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Direct Numerical Simulation of Transverse Ripples:
1. Pattern Initiation and Bedform Interactions
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,J. ). Fedele?, D. C. J. D. Hoyal?, M. M. Perillo® (), and S. Balachandar’

'Department of Mechanical and Aerospace Engineering, University of Florida, Gainesville, FL, USA, School of Engineering,
Lebanese American University, Byblos, Lebanon, 3ExxonMobil Upstream Research Company, Houston, TX, USA

Abstract we present results of coupled direct numerical simulations between flow and a deformable bed
in a horizontally periodic, turbulent open channel at a shear Reynolds number of Re, = 180. The feedback
between the temporally and spatially evolving bed and the flow is enforced via the immersed boundary
method. Using the near-bed flow field, we provide evidence on the role of locally intense near-bed vortical
structures during the early stages of bed formation, from the emergence of quasi-streamwise streaks to the
formation of incipient bedform crestlines. Additionally, we take a new look at a number of defect-related
bedform interactions, including lateral linking, defect and bedform repulsion, merging, and defect creation,
and show that the underlying mechanisms, in these flow-aligned interactions, are very similar to each other.
Consequently, the interactions are labeled differently depending on the geometry of interacting structures
and the outcome of the interaction. In the companion paper, we compare our results to published
experimental data and provide an extensive quantitative analysis of the bed, where we demonstrate the
importance of neighboring structures, especially upstream neighbors, on bedform dynamics (growth/decay
and speed) and wave coarsening. Video files of bed evolution are available in the supporting information.

1. Introduction

Bedforms are fascinating features of deformable sediment beds that evolve under the action of an overlying
flow field. They are present in unidirectional (e.g. Best, 1992; Gyr & Schmid, 1997) and oscillatory (e.g.,
Bagnold & Taylor, 1946; Ribberink & Al-Salem, 1994) configurations and may develop under laminar (e.g.,
Charru & Mouilleron-Arnould, 2002; Charru et al., 2013; Ouriemi et al.,, 2009a) or turbulent regimes (e.g Best &
Kostaschuk, 2002; Ouriemi et al, 2009b). They are present in subaqueous (e.g., Ashley, 1990) and aeolian
(e.g., Wilson, 1972) environments as well as in various atmospheric conditions on different planets (eg.,
Breed et al, 1979; Howard, 2007). Depending on certain parameters such as sediment availability, grain
Reynolds number, Froude number, flow depth, and flow intensity, a rich variety of bedforms develop, including
ripples (e.g., Nielsen, 1981), dunes (e.g., Nelson & Smith, 1989), antidunes (e.g., Kennedy, 1969), and cyclic steps
(e.g., Kostic et al., 2010; Smith et al., 2013). Field studies have shown a large range of scales from tiny ripples of
the order of millimeters to massive dunes stretching for kilometers. Bedforms are therefore a key feature of
many sediment-flow systems and thus have been extensively researched over the past several decades.

Many researchers suggest self-organization (Baas, 1993, 2007; Coco & Murray, 2007; Kocurek et al., 2010;
Werner, 1995, 1999, 2003) as a possible explanation to the emergence of bedform patterns. Indeed, while
interactions at the microscale level between individual grains and the surrounding fluid are an essential fea-
ture of this multiphase phenomenon, such interactions are especially important in the very early stages of
bed development, when the bed is still featureless, and the feedback from the bed to the flow is relatively
weak. As small sediment piles begin to emerge from a relatively flat bed (Coleman & Melville, 1996), they col-
lectively interact with the flow and with each other through the flow, and overshadow isolated grain-fluid
interactions (Kocurek et al., 2010). Werner (2003) suggested that the microscale interactions at the grain level
become “slaved” to the larger scale bedform-flow and bedform-bedform interactions. Additionally, Kocurek
et al. (2010) argue that once bedform patterns arise, the overlying flow and the sediment transport become
functions of bed morphology. In other words, details of the flow field are not necessary for a leading order
description of bed dynamics (Jerolmack & Mohrig, 2005).

The self-organized aspect of bedforms has motivated modeling approaches that primarily focus on bedform-
flow and bedform-bedform interactions and disregard the effects of the flow field (Jerolmack & Mohrig, 2005;
Landry & Werner, 1994; Stam, 1997; Werner, 1995). Jerolmack and Mohrig (2005) developed a
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two-dimensional anisotropic model for subaqueous bedform dynamics, in which they used the height and
slope of bedforms to approximate the bed shear stress. Their model was suitable to provide a description
of bedform initiation, evolution, and long-time behavior. They followed a deterministic and a stochastic
(by adding small-amplitude white noise) approach and were able to produce a variety of dynamical behavior
observed in laboratory experiments and field studies. The model consisted of a few adjustable parameters
that could be potentially computed from laboratory experiments and direct numerical simulations. The
model was, however, not sensitive to the values of these parameters and showed robustness in the sense that
pattern formation was present for a wide range of parameters. Their initial model, however, lacked the
bedform-bedform coupling necessary for bedform interactions. Later models (Swanson et al., 2016) based
on Jerolmack and Mohrig (2005) showed capability in reproducing certain defect-related interactions such
as lateral linking, defect and bedform repulsion, and merging.

Up until recently, numerical simulations of pattern formation under a shearing flow field (e.g., Charru et al.,
2016; Giri & Shimizu, 2006; Kidanemariam & Uhlmann, 2014, 2017; Niemann et al., 2010; Sotiropoulos &
Khosronejad, 2016) have received very little attention, whereas field studies (e.g., Kostaschuk, 2000;
Kocurek et al., 2010) and experiments (e.g., Baas, 1994; Coleman & Melville, 1996; Venditti et al., 2005) coupled
with theoretical investigations (e.g., Colombini, 2004; Engelund, 1970; Hino, 1968; Kennedy, 1969) have been
the primary methods by which these patterns were studied. For large structures, or under extremely turbu-
lent flow conditions, field observations usually constitute the only source of data due to the difficulties in gen-
erating such conditions in a laboratory setting. Laboratory experiments on the other hand provide a more
controlled environment that allows for more precise measurements albeit for more moderate flow conditions
and manageable bedform dimensions. Additionally, contrary to most field studies, laboratory experiments
provide the possibility to track the temporal evolution of bedforms through various stages of development.
However, when the tracked phenomena have very small length scales of the order of a few grain diameters,
or when they occur within a very short time span of a few seconds, as in the early stages of bed development,
even laboratory measurements become challenging.

Recent developments in numerical methods have made it possible to study different aspects of bed mor-
phology and have shown great potential in reproducing key bedform interactions observed in field studies
and laboratory experiments. Kidanemariam and Uhlmann (2017) have recently conducted direct numerical
simulations, with over one million finite size particles, to study pattern formation in subaqueous sediment
with a fully resolved flow field around individual grains. They used a channel flow configuration where they
varied the streamwise length of the domain and showed that there exists a minimal streamwise dimension,
between 75 and 100 grain diameters, below which patterns did not evolve and the sediment bed remains
nearly flat. They also observed the volumetric flux of particles and the mean bed shear stress to increase with
increasing ripple size; nevertheless, they find the relationship between the two to be sufficiently described by
the modified Meyer-Peter and Miiller (1948) bedload relation of Wong and Parker (2006).

These fully resolved simulations have provided a wealth of data but are computationally very expensive.
Recent modeling efforts have focused on an Eulerian Lagrangian framework to model the flow and the par-
ticle bed (e.g., Nabi et al,, 2013; Sun & Xiao, 2016). Other coupled flow-particle numerical approaches resolve
the flow field, through detached-eddy, large-eddy, or direct numerical simulation, and model the bed using
the Exner equation (Chou & Fringer, 2010; Escauriaza & Sotiropoulos, 2011; Khosronejad et al., 2011;
Sotiropoulos & Khosronejad, 2016). To lower the computational cost of the simulations, the grid may be cho-
sen to be fine enough to resolve the flow, but large enough to accommodate a number grains within a grid
cell, which results in coarse graining. Additionally, a boundary-fitted curvilinear coordinate system may be
applied such that the lower boundary of the domain follows exactly the evolving flow-sediment interface
(Chou & Fringer, 2010). Or alternatively, a fixed mesh with an immersed boundary (Uhlmann, 2005) may be
used to track the evolution of the bed (Khosronejad et al., 2011; Sotiropoulos & Khosronejad, 2016). In the
present work, we use the latter approach in which the flow field is solved on a fixed Eulerian mesh, and
the bed is tracked using Lagrangian markers, which define the immersed boundary.

The purpose of this study is first to show the capability of our simulations by reproducing key features of bed
morphology under a turbulent unidirectional flow. Specifically, we are able to reproduce the patterns of rip-
ple formation at the various stages of development, starting from a flat bed, as well as many of the interac-
tions that occur during bed evolution. Using the near-bed flow field, we provide evidence on the role of
locally intense vortical structures during the early stages of bed formation, from the emergence of quasi-
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: Fictitious lower
Msan bed height domain boundary

Figure 1. Numerical domain showing iso-contours of the span averaged streamwise component of the velocity ty on top of
an erodible, spatially and temporally evolving bed surface. Flow is from left to right. Inset: Cross-sectional slice of the
domain midway in the spanwise direction. The dashed red line corresponds to the mean bed height, from which the time-
dependent bed elevation h(x, y, t) is measured.

streamwise streaks to the formation of incipient crestlines. Additionally, we take a new look at a number of
defect-related bedform interactions, including lateral linking, defect and bedform repulsion, merging, and
defect creation, and show that the mechanisms that control the underlying fluid mechanical interactions
are very similar, and that interactions are labeled differently depending on the geometry of interacting
structures and the outcome of the interaction. The simulations also provide the opportunity to test
theories regarding the generation of initial bed waves, such as that of Coleman and Melville (1996) in
which they hypothesized that sediment pattern evolution from an initially flattened bed is initiated by the
occurrence of small sediment pileups, which grow and generate additional pileups further downstream at
a preferred spacing. The main objective of this work is to perform turbulence-resolved simulations and use
the results to relate the dynamics of near-bed vortical structures to shear-induced bedload transport and
then to the generation and interaction of bedforms.

The remainder of this paper is organized as follows. In section 2, we layout the mathematical model and
briefly discuss the steps taken in evolving the deformable bed. In section 3, we perform a validation case
of flow over a wavy wall. In section 4, we describe the different stages of ripple formation and elaborate on
many of the bedform interactions present in our simulations. A closer look at the early stages of bed formation
is explored in section 5, where we examine the spatiotemporal evolution of an isolated sand pileup on an initi-
ally flattened bed. Finally, discussion and conclusions are presented in sections 6 and 7, respectively.

In the companion paper (Zgheib et al., 2018), referred to hereafter as Paper 2, we compare our results to pub-
lished experimental data and provide an extensive quantitative analysis of the bed, where we demonstrate
the importance of neighboring structures, especially upstream neighbors, on bedform dynamics (growth/
decay and speed), and wave coarsening. We also provide a quantitative analysis on ripple self-similarity
and examine ripple properties such as bedform spectra, Fourier expansions, and two-point correlations.

2. Mathematical Model

The present configuration is that of a coupled bed flow simulation, in which the flow field is obtained by inte-
grating (1) and (2), the conservation equations of mass and momentum, respectively, using a pseudo spectral
code (Cantero et al,, 2007; Cortese & Balachandar, 1995; Shringarpure et al., 2012). The bed is evolved using
the Exner equation (3) (Ancey, 2010; Cayocca, 2001; Paola & Voller, 2005), whose input, the volumetric flux of
sediment, is obtained from the flow-induced shear stress at the bottom boundary of the fluid domain as
defined by the bed. The time evolving bed is imposed as the bottom boundary of the fluid domain using
the immersed boundary method (IBM) of Uhlmann (2005) (also see Akiki & Balachandar, 2016). The equations
are solved inside a rectangular channel as seen in Figure 1.

