
 
 

Delft University of Technology

Incorporating Non-Equlibrium Ripple Dynamics into Bed Stress Estimates Under
Combined Wave and Current Forcing

Flores, Raúl P.; Rijnsburger, Sabine; Meirelles, Saulo; Horner-Devine, Alexander R.; Souza, Alejandro J.;
Pietrzak, Julie D.
DOI
10.3390/jmse12122116
Publication date
2024
Document Version
Final published version
Published in
Journal of Marine Science and Engineering

Citation (APA)
Flores, R. P., Rijnsburger, S., Meirelles, S., Horner-Devine, A. R., Souza, A. J., & Pietrzak, J. D. (2024).
Incorporating Non-Equlibrium Ripple Dynamics into Bed Stress Estimates Under Combined Wave and
Current Forcing. Journal of Marine Science and Engineering, 12(12), Article 2116.
https://doi.org/10.3390/jmse12122116
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.3390/jmse12122116
https://doi.org/10.3390/jmse12122116


Citation: Flores, R.P.; Rijnsburger, S.;

Meirelles, S.; Horner-Devine, A.R.;

Souza, A.J.; Pietrzak, J.D.

Incorporating Non-Equlibrium Ripple

Dynamics into Bed Stress Estimates

Under Combined Wave and Current

Forcing. J. Mar. Sci. Eng. 2024, 12,

2116. https://doi.org/10.3390/

jmse12122116

Academic Editor: Angelo Rubino

Received: 21 October 2024

Revised: 12 November 2024

Accepted: 14 November 2024

Published: 21 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Marine Science 
and Engineering

Article

Incorporating Non-Equlibrium Ripple Dynamics into Bed Stress
Estimates Under Combined Wave and Current Forcing
Raúl P. Flores 1,* , Sabine Rijnsburger 2, Saulo Meirelles 2,3 , Alexander R. Horner-Devine 4, Alejandro J. Souza 5

and Julie D. Pietrzak 2

1 Departamento de Obras Civiles, Universidad Técnica Federico Santa María, Valparaíso 2390123, Chile
2 Department of Hydraulic Engineering, Delft University of Technology, 2600 AA Delft, The Netherlands;

j.d.pietrzak@tudelft.nl (J.D.P.)
3 Meteorological Service of New Zealand Limited, Wellington 6012, New Zealand
4 Civil and Environmental Engineering, University of Washington, Seattle, WA 98195, USA; arhd@uw.edu
5 CINVESTAV, Mérida 97310, Mexico; alejandro.souza@cinvestav.mx
* Correspondence: raul.flores@usm.cl

Abstract: We present direct measurements of seafloor ripple dimensions, near-bed mean flow
Reynolds stresses and near-bed turbulent sediment fluxes on a sandy inner shelf subjected to strong
wave and tidal current forcing. The measurements of ripple dimensions (height, wavelength) and
Reynolds stresses are used to evaluate the performance of a methodology for the incorporation
of non-equilibrium ripple dynamics into the calculations of the drag exerted by the bed on the
overlying flow (i.e., the bed stress) using a boundary layer model for wave–current interaction. The
methodology is based on the simultaneous use of existing models for the time-dependent evolution
of ripple geometry and for the wave–current boundary layer that enable a continuous feedback
between bottom drag and small-scale seabed morphology, which determines seabed roughness. The
model-data comparison shows good agreement between modeled and measured bed stresses and
bedform dimensions. Moreover, the proposed methodology is shown to give better results than
combining the wave–current interaction model and standard equilibrium ripple predictors, both
in terms of bed stresses and ripple dimensions. The near-bed turbulent vertical sediment fluxes
show good correlation with the combined wave–current stresses and are used as a proxy for the
resuspension of fine sediments (d < 64 µm) from the sandy seabed matrix. Implications for the
modeling of the resuspension processes and erosional fluxes are discussed in light of our findings.

Keywords: bedforms; bed stress; non-equilibrium ripple dynamics; wave and current forcing

1. Introduction

Sediment transport processes are of interest for a variety of ecological problems in
coastal ocean environments. For example, the transport of fine sediments is related to
the fate of contaminants and water quality issues, as well as the inhibition of primary
production and hypoxia [1]. Engineering practices are often conditioned to the natural
pathways of suspended sediments, as they can impair the optimal functioning of coastal
projects. Human intervention, such as dredging or beach nourishment, may lead to
enhanced suspended sediment concentrations and undesirable effects on the functioning of
harbors and navigation channels [2]. Thus, a better understanding of the physical processes
that determine sediment mobilization and accumulation zones is essential to improve our
capability of sustainably managing coastal areas.

Sediment mobilization and transport rates in coastal seas are largely determined by
the magnitude of the bed shear stress, which controls both the amount and the size of the
particles that are entrained into the water column [3]. In coastal seas subjected to strong
wave and current forcing, the bed shear stress is the result of the non-linear combination of
wave and current effects and the bed conditions [4–6]. The enhanced turbulence within
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the wave boundary layer increases the effective roughness that the current feels, which
increases the drag between the bed and the overlying flow [4]. Measuring the bed shear
stress under wave and current forcing is a difficult task since measurements need to be
taken within the wave-boundary layer, which is only a few centimeters thick [4,7]. As a
result, the bed shear stress under combined wave and current forcing is usually estimated
using parametric models that rely on bulk wave parameters such as bottom wave orbital
velocity, wave period and wave direction, the measurement of near-bottom currents (which
are relatively easy to measure) and estimates of bed roughness (e.g., refs. [4,7–9]).

Among all the parameters involved in the computation of the bed shear stresses, bed
roughness is often the most challenging to estimate [6,10]. Sandy seabeds in shelf seas
(with or without contents of fine sediments) are often covered with small scale bedforms
(ripples) that result from the action of waves, currents or the combination of both [11–13].
These small-scale ripples have important effects in bottom boundary layer dynamics and
the generation of near-bed turbulence [6,14–16]. Bed roughness is usually incorporated into
bottom boundary layer models in terms of the ripple geometry as kB ∼ η2/λ, where η is
the ripple height, and λ is the ripple wavelength (e.g., refs. [17–19]). The ripple dimensions
needed to estimate bed roughness are, in turn, obtained from small-scale bedform predictors
that are based on parameters related to the wave or current forcing and the grain size of bed
sediments [12,17,18,20]. There are several proposed formulations to estimate ripple height
and wavelength; an extensive review of such predictors is provided in Nelson et al. [21].
One of the most commonly used models is that of Wiberg and Harris [20], which provides
estimates of η and λ based on the ratio of near-bed wave orbital diameter to grain size.
Other predictors, for example, rely on the use of the Shields parameter (e.g., ref. [17]), the
mobility number (e.g., ref. [18]) and the Reynolds number (e.g., ref. [22]), among other
parameters. Bed roughness can be readily incorporated into boundary layer models using
any of the predictors available (e.g., refs. [6,10]).

Most small-scale bedform predictors assume that bedforms are in equilibrium with
the forcing conditions, which is only true if enough time has lapsed for bedforms to adjust
to the hydrodynamic forcing [21,23]. If that is not the case, bedforms will actively change
their dimensions, and if the forcing conditions change continuously, the transient character
of the bedforms will persist in time [24,25]. Laboratory and field experiments have found
that the adjustment time of bedforms can be longer than the time over which the forcing
changes, highlighting the transient character of ripple formation and evolution [26,27]. A
few models that account for the time-dependent adjustment of ripple dimensions have
been proposed, in which a differential equation for ripple evolution is solved at each time
step (e.g., refs. [13,27,28]). Soulsby et al. [13] proposed a fully time-evolving model that
predicts the height, wavelength and orientation of bedforms on sandy seabeds generated
by currents, waves or both, including processes such as the initiation of motion, bedform
wash-out and biological degradation. Models of this type (e.g., refs. [13,27,28]) incorporate
time-dependent coefficients and temporally variable adjustment time scales and thus allow
for delays between the hydrodynamic forcing and changes in ripple morphology [27].

Non-equilibrium ripple dynamics can result in large spatio-temporal variations in
bottom drag [6] and, consequently, need to be accounted for when estimating bottom
stresses in sediment transport studies to adequately evaluate processes such as sediment
resuspension and erosional fluxes. In this work, we present a simple methodology to
incorporate time-evolving ripple dynamics in the estimation of bed shear stress under
combined wave and current forcing. The methodology is based on the simultaneous use of
a wave–current boundary layer model [4] and a ripple evolution model [13]. The modeled
bed stresses and ripple geometry are compared against direct measurements of seafloor
ripple dimensions (η, λ) and near-bed Reynolds stresses collected on a predominantly
sandy inner shelf region along the Dutch coast, with favorable results. The proposed
methodology is also shown to perform better than the use standard bedform predictors
(that assume equilibrium ripple conditions) to estimate bed roughness and bed stresses.
Implications for the modeling of erosional processes are discussed in light of our findings
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and turbulence measurements, with a focus on the empirical determination of the critical
stress for erosion and the resuspension constant (e.g., refs. [29,30]). The paper is organized
as follows: The model equations are presented in Section 2, and a description of the
study site and field measurements is presented in Section 3. The results and discussion
are presented in Sections 4 and 5, respectively. Finally, a summary and conclusions are
presented in Section 6.

