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[11 Pool-riffle dynamics is governed by complex time and spatial interactions between
water and sediment flows. In the last few decades, significant advances have been made in
characterizing and modeling the hydrodynamics of pool-riffle sequences, and this
information has been extensively used as the basis of conceptual models to describe or infer
pool-riffle morphodynamics. A lot less attention, however, has been paid to the coupled
dynamics of flow and sediment, which is essential to fully understand these complex
geomorphic systems. This paper uses an unsteady 1-D flow-morphology and bed-sorting
model to analyze pool-riffle dynamics. The model is first applied to a pool-riffle sequence
on a 1.1 km reach of the lower Bear Creek, Arkansas, United States. After showing the
model’s ability to describe the general reach hydrodynamics and morphological evolution
over 1 year, the detailed sediment and flow information is used to investigate pool-riffle
dynamics in terms of self-maintenance mechanisms. Two effects that have been only
marginally explored in the past, i.e., bed sediment sorting and downstream riffle control, are
explained and quantified with the help of the model’s outputs. The results show that self-
maintenance occurs more frequently than previously thought as a result of grain sorting and
that erosion or deposition of contiguous riffles also constitutes a self-maintenance
mechanism. These findings provide the support for a physically based, integral description
of pool-riffle morphodynamics and highlight the importance of flow and sediment
variability on pool-riffle self-maintenance. The morphodynamic analysis bridges the gap
between observations and current theories based mainly on hydrodynamic information.
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1. Introduction

[2] An issue that has puzzled geomorphologists for a long
time is the ubiquity and persistence of pool-riffle sequences
in rivers with different slopes and substrate conditions [Sed-
don, 1900; Gilbert, 1914]. More recently, the topic has
received increasing attention because of a growing aware-
ness of its crucial importance in establishing habitat diver-
sity in streams [Rhoads et al., 2008]. Human impact on
streams has often modified pool-riffle structure either by
physically removing them (e.g., through channelization) or
by altering pristine flow and sediment conditions in the
catchment. Restoration efforts that seek to reestablish natural
pool-riffle sequences have revealed the lack of a practical
and comprehensive theory of pool-riffle morphodynamics
applicable to real-life flow and sediment conditions [Wade
et al.,2002; Rhoads et al., 2008].

[3] One of the main complexities of pool-riffle dynamics
is that spatial patterns of erosion and aggradation vary with
flow conditions. Observations of the mechanisms responsible
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for the self-maintenance of pools and riffles have shown that
during low and medium discharges, aggradation occurs in
pools while riffles are eroded. During high-discharge epi-
sodes, however, this situation is inverted, and pool erosion
takes place while riffles aggrade [Leopold and Wolman,
1960; Andrews, 1979; Lisle, 1979; Campbell and Sidle,
1985]. The velocity reversal hypothesis emerged as an
attempt to explain this behavior (Keller [1971], after Seddon
[1900] and Gilbert [1914]). The hypothesis states that the
bottom velocity is less in the pool than in the adjacent riffle
at low flows but increases more quickly with discharge until
both velocities are equal at discharges close to bankfull flow.
Beyond this point, the velocity reversal occurs, and the ve-
locity in the pool is higher than in the riffle. This hypothesis
has been extensively used as the basis of many conceptual
models of pool-riffle self-maintenance [MacWilliams et al.,
2006].

[4] The reversal hypothesis has been investigated in sev-
eral studies on the basis of the analysis of field [Keller,
1971; Andrews, 1979; Lisle, 1979; Sear, 1996; Bhowmik
and Demissie, 1982; Hassan and Woodsmith, 2004,
Thompson and Wohl, 2009] and laboratory [Thompson
et al., 1999; Rodriguez et al., 2004a; Rhoads et al., 2008]
data, as well as through hydrodynamic simulations [Rich-
ards, 1978; Keller and Florsheim, 1993; Carling and
Wood, 1994; Booker et al., 2001; Cao et al., 2003;
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Wilkinson et al., 2004; Harrison and Keller, 2007].
Although some studies have shown the occurrence of flow
reversal [Andrews, 1979; Lisle, 1979; Cao et al., 2003;
MacWilliams et al., 2006], others have reported that rever-
sal was found only in some of the pools and riffles analyzed
or under particular conditions [Carling and Wood, 1994;
Sear, 1996; Booker et al., 2001 ; Wilkinson et al., 2004] or
that reversal did not occur at all [Richards, 1978 ; Carling,
1991]. However, most of these researchers agree that con-
vergence in flow variables in the pool and riffle occurs with
increasing discharge.

[s] The actual velocity reversal has seldom been recorded
because of the difficulty of measuring during bankfull flow.
Rather, it has been inferred, deduced, or computed using
additional assumptions. Alternative theories of maintenance
usually focus on 2- or 3-D flow patterns [MacWilliams et al.,
2006; Thompson et al., 1999; Harrison and Keller, 2007,
Thompson and Wohl, 2009; Booker et al., 2001; Rhoads
et al., 2008] or on the different characteristics of the bed
material or near-bed roughness conditions on pools and rif-
fles [Clifford, 1993a; Sear, 1996]. The velocity reversal
discussion is far from settled, indicating a clear gap in the
full understanding of pool-riffle morphodynamics, which
requires a rigorous coupling of flow and sediment dynamics
including mutual feedbacks.

[6] This paper analyzes pool-riffle morphodynamics using
an unsteady 1-D flow morphology and bed-sorting model
operated on a continuous basis. Even though 2- or 3-D mod-
els are required to fully capture pool-riffle dynamics due to
variations in width, secondary flow patterns, and gravita-
tional effects in bed load movement, the 1-D approach used
here provides insight into the effects of different sediment
sizes in shaping and maintaining the pool-riffle longitudinal
profile while limiting computational complexity. The model
is first applied to a real-life situation to assess its predictive
capabilities in a particular stream reach. Then it is used as a
tool to investigate the relevance and the limitations of the
velocity reversal hypothesis and to better explain some im-
portant mechanisms governing pool-riffle morphodynamics.