Viu=0, (M
Du
——e -V V2u+f 2
Dr & p+ Re. u+f, (2)
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oh
0o = —-V.q +¢|q|V?h, (3)

Here u represents the three-dimensional flow field, e, represents the unit nondimensional mean streamwise
pressure gradient, p is the deviation from the mean pressure within the domain, and fis the coupling force in
the IBM that must be applied to enforce the no-slip boundary condition at the bed. The ¢ is the sediment
volume fraction in the bed, given here a value of ¢ = 0.6 (note that 1 — ¢ is the porosity of the bed). The sedi-
ment bed height with reference to the mean is denoted by h, where the mean bed height corresponds to a
completely flat bed. The volumetric flux of sediment is g, and ¢ = 4 is an adjustable parameter that controls
the numerical diffusion term. We have adopted the same value of ¢ used in previous studies as it was shown
to provide realistic results in terms of bed topology (Bertin et al., 2009; Cayocca, 2001; Guérin et al., 2016). Our
simulations indicate that bed evolution is not very sensitive to the exact value of ¢ provided it remains in the
range 3 <e < 5.

The morphodynamic aspect of the study, as will be discussed below, considers a coarse graining approach
where each grid cell corresponds to a sediment volume at the mesoscale. The purpose of the diffusion term
in (3) is to dampen numerical high-frequency fluctuations.

Variables most frequently used in the paper are included in Table 1 for easier referencing. Throughout the
manuscript, dimensional quantities will be denoted by an asterisk. All other variables are to be taken as non-
dimensional unless stated otherwise. The length scale is the mean height of the channel above the mean
bed elevation, that is, the mean flow depth, H;. The average shear velocity on the initially flattened bed,
U, is the velocity scale, and the corresponding pressure scale p:sz results in a nondimensional streamwise
pressure gradient of unity. The ratio T* = H; /U; represents the time scale. The shear Reynolds number Re, is
defined as

_UH;
- )

. (4)
\4

Re,

where v* is the kinematic viscosity of the fluid.

Fourier expansions are used in the horizontal streamwise and spanwise x and y directions, respectively, which
necessitates the use of periodic boundary conditions. Chebyshev polynomials are used in the vertical z direc-
tion with free-slip boundary condition at the top of the computational domain. The bottom boundary of the
computational domain is a fictitious boundary that lies below the bed where no-slip boundary condition is
imposed (see Figure 1 where the rippled bed can be seen to be located above the bottom plane of the com-
putational box). The details of this boundary condition are not important since appropriate boundary condi-
tions (no slip and no penetration) are enforced at the bed using the immersed boundary condition.
Additionally, because of the no penetration condition, the permeability of the sediment bed has
been neglected.

Details of the numerical simulations are provided in Table 2. The flow is fully resolved only in the sense that
the grid resolution is fine enough to capture the smallest Kolmogorov flow scales, but does not resolve the
flow around the individual sediment grains. The resolution of 288 x 96 x 301 grid points along the stream-
wise, spanwise, and vertical directions may appear to be a resolution overkill with the current Fourier-
Fourier-Chebyshev spectral methodology for Re, = 180. While this may be true for turbulent flow over a
smooth wall, the much finer grid is chosen in anticipation of pattern growth on the bed. We require the tur-
bulent flow to be fully resolved even when the bed takes a complex form consisting of many ripples and cres-
tlines. Furthermore, the increased resolution is required in the context of the IBM. For example, with the
present resolution, the simulation of flat bed turbulence using IBM is able to recover the turbulent open chan-
nel flow statistics.

As we will observe, intense turbulent shear layer vortices form on the downstream side of tall ripples and a
fine grid is required to resolve these vortical structures. The grid resolution along the x and y directions is,
however, large enough to accommodate a small sediment volume, which results in coarse graining.
Additionally, the immersed boundary, which represents the sediment-fluid interface, is composed of
Ny x N, Lagrangian markers where the zero velocity (no-slip and no-penetration) condition is enforced.
The x and y coordinates of these markers coincide with the underlying Eulerian mesh, and their vertical posi-
tion varies as the bed deforms due to the overlying flow.
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Table 1
Symbols, Notation, and Nomenclature Definition

Variable/notation

Symbol Mathematical expression/definition

Scaling variables

Mean flow depth (length scale) H; -
Mean shear velocity (velocity scale) U; -
Time scale T Uz
Flow-related variables
3D velocity field u
Perturbation pressure p
Numerical domain size Lyx Ly xL, -
(streamwise X spanwise X vertical)
Numerical resolution Ny X Ny x N -
i L,
Bulk velocity Up orlo o udzdy
Fluid density Pt -
Gravitational acceleration g* -
Fluid kinematic viscosity v -
Fluid dynamic viscosity U =
Particle Reynolds number Re, 1 Pp; g3
v\ 9%
Shear Reynolds number Re, UiH; /v
Bed-relateg variables
Bed shear stress T (H'U?) ou
H on
Shields number ) ™/ [(p; = p?)g*d;]
Critical Shields number O

1 {0.22 Re,%¢ +0.06 exp(f17.77 Re;"-ﬁ)]

Volumetric flux of sediment per unit width® q (Rep/Re;) €1(® — O¢)
Bed volume fraction 1) 1 — porosity
Diffusion coefficient € -
Bed elevation (with respect to mean) h -
Mean bed height h -
Sediment diameter . =
dy
Sediment density B =
Pp
Notation
Unit vector e
X, ¥, z, bed-tangent, bed-normal . nu Nu N1
components of quantity [l
Time average of quantity Il ()
710t
Spanwise average of quantity Il [ | .
Liyj’oy Mdy

Stream and span average of quantity [l -
LJTYIOY o Mdxdy

Note. The asterisk denotes dimensional quantity.
?Based on the MPM (1948) modified Wong and Parker (2006) model (c; = 4.93, ¢c; = 1.6)

Details on the implementation of the immersed boundary technique are presented in Akiki and Balachandar
(2016) and are briefly addressed here. First, the velocity at each Lagrangian marker is computed through
interpolation from the velocity on the surrounding Eulerian mesh. A discrete delta function ensures that
the interpolation only extends over three surrounding Eulerian grid points in each direction within close
proximity to the Lagrangian marker. The velocity at these grid points is weighted by the Eulerian grid volume
Ax X Ay x Az, the product of the grid spacing along the X, y, and z directions, respectively. The velocity at the
immersed boundary must then be set to the desired value by applying the necessary force, which is propor-
tional to the difference between the desired and actual velocities on each Lagrangian marker. Finally, the
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s R e e = force on each Lagrangian marker is spread onto the surrounding Eulerian mesh using a
222283323333 ¥Y223835a5 . . . . ; o
N VBRIV 3 NIV NASRVES discrete delta function. Here again, the weight of each Lagrangian marker is given by
> 0 O WV WYWWYWWY T VOO
TIREELELEILEE gyey the local volume Ax x Ay x Az.
XX X X X XXX XXXy x xx
= 2R RRBRYN R B0 © ® o o | The details of the first set of numerical simulations (cases $1-56) and the physical para-
< . . . .
N meters they correspond to will be further elaborated in section 4.1. Here we briefl
Yy p y
N R R Rl W T R s address the adequacy of the grid in resolving bedform features and capturing the
= ; ; -; ; ; ; ; ; ; ; ; ; ; ; spatio-temporal evolution of the bed. To that end, we compared certain features from
f EEEEE T 1 2 A A T A cases S2 and S2¢ in Table 2. Note that both cases are identical in terms of the physical
X X X X X X X X X X X X X X . .. . .
FlaaaaNNNNNNNN parameters they represent, the only difference is in the grid resolution where for case
S2;, the grid is 50% finer than for case S2. Because of the turbulent nature of the flow,
Tl o 0w 0 0 0 0 W W0 0 the simulations may only be compared in a statistical sense. We observe the same expo-
= 38322233333 33°2 nential growth rate of the incipient bedforms at early times in both simulations, and we
K
= find the wave number spectra of the bedforms to be nearly identical as well. Additionally,
= o e w63 69 69 M 0 ) ) 0 G we find that the early stages of bed evolution, in terms of observed features (longitudinal
o NnwmwmuwmLuwmuwmwmLuwmLuwmLumumumuwmuwm . . .
el RS R R T B and quasi-streamwise streaks, chevron features, incipient crestline, etc.) as well as the
time sequence of development, are unaffected by the increased resolution. Further evi-
= dence on the adequacy of the grid resolution in terms of velocity spectra will be provided
R RS in section 4.2. We therefore conclude that the results discussed in this paper are not
g AR AR U A affected by the grid resolution.
IBM ensures the coupling between the flow and the bed, represented here as an internal
é N N N N s interface. The process of evolving the bed and the back coupling from the bed to the flow
MMM NINININOO NN Mmoo NN
SN N©®oNNNNNNN®R occur as follows. First, we define the bed location z = h(x, y, t) (see inset of Figure 1), where
—F 000 —+—+——+— O
h(x,y, t) is the time-dependent bed height with respect to the mean bed height h. Here
s 222828838838883888¢% we choose h = 0.05, which allows sufficient amount of erodible sediment in the bed as
h becomes locally negative. For all cases considered in Table 2, the area of the bed
Slessgsmssssgsssns that becomes dry/non erodible is less than 1.8% of the total bed area at any given
@INST0SNSSS9959S%9 : L
S| MR ATTITI << | time Once the bed location is defined, we compute the shear stress from the flow
field as t* = u*V*u;-n, where n is the unit normal vector to the bed and u; is the
® 5°§ o E @ 3 E DDRD DD E g | velocity vector tangent to the bed. We nondimensionalize the shear stress to obtain
SO0 J0O0J0cS S oo [
the local Shields number ®(x,y,t) defined as
NV ANV NYWWOVWOYOUOVOVYVOAN
Sl aNANSANTSTISISIS SN T
©®1 3853353333338 5 0=/ (5)
* *
<pp _pf)g*dp
S| FIBIILIIIIIIES
AFTCRATOTTITITT O] n(5), p; and p; are the sediment and fluid densities, respectively; g" is the gravitational
:,E“ acceleration; and d; is the sediment grain diameter. We then assume the sediment volu-
% 8888888888888 8| metric flux q to be in local equilibrium with the local shear stress (Jerolmack & Mohrig,
e 2005) and use the modified Meyer-Peter and Miiller (1948) bedload relation of Wong
QU
and Parker (2006) defined as
19 1 o 5 O o 5 2 B 2 B Re o\
ISR =R == == = =l g =—"24930°——-1) ep. (6)
= 7™ Re, v \ @ ©
/E; 2g2g8gg2g2gg8g8ggsg where eg is a unit vector in the x-y plane pointing in the direction of the bed shear stress,
Z‘; Ne "He "S55 & Re,, is the sediment Reynolds number defined as
QLJ 1 p* _p*
2 e _ p f 3
§ € Rep = 5715 9% )
S c
= c
£ S . . : .
: 2 & and O, corresponds to the value of the critical Shields number needed for sediment inci-
% ; E e nmenecENASRRE pient motion (Shields, 1936). The @, is expressed as a function of the sediment Reynolds
== GIEABIREEOCOCOCOO| [ nperge as (Garcia, 2008)
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1
O = [0.22 R, +0.06 exp(~17.77 Re,*) . (8)

The sediment bed height is then updated by solving (3), and the flow field is advanced in time taking into
account the position of the newly evolved bed. The updated flow field then imposes a new shear stress on
the bed and so on. The spatial derivatives in (3) are discretized using a second-order finite difference scheme,
and time integration is handled using a third-order Runge-Kutta low storage scheme. Since the Exner equa-
tion as presented in (3) does not limit the streamwise or spanwise slopes of the bed, which when uncon-
strained can take large unphysical values, we use a mass conservative sand-slide algorithm (Sotiropoulos &
Khosronejad, 2016) to limit the bed slope to the angle of repose taken here to be az = 30° (Charru et al.,
2016; Coleman & Melville, 1996).

