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Depth-averaged velocities and unit discharges within a 30 km reach of one of the world's largest rivers, the
Rio Paraná, Argentina,were simulated using three hydrodynamicmodelswith different process representations:
a reduced complexity (RC) model that neglects most of the physics governing fluid flow, a two-dimensional
model based on the shallow water equations, and a three-dimensional model based on the Reynolds-averaged
Navier–Stokes equations. Flow characteristics simulated using all three models were compared with data
obtained by acoustic Doppler current profiler surveys at four cross sections within the study reach. This analysis
demonstrates that, surprisingly, the performance of the RC model is generally equal to, and in some instances
better than, that of the physics based models in terms of the statistical agreement between simulated and
measured flow properties. In addition, in contrast to previous applications of RC models, the present study
demonstrates that the RC model can successfully predict measured flow velocities. The strong performance of
the RC model reflects, in part, the simplicity of the depth-averaged mean flow patterns within the study reach
and the dominant role of channel-scale topographic features in controlling the flow dynamics. Moreover, the
very low water surface slopes that typify large sand-bed rivers enable flow depths to be estimated reliably in
the RC model using a simple fixed-lid planar water surface approximation. This approach overcomes a major
problem encountered in the application of RC models in environments characterised by shallow flows and
steep bed gradients. The RC model is four orders of magnitude faster than the physics based models when
performing steady-state hydrodynamic calculations. However, the iterative nature of the RC model calculations
implies a reduction in computational efficiency relative to some other RCmodels. A further implication of this is
that, if used to simulate channel morphodynamics, the present RCmodel may offer only amarginal advantage in
terms of computational efficiency over approaches based on the shallow water equations. These observations
illustrate the trade off between model realism and efficiency that is a key consideration in RC modelling. More-
over, this outcome highlights a need to rethink the use of RC morphodynamic models in fluvial geomorphology
and tomove away from existing grid-based approaches, such as the popular cellular automata (CA)models, that
remain essentially reductionist in nature. In the case of the world's largest sand-bed rivers, this might be
achieved by implementing the RCmodel outlined here as one elementwithin a hierarchical modelling framework
thatwould enable computationally efficient simulation of themorphodynamics of large rivers overmillennial time
scales.
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1. Introduction

Hydrodynamic models that solve either the full three-dimensional
Reynolds-averaged Navier–Stokes (RANS) equations or the two-
dimensional depth-averaged Saint Venant equations are applied
routinely in fluvial environments to predict both in-channel and
overbank flow characteristics (e.g., Hodskinson, 1999; Lane et al.,
1999; Booker et al., 2001; Bradford and Sanders, 2002; Nicholas and
McLelland, 2004; Yoon and Kang, 2004; Bates et al., 2005; Hardy et
al., 2005). Such models may also be combined with equations
representing sediment transport and channel bank erosion in order
to simulate the evolution of river morphology (Olsen, 2003; Duan
and Julien, 2005; Jang and Shimizu, 2005). However, the application
of integrated flow-sediment transport models has, to date, focused
largely on idealised or laboratory channel configurations (Wu et al.,
2000; Defina, 2003; Rüther and Olsen, 2005; Abad et al., 2008) or
the evolution of natural channels over relatively short time periods
(Darby et al., 2002; Olesen and Tjerry, 2002; Chen and Duan, 2008;
Fischer-Antze et al., 2008; Wang et al., 2008; Zhou et al., 2009). This
restricted focus of such physically based morphodynamic models
reflects their recent development and availability, and their high
computational demands.

The past 20 years has also seen the development of two-dimensional
models of river and floodplain evolution that solve simplified equations
for flow and sediment transport based on abstractions of the governing
physics (e.g., Murray and Paola, 1994, 1997; Coulthard et al., 2002;
Thomas and Nicholas, 2002; Nicholas et al., 2006; Coulthard et al.,
2007; Parsons and Fonstad, 2007; Van deWiel et al., 2007). Suchmodels
have been referred to as cellular automata, cellular models, exploratory
models, and reduced-complexity (RC) models. The latter term is used
herein to refer to the specific model applied here and to this general
class of model. A major advantage of RC models is their computational
efficiency that allows them to simulate river evolution over historic
and Holocene timescales (e.g., Coulthard et al., 2002, 2005; Nicholas
andQuine, 2007; Thomas et al., 2007; Van deWiel et al., 2007). However,
the physical realism of such models has yet to be demonstrated and has
received relatively little attention. Moreover, the few studies that have
considered this issue have shown that channel morphology simulated
by these models can be unrealistic and highly sensitive to model grid
resolution (Doeschl-Wilson and Ashmore, 2005; Doeschl et al., 2006;
Nicholas and Quine, 2007). These problems appear to stem from the
simple rules used in RCflow routing calculations; specifically, the neglect
of momentum conservation and the application of a normal flow
approximation to estimate stream power, shear stress, or sediment
transport rates. Nicholas (2009) showed that the physical realism of
stream power estimates obtained using RC models could be improved
significantly by deriving independent estimates of flow depth with
which to calculate the local flow energy slope (rather than applying a
normal flow approximation). Nicholas (2010) extended this idea and
used an RCmodel to simulate the generation andmigration of free alter-
nate bars in straight channels, demonstrating that the channel morphol-
ogy and morphodynamic feedbacks simulated using RC models can be
physically realistic and consistent with empirical data sets. Despite this
progress,whether such approaches can be applied successfully in natural
channels characterised bymore complex bedmorphology remains to be
established.

Previous applications of RC models have focused on braided rivers
from a generic, scale-independent perspective (Murray and Paola,
1994), on reduced-scale laboratory channels (Doeschl-Wilson and
Ashmore, 2005; Doeschl et al., 2006; Nicholas, 2010), or on small
gravel-bed rivers (Coulthard et al., 2002, 2007; Thomas and Nicholas,
2002; Thomas et al., 2007; Van de Wiel et al., 2007). Significantly, no
attempt has yet been made to apply such models to the world's largest
rivers (e.g., the Amazon, Jamuna, Paraná, cf. Gupta, 2007), which have
very different morphologic and hydrodynamic characteristics to the
shallow flows and/or coarse-grained channels to which RC models
have been applied before. Many large rivers are characterised by an
anabranching pattern, very low water surface gradients (~10−4 or
less), flow depths of up to 25–50m or more, individual channels with
high width:depth ratios (typically >50–100), low Froude numbers
that are typically b0.3 (Amsler and Garcia, 1997), and a wide range of
roughness scales associated with alluvial bedforms including ripples,
dunes, and unit bars (Latrubesse, 2008). The hydrodynamics of large
sand-bed rivers have been investigated previously using a combina-
tion of acoustic Doppler current profiler (ADCP) surveys (Richardson
and Thorne, 1998; McLelland et al., 1999; Julien et al., 2002; Parsons
et al., 2005, 2007; Lane et al., 2008; Szupiany et al., 2009) and computa-
tional fluid dynamics (CFD) modelling (Hardy et al., 2006; Viscardi et
al., 2006; Sandbach et al., 2010). However, while such studies have pro-
vided high resolution information quantifying three-dimensional mean
and turbulent flow characteristics, many aspects of the hydrodynamics
of large rivers remain incompletely understood. For example, ADCP data
have provided conflicting views on the existence and importance of
secondary circulation in such channels (e.g., Richardson and Thorne,
1998;McLelland et al., 1999; Parsons et al., 2007). Furthermore, although
the complex flow structures associatedwith dunes that are ubiquitous in
large sand-bed rivers have been studied in detail (Kostaschuk and
Villard, 1996; Best, 2005; Hardy et al., 2006; Shugar et al., 2010), under-
standing of their role in determining channel-scale flow characteristics
(Parsons et al., 2007) remains incomplete. Consequently, it is unclear
whether the details of secondary circulation, bedform roughness, and
associated turbulence are key controls on larger scale flow patterns in
these rivers or whether these and other complexities (e.g., principles of
momentum conservation) may be neglected, such that the world's
largest rivers might be amenable to study using RC models.

