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In many tidal embayments, complex patterns of channels and shoals are observed. To
gain a better understanding of these features, an idealized model, that describes the
interaction of water motion, sediment transport and bed evolution in a semi-enclosed,
rectangular basin, is developed and analysed. To explain the initial formation of
channels and shoals, two-dimensional perturbations superposed on a laterally uniform
equilibrium bottom are studied. These perturbations evolve due to convergences of
various residual suspended sediment fluxes: a diffusive flux, a flux related to the
bed topography, an advective flux resulting from internally generated overtides and
an advective flux due to externally prescribed overtides. For most combinations of
these fluxes, perturbations start to grow if the bottom friction is strong enough.
Their growth is mainly a result of convergences of diffusive and topographically
induced sediment fluxes. Advective contributions due to internally generated overtides
enhance this growth. If only diffusive sediment fluxes are considered, the underlying
equilibrium is always unstable. This can be traced back to the depth dependence of
the deposition parameter. Contrary to the results of previous idealized models, the
channels and shoals always initiate in the shallow, landward areas. This is explained by
the enhanced generation (compared to that in previous models) of frictional torques
in shallow regions. The resulting initial channel-shoal formation compares well with
results found in complex numerical model studies. The instability mechanism and
the location of the initial formation of bottom patterns do not change qualitatively
when varying parameters. Changes are mainly related to differences in the underlying
equilibrium profile due to parameter variations.
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1. Introduction

Tide-dominated embayments are important features of many coastal systems.
Examples of such systems are found along the Dutch, German and Danish Wadden
coast (Ehlers 1988; Davis 1996). Their morphology is often complex, exhibiting
patterns of deep channels separated by shallow, sandy shoals. Usually, the depth
of the channels decreases and the number of channels increases in the landward
direction.

An example of such an embayment in the Dutch Wadden Sea is the Ameland Inlet
system, located between the Dutch barrier islands Terschelling and Ameland (see
figure 1). The width of this inlet is ~2 km, its length is ~19 km and the averaged
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FiGure 1. Tidal inlet systems in the Dutch Wadden Sea (after Sha 1989). The Amelander
Inlet system is located between the barrier islands Terschelling and Ameland.

depth at the entrance is ~12 m. The water motion in this area is dominated by a
semidiurnal tide with a mean tidal amplitude of ~1 m. The channels form a large-scale
fractal pattern (Cleveringa & Oost 1999).

Recently, complex process-based morphodynamic models were able to simulate
the development of channel-shoal systems in tidal basins (Marani et al. 2003;
Marciano et al. 2005; Roelvink 2006; D’Alpaos et al. 2007) and tidal inlets (Hibma,
de Vriend & Stive 2003; Hibma, Schuttelaars & de Vriend 2004; van der Wegen &
Roelvink 2008; Dissanayake, Roelvink & van der Wegen 2009). For example, van
der Wegen & Roelvink (2008) simulated bed evolution in a short tidal embayment,
starting from a constantly sloping, laterally uniform bed profile. Initially channels
and shoals developed in the relatively shallow landward end of the embayment.
The number of channels and shoals in the embayment increased with increasing
embayment width. Obviously, these numerical models include the main physical
mechanisms for the formation of channel-shoal systems. However, they are too
complex to determine which mechanism is essential for the behaviour of the simulated
phenomena.

To elucidate the physical mechanisms resulting in the observed development of
channels and shoals, idealized models were devised. As a first step, Schuttelaars &
de Swart (1996) and van Leeuwen, Schuttelaars & de Swart (2000) developed cross-
sectionally averaged models for short embayments (for an extensive overview, see de
Swart & Zimmerman 2009). Considering only a prescribed M, tidal elevation at
the entrance of the embayment, a unique morphodynamic equilibrium was found,
characterized by a constantly sloping bed. If both the M, and the M, tidal constituents
were considered, van Leeuwen et al. (2000) obtained equilibrium profiles that were
strongly convex and much shorter than those found in observations. This motivated ter
Brake & Schuttelaars (2010) to investigate the influence of the vertical distribution of
suspended sediment on width-averaged equilibrium profiles. They found that when
the vertical distribution was included, morphodynamic equilibria could be found with
embayment lengths similar to those observed in the Dutch Wadden Sea.

To address channel-shoal formation, the linear stability of these cross-sectionally
averaged morphodynamic equilibria has to be investigated. This was first done


https://doi.org/10.1017/jfm.2011.97

https://doi.org/10.1017/jfm.2011.97 Published online by Cambridge University Press

Channel and shoal development in a short tidal embayment 505

by Schuttelaars & de Swart (1999), who studied the linear stability of laterally
uniform morphodynamic equilibria by perturbing them with small, two-dimensional
disturbances. Sediment was transported by diffusive processes and local bed slope
terms. It was found that the basic state was unstable if the friction parameter exceeded
a critical value. The maximum amplitude of the bed perturbation was found in the
middle of the tidal embayment. van Leeuwen & de Swart (2001, 2004) extended
this model by retaining internally generated advective contributions. They found
that bars were formed near the seaward boundary if the sediment transport was
dominated by advective processes. Diffusively dominated transport resulted in bed
forms located more towards the centre of the embayment. Compared to the results
found in complex numerical model simulations (van der Wegen & Roelvink 2008),
the location where the initial bed forms are observed is very different: in the idealized
models the initial bed forms are located in the seaward section, while in the numerical
modelling studies they are found near the landward boundary. Apart from this
difference, the idealized model studies do not consider a prescribed external overtide
or the effects of the vertical suspended sediment distribution on the stability of bed
perturbations, even though they strongly influence existence and characteristics of
the underlying laterally uniform morphodynamic equilibria (ter Brake & Schuttelaars
2010).

In view of these observations, the present paper aims to answer the following
questions. First, what is the influence of the various sediment fluxes on the linear
stability properties of two-dimensional perturbations on the cross-sectionally averaged
morphodynamic equilibria presented in ter Brake & Schuttelaars (2010)? There will be
a particular focus on the topographically induced sediment flux (i.e. the flux related to
the vertical distribution of suspended sediment) and the flux that is driven by external
overtides. Second, what controls the location where the most unstable perturbations
in the embayment are found? And finally, how sensitive are these results to variations
in parameter values, such as the grain size, the external overtide and the bottom
friction parameterization?

These questions will be answered by performing a linear stability analysis. First the
physical model is described in §2, followed by a short description of the basic state
and a derivation of the eigenvalue problem (§ 3). The results of the default experiment
and the influence of different flux contributions are presented in §4. These results are
extensively discussed in § 5, where the instability mechanism is described. The location
of the initial formation of the bed patterns is explained and model sensitivities are
discussed. In § 6, conclusions are drawn.

2. Model formulation
2.1. Geometry

The geometry considered is that of a semi-enclosed rectangular basin with constant
width B, tidally averaged length L and prescribed water depth H at the entrance. At
the landward side of the embayment the local water depth H — i 4 ¢ vanishes. Here
¢ is the sea surface elevation above z=H and # is the bed level above a horizontal
datum at z=0. The sidewalls at y=0, B are assumed to be fixed and the bed is
erodible, see figure 2. It is assumed that the bottom of the embayment consists of
uniform fine sand with a typical grain size d ~ 130 um, that can be transported as
suspended load or bedload.


https://doi.org/10.1017/jfm.2011.97

https://doi.org/10.1017/jfm.2011.97 Published online by Cambridge University Press

506 M. C. ter Brake and H. M. Schuttelaars

(a) (b)
f?////////////z/’, L
G
Sea Basin /
%
777777777777
x=0 x=L x=0 x=L

FIGURE 2. (a) Top view and (b) cross-sectional view of the embayment. For an explanation
of the symbols, see the text.

