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Abstract Near-bed sediment pickup is critical for predictions of intrawave suspension and in turn net
sediment transport in coastal models. In the present study, numerical results from a two-dimensional Reyn-
olds-averaged Navier-Stokes model are used to assess the functional relationship of intrawave ripple-
averaged sediment pickup above steep ripples. The numerical model provides intrawave time histories of
ripple-averaged near-bed velocities and turbulence, which are qualitatively interrogated to determine
pickup functional relationships. Several specific sediment pickup formulations are implemented within the
numerical model: expressions relating pickup to near-bed velocity or near-bed turbulent kinetic energy via
the bed shear stress; and expressions relating pickup to near-bed shear production of turbulent kinetic
energy. These are then tested via model-data comparisons of near-bed suspended sediment concentration.
The results show that the traditional functions relating sediment pickup to near-bed velocity cannot lead to
reasonable intrawave suspension predictions above vortex ripples under a ripple-averaged framework.
Instead, relating sediment pickup to near-bed turbulence quantities, such as turbulent kinetic energy or
shear production of turbulent kinetic energy, significantly improves the numerical predictions for these
conditions.

1. Introduction

Numerical coastal models cannot resolve all spatiotemporal scales. This well-known issue leads to the nec-
essary parameterization of processes that occur at the unresolved small scales. For sediment transport, this
is especially pertinent for near-bed processes, and how the unresolved small scales are represented is fun-
damental for the predictive ability of numerical models. In particular, accurate prescription of intrawave
sediment pickup is critical for estimating sediment transport in nearshore environments. Hsu and Liu [2004]
showed that prescribing concentration near-bed boundary condition based on actual measured values
does lead to accurate predictions of intrawave suspended sediment concentrations, and they therefore pin-
pointed the parameterization of the near-bed sediment boundary condition as the key component respon-
sible for poor model skill. Good predictive ability for intrawave variations is in turn essential for calculating
net suspended sediment transport. Indeed, the intrawave correlation between velocity and concentration
can generate or significantly modify net sediment transport. This has been observed for fine sand for which
so-called phase-lag effects can be significant [e.g., Dohmen-Janssen et al., 2002; O’Donoghue and Wright,
2004].

Even though Hsu and Liu [2004] focused on flat beds, sediment pickup is a greater concern above rippled
beds, which are ubiquitous in coastal environments. In particular, models that are able to resolve intraripple
dynamical processes are typically applied (i) for reduced near-bed domains only covering a few ripples’
wavelengths [Malarkey and Davies, 2002; Chang and Scotti, 2004; Zedler and Street, 2006; van der Werf et al.,
2008] or (ii) for scaled down systems, in which surface wave propagation is also resolved [e.g., Dimas and
Kolokythas, 2011; Huang et al., 2011]. Conversely, models applied at larger coastal scales (e.g., larger than
the surface wave wavelength) usually cannot resolve intraripple dynamics [e.g., Amoudry et al., 2013] and
therefore have to rely on ripple-averaged approaches. Nevertheless, such models can be useful in investi-
gating coastal sediment processes [e.g., Hsu et al., 2006; Ma et al., 2014] and require appropriate parameter-
izations of near-bed physical processes above rippled beds, including intrawave near-bed sediment
boundary condition.
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Such boundary condition may prescribe either a concentration or a sediment flux value and further details
on both approaches can be found in Amoudry and Souza [2011]. The so-called sediment pickup functions
seek to provide information on the erosive flux of material from the bed to the water column. Classical sedi-
ment pickup functions depend on the bed shear stress [e.g., Amoudry and Souza, 2011]. However, the bed
shear stress is typically obtained by adopting an adequate model. A common example assumes that the
near-bed horizontal flow velocity follows a logarithmic profile and expresses the bed shear stress following
the rough wall log law. Even though such model formulations for combined pickup and bed shear stress
can lead to satisfactory results for the intrawave suspended concentration above plane beds [e.g., Amoudry
et al., 2005], they typically cannot reproduce suspension peaks that occur at flow reversal [Nielsen et al.,
2002], which have traditionally been related to convective processes. While they are only secondary over
plane beds [e.g., Nielsen et al., 2002], these peaks can become the dominant entrainment mechanism over
rippled beds when ripples are steep [e.g., Thorne et al., 2003] via the so-called vortex entrainment. In a
recent study, Zhang et al. [2014] concluded that conventional one-dimensional vertical models, which are
implicitly ripple-averaged above rippled beds, can perform well above flat beds but cannot reproduce
behavior above rippled beds.

Although high-resolution modeling of sediment transport in seabed boundary layers has resulted in better
understanding of the fundamental physical processes, upscaling it into larger-scale models is still somewhat
scarce. For example, Vittori [2003] investigated the dependence of sediment suspension on flow quantities
from results of direct numerical simulation of flow and particle dynamics. The best correlation coefficient
for parameterization of pickup was found for a dependence on the shear production of turbulent kinetic
energy, while a large hysteresis was observed for the traditional dependence on the bed shear stress. These
findings have, however, not been implemented and tested in practical models that operate at a coarser
resolution and do not resolve small-scale convective processes and vortex entrainment.

In the present study, we solely focus on an intrawave ripple-averaged framework, and all quantities are
therefore implicitly ripple-averaged. We hypothesize that (ripple-averaged) pickup formulae that depend
on flow variables other than the near-bed velocity (via the bed shear stress) perform significantly better at
reproducing intrawave (ripple-averaged) near-bed suspension patterns above steep ripples. In particular,
we will focus on the different terms appearing in the balance of turbulent kinetic energy. In section 2, we
briefly present the physical processes responsible for entrainment of sediment in suspension, which will be
parameterized. We introduce our modeling approach in section 3, including a description of the numerical
model. We then use numerical results to assess, a priori, functional relationships for sediment pickup in sec-
tion 4 before implementing and fully testing several formulations in section 5.

