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The use of acoustics tomeasure sediment transport boundary layer processes has gained increasing acceptance
over the past two decades. This has occurred through the development of increasingly sophisticatedmeasuring
systems and theoretical developments, which have enabled flow and suspended sediment parameters to be
obtained from acoustic data with a high degree of accuracy. Until relatively recently, separate acoustic systems
were used to measure flow and suspended sediment concentration. Over the past few years, however, the
technology has become sufficiently advanced so thatflowand sedimentmeasurements can be integrated into a
single system. This integration provides, quasi-instantaneous, non-intrusive, co-located, high temporal-spatial
resolution measurements of benthic flow and sediment processes. Here the development of such an
instrument, the Acoustic Concentration and Velocity Profiler (ACVP) is described. The theory underpinning its
application is outlined, new approaches to velocity de-aliasing and suspended sediment inversion instabilities
using multi-frequency capabilities are presented and the application of the system to sediment transport
processes over a sandy ripple bed is illustrated. The observations clearly show the value of such
instrumentation for studying the dynamical interaction between the bed, the flow and the sediments at and
within the bottom boundary layer.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Over the past twenty years, a variety of Acoustic Backscattering
Systems (ABS) have been developed and used intensively for the
study of natural, anthropised or manmade hydrosystems. Long range
ABS operating in the 10 KHz to 100 KHz acoustic frequency are
capable of profiling currents and backscatter characteristics of
suspended matter (sediments, fish, plankton, air bubbles) over
distances of more than several hundred meters. They are applied to
study large scale phenomena such as ocean circulation, internal
waves, river basins and lake dynamics, as well as coastal, nearshore
and estuarine dynamics. High-resolution ABS working in the MHz
range using point measurements or profiling systems usually cover
distances between 5 cm to 1 m from the emitting transducer with a
spatial resolution in the mm to cm range. These systems are well
suited for flow/sediment/bedform process studies across the active
benthic flow region with a minimum flow perturbation effect from
the ABS. As outlined in Thorne and Hanes (2002), these techniques
providemeasurements of the physical quantities relevant to sediment
transport. They defined the quantities as a measurement triad

composed of the nearbed flow quantities (velocity, shear, turbulence),
the bedform parameters (bed constitution, position, shape and
deformation) and the suspension quantities (sediment concentration,
erosion and accretion fluxes, sediment size). All three components can
interact dynamically with feedback processes occurring; these
complex boundary layer interactions explain why our understanding
of sediment transport processes is still limited and our long term
predictive capability of sediment transport uncertain.

The present study reports on the development of an Acoustic
Concentration and Velocity Profiler, ACVP, which was carried out
within the European project HYDRALAB III as a Joint Research Activity
on Scaling Analysis and New instrumentation for mobile beD testS
(SANDS). The ACVP is capable of co-located high resolution profiling
of the multi-component flow velocity and suspended sediment
concentration, thus providing direct sediment flux measurements
across the benthic flow region. Sediment flux profiling at intrawave
and turbulent scale above a mobile sediment bed is recognized as one
of the most promising and challenging aspects in sediment transport
process studies. To-date velocity and concentration measurements
were generally collected using separate instruments (Harris et al.,
2003; VanderWerf et al., 2007; Thorne et al., 2009; O’Hara Murray
et al., 2011). This provided observations that were not co-located and
thus limited the investigation of sediment fluxes to intermediate scale
processes (of the order of decimetres). In particular, turbulence
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processes which are one of the leading sediment entrainment
mechanisms could not be directly addressed for flow scales smaller
than the separation distance between the instruments. These co-
located high-resolution measurements are essential to many sedi-
ment transport processes such as ripple vortex entrainment of sand,
sediment processes in the surf and swash zones, fine sediment
transport processes over large-scale gravel beds, cohesive sediment
transport processes, and sand/mud mixtures erosion processes.

Few ACVP instruments have been developed in the past. Shen and
Lemmin (1999) designed a system using simultaneously back and
forward scattering for concentration measurements and co-located
multi-bistatic pulse coherent velocity measurements. The system
gave good results in terms of concentration range profiling up to
140 kg/m3 over a distance of more than a decimetre above a channel
bed. In order to work, the system configuration required the
alignment of two emitting/receiving transducers mounted face-to-
face. This configuration considerably limits its use for profiling above
mobile beds without disturbing it since one of the transducers must
be mounted at bed level. The spatial resolution was 6 mm with a
temporal resolution in the 100 ms range. Zedel and Hay (1999) and
Smyth et al. (2002) also demonstrated the possibility of co-located
velocity and concentration profiling with similar performances in
terms of spatio-temporal resolution.

The objective here is to report on significant improvements in
ACVP performance in terms of measurement accuracy, resolution,
range (velocity and concentration) and observational capability using
a co-located multi-frequency Doppler system. Several methods are
proposed and tested to overcome the velocity and concentration
limitations due to Doppler phase aliasing and inversion instabilities
due to the sediment attenuation effect on the backscattered intensity
profile. As a result, the present high resolution ACVP is particularly
well adapted to sediment fluxmeasurement over a wide range of flow
scales in the challenging benthic flow region.

In the following Section 2, we will present the basic principles of
multi-bistatic pulse-coherent velocity profiling and incoherent back-
scattered intensity inversion for sediment concentration profiling.
Section 3 is devoted to a new Doppler velocity de-aliasing method to
overcome the limitations due to the well-known depth-velocity
ambiguity relation of pulse coherent systems. In Section 4, we present
a novel dual-frequency (also called bi-frequency) inversion method
generating stable sediment concentration profiles across the high-
concentration nearbed flow region. In Section 5, the performance of
the ACVP is tested for velocity, sediment concentration and sediment
flux profiling above a rippled sand bed under a regular wave forcing.

