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Abstract We present a new methodology that is able to concurrently resolve free surface wavefield,
bottom boundary layer, and sediment transport processes throughout the entire water column. The new
model, called SedWaveFoam, is developed by integrating an Eulerian two-phase model for sediment
transport, SedFoam, and a surface wave solver, InterFoam/waves2Foam, in the OpenFOAM framework.
SedWaveFoam is validated with a large wave flume data for sheet flow driven by monochromatic
nonbreaking waves. To isolate the effect of free surface, SedWaveFoam results are contrasted with
one-dimensional-vertical SedFoam results, where the latter represents the oscillating water tunnel condition.
Results demonstrate that wave-averaged total sediment fluxes in both models are onshore-directed;
however, this onshore transport is significantly enhanced under surface waves. Onshore-directed near-bed
sediment flux is driven by a small mean current mainly associated with velocity skewness. More importantly,
progressive wave streaming drives onshore transport mostly in suspended load region due to an
intrawave sediment flux. Further analysis suggests that the enhanced onshore transport in suspended load is
due to a “wave-stirring” mechanism, which signifies a nonlinear interaction between waves, streaming
currents, and sediment suspension. We present some preliminary efforts to parameterize the wave-stirring
mechanism in intrawave sediment transport formulations.

1. Introduction

Understanding sediment transport driven by surface waves is a crucial step toward improved coastal mor-
phodynamic modeling. It is well established that sediment transport under steady flow or mildly unsteady
flow (such as tidal flows) can be directly associated with bed shear stress and/or free-stream velocity.
When such a quasi-steady approach is further applied to wave-driven sediment transport, in which the wave
period is often of no more than 10 s and settling velocity of sediment is only a few cm/s, discrepancies
emerge (for a comprehensive review, see Van der A et al., 2013). Through a number of oscillating water tunnel
(OWT) experiments (e.g., Fredsøe et al., 2003; Jensen et al., 1989; Sumer et al., 2010) and wave-resolving one-
dimensional-vertical (1DV) bottom boundary layer models (e.g., Gonzalez-Rodriguez & Madsen, 2007;
Holmedal et al., 2003; Ruessink et al., 2009), it has been found that the quasi-steady approach for parameter-
izing bed shear stress cannot capture the phase lead relative to the flow velocity above the wave bottom
boundary layer (WBBL). Such unsteady effect in WBBL may further lead to an underprediction of onshore
transport for medium and coarse sand (e.g., Drake & Calantoni, 2001; Hassan & Ribberink, 2010; Hsu &
Hanes, 2004; Nielsen, 2006; O’Donoghue & Wright, 2004a, 2004b; Van der A et al., 2013; Watanabe & Sato,
2005). Moreover, due to the so-called phase lag effect, which signifies the unsteadiness between sediment
transport rate and bed shear stress, the quasi-steady assumption fails to capture offshore transport for fine
sand driven by velocity skewed waves (Dohmen-Janssen et al., 2002; O’Donoghue & Wright, 2004a, 2004b).

While a significant progress has beenmade in understanding wave-driven sediment transport based on OWT
data and 1DV bottom boundary layer models, main differences exist between these idealized
apparatus/domains and realistic WBBL under surface waves. The oscillatory bottom boundary layer gener-
ated in OWT is only approximately similar to the WBBL under surface waves mainly because of its homoge-
neous flow field in the direction of wave propagation. Considering a small amplitude (linear) progressive
surface wave train, a slight inhomogeneity exists in the direction of wave propagation, which results in an
onshore-directed streaming current in the wave-averaged formulation (Longuet-Higgins, 1953). In this
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paper, we will follow the study of Kranenburg et al. (2012) and call this onshore-directed streaming current as
the progressive wave streaming. On the other hand, under waves with high-velocity skewness, turbulence
under wave crest is larger than that during wave trough, which results in an offshore-directed streaming cur-
rent, called waveshape streaming (Kranenburg et al., 2012; Ribberink & Al-Salem, 1994; Trowbridge &
Madsen, 1984). For realistic surface waves in shallow water, both streaming processes coexist along with
the unsteady effect. These different mechanisms counteract one with another and determine the net sedi-
ment transport. In the past decade, several sheet flow experiments driven by nonbreaking, highly nonlinear
waves were carried out in large wave flumes (e.g., Dohmen-Janssen & Hanes, 2002, 2005; Ribberink et al.,
2000; Schretlen, 2012). For example, a noteworthy increment in wave-averaged (net) onshore sediment trans-
port rate was observed in Dohmen-Janssen and Hanes (2002, see their Figure 5) when compared the results
with OWT data under similar wave intensity and grain properties.

Similarly, the boundary layer approximation has been routinely used for numerical models to study wave-
driven sediment transport, which mimics OWT condition. In the so-called 1DV formulation, the streamwise
flow development is neglected and free-stream velocity measured some distance above the bottom bound-
ary layer is converted to a prescribed horizontal pressure gradient to drive the numerical model. When driv-
ing the model with a skewed velocity time series, the waveshape streaming effect is captured; however, the
effect of progressive wave streaming is missing. To approximately capture the effect of boundary layer inho-
mogeneity, the horizontal velocity gradient can be transformed into time derivatives following ∂u/∂x = � 1/
c∂u/∂t, in which c is the wave celerity. This approximation is justified by assuming small-amplitude waves
(Trowbridge & Madsen, 1984; small ak, in which a is the wave amplitude and k is the wave number). This
approximation has been adopted in 1DV single-phase WBBL model for sediment transport to study sandbar
migration (Henderson et al., 2004) and to understand the relative importance of progressive wave streaming
and waveshape streaming on sand transport (Kranenburg et al., 2012; Kranenburg et al., 2013). However, its
applicability to nonlinear waves, which often come with rapid change of waveshape, is unclear.

In the past two decades, a range of 1DV two-phase sediment transport models have been developed to study
the sheet flows in the WBBL (e.g., Amoudry et al., 2008; Cheng et al., 2017; Dong & Zhang, 1999; Hsu et al.,
2004). These two-phase models do not require conventional bedload/suspended load assumptions as were
used in the single-phase models. These two-phase models have brought valuable insights on practical para-
meterizations of pickup flux and bed shear stress (Amoudry & Liu, 2010; Yu et al., 2010) as well as improving
the physical understanding of sheet flows (e.g., Dong & Zhang, 1999; Li et al., 2008). More recently, the
spatial/temporal derivative transformation discussed previously was applied to these two-phase models to
study the effect of progressive wave streaming on sheet flows (Kranenburg et al., 2014; Yu et al., 2010). To
understand the various mechanisms associated with free surface waves, unsteadiness in WBBL, and the
resulting sediment transport, there is a need to develop a new numerical modeling framework based on
two-phase flow formulation that is able to concurrently simulate free surface wave propagation, WBBL,
and fine-scale sediment transport processes.

Motivated by this need, a free surface resolving Eulerian two-phase sediment transport model is developed in
this study by merging two existing numerical models, SedFoam (Chauchat et al., 2017; Cheng et al., 2017),
InterFoam (Berberović et al., 2009; Klostermann et al., 2013), and waves2Foam (Jacobsen et al., 2012) in the
OpenFOAM framework. SedFoam can resolve the full vertical profile of sediment transport using the
Reynolds-averaged Eulerian two-phase flow equations with closures of intergranular stresses and a k-ε turbu-
lencemodel (Cheng et al., 2017). It has been validated withmeasured data for several sheet flow conditions in
OWT reported by O’Donoghue and Wright (2004a). On the other hand, InterFoam is capable of solving the
flow characteristics between two immiscible fluids (i.e., air and water), in line with the well-known volume-
of-fluid method (Hirt & Nichols, 1981). InterFoam simplifies air and water phases as a mixture and tracks
the air-water interface with the volumetric concentration of the water phase using an interface compression
method (Klostermann et al., 2013) while limiting the numerical diffusion at the interface. It has been proven
that InterFoam can be applied in energetic flow conditions such as a dam-break-driven swash (e.g., Briganti
et al., 2016; Kim et al., 2017). A comprehensive wave toolbox for InterFoam, called waves2Foam (Jacobsen
et al., 2012), which has been widely adopted to explore various wave-induced processes in surf zone (e.g.,
Jacobsen et al., 2014; Zhou et al., 2017), is also incorporated to generate and absorb surface waves. Since
all these solvers and toolbox are based on the framework of open-source CFD library, OpenFOAM, adding
the capabilities into a new solver is made a lot easier.
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The purpose of this study is to present such new numerical modeling strategy. To demonstrate the model
capability, it is first applied to simulate sheet flow driven by nonbreaking monochromatic waves in a large
wave flume reported by Ribberink et al. (2000) and Dohmen-Janssen and Hanes (2002). Model formulations
and numerical implementations are discussed in section 2. Section 3 presents the main model results includ-
ing model validation and several important sheet flow characteristics in WBBL under waves. Section 4 is dis-
cussions on parameterizing wave-driven sediment transport. Finally, the main conclusions of this study are
summarized in section 5.

