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Analysis of Observed Streaming in Field Measurements

Hong Wang!, Troels Aagaard?, Lars Erik Holmedal' and Dag Myrhaug!

ABSTRACT

The analysis of velocity and suspended sediment concentration data from field mea-
surements at Pearl Beach in New South Wales, Australia reveals the existence of onshore
currents in the close vicinity of the rippled bed while the velocity is offshore directed farther
up in the water column. This might be caused by wave-induced streaming beneath irregular
waves over ripples. In order to test this hypothesis, a simple one-dimension vertical bottom
boundary layer model capable of capturing streaming has been applied, yielding a quali-
tatively fair agreement between the predicted and measured mean velocity and suspended
sediment concentration profiles, although the predicted suspended sediment concentration
is one order of magnitude smaller. Overall, these model results support the hypothesis of
the mean near-bed onshore velocity being caused by wave-induced streaming over ripples.
Keywords: Field measurements; Bedload; Ripples; Suspended sediments; Seabed bound-

ary layer.

INTRODUCTION

The effect of streaming is important, because it contributes to the net transport of
sediments and e.g. plankton and fish larvae near the sea bottom. However, seabed bound-
ary layer streaming is not yet well understood, and is difficult to measure as it is a small
(second-order) effect where the impact is observed over time. It is difficult to observe

streaming under field conditions, particularly because of the frequent occurrence of bot-
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tom ripples; this is further complicated by the existence of undertow and random waves.

Flow over ripples has been subjected to intensive investigations ever since the ex-
periments by Bagnold and Taylor (1946). Recent contributions include field measure-
ments (Traykovski et al. 1999; Traykovski 2007), measurements in large scale wave flumes
(Hurther and Thorne 2011) and in oscillating water tunnels (O’Donoghue et al. 2006). The
formation of 2D or 3D ripples largely depends on the sediment size with the ripples tending
to be 2D for the median grain diameter dsp > 0.33 mm (O’Donoghue et al. 2006); Hurther
and Thorne (2011) observed quasi-2D ripples in large scale wave flumes for dso = 0.25 mm
and found that the lee-side vortex (which contributes to the offshore transport) is stronger
than the stoss-side vortex (which contributes to the onshore transport), yielding an off-
shore or onshore suspended sediment flux depending on the grain-size for skewed waves
(van der Werf et al. 2007; Ribberink et al. 2008). Traykovski et al. (1999, 2007) found an
overall offshore directed suspended sediment flux and an onshore directed bedload (ripple
migration), with the net sediment transport (suspended sediment flux plus bedload) on-

shore directed.

Bottom boundary layer streaming occurs because of the near-bed friction leading to the
horizontal and vertical velocity components (u and w, respectively) not being 90 degrees out
of phase, as they are in potential flow. This implies that the time-averaged product of these
velocity components (i.e. ww) over a wave cycle is non-zero. Since the phase difference be-
tween u and w varies with the water depth, 0(uw)/0z is also non-zero and hence this term
acts as a depth-dependent horizontal pressure gradient, forcing the flow in the direction of
wave propagation, leading to a bottom boundary layer drift. This phenomenon was first
explained by Longuet-Higgins (1953) and will thus hereafter be denoted Longuet-Higgins

streaming. Also the presence of ripples and resulting vortex shedding causes d(uw)/0z
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to be non-zero, leading to a near-bed drift velocity (see e.g. measurements Hurther and
Thorne (2011) and numerical simulations by Andersen et al. (2001), Eidsvik (2006) as
well as the analytical model by Davies and Villaret (1999)). Streaming caused by turbu-
lence asymmetry in successive wave-half-cycles due to asymmetric wave forcing over a flat
bed (Trowbridge and Madsen 1984; Ribberink and Al-Salem 1995; Davies and Li 1997;
Holmedal and Myrhaug 2006; Scandura 2007; Holmedal and Myrhaug 2009; Fuhrman
et al. 2013) or waveshape forcing (Ruessink et al. 2009; Ruessink et al. 2011; Yu et al.
2010; Kranenburg et al. 2013) has been investigated. The streaming due to asymmetric
forcing alone leads to a bottom boundary layer drift against the waves (i.e. opposite to the
Longuet-Higgins streaming), while the waveshape streaming imposes a bottom boundary
layer drift in the wave propagation direction. Also streaming due to spatially variable
roughness (Fuhrman et al. 2011) is caused by turbulence asymmetry, while streaming
due to slopes is caused by both the Longuet-Higgins streaming and turbulence asymme-
try (Fuhrman et al. 2009a; Fuhrman et al. 2009b; Zhang et al. 2011; Scandura and
Foti 2011). Holmedal and Myrhaug (2009) and later Blondeaux et al. (2012) and Kranen-
burg et al. (2013) investigated the streaming and sediment transport beneath second-order
Stokes waves, finding the Longuet-Higgins streaming and the streaming due to asymmetric

