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GENERATION AND EVOLUTION OF LONGSHORE SANDBARS: M ODEL
INTERCOM PARISON AND EVALUATION

Tiago Abred, Francisco SancRpPaulo A. Silva

Abstract

Understanding the interaction between waves aneets in coastal waters and to study their infleeoe the coastal
morphology is of great importance for coastal mamagnt. In this paper the ability of several pradtisediment
transport models is assessed to predict beachlegrefiolutions. For that purpose, the numerical Itesaf a
morphodynamic model are compared against the obddreach profile evolutions during the EuropearegptdLarge
Installations Plan” (LIP), using the measured cisissre velocity data. The results evidence that dlassical
energetics model of Bailard (1981) provide the lestimates of bed-profile evolution, under erosisvevconditions,
when compared to other four sediment transportigicad. However, the use of more recent modelsigiie 2006
and Abreuet al, 2013) also shows that a good estimator of tlierow seems to be crucial in such morphodynamic
computations..
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1. Introduction

Nowadays, one verifies, even to a world scale, tabamanagement problems associated to littoral
morphological changes. The transformations of thastal zones affect, in medium and long-terms, the
stability of the shoreline. However, the procedses intervene in sediment transport are compéeg, (
forces at mobile beds, sediment-flow interactica®) the spatial-temporal scales involved in shoeedind
coastal geomorphological evolution are wide (fromeal to regional scales and spanning from daily,
weekly, seasonal, decadal, ... to millennium tiroales). Due to the importance of this issue, anenof
motivated by undesirable morphologic changes, tihentific community has been engaged in improving
their understanding and modeling capabilities afdemorphodynamics. Though several progresses have
been made in the past decades, this issue remafalange to researchers.

The prediction of morphological changes and sedinbeiigets in the coastal zone may be obtained
from numerical simulation of hydrodynamic and seeliintransport processes. It can be verified that as
ocean surface waves approach the coast and prepatmaishallower water they transform in appearance
becoming asymmetric and skewed (Elgar and Guza5;1B8ering and Bowen, 1995yhile in deep
waters the free-surface and wave orbital veloaityespond closely to those of linear waves, they can
be accurately described by a sinusoidal functiothé shoaling zone they become more peaked atdlsé
and flatter at the trough. Hence, the orbital vityopresents skewness. In the inner surf zone arasls,
past wave breaking, a rapid change in the waveaabnb¢locity during the steep wave front gives rige
large fluid accelerations, while, at the slopingrréace of the wave, the corresponding flow acedilens
are much smaller. This asymmetry of the wave ledscceleration-skewed orbital motions. These
transformations from velocity-skewed in the shaglaone, to acceleration-skewed in the inner sudf an
swash zone have been measured in laboratory exgesng.g, Abreuet al, 2011; Sanchet al, 2011)
and natural beaches.§, Elfrink et al, 2006; Ruessinkt al, 2009;Rochaet al, in press). These local
nonlinearities are reflected on the near-bed @doity flow and are directly linked to sediment spart,
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causing erosion-accretion patterns and bar migraftdoefel and Elgar, 2003). Another mechanism
associated with sediment transport and bar formatothe presence of long infragravity waves (e.g.,
Holman and Bowen, Baldock et al., 2010). Prel e{2011) also recognize that standing wave patterns
contribute to the modulation of skewness and asytmynwvehich lead to morphological evolution, but the
mechanisms associated with free long waves araduressed in this paper.

Different approaches can be undertaken to modetdhpled evolution of sea bed topography and the
wave current field. The proposed morphodynamic rhodaesiders the intra-wave approach, whereby the
sediment transport processes are resolved for iedohidual wave cycle and integrated through tiroe t
obtain results at larger time scales, retainingtsrformulation as much of the physics of the systes
possible (e.g., wave non-linearities and undertdhereas the near-bottom seaward directed mears flow
(undertow currents) play a crucial role in transingr sediment in the offshore direction, the noadirities
associated to the wave motion can drive sedimansgort in the onshore direction. This work anatbe
effects of the wave hydrodynamics interacting vilie sea floor in the direction of wave propagation,
resulting into a two-dimensional cross-shore analy8D). Therefore, it contributes to the crossfsho
transport problem, particularly, for the modelifdangshore sandbars in shallow waters.

