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ABSTRACT9

The effect of wave skewness and sediment particle size on near-bed sediment dynamics and10

transport owing to wave-induced streaming is examined in this study. Here, wave-dominated flow11

over a flat rough bed is studied, with wave propagation forming a non-zero angle with the current.12

It is observed that the increase in wave skewness, increases the mean sediment transport, which13

is consistent with prior findings for the particular situation of horizontally uniform Stokes forcing.14

The mean sediment transport beneath combined second (2𝑛𝑑) order Stokes waves and current has15

been investigated for fine, medium and coarse sand, respectively. Due to inertia both the mean16

bedload vector and the depth-integrated suspended flux vector are less rotated (relative to the wave17

propagation direction) for coarse sand than for fine sand. The mean bedload transport is largest for18

coarse sand while the mean suspended sediment transport is largest for fine sand.19

INTRODUCTION20

In nature, the movement of the particles near the seabed is affected by the presence of both21

waves and current. The main part of the interaction between the particles and the water takes place22

within the seabed boundary layer. A rough approximation of the boundary layer thickness is given23
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by 𝛿 =
√
𝜈𝑡𝑇 where 𝜈𝑡 is the eddy viscosity and 𝑇 is the time period of the flow. The characteristic24

time scale associated with the waves is much smaller than that associated with the currents in the25

sea, leading to the wave-induced boundary layers being much thinner than bottom current boundary26

layers which again results in in much larger shear stresses across the wave bottom boundary layer.27

The thickness of current boundary layers often covers a substantial part of the water depth while28

the wave boundary layer thickness is typically less than 25 cm (Nielsen, 1992).29

The physical mechanisms affecting this movement includes the classical wave-current interac-30

tion and two competing streaming mechanisms as discussed in detail by Afzal et al. (2015). The31

interaction between the horizontal and vertical velocity components beneath progressive waves32

yields a wave-averaged depth varying force leading to a small drift in the wave propagation direc-33

tion. This mechanism is termed as Longuet-Higgins streaming (Longuet-Higgins, 1953) and has34

been studied in detail by van Rijn et al. (2007); Holmedal and Myrhaug (2009); Kranenburg et al.35

(2012); Holmedal et al. (2013); Fuhrman et al. (2013); Afzal et al. (2015). The non-linearity (as36

in skewed waves) of the wave (as present in 2𝑛𝑑 order Stokes waves and other higher order waves)37

induces another type of seabed boundary layer streaming denoted as streaming due to wave skew-38

ness. This is due to asymmetry in turbulence of successive wave half-cycles under skewed waves,39

which forces the flow in the opposite direction of wave propagation. This streaming mechanism40

was investigated experimentally by Ribberink and Al-Salem (1995); Yuan and Madsen (2015) and41

numerically by Davies and Li (1997); Scandura (2007) for horizontally uniform flow with skewed42

forcing, by Holmedal and Myrhaug (2009) for 2𝑛𝑑 order progressive waves and by Holmedal et al.43

(2013) for collinear waves and current, and subsequently by Afzal et al. (2015) for progressive44

waves with an arbitrary angle of attack on the current. The latter part of the study elaborates the45

classical wave-current interaction mechanism and two competing streaming mechanisms, which46

influence the direction and veering of the resultant current, which is difficult to measure in either47

large wave flume or in closed channels. Some other works (An et al., 2011; Rajaratnam et al., 1988)48

include the study of steady streaming around structures due to oscillatory and steady flows.49

Sediment transport at the seabed owing to wave-current interaction and streaming mechanisms50
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have also long been studied using both experiments and numerical techniques, including the51

laboratory experiments conducted by Ribberink et al. (2000); Dohmen-Janssen et al. (2001);52

Dohmen-Janssen and Hanes (2002); Schretlen et al. (2011); Bose and Dey (2014), and Ali and53

Dey (2016). Numerical simulations are reported by Hsu et al. (2004); McAnally et al. (2007);54

Ruessink et al. (2009); Holmedal and Myrhaug (2009); Fuhrman et al. (2009); Yu et al. (2010);55

Ruessink et al. (2011); van der A et al. (2011); Fuhrman et al. (2013), and Kranenburg et al. (2013).56

The most recent work investigating sediment transport owing to streaming is that by Afzal et al.57

(2021) who used numerical simulations to examine the affect of wave-induced streaming, non-58

linear wave-forcing and wave-current interaction on the near-bed sediment dynamics and transport.59

