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Abstract

The morphology of estuaries is subject to constant changes as a result of the
dynamic imbalance between the forcing actions (tides, surface waves and wind) and
the sedimentary reactions, which are important to understand and predict.
Morphodynamic numerical models are useful tools that can be used to

understanding and predicting morphological developments. The development and
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validation of a three-dimensional morphodynamic model, MORSELFE, aiming at
simulating rapid morphological evolutions of estuaries (temporal scale of days to
months), are presented in this paper. MORSELFE results from coupling a three
dimensional shallow water model, with an advection-diffusion transport model for the
suspended sediments, an empirical formula for the bed load, and a bed updating
module. The model only considers the simulation of non-cohesive sediment and do
not account with the wave effects. An innovative feature of the model is a new
approach to compute the erosive fluxes, which adapts them to the vertical grid
resolution. The use of unstructured grids and the implementation in parallel mode
make MORSELFE particularly adapted to engineering applications. The model was
assessed and validated against analytical and experimental test cases, also allowing
the inference on the optimum choice of the model parameters, variables and the

turbulent closure.

Keywords: Morphodynamic model; Sediment transport; Three dimensional

model.

1 Introduction

Morphodynamic models are essential tools to predict the morphological
evolution of the coastal, river and estuarine systems. Over the last decades, several
morphodynamic process based models have been developed over the world (e.g. de
Katopodi e Ribberink, 1992; Nicholson et al., 1997; Cayocca, 2001; Fortunato and
Oliveira, 2004; Lesser et al., 2004, Warner et al., 2008; Bertin et al., 2009) with the
aim of simulating the processes involve and their interactions, and to predict the
morphological evolution of the estuarine and coastal areas. During this period, 2D
morphodynamic processed based models have reached a satisfying degree of
reliability. Several examples of applications can be found in literature. However, in
situations involving complex flows, such as wind and wave induced circulation,
density gradients and flows in the adjacent of structures, the deviations of the
velocity profile from a logarithmic one disables the use of 2DH models. For t and a

3D model is required.

More recently, 3D morphodynamic process based models were developed
(Lesser et al., 2004; Warner et al., 2008) in order to limited ability of the 2D
morphodynamic models of simulating the several important 3D flow phenomena
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found in nature (). with the objective of improving the representation of depth-varying

mechanisms, such as wave induced cross-shore currents or baroclinic circulation..

This paper presents the development and validation of the unstructured grid
three dimensional morphodynamic processed based model MORSELFE. This
modelling system consists in a number of integrated modules which allows the
simulation of hydrodynamic flow, non-cohesive sediment transport and
morphological changes in estuarine systems, driven by tides, wind and river flows. A
detailed description of MORSELFE modelling system, with the physical and
numerical formulation of the modules, is performed in section 2. Section 3 describes
the results of the model validation against analytical and experimental test cases.
Section 4 summarizes the most important changes introduced in MORSELFE and
the main findings of the validation tests.

2 Three Dimensional morphodynamic Model MORSELFE

MORSELFE is a modeling system consisting in a set of integrated modules
that aims to simulate shallow water flows, non-cohesive sediment transport and
bottom changes in estuaries (Figure 1). The development of this modeling system
was based on existing models, although several changes were introduced to the
original models in order to make possible the models connection and integration.
The model can be executed in serial mode or on multiple processors using

distributed-memory architectures.

For the Hydrodynamics, MORSELFE uses the three dimensional (3D) model
SELFE (Semi-implicit Eulerian Lagrangian Finite Element), an unstructured-grid
model designed for the effective simulation of tridimensional baroclinic circulation
across river-to-ocean scales (Zhang and Baptista, 2008). The sediment transport
equation is treated in two distinct modes: the advection-diffusion component is
based on SELFE transport formulation, taking advantage of its numerical
characteristics such as the option to use different methods to solve the transport
equation, while the remain terms are computed based on the ROMS (Regional
Oceanographic Modeling System) model sediment transport formulation (Warner et
al., 2008). For the bed load transport prediction the model uses empirical
formulations (Meyer-Peter and Muller, 1948; van Rijn, 2007). Sediment transport
algorithms are implemented for an unlimited number of non-cohesive sediment

classes, specified by the users. For the bed elevation changes computation two
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different algorithms were combined: the ROMS module was adapted to compute the
changes due to suspended sediment transport and the SAND2D (Fortunato and
Oliveira, 2004) bottom update model was modified to calculate the changes due to

bed load transport.

The MORSELFE code is composed by a main code (the Hydrodynamic
model code) and several subroutines that allow simulating the sediment transport
and bed evolution. The modules coupling through subroutines allow a greater
independence of the several modules, making easy the replacement of the codes if
a new model version is released. The integration of the several modules was
performed via C-preprocessor directives, allowing the user to choose the different
components of the model that are included or excluded in the model compilation and
execution. This guarantees that only the necessary memory is allocated and relevant
algorithms are compiled, generating a more efficient executable file.

2.1 Hydrodynamic module

SELFE is a 3D hydrodynamic model developed at the Center for Coastal
Margin Observation and Prediction as an open source community model (Zhang and
Baptista, 2008, available at http://www.stccmop.org/CORIE/modeling/selfe/). SELFE
uses a semi-implicit finite-element Eulerian-Lagrangian algorithm to solve the Navier-
Stokes equations using the hydrostatic and Boussinesq approximations, and
transport equations for salt and heat. The primary variables that SELFE solves are
free-surface elevation, 3D water velocity, 3D temperature and 3D salinity. Forcings
include tides, tidal potential, river flow, wind and solar radiation. As turbulence
closure model, SELFE uses the Generic Length Scale (GLS) turbulence closure of
Umlauf and Buchard (2003), which has the advantage of encompassing most of the

2.5-equation closure models.

SELFE equations are solved with finite-element and finite-volume techniques.
Semi-implicit schemes are applied to all equations to improve stability and maximize
the efficiency. The key element in SELFE is to decouple continuity and momentum
equation via the bottom boundary layer. To treat the advection terms in the
momentum equation, SELFE uses an Eulerian-Lagrangian method (ELM), allowing

the use of high time steps without compromising the precision and the stability.