The accuracy of the results depends largely orcdinect simulation of the hydrodynamic and sediment
transport processes. Several practical transparivtas are validated against measurements performed
the field and in laboratory facilities. In the pees work, the ability of some (practical) sedim@ansport
models (Bailard, 1981; Hoefel and Elgar, 2003; &#v al., 2006; Nielsen, 2006; Abreet al, 2013) is
assessed to predict beach profile evolutions. terto achieve that goal, the numerical resultshef
morphodynamic model are compared against the obddveach profile evolutions during the European
project “Large Installations Plan” (LIP), using threasured cross-shore velocity data (Ar@lial, 1994).
The results enable to evidence the relative sthergft mechanisms associated with the wave and
current-induced sand transports, as well as ofctpacities and weaknesses of the present (empirical
practical transport models.

2. LIP Experiments

Within the framework of the European project “Largstallation Plan” (LIP), some experiments were
carried out in the 240 m Delta flume of Deltaresitierly Delft Hydraulics) from April to June 199Bhe
purpose of the study was to generate high quatitiytagh resolution data of hydrodynamics and sedime
transport dynamics on a natural beach under equitif) erosive and accretive conditions (Arcidaal,
1994; Roelvink and Reniers, 1995). During the expents, morphological changes were measured along
with several physical parameters, such as waveht®iglow velocities and suspended sediment
concentrations. In this study, the LIP 1B caseniestigated, corresponding to an erosive case where
breaker bar in the surf zone migrates offshore.

At the wave maker locatiox£200 m), with a still water depth of 4.1 m, irregulvaves were generated
according to a Jonswap spectrum with a signifieeante height of 1.4 m and a peak period of 5 s. Gdt
material was uniform sand along the beach profith & median grain size 0= 0.22 mm.

The measured values of the significant wave heightthe depth-averaged undertdy,, and the bed
elevation,z, at the beginning of the experiments along thenéltare presented in Figure 1. From right to
left, in the upper panel, one observes a constcaydofHs corresponding to a dissipative beadhere the
incident waves ardissipated within the surf zone. Concerning theeuntmv, as expected, negative values
are always present since this is an offshore dicectirrent which is the result of a mass-flux congadion
that balances the mass transported onshore bygstroanlinear and breaking waves within the shaglin
and surf zones. Its magnitude is particularly ratévin the inner surf zone, specially, at the codsthe
sand bar X =40 m) where larger values are attained. The athdhes plotted over the measured values
correspond to linear interpolated values that aeduas input at each grid point in the morphodynami
computations

Figure 2 shows the measured morphological evoluibthe sand bar during the simulating period of
18 hr. A seaward migration of its crest of aboutrOvas observed. The convergence of the sediment
transport, leading to the migration of the barutssfrom a balance between the combined effectsoaf
linear waves, promoting onshore sediment transpad,undertow currents, leading to offshore trartspo
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Figure 1. (a) Significant wave heigHt, (b) undertow and (c) bed elevatigywversuscross-shore distance Diamonds
indicate measured values whereas the dotted loresspond to linear interpolations between thesgega
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Figure 2.Measureced elevatiorz, versuscross-shore distanegfor 18 hours of simulatiorg, = 0 corresponds to
mean sea level.

3. Cross-shore mor phodynamics
3.1. Hydrodynamics

To characterize the horizontal orbital velocityt), under waves with skewness and asymmetry, the
present paper uses the analytical description predeby Abrewet al. (2010). The formula contains four
free parameters: two related to the near-bed dnmtacity amplitudel,,, and wave angular frequeney,

and two related to the velocity and acceleratioawslesses, namely, an index of skewnessnd a
waveform parameteg

53



Coastal Dynamics 2013

Qn&n+ri1$
u(t)=u,f . 1)
1-rcosw + @)

Here,f is a dimensionless factof =v1-r2.

