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ABSTRACT

For over two decades, coastal marine scientists studying boundary layer sediment transport
processes have been using, and developing, the application of sound for high temporal-spatial
resolution measurements of suspended particle size and concentration profiles. To extract the
suspended sediment parameters from the acoustic data requires an understanding of the
interaction of sound with a suspension of sediments and an inversion methodology. This
understanding is distributed around journals in a number of scientific fields and there is no single
article that succinctly draws together the different components. In the present work the aim is to
provide an overview on the acoustic approach to measuring suspended sediment parameters and
assess its application in the study of non-cohesive inorganic suspended sediment transport

processes.

Keywords: Overview analysis. Sandy suspended sediments. Size and concentration profiles.
Multi-frequency acoustic backscattering. Inversion methodologies. Sediment transport processes
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List of main parameters and their units

a. Particle radius (m)

a,. Mean radius based on n(a). (m)

a.. Mean radius of the suspension field based on n(a). (m)
am. Mean radius based on m(a). (m)

am Acoustic estimate of the suspended particle radius. (m)
ar. Reference value for a. at z,. (m)

aso. Median mass radius based on m(a) (m)

A:. Transducer radius. (m)

C. Suspended concentration field. (kgm™)

C:. Reference value for C at z. (kgm™)

dso. Median mass diameter based on m(a) (m)

fi. Intrinsic backscatter form function. (-)

f. Ensemble density normalised backscatter form function. (kg
J. Frequency counter used in the inversion.
k. Acoustic wavenumber, 27/A. (m™)

-1/2

K. Sediment backscattering property. (kg™~“m)

m(a). Particle mass radius probability density function. (-)

M. Initial acoustic estimate of the suspended concentration. (kgm™)

M. Acoustic estimate of the suspended concentration. (kgm™)
n(a). Particle number radius probability density function. (-)
N. Number of frequencies used in the inversion.

r. Range from the transducer. (m)

rh. Transducer nearfield, tA? /A. (m)

R. The system constant. (Vm*?)

V. Backscattered signal. (V)

V2. Mean-square backscattered signal. (V?)
x=ka. (), Xo=kao. (-)

z. Height above the bed. (m)

z.. Reference height, z,=0.005. (m).
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ow. Attenuation due to water absorption. (Nepers m™)

os. Attenuation due to sediment scattering. (Nepers m™)

Yo. Random error introduced into the backscattered signal (-)
8. Normalised standard deviation. (-)

€. Systematic error introduced into the backscattered signal (-)
n. Number of independent samples. (-)

L. Wavelength of sound. (m)

£. Sediment attenuation constant. (kg™ m?)

p. Sediment grain density. (kgm'3)

o. Standard deviation. (units depend on parameter)

oe. Standard error. (units depend on parameter)

1. Time lag. (s)

T, Decorrelation time lag. (s)

®. Parameter used to estimate acoustical particle radius (-)

xi- Intrinsic normalised total scattering cross-section. (-)

v. Ensemble density normalised mean normalised total scattering cross-section. (kg™'m?)

y. Transducer nearfield correction. (-)

1. Parameters in the text with subscript ‘b’ refers to bed sediments.
2. X. Overbar represents a time averaged parameter.

3. X/Y. Overbar represents a time and height averaged parameter.
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1. INTRODUCTION

It is readily acknowledged that one of the most important processes in the coastal environment is
the movement of sediments; they impact on habitats, water quality, turbidity, biogeochemistry
and morphology (Davies and Thorne, 2008; Amoudry and Souza, 2011). Therefore improving
our capability to monitor and model sediment transport in the marine environment is an essential
component of sustainable development and management. In particular as detailed physics based
process models have developed, there has been the requirement to measure sediment dynamics
with increasing temporal-spatial resolution (van der Werf et al, 2008). This has led to the
development of new technologies and the utilisation of acoustics has been one of the competitors
in this field (Thorne and Hay, 2012).

