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Key Points:

« Experiments highlight differences in particle behavior over stable and unstable pla-
nar topography.

 Planar topography is unstable when particle collision events are more frequent than
entrainment events.

« A theoretical stability field for lower-stage plane bed topography is proposed.
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Abstract

Sedimentary bed configurations that are stable under weak fluid-driven transport
conditions can be divided into two groups: (1) meso-scale features that influence flow
and sediment transport through roughness and drag partitioning effects (“mesoforms”),
and (2) grain-scale features that can effectively be ignored at the macroscopic scale (“mi-
croforms”). In practice, these groups delineate ripples and dunes from quasi-planar bed
configurations. They are thought to be separated by a transition in processes govern-
ing the relief of the bed; however, the physical mechanisms responsible for this transi-
tion are poorly understood. Previous studies suggest that planar topography is unsta-
ble when interactions between moving particles lead to stabilized bed disturbances that
initiate morphodynamic pattern coarsening. This study presents a kinetic interpretation
of this hypothesis in terms of parameters describing particle motion. We find that the
microform/mesoform transition corresponds to a transition from rarefied to collisional
transport quantified by the dimensionless ratio of particle collision frequency to parti-
cle entrainment frequency. Combined with empirical relations for bedload flux and par-
ticle travel time, theory presented herein enables prediction of bed configuration under
weak bedload transport conditions.

1 Introduction

Self-organized bedforms like ripples and dunes are essential equilibrium features
of fluid driven sediment transport. Bedforms are germane to problems in geomorphol-
ogy, river engineering, and geology because they influence macroscopic flow and sediment
transport through roughness and drag partitioning effects (Einstein, 1950; Engelund &
Hansen, 1967; Smith & Mclean, 1977; Fredsoe, 1982; van Rijn, 1984; Wright & Parker,
2004; Best, 2005) and produce cross-bedded sedimentary architecture that can be used
to interpret past flow conditions (Paola & Borgman, 1991; Leclair & Bridge, 2001; Ma-
hon & McElroy, 2018; Leary & Ganti, 2020). They form under a wide range of condi-
tions; however, planar or quasi-planar topography is thought to be stable under weak
bedload transport conditions near the threshold of motion in sand and gravel (Leeder,
1980; Southard & Boguchwal, 1990; van den Berg & van Gelder, 1993; Best, 1996; Car-
ling, 1999).

Predicting the occurrence of planar topography under weak bedload transport con-
ditions is important from a practical standpoint because (a) grain roughness is the pri-
mary source of flow resistance (Engelund & Fredsoe, 1982), (b) sediment transport is ef-
ficient because energy is not lost to form drag (Wiberg & Smith, 1989), and (c) primary
current stratification lacks recognizable cross-bedded structures (Leeder, 1980; Baas et
al., 2016). Weak bedload transport conditions are common in rivers and are responsi-
ble for a significant fraction of fluvial stratigraphy due to apparently universal constraints
governing the geometry of self-formed channels (Lacey, 1930; Schumm, 1960; S. Tkeda
et al., 1988; Dade & Friend, 1998; Eaton et al., 2004; Parker et al., 2007; Wilkerson &
Parker, 2010; Métivier et al., 2017; Dunne & Jerolmack, 2018). In general, weak bed-
load transport conditions prevail in sand bed rivers during low discharge conditions and
in gravel bed rivers when discharge is approximately equal to the formative discharge.

Despite their geomorphic and geologic significance, the mechanisms that determine
whether planar topography is stable under specific flow conditions are poorly understood.
Numerous studies describe turbulent flow and sediment transport processes during the
initial phase of bedform initiation (Venditti et al., 2005a; Coleman & Nikora, 2009, 2011,
references therein); however, these typically focus on flow conditions above the thresh-
old of bedform development and comparisons with stable planar topography are rare.
Theoretical stability analyses predict the occurrence of planar topography when mech-
anisms that attenuate topographic perturbations outpace amplification at every wave-
length (Engelund & Fredsoe, 1982; McLean, 1990; Charru et al., 2013), but depend on
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continuum models for fluid, bed, and sediment phases. This is problematic because con-
tinuum models cannot capture grain-scale effects (Furbish et al., 2017) that many au-
thors argue are an essential component of the bedform initiation process (Bagnold, 1935;
Langbein & Leopold, 1968; Costello, 1974; Coleman & Melville, 1996; Coleman & Nikora,
2009). Attempts to delineate plane-bed stability fields (i.e. continuous ranges of condi-
tions over which planar topography is stable) empirically are hindered by overlapping
observations of ripples, dunes and a suite of small-scale features like bedload sheets (Whiting
et al., 1988; Best, 1996; Carling, 1999; Venditti et al., 2008), particle clusters (Best, 1996;
Strom et al., 2004), and low-relief bedforms (H. Tkeda, 1983; Hubbell et al., 1987; Gomez
et al., 1989; Best, 1996; Carling et al., 2005) that are several particle diameters tall and
are thought to be distinct from well-developed ripples and dunes due to the absence of
strong flow separation and scour at the point of reattachment (Best, 1996; Seminara et
al., 1996; Carling, 1999; Carling et al., 2005).

The goal of this study is to clarify the mechanisms that control the onset of rip-
ple and dune development from lower-stage plane bed topography under weak bedload
transport conditions (Figure 1). As a starting point, we propose a revised definition of
lower stage plane-bed topography that encompasses quasi-planar “microforms” like bed-
load sheets, particle clusters, and other bedforms with amplitudes that scale primarily
with particle diameter. We argue that this definition is appropriate insofar as it is aligned
with the practical considerations outlined above (related to flow, sediment transport, and
stratigraphy) and reflects a transition in the physical processes that govern the relief of
the bed.

To elaborate this point, consider that a precise definition of lower-stage plane bed
topography must recognize that the the concept of a planar bed breaks down at the gran-
ular scale. The random motion of particles driven by turbulent fluid flow causes distur-
bances in bed elevation (Leeder, 1980; Gyr & Schmid, 1989; Best, 1992) such that the
minimum relief of a mobile bed undergoing active sediment transport is several times
the nominal particle diameter (Whiting & Dietrich, 1990; Clifford et al., 1992). These
disturbances tend to organize into recognizable structures due to interactions between
moving particles (i.e. “kinematic clumping”, Bagnold, 1935; Langbein & Leopold, 1968;
Costello, 1974; Venditti et al., 2006). This occurs because particle collisions are not purely
elastic. Instead, some of the kinetic energy is converted to heat in the fluid due to vis-
cous damping effects. As a result, the difference in velocities between the two particles
is less after the collision than before the collision. This effect may explain the aggrega-
tion of mobile clusters that produce localized disturbances in bed elevation when they
come to rest (Coleman & Melville, 1994, 1996; Coleman & Eling, 2000; Coleman & Nikora,
2009, 2011). Stable microforms are perhaps an inevitable outcome of this process (Shinbrot,
1997).