2. ABS principles for combined profiling of velocity and suspended
sediment concentration

The basic principles used for quasi-instantaneous, simultaneous
and co-located profiling of velocity and sediment concentration can
be explained from the expression of the scattered pressure at the face
of a receiving piezo-electrical transducer R located at a distance rk,r
from a suspended particle k in the farfield of the transducer (Fig. 1):

p = A rk;i; rk;r ; ap; θ
� �

exp i ωct + kc rk;i + rk;r
� �h in o

ð1Þ

with

A rk;i; rk;r ; ap; θ
� �

=
p0r0
2

apfp θ; ap
� � DiDr

rk;irk;r
exp −α rk;i + rk;r

� �h i

Particle k is within a cloud of N suspended particles insonified by
an incident pulse train transmitted at the pulse repetition frequency,
PRF, by a transmitting transducer T located at distance rk,i from
particle k.ωc and kc are the angular frequency andwave number of the
transmitted signal, respectively. ap and θ are the particle radius and

the backscattering angle (equal to πwhen the transmitter is used as a
receiver and transceiver, i.e. in monostatic configuration). p0 is the
reference pressure at distance r0 from the transmitter. fp, Di, and Dr are
the particle form function and directivity functions of the transmitter
and receiver, respectively. α is the total pressure attenuation factor
due to absorption in water and scattering losses due to suspended
particles distributed along the travel path of the radiated sound.

When a large number N of particles are randomly distributed over
the insonified volume, the received pressure can be written as

p̂ = Ω exp iγð Þ exp ikc r̂i + r̂r
� �� � ð2Þ

where p̂ has been demodulated in frequency. r̂i and r̂r are the mean
cloud displacements spatially averaged over the insonified sample
volume. Under incoherent scattering and negligible multiple scatter-
ing conditions, amplitude Ω and phase noise γ can be expressed as

Ω2 = N ∭
ϑ

A2dϑ

γ = arctan
−∑

N

k=1
A rk;i; rk;r
� �

sin φkð Þ

∑
N

k=1
A rk;i; rk;r
� �

cos φkð Þ

2
6664

3
7775 with φk = kc r0k;i + r̃k;i + r0k;r + r̃k;r

� �

8>>>>>>>><
>>>>>>>>:

ð3Þ

where r0k,i and r0k,r correspond to the initial positions of the kth
particle relative to the transmitter and the receiver, respectively. rk̃,i
and r̃k,r are the displacement deviations of the kth particle from the
spatially averaged displacements r̂i and r̂r, respectively.

In order to measure the particle velocity and concentration in the
same sample volume, both the squared amplitudeΩ2 and the Doppler
phase kc(r ̂i+ r̂r)+γ of the scattered pressure are acquired and treated
as detailed below. The term γ is an undesired phase noise term
contributing to noise in the velocity signal.

2.1. Velocity profiling

For velocity profiling in the bottom metre above the bed, the
acoustic pulse is typically transmitted at a PRF about one kHz. In order
to obtain a spatial resolution in the mm range, the acoustic pulse has a
typical duration of several μs and a carrier frequency in the MHz
range. The demodulated complex Doppler signal at the output of the
velocity system is proportional to the received pressure given in
Eq. (2) as

e tð Þ = I tð Þ + iQ tð Þ∝ p̂ tð Þ

Ree δð Þ = 1
T
∫
∞

0

e tð Þe t−δð Þdt ð4Þ

Fig. 1. Suspended sediment cloud insonified by an ABS in bistatic configuration.
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where Ree(δ) is the complex autocorrelation function of e(t). Note that
for simplicity in the writing, signal e(t) is represented as a time
continuous signal even though it is inherently sampled at frequency
PRF. The measurement limitations linked to this inherent time
discretization are discussed in Section 3.

The phase of the complex autocorrelation signal at δ=TPRF is
obtained using the pulse-pair algorithm (Lhermitte and Serafin, 1984),

ΨTPRF = arg Ree δ = TPRFð Þ½ � = arctan
Im Ree δ = TPRFð Þ½ �
Re Ree δ = TPRFð Þ½ �
� 	

= arctan
ItQt−TPRF−It−TPRF Qt

It It−TPRF−QtQt−TPRF

* +
Npp

0
@

1
A

ð5Þ

where the last expression on RHS has been averaged over Npp

consecutive pulse-pairs in order to limit the noise contribution in the
quasi-instantaneous phase ΨT

PRF. For typical flow applications, Npp

varies between 8 and 64 resulting in a final velocity time resolution of
PRF/Npp. Typical values for this last parameter vary between 10 ms
and 100 ms.

When several receivers are used simultaneously in different flow
directions (i.e. in a multi-bistatic configuration) to perform multi-
component velocity profiling, the quasi-instantaneous Doppler
frequency for each receiver j is obtained from the previous expression
as

fD; j =
1
2π

dΨj

dδ j
δ=0

=
ΨTPRF

j −Ψ0
j

2πTPRF
=

ΨTPRF
j

2πTPRF
ð6Þ

whereΨ0=0 by definition. The corresponding radial velocity is equal
to

vj tð Þ = c
fc
fD;j = V

→
⋅ e

→

i
+ e

→

s; j

� �
=

ckc
2π fc

d
dt

r̂ tj + γj

h i
= v̂j tð Þ + nj tð Þ with r̂ t

j = r̂i;j + r̂r;j
ð7Þ

where V
→
j(t) corresponds to the radial velocity spatially averaged over

the sample volume and nj(t) represents the velocity noise due to the
Doppler phase noise contribution γj in Eq. (3). fc and c are the carrier
frequency and the speed of sound in water, respectively.

When three receivers are used in three different directions, the
profile of the quasi-instantaneous velocity vector V

→
(u,v,w) can be

reconstructed using the geometrical transformation matrix [T],

u
v
w

0
@

1
A= T½ �

v1
v2
v3

0
@

1
A ð8Þ

[T] depends upon the arrangement of the receivers Rj relative to the
central transmitter T (see Fig. 2b). The time averaged velocities are
not affected by the Doppler noise contribution due to its fairly white
noise characteristics over the resolved bandwidth (Hurther and
Lemmin, 2001). However, the measured turbulent velocity variance
for each radial component j is affected by the additional noise variance
as

v′j
2 = v̂′j

2 + n2
j ð9Þ

with σ2
j = n2

j = ∫
+∞

−∞ ∫
+∞
−∞ Rnjnj δð Þ exp −i2πf δð Þdδdf

The prime represents the time fluctuating component obtained
after application of the Reynolds decomposition (i.e. vj x; y; z; tð Þ =
vj x; y; zð Þ + v′j x; y; z; tð Þ; the overbar denotes the time averaged
velocity). The noise variance in Eq. (9) is expressed as the noise
spectrum integrated over the resolved bandwidth. Using the