In the present study we are interested in the flow regime where the only mode of sediment migration is
through bedload transport. For the sediment and flow properties under consideration the shear stress at
the bed is such that the sediment migrates along the bed without being carried into the flow as suspended
sediment. We are primarily interested in the formation and development of ripples in fluvial flows, where
bedload transport has been deemed to be an important mechanism (Paarlberg et al., 2009). The fluvial bed-
forms we are interested in modeling are those with an asymmetrical triangular shape consisting of a gentle
slope on the stoss side and a steeper slope (corresponding to the angle of repose) on the lee side. Engelund
(1970), among others, showed that suspended sediment transport is especially important in supercritical flow
regimes with Froude numbers close to or exceeding 1. In our simulations, the Froude number ranged from
0.3 to 0.5. Additionally, by limiting the Reynolds number to relatively low values, we consider the regime
where suspended sediment load can be ignored.

It should be pointed out that our coarse-grained approach is at the mesoscale both for the flow and for the
sediment. Since the Reynolds number of the turbulence is modest, we resolve all the scales of the flow at the
mesoscale. However, there are flow scales of the order of a sediment size and these microscale flow details (or
pseudo turbulence) are not resolved. Similarly, the simulations do not resolve each and every sediment grain,
since each grid cell on the bed contains a large number of sediment grains. The collective motion of the par-
ticles at the mesoscale is modeled with the MPM model. The choice of MPM was motivated by the observa-
tion by Kidanemariam and Uhlmann (2017) that their fully resolved simulations was adequately captured by
the model. But the results to be presented below can be reproduced with other similar bedload transport
models. An alternate approach is to use Euler-Lagrange framework to simulate the motion of individual
grains (Nabi et al.,, 2013), which in the present case are much smaller than the grid.

3. Turbulent Flow Over a Wavy Bed: A Validation Case

The present code has been utilized in the context of turbulent turbidity currents in a channel (e.g., Cantero
et al,, 2009) and density-driven flows (e.g., Zgheib et al., 2015a, 2015b). More recently the IBM in this code
has been extensively tested and used in the context of flow over isolated particles and through a random
array of spherical particles (e.g., Akiki, Jackson, et al., 2016, 2017; Akiki, Moore, et al., 2017). In the following,
we will provide an additional validation of the code by considering the case of a turbulent open channel flow
over a fixed wavy bed. The benchmark case considered is that corresponding to the simulation of De Angelis
etal. (1997).

The numerical setup of De Angelis et al. (1997) consisted of a turbulent open channel flow at Re, ~ 171 in a
rectangular domain with periodic lateral boundary conditions. The domain size was (2z x 7= X 1) with a
corresponding fully resolved grid along the streamwise, spanwise, and vertical directions, respectively.
The bottom wall was composed of sinusoidal waves with no lateral variation, whereas the top surface
was held flat. The fixed sinusoidal waves had an amplitude-to-wavelength ratio of 0.025. No slip and no
penetration conditions were enforced on the wavy wall at the bottom. Free slip and no penetration con-
ditions were enforced on the flat surface at the top. While the same shear Reynolds number, boundary
conditions, and domain size were used in the validation simulation, we have kept the grid resolution
(per unit length) identical to that for the simulations in Table 2. The flow for our simulation has been aver-
aged over 30 nondimensional time units. The results of the comparison are shown in Figure 2 for the mean
streamwise component of velocity (Figure 2a), the rms velocity fluctuations (Figure 2b), and the bed shear
stress (Figure 2c). We observe good agreement with the simulations of De Angelis et al. (1997). These
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Figure 2. (a) Mean streamwise velocity profile. (b) rms of velocity fluctuations. (c) Bed shear stress.

results along with the validations provided in Akiki and Balachandar (2016), Akiki, Moore, et al. (2017)
provide support for the use of the present immersed boundary methodology for resolving the turbulent
flow over a rippled bed.

4. Coupled Flow-Bed Simulations

4.1. Temporal Evolution of Bedforms

It is well established that a flat sediment bed lying below a turbulent unidirectional flow is unstable and gen-
erates a wide variety of bedform structures, which depend on flow conditions and sediment properties
(Coleman & Melville, 1996; Kennedy, 1969; Nielsen, 1981; Nelson & Smith, 1989). For Froude numbers typically
less than about 0.5 to 0.7, downstream migrating bed waves develop, these are termed ripples or dunes
depending on their size, behavior, and sedimentary origin (grain size, shear stress, etc) (Engelund &
Fredsoe, 1982; McLean, 1990; Richards, 1980), while at higher Froude numbers, upstream traveling bed waves
known as anitdunes may form. In this paper, we are solely concerned with the temporal evolution of ripple-
like structures from an initially flattened bed. The initial evolution and development of ripples have been well
documented in the earlier experiments of Baas (1994), Venditti et al. (2005), and more recently by Perillo, Best,
et al. (2014). Additionally, using numerical simulations, Sotiropoulos and Khosronejad (2016) have shown that
they are able to reproduce certain aspects of ripple formation at early stages. Here we show using coupled,
flow-bed simulations that we are able to capture the various stages of ripple formation observed in
experimental flumes, namely, (i) the initial longitudinal streaks, (ii) the chevron features, (iii) the incipient
crestlines, and (iv) the straight/sinuous ripples. However, we do not observe the equilibrium linguoid ripples
(3D bedforms) that evolve from the straight/sinuous ripples due to the secondary instability of the crestlines
along the spanwise direction. We note that the spanwise extent of the computational domain is chosen to be
4 times the flow depth (see Table 2), which likely limits large-amplitude spanwise deformation and the
formation of stable equilibrium linguoid ripples over long time scales. Moreover, the periodic nature of
the boundary conditions applied along the span as opposed to applying a smooth wall condition may
additionally affect the transition to 3D bedforms. For example, Nabi et al. (2013) simulated 3D dunes that
resulted from 2D straight dunes with smooth sidewall boundary conditions. Even though this transforma-
tion from the straight/sinuous ripples to the linguoid ripples is well documented in nature, it has been
shown to be dependent on the nature of the numerical model, especially the lateral boundary condition.
For example, perhaps due to periodic lateral boundary condition, sinuous ripples were absent even in the
fully resolved direct numerical simulations (Kidanemariam & Uhlmann, 2017). Jerolmack and Mohrig (2005),
for instance, were able to generate 3D bedforms by adding a low-amplitude noise as a source term in the
Exner equation (3).

The first six simulations in Table 2, S1 through S6, evolve from an initially flattened bed. Before the start of
each simulation, the bed is kept flat, and the flow is allowed to reach a stationary turbulent state. Then,
the bed is allowed to evolve according to the Exner equation (3) starting at t = 0. These simulations are
the focus of the present section (section 3). For these cases, as well as all the others in Table 2, the friction
Reynolds number has been fixed at Re, = 180. Even though the bulk of the analysis is done using nondimen-
sional parameters, we will briefly discuss here the corresponding physical parameters of each of these simu-
lations. To arrive at those physical parameters, we first choose the sediment and fluid properties as shown in
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Figure 3. Top (left) and isometric (right) views of the temporal evolution of the bed from S2. The vertical z coordinate is
stretched by a factor of 4 for clarity. Flow is from left to right. The contours in the isometric view correspond to the
bed-normal tangential velocity gradient dus,/0n. The marks A and B in frame (b) correspond to cross-stream streaks. The
dashed ellipse in frame ¢ encloses a train of chevron features. The red segment in the upper right corner of frame a
shows the scale of the bedforms. It is twice the length of the mean fluid depth.

Table 2, and then decide on a value for the Shields number ®. We can then solve for the shear velocity and
flow depth, since Re, is fixed.

First, from these six cases, we distinguish two sets. The first set is for a relatively higher bed shear velocity
value of U; = 1.237 cm/s(cases S1, 52, and S3) ,whereas the second set (cases S4, S5, and S6) is for a relatively
lower bed shear velocity of Ul = 0.874 cm/s. Since the working fluid, water, is the same in all cases, and Re; is
fixed, it follows then that the flow depth for cases S1, S2, and S3 must be shallower (H; = 1.455 cm) than
that for cases S4, S5, and S6 (H; = 2.058 cm). In each of these two sets, the sediment has the same grain den-
sity (p, = 1.57 g/cm?), chosen to match the experiments of Fedele et al. (2014, 2016), but three different
grain sizes, namely, d; =50, 150,and 250 pm, for which the sediment Reynolds number remains confined
to values less than 10. Figure 3 shows a top three-dimensional view (left) and an isometric view (right) of
the evolving bed at six different time instances. These images correspond to case S2. In the top view, lighting
effect is used that highlight regions with a sharp elevation gradient. That is, in frames c to f, the darker trans-
verse lines correspond to a relatively sharp drop in the bed elevation along the streamwise direction, and
thus are well suited to capture the location of key bedforms such as crestlines and ripples. Also shown on
the right frames are iso-contours of the bed-normal gradient of tangential velocity du/dn plotted on the
bed. Here uy, is the magnitude of the tangential velocity with respect to the bed along the streamwise direc-
tion and t,, is the nondimensional bulk time, defined ast, = t*U},/H;. Here U, corresponds to the bulk velocity
at the start of the simulation
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Figure 4. Top view of the bed from S2 at t;, = 47 (same as in Figure 3e). (a) Iso-surfaces of /.; = 20 over the entire bed.
(b) Enlarged view showing a cane-shaped vortex near the cross-stream streak A in Figure 3e. (c) Enlarged view showing

the near bed low-speed and high-speed streaks from iso-contours of the bed-normal tangential velocity gradient duy,/on.
(d) Same as frame ¢ but with iso-contours of the Laplacian of h showing longitudinal streaks with high and low bed elevation.

U = ﬁ 15 u* dy* dz*=15.6U:. 9)
fry

At t, = 0, at the start of the simulation, the flow corresponds to a fully developed, Re, = 180 turbulent open
channel flow over a flat bed. At t, = 47, longitudinal streaks are easily discerned. These are aligned predomi-
nantly with the flow direction with only a few aligned at an angle to the flow. These sediment streaks are the
imprints of the quasi-streamwise vortices and hairpin vortex packets (see Figure 4) that travel downstream
(Zhou et al., 1996, 1999). Iso-surfaces in Figure 4 correspond to the swirling strength A, which is defined
as the absolute value of the imaginary portion of the complex eigenvalue of the velocity gradient tensor.
The A provides a good metric for identifying regions of intense vortical structures (Chakraborty et al.,
2005; Zhou et al., 1999) such as inclined quasi-streamwise hairpin and horseshoe-shaped vortical structures,
which span the entire planform of the bed. The enhanced shear stress on the bed under these quasi-
streamwise vortices rearranges the bed along the spanwise direction. It has been established that due to
the autogeneration mechanism, these near-bed vortical structures are aligned along the streamwise direc-
tion, with each subsequent vortex reinforcing the influence of its streamwise predecessors. This results in
the formation of longitudinal streaks of high and low bed elevation (see Figure 4). This mechanism is identical
to the formation of near-wall low-speed streaks in turbulent boundary layers (Adrian et al., 2001). Thus, we
observe the longitudinal streaks of higher bed height to be well correlated with local regions of low stream-
wise velocity (Figure 4). The streaks are highly correlated in the streamwise direction such that they can be
several flow depths in length, but only about one sediment grain diameter in height.