2. Self-Maintenance and the Velocity Reversal
Hypothesis

[7] From the perspective of basic hydraulics concepts
(e.g., 1-D flow mass conservation equation and quasi-steady
simplification), higher velocities in pools during the velocity
reversal will occur only if the flow area in the riffle is greater
than that in the adjacent pool. Considering that riffles gener-
ally have higher bottom elevation than pools, riffles should
always have shallower flow depths than pools. Therefore,
the higher mean velocities in the pool are only possible in
situations where the shape of the pool cross section is more
contracted than that of the riffle. Several researchers have
raised similar concerns [Caamario et al., 2009; Cao et al.,
2003; Carling, 1991; Carling and Wood, 1994; Bhowmik
and Demissie, 1982 ; Wilkinson et al., 2004]. Another rather
simplistic argument found in the literature [Bhowmik and
Demissie, 1982] challenging the reversal hypothesis is that if
the highest shear stresses are exerted in the pools during
floods, sediment found in the bed surface of pools should be
coarser than in riffles, which is contrary to experience
[Bhowmik and Demissie, 1982 ; Reuter et al., 2003 ; Hirsch
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and Abrahams, 1981; Lisle, 1979; Richards, 1976; Sear,
1996; Rabeni and Jacobson, 1993; Leopold and Wolman,
1957]. The strength of this argument is undermined by Lisle
et al. [2000], who found that local values of shear stress dur-
ing bankfull flow and bed grain size were essentially uncor-
related in an analysis of six different reaches in California
and Colorado.

[8] The limitations of a reversal hypothesis based on
averaged flow variables have driven many researchers to
seek an explanation for the observed behavior in 2- and 3-D
flow features [e.g., MacWilliams et al., 2006; Thompson
et al., 1999; Harrison and Keller, 2007; Thompson and
Wohl, 2009; Booker et al., 2001]. One of the soundest
hypotheses is based on the concentration of flow in parts of
the channel due to some kind of lateral contraction or
obstruction [MacWilliams et al., 2006; Hassan and Wood-
smith, 2004]. According to this hypothesis, local velocities
are considerably stronger in pools than in riffles during high
discharges because of the constriction. Also, this effect is
“convected” downstream in the form of a jet so that it is
not restricted to the constriction itself. This is a meaningful
argument for explaining some pool-riffle maintenance, but
it requires the presence of a flow contraction or obstruction
and does not explain those cases where pools and riffles are
found in reaches with relatively uniform width. Clifford
[1993D, p. 47] argued that “even where a clear relationship
exists between obstructions and pool-bar topography, most
pools in a riffle-pool sequence do not have obstructions
with which they can immediately be associated”. Con-
versely, Buffington et al. [2002] observed that flow obstruc-
tion was the most significant mechanism responsible for
pool formation in forest rivers of northern California, south-
eastern Alaska, and southern Oregon. Flow concentration
can also be associated with convergent areas in alternate bar
systems and pools in meandering reaches where the effec-
tive flow area can be considerably reduced.

[o] More subtle flow patterns that can be potentially
associated with pool-riffle sediment transport are secondary
flows. Alternation of flow convergence (in pools) and
divergence (in riffles) in straight and meandering reaches
due to width and depth variations generates a characteristic
secondary circulation pattern that can advect high-momen-
tum fluid toward the bed [Booker et al., 2001; Rhoads
et al., 2008]. However, this effect can be stronger during
small to medium flows when streamline curvature is more
pronounced [Rodriguez et al., 2004b], so its effectiveness
as a self-maintenance mechanism is not completely clear.

[10] The review of self-maintenance mechanisms shows
that they seem to operate under specific circumstances and
that it is difficult to identify a universal process on the basis
of flow variables alone. The inclusion of sediment transport
processes in the analysis will complement and strengthen
a more comprehensive explanation for pool-riffle self-
maintenance.

3. Role of Sediment Transport on Pool-Riffle
Dynamics

[11] Most of the difficulties in providing reliable pre-
dictions of pool-riffie evolution are related to the large num-
ber of variables and physical phenomena involved. Although
significant progress has been made in understanding
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complex properties of flows in pool-riffle sequences, little
attention has been devoted to sediment transport itself. To
date, only a few published studies have quantitatively deter-
mined sediment transport through pool-riffle sequences, and
the amount of data is limited [Campbell and Sidle, 1985;
Sear, 1996; Booker et al., 2001; Hassan and Woodsmith,
2004]. Conclusions on the maintenance of these morphologi-
cal features have been based mainly on flow patterns and
have neglected more complex sediment transport processes,
which are the ultimate drivers of morphology.

[12] Sediment transport seems to be the missing interme-
diate step between flow and morphology. In particular, frac-
tional transport, longitudinal grain sorting, bed level
fluctuations and their feedbacks on flow, and the history of
past flows are expected to play a significant role in pool-riffle
morphodynamics. If, for instance, a sequence of medium
flow episodes is able to produce considerable erosion of the
finer fractions in the riffles, pools will have a significant stor-
age of fine material which can be more easily entrained than
that of the armored riffles when larger flows occur. This is
supported by several observations of deposits of fine sedi-
ments in pools [Gilbert, 1914; Andrews, 1979; Lisle and
Hilton, 1995]. The deposition of fines in pools by successive
medium-flow episodes also reduces their flow area, so that
for a given discharge, velocities in the same pools may be
significantly different depending on the history of previous
episodes. Finally, the hydraulic characteristics (depths and
velocities) of a given pool are highly dependent on the con-
trol exerted by the riffle immediately downstream [Richards,
1978; Carling, 1991; Pasternack et al., 2008], and for
higher discharges this riffle may also be controlled by the rif-
fle farther downstream. As riffle crest heights can experience
significant fluctuations during floods, the idealized hydraulic
characterization based on a fixed bed is, at the least,
questionable.

[13] One of the main reasons for this gap between flow
and morphology is the difficulty in obtaining synchronous
detailed information on variables such as fractional sedi-
ment transport rates and bed grain size distributions over
time, either in the field or the laboratory. Faced with this
difficulty, numerical modeling of morphology emerges as
an interesting (if not the only) alternative to understand and
predict pool-riffle evolution, as it allows the inclusion of
different physical mechanisms acting in different time and
spatial scales and provides considerably detailed results. A
similar approach was used by Parker et al. [2008] for
studying the dynamics of the armor layer.

