after ≈ 30s.387

The flow anisotropy is analysed in terms of the absolute dispersion, as shown in figures388

14 and 15 (dotted lines indicate ± one standard deviation on the mean). The experimental389

crosshore absolute dispersion 〈X2
11〉, pertaining to the RCC, is larger than the longshore390

component 〈X2
22〉 for both short and long waves. Numerical dispersions for the RCC,391

forced by both short and long waves, reproduce fairly well the experimental patterns with392

the crosshore term 〈X2
11〉 greater than the longshore one 〈X2

22〉.393

A rather more complex behaviour is found when examining the anisotropy induced by394

the SBC. The experimental data show that for a comparable period of forcing long waves395

induce 〈X2
22〉 >> 〈X2

11〉 while for the short-wave forcing an opposite balance is found for396

early times, the two dispersions becoming of the same size at larger times (see left panels397

of figure 15). The latter result (i.e. comparable dispersions for long times) suggested to398

make computations longer than the duration of the experiments. The results, shown in the399

right panels of figure 15, suggest that the anisotropy changes in time with fluctuations of400

scale comparable to TL. Moreover, if numerical data are compared with the experimental401

ones, shifted back in time of about 10s to account for the ‘hot started’ numerical solution,402

we find that the results pertaining to short waves are in opposite phase of anisotropy with403

respect to the experimental ones. This does not happen when the flow is forced by long404

waves. Hence, the phase opposition in anisotropy can partly explain the peculiar decay405

of absolute dispersion and diffusivity of the top right panels of figures 11 and 13.406
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Once the model has been tested with a comparison between the numerical results and407

the experimental data, a parametric analysis has been performed to gain information on408

the role of the dissipative mechanisms i.e. wave breaking and subgrid turbulence. Such409

analysis shows that an increase in the wave breaking coefficient leads to an increase in the410

absolute diffusivity for all cases (compare runs E4 and F4, used to assess the matching411

with laboratory data, with the other results shown in table 5), while the effect on the412

absolute dispersion is weak for short wave forcing both the RCC and the SBC (compare413

runs E1 with E2, E3 with E4 and E5 with E6 of figures 16 and 18), and almost negligible414

for long wave forcing both configurations (compare runs F1 with F2, F3 with F4 and F5415

with F6 of figures 17 and 19).416

The use of different SGS models seems not to affect the results, as can be observed417

comparing the asymptotic results reported in table 5 for the RCC and the SBC forced418

by short waves (compare E3 with E5 and E4 with E6) and by long waves (compare F3419

with F4 and F5 with F6). It also seems that the subgrid turbulence models in use play420

a minor role in the process of mixing, due to a very weak sensivity to Cdm (compare run421

E1 with E4, and F1 with F4, in table 5).422

The major influence of the wave breaking parameter on the flow anisotropy occurs for423

short-wave forced flows. This is especially true for the RCC for which 〈X2
11〉 (always larger424

than 〈X2
22〉) increases with Cbrk independently of the other physical parameters (compare425

E1 with E2, E3 with E4 and E5 with E6 of figure 20). When the SBC is analysed (figure426

22) a much weaker size dependence of the anisotropy on Cbrk is observed (compare E1427

with E2, E3 with E4 and E5 with E6 of figure 22). On the other hand, an alteration of428

the time scales for the flow is induced by changing the breaking efficiency (E3 with E4429
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and E5 with E6 of figure 22). As already mentioned, though variation of Cbrk induces430

qualitatively similar changes also for long wave forcing, such changes are much weaker in431

size (compare F1 with F2, F3 with F4 and F5 with F6 of table 5, figure 21 and 23).432