These numerical studies were performed on wave-dominated flow over a flat rough bed, where the60

waves propagate at a non-zero angle relative to the current. They validated their numerical model61

with the experimental results of Dohmen-Janssen et al. (2001), and Dohmen-Janssen and Hanes62

(2002) for an oscillating water tunnel and large scale flume respectively. In the present work, it is63

investigated how the wave skewness and the sediment particle size affects the near-bed sediment64

dynamics and transport due to streaming for wave-dominated wave-current flows. This work is an65

extension of the study performed by Afzal et al. (2021).66

NUMERICAL MODEL67

The numerical model of the boundary layer flow over a rough bed near ocean bottom (fixed68

at 𝑧 = 𝑧0 = 𝑘𝑁/30, where 𝑘𝑁 is the equivalent Nikuradse roughness) as presented in Afzal et al.69

(2021) is used in this study and thus only salient features of the hydrodynamics and sediment70

transport model formulations are presented here. The definition sketch of the problem is shown in71

Figure 1.72

The governing equations for flow hydrodynamics include the Reynolds-averaged boundary layer73

momentum and continuity equations and the modified 𝑘-𝜖 model for turbulence closure as given74

below:75
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where 𝑢, 𝑣 and 𝑤 are the components of velocity in 𝑥,𝑦 and 𝑧-direction respectively. Here, 𝑝 is79

the pressure, and 𝜌 is the density of water.80
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where 𝑘 is the turbulent kinetic energy, 𝜖 is the turbulent dissipation rate, and 𝐵 = 𝑁2𝜈𝑇/𝜎𝑝 is82

the buoyancy flux. The Brunt-Vaisala frequency 𝑁 is
√︃
−𝑔/𝜌𝑡 𝜕𝜌𝑡𝜕𝑧

and 𝜌𝑡 = 𝑠𝜌𝑐 + 𝜌(1 − 𝑐) is the83

fluid-sediment density. Here, the acceleration due to gravity is given by 𝑔, the specific gravity 𝑠84

and the sediment concentration by 𝑐.85

As specified by Nielsen (1992), the governing equations for Φ (instantaneous dimensionless86

bedload transport) in terms of the Shields parameter Θ is presented as87

Φ = 12Θ
1
2 (Θ − Θ𝑐)

Θ

| Θ | (6)88

4 Afzal, April 9, 2022



where89

Φ =
𝑞𝑏

(𝑔(𝑠 − 1)𝑑350)
1
2

(7)90

Θ =
𝜏b

𝜌𝑔(𝑠 − 1)𝑑50
(8)91

Here, 𝑞𝑏 is the instantaneous dimensional bedload transport, 𝜏b is the dimensional instantaneous92

sea bed shear stress, 𝑑50 is the median grain size diameter of specific gravity (𝑠) equal to 2.65 for93

quartz sand. Recently, (Sui et al., 2021, Eq. 3) have derived a more accurate formula for the critical94

Shields parameter under assumption of steady currents only. They derived this formula by fitting95

a curve to the modified Shields diagram curve reported in Yalin and Karahan (1979). However,96

the formula’s application to combined wave-current flows has yet to be validated. Therefore, in the97

present study a simpler approach has been taken, where bedload transport occurs when the critical98

Shields parameter is greater than Θ𝑐 = 0.05.99

The governing equation for calculating 𝑐 (sediment concentration) 𝑐 is specified as :100

𝜕𝑐

𝜕𝑡
+ 𝑢

𝜕𝑐

𝜕𝑥
+ 𝑣

𝜕𝑐

𝜕𝑦
+ 𝑤

𝜕𝑐

𝜕𝑧
=
𝜕 (𝑤𝑠𝑐)
𝜕𝑧

+ 𝜕

𝜕𝑧
(𝜖𝑠

𝜕𝑐

𝜕𝑧
) (9)101

𝜖𝑠 = 𝜈𝑇 + 𝜈 (10)102

The addition of 𝜈 to the sediment diffusivity 𝜖𝑠 in Eq. 9 is done to improve the numerical103

model’s stability. In principle addition or removal of 𝜈 does not make any difference in the values104

of suspended sediment concentration owing to the turbulent nature of the flow (i.e. 𝜈 « 𝜈𝑡).105