4. Model Formulation

[14] The model used here consists of an integration of
existing models for flow and sediment dynamics and has
conceptual and practical similarities with other 1-D flow-
morphological models [El kadi Abderrezzak and Paquier,
2009; Ferguson and Church, 2009; Langendoen and
Alonso, 2008; Papanicolaou et al., 2004; Wu and Vieira,
2000]. It consists of four components representing the main
physical processes discussed in this paper: 1-D unsteady
flow, fractional sediment transport, morphodynamics, and
grain sorting. The components are solved sequentially at ev-
ery time step, that is, the flow model produces cross-sectional
velocities and depths that are used to compute shear stresses
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and drive the fractional bed load sediment transport model.
Bed load is integrated to determine bed changes, and the
transported sediment fractions are used to update the bed
composition. The new bed (both in elevation and composi-
tion) is then fed back into the flow model to finalize the loop
and start a new time step. Details of each of the components
are presented in sections 4.1 —sections 4.4.

[15] The model is by no means comprehensive, as it
incorporates only the set of phenomena deemed strictly nec-
essary to investigate the questions raised in this paper. While
this approach limits the model in terms of representativeness
in some situations, it allows for focusing on a limited num-
ber of processes to obtain meaningful results. Although an
effort has been made to represent realistic conditions using
field data, the study should still be regarded as a numerical
experiment, where important physical phenomena taking
place in the real world have been neglected in the model. In
particular, the 1-D formulation disregards complex flow fea-
tures such as flow concentration and secondary currents,
which are present even in straight reaches and may have a
strong influence on sediment transport and morphology.
Other important phenomena not taken into account include
bank failure, flow and sediment interaction with vegetation,
and changes in soil porosity during bed sorting processes, to
name only a few. The results presented in this paper are not
an attempt to rigorously test the model, and in the real world
these results may be modified by other physical processes.
The effects of these other processes on sediment transport
(and in particular on pool-riffle self-maintenance) constitute
an important avenue for future investigation.

4.1. Hydraulic Model

[16] The hydraulic model solves the Saint-Venant 1-D
unsteady flow equations [Liggett and Cunge, 1975]:

dy 100
3t+33x ’

9 (0 aQ’ 9
E(Z)Jrax(uz Teo T =0,

where ¢ is the time, x is the streamwise coordinate, y is the
water surface elevation, B is the flow width, g is the gravi-
tational acceleration, Q is the flow discharge, 4 is the flow
area, o is the nonuniform velocity distribution coefficient,
and S, is the friction slope, obtained using the Manning
equation and the conveyance subdivision method [Brunner,
2008]. The linearized versions of equations (1) and (2)
[Liggett and Cunge, 1975] are solved simultaneously by
using a generalized form of the Preissmann [1961] four-
point implicit finite difference scheme. This scheme
approximates any variable f, and its derivatives as

(1)

(2)
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where j and n are space and time indexes, respectively, Ax
is the spatial step, At is time step, 6 is the time weighting
factor, and v is the space weighting factor. The Preissmann
scheme has been extensively tested and used in engineering
and science for more than four decades, and its numerical
capabilities regarding convergence, stability, and accuracy
have been widely documented [Cunge et al, 1980;
Meselhe and Holly, 1993, 1997 ; Kutija, 1993]. In addition,
the model includes procedures to enhance model robustness
under near-critical and small-depth conditions, which are
known to pose significant challenges to the stability of the
solution. For near-critical conditions (Froude numbers
between 0.95 and 1) the model linearly reduces a compo-
nent of the convective momentum term that typically
overshoots [Kutija, 1993]. Small depths are handled by
computing the friction slope using an upstream scheme
(¢» = 1) when the depth falls below a user-defined value
[Meselhe and Holly, 1993]. The time step is also automati-
cally reduced in both cases.

4.2. Sediment Transport Model

[17] The Wilcock and Crowe [2003] transport model is
used in this study for estimating fractional transport rates

for mixed sand-gravel sediment. The transport function is
defined as

0.002¢"3 ¢ < 1.35
W = 1-0.894\* (6)
14(T) ¢ > 1.35,

where W;* is a parameter representing the rate of transport
for size i and ¢ is the relationship between bed shear stress
7 and a reference value of shear stress 7,;, i.€.,

* (S — l)gqst
i g

¢ = (3)

-
Tii
[18] In equations (7) and (8), s is the ratio of sediment to
water density, g is the gravity, ¢,; is the volumetric trans-
port rate of size i per unit width, F; is the fraction of size i
in the bed surface, and u- is the shear velocity. Reference
shear stress 7,; may be regarded as the critical shear stress.
The value of 7,; for each individual grain size is given by

Tri D; b
(5 ©)

where 7,4, is the value of 7,; that corresponds to the mean
size of bed surface Dy, and the exponent b is given by

D;
0.12 1
Dsm <
b= 0.67 D; -1 (10)
Dxm -

D;
1 1.5 -
N exp( Dsm)

[19] The reference shear stress for mean grain size
depends on the full particle size distribution in the bed and
can be modeled as a function of the sand fraction in the
mixture:

Tom = (8 — 1)pgDsn[0.021 + 0.015 exp(—20F%)] (11)
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where F; is the fraction of sand in the surface size
distribution.

[20] In 1-D models the use of cross-sectional average
shear stress may give rise to significant underestimations of
sediment transport rate because of the nonlinearity of bed
load relations. In order to improve the estimation of total
sediment transport rate, in this work the cross section is
subdivided into vertical strips, and the transport formula is
applied separately to each strip. The cross-section transport
rate of grain size i is the sum of the transport rate in each
strip. Shear stress in each strip is estimated using hydrody-
namic information as

Tm = 'YRthfhu (12)
where Ry, is the hydraulic radius of the individual vertical
strip m and Sy, is the cross-sectional averaged value of the
friction slope that includes only the skin component and is
estimated as a function of the sediment diameter using the
Manning-Strickler formula.

4.3. Morphological Model

[21] Bed level changes are solved in two steps. First, the
1-D sediment continuity equation (Exner equation)

00
Ox

o _
ot

+(1-=MNB==0 (13)

is solved, providing the cross-section averaged values of
erosion (or sedimentation) AZ. In (13) Q; is the bed load
transport, and \ is the porosity of the bed material. The sec-
ond step consists of distributing AZ over the cross section.
This is done by weighting local AZ values as a function of
the transport rate at each point on the bed.