2. Vortex Entrainment Process and Parameterization

Seabed ripples can modify the characteristics of momentum transfer and sediment transport in the near-
bed boundary layer. Such an effect on momentum transfer was alluded to by the measurements of Lofquist
[1986] (also reported in Nielsen [1992, Figure 1.2.3]). Ripples are typically generated by the action of waves
and/or tidal currents and their size is typically related to the flow energy. Following the classification of
Davies and Thorne [2008] and Thorne et al. [2009], two-dimensional steep ripples occur for low energy flows.
For more energetic flows, the ripple steepness decreases leading to two-dimensional and three-
dimensional transitional ripples. Finally for high energy flows, dynamically plane or plane beds are found.
These different types of sediment beds result in different physical mechanisms dominating momentum
transfer and sediment transport in the near-bed boundary layer.

Above dynamically plane and plane beds, near-bed momentum transfer and sediment transport are mainly
caused by turbulent diffusion. Above steep ripples, coherent periodic vortex structures become important
and result in vortex shedding and vortex entrainment. Numerous observational and numerical studies [see
e.g., Davies and Thorne, 2008; van Rijn et al., 2013, and references therein] have contributed to a reasonably
good understanding of the processes involved. During the onshore wave half-cycle, a vortex is generated at
the lee side of the steep ripple. As the onshore flow reverses offshore, this vortex is transported upward and
offshore past the ripple crest. A similar process happens during the other wave half-cycle, albeit typically
with a weaker vortex due to velocity asymmetry. These vortices locally entrain and trap sediment, resulting
in intrawave suspension occurring twice per wave cycle around flow reversal as the vortices are ejected,
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which may impact significantly the net transport of suspended sediment [Bijker et al., 1976; Davies and
Thorne, 2008].

Even though a significant number of intrawave and intraripple models have been successfully used to
reproduce hydrodynamics and sediment transport above ripples, descriptions and models of vortex entrain-
ment within an intrawave ripple-averaged framework remain relatively scarce in comparison. Nielsen [1988]
followed a qualitative argumentation to propose sediment pickup as an explicit function of time. Davies
and Thorne [2005] introduced a sediment pickup, again as an explicit function of time, following Stokes
expansion of the overall problem. These approaches lead to satisfactory results because the sediment
pickup is artificially forced to occur at the correct intrawave phase. However, it still remains unclear how
such methods, prescribing pickup as an explicit function of time, may fit in with the increasingly popular
numerical models which rely on time-integration of primitive equations for hydrodynamics, on Reynolds-
averaged Navier-Stokes turbulence modeling, and on suspended sediment mass balance for sediment
transport. Instead, composite functions of time, following which the time-dependent pickup is a function of
a time-dependent physical variable, should typically be preferred in such models. Without the introduction
of an arbitrary phase, the pickup would then follow the following form:

EðtÞ5E½/ðtÞ�; (1)

where / represents a time-dependent physical variable. An example of such a formulation is the afore-
mentioned time-dependent pickup depending on the time-dependent bed shear stress (i.e., / in equation (1)
represents the bed shear stress). It is important to note that using sediment pickup formulations either follow-
ing Nielsen [1988] and Davies and Thorne [2005] or following equation (1) is not related to differences in the
fundamental physical processes responsible for pickup of sediment from the bed. Instead, it corresponds to
different parameterizations at different levels of complexity of the same physical processes.

3. Numerical Modeling Methods

The assessment of intrawave ripple-averaged sediment pickup formulations will be achieved via near-bed
model-data comparisons. The data consist of measurements taken during experiments in the Deltaflume of
Delft Hydraulics (now Deltares), Netherlands, for which a sediment bed 0.5 m thick and 30 m long was
installed in the flume. Details of the experimental setup are provided in Williams et al. [2000] and Thorne
et al. [2002]. The large scale of the flume enabled sediment process studies to be conducted at full scale
under controlled conditions for weakly asymmetrical waves.

Electromagnetic current meters (ECM) fitted to the side of the flume measured the wave flow velocities at
five locations above the sediment bed and sidewall-mounted pump samples provided wave-averaged sus-
pended sediment measurements. Intrawave suspended sediment was measured by an acoustic backscatter
system (ABS) deployed on an instrumented platform. Details of the analysis procedure are given in Thorne
et al. [2002], Davies and Thorne [2005], and Thorne et al. [2009]. Ripple dimensions (wavelength and height)
were measured using an Acoustic Ripple Profiler [Bell et al., 1998], which provided subcentimetric measure-
ments of bed location, and are used here as input to the model. Over the course of the observational
period, ripple dimensions remained approximately constant even though ripples tended to migrate up to a
full wavelength [Thorne et al., 2002; Davies and Thorne, 2005]. For the few cases specifically investigated
here, the ripples migrated by approximately one full wavelength, which allowed the suspended concentra-
tion field to be studied over a full ripple wavelength. In turn, the ABS data were processed to provide the
ripple-averaged, intrawave, height-varying concentration field (for details, see Davies and Thorne [2005]) at
high spatiotemporal resolution (1 cm vertical bins and 4 Hz frequency)

The ECM data are used to validate the hydrodynamic model, thus confirming that it does reproduce
adequately the wave propagation and the resulting mean flow patterns. We then use comparisons between
the ripple-averaged ABS data and model results to assess sediment pickup formulations. Since direct meas-
urements of sediment pickup are difficult, uncommon, and not available for the experiments considered, a
key issue is how sediment pickup can be isolated based on the existing measurements and model results.
The suspension data cover a region up to approximately 1 m above the rippled bed. In general, intrawave
suspension patterns will depend on both intrawave sediment pickup and intrawave mixing. However, the
relative importance of pickup and mixing is not constant throughout the water column. In particular, the
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contribution due to turbulent mixing ought to be minimum at the bed. This supports our practical choice
to assess different sediment pickup formulations by comparing time histories of sediment concentration
calculated in the first numerical grid above the bed with ABS-derived experimental values at the same ele-
vation (taking the model bed location to correspond to the ripple crests).