2.2. Hydrodynamics

The water motion is described by the two-dimensional depth-averaged shallow water
equations (Vreugdenhil 1994)

&G+ (¢ +H—hul, +[(§+H—hp], =0, (2.1)
_ . Thi

u; +uny +vuy, = —g&, G+ H—hTh) (2.2)

v, + uv, +vv, = —g¢g, t2 (2.3)

o+ H—h+hy)

As narrow and relatively shallow estuaries are considered, Coriolis effects are
neglected. No freshwater inflow is considered, which allows for the neglect of density
effects. From scaling arguments it follows that Reynolds stresses, related to turbulent
mixing of momentum in the horizontal direction, are negligible. As a first step, no
wind effects are taken into account. The variables u and v represent depth-averaged
velocities in the longitudinal and lateral directions, respectively. Furthermore, ¢ is time,
g is the acceleration due to gravity and p;, is the density of sediments (2650 kg m?).
The last contributions on the right-hand side of (2.2) and (2.3) are the bed shear
stresses, divided by the local water depth. A constant A is introduced to keep the
bottom friction finite even if the water depth goes to zero. Following Zimmerman
(1982), a linearized formulation of the bed shear stress (731,72) is used:

Ty = Ps U,  Tpy = PsI 0, (2.4)

where r* is a friction coefficient with dimensions m s~!'. The parameter r* is chosen
such that the net dissipation of energy (averaged over a tidal cycle and over the
embayment) due to the linearized stress equals that of the bed shear stress based
on the quadratic friction law. It is shown by Schramkowski, Schuttelaars & de
Swart (2002) that this linearization of the bottom stress only marginally affects the
morphodynamics of tidal embayments.

At the entrance, the sea surface elevation is prescribed and consists of an M, and
an M,y tidal constituent. At the landward side the kinematic boundary condition
is used and at the sidewalls (i.e. y=0 and y = B) the water flux vanishes. Explicit
expressions for these boundary conditions will be discussed in more detail in §2.4.

2.3. Sediment transport and bed evolution

The concentration of suspended sediment and the evolution of the bottom are
described by the two-dimensional equivalents of the equations, used in ter Brake &
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Schuttelaars (2010). For details, we refer to this article. The resulting equations read
2

Ci+ |uc —kC, — /Zw“,thC} + {vc —kC, — /z“"‘ﬁhyc} = a(u® +v*) — L g,
Ky . T K v Ky

(2.5a)
ps(1 —p) |:ht +uVi(h — heq):| =— <0l(u2 +v%) — C,jszﬂC> . (2:5D)

Here C is the depth-integrated sediment concentration, & is the horizontal diffusivity
(~10’m?s71), k, is the vertical diffusivity (~0.1m?s™'), w, is the settling velocity
(~0.015ms™"), « is an erosion constant (~10~*kgm™2s~') which depends on the
sediment characteristics and 8 is the deposition parameter:

-1
B = {l—exp<—c:x(§+H—h)>] . (2.6)

Furthermore, V=(d/dx,d/dy), h., is a width-averaged equilibrium bottom profile
(specified in §3), p~0.4 is the porosity of sediment and pu (~107°-10"*m?s~1)
determines the magnitude of the bedload contribution proportional to the local
bedslope.

As boundary conditions at the entrance, the bed level 4 is fixed (h=0) and there
is a tidally averaged balance between erosion and deposition,

wz
<a(u2 +v?) — K“,3C> =0 atx=0, (2.7)

The boundary conditions at the sidewalls require a vanishing suspended load and
bedload sediment flux:

vC —RCy —R2Bh,C =0 and h,=0 aty=0,B. (2.8)
Ky ’

At the landward side, we require the water depth to vanish at x(x, y). Here, X(x, y)
is the position of the moving water front (with the tidally averaged longitudinal
coordinate of () =L). Apart from this condition, the tidally averaged sediment flux
has to vanish at the moving boundary:

ps(1 = p)uV(h — hey) n + <—/2VC —/%ws,BVhC> ‘n=0 atx=2x(x,y), (29)
Ky
where n is the normal vector.

2.4. Scaling and derivation of the short-embayment model
The governing equations are made dimensionless by introducing characteristic scales
for the physical variables. Dimensionless parameters, shown below, are denoted with
an asterisk *:

2
i alU“k
u=Uu*, v=Uv", C= d

C*, ¢=Aw¢", h=HhI, t=0'1",

2
g

}I,‘< *
x=Lx*, y=Ly", B=pB" r=—r, w=ol’n",
o

(2.10)

The characteristic scales include the tidally averaged length L of the basin, the
reference depth H at the entrance of the embayment and the free surface amplitude
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Ay, The velocity scale follows from the continuity equation and reads U =0 Ay, L/H.
The typical scale for the concentration is obtained by requiring an approximate
balance between erosion and deposition.

After suppressing the asterisk of the dimensionless variables, the dimensionless
equations for the water motion become

&+ [(e¢ +1—h)ul, + [(€¢ + 1 —h)], =0, (2.11)
} =L (2.12)

r

_|_
(e +1—h+ho)"

/Ii [ut + e(uu, + vuy)

,
2 [v, + e(uv, +vvy) + TS ho)v} = —¢,. (2.13)
Here € is the ratio of the tidal excursion length U/o and the embayment length L,
and i, =0oL/ \/(g? is, apart from a factor of 2m, the ratio of the embayment length
and the frictionless tidal wavelength L, =T /gH.

Assuming that bottom friction is only moderate (i.e. frictional terms in the
momentum equation are of the same order as the local acceleration terms) and
considering only short embayments (i.. the length L is assumed to be small compared
to the frictionless tidal wavelength L,, resulting in 4, < 1), the momentum equations
reduce in lowest order to

=0 and ¢, =0. (2.14)

Hence, the free surface elevation is spatially uniform. This condition and the width-
averaged equivalent of condition (2.11) were used by ter Brake & Schuttelaars (2010)
to solve for the cross-sectionally averaged velocity u and ¢. However, in case the
equations are only averaged over the depth, (2.11) and (2.14) are not sufficient to
solve for both the velocities u and v. To close the system of equations, we eliminate
the pressure terms from (2.12) and (2.13) by taking cross-derivatives of the full
momentum equations (ie. get the y-derivative of (2.12) and the x-derivative of
(2.13)), and subtracting the results. This results in the vorticity equation

rv
(e +1—h+ho) x’

20+ €[(uf2), + (v2),] = (6;+1rjh+ho)} _{

(2.15)

with £2 =v, — u, the relative vorticity. The terms on the left-hand side of (2.15)
represent the local change of relative vorticity and the divergence of the vorticity flux.
The terms on the right-hand side model the dissipation of vorticity by bottom friction,
as well as vorticity production by bottom frictional torques. In previous studies by
Schuttelaars & de Swart (1996) and van Leeuwen et al. (2000), the contribution
on the right-hand side (with hy=0) was linearized with respect to the local water
depth, assuming that & — e{ <1 everywhere in the tidal inlet. Only the first two
terms in the Taylor expansion were retained as this already resulted in the generation
of vorticity. In this work we do not linearize these contributions but introduce a
parameter hy > 0 to ensure that the bottom friction remains bounded if the water
depth goes to zero. A similar approach to regularize the bottom friction has already
been applied by Schuttelaars & de Swart (2000) and Schuttelaars, Schramkowski &
de Swart (2001).
The dimensionless concentration equation (2.5a) becomes

a{C; + (euC — «[C, + ABh,C]), + (evC — «[C, + 2Bh,C]),} = u* + v* — BC,
(2.16)
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Channel Tide Sediment Dimensionless
A
L=19x10°m Ay,=0.84m 0, =0015ms  e= 2 =M 07
UI: H
H=12m Ay, =0.08 m k,=0.1 m?s! K= ——~1.79x 1073
oL?
B=2x10'm o=14x10"s" «=102kgsm™ a=25"~0.0622
w.)'
¢ =195° =102 m2s! =% H~18
Ky
A
p=0.4 y=2"M120.19
Awm,
05 = 2650 kg m® s axi0
* oHp(l—p)

ho=0.4 r=r"JoH~107%/1.68 x 1073
w=oLl’n*~3.4x107°

TaBLE 1. Characteristic values for the Ameland Inlet system.

with a the ratio of the deposition time scale over the tidal time scale, x the non-
dimensional horizontal diffusion parameter and A the sediment Péclet number, which
is the ratio of the typical time it takes a particle to settle in the water column and
the typical time needed to mix particles through the water column (for a definition of
the dimensionless parameters, see table 1). The dimensionless deposition parameter
reads {1 —exp[—A(e¢ +1— h)}fl.