129
130
131
132
133
134
135
136
137

138
139
140
141
142
143

144
145
146
147
148
149
150
151
152

153
154
155
156
157
158
159

SELFE treats the advection terms in the transport equations with an ELM, a
finite-volume upwind method (FVUM) or a Total Variation Diminishing (TVD)
scheme. If the ELM is used, the transport equations are solved using a finite-element
method. Despite its efficiency, one of the problems of using ELM approach is the
potential for mass conservation problems (Oliveira et al., 2000). On the other hand
FVUM guarantees mass conservation but are excessively diffuse. To reduce the
numerical diffusion a higher-order finite-volume TVD scheme (Sweby, 1984) was
implemented in SELFE. The vertical advective fluxes are treated implicitly or
explicitly if a FVUM or a TVD is used, respectively.

The horizontal domain is discretized with unstructed triangular grids, while
hybrid vertical coordinates (partly terrain-following S coordinates and partly Z
coordinates) are used in the vertical direction, allowing higher flexibility in both
horizontal and vertical grids. S coordinates are similar to sigma coordinates but with
an additional flexibility, the vertical resolution can be adjust to allow a better

resolution near the bottom and surface (Song and Haidvogel, 1994).

The combined horizontal and vertical discretizations results in the whole 3D
domain being divided into triangular prisms (Figure 2). A staggering scheme is use
to defined variables: the surface elevations (n) are defined at element nodes; the
horizontal velocities (u,v) are defined at side centers and whole levels; the vertical
velocities (w) are defined at the element centers and whole levels as they are solved
with a finite-volume method. The locations where the temperatures and salinities are
defined depend on the method used to solve the transport equation: they are defined
at prism centers if FVUM or TVD (Typrvp) are used, and at both nodes and side
centers if ELM is used (Tgpv).

The turbulent closure equations are solved along each vertical column at
each node with a finite-element method. The vertical mixing terms and the
dissipation term in these equations are treated implicitly, but the production and
buoyancy are treated implicitly or explicitly, depending on the sign of their total
contribution (Zhang et al., 2004). The advection terms in the turbulence closure
equations are neglected in SELFE since they are small when compared to the other

terms.




160

161
162
163
164
165
166
167
168

169

170

171
172
173
174

175

176
177
178

179

180
181
182

2.2 Sediment transport module

The sediment transport model developed is a three-dimensional model,
whose suspension component results from the coupling between the SELFE
transport formulation and the ROMS sediment transport formulation (version 2.2).
For the bed load prediction two formulations are implemented: Meyer-Peter and
Miiller (1948) and van Rijn (2007). This model is able to represent an unlimited
number of user defined non-cohesive sediment classes. For each sediment class the
model solves the horizontal and vertical advection, the vertical diffusion, the bed load
transport, the vertical settling velocity and bottom sediment deposition or erosion.

2.2.1 Suspended sediment transport

2.2.1.1 Physical formulation

Sediment suspended in water column is transported by solving the
advection-diffusion equation with two additional terms for the vertical settling and for
the sediment bed exchange. For a generic tracer (T,) the transport equation is given

by:

o, , T

& ox oy ez oz

+vaTr +W6Tr 0 (K‘aTrj-l-Fh-l-Qq (1)

0z

where (u,v,w) is the velocity, « is the eddy diffusivity (m?s™), Fy, is the horizontal
diffusion, Q represents point sources or sinks. In the case of sediment, T, =C,
where C is the sediment concentration (kgm™). Eq. (1) is solved for each sediment

class q and the term Qq represents the settling velocity and the sediment bed

exchange terms given by:

- oC,

Qq = Wsgq oz +Eq (2)
where C, is the sediment concentration of the q class, w4 is the sediment settling
velocity of the g class (ms™) (positive upwards) and E, is the sediment erosion flux of

q class (kgm?s™).
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Sediment deposition and erosion

For each sediment class g, the sediment settling velocity is determined
following Soulsby (1997):

Va

W, == (036 + 104003, |

sq
50,9

2

~1036 | 3)

where v, is the kinematic viscosity of water (m?s™) and dsoq IS the median grain
sediment diameter of class g (m), D.q4 is the dimensionless sediment diameter of
class g given by:

V3
D, :{g(sgl)} deo, )

Va
where g is the acceleration due to gravity, s = p;,/p,is the specific density , psq
and pp are sediment and water reference densities (kg/m?), respectively.

Erosional flux (kgm?®s™) is parameterized following Ariathurai and
Arulanandan (1978):

T
Eq = EO,q (1_ p)fq — -1 S€ T4 > Tcr,q (5)
Terg
Terg = Hcr,q gd 50, (ps - pO) (6)

where Eqq is a bed erodibility constant (kgms™), p is the sediment porosity of the

top bed layer (dimensional), f, is the volumetric fraction of sediment of class q
(dimensional), 7 is the critical shear stress for class g (Nm?), 7y =75, +75, is

the bed shear stress (Nm?). Eoq IS an empirical quantity, depending on local
sediment and bed conditions, with values ranging from 10* and 102 kgm ?s ™ (Xu et
al., 2002; Blaas et al., 2007).

The dimensional critical shear stress (6, ) is derived from the critical Shields

parameter, and its value is determined following Soulsby and Whitehouse (1997):
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Density effects

The equation of state used to calculate the density of water as temperature
and salinity function is extended to include suspended sediment density effect as

follows:

Nsed C
P =Py~ z_q(psq _pw) (8)
g=1 ps q

in which p is the fluid local density (including the salinity, temperature and sediment
effects) (kg/m?), p, is the water density (including salinity and temperature effects)

(kg/m?), Nsed is the total number of sediment classes.

Bottom stress

The bottom boundary layer treatment is very important for the sediment
transport formulation, since bottom stress determines the bed load transport rate and

the sediment resuspension rate to the water column.

Bottom friction can be described by linear, quadratic or logarithmic profile
formulae. The linear and quadratic drag coefficient methods depend on the
horizontal velocity components in the bottom grid cell and the linear (») and

guadratic () drag coefficients specified by the user:

(Tbx-fby):(7’1+72 vu? +V2j(U:V) ()]

The user can select between linear or quadratic drag by setting 1 ou » to
zero, respectively. For the logarithmic formulation, the classic vertical logarithmic
profile, defined by a shear velocity u. and bottom roughness length z,, is assumed in

the bottom boundary layer:
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=~ 'n(5—bj (10

Ko \Zo

where u[=vJu? +v?, u. = 1/irbx|+|rby|i/,o, Kk, =04 is the von Karman constant, z,

is the bottom roughness length (m) and &, is the bottom computational layer

thickness (m). In this formulation, a quadratic drag formulation is used,

with 7, = (k, /In(6, /2, ))* , and the z, value is specified by the user.

