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1. Introduction 

Currently it is of great concern the morphological changes observed at distinct coastal 
systems. Frequently, drastic episodes of coastal erosion, threatening the houses built near 
the shore, and land loss are reported. At coastal lagoons and estuaries, increasing accretion 
can interfere with the water renewal and therefore with the local ecosystems. At inland 
harbors, the accretion of inlet and channels can restrict the navigation and consequently the 
harbor conditions and its management. 
The sediment transport, identified by patterns of erosion or accretion, can be evaluated by 
single formulae that compute the bedload and suspended load or by sediment transport 
models.  
In the literature are published formulae for bed-load transport of sediments in conditions 
characteristic of coastal waters, covering current alone, current plus symmetrical waves, 
current plus asymmetrical waves alone and integrated longshore transport.  
Due to the fact that sand transport models are often based on semi-empirical equilibrium 
transport formulae that relate sediment fluxes to physical properties, such as velocity, depth 
and grain size, it is crucial to perform sensitivity analysis of the formulae used. 
Pinto et al. (2006) compared four sediment transport formulations considering only the tidal 
current only: Ackers and White (1973); Engelund and Hansen (1967); van Rijn (1984a,b,c) 
and Karim and Kennedy (1990). The authors concluded that the van Rijn formula is the most 
sensitive to basic physical properties. Hence, it should only be used when physical 
properties are known with precision. 
The sediment transport modules, coupled with hydrodynamic and wave modules compose 
the morphodynamic models, resulting in very complex systems emergent in the last years. 
In the past 30 years, morphodynamic models have been developed (Nicholson et al., 1997). 
Among them the MIKE21, developed by the Danish Hydraulic Institute - DHI (Warren and 
Bach, 1992) and DELFT3D, by WL|Delft Hydraulics - DH (Roelvink and Banning, 1994), are 
the most popular. Most of the morphodynamic studies are generally related on engineering 
methods and techniques for coastal defense. 
The DELFT3D model was applied by several authors, such as Grunnet et al. (2004), Xie et al. 
(2009) and Tung et al. (2009), between others. Grunnet et al. (2004) applied DELF3D to 
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hindcast the morphological development of shoreface nourishment along the barrier island 
of Terschelling, The Netherlands. The morphodynamic results showed a dependency on the 
spatial scale: on the scale of the bed level evolution with respect to bar migration and 
growth, model predictions are poor as the nearshore bars are predicted to flatten out. On the 
other hand, the model satisfactory predicted the overall effects of the nourishment taking 
into account the mass volumes integrated over larger spatial scales.  
Successful results were obtained by Xie et al. (2009) in the analysis of the physical processes 
and mechanisms essential to the formation and evolution of a tidal channel in the macro-tidal 
Hangzhou Bay, China. This work shows that the model results reproduced accurately the real 
morphological features. The results showed that spatial gradients of flood dominance, caused 
by boundary enhancement via current convergences, are responsible for the formation of the 
channel system, due to, between other effects, the funnel-shaped geometry. 
DELFT3D was also applied to model inlets morphodynamics. Tung et al. (2009) investigate 
the migration and closure of an idealized tidal inlet system due to wave driven longshore 
sediment transport. The authors reproduced a typical example of a migrating tidal inlet due 
to oblique waves that include features such as ebb channel formation, migration and 
welding to the downdrift barrier. It was also reproduced the inlet closure due to the 
prolongation of the inlet channel and infilling with littoral-drift material.  
Other morphodynamic modeling systems were developed and applied to coastal lagoons 
and inlets. For example, Ranasinghe et al. (1999) developed a morphodynamic model 
capable of simulating the seasonal closure of inlets, including both longshore and cross-
shore transport processes. This model was successfully applied to two idealized scenarios 
demonstrating its ability to produce realistic results. Later, Ranasinghe and Pattiaratchi 
(2003) used field experiments and this numerical model to study a real case, the Wilson Inlet 
at Western Australia. With this study they identified the morphodynamic processes 
governing seasonal inlet closure and determined the effect of the seasonal closure of the 
inlet on the morphodynamic characteristics of the adjacent estuary/lagoon. These authors 
concluded that the inlet closure is due to the onshore sediment transport induced by 
persisting swell wave conditions during summer. 
Cayocca (2001) developed and applied a two-dimensional horizontal morphodynamic 
model, combining modules for hydrodynamics, waves, sediment transport and bathymetry 
updates, to Arcachon lagoon, at the French coast. The results showed that the tide is 
responsible for the opening of a new channel at the extremity of the sand pit, while waves 
induce a littoral transport responsible for the longshore drift of sand bodies across the inlet. 
Work et al. (2001) described and applied a modeling system (Mesoscale Inlet Morphology, 
MIM) that include coupled modules of hydrodynamic, wave transformation, shoreline 
change and sediment transport, to the undredged and unstabilized Price Inlet, South 
California. The predicted bathymetric changes were similar in sign and location to the 
observations, but the model tends to underpredict the magnitude of changes.  
Silvio et al. (2010) used a long term model of planimetric and bathymetric evolution of 
Venice lagoon. These authors applied this model to a schematic system consisting of an inlet 
area and a lagoon basin and considering the interactions between tidal currents, longshore 
currents and sea waves. It was found that the planimetric evolution of the channel network 
was much faster than the bathymetric evolution of the lagoon. 
One aspect that contributes to the patterns of the sediment transport in a tidal inlet is the 
ebb/flood dominance. The processes that contribute to determine this dominance were 
studied by Robins and Davies (2010) through a 2D model (TELEMAC modeling system) 
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applied to Dyfi estuary in Wales, UK. The authors concluded that shallow water depths lead 
to flood dominance in the inner estuary whilst tidal flats and deep channels cause ebb 
dominance in the outer estuary. 
Two morphodynamic modeling systems developed in Portugal are described in the 
literature: MOHID and MORSYS2D. 
MOHID model simulates the non-cohesive sediment-dynamics in lagoons driven by tide, 
waves and river flows (Malhadas et al., 2009). It integrates MOHID hydrodynamic (Aires et 
al., 2005; Neves et al., 2000), sand transport modules (Silva et al., 2004) and the wave model 
STWAVE (Smith et al., 2001). This model was applied to Óbidos lagoon in order to evaluate 
the effect of the bathymetric changes on the hydrodynamic and residence time, suggesting 
strategies to avoid the lagoon's accretion and to prevent the safety of local houses at the 
lagoon margins. The conclusions confirmed that tidal propagation depends strongly on the 
bathymetric configuration. 
The MORSYS2D model is composed by the hydrodynamic models ADCIRC or ELCIRC, the 
wave model SWAN and the sediment transport and bottom update model SAND2D 
(Fortunato and Oliveira, 2003, 2007; Bertin et al., 2009b). The performance of MORSYS2D 
was assessed in the morphodynamic simulation forced both by current and waves of the 
Óbidos lagoon and is described in Oliveira et al. (2004). The morphodynamic of this lagoon 
and its inlet have been studied and published in several works: Fortunato and Oliveira 
(2006, 2007); Bertin et al. (2007, 2009a,b); Fortunato et al. (2009). In these studies the authors 
concluded, that the sediment grain size and the choice of the empirical sediment transport 
formulae affect the morphological predictions. The development of a meander and the 
formation of sandbars in the wave dominated inlet of Óbidos lagoon had been successfully 
simulated also with the recently partially parallelized MORSYS2D (Bruneau et al., 2010). 
Besides Óbidos, other inlets morphodynamics were also studied with this model, the Ancão 
inlet in Ria Formosa (Bertin et al., 2009c) and the Ria de Aveiro lagoon inlet (Oliveira et al., 
2007, Plecha et al., 2007,2010,2011). Other studies have been performed with this modeling 
system: scenario test cases of an idealized dredged sandpit (Ramos et al., 2005), a dredged 
area evolution in southern Portugal (Rosa et al., 2011), the Aljezur coastal stream 
morphological variability (Guerreiro et al., 2010).  
This work presents a sensitivity analysis of several formulations usually applied for 
estimating the sediment transport rates in coastal lagoons and estuaries. Morphodynamic 
simulations are then performed at a study case inlet, the northwest coastal lagoon inlet of 
Ria de Aveiro, considering the selected formulations to compute the sediment transport 
rates with the MORSYS2D modeling system. The numerical results are analyzed concerning 
the morphological changes (erosion and accretion areas) induced at that site.  

