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Introduction
Recent research has lead to greater awareness of the role of lowland floodplains as suspended
sediment sinks and demonstrated the complexity of relationships between floodplain
morphology and rates and patterns of medium-term overbank deposition (Walling and He,
1997). This relationship undoubtedly reflects the interactions between topography, hydraulics
and sedimentation. However, to date most research into these processes has been conducted
in compound channel laboratory flumes that are characterized by simplified geometry and
surface roughness. In contrast, relatively little progress has been made in understanding the
mechanics of overbank flow and suspended sediment transport on natural floodplains. This
situation can be attributed to the difficulty of obtaining representative spatially-distributed
data during floods, a problem which stems in part from the obvious logistical constraints, and
also from the complexity of natural floodplain topography and boundary roughness.
Computational Fluid Dynamics (CFD) models may provide an alternative means of
investigating process interactions in these environments (e.g. Nicholas and McLelland, 1999;
Nicholas, 2002). However, model validation and interpretation require data quantifying three-
dimensional mean and turbulent flow characteristics and suspended sediment concentrations.
This paper examines recent developments in these areas and considers the prospects for
investigating flow and sedimentation processes using combined modelling and monitoring
approaches.

Overbank hydraulics
Two-dimensional hydraulic models that solve the shallow water equations have been used to
simulate floodplain flows in a range of environments (Hervouet and Van Haren, 1996;
Connell et al., 2001). Such models provide distributed information quantifying flow depths
and depth-averaged velocities in two horizontal directions, although they necessarily
incorporate a simplified representation of surface roughness and turbulence. A higher level of
process representation can be achieved using CFD models that solve the three-dimensional
Reynolds averaged Navier-Stokes equations. However, such models are not easily applied to
natural floodplains since the majority do not predict the position of the water surface. Instead
this must be specified as a model boundary condition. Three-dimensional models that do
predict water surface elevation (and hence inundation extent) generally fall into one of two
categories. Either they use procedures that are not suitable for natural floodplain applications,
where boundary conditions are complex, or they assume a hydrostatic pressure distribution
leading to the prediction of spurious vertical velocities. One way to overcome these problems
is to adopt an approach that involves a combination of two-dimensional and three-
dimensional modelling. For example, distributed predictions of inundation extent and water
surface elevation from a two-dimensional model can be used to specify boundary conditions
in three-dimensional CFD simulations.

A combined two- and three-dimensional modelling approach was applied to an 800 m
reach of the floodplain of the River Culm, Devon, UK. Output from three-dimensional CFD
simulations conducted in this way is shown in Figure 1 for selected regions within this site.
These results illustrate complex flow patterns that are representative of lowland floodplains in
general and are a function of topographic controls operating over a range of spatial scales.
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During the initial stages of flooding, inundation is confined to low-lying areas within the
channel belt (Figure 1a). Velocities are typically low, ponding is common and flow directions
are determined by topographic features with spatial dimensions similar to the active channel
(i.e. 10-20 m in the case of the Culm). Such features continue to influence flow patterns at
higher discharges when the majority of the floodplain is inundated. However, larger-scale
topographic controls become increasingly important (Figure 1b), as illustrated by the vectors
perpendicular to the channel indicating flow down a pronounced levee on the true left bank of
the channel.
Figure 1: Modelled depth-mean velocity vectors illustrating flow structures at two spatial scales;

a) Within a floodplain cutoff (white channel vectors have fixed length for clarity); b) Within a channel
meander belt (the river flows from top right to bottom left where it rounds a sharp bend).

Model validation has been accomplished using measurements of mean and turbulent
flow characteristics obtained with an array of Acoustic Doppler Velocimeters (ADVs). The
ADVs determine three-dimensional velocities at frequencies of up to 100 Hz by measuring
the phase shift in the acoustic reflections from scatters in a small sampling volume located
0.05 m from the probe head. These data allow the calculation of all Reynolds stress
components and the turbulent kinetic energy. Figure 2 shows an example of modelled and
measured flow profiles from a location on the levee back-slope on the left of the channel.
Velocity profiles exhibit strong shear at a relative depth of approximately ξ = 0.2-0.3, and a
relationship between velocity and height above the floodplain surface that is approximately
linear over the central 50% of the profile (most notably in the case of the field data).
Turbulent kinetic energy profiles exhibit a clear peak at ξ = 0.4-0.5. These trends contrast
with those observed for two-dimensional open channel flows where velocities generally fit
the logarithmic ‘law of the wall’ and peak turbulence intensities occur near the bed (Nezu and
Nakagawa, 1993). These differences reflect the role of floodplain surface vegetation and
micro-scale topography, both of which contribute to hydraulic roughness that acts within a
layer that typically occupies the lower 20-30% of the water column for the shallow flows
considered here. In the CFD model a sink term is added to the momentum equation at cells
within the vegetation layer to simulate these effects. Figure 2 illustrates that this approach
successfully replicates the shape of both velocity and turbulent kinetic energy profiles
monitored in the field. However, measured flow characteristics exhibit substantial local
variability over distances of a few metres that is not reproduced by the model. This reflects
the existence of subgrid-scale topographic variability on the natural floodplain surface and its
influence on local flow characteristics.
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Figure 2: Modelled (lines) and monitored (symbols) velocity and turbulent kinetic energy profiles for
three floodplain locations within 3m of one another.