2.2.1.2 Numerical formulation

Advection and diffussion

The advection-diffusion component of MORSELFE model is based on SELFE
model transport formulation. The treatment of the advective fluxes depend on the
method used to solve the transport equation: for FVUM the vertical advective fluxes
are treated implicitly and the horizontal advective fluxes are treated explicitly; for
TVD an explicit scheme is used in the advection treatment, due to the non linearity of
this method. In both methods, the vertical diffusion term is treated implicitly and the
tracer value (called Ty, and Tryp in Figure 2) is calculated in the prism center (i k).
Detailed description of the SELFE transport equation numerical formulation is

presented in the next lines.

The discretized transport equation for the sediment concentration is given by:

n+1 n At' I+l g0 ' : CJn _Cin
j=1 ij

ik jeS
A'At' C_n+l _C_n+1 C.n+1_C‘n+l (11)
i » iks1 ~Cik _Ki’k_lu (k =k, +1---,N,)
Vik AZiy a2 AZ; 40

where j are the five faces of the prism (i,k), V; is the volume of the prism (i,k), A; is

the area of element i, u; is the outward normal velocity from prism (i,k), S; is the area
of face j, Q=u;S; is the flux through the same face and 4t" = At is the time step. The
second right hand side term of the Eq. (11) is the advective term, the third term is the

sink or source term, the fourth term the horizontal diffusion term and the last terms

9
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represents the vertical diffusion. §; is the distance between the centers of the prism

(i,k) and its adjacent prism (j,k).

The only difference between the upwind and the TVD scheme is the definition
of the C;- in the Eq. (11). In the case of a FVUM scheme Cj is defined as:

. C,,jeS”
C. =G, = (12)

Cj,jesf

where S* are all prism faces where Q; > 0 (outflow faces) and S are all prism faces

where Q;<0 (inflow faces).

Neglecting the non advective terms of Eq. (11) and substituting C;- given by
equation (12), stay:

Yok (13)

|, jeS™

crt=cr { 0, @

Kk JS+

The final equation for the FVUM scheme is obtained substituting the Eq. (13)
in the Eq. (11):

cee [ 2R \] oYl +Q|”“At+Ath<h o
|k jes* i

I,k jes~ |vi 14
A» At, C'n+l _C_n+l C‘n+1 _C_n+l ( )
+ |n Kik ik+1 ik _Ki’k_l ik ik-1 ,(k=kb+l,"',NZ)
Vik AZ;y a1 Az 10

The FVUM scheme is conditional stable and the Courant number condition is

given by:

(@] =5ju)

(15)

ZIQI

jes*t

The right hand side term of Eq. (15) is calculated for all prisms of the domain, A4t is
given by the minimum valor??? obtained. Since this is a linear scheme, the vertical

advective flux part can be treated implicitly in Eqg. (14), and in this case, S does not

10
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include the two vertical faces. Since the vertical flux terms imposes most stringent

stability condition in shallow waters, this method results in more efficiency.

The second order TVD scheme is obtained by extending the upwind scheme

and adding anti-diffussive fluxes to Eq. (12) as:

. =C.+2c,-¢,) (16)

where (fj* is the upwind value, Cjp is the downwind value and ¢ is a limiter function
that depends only of the values at face j (0 < ¢; <2, for =0 is a upwind scheme, for
¢=2 is a downwind scheme and for ¢ =1 is a central scheme).

Neglecting the non advective terms of Eq. (11) and substituting C;- given by
Eqg. (16), we have:

N At . At! .
Ci' =Ci} +\TELJEZS;|QJ|[ —(p_ZJJ(Cj _Ci)+\T;(j;|Qj|(p_21(Ci _Cj) a7)
with
A_tnIZ|Qj|&(Ci _CJ)ZA_':5Z|Q1|(CJ -c) (18)
Vi jes* 2 Vi,k jesS™
where
A= Z|Q,—|(C,- _Ci) (19)
jeS™
ic
jes*t A

Substituting Eq. (18) into Eq. (17), and including the non advective terms, we

obtained the following final equation for TVD scheme:

11
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ct -ci“,kllj—tn' ZIQJ-I( %+5]]f,‘—t ZIQjI[l—%wJCJ +QAt +

i jes™ I jes™

3 CD —C-n A-At' C_nlzrl _C_ngl C_nk+l _C_nlzrl (21)
+At’z(’(h) J — Ki x R _Ki,k—l—l’ e,
j=1 S N Vi 4z i k+1/2 Az i k-2
(k=ky +1-N,)
The TVD scheme is stable if:
620
1= A > Rjfa+s)=0 (22)

1K jes™

The ¢ and r; values can be obtained using two different formulations, one

from the Casulli and Zanolli formulation (Casulli and Zanolli, 2005), and the other

given by:
V2
jest T
Z|Qm|(cm _CI) (23)
r. = meS~
J |Qi|(ci —Cj)

The first condition of Eq. (22) is easily satisfied. The second condition of Eq. (22)

becomes:

t' < V—'
> |Qjla+s) (24)

jeS™

The right hand side term of Eq. (24) is evaluated for all prisms in the domain, and

At" is then given by the minimum value obtain for the entire domain.

The second formulation implemented in SELFE for calculate & is the Casulli
and Zanolli (2005) given by:

12
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P |QJ|

st: 2 > Qnl

meS~

Z|Qm|(cm _Ci ) (25)

meS~

TSR

meS~

2.

. |(2j| ieS™ -
Since J < =L =1 then the second condition of Eq. (22), the
Z 2Rl 21l
meS~ meS~

courant number conditions, is satisfied if:

' \
Yosh) @)

jeS™

The right hand side term of Eq. (26) is calculated for the entire prisms domain, with
A" given by the minimum value obtain for the entire domain. Our experience

indicates that the condition in Eqg. (25) is usually more efficient.

Sediment concentration values are converted to all nodes and levels only for
writing in the output files and visualization. The change of the sediment
concentration value from the prism center to the levels is made thought a weighed
interpolation with the cell thickness. However, two sediment concentration values are
unknown, the concentrations values in the surface (C,) and in the bottom (C,) levels.

The surface level is obtained through a null flux condition in this boundary:

w,,C+x—=0 atz=pg (27)

C, value is obtained by the integration of Eq. (27) between the surface level (n) and

the level below the surface (n-1):

ChiKna

n ="
Ws,qAZn + K1

(28)

13
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where A4z, is the surface cell thickness and C, e C,_,, the tracer values in the

surface level and in the level below the surface, respectively.