Organized grain-scale bed disturbances may remain stable, or they may initiate pat-
tern coarsening through nonlinear feedbacks between flow, sediment transport and to-
pography (henceforth, “morphodynamic coarsening”). Previous studies observed the on-
set of significant flow separation behind disturbances (P. B. Williams & Kemp, 1971; Leeder,
1980; Best, 1996; Gyr & Kinzelbach, 2004) and defect propagation through scour-deposition
waves (Raudkivi, 1963, 1966; Southard & Dingler, 1971; Costello & Southard, 1981; Gyr
& Schmid, 1989; Best, 1992; Venditti et al., 2005a) when bed disturbances exceed a crit-
ical height of 2-4 particle diameters (P. B. Williams & Kemp, 1971; Leeder, 1980; Costello
& Southard, 1981; Coleman & Nikora, 2009, 2011). We suggest that this threshold de-
fines a transition in process regime that suitably differentiates morphodynamically-scaled
“mesoforms” (ripples and dunes, contra Carling, 1999) from microforms that scale pri-
marily with particle diameter. Below this threshold, the bed configuration may be treated
as quasi-planar for most practical purposes because (a) mobile bed roughness models al-
ready include the effect of microforms (Whiting & Dietrich, 1990; Clifford et al., 1992),

(b) flow separation is poorly developed such that drag partitioning effects can be ignored
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for the purposes of predicting sediment load, and (c) preserved cross-bedding structures
have a maximum thickness of several particle diameters and are likely to be indistinguish-
able from planar laminations in stratigraphy.

We hypothesize that the collision-aggregation behavior described above plays a crit-
ical role in determining whether microforms achieve sufficient relief to initiate morpho-
dynamic coarsening. Similar ideas have been promoted by numerous authors through-
out the history of bedform research (Bagnold, 1935; Langbein & Leopold, 1968; Costello,
1974). Most recently, a series of papers by S. E. Coleman and others (Coleman & Melville,
1994, 1996; Coleman & Eling, 2000; Coleman & Nikora, 2009, 2011) argued that bed-
form initiation occurs when interactions between clusters of mobile particles cause a bed
disturbance that interrupts the bedload layer. Here, we present a kinematic interpreta-
tion of this hypothesis in terms of parameters describing particle motion.

Topographic evolution occurs through the entrainment and disentrainment of in-
dividual sediment particles. Thus, we suggest that the morphodynamic importance of

particle collisions may be evaluated by comparing the particle collision frequency Z, (L~2T~1)

(particle collision events per second per unit bed area) with the particle entrainment fre-
quency E, (L72T~!) (particle entrainment events per second per unit bed area). The
ratio 0 = Z,/E, (henceforth, the “collision number”), characterizes the potential for
particle collisions to influence topographic change and may be interpreted as the aver-
age number of collisions from entrainment to disentrainment. When 6 <1, collisions are
rare and transport is dominated by isolated motions of individual particles. When 6 >

1, the average particle hop involves at least one collision, promoting the formation of mo-
bile clusters of particles. We hypothesize that the collision behavior parameterized by

0 exerts a critical control on plane-bed stability under weak bedload transport conditions.
Specifically, we hypothesize that there is a threshold value 6 ~ 1 that separates trans-
port conditions where planar topography is stable from transport conditions where pla-
nar topography is unstable.

In order to test this hypothesis, we quantify 6 near the threshold of bedform ini-
tiation using two approaches. First, we estimate 6 from experimental observations of tracer
particle motion over stable and unstable planar topography using simple kinetic argu-
ments (Kauzmann, 2012). Results of this test reveal that the transition from stable to
unstable planar topography corresponds to a large increase in 6 from § < 1to 6 > 1
despite only a small increase in shear velocity. Second, we incorporate existing transport
formulae to predict § as a function of hydraulic and sedimentary boundary conditions.
Comparison with data reported by Guy et al. (1966) and Carling (1999) indicates that
the predicted threshold mirrors the transition from lower-stage plan bed topography to
bedforms over a wide range of conditions. Overall, our results support the notion that
particle collisions are a central feature of the bedform initiation process.

2 Theory of Particle Collisions

Here, we derive an expression for € using a simplified, probabilistic model for bed-
load particle motion under statistically steady, uniform macroscopic transport conditions
(Furbish, Haff, et al., 2012). This expression is central to the present research, serving
two purposes. First, it enables estimation of € using variables that can be extracted from
experimental measurements of tracer particle motion discussed in Section 3. Second, the
expression for 6 is combined with existing empirical transport formulae to estimate 6 as
a function of the macroscopic state variables that govern particle motion (Section 4). This
enables a direct comparson with observations of lower-stage plane bed topography and
bedforms that inform classic empirical stability diagrams (Southard & Boguchwal, 1990;
van den Berg & van Gelder, 1993; Carling, 1999).
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Figure 1. Shields-Parker river sedimentation diagram with empirical Plane-bed/dune thresh-
old (dashed line) adapted from Garcia (2008). The observations of bed configuration reported
by Carling (1999) are plotted for comparison. Here, T4, is the viscous threshold Shields stress
(Garcia (2008), Equation 2-78), 7. is the suspension threshold Shields stress (Equation 2-75),
and T.. is the critical Shields stress for sediment motion (Equation 2-59a). Observations of rip-
ples and dunes below the plane/dune transition may be low-amplitude features that are distinct
from well-developed ripples and dunes following Best (1996), Seminara et al. (1996), and Carling
et al. (2005).
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We emphasize that it is necessary to model 6 from measurements of tracer parti-
cle motion rather than estimate it directly by counting collisions for two reasons. First,
the term “collisions” refers broadly to interactions between particles that lead to the ag-
gregation of mobile clusters. The details of this process are not well-understood, how-
ever it is clear that particles may exchange momentum through hydrodynamic effects
even if their surfaces do not come into direct contact (Schmeeckle et al., 2001; Marshall,
2011). As a result, it is challenging to identify collisions on the basis of particle position.
Second, even if collisions could be identified unambiguously, collision events are only ob-
servable if they involve two tracer particles. Because tracer particles necessarily comprise
a small fraction of the bed material, observable collisions are exceedingly rare. This leads
to prohibitively large uncertainty in resulting estimates of collision frequency. To illus-
trate this point, we note that the expected number of observable collisions in one of the
experiments described below is less than 1. We did not attempt to count collisions for
these reasons.

Our approach is based on the assumption that inter-particle collisions may be pre-
dicted through analogy to kinetic gas theory in two dimensions (Kauzmann, 2012). This
represents the simplest possible model that captures the essential collision dynamics in
a field of identical particles with randomized positions and velocities. As such, it leads
to a well-defined average collision frequency that may be expressed in terms of a small
number of parameters. This expression is exact when all of the underlying assumptions
are valid, however it remains useful as a first-order characterization of the system when
they are not. A similar approach was adopted by Bialik (2011) to predict collisions among
saltating particles. Here, we summarize the derivation of this expression and discuss the
extent to which it is appropriate for weak bedload transport conditions.

Throughout this study (including above), we focus primarily on count-based de-
scriptions of particle motion like the entrainment frequency F, (L=2T~!) opposed to vol-
umetric quantities like the entrainment rate £ (LT~!). Count-based (granular) quan-
tities are denoted by the subscript g, and are related to volumetric quantities by the par-
ticle volume V,, = mD3/6, where D (L) is the nominal particle diameter. For example,
E=V,E,.