These issues are addressed herein by using a range of hydrodynamic
modelling approaches, which incorporate process representations of
varying complexity, to investigate flow characteristics within a 30-
km-long and 3-km-wide reach of the sand-bed Rio Paraná, Argentina.
Distributed patterns of unit discharge and depth-averaged flowvelocity
that are simulated using these models are evaluated using field mea-
surements from ADCP surveys. The objectives of the present study are
four fold: (i) to contrast the ability of hydrodynamic models of varying
physical complexity to replicate the flow characteristics observed in the
ADCP data sets; (ii) to evaluate the potential for simulating channel-
scale flow patterns in large sand-bed rivers using RC approaches;
(iii) to consider the dominant controls on the depth-averaged mean
flow characteristics of large sand-bed rivers in the context of the
assumptions that underpin the RC model presented herein; and
(iv) to assess the implications of these results for the application of RC
models to simulate channel morphodynamics.

2. Field site and data collection

Hydrodynamic models were applied and evaluated within a 30-
km-long by 3-km-wide section of the Rio Paraná, Argentina. The Rio
Paraná is one of the largest rivers in the world, with a drainage
basin area of ~2.6×106 km2 (Gupta, 2007). The study reach is located
immediately upstream of the confluence of the Rio Paraná and the Rio
Paraguay and extends between the towns of Itati and Paso de La Patria
(Fig. 1). Mean annual discharge at the Itati gauge is ~12,000 m3 s−1,
and themaximumoverbank discharge is ~19,000 m3 s−1.Mean channel
width and depth at bankfull conditions are ~2.5–3 km and ~7–8 m,
respectively, and maximum thalweg scour depths are up to ~25–30 m.
Mean water surface slope during the survey period was estimated
from dGPS elevations to be ~0.044 m km−1. Bed material in the study
reach is well sorted, predominantly medium to fine sand (D50 of
~0.35 mm) with some fine gravel present in the channel thalweg.
Large areas of the channel bed are covered by dunes with smaller, sup-
erimposed dunes and ripples also present (Parsons et al., 2005; Shugar
et al., 2010). Channel dimensions (width and depth), bed and water
surface gradient, bed sediment size, and hydrologic regime for this
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reach of the Rio Paraná lie within the range of values for these parame-
ters that have been identified as characteristic of the world's largest
rivers (Latrubesse, 2008).

Bed topography and three-dimensional flow characteristics were
surveyed throughout the study reach in April 2008. Topographic
data were obtained using a RESON Navisound 215 dual frequency
(33 and 210 kHz) single-beam echo-sounder (SBES) collecting data
at ~1 Hz linked to a Leica RTK differential global positioning system
(dGPS). This topographic informationwas collected at 163 cross sections
separated by ~200 m in the downstream direction and a series of longi-
tudinal lines along the length of the reach. The surveyed lines were
projected onto a UTM coordinate system and post-processed in CARIS
HIPS software, where the effect of changing river stage during the survey
was corrected. A kriging algorithm was applied to the final set of data
points, to generate a digital elevation model, which was resampled to
generate a regular grid with a resolution of 15 m for use in the hydro-
dynamic simulations.

Flow data were obtained using an RDI 1200 kHz ADCP, which deter-
mines three-dimensional flow in a vertical column at 0.25-m interval
depth bins. The ADCP was deployed in moving-boat mode with vessel
and velocity correction provided via RTK dGPS. A total of five cross sec-
tions were measured in the study reach. Channel morphology within
the study reach is characterised by a meandering thalweg, and cross
sections were located in regions where the thalweg shifted from the
right to the left bank (Figs. 1 and 2). Following Szupiany et al. (2007),
at each cross section, six repeat transects were collected to obtain a sta-
tistically stationary flow field. Average boat velocity during the ADCP
surveys was 1.12 ms−1, providing high resolution (~4 samples m−2)
velocity data through each cross-section. The distance from the water
surface to the first bin was 0.74 m, which accounted for submergence
of the ADCP below the waterline and the blanking distance that
removes the effect of side-lobe ringing. Data from the bottom 6% of
the velocity profile were removed in processing, again to avoid the
effect of contamination by side-lobe interference. Figs. 1 and 2 show
the bed topography within the study reach and the location of four
cross sections (labelled A to D) at which ADCP data were collected for
comparison with model results. The fifth section is located at the inlet
to the model domain. Discharge at the time of the data collection was
determined by integration of flow data across the inlet to the study
reach and cross section A (see Fig. 1). This yielded discharge estimates
in the range of ~14,850 m3 s−1 to ~15,630 m3 s−1 (based on the
six repeat surveys for each section), with a mean estimate of
~15,100 m3 s−1. Sections B, C and D do not extend fully from bank to
bank across the channel and so do not provide a reliable estimate of
the total discharge at the time of data collection.

3. Reduced complexity modelling

The RC model applied herein represents a modified version of that
presented by Nicholas (2010). This model involves a spatially distrib-
uted, quasi-two-dimensional approach in which water is routed
downstream through a lattice of cells representing the river bed
topography. Like many other RC models (e.g., Murray and Paola,
1994; Thomas and Nicholas, 2002), this approach is based on the
assumption that the downstream flow direction can be defined a
priori. Flow is thus routed from the cells on each row (cross-section)
of the lattice to those on the row downstream, one row at a time. The
model is applied herein using a regular grid of cells (i.e., with the x and
y grid axes aligned perpendicular to one another and with uniform
grid cell dimensions, Δx=Δy).

The first stage in the application of the model is to define the
position of the water surface throughout the model domain, which
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Fig. 2. Bed topography (depth relative to water surface elevation) at ADCP survey sections A to D shown in Fig. 1.
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Nicholas (2010) accomplished by solving a one-dimensional backwa-
ter equation. A simpler approach is adopted herein, which assumes
that the water surface can be represented as a planar surface with a
constant downstream slope defined by the field surveys of bottom
topography and flow depth. Consequently, the assessment of RC
model performance that is presented herein does not account for
errors associated with the prediction of the water surface position.
Application of a planar water surface approximation is more efficient
computationally than a backwater calculation, which would become
more complex if proper account were to be taken of flow division
around emergent bars. Additionally, the very low water surface
slopes that are typical of large sand-bed channels (~4.4×10−5 for
this reach of the Rio Paraná), when combined with the large range
in bed level over distances of just a few km (up to ~25 m), means
that the vast majority of spatial variation in flow depth is explained
by variation in bed height, rather than water surface elevation.
Indeed, predictions of water surface elevation obtained using a two-
dimensional, physics-based, depth-averaged hydrodynamic model
(see below) suggest that errors in flow depth derived using a planar
water surface approximation are b1% of the local flow depth in almost
all locations.

Having specified the water surface position within the model reach,
the distribution of unit discharge (q) across the upstream domain
boundary can be defined usingmeasurements of depth-averaged veloc-
ity or by applying a flow resistance equation in conjunction with the
assumption that slope (S) and roughness are uniform across the domain
inlet so that

q ¼ khβ ð1Þ

where h is the flow depth, and k and β are constants that are defined
to yield the specified total discharge entering the model reach. Eq. (1)
can be based on a range of flow resistance laws; thus where the Man-
ning equation is adopted, β=1.67 and k is given by

k ¼ S0:5n−1 ð2Þ

where n is the Manning roughness coefficient. If the Chezy resistance
law is used, then β=1.5 and k is given by

k ¼ S0:5C ð3Þ

where C is the Chezy roughness coefficient. This approach can be used
to determine the water surface position for a given total discharge,
slope, and roughness coefficient value. Alternatively, where the water
surface position is determined using field data, β is selected to reflect
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the choice of resistance law and k is then set to yield the known dis-
charge entering the model domain.