Use of different SGS intensities and models does not affect significantly the results, as433

can be observed comparing runs E3 with E5 and E4 with E6 of figures 20 and 22 and434

comparing runs F3 with F5 and F4 with F6 of figures 21 and 23. The only appreciable435

changes are found when, keeping the same breaking efficiency and nominal intensity of436

the SGS, the model is changed from that of equation (5) to that of equations (7)-(8) in437

the RCC forced by short waves (compare E4 with E6 of figure 20). For those conditions438

the model of (5), not accounting for bed frictional effects, predicts a larger 〈X 2
11〉 than439

that predicted by the model (7)-(8).440

4.2.2. Relative Statistics441

Three initial separations are considered for the relative dispersion analysis, D0=(0.4, 0.8,442

1.5)m. The smallest and the largest values are used to separate, respectively, the small-443

and large-scale turbulence. The intermediate value of D0 is representative of the smallest444

gap width in the RCC (see Piattella et al., 2006). The total relative diffusivities, i.e.445

K(2) = K(2)
x + K(2)

y , are plotted for these three initial separations, against the distance D446

defined as the square root of 〈D2〉. In agreement with the results of the relative dispersion447

for the scales of the intermediate regime (D0 < D < LL) the diffusivities exhibit a different448

power law for the RCC (figure 24) and the SBC (figure 25). For the RCC both relative449

and absolute statistics are those typical of a shear-dominated flow (figures 10 and 24),450

while in the case of the SBC evidence has been found of an enstrophy cascade which, in451

principle, can be caused by either the stretching of vortex sheets from a shearing field or a452
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merging of same-signed vortices (figures 11 and 25). On the contrary, the fit K (2) ∝ D4/3
453

of figure 24 recalls the case of shear/waves dominance (Bennett, 1987), rather than an454

inverse energy cascade, also in view of no evidence of vortex merging, which is essential455

for inverse energy cascading. Hence, the strong horizontal shear, given by the rip current,456

seems to cause the D4/3-dependence for the relative diffusivity. The same trends are457

observed in the numerical results for the SBC being characterized by a K (2) ∝ D2 law458

and the RCC by a K(2) ∝ D4/3 law, both for short and long wave forcing. The presence of459

an ‘equilibrium regime’ is well evident in all the reported results also in terms of relative460

dispersion/diffusivity. For 〈DL〉 a linear growth in time of the relative dispersion is found461

which gives rise to a constant relative diffusivity (figures 24 for RCC and 25 for SBC) about462

twice the absolute diffusivity for a distance larger than about (1-1.5)m, which represents463

the Lagrangian scale LL, i.e. the energy-containing scale, and well compares with the464

dimensions of the largest-scale eddies reported in Lorenzoni et al. (2004, 2005). As for465

the experimental data, from a comparison between figure 24 and figure 25 it is observed466

that the relative diffusivity for the SBC is approximately twice that typical of the RCC.467

The results obtained from the parametric analysis, show again the presence of an equi-468

librium regime. For D > LL a linear growth in time of the relative dispersion is found469

which gives rise to a constant relative diffusivity K (2) about twice the absoulte diffusivity470

K(1) for distances greater than about one meter (i.e. Lagrangian scale LL). Changes in471

the breaking efficiency lead to a more significant increase of K (1) in the RCC than in the472

SBC (compare results of E1 with E2, E3 with E4, E5 with E6 of figure 26 and results473

of E1 with E2, E3 with E4, E5 with E6 of figure 28). Furthermore the cases forced by474

short waves are more sensitive to variations of the wave breaking parameter Cbrk (compare475
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figure 26 with figure 27 and figure 28 with figure 29). Finally, it can be observed that476

increasing the breaking efficiency gives also a wider spatial span of each class of pairs, es-477

pecially for the RCC. On the other hand the relative diffusivity for RCC is always smaller478

than the values obtained in the SBC. Short wave forcing emphasizes this trend. The use479

of different SGS intensities does not affect significantly the results as showed in figures480