Consider the circular projection of a spherical particle with diameter D moving in
the two dimensional plane with constant velocity u (LT~!) through a field of identical
stationary particles. The particle of interest experiences a collision if its center passes
within a distance D of another particle. Note that u is a vector quantity with compo-
nents u and v. The magnitude of u (the particle “speed”) is given by |u| = vVu2 + v?,
where vertical lines denote vector magnitude. Over the finite time interval At, the num-
ber of collisions experienced by the particle of interest is equal to the number of parti-
cles contained within a rectangle with width 2D and length |u|At. If the positions of the
stationary particles are independent (that is, the number of particles in finite area is in-
dependent of the position of any individual particle) and there is an average of vy, (L™2)
particles per unit bed area (henceforth, the “granular activity”), the particle will expe-
rience 2D~4|u|At collisions as At — oo. It follows that the average collision frequency
for the particle of interest z, (T~') is given by

zg = 2D4|ul. (1)

Next, the effect of randomized particle motion is incorporated by considering the
probability distribution of particle velocity, fu(u) = fu.(u,v) (Kauzmann, 2012). If
the particle of interest is moving with velocity u; and a second particle is moving with
velocity us, then the relative velocity of the second particle from the perspective of the
particle of interest is up—u;. Assuming the positions and velocities of all particles are
independent, the average collision frequency for a single particle with unknown veloc-
ity is scaled by the mean relative speed (|Q1|) = (Jug — uy|), where angle brackets de-
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note an average over all particles, as

zg = 2Dy (). (2)

Because particle velocities are assumed to be independent, the joint probability density
function of velocity for any pair of particles is fu, u, (11, u2) = fu(ur)fu(uz) and the
mean relative velocity for all pairs of particles is given by

() = [ [ Jus = il () fu) s 3)

In a non-advecting ideal gas, the probability density function of particle velocity follows
an isotropic joint normal distribution with a mean of zero and an average speed (|ul).
In this case, particle speed follows a Maxwell-Boltzmann distribution and equation (3)
leads to (||} = v/2(|u|). Thus, the randomized motion of particles increases the col-
lision frequency for a single particle compared to that which would be expected if other
particles were stationary.

The collision frequency per unit bed area Z, is computed from the collision frequency
for a single particle by assuming there are v, identical particles per unit bed area, each
experiencing collisions with frequency z,. This leads to

Zg = Vg2g = 2D7§<‘1~1‘>7 (4)

Note that each collision event is counted twice (once for each particle involved in the col-
lision) so that § = Z,/E, represents the average number of collisions that a particle
experiences in transit from entrainment to disentrainment.

From (4), The collision number 6 may be estimated from parametric descriptions
of particle motion as:
_ 2Dvg(|al)
B E

g

o ()
An alternative formulation can be obtained under steady, uniform macroscopic flow con-
ditions through the following equivalence:

Ty
E,= 22 6
g Tp’ ( )
where T}, is the average particle travel time. This expression can be obtained from the
equivalent volumetric statement (Furbish, Haff, et al., 2012, Equation E5) by dividing
both sides by the particle volume V,, (L?). From (6), § can be rewritten as

0 = 2Dvy([u|) T (7)

A schematic interpretation of this expression is presented in Figure 2. Here, we note that
1/6 is like a Knudsen number comparing the characteristic relative transport distance

L. = (|Ja])T, with the mean free path A = [2D~,]~! (Furbish, 1997; Furbish et al.,

2017; Rapp, 2017), providing an alternative interpretation of our hypothesis. The Knud-
sen number quantifies whether the continuum hypothesis breaks down at a lengthscale

of interest (L.), and has important implications for the behavior of a fluid. As an ex-
ample, collision shockwaves (i.e. sound) rapidly attenuate when their wavelength is smaller
than the mean free path (Kahn & Mintzer, 1965; Kahn, 1966); 6 therefore quantifies whether
shockwaves can be propagated among bedload particles with finite transport distances.
Flow is said to be “rarefied” at lengthscales below A (Furbish et al., 2017); thus, we re-
fer to 8 < 1 as the “rarefied” transport regime and 8 > 1 as the “collisional” trans-
port regime.

We recognize that (5) and (7) depend on assumptions that are not strictly valid
for bedload transport. For example, particle motion is driven by turbulent fluid flow such
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Figure 2. Schematic illustrating rarefied (6 < 1) and collisional (# > 1) transport conditions.
Mobile particles are shown in yellow, and immobile particles are shown in grey. A typical particle
(light yellow) sweeps out a rectangle with area 2D x (|a|)T, during its transit from entrainment
to disentrainment. The collision number 6 may be interpreted as the average number of particles

contained within this rectangle.

that particle velocities are not completely independent. For particle motions that are only
influenced by the flow, this phenomenon leads to a correction term that modifies the mean
relative velocity of particles as a function of the Stokes number (J. J. E. Williams & Crane,
1983; Sommerfeld, 2001). However, bedload transport is characterized by intermittent
motions of particles that frequently interact and exchange with an immobile bed. Mo-

bile particles may collide with immobile grains on the bed surface, decoupling their ve-
locities from the flow in a manner that is not accounted for by Stokes-dependent corre-
lation terms. This effect is responsible for fluctuations in particle velocity in laminar flows
(Seizilles et al., 2014; Abramian et al., 2019) and is likely the dominant effect for weak
bedload transport in turbulent flows because the time between particle/bed collisions

is expected to be much smaller than the timescale of fluctuations in flow velocity. We
assume Stokes-dependent correlations are negligible such that the mean relative veloc-

ity appropriately quantifies the collision frequency.

Following previous authors (Seizilles et al., 2014; Abramian et al., 2019), we ex-
pect that that transport may be viewed as a superposition of independent trajectories
in the rarefied regime. In other words, kinetic theory provides an accurate estimate of
the collision frequency when particle collisions are rare (8 < 1). Although the true col-
lision frequency may deviate from the predicted value for § > 1, we argue that our ap-
proach is sufficient (1) to delineate rarefied transport from collisional transport using ob-
servations of tracer particle motion and (2) to predict the occurrence of rarefied and col-
lisional regimes in sand- and gravel-bedded rivers.

3 Experimental Observations of Particle Motion
3.1 Description of Experiments

Two laboratory flume experiments were conducted in order to test the hypothe-
sis presented above. Our primary objective was to estimate 6 under two conditions char-
acterized by (a) stable and (b) unstable planar topography. Experiments were conducted
in a 1.19 m wide, 14 m long flume capable of recirculating sediment and water. Flow con-
ditions in the flume could be adjusted by varying (a) the water discharge, (b) the flume
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slope, and (c) the flow depth at the downstream end. We chose to vary flow conditions
by changing the water discharge while holding the outlet flow depth (12 cm) and flume
slope (0.001) constant. This allowed for variation in the bed stress while maintaining a
constant relative submergence (the ratio of flow depth to grain size). The flow depth in
the test reach was measured with a ruler and was 11 cm for both experimental condi-
tions. Although this necessarily invokes backwater hydrodynamics, the flow may be treated
as quasi-normal because the backwater length Lpy = H/S (where H is the flow depth
and S is the water surface slope) was much longer than the length of the test reach. The
backwater length characterizes the spatial scale over which flow conditions vary due to
backwater effects, and was approximately Ly = O(100) m. For comparison, the test
reach was approximately 2 m; we therefore assume deviations from steady, uniform flow
are negligible across the test reach.

The bed material was composed of polystyrene particles with a geometric mean di-
ameter of 2.1 mm and a density of 1.055 g/cm?3. The base-2 logarithmic standard de-
viation of the grain size distribution was 0.32 (68% of the bed material had a diameter
within a factor of 20-32
sorted sediments. The dimensionless particle Reynolds number (Re, = \/gRD3 /v, where
R is the submerged specific gravity of the sediment, v is the kinematic viscosity of the
fluid, and g is gravitational acceleration) was approximately 70.7, which is equivalent to
quartz sand (R = 1.65) with diameter D = 0.68 mm. This material covered the bed
of the flume in a layer that was approximately 15 cm thick. The critical Shields stress
for sediment motion estimated from the the formula of Brownlie (1981) was 7., = 0.032.