The numerical model that we use is based on the COrnell BReaking wAves and Structure (COBRAS) model
[e.g., Lin and Liu, 1998a, 1998b], which solves the two-dimensional Reynolds-averaged Navier-Stokes equa-
tions using a k2e turbulence scheme. A suspended sediment transport model has been added to it to
reproduce experiments conducted in the Deltaflume [Amoudry et al., 2013]. Overall, this model provides
temporal and spatial variations of velocity, sediment concentration, and turbulence quantities.

3.1. Double-Averaging Approach
Our modeling approach is implicitly based on ripple-averaged quantities. This means that a double-
averaging technique is employed for the derivation of the governing equations, which results in additional
covariance terms in the governing equations. Taking h�i as the (turbulence) ensemble average with �0 as the
related fluctuation, and ��� as the ripple average with ~� as the related fluctuation, the additional covariance
terms are due to the following:

huiuj i5hui ihuj i1h~ui ih~uj i1hui
0
uj
0i1h~ui

0 ~uj
0 i: (2)

Replacing uj by c leads to a similar relationship for sediment fluxes. The first term on the right-hand side is
the (double) mean flow contribution, the second term relates to the mean stress resulting from the intrarip-
ple motions, the third and fourth terms may be seen as a large-scale and small-scale components to the tra-
ditional Reynolds-averaged turbulent stress. Only the last three right-hand side terms require further
closure. More detailed background on theoretical and mathematical concepts of double averaging may be
found in Gimenez-Curto and Lera [1996], Nikora et al. [2007], and Rodriguez-Abudo and Foster [2014]. The
large-scale turbulent stress (third term on the right-hand side in equation (2)) is typically modeled using a
classical turbulence closure scheme (k2e here). The other two terms requiring closure are due to unresolved
intraripple motions, and are briefly discussed now with respect to our model.

One point of view is to neglect these two terms both for momentum and sediment, which is a common
simplification partly due to parameterization not being fully developed yet [Nikora et al., 2007]. However,
recent experimental results indicate that these terms may be of similar magnitude to the typical turbulent
stress in the near-bed region [Rodriguez-Abudo and Foster, 2014]. An alternative point of view would be that
these additional stresses/fluxes can be modeled in a similar way to the traditional turbulent eddy viscosity/
diffusivity hypothesis used in RANS models. In theory, the turbulent viscosity/diffusivity hypothesis is used
to model covariance terms arising following an ensemble average, and it may seem to be a significant leap
of faith to use it to model covariances arising from spatial averaging, which would also require certain
assumptions on the relationship between the different averaging techniques. However, these additional
stresses/fluxes are due to the unresolved intraripple motions, and an interesting parallel is the representa-
tion of the effect of unresolved mesoscale eddies in ocean circulation models [e.g., Burchard et al., 2008],
which is routinely done relying on eddy coefficients [e.g., Smagorinsky, 1963]. Since the additional stresses/
fluxes arising from the ripple average are also due to spatially unresolved motions, their contribution could
then be introduced via an additional eddy coefficient.

Our current modeling approach follows the model of Amoudry et al. [2013], in which modified eddy viscos-
ity and diffusivity were introduced to reproduce wave-averaged suspension above vortex ripples. We con-
sider here that these near-bed modifications provide a crude but simple parameterization of the additional
terms arising from the double averaging: the anisotropic part of h~ui ih~uj i1hui

0
uj
0i1h~ui

0 ~uj
0 i proportional to

the double-averaged mean rate of strain tensor via the modified eddy viscosity (or diffusivity for sediment
fluxes).

3.2. Wave Hydrodynamics and Suspended Sediment Model
Using classical tensor notation and now considering all quantities to be implicitly ripple-averaged, the gov-
erning equations for the (turbulence) ensemble-averaged flow field in the water, which is assumed to be
incompressible, are
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@huii
@xi

50; (3)

@huii
@t

1huji
@huii
@xj

52
1
q
@hpi
@xi

1gi1
1
q
@hsiji
@xj

2
@hu0i u0ji
@xj

; (4)

where huii is the mean velocity in the ith direction, hpi the mean pressure, u0i the turbulent velocity, q is the
fluid density, and gi is the ith component of the gravitational acceleration. The fluid density is taken to be a
constant, which implies that the effect of sediment on buoyancy is neglected (justified by the small concen-
tration observed). hsiji is the viscous stress tensor.

The Reynolds stress tensor is modeled following the classical isotropic eddy viscosity hypothesis:

qhu0i u0ji5
2
3

qkdij2qmthSiji; (5)

where dij is the Kronecker delta and hSiji is the mean rate of strain tensor. The turbulent eddy viscosity, mt, is
calculated from the turbulent kinetic energy k and the turbulence dissipation rate e and includes the near-
bed modification implemented in Amoudry et al. [2013]

mt5max
Cl

k2

e

mt0A0xks

0
@

1
A; (6)

where Cl50:09, A0 the orbital amplitude, x the angular frequency, ks525gr
2=kr is the roughness with gr

being the ripple height and kr the ripple length, and mt050:004 following Nielsen [1992]. The multiplying
coefficient used to calculate roughness from the ripple dimensions typically varies from around 10 to almost
30 [e.g., Amoudry and Souza, 2011], and we take it to be 25 here to follow previous work based on the same
experimental data [Thorne et al., 2002; Davies and Thorne, 2005; Thorne et al., 2009].