On the larger scale acoustic Doppler current profilers, ADCP, have been around for three
decades measuring flow profiles (Gordon 1996) and more recently the amplitude of the
backscattered signal has been used to estimate suspended concentration (Holdaway et al, 1999;
Moore et al, 2012; Moore et al, 2013). Further in the last year or two there has also been the
application of using swath bathymetry systems to measure suspended sediments (Simmons et al
2010). On the smaller scale significant advances have been taking place in the application of
sound to the study of near-bed sediment transport processes (Vincent et al, 1999; Hurther and
Thorne, 2011; Bolanos et al, 2012; Hay et al 2012). Acoustics has and is being developed for
near-bed studies because it is recognised as having the potential to measure non-intrusively, co-
located, simultaneously and with high spatial-temporal resolution, suspended sediment and flow
profiles and provide information on bedforms. This has lead to the development of multi-
frequency acoustic backscatter systems, ABS, to measure suspended particle size and
concentration (Crawford and Hay, 1993; Thorne and Hardcastle, 1997), high resolution acoustic
Doppler velocity profilers, ADVP, for turbulent and intra-wave observations (Hurther et al 2007;
Hay et al 2012), combined systems for high resolution acoustic concentration and velocity
profiles, ACVP, (Hurther et al 2011) and two and three dimensional acoustic ripple profiles,
ARP, to provide detailed bedform measurements with sub-centimetric resolution (Traykovski,
2007; Hay, 2011; O’Hara Murray et al, 2012). Developments using acoustic near-bed systems
have been presented in the literature (Thorne and Hanes, 2002; Hurther et al 2011).
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The present work focuses on the near-bed application and forms the third part of a trilogy on
ABS systems in which the first part described the system calibration using suspensions with
known scattering characteristics (Betteridge et al, 2008), the second centred on acoustic
scattering properties of suspended marine sediments (Thorne and Meral, 2008; Moate and
Thorne, 2012) and here the study focuses upon the extraction of suspended sediment parameters
from the backscattered acoustic data. The literature associated with the application of acoustics
to the measurement of suspended sediment measurements is distributed amongst journals in the
fields of acoustics (Sheng and Hay, 1998; Thosteson and Hanes, 1998; Moate and Thorne, 2009),
engineering (Thorne et al, 1994; Hurther et al, 2011), sedimentology (Vincent et al, 1991;
O’Hara Murray et al, 2012; Pedocchi and Garcia 2012) and geosciences (Hay and Sheng, 1992;
Vincent et al, 1999; Hurther and Thorne 2011) with no single article providing an overview of
the approach. It was therefore considered timely, given the expanding use of sound for
measuring suspended sediments, that an article providing such an overview of the topic would be
of value to coastal marine scientists who are using, or beginning to use acoustics, in bottom

boundary layer sediment transport studies.

Examined here is the inversion of acoustic data backscattered from inorganic non-cohesive
suspended sediments and its application to the measurement of suspended particle size and
concentration profiles. The intention is to provide a description of the commonly adopted
inversion approach used with contemporary ABS deployed in sandy marine environments. To
this end a series of formulations are described which cover a range of inversions from simple to
more complex approaches. Depending on the availability of independent information on the
suspension, the inversion may be more or less subject to uncertainty. Here an assessment is made
of the inversion process and how different factors impact on the calculated acoustic estimates of
suspended particle size and concentration. The relationship between the measured acoustic
parameters and those commonly used in sediment transport models is discussed. The influence of
the system calibration accuracy, the uncertainty in the scattering properties of the sediments, the
effect of the particle size distribution, the frequencies to use and the impact of signal averaging
are all considered in the assessment. The specific impact of extraneous scatterers such as

bubbles, organic particles and living organisms on the acoustic inversion is not explicitly
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investigated in this study, although the extraneous scatterers could be considered as contributing

to the systematic and random errors introduced into the backscattered signals used in the study.

To carry out the inversion assessment, a suspension field is simulated, sound propagated through
the field and the backscattered signal calculated. It is this backscattered signal which is inverted
using a number of formulations, from simple to more complex in a number of scenarios. The
suspension field used is based on observations collected in coastal environments. The time-
averaged vertical profile of suspended sediment concentration corresponds to a standard Rouse
profile. In the absence of a general theory for vertical grain size sorting a time-averaged vertical
profile based on a power law is employed. This formulation comes from observations collected
in a wave dominated rippled environment (Thorne et al., 2011a). Although this size profile is not
necessarily appropriate to highly turbulent suspension flows when size sorting may be ignored, it
does offers a flow regime for testing the full performance of the acoustic profiling of both
sediment concentration and grain size. Superimposed upon the mean profiles are temporal
fluctuations to represent turbulence and wave motion and assessment is made as to how well

these fluctuation are represented in the acoustic inversions.