Finally, the scaled bottom evolution equation is given by

h, =—(V-F), (2.17)

where 7 = 8t is the slow morphodynamic time, with § =aU? /(o Hp,(1— p)). The vector
F =(F', F?) denotes the sediment flux, with components given by

F' = aleuC —k[Cy + 2B CI] + p(hy — heg.x). (2.18)
F?* = alevC —«[Cy + ABh,C]] + w(hy — heg.y)- (2.19)

The first contribution to both F! and F? represents the advective sediment flux and
the second one the diffusive flux. The third contribution models the topographically
induced suspended sediment transport and the last term the bedload transport related
to the local bedslope.

At the entrance, the scaled sea surface elevation ¢ is prescribed as ¢ = cos(t) +
y cos(2t — ¢)/2 with y the ratio of the tidal amplitudes of the My and M, tidal
constituents. The phase difference ¢ is defined as the difference between the phases
of these constituents, ¢y, — 2¢n,, Where ¢y, and ¢y, are the phases of the M, and
M, tidal constituents at the entrance. Using the momentum equation (2.13) and the
reduced momentum equation (2.14), it follows that v, +-euv, +evv, = —rv/(e{ +1+ho)
at x =0. Concerning the concentration at the entrance, it is required that erosion and
deposition balance over a tidal cycle ((u*> + v> — BC)=0) and that no diffusive
boundary layer develops for the time-varying part (C(x, y,t,«)=C(x,y,t, k =0)).
Furthermore, the bed is fixed at the entrance (h =0).

The boundary conditions at the moving landward end (x =Xx) are reformulated as
the conditions at the averaged landward boundary x = 1. Following van Leeuwen &
de Swart (2001) it is found that in leading order =1 at x=1. Substituting
this condition into the continuity equations and noting that the derivatives of
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¢ are zero (2.14), it follows that ¢ — h,u + €fu, — hyv + €¢v, =0. Furthermore,
we require that the tidally averaged flux (F')=0 and that no diffusive boundary
layer develops for the time-fluctuating part of the suspended sediment concentration,
C’(x, v, t, K)=(~7(x, v, t,k=0).

The scaled boundary condition at the walls requires the water flux (1 — k.¢)v to
vanish. Furthermore, both the suspended load flux evC — «(C, 4+ Bh,C) and the
bedload flux w(h — h.y), have to vanish as well.

3. Basic state and linear stability analysis

ter Brake and Schuttelaars (2010) showed that the system of equations, specified in
§2.4, allows for morphodynamic equilibria that are uniform in the lateral direction.
However, it is not clear if these morphodynamic equilibria are stable with respect
to small bottom perturbations that vary over the width. To investigate the linear
stability of these equilibria, small two-dimensional perturbations are superimposed
on the basic state:

.p(xa y’t7 ‘[) = ‘Peél(‘x7 t)+.p/(x’ y’t)’ (31)

where ¥ = (u, v, ¢, C, h). The subscript (eq) denotes the one-dimensional basic state
and the prime indicates any small two-dimensional perturbations. To investigate the
linear stability of a morphodynamic equilibrium, ¥ is substituted into the original
system of equations and linearized around the equilibrium solution (i.e. contributions
to the equations that are nonlinear in the small perturbations are neglected). The
resulting system of equations is presented in Appendix A.

The equations and boundary conditions presented in Appendix A allow for solutions
of the form

u' = Re {fi,(x, 1) cos(l,y) e}, v/ = Re[d,(x, 1) Sin(l"y)em}’} (3.2)

C = Re{@n(x, t)cos(l,y)e“ }, W' = Re{fzn(x)cos(lny)e”’}.

Here Re denotes the real part of the solution, and [/, is the dimensionless lateral
wavenumber of the perturbation, defined as

l,=nnL/B, n=01,2,..., (3.3)

with n the lateral mode number. The complex number w follows from an eigenvalue
problem (see (3.11)), with its real part denoting the exponential growth rate of the
perturbation. The migration rate is given by its imaginary part Im(w). If Re(w) > 0,
the morphodynamic equilibrium is unstable and the amplitude of the perturbations
grows exponentially in time.

Following the solution method for the basic state (ter Brake & Schuttelaars 2010),
the variables that depend on the tidal time scale are expanded with respect to the
small parameters € and y (defined in table 1):

R, 1) = 2200, 1) + e, (e, )+ y RO (e )+ (3.4)

with %, any of the variables u,, 9, and C,. The first superscript gives the order in €
and the second one the order in y. The subscript n denotes the lateral wavenumber.
These expansions are substituted in the linearized system of equations (presented in
Appendix A) and terms of equal powers of € and y are collected.
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From the leading-order system of equations (i.e. independent of ¢ and y) and the
boundary conditions, it follows that the leading-order solutions can be written as

12%x, 1) = u® (x)sm(t) +u’ (x)cos(t) (3.5a)
290x, 1) = UOO( )sin(r) + vo’o(x)cos(t) (3.5b)
COx, 1) = (CO(x)) + C) 00 (x)sin(2r) + Cn 9 (x) cos(21), (3.5¢)

where (+) denotes a tidally averaged contribution. The first subscript of the amplitude
is the lateral wavenumber and the second subscript is the tidal constituent under
consideration: s (c) denotes a sine (cosine) tidal constituent with M, tidal frequency,
52 (c2) a sine (cosine) constituent with My tidal frequency. The meaning of the
superscripts was previously discussed below (3.4). Substitution of these expressions in
the leading-order system of equations results in ordinary differential equations that
describe the leading-order water motion and suspended sediment concentration (see
Appendix B).

The order € velocity components #!% and 9!° result from advective and bottom
friction contributions in the vorticity equatlon and the nonlinear terms in the
continuity equation. Using the temporal and spatial structure of the zeroth-order
solution, it follows that these components consist of a residual contribution and
contributions that vary with twice the basic tidal frequency. The concentration
C 1.0 consists of an M, and an M; contribution. Since the Mg constituent does
not contribute to the leading-order sediment transport, we will not consider this
contribution in the remainder. The expressions for the solutions of the O(e) system
of equations read

'*10

0, 1) = (uh(x)) 4 up s (x) sin(2t) + up %, (x) cos(2t), (3.6a)
0,00x, 1) = (v (%)) 4 v, H(x) sin(21) + v, (x) cos(21), (3.6b)
C,ll’o(x, 1) = C,h?(x)sm(t) + Cn:C(x)cos(t). (3.6¢)

Substitution of these expressions results in the equations presented in Appendix B.
The externally prescribed overtide results in order y contributions #%!, §%! and C%!,

The velocity fields %! and 9! consist of tidal constituents with My frequency, and

the concentration C,?‘ consists of an M, and an Mg contribution. Again neglecting

the Mg contribution, the solutions of the O(y) system of equations can be written as

! (x, 1) = w5 () sin(21) + w5 (x) cos(21), (3.7a)
0 (x, 1) = vn L (x)sin(2t) + Uy, v i (x) cos(21), (3.7b)
Col(x, 1) = CYN(x)sin(r) + C2L(x) cos(r). (3.7¢)

The resulting equations for the new unknowns are given in Appendix B.