The turbulent kinetic energy (TKE) k and the turbulence dissipation rate e are computed by solving their
respective balance equations

@k
@t

1huji
@k
@xj

5P2e1
@

@xj

mt

rk
1m

� �
@k
@xj

� �
; (7)

@e
@t

1huji
@e
@xj

5C1e
e
k
P2C2e

e
k
e1

@

@xj

mt

re
1m

� �
@e
@xj

� �
; (8)

where m is the kinematic viscosity, P is the shear production, and in which the model constants take the
well-known default values rk51:0; re51:3; C1e51:44, and C2e51:92. Equation (7) is the modeled balance
equation for turbulent kinetic energy, the terms of which are used in sections 4 and 5. In addition to shear
production P and dissipation rate e, the second term on the left-hand side represents advective transport
of TKE and the last term on the right-hand side diffusive transport of TKE. Since the effect of sediment on
density is neglected due to the low concentrations considered, no buoyancy production appears in the TKE
balance. Equation (8) is the balance equation for the turbulent dissipation rate e, which is taken to follow
the classical k2e model.

The suspended sediment concentration, c, is computed by applying the conservation of mass of suspended
sediment, which results in the following advection-diffusion-settling equation:

@c
@t

1
@ ui2wsdi3ð Þc

@xi
5

@

@xi
Ks
@c
@xi

� �
; (9)

where ws is the sediment-settling velocity, which is only accounted for in the vertical direction (x3 or z) and
which is taken to be constant both in space and time. Ks5mt=rc is the turbulent sediment diffusivity, and rc

is the Schmidt number, which is typically less than one, and taken here to be rc50:5.

At the free surface, boundary conditions enforce zero stress as well as zero normal gradient for turbulence
quantities and the sediment concentration. At the bottom, the boundary conditions for the fluid turbulence
follow Hagatun and Eidsvik [1986] and Amoudry et al. [2005], and impose zero vertical gradient of TKE, thus
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allowing for nonzero turbulent kinetic energy at flow reversal. The near-bed dissipation rate is then
obtained following the law of the wall:

eb5
Cl

3=4kb
3=2

jzb
; (10)

where eb and kb are near-bed dissipation rate and TKE computed at the elevation zb above the bed.
The bottom boundary condition for the sediment concentration is implemented via the sum of an
erosive flux of sediment, E, from the sediment bed into the water column and of a settling flux for
deposition on the bed. Deposition is due to gravitational settling; it is thus occurring for all values of
bed shear stress and is computed from the sediment settling velocity and the near-bed sediment
concentration. Specific practical formulations for E following equation (1) will be explicitly introduced
in section 5.1.

3.3. Model Implementation
The two-dimensional model is implemented to reproduce the wave hydrodynamics observed in the Delta-
flume. The model domain represents the flume in two dimensions (along-flume x and vertical z) and covers
250 m in the wave propagation direction and 6 m in the vertical direction. Waves are generated within the
numerical domain using the internal wavemaker of Lin and Liu [1999] and sponge layers are employed at
both lateral boundaries to minimize wave reflection. Since we focus on ripple-averaged approaches, the
bottom boundary is taken to be a rough flat bed, the roughness of which (ks) is determined from the meas-
ured ripple dimensions. A uniform grid size of Dx525 cm and Dz55 cm, which is sufficient to resolve the
propagation of the wave, is used in the present implementation.

We will focus on numerical results for the following experimental conditions: the still water depth is 4.5 m,
the wave height is hw51:1 m, the wave period is 5 s, and the wave length is therefore approximately 30 m.
The sediment bed consisted of medium sand of median diameter 329 lm, and the settling velocity of sand
in suspension is taken to be ws50:017 m/s following Thorne et al. [2002]. The observed ripples were long-
crested and approximately two-dimensional with the following dimensions: gr50:05 m and kr50:42 m. The
calculated bed roughness is ks50:15 m.

3.4. Model Validation for Wave Flow Velocities
Prior to assessing the near-bed modeled suspension patterns, it remains important to confirm that the
model can reproduce the wave hydrodynamics appropriately, so that the near-bed treatment (whether
for near-bed hydrodynamics or near-bed concentration) can reasonably be isolated as the key issue
toward good predictions. Figure 1 presents model-data comparisons for the horizontal flow velocity at
five elevations above the bed. Values for the root mean square error of the velocity are reported in the
respective panels. The peak wave velocities are almost always (under-)predicted well within 10% of the
measured values. This comparison confirms the good representation of wave hydrodynamics by the
model.

4. A Priori Assessment of Pickup Functional Relationships

4.1. Intrawave Measured Near-Bed Concentration
The near-bed ABS measured sediment concentration is presented in Figure 2 and displays several important
characteristics. As mentioned previously, all numerical and experimental near-bed quantities are taken to
correspond to the first numerical grid, so are computed 2.5 cm above the model bed location. The modeled
free-stream velocity refers to the velocity 30 cm above the bed. The peaks in concentration are clearly not
linked to maximum wave flow (see Figure 2, bottom), even taking into account the phase lead of near-bed
velocity and bed shear stress with respect to the free-stream velocity. Instead, the maxima in near-bed con-
centration occur around the flow reversals. It is important to note that the free-stream velocity is plotted in
Figure 2: as such, the near-bed flow reversals will occur earlier in the wave cycle (see e.g., Figure 4). The sec-
ond important observation is the significant asymmetry between the two half-cycle concentration peaks.
Both of these features are conceptually consistent with the vortex entrainment mechanism and may be crit-
ical for net (wave-averaged) sediment transport.
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Nielsen [1988] stated that ‘‘the pickup function must reflect the two puffs of sand into this area, brought by
the travelling vortices’’ in order to derive an explicit function of time. Following a similar argument, some
important characteristics of the intrawave sediment pickup can be inferred from the measured near-bed
concentration. In our ripple-averaged framework, a concentration peak, as can be observed in Figure 2,
would be the consequence of a slightly earlier peak in sediment pickup. This implies that intrawave pickup
variations would then exhibit (i) two peaks slightly before near-bed flow reversals, and (ii) asymmetry in the
peaks’ magnitude. In turn, various pickup formulations of the form of equation (1) can be assessed first

Figure 1. Comparison of modeled (solid line) and measured (circles) values for the horizontal velocity at five elevations above the bed:
(a) z 5 2.5 mab (meters above bed); (b) z 5 1.5 mab; (c) z 5 1.0 mab; (d) z 5 0.5 mab; (e) z 5 0.25 mab. The RMSE values are also indicated
for each case.