2. Sediment transport 

The sediment transport processes are very important in estuaries and inlets being essential 
to describe their morphologic changes. These processes are generally complex and are 
function of the hydrodynamic circulation and sediment characteristics of the bed. 
When describing the sediment balance at an inlet, it has to be taken into account the 
longshore currents induced by the waves that approach the coast at an oblique angle and 
the tidal currents alone or coupled with waves. The following subsections present several 
formulations to compute the longshore and load sediment transport rates published in 
literature and used frequently by researchers. 
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2.1 Longshore sediment transport 

The sediment transport induced by longshore currents along the coast is easily identified 
through coastal erosion or accretion around structures. Along the coast, considerable 
amounts of sediment are transported, depending on the height, period and direction of the 
waves. Additionally, the sediment size and the bottom slope are important parameters that 
determine the longshore transport. 
The longshore sediment transport can be calculated by means of several longshore sediment 
transport formulations. Herein are presented six of them. The first one was presented by 
Vongvisessomjai et al. (1983) (Chonwattana et al., 2005), and was adapted from the Coastal 
Engineering Manual (2002) formula. In this formulation the longshore sediment transport is 
proportional to the wave characteristics in deep water. The remaining five formulations are 
published in literature (e.g. Larangeiro and Oliveira (2003)) and are proportional to the 
wave characteristics in the breaker line, with different dependences in wave breaker height, 
wave period and incident wave breaker angle. 