Unit discharge values at the upstream domain boundary are
routed downstream from each row in the model domain to the next
using the following three-stage procedure. First, the unit discharge
in each cell in a row (i−1) is passed to the cell immediately down-
stream in row (i) (Fig. 3A). Second, the unit discharge passed to
each cell in row (i) is compared with a maximum allowable unit
discharge (qmax) given by

qmax ¼ g0:5h1:5Frmax ð4Þ

where g is acceleration due to gravity, h is flow depth in the cell re-
ceiving discharge, and Frmax is the maximum allowable Froude num-
ber, which is a user-defined parameter that should be set based on
typical maximum Froude numbers for the flow being simulated.

Where the unit discharge passed to a cell in row (i) exceeds the
maximum value given by Eq. (4), the excess unit discharge is passed
immediately to laterally adjacent cells on the same row. Where this
excess unit discharge is split between more than one cell, it is divided
in proportion to the difference between the maximum allowable unit
discharge and the actual unit discharge in the two receiving cells. This
may necessitate further checks to ensure no cell has received a
discharge greater than the local maximum allowable. The purpose
of this procedure is to prevent excess discharge being routed into
cells that are either very shallow or entirely dry.

In the third stage of the flow routing procedure (Fig. 3B), the unit
discharge in each cell in row (i) is adjusted to account for lateral
transfer of water (e.g., from cell (i, j) to cells (i, j−1) and (i, j+1)).
In doing this, the unit discharge in each cell (i, j) is recalculated as

qnþ1
i;j ¼ 1

2
Pi;j

Pi;j þ Pi;j−1

 !
qni;j þ qni;j−1

� �
þ 1
2

Pi;j

Pi;j þ Pi;jþ1

 !
qni;j þ qni;jþ1

� �
ð5Þ

where Pi,j is the discharge conveyance potential of cell (i,j), qi,j is the
unit discharge at cell (i,j), and the superscripts n and n+1 indicate
discharges before and after lateral redistribution of water. Having ap-
plied Eq. (5) to recalculate the unit discharge at each cell across the
section, this procedure is repeated a total of N times. The value of N
determines the rate at which the unit discharge distribution at a sec-
tion adjusts downstream. The principle behind this approach is that
the distribution of water across a river cross section is adjusted by
the lateral transfer of water so that the unit discharge distribution
tends toward the distribution of discharge conveyance potential in
the downstream direction.

Initial estimates of discharge conveyance potentials (P*i,j) are
derived as a simple function of the local flow depth (note that P*i,j
differs from Pi,j in Eq. (5)). As in previous reduced-complexity models
i i -1 i i -1
A B

Fig. 3. Stages in the reduced-complexity model flow routing calculations (described in
text).
(e.g., Murray and Paola, 1994; Thomas and Nicholas, 2002), the
current approach assumes a spatially uniform longitudinal friction
slope and roughness coefficient across a section and neglects lateral
variations in water surface elevation and turbulent momentum trans-
fers. This allows the conveyance potentials to be estimated as

P�
i;j ¼ hβi;j ð6Þ

This approach does not require a roughness parameter value to be
defined. However, the value of β reflects the depth-dependency of
roughness and thus controls the degree of spatial variability in
conveyance potential associated with differences in relative roughness.
Eq. (6) yields an estimate of the conveyance potential that neglects
the possible effects of downstream obstacles that may promote
flow divergence upstream. This represents a weakness of previous
reduced-complexity flow routing models, which is addressed herein
by recalculating discharge conveyance potentials as the weighted sum
of local and downstream values

Pi;j ¼ θP�
i;j þ

1� θð Þ
W

Piþ1;j−1 þ Piþ1;j þ Piþ1;jþ1

� �
for W > 0 ð7Þ

where Pi,j is the value of P*i,j adjusted to account for downstream var-
iations in conveyance potential, W is the number of cells [(i+1, j−1),
(i+1, j), and (i+1, j+1)] that arewet, and the parameter θ, which var-
ies between 0 and 1, controls the distance over which the effects of
downstream variations in conveyance potential are felt. Values of Pi,j
are set to zero regardless of the value of P*i,j where all three cells (i+
1, j−1), (i+1, j) and (i+1, j+1) are dry. This prevents flow being
routed into cells that are wet where emergent downstream features
(e.g., bars or sharp bank lines) would lead to an abrupt change in
streamline orientation. Eqs. (6) and (7) are applied by first calculating
values of P*i,j at all cells throughout the model domain using Eq. (6).
Following this, values of Pi,j are determined using Eq. (7), starting with
the penultimate row of cells in the domain and proceeding upstream.
These values of Pi,j are then used in Eq. (5). Rather than attempting to
define appropriate values for parameters N and θ a priori, the present
RC model simulations were conducted using a wide range of values
for these parameters (defined below) in order to examine model sensi-
tivity to process parameterisation. In doing this, the simulations also
considered a range of model mesh resolutions (between 15 and 90 m)
and two values of β, approximately equivalent to using a Chezy (β=
1.5) and Manning (β=1.67) resistance law. The range of model mesh
resolutions investigated herein was determined by the maximum
resolution (15 m) at which it was feasible to implement the three-
dimensional CFDmodel in the current study and by the coarsest resolu-
tion (90 m) at which it was deemed appropriate to attempt to resolve
flow within the channel thalweg, which narrows to c. 100 m at some
cross sections (see Fig. 2D).

In order to compare the unit discharges and depth-averaged
velocities derived using the RC model with field measurements and
equivalent predictions from more sophisticated two-dimensional
and three-dimensional hydrodynamic models (described below),
calculation of unit discharge components in the x and y directions
(e.g., qx and qy) is necessary. Because mass balance calculations in
the RC model are based on the unit discharges (q) conveyed from
each row in the cell lattice to the row downstream in the x direction
(see Fig. 3A), q and qx can be treated as equivalent to one another, and
values of qy can be estimated as

qy ¼ qx tan αð Þ ð8Þ

where α is the angle between the downstream lattice direction and
the streamline orientation in cell (i, j). Streamline orientation is de-
termined by calculating the total discharge that is conveyed through
the part of the channel that lies to the left of the centre of cell (i, j)
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and finding the locations on rows (i−1) and (i+1) for which the
same total discharge lies to the left of these points (termed hereafter
points A and B). The streamline angle relative to the downstream lat-
tice direction (α) is then found from

α ¼ arctan Ly=Lx
� �

ð9Þ

where Lx and Ly are the distances between points A and Bmeasured in
the x and y directions. Unit discharge magnitude (qm) is then deter-
mined as

qm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2x þ q2y

q
ð10Þ

4. Physics based hydrodynamic modelling

To provide an assessment of the relative strengths andweaknesses
of a range of hydrodynamic modelling approaches, flow conditions
within the study reach were also simulated using two alternative
hydrodynamic models with a stronger physical basis than the RC
model. Fully three-dimensional flow conditions were modelled using
a modified version of the finite volume commercial CFD code
Phoenics©. Phoenics was applied to solve the three-dimensional
RANS equations with a turbulence closure using the k–ε RNG model.
To facilitate comparison with the results of the other models used
herein, the three-dimensional velocities derived using the CFD code
were depth integrated to obtain unit discharge and depth-averaged
velocity components in the two horizontal grid directions.