4.4. Grain Sorting Model

[22] The grain sorting model requires knowledge of the
bed and bed load grain size distributions, which are contin-
uously changing over time because of erosion, deposition,
and alterations in the shear stress spatial distribution. Sub-
strate grain size distribution changes are calculated on the
basis of the mass conservation of a thin layer on the bed
surface (active layer):

0

(1 7/\)|:fi%+5(FiLa)] = *%%(Qsi), (14)

where L, is the active layer thickness, B is the width of the
water surface, and F; is the fraction of sediment size i in
the active layer. This equation has the same form as that
used by Hirano [1971], Ribberink [1987], Parker and
Sutherland [1990], and Parker [1991]. The definition of f;
depends on whether erosion or deposition occurs. If erosion
takes place, the active layer is displaced downward, incor-
porating the material of the layer immediately below, and f;
takes the value of the fraction of sediment size i in the layer
below. In the case of aggradation, the control volume of the
active layer loses particles through the lower boundary as it
is displaced upward so that f; is equal to the fraction of
sediment size i in the active layer. The vertical substrate
profile is divided into layers that store a particular grain
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size distribution. Several layers are necessary to record the
history of successive erosion and sedimentation episodes.

5. Model Application

[23] The model has been applied to a reach of Bear
Creek, a tributary of the Buffalo River in Arkansas. Field
data for this site were acquired by the U.S. Geological Sur-
vey as part of a study on habitat dynamics in the Lower
Bear Creek [Reuter et al., 2003; Rabeni and Jacobson,
1993]. The selected reach (Crane Bottom) is 1100 m long,
and its downstream end is situated approximately 1 km
from the confluence with the Buffalo River (Figure 1). The
reach is entrenched, with a significantly steep bedrock bluff
along most of the length of the left bank (see representative
cross sections in Figure 2). On the right bank a steep scarp
separates the channel from a fluvial terrace that is located
approximately 5—7 m above the channel bed. The width of
the channel constrained by these steep banks varies
between approximately 30 and 40 m. The average slope of
the reach is 0.002. Except for the upstream bend, most of
the reach is straight, with cross sections of relatively uni-
form shape, which makes the results of a 1-D model more
reliable and also ensures that meandering is not the domi-
nant process in the maintenance of the pool-riffle sequence.

[24] Data available include topography and grain size
distribution of the bed in 31 cross sections surveyed four
times during the course of the above-mentioned study
(June 2001, December 2001, February 2002, and June
2002), as well as nine water surface profiles. The grain size
distribution of the material found in the channel varies lon-
gitudinally, with reach-averaged values indicating 4.3% in
the sand range (0.06—2 mm), 84% gravel (2—64 mm),
10.2% cobble (64—256 mm), and 1.5% boulder (>256
mm). The reach-averaged Dsy is 29.5 mm. Preliminary
runs of the model were conducted using the 31 existing

Pool trough
= Riffle crest’

Figure 1. Satellite map showing the Lower Bear Creek
and Buffalo River (35°59'37.46"N, 92°41'53.92"W). The
rectangle indicates the limits of the study reach. Source for
satellite image is the Arkansas Geographic Office.
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cross sections, but poor model stability at the riffles
required the addition of cross sections close to those areas.

[25] Flow data used in the simulation were obtained from
a streamflow gauging station in Bear Creek (Figure 3). The
data used for most of the year consisted of daily mean dis-
charges, with more detailed time series used during the
flood episodes. The first months during the course of the
study (June—December 2001) were relatively dry, with
the largest daily mean flow of 10.6 m®/s. For the period
between December 2001 and February 2002 two major
floods occurred in Bear Creek, with discharges of 310 and
460 m>/s, respectively. These floods were estimated as
approximately 1~2 and 2~4 year recurrence intervals,
respectively [Reuter et al., 2003]. Between February 2002
and June 2002, four flood episodes with recurrence interval
of around 1 year occurred in Bear Creek.

[26] During relatively high flow episodes in the Buffalo
River, water surface elevations in Crane Bottom are influ-
enced by backwater effects [Reuter et al., 2003]. To account
for this effect, the model was first used to propagate the
measured water levels in the Buffalo River up to the down-
stream part of the study reach. These water levels were then
used as the downstream boundary condition of the model.
Manning coefficients were estimated from photographs of
the site using the Cowan [1956] method and personal judg-
ment and then were calibrated using several water surface

PR2
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105" — — — riffle section (coord.683m) |
g 104
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108 . . .
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106 — — —riffle section (coord.957m) ||
’é‘ 1
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c
o
©
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98 - - - -
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Figure 2. Representative cross sections of pools and rif-
fles (see longitudinal coordinates in Figure 4).
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Figure 3. One year flow discharge time series in Bear Creek used in the simulation.

profiles surveyed for different discharges (up to 340 m>/s)
during the course of the Reuter et al. [2003] study. Cali-
brated values had minor differences from the initial
estimates.

[27] Reach-averaged sediment transport capacity was
used as the upstream boundary condition in the Exner equa-
tion (sediment supply to the reach) using a fractional sedi-
ment transport—flow discharge relation. This relation was
obtained by running a series of steady flow simulations and
computing the fractional transport for each one. The size
distribution of the sediment inflow was also a function of
flow discharge. The choice of reach-averaged transport
capacity as the boundary condition is made based on the
assumption that the reach is under equilibrium conditions.
This assumption is considered reasonable, especially taking
into account that alterations driven by changes in sediment
supply are associated with longer time scales, in contrast to
the few flow pulses used in this simulation. A reach-averaged
transport capacity was used to prevent an excessive depend-
ence on a particular cross section (e.g., upstream cross
section).

6. Results
6.1. Bed Profile Evolution

[28] Four bed profiles were available for comparison
with model outputs: June 2001 (initial), December 2001,
February 2002, and June 2002. During the period between
June and December 2001 the bed profile of Bear Creek in
Crane Bottom experienced no significant changes, which is
consistent with the noticeably low discharges in this period
(Figure 3). The results of the model at the end of this period
perfectly match with measured data of December 2001 and
are not shown here for brevity.

[29] In contrast, from December 2001 to February 2002
several flood episodes produced the most significant bed
alterations in the course of the year. Figures 4a and 4b com-
pare measured and predicted bed profiles and water surface
elevations for February and June 2002, respectively. These
are snapshots of the continuous simulation at times when to-
pographical data were available. By observing the water
surface profiles in Figures 4a and 4b, one can easily identify
three distinct pool-riffle units. The first unit is between sec-
tions 0 (x = 0) and 350 (x = 350) and includes the upstream
bend. The deepest part of the bend is at section 218, where
the main channel substrate is bedrock. The second and third
units are located between sections 350 and 700 and 700 and

1000, respectively. In what follows, these three units will be
referred to as PR1, PR2, and PR3, respectively.