The near-wall region of a turbulent boundary layer is also populated with hairpin and cane-shaped (which are
one-sided hairpin) vortices (Chakraborty et al., 2005; Zhou et al., 1999), whose heads are spanwise oriented.
Movies of the time-evolution of the bed with superposed vortex structures suggest that occasional intense
hairpin vortices are responsible for the incipient bedforms that are oriented at an angle to the streamwise
direction (marked A and B in Figure 3b). These incipient cross-stream bedforms quickly develop into
chevron-shaped features, which initially form at random locations in the bed where there are intense vortex
structures. Once formed, these chevron shapes straighten and spawn new incipient cross-stream bedforms
along the downstream direction at a preferred wavelength of about 1.2 nondimensional units. Several such
trains (Coleman et al., 2003) of incipient cross-stream bedforms are seen at t, = 93 (Figure 3c). Although the
mechanism leading to the formation of these chevron trains is still not fully understood, in section 5 we will
explore the tendency for an incipient cross-stream bedform to form a train of self-similar structures. The
mechanism of bed formation at the very early stages is difficult to analyze, especially in experiments, due
to the very rapid growth of these bedforms and their quick evolution to fully formed ripples (Perillo,
Prokocki, et al., 2014). These chevron features have very small amplitudes of approximately one sediment
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grain size. We should note, however, that hairpin vortices do not represent the only mechanism for inducing
incipient bedforms, as they do form even under laminar flow conditions.

The chevron features grow laterally and merge to form more developed crestlines at t,, = 114 (Figure 3d). The
process by which this lateral expansion occurs is discussed in section 4.3.1. These crestlines are still of low
amplitude at about 1 to 2 sediment grain diameters. Both chevron and incipient crestlines cover the entire
bed and seem to exhibit a somewhat regular spacing in the streamwise direction (Coleman & Melville,
1996) of about 1.2 to 1.5 nondimensional units (flow depth). The crestlines are predominantly aligned with
the cross-flow direction and display a rather wavy pattern (2.5D; Perillo et al., 2014). The incipient crestlines
grow in amplitude to form straight/sinuous ripples at t, = 500. These ripples continue to grow and develop
(and are hence termed developing ripples). The developing ripples possess a well-defined triangular cross-
sectional shape with a gentle slope on the stoss side and a steeper lee side. For large enough ripples, flow
separation occurs downstream of the ripple and is characterized by low bed shear stress values on the lee
side (see frames k and | in Figure 3).

At any instance during the bed development, the size of the ripples is quite different (see for example
frames k and ). Since, smaller bedforms move faster than larger ones (Coleman & Melville, 1994; Hino,
1968; Kennedy, 1969), coarsening occurs (e.g., Andreotti & Claudin, 2013) as upstream smaller and faster
ripples interact with the downstream larger and slower moving ripples. For example, the bed seen in
frames e and k contains five prominent ripples of varying elevation. As they evolve over time the bed-
forms coarsen to have only four dominant ripples in frames f and I. Even here we can clearly observe
the third ripple from the left (marked C) to be much smaller (in height) than the others, and as a result
it travels faster. When allowed to evolve further the bedform continues to coarsen to have only three rip-
ples. However, the process by which the bed evolves to three ripples occurs as follows: As the smaller
third ripple (C) continues to approach the larger fourth ripple (marked D), it ends up starving the larger
one, which eventually dies, and the initially smaller third ripple grows into a bigger ripple. We discuss this
bedform interaction process further in section 4.3. However, it should be noted that the time taken for
coarsening from four to three ripples is much longer than the time taken for coarsening from five to four
ripples. The bedform interactions leading to coarsening as well as the rate of coarsening will be
addressed in greater detail in Paper 2.

It should be noted that the near-bed turbulent structures such as low-speed streaks and hairpin vortices are
streamwise oriented, and they are predominantly aligned along the streamwise directions to form packets
(Zhou et al.,, 1999); nevertheless, the dominant bedforms (ripples and crestlines) are spanwise oriented.
Starting from a flat bed, the bedforms that initially emerged are indeed streamwise oriented, but very quickly,
self-organization of the bed naturally leads to spanwise oriented structures that are quasiperiodic along the
streamwise direction. In a laminar flow, it is well recognized that spanwise oriented ripples naturally form due
to an instability that arises from the phase shift between a sinusoidal perturbation to the bed height and the
shear stress on the bed. Stability analysis performed on turbulent mean flow also explains the formation of
spanwise ripples (Coleman & Fenton, 2000; Colombini, 2004; Engelund, 1970). Nevertheless, the imprint of
self-organization and emergence of coherent spanwise bedforms in a fully turbulent flow can be recognized.
Underlying local mechanisms of interaction between the turbulent flow structures and the sediment that
were observed early on in Figure 3b are still present at later times. For example, in frames e and f of
Figure 3, the effect of quasi-streamwise vortices can be clearly seen on the stoss side as streamwise streaks
in bed height. We can also observe local sediment piles generated by the heads of hairpin and cane-shaped
near-bed vortex structures. As the vortex structures propagate forward along the stoss side, relative to the
ripple, these small sediment piles also get pushed along toward the crest of the ripple. This is an important
mechanism by which sediment gets transported along the stoss side and contributes to the building of the
ripple. Thus, the constant interaction between the flow and the bed contributes to the self-organization and
growth of the bedform.

Morphodynamic systems are defined by the coupling between flow, sediment transport, and bed morphol-
ogy. Spatial and temporal changes in flow conditions, sediment transport through linear and nonlinear
mechanisms, and large- and small-scale changes in bed topography are driven by the intertwined processes
of fluid dynamics, sediment transport, and bed morphology (Best, 1993; Leeder, 1983; Perillo, 2013).
Bedforms, such as ripples, change the details of the near-bed turbulent flow; for example, flow separation
on the lee side alters the interaction between quasi-streamwise vortical structures and the bed. This can
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be clearly observed as the lower values of shear-stress along the bed
downstream of the first ripple and the fourth ripple marked D in
Figure 3l. Each bedform has the power to alter the interaction between
the flow and the bed on its downstream side, which will in turn affect the
generation, growth, or destruction of downstream bedforms. Thus, the
interaction between bedforms, flow structures, and sediment transport is
coupled in a complex way.

4.2. Flow Field Dynamics

Bedform evolution is primarily governed by the coupling between the bed
and the flow. It is the flow in the vicinity of the bed that dictates the bot-
tom shear stress and hence strongly influences the development of bed-
M | . forms. In return, near-bed turbulence is most affected by bed topology

10°

10’
k

107 and the resulting back coupling to the flow. It is this strong coupling
between bed and flow that is essential for furthering our understanding

Figure 5. Spanwise-averaged x-energy spectra P, and streamwise-averaged ~ Of the various mechanisms of bed formation. Experimental studies (Baas,
y-energy spectra P, of the streamwise component of velocity atz=0.15ata  1994; Coleman & Melville, 1996; Coleman et al,, 2003; Fedele & Garcia,
time instance where the tallest ripple has grown to a height of z = 0.14. 2009; Kennedy, 1969; Nelson & Smith, 1989; Perillo, Best, et al., 2014;

Perillo, Prokocki, et al., 2014; Venditti et al., 2005) have illuminated aspects
of short and long time evolution of the bed morphology. However, it has been difficult to establish the con-
nection between individual turbulent flow structures and their effect on the formation and evolution of the
ripples. The difficulty is due to the complexity of measuring the turbulent flow above a mobile deforming bed
in such small-scale detail. First we show in Figure 5 spanwise-averaged x-spectra and streamwise-averaged
y-spectra of the streamwise velocity component at z = 0.15 for case S2 at a time instance where the tallest
ripple has grown to z = 0.14. Thus, the elevation is just above the tallest ripple and passes through a
horizontal plane that includes intense vortical structures. Both spectra show more than six orders of decay
in magnitude indicating adequate resolution along both the streamwise and spanwise directions. Similar
investigation along the bed-normal direction shows adequate spectral decay as well.

Let us start by inspecting the flow field to better visualize the coupling between the bed and the flow and to
detect regions of flow reversal. Figure 6 shows iso-contours of the spanwise-averaged streamwise compo-
nent of velocity above the nearly span invariant ripples from case S2 at t, = 1500. The components of the
velocity vectors in the main figure and the inset are the span-averaged U, and U, along the x and z directions,
respectively. Spanwise averaging, for example, in the case of Uy, is performed as follows

\
-50 : 0

Figure 6. Isometric view of the bed from S2 at t, = 1500. The gray scale contours on the bed correspond to dug,/on, and
the contours in the center plane correspond to Uy. The components of the vector field are U, and U,. The inset shows an
enlarged view where the region of separation and flow reversal downstream of the ripple is marked by the dark blue
color (negative Uy values).
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Figure 7. Data corresponding to case S2 at t, = 1500. (a) Iso-surfaces of 1¢; = 15. (b) Iso-contours of i over the span-
averaged bed height h. (c) Iso-contours of /. in the y = 2 plane. (d) Local streamwise variation of the x component of
the bed-normal gradient of tangential velocity, duy,/0n in the y = 2 plane.

Uy (x,2,t) = Ll Iéy uxdy. (10
Y

The inset in the figure shows an enlarged view of the averaged flow field downstream of the ripple. Flow
reversal (negative Uy values) is indicated by a dark blue color, and the separation bubble extends downward
toward the bed below the “green” shear layer region. The vertical gradient of streamwise velocity (duy/0z) is
observed to progressively steepen beyond the recirculation region (see inset of Figure 6). This provides an
indication of flow reattachment and boundary layer redevelopment downstream of the separation region.
Here, and in the remainder of this paper, an overbar denotes spanwise averaging.

The flow displays strong variation in the spanwise direction as evident from the grey scale iso-contours of the
bed-normal gradient of tangential velocity du,,/0n. The near bed flow is strongly correlated, as expected, with
the bed shear stress. Indeed, we observe flow separation to result in negative values of du,/on (black iso-
contour) downstream of the crest, whereas we observe du,,/on to attain its largest values (light grey iso-
contours) on the stoss side of the ripples.

The turbulent flow structure above the bed is far more complex as can be seen from the iso-contours of the
swirling strength in Figure 7a. Figure 7 corresponds to case S2 at t, = 1,500. Because of the no-stress bound-
ary condition at the free surface (top boundary of the computational domain), vorticity is only generated on
the bed and is transported upward by turbulent diffusion. However, regions of strong vortical structures only
marginally penetrate beyond the upper half of the channel. We observe from Figure 7b that 1 remains
relatively small within a very thin layer just above the bed. We distinguish regions of low turbulence intensity
downstream of the developing ripples and below the shear layer induced by flow separation (Best, 2005;
Miller & Gyr, 1986). Indeed, depending on the size of the ripple, flow separation may occur on the lee side
(note the two blue regions downstream of the ripples around x ~ 6 and 10), which results in local turbulence
suppression. The flow therefore imposes on the bed a low, nonerosive, shear stress in the separation region
before bedload transport is resumed farther downstream when the flow reattaches to the bed. This explains
the low values of 7 in the recirculation region downstream of the ripple. The presence of these recircu-
lation regions results in a nonuniform streamwise distribution of 1. near the bed within a depth equiva-
lent to the height of the ripples. Finally, we observe the low turbulence, separation region to extend
beyond the crest to about 3 times the ripple height on average. We will discuss flow separation in more
detail in Paper 2.