The software underpinning the results presented in the paper can be found at
which calculate the suspension field, the sediment scattering characteristics, the backscattered
voltage with systematic and random errors and inversions to calculate the acoustically estimated
concentration field, and the particle size and concentration fields. The software is an

investigative tool for academic/student use and is not supported by the authors or their institutes.



184
185
186
187
188
189
190
191
192

193

194

195

196

197

198

199

2. SCATTERING FORMULATION AND INVERSION

The theory of scattering from an aqueous suspension of particles has been previously presented
(Sheng and Hay, 1988; Hay, 1991; Crawford and Hay, 1993; Thorne et al, 1993; Thorne and
Hardcastle, 1997) and is summarised in Appendix 1 to provide the background to equation (1)
below. For the normally deployed disc transceivers used for both transmission and reception,
insonifying a suspension of sediments, then for the usual conditions of incoherent scattering
(Morse and Ingard, 1987), the acoustically measured suspended concentration, M, can be related
to the mean-squared backscattered voltage, V2, as shown below (Hay and Sheng, 1992; Thorne
and Hanes, 2002; Hurther et al, 2011)

_ ry )2 2 . 4(ragy+ag)
M_(—m) V2 e (1)

where

K = —& j "eM d g X
= —, . = r, =
v ao ) 0 430

I Ty32
1+1.35 (rn) +(250)

135 () + (2532
with

2

2
rfooo an(a)da fooo a? <%) n(a)da]

f(Xo) = J-Ooo a3n(a)da

(2a)

fooo an(a)da fooo a? (@) n(a)da

X(xo) = s (2b)

a, = fooo an(a)da (20)

and
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f; _ (1 — 0_25e—((x—1.5)/0.35)2)(1 + 0_6e—((x—2.9)/1.15)2)X2

7o 42 + 252 (32)

Xi _ 0.09X4 3b
p 1380 + 560x2 + 150x* (36)

r is the range from the transceiver and y accounts for the departure from spherical spreading
within the transducer nearfield (Downing et al 1995), r,=nA%/) is the transducer nearfield, A; is
the transducer radius, R is the 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 (Betteridge et al 2008). K represents the sediment backscattering properties, p is the
sediment grain density and a, is the suspension mean particle radius. The term a,, is the sound
attenuation due to water absorption and os iS the attenuation due to suspended sediment
scattering. fi and y; are respectively the intrinsic form function and intrinsic normalised total
scattering cross-section for the particles in suspension and x=ka, where k is the wavenumber of
the sound and a is the radii of the particles in suspension. Here intrinsic refers to the scattering
characteristics measured using suspensions sieved into narrow ¥ phi size fractions which
provide a nominally single particle size (Hay, 1991). Physically, f; describes the backscattering
characteristics of a particle relative to its geometrical size, whilst y; quantifies the scattering from
a particle over all angles, relative to its cross sectional area, and is proportional to scattering
attenuation. There are a number of similar expressions for f; and y; (Sheng and Hay 1988;
Crawford and Hay, 1993; Thorne and Meral, 2008) and here we have chosen to present a
recently developed density normalised expressions which has generic applicability to sands of
varying mineralogy (Moate and Thorne, 2012). f and y represent the ensemble mean scattering
values obtained by integrating the intrinsic scattering characteristics over the particle size
probability density function, n(a), of the particles in suspension and X,=ka,. S0 as not to over
complicate the inversions presented, particle viscous absorption (Richards et al 2003) for x<<1,
and the sinh(B)/B function (Hay, 1991; Thosteson and Hanes 1998) required at concentrations in
the tens of kgm™, are neglected. These are not particularly restrictive limitations in sandy coastal

environments using low megahertz frequency ABS.
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Although equation (1)-(3) may appear somewhat complex, there are degrees of simplification
that can be made depending on the required accuracy and detail on the suspension. These are

explored for a number of cases below.