In order to achieve flow conditions straddling the the threshold of bedform devel-
opment, we initially allowed topography to equilibrate to a discharge known to produce
bedload dominated bedforms (35 L/s). Then, we incrementally reduced the discharge
by 5 L/s until planar topography was observed. The bed configuration was allowed to
adjust over a period of 24 hours after each reduction in discharge. Using this procedure,
we established that plane-bed topography was stable at a water discharge of 20 L/s while
bedforms were stable at a water discharge of 25 L/s. Measurements of flow velocity, bed
topography, and particle motion were collected over equilibrium lower-stage plane to-
pography as described in more detail below. Discharge was then increased to 25 L/s and
identical measurements were immediately made over unstable plane-bed topography. Fi-
nally, the bed configuration was allowed to equilibrate to the increased water discharge
for roughly 24 hours to verify the presumed instability.

Flow velocity and bed elevation profiles were measured using a Nortek Vectrino Pro-
filer acoustic Doppler velocimeter (ADV). The ensemble average flow velocity profile was
computed at a resolution of 2 mm using a sampling procedure that produced a total of
105 s of velocity data at each elevation measured at a frequency of 30 Hz. The sampling
procedure was designed to allow estimation of the Reynolds-averaged flow velocity at each
elevation in the flow using samples of the three-dimensional velocity vector obtained over
a finite spatial and temporal extent. This procedure is justified because the flow condi-
tions are approximately steady and uniform, and the sample is much larger than the spa-
tiotemporal scales of flow velocity correlation. To obtain a representative sample of flow
velocity, the ADV was mounted to a moving cart and moved upstream and then back
downstream along a 2 m longitudinal transect in the center of the flume at a speed of
3.8 cm/s. Because flow velocity is measured relative to the profiler head, the longitudi-
nal velocity of the cart was subtracted from the measured velocity vector. The profiler
was capable of measuring flow velocity over a range of 1.6 cm at any instant; full veloc-
ity profiles from the bed surface to within 3 cm of the water surface (approximately 8
cm from the bed) were constructed by repeating this procedure at 5 different vertical po-
sitions. This was accomplished using a fully automated routine wherein the position and
velocity of the instrument was recorded concurrently with flow velocity data. Measured

= 1.24 of the geometric mean), which is narrower than most naturally-
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velocity profiles did not deviate significantly between upstream and downstream segments
of the reach, verifying our assumption that gradually varied flow effects can be ignored.

Shear velocity was estimated using a linear least-squares fit to the log-transformed
velocity profile (Bagherimiyab & Lemmin, 2013). For the 25 L/s (unstable plane bed)
condition, the measured velocity profile followed the logarithmic law of the wall from 1
cm above the bed to the top of the profile (8 cm above the bed). Although the law of
the wall is only strictly valid in the lower portion of the flow, the velocity in the inte-
rior of the flow is not expected to deviate significantly from a logarithmic profile under
quasi-steady, uniform flow conditions (Townsend, 1976; Wilcock, 1996; Winterwerp &
van Kesteren, 2004). We find that the estimated shear velocity is not sensitive to range
of depths considered as long as the portion below 1 cm is excluded. Shear velocity es-
timated using this procedure was 0.94 cm/s, and the dimensionless Shields stress 7, =
u2/gRD was 0.077.

For the 20 L/s (stable plane bed) condition, measured flow velocities follow the log-
arithmic law of the wall from 3 cm above the bed to 8 cm above the bed. Below 3 cm,
the mean velocity follows an irregular profile. We attribute this profile to a data arti-
fact that was not recognized at the time of data collection. Although the velocity data
are questionable, shear velocity estimated using velocity measurements obtained over the
logarithmic region of the flow was 0.77 cm/s. The Shields stress estimated using this pro-
cedure was 7, = 0.52. We are confident that this estimate is reasonable because (a) the
Shields stress must be less than the 25 L/s condition due to the reduced discharge, (b)
the Shields stress must be greater than the critical Shields stress for sediment motion,
and (c) a similar estimate is obtained from the measured bedload flux. For additional
discussion of the measured flux and associated estimate of shear velocity, see Section 3.4.

Bed elevation profiles measured concurrently with velocity data were used to quan-
tify variability in bed elevation characteristic of qualitatively planar topography in our
experiments. Small surface undulations with slopes well below the angle of repose (max-
imum 3 degrees) and heights of roughly 3D are evident under stable and unstable plane-
bed conditions. After the bed was allowed to equilibrate to the 25 L /s water discharge
condition, we observed well-developed “3D” dunes (sensu Venditti et al., 2005b) with
measured lee slopes at the angle of repose (maximum 35 degrees). Two bedform crests
were visually identified in six repeat longitudinal profiles collected at 105 second inter-
vals. These profiles covered 2 m of the bed at a spatial resolution of 1 cm. Bedform length
computed as the average distance between the highest point of the crests in all six scans
was 64 cm. The bedform height computed as the average height from the highest point
of each crest to the lowest point before the next crest was 2.9 cm. The migration veloc-
ity estimated by averaging the displacement of the individual crests between scans was
1.4 cm/minute. Although more sophisticated methods exist for quantifying the charac-
teristic scales of bedform topography, this approach is sufficient for our purposes.

3.2 Particle Tracking

Parameters describing the kinematic properties of particle motion were extracted
from manually-digitized tracer particle paths. To this end, a small fraction of the bed
material was removed from the flume and coated with a thin layer of fluorescent spray
paint. These particles were then added back to the flume and allowed to mix with the
bed material under a range of flow conditions prior to these experiments. Illuminating
the bed with a blacklight increases the contrast of tracer particles relative to other par-
ticles so that individual particles can be confidently tracked over long durations. This
procedure also significantly reduces the number of particles that need to be tracked in
order to obtain a representative sample of particle behavior (Nagshband et al., 2017; Ash-
ley, Mahon, et al., 2020).
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Videos of tracer particle motion were recorded using a downward facing digital cam-
era attached to a fixed boom 2.05 m above the water surface. Because the flow veloc-
ities needed to mobilize the polystyrene particles were low relative to quartz sand, par-
ticles could be tracked through the water surface with a high degree of precision. Im-
age rectification (which corrects for image distortion due to slight misalignment of the
camera), and registration (which establishes a coordinate system in the correct units al-
lowing for conversion from pixel position to bed position) were performed with known
reference points in the flume using OpenCV (Bradski, 2000) in Python. Manual digiti-
zation of particle motions was performed using TrackMate (Tinevez et al., 2017), an open
source particle tracking package for ImageJ (Schindelin et al., 2012). In order to min-
imize sampling bias, all tracer particle motions that occurred within the sampling win-
dow during the specified time interval were tracked. Two ten second videos comprising
a total of twenty seconds of observations from each experiment were used for this study.
After registration, rectification, and trimming, both videos covered a streamwise distance
of 210 cm and a cross-stream distance of 99 cm. Particle behavior is sensitive to inevitable
variations in shear stress that occur in the cross-stream direction (Abramian et al., 2019).
For this reason, analyses reported here were performed using particle motions that oc-
curred within a 30 cm wide, 2 m long control volume in the center of the flume corre-
sponding to the location where shear stress was estimated from flow velocity measure-
ments. We note that the initial phase of bedform growth began in this region and then
propagated laterally to the edges of the flume. Tracked particle paths are plotted in Fig-
ure 3.

