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Abstract

We describe a mathematical model of the sediment transport resulting from cross-shore tidal currents on an intertidal
mudflat. The model is integrated numerically to determine the long-term (“‘equilibrium’) behaviour of the
morphodynamic system, and to investigate how the morphology of the flats depends on tidal range and sediment
supply.

Under a sinusoidal tide, the equilibrium flat is approximately linear below mean sea level (MSL) and convex above
MSL, and advances seawards over long timescales. The cross-shore width of the flat is independent of tidal range, and
increases with increasing sediment supply. Tidal asymmetry (flood- or ebb-dominance) leads to a steeper flat, and ebb-
dominance can cause the flat to retreat landwards in the long term. Under a spring—neap tidal cycle, the shape of the
equilibrium profile is very similar to that for a fixed tidal range, but the rate of accretion is significantly reduced. © 2002

Elsevier Science Ltd. All rights reserved.
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1. Introduction

The systematic study of the morphology of
intertidal mudflats has been rather neglected in
comparison to that of sandy beaches. It is only in
the last decade that a number of systematic
empirical studies (Kirby, 1992; Dyer, 1998; Kirby,
2000) have been made to determine which forms of
external forcing are crucial in developing and
maintaining the observed “equilibrium’ morphol-
ogies.

The cross-shore profiles of mudflats can be
classified according to the relative contributions

*Corresponding author.

made by wind waves and tidal currents to the total
sediment transport (Kirby, 2000). At one end of
the range are erosional flats dominated by wind-
generated waves, which are characterised by a
concave-upwards profile, while at the other end
are tidally dominated flats with a convex-upwards
profile, which are believed to have a tendency to
accrete over long times.

This paper is concerned with flats which evolve
under purely tidal forcing. Most real mudflats,
with the possible exception of those in extremely
sheltered estuarine environments, are influenced
both by tidal currents and by the action of surface
waves in both mobilising and transporting sedi-
ment (Lee and Mehta, 1997; Le Hir et al., 2000).
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However, this idealisation allows us to make
significant progress towards understanding and
characterising the processes which occur under
tidal forcing, and this provides a starting point for
understanding the more complex dynamics of flats
under combined forcing.

Previous modelling studies of tidally dominated
flats were carried out by Friedrichs and Aubrey
(1996) and by Roberts et al. (2000), while Lee and
Mehta (1997) have provided a review of many of
the issues involved (although their emphasis was
on wave-dominated flats). With the exception of a
single numerical experiment presented by Roberts
et al. previous modelling studies have made the
simplifying assumption of neglecting the effects of
fluid inertia, with velocities being determined
purely by fluid continuity. This is a good first-
order approximation, but by neglecting the possi-
bility of dynamical asymmetry between the flood
and ebb tides, it may exclude some important
sediment transport processes.

Friedrichs and Aubrey (1996) sought an analy-
tical description of an equilibrium flat. This was
taken to correspond to a flat on which peak shear
stress (and thus peak velocity during a tidal cycle)
was uniformly distributed across the flat. From
this assumption, and taking a sinusoidal tidal
elevation curve, it is straightforward to derive the
profile

d(x) _ { _%”O(X/Lcrit - 1)

— 3o sin(x/Leyi — 1) for x= L.

for x< L,

()

Here low water (LW) occurs at x =0, and L.; =
U.i/w, for @ the angular frequency of tidal
forcing and U, the maximum velocity reached
during the tidal cycle. We shall refer to this profile
as an FA96-flat.

The FA96-profile provides a good qualitative
model for the tidally dominated flats described by
Kirby (2000); however, as Lee and Mehta (1997)
point out, muddy sediments are easily transported
long distances in suspension, and so it may be
misleading to consider equilibrium in terms of a
local balance.