2.1.1 Formulation CERC 

This formulation is based on the assumption that the longshore transport rate depends on 
the longshore component of wave energy flux in the surf zone: 

 
5/2

0 0
0.064208 ( )Q H F f   (1) 

with 

 1/4
0 0( ) cos sin 2F      (2)  

where H0 is the wave height in deep water, ┙0 is the wave angle in deep water and f is the 
wave frequency. 

2.1.2 Formulation C2 

Valle et al. (1993) proposed a formulation for the longshore transport rate given by: 
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a
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 , the medium particle diameter is d50 in mm and ' 1a n   is the breaker 

index, ρs is the sand density, ρ is the water density, g is the gravity, ┙b is the wave angle at 
breaker point and n is the sediment porosity. The wave height in this formulation is the root 
mean square wave height Hrms given by: 
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where Hs is the significant wave height. 
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2.1.3 Formulation K&I 

Komar and Inman (1970) proposed a formulation for the longshore transport rate given by: 

 '( ) cos
g b b

m

V
I K Ec

u
  

  (5) 

with 

 1/220.7 ( ) sin 2
b b

V i gH   (6) 

And 

 1/2( )
2m b

u gH


  (7) 

where K’ is a dimensionless coefficient, E is the wave energy, cg is the wave group velocity 
and i is the bottom slope. By the Coastal Engineering Manual (2002): 
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Thus: 
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2.1.4 Formulation Kr88 

Kraus et al. (1988) proposed a formulation for the longshore transport rate given by: 

 2.7( )
c

I R R   (10) 

With 
b

R V WH  , being W the total width of the cross section and Rc a constant. By Kraus et 

al. (1988) it is known that Iℓ has units of N s-1 and the coefficient 2.7 is not adimensional. By 
Larangeiro et al. (2005): 

 
2.7( )

( ) (1 )
c

s

R R
Q

g n




     (11) 

2.1.5 Formulation K86 

Kamphuis et al. (1986) proposed a formulation for the longshore transport rate given by: 

 7/2 1
50

1.28
sin 2

( )(1 ) b b

s

Q H id
n

 
     (12) 

2.1.6 Formulation K91 

Kamphuis (1991) proposed a formulation for the longshore transport rate given by: 
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2 1.5 0.75 0.25 0.6
50

2.27
sin 2

( )(1 ) b p b

s

Q H T i d
n

 (13) 

where the peak period is  2.07 4.02p zT T  and Tz is the zero-upcrossing wave period. 

2.2 Sensitivity analysis to longshore sediment transport formulations 

To choose which one of the previous formulations is the most adequate to use in a study 
case, it is mandatory to perform a sensitivity analysis of the sediment transport formulations 
to several characteristics: sediment size d50 and bottom slope i. The analysis of the results 
should be performed knowing à priori a range of longshore transport values in order to 
compare the values obtained. 
In this case, the longshore sediment transport is calculated by means of the six longshore 
sediment transport formulations presented in the previous subsection. Each one of this 
formulation has a different dependency on the wave height and angle at the breaker line 
and on d50 and bottom slope. These dependencies are presented in Table 1. 
 

Formulation 


3 1( )Q m year  K  
C2 5/2

1 sin 2rms bK H  50de  
K&I  5/2

2 cos sin 2b b bK H  i  
Kr88 3/2

3 sin 2b bK H W  i  
K86 7/2

4 sin 2b bK H  
1
50d i  

K91 2 1.5 0.6
5 sin 2b p bK H T  0.25 0.75

50d i  

Table 1. Longshore sediment transport formulations. 

It should be noted that all these formulae make use of significant wave height, except the C2 
formulation which accounts for the root mean square wave height, Hrms. The K&I, Kr88, K86 
and K91 formulations depend on the bottom slope and only the C2, K86 and K91 have 
dependencies on the sediment size d50.  The longshore sediment transport is computed 
considering a wave regime of 11 years long of the study area and typical values for the 
sediment size d50 and bottom slope, presented in bibliography or measured in situ. 
However, as these two parameters are not known accurately, a sensitivity analysis of the 
several formulations to typical values of d50 and i was performed. Figure 1 illustrated the 
results obtained for the formulations presented for typical ranges of d50 and bottom slope of 
the northwest Portuguese nearshore  
It is observed that there is a wide spread of results for the longshore sediment transport. The 
K86 formulation revealed to be highly sensitive to the value of d50 considered, due to its 
inverse dependency on the sediment size. Also, the C2 formulation, with an exponential 
dependency on d50 revealed a strong dependency to this parameter. Analyzing the results of 
the dependency of longshore sediment transport to the bottom slope, again the K86 
formulation shows the higher dependency due to the linear dependency on slope i. The 
same dependency and sensible behavior is obtained when using the K&I formulation to 
compute the longshore sediment transport. 
The reference value for the longshore sediment transport of the Portuguese Aveiro west 
coast considered was presented by Larangeiro and Oliveira (2003) and is Q =1106 m3year-1. 
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Analyzing the values obtained in Figure 1, it is concluded that the longshore sediment 
transport computed for the complete wave regime by all transport formulae is 
overestimated when compared with the reference value.  
 

