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Do intertidal flats ever reach equilibrium?

D. C. Maan1, B. C. van Prooijen1, Z. B. Wang1,2, and H. J. De Vriend1

1Department of Hydraulic Engineering, Delft University of Technology, Delf, Netherlands, 2Deltares, Delft, Netherlands

Abstract Various studies have identified a strong relation between the hydrodynamic forces and the

equilibrium profile for intertidal flats. A thorough understanding of the interplay between the hydrodynamic

forces and the morphology, however, concerns more than the equilibrium state alone. We study the basic

processes and feedback mechanisms underlying the long-term behavior of the intertidal system, restricting

ourselves to unvegetated intertidal flats that are controlled by cross-shore tidal currents and wind waves

and applying a 1-D cross-shore morphodynamic model. The results indicate that by an adjustment of the

profile slope and shape, an initial imbalance between deposition and erosion is minimized within a few

decades. What follows is a state of long-term seaward progradation or landward retreat of the intertidal

flat, in which the cross-shore profile shape is largely maintained and the imbalance between deposition

and erosion is not further reduced. These long-term trends can be explained by positive feedbacks

from the morphology onto the hydrodynamic forces over the flat: initial accretion (erosion) decreases

(increases) the shear stresses over the flat, which induces further accretion (erosion). This implies that

a static equilibrium state cannot exist; the flat either builds out or retreats. The modeled behavior is in

accordance with observations in the Yangtze Estuary. To treat these unbalanced systems with a

one-dimensional numerical model, we propose a moving (Lagrangian) framework in which a stable

cross-sectional shape and progradation speed can be derived for growing tidal flats, as a function of

the wave climate and the sediment concentration in deeper water.

1. Introduction

Intertidal flats, soft sediment beds located between the mean low water and mean high water spring tide,

exist in a variety of environments ranging from tidal basins to estuaries and open coasts [Flemming, 2002].

Abovemean sea level, intertidal flats generallymergewith vegetated saltmarshes. Together, saltmarshes and

intertidal flats form important habitats, where organic material accumulates and numerous types of living

organisms gather, feed, rest, breed, and nurse their offspring. The intertidal environment is indispensable to

the ecosystem far outside its boundaries and therefore often protected by international legislation, such as

the Ramsar Convention for the protection of migratory birds or the European Natura 2000 legislation.

On the other hand, intertidal flats and marshes are highly sensitive to changes in their environmental

conditions. Engineering works, aimed to protect the coast or facilitate navigation, as well as anthropogenic

climate change and sea level rise, often drastically affect the intertidal area. The Oosterschelde in the

Netherlands is anexampleof a systemwhere ananthropogenic interference (buildingof a stormsurgebarrier)

resulted in ongoing erosion of the intertidal flats [Eelkema et al., 2013]. In the Yangtze Estuary (China), the

intertidal area reduced after the construction of dams in the Yangtze River [Yang et al., 2011]. The Venice

Lagoon, on the other hand, is an example of systems where the future of the intertidal flats and salt marshes

critically depends on the rate of sea level rise in the next century [Marani et al., 2007].

Erosion of intertidal flats is generally undesirable, as a smaller area or a lower elevation of the flats implies less

food or a shorter dry period for wading birds to forage. It also implies a smaller buffer between (migrating)

channels and dikes; intertidal flats protect the dikes by providing geotechnical stability and dissipating wave

energy [Dyer, 1998; Kirby, 2000]. In order to support management decisions, a proper understanding of the

dynamics of the intertidal system and their response to engineering works and sea level rise is needed.

The functionality of intertidal flats for ecology and coastal defense depends on the shape of their cross-shore

profiles [Kirby, 2000]. For ecology and safety issues, high and convex upward (decreasing slope toward the

top of the tidal flat, henceforth simply called “convex”) profiles are generally preferred over low and concave
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upward (increasing slope toward the top of the flat, henceforth called “concave”) ones for their relatively wide

upper intertidal area [Kirby, 2000]. Relationships between the cross-shore equilibrium profiles of intertidal

flats and the environmental factors (sediment availability, wave climate, and tidal range) have been derived

in various studies [Friedrichs and Aubrey, 1996; Roberts et al., 2000; Friedrichs, 2011], both numerically and

analytically. Such a “morphodynamic equilibrium state” is commonly defined by a constant bed level over

some characteristic time span. It has been shown that the intertidal cross-shore profile, once in equilibrium

with the environment, tends to be convex under the influence of tidal currents, whereas the action of wind

waves yields more concave equilibrium profile shapes. For situations in which waves and tidal currents are

bothpresent, several authors have suggested that the cross-shore equilibriumprofile canbe classified accord-

ing to the “dominance” of waves over tides, i.e., to the relativemagnitude of thewave- and tide-induced shear

stresses [Kirby, 2000; Roberts et al., 2000; Friedrichs, 2011].

However, numerous studies show that a stationary morphodynamic equilibrium state is rather exceptional

and that coastlines are, in general, in an accretive or erosive state [Kirby, 2000; Pritchard et al., 2002; Van der

Wegen, 2010;Mariotti andFagherazzi, 2010; Tambroni andSeminara, 2012]. Numerical studies by Pritchardet al.

[2002] andWaeles et al. [2004] show that under influence of cross-shore tidal currents, intertidal flats prograde

or retreat in the long run, whereas the cross-shore profile shape is stable after a few decades of evolution.

Mariotti and Fagherazzi [2010] and Tambroni and Seminara [2012], both accounting for the effects of wind

waves and vegetation, show similar trends. Other studies show correlations between the accretive (erosive)

state and the convexity (concavity) of the cross-shore profile [Lee and Mehta, 1997; Dyer, 1998; Kirby, 2000,

2002; Liu et al., 2011; Friedrichs, 2011], aswell as the influence of net sedimentation on theprofile slope and the

width of the intertidal area [Pritchard and Hogg, 2003; Liu et al., 2011; Friedrichs, 2011]. Convex and accreting

flats have furthermore been linked to tidal dominance and concave and retreating flats to wave dominance

[Mehta et al., 1996; Kirby, 2000; Friedrichs, 2011], although Pritchard et al. [2002] showed that tidal asymmetry

can significantly change the effect of tides and that ebb dominance can cause the tidal flat to retreat with a

convex profile shape.

Subsequent studies sought for the criteria for which intertidal flats prograde or retreat and for which an equi-

librium state develops. Waeles et al. [2004] incorporated the effect of wind waves in their 1-D cross-shore

model and found that the possibility of an equilibrium state depends on the typical wave regime. Mariotti

and Fagherazzi [2010] showed that the state (progradation or retreat) furthermore depends on the sediment

supply and that the presence of vegetation influences the rate of progradation or retreat. In the same study,

the evolution of themarsh boundary and adjacent flat was determined for different scenarios of sea level rise.

Their results show that sea level rise (in time) is an important factor, which candeterminewhether an intertidal

flat will prograde or retreat.

Additional relevant studies on the intertidal morphodynamic equilibrium were carried out within 0-D frame-

works [Fagherazzi et al., 2006, 2007; Marani et al., 2007; De Swart and Zimmerman, 2009; Marani et al., 2010],

i.e., based on the assumption of a homogeneous bed level (platform). This approach is based on observa-

tions of characteristic intertidal landscapes inwhich large tidal platforms liewithin specific ranges of elevation

(separated by much steeper transition zones). Results of these studies suggest that wave-dominated inter-

tidal platforms migrate to stable equilibrium elevations [Fagherazzi et al., 2006; Marani et al., 2007; De Swart

and Zimmerman, 2009; Marani et al., 2010] and that the presence of vegetation and biomorphodynamic

feedbacks can further intensify the discrepancy between different stable elevations [Fagherazzi et al., 2006,

2007;Marani et al., 2007, 2010].

The present study is motivated by the wish to predict the consequences of engineering works for the status

of the intertidal flats in the Yangtze Estuary. The mudflats around the mouth of the Yangtze River are char-

acterized by the exposure to wind waves and the large supply of fine sediment from the Yangtze River

[Yang et al., 2008]. Studies show that both wind wave- and tide-induced forces play a significant role in the

morphodynamics of these flats [Yang et al., 2001, 2008]. In the period between 1982 and 1990, the intertidal

flats prograded with a smooth and convex shape (see Figure 1), presumably as a consequence of the abun-

dant sediment supply from the river. In the last few decades, the construction of dams in the river basin has

resulted in a strong reduction of the sediment supply. Subsequently, the progradation of the tidal flats has

stopped and the profiles have becomemore and more concave [Yang et al., 2011]. Yet the future of the inter-

tidal flats in the Yangtze Estuary remains uncertain: will the flats further prograde after a change in shape, will

a stationary balance be established, or is the change in shape an early indication for (long-term) erosion?