2. Model Equations
2.1. Wave–Current Interaction

The Grant and Madsen [4] model is a wave–current interaction model that allows for
the specification of a dynamic bed roughness, which feeds the model hydrodynamics. In
this section, we present the basic assumptions and the core model equations, which are
common to many other boundary layer models (e.g., refs. [9,31]).

One of the main assumptions of the model is the existence of a constant stress layer
where the bottom stress is approximately equal to the turbulent Reynolds stress. If no
waves are present, the velocity profile in the bottom boundary layer U(z) is logarithmic
and it scales with the friction velocity u∗c =

√
τb/ρ0, where τb is the bottom shear stress,

and ρ0 is the density of seawater,

U(z) =
u∗c

κ
log
(

z
z0

)
(1)

where κ ≈ 0.4 is the von Karman constant, and z0 is the hydrodynamic roughness where
velocity goes to zero. The hydrodynamic roughness is included as a Nikuradse roughness,
z0 = kB/30, where kB is the physical roughness of seabed irregularities such as small-
scale ripples.

The influence of the waves is modeled as an increase in the eddy viscosity in the
wave boundary layer, which is assumed to scale with the combined wave–current friction
velocity (u∗cw) that characterizes the maximum shear stress associated with the combined
effect of waves and currents. The wave–current friction velocity u∗cw is obtained as

u∗cw = u∗w

[
1 + 2

(
u∗c

u∗w

)2
cos θ +

(
u∗c

u∗w

)4
]1/4

(2)

where θ is the angle between waves and currents, and u∗w is the friction velocity associated
with the wave stresses, obtained as

u∗w =

√
1
2

fwub (3)

where fw is a wave friction factor [4,19,31], and ub is the bottom wave orbital velocity.

2.2. Bedform Geometry Predictors

Because of their importance to bottom boundary layer dynamics and sediment trans-
port processes, a vast number of studies aiming to predict ripple dimensions η and λ (ripple
height and wavelength, respectively) have been conducted both in laboratory and field
conditions (see a complete review of such models in [21]). In this work, we test the perfor-
mance of three ripple predictors in the prediction of bottom stresses using the Grant and
Madsen [4] model (hereafter GM79) and compare the results to those obtained using the
GM79 model in combination with the Soulsby et al. [13] non-equilibrium ripple model (see
Section 2.3). The three bedform predictors were chosen based on the use of different sets of
parameters to estimate ripple dimensions, and are described in the following paragraphs.

The Wiberg and Harris [20] predictor (hereafter WH94) is based on the near-bed wave
orbital excursion normalized by the median sediment particle size, d0/D50. The original
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WH94 formulation involves iteration; however, Malarkey and Davies [32] presented a
modification that facilitates its implementation:

λorb = 0.62d0 (4)

λano = 535D50 (5)

λsub = 535D50 exp
[
− log(λorb/λano) log(0.01d0)

log(5)

]
(6)

η =
d0

exp
[

B2 −
√

B3 − B1 log
(

d0
λ

)] (7)

where B1 = 10.526, B2 = 7.59 and B3 = 33.6. Wavelength subscripts indicate orbital, anorbital
and suborbital ripples. For the orbital ripples, the wavelength scales with d0 and they occur
for small values of d0/D50. The ripple wavelength for anorbital ripples scales with D50 and
they occur for large d0/D50 values. The limits for orbital, suborbital and anorbital ripples are
given by d0/D50 < 1754, 1754 < d0/D50 < 5587 and d0/D50 > 5587, respectively.

Grant and Madsen [17] (hereafter GM82) proposed a parameterization based on the
Shields parameter,

θw =
τw

(s − 1)gD50
(8)

where τw is the wave-induced shear stress. Their predictor gives increasing wavelengths
for increasing Shields parameter up to a limiting value, given by

θB = 1.8θcr

(
D1.5
∗
4

)0.6

(9)

where θcr is the critical Shields parameter for sediment movement, and D∗ is the non-
dimensional particle diameter,

D∗ = D50

(
g(s − 1)

ν2

)1/3

(10)

where ν is the kinematic viscosity of sea water, and s is the submerged weight of sedi-
ment particles.

For θcr < θ ≤ θB, ripple heights and wavelength are given by

η = 0.22
(

θ

θcr

)−0.16
Aw (11)

λ =
η

0.16
(

θ
θcr

)−0.04 (12)

whereas for θ > θB,

η = 0.48
(

D1.5

4

)0.8(
θ

θcr

)−1.5
Aw (13)

λ =
η

0.28
(

D1.5

4

)0.6(
θ

θcr

)−1 (14)

where Aw is the wave orbital amplitude. θcr can be obtained from Soulsby [19] as

θcr =
0.3

1 + 1.2D∗
+ 0.055(1 − exp(−0.02D∗)) (15)
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Pedocchi and Garcia [33] (hereafter PG09) suggested that ripple dimensions are related
to the ratio of wave orbital velocity to particle settling velocity, Uw/ws. They proposed
expressions for η and λ for three different grain size regimes, based on the particle Reynolds

number, Rep =
√
(s − 1)gD3

50/ν. Considering the median particle size of bed sediments at
our field site (see Section 3.1), here, we use the expression for the 9 ≤ Rep < 13 range. This
range corresponds to a particle size interval between 177 and 220 µm. The equations for
ripple height and wavelength are given by

η = 0.1d0

[
(0.055Uw/ws)

4 + 1
]−1

(16)

λ = 0.65d0

[
(0.040Uw/ws)

2 + 1
]−1

(17)

The settling velocity ws can be obtained following Soulsby [19] as

ws =
ν

d50

[(
10.362 + 1.049D3

∗

)1/2
− 10.36

]
(18)

2.3. Prediction of Time-Evolving Ripple Dynamics

Soulsby et al. [13] presented a fully time-evolving model for predicting the dimension
of ripples generated by waves, currents or a combination of both. The model includes
a vast number of equations in order to specify adjustment time scales and equilibrium
morphology values for ripple heights and wavelengths, for both wave-dominated and
current-dominated ripple conditions. The reader is referred to Soulsby et al. [13] for a
complete description of the model equations.

In the Soulsby et al. [13] model (hereafter S12), the time evolution of ripple properties
under a varying forcing field is modeled as a perturbation from its equilibrium value. The
equation governing the time-evolution of bedform dimensions is given by

dη

dt
=

β

Te

(
ηeq − η

)
(19)

where Te is a characteristic timescale, β is a coefficient that governs the rate of change of η,
ηeq is the equilibrium value, and η = η(t) is the time-dependent bedform height. In general,
Te, β and ηeq are functions of time. Equivalent equations are used for the time evolution
of bedform wavelength and orientation. Soulsby et al. [13] provide expressions for ηeq
and λeq, which are based on an extensive review of the available formulations. In their
formulation, Soulsby et al. [13] provide equations for both current- and wave-dominated
ripples. The criterion to establish wave or current dominance is based on the skin friction
Shields parameter,

θw =
(1/2) fwU2

w
g(s − 1)D50

, θc =
CDU2

g(s − 1)D50
(20)

such that if θw > θc, the ripples are wave dominated, and if θc > θw, the ripples are
current dominated. For wave-dominated ripples, equilibrium heights and wavelengths are
given by

λ

A
=
[
1 + 1.87 · 10−3∆

(
1 − exp{−(2.0 · 10−4∆}1.5

)]−1
(21)

η

λ
= 0.15

[
1 − exp{−(5000/∆)3.5}

]
(22)

where ∆ = A/D50, with A being the orbital amplitude and D50 the median particle size
diameter. For current-dominated conditions, equilibrium heights and wavelengths are
based on empirical expressions for the maximum ripple height and wavelengths,
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ηmax = d50202D−0.554
∗ 1.2 < D∗ < 16 (23)

λmax = d50

(
500 + 1881D−1.5

∗

)
1.2 < D∗ < 16 (24)

where D∗ = [g(s− 1)/ν2]1/3D50 is the non-dimensional particle size, and ν is the kinematic
viscosity of water. The effect of wash-out ripples and sheet flow at large current speed is
also included by applying a linear reduction in ripple height according to limits based on
the Shields parameter,

θwo = 1.66D−1.6
∗ (25)

θs f = 2.26D−1.3
∗ (26)

where the subscripts wo and s f refer to wash-out and sheet flow. Expressions for the ripple
height are then given by

ηeq = pre-existing value for 0 < θc < θcr (27)