2.1. Estimating the suspended sediment concentration

Equation (1) is implicit with M being on either side of the equation due to the effect of
attenuation by the presence of the sediments themselves. If the sediment attenuation can be
assumed negligible, ros«1, the equation becomes explicit and its evaluation is simplified. Further

if only the far field is considered, y=1, equation (1) can be written as

r

Mo = (<) VA et @

For this case, after allowing for ay (Clay and Medwin, 1997), the concentration at any range is
simply proportional to the mean-square backscattered signal. To evaluate equation (4) requires a
value for KSR. Normally bed samples are collected when instruments are deployed and laboratory
calibrations can be carried out using a suspension of the bed material. By using backscatter data
collected in the far-field, at sufficiently low concentrations such that ros«1, the calibration is

given by

r’v3,

- edray )

(KR)* =

Since C is the measured concentration used in the calibration and a,, can be calculated, KR can
be readily obtained. However, this calibration includes the sediment backscattering
characteristics, K, which is site specific, based on the bed sediments and invariant with height
above the bed and time. It also presupposes that the suspended sediments in the field have a size

distribution equal to the bed. The approach only requires a single frequency ABS and provides a

10
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simple, though limited, calibration for estimating concentration profiles collected at a particular
field site.

As mentioned above equation (5) provides a site specific calibration. However, if use is made of
equation (3a) to obtain fi/\/ﬁ and combined with a measurement of n(a) of the bed, this allows
f(Xo) and a, to be evaluated using equations (2a) and (2c) and K calculated. The value for R can
then be estimated; this is an instrument parameter and is independent of the deployment site.
With R known the single frequency ABS system can be deployed at any site and with a
measurement or estimate for n(a), f(x,) and a, can be calculated, K obtained for the deployment
site, and inversions carried out to obtain concentration profiles, subject to the assumption of size
invariance with height and time. Using a suspension of sediments to provide R leads to a
nominal value because the formulation for fi/\/ﬁ in equation (3a) is a generic mean expression
derived from a number of data sets (Moate and Thorne, 2012). To obtain a precise value for R
requires the scattering properties, and hence K, for the suspension to be precisely known, this can
be obtained using suspensions of spheres which have an exact analytical scattering solution
(Faran, 1951; Gaunaurd and Uberall, 1983; Betteridge et al, 2008).

When a5 cannot be assumed to be negligible equation (1) becomes implicit, with M on either side
of the equation and the inversion becomes slightly more complicated. If the system has been
calibrated as discussed above and KR, or R is known and n(a) measured or estimated, equation
(4) can be evaluated and M, profiles calculated, preferably with the nearfield correction term, s,
included. An improved estimate for M can be obtained using the expressions in equation (1) to
estimate as, by calculating & with the formulation for xi/p given by equation (3b) with n(a) to

obtain y using equation (2b) and evaluating
M; = M, e*%o (6)
The value for oy, is calculated using M,. In general equation (6) can be written as

Mg = Mgt (7)

11
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Equation (7) is iterated until a convergence criterion has been satisfied and the value for M at the
first range bin evaluated. The iterative process is repeated sequentially stepwise at each range bin
through the V2 profile, with the accumulating sediment attenuation accounted for and the profile
of M with r from the transducer progressively calculated (Hay and Sheng, 1992; Thorne and
Hardcastle; 1997; Thorne et al, 2011b).

2.2. Estimating the mean particle size and suspended sediment concentration

Apart from the site specific calibration, it has been assumed that in the evaluation of equation (4)
the suspended particle size distribution is known or estimated and that it is invariant over the
deployment period of the ABS. If the size is unknown or its temporal variability with height
above the bed is required, this necessitates the ABS system to operate at more than one
frequency. This is not a particular constraint as most ABS systems deployed are multi-frequency
(Hay and Sheng; 1992; Thorne and Hardcastle 1997; Villard et al 2000; O’Hara Murray, 2012).
It does, however, require R to be obtained at each frequency as described above. Using the
differential scattering characteristic of the suspended sediments with frequency, profiles of the
acoustic measurement of particle radius, ay, an estimate for a,, can be made with M. This still
requires an estimate for n(a), although ay is calculated from the inversion. A number of
approaches have been used to obtain ay (Hay and Sheng, 1992; Crawford and Hay, 1993;
Thosteson and Hanes, 1998; Moore et al, 2013) and the approach adopted here which has been
found to be relatively robust is that of Thorne et al (2007) and Moate and Thorne (2012).