2. Model Formulations
2.1. Governing Equations

As a first step in the model development, we adopt a Reynold-averaged approach to avoid resolving 3-D tur-
bulence with a wide range of scales. In modeling sediment transport under surface waves, three phases (i.e.,
air, water, and dispersed sediment) are involved. The Reynolds-averaged mass conservation equations for air,
water, and sediment phases can be written as (e.g., Berberović et al., 2009; Drew, 1983)

∂ϕa

∂t
þ ∂ϕauai

∂xi
¼ 0; (1)

∂ϕw

∂t
þ ∂ϕwuwi

∂xi
¼ 0; (2)

∂ϕs

∂t
þ ∂ϕsusi

∂xi
¼ 0: (3)

The variable ϕk represents the volumetric concentration where superscript “k” stands for “a” for air, “w” for
water, and “s” for sediment phases, respectively. The global mass conservation imposes ϕa + ϕw + ϕs = 1.
The variable uk represents the velocity of each phase. In this study, the air and water (fluid) phases are mod-
eled as two immiscible fluids with their interface resolved numerically by an interface tracking scheme (see
section 2.3). On the other hand, the (solid) sediment phase is modeled as a miscible phase in the fluids.
Therefore, equations (1) and (2) for mass conservation of air and water can be combined as the fluid phase:

∂ϕ f

∂t
þ ∂ϕ f u f

i

∂xi
¼ 0; (4)

where superscript “f” represents the mixture of air and water (fluid) phases with ϕa + ϕw = ϕf and
uf= (uaϕa+ uwϕw)/ϕf, while themass conservation of sediment phase is governedby equation (3). Hence, three
phases involved here are simplified into two (miscible) phases and the term “two-phase”will be used to refer to
the air-water mixture (fluid) and sediment (solid) phases throughout the paper. The Reynolds-averaged
momentum equations for the air-water mixture and sediment phases can be written as (e.g., Drew, 1983)

∂ρ fϕ f u f
i

∂t
þ ∂ρ fϕ f u f

i u
f
j

∂xj
¼ �ϕ f ∂p f

∂xi
þ ρ fϕ f gδi3 � σtγ

∂ϕa

∂xi
þ ∂τ fij

∂xj
þMfs

i ; (5)

∂ρsϕsusi
∂t

þ ∂ρsϕsusi u
s
j

∂xj
¼ �ϕs ∂p f

∂xi
� ∂ps

∂xi
þ ρsϕsgδi3 þ

∂τsij
∂xj

þMsf
i ; (6)

where ρs = 2,650 kg/m3 is the sediment density and ρf is the mixture fluid density, satisfying
ρf = (ρaϕa + ρwϕw)/ϕf. Here we specify ρa = 1 kg/m3 and ρw = 1,000 kg/m3. The variable pf is the fluid pressure;
g= � 9.8 m2/s is the gravitational acceleration. The third term on the right-hand-side (RHS) of equation (5)
represents surface tension where σt is the surface tension coefficient (we specify σt = 0.0074 kg/s2 for the
air-water interface at 20°C) and γ is the surface curvature. The fluid stress, τ fij , is the sum of grain-scale viscous
stress and turbulent Reynolds stress with the latter calculated by a two-equation k-ε turbulence model (see
section 2.2.2) for two-phase flow. The particle pressure, ps, and particle shear stress, τsij , are modeled with
the kinetic theory of granular flow for particle collision at low to moderate concentration and phenomenolo-
gical closures for enduring contact at high sediment concentration (see section 2.2.3).
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2.2. Closures
2.2.1. Interphase Momentum Exchange
The interphase momentum transfer between the carrier flow (i.e., mix-
ture of air and water) and sediment phases follows Newton’s third law,

Mfs
i ¼ �Msf

i . Following Cheng et al. (2017), it consists of drag force due
to Reynolds-averaged mean velocity difference and turbulent suspen-
sion modeled with a gradient transport formulation:

Mfs
i ¼ �ϕsβ u f

i � usi
� �þ β

νft

σc

∂ϕs

∂xi
; (7)

where β is the drag parameter followingDing andGidaspow (1990), νft is the fluid turbulent viscosity (see section
2.2.2), and σc is the Schmidt number (see Table 1). More detailed formulation is referred to Cheng et al. (2017).
2.2.2. Fluid Turbulence Closures

Fluid stresses, τ fij , in equation (5) include turbulent Reynolds stress, Rftij , and grain-scale components, r fij . The

Reynolds stress represents the effect of turbulent fluctuations larger than grain scale, and the grain-scale stress
consists of small-scale viscous stress and fluid-particle interactions. Consistent with Cheng et al. (2017), only
the viscous stress is considered for grain-scale component, and the total fluid stress can be written as

τ fij ¼ Rftij þ r fij ¼ ρ fϕ f 2 νft þ ν f
� �

S f
ij �

2
3
k f δij

� �
; (8)

in which the kinematic viscosity of carrier fluid, νf, is defined as νf = (ρaϕaνa + ρwϕwνw)/(ρaϕa + ρwϕw) where
νa = 1.48 × 10�5 m2/s and νw = 10�6 m2/s. The turbulent eddy viscosity, νft, is calculated by turbulent kinetic
energy (TKE), kf, and turbulent dissipation rate εf as νft = Cμ(k

f)2/εfwhere Cμ is an empirical coefficient (Table 1).

The deviatoric part of the fluid phase strain rate, S f
ij , is defined as S f

ij ¼ 1
2

∂u f
i

∂xj þ
∂u f

j

∂xi

� �
� 1

3
∂u f

k
∂xk

δij .

The TKE equation is modified from standard kf equation to incorporate additional turbulence induced by
sediment in water. Compared to previous two-phase sediment transport models (Cheng et al., 2017; Yu
et al., 2010), excessive diffusion occurring at the air-water interface can also be controlled here by considering
the sharp density gradient (Zhang et al., 2015). Hence, the density gradient is also combined with the follow-
ing balance equation for TKE as

∂ρ f k f

∂t
þ ∂ρ f u f

j k
f

∂xj
¼ Rftij

∂u f
i

∂xj
þ ∂
∂xj

ρ f ν f þ νft

σk

� 	
∂k f

∂xj

" #

� ρ f ε f � 2β 1� αð Þϕsk f

ϕ f
� ρ f νft

ϕ fσc

∂ϕs

∂xj
s� 1ð Þgδj3;

(9)

where σk = 1 is the empirical TKE Schmidt number (e.g., Rodi, 1993) and s = ρs/ρf is the specific density of the
sediment. The fourth term on the RHS of equation (9) indicates the TKE attenuation due to particle inertial
effect. Specifically, the parameterα ¼ e�BSt parameterizes the level of correlation between fluid and sediment
velocity fluctuations (Chen & Wood, 1985; Danon et al., 1977) in which B is an empirical coefficient (see
Table 1) and St = tp/tl is the Stokes number quantified by particle response time, tp = ρs/β, and characteristic
time scale of energetic eddies, tl = kf/(6εf) (Balachandar & Eaton, 2009). The last term in equation (9) is the
buoyancy effect that can attenuate turbulence due to stable density stratification.

The balance equation for turbulence dissipation rate is written as

∂ρ f ε f

∂t
þ ∂ρ f u f

j ε
f

∂xj
¼ C1εR

ft
ij
ε f

k f

∂u f
i

∂xj
þ ∂
∂xj

ρ f ν f þ νft

σε

� 	
∂ε f

∂xj

� �
� C2ερ f ε

f

k f
ε f

� C3ε
ε f

k f

2β 1� αð Þϕsk f

ϕ f
� C4ε

ε f

k f

ρ f νft

ϕ fσc

∂ϕs

∂xj
s� 1ð Þgδj3;

(10)

where the empirical coefficient C1ε, C2ε, C3ε, C4ε, and σε are summarized in Table 1. Consistent with equa-
tion (9), the fourth term in the RHS of equation (10) is a damping term due to particle inertia, and the last term
is the buoyancy effect due to the density stratification.

Table 1
List of Coefficients for Fluid Turbulence Closure

Cμ C1ε C2ε C3ε C4ε σc σε B

0.09 1.44 1.92 1.2 1.0 1.0 1.3 0.16
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2.2.3. Particle Stress Closures
The particle stresses caused by intergranular interactions consist of intermittent collision and enduring
contact/frictional forces (e.g., Hsu et al., 2004). Hence, the particle pressure, ps, and shear stress, τsij , are

expressed as summations of a collisional component (superscript “sc”) and a frictional contact component
(superscript “sf”):

ps ¼ psc þ psf ; (11)

τsij ¼ τscij þ τsfij : (12)

The collisional component of particle pressure, psc, and particle shear stress, τsc, are modeled using the con-
cept of granular temperature, Θ, from the kinetic theory of granular flow (Ding & Gidaspow, 1990; Jenkins &
Savage, 1983):

psc ¼ ρsϕs 1þ 2 1þ eð Þgs0½ �Θ; (13)

τscij ¼ 2μscSsij þ λ
∂usk
∂xk

δij; (14)

where e is the restitution coefficient and gs0 is the radial distribution function (Carnahan & Starling, 1969). The
granular temperatureΘ is calculated by its balance equation that accounts for advection, diffusion, shear pro-
duction, dissipation to due inelastic collision, and particle-induced fluctuations (Cheng et al., 2017; Ding &
Gidaspow, 1990). The particle shear viscosity, μsc, and bulk viscosity, λ, are functions of granular temperature
and calculated by the kinetic theory (Gidaspow, 1994). The deviatoric part of the sediment phase strain rate,
Ssij , is defined as Ssij ¼ 1

2
∂usi
∂xj þ

∂usj
∂xi

� �
� 1

3
∂usk
∂xk

δij .

When sediment concentration is very high, intermittent collisions become unlikely and the modeled granular
temperature diminishes. Particle pressure and shear stress are taken over by the frictional contact compo-
nent. The particle pressure due to enduring contact, psf, and particle shear stress due to frictional contact,
τsf, are modeled by phenomenological closure (Cheng et al., 2017; Johnson & Jackson, 1987; Schaeffer,
1987; Srivastava & Sundaresan, 2003):

psf ¼
0; ϕs < ϕs

f

F
ϕs � ϕs

f

� �a
ϕs

max � ϕs
� �b; ϕs ≥ ϕs

f

8><>: ; (15)

τsfij ¼ �2μsf Ssij; (16)

where F = 0.05, a = 3, and b = 5 are empirical coefficients and we specify the threshold values for ϕs
f ¼ 0:57

and ϕs
max ¼ 0:635. The variable ϕs

f indicates the limit where enduring contact becomes dominant. The fric-
tional viscosity, μsf, is calculated by combining psf (Johnson & Jackson, 1987) and frictional viscosity
(Schaeffer, 1987) following Srivastava and Sundaresan (2003):

μsf ¼
ffiffiffi
2

p
psf sin θfð Þ
2

ffiffiffiffiffiffiffiffiffi
SsijS

s
ij

q (17)

where θf is the angle of repose, taken to be 28° for sand.