It is possible to find several publications in tliterature enabling the practical application ofsth
formulation, relating the parametarand ¢ with standard outputs of nearshore hydrodynamideatmoas
the significant wave heightt}s, wave periodT, and water depthn (e.g, Dibajniaet al., 2001; Elfrinket al,
2006; Ruessinkt al 2012). In this work, local values for the nonhng@arameters are computed according
to Ruessinket al (2012).These authors provide expressions to obtaémd ¢ as function of the Ursell
number,U,, and a dimensionless non-linearity paramBter

_3 Hk o
r 8(kh)3’
B — pL + p2 _ pl (3)

1+ exp( 2o )
Pa

wherek is the wave number amd = 0,p, = 0.857,p; = -0.471 angh, = 0.297.

Figure 3 shows the spatial variationldf, r, ¢ and the horizontal orbital velocityt) computed along
160 m, following the methodology described abovee Velocity amplitudelJ,, , was computed from, T
and the water deptHn, values, according to the linear wave theddy,= zH,d(Tsinhkh)). The initial
beach profile is plotted in the lower panel. Focrdasing depths, the values of the orbital veloo#sr the
bottom, U,,, generally decrease in consonance withHowever, in some regions the valuesgf arise.
For example, the values &f, arise between 24 x< 40.5 m where a plateau is observed for the wave
height but the water depth values are decreasing.

The spatial variation of and ¢ provide a good insight on how the wave nonlinesichange as the
waves propagate onshore. Panels d), f), g) antkb)camplement the analysis, showing the resulthef
horizontal orbital motions ofi(t) obtained with Eq. (1) at three selected crosseshmmsitions. At the
deepest position showx £ 160 m),r is practically zero corresponding to a sinusoiaaition. Further
onshore, undoubtedly, the results show that noatities increase (the value ofyrows almost up to 0.7).
This is followed by a change in the valuesgoffrom -772 (i.e., preponderance of short, high crests) to
almost zero close to the shore line. This highfigtte shape of the orbital motion at the most oresho
positions, where the wave is pitching forward (smth shape) and the acceleration skewness attains
maximum values.

The three positions marked with symbols in FigureoBespond to the locations where the significant
values of the positiveuf,,,) and negativeu,,) near-bed velocities were measured during the réxpats
(x=24.5,54.5 and 119.5 m). In such cases, it $sipte to characterize the wave nonlinearitieterms of
a velocity skewness coefficiemR,(= Unax /(Unax- Umin)-

Figure 4 compares the measured and predicted vafugs,, Ui, andR along the cross-shore distance
The predicted values agree reasonably well withettpeerimental data since the magnitude and théaspat
distribution of the three parameters is well déseli This indicates that the combination of theced
parameterizations of Abrest al (2010) and Ruessirdt al (2012) capture efficiently the observed wave
transformations, providing a good characterizatbrthe flow which is required for the morphodynamic
computations.
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Figure 3. (a) Linear wave, near-bed, orbital veloti,, (b) non-linearity parameter, (c) waveform parameteg (d)
horizontal velocityu(t) and (e) bed elevatian versuscross-shore distaneePanels (f), (g) and (h) show the temporal
variation ofu(t) for three cross-shore positions indicated withnisgls (diamond x =24.5 m; triangle %= 54.5 m;
rectangle x = 119.5 m).
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Figure 4. (a) Significant values of the horizorflaW u,x anduy,, and (b) velocity skewness coefficieRt,
3.2. Sediment transport models

The wave-current interaction and the asymmetriethefwave shape and the induced near-bed flow are
inextricably linked to the near-bed sediment dyrang.g, Watanabe and Sato, 2004; Siktaal, 2011;
Dong et al, 2013). The recognition of its importance to thearshore sediment transport has also
motivated the development of practical sand trartspodels including these processesy( Drake and
Calantoni, 2001; Hoefel and Elgar, 2003; NielseBD& Silvaet al, 2006; van Rijn, 2007). Here, some
sediment transport formulas were selected in aiw@nalyze its performance to predict the beacfilpro
evolution.

In the following, the total instantaneous velocisyobtained by adding the measured (/interpolated)
mean velocitieslJy, to those computed by means of Eq. (1).