ηeq = ηmax for θcr < θc < θwo (28)

ηeq = ηmax

(
θs f − θc

θs f − θwo

)
for θwo < θc < θs f (29)

ηeq = 0 for θc > θs f (30)

where θcr is the critical Shields parameter for motion initiation. Wavelengths are assumed
to be unaffected by wash-out. For both wave- and current-dominated ripples, the evolution
of height and wavelength occurs only if θ > θcr, that is, if the threshold for motion is
achieved. Otherwise, the model assumes that ripples are not modified (relict ripples). The
parameters controlling the time evolution of ripple dimensions (Te and β) are also specified
for wave-dominated or current-dominated conditions, as the timescales for waves and
currents are intrinsically different. For wave-dominated conditions, the timescale Te is set
to be equal to the wave period. The β parameter for wave dominated conditions is given by

βw =
2.996ψ1.07

21700 + ψ1.07 (31)

where ψ = U2
w/(g(s − 1)D50) is the wave mobility parameter. The timescale for currents is

less obvious than that of the waves and is assumed to be related to the time that it takes for
the volume per unit of a ripple to be delivered by the volumetric bedload transport rate.
The expression for Tc is given by

Tc =
ηmaxλmax

[g(s − 1)D2
50]

1/2
(32)

Laboratory experiments [34] showed that for current-generated ripples, bedform
height evolved faster than the wavelength; hence, different β parameters are required.
These are given by

βη =
20(θc − θcr)1.5

2.5 + (θc − θcr)1.5 (33)

βλ =
12(θc − θcr)1.5

2.5 + (θc − θcr)1.5 (34)
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For further details on the derivation of these empirical expressions, the reader is
referred to Soulsby et al. [13]. The time stepping procedure involves solving the differential
equation given by Equation (19), which can be carried out using a Runge–Kutta scheme of
the fourth order. At each time step, wave or current dominance has to be established, the
equilibrium values, Te and β coefficients have to be computed and the equation for ηt+1
(or λt+1) has to be solved. If θ < θcr, then ηt+1 = ηt. The critical Shields parameters can be
obtained from the expression proposed by Soulsby et al. [35] (Equation (15)).

3. Methods
3.1. Data Collection

The stratification impacts on nearshore sediment transport (STRAINS) experiment [36–38]
made hydrodynamic and sediment transport measurements in the Rhine region of freshwa-
ter influence along the Dutch coast in the fall of 2014. Instruments were deployed in 12 m
and 18 m of water, 10 km north of the Rhine River mouth and in the vicinity of the Sand
Engine (Figure 1a), a mega-nourishment pilot project that aims to protect the Dutch coast
from risks of flooding and sea-level rise [39,40].

Figure 1. Field site, instrumentation and grain size. (a) Bathymetry. The red square indicates the
location of the 12 m site. (b) Photo of the benthic frame deployed in the 12 m site. (c) Volumetric
grain size distribution at the 12 m site.

Near-bottom hydrodynamics, turbulence and bed characteristics were measured using
a benthic frame deployed in 12 m of water (Figure 1b). Three-dimensional flow velocities
were measured using three synchronized 6 MHz Sontek acoustic Doppler velocimeters
(ADVs), sampling at 16 Hz and located at 0.25, 0.5 and 0.75 m above the bottom. The ADVs
were mounted on an arm away from the frame to avoid turbulent perturbations due to
the frame itself (Figure 1b). The ADVs recorded 10-min bursts every 15 min, for a total
of 2990 data bursts. Fast-sampling optical backscatter sensors (OBS) were deployed to
measure near-bottom concentrations of suspended sediments. These instruments sampled
at 16 Hz and were collocated and synchronized with the ADVs to obtain the turbulent
fluxes of sediment (see Section 3.2.1).

The bedform data used here were processed and first published by Meirelles et al. [41].
These data correspond to hourly three-dimensional seabed images acquired by an acoustic
ripple profiler (ARP) that provided bed elevation over a circular area of approximately
12 m2, operating at 1.1 MHz. The echo intensity recorded by the ARP was converted
into bed elevation, interpolated to a regular Cartesian grid, detrended and corrected for
tilt variations of the benthic frame. The final seafloor image resolution was 1.95 cm per
pixel, which provides the lower limit of the horizontal features that can be detected. The
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ripple parameters are extracted from the seafloor images using discrete 2D Fourier analysis,
following the procedure outlined in Perron et al. [42].

The Dutch coast is predominantly sandy, although finer sediments (silts and clays) are
also found in lower proportions [40,43]. Bed material cores were taken on deployment day
at different water depths while in transit from the 18 m isobath to the 12 m deployment
site. Samples were taken from the cores and sized using a Malvern size analyzer to obtain
particle size distribution. All sites showed a mixture of fine sands and silts and very small
proportions of clay-sized material. A substantial increase in coarseness was not observed
between the 18 m and the 12 m site, even though medium-to-coarse sands were observed
at the 12 m site in small proportions (5–10%). Median particle size at the 12 m site was
d50 = 200 µm, with a fraction of silts and sands of approximately 20% and 80%, respectively
(Figure 1c).

3.2. Data Processing
3.2.1. Near-Bottom Currents, Reynolds Stresses and Turbulent Fluxes

The raw ADV data were quality controlled and de-spiked using the three-dimensional
phase space algorithm of Goring and Nikora [44]. After the initial quality control, very few
spikes were observed in the ADV velocities, and the data were considered to be reliable.
Near-bottom mean tidal velocities were estimated by time averaging over a 10-min period,
and turbulent velocity components u′, v′ and w′ were obtained by removing the tidal trend.

The shallowness of the field site and the presence of large waves during storms
required the use of a wave-turbulence separation method to obtain reliable estimates of
the Reynolds stresses and fluxes, since wave motions were likely to penetrate all the way
to the seabed. To reduce the wave-induced bias on the Reynolds stresses, we used the
linear filtration technique proposed by Shaw and Trowbridge [45], which relies on the
identification of coherent motions between two independent sensors. The sensors have
to be separated by a vertical distance larger than the length scale of the turbulent eddies
(which scale with the vertical distance from the bottom) but smaller than the correlation
scale of wave motion. Here, we have used a vertical separation between instruments of
∆z = 0.5 m, using our lowest and highest ADVs.

The measured Reynolds stresses are used to obtain a current-induced friction velocity
u∗c as

u∗c =
√

u′w′2
f ilt + v′w′2

f ilt (35)

where the subscript filt indicates that the Reynolds stresses were previously wave-filtered
to eliminate wave bias. The measured current friction velocities u∗c are compared to the
modeled current friction velocity from the Grant and Madsen [4] model in order to assess
model performance. We implement the GM79 model using different methods to estimate
bottom roughness (see Section 4.3).

The vertical turbulent sediment fluxes were estimated using the eddy correlation
method [46–48]. Typically, both c′ and w′ are determined from high frequency ADV mea-
surements, where the ADV backscatter is properly calibrated to yield suspended sediment
concentrations [49,50]. Fugate and Friedrichs [50] showed the validity of this approach for
cohesive sediments in an estuarine environment. Alternatively, we compute the turbulent
sediment fluxes using a combination of collocated fast-sampling ADVs and OBSs. Since
the OBSs are more sensitive to the smaller particle sizes [51], our estimates of the turbu-
lent sediment fluxes are more representative of the fine sediment dynamics. The vertical
component of the near-bed turbulent sediment fluxes, w′c′, is assumed to represent the
resuspension of fine sediment, i.e., the erosional flux (e.g., Ref. [47]).

3.2.2. Wave Parameters

Representative wave parameters at our 12 m site were computed using the high-
frequency ADV flow velocity measurements. The representative bottom orbital velocity (ubr)
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and the representative wave frequency associated with ubr were obtained from the frequency
spectra of horizontal velocities, following Madsen [31] and Wiberg and Sherwood [52] as

ubr =

√
2
∫
(Suu + Svv)d f (36)

fbr =

∫
f Suud f∫
Suud f

(37)

where Suu and Svv are the spectra of the horizontal velocities u and v. The spectra was
calculated after performing the wave-turbulence separation method, thus avoiding the
inclusion of turbulence energy into the calculations of wave parameters.

4. Results
4.1. Experimental Conditions

An overview of the forcing conditions is presented in Figure 2. The mean wind
speed was approximately 6.4 ms−1, but variability was high throughout the deployment
(Figure 2a). Sustained wind speeds of nearly 15 ms−1 occurred during a big storm on
days 264 to 266. Towards the middle of the deployment, wind speed ranged between
3 and 7 ms−1; however, an acute peak of 17 ms−1 was observed on day 278. Wind speeds
on the order of 10 ms−1 were persistently observed on days 280–284 and 286–288.

Figure 2. Experimental conditions. (a) Wind speed. (b) Tidal elevation. (c) Near-bottom currents at
z = 0.25 mab. (d) Significant wave height. (e) Wave period.

