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Although sound has been applied to the study of sediment transport processes for a number of

years, it is acknowledged that there are still problems in using the backscattered signal to measure

suspended sediment parameters. In particular, when the attenuation due to the suspension becomes

significant, the uncertainty associated with the variability in the scattering characteristics of the

sediments in suspension can lead to inversion errors which accumulate as the sound propagates

through the suspension. To study this attenuation propagation problem, numerical simulations and

laboratory experiments have been used to assess the impact unpredictability in the scattering prop-

erties of the suspension has on the acoustically derived suspended sediments parameters. The

results clearly show the commonly applied iterative implicit inversion can lead to calculated sedi-

ment parameters, which become increasingly erroneous with range, as the sound propagates

through the suspension. To address this problem an alternative approach to the iterative implicit

formulation is investigated using a recently described dual frequency inversion. This approach is

not subject to the accumulation of errors and has an explicit solution. Here the dual frequency

inversion is assessed and calculated suspended sediment parameters are compared with those

obtained from the iterative implicit inversion. VC 2011 Acoustical Society of America.

[DOI: 10.1121/1.3618728]
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I. INTRODUCTION

The use of megahertz sound to measure near bed bound-

ary layer sediment transport processes has advanced signifi-

cantly over the past two decades (Thorne and Hanes, 2002;

Thorne and Bell, 2009). The boundary layer processes are due

to dynamic interactions between the bedforms, the hydrody-

namics and the mobile sediments, with each component hav-

ing mutual feedback links. Acoustics has the capability to

measure collocated and simultaneously the three components

of this dynamic sediment triad. Multifrequency acoustic back-

scattering systems, ABS, are used to measure profiles of sus-

pended particle size and concentration (Crawford and Hay,

1993; Thorne and Hardcastle, 1997), coherent acoustic Dopp-

ler velocity profilers, ADVP, are used to measure the three or-

thogonal components of flow (Zedel and Hay, 2002;

Betteridge et al., 2006; Hurther and Lemmin 2008) and high

resolution acoustic ripple profilers, ARP, are used to measure

detailed changes in small scale bedforms (Williams et al.,
2004; Traykovski, 2007; Cheel and Hay, 2008). The com-

bined application of these acoustic technologies has made

sound a valuable tool in the study of fundamental sediment

transport processes (Hurther et al., 2011).

The application of sound to study sediment transport

processes began with the measurement of suspended sedi-

ment concentration (Young et al., 1982; Hanes et al., 1988)

and later suspended concentration and particle size (Hay and

Sheng, 1992; Thorne and Hardcastle, 1997; Thorne et al.,
2007). The technique uses a multifrequency transceiver sys-

tem operating in the low megahertz region, 0.5�5.0 MHz,

mounted about 1�2 m above the seabed and transmitting a

short pulse of sound, 0.005�0.02 m in length. As the pulse

propagates from the transceiver to the bed, the suspended

sediments backscatter a portion of the sound and this is range

gated to give a backscattered signal profile. The acoustic

approach uniquely provides nonintrusively, high spatial-tem-

poral resolution profiles of the suspended sediments refer-

enced to the bed location (Vincent and Green, 1990; Lee

et al., 2004; Dohmen-Janssen and Hanes, 2005). Such meas-

urements are critical for the development and assessment of

process based sediment transport models (Smyth et al.,
2002; Davies and Thorne, 2005; van der Werf et al., 2008).

In this paper we revisit the use of acoustics for the mea-

surement of suspended particle size and concentration and in

particular assess the methodologies used to extract the sus-

pended sediment parameters. To interpret the backscatter
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signal collected by ABS requires a description of the intrin-

sic scattering properties of the sediments in suspension, with

the particle size probability distribution, to obtain the ensem-

ble scattering characteristics. These scattering properties are

used in the inversion to obtain the sediment parameters. The

intrinsic scattering properties are dependent on the detailed

shape, density and mineralogy of the sediments in suspen-

sion and the ensemble scattering characteristics vary with

the form and width of the probability size distribution.

Therefore to correctly interpret ABS data obtained at sea

requires the intrinsic scattering properties of the sediments to

be measured and to have a record of the time history of the

form of the suspended sediment size distribution at each

range bin over the deployment period. Generally this level of

detail will not be available to most users of ABS systems

and therefore users will necessarily employ generic sediment

scattering expressions to analyze the acoustic data. The only

sediment for which we have a generic scattering description

at present is quartz sand. Therefore irrespective of whether

the bed is quartz sand or other noncohesive sediments (e.g.,

carbonates, heavy minerals, lithic fragments) or a mixture,

the inversion will use a generic model of the type proposed

by Thorne and Meral 2008, based on a review of the scatter-

ing characteristics of quartz sands. Also unless there is

knowledge to the contrary, the size distribution applied to

the calculation of the ensemble scattering characteristics will

be lognormal with an estimated distribution width, even

though the size distribution may be normal, bimodal or some

other function. Therefore normally in marine applications of

ABS, there are uncertainties associated with the scattering

characteristics of the sediments in suspension

It is the profiling capability of acoustics which is one of

its great advantages over more conventional instruments

such as single height optical instruments (Hatcher et al.,
2000); however, it is also the one that introduces the most

difficulty in extracting the sediment parameters. The prob-

lem arises because at any particular range the backscattered

signal is a function of the attenuation due to the suspension

along the entire path through which the sound has propa-

gated. This attenuation loss has to be accounted for in the

calculation of the particle size and concentration profiles.

Accounting for the loss generally leads to solutions based on

inversion methodologies that use a successive iterative tech-

nique with an implicit equation along the path of propaga-

tion. In this way account is taken of the signal loss

introduced by the suspended sediments themselves (Hanes

et al., 1988; Thorne et al., 1991; Hay and Sheng, 1992;

Thorne et al., 1993; Crawford and Hay, 1993). However,

these successive iterations along the propagation path can be

unstable, with small errors due to uncertainties in the acous-

tic suspension scattering characteristics, positively feeding

back into the inversion and accumulating with range (Thorne

et al., 1993; Thorne and Hardcastle, 1997; Vincent, 2007).