MAAN ET AL. IMBALANCED INTERTIDAL FLATS 2



Journal of Geophysical Research: Earth Surface 10.1002/2014JF003311

0 2 4 6 8 10

-1

0

1

-2

2

x (km)

1982
1990

20102006

seawall 1998 

10 m
5 m

123°E122°E121°E

°
2

3
N

°
1

3
N

°
0

3
N

Shanghai

Hangzhou Bay

[B]

a
e

S
a

ni
h

C
t

s
a

E

30 m
20 m0 30 km

N

Nanhui
Foreland

Qiantang River

Yangtze River

Chongming Island

[A]

B
e
d
 l
e
v
e
l 
re

la
ti
v
e
 t
o
 M

S
L
 (

m
)

Figure 1. (a) Observed cross-shore profiles near mean sea level at Eastern Chongming Island, modified from Yang et al.

[2011]. Indicated distances are relative to the 1980 seawall (km). The figure shows similar convex up cross-sections in

1982 and 1990 in combination with a horizontal progradation of the coastline. The profiles in 2006 and 2010 show

concave lines. (b) Map of the Yangtze River Delta; the red line indicates the transect in Figure 1a.

In this study we aim to determine the influence of the sediment supply and the wave climate on the state

(prograding, retreating, or in equilibrium) of intertidal flats that are dominated by cross-shore processes

(cross-shore tidal currents and wind waves) and to describe the morphodynamic feedback mechanisms that

underlie their long-term trends. We explicitly focus on the response of the intertidal system to constant envi-

ronmental conditions. Understanding the behavior of such a simplified system is a first step in predicting the

consequences of engineering works and of sea level rise for the status of intertidal flats. The role of biologi-

cal processes and salt marshes in the long-term biomorphodynamic evolution of intertidal flats are discussed

by several recent studies [van de Koppel et al., 2005; Marani et al., 2007, 2010; Mariotti and Fagherazzi, 2010],

but we focus on the interactions between the hydrodynamics and the cross-shore morphology on a bare

intertidal flat.

The behavior of the intertidal system is investigated by analyzing the evolution of the bathymetry and the

patterns of suspended sediment concentration and shear stresses, as well as the horizontal sediment fluxes,

over developing tidal flatswith a 1-D cross-shoremorphodynamicmodel (section 2). In section 3, themodel is

expressed in amoving reference frame, a way to derive the stable profile shapes andmigration velocities as a

function of thewave climate and sediment supply fromdeeperwater. The stable profile shapes andmigration

velocities are derived for two different combinations of hydrodynamic forcing: (1) tidal currents only and (2)

tidal currents plus wind waves. Our results are used to interpret the development of the flats in the Yangtze

Estuary in section 4. Although the tidal flats in the Yangtze Estuary are likely also influenced by long-shore

MAAN ET AL. IMBALANCED INTERTIDAL FLATS 3



Journal of Geophysical Research: Earth Surface 10.1002/2014JF003311

currents, especially on the deeper part of the intertidal area [Le Hir et al., 2000], we believe that our results

provide anexplanation for the first-order processes that underlie themigrationof these flats in the cross-shore

direction. Conclusions are drawn in section 5.

2. Eulerian Framework
2.1. Model Description

Process-basednumericalmodels provide the framework to study thebasic processes underlying the intertidal

flat evolution. We developed a 1-D cross-shore model that computes cross-shore tidal flow and the growth

(shoaling) and decay (dissipation and breaking) of incoming wind waves over a tidal flat, the associated

tide- and wave-induced shear stresses, the sediment transport, and the induced morphological changes. By

using a cross-shoremodel, we neglect the effect of the long-shore current and long-shore sediment transport

on the cross-shore profile and any other interaction with the long-shore dimension. The study is therefore

applicable for wide, gently sloping tidal flats, normally found at locations with a large supply of fine sedi-

ment [Flemming, 2002]. Themodel is howevermore comprehensive than the 1-D cross-shoremodels used by

Roberts et al. [2000] and Pritchard et al. [2002], because it includes a more detailed description for the effects

of wind waves on the bed shear stress. Furthermore, we do not neglect the dispersion term in the sediment

transport equation (equation (4)). Actually, our model is quite similar to the one used byWaeles et al. [2004],

although we do not include the effects of nonlinear current and wave interactions and the presence of biota

on the bed shear stress.

The model is forced by a constant external sediment concentration at the boundary, which is assumed to

be independent of the intertidal flat morphodynamics and the gain or loss of sediment over the tidal flat.

This boundary can be formed by a tidal channel, for instance, or the mouth of a river, in which the sediment

concentration is largely determined by other (larger-scale) processes.

The water depth and cross-shore tidal currents are evaluated in time by the conservation equations for mass

and momentum, respectively,

�h

�t
+

�uh

�x
= 0, (1)

�u

�t
+ u

�u

�x
= −g

��

�x
−

�bc

�wh
(2)

where h is the water depth, u is the cross-shore flow velocity, � is the water level, g is the acceleration due

to gravity, �w is the density of water, and �bc represents the bed shear stress (i.e., bed-induced friction on the

flow), given by the quadratic drag law:

�bc = �wCdu
2. (3)

in which Cd is a constant drag coefficient (Table 1), see Soulsby [1997]. Hence, the effect of wind shear stress

on the depth-averaged flow is not calculated. Wind waves are, however, included by making an assumption

for the height of the incoming wind waves at the model boundary (see below).

The sediment concentration is described by the advection-dispersion equation:

�ch

�t
+

�uch

�x
−

�

�x

(

Kh
�c

�x

)

= E − D, (4)

where c is the suspended sediment concentration, K is the dispersion coefficient, and E and D are the vertical

erosion and deposition fluxes, respectively, (see equations (13) and (14)). For the computation of the flow and

sediment transport we apply a minimum depth of 10 cm for the flooding-drying procedure (i.e., at smaller

depths the flow velocity and the sediment transport rates are taken equal to zero).

The wave height at the model boundary is set at each time step by a random draw from the Rayleigh distri-

bution around a constant mean value (Table 1). Themodel calculates the corresponding wave height at each

grid cell, taking into account wave shoaling and dissipation due to bed friction, by the continuity equation for

the wave energy flux [Christoffersen and Jonsson, 1985]:

dEf

dx
=

d

dx

(

1

8
�wgH

2cg

)

= −Dw, (5)
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Table 1. Settings for Model Parameters

Parameter Value Description

ws 0.2 ⋅ 10−3 Settling velocity (m s−1)

me 5 ⋅ 10−5 Erosion coefficient (kg m−2 s−1)

�cr 0.1 Critical shear stress for erosion (N m−2)

K 100 Dispersion coefficient (m2 s−1)

�dry 900 Dry bed density (kg m−3)

d50 30 Mean sediment diameter (μm)

T 2 Wave period (s)

H0 0.2 Average wave height at the model boundary (m)

Cd 0.003 Drag coefficient [Soulsby, 1997]

[TM2,HM2] [12.4167, 1.356] M2 tidal constituent [period(h),amplitude(m)]

[TS2,HM2] [12, 0.6440] S2 tidal constituent [period(h),amplitude(m)]

dt 40 Time step (s)

dx 200 Grid size (m)

in which Ef is the wave energy, H the wave height, cg the group velocity, and Dw the energy dissipation. cg is

given by linear wave theory

cg =
cw

2

(

1 +
2�h

sinh(2�h)

)

, (6)

in which cw is the phase velocity:

cw =

√

g

�
tanh(�h). (7)

The wave number � is related to the water depth and the wave period (Table 1) via the dispersion relation

according to linear wave theory (computed via a numerical iteration algorithm based on Newton’s method).

The energydissipation in thewaveboundary layer canbe related to the amplitudeof thewaveorbital velocity,

U� , and the “energy loss factor” fe [Justesen, 1988; Fredsoe and Deigaard, 1992]:

Dw =
2

3�
�wfeU

3
�
. (8)

U� is given by [Van Rijn, 1993]

U� =
�H

T sinh(�h)
, (9)

The energy loss factor can be approximated by the wave friction factor [Justesen, 1988; Fredsoe andDeigaard,

1992], which is calculated by [Swart, 1976]

fw = min

[

exp

(

−6 + 5.2 ⋅

(

A�

2.5 ⋅ d50

)−0.19
)

, 0.3

]

, (10)

in which A� is the amplitude of the wave orbital excursion,

A� =
U�

	
, (11)

with 	 = 2�∕T the wave angular velocity.

Furthermore, the change inwaveheightdue towavebreaking in the surf zone is taken into accountby limiting

the wave height to a fraction fr of the water depth, i.e.,

H = min
[

H, frd
]

(12)
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This criterion is applied after the derivation of the wave height by equation (5). Our results are produced with

fr = 0.7, but the model has been run for different fractions as well, ranging from 0.5 to 0.8. Although the

distribution and the peak value of the wave energy on the flat are altered significantly by this parameter, this

is not relevant for the concepts that are presented in this paper.

The erosion and deposition fluxes in equation (4) are computed by [Ariathurai, 1974; Winterwerp and Van

Kesteren, 2004]

E = max

[

me

(

�′
b

�cr
− 1

)

, 0

]

(13)

and

D = c ⋅ ws, (14)

whereme is the erosion rate coefficient, �′
b
the total skin friction acting on the grains (i.e., that part of the total

bed shear stress that directly acts on the sediment particles [Fredsoe and Deigaard, 1992], see equation (15)),

�cr the critical bed shear stress for erosion, andws the settling velocity. This description,whichdoesnot include

a critical bed shear stress for deposition, implies that erosion and deposition occur simultaneously when the

shear stress exceeds its critical value for erosion [Winterwerp andVanKesteren, 2004]. Bed load transport is not

taken into account; we focus on intertidal flats that are composed of fine sediments.