Figure 2. (top) Modeled free-stream velocityand (bottom) near-bed sediment volumetric concentration measured by ABS.
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based on the desired intrawave temporal behavior, then on their ability to reproduce the correct near-bed
concentration features, in particular timings of primary and secondary concentration peaks and level of
asymmetry between the two peaks. Timing and asymmetry of peaks are defined following the notation in
Figure 3.

4.2. Intrawave Temporal Behavior of Near-Bed Hydrodynamics and Near-Bed Turbulence
As mentioned previously, the observations provide a series of requirements for the intrawave temporal
behavior of pickup, and of any physical variable on which it depends (i.e., /ðtÞ in equation (1)). These can
be assessed via interrogation of the hydrodynamic numerical results. It is important to note that the bed
shear stress is typically obtained from a model and, as such, a dependence of pickup on stress will actually
result in functions of other hydrodynamic variables. The intrawave behavior of bed shear stress [e.g.,
Lofquist, 1986] is therefore not investigated per se in this section, instead we will focus on primitive hydro-
dynamic and turbulence variables. Key characteristics of the intrawave behavior of these variables are sum-
marized in Table 1.

Figure 3. Notation for timings t1 and t2 of primary and secondary peaks for /ðtÞ and the asymmetry A5M1=M2 between the two peaks.

Figure 4. Intrawave behavior of modeled near-bed velocities. (top) Free-stream horizontal velocity U0. (middle) Near-bed horizontal veloc-
ity (ub in m/s, solid) and near-bed vertical velocity (wb in cm/s, dashed). (bottom) ABS-measured near-bed volumetric concentration.
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Figure 4 presents the intrawave behav-
ior of the near-bed velocity compo-
nents. The near-bed horizontal velocity
shows the phase lead with respect to
the free-stream velocity that is
expected above a rough bed. Near-bed
flow reversals (ub 5 0) occur approxi-
mately at t=T50:19 and t=T50:69,
which corresponds to a phase lead of
about 208. Following equation (1), the
typical dependence on ub via the bed
shear stress obviously cannot produce
intrawave pickup with peaks around
flow reversals. While other mathemati-
cal expressions for EðubÞ could results
in flow reversal peaks (e.g., EðubÞ / 1=
ðub1dÞ with d a small number to avoid

singularity), little asymmetry would be produced. The near-bed vertical velocity (wb) does present extrema
around flow reversals, but again little asymmetry is observed between the two half-cycles (Figure 4 and
Table 1). Altogether, it seems improbable that a sediment pickup formulation dependent on either near-
bed velocity component would result in appropriate intrawave suspension behavior.

The intrawave behavior of near-bed turbulence is presented in Figure 5 for turbulent kinetic energy, dissipa-
tion rate, and eddy viscosity. All three variables display similar behavior: within a wave cycle, near-bed tur-
bulence increases as the onshore flow decelerates, reaches a first maximum around the near-bed flow
reversal, and then decreases during the accelerating offshore flow. A similar behavior occurs during the sec-
ond half-wave cycle but with less intensity. Overall, this results in asymmetric peaks around flow reversals
for turbulent kinetic energy, dissipation rate, and eddy viscosity. Such behavior for TKE is qualitatively

Table 1. Timing of Half-Cycle Peaks and Their Asymmetry for Specified Variable
Following Notation Introduced in Figure 3a

Variable t1=T t2=T A

Cabs 0.15 0.80 1.89
ub 0.43 0.93 0.93
wb 0.20 0.74 1.00
kb 0.19 0.73 1.46
@t kb 0.07 0.61 3.71
eb 0.19 0.73 1.76
Pb 0.11 0.63 2.14
Db 0.19 0.70 2.21
Ab 0.20 0.87 5.30
mt;b 0.19 0.73 1.21

aCabs: measured near-bed concentration; ub: near-bed horizontal velocity; wb:
near-bed vertical velocity; kb: near-bed TKE; kb;t : time derivative of kb; eb : near-
bed turbulent dissipation; Pb : near-bed shear production; Db : near-bed diffu-
sive transport; Ab : near-bed advective transport; mt;b : near-bed eddy viscosity.
For velocities, the asymmetry is taken on the absolute values.

Figure 5. Intrawave behavior of near-bed turbulence: (a) free-stream U0 (solid) and near-bed ub (dashed) horizontal velocities; (b) near-bed
turbulent kinetic energy kb; (c) near-bed dissipation rate eb ; (d) near-bed eddy viscosity mt;b ; (e) ABS-measured near-bed volumetric
concentration.
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consistent with recent observations [Hurther and Thorne, 2011], even though a full quantitative assessment
is not possible for the conditions prescribed here as near-bed turbulence was not measured. The turbulence
asymmetry between the two half-cycles reproduces known behavior for asymmetric waves that induce
steady streaming [e.g., Trowbridge and Madsen, 1984; Scandura, 2007; Kranenburg et al., 2012], and is linked
to differences in instantaneous flow profiles and near-bed gradients between the two half-cycles due to
wave asymmetry [van der A et al., 2011]. Due to the nonlinear nature of wave boundary layers, even weakly
asymmetric waves can induce such asymmetry.