2.3. Numerical Implementations

The standard PIMPLE (i.e., PISO-SIMPLE algorithm) is adopted in this study to solve the momentum equations
(equations (6) and (7)). Then intermediate velocities are calculated from the initial condition or previous time
step without a pressure correction following a segregated pressure correction method (e.g., Passalacqua &
Fox, 2012; Rusche, 2002). Then, the velocities can be calculated by correcting the intermediate velocities with
pressure gradients. After solving the pressure, the velocities are updated while satisfying their mass conser-
vation and then the updated velocities are used to update the volumetric concentrations of each phase, tur-
bulence quantities, and stresses.
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It should be reiterated here that the continuity and momentum equations for the air-water mixture phase
(see equations (4) and (5)) is numerically solved following the air-water interface tracking strategy of
InterFoam (Berberović et al., 2009; Klostermann et al., 2013). The equation (4) is converted into

∂ϕw

∂t
þ ∂ϕwu f

i

∂xi
þ ∂ ϕaϕwuri=ϕ

f
� �

∂xi
¼ 0; (18)

where uri represents a relative velocity between air and water phases, obtained by iterations using the inter-
face compression method while minimizing the diffusion at the air-water interface (Berberović et al., 2009;
Klostermann et al., 2013). Then the advection term in equation (5) is also incorporated with the interface com-
pression method to constrain the excessive flux at the air-water interface, expressed as

∂ρ fϕ f u f
i u

f
j

∂xj
¼

∂ ρaϕ f u f
j þ ρw � ρað Þϕwu f

j

h i
u f
i

∂xj
; (19)

where ϕwu f
i is obtained from equation (18).

Gauss theorem is applied to convert the convection terms into surface integrals for each cell. Then using a
second-order total variation diminishing scheme, sediment fluxes are calculated based on Sweby limiter
(Sweby, 1984). The mixture fluxes are calculated using upwind scheme. For the diffusion terms, central differ-
ence scheme and nonorthogonal correction (Jasak, 1996) are applied to discretize and evaluate the
resulting fluxes.

The implicit second-order backward scheme is adopted for a time integration. The time step of the model
satisfies the Courant-Friedrichs-Lewy condition, defined as

C0 ¼
U fΔt
Δ

≤Cmax; U f > Us

UsΔt
Δ

≤Cmax; U f≤Us

8>><>>: ; (20)

where C0 is the courant number, U is the absolute velocity magnitude, Δ is the characteristic length of grid
size, and Δt is automatically adjusted time step. To ensure the numerical stability and optimal calculation
time, Cmax = 0.2 is used.

The newly developed solver, named SedWaveFoam, is designed to simulate sediment transport under sur-
face waves. The remaining of the paper is devoted to demonstrating its capability to simulate sheet flow dri-
ven by nonbreaking waves. However, technically, we believe that the model can also be used to simulate
sediment transport under breaking waves as long as the air phase does not directly interact with the sedi-
ment phase. The direct interaction between the air and sediment phases has not been tested, and this impor-
tant capability (e.g., applying for swash zone process) will be extended in future study.

3. Results

The SedWaveFoam is validated with the large wave flume sheet flow data under monochromatic non-
breaking waves reported in Ribberink et al. (2000) and Dohmen-Janssen and Hanes (2002). The sheet
flow experiment was carried out in the large wave flume (Großer WellenKanal) of the
ForschungsZentrum Küste in Hannover, Germany. Großer WellenKanal has a length of 300 m, a width
of 5 m, and a depth of 7 m. In the experiment of Dohmen-Janssen and Hanes (2002), the water depth
at the wave paddle was 4.25 m. At the downstream end of the wave flume, wave energy was dissipated
by a steep beach with a 1/10 slope. The sand bed, which had a length of 45 m and a depth of 0.75 m,
was established in the middle of the wave flume (85 m downstream of the wave paddle). Hence, the
water depth at the measurement section was reduced to 3.5 m. The sand bed was constructed of
well-sorted quartz with a median grain diameter d50 of 0.24 mm (d10 = 0.173 mm and
d90 = 0.277 mm). The monochromatic waves with several different wave periods (T) and heights (H) were
generated at the wave paddle, which had a shape similar to cnoidal waves.
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A multiple transducer array was deployed to survey the bed level change with horizontal and vertical resolu-
tions less than 3 mm. The bed level change was used to estimate net sediment transport rate. Two conduc-
tivity concentrationmeter (CCM) probes were buried under the sand bed tomeasure sediment concentration
in the concentrated region of transport. The CCM probes were deployed with a gap of 15 mm in streamwise
direction at the same vertical location to estimate grain velocities. Then, for the repeated runs, the CCM
probes were installed at different vertical locations to obtain the profile of sediment concentration in the
sheet flow layer. For the suspended sediment, two sets of acoustic backscatter sensors (ABS) were used with
a vertical resolution of 7.5 mm. The near-bed velocity of the water phase was measured using an acoustic
Doppler velocimeter located at 109 mm above the sand bed.

3.1. Model Setup

Since the flow in the physical experiment is homogeneous in the spanwise direction, a 2-D model domain is
adopted. As presented in Figure 1, the x direction is denoted as wave propagation direction with x = 0
defined at the middle of the sediment pit. The vertical z direction is defined as positive upward with z = 0
located at the top of the initial sand bed (initial bed level). We simulate only the flat portion of the wave flume
to reduce computational cost; hence, the water depth in the model domain is given as a constant 3.5 m. The
numerical model domain is 151.56m long (about 5 wavelengths, 5 L) and 6.5 m deep. The sediment pit of 4 m
long and 0.1 m deep is located at about 2 L downstream from the inlet. Using the d50 value reported from the
physical experiment, sediment of grain diameter of d = 0.24 mm and specific gravity of 2.65 are specified in
the model. It should be noted that the maximum volumetric concentration of sediment phase computed by
numerical model is ϕs

max ¼ 0:61 , similar to the typical packing limit for uniform and spherical particles.
However, this value is smaller than the value of 0.67 reported in the physical experiment (Dohmen-Janssen
& Hanes, 2002). The mesh is first constructed with uniform grids of 4.8 cm width and 1.6 cm height
(Figure 1a). Then, the grids near the sediment pit (a region of 8 m in length and 0.2 m in height) are refined
with five layers of triangular meshes using a tool called snappyHexMesh (Jackson, 2012) such that fine grid
size of a width of 1.5 mm and height of 0.52 mm is used to model sheet flow (see Figure 1b). A total number
of 2.85 million computational grid points is used for the simulation.

Figure 1. A numerical wave flume with (a) wide view of mesh, (b) enlarged view of mesh near the sediment pit (black
dotted square in Figure 1a), and (c) a snapshot at t = 71.1 s with different colors represent air (white), water (blue), and
sediment (red) phases (sediment phase around x = 0). For visibility, the mesh is down-sampled and vertical scale is
stretched by 7 times. The gray dashed lines in Figure 1c represent the boundaries of relaxation zone.
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A wall boundary is specified at the bottom with no-flux boundaries for
scalar quantities and wall-normal velocity components. The velocity
components parallel to the wall are set to no-slip boundary condition.
It is noted that in the sediment pit region, this no-slip boundary is of
minor importance since it is below a layer of immobile sand bed. The
top boundary is specified as atmospheric boundary condition and the
two spanwise lateral boundaries are treated as empty condition in
OpenFOAM. Using waves2Foam (Jacobsen et al., 2012), a relaxation
zone of 1 L is adopted at each end of the wave flume to minimize
reflected waves (Figure 1c). According to Dohmen-Janssen and Hanes
(2002), the surface wave generated in the wave flume was similar to
cnoidal waves. Among the many different wave conditions, the test
condition, mh, corresponding to H = 1.6 m and T = 6.5 s at the wave
paddle is selected here due to the availability of data. In the numerical
model, monochromatic waves having H = 1.55 m and T = 6.5 s are sent
into the domain using tenth-order stream function to match the velo-
city at the top of the WBBL.

The model can produce the expected spatial (Figure 2a) and temporal
(Figure 2b) evolutions of sediment concentration in a sheet flow driven by surface waves. Figure 2a shows the
x-z plane snapshot (at t = 71.1 s) of the sediment volumetric concentration (ϕs) of the entire sediment pit

region with the fluid velocity (u f
i ) represented by white vectors (down sampled) and the instantaneous immo-

bile bed location illustrated using the dashed line (see section 3.3 for more details on the definition of immo-
bile bed location). Noticeable scour (>30 mm) is observed at the upstream side of the sediment pit
(x = � 2 m) caused by the absence of sediment flux from the upstream. Likewise, accumulation of sediment
is observed at the downstream edge of the sediment pit (x = 2 m). Those morphological features are a signa-
ture of a net onshore sediment transport in this configuration. The central region of the sediment pit (around
x = 0), however, is demonstrated to be sufficiently far from the two ends of the sediment pit, and a region of
flat bed is observed. The slopes of the scour hole were less than the angle of repose, which was specified to
be 28° in the model (see equation (17)). By checking the wave-averaged ϕs and uf at different streamwise
locations, we confirmed that the region in range of �0.4 m < x < 1.0 m is in quasi-equilibrium (i.e., wave-
averaged flow quantities are homogeneous in the streamwise direction and time series of flow quantities
at different streamwise location are nearly identical after a temporal shift). The time series of ϕs up to the
tenth wave at x = 0 is presented in Figure 2b. Sediment concentration evolution among the seventh and
the tenth waves are nearly identical and can be considered as in the quasi-steady state. Hence, the model
results for the tenth wave (t = 70.2 – 76.7 s) at the center location (x = 0) are selected for model validations and
further analysis.

3.2. Model Validations

Reynolds-averaged model results are compared with the measured data. To obtain ensemble-averaged flow
quantities approximately in the measured data, wave-phase-average over about 1,000 waves were carried
out (Dohmen-Janssen & Hanes, 2002). Normalized root-mean-square error (NRMSE) and index of agreement
(Willmott, 1981; Willmott & Wicks, 1980) are adopted in this study to quantify the agreement between model
results and measured data. The NRMSE represents the mean of the squared errors with respect to the range
of the measured data. The index of agreement provides a dimensionless number, bounded by 0 (complete
disagreement) and 1 (perfect agreement), as a measure of similarity of the trend and absolute accuracy
between measured data and model results. The index of agreement is defined as

IA ¼ 1�
∑
n

j¼1
Mj � Oj
� �2

∑
n

j¼1
Mj � O
�� ��þ Oj � O

�� ��� �2 ; (21)

where the subscript “j” denotes jth data point in space or time, Oj represents measured data, and Mj repre-
sents model results. The variable O represents the averaged value of Oj.