geometrical transformation matrix, the noise contributions in the
turbulent intensities can be expressed as (Hurther and Lemmin, 2001)

u′
2

v′
2

w′
2

0
BB@

1
CCA=

û′
2

v̂′
2

ŵ′
2

0
BB@

1
CCA + T½ �2

σ2
1

σ2
2

σ2
3

0
BB@

1
CCA ð10Þ

The noise variances contained in the second term on the RHS of
Eq. (10) can cause relative errors of up to 80% depending on the
geometrical weighting factors contained in the transformation matrix
and the degree of isotropy of the studied turbulence. Different
Doppler noise suppression methods have been proposed to minimize
these effects. In Hurther and Lemmin (2001) and Blanckaert and
Lemmin (2006), the use of a fourth receiver instead of three, allows
the calculation of two vertical velocity components from separate
independent radial velocity components measured in different
directions. The uncorrelated Doppler noises permit the use of cross
correlation techniques to eliminate the additional noise variances in
the reconstructed velocity components of Eq. (10). More recently,
Hurther and Lemmin (2008) proposed a cross-correlation technique
using the quasi-instantaneous and co-located dual-frequency capa-
bility of the present ACVP. In this case, the velocity redundancy is
obtained from the measurement of the same radial velocity
components at two slightly different carrier frequencies. The
advantage of this method over the one of Hurther and Lemmin
(2001) is the use of a single transducer at two different frequencies,
thus avoiding the use of an additional receiver and corresponding
hardware channels in the system. Typically, these noise reduction
methods reduce the relative errors in the second and third order
turbulent velocity moments to values between 10% and 30%,
respectively. Detailed analysis of turbulent kinetic energy budgets
and coherent flow structure dynamics can then be carried out in
complex turbulent flows such as rough-bed channel flows (Hurther
et al., 2007a; Mignot et al., 2009a,b), or under nearshore breaking

Fig. 2. (a) Typical ACVP deployments for measurements in the surf zone and in the
rippled bed zone. (b) Configuration of the 2D-ACVP using one transceiver T (receiving
mode is used for the concentration profiling) and 2 bistatic receivers R1 and R2.
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waves in the surfzone (Hurther et al., 2007b; Chassagneux and
Hurther, 2009; Mignot et al., 2009c).

2.2. Sediment concentration profiling

Starting with Eqs. (1) to (3), the mean squared amplitude of the
pressure (proportional to the acoustic intensity) scattered by a
cloud of N suspended particles in the sample volume dV is written
as

p̂2 = Ω2 =
3 p0r0ð Þ2
16π

∫
∞

0

a2p fp θ; ap
� �


 


2n ap

� �
dap

ρp ∫
∞

0

a3pn ap
� �

dap

0
BBBB@

1
CCCCA C∭

V

DiDr

r̂i r̂r

� 	2

× exp −2α r̂i+ r̂r
� �� �

dV

ð11Þ

where C = Nρp
4
3
π∫

∞

0

a3pn ap
� �

dap is the mass concentration and n(ap)

corresponds to the number size distribution of the suspension
cloud in dV. As previously mentioned, this expression is valid
under incoherent backscattering and negligible multiple scattering
conditions.

For the case of a sand suspension insonified by an ABS in a
monostatic configuration (i.e. when the transmitter is also used as a
receiver), the calibration terms in Eq. (11) have been evaluated
accurately over the past twenty years (Hay and Mercer, 1985; Sheng
and Hay, 1988; Hay, 1991; Thorne and Campbell, 1992; Thorne and
Hanes, 2002). Based on semi-theoretical and experimental determi-
nations of the acoustical backscattering and attenuation properties
of sand suspensions, as well as appropriate calibration procedures
for the estimation of the hardware parameters (Bricault, 2006;
Betteridge et al., 2008), the output mean squared voltage signal
(which is proportional to the mean squared pressure) of the ACVP
becomes:

Imo = AmoAs C exp −4∫ r̂

0
ζsC dr̂

� �
ð12Þ

where

Amo =
RTVp0r0

1:05kcatψ r̂

� 	2 τc
4

exp −4αw r̂
� �

As =
3
4ρs

a2s f
2 θ = π; xð Þ

D E
a3s
� � with f θ = π; xð Þ =

n
g xð Þ fsphere θ = π; xð Þ

D E
theor

1:1C0 xð Þ Kf x
2

1 + Kf x
2 empir

ζs =
3
4ρs

a2s χ
D E
a3s
� � withχ =

g xð Þ χsphere xð Þ
D E

theor

4
3
Kαx

4

1 + x2 +
4
3
Kαx

4
empir

8>>>>>><
>>>>>>:

8>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>:

ð13Þ

with g xð Þ = βx3 + 0:5x + 3:5
x3 + 3:5

; β = 1:7� 0:3 and x = kas: ð14Þ

The term Amo includes the system dependent parameters and the
water absorption term along the profile. RTV is a system constant valid
for the transducer sensitivity and the transfer function of the
hardware unit, at, is the radius of the transducer, ψ represents the
correction function accounting for the departure from spherical
spreading in the nearfield of the transducer (ψ=1 in the farfield), τ
is the duration of the transmitted pulse, αw is the water attenuation
constant for pressure, as is the sand grain radius for a ¼-φ narrow

class size constituting the size distribution n(as), ρs is the density of
the sand particles. The term As is the sand backscattering term, i.e. for
θ=π. The brackets denote averaging weighted by the size distribution
of the sand suspension as written in Eq. (11) for the angular scattering
term in parenthesis. The functions f(θ=π, x) and χ in Eq. (13) are the
fundamental backscattering form function and the normalized total
scattering cross section, respectively. These acoustic properties are
valid for a sand suspension of nominally single size having a ¼-φ
number size distribution. Two different approaches for their approx-
imations are proposed in the literature. Thorne and Buckingham
(2004) have shown that they can be accurately approximated by the
rigid sphere solutions that have been low-pass filtered andmodulated
by an empirical function g(x). The low-pass filter eliminates the
resonance effects in the sphere solution. The empirical modulation
function accounts for the higher scattering cross section of irregularly
shaped sand particles compared to spheres. Spherical shapes have the
smallest ratio of surface area to volume. β=1.7±0.3 in g(x) is an
average value found over a large set of marine sand suspensions with
strong differences in grain shape irregularities.