Roberts et al. (2000) calculated numerically the
currents and sediment transport with morphody-
namic feedback, iteratively updating the bed

profile according to the net erosion or deposition
at each point, and obtained equilibrium profiles
under various forcing conditions. The profiles
obtained resembled those of Friedrichs and
Aubrey (1996), but tended to develop an extensive,
gently sloping upper flat on which unrealistically
high velocities occurred. They saw no evidence of
long-term accretion or erosion of their flats once
an equilibrium profile had been reached.

The model which we develop is an extension of
that of Roberts et al. (2000), including more
complete dynamics, and integrated using a numer-
ical method (CANUTE) which has been designed to
represent the dynamics accurately in very shallow
water, in order to avoid the physically unrealistic
velocities seen by Roberts et al. We compare our
results with analytical predictions, obtained by
extending the work of Friedrichs and Aubrey
(1996), which are described in more detail else-
where (Pritchard and Hogg, 2001).

2. Description of the model

The prototype for our model is a macrotidal flat
of the type common in north-western Europe, and
our choice of physical parameters reflects this.
However, the model is sufficiently general for our
results to have a wider application. We consider
forcing solely by cross-shore tidal currents, noting
that it is only in deeper water that longshore flows
are likely to dominate the sediment transport (Le
Hir et al., 2000).

The model geometry is shown in Fig. 1. We
consider water depth A(x,?), depth-averaged

Seaward Landward

X = Xgp(t)

Fig. 1. Definition diagram for cross-shore model (vertically
exaggerated for clarity).
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velocity U(x,t), bed elevation z = —d(x, t), water
surface elevation z = 5(x,¢) and depth-averaged
suspended sediment mass concentration (SSC)
C(x,1).

We model cross-shore tidal currents using the
one-dimensional shallow-water equations (Pere-
grine, 1972). To represent the effects of friction, we
use a quadratic drag law with a constant friction
coefficient. After scaling with respect to tidal
period T, tidal range 7, and a scale U, of “‘typical”
cross-shore velocity, the nondimensionalised equa-
tions for mass and momentum have the form

oh 0
5+a(Uh)*0, 2

ou ouU 1 6

__ﬁax
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ot ox ’

(h—d)- K
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where F = Uy/+/n,T, the global Froude number,
is of order 1/30, and the dimensionless friction
coefficient K = ¢pTUy/1, is of order 1. (In order
for both erosional and depositional processes to be
significant, Uy must be of similar magnitude to U,,
the threshold velocity for sediment erosion.)

The boundary condition on the hydrodynamics
is an incoming tidal characteristic imposed at the
seaward boundary, while the shoreline boundary is
free to move.

The sediment is considered as being transported
in suspension, and over the relevant length- and
time-scales this transport will be purely advective.
Erosion and deposition rates are modelled using
the Partheniades and Krone formulae (Dyer,
1986). In nondimensionalising the equation, the
scale for suspended sediment concentration is
given by Cy = m,/wy, where m, is the mass erosion
rate and w, a typical settling velocity of the
suspended flocs. This represents a ‘“‘reference”
concentration defined by an order-of-magnitude
balance between erosion and deposition.

In its nondimensionalised form, the sediment
transport equation has the form

oC oCc E

S+ Uss = 710.0) - 04U, O] )

where
UZ

<—2—1) for |U|= U,,
Qe = Ue (5)

0 for |U|< U,,

2

C(l—%) for |U|< Uy,

Ou= Uy (6)

0 for |U| > U,.

The parameters U, and U, are the threshold
velocities for erosion and deposition respectively,
and E = Tw,/n, is the nondimensional bed ex-
change rate, which is typically of order 10.

We follow Roberts et al. (2000) in imposing a
constant “far-field” concentration C = Cyy, at the
seaward boundary during the flood tide. While this
choice of boundary condition is suitable for the
generic model described here, it seems likely that
the phasing of the sediment supply relative to the
cross-shore currents could affect both the shape
and the accretionary behaviour of a flat. However,
this lies outwith the scope of the present study.