In the CFD simulations, the model domain was represented using a
structured Cartesian mesh with horizontal and vertical resolutions of
15 and 1 m, respectively. Bed topography within the reach was treated
using the numerical porosity approach developed by Lane et al. (2004)
and Hardy et al. (2006), which scales mass flux terms in near-bedmesh
cells to account for the fraction of each cell occupied by the bed.
Pressure was computed using the SIMPLE algorithm (Patankar and
Spalding, 1972), and the hybrid differencing scheme (Spalding, 1972)
was employed to compute convective terms. A rigid-lid approximation
was applied at the free surface, introducing an additional surface pres-
sure term but necessitating a mass correction of the surface adjacent
cells (Bradbrook et al., 2000). Bed roughness was represented using a
standard wall function equivalent to the logarithmic law-of-the-wall

Vz

V� ¼ 1
κ
ln

z
z0

ð11Þ

where Vz is the velocity at height z above the bed, V* is the shear ve-
locity, κ is the von Kármán constant, and z0 is a roughness length
scale. A constant value for z0 was applied throughout the model
domain by optimising the fit between the modelled and observed
flow conditions at ADCP survey section A (see Section 6 below).
Application of the CFD model to this reach of the Rio Paraná is also
described in Sandbach et al. (2010).

Depth-averaged flow conditions throughout the study reach were
also modelled using a new two-dimensional finite volume code
HSTAR (Hydrodynamics and Sediment Transport in Alluvial Rivers)
developed from the model of Nicholas (2009). This code solves the
shallow water form of the Navier–Stokes equations. The conservation
of mass and momentum equations solved by this model are written
as

∂h
∂t þ

∂qx
∂x þ ∂qy

∂y ¼ 0 ð12Þ
∂qx
∂t þ

∂ q2x=h
� �
∂x þ

∂ qxqy=h
� �

∂y þ g
2

∂ h2
� �
∂x þ gh

∂z
∂xþ

1
ρ

∂ hτxy
� �
∂y

þ1
ρ
∂ hτxxð Þ

∂x þ τbx
ρ

þ FSx ¼ 0

ð13Þ

∂qy
∂t þ

∂ q2y=h
� �
∂y þ

∂ qxqy=h
� �

∂x þ g
2

∂ h2
� �
∂y þ gh

∂z
∂yþ

1
ρ

∂ hτyx
� �
∂x

þ1
ρ

∂ hτyy
� �
∂y þ τby

ρ
þ FSy ¼ 0

ð14Þ

where h is flow depth; t is time; qx and qy are unit discharge in the x
and y directions; g is acceleration due to gravity; ρ is fluid density; z is
bed elevation; τxx, τyy, τxy, and τyx are turbulent stresses; τbx and τby
are bed shear stresses in the x and y directions; and FSx and FSy are
terms representing the effects of secondary flow. Turbulent stresses
are treated using the Boussinesq approximation combined with a
zero-order eddy viscosity model

τxx ¼ −2υtρ
∂ qx=hð Þ

∂x ð15Þ

τxy ¼ τyx ¼ −υtρ
∂ qx=hð Þ

∂y þ
∂ qy=h
� �
∂x

2
4

3
5 ð16Þ

τyy ¼ −2υtρ
∂ qy=h
� �
∂y ð17Þ

υt ¼ 0:07V � h ð18Þ

where υt is the turbulent eddy viscosity, and V* is the shear velocity. Bed
shear stresses are modelled using a quadratic friction law

τbx
ρ

¼ g
Chð Þ2 qx

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2x þ q2y

q
ð19Þ

τby
ρ

¼ g
Chð Þ2 qy

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2x þ q2y

q
ð20Þ

where C is the Chezy friction coefficient, which can be treated as a
constant or represented using the Colebrook–White equation

C ¼ 18 log
12h
ks

� �
ð21Þ

where ks is a roughness length scale, which includes the effects of
both grain and form roughness.

The terms representing the effects of secondary circulation in the
depth-averaged momentum equations are modelled using the
approach adopted in the commercial hydrodynamic code DELFT3D
(Deltares, 2010). This approach involves relating the stresses generated
by secondary currents to the local intensity of spiral motion in the flow,
where the latter is determined as an inverse function of the curvature of
flow streamlines. Preliminarymodel simulations demonstrated that the
secondary flow terms (FSx and FSy)made a negligible contribution to the
momentumbalance in the current application, because of the high radi-
us of streamline curvature (typically >1 km) in the flows considered.
This is consistent with previous analysis of three-dimensional velocity
data obtained in the Rio Paraná, which indicated the absence of
channel-wide secondary currents (Parsons et al., 2007; Szupiany et al.,
2009). As a result, the secondary flow model was not implemented in
the simulations reported herein (i.e., FSx and FSy were set to 0).
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Eqs. (12) to (14) were solved by explicit time integration using a
Godunov-type finite volume scheme. Such schemes are commonly
used to solve the shallow water equations in a range of applications
including the simulation of within-channel flows, floodplain, and
dambreak floods (Fraccarollo and Toro, 1995; Mingham and Causon,
1998; Liang et al., 2008; Begnudelli et al., 2010). Mass and momentum
fluxes are computed herein using the HLL approximate Riemann solver
(Harten et al., 1983). Second-order accuracy in time and space is
achievedusing a predictor-corrector scheme and themonotone upwind
scheme for conservation laws (MUSCL) approach to variable recon-
struction (van Leer, 1979). Spurious oscillations in the solution domain
are prevented using the double minmod limiter, which has been rec-
ommended because of its neutral dissipation properties (Sanders and
Bradford, 2006). The model time step (Δt) is defined to satisfy the
Courant–Friedrichs–Lewy stability criterion.

5. Results: parameterisation and sensitivity of the RC model

All three models outlined above were evaluated using the ADCP
data collected at the four cross sections (A to D in Figs. 1 and 2). Com-
parisons were made in terms of the magnitude of the unit discharge
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Fig. 4. Dependence on N of the correlation coefficient (r) and reduced major axis gradient (m
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(qm) and components in the x and y directions (qx and qy, respectively)
and of the magnitude of the depth-averaged velocity (Vm) and compo-
nents in the x and y directions (Vx and Vy, respectively). Model evalua-
tion was based on the correlation between modelled and measured
variables and the gradient of the best-fit relationship between variables
(quantified using the reduced major axis).

To assess the sensitivity of the RCmodel to process parameterisation,
simulations were conducted using values for β of 1.5 and 1.67 (see
discussion of Eq. (1) above); the values of θ used were 0.05, 0.1, 0.2,
0.4, 0.6, and 0.8; and values of N were considered across the range
from1 to 500. Fig. 4A and C shows examples of the relationship between
N (the number of iterations of Eq. (5) used in the RCmodel) and the cor-
relation between the ADCPmeasurements and RCmodel results. Fig. 4B
andD shows equivalent relationships betweenN and the reducedmajor
axis gradient (m). Several trends are evident in these relationships that
are representative of results more generally. Positive correlations
between the ADCP data and RC model results become stronger initially
as N increases and are maximised at intermediate values of N. Above
this optimal value of N, correlation coefficients may remain near
constant (Fig. 4A) or decline and become negative (Fig. 4C). Values of
the reducedmajor axis gradient (m) exhibit similar trends (i.e., increasing
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initially before leveling off or declining). However, optimal values of m
(i.e., m closest to 1) are not necessarily associated with intermediate
values of N. The value of β has relatively little effect on either the correla-
tion coefficient (r) or the reducedmajor axis gradient (m). Optimal values
of θ vary between the four ADCP measurement cross sections and
between flow variables. However, higher values of θ typically lead to
better agreement between the ADCP data and the RC model results. For
this reason,most results reported beloware for RC simulations conducted
using β=1.5 and θ=0.8.