Tides along the Dutch coast are semidiurnal (M2-dominated) with amplitudes typically
ranging between 1 and 2 m (Figure 2b). In this region of the North Sea, the tide behaves
as a progressive Kelvin wave such that tidal elevation is in phase with the tidal currents;
maximum flood (northeast) currents occur at high water, whereas maximum ebb currents
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(southwest) occur at local low water [53–55]. Maximum near-bottom currents at 0.25 mab
(meters above the bed) were typically on the order of 0.25–0.3 ms−1, although peaks of
approximately 0.5 ms−1 were frequently observed during spring tides (Figure 2c).

The wave statistics shown in Figure 2d,e were measured by a WaveRider buoy located
1 km southwest of our deployment site. Wave heights followed the wind forcing closely
(Figure 2a,d), and several wave events with significant wave heights greater than 1 m
occurred throughout the experiment. Peak significant wave height was approximately
2.5 m during the storm of days 264–266. Wave periods were variable, but typically below
6 s (Figure 2e).

4.2. Bedforms

The representative wave parameters derived from the ADVs and the bedform di-
mensions derived from the acoustic ripple profiler are shown in Figure 3. Bedforms were
always present during the deployment and show a relatively stable background level
with bedform height of η ≈ 2 cm and wavelength λ ≈ 0.5 m (Figure 3a,b) during weak
forcing conditions (neap tide and low waves, e.g., days 260–264 and 275–277). We ob-
serve a strong correlation between bedform dimensions and bottom wave orbital velocity
(Figure 3a,b,d), with bedform heights and wavelengths rapidly increasing during the storm
on days 264–266. During this storm, bottom wave orbital velocities peaked at 0.4 ms−1,
and bedform heights and wavelengths reached η = 4 cm and λ = 1 m, respectively. The
wave events of days 268, 278 and 281 are also reflected in an increase in bedform height;
however, bedform wavelength seems to be less sensitive to wave orbital velocity (e.g.,
day 278). Two-dimensional bedforms are observed when the wave forcing is strong (e.g.,
Figure 3f,g,i), whereas irregular 3D bedforms are present when waves are low and the
forcing is current-dominated (Figure 3h,j). Bedform steepness is relatively low (Figure 3c),
with values in the range of η/λ = 0.05–0.08 and with no clear relation to the wave forcing.
Tidal currents are also able to modify bedform dimensions; when wave forcing is low, tidal
currents during spring tides result in variations in both bedform height and wavelength
(e.g., days 270–273). On the other hand, neap tide currents do not seem to induce clear
variations in bedform dimensions (e.g., days 260–264 and 273–278), most likely because the
threshold for motion initiation was not exceeded.

Bedform heights and wavelengths obtained from the GM82, WH94 and PG09 equilib-
rium models are shown in Figure 4. None of the predictors are able to capture the measured
variability in η or λ, and all of them show a clear tendency to overestimate the bedform
height. We note that when the bed stress is less than the threshold of motion (τ < τc),
bedform dimensions from these predictors are chosen to remain unchanged (e.g., days
272–277). From the three predictors, PG09 gives the best results with respect to η; how-
ever, values are typically overestimated by 2 to 4 cm during periods of high wave forcing
(Figure 4a). Wavelengths are better predicted by the GM82 and WH94 models, particularly
during periods of strong wave forcing (Figure 4b). These two predictors accurately predict
the wavelengths during the first storm of days 264–266, reproducing wavelengths on the
order of 1m. The wave event of day 267 is also well reproduced by these two predictors in
terms of the bedform wavelength. During the periods of high wave forcing, both WH94
and GM82 give bedform heights and wavelength that result in η/λ ∼ 0.15 − 0.17, which is
typically thought to be the equilibrium steepness value for orbital ripples [20].

The non-equilibrium ripple behavior is clearly seen in the differences between the
measurements and the equilibrium predictors. When the wave forcing is low or decreasing,
ripples stop adjusting, leaving behind relict ripples that have large wavelengths that cannot
be reproduced by the equilibrium predictors (e.g., days 260–264 and 273–280). Furthermore,
both ripple heights and wavelengths lag the equilibrium predictors, particularly at times of
rapid variations in the forcing conditions. Similar observations were reported by Scully
et al. [6], using the WH94 model in a sandy inner shelf location along the east coast of
the U.S.
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Figure 3. Bedforms and wave forcing. (a) Bedform height. (b) Bedform wavelength. (c) Bed-
form steepness. (d) Representative bottom wave orbital velocity. (e) Representative wave period.
(f–j) Seafloor images corresponding to times indicated in panel (a).

Figure 4. Bedform predictors. (a) Bedform height. Measured data (black line), GM82 (blue line),
WH94 (green line) and PG09 (red line) predictors. (b) Bedform wavelength. Measured data (black
line), GM82 (blue line), WH94 (green line) and PG09 (red line) predictors.
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4.3. Bed Stress
4.3.1. Measured Bedforms Versus Flat Bottom

We compare field estimates of u∗c against predictions from the Grant and Madsen [4]
bottom boundary layer model (Figure 5). The model calculations were performed using
bottom roughness values derived from field measurements of bedform dimensions. For
comparison, in Figure 5, we have also included model estimates where we have used a
constant bottom roughness derived from the particle size of bed sediments, kB = 2.5D50
(e.g., ref. [56]). This comparison is valuable since in many cases, D50 might be the only
information available regarding seabed conditions in sediment transport studies.

The modeled current friction velocities u∗c agree well with the wave-filtered turbulence
measurements when measured ripple heights and wavelengths are used to estimate bottom
roughness (Figure 5a). While there is dispersion in the data, the agreement is excellent
when considering the binned-averaged values (R2 = 0.95). This shows the consistency of
the boundary layer model when bottom roughness is accounted for properly. The modeled
current friction velocities obtained using KB = 2.5D50 show a clear underestimation of the
bottom stresses, particularly in the large u∗c range (Figure 5b). This suggests that the use of
D50 only might be justified in low energy cases, when bed stresses are low and the seabed
is expected to remain approximately flat.

Figure 5. Friction velocity predictions versus measured data. (a) Bottom roughness derived from mea-
sured ripple dimensions. (b) Bottom roughness derived from median grain size, D50. In panels (a,b),
the gray dots correspond to the raw data, and black squares correspond to the binned-averaged values.
The dashed red line corresponds to the 1:1 line.

4.3.2. Bedform Predictors and Time-Evolving Ripple Dynamics

The comparison of measured and modeled friction velocities for cases where bottom
roughness was derived from the GM82, WH94 and PG09 predictors is shown in Figure 6.
All three models show a consistent overestimation of bed stresses for the entire range
of measured values, with the overestimation increasing for large u∗c values. This clearly
results from the overprediction of bedform heights at times of strong wave forcing (Figure 4).
The fact that the PG09 model gives the best results from all three models tested is explained
by the better estimates of bedform height the model provides (Figure 4), considering that
bottom roughness is included as η2/λ.

The model-data comparison of u∗c improves considerably when using the Grant and
Madsen [4] boundary layer model and the S12 ripple evolution model simultaneously
(Figure 7c). Opposite to what is observed for the equilibrium bedform predictors (Figure 6),
the agreement between modeled and observed u∗c improves as u∗c increases (Figure 7c).
This approach computes bed stresses and bedform dimensions simultaneously and results
in a much better reproduction of the bedform height, particularly during the strong wave
forcing periods (Figure 7a). However, the agreement in wavelength predictions is very
poor (Figure 7b). Wavelength dimensions are severely underpredicted during times of
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high waves and remain more or less stable during periods of low wave forcing. Despite
the latter, the overall agreement in the reproduction of friction velocities is very good and
much better than the agreement achieved with any of the equilibrium bedform predictors
we tested (Figure 6). Similarly to what is observed in Figure 6c for the PG09 predictor, the
fact that good u∗c predictions are obtained with a poor reproduction of λ suggests that
bedform height controls bottom roughness. It is worth noting that even though the S12
model accounts for current-dominated bedforms, the bedform dimensions during times of
low wave activity are not well reproduced (e.g., days 273–278).

Figure 6. Friction velocity predictions versus measured data. (a) Modeled current friction velocity
using the GM82 ripple dimension predictions and the Grant and Madsen [4] bottom boundary layer
model versus the measured wave-filtered current friction velocity. (b) Modeled current friction veloc-
ity using the WH94 ripple dimension predictions and the Grant and Madsen [4] bottom boundary
layer model versus the measured wave-filtered current friction velocity. (c) Modeled current friction
velocity using the PG09 ripple dimension predictions and the Grant and Madsen [4] bottom boundary
layer model versus the measured wave-filtered current friction velocity. In all panels, the gray dots
correspond to the raw data, and the black squares represent the binned-averaged values. The dashed
red line corresponds to the 1:1 line.