[30] Model results in PR1 should be analyzed with care,
bearing in mind that secondary currents induced by the
bend are not taken into account by the 1-D formulation. It
is difficult to determine the extent of the effects of a bend
on its downstream reach, but 3-D measurements and nu-
merical simulations of flow in bends [e.g., Rodriguez et al.,
2004b] indicate that the helicoidal flow decays rapidly.
Rodriguez et al. [2004b] reported weak secondary circula-
tion at a sharp bend exit and in the connecting straight
reach that followed. Even though these results are strictly
valid for low-flow conditions, high-flow conditions do not
necessarily result in stronger secondary circulation as the
effect of higher velocities is often balanced by smaller
streamline curvature.

[31] For the period June 2001 to February 2002 (Figure
4a), results show that the direction of bed alteration (erosion
or deposition) has been correctly predicted in 23 out of 31
cross sections. The major differences are in PR1, where the
model has predicted a small amount of deposition on the rif-
fle located in section 283, while measured data indicate 20
cm of erosion. Analysis of topographical data for this cross
section shows that this erosion occurred only locally (in a
5 m wide portion of the section), indicating the influence of
the flow structure induced by the upstream bend. In PR2
(between coordinates 400 and 700) model predictions com-
pare reasonably well with measurements except in the pool
(between sections 400 and 500), where predicted erosion is
higher than the surveyed data. Finally, in PR3 the model
predicted less erosion on the riffle crest compared with sur-
veyed data. Bed changes during the period February—June
2002 were less marked than in the first period, both in the
modeled and measured bed profiles. Note that for this pe-
riod the model predicts a minor erosion of the riffle crest in
PR1 (Figure 4b), in contrast to the deposition predicted dur-
ing the previous period.

[32] Measured and modeled water surface profiles in
Figures 4a and 4b compare quite well, and the observed
discrepancies are attributable to small differences in height
and position of knickpoints in the predicted and surveyed
bed profiles. An additional run performed using values of n
20% higher than the calibrated ones revealed only minor
differences in the predicted bed profile elevations. This
indicated that the morphodynamics model is not overly
sensitive to the resistance values and that calibration using
water level snapshots is appropriate. Errors in modeled bed
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Figure 4. Model results after (a) 8 and (b) 12 months of simulation compared with field data. Water
surface and initial bed profiles are also shown. Flow discharges are 5.42 and 1.35 m?/s, respectively.

profiles may be attributable to several factors, including 2-
and 3-D flow features, bank collapse (which is not
accounted for in the model), the inherent lack of precision
of sediment transport formulae, and the uncertainties asso-
ciated with spatial variability of bed sediment sizes, to
name only a few.

[33] It is important to highlight that the objective of the
this comparison is not to suggest that the model can pre-
cisely reproduce topographical alterations but to verify that
model results reproduce overall spatial patterns of adjust-
ment and that these are of the same order of magnitude as
the measured data, so that the model can be used to explore
dynamic processes taking place over time. Despite the
observed differences, model results show relatively good
agreement with measured data. One of the model character-
istics of particular interest for the study of pool-riffle dynam-
ics is the ability to capture different bed surface dynamics
(erosion or deposition) in pools and riffles as a function of
discharge, which is in accordance with field observations.
This is illustrated in Figure 5, where pool and riffle transport
rates are plotted along with the flow discharge for one partic-
ular flood event. Also in Figure 5 is the riffle sediment defi-

cit (i.e., the difference between riffle and pool sediment
transport rates), which gives an indication of whether
erosion or deposition occurs in the riffle section. Figure 5
shows that during most of the rising limb of the hydrograph
the transport rate is lower in the riffle than in the pool, but
this trend is reversed during the falling limb. This inversion
of transport rates with rising or falling limbs is used here to
illustrate the time and spatial dependence of transport and
should not be regarded as a rule. The fact that the same dis-
charge produces first sedimentation and then erosion on the
riffle highlights one limitation of the velocity reversal hy-
pothesis, as will be discussed in section 6.2.

6.2. Shear Stress Reversal and Sediment Transport
Reversal

[34] At this point it is interesting to examine the reversal
hypothesis and to investigate its importance in determining
sediment transport reversal, which is the ultimate driver for
morphological dynamics. Transport reversal is defined here
similarly to reversal in flow variables (velocity or shear
stress), as the situation when transport in the pool is higher
than in the downstream riffle. The relationship between
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Figure 5. Pool and riffle bed loads and flow discharge time series in PR2.

shear stress and sediment transport reversal has always
been assumed as evident in previous studies, as most sedi-
ment transport relations are written as a function of bed
shear stress. On the contrary, a broader perspective includ-
ing the role played by longitudinal sorting, selective trans-
port, and stage-dependence of spatial distribution of shear
stress on transport reversal is seldom found in the literature
(see Lisle et al. [2000] for one of the few exceptions).

[35] Figures 6a—6c show the relation between shear
stress reversal, represented by 7,/7, and sediment trans-
port reversal, QOs,/Osg, for the three pool-riffle units.
Subscripts p and R indicate pool and riffle sections, respec-
tively. The exact pool/riffle sections used in this compari-
son are at sections 218/283, 473/683, and 809/957 for PR1,
PR2, and PR3, respectively. The choice of riffle sections
was based on their role as a control for upstream water ele-
vation, while the deepest section upstream of the riffle was
chosen to represent the corresponding pool.

[36] Figure 6 shows that in the Bear Creek simulations
the shear stress reversal index 7,/7x reaches maximum val-
ues around 1.6 and 1.7 in PR1 and PR2, respectively, and
that it is smaller than 1.2 in PR3. This highlights a consider-
able dependence of reversal on local characteristics. When
reversal is expressed in terms of mean velocity (V,/Vz), the
same patterns observed in Figure 6 are reproduced, although
the range of V,/V values is relatively smaller than the 7,/
T counterparts (maximum values of approximately 1.2,
1.3, and 1.1 for PR1, PR2, and PR3, respectively).