Thus, at times of greatest interest, when there is substantial

suspended concentration and transport, the attenuation by

the suspended sediments is at its highest and under these

conditions iterative implicit inversions can become less reli-

able due to imprecision in the representation of the sediment

scattering characteristics. This leads to the sediment parame-

ters derived from the acoustic data having greater uncertain-

ties. (Hanes et al., 1988; Vincent et al., 1991; Hay and

Sheng, 1992; Thorne et al., 1993; Thorne and Hardcastle,

1997; Vincent, 2007).

The problem of iterative implicit solutions, with associ-

ated attenuation positive feedback and instability, is common

to a number of areas in physics where inverse techniques are

used to quantify parameters associated with ensembles of

scatterers. With regard to the use electromagnetic radiation

for estimating precipitation rates of rain, snow and hail,

numerous approaches have been adopted to account for

attenuation due to the precipitation itself (Marzoug and

Amayenc, 1994; Aydin et al., 1989; Bringi et al., 2001; Syn-

der et al., 2010). The approaches are commonly based on

empirical relations between the backscattered signal and

total scattering cross section and often more recently the uti-

lization of polarization effects to constrain the attenuation

feedback. The approaches though of relevance to the present

sediment problem do not readily translate to the acoustics

field due to the specific empirical electromagnetic relation-

ships employed and the lack of equivalence of polarization

in acoustics. Closer to the field of the present study is the

problem of measuring and accounting for the impact of the

total scattering cross section (Foote, 1990; Foote, 1999;

Zhao and Ona, 2003) on the acoustic estimation of fish

stocks. In the fisheries studies (Toresen, 1991; Foote et al.,
1992), as in some sediment studies (Thorne et al., 1995), the

use of the bed echo has been utilized respectively to assess

the impact of attenuation on the propagation of the sound

through fish shoals and suspended sediments.

Focusing on suspended sediment studies and attempt to

overcome the implicit, iterative and feedback problems, alter-

native inversions have been sought. Lee and Hanes (1995)

developed a single frequency explicit technique without the

need for iteration. The solution was a mathematical technique

which was computationally more efficient, but had no greater

insensitivity to inversion errors (Holdaway and Thorne, 1997).

Thorne et al. (1995) suggested using the seabed echo to con-

strain an iterative implicit inversion for calculating concentra-

tion profiles when the particle size profile was invariant and

known. Although the technique worked for the case studied,

the general applicability of the approach remains uncertain.

Shen and Lemmin (1996, 1998) developed an attenuation

compensation approach based on having two separated trans-

ducers facing each other in an inline horizontal bistatic

arrangement. The approach did improve the inversion stability;

however, the arrangement is clearly not practical for sediment

transport studies where vertical profiles are required, since one

of the transducers would have to be located on the bed, thereby

interfering with the sediment processes being measured. Thos-

teson and Hanes (1998) using a multifrequency approach,

extended the explicit algorithm of Lee and Hanes (1995) and

combined it with an implicit solution to yield profiles of parti-

cle size and concentration. However, as illustrated in the paper,

the solution was not stable as attenuation increased.

Therefore at present, all the alternative inversion meth-

odologies so far explored in the ABS literature are either no

better, or indeed inferior, to the implicit iterative approach,

or have a configuration which is inappropriate for vertically
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profiling suspended sediments. In the present study we eval-

uate the accuracy of the implicit iterative approach using nu-

merical simulations and experimental measurements and

present an alternative for the inversion of ABS data, based

on a method developed by Hurther et al. (2011) referred to

here as the dual frequency method. The inversion requires

two frequencies and the algorithm is based on having a

known invariant particle size distribution with range. Under

this relatively restrictive particle size constraint an explicit

equation with no requirement for iteration can be obtained

and used to calculate suspended sediment concentration. In

this formulation the concentration calculated at a particular

range bin is independent of all other range bins. Such a solu-

tion becomes increasingly relevant as ABS utilize higher fre-

quencies to increase spatial resolution, so they can probe

high concentration seabed interface processes within the first

few centimeters above the bed (Hurther and Thorne, 2011).

Here we explore and compare the impact that uncertain-

ties in the scattering description of suspended sediments

have on the implicit iterative and dual frequency inversion

methods. Such uncertainties will almost invariably be pres-

ent for field data due to variability in particle shape, particle

mineralogy, and the suspended size distribution (Schaafsma

and Hay, 1997; Thorne and Buckingham, 2004; Thorne and

Meral, 2008). In this paper we also present an extension of

the dual frequency method, which enables both particle size

and concentration to be extracted, with improved accuracy

compared to the traditional implicit iterative approach.

II. BACKGROUND SCATTERING THEORY

Under conditions of incoherent scattering the root-mean

square backscattered voltage, V, from a suspension of particles

with mass concentration, C, insonified with a piston trans-

ceiver, can be expressed as (Sheng and Hay, 1988; Thorne and

Hanes, 2002)

V ¼ KR

rW

� � ffiffiffiffi
C
p

e�2 rawþasð Þ; (1)

K ¼ f

qacð Þ1=2
; as ¼

ðr

0

nCdr; n ¼ 3v
4qac

;

f ¼

ð1
0

an að Þda

ð1
0

a2fi xð Þ2n að Þdað1
0

a3n að Þda

2
664

3
775

1=2

;

v ¼

ð1
0

an að Þda

ð1
0

a2vi xð Þn að Þdað1
0

a3n að Þda

;

ac ¼
ð1

0

an að Þda:

The term K represents the sediment backscattering proper-

ties, q is the sediment grain density and ac is the mean parti-

cle radius. r is the range from the transciever and w accounts

for the departure from spherical spreading within the trans-

ducer nearfield. R is a system constant incorporating the

transmit and receive sensitivity, the voltage transfer function

for the system, the pulse length and the directivity function

of the transceiver. ax is the sound attenuation due to water

absorption and as is the attenuation due to suspended sedi-

ment scattering. fi and vi are respectively the intrinsic form

function and intrinsic normalized total scattering cross sec-

tion for the particles in suspension and x¼ ka, where k is the

wavenumber and a is the radius of the particles in suspen-

sion. Here intrinsic refers to the backscattering characteris-

tics measured using suspensions sieved into narrow 1=4u size

fractions which provide a nominally single particle size. f
and v represent the ensemble mean scattering values

obtained by integrating fi and vi over the probability size dis-

tribution of the particles in suspension, n(a).

