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Morphodynamic modelling of shoreface bars

’ Suzanne J.M.H. Hulscher *

In this paper the behaviour of near-shore large-scale bars is studied using a
morphoiogical model. The model describes the interaction between the sandy
sea bed and propagating weakly-dispersive, weakly-nonlinear free low-frequency
waves, which are incident at the offshore boundary. A linear stability analysis
is performed to study the formation and migration of bed patterns. The fastest
growing sea-bed wave in this model has a wavelength close to the recurrence
length; it moves slowly shorewards. These results are compared with the ridges
on the North American, Atlantic shelf and show good agreement. The model
hows that the bars grow due to wave-skewness differences between uphill and
- downhill moving surface waves and the bars migrate due to differences in the
- shape (peakedness and skewness) between the surface waves straight above the
top and the ones straight above the trough. The bar pattern in the present an-
alytical model agrees with the results of related numerical studies; however, in
the present study the bars migrate, whereas this was impossible in the numerical
studies because the boundary conditions were fixed.

Introduction

The sandy bed of many shelf seas shows a variety of submarine rhythmic sea-bed
patterns. This paper focuses on a specific model for shoreface bars, a pattern
having multiple ridges whose crests are oriented {nearly) parallel to the shoreline.

The flelds of sand ridges in the North Atlantic shelf [Swift et al., 1 9724 occur
at a typical mean depth (H ~ 15 m) on a very gentle mean slope (order 0.0005)
towards the coast. The mean crest line spacing in all these systems shows a
variation between 1.4 km and 6.1 km. The mean ridge length is typically 10
times the ridge spacing. The height of these ridges is of the order of 4 m.
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model here is studied using linear stability analysis, which has been
d successful in the study of bar formation due to tide-topography interac-
ulscher, 1996]. Such an analytical technique yields the initial behaviour
th and migration) of small-amplitude bed forms. In this way the initially
growing bottom pattern is found. As this investigation method explicitly
the initial feedback between water waves due to the bottom perturbation,
11l contribute to a better understanding of the underlying bar processes.
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Figure 1: Cross-section of shore-face ridge systems of False Cape, near
ginia inner shelf region, and Ocean City area. After Duane et al. [1972

On the North Atlantic shelf tidal currents are medium to low. At the
tions far more energy is supplied by wind waves, storm currents and the ass
wave trains [Duane et al., 1972, Swift et al, 1972b], which are expecte
a leading role in the morphodynamical processes. Two specific fields of 8
ridges on the North Atlantic shelf are shortly discussed now: those loca

False Cape and Ocean City; representative cross-sections are presented
1.

el description

morphological model, derived in [Hulscher, 1996], describes the interaction
en the sandy sea bed and propagating weakly-dispersive, weakly-nonlinear
aw-frequency waves, which are incident at the offshore boundary. The model
out of

The Boussinesq flow model in one horizontal co-ordinate z, including weak
friction and weakly forcing of low-frequency waves due to the modulating
character of wind waves.

Comparisons of the depth surveys in the False Cape area [Swift et ¢
of 1922 and 1969 indicate landward migration of 140 m for the offshore
system, although the authors themselves have serious doubts about the
of the earliest observation. Given an average ridge spacing of 5 km, it w
1.5 millennia to move up one complete bar. The bars near Ocean City ha
an offshore migration of 150-450 m over 80 years [Duane et al., 1978, ing
a period of 1 to 3 millennia for the migration of one complete bar offsho

The numerical nonlinear morphological model of Boczar-Karakiewicz
[1986] simulates the nonlinear evolution of multiple bar systems due to t
monic wave-wave interaction. For low-frequency waves this model simulaf
cessfully the bottom topography near False Cape and Ocean City. Thi
that the low-frequency waves are indeed capable of forming such ridge sy
but the formation mechanism is still not understood in detail. Yet, the
some points of further discussion:

Bedload sediment transport model. The sand is ﬂmum@.ozma due to the
near bed streaming of the nonlinear low-frequency waves. The transport is
“stirred by wind waves, a slope effect in included.

Conservation of sand on the model domain

ising the Boussinesq model is required that the dispersion, measured by
:*H, and the nonlinear effects of the free surface elevation, measured by
/H are such that € = O(p?). Herein k* is the wave number of the low-
ency waves, A is the amplitude of the surface waves. Table 1 shows examples
he values of the small parameters € and p.

n this study the reference values ¢=0.01, p=0.1 and H = 15m are chosen. As
study focuses on a length scale larger that the wavelength of the low-frequency
ves, a new spatial variable x for the morphological length scale is introduced,
ratio between these scales is chosen here as €;==0.01. Furthermore a friction
meter 7 is involved, the value of the Jonsson friction coefficient f, = 0.24
ds to the value r = 1.0. Sediment transport values are taken as usual, see
dscher [1996].

e The model does not predict bar migration, which does occur in natu

e The influence of initial and boundary conditions on the model nmw
unclear

e It is not clear how the bed-wave interaction process works which un
the formation and migration of the bed waves
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Averaging over the period of the low frequency waves leads here t
phological time scale yields

means that harmonic boundary conditions have been taken. This type of
ary condition has the advantage that the free behaviour in the system can
T, =930£10 yr. “mmﬂmmam&.