The total skin friction consists of a wave- and a tide-induced part, which are assumed to be additive

(neglecting nonlinearities due to wave-current interactions, see Soulsby and Clarke [2005]):

�′
b
= �′

bc
+ �′

bw
. (15)

The tide-induced skin friction is derived from the tidal flow velocity [Van Rijn, 1993]:

�′
bc

=
1

8
�wfcu

2, (16)

with friction factor

fc = 0.24

(

log

(

12 ⋅ h

2.5 ⋅ d50

))−2

, (17)

where d50 is the median sediment diameter. The wave-induced skin friction is calculated by [Van Rijn, 1993]

�′
bw

=
1

4
�wfwU

2
�
, (18)

which is related to the wave height via equation (9). The model does not account for any extra shear stress

due to wave breaking induced turbulence.

After calculating the erosion and deposition fluxes, bed level changes are computed from

d


dt
=

1

�dry
(D − E) , (19)

in which �dry is the dry bed density (Table 1) and D and E the deposition and erosion fluxes. �dry is assumed

to be constant in time; i.e., the difference in compaction between freshly depositedmud and the older bed is

neglected.

For some simulations, a so called “morphological factor”M is used to speed up the calculation process [Lesser

et al., Roelvink, 2006]. Bed level changes over a period ofM spring-neap cycles are then derived by calculating

the bed level changes over one spring-neap cycle and multiplying, at each hydrodynamic time step, the bed

level changes byM. This method can only be applied when the bed level changes within the considered time

period (M times the spring-neap period) are so small that they do not significantly affect the hydrodynamics.
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Table 2. Simulation Codes With Boundary Conditions and Parameter

Values

Code c0 (kg m−3) Waves (m) K (m2 s−1) ws (m s−1) M

E1 0 no 100 0.2 ⋅ 10−3 50

E2 0.15 no 100 0.2 ⋅ 10−3 10

E3 0.05 0.2 100 0.2 ⋅ 10−3 20

E4 0.3 0.2 100 0.2 ⋅ 10−3 20

E5 5 ⋅ 10−4 0.2 1 0.2 ⋅ 10−3 20

Lg1 0.01 no 100 0.2 ⋅ 10−3 5

Lg2 0.1 no 100 0.2 ⋅ 10−3 5

Lg3 0.2 no 100 0.2 ⋅ 10−3 5

Lg4 0.3 no 100 0.2 ⋅ 10−3 5

Lg5 0.1 0.2 100 0.2 ⋅ 10−3 10

Lg6 0.2 0.2 100 0.2 ⋅ 10−3 10

Lg7 0.3 0.2 100 0.2 ⋅ 10−3 10

Lg8 0.4 0.2 100 0.2 ⋅ 10−3 5

Lg9 0.1 0.2 1 0.2 ⋅ 10−3 1

Lg10 0.2 0.2 1 0.2 ⋅ 10−3 1

Lg11 0.3 0.2 1 0.2 ⋅ 10−3 1

Lg12 0.4 0.2 1 0.2 ⋅ 10−3 1

Lg13 0.1 0.2 100 0.5 ⋅ 10−3 1

Lg14 0.2 0.2 100 0.5 ⋅ 10−3 1

Lg15 0.3 0.2 100 0.5 ⋅ 10−3 1

Lg16 0.4 0.2 100 0.5 ⋅ 10−3 1

The effect of this factor was therefore always verified at different stages of the simulation by running a similar

model with smaller factors in parallel during certain time intervals. The values for the applied factors are

indicated in Table 2.

The shallow-water equations were implemented on a staggered grid following the description by Stelling and

Duinmeijer [2003], with the only difference that the flow velocity in the water level points is approximated

by a midpoint scheme (taking the average of the two faces; this gives a more accurate approximation of the

flow velocities near the tidal front, compared with an upwind scheme). The continuity equation for the wave

energy flux (given by equations (5) and (8)) is discretisized by a simple first-order forward difference scheme.

2.2. Parameters and Boundary Conditions

To run the model, several physical and numerical parameters have to be set (see Table 1 for an overview).

One of the most uncertain parameters is the horizontal dispersion coefficient K . Following Ter Brake and

Schuttelaars [2010] and vanProoijen andWang [2013], we assume K=100m2 s−1, in order to empirically repre-

sent a number of mixing processes that cannot be resolved in a 1-D framework. Note that mixing does occur

not only due to (small-scale) turbulence but also, for instance, by larger-scale flow patterns and circulations

that result from irregularities in the 2-D bathymetry and geometry [Fischer, 1976; Zimmerman, 1976; Geyer

and Signell, 1992]. As we cannot include any of these underlying processes in a 1-D model, we account for

their mixing effect by a dispersion term in equation (4). The sensitivity to this parameter has been tested by a

comparison with results for K = 1m2 s−1 (section 2.3.5).

Since the evolution of the Yangtze tidal flats has our particular interest, many of the other parameters were

chosen to correspond with the conditions in the Yangtze Estuary [Hu et al., 2009; Chu et al., 2010; Shi et al.,

2012]. The sensitivity of the results to a limited amount of parameter variations has been tested (section 3.3).

Although the values of the model parameters influence the morphodynamic evolution for a given set of

boundary conditions, theywere found to have less effect on the different types of solutions that can be found

by varying the boundary conditions; our qualitative results are therefore expected to be valid for a ratherwide

range of parameter values.
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Also boundary conditions have to be imposed. At the seaward boundary, the water level is described by a

symmetric spring-neap tidal cycle:

� (t) = HM2 ⋅ cos

(

2�

TM2

t

)

+ HS2 ⋅ cos

(

2�

TS2
t

)

, (20)

in which HM2 and TM2 and HS2 and TS2 are the amplitude and period of theM2 and S2 harmonic constituents,

respectively (Table 1). The effect of an asymmetric tidal variation at the boundary on the equilibrium pro-

file shapes and the long-term trends is captured by Pritchard et al. [2002]. They found that a flood-dominant

regime enhances the tendency of the flat to accumulate sediment and prograde, while an ebb-dominant

regime leads to export of sediment and a retreating flat. Both types of asymmetries furthermore resulted in

steeper cross-shore profiles compared with a symmetric tidal variation. In the current study we describe the

dependencies of the state of the flat (stationary, prograding, or retreating) on the sediment availability and

the wave climate in case of a symmetric tidal variation. However, the effect of the superharmonic M4 tide

for the situation in the Yangtze Estuary (where the ratio between the M4 and the M2 tide is smaller than 0.2

[Chu et al., 2010]) was investigated. The inclusion of the M4 tide, tested for different phase lags, did not

significantly affect the results that are presented in this paper.

At the same boundary, a constant value is imposed for the sediment concentration (i.e., tidal variation in the

sediment concentration at the boundary is not taken into account) and for themeanwave height (Table 1). At

the landward boundary the flow velocity is set equal to zero, representing a closed boundary (sea wall). The

possibility of reflection of wind waves at the closed boundary is neglected.

The initial profiles are straight lines. The obtained steady profile shapes are independent of the initial shape

and slope, but it is important that the initial profile is chosen not too high and steep (because the top of the

intertidal range cannot easily erode once it is established).

2.3. Results

2.3.1. Tides Only—Stationary

The response of intertidal flats to a constant sediment concentration at their boundary is investigated for two

different settings of the hydrodynamic forcing: (1) tidal currents only and (2) tidal currents plus wind waves.

Each simulation is givena codeas indicated in the captionof thefigures, andanoverviewof the corresponding

boundary conditions is given in Table 2. For reasons of convenience, the time intervals and time spans indi-

cated in the captions are rounded values. The exact time step does always correspond with a whole number

of tidal periods.

We first consider the simulations without wind waves. Figure 2 shows a simulation for a sediment concentra-

tion of 0 kg m−3 at the boundary. Starting from a linear profile, the adjustment of the profile slope and shape

is rapid in the first decades. After approximately 200 years, the flat is stable. At this stage, the instantaneous

shear stresses on the profiles do not exceed the critical value for erosion (�cr = 0.1 N m−2, Figure 3), so that

there is no sediment transport.

2.3.2. Tides Only—Progradation

Also for a boundary concentration of 0.15 kg m−3, the adjustment of the profile slope and shape is rapid in

the first decades (Figure 4). In this case, the intertidal flat evolves into a state of steady progradation. Roughly,

three phases can be distinguished in this simulation, indicated by P1–P3 in Figure 4:

1. Within the first few decades, the slope and shape adjust from an initial profile to a relatively stable shape.

Hence, the initial erosion of the lower flat, which steepens the profile before accretion, starts to dominate

everywhere on the flat.

2. A longer period follows in which accretion is mainly translated into a horizontal progradation.

3. The shape changes significantly when the intertidal area (above mean sea level (msl) −2 m in the figure)

reaches the model boundary. This phase is physically irrelevant, since long-shore processes (which we

neglect) will be dominant if the intertidal flat approaches the model boundary (note that the boundary

represents the conditions in a tidal channel).