Using the approach of Thorne et al (2007), for the case when ros«1, f is calculated using
equations (2a) and (3a) with n(a) and K; evaluated at each of the N frequencies in the ABS
system, where subscript j=1:N, over a range of a, which covers the expected mean particle radius
variation in suspension. Using these values of Kj(a,) with Vlfl]-, Myj(ao) is calculated using
equation (4) and the parameter ® evaluated for each value of a, over the range of a, as below

—oM(30)

_Mo(ao) ®)

12
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Mo(@0) =3 ) Moj(a0)  oi(as) = NZM (20) ~ Mo (ao)I?
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The value of a, for which @ is a minimum at each range gate provides profiles of ay and M, over
the deployment period. Illustrations of this process and the form of ® are presented in Appendix
2. When os is not negligible the additional complication of an implicit iterative inversion is
required. The procedure uses equations (4), (6) and (7), with y calculated using equations (2b)
and (3b) with n(a), for the range of a,, at each frequency, and equation (8) evaluated with M
replacing M,. The implicit iterative process is repeated sequentially stepwise at each range bin

through the Vrfl]- profiles, with the accumulating sediment attenuation accounted for and the

profiles of ay and M with r from the transducer progressively calculated (Thorne et al 2011b).
This is the full inversion of equation (1) when the temporal-spatial structure of ay and M for the
suspension field is required.

2.3 Scattering properties and sediment size distribution

In equation (3) the density normalized intrinsic scattering properties, fi/\/ﬁ and yi/p are given,
however, invariably, in the marine environment, there will be a particle size distribution and the
ensemble scattering characteristics described in equation (2), f and y, are required. It is therefore
important to assess how n(a) impacts on the suspension scattering characteristics. To assess this
three common probability density functions for the size were examined; the normal, nn(a),
lognormal, ni(a), and bi-normal, nyi(a). These are respectively given by;

1 —(a—
nn(a) = Gme (a 30)2/20'2 (ga)

n(a) = e MB@/2C ¢ = [log,[(0/a,)? + 1], v = loge(ad/y/a + 0?) (9b)

e—(a—al)Z/ZG% 1 e—(a—32)2/20§ (90)

ny;(a) = P -

13
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For all the distributions the parameters were chosen so that the normalised standard deviation,
d=ola,, of n(a) was equal to 6=0.4. A comparison of the distributions are shown in figure 1a for a
value of a,=100 um. The ensemble scattering characteristics f and  were calculated using
equation (2), by integrating the density normalized intrinsic values, fi/ﬁ and yi/p given in
equation (3), over n(a) described in equations (9a)-(9c), and the scattering and attenuation
parameters K and & evaluated. The results are shown in figures 1b and 1c for a frequency of 2.0
MHz; increasing or decreasing the frequency respectively raises or lowers the values of K and &,
however, the form with X, remains constant. The solid line represents the intrinsic scattering
characteristics and the symbols the ensemble scattering characteristics. As can be seen the impact
of the size distribution on the scattering characteristics is to substantially increase values in the
Rayleigh regime, X,<<1, while marginally reducing values in the geometric regime, x,>>1
(Thorne and Meral, 2008). The departure from the intrinsic scattering properties is similar for the
three distributions and scales with the standard deviation. Therefore to first order it is the value
for o which controls the departure from the intrinsic scattering properties, rather than the precise
form of n(a). This divergence of the ensemble scattering characteristic from the intrinsic will
impact on acoustic inversions and therefore needs to be accounted for when calculating particle

size and concentration from acoustic backscattered data.
2.4. Statistics of the backscattered signal

Equation (1) provides an expression for M based on incoherent scattering due to the
backscattered signal having random phase statistics uniformly distributed over 2z. To obtain V32,
V2 is average over a number of independent backscattered signals and the number averaged
determines the standard error for V2. For incoherent scattering the probability distribution for the
backscatter signal, V, is Rayleigh (Hay, 1983; Thorne et al 1993) and for \/? exponential
(Wilhelmij and Denbigh, 1984; Libicki et al, 1989)

p(V?) = e~V (10)
where B=1/VZ . For an exponential distribution the standard deviation, c=1/p, therefore the

standard error in V2 is given by

14
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0o (V) = VT‘;‘ (11)

where 1 is the number of independent profiles averaged to form V2 . Since M is proportional to

V2 the normalized standard error in the estimated concentration due to the statistical nature of
the backscattered signal is oe(M)/le/\/ﬁ . To assess these statistical characteristics, figures 2a

and 2b show results from backscatter data collected on a homogeneous suspension of Y4 sieved
magnetite sand of diameter 275 pum, at frequencies of 1.0 (¢), 2.93(0), 4.02(A ) and 4.9(+) MHz,
with a pulse length of 10 us and pulse repetition frequency, prf, of 4 Hz; moderately sorted
suspended quartz sand, dsg=240 um o(d)=83 um, under waves with a prf of 160 Hz, pulse length
of 4 ps and frequency of 1.25 MHz, and from flowing water containing nominally homogeneous
micro-bubbles in a open channel with a prf of 95 Hz, a pulse length of 2 us and a frequency of
2.0 MHz. Each data set was normalised by its mean square value so that the results could be
compared with a single theoretical prediction, give by the solid line in the figures. As can be
seen, for the varied frequencies, pulse repetition frequencies, pulse lengths and scatterer type, the
data follow the theoretical predictions, thereby confirming the assumption of incoherent

scattering upon which the ABS theoretical analysis is formulated.