Bottom tracer value (C, ) is obtained by mass conservation, i.e., assuming
that the tracer total mass at the centers (M, ) is equal to the tracer total mass at the

levels (M), with M, and M, given by:

M = ZCiAZi (29)
i1
Az, &[4z, + Az, Az
Mn = ClTl_'-zCi(lTj_'-Cn 2n (30)
=

where Az, is the bottom cell thickness, n is the total number of levels, nc=n-1

(total number of centers) and:

B (31)

where A, is the area of the element e.

Sediment deposition

The vertical advection algorithm for the sediment vertical settling
implemented in the MORSELFE was adapted from the ROMS model sediment
transport module (Warner et al., 2008; http://www.myroms.org/). The vertical settling
of suspended sediment is computed via a semi-lagrangean advective flux algorithm,
that includes a piece-wise parabolic method (PPM; Colella and Woodward, 1984)
and a weighted essentially non-oscillatory (WENQO) scheme (Liu et al., 1994). PPM
use parabolas as interpolation functions and WENO integrates depositional flux over
multiple grid cells, so it is not constrained by the Courant-Friedrichs-Lewy (CFL)
criterion. Detailed description of PPM and WENO can be found, respectively, in
Colella and Woodward (1984) and Liu et al. (1994).

14
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Sediment erosion

Erosional flux obtained thought Eq. (5) is computed near the bottom, this is in
a reference height (a) near the bottom, which corresponds to the top of the bed load
transport layer. Several formulations to determine the reference height exist in the
literature (Einstein, 1950; Engelund and Fredsoe, 1976; Smith and Mclean, 1977,
van Rijn, 1984; Garcia and Parker, 1991; Zyserman and Fredsge, 1994; Cao, 1999).
Zyserman and Fredsge (1994) state that the reference height should be equivalent

to the diameter of few sediment grains, in MORSELFE is used a =3dg, (Harris and

Wiberg, 2001; Lawson et al., 2007).

An innovative formulation to transfer the sediment erosive flux between the
bottom and the center of the bottom computational cell is used in MORSELFE. This
transference is made considering that the sediment concentration profile between

the reference height and the cell center follows the Rouse concentration profile given

by:

where H is the total depth , b=w,/x,u., u- is the bed shear velocity, C, is the

sediment concentration at the reference height a and z is the bottom distance (in this

case is half of the cell bottom computational thickness).

For the sediment erosive flux transference to the water column is considerer

that the diffusive flux is given by the expression:

E :K8C

q 8_2 (33)

with 6C/0z being obtained trough derivation of the Eq. (32):

e

Thus, the erosive flux in the center of the computational cell is obtained

x
oz

solving the equations system composed by the erosive flux equations for the

15
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reference height (E,,) and for the computational cell center located immediately

above the bottom (E, , ), being:

oC
Eqa = KaCaE (35)
a
oC
Eq,Z = KZCaE (36)
z
Replacing the C, value obtained with the Eq. (35) into the Eq. (36) stay:
ac
K, 0Z
qu = EQvaK_Z aC : (37)
a JE—
oz |,
Substituting Eq. (34) into Eq. (37) we get:
b-1 5
E,, =E,. 2 aH-2) a (38)
' T K, Z(H —a) z

Assuming that the eddy diffusivity profile (x) near the bottom has a parabolic shape
given by (van Rijn, 1984b):

K = 1,u.z(1-z/H) (39)

and replacing Eqg. (39) into Eq. (38), the following equation is obtained for E , :

E,, =E, (H_Z)(a(H _Z)Jb_lg (40)

Since a and z values are very small when compared with the H value, we can

consider that H-z~H —-a~H and Eq. (38) is reduced to:

16
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a b
Eq,z = q,a(_j (41)

z

Thus, the value of the erosive flux in the center of the bottom computational

cell is given by Eq. (41) with E,, given by Eg. (5). This approach, inspired in the

approach used to compute the drag coefficient, turn the erosion flux independent of
the vertical resolution near the bottom.

2.2.2 Bed load transport

2.2.2.1 Physical formulation

In the literature several formulae exists to calculate the bed load transport
(db,g), in MORSELFE two formulations are implemented: Meyer-Peter and Muller
(1948) and van Rijn (2007) formulae.

For the Meyer-Peter and Miller (1948) formula, the volumetric bed load

transport rate is defined as:

Obg = 8(95f - Hcr,q )1’5 v (S - l)gd go,q (42)

where &, is the critical Shields parameter given by Eq.(7) and 6 is the

nondimensional Shields parameter given by:

Tst

Of = F7——~— 43
° (ps ~ Po )gd 50 (43)
Eq. (42) can be applied to sediment mixtures withd, > 0.4mm.
Van Rijn (2007) defined the bed load transport rate as:
= 0H(dsoq /H f2MES
Upq =0.015p,uH(dso / c (44)

where u is the depth-averaged velocity and M, the mobility parameter given by:
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M, =@ —u, )/[(S —1)gds, I° (45)

U is the critical depth-averaged velocity for currents based on Shields initiation of

motion and is given by:

0.19(d, )*'log(12H/3d,,) for 0.00005 < dg, < 0.0005 m
“8.5(dyg )*°log(12H/3ds,) for 0.0005 < dg, < 0.002 m

(46)

Eq. (44) can be applied to 0.05 <dg, <2.0mm.

Assuming that bed load transport occurs in the same direction as the velocity
vector in the bottom computational cell, the bed load vector components are given

by:

Thx
T

Qox,g =Abyg (47)

sf|

T
qby,q = qb,q ﬁ (48)
s

where Oy q € Qby,q are the sediment fluxes for a given sediment of class q along the x

and y directions respectively.

In both formulae presented the magnitude of the bed load transport vectors are
calculated assuming a horizontal bottom, thus if a bed slope exist it is necessary to

adjust the vectors magnitude.

Bed slope effects

Several approximations exist to estimate the bed load transport on slopes.
Three methods are available in MORSELFE: Antunes do Carmo (1995), Damgaard
et al. (1997) and Lesser et al. (2004).

Antunes do Carmo (1995) proposed the following change to the Meyer-Peter

e Miiller (1948) formula in order to include bed slope effects:
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qb,q = 8(Hsf - ec,q )1’5 v (S - 1)gd 530,q (49)

where @4 is the critical bed shear stress for a slope bottom given by :

tan’s, = seng
a7l {COSﬂSCOSﬂt\/%Jr tan¢sJ (50)

¢ (radians) is the angle of repose of the sediment, s is the bottom slope angle along

the flow direction, tan g, = cosg, tan 5, , f» is the bottom slope angle perpendicular

to the flow direction.