Finally the bottom evolution equation has to be considered. Substituting the
expressions for velocity and concentration fields presented above, retaining only
the leading-order contributions in € and y (ie. O(e?) and O(ey) terms) and the
diffusive contributions, the perturbed sediment flux can be written as

F = [Re{Fl/ cos(l,y) e’ }, Re{F2, sin(Z,y)e"}], (3.8)
with F, i € {1,2}, given by

F'=Flyr + Fog+ Fly + Flo + F o (3.9)


https://doi.org/10.1017/jfm.2011.97

https://doi.org/10.1017/jfm.2011.97 Published online by Cambridge University Press

512 M. C. ter Brake and H. M. Schuttelaars

Experiment F:W F,, F, F, F,, B
1 X X X X X depth-dependent
II X X constant
111 X X depth-dependent
v X X X depth-dependent
v X X X X depth-dependent

TaBLE 2. Overview of the various experiments.

In this expression, F i’diﬁ» is the classical diffusive sediment flux, F’ 'vd 1s the sediment
flux induced by depth variations, F’ ', is the bedload flux, F',, is the sediment flux
due to internally generated overtides and F i’ . is the flux related to the externally
prescribed tide. For explicit expressions of these flux contributions, see Appendix C.
Using (3.2) and (3.8), it immediately follows that

why, = —(F", +1,F?). (3.10)

The continuity, vorticity and concentration equations (in leading order, O(¢) and
O(y), together with the bottom evolution equation (3.10) and the boundary conditions
(see Appendix B) define an eigenvalue problem that is solved using a pseudo spectral

method. The elements of the state vector ¥, = (u? bt 00, v, ul n L, (€40, ¢, Y,
< 20>’ urlz ?2’ uill 82’ <vrlz 0>’ U}l ?2’ n 02’ Cr} ?’ Cr} g’ 1(1)12’ n 02’ Ci(l) 3’ Cn ¢ h ) are expanded n
Chebyshev polynomlals (see Boyd 2001 for detalls) Defining ¥ —( s Yoo W)
where N is the number of collocation points and ¥, ; is ¥, evaluated at the collocatlon
point i, a set of algebraic equations is found:

wBY = AY. (3.11)

The operator A is a 22N x 22N matrix with elements that depend on the lateral
wavenumber /, and the (dimensionless) parameters given in table 1. The 22N x 22N
matrix B has non-zero elements only in the lower-right N X N block, corresponding
to the long-time evolution of the bottom.

The solutions of this eigenvalue problem are obtained using standard numerical
techniques. It was found that 80 Chebychev polynomials sufficed to get accurate
results. The main characteristics of the resulting eigenfunctions ¥, eigenvalues w and
their dependence on system parameters and the lateral wavenumber [, is the subject
of the next section.

4. Model results
4.1. Linear stability using default values

For the default experiment (Experiment I in table 2), parameter values characteristic
for the Ameland Inlet system are taken (see the Introduction and table 1). The
morphodynamic equilibrium ¥,, consists of a laterally uniform equilibrium bed
profile, sediment concentrations and velocity profiles. The equilibrium bed profile
is shown as a solid black line in figure 3(a). In calculating this equilibrium, all
components of the sediment flux F~ were taken into account.

The results concerning the linear stability of this morphodynamic equilibrium are
shown in figure 3(b). Here the dimensionless growth rate Re(w) (y-axis) is given
for different values of the lateral wavenumber [, (x-axis) and different values of the
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FiGure 3. Basic state and pattern growth. (a) Equilibrium bed profiles. Experiment I is the
default case. (b) The first longitudinal growth rate for different values of r for the default case.

friction parameter. A dimensionless growth rate of w =1 corresponds to an e-folding
time scale of ~17.5 years. If bottom perturbations characterized by their wavenumber
n have a positive growth rate, they will grow; otherwise their amplitude will decrease.
For a critical bottom friction r., ~0.507, the underlying one-dimensional equilibrium
is neutrally stable. This means that there is one mode (in this case the first longitudinal
mode with lateral wavenumber 9) with a vanishing growth rate, i.e. this perturbation
neither grows nor decays in time. The bottom pattern of the corresponding eigenmode
is shown in figure 5(a). The bed perturbations are found at the landward side of the
tidal basin. In figure 3(b) the growth rates for this critical bottom friction are given by
the black solid line, the dashed and dashed-dotted lines show the growth rates for the
values of the bottom friction parameters that are respectively larger and smaller than
the critical value. This information can be shown in a condensed form by plotting the
neutral stability curve: on the x-axis the parameter /, is shown and on the y-axis
the friction parameter. For every [,, there is a value of the friction parameter for
which the first mode in the longitudinal direction, characterized by the wavenumber
n, is neutrally stable. This results in the neutral stability curve, shown in figure 4(a)
as the solid black line. Above the curve the amplitudes of some perturbations grow
in time; below they all decay. In this figure the critical friction parameter and the
critical value of I, (in this case ly) are indicated as r! and [! , respectively.

n,cr»

4.2. Influence of sediment fluxes

For the default experiment in the previous section, all sediment flux contributions
were taken into account (i.e. F'= Fj, + F',,+ F),, + F;, + F, ). Here the influence of
the various fluxes on the linear stability is shown. The bed perturbations are always
located at the landward side, independent of the combination of sediment fluxes.
Four different flux combinations are considered and explained below.

The simplified diffusive case (I11). In this case only diffusive fluxes and bedload fluxes
are considered: F'= F; + F),. Furthermore, 8 is taken constant. The underlying
bed profile is given by the thin solid line in figure 3(a). The neutral stability curve
for this case is the thin solid line in figure 4(a). It is found that the critical friction
parameter is much lower than in the default experiment (r!l ~0.2). Furthermore, the
most unstable mode has a much lower wavenumber (/' ~70) than in the default
case. These results are similar to those found in Schuttelaars & de Swart (1999).
However, the corresponding bottom pattern is very different: in our model the bed
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FIGURE 4. Neutral stability curves for the various experiments. (a) Experiments I and II.
(b) Experiments IV and V.

forms are found at the landward side, in the other models they occur in the middle
of the tidal basin.

The diffusive case (I1I). The flux contribution is the same as in the previous case
(F'=F ;,,ﬂ + F})), but the deposition parameter depends on the local water depth.
The equilibrium bed profile corresponding to this case is given by the dotted line in
figure 3(a). Now the underlying equilibrium bed profiles are always unstable for the
parameter values used, independent of the bottom friction parameter. Hence there is
no critical friction parameter.

The diffusive case including the topographically induced fluxes (IV). This flux is given
by F'=F; + F,,+ F};. The morphodynamic equilibrium corresponding to this case
is given by the dashed line in figure 3(a). The neutral stability curve is given by the
dashed line in figure 4(b). It is clear that the value of the bottom friction parameter
necessary to obtain channels and shoals is much higher than in the default case. Only
for very large values of the friction parameter (r!Y ~ 3), bed perturbations will grow.
The wavenumbers of the modes are centred around }",. = 100.

The combined advective and diffusive case, with only the internally generated advective
sediment flux (V). The fluxes contributing to this case are F'=Fy, + F,, + F},, +
F},. The equilibrium bed profile is presented in figure 3(a) as the dashed-dotted
line. The influence of the internally generated advective sediment fluxes on the
underlying equilibrium and the neutral stability curve (dashed lines in figures 3a
and 4b, respectively) is very small. The underlying profile is slightly more unstable
resulting in a slightly lower critical value for the friction parameter.

