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Abstract

Purpose — The aim is to investigate in detail the sensitivity of sediment transport and bed
morphology with respect to some parameters including bed slope, non-hydrostatic pressure term, sand
grain size, temperature, salinity and lower boundary conditions for suspended sand concentration on a
regional scale through numerical simulations based on a mathematical model.

Design/methodology/approach — The numerical model consists of a 3D hydrodynamic code
amended by a sediment transport module. At the same time, the influence of wave action has been
taken into account. The model is applied to the Sylt-Romo tidal bay covering approximately
20 x 30 km? spanned by about 2.7 x 10° active grid points with the constant wind and wave fields.

Findings — The computed results of seven different cases over 150 h show that the effect of bed slope
correction is very strong, especially in case of largely changeable bathymetry and depends on the
horizontal grid resolution. Sand grain size strongly influences the vertical distribution of suspended
sediment and then sedimentation. The impact of sea water temperature is relatively clear despite being less
powerful than two former parameters. Non-hydrostatic pressure perturbations of the flow field and the
kind of the lower boundary condition as well as salinity are negligible allowing for considerable savings of
CPU time when the numerical simulation is carried out for a large area and for a very long-time period.
Originality/value — The results of the study demonstrate that the geometrical factor of coastal bed and
the range of sand particle size on the bottom contribute to the tendency of bed evolution in some measure.
Additionally, the increase of temperature of sea water due to global warming may also make a
considerable change to the mechanism of sediment transport and sedimentation in future. Therefore, the
human intervention in the process of natural evolution is possible through the behaviour to the nature. At
the same time, this is also interesting and useful information and it can consolidate the idea for coastal
engineering projects.
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D = dimensionless grain size Azpgm =mean deposition level after

g = gravity 150 h

G = solution domain Azper = mean erosion level after 150 h

h = water depth Az = mean bed-level change after

i, 7, k = Grid point subscripts 150h for Case 1

L =land boundary of solution A =2p1 — 2, (. = 2/7) after 150h
domain A = mean value of |A|

m, n = parameters in bed load formula a4, B, 6, = coefficients in difference

n = normal unit vector on L equations

by = porosity n = water level

i = non-hydrostatic pressure phpY = horizontal and vertical
correction momentum diffusion

Qv = bed load transport coefficients

Qimax = maximum total sediment flux 82,8;’ = horizontal and vertical diffusion
after 150 h coefficients for suspended

Qx> gy = total sediment flux components sediment

S = ratio of sand density and water  p, = constant water density
density Ds = sediment density

t = time I = deviation from constant water

Ts = transport parameter density

U = depth-averaged velocity vector T = bed shear stress

14 = (u, v, w)T, velocity vector of flow 7o = bed shear stress due to skin

Vimax = maximum velocity of flow after friction

. 150h Ter = critical bed shear stress

Vs = (u, v, w — wy)" 0 = dimensionless bed shear stress

Wy = settling velocity of sand particle 6, = critical dimensionless bed shear

X, 2 = Cartesian coordinates stress

2, = suspended sediment reference Ocro = critical dimensionless bed shear
level stress for flat bed

2z = bed level b = angle of repose

Zp; = bed level of case i (1 = 1/7) after ¢ = parameter in bed load formula
150 h 0 = (fo, — fu, 0)T, Coriolis

r = lateral open boundary of acceleration vector
solution domain Y = ((8/9x), (8/9y), (3 /02))"

A = height of sand wave Vi =((/9x),(d/0y),0)"

Introduction

Coastal zone management and sea defence planning increasingly rely on numerical
models when information is needed on the hydrodynamic state of a coastal section
measured and its changes by erosion and deposition, be they occurring naturally or
triggered by engineering work. Though 3D models for free-surface flow, amended by
equations for sediment transport and bottom evolution, are still subject of ongoing
research, the increase in computer power brings these models within the reach of
real-world applications.

In fact, there were many similar studies before, in which the effects of some physical
parameters were investigated through a 3D numerical model, such as the effect of thermal
expansion from the comparison of computed results for Boussinesq and non-Boussinesq
approximations (Mellor and Ezer, 1995) or the studies on sensitivity of ocean mean state
and variability to kinds of boundary condition, the resolution of computational grid and
the different choices of diffusion and viscosity (Ezer and Mellor, 2000), etc.