The tide-averaged gross erosion and deposition fluxes (Figure 5a) have a maximum at the boundary and

decrease toward the top of the flat. The sedimentation rates are much smaller than the gross erosion and

deposition fluxes (compare Figures 5a and 5b). An exact balance is, however, not reached: the tide-averaged

MAAN ET AL. IMBALANCED INTERTIDAL FLATS 8
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Figure 2. Evolution from an initial bathymetry (from the dashed black line, via the solid colored lines, to the dotted red

line), forced with tidal currents only and without suspended sediment at the boundary (c0 = 0 kg m−3) , plotted for a

total time span of 240 years and time intervals of 40 years (simulation E1, see Table 2).
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Figure 3. (a) Water levels, (b) flow velocities, and (c) shear stresses at different moments during a tidal cycle (at spring

tide) on the equilibrium profile after 240 years of morphodynamic evolution under influence of tidal currents only and

c0 = 0 kg m−3 , i.e., on the dotted red profile in Figure 2 (simulation E1).
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Figure 4. (a) Evolution from an initial bathymetry (from the dashed black line, via the colored lines, to the red line),

in case of tides only and c0 = 0.15 kg m−3 (simulation E2). The total time span is 160 years with plotting time steps

of 10 years. The gray horizontal lines refer to the bed levels of the lines in Figure 4b. (b) Distance toward the open

boundary against time for different bed levels in the intertidal zone. Straight lines indicate that the progradation speed

is constant in time (constant celerity). Parallel lines indicate a pure horizontal shift (uniform celerity). Convergence or

divergence of the lines indicate shape changes. At a relative short time scale, the flat evolves into a prograding system

in which the shape is largely maintained and the progradation speed is constant in time (phase 2).

sedimentation rates remain of the same order of magnitude throughout the steady progradation stage. Hori-

zontally, advection is thedominant process overmost of the flat (Figure 5c). Both the advection anddispersion

fluxes induce a landward sediment transport, i.e., in the direction down the tide-averaged concentration

gradient (compare Figures 5a and 5b; note that the deposition in Figure 5a is directly proportional to the

concentration, equation (14)).

2.3.3. Tides and Wind Waves—Retreat

Subsequently, we consider the simulations with wind waves. For 0.05 kg m−3 at the open boundary, a

long-term erosive state develops (Figure 6). The uppermost part of the tidal range fills up in the very early

stage of the evolution (within the first decades), so that a bank is formed at the top. A stationary equilibrium

state is only reached after a large part of the intertidal area is eroded away (see Figure 6). During the erosive

stage, the cross-shore shape of the profile (excluding the top) is largelymaintained, as can be seen from the
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Figure 5. Tide-averaged sediment fluxes over the developing flat of Figure 4 after 40 years (dark blue) and 80 years

(light green) of evolution, i.e., corresponding with the thick dark blue and light green profiles in Figure 4a, respectively

(simulation E2). (a) Deposition and erosion fluxes. (b) Net sedimentation. (c) Horizontal advection and dispersion fluxes.

Landward is defined positive.
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Figure 6. (a) Evolution from an initial bathymetry (from dashed black, via solid colored, to dotted red) in case of tides

and wind waves (0.2 m) and a suspended sediment concentration at the boundary of 0.05 kg m−3 (simulation E3). The

total time span is 600 years with steps of 40 years. In the last 200 years the bathymetry (red line) did not change any

longer. (b) Distance toward the open boundary against time for different bed levels in the intertidal zone. Straight lines

indicate a constant celerity. Parallel lines indicate an uniform celerity. Convergence or divergence of the lines indicate

shape changes. The intertidal flat below the top part shifts horizontally with a stable cross-shore profile.

parallel lines in Figure 6b. The maintenance in cross-shore shape implies that the whole intertidal flat, except

for the top, retreats landward (henceforth, wewill therefore refer to this state as “retreating,” despite the fixed

position of the bank).

Figures 7a and 7c indicate that peaks in the instantaneouswave-induced shear stresses occur close to the tidal

front, i.e., in very shallowwaters. The tide-averaged gross erosion and deposition fluxes have a wave-induced

maximum on the intertidal flat, and the peaks shift landward with the migration of the flat (Figure 8a). Note

that the maximum of the tide-averaged fluxes is determined by a combination of (1) the magnitude of

the shear stresses during the period in which a section is underwater (which increases with increasing bed

elevation due tomaximumwave-induced shear stress in very shallow waters, see Figure 7) and (2) the period

in which the section is underwater (which decreases with increasing bed elevation). The net sedimentation

rates are small butdonot significantly decreaseduring the stateof gradual retreat (Figure 8b). Horizontally, the

gross landward advection and dispersion terms are of similarmagnitude but of opposite direction (Figure 8c).
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Figure 7. (a) Water levels, (b and c) tide- and wave-induced shear stresses, and (d and e) horizontal fluxes at different

moments within a tidal cycle (during spring tide) on a profile that is obtained after 80 years of morphodynamic

evolution under influence of tidal currents and wind waves and c0 = 0.05 kg m−3 , i.e., on the thick dark blue profile in

Figure 6a (simulation E3). In order to better compare the wave-induced force at different elevations, a constant wave

height at the boundary has been chosen (H0 = 0.2m), instead of the random draw from the Rayleigh distribution that

has been used for the morphodynamic calculations.
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Figure 8. (Simulation E3) Tide-averaged sediment fluxes over the developing flat of Figure 6 after 80 years (dark blue)

and 160 years (light blue) and over the equilibrium state after 400 years of evolution (dark red). (a) Deposition and

erosion fluxes. (b) Net sedimentation. (c) Horizontal advection and dispersion fluxes. Landward is defined positive.
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Figure 9. (a) Evolution from an initial bathymetry (from dashed black, via solid colored, to dotted red), under influence of

tides and wind waves and c0 = 0.3 kg m−3 (simulation E4) . The total time span is 280 years, with plotting time steps of

8 years. The gray horizontal lines refer to the bed levels of the lines in Figure 9b. (b) Distance toward the open boundary

against time for different bed levels in the intertidal zone. Straight lines indicate a constant celerity. Parallel lines indicate

an uniform celerity. Convergence or divergence of the lines indicate shape changes. At a relative short time scale, the

flat evolves into a prograding system in which the shape and progradation speed is largely maintained (phase 2).

The tide-averaged dispersion flux is seaward over almost the entire intertidal flat, indicating that the real-time

concentration is (generally) maximal close to the tidal front (i.e., at every moment in time the concentration

gradient drives a seaward dispersion flux). The tide-averaged advection flux, on the other hand, is landward

over the intertidal area but seaward on the lower (subtidal) flat. The net transport is seaward during the period

of long-term retreat, indicating a predominance of dispersion processes on the intertidal flat. In the stationary

equilibrium state, a net horizontal sediment transport remains over every tidal cycle. Overmultiple tidal cycles

the net transport balances out, so that the bed level remains steady in the long run.

2.3.4. Tides and Wind Waves—Progradation

For a sediment concentration at the boundary of 0.3 kgm−3, a state of steady progradation develops within a

few decades, see Figure 9. The action of windwaves results in localmaxima in the tide-averaged gross erosion

and deposition fluxes (and hence in the concentration) on the intertidal flat, which shift seaward as the flat

progrades (Figure 10a). Themaximum concentration is, however, found at themodel boundary. In Figure 10b
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Figure 10. Tide-averaged sediment fluxes over the developing flat of Figure 9 after 32 years (dark blue) and 72 years

(light blue) of evolution (i.e., on the thick lines with corresponding color in Figure 9) (simulation E4). (a) Deposition and

erosion fluxes. (b) Net sedimentation. (c) Horizontal advection and dispersion fluxes. Landward is defined positive.
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Figure 11. Evolution from an initial bathymetry (from the dashed black line, via the solid colored lines, to the dotted red

line) in case of tides and waves, a suspended sediment concentration at the boundary of 5 ⋅ 10−4 kg m−3 , and a

dispersion coefficient of K = 1m2 s−1 (simulation E5). Time steps between two successive lines is 40 years, and the total

time span is 840 years.

we see once more that the sedimentation rates in the prograding state are small compared with the gross

deposition and erosion fluxes, but the differences are persistent (i.e., do not decrease in time). The horizon-

tal sediment transport is mostly dominated by advection, which induces a landward transport (Figure 10c).

Dispersion gives a negative (seaward) contribution over a large part of the intertidal flat.

2.3.5. Variation of the Dispersion Coefficient

To test the sensitivity of the results to the dispersion coefficient, the experiments were repeated with

K = 1 m2 s−1. Only a little sensitivity to such a variation was found for high boundary concentrations (i.e.,

boundary concentrations that result in prograding profiles for K = 100m2 s−1). This will be demonstrated and

further discussed in section 3.3.2.

For lower boundary concentrations (that result in retreat forK = 100m2 s−1), the state of the flat (progradation

or retreat) was found to depend critically on the dispersion coefficient. For a concentration of 0.05 kgm−3 and

a dispersion coefficient of K = 1m2 s−1, the dispersion flux is negligible. Under influence of a net landward

advection flux, a prograding state is established (opposed to the retreating state in Figure 6).