In the present study the recent formulations of Thorne

and Meral (2008) were used to represent the intrinsic scatter-

ing properties of the suspended sediments, these are given in

Eq. (2):

fio¼
x2 1�0:35e� x�1:5ð Þ2=0:7ð Þ
� �

1þ0:5e� x�1:8ð Þ2=2:2ð Þ
� �

1þ0:9x2
;

(2a)

vio ¼
0:29x4

0:95þ 1:28x2 þ 0:25x4
: (2b)

To obtain f and v a size distribution for the suspension is

required. Sediments are often categorized as having a mass

size distribution, m(a), which is lognormal (Soulsby, 1997),

the form of which is given in Eq. (3):

m að Þ ¼ 1

af
ffiffiffiffiffiffi
2p
p e� ln að Þ�jð Þ2=2f2; (3)

f ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln rm=amð Þ2þ1
� �

;

r
j ¼ ln

a2
mffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2
m þ r2

m

p
 !

:

In Eq. (3) am and rm are, respectively, the mean and standard

deviation of the lognormal particle mass distribution of the

sediment in suspension. For the acoustic analysis the distri-

bution required is not m(a), but n(a), which is obtained from

3m(a)/4pqa3 using an equivalent sphere. The form for m(a),

n(a) and the impact the size distribution has on the intrinsic

scattering characteristics is shown in Fig. 1(a) for a value of

rm/am¼ 0.5. Figure 1(a) shows m(a) and n(a) and as can be

seen, the mean value of n(a), ac, is approximately half the

mean value of m(a), am. This has implication for sediment

transport studies, because sedimentologists generally use the

median grain diameter, 2a50, based on m(a), to designate the

size of the particles in suspension. Therefore the radius rele-

vant for the correct interpretation of acoustic backscatter

data will have a value significantly different from a50 for

broad distributions of m(a). Conversely, the value for the

particle diameter resulting from acoustic inversions, 2ac,

will not be the 2a50 generally used by sedimentologists.
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Figures 1(b) and 1(c) show that the introduction of a

broad size distribution has a significant impact on the scatter-

ing characteristics of the suspended sediments. The ensemble

values for f and v are plotted against x¼ kac and relative to

the intrinsic scattering characteristics of the particles, fio and

vio, they are increased significantly at low values of x, the

Rayleigh regime, and reduced at high values of x, the geomet-

ric regime. Therefore since n(a) [derived from m(a)] is an

input parameter in the inversion and its representation impacts

on the sediment scattering properties, the distribution used in

the inversion can significantly alter the calculated profiles of

particle size and concentration (Moate and Thorne, 2009).

For the simulations studied here it will be assumed that

m(a) is lognormal with rm/am¼ 0.5 and Eqs. (2) forms the

basis for the intrinsic scattering properties of the sediment in

suspension. However, the expressions in Eq. (2) are generic

for quartz sand, derived on the basis of fitting a single curve

to a number of data sets. In practice the values of fi and vi for

a particular ABS deployment are rarely known to a high

degree of accuracy due to particle shape, mineralogy and

density effects. Therefore to account for this variability in

the suspended sediment intrinsic scattering characteristics,

the calculations for the backscattered signal, V, in the scenar-

ios addressed in the present study, used modified forms of fio
and vio, which were expressed as

fi ¼
b bx2 þ 1ð Þfio

x2 þ 1ð Þ ; vi ¼
b bx2 þ 1ð Þvio

x2 þ 1ð Þ : (4)

The values used for b were 0.8, 1.0, 1.2 and represent the

variability in the actual intrinsic scattering properties of sus-

pensions expected to be encountered in different sandy envi-

ronments. Equation (4) provided a differential scattering

characteristic with x, which was greater in the geometric re-

gime than in the Rayleigh regime. This is consistent with

reported observations (Thorne and Buckingham, 2004). Fig-

ures 2(a) and 2(b) show the ensemble scattering values used

in the calculations for V. The solid line was obtained using

Eq. (4) with b¼ 1 and the dotted and dashed lines were cal-

culated using b¼ 1.2 and b¼ 0.8, respectively. The vertical

lines in Fig. 2 indicate the location of the values for x for the

mean particle size and frequencies used in the simulated sus-

pension inversions.

For all the simulated suspensions in the paper, the inver-

sions were carried out with b¼ 1, that is fi¼ fio and vi¼ vio.

For the calculation of V three scenarios were adopted; (i)

with b¼ 1, this should yield the same inversion output con-

centration and particle size profiles as input, (ii) b¼ 0.8, and

(iii) b¼ 1.2. For consistency with Fig. 2 all the inversion

plots use a solid line for b¼ 1, a dashed line for b¼ 0.8, and

a dotted line for b¼ 1.2. It is the output and stability of the

FIG. 1. (a) Lognormal mass distribution, m(a) (���), and particle size distri-

bution, n(a) (–), vs particle radius a. am, a50, and ac are the radius respec-

tively for the mean mass, median mass and mean particle size. (b) Form

functions for the intrinsic scattering characteristics of the sediments fio (--)

and the ensemble f (–) with x. (c) Normalized total scattering cross sections

for the intrinsic scattering characteristics vio (--) and the ensemble v (–) with

x. x¼ ka for the intrinsic scattering and x¼ kac for the ensemble scattering.

k is the wavenumber.

FIG. 2. Variation with x of (a) the ensemble form function f and (b) the en-

semble normalized total scattering cross section v, for b¼ 0.8 (--), 1.0 (–),

and 1.2 (���). The two vertical lines indicate the values of x¼ kac used in the

simulated suspension inversions.

J. Acoust. Soc. Am., Vol. 130, No. 3, September 2011 Thorne et al.: Inversions for measuring suspended sediments 1191

A
u

th
o

r'
s 

co
m

p
lim

en
ta

ry
 c

o
p

y



inversions, when sediment attenuation becomes significant,

which is the focus of the present paper. This has been exam-

ined using scenarios where V is enhanced or reduced, due to

the variability in the suspension scattering characteristics

which are represented here by the different values of b.