In this paper, the behaviour of a sediment transport parameterization and the
sensitivities of bed morphodynamics are investigated within the context of a numerical 3D
hydrodynamical model. It is to be expected that changes in bed morphology due to erosion
and deposition will affect the dynamics during storm events and will change the long-term
structure of the flow. Short-term simulations of the bottom evolution of the Sylt-Romo tidal
bay under the influence of strong wind and tidal water motion for the period from 23 May
1992 to 30 May 1992 are presented. The aim is to assess the sensitivity of the calculated bed
change on some parameters affecting the sediment transport in a close-to-realistic setting.
Although the quantitative differences in bed level changes are small over the few days
simulated for the different choices of parameters, it is to be expected that, in long-term
simulations, these effects can be dramatic. Simulations have been performed for different
lower boundary conditions imposed on the suspended-sediment concentration for
different grain sizes. In addition, bed slope effects have been investigated as well as the
influence of the pressure approximation in the momentum equations (hydrostatic vs
non-hydrostatic) on sediment transport. The effects of temperature and salinity are also
important and had been studied already in Dang Huu (2007) on the basis of 1DV model.
Once again, they are also included in this study but within a 3D model and to be evaluated
together the other parameters. Although the parameters mentioned above are not a
complete set reflecting the very complicated process of coastal bed morphodynamics and
depend on different methods of parameterization, but at least their roles and importance
are shown scientifically within a numerical model.

The period over which sediment transport was simulated is characterized by windy
weather with maximum wind speeds of about 17m/s coming from north-west
direction. The wave field was also taken into account and supposed to propagate in the
same direction of wind with a constant height of 0.5 m. These assumptions were used
as an alternative solution for the lack of measured data. This problem itself makes the
predicted results become less convinced. However, it is acceptable for the evaluations
trending towards qualitative study.

Model equations

The simulation model is based on the Reynolds-averaged Navier-Stokes equations for
an incompressible free-surface flow with the non-hydrostatic pressure correction
included, together with the transport equation for suspended sediment concentration
and an equation describing the bottom evolution:

V-V=0 4

1—?+(V' V)yV=—gVn-— %/zanyp'dZ’ - VP + VhVazcyVJrs—z (va> +80 @
v evher 2 (a2 ®

g (e ) 0 ®

In order to close the system of equations, the following initial and boundary conditions
are used:
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nw,y,2,0) =0, Vx,,2,)=0,t=0, Y2 €G ®)
C(x,y,Z, t) = O,Zb(x,y, t) :fl(xvy)ﬂ t= 05 V(x,y,Z) € G (6)
V-i=0, V@yz €L Vi=0 )
c(x,y,2,t) = f2(x,,2,), V@x,y,2 €D, Vi=0 ®)

9
_gga_; =ws, V,y,2)€G,z=mn Vt=0, )

in which f; ¢ = 1,2) = linear interpolation functions from measured data. The function
fo 1s set to zero assuming no concentration at the open boundary.

Simulations with two different choices for the lower boundary values of the suspended
sediment concentration were performed (see Dang Huu and van Rijn, 2003 for a similar
setup). In the first case, the mixed boundary condition is applied, e.g. when erosion occurs,
a reference concentration, c,, at the interface layer z, separating suspended sediment and
bedload transport was prescribed as a Dirichlet boundary condition:

cx,y,2,1) = co(x,,1), Vx,9,2) €G,z= =2, +2, Vi=0,7>14 10)
And when deposition occurs, the Neumann boundary condition is applied:

ac
—sva—z =ws, V,9,2)€G, z2=—2z,4+2, VI=07=14 (@8))

S

In the second case, the Dirichlet boundary condition only, equation (10), is used.

It should be noted that the horizontal and vertical eddy viscosity coefficients as well
as the diffusion coefficients for suspended sediment obtain the constant value of 10 °
for simplicity.