 
(a) 

 

 
(b) 

Fig. 1. Sensitivity analysis of the longshore sediment transport formulations to (a) d50 (mm) 
and (b) the bottom slope (m). 

2.3 Sediment transport formulations 
Usually the sediment load is subdivided into bedload and suspended load. The bedload is 
defined as the part of the total load that is in more or less continuous contact with the bed 
during the transport. It primarily includes grains that roll, slide or jump along the bed. The 
suspended load is the part of the total load that is moving without continuous contact with 
the bed as a result of the agitation of fluid turbulence (Fredsoe and Deigaard, 1992). 
The nonlinear dependency of the sediment transport to the current velocity makes the net 
transport through inlets very sensitive to ebb/flood tidal asymmetries. 
The initiation of bed sediments movement occurs when the bottom shear stress exceeds a 
critical shear stress defined by the gravitational force, the frictional forces on the bed and the 
sediment size.  
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The rates of sediment transport can be computed by several formulations that compute the 
total load considering the forcing of tidal currents or the coupled effect of tidal currents and 
waves. Herein are presented 8 formulations. A sensitivity analysis of these formulations is 
performed in subsection 2.4. These formulations integrate the morphodynamic modelling 
system used in this study (MORSYS2D), as presented in Section 3.  

2.3.1 Formulation Bha 

Bhattacharya et al. (2007) proposed a formulation to compute the total transport directly, for 
the tidal current forcing: 

 

0.486
0.893

0.353
* 50

1.163 0.54
50

0.00407
* 50

0.072078 2.22

( 1 )
0.0000782 2.22

s

d

T H
T

d dq

s gd T H
T

d d

  
  
   

  
 

 

 (14) 

where ( ' ) /
cr cr

T      , is the transport stage parameter, θ0 is the mobility parameter 
relative to grain roughness, θcr is the Shield critical shear stress,   2 1/3

* 50(( 1) / )dd d s g  is 
the dimensionless grain size, d50 is the medium particle diameter and ┥ is the cinematic 
viscosity of the water. 

2.3.2 Formulation EH 

Engelund and Hansen (1967) proposed a formulation that computes the total load directly. 
The threshold for initiation of motion is not considered. The sediment flux forced by tidal 
currents is given by: 

 4

2 3
50

0.05
s

q U u
s d C g


 

 (15) 

where C is the Chézy coefficient given by /fc g , with cf the friction coefficient and U is the 
modulus of the depth-averaged velocity. 

2.3.3 Formulation kk 

Karim and Kennedy (1990) proposed a formulation that computes the total load transport 
directly considering the effect of tidal currents. The sediment flux is given by: 

 2.821 3.369log( 0.84log ) 3
50

1 1110 ( 1)
s

u
q s gd

U
     


 (16) 

Where 1 50/ ( 1)U s gd    and 1 * * 50( ) / ( 1)
cr

u u s gd    . U* is the stress velocity and u*cr 
is the critical stress velocity.  

2.3.4 Formulation MPM 

Meyer-Peter and Muller (1948) proposed a formulation based on experimental studies only 
valid for bed-load transport. Carmo (1995) improved this formulation in order to include the 
influence of bed-slope. The bed load sand flux forced by tidal currents is then given by: 
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1.5

8
( 1)

c

s

s
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s g

   
 
  
 

 (17) 

where s is the dimensionless sand density, θc is the critical Shields parameter and ρs is the 
sand density.  

2.3.5 Formulation vR 
van Rijn (1984a,b,c) proposed a formulation valid for bed load and suspended load 
transport. 
The bottom slope is considered in the evaluation of the threshold for initiation of motion. 
The sediment flux forced by tidal currents is given by: 

 
2.1

2.150
0.3
*

0.053
s

s sp a

d
q g T FHc u

U d

   
    

 
 (18) 

where Tsp is a transport stage parameter     2
*( ( / ) /( / ))c cu , ca is the reference 

concentration  1.5 0.3
50 *( 0.015 /( ))spd T ad  where a is the reference level given by: 
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3 25
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With 0.3
500.11 ( / ) (1 exp( / 2))(25 )

sp sp
H d H T T      is the dune height and 7.3H   is the 

dune length. 
A minimum value of a is set to H/100. In equation 2.21 F is given by: 
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Where */( )Z u      is the suspension parameter, where ┢ is the von Karman constant 

(=0.4), 2 2
*1 2( / )u     and 1   if * 100u    and 0.8 0.4

*2.5( / ) ( /0.65)
a

u c    if * 100u    .  