Since at later times, the bed topology is nearly span-invariant, a vertical slice of the instantaneous swirling
strength provides a good means for visualizing the turbulence intensity in the flow field, close to as well as
far away from the bed. Figure 7c corresponds to a vertical cross section of the domain at y = L,/2 showing
iso-contours of A over the local bed elevation. We observe the flow to be very complex, with multiple
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vortical structures at close proximity to the bed. Unlike its span-averaged counterpart, here 1. may locally
attain larger values (yellow and red regions) and exhibit much stronger spatial variations. If we consider,
for example, the region extending between x ~ 6 and x =~ 8, that is the region downstream of the third ripple,
we observe multiple strong vortex cores, which correspond to a streamwise train of hairpin-like vortex struc-
tures. The distance between these vortices and the bed decreases the farther out they extend from the crest
along the streamwise direction. This is consistent with flow separation and reattachment downstream of the
lee side. Thus, although turbulent vortex structures are seen to be present nearly evenly in the x-y plane, they
are separated (or detached) from the bed on the lee side of the dominant ripples. This alters the flow-induced
sediment transport process on the stoss side of the downstream ripple.

The imprint of the turbulent flow field on the bed is manifested as a turbulent bed shear stress profile at the
sediment interface. Figure 7d shows the local streamwise variation of the x component of the bed-normal
gradient of tangential velocity, duy,/0n, on the erodible bed (shown in black) in the center plane y = 2. The
bed exhibits large variations in duy,/0n with the local maxima occurring on the stoss side of the ripples, just
upstream of the crests. On the other hand, local minima, which correspond to flow reversal, occur down-
stream of the crest. The magnitude of the flow reversal and the region over which flow reversal occurs are
strongly dependent on the ripple height. Larger ripples form bigger separation bubbles with higher reverse
flow magnitudes. Consequently, because the maxima and minima occur just upstream and downstream of
the crests, respectively, we observe the largest jump in values of du,,/0n to occur in the vicinity of the crest.

4.3. Bedform Interactions

A rich spectrum of bedform interactions occurred during the development of the bed in the simulations. These
interactions have been observed in aeolian and subaqueous bedforms (Kocurek et al., 2010) and constitute an
essential mechanism for the self-organization process of bedforms. Kocurek et al. (2010) provide a thorough
summary of the various interactions documented in laboratory experiments as well as field studies (Ewing &
Kocurek, 2010; Elbelrhiti, Andreotti, & Claudin, 2008; Endo et al., 2004; Hersen & Douady, 2005; Hersen et al.,
2004; Kocurek et al., 1992; Sharp, 1963). They classified some of these interactions as constructive, for example,
lateral linking and merging, which result in fewer, larger, and more widely spaced bedforms, or regenerative
such as bedform splitting and defect creation, which result in smaller bedform features. Other interactions like
bedform and defect repulsion as well as remote interactions do not fall under the above two categories, but
rather lead to bedform rearrangement through a pattern change. In our simulations, we observe many such
documented interactions including lateral linking, defect and bedform repulsion, defect creation, remote
interactions, and merging. These interactions, which provide simplified insights to bedform self-organization
in more complicated natural systems, are present in all our simulations. In the interest of brevity, we will show a
few examples as we attempt to shed some light on the mechanisms behind these interactions.

4.3.1. Lateral Linking

To help illustrate a time sequence for lateral linking (e.g., Kocurek & Ewing, 2005; Landry & Werner, 1994;
Werner, 1995) between two incipient crestlines, we show in Figure 8 a top view of the bed for case S3 at three
time instances, namely, t, = 94, 98, and 112 corresponding to frames a, b, and ¢, respectively. These frames
illustrate that the sequence is denoted by a pair of inclined, upward, and downward facing arrows in frames
ay, by, and c. For the purpose of clarity, bedform features are exaggerated by stretching the vertical z direction
by a factor of 4. This stretching is in fact done for all the figures in section 4.3 that display the three-
dimensional top view. Lateral linking constitutes a constructive interaction in aeolian and subaqueous bed-
forms and helps to decrease bed defect density. It is a dominant process in the early stages of bed evolution,
but may also occur between smaller defects riding on the stoss sides of larger structures (e.g., Kocurek et al.,
2010). Lateral linking appears to be a continuous and smooth process in which bedforms continually grow or
expand laterally, and this process of spanwise growth eventually leads to their linkage. However, by looking
at multiple snapshots of the process with iso-contours of the instantaneous volumetric flux of sediment g, we
observe the lateral expansion to occur in bursts. Indeed, if we consider frame a; where we show iso-contours
of gy, the instantaneous y component of the sediment flux, we observe the region on the stoss side of the
laterally expanding crestlines to locally exhibit strong spanwise fluxes. When patches of high streamwise
velocity approach the stoss side of the incipient crestlines, the flow must negotiate its way around the bed-
form, and part of the relatively high velocity fluid goes around the crest toward the region with lower bed
elevation. This is apparent in frame a,, which is an enlarged view of the dashed rectangle in frame a,. Here
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Figure 8. Lateral linking from S3. (a;) Top three-dimensional view with iso-contours of the instantaneous spanwise flux g,,.
The inclined arrows indicate the direction along which the linking is taking place. (a5) Enlarged view of the dashed rec-
tangle in a,. (inset) Two-dimensional view with a vector plot of components gy and g,. (b1) Same as a; but for a later time
when the interacting bedforms are closer to one another. (c;) Same as by but with iso-contours of g,. (c) Top three-
dimensional view with iso-contours of bed elevation at a time where the lateral linking is complete. Flow is from left to right
in all frames, and the vertical z-direction is exaggerated by a factor of four.

we observe the flow to exhibit a strong spanwise component of g in both the +y and —y directions, denoted
by the green and purple patches, respectively. In the case of the crestline marked E, the purple patch, which
represents a locally negative value of g, will contribute to the lateral expansion toward the lower end of the
frame. We should note, however, that at this specific instance (t, = 94) the green patch on the lower bedform
will not directly contribute to lateral linking as it is not near the defect termination. The inset in frame a,
corresponds to a two-dimensional enlarged view of the dashed rectangle, where, in addition to the iso-
contours of g, we show a vector plot with components g, and g,, along the x and y directions,
respectively. In the case of the purple patch, the vector plot shows the sediment being eroded from the
stoss side toward lower end of the crestline at an angle of about 30" with respect to the x axis.

In frame b, and b,, the bed is shown at a later time where the gap separating the two incipient crestlines has
been approximately cut in half to a distance of about 0.35 units. For frame b,, where iso-contours of g, are
displayed, we do not observe the crestlines in question to exhibit the same strong, locally acting spanwise
sediment fluxes. On the other hand, such strong spanwise fluxes are observed to act on other parts of the
bed, just upstream of incipient crestlines. This is consistent with the fact that crestlines do not expand later-
ally in a smooth continuous manner, but rather in bursts. These episodic events by which incipient crestlines
grow laterally are related to the passage of quasi-streamwise vortical structures, such as those shown in
Figures 5 and 7. The time interval between these bursts can, however, be very small such that the process
appears smooth and continuous. In frame b,, we show iso-contours of g, and note that the bed exhibits
strong streamwise and spanwise variation in the sediment flux, which is indicative of the turbulent nature
of the flow. Finally, by t, = 112 in frame ¢, the crestlines have collided to form one coherent structure.
From the iso-contours of h, we observe the linked region to exhibit a lower elevation than the remaining part
of the newly formed crestline. A possible explanation is that the crest height at the point of contact needs
some finite time to grow to the size of the laterally connecting bedforms.

4.3.2. Defect Repulsion

A time sequence, composed of three snapshots from case S3, is used to illustrate the process of defect
repulsion (Anderson & McDonald, 1990; Landry & Werner, 1994) in Figure 9. The process is also known
as defect migration (e.g., Werner & Kocurek, 1997, 1999). Werner and Kocurek (1997, 1999) outline
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Figure 9. Defect repulsion from S3. (a;) Top three-dimensional view with iso-contours of bed elevation showing the relative size of the interacting bedforms
enclosed within the dashed ellipse. (by) Same as a; but for a later time when the defect has attached itself to the bedform and about to repel the corresponding
downstream portion. (c;) Same as a; and by but at a later time when the repulsion is complete. In all three frames, vertical z direction is enlarged by a factor of 4. The
dashed rectangle in a4, by, and ¢4 points to another defect repulsion interaction occurring at the same time. (a3, b, and c;) Cross-sectional view corresponding to the y
position and size of the solid black segment in a; with iso-contours of uy. (a3, bs, and c3) Streamwise variation of x component of flux g, (dashed green line) and h
(solid black line with red highlights) along the corresponding black segment in a1. The red portion of the bed corresponds to the interacting bedforms enclosed within
the dashed ellipse of the top view frames. Flow is from left to right.

conceptually how these defect migration interactions control the pace and style of many bedform
processes and properties. The frames a, b, and c in Figure 9 correspond to a time of t, = 131, 159,
and 178, respectively. First consider the top view of the bed in frames a;, by, and ¢y, in which the
region where defect repulsion occurs is encircled within a dashed black ellipse. The iso-contours in
these frames correspond to the bed elevation h and are used to help explain the different propagation
speeds of the interacting bedforms. Additionally, in each of these frames, the black straight segment,
which cuts through the dashed ellipse, corresponds to the spanwise location y = 0.75 at which a cross-
sectional view is extracted in frames a,, by, and c,. In these frames, the bed elevation is shown along
with iso-contours of the instantaneous streamwise component of velocity, uy. The iso-contours help to
identify recirculation regions of locally negative values of u, marked in blue, and the cross-sectional
view allows us to readily identify the structure of bedforms as they interact. Finally, in the last set of
frames as, bs, and c3, we show the streamwise distribution of the sediment flux g, (dashed green line)
along with the bed elevation h (solid black line with highlighted red portions) corresponding to each
of the respective frames a,, b,, and c,. The highlighted red portions help to identify the bedforms that
are undergoing defect repulsion.

Defect repulsion is the process by which a relatively smaller upstream defect propagates toward a relatively
larger bedform downstream, attaches itself at one location, while repelling and replacing a portion of the
downstream bedform. This mechanism, which allows defects to propagate in a rippled bed (Anderson &
McDonald, 1990), was first simulated by Landry and Werner (1994). The process is similar to a relay race in
the sense that a downstream defect may not be liberated until the bedform from which it is repelled comes
into contact with the upstream defect. In fact, during early phases of bed evolution, when bedforms are rela-
tively closely spaced in the streamwise direction, a single-defect repulsion can initiate other defect repulsions
downstream. These processes occur in a sequential manner in both time and space and terminate when the
defect merges with the downstream structure or is starved by the newly formed upstream bedform
(as opposed to repelling yet another defect). Field observations by Ewing and Kocurek (2010) at White
Sands suggest that defect repulsion is a pervasive interaction and a dominant form of pattern evolution.
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Table 3
Approximate Size and Speed of Interacting Bedforms Before and After the Interaction
Interaction label Figure number Size (before interaction) Speed (before interaction) Size (after interaction) Speed (after interaction)
Defect repulsion (F) : 0.020 — (G) : 0.030 (F) : 0.029 — (G) : 0.022 (F) : 0.035 — (G) : 0.020 (F) : 0.028 — (G) : 0.036
Bedform repulsion (1) : 0.040 — (J) : 0.060 (1):0.023 — (J): 0.017 (1) : 0.050 — (J) : 0.045 (1) :0.018 — (J) : 0.020
Bedform merging (J) : 0.040 — (K) : 0.055 (J):0.016 — (K) : 0.013 (J + K) : 0.045 (J + K) : 0.0069

. (My) : 0.035 (My) : 0.0053
Defect creation (L) : 0.030 — (M) : 0.015 (L) : 0.0022 — (M) : 0.0067 (L) : 0.025 — (L) : 0.0069 —

(M3) : 0.020 (M3) : 0.0069

Note. Bedform size is defined here as the vertical drop from crest to subsequent trough, and the crest speed is normalized by the initial bulk velocity.