th rate Subsequently, one studies the initial interaction between bed
& and waves and determines the growth rate w which shows whether the
erturbations are amplified or reduced. A basic state is said to be stable if
ary bed form disturbances with nonzero wavenumbers decay exponentially
e. This implies that all bed perturbations k have negative growth rates.
versely, if there is at least one bed perturbation £ with a positive growth rate
he basic state is unstable. After some algebra, see Hulscher [1996] the growth
y-can be written as

Stability Analysis

This paper examines whether the presence of near-shore multiple b
(crests parallel to the shoreline) can be associated with instabilities i
phological system. Due to the system the nondimensional veloc
frequency waves is described by its first and second harmonic com
lows:

(i * Dy + Ds) <

u(z, X, t) = Cp161(x) cos p + Cpa [~B;(x) sin (2¢0) + B.(x) cos (2 2
: ik){( Az + i) (As*+ iK) - KA, &)

. | wlK) = i
in which 8, gives the rescaled amplitude of the first harmonic comp . i+
B, B, the 90° shifted and the in phase component of the second harmo
ponent of the water wave. The constants Cpy go are scaling constants
necessary to express the mathematical problem in terms of equal ore
phases are expressed in :

yich D; are real coefficients. The }; ‘are eigenvalues of the hydrodynamic-
ility problem; A is real and negative, the remaining two are complex con-
ites Ag = X3. These eigenvalues are connected with the so-called reccurence
th k= [Im(A2))]. 4

"he first term on the right-hand side of (4) describes the complex growth
plification and migration) of the sea-bed perturbation & due to the feedback
f by the fluid. The last term of (4) is always real and negative; it decreases
dratically in k. This term hinders the development of small-wavenumber bed

in which ¢ is the (real, not continuous) phase of the first harmonic ¢
These surface waves are asymmetric in two ways: firstly, they can h
peaked tops than troughs (or vice versa), and, secondly, they have slight
fronts than backs (or vice versa). The first effect depends on the ratio B
is indicated as peakedness; larger positive values mean more peaked

than troughs. The second effect depends on the ratio — B, / WH and in ¢
is indicated as skewness. The skewness increases for larger difference
steepness of the front and back slopes of the water waves.

owth rate of bed perturbations The resulting real and imaginary parts
he growth rate w(x) as a function of the wavenumber « are shown in figure 2.

Due to the scaling and rescaling as shown in Hulscher [1996] the bed mode &
elated to the dimensional sea-bed wavelength )}, following:

Aw H

The basic state The stability analysis can be carried out by first d
a basic state which describes water waves over a sea floor without a rh
topography. The flow is characterised by 4 = (6, B, B), the basic
indicated as 1. Her® the basic flow corresponds to an asymmetrical
peaked and positive skewed), permanent surface wave which propagates:
flat sea bed, see for details Hulscher {1996].

[ Jp—
= I KS101/ 28026 1kSi2v/ 25226
etein, the factor Sip/25%; = 2.7 [Hulscher, 1996].
The imaginary part of the growth rate is related to the migration of a partic-
lar bed perturbation k. The imaginary part of the growth rate I m(w) denotes
he number of bed waves which pass over on a certain position in the morpho-
sgical time scale. This means that the sea-bed wave migration period yields
igr = HS\NSAEV
In order to discuss the results dimensionally, the reference values as discussed
n section model description have been chosen. The dimensional bed wavelength

(5)

Bed perturbations The next step is to introduce sine-like bed perturba
h with arbitrary wavenumbers k in the horizontal direction y, shorter th
wavenumber k of the incoming water waves. In the case of a small bed perti
tion the solution is expanded as follows ‘

(W, h) = (,0)+ [ (§F) e ™d + cec.,
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astest growing mode always migrates shorewards, one order of
aster than the estimates derived from the observations. Since these
hemselves give rise to doubts, this aspect deserves further study.

opography feedback Here the shape of the surface waves is investi-
er-conditions which lead to growth and migration of the perturbed

bed perturbation eh cos (k) leads to spatially periodic changes in the
harmonic components, given by the complex values of B, Bs, B, As
f the bed wavenumber & figure 3 shows the real and the imaginary
perturbed harmonie components B1/e, Bs/e, Bofe. The rescaled form
here as an order € change in topography, it balances order 1 changes
Gnic components, which subsequently leads to order € changes in the
elocity near the sea bed. The perturbations in the basic shape of the
ves which are caused by the bed-topography perturbation are thus
ictly here. T
s2 and 3 imply that growing modes correspond to I m(B,) > 0, whereas
modes show Im(B,) < 0. Physically, Im(B,) corresponds to spatial
in surface-wave skewness at the sides of the bar, such that Im(B,) >
ceper fronts for uphill moving waves than for the front which move
So in this model a growing bar has steeper surface wave-fronts on the
Iian on the shore side. If these surface-wave differences produces bars in
world will, this will indicate whether the presently studied mechanism
and is therefore an interesting topic to investigate.
; the previous considerations it is clear that the real part of the flow
ations is generated indirectly due to friction. Figures 2 and 3 imply that
ase of seaward migration Re(B1) < 0 and Re(B.) > 0, which means
sked waves over the crests than in the troughs. In the case of shoreward
ion of the bars, this effect is dominated by .amﬁwb > 0, which means
fronts at the crests than in the troughs. In this model therefore the
ion orientation of the bars is determined by differences in surface-wave
ness (seaward) or skewness (shoreward) between top and trough. Again it