The value for n used to assess the accuracy of M is based on independent samples and therefore
it is important to ascertain the decorrelation time to obtain independent samples. To examine the
decorrelation, the signal amplitude from an acoustic Doppler velocity profiler (Hurther et al
2011) backscattered from suspended sediments under waves and flowing water containing
micro-bubbles, were collected using at a pulse repletion frequency respectively of 1600 Hz and
952.4 Hz. The measured autocorrelation functions of the backscatter signals with time lag are
shown in Figure 2c. The figure clearly shows an initial reduction in the level of the

autocorrelation functions followed by a nominally constant value close to zero. The solid line in

the plot is a simple empirical fit to the data obtained using e "/%)* where 1 is the lag and t,=2.0
ms. The present results indicate a decorrelation time of around 3-5 ms. Hay and Bowden (1994)
using a 2.0 MHz ABS under waves in the field estimated a decorrelation time of 2-4 ms.
Therefore if an upper limit of 5 ms is assumed for the decorrelation time, the corresponding
maximum pulse repetition for independent samples would be 200 Hz. If 5.0 Hz concentration

15
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profiles were required an accuracy of o(M)/M~0.16 would result from backscattered profiles
collected at 200Hz. If higher accuracy was needed then vertical averaging over independent
range bins could be carried out. The importance of the statistical nature of the backscatter signal,
and the requirement for averaging over independent samples, is that it may lead to a degree of
compromise between the desired spatial-temporal resolution and the degree of averaging

necessary to obtain an acceptable accuracy for M.

16



397

398

399
400
401
402
403
404

405

406

407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423

3. BACKSCATTERING FROM A SUSPENSION FIELD
3.1 Formulation of the suspended field

To assess the different inversions described in Section 2 requires simulations to be carried out.
Therefore to examine the inversion of the backscattered signal and the resulting acoustic
estimates of suspended sediment parameters a simulated suspension field through which the
sound could be propagated was required. To establish the suspension field the underlying
profiles for the time averaged concentration, C, and the time averaged mean particle radius, a.

were of the form

C=C, (Zir)_p (12a)
i =a (Zir)_l (12b)

Equation (12a) is the commonly used Rouse profile (Soulsby, 1997) which approximates to a
power law near the bed, p is the Rouse parameter p=ws/ku=, Where u- is the bed friction velocity,
k is the Von Karman constant and ws is the particle settling velocity. C. is the reference
concentration and for the present study it was specified at the lowest ABS range bin above the
bed which was at a height of z,=0.005 m. In the absence of a general theory for the vertical grain
size sorting effects and the lack of size sorting measurements in the literature, it is adopted here
that a, follows the power law given by equation (12b). This is based on the observations (Thorne
et al, 2011a) collected over a rippled sand bed for a range of wave forcing and bed sediment size
conditions. For this type of flow, grain size sorting effects are found to be significant resulting in
decreasing a, corresponding with the region of the Rouse profile. It is acknowledged that such a
form is not generic, for example under highly turbulent conditions for fine sediments a, profiles
may be more uniform. Further, vertical temporal differential settling velocities within the
suspended size distribution are not specifically addressed in the simulated suspension field.
However, the selected ripple suspension conditions are appropriate for testing the full
performance of the acoustic profiling of both sediment concentration and grain size when size
sorting effects are important. For the present study the variables in equation (12) were given the