Fig. 5 shows changes in the patterns of unit discharge simulated
using these parameter values on a 15-m grid for three values of N
(Fig. 1 shows the location of this 8.5-km channel section within the
overall study reach). These results illustrate how the ability of the
RC model to redistribute flow laterally varies with N. Bed morphology
within the study reach is characterised by a meandering thalweg,
which switches from the true left bank to the true right bank ~3 km
upstream of the region shown in Fig. 5, before switching back to the
left bank immediately upstream of the 4-km-long vegetated island
at the downstream end of the study reach (labeled X in Fig. 5A).
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Fig. 5. Patterns of unit discharge magnitude (contours) and direction (vectors) simulated by
and (C) N=60. In all cases β=1.5 and θ=0.8.
Results from the physics based models and ADCP data indicate that
flow is steered strongly by the thalweg in this region. However, for
low values of N, the lateral flow exchanges in the RC model are
suppressed, and the main flow does not cross to the right bank up-
stream of the reach shown in Fig. 5. Similarly, for low values of N
the flow does not follow the thalweg and return to the left bank,
but instead is divided around the island near the reach outlet. Only
for high values of N (e.g., Fig. 5C) does the flow follow the channel's
meandering thalweg. The complexity of flow within this part of the
study reach accounts for the increased sensitivity to N of the RC model
results at section C (see Fig. 4C and Fig. 1 for the location of section C).
This sensitivity is also evident in the relationships between modelled
and observed unit discharge magnitude at this section, shown in
Fig. 6A and B, for simulations conducted on a 15 m resolution grid.
Fig. 6C shows patterns of unit discharge magnitude at this section sim-
ulated for four values of N. The strongest correlation between the ADCP
data andmodel results occurs for ~N=60. For lower values of N, corre-
lations are weaker (Fig. 6A) due to the suppression of lateral flow redis-
tribution, as discussed above. For higher values of N, the pattern of unit
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discharge at this section tends toward that given by Eqs. (1) and (6),
hence the unit discharge distribution mirrors the pattern of flow
depth at the section and in the region immediately upstream (see
Fig. 6D). This also results in weaker correlation between observed and
modelled unit discharges because, moving downstream between sec-
tions B and C, flow is redistributed laterally away from the right bank
more rapidly in the RC model than in nature, for high values of N.

Fig. 7 shows further examples of the relationship between N and
the agreement between the ADCP data and RC model results, for all
six model grid resolutions used here (15, 30, 45, 60, 75, and 90 m).
These plots illustrate that, for a given flow variable, ADCPmeasurement
section and combination of β and θ parameter values, the optimal
values for r andm are relatively insensitive to themodel grid resolution
(Δx). Moreover, as Δx increases, the number of iterations required to
optimise the agreement between ADCP data and RC model results
decreases systematically, owing to the fact that Eq. (5) is more effective
at redistributing discharge laterally as model resolution coarsens. Fig. 8
illustrates the relationship between grid resolution and the number of
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iterations of Eq. (5) required to optimise the RCmodel (N*). Four values
of N* were determined for each mesh resolution (two determined by
optimising the model by maximising r and two by minimising the
deviation between m and the optimum value of 1). Two methods
were used in model optimisation. In the first method, the sum of the r
values determined at each ADCP cross section was maximised (or the
sum of the deviations betweenm and 1 was minimised). In the second
method, values of N* were determined separately for each cross section
(A to D) and variable (qm, qx, qy, Vm, Vx and Vy), and the median value of
N* was determined for these 24 estimates. Although the four values of
N* determined for each grid resolution differ, all methods yield values
that support a simple inverse relationship between N* and Δx (see
curve in Fig. 8). This tendency is consistent with the previous applica-
tion of the RC model by Nicholas (2010) for much simpler channel
configurations (straight channels with alternate bars), which indicated
the need to double N when Δx was halved. This simple relationship
between N* and Δxmay provide a basis for defining appropriate values
of N in future applications of the RCmodel. Fig. 9 shows patterns of unit
discharge for the same region shown in Fig. 5 (where Δx=15m) gen-
erated using the RCmodel at grid resolutions of 45 and 90 m. Parameter
values in all caseswereβ=1.5 and θ=0.8,withN defined as an inverse
function ofΔx (N=10 forΔx=90m; andN=20 forΔx=45m;N=60
for Δx=15m). The negligible difference between results shown in
Figs. 5C and 9, and the consistency in optimal model performance
shown in Fig. 7, demonstrates that by defining N as a simple function
ofΔx the RCmodel results are essentially independent of grid resolution
(i.e. simulations conducted for grids of varying resolution with N
defined as a simple function of Δx yield consistent results).

6. Results: evaluation and intercomparison of RC and physics
based models

The three-dimensional CFDmodelwas implemented by dividing the
30-km study reach into three regions and undertaking computations
separately for each reach. Flow conditions at the outlet of the region
farthest upstreamwere used to define the inlet conditions for the region
immediately downstream. This procedure was repeated to define inlet
conditions for the third region. A constant value of the roughness length
scale z0 was used throughout the entire model domain. This value was
optimised by carrying out computations across a range of z0 values
(from 0.0001 to 0.1 m) in only the upstream flow region (containing
ADCP cross section A) because the time required to conduct simulations
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in all three regions for multiple z0 values was prohibitive. For the pur-
pose of model optimisation, the fit between themodelled and observed
depth-averaged velocities was evaluated at ADCP cross section A only
(in terms of the correlation coefficient and reduced major axis gradi-
ent). The fit between modelled and observed flow depths and unit
discharge values was not considered because the CFD simulations
adopted a fixed-lid approach to specifying the water surface position,
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Fig. 9. Patterns of unit discharge magnitude (contours) and direction (vectors) simulated
N=10, β=1.5, and θ=0.8.
in which flowdepths are not free to adjust to changes in bed roughness.
Correlation coefficients were optimised for z0 values in the range of
0.03–0.1 m, while reduced major axis gradients were closest to one
for z0 values of 0.01–0.03 m. On this basis, z0 was assigned an optimal
value of 0.03 m for use in computations in regions two and three. The
implication of this approach is that the performance of the CFD model
at sections B to D might be improved by optimising the model using
the full ADCP data set, should computational resources allow the neces-
sary simulations to be conducted in regions two and three for multiple
z0 values. However, the correlation between measured and observed
velocities at section A appears to be relatively insensitive to the choice
of z0 (e.g., for Vm, r varied between 0.63 and 0.69 for z0 over the range
of 0.01 to 0.1 m). Consequently, any improvement in model perfor-
mance resulting from optimisation of roughness using ADCP data at all
cross sections, A through D, is likely to be small.

The depth-averaged hydrodynamic model was implemented
using two approaches to representing bed roughness (constant C
and constant ks). Spatially uniform C values were considered across
the range C=40 to 100 m0.5 s−1. Spatially uniform ks values were
considered across the range ks=0.02 to 0.3 m. Computations were
performed on a grid with a spatial resolution of 15-m (for consistency
with the CFD simulations), and optimal values of roughness coefficient
were identified by comparing the modelled and observed flow depths
at the ADCP cross sections. This approachwas adopted because consis-
tency in depth (and water surface elevation) was deemed to provide
the most physically robust approach to defining roughness in a
modelwhere depths are free to adjust.Moreover, this approach allows
an independent assessment of model performance using velocity and
unit discharge data. Optimal values of the roughness coefficients were
found to be C=65 m0.5 s−1 and ks=0.03 m. The latter value is low
compared to estimates of ks determined using accepted approaches to
parameterising form roughness (e.g., van Rijn, 1984), based on which
a value of ks=0.3 m can be derived for the study reach. However, this
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Table 2
Reduced major axis gradients (m) for relationships between optimised model results
and measured flow variables (qm, qx, qy, Vm, Vx and Vy) at ADCP sections A to D.

