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[1] Acoustic measurements of near-bed sediment diffusivity profiles are reported. The
observations were made over two sandy rippled beds, classified as ‘‘medium’’ and ‘‘fine’’
in terms of sand grain size, under slightly asymmetric regular waves. For the medium
sand, the ripples that formed had relatively steep slopes, while for the fine sand, the slopes
were roughly half that of the medium sand. In the medium sand case, the form of the
sediment diffusivity profiles was found to be constant with height above the bed, to a
height equal approximately to the equivalent roughness of the bed, ks, while above this
the sediment diffusivity increased linearly with height. For the case of the fine sand there
was no constant region; the sediment diffusivity simply increased linearly with height
from the bed. To understand the difference between the respective diffusivity profiles,
advantage has been taken of the high temporal-spatial resolution available with acoustic
systems. Using intrawave ensemble averaging, detailed images have been built up of
the variation in concentration with both the phase of the wave and also height above the
bed. These intrawave observations, combined with measurements of the bed forms and
concepts of convective and diffusive entrainment, have been used to elucidate the mixing
mechanisms that underlie the form of the diffusivity profiles observed over the two
rippled beds. These mechanisms center on coherent vortex shedding in the case of steeply
rippled beds and random turbulent processes above ripples of lower steepness.
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1. Introduction

[2] In many marine environments, from river estuaries
through to the offshore regime, suspended sediments are a
significant component of the total sediment transport and, in
numerous cases, are dominant. It is therefore necessary to
obtain a description of how the sediments are entrained into
the water column and to ascertain the resulting form of the
suspended sediment concentration profile. Predictions for
the form of the concentration profile differ according to the
flow, the seabed sediment and, importantly, any resulting
bed forms [Sleath, 1984; Soulsby, 1997; Van Rijn et al.,
2001]. Most of the formulations used have been under-
pinned by the classical Fickian concept of gradient diffusion
[Coleman, 1970;Glenn and Grant, 1987; Vincent and Green,
1990; Vincent and Osborne, 1995; Ogston and Sternberg,
2002; van der Werf et al., 2006], originating from kinetic
molecular theory where random molecular movements
induce mixing. In the case of suspended sediments in field
situations, it is the turbulent fluctuations in the vertical
velocity component that give rise to the upward mixing
process. In the simplest case the time averaged vertical

turbulent diffusive flux of sediment, qv, is considered to be
balanced by the settling of the suspended sediment under
gravity, such that:

qv ¼ wSC where qv ¼ �es
@C

@z
ð1Þ

[3] Here C is the time-averaged sediment concentration at
height z above the bed, ws is the sediment settling velocity,
and es is the sediment diffusivity. The vertical profile of es is
frequently linked to the eddy viscosity, nt, used to model
the transfer of momentum by turbulent eddies. The eddy
viscosity, nt, represents the product of a turbulent velocity
scale and a mixing length scale. Both of these factors
therefore affect the sediment diffusivity which is commonly
expressed as es = bnt where the coefficient b is either
assumed to be a constant (equal to unity, or larger or smaller
than unity) or is sometimes considered to have a functional
dependence upon the sediment in suspension and the flow
parameters [Van Rijn, 1984; Whitehouse, 1995; Rose and
Thorne, 2001]. The vertical profile of nt, and hence es, in
previous applications has been taken to be constant, linear,
parabolic, exponential or some combination thereof [Grant
and Madsen, 1979; Nezu and Rodi, 1986; Nielsen, 1992;
Van Rijn, 1993; Chung and Van Rijn, 2003]. These different
forms have been associated with various concepts regarding
the mixing in the near-bed boundary layer. Hitherto, there has
been no consensus on a general form for profiles of the
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sediment diffusivity or eddy viscosity, though constant
[Nielsen, 1986; van der Werf et al., 2006] and linear profiles
[Ribberink and Al-Salem, 1994; Vincent and Osborne, 1995]
with height above the bed have been used in many near-bed
sediment studies.
[4] Despite the wide use of gradient diffusion, several

studies [Sleath, 1982; Hansen et al., 1994; Ribberink and
Al-Salem, 1994; Osborne and Vincent, 1996; Fredsøe et al.,
1999; Villard and Osborne, 2002; Thorne et al., 2003] have
indicated that this is not always the dominant process
generating the suspended sediment concentration profile,
particularly for sediment entrainment by waves over rippled
beds. These studies have shown that, if the ripples are
relatively steep with hr /lr � 0.12, where hr is the ripple
height and lr is the ripple wavelength, then the mixing close
to the bed is dominated by a coherent process involving
boundary layer separation on the lee side of the ripple crest
during each wave half cycle near maximum flow velocity.
The resulting lee-wake vortex remains attached to the bed
entraining sediment into the flow as it grows in size and
strength. At flow reversal the sediment-laden vortex is
ejected into the water column, carrying sediment to several
ripple heights above the bed. This process is coherent and
repeatable, with two main periods of sediment entrainment
during the cycle at around the times of flow reversal. The
sediment mixing process is thus fundamentally different
from that associated with gradient diffusion. Gradient diffu-
sion relies on the ‘‘mixing length’’ being small compared
with the vertical extent of the concentration profile as a
whole, and the rate of diffusion is proportional to the
concentration gradient (equation (1)). In contrast, the mixing
due to vortex entrainment occurs on a (relatively) larger
‘‘convective’’ length scale that is not, therefore, linked so
directly to the concentration gradient. Interestingly, the
‘‘finite mixing length’’ approach proposed by Nielsen and
Teakle [2004] offers a novel way of reconciling the two
different physical concepts contrasted above. Nielsen [1988,
1992] had earlier suggested that in many circumstances,
particularly involving rippled beds under waves and also
combined waves and currents, both convective and diffusive
processes occur together and, in some recent studies [Lee and
Hanes, 1996; Lee et al., 2002; Thorne et al., 2002], this
approach has been adopted.
[5] The present study represents a contribution toward our