Videos were recorded at a framerate of 30 Hz and a resolution of roughly 9.4 pix-
els per cm at the bed surface. Videos were downsampled to a resolution of 4.7 pixels per
cm so that raster data could be stored without compression in computer memory. Af-
ter rectification and registration, the length of each pixel was 2.1 mm (approximately
the nominal particle diameter). Fluorescent tracer particles create a halo that illuminates
adjacent pixels, and differences in pixel brightness enable robust estimation of the par-
ticle centroid location at sub-pixel resolution (Leary & Schmeeckle, 2017).

Particle tracking software records particle location with an arbitrary degree of pre-
cision depending on image magnification; thus, particles which are qualitatively identi-
fied as immobile may possess nonzero measured velocities. Following previous studies
(e.g., Lajeunesse et al., 2010; Liu et al., 2019; Ashley, Mahon, et al., 2020), we employed
a velocity threshold criteria to distinguish mobile and immobile particles. Velocity cri-
teria are useful because they provide a reproducible solution to this problem, and be-
cause sensitivity analysis can easily be conducted by varying the value of the velocity
threshold (Section 5.1). For additional discussion of velocity criteria, see (Ashley, Ma-
hon, et al., 2020) and references therein. Recognizing that the motion state of certain
particles is unclear, we inspected motions identified using a range of velocity thresholds
and found that visual identification of particle motion corresponded to values of the ve-
locity threshold ranging from wu. = 0.005 m/s to u. = 0.01 m/s. Below 0.005 m/s, par-
ticles which remain in the same location for significant durations are identified as mo-
bile, and above 0.01 m/s, particles which are clearly in motion in the bedload phase are
identified as immobile. The exact values of certain computed quantities are sensitive to
the specific choice of velocity threshold within this range, however the primary findings
of this work are not. Detailed sensitivity analysis was performed using velocity thresh-
olds ranging from 0.0001 m/s to 0.1 m/s and is discussed in detail in Section 5.1. Re-
ported results were obtained using a velocity threshold of 0.007 m/s, which is approx-
imately the geometric midpoint of the optimum range (0.005 m/s to 0.01 m/s).

In order to compute certain bulk statistics of sediment transport from tracer par-
ticle statistics, it was necessary to estimate the tracer fraction in the flume. This was
accomplished by collecting a sample of material within a few centimeters of the bed sur-
face from three locations spread across the bed after the experimental campaign was com-
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Figure 3. Tracer particle paths (black lines) and entrainment event locations (red dots) for
stable and unstable plane bed experiments. Data are from the same total duration for both ex-
periments (20 s) such that apparent differences in the densities of black lines and red dots are

representative of the relative sediment loads and entrainment frequencies.

plete. Tracer particles are expected to be evenly distributed in this region due to the mi-
gration of bedforms. The total mass of the sample was 760 g. Tracer particles were sep-
arated by hand under a blacklight and then weighed. The total mass of tracer particles
in the sample was 1.49 g. Thus, we estimate the tracer fraction to be 0.00196.

3.3 Methods for Computing Particle Motion Statistics From Digitized
Particle Paths

3.3.1 Particle Position and Velocity

The kinematic statistics of particle motion needed to estimate # using equation (5)
were computed from digitized particle paths following Ballio et al. (2018). We consider
digitized particle motions within a control volume extending from the flume bottom to
the water surface projected onto a 2 dimensional plane A (Figure 3). Each particle mo-
tion is defined by a sequence of discrete measurements of particle position on the domain
of longitudinal position = and lateral position y. The position of the i*" of m tracked par-
ticles in the j** of n frames is expressed by the vector x;,; with longitudinal and lateral
components z; ; and y; ;.

Particle velocities are computed by comparing subsequent positions of a particle.
Measured velocities therefore represent temporal averages between the two measurements
of particle position; however, the time between frames §t is sufficiently small that it may
be viewed as an instantaneous velocity for our purposes. This assumption may be eval-
uated by comparing §t to the timescales characterizing fluctuations in particle velocity.
Furbish, Ball, and Schmeeckle (2012) argue that the velocity signal must possess a fun-
damental harmonic with period T' = 2T, implying that in the most basic sense, the
mean particle travel time sets the primary scale of fluctuations in particle velocity. We
estimate 7}, >> ¢t for both experiments.

The velocity vector u; ; with longitudinal and lateral components u; ; and v; ; is
computed as

_ Xij+1 — X (8)

Thus, the velocity attributed to frame j represents the average velocity between frame
j and frame j + 1.
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3.3.2 Mean Granular Activity v,

The mean granular activity is computed by counting the number of active tracer
particles in the control volume in each frame and averaging. This is accomplished us-
ing an Eulerian clipping function M# to quantify whether the i*" tracer particle is within
the control area A in the j** frame:

A 1, if Xi,j € A
Mis = {0, otherwise (9)

Additionally, a velocity threshold u. is used to define the state of motion of a particle
quantified by the clipping function M™:

m 1, lf |ui,j| Z Ue
M= {0, otherwise (10)

Thus, the number of mobile tracer particles in the control volume in frame j is given by:
m
A A
N =D MM (11)
i=1

Tracer particle positions recorded in n frames lead to n — 1 measurements of velocity,
and the average number of moving tracer particles within the control volume over all frames
with valid velocity measurements is given by:

n—1

1

m,A\ __ m,A

(N = — 3 I:Nj . (12)
j=

Here, angle brackets denote sample averages which provide unbiased estimates of the en-
semble assuming ergodicity.

The granular activity is estimated by dividing (N™4) by the tracer particle frac-
tion ¢ and the control volume area:
(N4)
YA

Note that v, is an an estimate of a mean, but angle brackets are dropped to simplify no-
tation in Section 2.

Vg = (13)

3.3.83 Mean Speed (|u|) and Relative Speed (|u])

The mean speed of moving tracer particles in the control volume is estimated as

1 m n
m,A m A
) = G 2 2 MMM .

where (n—1)(N"™%) is the total number of measurements of tracer particle speed that
exceed the threshold speed. The mean longitudinal particle velocity (u) can be estimated
by substituting the longitudinal component of u for u; ; in (14). Once the granular ac-
tivity v, and (u) are known, The ensemble average granular particle flux characteristic
of macroscopic flow conditions gs, (L7'T~!) may be estimated as gs; = v, (u).

The mean relative speed of tracer particles is estimated by taking the average of
the difference between all measured particle speeds in the control volume, i.e.:

. 1 m n m n . .
([am™A) = [(n— 1)(Nma)]2 ZZ Z Z i — ukvl|Mi7jijMk,lMl£l (15)



489 3.3.4 Granular Entrainment Frequency E,

490 The final relevant quantity that must be estimated to compute § with equation (7)
201 is the entrainment frequency E,;. Entrainment and disentrainment events are defined as
a0 transitions between the mobile and immobile states and are quantified by differentiat-

403 ing M™ with respect to time (Ballio et al., 2018). Following this approach, we define an
204 entrainment function M¥ as

MP =M — M. (16)
495 This function may take on values of 1, 0, or —1, signifying an entrainment event, no event,
496 or a disentrainment event. Assuming the spatially-averaged time rate of change of bed
a07 elevation is zero within and around the control volume, the entrainment frequency E,
208 and the disentrainment frequency D, must be equal. Consequently, the spatially aver-
499 aged entrainment and disentrainment frequencies can be estimated from the absolute value
500 of ME as
1 m n—1 1
_ _ E |3 rA
E,=D, = mZZ§|M"J M. (17)
=1 j=2

501 Here, (n—2)dt is the total time over which it is possible to detect entrainment events
502 occurring in n frames. The mean travel time 7), may then be estimated from E; and v,
503 using (6). This estimate of T}, is not biased by particles entering or leaving the control
504 volume.
50 3.4 Experimental Results
506 For the stable plane bed condition, the experimental procedure described above yielded
507 a total of 3168 measurements of particle speed in excess of the threshold speed in the
508 control volume belonging to 70 unique particles (Figure 3). The entrainment function
509 (equation 16) was used to identify a total of 798 tracer particle exchanges with the bed
510 (entrainment and disentrainment events). The ensemble average tracer particle flux was
511 0.22 particles per second per meter width. This leads to a total granular flux ¢,, = 114

512 particles per second per meter width and a dimensionless bedload flux ¢. = ¢4V, /+/RgD3
513 of 0.0078. Solving the Wong and Parker (2006) bedload equation for shear velocity us-
514 ing the critical Shields stress predicted from Brownlie (1981) leads to u, = 0.74 cm/s

515 compared with 0.77 cm/s estimated using acoustics.

