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Tidal embayments are characterized by a wide variety of landscape features, often including either complex
tidal channel networks or extensive flood-tidal deltas. The origin of these features and the influence of hydro-
dynamic drivers and initial geological setting on their long-term characteristics are essentially unexplored. A
model was applied to simulate the long-term morphological evolution of tidal embayments, with the pur-
pose of providing insight into the environmental conditions that lead to the differences in tidal embayment
morphology. Numerical simulations indicated that the interaction between hydrodynamics, sediment trans-
port, and the evolving topography gives rise to the formation of channel networks. The tidal range and the
depth of the initially unchannelized tidal basin controlled the way in which the morphology evolved and de-
termined the timescale over which channels and intertidal areas developed. Channel network formation oc-
curred more rapidly when the tidal range increased and/or when the initial basin depth decreased. Tidal
basins with a large initial depth showed the development of a flood-tidal delta and for these deep basins
channel incision could remain absent over long timescales. Both tidal range and initial bathymetry affected
final basin hypsometry and channel network characteristics, including the channel density and the fraction
of the basin occupied by the channels. All the simulated morphologies, with different combinations of the
tidal range and depth of the basin, evolved towards a state of less morphodynamic activity for which the rel-
ative intertidal area was proportional to the ratio of tidal amplitude to basin depth.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Tidal embayments are amongst the most productive ecosystems
in the world (Mitsch and Gosselink, 2007) and understanding their
behavior has become increasingly important, especially in the context
of climate change. These environments are characterized by a wide
variety of landscape features and morphological patterns, with tidal
channel networks arguably being the most striking example (Fig. 1a).
The channel networks have a strong control on the hydrodynamics
and sediment transport (Fagherazzi et al., 1999) and affect therefore
both the short- and long-termmorphological evolution of tidal environ-
ments (Dronkers, 2005). Because of the influential character of channel
networks, numerous studies (see de Swart and Zimmerman, 2009)
havebeenperformedon their initial formation and subsequent evolution.
These advances are largely based on laboratory studies and numerical
models, because obtaining detailed measurements of channel network

dynamics in reality is a daunting task due to the large spatial and tempo-
ral scales involved.

Laboratory experiments have been conducted to explore the dy-
namics of single tidal channels (Tambroni et al., 2005) aswell as the de-
velopment of complete tidal networks (Stefanon et al., 2010; Iwasaki et
al., 2011; Vlaswinkel and Cantelli, 2011). For example, Stefanon et al.
(2010) conducted an experiment starting from a plane horizontal
tidal flat subject to tidal forcing and showed how the headward growth
of the initiated channels and tributary addition drove expansion of the
network and shaped the intertidal morphology. In this experiment and
in the laboratory study described by Vlaswinkel and Cantelli (2011),
the networks which formed displayed geomorphic features, such as the
width-to-depth ratios and the seaward widening of channels, which re-
semble those of natural networks. Such laboratory approaches aremean-
ingful, but up-scaling the results to the time and space scales over which
real-world networks develop is not straightforward.

Simplified modelling approaches, in which processes are abstracted,
can provide useful insights into the key processes that control the forma-
tion of channel patterns and the evolution on larger scales. Schuttelaars
and de Swart (1999), for example, used stability analysis to study the ini-
tial formation of channels and shoals, and demonstrated that bottom
friction plays a crucial role in the growth of bedforms. Later, D'Alpaos
et al. (2005) applied a simplified hydrodynamicmodel and relationships
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describing channel characteristics to simulate tidal network initiation
and its progressive headward extension within tidal flats. This model
was capable of reproducing statistical properties of an observed network
in the Venice Lagoon (D'Alpaos et al., 2007). Di Silvio et al. (2010) pro-
posed a modelling approach in which deposition and erosion rates de-
pend on the difference between the local transport concentration and
the local equilibrium concentration. The model was used to simulate
the formation of a channel network in a tidal lagoon and results indicated
that morphodynamic changes are rapid when the system is far from
equilibrium but slow down once a network has developed.