Section Variable 3D CFD 2D(ks) 2D(C) RC (15 m) RC(90 m)

A qm 0.99 1.17 1.04 1.16 1.07
B qm 1.15 1.43 1.28 1.26 1.24
C qm 0.94 1.40 1.27 1.30 1.27
D qm 0.88 0.96 0.88 1.04 0.94
A qx 1.01 1.17 1.05 1.17 1.08
B qx 1.17 1.43 1.28 1.28 1.24
C qx 0.74 1.24 1.13 1.23 1.09
D qx 0.88 0.94 0.87 1.03 0.94
A qy 1.06 1.10 1.03 1.19 1.09
B qy 1.74 1.30 1.25 2.04 1.59
C qy 1.51 1.79 1.64 1.80 1.86
D qy 2.15 2.15 2.01 2.52 1.66
A Vm 0.93 1.42 1.05 1.45 1.06
B Vm 0.94 1.92 1.65 1.19 1.30
C Vm 0.71 1.88 1.68 1.51 1.43
D Vm 0.74 1.16 0.92 1.25 1.04
A Vx 1.06 1.47 1.10 1.46 1.14
B Vx 1.05 1.86 1.59 1.35 1.30
C Vx 0.72 1.65 1.56 1.46 1.23
D Vx 0.76 1.12 0.89 1.23 1.05
A Vy 1.32 1.02 0.95 1.30 1.30
B Vy 1.87 1.43 1.33 2.32 1.81
C Vy 1.54 1.81 1.61 2.27 2.11
D Vy 1.22 1.03 0.94 1.18 0.93

From left to right, columns 3 to 7 present statistics derived for the three-dimensional
CFD model (using z0=0.03 m); two-dimensional shallow water equation model
(using ks=0.03 m); two-dimensional shallow water equation model (using
C=65 m0.5 s−1); and the RC model implemented using Δx=15 m, N=60, θ=0.8,
and β=1.5 (column 6); and Δx=90 m, N=10, θ=0.8, and β=1.5 (column 7).
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may be explained by the fact that ks represents only the effects of sub-
grid scale roughness, with larger scale roughness effects incorporated
within the model DEM (see also Nicholas, 2001).

Tables 1 and 2 contain summary statistics quantifying the best-fit
relationships between modelled and observed depth-averaged veloc-
ities and unit discharges for the three modelling approaches. Figs. 10
to 13 show lateral distributions of the measured and modelled unit
discharge magnitude and velocities (Vm, Vx, and Vy) at the four
ADCP cross sections. Fig. 14 shows the planform patterns of flow
depth and depth-averaged velocity within the boxed region shown
in Fig. 1, which also contains ADCP sections B to D. In general, corre-
lations are higher for the unit discharges (mean of 0.91 for all models)
than for the depth-averaged velocities (mean of 0.77). All models
perform equally well (in terms of r values) for unit discharge (see
Table 1). For depth-averaged velocity, the RC model and shallow
water equation model perform similarly (mean r values of 0.79 and
0.78, respectively) with the CFD model performing slightly less well
(mean r value of 0.71). Correlations are significantly lower for the
physics based models compared with the RC model at section D
because of the overprediction of velocities in the shallow flows adjacent
to the left bank (see Figs. 11D and 12D). However, these figures also
illustrate that the physics based models reproduce observed velocities
better than the RC model in the shallow flows adjacent to the right
bank at this cross section. In terms of the reduced major axis gradients
(Table 2), the CFDmodel, shallowwater equationmodel parameterised
using constant C, and the RCmodel implemented at 90-m resolution all
perform similarly (mean deviations of m from 1 of 0.28, 0.3, and 0.3,
respectively). The RC model implemented at 15-m resolution and the
shallowwater equationmodel parameterised using constant ks perform
less well (mean deviations of m from 1 of 0.46 and 0.42, respectively).
However, in the case of the shallow water equation model, it is worth
noting that this reflects, in part, the fact that values of C and ks were
determined to optimise the fit between the modelled and observed
flow depths rather than velocities and unit discharges, as was the case
Table 1
Correlation coefficients (r) for relationships between optimised model results and
measured flow variables (qm, qx, qy, Vm, Vx and Vy) at ADCP sections A to D.

Section Variable 3D CFD 2D (ks) 2D(C) RC (15 m) RC(90 m)

A qm 0.95† 0.95† 0.95† 0.94† 0.94†

B qm 0.97† 0.98† 0.98† 0.96† 0.97†

C qm 0.90† 0.89† 0.90† 0.94† 0.94†

D qm 0.98† 0.97† 0.96† 0.99† 0.98†

A qx 0.95† 0.95† 0.95† 0.94† 0.94†

B qx 0.97† 0.98† 0.98† 0.96† 0.97†

C qx 0.91† 0.88† 0.89† 0.92† 0.93†

D qx 0.97† 0.97† 0.96† 0.99† 0.98†

A qy 0.80† 0.92† 0.93† 0.83† 0.82†

B qy 0.92† 0.94† 0.94† 0.84† 0.89†

C qy 0.90† 0.88† 0.91† 0.91† 0.95†

D qy 0.65† 0.63† 0.63† 0.76† 0.77†

A Vm 0.63† 0.79† 0.80† 0.56† 0.53†

B Vm 0.86† 0.93† 0.87† 0.88† 0.89†

C Vm 0.63† 0.86† 0.85† 0.86† 0.84†

D Vm 0.33‡ 0.30‡ 0.20 0.74† 0.62
A Vx 0.64† 0.80† 0.81† 0.58† 0.56†

B Vx 0.89† 0.94† 0.89† 0.91† 0.93†

C Vx 0.66† 0.87† 0.83† 0.82† 0.78†

D Vx 0.39† 0.36‡ 0.26 0.77† 0.64‡

A Vy 0.78† 0.89† 0.90† 0.77† 0.78†

B Vy 0.95† 0.95† 0.95† 0.90† 0.92†

C Vy 0.89† 0.87† 0.91† 0.87† 0.94†

D Vy 0.92† 0.91† 0.92† 0.93† 0.92†

From left to right, columns 3 to 7 present statistics derived for the three-dimensional
CFD model (using z0=0.03 m); two-dimensional shallow water equation model
(using ks=0.03 m); two-dimensional shallow water equation model (using
C=65 m0.5 s−1); and the RC model implemented using Δx=15 m, N=60, θ=0.8,
and β=1.5 (column 6); and Δx=90 m, N=10, θ=0.8, and β=1.5 (column 7).

† Indicates a statistically significant correlation at the 99% level.
‡ Indicates a statistically significant correlation at the 95% level.
for the other models. Optimisation of the shallow water equation
model based on the fit between depth-averaged velocities (themethod
used for the CFDmodel) reduces the agreement between predicted and
observed flowdepths (depths are overpredicted by 15–20%on average)
and does not improve correlations for velocity or unit discharge signif-
icantly. However, this approach reduces the mean deviation between
reduced major axis gradients and the optimal value of 1 to 0.19 (for
ks=0.24 m) and 0.2 (for C=50m0.5 s−1). Despite this apparent
improvement, significant overprediction of depth where roughness is
increased means that these parameterisations should be deemed
suboptimal.

Figs. 10 to 13 illustrate that all models are able to replicate the
main features seen in the lateral distributions of unit discharge and
depth-averaged velocity at the four ADCP measurement cross
sections. Sections C and D contain the most complex flow patterns
and are, consequently, characterised by the most marked deviations
between modelled and observed velocities. All models replicate the
observed reduction in velocities toward the mid-point of section C
(e.g., Fig. 11C). This occurs where flow is shifting from the right
bank at cross section B to the left bank at cross section D with the
thalweg passing downstream of an area of complex, shallow flow
that lies in the lee of the large island on the left hand side of the
channel at the upstream end of the region shown in Fig. 14 (see
also Fig.1 for location of cross section C). Flow deceleration in the
centre of cross section C is most pronounced in the shallow water
equation model, which is characterised by a large wake zone behind
a small emergent bar (at x=6000 m, y=7000 m in Fig. 14B). In the
CFD model, flow is distributed more evenly across the right hand
half of cross section C than for the other models or ADCP data (see
Fig. 10C), and the zone of reduced velocities behind the small emergent
bar is restricted greatly in extent. Although theRCmodel lacks the treat-
ment of momentum conservation needed to replicate the flow patterns
in this area, it captures the general trends in observed velocity magni-
tudes as well as the CFD model and better than HSTAR.