The morphodynamic equations are completed
by the bed evolution equation

o rE10U) ~ QU ) )
where r = Cy/Cpur is the ratio of sediment
concentration in the water column to that in the
bed, and corresponds to a dimensionless bed
evolution rate which is typically of order 0.0001.

In choosing the components of this model, our
aim has been to represent the dynamical effects as
simply as possible, and yet still to capture the
essential physical processes. More complicated
models of the boundary shear stress and sediment
transport could be employed to provide a closer
correspondence with field data. In particular, we
assume that sediment properties are constant
across the flat, and that the surface properties of
the sediment are always the same (in other words,
we neglect consolidation and dewatering effects).
As with our other simplifications, it appears that
the effects of sediment heterogeneity are not
essential to produce realistic morphodynamic
results.
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3. Numerical experiments

Egs. (2)—(7) were solved numerically using a
custom-built solver, CANUTE. The procedure for
each numerical experiment was to start with a
linear or FA96 profile and simply to allow it to
evolve under constant forcing conditions until an
apparent equilibrium state developed. This typi-
cally took between 10000 and 40 000 tides, and the
results did not depend on the form of the initial
profile.

The physical parameters used in all the experi-
ments were 7, =02Nm™?2, 7;,=0.1Nm>2
wy =103 ms"!, erosion rate m,=35x
105 kgm 2 s ! and ¢p = 0.006. With the excep-
tion of the friction coefficient ¢p, they are taken
from Roberts et al. (2000), and are typical of the
properties of mudflats in north-western Europe.
The drag coefficient ¢p was chosen to be at the
upper end of physically plausible values, to ensure
that any crucial dynamical effects of friction would
be apparent.

3.1. No sediment supply

When there is no external supply of sediment,
the only way in which equilibrium can be achieved
is for the flats to adapt to a static situation where
no sediment is eroded or deposited at any point on
the flat throughout the cycle. The marginal

Elevation above HW (metres)

0 1000 2000 3000 4000 5000 6000
Distance from seaward boundary (metres)

Fig. 2. Bed profiles at 0 (—), 12000 (— —), 24000 (- -), 48000
(--+), 72000 (——), 120000 (---) tides for a tidal range of
8 m, C},dy =0.

profile where this is possible is given approxi-
mately by the FA96 profile with U,,; = U,. Fig. 2
shows a flat evolving from an initial profile where
Upnax > U,, under the forcing conditions 7, = 8§ m
and Cpg, =0, and the envelopes of maximum
flood and ebb velocity on the initial and near-
equilibrium flats are shown in Fig. 3. This figure
illustrates the gradual adjustment of the profile
so that the maximum velocity reduces from around
0.21 m s~! on the initial flat to around 0.185 m s~!
on the near-equilibrium flat — as might be expe-
cted, the condition U,,, = U, provides a good
description of the equilibrium dynamics.
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Fig. 3. Velocity ‘“snapshots” at r=n/8 (tidal period), and
envelope of maximum flood and ebb velocity, on (i) a flat some
way from static equilibrium and (ii) a flat which has nearly
reached static equilibrium. (Here and subsequently, U >0
corresponds to shorewards flow.) Also shown are + U,. The
small oscillations in the velocity field correspond to genuine
small-scale fluctuations in the bed profile: they are nonincreas-
ing and are not the result of numerical instability.
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3.2. External supply of sediment

Experiments were carried out for Gy =
0.1 kg m > with o =4, 6 and 8 m, and for n, =
8 m, with Cpgy = 0.025, 0.1, 0.2 and 0.4 kg m .
These are the same conditions as those used by
Roberts et al. (2000), and cover most of the
regimes observed on north-west European macro-
tidal flats.