516 For the unstable plane bed condition, experiments produced 16075 measurements
517 of mobile particles in the control volume belonging to 238 unique particles (Figure 3).
518 The entrainment function identified 2461 exchanges with the bed. The ensemble aver-
519 age tracer particle flux was 1.4 particles per second per meter width leading to a total
520 granular flux of ¢,; = 688 particles per second per meter width and a dimensionless bed-
521 load number of g, = 0.047. The shear velocity estimated from ¢, was u, = 0.98 cm/s

522 compared with 0.94 cm/s estimated using acoustics.

523 Experimental results are reported in Table 1. Notably, the collision number varies
524 by almost a factor of 10 between the two experiments from 0.15 to 1.35. In terms of the
525 Knudsen number interpretation of 6, the observed difference reflects both an increase in
526 the characteristic transport length (|a|)T}, and a decrease in the mean free path .

527 4 Comparison with Empirical Stability Diagrams

528 In Section 3, we estimated 6 from observations of tracer particle motion to quan-
529 tify collision behavior for two experimental conditions straddling the threshold of bed-
530 form development. Here, we investigate collisional behavior a wide range of conditions
531 by combining existing theoretical and empirical relations to obtain an expression for
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Summary of Experiments

Stable plane bed

Unstable plane bed

Boundary Conditions

Geometric mean particle diameter D 2.1 mm 2.1 mm
Sediment density ps 1.055 g/cm? 1.055 g/cm?
Particle Reynolds Number Re, 70.7 70.7
Unit water discharge gy, 0.016 m?/s 0.021 m?/s
Flow depth in test area h 0.11 m 0.11 m
ADV Shear velocity u, 0.0077 m/s 0.0094 m/s
Shields stress . 0.052 0.077
Results

Granular activity -, 4500 m—2 23,800 m 2
Mean relative speed (|a|) 2.9 cm/s 3.3 cm/s
Mean longitudinal velocity (u) 2.5 cm/s 3.0 cm/s
Entrainment frequency E, 17000 m—2s~! 52400 m 25!
Mean travel time T}, 0.26 s 0.43 s
Granular sediment flux g, 114 m~1s™! 688 m~1s~!
Volumetric sediment flux ¢ 553 x107" m?/s  3.34 x107% m?/s
Collision frequency Z, 2550 m 25! 70700 m 257!
Einstein bedload number ¢, 0.008 0.047
Mean free path A 5.3 cm 1.0 cm
Characteristic transport length L. 0.8 cm 1.3 cm
Collision number 6 0.15 1.35

in terms of the macroscopic state variables that govern particle motion. Specifically, we
derive an expression of the form
0 = f(7«, Rep). (18)

such that the hypothesized threshold of bedform initiation can be represented as f(7., Rep) =
1. This expression is compared with observations of planar topography and bedforms
to evaluate whether our hypothesis can explain trends in empirical data (van den Berg
& van Gelder, 1993; Southard & Boguchwal, 1990; Carling, 1999; Garcia, 2008).

The first element needed to derive (18) is a model relating the mean relative speed
(|al) to the mean longitudinal velocity (u). This expression is necessary because the mean
relative speed is an obscure quantity that is not referenced in existing literature. In con-
trast, the mean longitudinal velocity is an essential component of the flux and is rela-
tively well-studied (Lajeunesse et al., 2010, references therein). These quantities may be
related by assuming a joint probability distribution model for longitudinal and lateral
particle velocity. Several authors have proposed functional forms for the margins of this
distribution (e.g., Furbish & Schmeeckle, 2013; Fathel et al., 2015; Furbish et al., 2016;
Liu et al., 2019); however, the correlation behavior and relative magnitudes of longitu-
dinal and lateral components are not well-constrained, precluding the possibility of a purely
theoretical derivation. Instead, we assume

(la]) = a(w), (19)

where « is a coefficient of order unity. Neglecting lateral motions and assuming longi-
tudinal velocities follow an exponential distribution as expected for particle motions over
planar topography (Fathel et al., 2015; Ashley, Mahon, et al., 2020) leads to o = 1. This
may be interpreted as a lower bound because upstream motions and nonzero lateral ve-
locities will increase the mean relative speed with respect to the mean longitudinal ve-
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Figure 4. Shields-Parker river sedimentation diagram with theoretical plane-bed/bedform
transition (Equation 25) for two particle settling models. As expected, the stable plane bed ex-
periment (SPB) plots below the threshold while the unstable plane bed experiment (UPB) plots
above the threshold. Observations of planar topography and bedload sheets reported by Carling
(1999) are plotted for comparison. Also plotted are observations of planar topography reported
by Guy et al. (1966) that were ignored by Southard and Boguchwal (1990) and van den Berg and
van Gelder (1993) in delineating classic stability fields.

locity. We find that o computed directly from data is close to 1 despite lateral and up-
stream motions: o = 1.08 for the stable plane bed condition and o = 1.13 for the un-
stable plane bed condition. This indicates that upstream and lateral motions do not con-
tribute significantly to the total collision frequency. Instead, most collisions occur pri-
marily because fast-moving particles overtake slow-moving particles. For simplicity, we
assume « = 1, noting that other realistic values do not influence the analysis presented
below.

Next, we combine (19) with the activity form of the average flux in the bedload
phase ¢, under steady, uniform transport conditions (Furbish, Haff, et al., 2012) given
by

a = v(u). (20)
This leads to
12,7,
0= ——+. 21

Recall that the volumetric and granular activity are related by the particle volume as
Y ="Vp-

The next element needed to obtain (18) is an empirical relation for the mean par-
ticle travel time T},. This is perhaps the most uncertain element in predicting ¢, owing
in part to experimental censorship and discrepancies in the strategies employed in dif-
ferent studies to delineate mobile and immobile particles (Hosseini-Sadabadi et al., 2019).
Lajeunesse et al. (2010) reviewed previous work and concluded based on physical and
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dimensional arguments that the mean travel time should be predicted as

€
T, =52 <UU> (22)
Ws Ws
where w; is the particle settling velocity, u, is the shear velocity, .. is the critical shear
velocity for sediment motion, and S and € are empirical coefficients. Based on available
data, they suggest that 5 = 10.7 and € = 0, removing the dependence on u,. We rec-
ognize that the particle travel time may possess a weak dependence on u, despite this
result. However, this does not affect the present analysis as a nonzero value of € does
not influence the trends in 6 as a function of 7, and Re, (we return to this point below).
The settling velocity is given by ws = \/4RgD/3Cy, where Cy is a drag coefficient. Com-
bining equations (21) and (22) with suggested values for o and g leads to

0 = 44.2+/Cqq. (23)
where g, = qp/1/gRD3 is the Einstein bedload number.