At cross section D, all models replicate the observed patterns of
unit discharge, which depend strongly on the lateral distribution of
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flow depth. However, none of the models are able to replicate the
observed velocities in the shallow areas on either side of the main
thalweg at this cross section (see Figs. 11, 12, and 13). Moreover,
although relative changes in Vx and Vy across all cross sections and
for all models are broadly in agreement with trends in the ADCP
data, differences between absolute values of the modelled and
observed velocity components reflect deviations in streamline orien-
tation between models and reality. Fig. 14 also demonstrates that
although the RC model reproduces the flow vectors derived using
the more sophisticated models, this simpler approach is characterised
by significant local flow accelerations and by changes in flow orienta-
tion over short distances. These features occurmost notably in shallow
regions, where local variability in elevations represented in the DEM
lead to large relative changes in flow depth over short distances.
Notably, none of the hydrodynamic models implemented herein
have been parameterised to account for spatial variations in bed
roughness, and thus the physics based models use constant values
of z0 (three-dimensional CFD) and C or ks (HSTAR), while the form
of Eq. (6) used in the RC model implies spatially uniform roughness
for a given flow depth. This is common practice in hydrodynamic
modelling because high resolution data for quantifying spatial varia-
tions in grain size and/or bedform dimensions are rarely available.
Although evaluating the impact of neglecting spatial variability in
bed roughness on model performance is difficult, such variability is
likely to reflect changes in flow depth within the study reach, as
both dune height and wavelength typically scale with depth (van
Rijn, 1984). Analysis of results for all three models shows that there is
no correlation between flow depth and the residual betweenmeasured
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and modelled depth-averaged mean flow velocities (r2b0.0005 for all
models). This suggests that significant improvements in model perfor-
mance would not be achieved by parameterising bedform dimensions
(and bed roughness) as a function of flow depth. Moreover, the relative
insensitivity of RC model results to the parameter β, which controls the
depth-dependency of roughness effects in Eq. (6), implies that the
neglect of spatial variability in bed roughness is not a significant influ-
ence on RC model performance.

7. Discussion

The results presented herein demonstrate that the RC model per-
forms as well as the two-dimensional and three-dimensional physics
based models in terms of its ability to replicate the patterns of depth-
averaged velocity and unit discharge evident in the ADCP data. More-
over, by adopting an inverse relationship between N and Δx, RC
model results become largely independent of grid resolution. Two
main issues are considered below: (i) what are the characteristics of
large sand-bed rivers that make it possible to simulate depth-averaged
flow hydrodynamics using approaches that neglect much of the
governing physics, and how do these characteristics differ from those
of shallow gravel-bed rivers?; and (ii) what are the implications of
these results for using RC approaches to simulate the morphodynamics
of large rivers?

Comparison of the observed patterns of depth (Fig. 2), unit discharge
(Fig. 10) and depth-averaged velocity magnitude (Fig. 11) at cross sec-
tions A to D indicates that, to a large extent, the lateral distributions of
these variables tend to mirror one another at a section (i.e., in broad
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terms unit discharge and, to a lesser extent, velocity are strongly depen-
dent on flow depth). This is confirmed by statistical analysis of the over-
all ADCP data set (i.e., data collected at all cross sections), for which
statistically significant correlations (at the 99% significance level) are
evident between depth and unit discharge (r=0.95) and between
depth and depth-averaged velocity (r=0.48). These data provide sup-
port for the RCmodelling approach, in which flow conveyance potential
is represented as a simple function of flow depth (e.g., in Eq. (6)). More-
over, the strong performance of the RC model relative to the other
models considered herein can be attributed to one or both of two
factors. First, the accuracy of depth predictions obtained by applying a
planar water surface approximation; and second, the validity of the
assumption uponwhichEq. (6) is based (that spatial variations in energy
slope can be neglected). This assumption is difficult to evaluate using the
ADCP data obtained within the study reach because it would require
long time-series collected at point locations (fixed moorings) to provide
reliable estimates of bed shear stress (e.g., Kostaschuk et al., 2004) from
which the energy slope could be derived. In the absence of such data, it is
possible to investigate spatial variations in energy slope using results
from one of the physics based models (HSTAR), albeit for the case of
spatially uniform bed roughness. Furthermore, the potential utility of
the RC model in contrasting fluvial environments can be evaluated
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using equivalent data sets obtained previously by applying a similar
depth-averaged model (Hydro2de) to a small, braided, gravel-bed river
(Nicholas, 2003). This gravel-bed channel (the Avoca River, South Island,
New Zealand) has a gradient of ~0.0124, a mean width of ~100 m, and
flow depths up to ~1.75 m.

Fig. 15 shows the frequency distributions of energy slope derived
from the application of HSTAR in the Rio Paraná (for Q=
15,100 m3s−1~120% of the mean annual flood) and the application of
Hydro2de in the Avoca River (for Q=50m3s−1~100% of the mean
annual flood). The model output has been nondimensionalised by the
mean energy gradient for each of the two rivers because it is the relative
(rather than absolute) variability in energy slope that is most relevant
to the application of the RC model. These results illustrate that the
two rivers are characterised by a very similar level of variability in rela-
tive energy slope (coefficient of variation for the Rio Paraná is ~83%
compared to ~88% for the Avoca River). The energy slope distribution
for the Avoca River is slightly broader than that for the Rio Paraná. How-
ever, this difference is only notable for energy slopes lower than the
mean and is thus exaggerated by the log scale in Fig. 15. The existence
of significant variability in energy slope for the Rio Paraná data set indi-
cates that the assumption onwhich Eq. (6) is basedneed not be satisfied
perfectly in order for the RC model to perform well. These distributions
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also suggest that variability in energy slope within shallow gravel-bed
rivers may not be so high as to preclude the application of the RC
model in such environments. Despite this, further analysis of the
Avoca River model data set highlights substantial differences to the Rio
Paraná in terms of the adequacy of a planar water surface approxima-
tion. For example, as noted above, predictions of water surface elevation
obtained by applying HSTAR in the Rio Paraná indicate that errors in
flow depth derived using a planar water surface approximation are
b1% of the modelled flow depth in almost all locations. In contrast, the
median value of the equivalent error for the Avoca River exceeds 100%,
reflecting the shallow nature of the flow, steep channel gradient and
high degree of relative form roughness that is typical of such channels.
Consequently, application of the RC model in its current form within
shallow gravel-bed rivers is not feasible, and the derivation of accurate
estimates of water surface elevation (or depth) within such channels
likely represents themajor barrier to RCmodelling in such environments.