The second approach relies on two generic empirical approxima-
tions that have been fitted to a large set of calibration results using
many different marine sand suspensions. The value of Kf for the
empirical form function is found to be equal to 1.1 and the value of C0
tends towards unity as x tends to zero and infinity. For the normalized
total scattering cross section, a value of Kα=0.18 has been proposed
in Thorne and Hanes (2002). The generic formulations have recently
been revisited by Thorne and Meral (2008).

The inverse problem defined herein consists in the determination
of the unknown C in Eq. (12) when the parameters Amo, f(θ=π, x), χ
and the size distribution n(as) are known a priori. The performances
and limitations associated with the standard inversion methods
known as the iterative implicit approach (Thorne et al., 1993) and the
explicit approach (Lee and Hanes, 1995) will be compared herein to a
novel dual-frequency inversionmethod proposed below. In particular,
the sensitivity to the uncertainties in the inversion parameters of the
different methods will be discussed.

Please note that in many flow applications, both the variables C
and basN are defined as unknowns in the inverse problem (Thorne
and Hanes, 2002). In this case, the equation is solved by the use of
the iterative implicit approach at two or three different acoustic
frequencies following the method proposed in Thorne and Hard-
castle (1997). However, this method assumes the sand size
distribution to be of a given type (usually gaussian or log-normal)
with a fixed relative width (ratio of standard deviation to mean
value). In the following, only C is defined as the unknown variable to
be determined.

3. A versatile velocity de-aliasing technique

One of the most limiting aspects of pulsed coherent Doppler
velocity techniques resides in its depth-to-velocity ambiguity relation.
It is the consequence of the pulsed transmitting mode leading to an
inherent time discretization at TPRF=1/PRF of the Doppler frequency
fD,j(nTPRF). Applying Shannon's sampling theorem, the maximal
unaliased Doppler frequency is limited to the value PRF/2. Conse-
quently the maximal profiling depth Lmax is limited by the period TPRF
as follows:

vj; max =
c

2fcTPRF

L max =
D0− cTPRFð Þ2

2 D0 cosγ−cTPRFð Þ

8>>><
>>>:

ð15Þ

D0 represents the distance between the transmitter and the
receiver in a bistatic configuration (see Fig. 2b). In a monostatic
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configuration (D0=0), the well known ambiguity relation between
the maximal profiling depth and the maximal velocity becomes

vj;max =
c2

4fcLmax
ð16Þ

Here νj,max is the radial velocity component expressed in Eq. (7). In
the monostatic configuration it corresponds to twice the projection of
the velocity onto the transducer axis.

For applications in quasi-steady currents such as in rivers, estuaries
or lakes, this limitation often only causes problems for extreme forcing
conditions. In this case, velocity aliasing can be predicted and detected
easily since the aliasing primarily occurs over a limited fraction of the
profile. When the ACVP is mounted in a vertical downward looking
direction as in Fig. 2a, the upper profile fraction (relative to the bed) is
affected by aliasing because both the Doppler angle is smaller and the
velocity is usually higher compared to the nearbed region. The aliased
fraction of the velocity profile can be detected from the presence of an
abrupt velocity change of amplitude equal to ±νj,max. For this type of
aliasing, the analysis of the Doppler phase or phase tracking methods
(Rolland, 1994; Franca and Lemmin, 2006) allows the recovery of
aliased velocity data. In oscillatory flows such as is observed under
waves (Fig. 2a), the intra-wave velocity can vary over a much wider
velocity range so that the velocity limits±νj,max may be exceeded at
each wave cycle, even in calm to moderate wave climates. Velocity
aliasing is difficult to predict, detect and correct in this situation with
standard de-aliasing methods. Also, the aliasing events can occur at
different phases in wave cycles due to the typical irregular wave
forcing found in nature.

A typical example is shown in Fig. 3 for a surf zone deployment
with a JONSWAP sequence of irregular waves being skewed in both
velocity and acceleration. The experiments were carried out at the
UPC-CIEM wave channel at Barcelona, Spain (October 2008). The
significant wave height, mean wave period and water depth at the
wave paddle were set to 0.5 m, 5 s and 2 m, respectively. The ACVP
configuration used for this experiment is shown in Fig. 2b. A two
component profiler is composed of two bistatic receivers aligned
along the cross shore (i.e. wave propagation) direction and placed
symmetrically relative to the vertical downward looking transceiver.
Transceiver T wasmounted 32 cm above the sand bed at a cross-shore
position in the surf zone where the mean water depth at rest was
equal to 65 cm. The velocity profile was measured between the
movable sand bed and the lowest wave trough. The ACVP parameters
for this experiment were set to 1.25 MHz for the carrier frequency,
PRF=1.6 KHz and Npp=32 (See Eq. (5)) for the pulse-pair algorithm.
This results in a velocity time resolution of Npp/PRF=1/50 s and a
maximal Doppler frequency fD, j max=PRF/2=800Hz.

Fig. 3 represents the timeseries of Doppler frequency fD,2 measured
20 cm above the sand bed with offshore receiver R2 (Fig. 2a). Aliased
Doppler frequency sequences can be seen at t=0.5 s, 4.5 s, 9.1 s, 9.2 s,
11 s, 12.4 s and 20 s. Under these flow conditions, a systematic

application of a robust de-aliasing routine is necessary in order to
obtain reliable velocity data.