Finally, the empirical bedload transport equation of Wong and Parker (2006), given
by
G = 3.97(Ts — 7*0)3/2, (24)

is substituted into (23) to obtain an an expression taking the form of (18). Solving for
the Shields stress 7, corresponding to 6 = 1 leads to an prediction of the critical stress

for bedform initiation:
1 2/3
Te = ( ) + Tic (25)

175/ Cy
where 7. = f(Re,) after Brownlie (1981) and Cy = f(Re,) after Ferguson and Church
(2004).

The stability field for lower-stage plane bed topography implied by this expression
is plotted in Figure 4. We note that neglecting viscous settling (Cy =~ 4/3) following
Lajeunesse et al. (2010) results in almost no change in the stability field for lower-stage
plane bed topography. Nonzero values of € lead to a slightly different form for equation
(25) because 6 has an additional dependence on [0.75C (7, —7.)]*/%. However, this ef-
fect essentially shifts isocontours of 6 up or down while preserving the qualitative trends
in . We emphasize that this model is derived assuming that bedform initiation occurs
under bedload-dominated transport conditions. This assumption is critical, both for the
collision model described in Section 2, and to scale the flux in Equation (24). The sta-
bility field for lower-stage plane bed topography computed using (25) is not plotted above
the threshold of significant suspension in Figure 4 for this reason.

Observational data complied by Carling (1999) are plotted in Figure 4 for compar-
ison with theory. This figure also includes observations of planar topography reported
by Guy et al. (1966) that were ignored in subsequent studies because they are within the
hydraulically smooth regime. Southard and Boguchwal (1990) asserted that these con-
ditions would have eventually produced ripples, however we suggest that the relief of sta-
ble ripples would be small leading to poorly-developed flow separation. As a result, they
could be considered quasi-planar microforms by the criteria proposed above. The pro-
posed stability field for lower-stage plane bed topography mirrors the empirical stabil-
ity fields delineated using this observational data (Figure 1) but extends into the hydrauli-
cally smooth regime.

5 Discussion

Sections 3 and 4 describe two tests designed to evaluate whether interactions be-
tween moving particles are responsible for a transition in the processes governing sed-
imentary bed relief. Based on observations by previous authors (e.g., Coleman & Nikora,
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2011), we hypothesized that plane-bed topography is stable in the rarefied transport regime
corresponding to # < 1, and becomes unstable in the collisional regime above a criti-

cal value 0 ~ 1. Experimental observations of tracer particle motion presented in Sec-

tion 3 support this hypothesis: we find that the transition from lower-stage plane bed
topography to bedforms corresponds to a large increase in 8 from 0.15 to 1.35 despite

only a small increase in shear velocity. Theoretical extrapolation discussed in Section

4 illustrates how our hypothesis leads to a prediction of the threshold of bedform initi-
ation that mirrors classic empirical stability diagrams. Overall, these results support the
hypothesized causal link between particle collisions and bedform development.

Here, we consider the theoretical implications of this finding and argue that our
results are entirely consistent with existing studies describing bedform initiation and sta-
bility. This is accomplished by reexamining the arguments used to justify our hypoth-
esis. In Section 1, we argued that well-developed ripples and dunes are distinct from mi-
croforms like bedload sheets, particle clusters, and low-amplitude ripples and dunes due
to a transition in processes governing the relief of the bed. Three mechanisms are invoked
to explain this transition.

First, we suggest that microforms are an inevitable outcome of fluid driven sedi-
ment transport. This follows from the notion that quasi-random motions of particles pro-
duce grain-scale disturbances in bed elevation. The formation of grain-scale disturbances
driven by turbulent fluid flow has been described by a number of authors (P. B. Williams
& Kemp, 1971; Best, 1992); Whiting and Dietrich (1990) and Clifford et al. (1992) ar-
gue that the difference between fixed- and mobile- bed roughness is explained by this phe-
nomenon. More generally, we suggest that microforms are a manifestation of inevitable
self-organization of granular bed disturbances through damped particle collisions (Shinbrot,
1997).

Second, we suggest that microform amplitude scales with particle diameter and col-
lision frequency. Coleman and Nikora (2009, 2011) argued that interactions between mo-
bile clusters of particles increase the size of disturbances in bed elevation. This implies
that there is a balance between disturbance growth and decay, where growth is related
to particle collisions and decay is related to disturbance size. The process of disturbance
decay may reflect a tendency for particle erosion and deposition to be inversely corre-
lated with elevation: particles at high elevations are more exposed to turbulent flow and
thus more likely to be entrained than particles at low elevations, while mobile particles
are more likely to be deposited in topographic lows that are relatively sheltered. This
process may be mathematically analogous to the slope effect that is commonly invoked
in linear stability analyses (Charru et al., 2013). We suggest here that the stable micro-
form amplitude H,, is related to the collision number, for example as H, /D o 6.

Finally, we suggest that microforms are stable up to a critical amplitude, above which
flow separation and scour at the point of reattachment lead to morphodynamic coars-
ening. Studies that describe bedform growth from artificial or natural defects typically
find that small defects are suppressed rather than amplified (Southard & Dingler, 1971;
Gyr & Schmid, 1989; Gyr & Kinzelbach, 2004; Venditti et al., 2005a; Coleman & Nikora,
2009). Only when defects exceed a critical height, usually reported as a constant mul-
tiple of particle diameter ranging from 2-4, do they stabilize and propagate (P. B. Williams
& Kemp, 1971; Leeder, 1980; Costello & Southard, 1981; Coleman & Nikora, 2009, 2011).
This transition in process regime fundamentally distinguishes quasi-planar configurations
from well-developed ripples and dunes.

We note that empirical stability fields for planar topography and bedforms over-
lap substantially, with many observations of bedforms occurring under conditions that
are predicted to produce rarefied transport. We offer several possible explanations. First,
low-amplitude bedforms with poorly developed flow separation could potentially appear
qualitatively similar to ripples and dunes in planform. In this case, they might be labeled

—18—



666

667

668

669

670

671

672

673

674

676

677

678

679

680

681

682

683

684

685

686

687

689

690

691

692

694

695

696

697

699

700

702

703

704

705

706

707

708

710

711

712

713

714

715

716

717

as bedforms while being more appropriately classified as microforms in the context of

the present research. Alternatively, the overlap may reflect uncertainty in estimates of
Shields stress, which is large for low values near the threshold of motion. Finally, the ob-
served overlap may be a genuine feature of the data. If this is true, it implies that the
method for constraining the threshold of bedform initiation as a function of 7, and Re,
is incomplete and merely provides an upper limit for plane-bed stability. In this case,

the bed configuration likely depends on an additional parameter not considered here due
to either (a) violations of our simplified collision model that cause true values of the col-
lision frequency to deviate from kinetic theory, (b) physical mechanisms that influence
the critical value of @ for bedform initiation. The particle Stokes number, Froude num-
ber, and relative particle submergence are not uniquely constrained by 7. and Re, and
therefore parameterize variability that is not represented in Figure 4. It is likely that sev-
eral effects are relevant; for example, § may vary with respect to the estimate provided
by (23) as a function of particle Stokes number. The maximum stable microform am-
plitude may be approximately 3-4 particle diameters in general, but may depend in de-
tail on the relative submergence of particles. Simultaneously the stable microform am-
plitude may depend on # and the Froude number. If these effects exist, they are obscured
by uncertainty in 7,. Nevertheless, we argue that the first-order constraint on bed con-
figuration proposed by this study is valuable, even if it only provides an upper limit.