In order to evaluate whether bed stress and bedform dimension predictions can be
further improved, we use the Grant and Madsen [17] model as the equilibrium predictor
in the S12 time-dependent formulation, thus replacing the predictor proposed in their
study (Figure 8). Estimates of u∗c are greatly improved with respect to the case shown
in Figure 6a, where only the equilibrium predictor was used, and we did not include
time-dependent ripple dynamics. We observe a substantial improvement in the ripple
height predictions (Figure 8a); however, this improvement seems to be at the expense of the
wavelength predictions (Figure 8b). Similar calculations using the PG09 predictor showed
that bedform height predictions were also improved but that changes are not significant
during high wave forcing periods. The difference in response between both predictors is
explained by the fact that the GM82 formulation uses the wave-induced stress to obtain the
equilibrium bedform dimensions, such that there is a feedback loop between bed roughness
and the model hydrodynamics. An important advantage of the combined boundary layer
and ripple dynamics approach is that the equilibrium predictor in the S12 model can be
easily interchanged. This allows for (i) the use of equilibrium predictors that are based on
hydrodynamic parameters, such as bed stress, and (ii) the use of equilibrium predictors
that have been shown to work satisfactorily at a specific field site.
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Figure 7. (a) Measured (black line) and predicted (red line) bedform height. (b) Measured (black
line) and predicted (red line) bedform wavelength. (c) Modeled current fiction velocity using the
Soulsby et al. [13] ripple evolution model and Grant and Madsen [4] versus measured current friction
velocity. In panel (c), the gray dots represent the raw data, and the black squares represent the
binned-averaged data, the dashed red line corresponds to the 1:1 line.

Figure 8. (a) Measured bedform height (black line), predicted the bedform height using the GM82
predictor (as in Figure 2, red line) and modeled bedform height using the Grant and Madsen [4]
boundary layer model in combination with the Soulsby et al. [13] model, using GM82 to estimate
equilibrium bedform dimensions (blue line). (b) Measured bedform wavelength (black line), predicted
the bedform wavelength using the GM82 predictor (as in Figure 2, red line) and modeled bedform
wavelength using the Grant and Madsen [4] boundary layer model in combination with the Soulsby
et al. [13] model, with the GM82 to estimate equilibrium bedform dimensions (blue line). (c) Modeled
current fiction velocity using the Soulsby et al. [13] ripple evolution model and Grant and Madsen
[4] (with GM82 for the equilibrium predictor) versus measured current friction velocity. In panel (c),
the gray dots represent the raw data, and the black squares represent the binned-averaged data. The
dashed red line represents the 1:1 line.

4.4. Turbulent Sediment Fluxes

The near-bed vertical turbulent sediment fluxes, sediment concentrations and bed
stresses are shown in Figure 9. In Figure 9, bed stresses correspond to those estimated using
the Grant and Madsen [4] model and measured bedform data (our best estimate). Both the
near-bottom turbulent sediment fluxes (Figure 9c) and suspended sediment concentrations
(Figure 9d) follow the wave forcing closely (Figure 9a,b), with the highest concentrations
and vertical turbulent fluxes occurring during the storms on days 264–266 and days 281–
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284. During these times, we observe strong gradients in the near-bed suspended sediment
concentrations (Figure 9d). Tidal variability in the near-bed sediment concentration and
turbulent fluxes is observed primarily during spring tides (e.g., days 267–270 and 285–288).
During neap tides and low wave forcing, the threshold of motion is not reached, such that
both sediment concentrations and turbulent fluxes are very low (Figure 9c,d).

Figure 9. Bed stresses, turbulent sediment fluxes and suspended sediment concentration. (a) Wave
(black line) and current (red line) stresses. (b) Combined wave–current stresses. (c) Vertical turbulent
sediment flux. Gray line corresponds to the raw data, and black line corresponds to a 2 hour median
filter. (d) Suspended sediment concentrations at 0.25 mab (black line) and 0.75 mab (red line).

5. Discussion
5.1. Non-Equilibrium Ripple Dynamics

Non-equilibrium ripple dynamics affect bottom drag and bed stresses, thus directly
influencing coastal circulation patterns in continental shelves [6]. Accounting for the time-
dependent development of ripple dimensions (height, wavelength) was shown to improve
the estimates of bed stresses with respect to the traditional approach of using equilibrium
ripple predictors to obtain bottom roughness (Figures 5 and 6).

The S12 model [13] uses Equation (19) to solve for the time-dependent ripple dynamics.
Evidently, if η(t) = ηeq, then dη/dt = 0, and the bedforms are in equilibrium with the
forcing conditions. The time evolution of dη/dt for a subset of the data is shown in
Figure 10, which allows for the identification of equilibrium and non-equilibrium bedform
conditions. We observe that the predicted bedform dynamics rapidly reach a state that is
close to equilibrium (dη/dt ≈ 0) shortly after the start of the big storm on days 264–266
(Figure 10a,c). This is consistent with the laboratory observations showing that ripple
dimensions rapidly attain equilibrium dimensions under strong wave forcing [26,57]. Non-
equilibrium conditions are typically observed under lower energy conditions, either under
decaying wave forcing (e.g., day 266) or current-dominated conditions (Figure 10a,c). In
particular, ripple dynamics are frequently predicted to be out of equilibrium at times
close to peak flood tide, when current stresses (Shields parameter, θc) exceed both the
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wave stresses and the critical stress for sediment movement (Figure 10a,c). Under these
conditions, the model predicts decreasing bedform height as the current Shields number
exceeds the washout limit (θc > θwo) (Figure 10b). Ripple heights quickly recover after
peak flood, reaching η = ηmax for the current-dominated conditions (Figure 10b). This
suggests that the limits given by Equation (30) may not apply to this specific field site or,
alternatively, that the grain size may not be appropriately characterized, as it is expected to
continuously vary throughout the deployment.

Figure 10. Non-equilibrium ripple dynamics. (a) Wave (blue line) and current (red line) Shields
parameters. (b) Measured ripple height (black line) and modeled ripple height (blue line). (c) time
rate of change in bedform height. Gray line represents the raw data, and red line corresponds to a
2-hr median filter.

5.2. Fine Sediment Resuspension

In what follows, we assume that the vertical turbulent fluxes w′c′ provide a good
estimate of fine sediment resuspension (e.g., ref. [47]). This assumption neglects horizontal
processes and assumes that the very near-bed sediment concentrations are determined by a
vertical balance. The assumption that w′c′ provides a good estimate of fine sediment resus-
pension is supported by Figure 9, which shows a clear correlation between the turbulent
fluxes, sediment concentrations and bed stresses.

The erosional flux of fine sediment, E (kg m−2s−1), is typically modeled using a linear
formulation [29,30,58],

E = M(τb − τcr)
k (38)

where M and k are empirical constants, τb is the bottom shear stress (considering waves and
currents, that is τcw), and τcr is the critical stress. M, k and τcr can vary widely between sites
as they depend on sediment material properties such as grain size and porosity [48,58,59].
Typically, researchers have opted to use a linear relationship by setting k = 1 (e.g., ref. [58]).
The accurate estimation of the erosional fluxes relies on the accurate prediction of the bed
stresses, which results from the hydrodynamic feedback between flow hydrodynamics
and seabed morphology but also on a good estimation of the resuspension parameter M
and the critical stress for erosion, τcr. These parameters are extremely difficult to estimate
directly in the field as they require high resolution measurements at (or very close to) the
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seabed. Numerical models, such as ROMS or COAWST, usually require M and τcr to be
specified by the user for sediment transport calculations (e.g., refs. [55,60]).

Field estimates of M and τcr have been obtained by setting E = αw′c′, where α is a
proportionality constant that is a function of the distance above the bed [48]. As we did not
have the information to estimate α, we have chosen to set α = 1, which may lead to a slight
underestimation of the erosional fluxes. A least-squares linear regression between w′c′
and τcw then provides estimates of M and τcr. Evidently, both M and τcr vary according to
the bed stresses that are used as input in Equation (38). We consider that the bed stresses
obtained using measured bedform dimensions provide the best estimates of M and τcr.