26, 27 28 and 29.481

5. Discussion and Conclusions

The role played by large-scale horizontal eddies, focusing in the mixing, occuring around482

submerged structures used for coastal protection, for both neighbouring and isolated struc-483

tures, has been investigated using FUNWAVE2D, a Boussinesq-type model, that includes484

a parametrization of the turbulence, using a Smagorinsky-type subgrid model.485

Calibration and validation of the model has been done, using the data collected during486

the ‘Bari experiments’ (Piatella et al., 2006), and numerical and physical parameters were487

tuned in order to simulate the SBC and the RCC.488

The overall agreement of the numerical and experimental hydrodynamic solutions has489

been found for the following numerical parameters: slot width (δ = 0.05), slot shape490

(λ = 20), sponge layers (offshore, onshore and laterals (2): 59, 29, 1, 1 for the RCC491

and 40, 24, 1, 1 for the SBC), shapiro filter (applied every 150 run time steps); while492

the following physical parameters have been used: bottom friction (Cf = 0.005), wave493

breaking coefficient (Cbrk = 1.2) and subgrid mixing coefficient (Cdm = 0.1).494

The overall flow pattern observed during the experiments is well reproduced by the495

numerical model which well represents the main features of a rip current, like the feeder,496

the neck and the seaward-shedding of vortex pairs.497
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Analysis of particle statistics, both absolute and relative, has been performed to quantify498

the flow mixing characteristics and understand the fluid flow evolution at different scales.499

The obtained results suggest that the numerical flow is characterized by two main regimes,500

an ‘intermediate regime’ (or ‘growth regime’) and a ‘final regime’, consequence of a ‘hot501

start’ procedure, i.e. an analysis of the numerical results performed after the solution502

reached a condition characterized by waves over the entire domain. Similarly to what503

observed by Piattella et al. (2006), we also find that the flow turbulence is dominated504

either by waves and longshore mixing (for the SBC), or by rip induced shearing (for the505

RCC).506

During the ‘growth regime’, the absolute dispersion is characterized by a polynomial507

growth, 〈X2〉 ∝ t3 in both RCC and SBC, for short and long wave forcing, on the contrary,508

the relative diffusivity has distinct features depending on the topographic features. In the509

case of SBC, it is characterized by a a quadratic growth, 〈K (2)〉 ∝ D2, both for short and510

long waves while in the RCC rip currents dominate the flow and the relative diffusivity511

grows like 〈K(2)〉 ∝ D4/3, as observed by Piattella et al. (2006).512

The second regime which characterizes the flow is the ‘equilibrium regime’, in which513

flow features are similar to those of a typical ‘Brownian regime’, with an almost linear514

growth of the absolute dispersion. This behaviour is clearly observed for short and long515

wave forcing the RCC. However, when the SBC is forced by short waves, the asymptotic516

dispersion undergoes a weak decay. Such unexpected weak decay is correlated with a517

poor representation given by the model of the flow anisotropy of this specific case. The518

anisotropy derived from the numerical data, though properly fluctuating in time with519

scale TL, is in phase opposition with respect to that computed from the experimental520
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data. A much better agreement is found between model and experimental results when521

the flow is forced by long waves. Once the model has been calibrated with the available522

experimental data (Piattella et al., 2006), the role of dissipative mechanisms, i.e. wave523

breaking and subgrid turbulence, has been studied by means of a parametric analysis.524

The results obtained by varying the wave breaking efficiency reveal how an increase in525

the wave breaking coefficient Cbrk leads to an increase in the absolute diffusivity hence526

leading to a stronger mixing for both the SBC and the RCC, but especially for short527

waves forcing the RCC.528

On the contrary, the analysis of the influence of the different SGS models tested, straight529