5. Discussion
5.1. Instability mechanism

For the default case, using a friction parameter r =0.51 slightly larger than its
critical value r!, the most unstable perturbation has a lateral mode number n=9.
The corresponding bed perturbation is shown in figure 5(a). Taking y ~900 m (i.e.
the solid line in figure 5a), the longitudinal structure of the bottom perturbation
(dotted solid line) and the corresponding divergences of the sediment fluxes are
shown in figure 6(a). The divergences of the diffusive and topographically induced
sediment fluxes are represented by the solid line and the dashed line, respectively. The
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FiGUure 5. Contour plot of (a) the scaled bed perturbation, with dark (light) colours a negative
(positive) amplitude of the bed perturbation. (b) Contour plot of the scaled residual sediment
concentration of the most unstable eigenfunction (with lateral mode number n =9) for friction
parameter » =0.51 in the region indicated by the dashed box in (a). The scaled bed perturbation
is shown in greyscales. Other parameter values are given in table 1. A dimensionless sediment
concentration of 1 corresponds to a dimensional concentration of 0.15kg m=2 .
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FIGURE 6. Convergence of the sediment fluxes for n =9 and r =0.51. Other parameter values
are given in table 1. The dimensionless maximum bottom perturbation is scaled to 1, the fluxes
are calculated using this scaled bed perturbation. (a) Convergences of all sediment fluxes. (b)
Convergences of the different sediment fluxes, with —V - Fyy and —V - F,; combined.

dashed-dotted line shows the sum of the divergence of the bedload flux, the advective
fluxes resulting from internal nonlinear interactions and those due to externally
prescribed overtides. The divergences of Fy; and F’,, are much larger than those of
the remaining fluxes, but of opposite sign. The classical diffusive flux F;, enhances
the bed perturbation, and the sediment flux F|, reduces this bed perturbation.
In figure 6(b) the same divergences are shown again, but now Fy, and F,, are
combined and denoted by the solid line. From now on this sum will be called the
total diffusive contribution. Obviously, the diffusive flux is destabilizing, the bedload
flux is stabilizing, the internally generated advective flux Fj, is mainly destabilizing
and the externally generated advective flux F.,, does not play an appreciable role

in the growth and decay of the bed forms. In the remainder of this section only the
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diffusive fluxes and the internally generated fluxes will be discussed in detail, as the
bedload flux is always stabilizing and the flux F/, is negligible.

ext

5.1.1. Classical and topographically induced diffusive flux

From figure 6(a) it follows that the classical diffusive flux contributes significantly to
the destabilization of the underlying morphodynamic equilibrium. This flux is driven
by gradients of the depth-integrated perturbed residual sediment concentration (C%),
see figure 5(b) for a contour plot. Higher (lower) perturbed residual concentrations are
present where the bottom perturbation is negative (positive). This results in a residual
diffusive sediment flux from locations where the bottom perturbation is negative
to those with a positive bottom perturbation, thus enhancing the instability. The
spatial structure of the residual sediment concentration is mainly a result of a balance
between the two depositional contributions, one proportional to the perturbed residual
concentration and the other to the perturbed deposition parameter g: B°(C°) ~

—ﬂ,?*OCS;]OfALn (see Appendix B for details). Since B/, ~ 285" at the landward side
of the basin (where h,, ~ 1), one finds

0,0 0,0 ,~0,07
(C") = =BG Corlhy. (5.1)

Hence a destabilizing diffusive flux —axV+: < C%° > is found. However, a similar
contribution, but with opposite sign, is found for the topographically induced sediment
flux (see term II in (C 2)). It turns out that the magnitude of this term is slightly larger
than the dominant contribution of the classical diffusive flux obtained from (5.1).
Hence the sum of these contributions is stabilizing.

Therefore, to understand the destabilizing effect of the total diffusive flux, we have
to analyse the remaining contributions to the classical diffusive flux. The only other
signiﬁcant contribution to the perturbed residual sediment concentration is due to
the erosion of sediment (u(;’ u;)), resulting in

(CY0) = (ugu?) ) B (52)

If the perturbed residual concentration (C%°) is positive (negative) above a negative
(positive) bottom perturbation, the associated classical diffusive flux is destabilizing.
Whether this is the case depends on the correlation between up,’; and u){. This
correlation follows from a delicate balance between frictional effects and continuity: if
friction is strong enough, there is a destabilizing flux (for details, see Schuttelaars & de
Swart 1999) and this frictional mechanism results in sediment convergence at locations
with positive bottom perturbations. As the dominant contribution of the diffusive
flux together with the topographically induced flux is stabilizing, bed perturbations
will only start to grow if the frictional torques are strong enough to overcome this

stabilizing effect.

5.1.2. Internally generated advective fluxes

From figure 6(b) it follows that the advective sediment flux contributions
F;.:, resulting from the internally generated overtides and residual velocities, are
destabilizing at the location of maximum bed perturbation (dashed-dotted line).
This flux can be decomposed into seven different contributions, see (C4). A careful
analysis of these terms reveals that the residual sediment transport due to settling
lag effects (term II), i.e. the correlation between the equilibrium M, velocity ug*q(?s

and the perturbed M, concentration Cl?, is dominant. This is in contrast to the
findings of van Leeuwen (2002) who found that the contribution proportional to the
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FiGure 7. Contour plot of the residual vorticity (a) and perturbed M, concentration C,%;?
(b) for n=9 and r=0.51; for other parameters, see table 1. The maximum amplitude of
the bed perturbation is scaled to 1 and shown in greyscales, with dark (light) colours a
negative (positive) amplitude of the bed perturbation. (a) Contour plot of the residual vorticity.
Positive values indicate a counter-clockwise residual circulation and negatlve values a clockwise
circulation. (b) Contour plot of the perturbed M, concentration C . during ebb.

residual current was dominant. The perturbed concentration C,? mainly results from
a balance between erosion and deposition,

Beg Cus ~ 2uey (u,°) . (5.3)
The structure of the residual velocity < u!® > follows from the residual vorticity
balance (see Appendix D), which shows an approximate balance between the
divergence of the transfer of tidal vorticity by the tidal M, equilibrium velocity
and the dissipation of residual vorticity:

910

< > 00 900 (54)

~

"1 hey + ho Heg.sZéms /-

Here (£2,°) = (vy?) — (u,9) is the residual vorticity and £ =d,vy? — dyul) is the
M, sine component of the leading-order vorticity. The resultlng remdual Vort101ty
pattern is shown in figure 7(a), where solid (dashed) lines indicate counter-clockwise
(clockwise) circulation. The generation of the residual circulation cells is a result of
the ‘tidal rectification mechanism’, which is explained in detail by Van Leeuwen & de
Swart (2001). Using the perturbed residual longitudinal velocity (u!-°), which follows
directly from the residual vorticity, and (5.3), the M, tidal concentratlon CLY can
be constructed (see figure 7b for this concentration durlng ebb) As the equlhbrlum
tidal velocity is negative during ebb, it follows that in region II of figure 7(b) the
advective sediment flux quOsC 1-0is in the positive x-direction seaward of the maximum
of the bed perturbation and in the negative x-direction landward of this position.
Hence there is a deposition of sediment at this location and the amplitude of the
bed perturbation increases. As both the signs of the M, tidal concentration Cl*0
and the equilibrium tidal flow 2’ change during flood conditions, this flux is also
destabilizing during flood, resulting in a tidally averaged convergence of the advective
sediment flux. In a similar way it can be shown that there is a tidally averaged

divergence of sediment in regions I and III.
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FiGure 8. Longitudinal location of maximal bed and M, velocity perturbation for a varying
lateral mode number n and r =0.51. Other parameter values are given in table 1.

5.1.3. Mode number sensitivity

From figure 3(b), it follows that only for lateral wavenumbers n =9 and n=10
the bed perturbations have a positive growth rate. The internally generated advective
fluxes are always destabilizing, the externally forced advective fluxes are always
negligible and the bedload fluxes are always destabilizing (not shown). For small
wavenumbers (n < 5), the perturbations decay as both the diffusive and the bedload
flux are stabilizing. The amplitudes of perturbations with large wavenumbers (n > 10)
decay due to the stabilizing effect of bedload fluxes. For intermediate wavenumbers,
there is a delicate balance between the various fluxes, resulting in either growth or
decay of bed forms.