We emphasize that our results are compatible with mathematical analyses that ex-
amine instability arising from the coupled evolution of flow, sediment transport, and to-
pography (e.g., Engelund & Fredsoe, 1982; McLean, 1990; Andreotti et al., 2010; Charru
et al., 2013). These studies are rooted in continuum models that imply averaging over
the granular descriptions of transport considered here. Our results may help explain and/or
refine continuum models of bedform initiation by elucidating how they emerge from gran-
ular mechanics. To clarify this point, consider that a slope effect is often invoked to pre-
dict a finite fastest-growing wavelength near the threshold of sediment motion (Andreotti
et al., 2010; Charru et al., 2013). Mathematically, the slope effect is introduced through
a proportional modification of the transport capacity that is proposed based on reason-

able arguments but lacks a clear physical basis. We suggest that the the collision/aggregation

behavior considered here may provide provide direct justification for the slope effect in
terms of granular motion, or may lead to an alternative description of bedform stabil-
ity in the continuum limit.

An interesting outcome of Section 4 is that the transition from rarefied to collisional
transport predicted from (25) is similar to the to the threshold of continuous transport
described by other authors (e.g., Gonzdlez et al., 2017; Pahtz et al., 2020). This thresh-
old is characterized by a profound reduction in transport intermittency (i.e., variabil-
ity in the total momentum of particles over a finite bed area) and occurs at roughly 7, =
27,.. Despite arising from disparate descriptions of sediment motion, we suggest that
the concepts of intermittent and rarefied transport are intuitively similar, and that their
alignment ultimately reflects compatible physical reasoning and consistent scaling of trans-
port parameters like particle activity and velocity with Shields stress.

5.1 Sensitivity of Results to the Choice of Mobility Threshold u,.

The main objective of this exercise is to determine whether small changes in u. in-
fluence our conclusions regarding #. While the values of 6 are sensitive to u., we find that
the the value for the unstable plane bed condition exceeds the value for the stable plane
bed condition by a factor of approximately 10 across the full range of u. values tested
(Figure 5A). We also find the value for the unstable plane bed condition exceeds 1 while
the value for the stable plane bed condition is less than 1 for reasonable values of u. iden-
tified by inspecting particle motions. Above u. ~ 0.1 m/s, we find § < 1 for the un-
stable plane bed experiment, however this result is unrealistic because clearly mobile par-
ticles are ignored. Furthermore, § = O(1) up to u. = 0.025 for the unstable plane bed

—19—



718

719

720

721

723

724

726

727

728

729

730

731

732

733

734

736

737

738

739

740

741

742

743

744

745

747

748

749

750

757

758

759

760

762

763

764

765

766

767

condition. For comparison, § = O(0.1) across this range for the stable plane bed con-
dition. While results obtained using 0.01 m/s < u. < 0.025 m/s independently are equiv-
ocal, we argue that the behavior of 8 as a function of u, is expected and holistically sup-
ports the hypothesis and interpretations discussed above.

Estimates of tracer particle flux, total granular flux, and volumetric flux (which are
related by the tracer fraction and nominal particle volume) are also not sensitive to u.
across the optimum range. However, computed sediment load decreases rapidly for u. >
0.02 m/s because particles that contribute significantly to the measured sediment load
are ignored (Figure 5B). This observation provides a quantitative upper bound for ..
and supports the notion that 6 values computed above this bound are unreasonable. In
contrast, arbitrarily low values of u. provide consistent estimates of flux. This is also ex-
pected; recall that the flux is calculated as g, = v4(u). Including immobile particles with
near-zero velocities in the calculation of sediment load increases vy, but decreases (u) by
reciprocal factors such that there is no change in estimates of gy.

Other relevant quantities (for example, entrainment rates, activities, velocities) are
sensitive to the choice of velocity threshold. Computed quantities typically vary slowly
as monotonic functions of u. up to the point where u, is a significant fraction of the max-
imum measured particle speed (roughly u. = 0.02 m/s in our experiments). Above this
threshold, computed quantities vary rapidly with u. as mobile particles are increasingly
ignored. The average particle speed (the magnitude of the velocity vector) exemplifies
this behavior (Figure 5C). Interestingly, we find that the difference between the mean
computed particle speed and the threshold speed ({Ju|) —u.) is maximized across the
optimum range of velocity values that was determined independently by inspecting par-
ticle motions. Below this range, immobile particles included in the computation of mean
velocity cause a decrease in the excess particle speed; above, the threshold speed begins
to approach the maximum measured particle speed. This observation potentially pro-
vides an objective approach for selecting a velocity threshold.

6 Conclusions

This study clarifies the nature of lower-stage plane bed topography and the gran-
ular mechanics of ripple and dune initiation. As a starting point, we recognize that the
concept of planar topography breaks down at the granular scale and propose a defini-
tion of lower-stage plane bed topography that encompasses microforms like bedload sheets,
particle clusters, and other low-amplitude bedforms. This definition is appropriate be-
cause it is aligned with a hypothesized transition in the processes governing the relief
of the bed. It is also aligned with practical considerations related to form roughness, drag
partitioning, and preserved sedimentary structures.

Previous studies suggest that particle collisions are important during the initial phase
of bedform development. We formalize this idea to propose a quantitative hypothesis that
is tested using experimental observations of tracer particle motion over stable and un-
stable planar topography. Specifically, we hypothesize that quasi-planar topography be-
comes unstable when the particle collision frequency exceeds the particle entrainment
frequency. The dimensionless ratio of these quantities, called the “collision number”, is
like an inverse Knudsen number commonly used in fluid physics to quantify the tran-
sition from rarefied to continuum transport. We find that the collision number is 0.15
in the stable plane bed experiment and 1.35 in the unstable plane bed experiment de-
spite only a small increase in bed stress, supporting our hypothesis.

Combining empirical and theoretical expressions enables prediction of bed config-
uration as a function of the macroscopic state variables that govern particle motion. We
find that the predicted stability field for microforms is consistent with observations of
lower-stage plane bed topography and bedload sheets reported by Carling (1999) and
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Although 6 is sensitive to the choice of velocity threshold, it varies by an order of magnitude
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difference between the average measured particle speed and u. (C).
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Guy et al. (1966). Although ripples and dunes have been observed in the region where
the collision number is predicted to be less than 1, this may be explained by misclassi-
fication of low-amplitude bedforms or uncertainty in measurements of stress. If the over-
lap is genuine, bed configuration may depend on an additional parameter like the par-
ticle Stokes number or Froude number.

In summary, our primary hypotheses represents a coherent synthesis of existing process-

based descriptions of bedform initiation focused on various elements of turbulent fluid
flow, grain-scale transport, and topographic change. It is supported by experiments re-
ported here and observations of bed configuration reported by previous authors. Three
mechanisms are proposed to explain this finding. First, we suggest that grain-scale bed
disturbances inevitably self-organize into microforms like bedload sheets, particle clus-
ters, and other low-amplitude bedforms. Second, we suggest that microform amplitude
scales with particle diameter and collision frequency. Finally, we suggest that defect prop-
agation and morphodynamic coarsening occurs when microform height exceeds a crit-
ical height that is a constant multiple of particle diameter. These mechanisms provide

a possible explanation for our results and a starting point for future studies that aim to
investigate the mechanisms that determine the stable bed configuration under weak bed-
load transport conditions.
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