following values; p=1, 1=0.2, C,=5.0 kgm™ and a,=78 pm.
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As well as requiring a time averaged mean size profile, a size distribution was also required to
represent the suspension. Most sedimentologists use a mass probability density function, m(a), to
represent particle size and one of the more common distributions fitted to natural sediments is
the lognormal given in equation (9b) (Soulsby, 1997). For the acoustic analysis the probability
density function required is not m(a), but n(a), which is obtained from m(a)/a® assuming
nominally spherically shaped particles. In Figure 3 is shown the lognormal bed sediment mass
probability density function, my(a), used in the present study, from which the suspended
sediment profiles were derived. The distribution had 6,=0.4, where 6,=6pm/apm, and cpm and apm
are respectively the standard deviation and mean of my(a). For the suspended sediments 6 was
also set to a value 0.4 and therefore as a. reduced with height above the bed o, proportionally
decreased. For the bed ayn=173um and the median grain diameter 2aps0= dp50=320 um. Based on
the Wentworth scale (Soulsby 1997) this is medium sand. The form for ny(a) is also shown in
figure 3, it is down shifted in radius with its mean value, ap., being a,.=0.64apym (110um),
although ny(a) remains lognormal distributed and retains the same ratio of the standard deviation,
Ohc, to mean, o,c=0.4ap.. The radius which is measured acoustically, ay, is an estimate for a. and
this has implications for sediment transport studies. Marine scientists generally use dsp, based on
m(a), to designate the size of the particles in suspension and it is dsp upon which most sediment
transport formulations are based (Soulsby 1997). In the present case opc=0.4ayc, anc=0.64apm, and
dps0=2.9an.. Therefore the mean particle diameter, 2ay, obtained from an acoustic inversion,
which is an estimate for 2a, is not the size used in most sediment formulae; this point is returned

to in Section 5.4.

Equation (12) provides the basic formulation for the time averaged suspension field, however to
represent the temporal and spatial variability, arising from turbulent and intra-wave fluctuations
in the hydrodynamics, periodic and random components were superimposed upon the basic
structure. The results for the a. and C fields are shown in figures 4a and 4d. The temporal and
vertical variability portrayed in these figures is considered to be consistent with observations
made in the coastal zone (Hay and Bowden, 1994; O’Hare Murray, 2012). The degree of
coherence between a. and C is associated with more dynamic events generating higher

concentrations with larger particles sizes, while weaker events have lower concentrations and
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smaller suspended particles Figures 4b and 4e show the mean profile averaged over the record
length, a. and C, and figures 4c and 4f shows the time series reference values at z=0.005 m. The
reference values varied between C,= 0.7-16 kgm™ and a,=57-110 pm. It is the suspension fields
shown in figures 4a and 4b, combined with the lognormal size distribution shown in figure 3,

which are used in the present analysis.

In figure 4c the peak value for a, =110 um and this is based on the value of dyso for the bed
sediments shown in figure 3. Since the bed sediments have a dpsp=320 pm, then if all the bed
sediments were entrained the suspended dso would be 320 um and as noted above for 6=0.4, ay.=
dpso/2.9, therefore it follows the maximum value for a, will be 110 um. However, the condition
for all size fractions being entrained occurs only during the most energetic events and in general,
as shown in figure 4c, the suspended sediments have a size fraction which is smaller than the bed
and this reduces with height above the bed following the form shown in figure 4b and given by

equation (12b). This size sorting has implications for the acoustic inversions to be discussed.

3.2 The forward problem; calculating the backscattered signal for the inversions.

Using the suspended sediment time series presented in figures 4a and 4d, with the specified
lognormal distribution for n(a) presented in figure 3, the forward problem of propagating sound
through the suspension field was solved using equation (Al.4) in Appendix 1 and the
backscattered signal calculated. Firstly backscatter signals were calculated with no uncertainties.
Secondly, systematic errors and random fluctuations were introduced into the backscattered
signal via equation (Al.4), due to variability in the scattering characteristics K=¢K(1+ys) and
E=e&(1+ys), the statistical nature of the backscattered signal Vims=Vms(1£yy) and calibration
uncertainties R=eR(1tyy). € was a scaling factor either greater or less than unity and
independent of range from the transducer and time. ys, vy and y% had random values with range
and time, that lay between 0-y, and were uncorrelated between the parameters. When a multi-
frequency system was simulated the random components were also uncorrelated between
frequencies. The time averaged value for the random components was zero. The lack of a
systematic error for V.ms was because this was introduced through $R. These computed

backscattered signals were used in different inversion scenarios based on equation (1) and its
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486  simplification and the calculated acoustic estimates for the concentration, M, and particle radius,
487  ay, compared with C and a; shown in figure 4.
488
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4. INVERSION SCENARIOS

In this section a number of inversions scenarios of increasing complexity are described. These
are broadly in terms of the type of ABS used, whether it be single or multi-frequency, the
underlying assumptions made regarding the suspension structure, how supporting independent
data can be used to aid the acoustic inversions and an assessment of the impact systematic and
random errors have on the acoustic estimates of a. and C. Tables 1 and 2 provide an overview of
the conditions for all the cases simulated which are outlined below. In Section 5, the calculated

acoustic values for M and ay for the varying scenarios are presented.