III. PARTICLE SIZE AND CONCENTRATION PROFILES

For the evaluation of Eq. (1) suspension parameters rep-

resentative of the coastal marine environment needed to be

defined. There is no general consensus on the form of the

suspended sediment concentration profile with height above

the bed, due to the various boundary layer mixing regimes.

However, a common profile employed in sediment studies in

coastal waters is an exponential (Nielsen, 1986; van der

Werf et al., 2006) and the form used is given below

C ¼ Cre
� z�zrð Þ=L: (5a)

For the mean particle size profile with height above the bed

the expression used was (Thorne et al., 2002)

ac ¼ ar
z

zr

� ��l

: (5b)

Here z is the height above the bed, ar and Cr are the reference

mean radius and concentration at height zr above the bed and

L and l are lengths associated with boundary layer vertical

mixing processes. The reduction in particle radius, ac, with

height above the bed is known to be much smaller than the

reduction in C (Crawford and Hay, 1993; Thorne et al.,
2002). The concentration generally reduces by typically two

orders of magnitude above a sandy bed, in the bottom 1–2 m,

while the mean size reduction is more like 30%–50%. There-

fore in the first instance ac is assumed to be constant with z,
l¼ 0; this limitation will be examined later. The profiles for

ac and C used for the inversion simulations are respectively

shown in Figs. 3(a) and 3(b). The reference was defined to be

at zr¼ 0.005 m and the mixing length for the concentration

was chosen to be L¼ 0.2 m (Van Rijn, 1993). Equation (5)

combined with the lognormal mass distribution in Eq. (3) and

the scattering expressions in Eqs. (2) and (4) are considered to

be reasonable representations of the suspended sediment con-

ditions encountered in the nearshore coastal environment.

IV. INVERSION METHODOLOGIES AND RESULTS

In practice ABS are deployed in coastal waters to mea-

sure suspended sediment profiles of particle size and concen-

tration, therefore Eq. (1) is rearranged so that the

acoustically derived suspended concentration, Ms, is the de-

pendent variable

Ms ¼
VrW
KR

� �2

e4 rawþasð Þ: (6)

This is referred to here as the inverse problem; that is the

extraction of suspended sediment parameters from the back-

scattered acoustic signal, V. It is the impact the variability of

the suspended sediment scattering characteristics have on the

evaluation of Eq. (6), and the resulting profiles of Ms or Ms

and as, the acoustically derived particle size, which is of inter-

est in the present work. In the following simulations it is

assumed that R, w, q, and aw were known, the sediment scat-

tering properties for the inversion were given by fio, vio and

n(a) was derived from m(a) which had a lognormal distribu-

tion with r/am¼ 0.5. The uncertainty in the inversion is due to

the natural variability in fi and vi which is introduced into V
through changes in b. In the present study the V profiles were

calculated using 1.0 and 2.0 MHz, with b¼ 0.8, 1.0, 1.2,

Cr¼ 1.0, 5.0, 20 kgm�3, and ar¼ 100 lm. These were com-

puted at 0.005 m range bin intervals and the range of operation

was 1.0 m; this range and resolution is typical of ABS sys-

tems. The results presented here are a subset of a much larger

set of inversions and represent the generic salient features.

A. Iterative implicit inversion

The simplest and most straightforward inversion is

under the special conditions that ac is known and as is negli-

gible; the variation of Ms with r can then be readily eval-

uated using Eq. (6) and the suspended sediment

concentration profile obtained. However, these criteria are

not usually satisfied in dynamic coastal waters, instead the

case where as cannot be ignored is of more general applica-

tion. The second simplest case is if ac is constant with range

FIG. 3. Profiles of the variation with height above the bed, z, of (a) the nor-

malized mean particle radius, ac/ar, for l¼ 0 (–) and l¼ 0.1 m (--) and (b)

the normalized mass concentration, C/Cr.
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and known and as is not negligible. Equation (6) now

becomes implicit with Ms being on either side of the equa-

tion. The equation is usually solved using an iterative meth-

odology in which as is assumed initially to be zero and Mso

is given by

Mso ¼
VrW
KR

� �2

e4raw : (7)

This provides an initial estimate for the concentration at the

first range bin. An improved estimate can be obtained using

Ms1 ¼ Ms0e4aso : (8)

The value for aso was calculated using Mso. In general Eq.

(8) can be written as

Ms jþ1ð Þ ¼ Ms0e4asj : (9)

Equation (9) is iterated until a convergence criterion has

been satisfied and the value for Ms at the first range bin eval-

uated. The process is repeated sequentially stepwise at each

range bin through the V profile, with the accumulating sedi-

ment attenuation accounted for and the profile of Ms with r
from the transducer progressively calculated. The difficulty

with this methodology is that errors in the evaluation of Ms

feedback positively through as and accumulate with propa-

gation range from the transducer.

This is illustrated in Fig. 4(a) using the 2.0 MHz V pro-

files. For this inversion it is assumed ac is known and only

Ms is being estimated in the inversion. The different line

types shown in Fig. 4(a) correspond with those in Fig. 2,

with the dashed, solid and dotted lines respectively repre-

senting the calculation of V using b¼ 0.8, b¼ 1, and

b¼ 1.2. As mentioned earlier all inversions were carried out

using b¼ 1, i.e., fi¼ fio and vi¼ vio. Three reference concen-

trations were used, Cr¼ 1.0, 5.0, and 20.0 kgm�3 in the cal-

culations. As can be seen using the implicit iterative

inversion when b¼ 1, the original C profile shown in Fig.

3(a) is recovered with Ms¼C for the three reference concen-

trations. For the case of b¼ 0.8, the values for fi and vi are

reduced relative to fio and vio and this generally leads to a

reduction in the values of V, which in the iterative implicit

inversion for Ms results in an underestimate for C that

increases with range and reference concentration. For the

case of b¼ 1.2, the values for fi and vi are increased relative

to fio and vio and this generally leads to an increase in the

values of V, which in the iterative implicit inversion for Ms

results in an overestimate of C that increases with range and

reference concentration. Importantly, it can clearly be seen,

that when b= 1, Ms progressively diverges from C with

increasing range and reference concentration, due to the

errors increasing as the inversion propagates along the pro-

file of V from the transducer to the bed. This is typical of the

inherent positive feedback in the iterative implicit inversion

as attenuation becomes a significant component of the back-

scattered signal.