[37] Figures 6a—6c may be divided into four quadrants,
with center coordinates (1,1). If shear stress reversal can be
used as a surrogate for transport reversal, data would be con-
centrated only in quadrants 1 and 3. That is, when pool shear
stress is greater than that in the riffle (7,/7z > 1), sediment
transport in the pool must be greater than that in the riffle

(Os,/Osg > 1), and conversely, when 7,/7x < 1, Os,/Osg

should be also less than unity. However, Figure 6 (especially
in Figures 6b and 6¢) shows a considerable amount of data
in quadrant 2. Quadrant 2 corresponds to a situation where
sediment transport is higher in the pool even with higher
shear stress in the riffle. This is due to differences in sedi-
ment size distributions in pools and riffles. If a certain
sequence of low and medium flows is able to relocate fine
materials from riffles to pools, the erodibility of pools may
be considerably increased, enabling transport reversal before
a shear stress reversal takes place. Quadrant 2 events of Fig-
ure 6b were situated in the discharge time series in Figure 7.
The analysis of Figure 7 shows that these points correspond
to the rising limb of most medium and large floods and to
the full range of the low-discharge episodes in July 2001.
[38] Transport reversal without shear stress reversal can
be explained with the help of Figure 8 for two different sit-
uations (July 2001 and January 2002) in PR2. The effect of
longitudinal sorting on transport reversal is evident by
comparing the bed grain size distribution with fractional
transport rates. Transport rates in the pool are markedly
higher due to a considerably higher fraction of fine sedi-
ment in the pool. In the first case (July 2001), the shear
stress reversal index is 7,/7g = 0.30, and the corresponding
transport reversal index Os,/Osg = 2.68, while in January
2002, 7,/7g = 0.59 and QOs,/Osg = 1.15. Model results
have shown that bed load transport rates in the pool are
sometimes more than 1 order of magnitude higher than rif-
fle bed load transport rates without a shear stress reversal.
[39] Model results indicate that not all floods show the
same patterns. If the duration of high-discharge episodes is
sufficiently long, more fine sediment is relocated from pools
to riffles, reducing the longitudinal grain size disparity
between pool and riffle. This redistribution also agrees with
some field observations [Andrews, 1979]. Figure 9 shows the
bed grain size distribution and the corresponding fractional
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Figure 6. Relation between bed shear stress reversal and sediment transport reversal for three pool-

riffle units: (a) PR1, (b) PR2, (c) PR3.

sediment transport before, during, and after the peak dis-
charge of the first flood episode in March 2002. During the
very first stages of the flood, the higher fraction of fines in
the pool is responsible for a significantly higher transport in

the pool (QOs,/Osg = 45 and 7,/7z = 0.56). This significant
difference is the result of the higher availability of fines in the
pool (which are more easily transported) and the higher mo-
bility of the coarser fractions because of the high percent of

500 T T T T T

400 -

300

Q (m3/s)

200

100 -

M 1 1 1 1

L 1 IMN_ A |

0 1
SN
2001

X
‘?\)Q R %O\\

OQJ

(¢] N Ne) Y S Q
KRR R QRSN
2002

Figure 7. Hydrograph showing points when transport reversal took place without shear stress reversal.
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sand in the mixture [Wilcock and Crowe, 2003]. During the
rising limb of the hydrograph this difference in the transport
rate of fines produces an equalization of finer fractions and
similar bed loads in the pool and in the riffle at the peak dis-
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Figure 9. Bed grain size distribution and fractional sediment transport during three different stages of
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charge (Os,/Osg = 1.32 and 7,/7x = 1.06). Twenty hours af-
ter the peak discharge, when the sand fraction in the pool and
in the riffle are of the same order of magnitude, sediment
transport is considerably higher in the riffle because of higher
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shear stresses (QOs,/Osz = 0.10 and 7,/7 = 0.55). Comparing
the bed load before and after the peak, it is interesting to note
that an approximately equal shear stress reversal index pro-
duces a considerably different sediment transport in the pool-
riffle unit as a function of the size distribution of the bed.

[40] These findings highlight the importance of fractional
transport and longitudinal grain sorting on the onset and
magnitude of transport reversal. Although the degree of
flow reversal is a key variable for pool-riffle morphological
dynamics, it should not be regarded as a surrogate of trans-
port reversal. The latter depends on the complex combined
effect of different shear stresses and grain size distributions
in pools and riffles and on the nonlinear relations governing
fractional transport.

[41] Tt is also worth noting that material coarser than 128
mm was seldom transported (see Figures 8 and 9). The
same trend was observed in the field by tracking painted
rocks [Reuter et al., 2003].

6.3. Downstream Control and the Interdependence of
Pool-Riffle Units

[42] The results presented in section 6.2 have demon-
strated that sediment transport reversal should be regarded
as a function of the ratio of both shear stress and sediment
size between pool and riffle. In particular, it has been
shown that, as a result of longitudinal sorting, transport re-
versal can take place without the need for a shear stress re-
versal (7,/7z < 1) due to longitudinal grain sorting.
Nonetheless, it must be emphasized that the same results
also indicate that flow reversal plays a major role in this
functional relation (e.g., only a few data points plot in
quadrant 4 in Figure 6). In this section some mechanisms
controlling flow reversal are studied independently from
sediment transport and grain sorting in order to avoid mul-
tiple dependencies and interactions that could obscure the
conclusions.

[43] Data in Figure 6 have been divided into two differ-
ent groups as a function of flow discharge. The division has
been carried out to highlight the difficulty in establishing a
threshold value for the onset of velocity reversal. The dis-
charge O = 170 m>/s has been selected in an attempt to
estimate a critical value of discharge associated with rever-
sal conditions. In Figures 6a and 6D it is easily recognizable
that most of the points for O > 170 m?/s correspond to
shear reversal indexes higher than unity, while most Q <
170 m*/s points correspond to 7,/Tg < 1. The critical value
is, however, not indisputable. In Figure 6¢, for instance,
there is a considerable amount of data for O > 170 m*/s
and 7,/7p < 1, and in Figures 6a—6c¢ there are a significant
number of points with O < 170 m*/s and 7,/7 > 1.

[44] Two issues complicate the estimation of a single crit-
ical discharge for the onset of shear stress reversal in pools
and riffles. First, reversal conditions will seldom be equal in
different units because they are highly dependent on differ-
ences in cross-section shapes of pools and riffles. So far, no
evidence of a general shape-proportion relation supporting
the idea of a unique threshold flow for different pool-riffle
units has been demonstrated. Second, even for a particular
pool-riffle unit, shear stress reversal may take place at dif-
ferent discharges because of downstream control. In the spe-
cific case of Bear Creek at Crane Bottom, water surface
elevations during floods may be considerably influenced by
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backwater effects associated with high water levels in the
Buffalo River. When the downstream water elevation is suf-
ficiently high, then the riffle may be drowned out, dramati-
cally reducing the differences between pool and riffle water
levels. If the downstream-controlled water surface deter-
mines an inversion of flow areas between pools and riffles
(i.e., riffle cross-sectional flow area becomes greater than
the corresponding area in the upstream pool), then flow re-
versal occurs in an almost discharge-independent fashion.