Numerical integration of the additional equations
The system of equations (1)-(4) are numerically solved at the same time with finite
difference method, in which the hydrodynamical equations for the unknown variables of
water level and velocity components (equations (1)-(2)) are solved by operator splitting of
the finite-difference equations combining a semi-Lagrangean treatment of the advective
terms with a semi-implicit discretization of the vertical diffusion terms. The discretized
equations are five or seven-diagonal system and are iteratively solved with a very
effective conjugate gradient method. The algorithm of this part is described in more
detail in Casulli and Cattani (1994) Casulli and Stelling (1998) and Kapitza (2001).

The additional equation for suspended-sediment transport, equation (3), is integrated

with similar techniques as used in Casulli’s model. Introducing characteristics:
dx dy dz
d t U, d lL U7 d t w wS7 ( )

equation (3) then becomes:

de o [ ,0c 9 [ y0c 0 ac
— = — ) +— —+—(el—= 13
dt ox (SS ax> + 9y (85 ay> * 0z (85 az>’ 13

equation (13) is solved by operator splitting. First, equation (12) is integrated to
determine the inter-grid position (i —d,j — e,k — f) on the characteristics by



backward time difference scheme, and then the value of concentration at this position is
calculated by trilinear interpolation:

Cijle = C?—d,j—e,k—f (14)

equation (13) is discretized on the characteristics with only the vertical diffusion term
taken at a time level n + 1 :

d oc 0 ac "
i =g () +5(415) |
9x 0x) N\ ") Jigienrs
aC n+1
w{ ( )} ,
aZ jik

finally, discretizing the diffusion operator by central differences leads to a tridiagonal
equation system for a box in layer k:

(15)

akcnk + BkCZ}jl + ')’kCZk = Ska (l = 2>imax - 1aj = 2>jmax - 1ak = 27kmax—1) (16)
where:

Atel, 1/2 ”
YT TR, T e Be = Az = Yer1 — Ve, O = Fi Az

Azg, = hy, — Iy, Az, = 0.5(Azg, + Ach+1)

L oc d L oC
Sax) Tay i—d j—e.b—f

The advection-diffusion operators occurring in the other equations are discretized in the
same manner and solved by the Thomas algorithm.

The second order Lax-Wendroff scheme is used to update the bottom evolution
equation (4) assuming ¢y, g, to be proportional to the depth averaged velocity, U, or
via water flux, @ with a proportional constant A:

« Q\“
Gitx,y =AU _A(Zb> y (17)
and then:
Gty y _ iy y (18)
02 z

in which o = 2 (Chesher et al., 1993). Hence:

n+l _ _n
Az = sz; 2y,

_ AR - % AP {(QxR):iy ~ Qly , QR - (ng_l} 19

2Ax 2Ay
(Z = 2aimax - 17] = 2;].max - 17” = Oanmax - 1)7
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Parameterization for suspended and bedload sediment

The boundary condition given by equation (10) requires the values of sediment
concentration at the reference level as a function of space and time. In general, the use
of measurement data would be preferable for this purpose (Dang Huu and van Rijn,
2003). However, since these are very difficult to obtain, an empirical formulation is
used instead, given by van Rijn (1984):

0.015dg T2°

20
D0 (20)

Ca

Tos — Ter

T, =

_ 1/3
(Tos > Ter), Dxe = {g(svz 1)} dso,

cr

s=" 2, = Max(0.01%,0.5A,, 2.5d5))
Po

0, Tos < Ter OF Tos > 267cr
Bs =9 0110 dso /03 (1 — e 05T (@25 — T, 7 < 75 < 267

The bedload transport rate gy, is determined from the following expression (van Rijn,
1984):

qn m(IOI - ocr)nq)a |0| = O
———=1 e @1
VACRR L e
m=5,n=1.78 & = sign(6) (22)
If bed slope effects are included explicitly, m, n and @ are chosen as (Soulsby, 1997):
7 1 [0\
=6,n=15®=——kVyzp, b = — | — 23
R E T (|o|) =
And the critical shear stress for a flat bed is corrected by a factor:
1 UV
O = Our0 1+ v _}xyzb (24)
tand: |0

Formula (24) is valid for bed slopes smaller than about 10°. The critical Shields parameter
for a flat bed, 6., is determined according to Soulsby and Whitehouse (Soulsby, 1997).