Figure 2. The snapshots of (a) ϕs over the entire sediment pit at t = 71.1 s and
(b) temporal evolution of ϕs at the center of sediment pit (x = 0). The vectors
in (a) represent fluid velocity u f

i , and the white dashed curves in (a) and
(b) represent the bed location.
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Figure 3a shows the model-data comparison of streamwise fluid velocity, uf, time series at x = 0 and z = 0.109
m. The flow velocity at this location is considered to be sufficiently high above the WBBL, and it is often used
as the free-stream velocity to drive the 1DV bottom boundary layer models (e.g., Kranenburg et al., 2013;
see also section 3.3). The overall agreement of streamwise flow velocity between model results and
measured data was excellent (IA = 0.998 and NRMSE = 0.2%). Small discrepancies were found during the
wave trough possibly due to the simplified model domain. From the shape of uf time series (Figure 3a), it
is evident that the wave velocity is skewed, namely, larger (smaller) velocity magnitude but shorter (longer)
duration during the crest (trough). This feature is well captured by the numerical model. The velocity
skewness and acceleration skewness are calculated as h(uf)3i/h(uf)2i3/2 and h(∂uf/∂t)3i/h(∂uf/∂t)2i3/2, respec-
tively, where hi represents a time-averaging operator over one wave period. The velocity skewness and
acceleration skewness were 0.39 (0.55) and �0.07 (�0.04) from the model results (measured data).

The vertical profiles of ϕs=ϕs
max at wave crest, near flow reversal, and wave trough are compared

(Figures 3b–3d). The agreements between the measured and modeled sediment concentration profiles
are very good (IA = 0.983, NRMSE = 0.8% under the wave crest; IA = 0.995, NRMSE = 0.3% near the
flow reversal; and IA = 0.988, NRMSE = 0.7% under the wave trough). Model results indicate that the
amount of mobilized sediment is almost directly associated with the magnitude of streamwise flow velo-
city above the WBBL, consistent with that observed in the physical experiment (Dohmen-Janssen &
Hanes, 2002).

The skewness of the sheet flow transport due to the skewness in intrawave flow velocity is clearly observed in
the time series of ϕs=ϕs

max at different vertical elevations (Figure 4). The modeled concentration at each ver-
tical elevation is averaged over adjacent vertical grid points so that the vertical sampling height (1 mm) is
consistent with that of CCM (Dohmen-Janssen & Hanes, 2002). Both the measured and modeled sediment
concentrations below z = � 4 mm are nearϕs

max and invariant in time, indicating that z = � 4 mm is already
in the immobile bed. In general, the model results show good agreements in the pickup layer (z < 0) with
IA = 0.698, NRMSE = 1.0% at z = � 2.4 mm and IA = 0.873, NRMSE = 2.3% at z = � 1.4 mm, respectively.
But the temporal variation at the initial bed level (IBL, z = 0) was less satisfactory (IA = 0.287,
NRMSE = 12.7%). Unlike that in the physical experiment (Dohmen-Janssen & Hanes, 2002), the modeled

Figure 3. (a) Measured (symbols) and modeled (curves) time series of streamwise fluid velocity uf at x = 0 and z = 0.109 m.
(b–d) Comparison of vertical profiles of ϕs=ϕs

max at t/T = 0.2 (wave crest), t/T = 0.4 (flow reversal), and (d) t/T = 0.675
(wave trough), respectively.
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concentration shows more significant temporal fluctuation of ϕs=ϕs
max

at z = 0. It should be noted that most of the model parameters applied
here (except the empirical coefficient B) were calibrated with OWT data
of O’Donoghue and Wright (2004a) discussed in Cheng et al. (2017)
where the fluctuations of ϕs time series near the IBL were slightly lar-
ger. Further model improvement on this issue for simulating large
wave flume data is warranted. The magnitude and pattern of ϕs=

ϕs
max in the sediment suspension layer (z > 0) are captured well by

the model, and IAs (NRMSEs) are 0.745 (2.3%), 0.666 (2.3%), and 0.614
(1.5%) at z = 1, 2.3, 4.2 mm, respectively. In general, the agreement in
temporal evolution of sediment concentration is very good during
wave crest while larger discrepancy is observed during wave trough.

Overall, the model predicts the vertical profile of wave-averaged sedi-
ment concentration ( ϕsh i=ϕs

max ) very well in the moderate to highly
concentrated region ( ϕsh i=ϕs

max > 0:002 ) with IA = 0.948 and
NRMSE = 2.7% (Figure 5). In the dilute region, the predicted concentra-
tion is less satisfactory compared to ABS data (crosses in Figure 5).
However, sediment concentration in the dilute region is less than about
0.1% (or 3 g/L) and the model results suggest that the sediment flux
with concentration greater than ϕsh i=ϕs

max ¼ 0:002 accounts for
99.9% of the total sediment transport rate. Therefore, the contribution
of total sediment flux in the dilute region can be considered negligible.
The model is capable of predicting the full profile of sediment concen-
tration in wave-driven sheet flow with good accuracy. Amoudry et al.
(2005) demonstrated that varying the Schmidt number σc may have
an effect on suspended sediment concentration. However, we carried
out numerical experiments by varying σc and found that the effect
was minor and cannot explain the suspended sediment concentration
measured by ABS.

3.3. Isolating the Free Surface Effect

In the present SedwaveFoam simulation of sheet flow driven by non-
breaking nonlinear waves, the velocity time series near the top of the
WBBL show high-velocity skewness (see Figure 3a). Therefore, it is

expected that the effects of waveshape streaming and progressive wave streaming coexist. To make an
attempt to isolate these two effects, we carry out an 1DV SedFoam simulation with vertical grid resolution
and model parameters identical to SedWaveFoam. As discussed, SedFoam is a boundary layer sediment
transport model, which has the same capability in resolving sediment transport as SedWaveFoam except that
the free surface cannot be included. Therefore, the 1DV SedFoam results represent typical data obtained from
OWT experiment, and they were contrasted with SedWaveFoam results to isolate the free surface effect on
the sediment transport. The flow in the SedFoam is driven by a prescribed streamwise pressure gradient (fext).
The local acceleration (∂uf/∂t) is calculated using the streamwise flow velocity (uf) of SedWaveFoam at
z = 0.15 m since that elevation is sufficiently away from the WBBL. Following the boundary layer approxima-
tion, fext was imposed as fext = � ∂pf/∂x = ρf∂uf/∂t. By comparing the computational time, a 1DV SedFoam is
about 2 order of magnitude more efficient than a 2DV SedWaveFoam simulation.

The results of SedWaveFoam and SedFoam are compared in the next three figures (Figures 6–8) to identify
the effects associated with the waveshape streaming and progressive wave streaming. The time series of
uf at z = 0.15 m provided by these two models agree well (IA > 0.999; Figure 6a) with each other. Hence, it
is anticipated that the differences in near-bed flow structures and sediment transport characteristics between
them are solely due to the existence of free surface. It is clear that the vertical profiles of uf in SedWaveFoam is
slightly more onshore-directed at both the wave crest and wave trough (Figures 6b and 6c). Qualitatively, this
is expected because of the onshore-directed progressive wave streaming. Moreover, we observe that both
models show larger TKE under the wave crest owing to turbulence asymmetry (Figures 6e and 6f) and this

Figure 4. Time series of (a) modeled uf at x = 0 and z = 0.109 m, and (b) mea-
sured and (c) modeled time series of ϕs=ϕs

max at different vertical elevations at
x = 0.
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feature should lead to waveshape streaming (i.e., offshore-directed
streaming current). By examining the vertical profiles of wave-averaged
streamwise velocity, hufi (see Figure 6d), we clearly observe offshore-
directed currents produced by both SedFoam and SedwaveFoam,
which have very similar magnitudes of about �0.08 m/s away from
the bed. Closer to the bed, however, it is evident that the offshore-
directed current, hufi, in SedWaveFoam is significantly weaker than that
of SedFoam. This can be attributed to the competing effect from
onshore-directed current due to progressive wave streaming, which
can only exist in SedWaveFoam. The effect of progressive wave stream-
ing on hufi can be better illustrated by simply subtracting uf profile of
SedFoam from that of SedWaveFoam instantaneously and then carry
out wave-average over the resulting velocity difference (i.e.,

u f
SedWaveFoam � u f

SedFoam

� 
). We observe that this mean current due to

the velocity difference is indeed onshore-directed (dash-dotted curve
in Figure 6d) with a peak velocity of 4.4 cm/s in the middle of the
WBBL (z = 2.4 cm). This onshore-directed streaming current diminishes

rapidly away from the WBBL. However, it should be reminded that the waveshape streaming plays a signifi-
cant role in this case, and hence, the net steaming current in SedWaveFoam remained to be offshore-
directed. Lastly, it is noted that the small onshore-directed hufi of several cm/s below the IBL (z = 0) can be
only captured by the present two-phase models because it occurs in the concentrated region of sediment
transport due to velocity skewness. This point will be illustrated more clearly next.

Figure 7 presents the vertical profiles of sediment volumetric concentrations, ϕs, (first row), streamwise sedi-
ment velocity, us, (second row), and streamwise sediment fluxes, ϕsus, (third row) under the wave crest (col-
umn 1), wave trough (column 2), and the corresponding wave-averaged profiles (column 3). In more
concentrated region (ϕs > 10�1), sediment concentrations from these two models are nearly identical.
However, under the wave crest, the effect of free surface (SedWaveFoam results) generates higher sediment
suspension away from the bed (Figure 7a) and notably larger us (Figure 7d), which leads to larger onshore-
directed sediment flux (see Figure 7g; peak value of ϕsus from SedWaveFoam is 8.9 cm/s, which is 11.9% lar-
ger than that of SedFoam). In contrast, this trend is opposite under the wave trough, and SedFoam shows
slightly larger offshore flux (increased by 8.4%; see Figure 7h). Wave-averaged streamwise sediment velocity,
husi, has a weaker offshore-directed current in SedWaveFoam results (solid curve in Figure 7f). Moreover, the

wave-averaged streamwise sediment velocity difference (i.e., usSedWaveFoam � usSedFoam
� 

) also shows the

onshore-directed current (dash-dotted curve in Figure 7f) due to the progressive wave streaming, consistent

with Figure 6d. The maximum usSedWaveFoam � usSedFoam
� 

is obtained as 4.5 cm/s at z = 27.9 mm. More impor-

tantly, below the IBL (z< 0), husi becomes onshore-directed, which leads to significant onshore sediment flux

near and below the IBL (see Figure 7i). However, usSedWaveFoam � usSedFoam
� 

is relatively small (about 1 cm/s)

below the IBL (z < 0), suggesting limited progressive wave streaming effect. Qualitatively, this onshore flux
in the concentrated region of transport is known in the literature as the bedload flux associated with wave
velocity skewness (Ribberink, 1998). It is worthwhile to point out that the wave-averaged sediment fluxes
above the IBL are also onshore-directed for both models even though mean current husi is offshore directed.
This implies that the net onshore flux is mainly driven by intrawave process and this point will be discussed in
more details later. From Figure 7i, we observe that the free surface effect enhances net onshore flux through-
out the entire sheet flow layer and the effect is more pronounced above the IBL.