To calculate suspended concentration, Ms and particle

size, as, a second acoustic frequency is needed. In the present

case 1.0 and 2.0 MHz are used for illustration. These fre-

quencies are typically used in ABS. In the present inversion

methodology Ms was calculated for the first range bin at

each frequency for a range of particle radii between 5–1000

lm, using the same approach described in Eq. (9). A number

of approaches have been used to obtain as (Hay and Sheng,

1992; Crawford and Hay, 1993; Thostesen and Hanes, 1998)

and the approach used here which was found to be robust

(Thorne et al., 2007) was to calculate

D ¼ rc

Mc
; (10)

Mc ¼
1

n

Xn

i¼1

Msi r2
c ¼

1

n

Xn

i¼1

M2
si �

1

n

Xn

i¼1

Msi

 !2

;

Msi is the concentration at each of the n frequencies, two fre-

quencies in the present study, and the minimum value in D
over the size range 5–1000 lm was selected to obtain as and

Ms. The process was repeated sequentially stepwise at each

range bin through the backscatter profile, with the accumu-

lating sediment attenuation accounted for and the profile of

as and Ms with r from the transducer progressively

FIG. 4. Profiles from the iterative implicit inversion of the variation with

range, r, of (a) normalized concentrations, Ms/Cr, when the particle size was

range independent and known, (b) mean normalized particle size, as/ar, and

(c) normalized concentration, Ms/Cr, when both mean particle size and con-

centration were unknown. The three lines are for b¼ 0.8 (--), 1.0 (–), and

1.2 (���), the symbols represent Cr¼ 1.0 (*), 5.0 (h), and 20 (~) kgm�3.
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calculated. The results are shown in Figs. 4(b) and 4(c). For

b¼ 1, the implicit iterative inversion yield as¼ ac and

Ms¼C. For b¼ 0.8, as overestimates ac and this consistently

increases with range and concentration, although there is a

slight modification to this trend for r> 0.9 m for Cr¼ 20

kgm�3. For Ms the values do not substantially increasingly

diverge from C with range, this is different to the case for

b¼ 0.8 in Fig. 4(a) and is due to the increased values for as

selected in the inversion procedure. For b¼ 1.2, as underesti-

mate ac, Ms overestimate C and both as and Ms increasingly

diverge from ac and C with range. The difference in the

divergence between Ms and C for the two cases of b¼ 0.8

and b¼ 1.2 is associated with the different scattering charac-

teristics in the Rayleigh and geometric regimes as discussed

by Moate and Thorne (2009) and the increased attenuation

feedback when b¼ 1.2.

The results in Fig. 4 show the general instability of the

iterative implicit inversion when the attenuation becomes an

important component of the backscattered signal and illus-

trates the difficulty in obtaining accurate values for as and

Ms under high attenuation conditions in marine studies,

when the precise form of f and v are usually not known and

have to be inferred using generic expressions based on for-

mulations such a Eqs. (2) and (3). This is often the case for

ABS studies conducted in energetic coastal waters where

sediment variability leads to unavoidable uncertainties in the

description of the intrinsic scattering properties of the sus-

pended sediments and therefore inversions are necessarily

based on generic expressions.

B. Dual frequency inversion

To try and overcome the feedback instabilities of the

iterative implicit methodology, an approach proposed by

Hurther et al. (2011) and known here as the dual frequency

inversion is investigated. It has the major advantage that the

calculated concentration at range r from the transducer is in-

dependent of the concentration profile between the trans-

ducer and r, which removes the attenuation feedback

instability inherent in the iterative implicit approach. How-

ever, the solution has the drawback that it requires the parti-

cle size distribution to be invariant with range and known. In

the present work we first assess the impact of introducing

variability in the sediment scattering characteristics into the

basic dual frequency inversion, before extending the

approach so that it does not require a priori knowledge of

the particle size profile.

In the dual frequency approach a parameter U is defined

using Eq. (1) as follows:

U ¼ KR

Wr
e�2raw (11)

and hence we can write

V2 ¼ U2Ce
�4
Ð r

0
nCdr

: (12)

Letting J¼V2/U2 and assuming an invariant particle size

distribution with range we have

J ¼ Ce
�4n
Ð r

0
Cdr
: (13)

For a system with two frequencies Eq. (13) can be written

for each frequency and expressed as

Jn2

1

Jn1

2

¼ Cn2�n1 : (14)

The subscripts refer to the two frequencies. Rearranging to

make Ms the dependent variable and substituting for n gives

Ms ¼ J
1�v1=v2ð Þ�1

1 J
1�v2=v1ð Þ�1

2 : (15)

The results for the dual frequency inversion are shown in

Fig. 5(a) using the same representation for the lines, i.e.,

dashed for b¼ 0.8 solid for b¼ 1 and dotted for b¼ 1.2. As

in Fig. 4(a) using b¼ 1.0 in the calculation of V results in an

inversion outcome identical with the input concentration

profile used to calculate V. Using b¼ 0.8 leads to an under-

estimate of the concentration and b¼ 1.2 to an overestimate

FIG. 5. (a) Profiles from the dual frequency inversion of the variation with

range, r, of the normalized concentrations when the particle size was range

independent and known. Profiles with range, r, from the hybrid constrained

iterative implicit and dual frequency inversion of (b) the mean normalized

particle size, as/ar and (c) the normalized concentration, Ms/Cr, when both

mean particle size and concentration were unknown. The three lines are for

b¼ 0.8 (--), 1.0 (–), and 1.2 (���), the symbols represent Cr¼ 1.0 (*), 5.0

(h), and 20 (~) kgm�3.
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of the concentration, as was the case in Fig. 4(a), however,

what is clearly not present, is the increasing divergence

between Ms and C with increasing range and reference con-

centration. Therefore the dual frequency inversion is much

more stable than the iterative implicit inversion when as is

known and constant with range. Also because there is no

need to iterate at each range bin to account for attenuation in

the inversion, the dual frequency approach is computation-

ally more efficient. The overhead to obtain this stability and

speed is that a dual frequency system is required; however,

this is not a serious limitation because many ABS operate

with more than one frequency.