The boundary layer approximation has been utilised to obtain Eq. 9. Here, w𝑠 (settling velocity106

of sediments) is taken from van Rijn (1993) in conjunction with the hindered settling correction107

as given by Richardson and Zaki (1954). The diffusivity of the sediment is given by 𝜖𝑠 is and the108

kinematic viscosity of water by 𝜈.109
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The permanent wave form approximation (Eqs. 11 and 12) which minimizes the three-110

dimensional boundary layer equation to spatially one-dimensional equation (see e.g. Afzal et111

al., 2015, 2020) is used to simplify Eqs. (1) - (5) and Eq. (9).112

The permanent wave form simplification for a flow quantity 𝜙 beneath linear and a 2𝑛𝑑 order113

Stokes wave is given as114

𝜕𝜙

𝜕 𝑥
= −𝑐𝑜𝑠𝜃

𝑐𝑝

𝜕𝜙

𝜕 𝑡
(11)115

𝜕𝜙

𝜕 𝑦
= − 𝑠𝑖𝑛𝜃

𝑐𝑝

𝜕𝜙

𝜕 𝑡
(12)116

Here, 𝜃 is the angle between the waves and the current.117

It appears that for wave dominated flows, the permanent wave form approximation works well,118

as will be shown later in this note by comparisons with laboratory measurements. Since the bed119

is considered hydraulically rough where the viscous sub-layer is absent, a no-slip condition is120

utilized. The boundary conditions for turbulent quantities (𝑘 and 𝜖) are presented (Rodi, 1993)121

using a logarithmic velocity profile. The Zyserman and Fredsøe (1994) formula is used to obtain122

the reference sediment concentration:123

𝑐𝑎 =
0.331 (Θ − Θ𝑐 )1.75

1 + 0.720 (Θ − Θ𝑐 )1.75
at 𝑧 = 𝑧𝑎 = 2 𝑑50 (13)124

The velocity at the top (located at 𝑧 = 𝑧𝑚𝑎𝑥) of the boundary layer is given as:125

𝑢 = 𝑈00 cos 𝜃 +𝑈𝑐 (14)126

𝑣 = 𝑈00 sin 𝜃 (15)127

where 𝑈00 is the horizontal near-bed wave velocity component which is calculated using the128

2𝑛𝑑 order Stokes theory (Dean and Dalrymple, 1991) as below .129
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𝑈00(𝑥, 𝑦, 𝑧, 𝑡) = ±𝑎
𝑔𝑘 𝑝

𝜔

cosh(𝑘 𝑝𝑧)
cosh(𝑘 𝑝ℎ)

cos( 𝑘 𝑝𝑥 𝑐𝑜𝑠𝜃 + 𝑘 𝑝𝑦 𝑠𝑖𝑛𝜃 − 𝜔𝑡)

± 3
4
𝑎2 𝜔𝑘 𝑝 cosh(2𝑘 𝑝𝑧)
sinh4(𝑘 𝑝ℎ)

cos 2( 𝑘 𝑝𝑥 𝑐𝑜𝑠𝜃 + 𝑘 𝑝𝑦 𝑠𝑖𝑛𝜃 − 𝜔𝑡)

𝑊00(𝑥, 𝑦, 𝑧, 𝑡) = ±𝑎
𝑔𝑘 𝑝

𝜔

sinh(𝑘 𝑝𝑧)
cosh(𝑘 𝑝ℎ)

sin( 𝑘 𝑝𝑥 𝑐𝑜𝑠𝜃 + 𝑘 𝑝𝑦 𝑠𝑖𝑛𝜃 − 𝜔𝑡)

± 3
4
𝑎2 𝜔𝑘 𝑝 sinh(2𝑘 𝑝𝑧)
sinh4(𝑘 𝑝ℎ)

sin 2( 𝑘 𝑝𝑥 𝑐𝑜𝑠𝜃 + 𝑘 𝑝𝑦 𝑠𝑖𝑛𝜃 − 𝜔𝑡)

(16)130

where𝑊00 is the vertical near-bed wave velocity component.131

As previously discussed in Afzal et al. (2015, paragraph 3.4), The wave-current boundary layer132

models (one-dimensional) must be coupled at a vertical location within a sheared layer for the133

boundary layer approximation (implying hydrostatic pressure) to hold. This modelling approach134

can only be justified if the predicted seabed boundary layer velocity, sediment flux and sediment135

concentration remain independent of 𝑧𝑚𝑎𝑥 (as long as 𝑧𝑚𝑎𝑥 is chosen such that the boundary layer136

approximation holds). This has been tested here for 𝐴/𝑘𝑁 = 1800 (where A is the near-bottomwave137

excursion amplitude and 𝑘N = 2.5 𝑑50), 𝑈𝑐 = 0.1 m/s and 𝑑50 = 0.21 mm by first extrapolating the138

mean velocity profile obtained from 𝑧𝑚𝑎𝑥=0.25m up to 0.50m above the bottom and then re-doing139

the simulation with 𝑧𝑚𝑎𝑥 = 0.50m using the extrapolated velocity as a Dirichlet condition there.140