Following Vittori [2003], we also present in Figure 6 the intrawave time histories for the different near-bed
terms appearing in the balance equation of TKE (equation (7)): time derivative @t kb, shear production Pb,
dissipation rate eb, advective transport Ab, and diffusive transport Db. Table 1 summarizes the timings of
both half-cycle peaks and their asymmetry for all near-bed variables presented in Figures 4–6. As expected
from the behavior of kbðtÞ (Figure 5b), the time derivative is alternatively positive and negative within a
wave cycle. Similarly, the advective transport term also changes sign during a wave cycle. During the decel-
erating onshore stage for near-bed flow (20:07 < t=T < 0:19), production, dissipation, and transport all
increase in magnitude at first; production peaks before near-bed flow reversal while eb; Db, and Ab peak at
flow reversal. Overall, this results in @t kb reaching its maximum about halfway through this stage. During
the accelerating offshore stage for near-bed flow (0:19 < t=T < 0:43), production, dissipation, and transport
terms all decrease, and result in a primarily negative TKE time rate of change (@t kb). Again, a similar and
weaker behavior is observed during the second half-wave cycle.

Altogether, these numerical results enable an a priori assessment of potential functional relationships of the
type of equation (1). Qualitatively, intrawave sediment pickup has to display two peaks around flow rever-
sals with significant asymmetry. It is important to note that sediment pickup as defined previously should
not change sign during a wave cycle, this makes a dependence on either @t kb or Ab unlikely at least from a
practical point of view. More quantitative conditions can also be deduced from the timing and asymmetry
of the ABS-derived Cvol and the desired variable / should satisfy the following conditions:
t1 < 0:15; t2 < 0:80, A> 1. Out of the remaining variables considered in this section, only a dependence on
shear production would satisfy all constraints. All other variables exhibit peaks that are too late or without

Figure 6. Intrawave behavior of near-bed TKE balance: (a) free-stream U0 (solid) and near-bed ub (dashed) horizontal velocities; (b)
time derivative of near-bed TKE @t kb ; (c) shear production Pb (red) and dissipation eb (blue); (d) advective (Ab , magenta) and diffusive
(Db , cyan) transport of TKE; (e) ABS-measured near-bed volumetric concentration.
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asymmetry. This a priori assessment is consistent with the findings of Vittori [2003], which concluded that
the best option was for a pickup as a function of shear production of TKE.

5. Assessment of Pickup Implementations

5.1. Implementation of Sediment Pickup
Based on the previous numerical results showcasing the behavior of near-bed hydrodynamics and turbu-
lence, we implement three specific pickup formulations. Two of these follow the conventional approach of
specifying the pickup as a function of the bed shear stress, which is calculated in two different manners (as
a function of ub or as a function of kb). Even though our a priori analysis seem to contradict such a choice, it
remains interesting as a baseline test. The third formulation implements pickup as a function of the turbu-
lent kinetic energy shear production Pb, as suggested by Vittori [2003] and the results of the previous
section.
5.1.1. Bed Shear Stress Related Pickup
A common approach to determine intrawave sediment pickup has been to modify formulations obtained
for steady flows. This approach results in expressions for which the pickup E depends on the time-
dependent bed shear stress: EðtÞ5E½hðtÞ�, where h is the time-dependent Shields number (non-dimensional
bed shear stress). In turn, the bed shear stress is also modeled. It is again common to assume near-bed loga-
rithmic velocity profiles and to calculate the bed shear stress as follows:

u?5j log
30zb

ks

� �� �21

ub; (11)

where u?5
ffiffiffi
s
p

b=q is the friction velocity related to the bed shear stress sb and j50:41 is the von Karman
constant. ub is the horizontal velocity computed at elevation zb above the rough bed (in the first grid cell).
ks is related to the ripple’s dimensions (see section 3.2). The time-dependent pickup will thus be related to
the time-dependent horizontal flow velocity at the bottom computational grid Eu5E½ubðtÞ2�. Other
approaches have been proposed to calculate the bed shear stress in oscillatory flows from the near-bed
turbulent kinetic energy (TKE) [e.g., Hagatun and Eidsvik, 1986; Amoudry et al., 2005], which results in Ek5

E½kbðtÞ� with kb the turbulent kinetic energy at the bottom computational grid.

The specific expressions implemented in the numerical model follow Garcia and Parker [1991] and relate
pickup to a reference concentration, itself calculated following van Rijn [2007]. Overall, this results in the fol-
lowing set of equations for calculating the velocity-dependent pickup Eu and the TKE-dependent pickup Ek:

Eu

Ek

 !
5ws C0

hu

hk

 !
hc

2121

 !3=2
2
4

3
5; (12)

where

hu5
u2
?

ðs21Þgd
1

12pgr=krð Þ2
; (13)

and

hk5

ffiffiffiffiffi
Cl

p
kb

ðs21Þgd
1

12pgr=krð Þ2
; (14)

where gr and kr are the ripple height and length. In both cases, the bed shear stress is enhanced because of
variations between ripple crests and troughs (second term on the right-hand side). C0 is obtained as
follows:

C050:015
d

zref
d

s21ð Þg
m2

� �1=3
" #20:3

; (15)

in which zref 5 0.01 m in our case. In this set of equations, ws is the sediment settling velocity, d the median
sediment particle size, s5qs=qf the specific gravity with qs the particle density, and qf the fluid density,
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g the gravitational acceleration, m the fluid kinematic viscosity, hc the critical Shields parameter for incipient
motion, which is determined from the bed sediment median diameter following van Rijn [1993], Cl50:09
one of the turbulence model constant.
5.1.2. Pickup Function of Shear Production of Turbulent Kinetic Energy
We introduce here an alternative functional relationship in the form of equation (1). Based on the results of
Vittori [2003] and of section 4, the TKE shear production seems to be the best candidate. We therefore pro-
pose the following pickup function:

EP5EP0Pb
n; (16)

where Pb is the near-bed TKE shear production and n is a power. EP0 is a constant, the dimension and magni-
tude of which depend on n, and which is practically determined to result in appropriate wave-averaged sus-
pension profiles. The simplest relation is linear for n 5 1, but the numerical results of Vittori [2003] showed a
nonlinear dependence of pickup on Pb, which is also tested via a quadratic dependence (i.e., n 5 2).