3.2.1.Bailard (1981) — B81,; Hoefel and Elgar (2003) — HEO

Bailard (1981) extended Bagnold's (1966) energédtips sediment transport model for steady flows to
include the effects of the oscillatory motion. Thhedel was derived to include the effects of nomiitees

in the surf zone through the use of measured wgloodments as input.

Afterwards, Drake and Calantoni (2001) suggestewadification to the classical formulation of Badar
(1981), through the inclusion of an additional tergiba, in the bedload gb component, representing
acceleration effects. The model solely considedidael transport on a horizontal bed and excludes th
effect of mean currents. A dimensional descripfahe acceleration skewness, askipe, was introduced

A = (8%)/(&), @)

where the angle brackets denote a time averagidgads the fluid flow acceleration. The transport is
enhanced due to acceleration effectgjk. exceeds a critical valug,.

After Drake and Calantoni (2001), Hoefel and Elg103) have extended the classical energetics model
to account for random waves and take into accdumtsign ofa.. Through the comparison of model
results with field observations of a sandbar migra{Duck94 field data) they have determined thénogl
values for their parameterization and a criticaésholda., = 0.2 m/é. Here, the suspended loag, was
also computed according to Bailard (1981) in otdagive the total transpogt (= gy + s9-

3.2.2.Silva et al. (2006) — S06

Based on the work of Dibajnia and Watanabe (19%9#ya et al (2006) developed a semi-unsteady,
practical model, to predict the total sediment $gaort rates in wave or combined wave-current flolise
predicted non-dimensional transport ratésare computed from:
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p
o=—* =g’ (5)
J(s-1gd; 7]
with
= U T (204 2F) ~uT(20+ 27) ©)

2T +yT)

In these equationp and ps are the water and sediment density, respectivelyps/p, g is the
gravitational acceleratiof, andT; are the time duration of the positive and negatiak cycle of the near
bed velocity, respectively, with equivalent velgestu, and u, (the subscript stands for crest andfor
trough). The quantitie® andQ;” (i = c, t) represent the amount of sediment that is entlaimansported
and settled in thehalf cycle, and the amount of sediment still ispgension from the half cycle that will
be transported in the next half cycle, respectivEhe values of2; are computed from the bed shear stress.
The non-steady processes are taken into accountghrthe exchange of sediment fluxes between tbe tw
half cycles Q" quantities). The parametets and y are two empirical constants. Their values were
determined by fitting the numerical solutions taae data sety = 3.2 andy = 0.55. Further details of the
model are presented in Sileadal (2006).

3.2.2.Nielsen (2006) — NO6; Abreu et al. — A13
To estimate sediment transport raggs Nielsen (2006) proposes a quasi-steady bedlazaufa, which is
a modified version of the Meyer-Peter Miller (19#8)load-type formula:

q, =12/ (s~ D)o (6(9-6,)a () u/| |, 6>6, . (7)

The Shields paramet@r is defined byg(t) =7 (t )/( (o) p- 1)gd50) andr is the instantaneous bottom
shear stressr((t) = |u |) computed as a function of the shear veloaity(Nielsen, 1992, 2002):

u(t) = \/7 (cos(qﬁ s'"ci)d‘;(tt)). ®)

The angleyp is a calibrating parameter that, in the case efngle harmonic, roughly represents the
phase lead of the bed shear stress over the fiemstvelocity. The parameter establishes the balanc
between drag forces and pressure gradients assoieth the cosine and sine of & [0° 90°],
respectively. An optimal value op =51° was proposed, which optimizes Nielsen's trahsport
predictions for the data of Watanabe and Sato (ROO# compute the wave friction factdy, Nielsen’s
(1992) formulation is recommended.

Recently, Abretet al (2013) extended the work of Nielsen (1992, 20p2)posing a new formulation
to predict the bed shear stress under skewed/asymnuwescillatory flows. The shear velocity.,
incorporates the nonlinearity of the oscillatorgwil through the inclusion afandg

=[5 cot) uty I M1 ©

with

([-(-1+ 1) cosp- 2 cogu) +( 21) cds@+g)]
2(1+ f)[-1+r cofat +9)

S(te 1) =wlf U, (10)
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Eqg. (9) can be also expressed as

u. () =\/I2W(cos(¢) u(t) - sir{g)H (u(1)), (11)

whereH (u(t)) is the Hilbert transform ofi(t). The advantage to rewrite Eq. (9) into Eq. (1igves the
method to be applied to amt) for which a Hilbert transform can be defined.