Fig. 4 shows the flat profile at various stages
during a typical experiment. The pattern is that the
overall shape of the flat adjusts quite quickly (over
the first few thousand tides); this is followed by a
period of slower adjustment and finally by a long-
term state where the shape of the profile is no
longer adjusting, but the flat as a whole is
accumulating sediment and advancing seawards.
Because the model only deals with the region
below HW, this long-term progradation means
that a “plateau” develops precisely at the HW
mark. Due to frictional and inertial effects, the
“plateau” region is never inundated, and its
development involves sub-aerial physical and
biological processes which lie outwith the scope
of our model. (We note in passing that in the
model of Roberts et al., which did not include
inertia or friction, it was impossible for such a
feature to develop without causing implausibly
large velocities on the upper flat: this may explain
some of the differences between our results and
theirs in this region.)

Elevation above HW (metres)

0 2000 4000 6000 8000 10000 12000
Distance from seaward boundary (metres)

Fig. 4. Tidal range 6 m, Cpq, = 0.1 kg m 3, plots every 6000
tides. Initial profile (—); latest profile (---).
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Fig. 5. Velocity plotted against x, for tidal range 6 m, Cpy, =
0.1kgm™>, atr= n/8 (tidal period). Also plotted are “‘envel-
opes” (— —) of maximum flood and ebb velocity.

Fig. 5 shows snapshots of the velocity field on
the equilibrium flat at several instants during a
tidal cycle, as well as “‘envelopes’” of maximum
velocity during the flood and ebb phases. Despite
the greater complexity of our model than that of
Friedrichs and Aubrey (we include both nonlinear
terms and explicit sediment supply), it is apparent
that the condition U,,, = constant provides a
reasonable first-order description of the equili-
brium dynamics. The shape of the profile, which is
convex-upwards above MSL and approximately
linear below MSL, is also in accordance with the
FA96 model, as well as with the numerical results
of Roberts et al. (2000), and with the profiles
described by Kirby (2000).

We note that inertial effects on the convex flat
lead to a slight ebb-dominance of the currents
(most visible in the “envelope” plots in Fig. 3),
even though the incoming tidal characteristic is
sinusoidal. This ebb-dominance is not strong
enough, however, to lead to a net export of
sediment.

3.3. Dependence on forcing conditions and
comparison with theoretical predictions

The results of our numerical experiments allow
us to describe the effect of tidal range and
sediment supply on the equilibrium morphology
of our model flats. The overall morphology can be
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described by the parameter U,,., which is
proportional to the length of the flats between
LW and HW, and which is almost constant across
the flat. (Where there is some variation, we have
taken U, to be the maximum velocity reached
within the computational domain: this generally
occurs below MSL). In Table 1, we summarise the
results of our experiments, and compare the
theoretical predictions of Pritchard and Hogg
(2001) for the same conditions.

We note first that U,,, does not vary signifi-
cantly with tidal range. This can also be seen in
Fig. 6, where the equilibrium profiles for #, = 8, 6
and 4 m are plotted so that x = 0 corresponds to
low water: it is evident that the length of the flats
between LW and HW is the same in each case. The
theoretical predictions, and the results of Roberts
et al., also agree with this finding.

As sediment supply increases, higher velocities
across the flat are required to maintain more
sediment in suspension, and thus the equilibrium
flats are of lower gradient. This can be observed in
the results presented in Table 1, and it is also
evident in Fig. 7, where the equilibrium profiles for
four different sediment supplies and a constant
tidal range are plotted so that the LW marks
coincide.

Our theoretical predictions agree with this result
qualitatively, though the results progressively
diverge from the predictions for higher values of
Cpay. This is because on the more gently-sloping
flats which develop, the role of inertial and
frictional terms, which are neglected in the
analysis, is more important. (However, the error
is still within about 10%.)