Smagorinsky of FUNWAVE2D and the bottom friction dependent SGS model developed530

by Uittenbogaard (1999), revealed a very weak sensivity of all the statistics with respect531

to the size of the mixing coefficient Cdm. The most evident changes have been observed532

when analyzing the RCC absolute dispersion forced by short waves. This suggests that533

sensitivity on the type of SGS might be enhanced by a sort of ‘scale resonance’ between534

the short waves, the rip channel gap and the turbulence of scale LL. In other words,535

increased sensitivity is expected for flow conditions in which the scale of the forcing, that536

of the bathymetry and of the turbulence are of comparable size. Finally, varying the537

magnitude of the friction coefficient Cf using the SGS model by Uittenbogaard (1999), it538

has been possible to understand the role of damping induced by bed friction. An increase539

in Cf of one order of magnitude provides a moderate decrease for absolute dispersion and540

diffusivity, while for relative diffusivity the effects are greater (decrease of about one order541

of magnitude and smaller lagrangean scale).542

D R A F T January 15, 2007, 5:10pm D R A F T



MENDONCA ET AL.: FLOW MIXING TOWARDS A DISPERSIVE HLES X - 31

All evidence suggests that, provided small enough grid sizes are used (smaller than the543

representative water depth), also for dispersive models much more important is to focus544

on the correct parametrization of breaking than on that of the subgrid turbulence. In this545

respect studies like that of Briganti et al. (2004) seem essential for the development of546

suitable HLES dispersive models for nearshore circulation.547
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Figure 1. Planimetric layout of the Bari experimental set-up and locations of the

monitoring gauges stations (ADVs).

Table 1. Summary characteristics of the experimental cases performed at the University

of Bari and used in this paper. H0, T0 are respectively the offshore wave height and period.

Baria Barib Barie Barif Barig Barih

Hm
0 [cm] 1.67 1.67 5.00 5.00 6.67 6.67

T m
0 [s] 0.9 1.8 0.9 1.8 0.9 1.8
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Table 2. Numerical parameters used for model testing. The sponge layer parameters

are given in the order offshore, inshore and lateral (2).

Rip Current Single Breakwater

Numerical Sponge 59, 29, 1, 1 40, 24, 1, 1

parameters Slot width 0.02/0.05 0.05

Slot shape 20/40 50

Shapiro filter 100/150/200 150

Table 3. Physical parameters measuring the intensity of the dissipative terms.

Rip Current Single Breakwater

Physical Bottom friction Cf 0.005/0.05/0.5 0.005/0.05/0.5

parameters Wave breaking Cbrk 0.7/1.2/2.5 0.7/1.2/2.5

Subgrid mixing Cdm 0.02/0.1/2 0.02/0.1/2
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Figure 2. RMSE for Barie, ‘RCC’. From left to right (δ,λ)=(0.05,20), (0.05,40),

(0.02,20), (0.02,40).

Figure 3. RMSE for Barie, ‘RCC’. Influence of the Shapiro filter applied each 100, 150

and 200 run time steps.
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Table 4. Summary characteristics of the physical parameters presented in this paper.

E1/F1 E2/F2 E3/F3 E4/F4 E5/F5 E6/F6

Wave breaking coefficient Cbrk 1.2 2.5 0.7 1.2 1.2 0.7

Subgrid mixing coefficient Cdm 2.0 2.0 0.1 0.1 0.1 0.1

Figure 4. RMSE for Barie, ‘RCC’. Influence of the bottom friction coefficient. From

left to right Cf= 0.005, 0.05, 0.5.
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Figure 5. RMSE for Barie, ‘RCC’. Influence of the breaking intensity parameter. From

left to right Cbrk=0.7, 1.2, 2.5.

Figure 6. RMSE for Barie, ‘RCC’. Influence of the SGS model intensity. From left to

right Cdm= 0.02, 0.10, 2.00.