The de-aliasing method consists of calculating the following terms
from the Doppler frequency fD,2:

fþD;2 = f fD;2−PRF if fD;2 N 0

fD;2 + PRF if fD;2 b 0

f−D;2 =
fD;2 + PRF if fD;2 N 0

fD;2−PRF if fD;2 b 0

( ð17Þ

Fig. 4a represents the timeseries of the original Doppler frequency
fD,2 (cross symbols), the modified Doppler frequencies fD,2

+ (circles)
and fD,2

− (stars) obtainedwith Eq. (17), respectively. It can be seen that
during the aliased velocity sequences, the modified Doppler frequen-
cies fD,2+ or fD,2− correspond to the unaliased velocity values depending
on the Doppler frequency range. In particular, when the Doppler
frequency is aliased over the range [−PRF ;−PRF/2[∪]PRF/2 ;PRF], for
example at t=0.5 s/4.5 s/9.1 s/9.2 s, the Doppler frequency fD,2

+

corresponds to the unaliased Doppler frequency value. When the
Doppler frequencies lie in the interval [−3PRF/2;−PRF[∪]PRF ;3PRF/
2], the Doppler frequency fD,2

− corresponds to the unaliased Doppler
frequencies. For the last case, an example can be seen over a short
sequence at t=12.2 s in Fig. 4a where the star symbols correspond to
the correct Doppler frequency values. In order to replace the aliased
frequencies sequences of fD,2 by the correct values, the following
derivatives are estimated:

δfD;2 =

Npp

PRF
∂fD;2 tið Þ

∂t = fD;2 ti+1
� �

−fD;2 tið Þ

Npp

PRF
∂fþD;2 tið Þ

∂t = fþD;2 ti+1
� �

−fD;2 tið Þ
Npp

PRF
∂f−D;2 tið Þ

∂t = f−D;2 ti+1
� �

−fD;2 tið Þ

8>>>>>>>><
>>>>>>>>:

ð18Þ

Δt=Npp/PRF and a first order finite difference scheme are used
for the approximation of the time derivatives. These three terms are
shown in Fig. 4b. Among the three time series, the unaliased
timeserie corresponds to the one closest to zero. Using these terms,
the de-aliased Doppler frequencies fD,2

c can be generated automat-
ically with

f cD;2 =

fþD;2 tið Þ if min δfD;2


 

� �

=
Npp

PRF
∂fþD;2 tið Þ

∂t














f−D;2 tið Þ if min δfD;2


 

� �

=
Npp

PRF
∂f−D;2 tið Þ

∂t












fD;2 tið Þ else

:

8>>>>>>>>><
>>>>>>>>>:

ð19Þ

Fig. 3. Timeseries of Doppler frequency fD,2 affected by aliasing events. Measurements are carried out below irregular waves in the surfzone (see Fig. 2 a) 20 cm above the sand bed.
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The resulting de-aliased Doppler frequency fD,2
c is represented in

Fig. 4a by the thick black line.
In order to correct the reconstructed velocity components u, v,w of

Eq. (8), the present de-aliasing method must be applied separately to
all the Doppler frequencies used in the geometrical recombination.
Fig. 5 shows the end result of the de-aliasing method applied to the
cross shore velocity component u.

Using this de-aliasing method, the resulting unambiguous Doppler
frequency range of fD,2c is [−3PRF/2 ; 3PRF/2] instead of [−PRF/2 ;
PRF/2] for the original Doppler frequency fD,2. The relative range

extension reaches 200%. However, for the method to be used
systematically as a de-aliasing algorithm, the following conditions
apply: (a) the initial Doppler frequency fD,2(t= t0) cannot be
aliased; (b) the time fluctuation due of the Doppler frequency
(due to Doppler noise, spikes or physical turbulence) cannot exceed
±PRF/2.

The first condition can easily be met by taking an initial value of the
velocity at which thewave velocity is known to be close to zero. For the
second condition, an optimal Npp setting for the pulse-pair algorithm
avoids the presence of strong Doppler noise levels. Nevertheless, when

Fig. 4. (a) Timeseries of aliased Doppler frequency fD,2, modified Doppler frequencies fD,2+ and fD,2
− obtained with Eq. (17) and the corrected Doppler frequency obtained with Eq. (19).

(b) Time derivative δfD,2 (Eq. (18)) used for the de-aliasing method.
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spikes are present (usually attributed to a lack of seeding material or
entrainment of large air bubbles), it is recommended to first run a
despiking algorithm (Goring and Nikora, 2002) before the de-aliasing
algorithm.

4. Improvements in sediment concentration profiling across
benthic suspension flows: a dual-frequency inversion method

Thorne and Hanes (2002) concluded in their review on ABS
performances for sediment transport studies that the inversion of the
backscattered acoustic intensity into sediment concentration is
subject to instabilities when the commonly used implicit iterative
and explicit approaches are applied in case of non negligible sediment
attenuation (Eq. (12) becomes implicit). This is particularly true
across the nearbed region where high concentration values and
gradients along the profile are seen. For example under oscillatory
flows, the concentration can reach values of 0(10–100 kg/m3) in a
layer close to the bed and can vary in time by one to two orders of
magnitudes within the wave period. In these situations, the use of the
standard inversion method requires careful handling to avoid
inversion instabilities.

The purpose of this section is to present a novel acoustic inversion
method that eliminates the inversion instabilities due to the implicit
form of Eq. (12). It also offers advantages to sedimentologists using
acoustics as a measuring tool, because it is a simpler approach than
those presently available for extracting sediment concentration
profiles from acoustic backscattered data.

In the following, we will first discuss the origin of the inversion
instabilities for the two most commonly used methods known, the
iterative implicit and the explicit inversion methods. Subsequently a
dual-frequency inversion method will be proposed for a comparative
analysis to the two previous methods. An experimental validation of
the results is carried out in a sand suspension flow generated in an
oscillating grid tank. This installation allowed setting the sediment
concentration accurately under well controlled hydrodynamic condi-
tions and for a wide range of mean concentration values by changing
the oscillating grid frequency.

Starting from Eq. (12), we define the following variable:

Jl =
Il

AlAs
= Cl exp −4∫

r̂

o
ζsC dr̂

 !
where

Il = Imo r =
τc
2

l
� �

Al = Amo r =
τc
2

l
� �

8><
>:

ð20Þ

l is the gate index located at r = τ c
2 l. The names of the variables Imo,

Amo have been changed for simplicity in the writing. As previously
stated, Al is the range dependent parameter including the hardware
characteristics and the water absorption effect. As is the acoustic
backscattering parameter discussed in Section 3 and Jl is the local
sediment mass concentration affected by the non-linear sediment
attenuation due to the presence of suspended sand along the travel
path of the acoustic pulse train. When sediment attenuation effects
are negligible, Eq. (20) becomes explicit and Jl is simply equal to the
local sediment concentration Cl. Calibration or semi-empirical rela-
tions are used for the determination of Al and As as described above.