The temporal evolutions of bed shear stress (τb), WBBL thickness (δw), sheet flow layer thickness (δs), and sedi-
ment transport rate (qs) with reference to the time series of uf at the top of WBBL (z = 45.6 mm) are shown in
Figure 8. In the present two-phase model, the total shear stress is calculated by the sum of the fluid shear
stress and particle shear stress. Here the total bed shear stress τb is evaluated at a fixed vertical location of
IBL (z = 0). This choice is consistent with typical single-phase suspended load models (e.g., van Rijn, 1987),
and therefore, it is easier to see the implication of the present model results to sediment transport parame-
terization (see section 4). Although τb time series obtained from SedWaveFoam and SedFoam are similar, the
free surface effect clearly shifts τb of SedWaveFoam to be more onshore-directed due to progressive wave

Figure 5. Wave-averaged ϕs=ϕs
max at x = 0 (measured data by CCM, circles;

measured data by ABS, plus signs; model results, solid curve).
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streaming. Looking into the details, this onshore-directed enhancement is more pronounced under the wave
crest. The peak value of τb from SedWaveFoam is 6.12 Pa under the wave crest, and it is increased by 0.64 Pa
(11.9%) comparing to SedFoam results due to progressive wave streaming. On the other hand, the difference
in τb during wave trough is much smaller. Overall, the wave-averaged bed shear stress (hτbi) from
SedWaveFoam was increased by only 0.17 Pa compared to that of SedFoam. This finding suggests that the
onshore contribution of τb enhanced by progressive wave streaming is highly uneven in the intrawave
time scale. Its implication to sediment transport parameterization will be investigated later. It should also
be noted that a phase lead of τb is observed comparing with uf (φ = 13.3° for both models). This phase
lead, φ, between τb and uf in the WBBL is well known in the literature (e.g., Nielsen, 2002, 2006; Nielsen &
Callaghan, 2003).

The instantaneous elevation of the top of WBBL (z = zw) is defined at the vertical location where the peak
value in the uf profile occurs due to overshoot (Jensen et al., 1989; O’Donoghue & Wright, 2004b). In addition,
the instantaneous bed location (zbed) is defined at where sediment velocity is smaller than a very small
threshold velocity of 10�4 m/s (|us| < 10�4 m/s). Then, the instantaneous WBBL thickness (δw) is defined as

Figure 6. Model comparisons of fluid phase characteristics (SedWaveFoam: blue solid curves; SedFoam: red dashed
curves). (a) Time series of uf at z = 0.15 m. (b and e) Vertical profiles of uf and kf under wave crest (t/T = 0.2), and
(c and f) those under wave trough (t/T = 0.675). (d and g) Wave-averaged vertical profiles of uf and kf. The black dash-dotted
curve in (d) represent u f

SedWaveFoam � u f
SedFoam.
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δw = zw� zbed. Near the flow reversal (0.86< t/T< 0.95), the overshoot did not exist, and hence, zw could not
be identified in SedWaveFoam. The magnitudes of WBBL thickness in both models are very similar (see
Figure 8c). SedWaveFoam results show slightly larger δw (10.5%) during the positive phase (t/T = 0–0.4)
compared to SedFoam results (Figure 8c) due to larger turbulence (see Figure 6e). In general, δw is smaller
under the positive phase for both models than that under the negative phase because the positive phase
(wave crest) has relatively shorter time to develop owing to the skewed waveshape. We can observe that
progressive wave streaming has small effect on WBBL thickness. The elevation of the top of sheet flow
layer (zs) is defined at location where ϕs = 0.08 (Bagnold, 1954). We then define the sheet flow layer
thickness (δs) as δs = zs � zbed. Sheet flow layer thickness δs calculated from SedWaveFoam results is
6.25 mm under the wave crest and 2.08 mm under the wave trough (Figure 8d). These values agree well
with the measured data (6 ± 1 mm for wave crest; 2.75±0.25 mm for wave trough). Without progressive
wave streaming, SedFoam results show smaller δs (5.72 mm for wave crest and 2.08 mm for wave trough).
Again, the effect of progressive wave streaming on sheet flow layer thickness is not significant.

Time-dependent total sediment transport rate, qs, is calculated by integrating the horizontal sediment flux
over the water column at a given time:

Figure 7. Model comparisons of sediment phase characteristics (SedWaveFoam: blue solid curves; SedFoam: red dashed
curves). (a, d, and g) Vertical profiles of ϕs, us, and ϕsus under wave crest (t/T = 0.2), and (b, e, and h) those under wave
trough (t/T = 0.675). (c, f, and i) Wave-averaged vertical profiles of ϕs, us, and ϕsus. The black dash-dotted curve in
(f) represent usSedWaveFoam � usSedFoam.
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qs tð Þ ¼ ∫η tð Þ
zbed tð Þϕ

s z; tð Þus z; tð Þdz; (22)

in which η is the elevation of the free surface (for SedWaveFoam) or the
top of the model domain (for SedFoam). Under the wave crest,
SedWaveFoam results indicate an enhanced qs compared with that of
SedFoam (25.7%), while a slightly reduced qs in offshore direction is
observed during wave trough (Figure 8e). As a result, there is an
increased net onshore flux in the SedWaveFoam results. This compari-
son clearly shows that progressive wave streaming plays a significant
role in driving onshore sediment transport. However, the enhanced
onshore sediment transport rate is highly time dependent. The
onshore enhancement of qs due to the progressive wave streaming is
more pronounced under the wave crest than that during the wave
trough. Specifically, onshore sediment transport associated with pro-
gressive wave streaming is larger when intrawave velocity is more
intense, which may indicate some nonlinear wave-stirring effects. By
examining the time series in more details in Figure 8, we also observe
notable phase lags of δs and qs with respect to τb (both are 11.1° for
SedWaveFoam and 11.6° for SedFoam). Dohmen-Janssen et al. (2002)
quantified the phase lag effect with a phase lag parameter, which is
due to the lag time of suspended sediment to re-settle to the bed ver-
sus the wave period. For fine sand (d50< 0.15mm), this phase lag effect
can be very substantial to cause offshore sediment transport under a
velocity skewed wave. Here for medium sand, we observe a phase
lag of about 11° for both qs and δswith respect to τb. Interestingly, since
there is a phase lead between τb and the free-stream velocity, the
resulting phase difference between free-stream velocity and qs (or δs)
becomes almost negligible (only about 2°). Although the near cancela-

tion between phase lead and phase lag observed here is a coincidence, this is consistent with the finding
reported by Dohmen-Janssen et al. (2002). Namely, the phase lag parameter, αδsω/ws where α is a calibration
coefficient, ws is the settling velocity, and ω is the angular frequency, in the present case is about 0.23. This is
much smaller than unity, and the quasi-steady approach is applicable (i.e., negligible phase difference
between free-stream velocity and sediment transport rate).

The measured wave-averaged total sediment transport rate (net transport rate), hqsi, is 42.9 ± 17.2 mm2/s
using the bed level change (multiple transducer array) and is 70.7 ± 35.4 mm2/s using the extrapolated sedi-
ment fluxes (Dohmen-Janssen & Hanes, 2002). The modeled hqsi from SedWaveFoam is 80.3 mm2/s, which is
59.4% larger than that from SedFoam (50.4 mm2/s). Based on the various time series shown in Figure 8, we
observe an interesting feature that requires further investigation. Onshore sediment transport rate due to
progressive wave streaming is enhanced by nearly 60%. However, the differences in the time series of τb,
δw, and δs between SedWaveFoam and SedFoam results are surprisingly small. To be specific, the difference
of wave-averaged τb between SedWaveFoam and SedFoam was only 0.17 Pa (2.8% of the peak value under
the crest). Similarly, the difference of τb between SedWaveFoam and SedFoam during wave crest (trough)
was 0.64 Pa (0.13 Pa), which is about 10.5% (2.2%) of the peak value. Therefore, some nonlinear amplification
mechanisms of transport rate at the intrawave timescale must exist.

To demonstrate the importance of intrawave sediment transport, the wave-averaged sediment flux (hϕsusi)
can be decomposed into the current-induced sediment flux (hϕsihusi) and wave-induced sediment fluxeϕ s eus
D E� �

where e represents the demeaned (intrawave) quantity, and we defineϕs tð Þ ¼ ϕsh i þ eϕ s tð Þ and
us tð Þ ¼ ush i þ eus tð Þ . While both SedWaveFoam and SedFoam model results show a similar trend, the
onshore flux is much stronger in SedWaveFoam results (Figure 9a). It is also clear that progressive wave
streaming enhances onshore sediment transport more significantly in the suspended load region. For
instance, wave-averaged sediment transport rate of SedWaveFoam was increased by 24.4% in the concen-
trated region below the IBL (z = 0), while it is increased by 50.7% above the IBL. Additionally, both model

Figure 8. Time series of (a) uf at the top of WBBL (free-stream velocity), (b) τb,
(c) δw, (d) δs, and (e) qs (SedWaveFoam: solid curves; SedFoam: dashed curves;
measured data: symbols in Figure 8d).
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results indicate distinctly different vertical distributions of wave-averaged sediment fluxes associated with
the current-induced component and wave-induced component. The current-induced components in both
models are mostly onshore-directed but mainly occurred in the concentrated region below the IBL
(Figure 9b). On the other hand, wave-induced components in both models show offshore-directed
transport below the IBL, while a large amount of onshore-directed transport is occurring above the IBL in
the suspended load region (Figure 9c).