In order to determine the conditions for which a state of long-term retreat is established for K = 1 m2 s−1,

the boundary concentration was lowered systematically. For a concentration of C0 = 5 ⋅ 10−3 kg m−3, a pro-

grading state is established with a progradation speed of 2m yr−1. For C0 = 5 ⋅ 10−4 kgm−3, a retreating state

was found for the first time, see Figure 11. Note that the relative difference between the gross erosion and

deposition flux is very small (they are even indistinguishable in Figure 12a). Net sedimentation rates and a net

seaward transport, however, remain (Figures 12c and 12d); in the very long run this intertidal flat is found to

be erosive. Note furthermore that the role of the dispersion flux in the horizontal transport over the intertidal

area is significant (Figure 12c), despite the low dispersion coefficient. On the subtidal flat, where the real-time

concentration gradients are smaller, the transport is totally determined by (net seaward) advection.

2.4. Discussion
2.4.1. Horizontal Migration

Our results show that an equilibrium state is generally not (directly) reached. A stationary state only develops

when waves are absent and the sediment concentration is zero at the boundary, in which case the shear

stresses fall under the critical value for erosion. Such a stationary state for C0 = 0 kg m−3 was also found by

Pritchard et al. [2002]. In the other cases, a state of long-term progradation or retreat develops, depending on

the combinationof sediment supply andwave climate. The steadyprogradationobtained for a symmetric tide

at the boundary and in the absence of wind waves is in agreement with the findings of Pritchard et al. [2002],

Waeles et al. [2004], and Le Hir et al. [2007]. The horizontal migration of intertidal flats in the presence of wind
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Figure 12. Tide-averaged sediment fluxes over the developing flat of Figure 11 after 840 years of evolution (simulation

E5). (a) Gross deposition and erosion fluxes (these are hardly distinguishable in this plot). (b) Net sedimentation.

(c) Horizontal advection and dispersion fluxes. Landward is defined positive.
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waves has been produced before byMariotti and Fagherazzi [2010] and Tambroni and Seminara [2012], while

Waeles et al. [2004] noted that it depends on the typical wave regime whether a flat migrates horizontally or

reaches a stationary equilibrium state. The dependency of the state (progradation or retreat) on the sediment

supply is in accordance with the studies byMariotti and Fagherazzi [2010] and Tambroni and Seminara [2012],

which both discuss the importance of the amount of sediment supply in combination with the rate of sea

level rise.

To understand the long-term evolution of intertidal flats and the reason why they do not (directly) approach

a stationary equilibrium state (on the typical time scale at which the profile shape can adjust), we specify

and distinguish themechanisms which work in favor of such an equilibrium state from those working against

it. For the explanation that follows, we first consider an initially accretive intertidal system with a constant

sediment concentration at the seaward boundary. This implies that there is a net inflow of sediment and the

elevation of the flat is increasing in time. Because the sediment concentration at the boundary is assumed to

be constant, an equilibrium state could be approached mainly via an increase of the (tide-averaged) erosion

over the intertidal flat, which would reduce the gradient in the seaward increasing concentration and the net

inflow (via both advection and dispersion) of sediment. Hence, the question is whether an increase of the

elevation of the flat leads to an increase (favoring equilibrium) or a decrease (resisting equilibrium) of the bed

shear stresses on the flat. We will analyze this “morphodynamic feedback” for (1) tidal currents only and (2)

tidal currents plus wind waves.

Furthermore, in order to understand the stable profile shape of prograding and retreating tidal flats, it is nec-

essary to distinguish different sections of the intertidal area and to consider (1) for each section the “local

morphodynamic feedback” (i.e., the effect of a local bed level change on the local imbalance) and (2) themor-

phodynamic feedbacks between the different sections (i.e., the feedback between a local bed level change

and the surrounding tidal flat). In our analyses we assume that local imbalances between the deposition an

erosion fluxes are affected (i.e., diminishedor intensified) by the local bed levelmainly via the erosion flux. This

implies that the effect of a bed level change on the deposition flux is assumed to be relatively small. Note that

the suspended sediment concentration (to which the deposition flux is linearly related via ws) is determined

by the space- and time-integrated deposition and erosion fluxes. Due to settling lag and scour lag effects, the

local depositionfluxdependson the erosion anddeposition rates on the surrounding tidal flat and is therefore

assumed to be less controlled by the local bed level than the local erosion flux.

2.4.2. Underlying Feedbacks—Tides Only

First, consider the situation without wind waves. The cross-shore tidal current velocity on the flat at a certain

location and time can be approximated by [Friedrichs and Aubrey, 1996]

u(x) =
1

�

d�

dt
, (21)

where � is the average bed slope fromposition x toward the position of the tidal front and � (t) the water level

(in this derivation assumed to be homogeneous, i.e., uniform over the width of the tidal flat).

For a high concentration at themodel boundary, net sedimentation will in first instance bemost pronounced

on the subtidal and lower intertidal flat, closest to the model boundary (note that the higher flat is too far

away to receive sediment directly from themodel boundary). On these sections,maximumcurrents are found

during the maximum rate of water level variation and can be approximated by [Friedrichs and Aubrey, 1996;

Le Hir et al., 2000]

u(x) =
�R

�Ttide
, (22)

where � is now the average bed slope from position x toward the tidal front at mean sea level, Ttide, the tidal

period, and R the tidal range. An increase in the bed level on the subtidal and lower flat would decrease the

slope toward the tidal front over the whole period in which the bed is submerged, including the period of

maximum tidal current. This would increase the tidal flow velocities, shear stresses, and the gross erosion flux

over the period in which a section is underwater. This indicates a negative (stabilizing) feedback between the

local bed level and the hydrodynamic forces: the erosion and deposition fluxes approach a local balance. Due

to this negative feedbackmechanism, the slopes on the lower tidal flat stabilize within the first decades of the

evolution (see Figures 4, 6, and 9), although an exact balance on the lower flat cannot completely be reached
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Figure 13. Feedback loops on a “tide controlled” flat. The arrows with positive and negative signs indicate positive

and negative influences inbetween the parameters, respectively. An uneven number of negative influences within a

loop results in a balancing feedback loop, whereas an even number of negative influences within a loop results

in a reinforcing feedback loop. The bed level on the lower flat is controlled by a balancing feedback loop, i.e., if the

deposition flux is initially larger than the erosion flux, i.e., c − ce > 0, net sedimentation occurs and the bed level rises,

resulting in locally larger tidal flow velocities and shear stresses, which diminish the initial imbalance. The bed level on

the higher flat is controlled by a reinforcing feedback loop; an initial imbalance is amplified, because a rise (decay) in the

bed level results in smaller (larger) tidal flow velocities and smaller (larger) shear stresses on the bed. At the same time,

a rising upper flat reduces the tidal flow and shear stresses on the lower flat (indicated by the arrow with negative sign

inbetween the loops), resulting in a migration of the whole flat.

before the upper intertidal flat is in balance (because the shear stresses are influenced by the upper intertidal

flat morphology). At the same time, the increased erosion rates on the lower flat result in an increase in the

sediment supply toward the higher sections.

As stated above, a rise in the bed level decreases the slope toward the tidal front over the whole period in

which a location is submerged. This effect locally increases the shear stresses. However, on the higher sections

of the intertidal area, an additional effect dominates the local morphodynamic feedback: Abovemsl, the time

derivative of the water elevation (factor
d�

dt
in equation (21)), during the period in which a section is under-

water, decreases with increasing elevation (with the most rapid decrease on the highest part of the tidal flat,

assuming a sinusoidal water level variation in time). On the higher flat, an ascending bed level therefore leads

to the exclusion of a period ofmaximumerosion rates. Hence, a rise in the bed level on this section is expected

to cause a decrease in the erosion rates during the period in which a section is underwater. This implies that,

once the supply toward the upper flat is abundant (and remains constant), there is nomechanism to increase

the local erosion rates. As a result, sediment will accumulate on the upper part of the intertidal profile.

Different sections of the profile do not, however, evolve independently of each other: sedimentation on the

upper intertidal flat increases the slopes from the lower flat toward the top of the flat (i.e., increase � in

equations (21) and (22)) and hence decreases the tidal shear stresses on the lower sections: sedimentation on

the upper flat will induce further seaward sedimentation. Because the local feedback on the lower flat favors

local equilibrium, the slopes over the lower flat are continuously restored while the upper flat accretes. In this

way, the flat shifts horizontally while the cross-shore shape, concentration gradients and sediment transport

over the flat are conserved: a stationary balance cannot be established. Figure 13 outlines this concept.

Conversely, a state of long-term retreat, in which the flat retreats landward while the cross-shore shape is

maintained, is to be expected in case of an erosive upper flat in combinationwith a “stable” lower flat: erosion

on the upper intertidal flat would increase the tidal current velocities, bed shear stresses, and erosion rates on

the lower sections and therefore induce a state of long-term retreat (i.e., the opposite of the situation in the

foregoing paragraph). We could, however, not find such a state in case of tides only. The tidal flow velocities
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and shear stresses generally decrease toward the shore, which favors a net landward sediment transport

(see section 2.4.4).