Table 1

Maximum current speeds for equilibrium flats, compared with
theoretical predictions U, Relative errors (Ugir — Upax)/ Uerit
are shown in square brackets

Ny (m) dey (kg m73) Umax (msil) Ucrir (m Sil)
8 0.025 0.226 0.223 [-0.013]
8 0.1 0.262 0.273 [0.040]
8 0.2 0.287 0.305 [0.059]
8 0.4 0.329 0.366 [0.101]
6 0.1 0.256 0.273 [0.062]
4 0.1 0.256 0.273 [0.062]

4. Extensions
4.1. Flood- and ebb-dominated tides

An obvious extension of the numerical experi-
ments is to consider what happens when the
imposed tide is no longer sinusoidal. We expect
that a strongly flood- or ebb-dominated regime
ought to create a steeper flat, since the nonlinear
nature of sediment transport means that it is the

|
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Elevation above HW (metres)
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—-1000 0 1000 2000 3000 4000

Distance from LW (metres)

Fig. 6. Equilibrium bed profiles for boundary suspended
sediment concentration Cpqy = 0.1 kg m~3, tidal range 8 m (—),
6m(—-),4m(--).

Elevation above HW (metres)
|
o

—2000 —1000 0 1000 2000 3000 4000
Distance from LW (metres)

Fig. 7. Equilibrium bed profiles for tidal range 8 m, boundary
suspended sediment concentration 0.025kgm™  (—),
0.1kgm™> (- -), 02kgm™ (- -), 04kgm™> (---) (x-axes
shifted so LW coincide).
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maximum rather than the average current velocity
which is most significant in determining the
morphology.

Experiments were carried out with a boundary
sediment concentration of 0.1 kg m~>, using in-
coming tidal characteristics which correspond to
the highly asymmetrical tidal elevations

(1) = 1y cos(20) £0.25 cos (41 + 7 )| (8)
(respectively, flood- and ebb-dominated tides),
where ¢ = 0.454 is chosen such that the amplitude
of the elevation curve is #,,.

The evolution of the profiles is shown in Figs. 8
and 9, and the envelopes of maximum flood and
ebb velocity are shown in Fig. 10. It can be seen
that the form of the equilibrium profiles is still
reasonably well described by the assumption of
uniform peak stress, and in fact the value of U,y
is reasonably well predicted by the theory of
Pritchard and Hogg (2001), which suggests that
when a symmetrical tide is imposed on the flat,
Upax should equal 0.244 m s~!. A flood-dominant
regime, however, enhances the tendency for the
flat to accumulate sediment and prograde, while
an ebb-dominant regime leads to the export of
sediment, so the flat retreats landwards over long
times.

Elevation above HW (metres)

16 L= L " .
2000 4000 6000 8000 10000

Distance from seaward boundary (metres)

12000

Fig. 8. Tidal range 6 m, Cpy = 0.1 kg m~3, ebb-dominated

tide, plots every 6000 tides. Initial profile (—); latest profile
()

4.2. Spring-neap cycle

Finally, we consider the effect of a pronounced
spring—neap variation in the tidal range. This is
typical of many macrotidal mudflats. Fig. 11
shows the evolution of a flat under the imposed
tide

() = 0.8 cos(20)[1+0.25 sin (ﬁ)] )

Elevation above HW (metres)

0 2000 4000 6000 8000 10000
Distance from seaward boundary (metres)

Fig. 9. Tidal range 6 m, Cpy, = 0.1 kg m~>, flood-dominated
tide, plots every 6000 tides. Initial profile (—); latest profile (---).
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Fig. 10. Envelopes of maximum ebb and flood velocity on
equilibrium flats, for boundary suspended sediment concentra-
tion Cpqy = 0.1 kg m~>, tidal range 6 m: results for symmetrical
tide on ebb-dominated equilibrium flat (—), ebb-dominated
tide on ebb-dominated equilibrium flat (- —), flood-dominated
tide on flood-dominated equilibrium flat (- -).
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which corresponds to spring and neap tidal ranges
of 7.5 and 4.5 m, respectively, similar to those
which occur, for example, on several flats in the
Severn estuary in the British Isles.