In summary, additional onshore sediment transport associated with progressive wave streamingmostly takes
place in the suspended load region (transport occurs above the IBL) in the intrawave component. This may
explain why previously we discovered that increased onshore sediment transport associated with progres-
sive wave streaming was much larger than the increase of wave-averaged bed shear stress. The large
intrawave component in the suspended load region may be attributed to a wave-stirring effect (Figure 10).
Wave-stirring effect has been used to describe enhanced sediment transport driven by mean current (e.g.,
tidal current and undertow) due to high turbulence in the WBBL (e.g., Soulsby, 1997). In the present case,
we extend this concept for pure surface wave in which the “mean current” is due to the boundary layer
streaming current. Namely, the intense wave motion drives large amount of sediment suspended above
the IBL such that the magnitude of wave-averaged current (or enhanced bed shear stress due to progressive

wave streaming) does not need to be very large to drive large sediment
transport rate. This finding shall provide guidance for sediment trans-
port parameterization to be discussed in section 4.

4. Parameterization

Using the model results from SedWaveFoam and SedFoam, we investi-
gate key intrawave features in bed shear stress (τb), sheet flow layer
thickness (δs), and sediment transport rate (qs) in order to infer efficient
parameterizations of these sediment transport quantities.

4.1. Bed Shear Stress

To parameterize sediment transport, the typical first step is to parame-
terize the bed shear stress. Particularly, one first needs to calculate the
progressive wave streaming-induced wave-averaged bed shear stress,
hτpwsi (e.g., Nielsen, 2006). From the present model results, we can
compute hτpwsi by subtracting hτbi obtained with SedFoam from hτbi
obtained with SedWaveFoam (i.e., hτpwsi = hτb, SedWaveFoami � hτb,
SedFoami) to isolate the progressive wave streaming component. The
resulting value is hτpwsi=0.17 Pa.

Figure 9. Contributions to (a) 〈ϕsus〉 from (b) 〈ϕs
〉〈us〉 and (c) eϕ s eus of SedWaveFoam (blue solid curves) and SedFoam (red

dashed curves). The black dash-dotted lines represent 〈zs〉 = 1.2 mm.

Figure 10. Definition sketch of wave-stirring mechanism in wave-averaged
formulation under surface waves.
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In the literature, the hτpwsi is estimated by wave energy dissipation rate divided by wave phase speed (e.g.,
Longuet-Higgins, 2005;Nielsen, 2006 ; Nielsen & Callaghan, 2003):

τpws
�  ¼ 2

3π
ρ f f wkA

3ω2; (23)

where k is the wave number. Following Nielsen (1992), the wave dissipation factor (same as wave friction fac-
tor), fw, can be estimated as

f w ¼ exp 5:5
ks
A

� 	0:2

� 6:3

" #
; (24)

where ks is the bed roughness, and semiexcursion length, A, is given by A ¼ ffiffiffi
2

p
Urms=ω. There is a debate

regarding the choice of the bed roughness to determine hτpwsi (Nielsen, 2006; Nielsen & Callaghan, 2003).
Here the typical ks = 2.5d50 gives a value of hτpwsi = 0.20 Pa, which is close to the present model result of
0.17 Pa. In contrast, a considerably increased ks was suggested by Nielsen and Callaghan (2003) based on
the energy dissipation data for rough flat beds (Carstens et al., 1969) as

ks ¼ 170
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
θ2:5 � 0:05

p
d50; (25)

where θ2.5 is obtained as θ2.5 = 0.5f2.5(Aω)
2/[(s � 1)gd50 ] following Nielsen (1992). In the present case, ks cal-

culated by equation (25) gives 136d50, and the corresponding hτpwsi using equation (23) would be 0.95 Pa.
This value is significantly larger than that suggested here, and using a large roughness suggested by equa-
tion (25) to estimate hτpwsi is inconsistent with SedWaveFoam/SedFoam results. It should be pointed out that
this hτpwsi is further added to bed shear stress and it is plugged into a power law to estimate the correspond-
ing net transport rate (Nielsen, 2006). Using this direct approach without explicitly considering the intrawave
wave-stirring effect may indeed require a significantly enhanced bed shear stress (or bed roughness) in order
to match an expected net onshore sediment transport rate due to progressive wave streaming. In fact,
according to Figure 8a, the noticeable increase of qs occurs as a sudden burst under the wave crest associated
with large intrawave velocity. According to the present model results, the significant onshore sediment trans-
port due to progressive wave streaming is not directly related to enhanced bed shear stress but is mainly
associated with transport fluxes due to nonlinear interaction among waves, streaming currents, and the
resulting sediment suspension. The proper inclusion of wave-induced streaming in the parameterization of
sediment transport rate will be discussed in section 4.3.

Adequate parameterization of time-dependent bed shear stress is investigated by comparing SedFoam and
SedWaveFoam results with several commonly used simpler approaches. Without considering the progressive
wave streaming effect, a couple of simpler methods are first compared with SedFoam results (Figure 11). The
simplest parameterization to predict the bed shear stress is a quasi-steady approach:

τb ¼ 1
2
ρ f f wu

f
∞ u f

∞

�� ��; (26)

where fw is calculated by equation (24) and the corresponding ks is obtained either by using a mobile bed
roughness formulation (Ribberink, 1998) or being adjusted to match with the measured data. Here the best
fit ks comparing with time series of τb from SedFoam is obtained as 7.3d50 based on the lowest NRMSE.
Comparing to SedFoam results, τb predicted by the quasi-steady approach is completely in phase with
free-stream velocity. Because the phase lead cannot be captured in this approach, the agreement is less satis-
factory in the comparison (IA = 0.969, NRMSE = 8.4%; Figure 11b). Moreover, although τb matches the peak
value under the wave crest with 1.1% error, the peak value under the wave trough was under predicted by
about 10.5% (blue dashed curve in Figure 11a). According to SedFoam result, the quasi-steady approach
slightly overestimates the skewness of bed shear stress in sheet flows.

To capture the phase lead of τb in WBBL, a single-phase 1DV WBBL model can be considered. The 1DV WBBL
model adopted here solves the single-phase Reynolds-average Navier-Stokes equation with a two-equation
k-ε turbulence closure following the boundary layer approximation. Similar to SedFoam, the single-phase
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1DV WBBL model is also designed to model OWT condition. The single-phase 1DV WBBL adopts logarithmic
law for rough bed as bottom boundary condition:

u f

u�
¼ 1

κ
ln

30z
ks

� 	
; (27)

where κ is the von Karman constant (κ = 0.4) and instantaneous bed shear stress can be calculated as
τb = ρfu*|u*|. Here we specify ks = 7.3d50, consistent with the quasi-steady approach. The computational cost
of the single-phase 1DV WBBL model is significantly less than those of SedFoam and SedWaveFoam. The
single-phase 1DV WBBL model predicts a time series of τb that agrees very well with that of SedFoam
(IA = 0.997 and NRMSE = 0.9%; Figure 11c). The phase lead and the relative magnitudes of τb during the wave
crest and wave trough are also matched well (red dash-dotted curve in Figure 11a). We note that many para-
meterizations have been proposed to take into account the phase lead by considering the effect of horizontal
pressure gradient (or flow acceleration) into τb (Nielsen, 2006; Nielsen & Callaghan, 2003). However, their
improvements on the agreement were not significant, and therefore, they are not further discussed here
for brevity.

As demonstrated previously, equation (23) agrees well with the present numerical model results and it can be
used to estimate hτpwsi. Here to further compare with SedWaveFoam results, hτpwsi obtained using equa-
tion (23) with 2.5d50 (i.e., hτpwsi = 0.20 Pa) is simply added to τb of the single-phase 1DV WBBL model and
of SedFoam in order to predict the τb under surface waves (Figure 12a). Compared with the τb of
SedWaveFoam, the τb + hτpwsi of the single-phase 1DV WBBL model slightly underpredicts the peak stress
value under the wave crest by about 3.5% but the overall IA (NRMSE) 0.998 (0.7%) is very good
(Figure 12b). SedFoam results show very good agreement with that of SedWaveFoam (Figure 12c) with IA
(NRMSE) of 0.998 (0.5%). Comparisons shown here suggest that only the streamwise flow velocity input is
needed for the 1DV WBBL type models (simulate OWT with free-surface) to predict the time series of bed
shear stress τb + hτpwsi under surface waves.

Figure 11. (a) Time series of τb from SedFoam (black solid curve) compares with that calculated from the quasi-steady
approach (blue dashed curve) and single-phase 1DV WBBL model (red dash-dotted curve). (b and c) Agreement
between τb of SedFoam versus τb computed by the quasi-steady approach and the single-phase 1DV WBBL model,
respectively.
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To further predict the temporal evolution of sheet flow layer thickness and sediment transport rate with a sim-
ple formulation, a quasi-steady formulation can be adopted using the time series of τbdiscussedhere.Wewould
like to point out that although τb predicted by equation (26) using the quasi-steady approach failed to capture
the phase leadwith respect to the free-stream velocity, further coupling equation (26) with the quasi-steady for-
mulation to predict time-dependent sediment transport rate (or sheet flow layer thickness) may have a good
predictive skill because of another phase lag between sediment transport rate (or sheet flow layer thickness)
and bed shear stress as demonstrated in Figure 8. However, we must also point out that for waves under high
acceleration skewness (saw-tooth waves), unsteady effect in time-dependent bed shear stress further drives
onshore sediment transport (Nielsen, 2006) and the capability of equation (26) is limited. In the following, time
series of bed shear stress computed by those numerical models incorporating unsteady effects and the quasi-
steady formulation are used to further predict sheet flow layer thickness and sediment transport rate.