[45] Even out of the range of influence of tributaries,
downstream control is imposed by neighboring riffles,
which work analogously to engineering weirs controlling
the water surface elevation upstream [e.g., Richards, 1978;
Carling, 1991; Pasternack et al., 2008]. As a result, thresh-
old discharge for shear stress reversal will be dependent on
downstream riffle crest elevation (as well as on the shape of
downstream riffle section). In order to analyze the influence
of downstream riffle elevation on the shear stress reversal
index, a series of simulations were carried out in which the
elevation of the riffle crest was varied systematically.
Steady flow conditions and fixed bed were used to avoid the
influence of flow unsteadiness and bed mobility. Backwater
effects due to the downstream confluence with the Buffalo
River were also eliminated by using a normal-depth (i.e.,
uniform flow) downstream boundary condition. The influ-
ence of riffle crest elevation on the reversal index of the
upstream unit was analyzed by increasing the height of the
bed in the downstream riffle in PR3 (section 957). This ele-
vation is expected to control water levels downstream of the
riffle in PR2, thus determining the threshold discharge for
the riffle to be drowned out. Figure 10 presents the relation
between discharge and the shear reversal index in PR2 for
the initial bed profile along with three bed profiles obtained
by increasing the downstream riffle elevation by 20, 40, and
60 cm, respectively. These increments are not unrealistic, as
scour chain measurements indicated bed fluctuations greater
than 50 cm in 6 out of 18 sections during the period of anal-
ysis [Reuter et al., 2003].
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Figure 10. Shear stress reversal index in PR2 as a func-
tion of flow discharge. Curves were obtained using the ini-
tial bed shape and increasing the elevation of the riffle in
PR3 (x = 957 m) by 20, 40, and 60 cm.
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[46] Figure 10 shows an important mechanism that takes
place during floods: changes in riffle elevation due to ero-
sion or deposition affect the dynamics of upstream pool-rif-
fle units. In particular, downstream riffle accretion enhances
the conditions for shear reversal to occur in the upstream
pool-riffie unit. Riffle erosion effects are more difficult to
predict since the control can shift to a nearby section.

[47] Apart from the effect over the upstream unit, riffle
crest elevation is also responsible for a second mechanism,
which controls the reversal conditions locally in its own
unit. The drown-out condition in any given riffle, which
directly affects shear stress reversal index and thus influen-
ces whether erosion or deposition will occur, is a function
of the difference between riffle crest and downstream water
elevation. As a result, riffle accretion impairs drown-out
conditions and, consequently, the magnitude and frequency
of the reversal. Figure 11 is similar to Figure 10, but in this
case the elevations were increased at cross section 687 (i.e.,
riffle of PR2).

[48] The two effects analyzed above often work simulta-
neously. Figure 12 combines the effect of alteration in the
elevation of riffles in PR2 (local) and PR3 (downstream) on
the shear stress reversal index in PR2. Each curve in Figure
12 is characterized by the difference between the elevation
of riffles in PR2 and PR3 (DZ,53), with DZ,,3 = 0.24 m
representing the initial bed elevation. Figure 12 shows that
T,/Tr increases with decreasing values of DZ,,s.

7. Discussion

[49] The results of the simulations presented in this paper
show that both sediment sorting and downstream and local
riffle control are effective self-maintenance mechanisms in
pool-riffle sequences. Sediment sorting results in selective
transport, allowing for the scouring of the pools even in sit-
uations in which shear stress is less than in adjacent riffles.
The scouring includes the coarser material, as its mobility
is enhanced by the presence of fines. Sediment transport
adjusts to the material in the bed and can ensure self-
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Figure 11. Shear stress reversal index in PR2 as a func-

tion of flow discharge. Curves were obtained using the ini-
tial bed shape and increasing the elevation of the riffle at
PR2 (x = 687 m) by 20 and 40 cm.
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Figure 12. Shear reversal index in PR2 as a function of
flow discharge. Curves represent different values of DZ,,3
(difference between riffle crest elevations in PR2 and PR3).

maintenance for 7,/7p ratios as low as 0.3 (e.g., Figures 6b
and 9). In other words, the inclusion of the grain sorting
effect allows for this self-maintenance mechanism to oper-
ate more frequently than under the more strict flow reversal
requirement. During the 1 year simulation in Bear Creek,
for example, shear stress reversal in PR1, PR2, and PR3
occurred during 6, 5, and 4 flow episodes (out of a total of
17 recorded events with peaks greater than 10 m?®/s), while
sediment transport reversal occurred 7, 8, and 11 times,
respectively. Furthermore, the duration of sediment trans-
port reversal is considerably longer than the corresponding
duration of shear stress reversal. Riffles are less likely than
pools to have a high proportion of fines because pools pref-
erentially accumulate fines during low flow events; thus,
riffles develop armoring and resist erosion by floods.

[s50] These findings can be compared with the work of
Parker et al. [2008], who used the same sediment transport
formula and morphological and grain sorting models as the
ones used here but used a simpler hydraulic formulation
(quasi-steady, uniform flow) and channel shape description
(rectangular cross sections and constant initial slope) to
study the evolution of bed grain size. Parker et al. [2008]
report no significant alterations in bed size distribution with
time over cycled hydrographs. Substrate composition
changes in the Bear Creek simulations can be attributed to
varying cross-section shape, irregular longitudinal profile,
and the resulting nonuniform flow characteristics. The
comparison therefore indicates that spatial nonuniformity
of channel form is responsible for time-space grain size
alterations in streams. This is a sound hypothesis because
grain sorting mechanisms require longitudinal gradients in
fractional sediment transport, which can only be achieved
through flow nonuniformity. In other words, highly nonuni-
form flow conditions intimately associated with natural
streams are expected to produce alterations in the bed com-
position under different flows. This is a result of different
spatial distribution of shear stresses under different flow
discharges, which translates into significant differences in
bed load spatial distribution over time. Flow nonuniformity
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is an inherent characteristic of pool-riffle sequences, which
explains the higher levels of substrate alterations observed
over time in these morphological units.