The strong agreement between the ADCP data and the predictions
of both the RC model and the depth-averaged, shallow water
equation model (HSTAR) indicate that both models might be suitable
tools for simulating channel morphodynamics in large sand-bed
rivers such as the Rio Paraná. One justification for adopting RC
approaches when modelling long-term river evolution is their greater
computational efficiency relative to more sophisticated approaches;
hence, it is pertinent to consider whether the RC model employed
here provides a significant advantage over the physics based model
in this respect. Because all the models used herein were implemented
upon different computing systems and are coded in different lan-
guages, it is not possible to address this question fully in terms of
absolute model run times. However, it is possible to provide order
of magnitude comparisons in terms of the numbers of calculations
required to obtain solutions to the model equations. A single iteration
of HSTAR involves ~10 times as many calculations as one iteration of
the RC model. Moreover, to obtain a solution for a steady discharge
requires ~60 iterations of the RC model (for Δx=15 m), whereas
for HSTAR this may require ~1000 times this number of iterations at
this grid resolution. Consequently, in deriving a steady-state flow
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solution for a single discharge, the RC model is ~4 orders of magni-
tude more efficient than HSTAR. Despite this apparent advantage,
application of the RC model in morphodynamic simulations would
require a steady-state flow solution to be obtained during each
model time step (i.e., involving tens of model iterations per time
step). In contrast, following a spin-up period in which a steady-state
flow solution is obtained, HSTAR can be implemented in a time-
dependent mode in which only one model iteration is required per
time step. The physical duration of time steps in both models will
depend upon a bed stability criterion (i.e., a limit on the amount of
topographic change that occurs during a single timestep) and on the
CFL criterion in the case of HSTAR. In the lattermodel, this bed stability
conditionmust be set to ensure that changes in bed topography do not
introduce instabilities into the hydrodynamics. In the RC model, this
represents less of a problem because the flow field derived during
each model time step is independent of that during the previous
step. Consequently, it may be reasonable to allow greater topographic
change between time steps in the RC model than in HSTAR. However,
even accounting for this, it seems likely that the need to conduct tens
of iterations of the RC model during each time step means that the
advantage of the RC approach in terms of computational efficiency is
marginal. Moreover, explicit morphodynamic codes such as HSTAR
are well suited to parallelisation, whereas the sequential nature of
calculations in the RC model means that parallelisation may provide
little benefit.

Based on this assessment of computational efficiency, it might be
concluded that the scope for numerical simulation of large river
morphodynamics using RC approaches is somewhat limited. This
view is reinforced by the local flow accelerations and changes in flow
orientation over short distances evident in the RC model results at
some locations (see Fig. 14), which might be amplified by process-
form feedbacks during morphodynamic simulations. Despite these
issues, the RC model outlined herein may provide considerable scope
for simulating long-term river evolution if implemented within a
novel hierarchical modelling framework. The principle of such hierar-
chical approaches is that a system may be broken down into a series
of levels (scales), each governed by its own set of rules, with minimal
information exchange between levels. Several previous studies have
proposed the development of such approaches for use in braided river
simulations (e.g., Paola, 2001; Doeschl-Wilson and Ashmore, 2005).
For example, Doeschl-Wilson and Ashmore (2005) outlined a concep-
tual model with five scales extending from the overall channel network
(coarsest scale) through to individual channels, local areas of erosion
and deposition, and distributions of grain sizes and particle motions
(finest scales). This proposition is conceptually powerful. However,
the precise rules involved in such a model have yet to be identified,
and hence little progress has been made in developing such a model
over the past decade. Instead, many RC river models remain firmly
single-scale, grid-based, and essentially reductionist in nature. In
other words, RC models often simulate large-scale emergent behaviour
by solving equations that describe flow and sediment transport at fine
scales rather than by representing behaviour explicitly over a range of
scales.

The RC flow model presented herein appears to provide a compu-
tationally efficient means of simulating the spatial distribution of
unit discharge within large sand-bed rivers for steady-state flow con-
ditions. Consequently, it is suitable for deriving flow streamlines for
individual channel thalwegs in the anabranching channels that typify
the world's largest rivers. We envisage this approach being coupled
with at least two further rule sets to provide a first-order hierarchical
model of large rivermorphodynamics. First, spatial patterns of erosion
and deposition might be simulated using output from the hydro-
dynamic model. However, rather than conducting sediment transport
and mass balance calculations within individual grid cells (i.e., the con-
ventional approach in grid-basedmodelling), this might be achieved by
averaging or filtering appropriate variables (e.g., sediment transport
capacities or streamline convergence/divergence) over greater length
scales (e.g., multiples of channel depth or width) in order to identify
zones of bed instability associated with bar initiation and scour pool
development. Second, the principles that underpin existing models of
meander migration (e.g., Howard and Knutson, 1984; Lancaster and
Bras, 2002) might be used to simulate the migration of individual
thalwegs and associated channel bank erosion. This approach would
make use of hydrodynamic model output in order to calculate stream-
line radius of curvature (a key input to meander migration models)
and thalweg-averaged velocity or stream power (reasonable indices of
gross flow erosivity). Both these morphodynamic model components
would be implemented at spatial scales coarser than the individual
grid cells used in hydrodynamic calculations, and hence the model
time step would be similarly coarse (in the order of several days). Con-
sequently, it would be necessary to implement the RC model tested
herein relatively infrequently, and thus such a model could provide a
computationally efficient means of simulating the evolution of large
rivers over periods ofmillennia. Despite advances in parallel computing,
numerical simulation of large river morphodynamics using physics
based approaches is currently only feasible over shorter time periods
(e.g., up to several hundred years), hence there remains considerable
scope for investigating longer-term channel evolution using RC hierar-
chical models.

8. Conclusions

This paper reports on the application of three hydrodynamic
models of varying sophistication to simulate depth-averaged flow
characteristics within a 30-km by 3-km reach of one of the world's
largest rivers, the Rio Paraná, Argentina. A key aim of this work was
to contrast the predictive capability of a relatively simple reduced-
complexity (RC) model with two physics based models that solve
the depth-averaged, shallow water equations and three-dimensional
RANS equations, respectively. The RC model neglects most of the
physics that governs fluid flow and yet was found to yield predictions
of depth-averaged velocity and unit discharge that are as good as, or
better than, those of the physics based models when judged in
terms of the agreement betweenmodelled andobservedflowproperties
derived from ADCP cross section surveys. The strong performance of the
RC model reflects the simplicity of depth-averaged flow patterns within
the study reach and the dominant role of the large-scale topography in
controlling the spatial distribution of unit discharge. The RC model
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performs well despite the fact that it is based on the assumption of a
spatially uniform flow energy slope and that output from one of the
physics based models indicates that local energy slope values vary over
at least two orders of magnitude within the study reach. The strong
correlation between flow depth and unit discharge, and the fact that
depths can be estimated reliably in large, low gradient sand-bed rivers
by implementing a simple rigid-lid planar water surface approximation,
compensates for the shortcomings of the model associated with the
assumed invariance in energy slope. Furthermore, the results presented
herein demonstrate that a simple relationship exists between the RC
model process parameterisation and the spatial resolution of the DEM
on which the model is applied. Accounting for this relationship allows
grid-independent RC model results to be obtained for a wide range of
model resolutions, thus overcoming a significant weakness of existing
RC modelling approaches.

Despite the strong statistical agreement between the RC model
results and the ADCP data sets obtained here, a number of factors
may limit the extension of the RC model to simulate long-term river
evolution. These factors include the existence of localised flow accel-
erations in shallow flow depths in the RC model output, reflecting the
simple model process equations and neglect of momentum conserva-
tion. Moreover, although the RC model affords a significant advantage
in computational efficiency over the physics based models when
deriving a steady-state flow field (it is at least four orders of magnitude
faster), there may be little advantage in efficiency when simulating
channel morphodynamics in a time-dependent manner using the RC
model. Despite this, the ability of the RC model to predict the spatial
distribution of unit discharge (andhence flow stream lines) in a compu-
tationally efficient manner means that, when implemented within a
hierarchical modelling framework, it may be ideally suited to simulating
the long-term evolution of large sand-bed rivers. The development of
such hierarchical models was proposed over a decade ago yet remains
an elusive goal in fluvial geomorphology. A simple strategy that might
be followed to achieve this using the RC hydrodynamic model is out-
lined here and future work will evaluate its application in simulating
large river evolution over Holocene timescales.
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