D R A F T January 15, 2007, 5:10pm D R A F T



MENDONCA ET AL.: FLOW MIXING TOWARDS A DISPERSIVE HLES X - 41

X [m]

Y
 [m

]

50 100 150 200 250 300

50

100

150

200

250

300

350

−0.15

−0.1

−0.05

0

0.05

0.1

0.15

0.2

V12

S12

V15

S09

X [m]

Y
 [m

]

20 40 60 80 100 120 140 160 180 200

50

100

150

200

250

300

−0.1

−0.05

0

0.05

0.1

0.15

0.2

Figure 7. Bathymetries used for the RCC (top panel) and the SBC (bottom panel).
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Figure 8. Snapshots of computed free surface elevation (first row, t=120s left and

t=150s right), the related underlying current field (second row) and vorticity (third row),

for the RCC.

D R A F T January 15, 2007, 5:10pm D R A F T



MENDONCA ET AL.: FLOW MIXING TOWARDS A DISPERSIVE HLES X - 43

Figure 9. Computed free surface elevation Barie, gauges S09, S12, V 12, V 15.
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Figure 10. Absolute dispersion for the RCC. Top row, left: short waves, experimental

results; right: short waves, numerical results; bottom row, left: long waves, experimental

results; right: long waves, numerical results.
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Figure 11. Absolute dispersion for the SBC. Top row, left: short waves, experimental

results; right: short waves, numerical results; bottom row, left: long waves, experimental

results; right: long waves, numerical results.
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Figure 12. Absolute diffusivity for the RCC. Top row, left: short waves, experimental

results; right: short waves, numerical results; bottom row, left: long waves, experimental

results; right: long waves, numerical results.
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Figure 13. Absolute diffusivity for the SBC. Top row, left: short waves, experimental

results; right: short waves, numerical results; bottom row, left: long waves, experimental

results; right: long waves, numerical results.
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Figure 14. Absolute dispersion in the x− direction and in the y− direction for the

RCC. Top row, left: short waves, experimental results; right: short waves numerical

results; bottom row, left: long waves, experimental results; right: long waves, numerical

results.
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Figure 15. Absolute dispersion in the x− direction and in the y− direction for the

SBC. Top row, left: short waves, experimental results; right: short waves numerical

results; bottom row, left: long waves, experimental results; right: long waves, numerical

results.
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Figure 16. Parametric analysis of dissipative mechanisms. Absolute dispersion for the

RCC, from left to right and from top to bottom, short wave cases E1, E2, E3, E4, E5, E6.

D R A F T January 15, 2007, 5:10pm D R A F T



MENDONCA ET AL.: FLOW MIXING TOWARDS A DISPERSIVE HLES X - 51

10
0

10
1

10
2

10
−4

10
−3

10
−2

10
−1

10
0

10
1

t1

t3

Time (s)

A
bs

ol
ut

e 
di

sp
er

si
on

 (
m

2 )

F1
Cbrk=1.2
Cdm=2.0

Intermediate regime Equilibrium
regime

10
0

10
1

10
2

10
−4

10
−3

10
−2

10
−1

10
0

10
1

t1

t3

Time (s)

A
bs

ol
ut

e 
di

sp
er

si
on

 (
m

2 )

F2
Cbrk=2.5
Cdm=1.2

Intermediate regime Equilibrium
regime

10
0

10
1

10
2

10
−4

10
−3

10
−2

10
−1

10
0

10
1

t1

t3

Time (s)

A
bs

ol
ut

e 
di

sp
er

si
on

 (
m

2 )

F3
Cbrk=0.7
Cdm=0.1

Intermediate regime Equilibrium
regime

10
0

10
1

10
2

10
−4

10
−3

10
−2

10
−1

10
0

10
1

t1

t3

Time (s)

A
bs

ol
ut

e 
di

sp
er

si
on

 (
m

2 )

F4
Cbrk=1.2
Cdm=0.1

Intermediate
regime

Equilibrium
regime

10
0

10
1

10
2

10
−4

10
−3

10
−2

10
−1

10
0

10
1

t1

t3

Time (s)

A
bs

ol
ut

e 
di

sp
er

si
on

 (
m

2 )