Linear fits to Equation (38) are shown in Figure 11 for cases where the bottom stresses
(τcw) were computed using measured bedform geometry (black squares), D50 (red squares)
and for the GM79+S12 approach (blue squares). While dispersion is observed regarding the
instantaneous τcw and w′c′ values (see dashed lines in Figure 11), a linear relation is indeed
observed for the binned values, particularly at high values of τcw. The linear regressions
to Equation (38) are performed using the binned values, and the values we obtained are
shown in Table 1. Table 1 also shows values obtained for cases where the GM82, WH94
and PG09 were used to estimate bottom roughness. We observe that fitted values of both
M and τcr are very similar for the cases of bed stresses computed using measured bedform
dimensions and for the case where we used the Soulsby et al. [13] model, as both of these
approaches resulted in very good estimates of the bed stresses (Figures 5a and 8c). This
further confirms that the GM79+S12 approach provides a robust method for the estimation
of the bed stresses. We see that the use of D50 results in a severe overestimation of the M
parameter, which is twice as high as the value obtained when the measured bedform was
used to estimate bed stresses (Figure 11). The opposite is true with respect to τcr, as the
value obtained for the D50 case is substantially lower. M and τcr values for cases where
the GM82, WH94 and PG09 predictors were used in the estimation of stresses are shown
in Table 1, where it can be appreciated that τcr is clearly overestimated. Overall, we see
that these values are in general agreement (order of magnitude) with the values presented
in the literature [58] and the values used along the Dutch coast [61]. However, a direct
comparison of the values found in this study with values found in other field sites or in the
laboratory is not possible due to all the factors that affect the erodibility of fine sediments.

Figure 11. Combined wave–current bed stress versus turbulent sediment flux, for the cases
where bed stress was estimated using the Grant and Madsen [4] model and estimates of bottom
roughness obtained from measured bedform dimensions (black squares), d50 (red squares) and
the Soulsby et al. [13] model. These values correspond to bin averages of the data. Dotted lines
correspond to the fits to Equation (38). Dashed lines correspond to the 25th and 75th percentiles for
the case where measured bedforms were used in the computation of bed stresses (black squares).
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Table 1. Fitted M and τcr parameters.

Case M (kg/m−2s−1Pa−1) τcr (Pa)

Bedforms 7.78 × 10−6 0.19
d50 1.28 × 10−5 0.03
S12 7.74 × 10−6 0.15

GM82 2.94 × 10−6 0.3
WH94 3.27 × 10−6 0.32
PG09 4.08 × 10−6 0.13

Estimates of the resuspension parameter M and τcr were shown to be very sensitive
to the approach followed to estimate bed roughness (Figure 11 and Table 1). In Figure 11,
we used the complete dataset (30 days) to estimate M and τcr in order to obtain values
that are representative of a wide range of forcing conditions. The M and τcr values are
thus expected to be highly influenced by the periods of high wave forcing that occurred
during the storms, which led to the highest turbulent sediment fluxes (Figure 9). A fit to
Equation (38) for a period with current-dominated conditions (low wave forcing) results
in M = 1.06 × 10−5 (kgm−2s−1Pa−1) and τcr = 0.03 Pa. These values are very different
from those obtained with the use of the complete data set. The critical stress for erosion
decreases almost by an order of magnitude in response to the lower stresses observed
during current-dominated conditions, and its value aligns much better with what can be
expected for the critical stress of fine (silt-sized) sediments. A possible interpretation of
this is that during current-dominated conditions, fine sediment resuspension results from
the erosion of a fluff layer that forms during slack tides when tidal currents cease and fine
sediments are allowed to settle. This fluff layer erodes easily, and thus the critical stress for
erosion is very low.

This contrasts with the results shown in Figure 11 and Table 1 for the cases where
bottom roughness was obtained from measured bedform data or the S12 approach, as the
inferred critical stress is more representative of fine sands rather than silts. This is found to
be consistent with studies suggesting that fine sediment erosion during high energy periods
is dominated by the release of fines that are stored within the sandy matrix [61]. Since
the big storm on days 264–266 was the first storm of the fall season in 2014, an alternative
explanation for the elevated critical stresses is that the bed sediments may have presented
a large degree of consolidation, as they were allowed to consolidate for a long period of
time during the calm summer months. The critical stress for erosion has been shown to
depend on a wide variety of factors, such as the proportion of sands and fines, geochemical
properties (mineralogy, PH) and organic content and biological properties [59,62]. From
our measurements, we cannot really differentiate between all the processes that might lead
to differences in τcr.

6. Summary and Conclusions

In this work, we proposed a methodology to include time-dependent ripple dynamics
into bed stress calculations under combined wave and current forcing. The approach
combines the use of the Grant and Madsen [4] wave–current boundary layer model and
the Soulsby et al. [13] bedform evolution model and was shown to improve bed stress
estimates when compared to those obtained from the use of standard ripple geometry
predictors. The bedform dimensions obtained by this approach were also improved;
however, discrepancies with the field data were large at times, particularly for current-
dominated conditions. The combination of these models presents three main advantages;
first, it does not require additional information with respect to that required by standard
bedform predictors (e.g., WH94, PG09) and the Grant and Madsen [4] model. Second,
the approach allows for the feedback between the bed stresses and bottom roughness, as
bed stresses participate in determining the evolution of the bedforms and, in turn, the
bedforms participate in setting the magnitude of the stresses via the bottom roughness.
Third, since the Soulsby et al. [13] model relies on equilibrium ripple predictors to compute
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the time-dependent ripple dimensions, the predictor can be adapted to use an equilibrium
formulation that gives good results at any specific field site.

The dynamics observed regarding the resuspension of fine sediment highlight the
importance of waves and storms in the sediment transport dynamics along the Dutch coast.
The vertical turbulent sediment flux data were incorporated into a linear erosion formula-
tion and used to obtain field estimates of the resuspension parameter M and the critical
stress for erosion τcr. These parameters were shown to be highly sensitive to the quality
of the bed stresses used in the calculations. When using the best stress estimate (using
measured bedform data), the critical stress for erosion was found to be τcr ≈ 0.2 (Pa). This
value is more representative of fine sands than fine sediments, supporting the hypothesis
that the entrainment of fines primarily occurs when sands are being mobilized during
storms. Values of M are within an order of magnitude of the previously reported values
and might serve to inform sediment transport models in the Dutch coast region along the
southern North Sea.

Author Contributions: Conceptualization, R.P.F., A.R.H.-D., A.J.S. and J.D.P.; methodology, R.P.F.,
A.R.H.-D., A.J.S. and J.D.P.; formal analysis, R.P.F., S.R. and S.M.; investigation, R.P.F. and A.R.H.-D.;
resources, A.R.H.-D., A.J.S. and J.D.P.; data curation, R.P.F., S.R. and S.M.; writing—original draft
preparation, R.P.F.; writing—review and editing, A.R.H.-D., A.J.S. and J.D.P.; supervision, A.R.H.-D.,
A.J.S. and J.D.P.; project administration, S.R. and J.D.P.; funding acquisition, A.R.H.-D., A.J.S. and
J.D.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Netherlands Organization for Scientific Research STW pro-
gram Project 12682 and ERC-advanced grant 291206 Nearshore Monitoring and Modeling (NEMO).

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw data supporting the conclusions of this article will be made
available by the authors on request.

Acknowledgments: R.P.F. was supported by ANID-Chile through FONDECYT 1231494. The authors
would like to thank Richard Cooke, Christopher Balfour and the crew of the R/V Zirfaea for their
technical support during the measurements; Rijkswaterstaat for their generous and kind support;
and National Oceanography Centre (NOC, UK) for support provided to deploy the MiniStable frame.

Conflicts of Interest: Author Saulo Meirelles was employed by the company Meteorological Service
of New Zealand Limited. The remaining authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a potential conflict
of interest.

References
1. Yoshiyama, K.; Sharp, J.H. Phytoplankton response to nutrient enrichment in an urbanized estuary: Apparent inhibition of

primary production by overeutrophication. Limnol. Oceanogr. 2006, 51, 424–434. [CrossRef]
2. Winterwerp, J.C.; Wang, Z.B.; van Braeckel, A.; van Holland, G.; Kösters, F. Man-induced regime shifts in small estuaries—II:

A comparison of Rivers. Ocean. Dyn. 2013, 63, 1293–1306. [CrossRef]
3. Admiraal, D.M.; García, M.H.; Rodriguez, J.F. Entrainment response of bed sediment to time-varying flows. Water Resour. Res.

2000, 36, 335–348. [CrossRef]
4. Grant, W.D.; Madsen, O.S. Combined wave and current interaction with a rough bottom. J. Geophys. Res. Ocean. 1979, 84,

1797–1808. [CrossRef]
5. Bolaños, R.; Thorne, P.D.; Wolf, J. Comparison of measurements and models of bed stress, bedforms and suspended sediments

under combined currents and waves. Coast. Eng. 2012, 62, 19–30. [CrossRef]
6. Scully, M.E.; Trowbridge, J.H.; Sherwood, C.R.; Jones, K.R.; Traykovski, P. Direct measurements of mean reynolds stress and

ripple roughness in the presence of energetic forcing by surface waves. J. Geophys. Res. Ocean. 2018, 123, 2494–2512. [CrossRef]
7. Soulsby, R.; Hamm, L.; Klopman, G.; Myrhaug, D.; Simons, R.; Thomas, G. Wave-current interaction within and outside the

bottom boundary layer. Coast. Eng. 1993, 21, 41–69. [CrossRef]
8. Wiberg, P.L.; Drake, D.E.; Cacchione, D.A. Sediment resuspension and bed armoring during high bottom stress events on the

Northern California inner continental shelf: Measurements and predictions. Cont. Shelf Res. 1994, 14, 1191–1219. [CrossRef]
9. Styles, R.; Glenn, S.M. Modeling stratified wave and current bottom boundary layers on the continental shelf. J. Geophys. Res.