2.3.6 Formulation AW 

The formulation presented herein is an adaptation by van de Graaff and van Overeem 
(1979) of the Ackers and White (1973) formulation for currents to take into account the effect 
of waves. The total load is given by: 

 

*

35
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 (21) 
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where ┣ is the sediment porosity, d35 the particle diameter exceeded by 65% of the  
weight and 0.23 / 0.14

gr
A d  , 1 0.2432 ln( )

gr
n d  , 9.66 / 1.34

gr
m d  , 

2exp(2.86ln 0.4343[ln ] 8.128)
dgr gr gr

C d d   . In Equation 2.23, Ucw and U*cw are the current 
velocity and shear velocity modified and are given by: 
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With 
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35

12 10
18log ' 18log

2
f fH H

r r d g
 

                    
 (23) 

where r is the bed roughness and fw and fw’ are the wave friction coefficient using r and d35 as 
bed roughness, respectively. 

2.3.7 Formulation Bi 

Bijker (1971) derived a formulation for bedload transport where the total load is expressed 
as the sum of a bedload qsb term and a suspended load qss term, considering the coupled 
effect of tidal currents and wave regime: 
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exp

33
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q q I I
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where Cb is a wave breaking parameter (1.0 for non breaking waves and 5.0 for breaking 
waves with a ramp function between the two situations), C is the Chézy coefficient based on 
d50, µ is a ripple factor (= (C/C90)1.5, where C90 is the Chézy coefficient based on d90), I1, I2 are 
integrals and τcw is the combined shear stress due to waves and currents given by: 

 
2

1 0.5 c

c c

U

U




  
      
   

 (25) 

where τc is the bed shear stress due to currents only, Uw the wave orbital velocity, 
/(2 )C f g   is a parameter for wave-current interaction, fw a wave friction factor and Uc 

is the current velocity. 

2.3.8 Formulation SvR 
The formulation of Soulsby and van Rijn (Soulsby, 1997) compute sediment transport under 
the combined action of wave and currents. The total load is given by: 

  
2.4

2 0.018
1 1.6 tan

st s c c rms cr

d

q A U U U U
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 (26) 
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where Uwrms is the root mean square wave orbital velocity and ┚ is the local bottom slope, Cd 
is a drag coefficient and Ucr is the threshold velocity. As = Asb + Ass with Asb and Ass the terms 
for bedload and suspended load, respectively, given by: 

 

1.2

50
0.6

50 *
1.2 1.2

50 50

0.005
0.012

1 1
sb ss

s s

d
H

d dH
A A

gd gd
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where Cd is the drag coefficient 2
0( (0.40 /(ln( / ) 1)) )H z  , where z0 is the bed roughness 

length. In Equation 2.28, Ucr is the threshold current velocity equal to 0.1
50 900.19 log(4 / )d H d if 

0.1 mm ≤ d50 < 0.5 mm and to 0.6
50 908.5 log(4 / )d H d  if 0.5 mm ≤ d50 ≤ 2.0 mm. 

2.4 Sensitivity analysis of the sediment transport formulations 

A sensitivity analysis of the sediment transport rates (qs), computed from the 
aforementioned formulae, to the median sediment grain size d50, the water depth h, and 
depth-averaged velocity U, is performed to better understand the response of the numerical 
solutions concerning bathymetric changes. These computations are made using a single 
point formulation that was retrieved from the numerical module of MORSYS2D that 
computes the sediment transport (Silva et al., 2009) and considering values for d50, h and U 
characteristics of inlets.  
In Figure 2(a) is illustrated the transport rate qs as a function of the medium sediment grain 
size, d50, for a constant water depth of 2, 10 and 20 m and considering a steady current with 
a depth-averaged velocity value of 1.0, 1.5 and 2.0 ms-1. In Figure 2(b) the added effect of a 
single wave with significant height of 1 m and 7 s of wave period was considered. 
The SvR, EH, kk, vR and AW formulations show a decrease of the transport rate with 
increasing d50, either in presence of tidal currents only (Figure 2(a)) or coupled with a 
monochromatic wave (Figure2(b)). Therefore, the dependency of these formulae in d50 is 
very similar. It can be noted that this dependency is non-linear; the range of variation of qs 
for the fine and medium grain sizes is higher than for the coarser sand. 
In Figure 2(a) is visible that the formulation by Bha predicts higher transport rates, except 
for the higher velocities (U = 2 ms-1) or lower depths, where the results are close to those 
obtained with the other formulations. 
The MPM formulation predicts systematically lower values of qs, and changes with d50 are not 
very significant. Note that this formulation only takes into account the bed load transport. 
The transport rates computed from Bi (in Figure 2(a) and (b)) and vR formulations present 
some oscillations with d50 that are not observed with any other formulae, in particular, for 
the finer sediments. When compared to formulae SvR, EH, kk and AW, the vR formula 
over-predicts the transport rates for finer sediments. The results predicted by all the 
formulations and from the ensemble of tests considered show a larger spread for the lowest 
values of U and finer sand than for the highest velocities and coarser sand, respectively. 
These results stand equally valid for the large range of depth-average tidal flow velocities 
observed within the inlet. 
As an example, Figure 3 represents the computed net transport rates for a tidal cycle (for a 
neap and spring tide periods) for a local mean depth of 10 m and 20 m. The depth-averaged 
velocity intensity considered is illustrated in the upper panel of Figure 3, characteristic of this 
inlet. The transport rates were computed considering two values for the d50: 0.3 and 1.5 mm.  
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(a) 