2.4.3. Underlying Feedbacks—Tides and Wind Waves

Now we consider the situation in which wind waves are present. Because the lower elevations are generally

dominated by tidal currents, the lower (sub) tidal flat is assumed to be stable (i.e., dominated by a nega-

tive feedback between the tide-induced erosion and the bed elevation, see above). For the part which is

dominated by wind waves, the dependency of the erosion rates on the bed level is less straightforward.

Fagherazzi et al. [2006] and De Swart and Zimmerman [2009] explained the bimodal character of

wave-dominated intertidal flats by considering the dependency of the wave-induced bed shear stress on the

water depth. These studies consider the effect of locally generated wind waves on a platform with uniform

(homogenous) water depth. The shear stress on the bed was found to be limited for both deep platforms

(where the bottom is too deep to be affected by the waves) and shallow platforms (where the wave height is

limited due to dissipation), and maximum for platforms with an intermediate water depth [Fagherazzi et al.,

2006]. For a tidal flat (with a tidal water level variation), this implies that thewave impact is limited to the subti-

dal elevations (where thewater depths aremainly larger than the depth at which themaximumwave erosion

occurs) and to the uppermost section of the intertidal range (where depths are mainly smaller than the one

at which the maximum wave erosion occurs). Maximum erosion rates can be expected for intermediate ele-

vations. This suggests that a stable interval exists from the elevation where waves start to dominate toward

the elevation at which the maximum in wave erosion occurs, while an unstable interval could be expected

for the higher part of the tidal range (after the location where the maximum in wave erosion occurs). This

would result in a vertically migrating bed on the upper section; the bed accretes or erodes until a stable level

is reached.

The situation is different, however, for a sloping bed and waves that approach the shore from deeper water.

Our results indicate that in this situation maximum wave shear stresses occur close to the tidal front, i.e., in

very shallowwaters (see Figure 7). Theheight of thepeaks is found tobemoreor less homogeneous overmost

of the intertidal flat. While the height of the peaks is roughly uniform, the time period over which maximum

wave shear stresses occur is largest at high and lowwater tidal slacks, i.e., at locations where the water depths

remain low for a long time, see Waeles et al. [2004]. On the lower flat, net sedimentation (net erosion) then

decreases (increases) the time period of maximumwave shear stresses, which decreases (increases) the gross

erosion flux and favors further sedimentation. Hence, an unstable section is to be expected on the lower

intertidal flat, but only if wave-induced shear stresses locally dominate over the tide-induced shear stresses.

On the higher tidal flat, net sedimentation (erosion) increases (decreases) the period ofmaximumwave shear

stresses, so that this section is expected to be of a stable type.

The states of steadyprogradation and retreat for the combinationof cross-shore tidal currents andwindwaves

can be understood by considering an additional wave-induced feedback mechanism: net accretion (erosion)

of the lower flat results in more (less) wave dissipation and hence in smaller (larger) wave erosion rates on

the higher flat. This implies that in case of a “wave-dominated” upper intertidal flat, the upper section cannot

reach an exact balance before the lower intertidal flat is stable (because the wave-induced shear stresses

are influenced by the seaward morphology). The lower (tide-dominated) intertidal flat, on the other hand,

cannot reach a balance before the upper intertidal flat is stable (because the tide-induced shear stresses are

influenced by the landward morphology, see section 2.4.2). Because net accretion (erosion) induces further

accretion (erosion), a stationary equilibrium state cannot exist and the flat progrades or retreats horizontally

(see Figure 14 for an outline of this concept).

2.4.4. Progradation or Retreat?

Once a stable profile shape is established, the long-term trend can be determined from the direction of the

net sediment transport (which is maintained during the stage of steady migration, under the assumption of

a constant boundary concentration). Let us now consider the mechanisms that drive these horizontal fluxes.

The tidal flow velocities generally decrease toward the shore. In the absence of wind waves, this determines

the real-time concentration gradients. The real-time dispersion flux, as well as its time integral, is therefore

landward.Decreasing tidal flowvelocities and sediment concentrations toward the shore, in combinationwith

settling and scour lag effects, also favor a net landward advection flux [Van Straaten and Kuenen, 1958]. The

dominance of the landward advection flux (over the seaward advection flux during ebb) is further enhanced
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Figure 14. Feedback loops on a flat under influence of both cross-shore tidal currents and wind waves. The lower flat,

dominated by tidal currents, is controlled by a stabilizing feedback loop, similar as in Figure 13. On the upper flat,

net sedimentation (net erosion) increases (decreases) the time period of maximum wave shear stress and increases

(decreases) the local gross erosion flux, which diminishes an initial imbalance. Hence, this section is also of a stabilizing

type. The system is, however, unstable due to an additional reinforcing loop (indicated with a big plus sign in its center);

net sedimentation on the lower flat will increase the wave dissipation and reduce the (wave-induced) shear stress on the

higher flat. If the upper tidal flat was in an equilibrium state before, net sedimentation on the lower flat will result in net

sedimentation on the higher flat. This, in turn results in a decrease in the tidal currents and tide-induced erosion rates

on the lower flat and leads to a state of steady migration.

by a larger settling lag in deepwater than in shallowwater. Note that the sediment that is eroded on the lower

flat, typically in larger water depths, stays in the water column for a longer time than sediment that is eroded

on the (upper) intertidal flat. Hence, it travels longer horizontal distances before it settles again. Also, see the

discussion on the effects of settling and scour lag provided by Pritchard and Hogg [2003].

In the presence of wind waves, on the other hand, maximum shear stresses and erosion rates occur on the

intertidal flat. Because at each moment in time the maximum shear stresses occur close to the tidal front

(wherewater depths are small, see Figure 7), a real-time concentration gradient is generated,which effectively

drives a seaward dispersion flux of the eroded sediment (see Figure 7 for the real-time and Figures 8 and 10

for the tide-averagedwave-induced dispersion flux). The wave-induced concentration peaks on the intertidal

flat will also enhance the advection flux during ebb and can alter the direction of the net advection flux.

However, because the peaks occur in very shallow water, the sediment settles fast again after erosion (i.e.,

the depth-induced tidal asymmetry is still in favor of a net landward advection flux). Note that our results

indicate a generally landward advection flux over the intertidal area, even in the presence of wind waves and

concentration peaks on the intertidal flat (Figures 8, 10, and 12). States of steady retreat are then associated

with a dominant seaward dispersion flux over the intertidal flat (Figures 8 and 12). In situations in which the

tidal asymmetry is less pronounced in favor of flood, however, a net seaward advection flux would be feasible

and the dispersion flux could be less relevant.

In the next section we will further investigate the influence of the sediment concentration at the boundary

on the state (prograding or retreating) and shape of the profile.
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Figure 15. A stable bathymetry inside the Lagrangian reference frame for a prograding flat, indicated by the colored

accentuated area at time t and by the green area at time t + dt. � (x′, t) is the water level, 
(x′) is the bed level, and

h(x′, t) is the water depth. Note that a negative velocity is assigned to seaward progradation.

3. Lagrangian Framework
3.1. Model Description

For deriving the stable profile shapes and velocities ofmigrating intertidal flats as a function of hydrodynamic

forcing and sediment supply, we found that it is convenient to express the model in a Lagrangian reference

frame, so that the boundary conditions specify one single steady state (described by a steady profile shape

and migration velocity). This implies that the boundary conditions do not represent the conditions in a tidal

channel any more but at a certain location (bed level) moving along with the prograding flat. Note that this

approach is motivated by the observation that the concentration field shifts with the migration of the flat

(section 2), so that the concentration remains constant for a given bed level. Note furthermore that the pro-

posed method is incorporated in a purely morphodynamic model and does not require any preassumptions

on the equilibrium profile shapes (considerWolinsky [2009] for a discussion about morphokinematic models

of shoreline migration).

We apply the following strategy to make the translation into the Lagrangian reference frame: we assign the

boundary conditions (tidal range, wave climate, and sediment concentration) to an arbitrary bed level some-

where below the intertidal area. Defining the bed level at the boundary implies that the net sedimentation

in the first grid cell is assumed to be completely captured by a horizontal movement of the coastline. The net

sedimentation defines a migration velocity, which in turn defines a Lagrangian reference frame with spatial

coordinate x′ = x + v ⋅ t (see Figure 15). The equations for the hydrodynamics, sediment transport, and bed

level changes are reformulated in this reference frame.

The conservation equations of (water) mass, momentum, and sediment in the Lagrangian reference frame

contain an extra term, which couples the time derivatives in the stationary frame to the time derivatives in

themoving system. This term is, however, always followed by a flow-advection term. Since the flow velocities

of the water (u, in the order of m s−1) are naturally much larger than the progradation speed of the coastline

(v, in the order of m yr−1), the extra term can be neglected.