Whereas Nielsen (2006) recommends the use of aephas1® with a constant bed roughness of
ks = 2.550 for sediment transport rate estimates, Abeewl (2013) show that the new bed shear stress
predictor improves the measured experimental aesport rates using= 51° andks = 15ds.

3.3. Morphodynamic model

The morphological changes of this two-dimensionadlgsis (2D) can be obtained through the mass
conservation equation:

dz ___ 1 dgq

12)
dt 1-¢, dx

wherez, is the bed elevation angd the sand porosity. Following Thornt@t al (1996), one assumes

&0 = 0.3.

Eq. (12) needs to be solved numerically and nunsefmite different schemes can be found in the
literature for such purpose. In this work, the tstep Lax-Wendroff FTCS (forward time, central space
scheme proposed by Richtmyer (1962) was adopted.iJla second order central difference scheme that
requires the calculation of sediment transport satmtermediate time levels. The Richtmyer scheare
be expressed as:

ov2 _ Zoim T Bi _ O

! 2 2 (1—150)[6fi+1 - | (13)

+: At ~k+ ~k+
w A a1 @

whereAx is the grid spacingit the time step,zb".<+1

. the updated bed elevation at tikel found from the
sediment transport rate and the bed elevationna ki The values off, are approximations for the
sediment transport rateg obtained using a simple linear smoothing operatatth order constructed for

discretized functions (Shapiro, 1975):

A 1
Qs.i =2_56(_qs,i—4 +805,i—3_ 2805,i—2+ 560” 1t 18605,i+ 56]5,% 1 281,+ 2t 81& i Qs )'(15)

In addition to the Shapiro smoothing and as suggdelsy De Vriencet al (1993), a downward-sloping
avalanching term was also included to compute ¢éngent transport ratg
. (dh
R .‘& (16)

qs,i = qs,i _gs

wheregs = 2 was adopted.
At the computational nodes located most seawiart) @nd shoreward<£end), the boundary conditions
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are h**! = Y2 and h;:f;/z =¥

end”

4. Results and discussion

The results concerning the numerical simulationsttef morphodynamic model, using the selected
sediment transport formulas, are illustrated inuFég5. The solutions plot the morphological changes
computed after 18h of simulation. The results shiwat the best performance is achieved using thesicla
formulation B81. Definitely, this formulation prexds reasonably well the seaward migration of thedsa
bar and the general tends of the beach profile gdgmanOn the contrary, the results obtained with 3EO
which extend the classical energetics model B8&dipt an onshore migration of the bar. In this céise
seems that the introduction of the acceleratioriscef magnified the onshore transport. The results
obtained with S06 lead to an offshore migratiorthef bar, but one observes a sharp growth of the bar
Moreover, the numerical solution predicts sometflations that are not observed in the experimdiits.
solutions referred to as A13 and NO6 are similafiecting a growth of the sand bar, but no migrati®
observed. This results, probably, from the balareteveen the non-linear effects of the orbital mot@mnd

the undertow currents in sediment transport. Agasrfor HEQ3, it is possible that the accelerateoms in
these two formulations inhibit the ability to pretihe offshore movement. To verify this suspicare
eliminated the acceleration effects by introducthg anglegp = 0. In such case, only drag forces are
considered and the differences between NO6 and okil\B lie on the bed roughness considered for the
wave friction factorj.e., ks = 2.5d, or ks = 15d; , respectively. Figure 6 reveals that the use of0 with
ks=2.5d, (NO6) clearly improves the predictions, even legdio better results than B81. The use of
ks= 15d;, (A13) exaggerates the offshore migration of thevith the sand being eroded further onshore.
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Figure 5. Experimental results (dotted and solidd) and computed (dashed lines) profiles of 18klsition, using
the formulations of B81, HE03, S06, NO6 and A13.
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Figure 6. Experimental results (dotted and sofids) and computed (dashed lines) profiles of L@lulsition, using
the formulations of NO6 and A13. The computed fesftonsider the bed shear stress predictorgtid© and
ks = 2.5d or ks = 15d,,, respectively.