Clearly, hydraulic flow structures on natural floodplains are influenced by
topographic controls that act at spatial scales covering at least 3-4 orders of magnitude. While
CFD models have the potential to generate accurate spatially-distributed predictions of flow
characteristics in these environments, they are not yet able to simulate the effects of
topographic roughness at all scales. These issues of process representation and subgrid-scale
roughness parameterization can only be addressed with the aid of three-dimensional
hydraulic data sampled at an appropriate spatial resolution. ADVs appear to provide an
effective instrument for obtaining these data in overbank flows.

Suspended sediment transport

Several studies have developed models that solve two-dimensional advection-diffusion
equations to simulate suspended sediment transport and deposition processes on lowland
floodplains (e.g. Nicholas and Walling, 1997; Middlekoop and Van der Perk, 1998). Such
approaches have also been extended to three dimensions (e.g. Tsujimoto et al., 1994; Fang
and Wang, 2000), although to date this work has concentrated mainly on in-bank and
compound channel flows. This situation probably reflects the difficulties noted earlier that are
experienced when applying three-dimensional flow models to natural floodplains.
Implementation of a combined two- and three-dimensional hydraulic modelling approach
goes some way towards solving these problems.

Output from the CFD simulations described above were used within a new three-
dimensional suspended sediment transport model to investigate the relationships between
floodplain morphology, overbank flow structures and sediment dispersion and deposition.
Figure 3 shows patterns of simulated depth-integrated suspended sediment concentration
within the study reach for a single sediment size fraction (63 µm) at an intermediate flood
discharge. Sediment concentrations decline with distance from the channel at rates that vary
with local flow characteristics. The latter control both the relative importance of advective
and diffusive sediment transport mechanisms and rates of sediment deposition. Previous
theoretical and flume based research has emphasized the role of sediment diffusion driven by
turbulent vortices at the main channel-floodplain interface (James, 1985; Pizzuto, 1987).
However, simulation results suggest that suspended sediment transport on natural floodplains
is dominated by advection (as illustrated in Figure 3 by sediment plumes along major flow
paths). Diffusive mechanisms are less significant except where advective currents are weak
and turbulence intensities are high (e.g. at ponded sites that are separated from the main
channel by well developed shear layers).
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Figure 3: Modelled patterns of depth-integrated
sediment concentration (63 µm size fraction) as a
% of  main channel value (10% contour interval).

 Comparison of modelled and
monitored flow characteristics with
theoretical threshold conditions for
sediment deposition illustrate that three-
dimensional models have clear advantages
over depth-averaged approaches. For
example, depth-averaged velocities and
turbulence intensities appear, in general, to
be sufficient to prevent deposition over the
majority of the floodplain. However,
estimates of deposition rates derived using
Caesium-137 illustrate that most floodplain
areas experience net sedimentation. This
observation is consistent with the fact that
previous applications of depth-averaged
suspended sediment transport models have
identified a need to use relatively high
values of the critical shear for deposition in
order to optimize model performance
(Middlekoop and Van der Perk, 1998) or
have neglected the role of threshold flow
conditions (Nicholas and Walling, 1997).
Although such models have the potential to
generate realistic predictions of
sedimentation rates and patterns, they
clearly provide a limited representation of

the mechanics of fine sediment deposition. Vegetation plays an important role in controlling
these processes, both by trapping sediment (Elliott, 2000) and promoting reduced mean and
turbulent velocities within the vegetation layer (Figure 2). Three-dimensional sediment
transport models are able to simulate both of these effects, while also incorporating
vertically-distributed representations of flow and settling processes. Consequently, they
provide greater physical realism and offer the prospect of an improved quantitative
understanding of flow-sediment-vegetation interactions.

Validation of the numerical
model has been accomplished with
sediment concentration estimates
obtained using Optical Backscatter
Sensors. There is also some prospect
for obtaining sediment concentration
data using the ADV (see Figure 4).
This technique has the advantage that
flow and sediment data are obtained
at the same points in time and space.
However, the relationship between
sediment concentration and ADV
signal amplitude is also a function of
the instrument configuration and
sediment characteristics.

Figure 4: Relationship between suspended sediment
concentration and ADV signal amplitude.
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Future progress

Preliminary results suggest that three-dimensional models provide a realistic, near physically-
based framework for investigating flow and sediment transport processes in natural
floodplain environments that are characterized by complex boundary conditions.
Consequently, they can be viewed as offering a solution to the problems inherent in
monitoring these processes during floods. Despite the prospects for modelling natural
floodplains, many issues require further attention. These include choice of turbulence closure,
calibration of spatially-variable boundary roughness, representation of dynamic aspects of
floodwave propagation, and parameterization of sediment-vegetation interactions.
Furthermore, model results highlight a need for high resolution, three-dimensional
measurements of flow and sediment concentration. These data are required to assist model
calibration and validation, quantify small-scale variability in model variables, and evaluate
the extent to which parameterization schemes provide a realistic representation of subgrid-
scale processes.
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