4.2. Sheet Flow Layer Thickness

A linear relationship between the maximum sheet flow layer thickness, δs, max, and maximum Shields para-
meter, θmax, has been widely adopted to empirically relate one with another (e.g., Dohmen-Janssen et al.,
2001; Mieras et al., 2017). Following Wilson (1987) and Sumer et al. (1996), it can be expressed as

δs;max

d50
¼ Λθmax; (28)

where themaximum value of the Shields parameter (see Table 2) over one wave period with the Shields para-
meter, θ, defined as

θ ¼ τbj j
ρ f s� 1ð Þgd50

: (29)

The empirical coefficient, Λ, was originally estimated as 10–13 for the steady sheet flows (Sumer et al.,
1996; Wilson, 1987). For sheet flows in OWT or under surface waves, this coefficient becomes larger.

Figure 12. (a) Time series of τb from SedWaveFoam (black solid curve) and τb + 〈τpws〉 calculated from the single-phase
1DV WBBL model and equation (23) (blue dashed curve) and SedFoam and equation (23) (red dash-dotted curve).
(b and c) Agreement between τb of SedWaveFoam versus τb + 〈τpws〉 of single-phase 1DV WBBL model and of SedFoam,
respectively.
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Ribberink et al. (2008) suggested Λ to be 10.6 ±5.3 using OWT data, and Dohmen-Janssen and Hanes
(2002) suggested Λ in the range of 14.3–27.8 for sheet flows driven by surface waves. Using δs, max and
θmax provided by SedWaveFoam (SedFoam), Λ is calculated to be 16.52 (16.89), consistent with previous
studies. It should also be noted that Sumer et al. (1996) found a strong dependency of δs on the ratio of of
friction velocity to settling velocity (ws/u*) particularly in the case of suspension mode (ws/u* < 0.8 � 1).
Therefore, our finding here is only limited to the present wave condition and grain size, which
gives hws/u*i = 2.87.

Here we further evaluate the parameterization of temporal evolutions of δs. As discussed previously, the time
series of free-stream velocity and δs are almost in phase with each other (see Figures 8a and 8d). Therefore, it
is useful to also include the quasi-steady parameterization of τb (equation (26)) in the present analysis. To cal-
culate Shields parameter under surface waves, hτpwsi estimated from equation (23) for wave-averaged bed
shear stress due to progressive wave streaming is added to the time-dependent bed shear stress, τb, calcu-
lated by equation (26) as θ

0
= (τb + hτpwsi)/[ρf(s � 1)gd50] where superscript “0” represents the inclusion of

hτpwsi. Then, the relationship between time-dependent δs and θ
0
using the quasi-steady parameterization

can be expressed as

δs tð Þ
d50

¼ Λθ’ tð Þ: (30)

Using Λ = 16.52, the agreement between the predicted sheet flow layer thickness completely based on the
quasi-steady assumptions and SedWaveFoam results is good (IA = 0.971 and NRMSE = 22.0%; see Figure 13b).
As also demonstrated in Figures 8b and 8d, a phase difference of 13.3° exists between bed shear stress and
sheet flow layer thickness for SedWaveFoam. Generally, to parameterize time-dependent sheet flow layer
thickness using bed shear stress obtained from numerical models that resolve unsteady effect, a phase lag
φ should be further included and equation (30) becomes

δs tð Þ
d50

¼ Λθ t � φT=2nð Þ ¼ Λθ t�ð Þ; (31)

with t* = t � φT/2n where superscript “*” represents the time with phase shift. Here we demonstrate the
importance of including phase lag φ in predicting the temporal evolution of sheet flow layer thickness by sub-
stituting the bed shear stress computed by SedWaveFoam into equation (31). Also, usingΛ = 16.52, the time-
dependent sheet flow layer thickness predicted by equation (31) is compared with sheet flow layer thickness
produced directly by SedWaveFoam and their agreement is very good (see Figure 13c; IA = 0.988 and
NRMSE = 9.3%). On the other hand, if the phase lag is not included (φ = 0; see Figure 13d), the agreement
is not good (IA = 0.945 and NRMSE = 40.1%).

To summarize, the linear relationship between sheet flow layer thickness and Shields parameter can be prac-
tically used in time-dependent parameterization. Under the surface wave, the progressive wave streaming-
induced bed shear stress can be considered by adding hτpwsi using equation (23). Considering the phase

Table 2
Key Sediment Transport Quantities Provided by Models and Measured Data

ID SedwaveFoam (wave) Measured SedFoam (OWT)

δw under crest 27.6 mm 23.4 mm
δw under trough 24.0 mm N/A 26.0 mm
δw, max 45.6 mm 54.3 mm
δs under crest 6.25 mm 6 ± 1 mm 5.72 mm
δs under trough 2.08 mm 2.75 ± 0.25 mm 2.08 mm
〈qs〉 80.3 mm2/s 42.9 ± 17.2 mm2/s (multiple transducer array)

70.7 ± 35.4 mm2/s (sediment flux)
50.4 mm2/s

〈τpws〉 0.17 Pa N/A 0 Pa
θmax 1.58 N/A 1.41
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shift in bed shear stress (or sheet flow layer thickness) is necessary to improve the prediction of sheet flow
layer thickness (or bed shear stress).

4.3. Sediment Transport Rate

Based on the bed shear stress obtained in section 4.1, we further investigate two different approaches for the
parameterization of time-dependent sediment transport rate. In particular, we focus on the incorporation of
wave-stirring effects associated with progressive wave streaming.

Based on an energetic concept, Bailard (1981) proposes that the time-dependent total sediment transport
rate, qs(t), can be parameterized by the intrawave streamwise flow velocity (uf) with power of 3 (or 5) for
bed load (suspended load). Similarly, Ribberink et al. (2008) examined the relationship between intrawave
Shields parameter, θ(t), and time-dependent bedload transport rate, qsb tð Þ, and proposed a bedload transport
formula using a power law. For simple parameterization considered here, we assume that the power law can
be extended to total load transport (Bailard, 1981) and write

Φs tð Þ ¼ qs tð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s� 1ð Þgd3

q ¼ mb θ tð Þ � θc½ �n; (32)

where θc is the critical Shields parameter (Van Rijn, 1993), Φs is the nondimensional total sediment transport
rate. It is noted here that the best fit empirical coefficientsmb = 11 and n = 1.65 are obtained for the bedload
transport driven by oscillatory flows (Ribberink, 1998; Ribberink et al., 2008). The best fit value of coefficient n
with time series of sediment transport rate computed by SedFoam is 1.64, fairly close to the value proposed
by Ribberink (1998). Hence, we follow Ribberink (1998) and n = 1.65 is selected here.

As discussed previously in section 3.3 (Figures 8a and 8e), the free-stream velocity and the time-dependent
sediment transport rate are nearly in-phase. In this case, bed shear stress parameterized by the quasi-steady
formula (equation (26)) is directly substituted to equation (32). With a best fit value of m = 23.7, the agree-
ment between Φs of SedFoam and that predicted by the quasi-steady approach is very good (IA = 0.994
and NRMSE = 8.2%; see Figures 14a and 14b). The predicted hΦsi with equation (32) using the quasi-steady
approach is 3.03, which is close to the SedFoam result of hΦsi = 3.37.

Figure 13. (a) Time series of δs(t)/d50 from SedWaveFoam (crosses) compares to the full quasi-steady approach using
equations (23), (26), and (30) (black solid curve), using SedWaveFoam τb and equation (31) with phase lag (blue dashed
curve), and using SedWaveFoam τb and equation (30) without phase lag (red dash-dotted curve) and panels (b), (c), and
(d) show the corresponding agreement.
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We also demonstrated previously (Figures 8b and 8e) that a phase difference exists between bed shear stress
and sediment transport rate in the SedFoam results. Therefore, to model the time-dependent sediment trans-
port rate using the time series of bed shear stress obtained from SedFoam, a phase shift of φ = 13.3° needs to
be added in equation (32):

Φs tð Þ ¼ m θ t�ð Þ � θc½ �n τb t�ð Þ= τb t�ð Þj j: (33)

Using a best fit value ofm = 22.46, the temporal evolution ofΦs(t) predicted by equation (33) agrees very well
with Φs(t) directly calculated from SedFoam (see Figures 14a and 14c; IA = 0.996 and NRMSE = 5.3%). The
resulting hΦsi = 3.12 is also very close to that from SedFoam (hΦsi = 3.37.). This best fit value ofm is also similar
to that used in the quasi-steady approach. It should be noted here that if we only consider the near-bed load
component in SedFoam, the coefficientmwas 13.04, which is close to that suggested for bedload by Ribberink
(1998). Evidently, m is significantly increased (m = 22.46) due to the contribution from suspended sediment
transport. If the phase shift is set to zero (φ = 0), the agreement is poor with IA = 0.970 andNRMSE = 41.8% (see
Figure 14d). In summary, formodeling sediment transport driven by skewedwavemotion inOWTwithout pro-
gressive wave streaming, the quasi-steady approach (e.g., Ribberink, 1998) works reasonably well, provided
that the empirical coefficient m to be increased to account for suspended load transport.

When the same approach is applied to predict the time-dependent sediment transport rate of SedWaveFoam
with progressive wave streaming, the agreement of the predicted wave-averaged sediment transport rate is
poor. For example, when substituting the time-dependent bed shear stress of SedWaveFoam into equa-
tion (33), the predicted hΦsi is 4.60, which is notably lower than the SedWaveFoam result (hΦsi = 5.37). It is
reminded that the time series of sediment transport rate presented in Figure 8e is more skewed during posi-
tive wave phase. We have discussed the concept of wave-stirring effect (see Figure 10) associated with non-
linear interaction of the streaming current and suspended sediment driven by more intense wave velocity. In
the parameterization, the half wave-cycle concept (Dibajnia & Watanabe, 1998; Silva et al., 2006; Van der A
et al., 2013) is first adopted to account for the stronger effect of wave-stirring during the positive wave phase.
This approach acknowledges the distinct dominating mechanisms responsible for the transport and chooses
to parameterize them with different empirical coefficients. Here Φs(t) is accounted separately for the positive
(onshore) phase and negative (offshore) phase:

Figure 14. (a) Time series of Φs(t) computed by SedFoam is compared with those parameterized by equation (32) (full
quasi-steady approach: black solid curve), SedFoam τb and equation (33) with φ = 13.3° (blue dashed curve), and
SedFoam τb and equation (32) without phase lag (red dash-dotted curve) and panels (b), (c), and (d) show the corre-
sponding agreement.
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Φsþ tð Þ ¼ mþ θ t�ð Þ � θc½ �n τb t�ð Þ= τb t�ð Þj j where t < Tþ

Φs� tð Þ ¼ m� θ t�ð Þ � θc½ �n τb t�ð Þ= τb t�ð Þj j where t ≥ Tþ;

(34)

in which T+ is the duration of the wave crest andm+ andm� are the corresponding empirical coefficients for
the positive phase and negative phase, respectively.