 
(b) 

Fig. 2. Computed transport rate qs (kgm-1s) in function of d50 (mm), considering (a) only the 
tidal currents and (b) tidal currents coupled to a wave. 

For any sediment grain size and any sediment transport formulation, the maximum values 
of qs increase as the maximum depth-average velocities increase from neap to spring tides, 
and for small velocities, the transport is null. An exception to this behavior is with EH 
formulation, because it does not include a threshold velocity for sediment motion. Also, the 
sediment transport rates computed from the Bi and vR formulations present some 
perturbations for the highest velocities. 
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Fig. 3. Computed transport rate qs (kgm-1s) in function of d50 (millimetre) for velocity tidal 
flow computed by a hydrodynamic model forced by tidal currents only (a) and (b) and 
forced by tidal currents coupled with a wave regime (c) and (d), for a depth of (a) and (c) 10 
m and (b) and (d) 20 m. The left (right) columns in (a), (b), (c) and (d) represent the transport 
rates at neap (spring) tide condition. 

Analyzing Figure 2(b) it is possible to perceive that the presence of a monochromatic wave 
induce continuous sediment transport for lower depths (10 m in this example). For this water 
depth, the generated currents have the capacity to move coarser sediments, even in neap tide 
conditions. For Bi formulation, are observed higher instabilities in the sediment transport rates. 
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For the deeper water case, the effect of the wave is not strongly noticeable. However, for neap 
tide condition exists a slightly increasing in the capacity of transporting finer sediments. 

3. Morphodynamic simulations 

To the study presented herein, the morphodynamic modelling system used is the 
MORSYS2D (Fortunato and Oliveira, 2004, 2007; Bertin et al., 2009c). This modelling system 
integrates the hydrodynamic model ELCIRC (Zhang et al., 2004), which calculates tidal 
elevations and currents, the wave model SWAN (Booij et al., 1999), which computes wave 
propagation and the model SAND2D (Fortunato and Oliveira, 2004, 2007; Bertin et al., 2009c) 
that computes sand transports and updates the bottom topography. 
This model was applied to an inlet and adjacent nearshore of a coastal lagoon in the 
northwest of the Iberian Peninsula, the Ria de Aveiro.  
Due to the different response of the several sediment transport formulations on the 
sediment size and water depth as presented in the previous section, it is important to 
analyze the morphodynamicof the study area itself, with d50, depths and currents variable in 
space and time. 

3.1 Dependency on sediment transport formulation 

In order to compare the numerical predictions using all the sediment transport formulations 
mentioned in Subsection 2.3, numerical simulations for a period of 1 year were performed, 
considering a variable d50 distribution, a tidal current and a wave regime variable in time. In 
this work a comparison of the residual sediment fluxes obtained by averaging the sand 
fluxes for two MSf constituent periods (214.78 days) was performed. 
For the simulations forced only by tidal currents, the SvR, EH, kk and AW formulations 
predict similar patterns, contrary to the obtained with Bha (Figure 4(a)), vR (Figure 4(b)) and 
MPM (Figure 4(c)). The residual sediment fluxes obtained with Bha formulation, Figure 4(a), 
differ substantially from the other numerical solutions, predicting strong residual sediment 
fluxes that will induce over-prediction of the bathymetric variations and an unrealistic 
bathymetry. This over-prediction is consistent with previous studies presented by Fortunato 
et al. (2009) and Silva et al. (2009) and with that obtained in Figure 2(a). 
For the vR and Bi formulations are expected oscillations in the sediment fluxes due to the 
patterns illustrated in Figure 3 for finer sediments and intermediate tidal velocities. In 
Figure 4(b) are illustrated the residual sediment fluxes computed with vR formulation, 
where are visible the oscillations that induce instabilities in the bathymetric predictions. On 
the other hand, when considering the Bi formulation, the oscillations are not easily 
noticeable in the residual sediment fluxes (not presented here). However, due to its 
sensitivity to sediment size d50, this formulation should be used carefully and only when 
physical properties are known with precision. 
In contrast to the previous results, the solutions obtained with MPM formulation (Figure 
4(c)) under-predict the sediment fluxes and consequently will under-predict the bathymetric 
changes. This under-prediction is consistent with that obtained in Figure 3. 
The numerical results obtained with the other four formulations are similar between them 
(SvR, EH, kk and AW (Figure 4(d))) and more realistic. The sediment fluxes at the inlet and 
offshore area, at the center of the navigation channel and at the beginning of the bifurcation 
channel, are all outward, denoting ebb dominance. Also, the residual sediment fluxes 
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pattern observed identifies four regions with higher values: at the inlet and offshore area, at 
the center of the navigation channel and at the beginning of the channels at the right side of 
the domain. The two first patterns referred are located in areas of strong bathymetric 
changes. The first one, which present the more intense flux obtained, is located in the 
transition from the deepest zone located between the breakwaters to shallow zones offshore. 
At the centre of the navigation channel, it is also observed an intense residual sediment flux, 
although with low intensity when compared to the former. Once again, the transition from 
deeper to shallower bottom originates convergence and consequently an intensification of 
the residual sediment flux. 
 