Figure 2 represents the predicted mean velocity profiles, suspended sediment flux profiles and the141

sediment concentration profiles, for opposing and following waves and current, obtained for both142

𝑧𝑚𝑎𝑥 = 0.25m and 𝑧𝑚𝑎𝑥 = 0.50m. It is observed that the velocity profiles are almost identical up143

to about 12 cm above the bed; the mean sediment flux and sediment concentration profiles are also144

almost identical. This confirms that the used methodology yields consistent mean velocity profiles145

near the bed, and that the mean suspended sediment flux and the mean sediment concentration146

profiles remain nearly the same independent of the value of the 𝑧𝑚𝑎𝑥 .147

Zero flux conditions (Fuhrman et al., 2010) for the turbulent quantities (𝑘 and 𝜖) are applied as148
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𝜕𝑘

𝜕𝑧
= 0 (17)149

𝜕𝜖

𝜕𝑧
= 0 (18)150

Further, zero flux condition (Eq. 19) is applied to calculate the concentration of sediment151

particles at top of the boundary layer i.e. at 𝑧 = 𝑧𝑚𝑎𝑥 .152

𝜈𝑇
𝜕𝑐

𝜕𝑧
+ w𝑠 𝑐 = 0 (19)153

As shown by Fredsøe et al. (1985), Eq. (19) degenerates to .154

𝑐 → 0 𝑤ℎ𝑒𝑛 𝑧 → ∞ (20)155

The horizontal pressure gradient due to the application of boundary layer approximation is156

assumed constant and calculated using the equations below.157

− 1
𝜌

𝜕𝑝

𝜕𝑥
=
𝜕𝑈0
𝜕𝑡

+𝑈0
𝜕𝑈0
𝜕𝑥

+𝑉0
𝜕𝑈0
𝜕𝑦

− 1
𝜌

𝜕𝑝𝑐

𝜕𝑥
(21)158

− 1
𝜌

𝜕𝑝

𝜕𝑦
=
𝜕𝑉0
𝜕𝑡

+𝑈0
𝜕𝑉0
𝜕𝑥

+𝑉0
𝜕𝑉0
𝜕𝑦

− 1
𝜌

𝜕𝑝𝑐

𝜕𝑦
(22)159

where160

𝑈0 = 𝑈00 cos 𝜃, 𝑉0 = 𝑈00 sin 𝜃, 𝑊0 = 𝑊00 (23)161

where 𝜕𝑝𝑐/𝜕𝑥 is the constant pressure gradient owing to the current in 𝑥- direction whereas162

𝜕𝑝𝑐/𝜕𝑦 is the corresponding pressure gradient in 𝑦- direction. It is important to note that here the163

wave-current boundary layer is forced by a prescribed motion at a given distance from the bottom,164

and that this implies that the two-way coupling between the flow inside and outside the predicted165
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wave-current boundary layer is not considered. Despite this weakness, the present approach yields166

reliable predictions of both the near-bed wave-current velocity (i.e., about the first 15 cm above the167

seabed) and the near-bed suspended sediment concentration, as will be shown later in Fig. 2. This168

has also been demonstrated previously in Afzal et al. (2021; Figs. 2 and 3) showing successful169

comparisons between predictions and laboratory measurements.170

The governing equations are solved using 2𝑛𝑑 order central finite difference method in space171

with a geometric stretching factor of 1.09 near the bed. Here 100 vertical grid cells are used172

to resolve the boundary layer as discussed in Afzal et al. (2021, 2015); Holmedal et al. (2013);173

Holmedal and Myrhaug (2009). Previous studies have shown that the grid resolution adopted in174

the study is adequate for obtaining grid independent results leading to accurate prediction of the175

seabed shear stress (Holmedal et al., 2003, Fig. 5). The turbulent quantities (𝑘 and 𝜖) are stored176

using a vertical staggered arrangement at the boundary of the velocity 𝑢 cells. Present study used177

a spin-up time of 800 wave periods; sufficient for establishing a fully developed flow. However,178

the simulations were run for 6400 additional wave periods to check the sufficiency of the adopted179

spin-up time. Further details of the numerical set up and simulation settings are given in Afzal180

et al. (2021).181

182

Validation183

This is a technical note representing an extension of already published work (Afzal et al.,184