Using τb obtained from SedWaveFoam and equation (34) with best fit coefficients of m+ = 25.08 and
m� = 18.15, very good agreement is obtained between the predicted Φs(t) and that directly calculated from
SedWaveFoam results (IA = 0.998 and NRMSE = 3.9%, Figures 15a and 15b). The predicted wave-averaged
sediment transport rate is hΦsi = 5.35, which is very close to that from the SedWaveFoam simulation
(hΦsi = 5.37). From Figure 15b, we can also see two distinct slopes related to low and high sediment transport
rates, which signify the effectiveness of different m values for positive and negative phases in
this parameterization.

To test the complete parameterizations that include bed shear stress and sediment transport rate, we use
θ
0
(t*) from the single-phase 1DV WBBL model (phase lag of φ = 13.3° is included) or θ

0
(t) obtained from the

quasi-steady approach (without phase lag) and added with hτpwsi using equation (23) to account for progres-
sive wave streaming, and substituting the resulting nondimensional bed shear stress time series into equa-
tion (34) to estimate sediment transport rate. Using the θ

0
(t*) from the single-phase 1DV WBBL model and

equation (23) with best fit coefficients ofm+ = 25.16 andm� = 14.94, the resulting time-dependent sediment
transport rate agrees very well with SedWaveFoam results (IA = 0.999, NRMSE = 1.4%; see Figures 15a and
15c), and hΦsi is overpredicted by only 0.3% (hΦsi = 5.39). Similarly, using the θ

0
(t) obtained from the

quasi-steady approach and equation (23) with best fit coefficients of m+ = 27.42 and m� = 22.35, the agree-
ment on the predicted sediment transport rate is also good (IA = 0.988 and NRMSE = 20.9%; see Figures 15a
and 15d) and hΦsi is only underpredicted by 2.9% (hΦsi = 5.22). We would like to point out that m+ and m�

are determined solely based on best fit to minimize the errors. Hence, the fact that all cases shown in
Figure 15 give significantly larger values ofm+ compared withm� suggests that parameterizing wave-stirring
effect associated with progressive wave streaming is necessary. Moreover, when we apply equation (34) to
match the time series of sediment transport rate from the SedFoam result (OWT condition without progres-
sive wave streaming), we obtain very similar values of m+ = 22.59 and m� = 21.16 (not shown), suggesting
that wave-stirring effect discussed here is uniquely associated with progressive wave streaming. While

Figure 15. (a) Time series of Φs(t) computed by SedWaveFoam (crosses) is compared with those parameterized by to
equation (34) with bed shear stress from SedWaveFoam with φ = 13.3° (black solid curve), and with bed shear stress
from single-phase 1DV WBBL model with φ = 13.3° (blue dashed curve), and with bed shear stress from quasi-steady
approach without the phase lag (red dashed-dot curve). (b–d) Agreement between Φs(t) of SedWaveFoam results versus
these three parameterizations.
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equation (34) is efficient, a functional relationship between m and intrawave (half wave period) velocity
intensity needs to be established using extensive measured data and numerical simulations.

We would like to propose another method to parameterize the wave-stirring effect associated with progres-
sive wave streaming in enhancing onshore sediment transport. In the present model study, we can compute
the increase of Φs caused by the progressive wave streaming by subtracting the time-dependent sediment
transport rate of SedFoam from that of SedWaveFoam, that is,Φs

pws ¼ Φs
SedWaveFoam � Φs

SedFoam . This time-

dependent transport rate differenceΦs
pws is associated with the difference in wave-averaged bed shear stress

hτpwsi (estimated by equation (23)) normalized as hθpwsi and intrawave Shields parameter θ(t*):

Φs
pws tð Þ ¼ mpws θ t�ð Þnpws θpws

� 1=2
: (35)

To relate the current strength caused by the progressive wave streaming, hθpwsi to the power of 0.5 is
applied. The variable θ(t) (or θ(t*)) to a power of npws is included to parameterize suspended sediment due
to (intra) wave-stirring effect. As discussed in section 3.3 (Figure 9), the progressive wave streaming mostly
enhances the suspended load; hence, npws = 2 is adopted here. This is equivalent to the transport rate pro-
portional to the intrawave velocity with a power of 4, and the entire equation (35) (with hθpwsi to a power of
1/2) is consistent with the suspended load parameterization of Bailard (1981) with a power of 5.

Using bed shear stress obtained from the quasi-steady formulation (equation (26)) with the phase lag φ = 0 in
equation (35), the temporal evolution of Φs

pws tð Þ with a best fit mpws = 21.60 agrees well with that from the

numerical model (see Figures 16a and 16b; IA and NRMSE are 0.981 and 4.8%, respectively). The resulting net

transport rate is 1.69, which is close to the numerical results of Φs
pws

D E
¼2.00. Similarly, substituting the bed

shear stress calculated by the single-phase 1DVWBBL (with best fitmpws = 19.45), and SedFoam (with best fit
mpws = 20.66) into equation (35) with φ = 13.3°, the agreement on temporal evolution ofΦs

pws tð Þ is very good
(see Figures 16a–16d) and the resulting net transport rates Φs

pws

D E
are 1.95 and 1.69, reasonably close to the

target value of 2.00. By explicitly including the intrawave wave-stirring effect in equation (35), only a single
value of mpws is needed for the entire wave period.

We would like to reiterate that the analysis presented above represents a first step toward integrating the
mechanisms of enhanced onshore sediment transport due to progressive wave streaming by introducing

Figure 16. (a) Time series ofΦs
pws tð Þ (crosses) compared to that parameterized by equation (35) with φ = 0 and time-depen-

dent bed shear stress from quasi-steady approach (black solid curve), with φ = 13.3° and time-dependent bed shear stress
from single-phase 1DV WBBL (blue dashed curve), and with φ = 13.3° and time-dependent bed shear stress from SedFoam
(red dash-dotted curve). (b–d) Agreement betweenΦs

pws tð Þ from the SedWaveFoam results versus these parameterizations.
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the concept of wave-stirring transport based on two-phase flow numerical model results and experimental
data of Dohmen-Janssen and Hanes (2002). For a complete parameterization and fully calibrated coefficients,
SedWaveFoam and SedFoam models should be applied to many different wave conditions and other large
wave flume data.

5. Conclusions

A free surface resolving Eulerian two-phase model, named SedWaveFoam, is successfully developed by mer-
ging SedFoam with InterFoam/waves2Foam in OpenFOAM frameworks to study the sediment transport
under surface waves. The remarkable advantage of the newmodel is that the flow fields and sediment trans-
port processes under surface waves in the entire water column are simultaneously resolved without the
approximations typically adopted in boundary layer sediment transport models. Such an all-inclusive model-
ing approach has the potential to improve the understanding of wave-sediment interaction and prediction of
the sediment transport rate under surface waves. The SedWaveFoam model is validated with the large wave
flume data (Dohmen-Janssen & Hanes, 2002; Ribberink et al., 2000) of sheet flow under monochromatic non-
breaking surface waves. We focus on isolating and parameterizing the effect of free-surface on the resulting
sediment transport processes.

The 1DV SedFoam simulation representing OWT condition is carried out, and the results are contrasted with
SedWaveFoam results to examine the free surface effect on the sediment transport. In the SedWaveFoam
results, the near-bed flow velocity and sediment flux are leaned to onshore direction due to the progressive
wave streaming. The general magnitudes of WBBL thickness and sheet flow layer thickness are similar, but
the free surface effect slightly enhances them. However, SedWaveFoam clearly produces more skewed and
onshore-directed sediment transport rate particularly under the wave crest due to less offshore-directed cur-
rent caused by the progressive wave streaming. As a result, the wave-averaged total sediment transport rate
of SedWaveFoam is increased by about 1.6 times compared to that of SedFoam. Mainly, it is the intrawave-
induced sediment flux that drives larger onshore sediment flux since it is enhanced when the flow is strong
enough to suspendmore sediment and to be further transported by themodulatedmean current due to pro-
gressive wave streaming. The progressive wave streaming-induced wave-averaged bed shear stress, hτpwsi, is
calculated as the difference in the wave-averaged bed shear stress between SedFoam and SedWaveFoam.
The simple way to predict hτpwsi (Nielsen, 2006; Nielsen & Callaghan, 2003; Van der A et al., 2013) seems to
be reasonable with the bed roughness of ks = 2.5d50. It is notable that hτpwsi is relatively small, and it contra-
dicts the typical concept that hτpwsi directly causes such significant increment of onshore-directed sediment
transport rate.

Practical parameterizations are proposed using the model results to ultimately predict the wave-averaged
total sediment transport rate with the available data. First, the several methods to predict the bed shear stress
are compared. To better capture the phase lead of bed shear stress at the flow reversal, 1DVWBBLmodel and
SedFoam are recommended as the alternative ways to approximate the bed shear stress under surface
waves. Second, the linear relationship between sheet flow layer thickness and Shields parameter is found.
Adopting a phase lag, the model results showed the capability of expanding the linear relationship to intra-
wave quantities to predict sheet flow layer thickness. Lastly, using Meyer-Peter and Mueller type power law
bedload transport formula, a good agreement is obtained by considering the phase lag and suspended load
in the power law for the OWT (SedFoam). However, when applied to predict sediment transport rate under
surface waves, the empirical coefficientm in the power law formula should be separately estimated for each
half wave-cycle to consider the wave-stirring effect associated with progressive wave streaming. An alterna-
tive intrawave approach to directly predict the wave-stirring effect throughout the entire wave cycle appears
to be promising.

Finally, it should be pointed out that the knowledge gained in this study has been made possible by the uti-
lization of a common numerical framework (OpenFOAM), which allows to isolate the contribution of free sur-
face wave effects from two different modeling approaches, namely, SedFoam and SedWaveFoam.
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