45 to be verified, whether these results agree with morphological behaviour

> w(x)

0 1 2 3 :
—_— K

Figure 2: Growth rate Re(w) (solid) and Im{w) (dashed) as a func
wavenumber k. Parameters are p=0.10, € = €7, = 0.01 and r=1.0
information, see lext.

then becomes ), = 5.5km/x. This means that sea-bed patterns
wavelengths down to 2.4km (k > 2.25) initially grow. The most unst
has a wavelength of A, = 2.6km (k =~ 2.1 ). The growth rate factor
to the morphological time scale, which means that the typical tim
morphological changes of the fastest growing bed forms is 520 wmwa a
longer for larger bed forms. ‘

wmm waves which have crest-spacing of 3.3km or longer (k < 1.65) sho
negative values, —0.2 < Im{w) < 0, which corresponds to a migration
seaward direction of one bed wave in a period of at least 4.5 millennia. A
shoreward movement is found for sea-bed waves shorter than 3.3km (.
However, note that wavelengths shorter than 2.4km are not amplified bu
mxvommas@_y% in time. The most unstable mode gives a positive value f
imaginary part, Im(w) = 1.4, which means a shoreward migration perio
years. Note that the mode having the smallest migration period is mar
mﬁwEm“ it neither grows nor decays. Note also that the fastest growing
migrates shoreward. ‘

The spatial and temporal characteristics of the bed forms in this mo
comparable to the ridge systems on the North-American North-Atlantic
as reported in Swift et al. [1972a]. The model shows slow migration 6
bed features in either direction, which is in agreement with the observat

arison of results with related models In order to compare the results
hose of the numerical evolution model of Boczar-Karakiewicz & Bona [1986]
21 choices have to be made. The model in the present paper is limited to
bed amplitudes and thus it is only comparable to the earliest stage of the
Bvolition of the finite amplitude bars in the numerical model. Furthermore, the

yarameters in the present model €, €z, p have to be used differently, in
to create similar circumstances here, € in equation (5) has to be replaced by
1) [Hulscher, 1996]. Under these conditions equation (5) gives the following
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ate-the dimensional wavelength of the most unstable bar x;
guditions
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1 results it is estimated that x; o 2.1+ 0.1.

iewicz & Bona [1986] estimated the relative wave amplitudes
he typical wavelength of the incoming low-frequency waves at
Jeean City are A},=2.5 km; which mean periods of some T'= 80 s.
hese values into equation (6), taking realistic depth-values, that
(0.m and H=15 m, yields bars with wavelengths between 1.7 and
rees with the model results as presented in Boczar-Karakiewicz
31,5in which the recurrence length of the surface waves is of the order

f the bar spacing.

ome critical remarks are called for here. The previous derivation
itivity of the bar spacing to the wavelength of the incoming waves:
d wavelength a suitable low-frequency wave can be selected which
t. A model result which is so dependent on the (variable) extrinsic
t satisfactory. .

mment concerns the boundary conditions. The present analysis
at migration of bars, either seawards or shorewards, occurs natu-

Re(B; )/« -

—
- — v — i —

ton( '81'85,c)/5

-0.2

~-0.4 +

-0.5

M_wzwmw 3: The (a) ﬁm& and (b) imaginary part of the wave com;
1/€, Bsfe, B, /¢ as function of the bed wave number . For parameters

resent morphological model. As the sea bed at the seaward side in
arakiewics-model is fixed, the migration of the bed features is sim-
& to occur. As the migration and the growth of sea-bed features are
. divergences in the sediment transport and are therefore closely con-
sses, a physically realistic simulation of bars requires that movement

sion/Conclusion

dy:confirms the conclusion of Boczar-Karakiewicz & Bona [1986] that the
ems on the South Eastern North American Atlantic Shelf [Swift et al.,
2y be formed by weakly dispersive and weakly nonlinear low-frequency
he most preferred bed wavelength equals the recurrence length of the
. sve amplitudes. The present study quantifies the strong relation between
bed wavelength and the wavelength of the incoming surface waves. The
nalysis shows that both onshore as offshore movement of bars under
ons of an overall onshore oriented sediment transport are intrinsic processes
ystem. Because the solution technique is analytical, the model enables
nvestigations to be made in order to discover the underlying processes.
rding to this model the topographically induced growth of sand bars is
ed to wave-skewness differences at the sides of the bar, in such a way that
opagating surface waves show steeper fronts when going uphill than when
downhill. Bar migration is connected to the differences in wave shapes
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