In the following, it is assumed that the parameters As and ζs do not
vary with distance from the transmitter, i.e. n(as) is constant with
height above the bed. This is usually valid across the highly
concentrated nearbed region where inversion instabilities appear.
The previous assumption means that no grain sorting occur in the
highly turbulent nearbed flow region in which the Rouse number
exceeds unity even for the largest size fraction of the grain size
distribution.

4.1. The iterative implicit inversion method

The principle, performances and limitations of the iterative
implicit inversion method have been discussed previously in the
literature (Thorne et al., 1993; Thorne and Hardcastle, 1997). It relies
on an iterative resolution of the implicit Eq. (20) due to the
backscattered intensity attenuation caused by the suspended sedi-
ments along the travel path of the acoustic pulse. The concentration at
the first gate is solved by iterating the relation C1

n= J1
0 exp(4ζSC1n−1)

over the iteration index n until C1n+1 and C1n converge to an arbitrarily

Fig. 5. Timeseries of corrected cross-shore velocity component, uc (circles), obtained after application of the de-aliasing procedure. The original time series, u, is shown by the red line.
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fixed level of relative error. The initial value J10=C1
0 is first taken under

the assumption of negligible attenuation. The concentration at the
following gates can then be approximated as

Cl+1 = Cl
Jl+1

Jl
exp 4ζS ∫

rl+1

rl

C rð Þdr
 !

with l N 1 ð21Þ

Where the attenuation integral in Eq. (21) between the two
consecutive gates is approximated numerically by a rectangular
discretization scheme as,

Cl+1 = Cl
Jl+1

Jl
exp 4ζSClΔrð Þ ð22Þ

The gate-to-gate resolution of the last equation propagates cumu-
lative errors from gate 1 to l via the attenuation term. These errors are
the consequences of the uncertainties in the inversion parameters. The
sensitivity to these uncertainties increases significantly with gate index
leading rapidly to infinitely high or negligible low concentration
estimations when the sediment concentration is monotonic with
distance from the transducer (usually the case for bed friction
dominated suspension flows). This inversion instability is particularly
problematic when the concentration approaches 1.0 kg/m3 (typically
the case in thenearbed region), theacoustic frequency is about 2 MHzor
higher and the mean sediment radius above 100 μm. It does not allow
the iterative implicit approach to be used as a systematic acoustic
inversion method.

4.2. The explicit inversion method

This method was proposed by Lee and Hanes (1995). It relies on
the analytical solution of Eq. (12) taking its natural logarithm and
after operating an adequate change of variable. The derivative with
range r can then be integrated and becomes

Cl =
Jl

1−4ζS ∫
rl

r1

J rð Þdr
ð23Þ

It is assumed here that intensity attenuation due to sediments
between the transducer and the first point in the profile is negligible,
i.e. C1= J1. The integral of the normalized intensity J(r) also has to be
approximated by a discrete numerical scheme. Adopting a rectangular
scheme as for the iterative implicit method, the local suspension
concentration becomes

Cl =
Jl

1−4ζSΔr ∑
l−1

l=1
Jl

ð24Þ

The problems here arise from the errors affecting the two terms in
the denominator of Eq. (24). The value of 1 in the denominator is only
valid under the assumption C1= J1. If this is not valid, the use of
Eq. (24) will lead to underestimated or overestimated concentrations.
The second source of errors in this method comes from the integral
approximation of the second term in the denominator. The error in
the approximation of normalized intensity J(r) will induce a
singularity in the concentration profile at the gate where the second
term becomes close to unity. Before the singularity, the inverted
concentration will be overestimated. After the singularity it will
become negative before asymptotically reaching zero with distance r
from the transducer. Moreover, as for the iterative inversion method,
the error propagates via the integral of the normalized intensity J(r)
between the first gate and gate l. Thus an error at any gate of the
profile will affect the subsequent concentration estimates.

4.3. A novel dual-frequency inversion method

In order to eliminate the inversion instabilities due the gate
propagating cumulative errors introduced by the uncertainties in the
inversion parameters, Bricault (2006) proposes a dual-frequency
inversion method. Starting from the following relation:

Clð ÞζSk−ζSi =
Ji;l
� �ζSk
Jk;l
� �ζSi ð25Þ

where Ji,l and Jk,l corresponds to the normalized intensities at
frequencies i and k, respectively, for r=rl. The concentration profile
can then be estimated from

Cl = Ji;l
� � 1

1−ζSi = ζSk

Jk;l
� � 1

1−ζSk = ζSi ð26Þ

The advantages of this inversion are straightforward. First, no
assumption on the sediment attenuation has to be taken at any gate in
the profile. Secondly, the elimination of the attenuation integrals in
Eq. (26) avoids the propagation of errors along the profile ensuring a
gate independent sensitivity to the uncertainties in the inversion
parameters.

The first condition for this dual-frequency method to work
properly is that the smallest of the two acoustic frequencies lies
within the Rayleigh or transition (equivalent to Mie scattering regime
for electromagnetic waves) scattering regimes, i.e. below the
geometric regime. This is the case when the parameter kbasN is
smaller than the critical value of 10. k and basN are the acoustic
wavenumber and the mean radius of the suspended sediments,
respectively. This condition can be respected easily for acoustic
frequencies varying between 1 MHz and 5 MHz and for fine to coarse
sand of mean radius up to 500 μm. Furthermore, due to the high
frequency sensitivity of the attenuation coefficient ζS≈ f 4 in the range
kasb1 (roughly corresponding to the Rayleigh scattering regime),
differences between both acoustic frequencies in the range of 100 KHz
induce ζSi/ζSk ratios sufficiently different from unity. As a result, a
single narrowband transducer can be used at both frequencies instead
of two separate ones as in most of the multi-frequency ABS
applications. This also offers the advantage of co-located sample
volumes. In the present experiment, the dual-frequency method has
been implemented with the frequency pair 1.67 MHz/2 MHz using a
unimodal broadsize sand suspension of mean diameter equal to
126 μm.