2021). The code used in the present work has been extensively validated in series of papers. For185

instance, Afzal et al. (2021, 2015) validated the code for sediment transport and hydrodynam-186

ics, respectively, beneath combined wave-current flows where waves form an arbitrary angle with187

the current. The present code has also been validated against experiments in Holmedal et al. (2004).188

189

RESULTS AND DISCUSSION190

Afzal et al. (2015) performed simulations to investigate the impact of streaming on seabed191

boundary layer velocities when waves propagates at a non-zero angle to the current. They observed192

9 Afzal, April 9, 2022



that the mean velocity profile displays a veering tendency that is heavily influenced by streaming193

in wave-dominated conditions. They reported that the influence of streaming decreases on the194

boundary layer of flow as the flow becomes less wave dominated. The streaming in such cases195

(mostly current dominated case) still affects the veering of the mean velocities. They also found196

that the increase in bottom roughness, decreases the mean velocity in the direction of current197

whereas the velocity perpendicular to the current direction increases. The work by Afzal et al.198

(2015) was followed by Afzal et al. (2021) who used numerical simulations to examine the affect199

of wave-induced streaming on sediment transport for wave dominated flows over a flat rough bed.200

They validated their numerical model with the experimental results of Dohmen-Janssen et al.201

(2001), and Dohmen-Janssen and Hanes (2002) for an oscillating water tunnel and a large scale202

flume respectively. They observed that the mean sediment transport (both bedload and suspended203

flux) is oriented along the direction of wave propagation for collinear waves and current case, with204

the maximum sediment transport occurring beneath 2𝑛𝑑 order Stokes waves. For non-collinear205

waves and current, an increase of 𝜃 reduces the mean sediment transport. For a given 𝜃, the206

maximum sediment transport occurs under 2𝑛𝑑 order Stokes waves, followed by linear propagating207

waves, horizontally uniform Stokes forcing, and minimum for horizontally uniform linear forcing.208

Furthermore, due to the current, the mean sediment transport direction vector (for both bedload209

and suspended flux) is rotated towards the right of the wave propagation direction which is largest210

for horizontally uniform linear forcing, followed by horizontally uniform Stokes forcing, linear211

propagating waves and 2𝑛𝑑 order Stokes waves.212

In the present work (continuation of Afzal et al. (2021)) the effect of wave skewness and the213

sediment particle size on the sediment transport due to streaming is studied for realistic wave and214

current conditions. The ocean surface waves amplitude is chosen to be 𝑎=1.22 mwith wave periods215

of 6, 8, 10 and 12 s. The current velocity𝑈𝑐 = 0.1 m/s is specified at 𝑧𝑚𝑎𝑥 = 0.25 m above the bed.216

The angle 𝜃 between the waves and the current varies from 0𝑜 to 180𝑜; the flow depth is 8 m and the217

wave length is 45 m. Furthermore, the median sand grain diameters chosen are 𝑑50 = 0.13, 0.21,218

0.32 mm corresponding to fine, medium and coarse grains, respectively. The flow parameters and219
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sediment sizes used in the present study are identical to the study performed by Dohmen-Janssen220

et al. (2001) and Dohmen-Janssen and Hanes (2002).221

Effect of wave skewness on the mean sediment transport beneath waves and current222

The impact of wave skewness on wave-averaged (mean) sediment transport is explored in this223

study. Four different wave period 𝑇𝑝 (6,8,10,12 s) are chosen while keeping all the other physical224

parameters (water depth, wave amplitude and the current speed) constant. The wave skewness225

factor 𝑅 is defined as226

𝑅 =
𝑈𝑤𝑐

𝑈𝑤𝑐 +𝑈𝑤𝑡

(24)227

where𝑈𝑤𝑐 and𝑈𝑤𝑡 are the crest and the trough velocity outside the boundary layer, respectively.228