It should be noted that equations (20)-(24) are only one of specific formulae for
calculation of sediment transport with or without bed slope correction. In general, they
are quite often used in practice and the choice can be considered as a way of approach.

Simulations and discussion
The Sylt-Romo tidal bight (Figure 1) is located at the west coast of Schleswig-Holstein
in northern Germany. The bight covers an area of approximately 20 X 30 km?® and is
characterized by shallow intertidal flats and deep tidal channels branching from the
inlet into the interior of the bay (its bathymetry contours are shown in Figure 2). Water
exchange with the sea can occur only through the tidal inlet. In the north and in the
south, the bay is limited by dams. The tide is dominated by the M5 component, and the
tidal range is about 2.5m. Close to the tidal channels, the sediment is made up
primarily of non-cohesive sand with grain sizes between 150 and 300 wm. The rear
areas of the bight are covered by fine sands and cohesive matter. The maximum water
depth in the solution domain is about 30 m.

The solution domain is covered by a horizontal regular mesh with grid sizes
Ax = Ay = 100 m, while the vertical grid spacing is 0.5 m resulting in about 2.7 x 10°
active grid points. For the tidal forcing at the entrance of the bay, the time series of

7° 8° 9° 10°

7° 8° 9° 10°
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Figure 1.
Sylt-Romo bight, the area
of computation
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Figure 2.
Bathymetry contours
of Sylt-Romo bight

Table 1.
Different conditions
for five computed cases

0
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Longitude distance (km)

water levels was taken from the tide gauge at Westerland/Sylt using a time lag of
about half an hour. The time lag between the southern and northern entrance was
neglected since the tidal wave length is large enough compared to the entrance
diameter. Simulations were performed for different choices of parameters and
boundary conditions (Table I). To avoid erosion and deposition due to dynamical
imbalance, sediment transport is turned on after 20 h after the start of the simulation.

Case 1 is used as a reference run to which the other cases are compared. It includes
the influence of bed slope correction, the hydrostatic pressure assumption, a mixed
boundary condition at the lower boundary for suspended sand concentration, a coarse
sand diameter of 300 wm, a sea water temperature of 18 °C and the last parameter is the
salinity of 30 ppt.

Case 2 is different from Case 1 by excluding the effect of the bed slope correction
through use of van Rijn’s bedload transport formula. In Case 3, the pure Dirichlet boundary
condition at the bottom for the suspended sand diffusion equation is used instead of the
mixed boundary condition. The full non-hydrostatic pressure is taken into account in
Case 4. Case 5 is for a smaller median grain size. The difference in the temperature is
carried out by Case 6 and finally, Case 7 represents another option of salinity.

Bed slope Boundary Non-hydrostatic Temperature Salinity
Case correction kind pressure dso(um) °C) (ppt)
1 Yes Mixed No 300 18 30
2 No Mixed No 300 18 30
3 Yes Dirichlet No 300 18 30
4 Yes Mixed Yes 300 18 30
5 Yes Mixed No 160 18 30
6 Yes Mixed No 300 25 30
7 Yes Mixed No 300 18 35




Figures 3-4 show the simulation result for Case 1. The water level contours and the
velocity field near the surface at time ¢ = 150 h are shown in Figure 3. This time step
falls into an ebb-tide period (Figure 5), so the areas without flow velocity are very
shallow (becomes dry) and at this time the water levels are still not updated. The
current is flowing outwards to the open sea, where high velocities occur in the tidal
channels reaching up to 1.6 m/s near the entrance of the bay. Consequently, sediment
transport is high in these areas causing local erosion and deposition. The suspended
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Figure 3.

Water level contours

(in cm) and flow velocity
field in the uppermost grid
layer at t =150h

Figure 4.

Contours of suspended
sand concentration near
bed at  =150h
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Figure 5.
Instantaneous water level
at location (10.8, 15.6) km

Figure 6.

