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Form drag in rivers due to small-scale natural topographic features:

1. Regular sequences
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[1] Small-scale topographic features are commonly found on the boundaries of natural
rivers, streams, and floodplains. A simple method for determining the form drag on these
features is presented, and the results of this model are compared to laboratory
measurements. The roughness elements are modeled as Gaussian-shaped features defined
in terms of three parameters: a protrusion height, H; a streamwise length scale, o; and a
spacing between crests, A. This shape is shown to be a good approximation to a wide
variety of natural topographic bank features. The form drag on an individual roughness
element embedded in a series of identical elements is determined using the drag coefficient
of the individual element and a reference velocity that includes the effects of roughness

elements further upstream. In addition to calculating the drag on each element, the
model determines the spatially averaged total stress, skin friction stress, and roughness
height of the boundary. The effects of bank roughness on patterns of velocity and
boundary shear stress are determined by combining the form drag model with a channel
flow model. The combined model shows that drag on small-scale topographic features
substantially alters the near-bank flow field. These methods can be used to improve
predictions of flow resistance in rivers and to form the basis for fully predictive (no
empirically adjusted parameters) channel flow models. They also provide a foundation for
calculating the near-bank boundary shear stress fields necessary for determining rates of

sediment transport and lateral erosion.

Citation: Kean, J. W., and J. D. Smith (2006), Form drag in rivers due to small-scale natural topographic features: 1. Regular
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1. Introduction

[2] The beds and banks of natural rivers and streams, and
the surfaces of floodplains, often are covered with a variety
of small-scale topographic features. The small-scale features
on the beds of rivers include bed forms, scour holes, and
clusters of clasts. On the banks of rivers they consist of
undulations produced by erosion and slumping of bank
material and undulations associated with vegetation, such
as protruding root balls and protrusions of grass sod. Flow
over or past these small-scale topographic features produces
form drag on them, which can substantially affect the
overall flow resistance of the channel, as well as the flow
and sediment transport patterns within the channel. Accu-
rate quantitative treatment of the small-scale features is
essential for determining overall and local flow resistance
in fully predictive river flow models. Furthermore, under-
standing the complicated flow patterns as affected by the
small-scale features on the beds and banks of streams and
rivers is essential for calculating bed and bank erosion. For
example, the roughness of the bank and that of the near-by
stream bed control the boundary shear stress field in the
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neighborhood of the toe of a cutbank, and it is the shear
stress field in this area that, in turn, controls the nature and
rate of bank erosion and thus meander migration.

[3] Studies aimed at understanding the flow and bound-
ary shear stress over small-scale topographic features in
rivers have focused primarily on the flow over bed forms.
One approach to this problem, taken by Smith and McLean
[1977] in a study of flow over dunes in the Columbia River,
involves partitioning the total stress on the boundary into a
stress due to drag on the topographic features and a stress
acting on the actual boundary, which they called skin-
friction. The skin friction, which scales the near-boundary
flow and controls the sediment transport, can be determined
by subtracting the drag stress from the total stress on the
boundary. The latter is known, for example, from the depth-
slope product in an unaccelerated flow or from a flow model
in a more complicated flow. In the Smith and McLean
method the drag on the dune is calculated using a drag
coefficient for the bed form and an appropriate reference
velocity. This method was originally tested using flow
measurements made in the Columbia River. A major ad-
vantage of this method is that the roughness effects of the
bed forms can be readily tied to their geometric properties,
such as shape, height, and spacing. More recently, methods
in computational fluid dynamics (CFD) also have been used
to study flow over bed topographic features, such as dunes
[e.g., Patel and Yoon, 1995] and surface irregularities on
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gravel beds [e.g., Olsen and Stokseth, 1995; Lane et al.,
2004; Nicholas, 2005]. The complex flow produced by
rough surfaces is particularly difficult to model using
available computational methods [Patel, 1998]. For this
reason, numerical studies have only recently moved beyond
modeling laboratory situations with regular, well-defined
boundaries. While the use of CFD to study flow over
complex natural topography shows considerable promise
[e.g., Lane et al., 2004], the approach remains computa-
tionally intensive and usually requires ultrahigh-resolution
topographic data sets, which are difficult to obtain.

[4] Despite the importance of bank roughness in con-
trolling bank erosion, relatively little has been done to
characterize it. A common feature of natural banks, which
make them difficult to model, is that their surfaces are
highly irregular. The size and shape of bank features is
influenced by a wide variety of environmental factors,
including vegetation, soil cohesion, and flow. As a conse-
quence, the size and spacing of adjacent features can vary
considerably, usually more than the geometry of a set of
dunes. In addition to this variability, the shape of bank
features tends to be shorter, steeper, and more symmetric
than that of dunes. These characteristics result in greater
form drag relative to the dune situation and a wake that
substantially affects the flow over the features further
downstream.