5.2. Location of maximal bed perturbation

For both destabilizing mechanisms, it is essential that the perturbed along-channel M,
velocity decreases (increases) over shallower (deeper) parts. As the largest perturbed
concentrations and concentration differences in the lateral direction are found at
locations where the perturbed longitudinal M, velocity is maximal, the largest bottom
perturbations are expected at these locations as well. Hence the position of the largest
bottom perturbation is related to the location of the maximum perturbation of the
longitudinal M, velocity.
For large wavenumbers in the lateral direction, the perturbed velocity ul)! can be
written as
0.1 __ 7'2 1 ]/’\L
by S (U —x+h) (I —x+ho) ™
which shows that the position of the maximum of u)? is independent of the bed
friction parameter (and independent of kg if the balances described in the previous
section are still the dominant ones), and is always located at the landward boundary.
As the bed perturbation has to vanish at the landward boundary, it is expected
that the maxima of bottom perturbations are found near the landward end. This
is confirmed in figure 8, which shows the locations of the maximum perturbed

(5.5)
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FIGURE 9. The influence of the sediment settling velocity (Péclet number) on the convergences
of the sediment fluxes (a) and the underlying one-dimensional equilibrium bed profile (b).
Other parameter values are given in table 1.

along-channel M, velocity and the maximum bed perturbation for different values of
lateral wavenumber n.

5.3. Parameter sensitivity

In this section the sensitivity of the model results will be investigated by varying
the settling velocity w;, the phase ¢ between the prescribed M, and M, sea surface
elevation at the entrance and the parameter ki, that is used to normalize the bottom
friction.

5.3.1. Settling velocity and external phase

By varying the settling velocity w, between 1.5c¢cm s~ (fine sand) and Scm s!

(medium sand), the sediment Péclet number A=w,H /k, is varied between 1.8 and
6, and the parameter a between 0.06 and 0.006. Variations in the parameter a only
have a minor influence on the stability properties of the underlying morphodynamic
equilibrium, whereas changes in the Péclet number strongly influence these properties.
Taking the mode number n =9, the convergences of the resulting sediment fluxes
are shown in figure 9(a) for the varying Péclet number at the location where the
(normalized) perturbed bed is maximal. For the sediment Péclet number smaller
than approximately 2, the underlying width-averaged morphodynamic equilibrium
is unstable, with increasing growth rates for the decreasing Péclet number. When
increasing the Péclet number, the underlying morphodynamic equilibrium is stable.
As the approximate balances and mechanisms discussed in §5.1 are still applicable,
the influence of the Péclet number on the stability of the underlying equilibrium can
be understood: the underlying equilibrium bottom becomes deeper at the end of the
basin for the increasing sediment Péclet number, see figure 9(b). Hence the frictional
effects are weaker for larger Péclet numbers, resulting in weaker destabilizing fluxes
and hence the laterally uniform morphodynamic equilibria are stable for a larger
Péclet number.

The externally prescribed phase difference is varied between 165° < ¢ < 198°: for
¢ < 187° the morphodynamic equilibrium is stable, and for larger phase differences it
becomes unstable. The dependence of the stability of the underlying morphodynamic
equilibrium on the phase angle can again be attributed to the changes in the underlying
morphodynamic equilibrium: for larger phase angles, the equilibrium bed becomes
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FiGure 10. The influence of the parameter 4y on the convergences of the sediment fluxes (a)
and the longitudinal location of the maximal bed perturbation (b). Other parameter values
are given in table 1.

shallower, resulting in stronger destabilizing fluxes. If the equilibrium bed is too deep
at the end of the embayment, the destabilizing fluxes are too small and the laterally
uniform equilibrium is stable.

5.3.2. Bottom friction parametrization

In the formulation for the bottom friction, a parameter h, was introduced to
regularize the bottom friction contribution. In figure 10(a), the divergences of the
sediment fluxes are shown for hy varied between 0.1 and 0.85. For small hg, the
underlying equilibrium is linearly unstable. Smaller values of Ay result in larger
growth rates as the frictional effects become stronger. For iy > 0.45, the equilibrium
bed profile becomes stable: in this case friction is not strong enough anymore to
overcome the damping effects of continuity, and hence the bed perturbations decay.
Note that for hy > 0.6 the bed perturbations, which are stable, are not found at
the end of the embayment anymore (see figure 10b), but near the entrance. This is
not in contradiction with the discussion in §5.2 as the main balance for the residual
concentration is completely different: in this case there is mainly a balance between
diffusive and depositional contributions, resulting in a maximum bed perturbation
at the seaward side. As the unstable modes are always found at the landward side
of the embayment (this was tested for different parameter settings), this balance
will not be discussed in detail here. If h; becomes large, the approach taken in
Schuttelaars & de Swart (1999) and van Leeuwen & de Swart (2004) is satisfactory,
and a detailed discussion of the balances can be found in these articles, see also ter
Brake & Schuttelaars (2009).

5.4. Influence of sediment transport contributions

When considering only diffusive (F ilitf) and bedload (F},) fluxes, using a constant
deposition parameter S (case II), a small value of the bottom friction parameter
suffices to make the bed perturbations grow. If the deposition parameter 8 depends
on local depth (case III), no bed friction is needed for the bed perturbations to
grow. This difference follows from a different balance for the residual perturbed
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concentration (C%?). Its main balance reads (see (B9))
Ba’ (C1°) = =By (C") + w0y uy. (5:6)
If the deposition parameter 8 depends on local depth, the term on the left-hand side
is balanced by the first term on the right-hand side. The perturbed concentration is
proportional to minus the bed perturbation, resulting in a destabilizing contribution,
independent of the value of the bottom friction parameter. If this contribution is
larger than the stabilizing bedload contribution, the morphodynamic equilibrium is
unstable. In the case of a constant deposition parameter, 8!? is zero and there is an
approximate balance between the remaining terms. Now frictional effects are essential
for instability; see the discussion of the mechanism in §5.1.2.

The other cases (IV and V) follow directly from the discussion of the default case.
The main differences can be explained by the fact that the underlying morphodynamic
equilibria change considerably due to the inclusion/exclusion of different suspended
sediment fluxes.

6. Conclusions

In this paper the linear stability of laterally uniform morphodynamic equilibria in
short, rectangular tidal basins is investigated using an idealized model. It is shown
that these equilibria are linearly unstable if a critical value of the bottom friction
parameter is exceeded, resulting in the initial formation of channels and shoals at the
landward side of the basin.

The instability mechanism is clarified by a detailed study of the various
contributions to the sediment flux. The divergence of the diffusive sediment flux
and the topographically induced sediment flux are dominant but of opposite sign.
The difference results in a small destabilizing contribution if the friction parameter
is large enough. In that case, frictional torques cause the tidal velocities to decrease
over shoals and increase in the channels, resulting in a destabilizing diffusive sediment
flux. This mechanism was already discussed by Schuttelaars & de Swart (1999).
Apart from this mechanism, the advective sediment flux, resulting from internally
generated overtides, is destabilizing as well. Externally prescribed overtides do not
contribute significantly to the (de)stabilizing sediment fluxes. The main contribution
of the internally generated advective sediment transport is due to settling lag effects,
1.e. the correlation between the equilibrium M, velocity and the perturbed M,
concentration.

The initial formation of channels and shoals is always found at the landward
side of the embayment. Schuttelaars & de Swart (1999) found global modes with a
maximum in the middle of the basin, whereas van Leeuwen & de Swart (2001) found
that with increasing influence of advective fluxes (with respect to diffusive fluxes) the
preferred location of the bottom perturbations shifts from the middle of the basin
towards the basin entrance. These differences in model results can be explained by
observing that Schuttelaars & de Swart (1999) and van Leeuwen & de Swart (2001,
2004) use a linear approximation of the bottom friction in the momentum equations,
while the generally accepted formulation of this contribution is retained in this
paper.