Sand concentration
profiles at location (10.8,
15.6) km at the time
instant of peak value
(t=146h)

Water level (m)
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Time (hh:mm)

sediment horizontal distribution near the bed is shown in Figure 4 showing a
maximum value of more than 800 mg/1. It can be seen that sediment concentrations and
transport rates are confined to the lowest layers.

This finding is corroborated by considering the profiles for the five cases at location
(10.8, 15.6) km in Figure 6. The bed level at this location is about 15m below MSL,
however, suspended sand is confined to the lower 3m, i.e. 1/5 of the water depth. Also,
from Figure 6 it can be seen that Cases 1-4 and 7 give the same profiles, while Cases 5
and 6 is quite different. The distribution of concentration in Case 5 for fine sand is
different from the others by higher sand concentrations in the upper layers, while the

3 ! .' ; '. ;

Height above bed (m)

% 100 200 300 400 500 600 700 800
Suspended sand concentration (mg/l)




distribution of Case 6 is concentrated in the lower and these are completely suitable to
the practice. It means that the settling velocity of sand particle is directly proportional
to the water temperature and the grain size. Figure 7 shows the time evolution of
suspended sand concentrations at the same location near bed and it confirms again the
suitability with the above comment for Figure 6. The scales of the components of sand
transport rates can be observed in Figure 8 for Case 1 as a typical one and from there it
is found that the general ratio between suspended transport and bedload transport is
about 1/3. Figure 9 shows the rate of bed evolution versus time, in which it can be seen
that only Case 5 is separate from Case 1, while the remainder seems undistinguishable.
The explanation for this situation will be given later.

In order to draw the exact remarks, it requires a comprehensive evaluation for the
whole area of computation. In general, at this location the bed evolution has a tendency of
erosion and oscillation around a linear curve. Figure 10 shows an overall view on the status
of erosion and deposition of the whole area of computation for Case 1. The range of bed
level change is from — 5 to 5 cm (positive value corresponding to erosion). It shows that the
erosion and deposition mainly occur at the deep tidal channel, where the bed slope is
quite large.

In order to give more detail on the sensitivity of bed morphologic process for each
case under consideration, Figures 11-16 show more information on the discrepancies of
bed level between Case 1 and case ¢ (A = 2,1 — 2,7 = 2/7) over 150 h, respectively.
The range of discrepancy is divided into 6 levels distinguishing between positive and
negative discrepancies as shown by the legends. From visual comparisons it is easy to
see that the bed slope (Figure 11) really has a very strong influence on the process of
bed morphology and the next factor is the grain size (Figure 14) that makes a
considerable change in comparison with Case 1. Also from here, it is observed that the
temperature of sea water (Figure 15) is a quite important parameter as discussed in the
previous study by Dang Huu (2007). The impact of three remaining parameters
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Figure 7.

Suspended sand
concentrations near bed
versus time at location
(10.8, 15.6) km
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Figure 8.

Total sand transport rates
versus time at location
(10.8, 15.6) km

Figure 9.
Bed evolution in time at
location (10.8, 15.6) km

0.35 prrrrrerransrrr s e

0.3 |{ =r=rcxR3],,

0.25 Moo 7 listiid : ;
0.2r : : : é
015+ .

0.1

WA A AT

0:00 20:00 4000 60:00 80:00 100:00 120:00 140:00
Time (hh:mm)

Total sand transport rate (kg/m/s)

14.97

14.96 |-

14.95

14.94

14.93

Bed level (m)

14.92

1491

14.90

14.89 i i i i i i i
0:00 20:00 40:00 60:00 80:00 100:00 120:00 140:00

Time (hh:mm)

(Cases 3, 4 and 7) are very feeble as shown in Figures 12, 13 and 15, respectively. On the
basis of this overall observation, the situation shown in Figure 9 can be easily
explained. The separation of the curve of Case 5 is due to the strong impact of grain
size and the similar situation is also expected for Case 2. However, since the bed slope
at the location under consideration is about — 0.02, so the discrepancy due to bed slope
correction created by equations (21)-(24) is quite small.