understanding of these fundamental mixing processes. Mea-
surements were collected in a large flume, the Deltaflume,
Deltares (formerly WL|Delft Hydraulics), the Netherlands,
which is 240 m long, 5 m wide and 7 m deep. The size of the
flume allowed the wave and sediment transport processes to
be studied at full scale [Williams et al., 2003] (flume details
at http://www.wldelft.nl/facil/delta). Simultaneous, closely
colocated observations were made of: suspended sediment
concentration, suspended particle size, the flow and the
ripples on the sandy beds. The data were obtained beneath
regular weakly asymmetrical surface waves over beds of
medium and fine sand. These data are used here to examine
the sediment diffusivity profiles over the two sandy beds.
To interpret the form of the observed sediment diffusivity,
advantage is taken of the high temporal-spatial resolution
available with acoustic systems. In particular, intrawave
ensemble averaging, coupled with bed form measurements,
have been used to build up detailed images of the variation

in concentration with both the phase of the wave and also
the height above the bed. These data have been used to
highlight the underlying entrainment mechanisms that led to
the form of the measured sediment diffusivity profiles
presented in this study.
[6] The paper is laid out as follows; in section 2 a physical

discussion is presented of the key modeling concepts, fol-
lowed in section 3, by a summary of the observational work
and data analysis. In section 4 the measurements are
presented and interpreted to explain the different profiles
for the sediment diffusivity, obtained above the two sandy
beds, in terms of convective and diffusive processes. This is
followed in section 5 by a discussion on the implications of
the observations, with conclusions drawn in section 6.

2. Models

[7] A modeling framework can be set out for turbulent
oscillatory flows above various naturally occurring bed types
in terms of the wave Reynolds number, RE = A0U0/n, where
A0 is the orbital amplitude, U0 is the near-bed velocity
amplitude and n is the kinematic viscosity, and the relative
roughness, A0/ks, where ks is the equivalent bed roughness
[Davies and Villaret, 1997]. Table 1 summarizes a simplified
framework for oscillatory flows above erodible sandy beds
[see also Davies and Thorne, 2008]. Essentially, steeply
rippled beds having hr /lr � 0.12 occur in low-energy flows;
such ripples tend to be long crested (two-dimensional) with
vigorous, alternate eddy shedding occurring above them.
Such ripples are characterized by low values of RE, A0/ks
and also of q̂ ¼ t̂0/{(rs � r)gd50} where t̂0 is the peak bed
shear stress during the wave cycle, rs and r are the densities
of the sediment and water respectively, and d50 is the median
grain diameter. For larger values of the respective nondimen-
sional parameters the ripples are reduced in amplitude and
tend to have shorter crest lengths (2-D/3-D ‘‘transitional’’
ripples). Ultimately, for high-energy flows, ‘‘dynamically
plane’’ beds occur; here any ripples that are present are of
such small steepness (hr /lr � 0.08) that the oscillatory flow
becomes closely similar dynamically to that above a plane
bed. (It may be noted that the beds referred to here as
dynamically plane are commonly denoted also, in the limit
of very high mobility, as ‘‘upper stage plane beds’’). The
equivalent roughness, ks, depends upon the grain size for flat
sandy beds with, typically, ks = 2.5d50 for ‘‘lower-stage plane
beds’’, and upon the ripple height and steepness for rippled
beds, ks a hr(hr/lr), with ks enhanced by a ‘‘mobile bed’’
contribution for low ripples and plane beds in high-energy
flows.
[8] It was noted byDavies and Villaret [1997] that many of

the modeling concepts developed for steady turbulent flow
remain valid in oscillatory flow. Above smooth flat beds, at
high RE, the turbulent eddy viscosity may be assumed to vary
linearly with height throughout the wave boundary layer.
However, for rougher beds, also at high RE, data suggest the
existence of an outer layer in which the turbulent velocity
scale decreases with height and in which, therefore, nt
remains approximately constant [e.g., Trowbridge and
Madsen, 1984]. The wave boundary layer thickness is over-
estimated by models that do not include this outer, constant,
nt-layer. Several eddy viscosity models have assumed, either
implicitly or explicitly, that nt is also time varying
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