5.2. Numerical Results
Four pickup functions (Eu, Ek, EP with n 5 1, and EP with n 5 2) are tested and assessed based on comparison of
near-bed suspended concentration (Figure 7). Data from the ABS and from two independent pump sampling

systems are included for the wave-
averaged profiles. The intrawave near-
bed concentration comparison is pre-
sented with the mean value removed,
i.e., for ~cb 5cb2cb , where the overline
represents averaging over the wave
period. Table 2 presents the following
metrics for the model-observation com-
parison of the near-bed intrawave con-
centration: mean absolute error for ~cb ;

Figure 7. Model data comparison for near-bed concentration using different pickup functions for a wave height hw51:1 m, and ripple
dimensions gr 50:05 m, kr50:42 m. Numerical results use either Eu (black), Ek (green), EP n 5 1 (blue), or EP n 5 2 (red). (a) Wave-averaged
concentration profiles from numerical models (lines), ABS data (circles), and two pump sampling systems (squares and diamonds).
(b) Free-stream (solid) and near-bed (dashed) horizontal velocities. (c) Near-bed (wave-average removed) concentration ~cb 5cb2cb from
models (lines) and ABS data (circles, with the shaded area representing the 95% uncertainty interval [Bendat and Piersol, 1986]).

Table 2. Statistical Metrics for Model Data Comparison of Intrawave Near-Bed
Concentration for hw 51:1 m, gr50:05 m, kr 50:42 ma

Pickup MAE (31023) r2 IA

Eu 0.72 0 0.21
Ek 0.66 0.04 0.41
EP, n 5 1 0.57 0.42 0.39
EP, n 5 2 0.53 0.34 0.65

aMAE is the mean absolute error, r the correlation coefficient, and IA the
index of agreement following Willmott [1981].
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(square of the) correlation coefficient between modeled and measured near-bed concentrations; index of agree-
ment following Willmott [1981].

All four pickup functions tested contain a pickup constant: wsC0 for Eu and Ek; EP0 for EP. In practice, the value of
this constant determines wave-averaged suspension and thus influences the wave-averaged concentration pro-
file and the value of cb . In contrast, the intrawave time-dependent behavior, in particular timing of peaks and
peak asymmetry, results from the time dependency due to velocity, TKE, or shear production and it is relatively
insensitive to the pickup constant. This constant therefore is a tunable parameter toward achieving reasonable
predictions of wave-averaged suspension profile. Small differences between the four pickup formulations can be
observed for the wave-averaged concentration profiles (Figure 7a). Even though these differences could be
reduced by further fine-tuning the pickup constant, perfect agreement for cb has not been pursued here as it is
not the focus of the present study and the intrawave behavior (i.e., ~cb ) would not be significantly affected. Only
EP0 is actively tuned to match the wave-averaged concentration profile, Eu and Ek remain untuned here.

The intrawave behavior for the near-bed concentration is a confirmation of the a priori assessment presented in
section 4. Using Eu as the pickup function leads to intrawave near-bed concentration which is severely incorrect
both in terms of timing of peaks and peak asymmetry: peaks occur at maximum free-stream velocity instead of
near-bed flow reversal, and little asymmetry is produced. This is in turn reflected in the poor statistical metric
values in Table 2. An important reason for the failure is that the assumption of a logarithmic velocity profile
(equation (11)) is clearly incorrect above steep ripples, where vortices are generated and shed. All three other
formulations result in a shift of pickup and near-bed concentration peaks toward near-bed flow reversals. How-
ever, Ek still results in concentration peaks, especially the first one, which occur too late within the wave cycle. EP

formulations lead to further improvements in terms of timing of peaks, as shown by the significantly increased
values for r2, and the best results overall. Even though all turbulence-related pickups produce asymmetry in the
near-bed concentration peaks, the amplitude of the intrawave variations is still underpredicted in all cases.

6. Discussion on Generalizing the Approach

We test the same four intrawave pickup approaches (Eu, Ek, EP with n 5 1, and EP with n 5 2) further by
implementing the model for a different set of wave and ripple conditions. The experimental conditions for

Figure 8. Model data comparison for near-bed concentration using different pickup functions for a wave height hw51:34 m, and ripple
dimensions gr 50:06 m, kr50:53 m. Numerical results use either Eu (black), Ek (green), EP n 5 1 (blue), or EP n 5 2 (red). (a) Wave-averaged
concentration profiles from numerical models (lines), ABS data (circles), and two pump sampling systems (squares and diamonds).
(b) Free-stream (solid) and near-bed (dashed) horizontal velocities. (c) Near-bed (wave-average removed) concentration ~cb 5cb2cb from
models (lines) and ABS data (circles, with the shaded area representing the 95% uncertainty interval [Bendat and Piersol, 1986]).
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this additional case are the still water
depth is 4.5 m, the wave height is hw5

1:34 m, the wave period is 5 s, and the
wavelength is again approximately
30 m. The measured ripples were
0.06 m high and 0.53 m long, resulting
in a bed roughness ks50:17 m. The
wave hydrodynamics are again appro-
priately represented (not shown), and
we solely present in Figure 8 the

model-data comparison for the near-bed concentration using the different pickup formulations Eu, Ek, and
EP (n 5 1 and n 5 2) as introduced in the previous section. Once again, data from the ABS and two inde-
pendent pump sampling systems are presented for the wave-averaged profiles. For the Ep formulations,
only the pickup constants (EP0) have again been tuned to match the wave-averaged concentration profile
measured by the ABS, and the values are different for the two cases presented here.