Considering the size of the interacting bedforms from our simulations, the upstream defect marked F is
initially smaller (frames a;, a,, and as) than the downstream bedform marked G and hence travels faster.
However, as the crestlines of the bedforms come into contact with one another (frames b4, by, and bs),
we observe the upstream defect F and the repelled portion of the bedform G to have nearly the same
crest elevation. Finally, at the end of the process (frames c;, ¢;, and c¢3), the initially upstream defect F
is now significantly larger than the repelled bedform G. An estimate of the bedform size and speed
before and after the interaction is shown in Table 3. Similar approximations are also provided for the sub-
sequent flow-aligned interactions (bedform repulsion, bedform merging, and defect creation) in the
following sections.

The third set of frames (frames as, bz, and ¢3) provides additional clues on how this process occurs. Even
though the defect F is too small at t, = 131 to have a fully formed recirculation region on its downstream side
(there is no discernible region of negative streamwise velocity), it still modifies the flow. This is done in such a
way that the sediment fluxes on its lee side and on the leading portion of the stoss side of the downstream
bedform G are very small/nonerosional compared to the sediment flux on the remainder of the stoss side of
the downstream bedform G. Moreover, as the upstream defect F travels faster, the aforementioned region
with very small/nonerosional sediment flux grows to cover a larger portion of the stoss side of the down-
stream bedform G (frame bs). Additionally, as the separation distance between the interacting bedforms
decreases, and the height of the upstream defect F increases, it becomes more difficult for the flow to adjust
as it passes beyond the crest of the upstream defect F. This results in a larger sediment flux just upstream of
the crest of the soon-to-be-repelled portion of the bedform G. The soon-to-be-repelled bedform G now
experiences a nonerosional flow over the first half of its stoss side (which halts the sediment supply toward
its crest) and a highly erosional flow over the second half. This causes the repelled bedform G to travel faster
downstream and diminish in size simultaneously (frame c3). We should note that the aforementioned flow
dynamics only occurs in the region downstream of the initial defect and does not extend laterally outward
where the defect’s height drops and levels off with the quasi-flat bed. This explains why the repelling and
repelled bedforms have comparable widths.

The preceding observations on the amount of sediment flux on the stoss side of ripple G are based on the
plot of g, presented in frames as, bs and ¢z of Figure 9. Some care is required in interpreting these plots.
Note that from (3), it is the divergence of g that contributes to oh/ct, ignoring the effect of diffusion. Here
again the effect of the ripple’s downstream advection must be separated to infer its temporal growth or
decay. A one-dimensional bedform that simply advects along the streamwise direction at uniform velocity
U is given by h(x, t) = fix — Ut), and it can be readily seen that the corresponding streamwise sediment flux
will be given by

C](X, t) = (/JUf(X - Ut)7 (11)

implying that for a translating ripple the shape of the local flux will mirror that of the bed height. Furthermore,
the ratio (8qg/0x)/( poh/ox) will quantify the phase velocity of the ripple. Deviation from this structural corre-
spondence between g and h then represents the growth or decay of the ripple, in the frame traveling with
its phase velocity. In particular, a more rapid increase in g near the ripple crest indicates a higher outflux from
the crest without a corresponding influx from the stoss side, resulting in a decay of the ripple height.
Conversely, a slower growth or reduction in g near the ripple crest indicates a lower outflux from the crest
with a higher influx from the stoss side, resulting in a growing ripple. In all the figures to follow, a similar
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Figure 10. Bedform repulsion from S2. See caption of Figure 9 for details.

balance of sediment influx from the stoss side and outflux from the crest, in the frame of reference moving
with the crest, will be used to infer the growth or decay of the ripple.

4.3.3. Bedform Repulsion

The mechanism behind defect repulsion is very similar to that of bedform repulsion shown in Figure 10
(Landry & Werner, 1994; Vermeesch, 2011) but differs in that there are two points of contact between the
upstream defect and the downstream bedform (Figure 10 frame b,). Here again, we consider three time
instances, namely, t, = 216, 276, and 309 corresponding to frames a, b, and ¢, respectively. The case being
considered is that of S2. In the first set of frames, a;, by, and c¢;, we show the top view of the bed with iso-
contours of elevation. The dashed ellipse points to the interaction under consideration and the straight solid
segment represent the spanwise location y = 2.375 as well as the length of the vertical cross-sectional cuts in
frames a,, b, and c,. Note that due to the periodicity of the bed and flow in the streamwise direction, the
ripple marked H near the end of the domain at x = 11 is in fact upstream of the defect marked | at x = 1.
Here we pay special attention to the location of this ripple H upstream of the defect |, where the crest-to-crest
separation between the two increases over time (due to the relative size of the bedforms H and I) and remains
large enough such that the defect | is unaffected by the upstream ripple H and allowed to grow, or at least
maintain its size, over time. Iso-contours of the instantaneous streamwise velocity component u, demon-
strate regions of reverse flow on the lee side of some of the larger ripples. Note that in frame c3 the large
region of near-zero q upstream of bedform | is indicative of a large recirculation region induced by the large
ripple H. The upstream defect | is, however, small enough that it does not lead to significant flow reversal on
its lee side. However, just as in the case of defect repulsion, it approaches the downstream bedform J and
starves the base of its stoss side. Additionally, due to the close proximity of the interacting bedforms | and
J, the flow becomes highly erosional on the downstream half of the soon-to-be-repelled bedform J.

The reproducibility of the sequence leading to defect repulsion as well as bedform repulsion shows that this
process is not unique but in fact a characteristic of this type of interaction. The mechanism is independent of
sediment properties (size, density) and flow parameters, at least for the range of parameters considered in
this study, but requires a specific set of conditions to occur: (i) the height and spanwise extent of the
upstream defect must be smaller than the downstream structure such that the upstream defect can travel
faster, approach the downstream bedform, and repel only the corresponding portion of the downstream
bedform. (i) The defect must be of sufficient height (crest height) such that it is able to locally modify the flow
and consequently the sediment flux on its lee side and starve the base of the stoss side of the downstream
structure. (i) The defect must be unaffected by upstream bedforms such that it is allowed to grow as it
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Figure 11. Bedform merging from S2. See caption of Figure 9 for details.

travels downstream. (iv) There must be a sufficient amount of sediment locally available for the defect to
grow; that is, a thick enough erodible layer of sediment on the bed must be present. As we will see in the
subsequent section, if the second or third condition is not met, a different form of interaction known as
bedform merging occurs in lieu of bedform repulsion.

4.3.4. Bedform Merging

Here again, we use a sequence of snapshots to illustrate another form of bedform interaction known as mer-
ging (e.g., Mader & Yardley, 1985; Van der Mark et al., 2008; Werner & Kocurek, 1999). Bedform merging as
shown in Figure 11 occurs when an upstream smaller and faster defect approaches a downstream larger
and slower bedform, but instead of repelling the downstream corresponding portion of the bedform, the
defect rides up on the stoss side of the downstream structure until it reaches the crest and merges to form
a single structure. The layout and content of the frames used to illustrate this interaction are identical to those
in Figure 10 used to demonstrate the process of bedform repulsion. The upstream defect we observe in the
merging sequence of Figure 11 in frames a;, a,, and as is in fact the same repelled bedform in frames c of
Figure 10. As alluded to earlier, the key difference between this sequence and that of bedform repulsion in
Figure 10 is the presence of the bedform (marked I) at close proximity to the defect (marked J) on its
upstream side. At t, = 323, the crest of this upstream bedform I is located at x ~ 2.7. As can be seen from frame
as, the upstream bedform | starves the defect J by imposing a noneroding flow on the base of its stoss side,
which causes the initially smaller defect J to further shrink in size as it travels downstream. The end result is a
continually weakening upstream defect (J), with a very narrow nonerodible region on its lee side, incapable of
repelling structures. Additionally, the height of the defect J is small enough such that the flow is able to adjust
rather smoothly as it passes over its crest. This is apparent from the low and rather uniform g, value on the
stoss side of the downstream bedform as compared to frame bs in Figure 10, where the flux is much larger
just upstream of the soon-to-be-repelled bedform at x ~ 3.

Therefore, if we solely consider the characteristics of the interacting structures without taking into account
the presence of upstream neighbors, then our prediction for the outcomes from frames a in Figures 10
and 11 must be matching. Indeed, there is a great deal of similarity at the early stages for these two cases;
however, the presence of the upstream bedform at close proximity to the defect in frame a of Figure 11 alters
the dynamics of the interaction and results in a different outcome. One should, however, not mistakenly
assume that bedform merging only occurs when the defect is being starved by an upstream bedform. If
the size of the upstream defect | in Figure 10 were to be much smaller as it approaches the downstream bed-
form, such that the nonerodible region on the stoss side of the bedform is very narrow (along the flow
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Figure 12. Defect creation from S5. Top three dimensional view with iso-contours of bed elevation (upper frames) and streamwise component of sediment flux
(lower frames). Flow is from left to right, and the vertical z direction is enlarged by a factor of four for clarity.

direction), and the flow adjusts smoothly to the bed as it passes the crest of the defect, then it is very likely
that bedform merging would occur in this case as well.

Therefore, a situation, such as that in Figure 11, where an upstream bedform acts to starve a defect as it
approaches another downstream bedform would be very similar to a very small defect, sufficiently far from
any upstream structures, approaching a significantly larger downstream bedform.

4.3.5. Defect Creation

Defect creation (Jerolmack & Mohrig, 2005; Parsons & Best, 2013) represents a regenerative interaction where
a relatively larger bedform breaks up into smaller structures, otherwise known as defects. An example of
defect creation is illustrated in Figure 12. We show a top three-dimensional view of the bed with iso-contours
of elevation in the upper set of frames (a;, by, and ¢;), and iso-contours of the streamwise volumetric flux of
sediment in the lower set of frames (a,, by, and ¢,). The case at hand corresponds to S5. At t, = 661, we
observe the slightly tilted transverse ripple M within the dashed oval to be relatively uniform along its span-
wise direction and to form a coherent structure. Upstream of it, we observe a larger transverse ripple L about
to undergo bedform repulsion. The streamwise sediment flux g, on the portion of the coherent spanwise rip-
ple directly downstream of the soon-to-be-repelled bedform is initially small and uniform for the most part.
By t, = 773, bedform repulsion is complete and the repelled bedform now acts to break up the once coherent
transverse ripple M. While the repelled bedform L is shorter in the spanwise direction, its crest height is nearly
twice as large as that of the downstream ripple M. It therefore seeks to starve and push away the portion of M
immediately downstream of it without influencing other portions closer to the lower edge of the frame. This
is apparent in frames b, and c,, where g, is consistently larger on the portion of M downstream of the
repelled bedform L. This starvation and repelling process continues and causes the downstream ripple M
to split into two defects M; and M, (frame ¢; and ¢,). At t, = 881, we observe the newly created defect M,
which is closer to the top edge of the frame, to merge with a downstream ripple. We also note that the upper
edge of the second newly created defect M, is well aligned with the lower edge of the repelled bedform L.
This is consistent with the fact that the repelled bedform only influences the portion of the ripple directly
downstream of it.