forcing to compete.

In a previous work Aagaard et al. (2012) presented results from field experiments of
sediment transport (with emphasis on bottom forms) on the shoreface of Pearl Beach, Aus-
tralia. These measurements were taken outside the breakerline at water depths of 2.5-4 m
beneath shoaling waves. The results included daily averaged profiles of the mean velocity,
suspended sediment concentration, as well as bedload transport and ripple profiles for a
pre-storm phase, storm phase and post-storm phase. For the pre-storm data the mean ve-

locity profile was overall offshore directed over most of the water column, but in the close
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vicinity of the bed the velocity was onshore. Aagaard et al. (2012) explained this with
the presence of bottom boundary layer streaming originally explained by Longuet-Higgins
(1953). The purpose of this work is to provide a more detailed analysis of these particular
field data investigating the hypothesis of streaming by using a simple seabed boundary

layer model capable of capturing streaming.

FIELD MEASUREMENTS

Data were collected at Pearl Beach on the Northwest shore of Broken Bay, New South
Wales, Australia during the period June 12-24, 2011. The beach has a 960 m long zeta-
shaped shoreline facing the incoming ocean swell, which has a modal deep-water significant
wave height of 1.5 m and spectral peak periods typically ranging from 8 to 14 s. Further
details are given in Aagaard et al. (2012). Twenty-four data sets of instantaneous velocity
measurements with a time resolution of 0.5 s were analysed. Each data set was taken at
different tidal conditions; the duration of each set is approximately 17 minutes; the vertical

resolution is 1.6 cm.

MODEL FORMULATION

The boundary layer equations have been solved numerically. The length of the flow do-
main equals the wave length, and the height of the domain is larger than the boundary layer
thickness. In order to simplify the equations the relation 0/0x = —(1/¢,) 0/0t is applied;
here ¢, is the wave celerity. This relation transforms the two-dimensional problem into
a one-dimensional system of equations, which is easier to solve (Holmedal and Myrhaug
2009). A standard high Reynolds number k£ — € model (subjected to the boundary layer
approximations) has been adopted to provide the turbulence closure. Dirichlet conditions

are used for the velocity on top of the boundary layer; at the bottom z = z; the loga-
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rithmic wall law for rough turbulent flow is applied. An equivalent wave has been applied
to represent the random waves using the rms (root-mean-square) value of the measured
velocity amplitude. The present model has earlier been successfully applied on seabed
boundary layers (regular and random waves plus current) by Holmedal et al. (2003) and
on sediment transport (Holmedal et al. 2004; Holmedal and Myrhaug 2006; Holmedal and
Myrhaug 2009; Holmedal et al. 2013; Afzal et al. 2015); a convincing agreement between
measurements and predictions of turbulent flow quantities and sediment concentration was

obtained. The governing equations for conservation of momentum and mass are given as:

ou  Ow?)  Oww)  19p 0 ou

oo TTee T Tra tasra) (1)
ou Jw
9 + 9 0, (2)

where u is the horizontal velocity component, w is the vertical velocity component, p

is the pressure, p is the density of the water, and vy is the kinematic eddy viscosity.

The turbulence closure is provided by a k — € model. Subjected to the boundary layer
approximation, these transport equations are given by (see e.g. Rodi (1993)). Thus the

governing equations are given as:

ok O(uk) O(wk) 0 vk ou .,

ot o T o T o) Tle) e )
e O(ue)  Owe) 0, vp0Oe € ou €

oo e T algoan) TRt g ey @

where k is the turbulent kinetic energy and e is the turbulent dissipation rate. Here

Eq.(2) has been applied to write Egs.(1), (3) and (4) in conservative form. The kinematic
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eddy viscosity is given by

/CQ
vr = C ? (5)

The standard values of the model constants have been adopted, i.e. (¢1, ¢, Ce2, Ok, O¢)

= (0.09, 1.44, 1.92, 1.00, 1.30).