To extend the basic dual frequency approach to suspen-

sions when the particle size is unknown a hybridization of the

iterative implicit and dual frequency inversion was explored.

In this approach the iterative implicit inversion was applied to

obtain an estimate for as using Eq. (10). However, to retain

stability the iterative implicit inversion was restricted to the

range rs, where asrs<0.2 for the higher of the two frequencies,

which in the present case was the 2.0 MHz backscattered sig-

nal. The value of 0.2 was nominally optimum and is associ-

ated with a decrease in the backscattered signal intensity due

to sediment attenuation of just over 50%. The mean value of

as obtained from the iterative implicit inversion between

r¼ 0�rs was then used to evaluate the dual frequency inver-

sion for Ms over the whole profile. The results from this inver-

sion are shown in Figs. 5(b) and 5(c). As previously the solid

line represents b¼ 1 in the calculation of V and the inversion

gives as¼ ac and Ms¼C. Considering the particle size results

shown in Fig. 5(b), the value for as remain relatively consist-

ent as the concentration increased for both b¼ 0.8 and

b¼ 1.2. For the low concentration case, Cr¼ 1 kgm�3, the

size profiles shown in Fig. 4(b) and Fig. 5(b) are the same

because the condition asrs< 0.2 was met over the full range,

r¼ 0–1.0 m. However, as the concentration was increased the

condition was exceeded and uniform particle size profiles

result. These as profiles are much more consistent with ac

than those observed in Fig. 4(b). Using the as profiles shown

in Fig. 5(b) the dual frequency inversion was applied and the

results for Ms shown in Fig. 5(c) were obtained. The results

for b¼ 0.8 are comparable in Figs. 4(c) and 5(c) due to the

condition asrs< 0.2 not being exceeded for two of the concen-

trations and for the concentration where it is exceeded,

Cr¼ 20 kgm�3 the attenuation feedback was reduced because

of the lower value of b. For the case where b¼ 1.2 the feed-

back was enhanced, the condition asrs< 0.2 was exceeded at

5 and 20 kgm�3 leading to the constraint on as being applied.

This resulted in a significant improvement in the accuracy of

the computed concentration profiles compared with those

shown in Fig. 4(c).

It is readily acknowledged that having to use a hybrid

approach when the particle size is unknown compromises to

some degree the main advantage of the dual frequency

approach, however, the combined constrained implicit dual

frequency inversion is still a significant improvement over the

more conventional unconstrained iterative implicit approach.

Even if the constraint asrs< 0.2 is applied to the calculation

of as in the iterative implicit solution, there is still the problem

of positive feedback when concentrations are high, as shown

by the resulting values for Ms presented in Fig. 6. This is par-

ticularly the case for b¼ 1.2. As seen in Fig. 6 the output con-

centration profiles from a constrained iterative implicit

solution, based on the size profiles shown in Fig. 5(b), under-

performs relative to the hybrid solution shown in Fig. 5(c).

C. Introduction of a size profile

Invariably when using ABS to measure profiles of sus-

pended sediment particle size and concentration in the bot-

tom boundary layer, there will be sorting of sediment size

with height above the bed. To represent this sorting, ac is

given by the dashed line in Fig. 3(a) based on Eq. (5b) with

l¼ 0.1 m and this profile was used to calculate V. The reduc-

tion of mean particle size by 40% from just above the bed to

1.0 m above the bed is consistent with observations (Thorne

et al., 2002). Figure 7 shows the results for the dual fre-

quency inversion using the same inputs as used for the inver-

sions in Fig. 5, but with the particle size profile included in

the calculation for the V profiles. Only the results for Cr¼ 20

kgm�3 are presented for brevity. Figure 7(a) shows the case

when ac is known and only Ms is being calculated. For the

case when b¼ 1, Ms is no longer identical to C represented

by the crosses. There is a degree of divergence near the bed

due to the introduction of a reduction in ac with height,

which for the present case, gave a value for Ms at zr of 28

kgm�3. Calculating the inversion with b¼ 0.8 and 1.2 gives

results comparable with those in Fig. 5(a) and substantially

better than the results in Fig. 4(a). Therefore when there is

size sorting with height above the bed, the dual frequency

inversion overestimates the near bed concentration, however,

this overestimate is small compared with the errors intro-

duced by the iterative implicit inversion when b= 1. Similar

results were obtained when a hybrid constrained iterative

implicit and dual frequency inversion was carried out to

obtain as and Ms. The results are shown in Figs. 7(b) and 7(c).

In this case as¼ 62 lm and Ms¼ 33 kgm�3 at zr when b¼ 1;

FIG. 6. Profiles of the variation with range, r, of the normalized concentra-

tion, Ms/Cr, from the constrained iterative implicit inversion when both the

mean particle size and concentration were unknown. The three lines are for

b¼ 0.8 (--), 1.0 (–), and 1.2 (���), the symbols represent Cr¼ 1.0 (*), 5.0

(h), and 20 (~) kgm�3.
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therefore near the bed the introduction of a particle size pro-

file into the calculation of the backscattered signal resulted in

an underestimate of the particle size and an overestimate of

the concentration. Calculating the inversion with b¼ 0.8 and

b¼ 1.2 leads to results which were significantly more consist-

ent with ac and C than using the unconstrained iterative

implicit inversion results shown in Figs. 4(b) and 4(c). There

is therefore a trade off when the particle size profile is a func-

tion of height above the bed. When b¼ 1 the use of the dual

frequency inversion will not precisely recover the input ac

and C profiles, however, when b= 1 and sediment attenua-

tion is significant, the stability of the dual frequency inversion

results in more accurate values of as and Ms than the iterative

implicit inversion.