4.4. A comparison between inversion methods

Fig. 6 shows the installation of the ACVP in an Oscillating Grid Tank
(OGT) at LEGI Grenoble, France. The horizontal grid was located 35 cm
below the transmitting transducer and oscillated at a constant
frequency of 5 Hz. For a distance of about 8 cm above the average
grid position, the flow is only subject to isotropic turbulent velocity
fluctuation with negligible mean flow (Hurther and Lemmin, 2008).
As a consequence, the suspension is in a steady equilibrium between
the time-averaged sand settling flux (due to gravity) and the mean
erosion flux (due to turbulence). In this experiment, the transmitter
was aligned in the vertical direction normal to the grid plane.
Therefore, the measured sand concentration profile was oriented
vertically (Fig. 6).

The iterative, explicit and dual-frequency inversion methods have
been applied to the acquired mean profiles of normalized intensity
J(r) as defined in Eq. (20). All system and acoustical parameters have
been determined by calibration (Bricault, 2006). The sand concen-
tration profiles obtained from the three acoustic inversions have been
compared to pointwise measurements obtained with a calibrated
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Optical Backscattering System (OBS from D&A instruments). The
measurement uncertainty with this type of OBS and suspension is
below 20%.

The iterative and explicit methods were implemented at an
acoustic carrier frequency of 2 MHz. At this typical ABS frequency,
acoustic attenuation due to sand suspension in the 1 kg/m3 range
generates inversion instabilities for a typical profiling range of tens of
centimetres. The dual-frequency inversion uses the frequency pair
1.67 MHz/2 MHz obtained quasi-simultaneously with the same
emitting transducer. The same transducer has been used for the
iterative and explicit inversions. The spatial resolution in the vertical
direction is set to 3 mmwith a Pulse Repetition Frequency of 1 kHz. A
time averaging over 32 consecutive pulses was applied to the
normalized intensity to ensure incoherent scattering properties. The
resulting timeseries of normalized intensity was inverted using
Eqs. (20), (24) and (26). Fig. 7 represents the time average of the
concentration time series.

For the results obtained with the iterative and explicit methods
(Eqs. (22) and (24)), the increasing divergence of the estimated
concentration profiles from the OBS pointwise measurements is
clear (Fig. 7). These trends confirm the presence of strong inversion

instabilities with the standard inversion methods when fine-scale
profiling across high concentration suspensions is aimed. For both
methods, the increase towards infinitely high concentration values
with gate is the result of cumulative inversion errors associated with
the monotonically increasing concentration profile.

The dual-frequency inversion results (Eq. (26)) are in better
agreement with the OBS measurements over the entire profile. Both
measurements indicate a sharp gradient region between 22 cm and
27 cm from the transducer followed by a fairly homogeneous
concentration profile of about 60 kg/m3. The OBS measurements
support the proposition that if local errors are introduced in the dual-
frequency inversion, they will not propagate along the profile via the
attenuation term approximation, even when profiling through a
strongly attenuating sand suspension. The relative errors obtained
using the dual-frequency inversion were comparable with those
obtained with the point measurements of the OBS.

5. Application to sediment flux profiling above a rippled sand bed

The present section aims to demonstrate the capability of the ACVP
to make simultaneous co-located fine-scale profile measurements of
velocity and sediment concentration by applying the previous system
improvements. For this purpose, the ACVP was deployed in the
Barcelona wave flume at a location where sand ripples formed under
the action of a regular wave forcing (see Fig. 2a). The capability of the
ACVP to obtain velocity, concentration and sediment flux profiles with
sufficient temporal-spatial resolution to study sediment transport
processes over a rippled bed is considered here.

Ripple bed vortex entrainment has been shown to play a
significant role in the entrainment of sand from the bed into the
water column across the coastal region (Bijker et al., 1976; Nakato
et al., 1977; DuToit and Sleath, 1981; Nielsen, 1981; Fredsøe et al.,
1999; Nichols and Foster, 2007; VanderWerf et al., 2007; Austin and
Masselink, 2008; Thorne et al., 2009). Therefore the mechanism of
sand entrainment in the ripple regime is under study owing to its
importance in sediment transport under waves and combined waves
and currents. However, it has proven difficult to obtain contempora-
neous collocated suspended concentration and flow data, with
sufficient spatio-temporal resolution and accuracy, to clearly establish
the details of the vortex entrainment processes. Here we illustrate the
performance of the ACVP in the rippled bed regime.

Thewave conditions in the deepwater region of the Barcelonawave
channel (100 m long, 3 m wide and 5 m deep) were set to 0.5 m, 6.5 s
and 1.9 m for the wave height, the wave period and the water depth,
respectively. The sediment bed was composed of sieved sand grains of
d50=250 μm. Fig. 8a represents the time evolution of the sand bed
measured below the transmitter of the ACVP. It shows the presence of a
ripple migrating onshore with a height of 2 cm. Considering the time of
575 s taken by the ripple tomigrate over a cross shore distance of 20 cm
(measured separately by an Acoustic Ripple Scanner), the onshore
oriented ripple migration speed was about 2 cm/min.

Fig. 8b shows the phase averaged cross-shore velocity (averaged
over five consecutive waves) on the leeside of the ripple (onshore
ripple face) measured with the ACVP at a distance of 2 cm and 20 cm
above the sand bed at the location notified by the black circle in Fig. 8a.
Fig. 8c presents the corresponding colour plot for the velocity profiles. It
can be seen that the velocity is vertically homogeneous for zN10 cm at
any t/T value. The velocity at 20 cm represents the wave velocity cycle
outside the nearbed region influenced by the ripple. Focussing back
onto Fig. 8b, it can be seen that between t/T=0.35 and 0.40, the
velocities at 2 cm and 20 cm above the bed have opposite signs. In
particular, the velocity field outside the bedform influenced region
remains positive (i.e. in onshore direction) during the wave crest and
negative during the wave trough. However, the nearbed velocity,
zb10 cm, reverses before thewave crest–trough flow reversal, inducing
a region of sharp flow gradient between t/T=0.35 and 0.40.Within this

Fig. 7. Sand concentration profiles obtained with the three acoustic inversion methods
and the pointwise OBS measurements.