These equations are simplified using the relation

06 106
FERRY: (6)

where ¢ represents u, k and €; ¢, = w/ky, w is the wave frequency, k, = 27/ is the
wave number determined from the dispersion relation w? = gk, tanh(k,h), and A is the
wave length. The vertical velocity component is found from the continuity equation and
is evaluated as
= Ou 1 [* Ou

w=— —dz = — —dz (7)
vz OT Cp J ez Ot

and inserted into Eqs. (1), (3) and (4). The integral has been evaluated numerically
using the trapezoidal rule, using that w = 0 at z = z5. A more detailed description of this

model is given in Holmedal et al. (2013).

RESULTS AND DISCUSSION

Twenty-four field data sets of instantaneous velocity and suspended sediment concen-
tration measurements with a time resolution of 0.5 s were analysed. Each of these data
sets was taken at different tidal conditions; the duration of each set is approximately 17
minutes; the vertical resolution is 1.6 cm. Onshore near-bed mean velocities were found

in 6 of the 24 time series. The significant wave height H, varies between 0.64 and 0.86
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m; the spectral peak wave period T, lies between 8.1 and 9.1 s and the water depth is be-
tween 2.93 and 3.91 m; these parameters are given in Table 1. The median sand diameter
is about 0.30 mm at the instrument deployment positions. It should be noted that it is
a non-trivial task to determine a “fixed” bed (for model predictions) in the present case
where the bedforms are moving; it is quite likely that the ripples will blur the “bed level”.
Here the bed level has been chosen by discarding spurious measured velocities which are
obviously contaminated by moving bedforms. In the following the resulting mean profiles

containing streaming will be presented.

Figure 1 shows 6 different mean velocity profiles with an onshore velocity near the bed
and an offshore velocity farther away from the bed. Aagaard et al. (2012) explained this
near bed onshore mean velocity with the presence of wave-induced streaming. To further
test this hypothesis, the k—e model (capable of capturing streaming) was applied, both with
sand roughness (with a median sand diameter dso of 0.32 mm and zy = d5/12 for a flat bot-
tom), and with a larger ripple roughness (2o = 0.19 cm given by zo = 81%/(30\;) where 7 is
the ripple height and A is the ripple length (Nielsen 1992)). An equivalent sinusoidal wave
using the rms value of the near-bed wave excursion amplitude (A, = Hy/(2v/2 sinh(k,h))
and the spectral peak period T}, of the wave, was used to represent irregular waves. Figure
1 shows that the near-bed mean velocity profile is reasonably well predicted by the model
(despite substantial underestimation of the mean velocity closest to the theoretical bed),
with the “ripple-roughness” yielding the best result. This is consistent since ripples were
present during measurements. Figures la and ¢ show a fair model agreement for field mea-
surement data taken from ripple mid-points while the other streaming velocities, which are
underestimated, are from ripple crests possibly due to local acceleration effects. However,
the fact remains that for 18 of the 24 analysed time series, either no drift was found, or

the drift was offshore. A possible explanation is that these measurements are located at
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ripple troughs where it might be a “dead zone”, i.e. no streaming. Figure 2 shows three
snap shots of bottom ripple profiles for the pre-storm data analysed in the present paper;
these are the only such profiles available from the pre-storm data. Clearly these profiles
are highly irregular, and these are moving bedforms. It is unclear to the authors whether
particular realizations of such irregular ripple forms could cause a near-bottom onshore
velocity; further research, including modelling, is required. This is, however, beyond the

scope of the present work.

Due to the wave action a considerable amount of the sediment transport takes place
as suspended load. The existing bottom ripples are typically about 6 ¢cm high with a
ripple length of about 60 cm (although the ripples are irregular; see Figure 2). This might

lead to vortex shedding over the ripples, enhancing the suspended sediment concentration.