Investigation of the sensitivity of the model results to sediment flux formulation
shows that the main differences between the results obtained with different sediment
flux formulations can be attributed to changes in the underlying morphodynamic
equilibria. This observation is also applicable to variations in parameter values: the
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mechanisms resulting in instabilities are robust for a wide range of parameters,
and differences in growth rates can be attributed to changes in the underlying
morphodynamic equilibria.

In formulating the model, various simplifications were made such as the neglect
of Coriolis and wind effects, and the critical velocity for erosion. Furthermore,
drying and flooding at the landward side were not modelled explicitly. However, the
initial formation of channels and shoals at the landward side of tidal embayments
is supported by results obtained with fully nonlinear numerical models (van der
Wegen & Roelvink 2008): initial bed perturbations start to grow at the landward side
and then extend towards the entrance of the embayment. This evolution is clearly
a result of nonlinear interactions which are not accounted for in the present paper,
making a comparison of model results with observational data and equilibrium
solutions of complex numerical models not very useful at this point. However, as
the perturbations resemble the observed initial channel-shoal systems obtained in
complex numerical models, it is expected that a fully nonlinear idealized model will
capture the observed long-term behaviour. Such a nonlinear model is developed and
presently under investigation.

Appendix A. The linearized equations

Considering the momentum equation, substituting ¢ and only retaining terms that
are linear in the small perturbation, yields ¢; =¢; =0. Using the boundary condition
for ¢ at the entrance, it follows that ¢’ =0. Hence, there are no perturbations in the
sea level ¢, i.e. ¢’ =0 everywhere.

Substituting (3.1) into equations (2.11), (2.15), (2.16) and (2.17), using {’=0 and
only retaining terms that are linear in the perturbation, yields the following system
of equations:

[(egeq + 1 - heq)”, - h/ueq]x + [(eé‘eq + 1 - heq)v/]y = 07 (A la)
’ ’ ’ ’ rv’
[vx - uy]t +€[ueqvx - ”eq”y]x = _|:1 _heq +6§ +h():|x
Fiteg(R')y [ ru ]
+ , (Alb
(1 —heg + €6 +ho)? " [T —hey + €& +hol, (A1b)

aC; 4 aleéue,C' + €u'Coy — kCy — kM Begheq ,C' 4 Begh',Ceq 4 B'heg Ceg)l
+ [€V'Coqy — K C) — K 2Begh’,Ceqly = 2uequt’ — (BeyC' + B'Ceq),  (Alc)

W, =—(V-F'), (A1ld)

where the perturbed flux contributions are given by

F' = ae (ueyC' +1'Cop) — ax (C'), — aici{Begheg,C' + Begh'.Coq + B'heg, Coq) — 1.,
(A2)

F? = ae (V'Cyp) — ax (C"), — i Begheq,C' + Begh',Coq) — 1WH, (A3)
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and the equilibrium and perturbed deposition parameter by
Aexp[—A (e¢ + 1 —hey)] W
(1 —exp[—4 (€2 + 1 — hey)])’

:Beq = [1 - exp[—}v(eg‘ + 1 - heq)]]il and ﬁ/ =
(A4)

The linearized boundary conditions at the seaward side x =0 read

B=0 v=0By(C)+ B (Co)=uu, Clx,y,t,k)=C(x,y,t,k=0),
(A5)
at the sidewalls y =0, B they are given by

puh, =0, v'=0, —kC,—KkiByh,Cey=0, (A6)
and at the landward boundary x =1 by
W =0, —hett' —ueh', + €loqt’, + e{eqv; =0, C'(x, v, k)= (Nf’(x, v, b, k= O),}

a€ (uegC' +u'Ceq) —ax (C'), — akI{Begheg ,C" + Begh'Coq + B'heg Ceq) — b, = 0.
(A7)

Appendix B. The Eigenvalue problem: final equations
The linearized deposition parameter g = g,, + g’ with B, and B’ given in (A 4), is
expanded as follows:

IBEq - + Gﬂeq ’ ﬁ/ = ﬁ]?,oh/ + Gﬂfi’oh/’ (B 1)
with
= [1 —exp[—A1L — he ]I, BLO = —Zexpi—ha) g0,
ﬂo 0= Jexp[—A1 —h B2, B0 =72 exp[—A(l — he,)] (B2)

X(1 4 exp[—A(1 — he)])[—1 + exp[—A(1 — heq)]]_3'

The O(1) continuity equation reads

~ cos(t) —dih Jun Y+ (1 — eq)<du2?+lv00>=0,

dx
. d d . d d
~ sin(r) —d—hequoo — d—h,, 00+ (1= heg) (dxuﬁﬁ +1nv238> —h, dfugq‘)f =0,
(B3)
and the vorticity equation is given by
d oo 0,0 _ d Ul Uy
~ t — v ln Ve | l _mc
Costlt) g ns T lnttns = =T G Ty — g 1+ o — heg
: d oo 0,0 d Vs
~sin(t) ——v, — Ly, =—r— | ———
sin(z) P Ve u,. rdx T ho —h (B4)
s S,
1+h0 heg (l—l—ho— heg)*
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The O(1) time-varying concentration equation reads

~cos(2t)  2aCy% +akCo%12 4 BLOCYY, + B1OR, CO0 4+ ul0ud =0, ®5)
~sin(2r)  —2aCY% + akCO%12 4+ BLOCYY, + B1OR, 20, — u%0 ul0 = 0.

n,c2 q eq,s2 eq,s"n,c

The O(e€) continuity equation becomes

~ const. i [(1 — heg) <u,]1'0 ] + (1 = hey) <v,1,’°>ln = —f—xuf}fg — =l v,?:?,

dx
d 1d 1
~ cos(2t) dx (1= hreg )y s] + (1= heg)vy Sl = -3 a”glg - Elnv,?j?, 56)

. d d
~ sin(2¢) i (1= heguy?y] — i [hnui,(’;,)sz] + (1= heg)vy sl

1d o,o_ll 00

2 dx un,s 2 n%n,s»

and O(e) vorticity equation reads

1d 0,0 0,0 1d 0,0 d 00| _ d <Ur1,’0>
const. > dx [ueq,&lnun,s] + > dx Uy s I V| = rdx "

i 0,0
(uly1, N 1 ud0,, N 1 gy Umebeae
-ttt <ty t+ s,
(1+h0_heq)2 2 (1+h0_heq)2 2 (1+h0_heq)2
1d _Id[o’odo’o]

d 1,0 1,0 0,0 0,0
~ cos(21) 2avn,s2 + 2un,s2ln - 2dx [ueq,sl'lus ] 2dx eq,savn,s

d[  ryd Lod [ 0.
dx [T+ ho—heg | 2 dx [(1+ho—heg)
1 e Leg.c ') (B7)

7111 - ln 5
T T T ho—ho? T o — By

d 1d 100 7 MO,O} + li {uo,o d vo,o]

: A~ = L0 1,0 I o
Sln(2t) 2dx vn,cZ 2un,021ﬂ + 2 dx [ eq,s"n"n,c 2 dx eq,s d)C n,c

1,0
d rvn,sZ
dx

:| 1 d[ Ug’?é—quc :|
[ ek b A _}_,ri PRk e
L+ ho—hey 2 dx [(1 4 ho—hey)?