As discussed previously, in general the value of b for a

particular sediment will not be accurately known in marine

studies. Therefore by varying b an estimate for the error bars

on the calculated as and Ms can be obtained with the con-

strained iterative implicit dual frequency inversion. This is a

further advantage because such error bars would be difficult

to calculate with an iterative implicit inversion because of

the positive feedback of the errors which propagate and

increase with range as shown in Figs. 4 and 6.

D. Comparison on the inversions applied to
laboratory data

To assess the iterative implicit and dual frequency inver-

sions experimentally, both methods were applied to 2.0 and

4.0 MHz backscatter measurements collected in a vertical

sediment tower capable of generating a homogeneous suspen-

sion of quartz sand over a distance of 0.8 m (Moate and

Thorne, 2009). The suspension had a particle size distribution,

n(a), which was lognormal, with rc/ac¼ 0.4. The concentra-

tion and particle size were uniform with range from the trans-

ducer, with C¼ 0.93 kgm�3 and ac¼ 50 lm and the system

constant R had been measured (Betteridge et al., 2008). In

this experimental case the intrinsic scattering properties of the

sediments, fi and vi, had been measured and were therefore

accurately known (Moate and Thorne, 2009). This being the

case it was therefore more logical to introduce the uncertainty

in the scattering characteristics into the inversions calcula-

tions. Therefore the values for fi and vi, associated with the

different values of b were applied to the inversions used to

calculate Ms and as from V. To facilitate comparisons with the

previous simulations, two inversions were carried out; (i)

using simulated values of V generated from the known C and

ac and (ii) using the measured values of V backscattered from

the laboratory suspension. The results from the simulation

inversion are compared with the results from the inversion

using the measured backscattered data.

First considered is the case when the known value for ac

was used in the inversion and only Ms was calculated. The

iterative implicit inversion results for Ms are shown in Fig.

8(a). The 4 MHz data is shown to highlight the difficulties of

the iterative implicit approach. Consistent with the simula-

tions the dashed, solid, and dotted line were calculated using

b<1, b¼ 1, b> 1. For the case of b¼ 1 the original concen-

tration profile is obtained in the simulation with Ms¼C. For

the cases of b< 1 and b> 1, four values for b were used;

respectively b¼ 0.90 and b¼ 0.95 and b¼ 1.05 and b¼ 1.1.

The simulated results show values for Ms that increasingly

diverges from C with range and changes in b. In Fig. 8(a) the

simulations show Ms/Cr> 1 for b< 1 and Ms/Cr< 1 for

b> 1. This trend in Ms/Cr with b is opposite to that shown in

Fig. 4, and due to the changes in b being introduced into the

inversion rather than into the calculation of V. The experimen-

tal results for the iterative implicit inversion obtained from the

measured values of V are shown by the open circles and the

results are seen to be comparable with those of the simula-

tions. The experimental inversions clearly illustrate the erro-

neous Ms profiles obtained from the measured backscattered

data, due to relatively small uncertainties in the values for fi
and vi, in the iterative implicit inversion. In Fig. 8(b) the

results are shown for the dual frequency inversion. As seen in

Fig. 8(b), both the simulations of V and the measured values

for V give very comparable concentration profiles and in con-

trast to Fig. 8(a), neither show increasing divergence between

Ms and C with range when b= 1. These results experimen-

tally validate the stability of the basic dual frequency inver-

sion when subject to uncertainties in fi and vi.

FIG. 7. (a) Profiles of the variation with range, r, of the normalized concen-

tration, Ms/Cr, from the dual frequency inversion when the particle size was

range dependent and known. Profiles of the variation with range, r, from the

hybrid constrained iterative implicit and dual frequency inversion of; (b) the

mean normalized particle size, as/ar and (c) the normalized concentration,

Ms/Cr, when both the mean particle size and concentration were unknown.

The three lines are for b¼ 0.8 (--), 1.0 (–), 1.2 (���) and Cr¼ 20 kgm�3. The

input profile for ac and C are given by the symbol (�).
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Using the measured and simulated 2.0 and 4.0 MHz back-

scattered V profiles unconstrained iterative implicit and the

hybrid constrained iterative implicit dual frequency inversions

were carried out to obtain profiles of both as and Ms. The

results from the two inversions methodologies are shown in

Fig. 9. The values for b were b¼ 0.95, 1.0, and 1.05. Figures

9(a) and 9(b) show the results for the unconstrained 4.0 MHz

iterative implicit inversion using the measured and simulated

values for V. The results show increasing divergence of both

as and Ms from ac and C, respectively, with range when b= 1.

The outputs again illustrate that uncertainties in the scattering

parameters of the suspension can generate very erroneous par-

ticle size and concentration profiles using the iterative implicit

approach. Conversely, the results in Figs. 9(c) and 9(d), calcu-

lated using the hybrid inversion, with the asrs< 0.2 criterion

applied at 4.0 MHz for the particle size calculation, clearly

show much more stable results for both the measured and

simulated backscattered signals, with no increasing divergence

of as and Ms from ac and C, respectively, with range.

E. Frequency selection and the impact of noise

In the analysis presented above a ratio of two was used

for the frequencies in the dual frequency inversions. This ra-

tio was not specifically selected, the frequencies chosen

were intended to reflect those used in ABS. However, it was

considered of interest to examine how the choice of frequen-

cies affects the dual frequency inversion. For this assessment

some degree of noise has to be present, therefore the back-

scattered signals were modified as follows, Vi
2¼V2

io(1þeui),
where Vio was the noise free value of Vi, ui was a range pro-

file of randomly generated numbers between �1.0 and þ1.0,

e scaled the noise and had values between 0.01 and 0.2 and

subscript i¼ 1, 2 represents the two frequencies with i¼ 1

FIG. 8. Profiles of the variation with range, r, of the normalized concentra-

tion profiles, Ms/Cr, when the particle size was range independent and

known. (a) Iterative implicit inversion and (b) dual frequency inversion. The

lines are from simulated inversions and the open circles are from inversions

using the measured backscattered signal. The symbol represent the different

values for b; 0.9 (*), 0.95 (~), 1.0 (�), 1.05 (h), 1.1 (þ).