For 𝑇𝑝= 6 s, R is 0.53 and increases to 0.58 for 𝑇𝑝= 12 s; see Table 1. The effect of increasing229

the wave period 𝑇𝑝 on sea bed boundary layer flow is discussed in detail in Afzal et al. (2015)230

and in Holmedal and Myrhaug (2009). They discussed that on increasing 𝑇𝑝 (keeping constant231

all the other physical parameters) results in two different effect on the flow. On increasing 𝑇𝑝, the232

wave velocity amplitude decreases which results in smaller streaming-induced velocities (the wave233

velocity amplitude is proportional to 𝑎𝜔 = 2 ∗ 𝜋 ∗ 𝑎/𝑇 . Since a is constant, increasing 𝑇𝑝 will234

imply a smaller wave velocity and hence a smaller streaming induced velocity). This leads to a235

reduced wave velocity component compared to the current resulting in a more current-dominated236

flow. Second, a larger 𝑇𝑝 results in a larger wave length and therefore 𝑘 𝑝ℎ decreases. This implies237

shallower water conditions finally leading to an increased wave skewness factor 𝑅. It is important238

to note that isolating the effect of wave skewness and that of changing 𝑘 𝑝ℎ is not possible. We239

can however isolate the effects of wave skewness and viscous streaming by using different wave240

forcing.241

Fig. 3 represents the mean magnitude and direction of the mean bedload transport 𝑞𝑏𝑡 beneath242

2𝑛𝑑 order Stokes waves and current for 𝜃= 45𝑜, 90𝑜 and 135𝑜. The direction of bedload transport is243

shown by solid lines vectors, whereas direction of wave propagation is represented by dashed lines244
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vectors. Fig. 3 shows that i) the increase in the angle between waves and current causes a decrease245

in mean bedload transport, and ii) the mean bedload transport 𝑞𝑏𝑡 increases as 𝑇 𝑝 increases due246

to increased wave skewness for a given angle 𝜃. Overall the bedload transport is in the direction247

of wave propagation. A closer inspection as can be seen from Fig. 4, however, it reveals that248

the bedload transport is rotated slightly right to the wave propagation due to the current and this249

rotation is largest for 𝑇𝑝 = 6s and smallest for 𝑇𝑝 = 12s. The largest wave period yields the largest250

bedload transport in the direction of wave propagation (due to the largest wave skewness) and thus251

the smallest rotation of the bedload transport vector to the right. However This effect is very small.252

253

Fig. 5 represents the magnitude and direction of the mean wave-averaged suspended sediment254

transport
∫ 𝑧𝑚𝑎𝑥

𝑧0
𝑈𝑐𝑑𝑧 beneath 2𝑛𝑑 order Stokes waves and current corresponding to the conditions255

in Fig. 3. The direction of mean suspended transport is shown by solid line vectors, whereas the256

direction of wave propagation is represented by dashed lines vectors. The increase in angle between257

the waves and current decreases the mean suspended sediment transport, and the increase in 𝑇𝑝258

increases the
∫ 𝑧𝑚𝑎𝑥

𝑧0
𝑈𝑐𝑑𝑧 for a specific angle 𝜃 Similar to the bedload transport, the suspended259

sediment transport is overall in the direction of wave propagation, although a closer inspection as260

can be seen from Fig.6 reveals that it is directed slightly right to the direction of wave propagation261

due to the current. The increased wave skewness (as 𝑇𝑝 increases) leads to an enhancement of262

the suspended sediment transport in the wave propagation direction, leading to
∫ 𝑧𝑚𝑎𝑥

𝑧0
𝑈𝑐𝑑𝑧 being263

least rotated relative to the wave propagation direction for 𝑇𝑝 = 12 s; the rotation increases as 𝑇𝑝264

decreases. As for the bedload transport shown in Fig. 3, this effect is very small.265

Effect of median sand grain diameter on the mean sediment transport beneath waves and266

current267

In the forthcoming the settling velocities 𝑤𝑠 = 0.0119 m/s for 𝑑50 = 0.13 mm, 𝑤𝑠 = 0.026 m/s for268