Figure 3 shows the mean suspended sediment concentration ¢(z) corresponding to the mean

velocity profiles shown in Figures la-f. Overall, a log-linear profile of ¢(z) is observed

(except a few near bed data that might be recorded in ripple troughs). Furthermore, ¢(z)

has been predicted using an empirical formula from Nielsen (1992) valid for ripples:

@ = Ooe_LiS (8)

L, = 1l4p (9)

Co = 0.00560? (10)
9

0, = m (11)
To

H = —> 12

pg(s — 1)dso (12)

where 6 is the instantaneous dimensionless seabed shear stress (Shields parameter) for

a sandy flat bed, 7, is the dimensional instantaneous seabed shear stress, ¢ is the gravity
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acceleration, s = 2.65 is the density ratio between the sand and the water. The critical
Shields parameter 6, = 0.05 must be exceeded for bedload transport to take place. Here the
present k — e model has been applied to obtain €, using the empirical relation zy = dsp/12.
Figure 3 shows that the predicted mean concentration is consistently about one order
of magnitude smaller than measured, demonstrating the limitation of simple empirical
sediment models applied in the field. Figure 4 shows the ratio a between the measured

and modelled ¢(z) at z = z, plotted versus the mobility number 1 = U2, ./(g(s — 1)dso)

rms

where U,ps = 2mA,s/1p; the ratio varies from about 26 to 8. Here the value of the

measured ¢(z) at z = zp have been obtained by extrapolation where we discard those few
field measurement data that are not log-linear in the @—proﬁle, i.e. the lowest 3 points
in Figure 3a. Overall, it appears that the ratio decreases as the mobility number increases.
This might be due to that the ripple heights become smaller with increasing wave activity
and hence the flat bed regime is approached where the present model works well.

Figure 5 shows the mean suspended sediment flux W(z) for the physical conditions
given in Table 1. This flux is onshore for Figures 5b-f, i.e. in the same direction as the
corresponding near-bed mean velocities shown in Figure 1. However, the flux in Figure
Ha is offshore, i.e. opposite to the direction of the corresponding near-bed mean velocity
shown in Figure la. As discussed in detail by, among others, by Holmedal and Myrhaug
(2006) and by Fuhrman et al. (2013), uc(z) # Tc(z), i.e. the mean suspended sediment flux

depends on the instantaneous interaction between the suspended sediment concentration

and the velocity.

The present field measurements represents complicated sediment flow, including shoal-
ing waves, shallow water with turbulence through the entire water column, as well as
irregular waves causing irregular moving bottom ripples. Moreover, there is a weak slope,

and both tidal forcing and undertow are present. Overall, the onshore near-bed mean



216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

236

velocities shown in Figure 1 might be caused by wave-induced streaming over ripples. The
fair agreement between the predicted and measured mean velocity profiles supports this
hypothesis, although wave-induced streaming beneath irregular skewed waves over ripples

is not yet fully understood.

SUMMARY

Velocity and suspended sediment concentration data from field measurements at Pearl
Beach in New South Wales, Australia, have been analysed. The analysis reveals that al-
though the near-bed current is overall offshore directed, there is an onshore current in the
close vicinity of the rippled bed in several of the time series. This might be caused by wave-
induced bottom boundary layer streaming over ripples. A simple one-dimension vertical
bottom boundary layer model has been applied, yielding a qualitatively fair agreement
between the predicted and measured mean velocity and suspended sediment concentration
profiles, although the predicted suspended sediment concentration is one order of magni-
tude smaller (taking into account that these are field measurements). Hence these model
results support the hypothesis of the mean near-bed onshore velocity being caused by

wave-induced streaming.
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Table 1: Physical parameters: Hj is the significant wave height and 7T}, is the spectral peak

period.
Burst number | Hy (m) | T, (s) | Water depth (m)
089 0.64 9.1 3.33
096 0.80 8.3 3.91
097 0.86 8.3 3.87
102 0.72 8.6 3.24
103 0.67 8.5 3.09
104 0.66 8.1 2.93
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Figure 1: Mean velocity profiles @ for 6 different time series, see Table 1.
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Figure 3: Mean concentration profiles ¢(z) for the 6 time series.



Figure 4: The ratio between

mobility number.
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Figure 5: Mean suspended sediment flux profiles uc(z) for the 6 different time series.