FIG. 9. Profiles of the variation

with range, r, of the normalized

mean particle size, as/ar and the nor-

malized concentration, Ms/Cr. (a)

and (b) were obtained using the iter-

ative implicit inversion and (c) and

(d) were obtained using the hybrid

constrained iterative implicit dual

frequency inversion. The lines are

from simulated inversions and the

open circles from inversions using

the measured backscattered signal.

The lines are for b¼ 0.95 (--),

1.0 (–), 1.05 (���).
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being the lower frequency. Equation (15) was evaluated with

the added noise and a non-dimensional generic curve was

obtained which is shown by the solid circles in Fig. 10.

The abscissa is given by v1/v2 and the ordinate is given

by r(me)/r(ve), where r represents standard deviation and

me¼ (Ms�C)/C and ve¼ (V2�Vo
2)/Vo

2¼ eui. The result

approximately followed the form (1� v1/v2)�1 given by the

solid line in the figure. The curve shows that as long as v1/

v2<0.5, r(me)/r(ve) is nominally uniform and comparable

with unity, however, for v1/v2>0.5 r(me)/r(ve) rapidly

increases with v1/v2. Therefore as long as the two frequencies

used in the dual frequency inversion are sufficiently far apart

that v1/v2< 0.5, noise is not significantly amplified by the

inversion. However, if the frequencies are so close together

that v1/v2> 0.5, or if both frequencies are approaching the

geometric regime where v1/v2 � 1, the variance in the con-

centration profile will be substantially greater than that of the

backscattered signal. The results presented in Figs. 4–9 had a

value of v1/v2 � 0.2, therefore the introduction of noise into

the dual frequency inversions gives nominally the same

results as shown in the figures and the overall message about

the advantages of using the dual frequency system is therefore

the same. However, if the ratio of v1/v2 had been closer to

unity, and some level of noise was present, the advantages of

the dual frequency approach would not have appeared so clear

and therefore consideration has to be given to the frequencies

selected for a dual frequency system.

V. DISCUSSION AND CONCLUSION

The use of sound to measure boundary layer sediment

processes is an ongoing developmental area in underwater

acoustics, with its quantitative application having undergone

significant advances over the past two decades. In the present

study the use of sound to quantitatively measure profiles of

suspended sediment particle size and concentration has been

revisited. The use of multifrequency acoustic systems to mea-

sure these profiles has been reported in the literature for the

past twenty years; however, there has been little analysis of the

effectiveness of the commonly used iterative implicit inver-

sions to accurately measure particle size and concentration.

Normally in marine applications of ABS, there will be

uncertainties associated with the variable scattering charac-

teristics of the sediments in suspension. These lead to errors

in the profiles of the suspended sediment particle size and

concentration derived from the acoustic data. This will be

the case for any inversion methodology which employs

generic scattering expressions, since the generic descriptions

only approximate to the actual scattering characteristics of a

particular suspension at a specific measurement site. The

focus of the present paper has therefore been on how the par-

ticle size and concentration profiles are impacted by these

scattering uncertainties and inversions employed.

To assess the impact the commonly used iterative

implicit inversion was examined. This was carried out by

introducing variability into the backscattered signal, V,

through b in the simulated study, and for the experiment case

where V was measured and the scattering characteristics

known, the uncertainty was introduced through b into the

inversion. The iterative implicit solution was seen to work

well for the case when sediment attenuation was weak,

Cr¼ 1.0 kg m�3. However, as Cr increased to 5.0 kgm�3 and

then 20.0 kgm�3, attenuation became significant and errors

arising from uncertainties in the scattering properties of the

suspension accumulated and increased with range from the

transducer. This led to profiles of particle size and concentra-

tion, which were substantially different from what was

actually in suspension. The simulated and measured results

presented here highlight the difficulties which can arise when

using an iterative implicit inversion when sediment attenua-

tion has a significant impact on the backscattered signal.

In an attempt to overcome the accumulative errors in-

herent in the iterative implicit inversion at high attenuation,

a development using a dual frequency approach proposed by

Hurther et al. (2011) has been examined. This is an explicit

formulation with no requirement for iteration and has the

significant advantage that the concentration calculated at one

particular range is not dependent on calculations made

between the transducer and the range of interest. When the

precise conditions for the formulation are met, that is the

particle size distribution is constant with range and known,

the dual frequency approach is robust with regard to uncer-

tainties in the scattering characteristics of the suspended

sediments and substantially outperforms the iterative

implicit inversion, both in terms of computation speed and

the accuracy of the output concentration profiles. For calcu-

lations of particle size and concentration a hybrid con-

strained iterative implicit and dual frequency inversion was

employed. This combined approach outperformed the itera-

tive implicit inversion, even when it was also constrained

using the asr< 2 criterion. However, it is acknowledged that

having a hybrid approach when the particle size is unknown

does add to the complication of the inversion. To relax the

dual frequency restriction of having an invariant particle size

with range, a particle size profile with height above the bed

was introduced. The results showed that this did introduce

errors into the calculated concentration profile if the particle

FIG. 10. Plot of the ratio of the concentration noise relative to the backscat-

ter signal noise, r(me)/r(ve), with the ratio of the normalized total scattering

cross sections, v1/v2. The solid circles were obtained using Eq. (15) and the

solid line is given by (1� v1/v2)�1.
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size profile was known and into the size and concentration

profile if both were unknown. However, as shown in Fig. 7,

when a size profile is present and attenuation is significant,

the errors in Ms and as, due to the biases in the sediment scat-

tering properties, were still substantially less using the dual

frequency approach, than those generated by the iterative

implicit inversions shown in Fig. 4. These results remained

valid as noise was introduced into the backscattered signal,

although it was necessary to keep v1/v2< 0.5 to prevent the

output noise of the inversion becoming excessive.

Although the work presented here was focused on the

utilization of acoustics for boundary layer sediment process

studies, the use of the dual frequency approach, subject to

the incoherent scattering formulation which underpins the

derivation of Eq. (15), should have application in other fields

of acoustics where propagation attenuation is a problem. The

technique may also have application in the field of electro-

magnetics when dual frequencies are available and the varia-

tion in the normalized total scattering cross section with ka
can be explicitly expressed.
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