Ocean. 2000, 105, 24119–24139. [CrossRef]

http://doi.org/10.4319/lo.2006.51.1_part_2.0424
http://dx.doi.org/10.1007/s10236-013-0663-8
http://dx.doi.org/10.1029/1999WR900227
http://dx.doi.org/10.1029/JC084iC04p01797
http://dx.doi.org/10.1016/j.coastaleng.2011.12.005
http://dx.doi.org/10.1002/2017JC013252
http://dx.doi.org/10.1016/0378-3839(93)90045-A
http://dx.doi.org/10.1016/0278-4343(94)90034-5
http://dx.doi.org/10.1029/2000JC900115


J. Mar. Sci. Eng. 2024, 12, 2116 20 of 21

10. Lacy, J.R.; Sherwood, C.R.; Wilson, D.J.; Chisholm, T.A.; Gelfenbaum, G.R. Estimating hydrodynamic roughness in a wave-
dominated environment with a high-resolution acoustic Doppler profiler. J. Geophys. Res. Ocean. 2005, 110, C06014. [CrossRef]

11. Li, M.Z.; Amos, C.L. Predicting ripple geometry and bed roughness under combined waves and currents in a continental shelf
environment. Cont. Shelf Res. 1998, 18, 941–970. [CrossRef]

12. Traykovski, P.; Hay, A.E.; Irish, J.D.; Lynch, J.F. Geometry, migration, and evolution of wave orbital ripples at LEO-15. J. Geophys.
Res. Ocean. 1999, 104, 1505–1524. [CrossRef]

13. Soulsby, R.; Whitehouse, R.; Marten, K. Prediction of time-evolving sand ripples in shelf seas. Cont. Shelf Res. 2012, 38, 47–62.
[CrossRef]

14. Drake, D.E.; Cacchione, D.A. Wave—Current interaction in the bottom boundary layer during storm and non-storm conditions:
Observations and model predictions. Cont. Shelf Res. 1992, 12, 1331–1352. [CrossRef]

15. Drake, D.E.; Cacchione, D.A.; Grant, W.D. Shear stress and bed roughness estimates for combined wave and current flows over a
rippled bed. J. Geophys. Res. Ocean. 1992, 97, 2319–2326. [CrossRef]

16. Chalmoukis, I.A.; Dimas, A.A.; Grigoriadis, D.G. Large-eddy simulation of turbulent oscillatory flow over three-dimensional
transient vortex ripple geometries in quasi-equilibrium. J. Geophys. Res. Earth Surf. 2020, 125, e2019JF005451. [CrossRef]

17. Grant, W.D.; Madsen, O.S. Movable bed roughness in unsteady oscillatory flow. J. Geophys. Res. Ocean. 1982, 87, 469–481.
[CrossRef]

18. Nielsen, P. Dynamics and geometry of wave-generated ripples. J. Geophys. Res. Ocean. 1981, 86, 6467–6472. [CrossRef]
19. Soulsby, R. Dynamics of Marine Sands: A Manual for Practical Applications; Thomas Telford: London, UK, 1997.
20. Wiberg, P.L.; Harris, C.K. Ripple geometry in wave-dominated environments. J. Geophys. Res. Ocean. 1994, 99, 775–789. [CrossRef]
21. Nelson, T.R.; Voulgaris, G.; Traykovski, P. Predicting wave-induced ripple equilibrium geometry. J. Geophys. Res. Ocean. 2013,

118, 3202–3220. [CrossRef]
22. Faraci, C.; Foti, E.; Musumeci, R. Waves plus currents at a right angle: The rippled bed case. J. Geophys. Res. Ocean. 2008, 113,

C07018. [CrossRef]
23. Traykovski, P.; Wiberg, P.L.; Geyer, W.R. Observations and modeling of wave-supPorted sediment gravity flows on the Po

prodelta and comparison to prior observations from the Eel shelf. Cont. Shelf Res. 2007, 27, 375–399. [CrossRef]
24. Davis, J.P.; Walker, D.J.; Townsend, M.; Young, I.R. Wave-formed sediment ripples: Transient analysis of ripple spectral

development. J. Geophys. Res. Ocean. 2004, 109, C07020. [CrossRef]
25. Nelson, T.R.; Voulgaris, G. TemPoral and spatial evolution of wave-induced ripple geometry: Regular versus irregular ripples.

J. Geophys. Res. Ocean. 2014, 119, 664–688. [CrossRef]
26. O’Donoghue, T.; Clubb, G.S. Sand ripples generated by regular oscillatory flow. Coast. Eng. 2001, 44, 101–115. [CrossRef]
27. Traykovski, P. Observations of wave orbital scale ripples and a nonequilibrium time-dependent model. J. Geophys. Res. Ocean.

2007, 112, C06026. [CrossRef]
28. Nelson, T.R.; Voulgaris, G. A spectral model for estimating temPoral and spatial evolution of rippled seabeds. Ocean. Dyn. 2015,

65, 155–171. [CrossRef]
29. Partheniades, E. Erosion and dePosition of cohesive soils. J. Hydraul. Div. 1965, 91, 105–139. [CrossRef]
30. Van Prooijen, B.; Winterwerp, J. A stochastic formulation for erosion of cohesive sediments. J. Geophys. Res. Ocean. 2010, 115.

[CrossRef]
31. Madsen, O.S. Spectral wave-current bottom boundary layer flows. In Coastal Engineering 1994; ASCE: Reston, VA, USA, 1995;

pp. 384–398.
32. Malarkey, J.; Davies, A.G. A non-iterative procedure for the Wiberg and Harris (1994) oscillatory sand ripple predictor. J. Coast.

Res. 2003, 19, 738–739.
33. Pedocchi, F.; Garcia, M. Ripple morphology under oscillatory flow: 1. Prediction. J. Geophys. Res. Ocean. 2009, 114, C12014.

[CrossRef]
34. Baas, J.H. Dimensional Analysis of Current Ripples in Recent and Ancient dePositional Environments; Faculty of Geosciences, Utrecht

University: Utrecht, The Netherlands, 1993.
35. Soulsby, R.; Whitehouse, R. Threshold of sediment motion in coastal environments. In Proceedings of the Pacific Coasts and Ports’ 97:

Proceedings of the 13th Australasian Coastal and Ocean Engineering Conference and the 6th Australasian Port and Harbour Conference;
Centre for Advanced Engineering, University of Canterbury: Christchurch, New Zealand, 1997; Volume 1, p. 145.

36. Horner-Devine, A.R.; Pietrzak, J.D.; Souza, A.J.; McKeon, M.A.; Meirelles, S.; Henriquez, M.; Flores, R.P.; Rijnsburger, S.
Cross-shore transPort of nearshore sediment by River plume frontal pumping. Geophys. Res. Lett. 2017, 44, 6343–6351. [CrossRef]

37. Flores, R.P.; Rijnsburger, S.; Horner-Devine, A.R.; Souza, A.J.; Pietrzak, J.D. The impact of storms and stratification on sediment
transPort in the Rhine region of freshwater influence. J. Geophys. Res. Ocean. 2017, 122, 4456–4477. [CrossRef]

38. Rijnsburger, S.; Flores, R.P.; Pietrzak, J.D.; Horner-Devine, A.R.; Souza, A.J. The influence of tide and wind on the propagation of
fronts in a shallow River plume. J. Geophys. Res. Ocean. 2018, 123, 5426–5442. [CrossRef]

39. Stive, M.J.; de Schipper, M.A.; Luijendijk, A.P.; Aarninkhof, S.G.; van Gelder-Maas, C.; van Thiel de Vries, J.S.; de Vries, S.;
Henriquez, M.; Marx, S.; Ranasinghe, R. A new alternative to saving our beaches from sea-level rise: The Sand Engine. J. Coast.
Res. 2013, 29, 1001–1008. [CrossRef]