Damgaard et al. (1997), based on experimental results, modified Meyer Peter
and Muller (1948) formula to consider the gravity effect in the longitudinal slope. The

modified formula is given by:

Obg = 8(0, - Oc J* J(s - 1)gd 504 fSlope (51)

where &4 is the threshold Shields parameter on a slopping bed corrected for the

slope effect using the Whitehouse (1995) formula:

9c,q = Hcr,q %f (52)

and fslope parameter is a correction factor given by:

0,2 (1v5+'93f /‘9(:r q )

0Cf,q gc,q

1+08 7 1—9 se —¢<pf, <0
sf

crg

fslope = (53)

1 se 0<p,<¢

Lesser et al. (2004) proposed a method based on Bagnold (1966) and Ikeda
(1982) works. The influence of bed-slope effects is included in two parts. In the first,
a longitudinal slope in the direction of the bed-load transport modifies the magnitude
of bed-load vector. This adjustment is calculated following a modified form of the

expression suggested by Bagnold (1966):
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(q;x,q’q:)y,q)zas (qu,q’qby,q) (54)
where

tang
*| cosp, (tang —tang,)

a, =1l+a

-1 (55)

where ays is a user specified tuning parameter (default = 1) and g is the bed slope

angle in direction of bed load transport vector.

In the second part of the method, the direction of bed load transport vector is
adjusted if a bed slope exists in the direction normal to the bed load transport vector.

This modification is based on the work of Ikeda (1982) and is computed as follows:

qt:(q = qt;x,q - anq;y,q (56)
q;;,q = q!;y,q + anq;x,q (57)
where
. 05
o, = abn( =8 j tanﬁn (58)
Th

in which ay, is a user-specified coefficient (default = 1,5) and g, is the bed slope

angle normal to the bed load transport vector.

2.2.2.2 Numerical formulation

Bed load fluxes are computed in the cell centers and limited by the availability
of each sediment class in the bottom top layer. For all the methods implemented to
estimate the bed load transport on slopes [Egs. (50), (53), (55) and (58)] it is

necessary to determine the angles g and f.:
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6h Tbx ah Tby
ps =atan| — +—— 59
: (axm ay|rsf|J (59)
oh 7oy 6h 7,
£, =atan| - — —— + — 60
“ (axm ay|rsf|J (50)

where oh/oxand oh/dy are, respectively, the bed slopes in the x and y directions

and the angle g, is limited by 0.9¢.

2.2.3 Sediment bed

The sediment bed is modelled as a layer system located above the water
column, with a user specified constant number of layers. The system implemented in
MORSELFE is similar to the one implemented in the ROMS model (see Warner et
al. (2007) for a detailed description). Each layer is initialized with a given thickness,
sediment class distribution, porosity and age. The bed layers are modified at each

time step to account for erosion, deposition and stratigraphy.

2.3 Bottom evolution module

In this module the bed changes due to suspended and bed load transports
are computed. The total depth variation (4h) is the sum of the bathymetric variations

due to suspended and bed load transports.

The net sediment change due to suspended sediment transport is computed

for each sediment class q as follows:

0, At
dh, o=—3 61
se,q ps (l— p) ( )

where Qq represents the settling velocity and the sediment bed exchange terms

given by Eq. (2) and 4t is the computational time step.
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Eq. (61) is computed in the prisms center and is given by the sum of the
depth variations of all sediment classes simulated. The change from the prism

centers to the nodes is made as follows:

nel

D A.dhg,
e=1

dhg, = — (62)

nel

2.A
e=1

where 4hg is the element depth variation due to the suspended transport and nel is

the number of elements that contain the node n.

To compute the change in the bottom sediment due to bed load transport the
bottom evolution module of SAND2D model (Fortunato and Oliveira, 2004, 2007)
was adapted. The model computes the resulting bed changes for each sediment
class g through the resolution of Exner equation:

1
Ahb,q = H Vq bg At (63)

where gy 4 is the bed load sediment flux.

Eq. (61) is solved with a node-centered finite volume technique based on an
unstructured triangular grid. Bed load fluxes are computed at the prism center and
limited by the availability of each sediment class in the bottom top layer. Flux
transference from the prism center to the nodes is made through the computation of
the line integral of the flux times the unit normal for each control volume. The control
volume is defined through the element center line (Figure 3). Depth variation due to
bed load transport is computed at nodes and is given by the sum of depth variations

of all the sediment classes simulated.

3 MORSELFE model validation

Four tests were performed to validate the MORSELFE model. In the first test
the formulation used to compute the sediment settling velocity term were validated.
Test 2 demonstrates the model ability to simulate velocity and suspended sediment

concentration profiles, through the comparison between the model results and the
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analytical solution. Model ability to produce a classic suspended sediment
concentration profile and the effect of varying turbulence sub models were
demonstrated in test 3. In the last test, the two sediment transport components and

the morphology component of the model were validated.

3.1 Test 1 - Deposition

Simulations in a square box, with 9 m height and 1 m depth, were performed
in order to validate the model formulation used to compute the sediment settling
velocity. All the boundaries were closed and inside the domain a null velocity were
imposed. This way the sediment inside the box is only subject to the gravity action.
Gaussian profile was imposed as sediment initial condition (represented in Figure 4
as initial profile), and simulations with different sediment diameters were performed.
We only show the results for the simulation with ds;=0.86 mm and ws=0.1 m/s
(Figure 4) since the results obtained for the others sediment diameters were similar.

A time step of 1 s and 47 vertical levels equally spaced were used in the simulation.

Figure 4 shows the evolution of the sediment concentration profile along the
simulation in a point located in the box center. The shape of the sediment profile is
not modified along the simulation (grey profiles) and the profile settling is equal to
the velocity times the time step (0.1 m), showing that sediment settling velocity term

is well represented by the model.

3.2 Test 2 - Equilibrium sediment concentration profiles

This test shows the model capacity to correctly simulate velocity and
suspended sediment concentration profiles through the comparisons of the model
results with the analytical solutions. In this test, the bed load transport is not

considered and Eq. (33) is used to compute the erosion flux.

Under equilibrium (stationary) conditions the advection-diffusion equation
[Eq. (1)] reduces to

Cwg, +1ca—:0 (64)
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as presented by Rouse (1937). This equation can be solved analytically under the
assumptions of small concentrations (constant wsq) and a parabolic sediment mixing
profile [Eqg. (39)], resulting in the expression for the “Rouse” sediment concentration
profile [Eq. (32)].