4.4. A Global Description of Bedform Interactions

Bedform interactions in which defects are involved, such as lateral linking, defect and bedform repulsion,
defect creation, and merging, usually occur in the early stages of bed evolution, which are characterized
by closely spaced, small-scale bedforms, with high defect density (Huntley et al., 2008; Werner & Kocurek,
1999), and consequently high interaction frequency. These interactions are primarily responsible for the con-
stantly evolving bed topology and the accompanying chaotic features. However, bedforms eventually reach
a more regular state with low defect density and uniformly spaced bedforms that are similar in size (and
migration velocity). During this stage, the frequency of interactions is drastically reduced and the bed
approaches a state of near dynamic equilibrium.

Except for the case of lateral linking, the early-time interactions considered herein arise between an upstream
defect, of finite spanwise width, and a downstream ripple that spans the width of the computational domain.
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Figure 13. Top three-dimensional view showing the evolution of an isolated sediment pileup (Gaussian bump) from GS1 at four time instances. The bed is circularly
shifted in frames b to d to remain in the frame of reference of the pileup at t, = 0, in frame a. Inset: Cross-sectional slice of the bed at y = 2 with iso-contours of the
instantaneous streamwise component of velocity. Flow is from left to right.

In fact, the mechanism behind these interactions is the same in all cases, but depending on the geometry of
interacting structures, namely, the relative height, spanwise extent, and the lateral separation of the centers
of bedforms, the interactions are labeled differently. For example, in the cases of defect and bedform
repulsion, the main difference is in the spanwise location where the interaction occurs. For bedform
repulsion, the interaction occurs well within the spanwise extent (i.e., away from the lateral extremities) of
the downstream structure, whereas in the case of defect repulsion, the interaction occurs at one of the
lateral sides of the downstream structure. We should also note that bedform interactions also occur when
there are changes in forcing conditions.

The upstream bedform is usually the smaller (in height), and hence the faster, of the two interacting struc-
tures and thus approaches its downstream neighbor. Once the streamwise separation between the two is
small enough, the upstream bedform acts to starve and push away the downstream neighbor. If the
upstream bedform is a defect of limited spanwise width, then it only acts on the corresponding portion of
its downstream neighbor. Alternatively, if both bedforms span the entire width of the domain, then the inter-
action will occur across the full span of the bedforms. Moreover, other bedforms, aside from the upstream
and downstream neighbors, might indirectly affect the interaction. This was apparent in the cases of bedform
repulsion and merging where a bedform upstream of the defect (in the case of bedform merging) played a
significant role in determining the outcome of the interaction. The effect of neighboring structures will be
discussed in more detail in Paper 2.

5. Evolution of a Sand Pileup

Different theories have been proposed to explain how bedforms initially emerge from a flat bed. One such
theory (Coleman & Melville, 1996), derived from experimental observation, suggests that bedforms are initi-
ally initiated by the occurrence of random sediment pileups due to the turbulent nature of the flow. These
pileups grow by trapping more sediment, become two-dimensional, and when they grow large enough, typi-
cally a few sediment grain diameters in height, they generate additional pileups downstream at some pre-
ferred wavelength. Coleman and Melville (1996) find this preferred wavelength to depend primarily on
grain size and less so on shear velocity.

Numerical simulations are well suited for these types of configurations, which are extremely challenging to
arrange experimentally. Indeed, having a sand pileup of only a few grains in height under a turbulent flow
is difficult to set up. Consequently, experiments of this type are usually handled by an initial negative defect,
that is, an initial cavity in the bed (Perillo, Prokocki, et al., 2014). Figure 13 shows the evolution of such an iso-
lated sediment pileup (Gaussian bump) in the frame of reference of the pileup. That is, each of the frames has
been circularly shifted so that the pileup appears stationary as it evolves. The periodic nature of the flow and
bed along the streamwise direction allows for such a circular shift. The initial bed height of the Gaussian
pileup follows the expression:
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Table 4

2 2
X —X —
Geometric Details of the Gaussian Bump Simulations h=Agexp|— ( o)+~ %)

2
2e;

; (12)

Simulation number Ag/dp, €pldp Number of bumps Ix Isy

g:; ;Zg g;g 1 Here the center of the Gaussian bump is located at (xo, yo), Ag repre-
GS3 1:94 19:4 1 ) sents the maximum height of the Gaussian bump, and ez is a measure
GS4 1.94 9.70 2 0 1.0 of the width of the bump. Because of the periodicity of the domain in
GS5 1.94 9.70 2 1.2 1.0 the horizontal directions, only the height and width of the bump are
GS6 582 291 1 - - relevant, whereas the exact location of the center is not important. If
GS7 2.74 13.7 1 - -

two identical bumps are present in the domain, the relative separa-

Note. Ag corresponds to the maximum height of the bump, and eg is a measure tion between the center of the bumps along the streamwise and
of the bump’s width. For cases GS4 and GS5, for which the domain initially con- . . . .
sists of two identical bumps, the separation distance along the x and y direc- spanwise directions becomes important.

tions is denoted by gy and /g, respectively. A total of seven sediment pileup simulations were performed, the
details of which are shown in Tables 2 and 4. Similar to all the other
cases, this set of simulations is run at a friction Reynolds number of Re, = 180, with the same domain size
and grid resolution as the other cases. Unlike the S* set of simulations where the sediment bed is initially
completely flat, here the sediment bed has a single (cases GS1, GS2, GS3, GS6, and GS7) or a double (cases
GS4 and GS5) Gaussian bump midway through the domain. Before the start of each simulation, the bed
and consequently the Gaussian bump is held fixed and the turbulent flow was allowed to fully develop
and reach a stationary state. Once a stationary state is reached, the bed was allowed to evolve according
to the Exner equation (3) starting at t, = 0. In the single bump cases, different dimensions (height and width)
of the Gaussian bump, grain size, and flow conditions were varied. The details of which are all listed in
Tables 2 and 4. On the other hand, for the double bump simulations, only the separation distance and orien-
tation of the segment joining the centers of the two bumps with respect to the flow were investigated. These
resulted in two additional parameters, namely, /g, and /g, which denote the separation distance between the
centers of the bumps along the x and y directions, respectively. Other parameters such as bump dimensions,
grain size, and flow conditions were kept unchanged from one case to the other.

Let us start by considering case GS1 and follow the development of that single Gaussian bump. Figure 13
shows the temporal evolution (at four time instances) of the sediment pileup . Here again, vertical structures
are exaggerated by stretching the vertical z dimension by a factor of 4 for clarity. In the inset of each frame,
we show a cross-sectional cut of the bed at y = 2 along with the local and instantaneous streamwise compo-
nent of velocity. The evolution follows closely the description provided by Coleman and Melville (1996) based
on their experimental observations. At t;, = 0, the bed is allowed to evolve in response to the local shear stress,
where, in the region surrounding the Gaussian bump (marked N), the flow must negotiate its way around this
three-dimensional obstacle. Shortly afterward, by t, = 14, the pileup N becomes locally two-dimensional and
takes on a shape that closely resembles that of a ripple with a gentle slope on its stoss side and a steeper lee
side. The process that causes the Gaussian pileup to become locally two-dimensional is the same as the
mechanism discussed in section 4.3.1 that drives chevron features or bedform defects to expand laterally.
By t, = 32, the two-dimensional pileup N continues to grow, both laterally and vertically, and in doing so,
modifies the flow downstream to generate a second two-dimensional pileup (marked N’) at a spacing of
Ap = 1.4. This process continues so that the newly formed pileup N’ grows and generates yet another two-
dimensional pileup N" at the same downstream spacing of 4, = 1.4. This preferred spacing is very similar
to the separation distance between the crestlines in Figure 3d, which corresponds to case S2 where the initial
state of the bed and flow are identical to case GS1, except for the presence of the Gaussian bump. As can be
seen from Figure 13, the pileup N only influences the portion of the bed in its immediate downstream vicinity
and does not significantly affect sediment transport on its upstream side. Additionally, we observe the stoss
side of the initial pileup N in frame d to be relatively flat compared to the stoss sides of the two generated
pileups (N’ and N"). This means that the sediment transport along the flow direction during these very early
stages is rather uniform on the stoss side of N. This is due to the lack of finite size bedforms upstream of the
initial pileup N that acts to accelerate its growth by modifying the flow and enhancing turbulence.

Case GS1 corresponded to a specific set of flow and sediment parameters. To find what effect such para-
meters have on the development of a small Gaussian bump, we show in Figure 14 a top view of the bed
for the other cases in Table 4 at a time when the initial Gaussian bump has generated a second pileup on
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Figure 14. Generation of a downstream pileup at a preferred spacing for the Gaussian bump simulations. The preferred
spacing between the generated bump and the initial bump appears to depend marginally on shear velocity and to be
independent of bump’s geometry and sediment size.

its downstream end. These two pileups are encircled within the dashed ellipse in each frame. The time at
which the bed is shown is marked in the upper right corner of each frame along with its corresponding
case, in the lower right corner. Case GS2 corresponds to a Gaussian bump whose height (Ag) is twice that
for case GS1. For this case, we observe the distance between the two bumps as well as the time at which
the second bump emerges to resemble closely those from case GS1. On the other hand, for case GS3,
where the height of the Gaussian bump is the same, but €5 is twice as big, we observe the separation
distance between the two bumps to be slightly larger. In case GS4, the two pileups are initially aligned
normal to the flow with a transverse separation distance between their centers equivalent to the mean
flow depth of one nondimensional unit. We observe both bumps to merge and the subsequent dynamics
to mirror the aforementioned cases. For case GS5, whose domain also initially comprises of two Gaussian
bumps, we observe the upstream bump to generate a pileup that merges with the initial downstream
bump. The dynamics again is very similar to the previous cases.

In all the GS* cases we have considered, only the bump’s dimensions (height and width) as well as the num-
ber of bumps in the domain were modified. In the subsequent two cases, we choose the bump dimensions to
correspond to case GS1 and vary the sediment grain diameter (GS6) and shear velocity (GS7), such that the
parameters of the latter two cases (see Table 2) correspond to S3 and S5, the initially completely flattened
bed cases, respectively. For case GS6, the smaller sediment grain diameter produces an increased volumetric
sediment flux, which results in a wavier bed compared to frames a, ¢, and d, which correspond to the same
time in frame e (case GS6), in the initially flattened portion. This is due to the lower shear stress threshold for
incipient motion, which results in a larger volumetric flux of sediment. The preferred wavelength is, however,
unaffected by the smaller grain size. On the other hand, for the lower shear velocity case GS7, the preferred
wavelength of the downstream generated pileup, in nondimensional terms, is slightly smaller than the other
cases. We must recall that the flow depth for this case, which is the length scale in the simulations, is about
34% larger than in all the other cases, and therefore in physical space, the preferred wavelength at which the
downstream pileup is generated is somewhat larger than in the other cases.

Based on these simulations, 4, seems to be unaffected by the dimensions of the pileup, as long as it is only a
few sediment grain diameters in height and of O(10) sediment grain diameters in width. It is also not affected
by the presence of additional pileups at close proximity centered within a radius smaller than the preferred
observed spacing. For the different cases in Table 4, we observe from Figure 14 the nondimensional preferred
spacing to vary between 1.2 (GS7) and 1.4 (GS1 through GSé6).