Equation (1) becomes

�h

�t
+

�h

�x′
�x′

�t
+

�uh

�x′
=

�h

�t
+ (v + u)

�h

�x′
+ h

�u

�x′
≈

�h

�t
+

�uh

�x′
= 0. (23)

Equation (2) becomes

�u

�t
+

�u

�x′
�x′

�t
+ u

�u

�x′
=

�u

�t
+ (v + u)

�u

�x′
≈

�u

�t
+ u

�u

�x′
= −g

��

�x
−

�bc

�wh
. (24)

MAAN ET AL. IMBALANCED INTERTIDAL FLATS 23



Journal of Geophysical Research: Earth Surface 10.1002/2014JF003311

Figure 16. Schematic representation of the model in the Lagrangian framework, consisting of a conventional (Eulerian)

part and an extra part in which the progradation velocity is calculated and used to update the bathymetry in the

Lagrangian reference frame.

Equation (4) becomes

�ch

�t
+

�ch

�x′
�x′

�t
+

�uch

�x′
=

�ch

�t
+ (v + u)

�ch

�x′
+ ch

�u

�x′
≈

�ch

�t
+

�uch

�x′
=

�

�x′

(

Kh
�c

�x′

)

+ D − E. (25)

In the Lagrangian reference frame, we can thus use the conventional conservation equations for mass,

momentum, and sediment (equations (1), (2), and (4)). The only equation that significantly changes is the

equation for the evolution of the bathymetry. In a moving reference frame, the time derivative of the

bathymetry reads

d


dt
=

�


�t
+

�


�x′
�x′

�t
. (26)

Using
�


�t
=

1

�dry
(D − E) and

�x′

�t
= v, the horizontal migration velocity of the coastline, we find

d


dt
=

1

�dry
(D − E) + v

�


�x′
(27)

The profile shape is stable if

1

�dry

(

D − E
)

+ v
�


�x′
= 0, (28)

in which the bars indicate tidal averages. In this “Lagrangian balance,” net sedimentation is balanced by the

velocity term in such a way that the cross-shore shape is maintained while the profile migrates. This implies

that the net sedimentation is linearly proportional to the local slope of the profile; the steeper the slope, the

more sedimentation (per surface area) is required for the samehorizontal progradation (indicated by a thicker

green nonaccentuated layer in Figure 15). Note that accretion dominance corresponds with a negative (sea-

ward) velocity of the coastline (assuming a normally positive bed level gradient), whereas erosion dominance

corresponds with a positive (landward) velocity term (see equation (28)).
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Figure 17. Lagrangian equilibrium profiles and progradation speeds for different concentrations of suspended sediment

at the boundary. (a) Profiles for tides only (simulation Lg1–Lg4 in Table 2). (b) (Simulation Lg5–Lg8) Profiles for tides and

wind waves (solid lines with markers). The dotted lines are copies from Figure 17a. The dark green dashed line is a

profile obtained in an Eulerian framework for c0 = 0.3 kg m−3 , i.e., a copy from Figure 9 after 80 years of evolution. Tide

averages of the dimensionless erosion over the Lagrangian equilibrium profiles. (c) Tide averages of the dimensionless

erosion over the profiles in Figure 17a. (d) Tide averages of the dimensionless erosion (total, tide-induced, and

wave-induced) on the profiles in Figure 17b.

The migration velocity follows directly from the assumption of a constant bed level in the first grid cell and is

defined by

v = −

(

D − E
)

�dry

(

�


�x′

) ∣x′=0 (29)

Figure 16 shows a schematic representation of the model in the Lagrangian framework. The performance of

themodel in the Lagrangian framework has been tested by an elaborate comparisonwith the stable prograd-

ing profile shapes and migration velocities as obtained in the Eulerian framework. The results were found to

be identical.

Since retreating profiles were not found in the Eulerian framework (due to the low hydrodynamic forces on

the uppermost section of the intertidal area and the exclusion of cliff erosion), we apply the Lagrangian

model only to derive prograding profiles (note that in principle the same method could be applied to derive

retreating profiles as well, but it would require an additional formulation for cliff erosion).
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Figure 18. (a) Lagrangian equilibrium profiles and progradation speeds for K = 1m2 s−1, under the influence of tides

and wind waves (simulation Lg9–Lg12 in Table 2). The dotted lines are copies from Figure 17b, i.e., for K = 100m2 s−1 .

(b) Lagrangian equilibrium profiles and progradation speeds for ws = 0.5 ⋅ 10−3 m s−1 , under the influence of tides and

wind waves (simulation Lg13–Lg16 in Table 2). The dotted lines are copies from Figure 17b, i.e., for ws = 0.2 ⋅ 10−3 m s−1 .

3.2. Parameters and Boundary Conditions

Themodel parameters are chosen the same as in section 2.3 and summarized in Table 1. The shape and veloc-

ity of the obtained profiles are sensitive to the choice of the model parameters. Yet our qualitative results

about the way in which the sediment supply influences the profile shape and the progradation velocity do

not depend on the model parameters. The boundary conditions are assigned to an elevation of 1 m below

lowest tide (i.e., msl−3m), implying that the bed level in the first grid cell is fixed. A constant value is imposed

for the sediment concentration at the seaward boundary. The water level variation and wave height at the

seaward boundary are imposed in the same way as in section 2.3. Extra boundary conditions are required for

the slopes in equations (27) and (29). The slope at the most landward and seaward grid cell is assumed to be

zero and equal to that of its only neighbor, respectively. In order to fix the position of the landward boundary

(i.e., an imaginary sea dike) in the Lagrangian reference frame, the length of the last (most landward) grid cell

increases with the progradation of the coastline.

As in the previous section, the initial profile is a straight line. When starting from a gentle slope, the first grid

cell is erosive and the bed in the model domain will initially rise via term 2 in equation (27), which steepens

the profile slope. If a peak in the profile is formed seaward of the most landward cell, the area landward of

themaximumbed elevation is omitted from the calculation and its bed level is taken equal to the peak value.

Note that this section, which is shielded from the sediment supply and hydrodynamic forces, is not part of

the migrating coastline (it will stay behind, while the part seaward of the top migrates, or it fills up by aeolian

transport) and should be omitted because term 2 in equation (27) keeps acting also if erosion and deposition

do not occur any longer.

3.3. Results
3.3.1. Lagrangian Equilibrium Profiles and Speeds

The effects of the boundary concentration on the steady progradation speed and profile shape of the inter-

tidal flats are investigated for (1) tidal currents only and (2) tidal currents plus wind waves. The boundary

concentration and wave settings for each simulation are summarized in Table 2.

The results show that an increase in the sediment concentration at themodel boundary results in an increase

in the progradation speed (i.e., in larger negative values) and gentler slopes (Figures 17a and 17b). Also, the

presence of waves influences the speed and shape of the profile. For an identical sediment concentration at

the boundary, the progradation speed is smaller and the upper profile is steeper if waves are present. The

upward convexity of the profiles is thus determined by a combination of wind waves and sediment supply.

For a sufficiently high boundary concentration, we find convex upward profiles, despite the presence of

wind waves.
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Figure 19. Lagrangian progradation speeds of the profiles in Figures 17 and 18 plotted against the sediment

concentration at the model boundary (simulation Lg1–Lg16 in Table 2). K = 100m2 s−1 and ws = 0.2 ⋅ 10−3 m s−1 ,

unless specified differently.

Figures 17c and 17d show that a high boundary concentration corresponds with large tide-induced erosion

rates on the profiles. The wave-induced erosion, on the other hand, decreases with an increasing boundary

concentration, but the deviation between the different simulations is relatively small (Figure 17d). Note that

the values in these graphs have been made dimensionless by Ê =
1

me
E so that they are comparable with the

dimensionless concentration ĉ =
ws

me
c (divide the values by 4 to obtain concentrations in kgm−3 and divide by

20 to obtain erosion rates in gm−2 s−2). In Figure 17d, thewave- and tide-induced erosion has been calculated

by EW = max
[

me

(

�′
bw

�cr
− 1

)

, 0
]

and ET = max
[

me

(

�′
bc

�cr
− 1

)

, 0
]

, respectively, and their sum is slightly less

than the total erosion rate.

3.3.2. Sensitivity to Model Parameters

The simulations in Figure 17b are repeated for a fewdifferent parameter settings (Figure 18). The profile slopes

and shapes are not very sensitive to a variation of the dispersion coefficient K (see Figure 18a), but the progra-

dation speeds are affected by a different value for K (Figure 19). A reduction in K results in an increase of the

progradation speed (compare the squares with the dots in Figure 19). This effect is most pronounced for low

boundary concentrations.

The results are also sensitive to a variation of the settling velocity. The slopes become gentler, and the

progradation speeds increase with an increasing settling velocity (see Figures 18b and 19). Furthermore, the

maximum elevation decreases with an increasing settling velocity (Figure 18b).

3.4. Discussion

Havingdiscussed the feedbackmechanismsunderlying the long-termevolutionofmigratingflats in section2,

we here discuss the dependencies of the profile shape and progradation velocity on the wave climate and

sediment supply.

In section 2 we showed that the local morphodynamic feedback is stabilizing on the lower flat, so that local

balances between deposition and erosion are approached. The slopes (affecting tidal erosion) are adjusted

via an increase or decrease of the bed levels, until the vertical fluxes are (approximately) in balance (section 2).