𝑑50 = 0.21 mm and 𝑤𝑠 = 0.030 m/s for 𝑑50 = 0.32 mm have been applied ; these values yield good269

predictions of measurements, as demonstrated in (Afzal et al., 2015, Fig. 2). Fig. 7 represents270

the magnitude and direction of the mean bedload transport 𝑞𝑏𝑡 beneath 2𝑛𝑑 order Stokes waves and271
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current for 𝑑50 = 0.32, 0.21 and 0.13 mm and for 𝜃= 45𝑜, 90𝑜 and 135𝑜 for 𝑇𝑝 = 6s. The direction of272

bedload transport is shown by solid lines vectors, whereas the direction of wave propagation (given273

for comparison) is represented by dashed lines vectors. Fig. 7 shows that for the present case 𝑞𝑏𝑡274

decreases as 𝑑50 decreases. It appears (Fig. 8) that, at least for 90𝑜 and 135𝑜, 𝑞𝑏𝑡 is least rotated275

for 𝑑50 = 0.32 mm, more rotated for 𝑑50 = 0.21 mm, and most rotated for 𝑑50 = 0.13 mm, although276

these differences are very small. This is due to inertia; larger grains lead to a smaller rotation of277

the bedload transport vector towards the current direction relative to smaller grains.278

Fig. 9 represents the magnitude and direction of the wave-averaged suspended sediment279

transport
∫ 𝑧𝑚𝑎𝑥

𝑧0
𝑈𝑐𝑑𝑧 beneath 2𝑛𝑑 order Stokes waves and current corresponding to the conditions280

discussed in Fig. 7. Here, the direction of mean suspended transport is shown by solid line vectors,281

whereas the direction of wave propagation is represented by dashed lines vectors.As expected,282 ∫ 𝑧𝑚𝑎𝑥

𝑧0
𝑈𝑐𝑑𝑧 increases as 𝑑50 decreases; similar results were found by Holmedal and Myrhaug283

(2009) for sediment transport beneath 2𝑛𝑑 order Stokes waves. Due to inertia,
∫ 𝑧𝑚𝑎𝑥

𝑧0
𝑈𝑐𝑑𝑧 is least284

rotated for 𝑑50 = 0.32 mm, more rotated for 𝑑50 = 0.21 mm, and most rotated for 𝑑50 = 0.13 mm.285

These differences as seen from Fig. 10, however, are very small.286

Table 2 shows the range of the maximum Shields number (Θ𝑚𝑎𝑥) and the minimum Rouse287

number 𝑍𝑚𝑖𝑛 (a non-dimensional number which determines if the sediment will be transported as288

either bedload, suspended load or wash load) during a wave-cycle for waves plus current beneath289

2𝑛𝑑 order propagating Stokes waves for 𝑑50 = 0.32, 0.21 and 0.13 mm; for 𝜃= 45𝑜, 90𝑜 and 135𝑜.290

Here, Θ𝑚𝑎𝑥 is always larger than 0.8 (approximately equal to 0.8 for 𝑑50 = 0.32 mm) which implies291

that the bottom sediment transport takes place as sheet flow. The lower limit of Θ𝑚𝑎𝑥 corresponds292

to 𝜃 = 180𝑜 whereas the upper limit corresponds to 𝜃 = 0𝑜 for all three sand grain diameters.293

Furthermore, the values of 𝑍𝑚𝑖𝑛 indicate that the sediment transport takes place both as suspended294

load and bedload (𝑍𝑚𝑖𝑛 > 0.8). For 𝑑50 = 0.13 mm, the values of 𝑍𝑚𝑖𝑛 indicates that the sediments295

will also be transported as washload (𝑍𝑚𝑖𝑛 < 0.8) which is considered as sheet flow in the present296

numerical model.297

298
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CONCLUSIONS299

In the present work, it is investigated how the wave skewness and the sediment particle size300

affect the near-bed sediment dynamics and transport due to streaming for wave dominated flows301

where the wave propagation forms a non-zero angle with the current. Here flow over a flat rough302

bed is considered. It is shown that the increase in wave skewness increases the mean sediment303

transport which is consistent with previous results obtained by e.g. Fuhrman et al. (2009) for the304

special case of horizontally uniform Stokes forcing. Furthermore, the effect of the median sand305

grain diameter on the mean sediment transport has been examined by predicting the mean sediment306

transport beneath 2𝑛𝑑 order Stokes waves for fine, medium, and coarse sand, respectively. Due to307

inertia both the mean bedload vector and the depth-integrated suspended flux vector are less rotated308

(relative to the wave propagation direction) for coarse sand than for fine sand. The mean bedload309

transport is largest for coarse sand while the mean suspended sediment transport is largest for fine310

sand.311
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TABLE 1. Physical wave parameters for Figs. (3) and (5). Here 𝑇𝑝 is the wave period, h is the
flow depth, 𝑘 𝑝 is the wave number, and R is the wave skewness factor.