 

 
 

 

 
Fig. 4. Residual sediment fluxes (m2s-1) induced by tidal currents for a coastal lagoon inlet 
and adjacent nearshore, computed with (a) bha, (b) vR, (b) MPM and (d) AW 
formulations. 
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For the simulations forced by tidal currents coupled to a wave regime, the formulations 
predict similar patterns. Despite this, and for the reason pointed earlier for the case when 
only tidal currents forcing was considered, the Bi formulation should be used with care. The 
SvR formulation predicts higher residual fluxes intensities. The more realistic results were 
obtained with AW formulation, for the case of coupled forcing of tidal currents and wave 
regime. The residual sediment fluxes obtained for the AW formulation are illustrated in 
Figure 5.  
 

 
Fig. 5. Residual sediment fluxes (m2s-1) due to the forcing of tidal currents coupled with a 
wave regime, for a coastal lagoon inlet and adjacent nearshore, computed with the AW 
formulation. 

When compared with the results obtained only for the tidal current forcing, it is observed 
that a wave regime induces one order magnitude higher sediment transport rates. In the 
inner areas of the inlet (inside the lagoon), the sediment transport is ruled by the tidal 
currents. However, at the adjacent nearshore area only the presence of a wave regime 
induce transport rates. 
Contrasting to the general overall outward fluxes, an inward flux is observed near the south 
breakwater. This inward flux is induced by the currents observed at downdrift side of 
several inlets, where breaking waves are turned toward the inlet due to refraction over the 
outer bar and on breaking, creating currents toward the inlet. 
At the nearshore areas higher residual transport rates are observed, predominantly directed 
north-south. This flux is induced by the longshore currents generated by the wave regime 
characteristics of the study area. At the inlet the fluxes are dominated by the outward 
residual tidal currents. 
Comparing Figures 4 and 5, is visible that the residual fluxes patterns inside the lagoon and 
at the inlet are similar. In order to investigate the origin of these patterns, the influence of 
the sediment size d50 and the water depth on the residual sediment patterns is analyzed. 

3.2 Dependency on d50 and depth 
As concluded in Section 2.4, the sediment size d50 and the water depth have influence on the 
sediment transport rates. Therefore, these parameters will also have influence on the residual 
sediment fluxes and consequently on the bathymetric changes that occurs in the study domain. 
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To analyze the influence of d50 and the water depth on the domain morphology, numerical 
simulations were performed considering: a constant sediment size distribution (d50); a 
constant depth at the study area; and the two cases coupled. All cases considered only the 
tidal currents forcing. Only the results obtained using the AW formulation to compute the 
sediment transport are presented herein. 
In Figures 6 and 7 the residual sediment fluxes are illustrated considering a constant d50 
distribution (Figure 6) and considering both d50 distribution (=0.5 mm) and depth (=10 m) 
constants (Figure 7). The results obtained considering constant depth and a heterogeneous 
sediment size distribution are similar to those represented in Figure 7 and are not shown. 
 

 
Fig. 6. Residual sediment fluxes (m2s-1) due to the forcing of tidal currents coupled with a 
wave regime, for a coastal lagoon inlet and adjacent nearshore, computed with the AW 
formulation, considering a constant d50 distribution. 