There are important differences between the two cases presented in Figures 7 and 8. The second case, for
larger waves, exhibits larger discrepancies between the different measured wave-averaged concentration
profiles (Figure 8a). The measured time-varying near-bed concentration (Figure 8c) is also clearly more com-
plex. There still is a strong concentration peak (t=T � 0:25) occurring around flow reversal and thus evoca-
tive of the vortex entrainment process. There seems, however, to be some level of discrepancy in terms of
the timing of this peak between the two wave conditions (i.e., peak at t=T50:15 versus at t=T � 0:25). Two
other peaks are also present in Figure 8c (t=T � 0:4 and t=T � 0:6)) and they do not seem to be related to
vortex entrainment. Their provenance is less evident but probably results from a combination of pickup at
maximum flow and advection [e.g., Nakato et al., 1977]. Even though the peak at t=T � 0:4 does occur
around maximum offshore near-bed flow, it does not correlate well with the numerical results using Eu.

The wave-averaged concentration profile obtained using Eu is significantly lower than the other three
pickup formulations, which we attribute to a lower prediction of stress following equation (13) in this spe-
cific case. Nevertheless, the concentration profile still matches well with some of the data from pump sam-
ples, we therefore consider it is acceptable and it does not significantly affect ~cb . The intrawave behavior of
the numerical results is remarkably similar in both cases tested, in particular with respect to the timing of
concentration peaks. A quantitative assessment of the model-data comparison is provided in Table 3. This
additional case confirms again the inadequacy of the Eu pickup formulation and using alternative pickup
formulations (Ek and EP) leads to significant improvements. However, definite conclusion on the relative per-
formance of the turbulence-related pickups (Ek and EP) remains difficult primarily because of the complexity
of this case, for which vortex entrainment does not seem to be the only process responsible for concentra-
tion peaks. This is further compounded by the discrepancy and scatter in the observed timing of the main
concentration peaks between different cases, as previously observed by Sleath and Wallbridge [2002]. Other
than experimental uncertainty, this apparent lack of independence of the peak timing on wave conditions
may be the result of a chaotic and/or nonlinear nature of the vortex entrainment process, which may com-
plicate its parameterization.

Within the context of generalizing the intrawave pickup approaches discussed so far, it is finally important
to note that vortex entrainment is only one of the processes responsible, as may be inferred from the meas-
ured near-bed concentration in Figure 8. Another example is above flat beds, for which suspension peaks
related to flow reversals are only secondary [e.g., Nielsen et al., 2002], and for which the main suspension
events can be reasonably well reproduced by traditional pickup functions. More complete parameterization
of sediment pickup would thus need to account for additional processes, and could combine dependencies
on TKE production and near-bed velocity as a function of the bed characteristics.

7. Conclusion

Both the a priori assessment in section 4 and the two model-observation comparisons in sections 5 and 6
indicate that relating sediment pickup to the near-bed horizontal velocity (via the bed shear stress for
example) does not lead to reasonable results above vortex ripples in the ripple-averaged framework. While

Table 3. Statistical Metrics for Model Data Comparison of Intrawave Near-Bed
Concentration for hw 51:34 m, gr50:06 m, kr 50:53 ma

Pickup MAE (31023) r2 IA

Eu 3.1 0.28 0.42
Ek 2.9 0.71 0.47
EP, n 5 1 2.7 0.52 0.49
EP, n 5 2 2.9 0.54 0.51

aMAE is the mean absolute error, r the correlation coefficient, and IA the
index of agreement following Willmott [1981].
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we focused on a two-dimensional model, similar conclusions have been found using one-dimensional verti-
cal models [e.g., Zhang et al., 2014]. It is clear that using pickup functions of the type of Eu would always
lead to maximum pickup at maximum near-bed flow, and near-bed sediment concentration incorrectly
peaking near maximum flow with little to no asymmetry between the two half-cycle peaks.

Relating pickup to near-bed turbulent kinetic energy improves the numerical results in terms of peak timing
and asymmetry. This is due to the modeled near-bed TKE peaking near flow reversals, which is qualitatively
consistent with observations above rippled beds [e.g., Hurther and Thorne, 2011]. We also considered each
term in the turbulent kinetic energy balance and our a priori results suggest that the best approach is to
parameterize sediment pickup as a function of TKE production confirming the recommendation of Vittori
[2003]. Overall, the qualitative behavior of the modeled production-dependent pickup is what can be
expected based on small-scale observations of the physical processes: entrainment occurs close to flow
reversal and there is a strong asymmetry between onshore-to-offshore and offshore-to-onshore reversals.
Further work is, however, still necessary in the light of our attempt at applying the new pickup formulation
EP to different conditions. From an experimental and observational point of view, more data would be
required to help determine the timing of peaks, and to provide information on the near-bed turbulence to
inform the parameterization and validation of double-averaged turbulent stresses/fluxes. From a numerical
modeling point of view, further work toward determining the form of EP is still necessary, especially con-
cerning the values for both EP0 and n. We believe that this would probably be best achieved from analysis
of small-scale numerical results (i.e., from Large-Eddy or Direct Numerical Simulations), instead of trying to
directly match ripple-averaged RANS results to experimental data.
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