F5
Cbrk=0.7

Cdm=0.103
cf=0.0018

Intermediate
regime

Equilibrium
regime

10
0

10
1

10
2

10
−4

10
−3

10
−2

10
−1

10
0

10
1

t1

t3

Time (s)

A
bs

ol
ut

e 
di

sp
er

si
on

 (
m

2 )

F6
Cbrk=1.2

Cdm=0.103
cf=0.0018

Intermediate regime Equilibrium
regime

Figure 17. Parametric analysis of dissipative mechanisms. Absolute dispersion for the

RCC, from left to right and from top to bottom, long wave cases F1, F2, F3, F4, F5, F6.
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Figure 18. Parametric analysis of dissipative mechanisms. Absolute dispersion for the

SBC, from left to right and from top to bottom, short wave cases E1, E2, E3, E4, E5, E6.
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Figure 19. Parametric analysis of dissipative mechanisms. Absolute dispersion for the

SBC, from left to right and from top to bottom, long wave cases F1, F2, F3, F4, F5, F6.
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Table 5. Parametric analysis of dissipative mechanisms. Absolute diffusivity asymp-

totic value for the RCC, short wave cases E1, E2, E3, E4, E5, E6.

RCC E1 E2 E3 E4 E5 E6 F1 F2 F3 F4 F5 F6

time (s) 20 20 25 20 25 20 32 32 35 35 37 36

K(1) (m2/s) 0.038 0.042 0.029 0.041 0.025 0.039 0.021 0.023 0.018 0.02 0.018 0.02

SBC E1 E2 E3 E4 E5 E6 F1 F2 F3 F4 F5 F6

time (s) 20 17 35 25 33 23 37 35 42 39 40 35

K(1) (m2/s) 0.018 0.02 0.021 0.018 0.02 0.015 0.042 0.048 0.039 0.048 0.039 0.049
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Figure 20. Parametric analysis of dissipative mechanisms. Absolute dispersion in the

x− (solid line) and y− (dashed line) directions for RCC, from left to right and from top

to bottom, short wave cases E1, E2, E3, E4, E5, E6.
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Figure 21. Parametric analysis of dissipative mechanisms. Absolute dispersion in the

x− (solid line) and y− (dashed line) directions for the RCC, from left to right and from

top to bottom, long wave cases F1, F2, F3, F4, F5, F6.
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Figure 22. Parametric analysis of dissipative mechanisms. Absolute dispersion in the

x− (solid line) and y− (dashed line) directions for the SBC, from left to right and from

top to bottom, short wave cases E1, E2, E3, E4, E5, E6.
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Figure 23. Parametric analysis of dissipative mechanisms. Absolute dispersion in the

x− (solid line) and y− (dashed line) directions for the SBC, from left to right and from

top to bottom, long wave cases F1, F2, F3, F4, F5, F6.
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Figure 24. Relative diffusivity vs. mean separation distance for the RCC. Top row,

left: short waves, experimental results; right: short waves numerical results; bottom row,

left: long waves, experimental results; right: long waves, numerical results.
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Figure 25. Relative diffusivity vs. mean separation distance for the SBC. Top row,

left: short waves, experimental results; right: short waves numerical results; bottom row,

left: long waves, experimental results; right: long waves, numerical results.
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Figure 26. Parametric analysis of dissipative mechanisms. Relative diffusivity for the

RCC, from left to right and from top to bottom, short wave cases E1, E2, E3, E4, E5, E6.
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Figure 27. Parametric analysis of dissipative mechanisms. Relative diffusivity for the

RCC, from left to right and from top to bottom, long wave cases F1, F2, F3, F4, F5, F6.
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Figure 28. Parametric analysis of dissipative mechanisms. Relative diffusivity for SBC,

from left to right and from top to bottom, short wave cases E1, E2, E3, E4, E5, E6.
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Figure 29. Parametric analysis of dissipative mechanisms. Relative diffusivity for the

SBC, from left to right and from top to bottom, long wave cases F1, F2, F3, F4, F5, F6.
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