𝑇𝑝 (s) 𝑘 𝑝ℎ R
6 1.11 0.53
8 0.74 0.55
10 0.60 0.56
12 0.49 0.58
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TABLE 2. Non-dimensional parameter range for waves plus current beneath 2𝑛𝑑 order Stokes
waves with varying grain size diameter for 𝜃= 45𝑜, 90𝑜 and 135𝑜. Here Θ𝑚𝑎𝑥 is the maximum
Shields parameter and 𝑍𝑚𝑖𝑛 is the minimum Rouse number during a wave-cycle and𝑈𝐶 = 0.1 m/s.

𝑑50 mm Θ𝑚𝑎𝑥 𝑍𝑚𝑖𝑛

0.13 1.58-1.68 0.51
0.21 1.08-1.14 1.04
0.32 0.78-0.82 1.64
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Fig. 1. Definition sketch of waves plus current interaction at an angle 𝜃. Here | ®𝑈00 |= 𝑈00.

23 Afzal, April 9, 2022



 0

 10

 20

 30

 40

 50

 0  0.02  0.04  0.06  0.08  0.1

Coupling at 25 cm

Coupling at 50 cm

u (m/s)

z−
z 0

(cm
)

(a)

 0

 10

 20

 30

 40

 50

 0  0.02  0.04  0.06  0.08  0.1

Coupling at 25 cm

Coupling at 50 cm

u (m/s)

z−
z 0

(cm
)

(b)

 0

 0.5

 1

 1.5

 2

 0  5  10  15  20  25  30  35  40

Coupling at 25 cm

Coupling at 50 cm

z−
z 0

(cm
)

c (m3/m3)
(c)

 0

 0.5

 1

 1.5

 2

 0  5  10  15  20  25  30  35  40

Coupling at 25 cm

Coupling at 50 cm

z−
z 0

(cm
)

c (m3/m3)
(d)

 0

 0.5

 1

 1.5

 2

 0  0.5  1  1.5  2  2.5  3  3.5

Coupling at 25 cm

Coupling at 50 cm

Uc (mm/s)

z−
z 0

(cm
)

(e)

 0

 0.5

 1

 1.5

 2

 0  0.5  1  1.5  2  2.5  3  3.5

Coupling at 25 cm

Coupling at 50 cm

Uc (mm/s)

z−
z 0

(cm
)

(f)

Fig. 2. Mean Eulerian velocity profile for (a) waves following the current and (b) waves opposing
the current, sediment concentration profiles for (c) waves following the current and (d) waves
opposing the current, suspended sediment flux profiles for (e) waves following the current and (f)
waves opposing the current.

24 Afzal, April 9, 2022



Fig. 3. The wave-averaged bedload transport 𝑞𝑏𝑡 beneath 2𝑛𝑑 order Stokes waves for different
angles 𝜃, and four different wave periods 𝑇𝑝.
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Fig. 4. Degree of rotation 𝜓 of the direction of bedload transport from the wave propagation
direction beneath 2𝑛𝑑 order Stokes waves for different angles 𝜃, and four different wave periods 𝑇𝑝.
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Fig. 5. The wave-averaged suspended sediment transport
∫ 𝑧𝑚𝑎𝑥

2𝑑50
𝑈𝑐𝑑𝑧 beneath 2𝑛𝑑 order Stokes

waves for different angles 𝜃, and four different wave periods 𝑇𝑝.
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Fig. 6. Degree of rotation 𝜓 of the direction of wave-averaged suspended sediment transport from
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different wave periods 𝑇𝑝.
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Fig. 7. The wave-averaged bedload transport 𝑞𝑏𝑡 beneath 2𝑛𝑑 order Stokes waves for different
angles 𝜃, and three different median grain diameters 𝑑50.
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Fig. 8. Degree of rotation 𝜓 of the direction of bedload transport from the wave propagation
direction beneath 2𝑛𝑑 order Stokes waves for different angles 𝜃, and three different median grain
diameters 𝑑50.
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Fig. 9. The wave-averaged suspended sediment transport
∫ 𝑧𝑚𝑎𝑥

2𝑑50
𝑈𝑐𝑑𝑧 beneath 2𝑛𝑑 order Stokes

waves for different angles 𝜃, and three different median grain diameters 𝑑50.
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Fig. 10. Degree of rotation 𝜓 of the direction of wave-averaged suspended sediment transport from
the wave propagation direction beneath 2𝑛𝑑 order Stokes waves for different angles 𝜃, and three
different median grain diameters 𝑑50.
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