These results appear to conflict with the findings of Coleman and Melville (1996), where preferred wave-
length depends primarily on grain size and to a lesser extent on shear velocity. Their proposed empirical
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relation suggests a larger value of 4, = 3.3 for all our cases, excluding the smaller grain size case GS6. We note
that the physical time to generate the second pileup occurs in less than 10 s for all cases in Table 4. At the rate
of wave coarsening observed in case S2, if we were to record the spacing between the bedforms in our simu-
lations at a later time, we would observe a larger value of 4, closer to that predicted by Coleman and Melville
(1996) (within a few minutes in physical/dimensional time). This perhaps is closer to the observations and
recorded measurements in the experimental setup. In fact, Coleman and Melville (1996) do not specify when
the measurements were taken during their experiments; however, some of the previous experimental studies
(Nakagawa & Tsujimoto, 1984) indicate that the flow in those experiments was stopped and measurements of
the wavelength were recorded after the first minute. We need to, however, keep in mind that the present
model also involves key assumptions, namely, that the particle-flux is determined locally by the bed
shear stress.

The initial conditions and turbulent characteristics in the Gaussian bump case GS1 are identical to those of
case S2 except for the presence of the bump. Thus, the bed evolution shown in Figure 13b is qualitatively
similar to that in the early evolution of case S2, dominated by streamwise streaks. The most noticeable differ-
ence is the incipient crestline formed as a direct consequence of the Gaussian bump. As observed in Figure 3
b, such crestlines naturally form even in the absence of an initial bump, but the formation is significantly
delayed. This is consistent with the fact that a larger initial Gaussian bump resulted in a more rapid formation
of the crestline. We conjecture that starting from a perfectly flat bed, sand pileups can naturally occur at ran-
dom locations on the bed, perhaps initiated by intense local turbulent events. These pileups quickly evolve
into the cross-stream streak-like patterns seen in Figure 3b (marked A and B). In the Gaussian bump simula-
tions, these streak-like patterns result in the formation of a streamwise train of chevrons, which can be clearly
observed in Figure 3c. All the Gaussian bump cases (GS1-GS7), over a long time, follow the sequence pre-
sented in Figure 3 and form stable ripple structures.

The Gaussian bump simulations may be used to infer the wavelength of incipient bedforms. As such, the
results may be compared to the initial ripple wavelengths obtained from linear stability analysis (e.g.,
Charru & Mouilleron-Arnould, 2002; Fourriére et al., 2010). For instance, Fourriére et al. (2010) predict the
wavelength of the initial ripples to be approximately between 200 and 300 times the grain diameter.
While we do not observe a strong dependence between the preferred wavelength and sediment size, we
note that the ratio of the preferred wavelength 4, to sediment diameter obtained in our simulations is around
300, of the same order as the ratio reported by Fourriere et al. (2010).

6. Discussion

Bedform interactions are very common in the process of sediment pattern formation under a shearing flow
field. Even though these interactions are driven by the fluid flow, they have been traditionally classified
according to the outcome of the sediment pattern with little credit given to the underlying fluid mechanical
mechanism, which drives the change through the near bed flow field and consequently the bed shear stress.
As illustrated in section 4.3 the underlying mechanisms for many of these bedform interactions are very simi-
lar. Therefore, if we were to classify these interactions according to the underlying mechanism and not by the
outcome of the sediment pattern, then many of these interactions will fall into a single category. More spe-
cifically, the flow-aligned interactions such as defect repulsion, bedform repulsion, bedform merging, and
defect creation would essentially be grouped into a set labeled flow aligned interactions. These flow-aligned
interactions occur between a smaller (therefore faster) upstream bedform or defect approaching a larger
(therefore slower) bedform that is located downstream. Even though the interactions primarily occur
between a pair of neighboring bedforms, it is sometimes necessary to include other neighboring bedforms
(particularly the farther upstream neighbor) to understand why certain interactions lead to repulsion, while
others lead to merging.

Aside from the sediment pattern change induced by these interactions, there is a significant effect to the
bedforms involved in the interaction. For a couple of interacting bedforms, the upstream bedform acts to
modify the near-bed flow field on the stoss side of the downstream neighbor, and in doing so, it influences
the supply chain of sediment along the stoss side. As such, the characteristics of the downstream bedform
(such as growth rate and propagation speed) may be impacted. The relation between the bedform celerity
and its size may no longer be valid, or at least must be adjusted to account for changes due to the
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Figure 15. Average frequency of occurrence of bedform interactions. Lateral linking (M), defect repulsion (m), bedform
repulsion (1), bedform merging (1), and defect creation ().

interaction. In Paper 2, we take a closer look at how these interactions specifically affects the propagation
speed and the growth/decay rates of the interacting bedforms.

Certain bedform interactions such as defect and bedform repulsion are a relatively very common feature of
bedform dynamics (e.g., Ewing & Kocurek, 2010). We observe these defect-related interactions to be the most
prevalent in our simulations. By watching videos (in the supporting information) of bed evolution for each of
the six cases S1-56, we have developed a histogram showing the time, as well as the average frequency, of
occurrence of the aforementioned bedform interactions for each of the two sets (S1-53 and S4-5S6). The his-
togram is shown in Figure 15. The x axis corresponds to the time of occurrence and has been discretized into
bins of 100 bulk units, and the y axis corresponds to the average frequency of occurrence for each of the two
sets. For example for cases S4-S6, the third column in the histogram indicates that in a time span ranging
from t, = 200 to t, = 300 we have observed a total of 12 lateral linkings, seven defect repulsions, and two bed-
form mergers in cases S4, S5, and Sé. It can be observed from the table that lateral linking is limited to only
early time periods during the formation of the ripples, while defect repulsion seems to be the most common
bedform dynamics. Morphodynamic systems can be represented as a coupling between flow, sediment
transport and bed morphology as illustrated in Figure 16. Spatial and temporal changes in flow conditions,
sediment characteristics, sediment transport, linear and nonlinear mechanisms, and large- and small-scale
changes in bed topography can be summarized in three main interlinked areas: fluid, sediment transport,
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Outer flow structures, Boundary layer
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Fluid Flow
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Figure 16. Sedimentological fluid dynamic trinity. A sketch showing the importance of the three components of sedimentological fluid dynamic.
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and bed morphology. Hence, all the processes linking flow, sediment transport, and bedform development
define the sedimentological fluid dynamic (SFD) “trinity” or morphodynamic processes (Leeder, 1983;
Perillo, 2013). In the context of any morphodynamic system, all components of the SFD trinity are connected
with the others. Many of the interactions between the elements are inherently nonlinear and time-
dependent. This temporal dependence not only needs to take into account the fact that the conditions
change over time but also that there may be a lag between the change in one variable and the response
of the system (i.e., hysteresis; Dalrymple & Rhodes, 1995). In other words, the different components of the
SFD have a particular time-scale within which they react to changes, making it fundamental for all bedform
studies to keep track of all of them. For example, water in motion develops turbulent sweeps and bursts that
entrain sediment in movement (Heathershaw & Thorne, 1985) and generates differential transport of grains,
these areas of erosion and accumulation leading to the generation and development of bedforms (e.g.,
Venditti et al., 2005). The temporal evolution of the bedform is intrinsically influenced by the magnitude of
the sediment transport (e.g., Perillo et al.,, 2014). Furthermore, as the bedform grows in size it changes the
flow and turbulence characteristics, inducing a new condition for transport, which will modify the original
bedforms. This is just one example of the many feedback loops that are continually occurring in the vicinity
of the bed. It is important to note, that depending on the changes in the flow and sediment transport
conditions, the bed topography might require hours, days, or years to readjust.

7. Conclusions

We have presented results from coupled flow-bed simulations for pattern formation under turbulent open
channel flow for two scenarios and multiple simulations to study the early stages of ripple formation. The first
scenario comprising six simulations was designed to investigate the early evolution of a flat bed. The second
scenario involving seven simulations is identical to the first set except for the presence of a single or pair of
Gaussian bumps of small amplitude of the order of a grain diameter.

The purpose of the first scenario is to investigate the capability of the simulations in reproducing natural bed-
form patterns and interactions observed in experiments and field studies. The highly resolved flow field of
the simulations facilitated the linking of bedform morphology to the fluid mechanics. We documented a
number of bedform interactions including lateral linking, defect and bedform repulsion, defect creation,
and bedform merging. For flow-aligned interactions, that is, excluding lateral linking, the underlying mechan-
isms for most of these interactions are very similar, and the interactions are labeled differently depending on
the geometry of interacting structures and the outcome of the interaction. The upstream structure, which is
usually the smaller and hence the faster of the interacting structures, approaches its downstream neighbor,
then acts to starve and push away the latter. However, other bedforms, aside from the upstream and down-
stream neighbor, might indirectly affect and change the outcome of the interaction. The effect of neighbor-
ing structures will be discussed in greater detail in Paper 2.

The initially chaotic pattern of the erodible bed is due to the strong hairpin and horseshoe-like vortical struc-
tures present in the complex turbulent flow field. In the very early stages of pattern formation, these struc-
tures leave their imprint on the bed in the form of longitudinal, as well as quasi-spanwise, streaks. This
mechanism is identical to the formation of near-wall low-speed streaks in turbulent boundary layers, where
the longitudinal streaks of higher bed height were found to be well correlated with local regions of low
streamwise velocity (i.e., near-bed low-speed streaks). Additionally, the longitudinal streaks are observed to
be highly correlated in the streamwise direction such that they can be several flow depths in length. These
vortical structures are of fundamental importance for the initiation of chevron features, which later develop
to form crestlines and subsequently ripples. Even though these structures are always present in the flow field
and continuously modify the surface of the erodible bed, their effects, with regard to the overall structure of
the bed, become of marginal importance in the later stages of pattern formation once bedforms have suffi-
ciently matured. That is once bedform patterns arise, the overlying flow and the sediment transport become
functions of bed morphology and the microscale interactions give way to the larger-scale bedform-flow and
bedform-bedform interactions. This observation is fully consistent with past observations by Werner (2003)
and Kocurek et al. (2010).

The second set of simulations, explored the early time dynamics of bed evolution, characterized by very small
length and time scales of the order of a grain diameter and a few seconds, respectively. The simulations also
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provide the opportunity to test some of the theories regarding the generation of initial bed waves, such as
that of Coleman and Melville (1996) in which they hypothesized that sediment pattern evolution from an
initially flattened bed is instigated by the occurrence of small sediment pileups, which grow and generate
additional pileups further downstream at a preferred spacing.

Here the erodible bed is initially flattened except for the presence of a Gaussian bump of small amplitude of
the order of a grain diameter. The presence of the Gaussian bump mimics the initial sediment pileups, gen-
erated by turbulent bursts, which are responsible for the initiation of bedforms. Similar to the experimental
finding of Coleman and Melville (1996), the bumps quickly become two-dimensional and generate further
pileups downstream of the initial bump at a preferred wavelength. Coleman and Melville (1996) observe this
preferred wavelength to scale with particle diameter and proposed an empirical fit relating the two variables.
In the present simulations, we do not see such a scaling. The preferred spacing is less than that predicted by
the empirical fit of Coleman and Melville (1996) but this may be explained by differences in the experimental
time of seconds in the simulation and minutes in the experiment.

Bed evolution in the simulation occurs solely due to bedload transport without allowing for other forms of
transport, and thus is applicable to several geophysical situations, where saltation and sediment resuspen-
sion are not important due to relatively low values of the excess shear stress on the bed. A wider range of
geophysical applications can be addressed in future studies by incorporating saltation and suspension trans-
port mechanisms to the model.
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