The reference concentration is calculated in accordance with van Rijn
(1984b):

dso To”

Ca=0015=2 %

(65)
where a is the reference height (a=0.01H), D is given by Eq. (4) and T, is the
dimensionless bed-shear stress given by:

Ta _ ,ucz-b,c ~Teii (66)

Teni

where . =f!/f. = (log,,(12H/30z,))* /(log,,(12H/3d,, ) is the efficiency factor

current, 7, = p,u> is the bed shear stress, 7. =(ps — p,, J9ds08.; is the critical

ri
bed shear stress, and 4., is the threshold parameter, calculated according to the

classical Shields curve as modeled by van Rijn (1993).

Analytical velocity profile can be obtained through the vertical integration of

the horizontal momentum equation for a uniform and barotropic flow:

on _ 0 ou(z)
ga_x_az(’((z) oz J ©7)

Velocity profile expression is achieved through the double integration of Eq. (67),

with the first integration between z and H and the second between z, and z,

u(z) = - 2 (ln(ziﬂ (68)

A series of tests were performed to simulate the suspended sediment

resulting:

transport in a long (8000 m) and straight flume (320 m) with a water depth of 5 m
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(H5) and 10 m (H10), and a constant slope of 3.2x10* m/m and 1.55x10* m/m,

respectively. Table 1 shows the model parameters used in the simulations.

Simulations with different number of vertical levels (5, 11, 21, 41 and 81
levels evenly spaced and S coordinates) and with two sediment diameters
(dsp=0.2 mm and w,=0.02 ms™; dsx=0.8 mm and ws=0.097 ms™) were performed. For
the S vertical grids, the values used for the constants that control the vertical
resolution near the bottom and surface were 4=1 (both surface and bottom are
solved) and =5 (0 < 6; <20 and for 6, >>1 more resolution is skewed toward the
boundaries). The model results correspond to a point located on the longitudinal
centerline of the flume 6160 m from the upstream boundary.

3.2.1 Velocity profiles

The comparison between the analytical and the numerical velocity profiles

were performed through the computation of the root mean squared error (RMSE):

Nz

Z(Va,k ~Vnk )2 (69)

RMSE = |+

n

where n is the total number of vertical levels, v,x and v, are, respectively, the

analytical and numerical velocities for a given k level.

The analyze of the RMSE values (Figure 5) obtained for the simulations with
different number of vertical levels and the channel with 5 m (H5) and 10 m (H10)
depth shows that velocity errors decrease with the increase of the vertical resolution.
In both channels, the minimum RMSE values were obtained for the simulations with
81 S levels (about 1%). For the H5 channel simulations, similar RMSE values were
obtained for the evenly spaced and S vertical grids, showing that for this depth is
indifferent the type of vertical grid used. For the simulations in the H10 channel,
smaller RMSE values were obtained with the S vertical grids. The difference
between the RMSE values obtained with the two grid types decrease with the
increase of the vertical refinement, with a difference of 0.1 m/s and 0.005 m/s for the
grids with 5 and 81 levels, respectively. Thus, considering only the hydrodynamic, S

grids should be use instead of evenly spaced grids.
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3.2.2 Suspended sediment profiles

For the suspended sediment simulations, additional tests were performed
with two sediment grain size: ds=0.2 mm with ws=0.02 m/s (fine sand) and
ds0=0.8 mm with wg = 0.097 m/s (medium sand).

To quantify the difference between the analytical and the numerical sediment

concentration results relative errors were calculated through the following formula:

N, -1 N, -1
Z(Ca,k _Cn,k )2 Azk ch,k Azk (70)
RE = k=] k=1

H H

where C,x and C,x are, respectively, the analytical and numerical sediment

concentration for a given k level, Az is the k cell thickness.

The error results obtained for the simulation with dsp=0.2 mm (Figure 6)
shows that the sediment concentration errors decrease with the increase of the
vertical refinement, with exception for the simulations in the H10 channel and evenly
spaced levels where an error of 7% were achieved for all the grids simulated.
Generally, acceptable errors were obtained for the sediment concentration, with a
maximum error of about 10% for the case H10 and 5 S levels and a minimum error
of about 3% for the case H5 and 81 S levels. The test shows that, for this type of
sediment, the best results were achieved with S grids, with exception for the
simulations in H5 channel and 5 levels and in the H10 channel and less than 21

levels, where the evenly spaced grids presented better results.

For the simulations with ds,=0.8 mm and less than 21 vertical levels, errors of
about 60 % for sediment concentration were obtained (Figure 7). However, with the
increase of vertical levels the error is reduced, with a minimum error of about 13%
for the case with 81 S levels. This result shows that for the simulations with coarser
sediment the use of a higher vertical resolution is necessary to minimize the
sediment concentration errors, and in this cases S grids should be use instead of

evenly spaced.

To verify if a higher resolution near the boundaries improve the results,
simulations for the channel with H5 and S grid with =20 were performed. The errors

obtained with this grid (Figure 7) are similar to the ones achieved with the S grid and
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6=5, thus a higher resolution near the surface and bottom do not seems to improve

the sediment concentration results.

3.3 Test 3 — Steady uniform channel flow

This test case demonstrates the model ability to simulate vertical profiles of
suspended sediment concentration (without bed load) and is a reproduction of the
test presented in Warner et al. (2005, 2008). The simulation represents the
suspended sediment transport for a steady uniform flow in a long (10000 m) and
straight (1000 m) channel with a constant slope of 4x10° m/m. A constant flow rate
of 10000 m®s™ is imposed at upstream boundary and a fixed depth of 10 m is
maintained at the downstream boundary. The water surface elevation is allowed to
vary along the length of the channel. Table 1 shows the model parameters used in

the simulations.

Simulation with different turbulence closures were performed using a vertical
grid with 21 S levels (4,=1 and 6=3). Results obtained with the k-kl, k-& (k-epsilon),
MY (Mellor and Yamada, 1982), UB (Umlauf and Burchard, 2003) turbulence models
and an analytical expression are compared. The analytical expression is obtained by
stipulating a parabolic shape to the eddy viscosity (v) profile [EQ.(39)]. In the model
the eddy diffusivity is determined from the turbulent Prandtl number and for a stable
flow Pr=0.39/0.49 = 0.80 (Kantha and Clayson, 1994). Thus, the algebraic eddy
diffusivity is = 1/0.8.