Despite the dramatic variation in tidal range,
the basic profile of the flat is still very similar to
that found before. An interesting difference is that
the rate of progradation is significantly reduced—
essentially because the upper part of the flat is now
inundated much less frequently and so has less
opportunity to accumulate sediment. In fact, the
rate of vertical accretion is now of the order of a
few millimetres per year (compared to between 20
and 360 mm yr~! for single-range tides), which is a
physically reasonable value (Whitehouse and
Mitchener, 1998; Christie et al., 1999; O’Brien
et al., 2000).

5. Conclusions

Despite the extremely simplified nature of our
model, it is capable of reproducing the main
features associated with tidally dominated equili-
brium mudflats. In particular, the characteristic
convex profile described theoretically by Frie-
drichs and Aubrey (1996) and empirically by
Kirby (2000) is reproduced, and the flats are found
to have a tendency to accumulate sediment over

-10 |

Elevation above HW (metres)

-15 |

0 2000 4000 6000 8000 10000
Distance from seaward boundary (metres)

Fig. 11. Cpqy = 0.1 kg m~3, tidal range 4.5-7.5 m; plots every
67200 tides. Initial profile (—); latest profile (—-); also shown
(-++) are maximum and minimum tidal elevations for spring and
neap tides.

long times. We find that the cross-shore width of
the flats is almost independent of tidal range, and
increases with sediment supply, as predicted by
Pritchard and Hogg (2001). We have found that
flood- or ebb-dominated tides lead to a steeper
equilibrium profiles, and that ebb-dominance may
lead to a flat which retreats over long times. Under
a spring—neap cycle, the overall character of the
results is not altered, but the rate of progradation
is substantially reduced (and is more similar to
measured values).

The main sediment transport process involved
in developing and maintaining the equilibrium
state may be characterised conceptually as settling
lag: since there is not a perfect symmetry between
the erosion and deposition fluxes Q. and Q,, there
is some hysteresis in the response of suspended
sediment concentration to current speeds, and the
net effect of this on a fully developed equilibrium
flat under symmetrical tidal forcing is to import
sediment. This mechanism is discussed in more
detail elsewhere (Pritchard and Hogg, 2001). This
effect is observed in many tidal situations (Dyer,
1986), and over intertidal flats it appears to be
associated with onshore sediment transport
(Christie et al., 1999; Bassoullet et al., 2000).
From this study, it is not clear why the flat adjusts
such that the maximum current velocity is almost
evenly distributed across it, although it seems
evident that this is not the result of a local balance.

The physically realistic character of our results
suggests that it may not be necessary for practical
purposes to consider more ““exotic” processes such
as sediment consolidation, and that other effects
(such as sub-aerial processes, biostabilisation or
bioturbation and sediment heterogeneity) may be
parameterised simply in terms of their effect on a
few bulk parameters. However, issues remain
which could be profitably investigated within this
modelling framework: in particular, the effect of
the phasing, relative to the cross-shore currents, of
sediment supplied by longshore currents; and the
patterns of evolution when the initial profile is very
far from equilibrium (for example, for a convex
initial profile). The latter might provide insight
into the response of tidal flats to engineering works
which significantly alter the local wave climate or
tidal regime.
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The major dynamical omission from our model
has been the effect of wind-generated waves in
mobilising sediment. As both the Dyer and Mehby
classifications (Dyer, 1998; Kirby, 2000) indicate,
it is the balance between wave-driven processes
and the ones described in this paper which controls
the morphology of most real flats. The role of
waves in mobilising sediment which is then
transported by tidal currents seems likely to be
particularly significant. A starting point for further
study of these processes has been provided by Lee
and Mehta (1997), and some simple modelling
work was carried out by Roberts et al. (2000), but
there remains a significant gap in our under-
standing of the morphodynamic effects of inter-
acting waves and tides. However, we hope that, by
clarifying both the essential processes involved in
one of the two fundamental forms of forcing, and
the equilibrium state reached by the system under
it, we have provided the basis for the development
of a more complete dynamical theory of mudfiat
morphology.
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