 

 
Fig. 7. Residual sediment fluxes (m2s-1) due to the forcing of tidal currents coupled with a 
wave regime, for a coastal lagoon inlet and adjacent nearshore, computed with the AW 
formulation, considering constant d50 distribution and constant water depth. 
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Analyzing Figure 6 it is observed that the residual sediment flux is very similar to that 
obtained when using a heterogeneous d50 distribution (Figure 4(d)). Thus the sediment size 
distribution, in this study area, is not mandatory on the definition of the residual fluxes 
pattern. 
The results of considering a constant d50 distribution coupled with a constant depth set to 10 
m, are illustrated in Figure 7. It is observed that the overall pattern of the residual sediment 
fluxes is similar to the one presented in Figure 4(d). Thus, it can be concluded that for this 
study area, the residual sediment fluxes are mostly originated by the geometry 
configuration, depending also, in minor scale, on the bathymetry.  
For the study area presented herein, the geometry of the navigation channel and the 
configuration of the breakwaters that delimit the artificial inlet induces strong residual 
sediment fluxes near the north breakwater. Large bathymetric changes can result from these 
patterns, compromising the stability of that structure. 

3.3 Trends of erosion and accretion 
The residual sediment flux at a domain generates erosion or accretion locally, depending on 
the pattern and intensity of the flux. From the analysis of these patterns it is possible to have 
an idea of the bottom morphologic changes expected. In areas where the residual fluxes 
converge with large intensity, erosion patterns are observed due to the high amount of 
sediments that are transported.  
As example, in Figure 8(a), (b) and (c) are illustrated the final bathymetry and the 
bathymetric changes induced by the residual sediment flux illustrated in Figure 5, for a one 
year period simulation. The white areas in figure illustrating the difference between the final 
and initial bathymetry represent unchanged depth, and the solid lines represent the initial 
bathymetry. 
 

 
(a)                                                                    (b) 

 

 
(c) 

Fig. 8. (a) Initial and (b) final bathymetries (metre) for numerical simulations and (c) 
difference between the initial and computed final bathymetry (metre). In (c) the solid lines 
illustrate the initial bathymetry. The negative (positive) values represent erosion (accretion). 
The values in axes are in metres. 
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The residual sediment flux patterns at the inlet generates an erosion trend at the 
downstream side of the deeper zone located between the heads of the breakwaters. At the 
upstream side of this bottom feature and due to the decrease in the residual sediment flux, 
an accretion trend is obtained. The high magnitude of the residual sediment flux at the 
beginning of the channels at the right side of the domain (near the side walls) induces 
erosion trends. At the downstream side of the bifurcation, the orientation and decrease of 
the fluxes generates accretion trends. 

4. Conclusion 

There are several formulations published in literature used to compute the sediment 
transport rates, either as longshore or as bedload and suspended load. These formulations 
have different dependencies on lagoon characteristics such as sediment size d50, bottom 
slope, water depth, current velocities and wave characteristics. 
A sensitivity analysis to longshore formulations revealed that the K86 formulation is 
highly sensitive to the value of d50 and bottom slope considered, due to its inverse 
dependency on the sediment size and linear dependency on the bottom slope i. Also, the 
C2 formulation, with an exponential dependency on d50 revealed a strong dependency to 
this characteristic. The K&I formulation revealed sensible behavior to the value defined to 
the bottom slope. 
The results obtained with the formulations of Bhattacharya et al. (2007) and Bijker (1967) 
over-predict the observed bathymetric changes, while the formulation of Msoeyer-Peter and 
Muller (1948) under-predicts the bathymetric variations. The results obtained with the 
formulations of Engelund and Hansen (1967), Ackers and White (1973), Karim and Kennedy 
(1990), van Rijn (1984a, b, c) and Soulsby–van Rijn (Soulsby 1997) seem to result in 
predictions more consistent. These conclusions are also illustrated by the spatial distribution 
of the residual sediment fluxes in a tidal inlet.  
The analysis of sensibility performed also illustrates that the dependence of the sediment 
transport on d50 is more important for the fine–medium sediments. It was also concluded 
that the distribution of the sediment size is not influent on the residual sediment flux 
patterns. The major influence comes from the geometry of the inlet channel and also, in 
minor magnitude, from the bathymetric configuration. 
Concerning the Ria de Aveiro inlet study area, the sediment fluxes obtained for 
simulations forced only by tidal currents are restricted to the navigation channel, 
dominating the long term transport in this zone. At the inlet the fluxes are still dominated 
by the seaward tidal currents, however near the north side of the inlet, they are affected 
by the longshore currents. At the inner sections of the lagoon mouth the fluxes induced by 
the tidal currents are higher than those produced only by the wave regime. At the 
nearshore area the sediment fluxes are only due to the influence of the wave regime. 
Therefore, an accurate estimation of the longshore sediment transport should be 
performed to describe the morphodynamics of this coastal area. 
The analysis of the residual sediment transport allows the prediction of the erosion and 
accretion trends: in areas where the residual fluxes converge with high intensity, erosion 
patterns are observed due to the high amount of sediments that are transported. 
Although these results were obtained for the specific case of Ria de Aveiro inlet, they can be 
extrapolated to understand and predict other similar systems. 
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