The results above suggest that, under these erosiditions (offshore sand bar migration), thedlui
acceleration effects in sediment transport do refrsto be as important as the orbital velocity sle=ss.
However, such assumption may mislead to inapprtpriaonclusions. Indeed, the measured
depth-averaged undertow was kept constant duri@gtimerical runs and equal to the initial valuéss |
expected that its values changed along the expetémeith the morphological changes. Also, the
measured values correspond only to 9 locationkérctoss-shore direction and the remaining valuee w
obtained by linear interpolation. From the massseovation Eq. (12) it is possible to estimate theeoved
net transport rates and to infer an undertow ctimeaiching that transport.

The Figure 7a shows the estimatesgiaiesulting from the bed level integration between0 and 18 hrs.
Figure 7b shows the values of the undertow requicedbtain the values afs using NO6 and Al13
formulations, using = 51° andks = 2.5d,, or ks = 15d, respectively. The parameterand gused in these
computations consider the initial bathymetry andemebtained as before. Thé, estimates using NO6
formulation gives nearly twice the double of théreates using A13. Noteworthy, for A13, the magdés
of the estimated values bf, are within the range and the uncertainty of the@suneed values. It is also
pointed that the estimates 0f present two peaks, which is consistent with thevipus work of van Rijn
et al. (2007) which computed the undertow for test 1Bigishe process-based CROSMOR profile model.
Obviously, when these values are inserted for thephodynamic simulations, both estimates)gpiead to
good predictions of the morphological changes (féd(c).
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Figure 7. (a) Measured sand transpgytfrom bed level soundings &0 andt=18 hr; (b) Measured (diamonds) and

computed values of the undertow that lead to theegaofqs using the formulations of NO6 (dashed line) an@Al
(solid line).
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5. Conclusions

The ability of five practical sand transport modsl&xamined to predict beach profile evolutions: that
purpose, the numerical results of a morphodynantidehare compared against the observed beacheprofil
evolutions during the European project “Large Ihations Plan” (LIP). In this study, the LIP 1Bsmis
investigated, corresponding to an erosive caseevadareaker bar in the surf zone migrates offshtie.
results enable to evidence the relative strengtimethanisms associated with the wave and current
induced sand transports, as well as of the capacithd weaknesses of the selected (empirical)igabct
transport models.

The characterization of the orbital velocity is ietled combining the parameterizations of Abreulet a
(2010) and Ruessink et al. (2012) and the estinrmtegalidated against the measured cross-shaveityel
data. Following this methodology, a good charaztdion of the flow is obtained since it is seent tihe
orbital velocity skewness is well described. Thdicates that the observed wave transformations fro
velocity-skewed, to acceleration-skewed in the innaf are efficiently captured, which is an impatt
requirement for morphodynamic computations.

Concerning the morphological changes, the classinatgetics model of Bailard (1981) give the best
overall results. The seaward migration of the daamdand the general trends of the beach profilagis
are well reproduced using this model. It is alsens¢hat if the acceleration effects are neglected i
Nielsen’s sediment transport model good predictiarsalso achieved. This could point that undesehe
erosive conditions, the effects of fluid accelematido not seem to play an important role in sedimen
transport. However, these computations were peddrmith the undertow measured at 9 locations of the
cross-shore position and the remaining values wbtained by linear interpolation. This assumpticslym
not be appropriate and may induce to misleadinglosions. As an example, from the mass conservation
equation, one computed the net transport ratesndeded the undertow current that matches thesprart
rates using Nielsen (2006) and Abreu et al. (208jnulations. It is seen that in the last case the
magnitudes of the estimated values of the undewdosv within the range and the uncertainty of the
measured values. A good estimator of the underteams to be crucial in such morphodynamic
computations.

In the future, further validation will be pursuegainst field or laboratory data, exploring the fesof
the morphodynamic model and improving the hydrodyicadescription, mainly of the mean flow.
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