Finally, the bulk parameters after 150 h of simulation presented in Table II give the
overall evaluations for the seven cases. They fully agree with the above comments,
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especially by the last column of Table II. This column provides the relative
discrepancies of bed levels between Case 1 and the remainders in percentage of mean
bed level change after 150 h of Case 1, in which Cases 2, 5 and 6 take approximately 31,
21 and 3 per cent, respectively.
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Figure 12.
Discrepancy of bed level
between Cases 1 and 3
after 150 h

Figure 13.
Discrepancy of bed level
between Cases 1 and 4
after 150 h
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Longitude distance (km)
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200<A< 3.00
-1.00<A<-0.05
-2.00< A< -1.00
-3.00<sA<-2.00

Figure 14.
Discrepancy of bed level
between Cases 1 and 5
after 150 h
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Figure 15.
Discrepancy of bed level
between Cases 1 and 6
after 150 h
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Figure 16.
Discrepancy of bed level
between Cases 1 and 7
after 150 h

Table II.
Bulk parameters after
150 h of simulation

30F

5

L atitude distance (km)

Longitude distance (km)

M 005<A< 1.00cm
s 1.00<A< 200
[ 200<A< 300
[ -1.00<A<-0.05
[ -2.00<A<-1.00
mmmmm -3.00<A<-200

Case Vmax (m/ S) Cmax (mg/ 1) imax (kg/ m/S) AZbem (Cm) AZbdm (Cm) Am/ Amel (per Cent)

1 1.63 7,541 2.15 0.38 0.35 0

2 1.63 7472 2.16 0.29 0.26 30.67
3 1.63 7479 2.14 0.38 0.35 0.61
4 1.63 7,517 2.16 0.38 0.35 0.74
5 1.63 5,526 1.72 0.32 0.29 21.25
6 1.63 7,858 2.20 0.39 0.36 3.06
7 1.63 7,531 2.16 0.38 0.35 0.72

In general, the results of simulation have basically demonstrated the importance of
seven given parameters, three of which are noticeable effective. Although the bed level
change is small for this study, but it is believed that the deep area would be deformed
by sedimentation in the long run.

Conclusions

A 3D hydrodynamical model, amended by a sediment transport module including
suspended sediment and bedload transport together with bed update was applied to
the Sylt-Romo bight. The sensitivity of sand transport and morphological changes to
seven typical parameters (bed slope, kind of boundary condition, non-hydrostatic
pressure term, sand grain size, sea water temperature and salinity) was investigated
over a simulation time period of 150 h.



Based on the computed results the following conclusions are drawn:

+ The influence of bed slope correction on bedload transport and consequently on
the evolution process of bed morphology will become very strong, especially
where the bathymetry has a large change. This will be more noticeable when the
horizontal grid resolution is fine enough and therefore the bed slope is considered
as a domimant factor within this study.

* The results of numerical simulation from using mixed versus Dirichlet boundary
conditions are not really different. So, the difficulty of boundary condition
treatment for finite difference method is removed. However, the sedimentation
depends so much on the sand concentration at the reference level that is defined
by an experimental formula.

+ The affect of the non-hydrostatic pressure correction on the hydrodynamic field
is quite small within this research. The extra amount of time to consume for this
case is more than 50 per cent, It is known from experience that this term will
really make sense when(w/|V]) = 1. Therefore, in general, the assumption of
hydrostatic pressure can be used to shorten the time of computation.

* The median diameter of sand particles plays an important role for bed evolution,
especially for the vertical distribution of suspended sand concentration.
Fine sand is easily picked up by the current to participate in suspension
movement at higher layers of water column and then slowly settles on the
bottom when the current velocity becomes small. This makes the sand
concentration considerably decrease near bottom.

* The sea water temperature has a moderate impact on the distribution of sand
concentration due to the increase of particle settling velocity, so the ability of
sedimentation will be higher. Therefore, this factor should be paid more
attention, especially in condition of global warming more and more.

+ Bed morphology process seems less sensitive to the salinity within the range of
value given. However, when the salinity considerably changes, the affect will
appear at least for the vertical distribution of sand concentration by the way
opposite to temperature.

+ Finally, through the numerical simulation, the typical parameters related to
sensitivity of morphological process have been basically examined. Such
information will be interesting and useful for some problems of prediction or
making some choices for an engineering project in practice.
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