Model results are compared 1 km from the downstream end. Simulations with
different turbulence closures produce different velocity, eddy diffusivity and sediment
concentration profiles (Figure 8). Similar velocity profiles were obtained with the
different turbulence closures simulated, however when compared with the analytical
profile the velocities obtained are slightly higher near the surface and lower near the
bottom. Results obtained using the k-& closure match closely the analytical profile for
eddy diffusivity and sediment concentration. Similar results were obtained by Warner
et al. (2005). Suspended sediment profiles are sensitive to vertical mixing and the
range of the concentration profiles obtained demonstrates the importance of

turbulence parameterization for an accurate simulation of suspended transport.
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3.4 Test4 - Trench migration

This test reproduced the laboratory experiment of van Rijn (1987) and allows
validating the two sediment transport components (suspended load and bed load)
and the morphologic evolution of MORSELFE model.

3.4.1 Laboratory experiment

The experiment consisted of measuring velocity profiles, sediment
concentration profiles and bed level changes in a straight and long channel (length =
30 m, width = 0.5 m) with a vertical depression (trench) in the mobile sand bed. The
characteristic diameters of the sediment material used in the experiment were
d50=160 um.

To maintain the equilibrium conditions upstream of the trench (no scour or
deposition), sediment of the same size and composition was supplied at a constant
rate of 0.04 kg/sm (van Rijn, 1987). The water depth and the mean flow velocity
upstream of the trench was held constant (h,=0.39 m, u,=0.51 m/s). Figure 9 shows
the initial trench dimensions and the monitoring points, denominated E1, E4, E6, E7
and ES8.

Flow velocities were measured using a micro-propeller meter and the
sediment concentrations were measured by collecting water-sediment samples in
the center line of the flume. Simultaneous measurement of the flow velocity and the
concentration profiles were performed. Based on the measured velocities and
sediment concentrations upstream of the trench, the equilibrium suspended
sediment transport rate calculated was Ss=0.03 kg/sm. Based on the analysis of
suspended sediment samples, the size of the suspended sediment grain was found
to be 160 um near the bottom and about 120 um near the surface. The bed
roughness was obtained by analysing the measured near-bed velocities upstream of

the trench yielding z, = 0.833 mm.

3.4.2 Numerical simulations

Numerical simulations were performed in a 30 m long channel with a
movable sand bed and a slight bed slope (4.0x10™* m/m) so that the water depth and

the depth mean velocity were identical in both channel ends. At the inflow boundary
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a constant water level, a “Rouse” sediment concentration profile and a logarithmic
velocity profile (with a depth mean velocity of 0.51 m/s) were imposed. Sediment
with a characteristic diameter of 140 um was used in the simulations. Bed load
transport was simulated with the van Rijn formula (van rijn, 2007) with the Lesser et
al. (2004) method to estimate the bed slope effects. The E, value was calibrated by
comparison with the measured suspended sediment concentration profiles. Table 2

shows the model parameters used in the simulations.

Simulations with vertical grids with 21, 41 and 81 evenly spaced levels were
performed. In simulations, flow and suspended sediment are allowed to reach the
steady state before morphological evolution is initiated. The total time of simulation is
15 hours and the initial time (t = 0) corresponds to 25 minutes of simulation, the time
necessary to the model reached the equilibrium. In the simulations, an unlimited
supply of sediment is available and the k-¢ turbulence closure model is used. The

longitudinal profiles were taken from the channel center.

Figure 10 shows the computed and measured velocities and suspended
sediment profiles at the 5 locations at initial time (t =0). The agreement between
the measured and computed velocity and suspended sediment profiles is
reasonable. The velocity profiles obtained with the different vertical grids simulated
are similar except near the bottom, where the grid with high vertical resolution
presented high velocity values. Similar behavior is observed in the suspended
sediment concentration profiles comparison, showing the importance of the

resolution near the bottom for the sediment concentration simulations.

Comparisons between the simulated and measured velocity and suspended
sediment concentration profiles were performed thought the computation of the
RMSE (Eg. (696969). To dimensionless the errors, for each station the computed

RMSE values were divided by the mean measured values.

The velocities errors (Figure 11) analyze show that the errors slightly
decrease with the increase of the number of vertical levels, with smaller errors
obtained for the stations E1 and E8 (about 10%) and errors of about 20% for the
other stations. Similar errors were obtained for stations E4, E6 and E7, but with the
major differences between simulated and measured profiles occurring in distinct
zones of the water column. At station E4 the major differences occur near the top, at

E6 in the middle and near the top of the water column and at E7 between the middle
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and the bottom of the water column. The flow deceleration that occurs in the center

of the trench (E6) near the bottom is well reproduced by the model.

For the sediment concentration, the errors obtained in some stations do not
diminish with the increase of the vertical levels (Figure 11). This behavior can be
related with the inexistence of measures near the bottom where the simulated
profiles presented the major differences. The comparison of the errors obtained for
the different stations shows that the larger errors occur for the stations E7 and E8
and the smaller for station E1. At stations E7 and E8 both suspended sediment
concentration and velocity profiles are underestimated near the bottom, thus the
sediment concentration errors can be associated with the velocities errors. At station
4 the computed velocity profile shows the correct behavior but the sediment
concentration profile is underestimated from mid depth until the bottom. However,
near the bottom where the larger difference between the measured and simulated

sediment concentration values occurs there are no velocity measurements.

Figure 12 illustrates the channel hourly evolution along the 15 hours of
simulation. As the flow progress into the deeper water of the trench, the flow velocity
and the bottom stress decrease and the sediment is deposited. The bed load
transport converges and the sediment accumulates at the upstream edge of the
trench. At the downstream edge of the trench, sediment is picked back up by the
accelerating flow and erosion occurs. The trench migrates in the flow direction as the

upstream edge is filled and the downstream edge eroded.

Figure 13 shows the measured and computed position of the trench after 15
hours. Inspection of the simulated bottom profiles shows that the trench as been
reduced to near half of its initial depth, and has migrated about 2 m downstream.
Comparisons between the simulated and measured bottom profile after 15 hours
shows that the trench appears to have moved nearly the correct distance, is filled to
the correct level and presents an entry bottom slope similar to the measured. Less
well simulated is the exit bottom slope, where the model is not able to reproduce the
measured values. This discrepancy can be explained by the differences between the
measured and simulated velocities at station E7, where the model underestimates
the velocity and consequently the suspended sediment transport. The comparison of
the bottom profiles obtained for the simulations with only the suspended sediment

transport and the total transport (Figure 13) shows, as expected, that the inclusion of
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bed load transport significantly increase the quantity of sediment that accumulates in

the trench.