40. Huisman, B.; De Schipper, M.; Ruessink, B. Sediment sorting at the Sand Motor at storm and annual time scales. Mar. Geol. 2016,
381, 209–226. [CrossRef]

http://dx.doi.org/10.1029/2003JC001814
http://dx.doi.org/10.1016/S0278-4343(98)00034-X
http://dx.doi.org/10.1029/1998JC900026
http://dx.doi.org/10.1016/j.csr.2012.02.016
http://dx.doi.org/10.1016/0278-4343(92)90058-R
http://dx.doi.org/10.1029/91JC02764
http://dx.doi.org/10.1029/2019JF005451
http://dx.doi.org/10.1029/JC087iC01p00469
http://dx.doi.org/10.1029/JC086iC07p06467
http://dx.doi.org/10.1029/93JC02726
http://dx.doi.org/10.1002/jgrc.20241
http://dx.doi.org/10.1029/2007JC004468
http://dx.doi.org/10.1016/j.csr.2005.07.008
http://dx.doi.org/10.1029/2004JC002307
http://dx.doi.org/10.1002/2013JC009020
http://dx.doi.org/10.1016/S0378-3839(01)00025-4
http://dx.doi.org/10.1029/2006JC003811
http://dx.doi.org/10.1007/s10236-014-0801-y
http://dx.doi.org/10.1061/JYCEAJ.0001165
http://dx.doi.org/10.1029/2008JC005189
http://dx.doi.org/10.1029/2009JC005354
http://dx.doi.org/10.1002/2017GL073378
http://dx.doi.org/10.1002/2016JC012362
http://dx.doi.org/10.1029/2017JC013422
http://dx.doi.org/10.2112/JCOASTRES-D-13-00070.1
http://dx.doi.org/10.1016/j.margeo.2016.09.005


J. Mar. Sci. Eng. 2024, 12, 2116 21 of 21

41. Meirelles, S.; Henriquez, M.; Souza, A.J.; Horner-Devine, A.R.; Pietrzak, J.D.; Rijnsburg, S.; Stive, M.J. Small Scale Bedform Types
off the South-Holland Coast. J. Coast. Res. 2016, 75, 423–426. [CrossRef]

42. Perron, J.T.; Kirchner, J.W.; Dietrich, W.E. Spectral signatures of characteristic spatial scales and nonfractal structure in landscapes.
J. Geophys. Res. Earth Surf. 2008, 113, F04003. [CrossRef]

43. Flores, R.P.; Rijnsburger, S.; Meirelles, S.; Horner-Devine, A.R.; Souza, A.J.; Pietrzak, J.D.; Henriquez, M.; Reniers, A. Wave
generation of gravity-driven sediment flows on a predominantly sandy seabed. Geophys. Res. Lett. 2018, 45, 7634–7645. [CrossRef]

44. Goring, D.G.; Nikora, V.I. Despiking acoustic Doppler velocimeter data. J. Hydraul. Eng. 2002, 128, 117–126. [CrossRef]
45. Shaw, W.J.; Trowbridge, J.H. The direct estimation of near-bottom turbulent fluxes in the presence of energetic wave motions.

J. Atmos. Ocean. Technol. 2001, 18, 1540–1557. [CrossRef]
46. Kim, S.C.; Friedrichs, C.; Maa, J.Y.; Wright, L. Estimating bottom stress in tidal boundary layer from acoustic Doppler velocimeter

data. J. Hydraul. Eng. 2000, 126, 399–406. [CrossRef]
47. Brand, A.; Lacy, J.R.; Hsu, K.; Hoover, D.; Gladding, S.; Stacey, M.T. Wind-enhanced resuspension in the shallow waters of South

San Francisco Bay: Mechanisms and Potential implications for cohesive sediment transPort. J. Geophys. Res. Ocean. 2010, 115,
C11024. [CrossRef]

48. Brand, A.; Lacy, J.R.; Gladding, S.; Holleman, R.; Stacey, M. Model-based interpretation of sediment concentration and vertical
flux measurements in a shallow estuarine environment. Limnol. Oceanogr. 2015, 60, 463–481. [CrossRef]

49. Voulgaris, G.; Meyers, S.T. TemPoral variability of hydrodynamics, sediment concentration and sediment settling velocity in a
tidal creek. Cont. Shelf Res. 2004, 24, 1659–1683. [CrossRef]

50. Fugate, D.C.; Friedrichs, C.T. Determining concentration and fall velocity of estuarine particle Populations using ADV, OBS and
LISST. Cont. Shelf Res. 2002, 22, 1867–1886. [CrossRef]

51. Lynch, J.; Gross, T.; Sherwood, C.; Irish, J.; Brumley, B. Acoustical and optical backscatter measurements of sediment transPort in
the 1988–1989 STRESS experiment. Cont. Shelf Res. 1997, 17, 337–366. [CrossRef]

52. Wiberg, P.L.; Sherwood, C.R. Calculating wave-generated bottom orbital velocities from surface-wave parameters. Comput. Geosci.
2008, 34, 1243–1262. [CrossRef]

53. Simpson, J.; Souza, A. Semidiurnal switching of stratification in the region of freshwater influence of the Rhine. J. Geophys. Res.
Ocean. 1995, 100, 7037–7044. [CrossRef]

54. De Boer, G.J.; Pietrzak, J.D.; Winterwerp, J.C. On the vertical structure of the Rhine region of freshwater influence. Ocean. Dyn.
2006, 56, 198–216. [CrossRef]

55. Flores, R.P.; Rijnsburger, S.; Horner-Devine, A.R.; Kumar, N.; Souza, A.J.; Pietrzak, J.D. The formation of turbidity maximum
zones by minor axis tidal straining in regions of freshwater influence. J. Phys. Oceanogr. 2020, 50, 1265–1287. [CrossRef]

56. Nielsen, P. Coastal Bottom Boundary Layers and Sediment Transport; World Scientific Publishing Company: Singapore, 1992; Volume 4.
57. Marsh, S.; Vincent, C.; Osborne, P. Bedforms in a laboratory wave flume: An evaluation of predictive models for bedform

wavelengths. J. Coast. Res. 1999, 15, 624–634.
58. Sanford, L.P.; Maa, J.P.Y. A unified erosion formulation for fine sediments. Mar. Geol. 2001, 179, 9–23. [CrossRef]
59. Grabowski, R.C.; DropPo, I.G.; Wharton, G. Erodibility of cohesive sediment: The imPortance of sediment properties. Earth-Sci.

Rev. 2011, 105, 101–120. [CrossRef]
60. Sherwood, C.R.; Aretxabaleta, A.L.; Harris, C.K.; Rinehimer, J.P.; Verney, R.; Ferré, B. Cohesive and mixed sediment in the regional

ocean modeling system (ROMS v3. 6) implemented in the Coupled Ocean–Atmosphere–Wave–Sediment Transport Modeling
System (COAWST r1234). Geosci. Model Dev. 2018, 11, 1849–1871. [CrossRef]

61. Van Kessel, T.; Winterwerp, H.; Van Prooijen, B.; Van Ledden, M.; Borst, W. Modelling the seasonal dynamics of SPM with a
simple algorithm for the buffering of fines in a sandy seabed. Cont. Shelf Res. 2011, 31, S124–S134. [CrossRef]

62. Dickhudt, P.J.; Friedrichs, C.T.; Sanford, L.P. Mud matrix solids fraction and bed erodibility in the York River estuary, USA, and
other muddy environments. Cont. Shelf Res. 2011, 31, S3–S13. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.2112/SI75-085.1
http://dx.doi.org/10.1029/2007JF000866
http://dx.doi.org/10.1029/2018GL077936
http://dx.doi.org/10.1061/(ASCE)0733-9429(2002)128:1(117)
http://dx.doi.org/10.1175/1520-0426(2001)018<1540:TDEONB>2.0.CO;2
http://dx.doi.org/10.1061/(ASCE)0733-9429(2000)126:6(399)
http://dx.doi.org/10.1029/2010JC006172
http://dx.doi.org/10.1002/lno.10047
http://dx.doi.org/10.1016/j.csr.2004.05.006
http://dx.doi.org/10.1016/S0278-4343(02)00043-2
http://dx.doi.org/10.1016/S0278-4343(96)00041-6
http://dx.doi.org/10.1016/j.cageo.2008.02.010
http://dx.doi.org/10.1029/95JC00067
http://dx.doi.org/10.1007/s10236-005-0042-1
http://dx.doi.org/10.1175/JPO-D-18-0264.1
http://dx.doi.org/10.1016/S0025-3227(01)00201-8
http://dx.doi.org/10.1016/j.earscirev.2011.01.008
http://dx.doi.org/10.5194/gmd-11-1849-2018
http://dx.doi.org/10.1016/j.csr.2010.04.008
http://dx.doi.org/10.1016/j.csr.2010.02.008

	Introduction
	Model Equations
	Wave–Current Interaction
	Bedform Geometry Predictors
	Prediction of Time-Evolving Ripple Dynamics

	Methods
	Data Collection
	Data Processing
	Near-Bottom Currents, Reynolds Stresses and Turbulent Fluxes
	Wave Parameters


	Results
	Experimental Conditions
	Bedforms
	Bed Stress
	Measured Bedforms Versus Flat Bottom
	Bedform Predictors and Time-Evolving Ripple Dynamics

	Turbulent Sediment Fluxes

	Discussion
	Non-Equilibrium Ripple Dynamics
	Fine Sediment Resuspension

	Summary and Conclusions
	References