Hence, a larger sediment concentration at the boundary results in the development of a gentler slope toward

msl with larger tidal currents and tide-induced erosion rates (Figure 17), see also Pritchard and Hogg [2003]. If

windwaves are added to the system (whilemaintaining the sediment concentration at theboundary), deposi-

tion and the total erosion, i.e., tide- plus wave-induced, approach a local equilibrium. Due to the contribution

of wind waves to the total shear stresses, this equilibrium is found at smaller tidal flow velocities and steeper

slopes than in the situation without waves (as can be seen from a comparison of the tide-induced erosion

rates in Figures 17c and 17d).

Whereas the tidal erosion increases with an increasing boundary concentration (via the establishment

of a local balance, see above), the wave erosion decreases with an increasing boundary concentration
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(under assumption of a constantwave climate, see Figure 17d). This can be explained by the effect of themor-

phologyon thewavedissipation: onagentler slope,wave-inducedbed frictiondissipatesmoreenergy, so that

the wave height is already reduced before the waves reach the elevation of maximum impact (note, however,

that the amount of dissipation and the importance of this effect depends on the wave friction parameter).

Both the sediment concentration at the boundary and the presence of wind waves influence the prograda-

tion speed of the coastline (Figure 19). The progradation speed is determined by (1) the rate of sedimentation

on the upper intertidal flat and (2) the sensitivity of themiddle and lower intertidal flats to the accretion of the

upper intertidal flat. A large sediment concentration at the boundary results in large tidal current velocities

(see the explanation above) and hence a large tidal advection flux toward the upper intertidal flat. Subse-

quently, accretion of the upper intertidal flat feeds back efficiently onto the (tide-dominated) erosion rates

over the other parts of the flat, inducing further seaward accretion. The effect of wind waves is twofold:

(1) waves result in larger shear stresses (in combination with a larger seaward dispersion flux) and lower

sedimentation rates on the upper intertidal flat and (2) they result in a smaller role for the tidal erosion on the

middle and lower intertidal flat (due to the additional role of wind waves) and therefore decrease the sensi-

tivity of the flat to the accretion on the upper part. This is translated into relatively steep slopes on the upper

flat (compared with the situation in which waves are not present) and a lower progradation speed (under a

constant sediment concentration at the boundary).

The Lagrangian equilibrium profiles and progradation velocities are, naturally, sensitive to variations in the

parameter values (Figures 18 and 19). The seaward dispersion flux, driven by sharp concentration gradients

at the tidal fronts (see section 2), is intensified by an increase in the dispersion coefficient, resulting in lower

progradation speeds (Figure 19).

An increase in the settling velocity results in larger grossdepositionfluxes at theboundary,whicharebalanced

by larger gross erosion fluxes. Hence, the slopes get gentler (so that the tidal flow velocities increase) with

an increasing boundary concentration (Figure 18b). The increase in the tide-induced erosion rates results in

a larger sensitivity of the lower tidal flat to accretion on the upper part, which is reflected by larger migration

velocities and a decrease in the maximum elevation of the migrating flat.

Despite these dependencies on model parameters, the tendency to evolve into states of steady migra-

tion, with a steady profile shape and migration speed, is not influenced by the considered variations of the

parameter values.

4. The Evolution of the Yangtze Mudflats

The results of this modeling study suggest that an abundant sediment supply can result in a convex and pro-

grading cross-shore profile of intertidal flats, despite the presence of erodingwindwaves. This is in agreement

with the observed convex and prograding profiles in the Yangtze Estuary [Yang et al., 2011, Figure 1]. Also, the

observed response of the Yangtze tidal flats to the reduction in sediment supply shows good similarity with

the shift that might be expected from the model results.

The observed initial response to the reduction in sediment supply consists of erosion on the lower tidal flat,

whereas accretion continues on the upper flat (Figure 1). This adjustment process steepens the slope of the

profile. The observed response can be explained by the tendency of the intertidal system to approach a

Lagrangianbalancewhen forcedwith constant environmental conditions. If the flat used tobe in a Lagrangian

balance before, the lower flat would feel the reduction in the sediment availability directly. The supply toward

theupper flat, on theother hand,wouldbehighly determinedby the erosion rates on the lower flat. Theupper

flat would therefore experience the change in boundary conditions only after an adjustment of the lower flat

and be lagging relative to the response of the lower flat.

The steeper profile would subsequently result in smaller tidal flow velocities on the lower flat and smaller

advection rates toward the upper intertidal flat. The model results suggest two different scenarios for the

further response to the reduction in sediment availability:

1. The system evolves into a new Lagrangian balance, with a steeper slope over the lower flat. The net advec-

tion is still directed landward and large enough to overcome the wave-induced seaward dispersion flux, so

that the system can prograde at a new (lower) progradation speed.

2. The net advection is seaward or not abundant to overcome the wave-induced erosion and dispersion

flux. A state of long-term retreat is then to be expected. It is possible that the whole profile (including the

MAAN ET AL. IMBALANCED INTERTIDAL FLATS 28



Journal of Geophysical Research: Earth Surface 10.1002/2014JF003311

uppermost part) retreats landward. This is expected if the dissipation of wind waves over the flat and the

associated decrease in the wave-induced forces toward the top of the profile is not significant or when cliff

erosion plays a role. It is also possible that the uppermost part of the profile fills up, due to a decrease in the

wave-induced force on the uppermost part of the profile, whereas the rest of the intertidal flat erodes. This

would result in the development of a steep transition toward the top of the flat.

The change in shape of the Yangtze tidal flats has not yet resulted in net erosion at the higher flat (Figure 1).

If the profile slope has already been stabilized (based on the typical time scales in themodel simulations, this

would happenwithin a fewdecades after the sediment availability in the Yangtze Estuary has been stabilized),

a continuous progradation, albeit with a low progradation speed, would be expected from themodel results.

However, a further steepening of the lower intertidal flat would further decrease the advection of sediment

toward the upper parts and increase thewave forces there (see section 3). In that case, a development toward

a state of long-term retreat might occur.

5. Interpretations and Conclusions

This study confirms that intertidal systems that are controlled by cross-shore tidal currents, or a combination

of cross-shore tidal currents and wind waves, converge to horizontally migrating “steady states,” in which the

cross-shore profile is maintained, as shown before by Pritchard et al. [2002]. The occurrence of these states is

explained by the feedbackmechanisms between the hydrodynamic forces and the intertidal flatmorphology

(section 2). While positive morphodynamic feedbacks drive the long-term horizontal migration of the flats, a

negative feedback tends to stabilize the profile slope and shape within the first decades of evolution.

Because the concentration patterns shift with the migration of the flat, a constant concentration can be

assigned as boundary condition of a 1-D cross-shore model expressed in a Lagrangian reference frame

(i.e., which shifts with the migration velocity of the coastline). With such a model, the stable cross-sectional

shape andprogradation speed can be derived as a function of the sediment concentration at a fixed bed level.

It has been shown that the cross-sectional shape does depend not only on the hydrodynamic forces but also

on the sediment availability and is related to the progradation speed of the flat (section 3.3).

The influenceof theupper intertidal flatmorphologyon the tide-induced shear stresses on the lower intertidal

flat (explained in section 2) implies that the progradation speed of the flat can be influenced by engineer-

ing activities on the upper tidal flat. The construction of a sea dike around msl, for instance, would decrease

the cross-shore tidal flow velocities on the lower sections and induce further seaward sedimentation. Also,

artificial measures that favor deposition on the upper tidal flat, such as placing wave breakers or extra vege-

tation, would increase the progradation speed of the considered flats. It should, however, be mentioned that

the inclusion of additional processes in the model could alter the dominant feedback mechanisms. In case of

a large vegetation cover, biomorphodynamic feedbacks will play an important role [Mariotti and Fagherazzi,

2010], and the reflection of wind waves should be included for determining the effect of a sea dike around

msl (as mentioned above).

In order to keep up with sea level rise, net sedimentation rates on the tidal flat should exceed the rate of sea

level rise (SLR). Currently, the global average sea level rise is about 3 mm yr−1. Assuming a gentle slope of

1:2000, this corresponds with a horizontal retreat of 6 m yr−1. Considering the obtained migration speeds in

Figures 17 and 18, the inclusion of SLR would only result in relative small adjustments of the results. For low

progradation speeds, however, the state and shape of the flat can depend critically on SLR, as shown by the

results of Mariotti and Fagherazzi [2010]. The flats that are considered in the study ofMariotti and Fagherazzi

[2010] are subjected tomore extremewave conditions (indicatedby the steeper slopes on theupper intertidal

flat). In that case, net sedimentation rates are smaller due to a less significant role for the cross-shore tidal

currents and the corresponding positive morphodynamic feedback mechanism. Hence, for those flats the

state (prograding or retreating) depends more critically on SLR, for identical sediment concentrations at the

boundary.

The kind of steady states that can be approached is characteristic for the underlying hydrodynamic forces

and the morphodynamic feedback mechanisms. Our results only describe the behavior of wide flats that are

dominated by cross-shore tidal currents andwindwaves. This work can be seen as supplementary to thework

of Fagherazzi et al. [2006], for instance, which describes the internal feedbacks on intertidal platforms that

are controlled by locally generated wind waves only. These systems were found to converge to stationary
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equilibrium states. In both cases, they are the local morphodynamic feedbacks that reveal the long-term

evolution of intertidal flats.
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