This test is frequently used to evaluate the morphodynamic models
performance. The results obtained with two other 3D morphodynamic models
[DELFT3D (Lesser et al., 2000; Lesser et al.,, 2004) and ROMS (Warner et al.,
2008)] shows that both models have the same difficulty in reproducing the exit
bottom slope, and the trench migration seems to be better reproduced by the ROMS
model than by the MORSELFE and DELFT3D models.

4 Conclusion

A new 3D morphodynamic model (MORSELFE) has been developed and
validated to study the estuaries morphological evolution. MORSELFE consists in a
set of integrated modules that aims to simulate shallow water flows, non-cohesive
sediment transport and bottom changes in estuaries. The development of this
modeling system was based on existing models, although several changes were
introduced to the original models not only to make possible the models connection
and integration but also to improve the original model formulation. The most

important changes introduced in the original models were:

¢ In the sediment transport model the introduction of a new formulation to
transfer the erosive flux from the bottom to the bottom computational cell
center; with this approach the erosion flux computation is independent of the
bottom layer thickness.

¢ In the hydrodynamic model the extension of the equation of the state for sea
water density to include the density effect of suspended sediment; this
inclusion enables the model to simulate processes where sediment density

influences hydrodynamics;

¢ In the sediment transport model the implementation of van Rijn formula (van
Rijn, 2007) for computing bed load transport and several formulae to adjust
bed load transport for bed slope effects; increasing the users options for the

bed load transport computation;

¢ In the sediment transport model the introduction of a formulation to convert

the sediment concentration values from the prism centers to the levels.
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The model has been validated thought the simulation of hypothetical and real
sediment transport problems. The validation tests allowed not only to validate the
different model components but also to gain some sensibility about some of the
model parameters that can influence the simulations and the values that these
parameters should take, such as, time step, number of vertical levels and the

turbulence closure model to use.

The different validation tests performed shows that: (a) the sediment settling
velocity term is well represented by the model; (b) the error in the velocity estimative
decrease with the increase of the vertical grid refinement and that S vertical grids
should be used instead of evenly spaced; (c) S grids are more appropriated to
simulate the sediment concentration, particularly for the coarse sediment; (d)
acceptable representation of the sediment concentration can be obtained with 20 S
vertical levels; (e) for the simulations with coarse sediment is necessary to have a
high vertical resolution to minimize the sediment concentration errors; (f) simulations
with different turbulence closures produce different velocity, eddy diffusivity and
sediment concentration profiles; (g) model is able to reproduce the channel trench
migration. Comparisons between the simulated bottom profile and the measured
bottom profile after 15 hours shows that the trench appears to have moved nearly
the correct distance, is filled to the correct level and presents an entry bottom slope
similar to the measured. However, MORSELFE is not able to reproduce the exit
bottom slope, similar results were obtained with other models (Lesser et al., 2004,
Warner et al., 2008).

In MORSELFE, the suspended transport, the bed load transport and the
morphological changes are computed using the same time step as the flow model.
One factor that contributes for the model efficiency is the use of S coordinates in the
vertical discretization. With a larger vertical resolution near the bottom is possible to
reduce the number of vertical levels needed to obtain a good representation of the
sediment concentration. From the testes performed, 20 S levels appear to be
required to obtain a reasonable representation of the sediment concentration. The
combination of the vertical S coordinates representation and the possibility of using
multiple processors in the simulations allows morphological simulations to be

covered within acceptable run times.

This model is a useful tool that can be use to improve the knowledge of

morphological processes, namely in fast evolution systems and systems subject to

32



735
736
737
738

739

740
741
742
743
744

745

746
747
748

749
750

751
752
753

754
755
756

757
758
759

760
761

extreme events (floods). The several simulations performed showed that for a three
dimensional model MORSELFE is robust and the morphological simulations can be
performed with acceptable computational times. Next steps, include the model

application to a real system and the coupling to a wave model.
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Figure 1 - MORSELFE model scheme.
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Figure 2 - Triangular prism and variables scheme.

Figure 3 - The control volume (grey area) is defined by center lines (dotted lines) of the
elements (lines). Circles and triangles correspond to nodes and element centers,

respectively.
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Figure 4 - Sediment concentration profile evolution for the simulation with ds,=0.86

mm and ws=0.1 m/s.
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Figure 5 - Velocity RMSE for the different vertical grids.
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Figure 6 - Sediment concentration relative error for the different vertical grids for the
H5 and H10 channel and for the dsg = 0.2 mm.
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Figure 7 - Sediment concentration relative error for the different vertical grids for the
H5 and H10 channel and for the dsg = 0.8 mm.
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Figure 8 - Vertical profiles of velocity, eddy diffusivity and suspended sediment

concentration for the four turbulence closures and for the analytical expression.

El E4 E6 E7 E8
| | | | |
"y 4 1.0 05: 15 i 2.0 | 10 . Measures
Uo = 0.51 m/s 0.39 Ot <+——> inm

\ E¢0.175 A3

40



Figure 9 - Initial trench dimensions and location of the monitoring stations.
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Figure 10 - Measured and simulated velocity and suspended sediment concentration

profiles at the 5 monitoring stations at initial time (t=0).
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Figure 11 - Velocity and suspended sediment concentration errors for the different
vertical grids simulated (21, 41 and 81 levels) and monitoring stations (E1, E4, E6, E7,

ES).
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Figure 12 - Trench bottom evolution along the 15 hours of simulation.
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Table 1 — Model parameters for test 2.

Parameter Variable Value

Grid spacing AX, Ay, Az 80 m; 80 m; variable

Bottom roughness Zo 0.0033 m
Settling velocity Ws 0.02 ms™; 0.097ms™
Erosion rate Eo Variable
Reference height a 0.01H

3.2x10™* m/m (H5)

Bed slope So 4
1.55x10"m/m (H10)

Table 2 - Model parameters for test case 2.

Parameter Variable Value

Grid spacing AX, Ay, Az 100 m, 10 m, 21 s levels

Bottom roughness Zo 0.00053 m
Settling velocity Ws 0.001 ms™
Erosion rate Eo 5x10°° kgm?s™
Critical stress Tor 0.05 Nm™
Porosity p 0.9
Bottom slope So 4x10° m/m
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Table 3 - Model parameters for test 4.

Parameter Variable Value

Grid spacing AX, Ay, Az 0.12 m; 0.125 m; variable

Bottom roughness  z, 0.000833 m
Settling velocity ~ ws 0.011 ms™
Sediment diameter  dsg 140 um
Erosion rate Eo 1.6x102 kgm?s™
Critical stress Ter 0.11 Nm?
Porosity p 0.4
Bottom slope So 4x10™ m/m
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