[5] A first step toward understanding this complicated
interaction was taken by Hopson [1999] using a series of
flume experiments. These experiments measured the drag
coefficients of several different Gaussian-shaped elements
placed on the flume wall, as well as the drag force on an
element placed within a series of identical, regularly
spaced Gaussian elements on the flume wall. A Gaussian
shape was chosen for the profile of the roughness elements
for several reasons. This shape provided (1) a well-defined
point of separation, (2) a smooth transition onto the
underlying boundary of the channel, (3) a simple analytical
expression, (4) a single pair of inflection points, and (5) a
small set of parameters characterizing its shape so that it
would be easy to apply to stream-bank irregularities. In the
latter context, the Gaussian shape provided the three
essential parameters for approximating a natural small-
scale topographic element, namely (1) a protrusion dis-
tance, H, (2) a streamwise span (equivalent to the standard
deviation, o, in a Gaussian probability distribution), (3)
and a spacing of the crests. A Gaussian curve can express
a wide variety of shapes by varying the ratio of its
streamwise length scale to cross-stream length scale, and,
as will be shown subsequently, provides a satisfactory
approximation to a wide variety of roughness elements
found on the banks of rivers.

[6] The goal of this paper and a companion paper [Kean
and Smith, 2006], which are continuations of the work of
Hopson [1999], is to develop models to calculate the flow
and boundary shear stress fields over a boundary that is
characteristic of natural river banks. These papers are only
concerned with the flow effects of topographic features;
treatment of the flow effects of other roughness elements
commonly found on stream banks, such as the stems and
branches of woody vegetation, which are better modeled as
circular cylindrical elements, can be found elsewhere [e.g.,
Kean and Smith, 2004; Griffin et al., 2005]. Using an

KEAN AND SMITH: FORM DRAG ON TOPOGRAPHIC FEATURES, 1

F04009

approach similar to the one developed by Smith and
MecLean [1977] for dunes, a model for low Froude number
flow (Fr < 1) past a regular sequence of two-dimensional
bank elements is developed in this paper and the results are
compared to data from the Hopson [1999] experiment.
Owing to the close spacing and relatively blunt geometry
of typical bank roughness elements, the new model places a
greater emphasis on characterizing the velocity in the wake
region behind Gaussian-shaped roughness elements than is
required for the dune problem. The new model is then used
together with the flow model of Kean and Smith [2004] to
investigate the effects of bank roughness on patterns of
velocity and boundary shear stress in a channel. A gener-
alization of the model presented herein that accommodates
irregular sequences of topographic elements is described in
the companion paper [Kean and Smith, 2006]. Although the
focus of the models discussed in these two papers is on bank
topographic roughness, the modeling approach is valid for
any boundary on which the small-scale topographic features
can be approximated by Gaussian-shaped elements. Specif-
ically, it can be used for floodplains, riverbeds, and the sea
floor, as well as river banks.

2. Natural Topographic Bank Features

[7] Three streamwise example profiles of bank surface
topography in channels near U.S Geological Survey
(USGS) streamflow gauging stations are shown in
Figure 1. These profiles were measured as part of an on-
going effort by the authors to develop and test a fluid
mechanically based method to calculate stage-discharge
relations (theoretical rating curves) for natural channels.
This new method of stream gauging determines the flow
resistance in the channel from basic geometric measure-
ments of the roughness elements in the channel, including
bed material, woody vegetation, and small-scale topographic
features such as those shown in the Figure 1. Quantifying the
resistance of the small-scale bank topographic features is
essential for determining accurate theoretical rating curves
for each of these three sites, because the channels are narrow
relative to their depth. The flow resistance associated with
the first example of bank topography shown in Figure 1
(from Lost Creek) will be discussed later in this paper. That
associated with each of the second two examples (from Rock
Creek and Whitewater River) along with the resulting
theoretical rating curves is discussed by Kean and Smith
[2005].

[8] The measurements for the first two examples (A, B)
were made by placing a 9-m long straight edge along the
bank parallel to the flow direction and then recording
the distance normal to the bank surface at 5-cm intervals.
The measurements in the third example (C) were made
using a total station. In all cases, long-wavelength oscilla-
tions, which are 5 to 10 topographic features in length and
correspond to the general shape of the channel, have been
removed from the data [see Kean and Smith, 2005]. These
long-wavelength undulations tend to produce a negligible
contribution to the flow resistance in the channel.

[v] The topographic features shown in these three exam-
ples are essentially two-dimensional in shape; i.e., there is
little change in the profiles with elevation above the bed. In
some channels streamwise profiles of bank topography vary
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