0,0 1,0 1,0 7
1 un,s é‘eqvc un,xz Meq,th"

~ ln - ln - ln
tar (Ut ho—he)?  "Thho—hey | "(1+ho— hey)?
0,0 sc 7,
/ ueq,sé‘eqhn

"1+ ho—hey

+r
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The O(€) concentration equation reads

1 d
~ COS(t) dCé 0 + :30 Ocl 0— eq s n 52 + 5 2 d [ugéjoscsgﬂ

d 0() 1 00 0,0
+adx[ <C >+§ nsCeqv2+2 ncCeqc2

1
+al, {ng?<C£¢°> + Ve Co + v dC sz]

+ A%, (<c°°> e ) +5 ((c30)+ 3620

~ sin(t) —aC,ll 0 ,300C1 0 2u00 MOl u 0
0,0
d|: eqs(<C >_Cnc2>:|
1 d
0,0 0,0 0,0 ~0,0
{ |: (C >_2Ceq62):|+2d[ncceqv2]}
1 0
+aln |: Uy's <<C00> - 7Ceq c2> + 5 n cCeq 52:|
IBIOh Ceq ¥2+ﬁeq 2 ns2+ﬁ10h Ceqs_ zoqoﬁug(c) =0,
and the time mean concentration component follows from
d|d d d
~ const. —akdx[dxcg’%z £é°< i <C°°>+ hy (CY? )
~ d
g (COF) | ak[ = (C20) 2 = 285 (€O o]
+IBOO <C0 0> + B%O%h, <C2}0> gqoY u + 2a62u2q05d—C1 0 .
+ae? [ <u10C00> 1, <v1 ocoo ]
1 ,[d d
+ Eae |:d)C ( n cZCeq c2) + a ( n, AZCeq 52)
+ln ( 11 82Ceq c2 + ;1 (V)ZngOvZ) :| = 0
The O(y) continuity equation reads
d ro01
~ cos(2r) ax [(1 — eq)un o= h,,ugq,cz] +1,(1 — eq)vn 2 =0,
(B 10)

d
~sin(2e) [0 heguyy = Ba ] 4 b1 = hegJuyisy = 0,
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and the vorticity equation reads

d d UOI uOl
~ 2t 2" v 0,1 21” n,c2 n,c2
cos(2) 25 vy + Dty = dx{l—kho—heq T he — ey
ul! h,
eq,c2
14+ hy—h,
T ho heq)?’ o o (B11)
~ sin(2t) —2111012 2!,,u012 —ri _ne —rl,,iu’”2
dx e dx [T+ o — ey I+ ho — heg
l ugqlﬂh
(1+h0_ eq)

The O(y) concentration components follow from

~cos(t) aCll —ul0upl —ud%ud! o —udul! 5+ BLOCH! + B Oh nColes
~sin(t)  a (—CoY) +ullully + ud%ul! 5+ ullul! , + BLCE! + pLOh,CL,. }
(B12)
Finally, the bed evolution equation reads
wh, = —[F +1,F], (B 13)

with the components of () defined in Appendix C. The boundary conditions at x =0
are given by

o(): h,=0, W¥0=0, v0=0,

Beq <C°’0> + ,Bl'oh,l <CS;IO — uggfsuglg =0,
O(e): r (v 10>+ —u’ dvoo 0, —2v"° +1u00 iv00+rv10 =0
: eqsd ’ n,c2 €45 dx n,s2 T Y (B14)

1 d
1,0 0,0 0,0
2v Vs — 7ueqsd7vns +rvnc2 =0,

O(y): vybh=0, vl =0.

n,c2
The boundary conditions at x =1 are

d d . 0.0

o(1): h,=0, F'=0, —d—hgquoo — d—h ol =0, Ul =0,

O(e): —%heq <u}l’0> %diuoo + ;ln v, =0, dihequn o T lu?l?x
3l =0 (B15)
gl 5 ) — Sl =0

00N = el = ol =0, bl = Sl =0,
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Appendix C. Sediment flux components
The various flux components in the x- and y-directions are as follows:

d
F iy = (—aic <dxC,?‘0> ,akl, <C,?’0>>,

d d .

527

(C2)

(C3)

(C4)

2 | 200 0,0 0,0
Fo= | —axk | B | (C) aheq + ahn (Co
term I term II
~ d ~
+8," (hndxheq (Ca ) ak AP hy (Ceg) i |
term III
d . ~
Fy = _I’Lahn’ ,ulnhn .
The internally generated advective contribution F ;= (F},,, FZ,) has components
given by
1, 1,0..0,0 1,0,~0,0 1,0 0,0 1,0 0,0 0,0,~1,0
F111/12 = Eae Cn:sue’q > § + 2 <un’ Cet’] > + un’,c2Ce(’1,C2 + un:s2Ce(i,s2 + un:s Ceé,s
—— ———— ——— —— e N —
term I term II term III term IV term V
0,0,~1,0 0,0 1,0
+ un,cceq,c + Cn,s2ueq,x2 ’
——— ——
term VI  term VII
1, 1,0,~0,0 1,0 0,0 1,0 0,0 0,0,~1,0 0,0,~1,0
FAz/IZ = 56 a 2 <vn’ Cet} > + vn:c2ce;1,c2 + U11:S2Ce(;,x2 + vn:s Ce(},s + vn:ccez},C' ’

——— ————— e— e N N —

term II term III term IV term V. term VI

and the advective contribution due to externally prescribed overtides F yq = (F4, Fi14)

has components given by

2 n,s %eq,s n,s“eq,s n,c>eq,c n,s2>eq,s2 eq,c2

1
FA144 = —aey C0,1u0,0 + uO,OCO,l + MO,OCO,I + uO,l CO,O + us,izco,o
—— ——

term I term II  term III  term IV term V

0,0 0,1 0,0 .,0,1
+ Cn,xZMeq,sZ + Cn,cZ”eq,cZ )
—_———  ——

term VI term VII

1
2 _ 0,0,~0,1 0,0 0,1 0.1 0,0 0.1 ~0,0
FM4—§aey U 5Coi s +0,.Cop + v Ceq’xz—l—vn’czC
N—— N——

eq,s n,ceq,c n,s2 eq,c2

term II  term III  term IV term V

(C5)
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Appendix D. Vorticity equation
The relative vorticity is given by

R=2,+2, with2 =v, —u. (D 1)

Substituting the solutions for u and v from (3.2) together with the expression for
i,(x, 1) and 9,(x, r), as stated in § 3, into the expression for 2" gives

Q' = [v3?cos(t) + vl sin(r) + € (v, ) + v 62 cos(2t) + v, 32 s1n(2t)) 1
+[udd cos(t) + u)¥ sin(t) + € ((up®) + uy 0y cos(2t) + uy Yy sin(21)) | (D 2a)

d d d 4o d
= [d cos(t)+d—v Oin(r) — dy ne cos(t)—dy uy) sin(t)

+e Kdi v 0> + <du,1;°>] + e[internally generated My terms]. (D 2b)

dy
Following the expression of the solutions as stated in (3.2), £2' can be written as
2' = Re{£2,(x, 1) cos(l,y)e”"}, (D3)
where
Q2,(x, 1) = 2%%x, 1)+ €2 O(x, 1)+ . (D 4)
Combining the expressions above yields
d d d d .
Q,?,O - <dxv2:? — dyu212> cos(t) + <dxv’?:? — dyu%)) sin(t), (D 5a)
2 205
d d
Loy — [ & 10 — Loy D 5b
< n > <dx vn + dy Mn ( )

In order to understand the spatial pattern of (u!?), an expression for the M, vorticity
component (£2!°) needs to be found. Therefore the time-averaged O(e) equation for
vorticity is considered:

7<u00900+u00900>+ <UOOQOO+UOOQOO>_ <‘(210>
dy (1—h+h%)
(o) Sy + (ul) i,
—r dx v (D

(1 = heg + ho)?

Eliminating the equilibrium solution and neglecting the nonlinear terms in the
perturbations gives

(9 __d [uoo (dvo,o_uo,o )] L (D7)

"= hey+ho) x| \dx ™ Ty ) | T T gy + ho)?

It turns out that the last term on the left-hand side is negligible compared to the
other terms in this expression.
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