A different type of modelling approach involves the coupling of
comprehensive hydrodynamic models and commonly used sediment
transport formulations. Marciano et al. (2005), for example, simulat-
ed morphological evolution by coupling the solution of the unsteady
depth-averaged shallow water equations with a sediment transport
module based on the formulation of Engelund and Hansen (1967).
To facilitate the execution of long-term simulations and to overcome
the issue related to the difference in time scale over which hydrody-
namic and morphodynamic processes occur, Marciano et al. (2005)
accelerated morphological change by extrapolating the bathymetric
changes as the result of residual sediment transports over a single
tide. The model simulated the evolution of branching channel patterns
in a short idealized basin. The resulting channel network displayed a
branching behavior similar to patterns observed in natural basins.
Dastgheib et al. (2008) used a similar type of model to explore channel
network formation and the interaction between adjacent tidal basins in

a multi-inlet tidal system. Simulations were carried out with different
initial bathymetries (a sloping bed inside the basin as well as a flat
bed at different depths) and themodel results followed empirical equi-
librium relations suggested in the literature.

These laboratory and modelling experiments have provided useful
insight into the processes governing channel network formation and
have highlighted the importance of the feedbacks between hydrody-
namics, sediment transport, and the evolving morphology. However,
there are many landscape features that characterize natural tidal basins
which are not reproduced by these network-forming experiments. In
some tidal basins, the flood-tidal delta may be the dominant feature
(de Swart and Zimmerman (2009) and see also Fig. 1b), with the net-
work being a minor or even an absent characteristic. Such tidal basins
often lack not only the channel network, but also the extensive adjacent
intertidal areas and it is especially these intertidal areas that can provide
valuable ecological habitats (Mitsch and Gosselink, 2007). If models are
ultimately to be of theoretical as well as of practical use, then reproduc-
ing the different landscape characteristics is critical. This study therefore
aims to provide insight into the environmental conditions that lead to
the observed differences in tidal embayment morphology. Tidal basins
evolve in sedimentary environments, and their landscapes may range
widely because of the large variety in tidal conditions and in the under-
lying shape of the basin. We hypothesize that the balance between the
initial depth of the basin and the strength of the tidal currents that redis-
tribute the sediment ultimately control the type of basin that eventuates.
Herewe apply a numericalmodel based on themorphodynamic interac-
tions to perform controlled experiments on tidal embayment evolution
by varying both tidal range and initial depth to test this hypothesis.

2. Numerical modelling

2.1. Model description

The numerical model developed and used throughout this study
simulates morphological change as a result of the interactions between
hydrodynamics, sediment transport, and the evolving morphology.
Fluid flow was simulated using ELCOM (Estuary and Lake Computer
Model; Hodges et al., 2000) which is a 3D hydrodynamic model based
on the unsteady Reynolds-averagedNavier–Stokes equations. Although
a 3D-model was applied we only used the horizontal velocity compo-
nents for the computation of sediment transport. Influences of Coriolis
force, density differences,wind andwaveswere neglected. The continu-
ity and the horizontal momentum equations in this case read:
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where u, v, andw are the velocity components in the horizontal x-, y- and
in the vertical z-direction, respectively. t is time, g is the gravitational ac-
celeration, υx, υy, and υz are eddy viscosity coefficients, and η is the water
level which can be described as:
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where h is thewater depth. The solution grid uses rectangular Cartesian
cells, enabling the application of a simple, efficient finite-difference/
finite-volume scheme on a staggered grid. ELCOM applies a z-coordinate
system in the vertical direction. The numerical scheme for computing the

Fig. 1. Aerial view of a (a) well developed (Bassin d'Arcachon, France) and (b) underdevel-
oped (Shinnecock Inlet, USA) tidal channel network. Photo courtesy of Aquitaine Coast
Observatory/SIBA and “Inlets Online”, Coastal Inlet Research Program (CIRP), U.S. Army
Corps of Engineers.
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