Fig. 6. Oscillating Grid Tank (OGT) used to generate a controlled sand suspension over a
wide range of concentration values. The square meshed grid oscillates vertically at a
constant frequency. The concentration profiles obtained with the three acoustic
inversion methods (iterative, explicit and dual-frequency) were compared with OBS
measurements.
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time period, the boundary between the negative and positive velocity
regions in Fig. 8c is seen to evolve from z=0 to z=10 cm. When the
corresponding 2D velocity vector field is generated, as shown in Fig. 9a,
this boundary is seen to be associated with high transverse clockwise
vorticity which is indicative of the presence of a vortex type flow
structure at the end of the wave crest period (or leeside period). The
absence in Fig. 9a of a similar flow detachment event (with
counterclockwise direction) during the wave trough period (stoss
side period), strongly suggests the presence of a leeside induced vortex
shedding process.

In order to analyse the effect on sediment transport, Fig. 9b shows
the sediment concentration profiles calculated with the dual-frequency
inversion method described earlier. It can be seen that the flow regime
with high values of suspended sediment concentration correspondwell
with the high vorticity region on the ripple leeside. Values as high as
4 g/lweremeasuredata distance of up to 10 cmabove thebed. Finally, it
can be deduced fromFig. 9c that this region of high suspended sediment
concentration is due to local sediment entrainment, since high values of
sand erosion fluxes were also measured.

6. Conclusions

The ACVP presented here is the result of a joint development effort
between three partners within the European project HYDRALAB III-

SANDS. The resulting system allows for a co-located (i.e. in the same
insonified water column), quasi-instantaneous profiling of the
suspended sand concentration and the multi-component velocity
field for themeasurement of sand fluxes at intrawave scales across the
benthic flow region. Compared to previously developed systems
(Shen and Lemmin, 1999; Smyth et al., 2002), the performance in
terms of spatio-temporal resolution, velocity, concentration and
sediment flux measurements, have been improved due to its multi-
frequency capabilities. This is achieved by using the same set of
transducers in a frequency range between 1 and 2 MHz.

In particular, the well known unambiguous pulse-coherent
velocity range has been extended by 200% using a simple, versatile
and robust de-aliasing technique that can be applied systematically to
the measured Doppler frequencies. As a result, the velocity can be de-
aliased under steady and oscillatory flows with important velocity
variations as long as the turbulent fluctuations of the Doppler
frequencies do not exceed the value±PRF/2. The advantage of this
method over the well-known dual-PRF dealiasing technique (Sirmans
et al., 1976; Holleman and Beekhuis, 2003; Joe and May, 2003) is the
absence of any specific hardware modifications in the system since
the method relies on a software procedure of the acquired Doppler
frequencies. The method has been tested in the challenging
bathymetric wave breaking zone obtainedwith an irregular JONSWAP
wave field in the wave channel of UPC-CIEM, Barcelona. The velocity

Fig. 8. ACVPmeasurements above an onshore migrating ripple. a) Ripple profile with time beneath ACVP (the circle marks the selected lee-side measurement location for Fig. 8b and
c), b) measurements at the lee-side of the ripple side (marked by the black circle in a) of the cross shore wave velocity with intrawave time t/T, at 0.20 m (black) and 0.02 m (red
dotted) above the sand bed, and c) colour map of the cross shore velocity profiles with intrawave time. The thick black line represents the bed position detected by the ACVP.
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timeseries sampled at a rate of 50 Hz could be de-aliased systemat-
ically under waves with important turbulence levels, strong acceler-
ation and velocity skewness.

A novel dual-frequency inversion method has been proposed to
eliminate the inversion instabilities obtained with the standard
iterative implicit and explicit inversion methods (Thorne and Hanes,
2002). These instabilities lead to significant errors in the measured
concentration profile across the benthic flow region when acoustic
attenuation due to sediments occurs. Both the iterative implicit and
the explicit methods are subject to gate-to-gate error propagation and
accumulation along the profile reaching infinitely high concentration
values. The proposed dual-frequency inversion method is locally
independent in terms of error because the non-linear attenuation
terms are eliminated in the inversion equation. It relies on the use of
the backscattered intensities obtained at two slightly different acoustic
frequencies from the same sand suspension. In order towork properly,
the ratio between the attenuation constants at the two frequencies
must be different from unity whichmeans that the smallest frequency
must liewithin the Rayleigh scattering or transition regime outside the
geometric regime. Due to the high frequency sensitivity of the
attenuation coefficient for sand outside the geometric scattering
regime, the method is stable for acoustic frequencies varying between
1 and 2 MHz. The concentration profiles obtained with the three
inversion methods have been compared to pointwise OBS concentra-

tion measurements obtained in an oscillating grid turbulence
experiment with sand. The dual-frequency method gave results in
good agreement with the local OBS data for sand concentration values
of up to 60 kg/m3 over a 15 cm thick sand suspension layer.

Making use of the previous system improvements, the capability of
the ACVP to profile velocity, sand concentration and erosion fluxes
above a rippled sand bed subject to vortex entrainment under waves
was tested in a large scale wave flume experiment at UPC-CIEM
Barcelona. At the lee-side of the ripple (i.e. the onshore face of the
ripple), the presence of a clockwise vortex initiated before the wave
flow reversal from onshore to offshore velocity is associated with a
sand suspension cloud. This sediment cloud is seen to be correlated to
an erosion flux event entraining sand over a vertical distance of roughly
4 times the ripple height above the bed. No such erosion flux event is
seen to be correlated to a counter clockwise vortex during the opposite
wave flow reversal from offshore to onshore velocity. This strongly
supports the occurrence of leeside vortex entrainment. Whether the
skewness of the waves in the shoaling zone generate an onshore
oriented net suspended sediment transport as shown in VanderWerf
et al. (2007) under a skewed water tunnel oscillatory flow, is currently
under investigation in Hurther and Thorne (in press).

Measurements with the ACVP and video images have recently also
been carried out at different locations across the wave breaking zone
under irregular waves (Chassagneux and Hurther, 2009). The

Fig. 9. a) Lee-side measurements (marked by the red circle in Fig. 8a) of the cross shore and 2D vector flow fields, b) The suspended sand concentration field, and c) The vertical
sediment flux and 2D vector flow fields. The thick black line represents the bed position detected by the ACVP at the time marked by the circle in Fig. 8a.
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capabilities of the present ACVP for the study of cross shore sediment
transport processes in this very energetic and challenging nearshore
region will be further explored.
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