[s1] The history of past flow episodes and their effects
on sediment availability dictate the likelihood of these self-
maintenance events that do not require flow reversal. Sedi-
ment transport patterns found in the present study agree
with some of the findings of Campbell and Sidle [1985],
who measured sediment transport in two adjacent riffles in
a small Alaskan stream. In particular, those authors found
evidence that differences in transport rates in a given riffle
during storms were related to the timing, which influenced
the amount of fines accumulated in the upstream pool.

[52] Analysis of downstream and local riffle control
effects reveals two important mechanisms governing the
self-maintenance of pool-riffle sequences. First, the aggra-
dation of a downstream riffle increases the water level and
thus the probability and magnitude of flow reversal in the
contiguous (upstream) pool-riffle unit (Figure 10). The
expected result is enhanced ability of the upstream riffle to
aggrade and the pool to erode. Conversely, the erosion of a
downstream riffle reduces the probability and magnitude of
flow reversal in the upstream pool-riffle sequence, which as
a result, becomes more prone to riffle erosion. This mecha-
nism demonstrates the interdependence among different
pool-riffle units in a given sequence. Localized alterations
on the bed are thus expected to propagate their effects to-
ward neighboring units. Second, the aggradation of a given
riffle reduces the probability of flow reversal locally in the
same unit (Figure 11), thus increasing the riffle erodibility.
On the contrary, an eroded riffle becomes more prone to
deposition. This mechanism is an essential self-control that
prevents unbounded riffle deposition or erosion.

[53] The combination of both effects, as shown in Figure
12, is an enhancement of shear stress reversal conditions
when the difference in the elevation of two contiguous riffle
crests is reduced and, conversely, a reduction in 7,/7z when
this elevation difference is increased. This elevation-flow
feedback mechanism tends to restore or maintain a certain
difference in height between riffles, as an increase in the ve-
locity reversal enhances the ability of riffle accretion and
vice versa. In other words, when the difference between two
contiguous riffle crests is reduced, the upstream riffle
becomes more prone to accretion; on the contrary, when
this difference is increased, the upstream riffle becomes
more prone to erosion. Note that this mechanism always
requires the existence of a downstream riffle, so the riffle at
the downstream end is the most vulnerable of the sequence.
In the absence of any other downstream control, this riffle
has only the local control mechanism shown in Figure 11
for self-maintenance, so if a large enough flow erodes it
completely, a domino effect may take place propagating
upstream and potentially eroding the whole sequence. A
similar conclusion has been put forward by Pasternack
et al. [2008] but without explicitly including the local con-
trol mechanism of Figure 11. It must be noted, however,
that complete riffle erosion will require substantially larger
floods than the ones simulated in this paper, as the results
show that material coarser than 128 mm was practically
immobile even for a 4 year return period flood.

[54] Both sediment sorting and downstream and local
riffle control act simultaneously, reinforcing system self-
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maintenance. For example, an eroding riffle quickly devel-
ops armoring, which reduces erodibility; conversely, an
aggrading riffle experiences fining and thus increased mo-
bility, which will favor the downstream and local control
feedback. The fact that successive pool-riffle units are so
closely linked through these mechanisms may also explain
in some cases the spatial organization of the system (pool-
riffle spacing) as the strength of these feedbacks are likely
to depend on the proximity between units.

[55] As with other pool-riffle maintenance mechanisms,
there are situations in which other processes take prece-
dence. For example, Hassan and Woodsmith [2004] report
no noticeable sorting effect when analyzing three cross-sec-
tions in an obstruction formed pool during a flood. How-
ever, the results presented in this paper provide indications
that sorting does play an important role in the morphology
of Bear Creek.

8. Conclusions

[s6] The considerable number of variables and interac-
tions influencing pool-riffle morphodynamics indicates that
prediction efforts based on simplified assumptions involving
solely flow characteristics are seriously limited. In this paper
a physically based numerical model integrating unsteady
hydraulics, fractional sediment transport, morphological
changes, and grain sorting has been used to investigate mor-
phodynamic mechanisms responsible for pool-riffle self-
maintenance. A 1.1 km reach of Bear Creek (Arkansas) has
been used in the simulations, ensuring realistic topographi-
cal, sediment, and flow conditions.

[57] Model results show that longitudinal grain sorting can
play a significant role in pool-riffle morphodynamics. In par-
ticular, they indicate that sediment transport reversal, which
is ultimately responsible for pool-riffle self-maintenance, may
occur under flow discharges considerably smaller than those
associated with velocity or shear stress reversal. The occur-
rence of transport reversal without a reversal in the shear
stress is a consequence of different grain size distribution in
pools and riffles. This finding indicates that pool-riffle self-
maintenance mechanisms operate more frequently than had
been deduced from the velocity reversal hypothesis. Trans-
port reversal occurred 1.2, 1.6, and 2.8 times more often than
shear stress reversal in the three pool riffle units analyzed.

[s8] Transport reversal without shear stress reversal
occurs under different conditions at each pool-riffle unit
because it is highly dependent on the local antecedent grain
size distribution at the bed. However, it seems to be more
frequent during the rising limb of medium size floods
(1~2 year recurrence). This complicates the definition of a
unique critical value of the discharge for all pool-riffle units
over which self-maintenance takes place.

[59] Shear stress reversal can occur under different flow
conditions at each pool-riffle unit because of local and
downstream control exerted by riffles. Riffles erode and
aggrade as a result of sediment transport, generating feed-
backs on the flow characteristics with consequences for the
maintenance of pool-riffle sequences. Two key mechanisms
responsible for pool-riffle maintenance have been unveiled.
First, the aggradation of a downstream riffle enhances flow
reversal probability in the upstream pool-riffle unit via
backwater, which induces upstream riffle deposition and
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ultimately prevents the formation of a flattened bed. Sec-
ond, as deposition occurs in a given riffle, the probability
of flow reversal in the same pool-riffile unit is reduced,
which prevents unbounded riffle deposition. It is the combi-
nation of both effects that regulates the difference in height
of two contiguous riffle crests.

[60] Acknowledgments. This study was supported by eWater CRC.
Bear Creek data as well as valuable advice have been provided by R.
Jacobson. Comments from B. Rhoads and two anonymous reviewers
helped improve the manuscript.
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