4.1. Single frequency, SF,cases; SF1, SF2, SF3 in table 1

For the first three cases named SF1, SF2 and SF3 in table 1, a single frequency ABS operating at
2 MHz mounted at 1.0 m above the bed with a vertical spatial resolution of 0.005m was
examined. Systematic, &, and random, 7y, uncertainties were introduced into the forward
calculation through equation (A1.4) and in the inversions assumptions were made about the
suspended particle size, the effect of acoustic attenuation and the transducer nearfield directivity.
Since a single frequency was employed these inversions only calculated profiles of suspended

mass concentration, M, for the conditions described in section 3.1.

Case SF1 corresponds to a practical situation where only the dpso value of the bed sediments was
known. The inversion was therefore evaluated using a,=dpso/2 (160 um), the intrinsic functions
for K; and &; and with no grain size sorting with height above the bed and in time. The
concentration profiles for M were calculated for three inversions scenarios. SFla where no
uncertainties were introduced into the forward calculation of the backscattered signal, e=1, y,=0
and in the inversion sediment attenuation was assumed negligible, ros«1, and the nearfield
correction was ignored, y=1. SF1b where uncertainties, €=0.8 and &=1.2 and 7y,=0.1 were
introduced into the calculation of the backscattered signal and again in the inversion it was
assumed ros«1 and y=1. SF1c with no uncertainties, e=1 and y,=0, being used in the calculation
for the backscattered signal, and with as and y being accounted for in the inversion. In this latter

case, the iterative implicit inversion had to be applied for the calculation of M profiles.
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In the case SF2, further sediment size information was available in the form of a bed sample.
The inversion was therefore evaluated using the lognormal number density distribution function
of the bed, np(a), to calculate the ensemble mean values of the sediment parameters, a,=ay. (110
um), K and & with no grain size sorting with height above the bed and in time. The concentration
profile M was calculated for three inversion scenarios named SF2a, SF2b, SF2c which were the
same in terms of uncertainty, attenuation and nearfield conditions to scenarios SFla, SF1b and
SF1c. For the third case, SF3, some information on the suspended sediments was considered
available. This case simulates the situation when samples of the suspended sediments were
collected or an assumption was made for the time averaged suspended size profile based on the
bed sediments. In the latter case a;=anc(z/z;)" 1=0.2, and K and & were a function of height above
the bed, z, however, they were still time invariant. The same three scenarios of uncertainty,

attenuation and nearfield conditions for SF1, SF2 were applied to case SF3.
4.2. Multi-frequency, MF, cases; MF1, MF2, MF3 in table 2

The utilisation of a multi-frequency ABS system provides the opportunity to estimate vertical
profiles of both the M and ay as a function of time. For the cases studied here the ABS had
frequencies of 0.7, 1.25 and 3.0 MHz, was mounted 1m above the bed and had a vertical
resolution of 0.005 m To carry out the multi-frequency inversion requires an estimate for the
form of n(a) so that K and & can be calculated in the inversion. n(a) was chosen to be the same as
in the forward calculations based on the bed lognormal sediments size distribution shown in
figure 3 with 6=0.4a,. To obtain the acoustic estimates for ac, in the inversion ay was obtained

from values of a, covering the range 5-400 um with a step interval of 6a=2 um.

In the first multi-frequency case, MF1, no uncertainties were introduced into the forward
calculation, e=1 and y,=0. To simplify the inversion an assumption that sediment attenuation
could be ignored, ros«1, led to an explicit solution, further the nearfield correction was ignored,
y=1. In the second case of multi-frequency scenarios, MF2, a more complex implicit iterative
inversion was used with a accounted for and the nearfield correction applied. In MF2 systematic
and random errors were added to the forward calculations of the backscattered signal in the

evaluation of equation Al.4 and different conditions of uncertainty were examined. As presented
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in Table 2, in scenarios MF2a, e=1 and y,=0, in MF2b, £=0.8, 1.2 and y,=0, and in MF2c, £=0.8,
1.2 and v,=0.1. In the third case MF3, the time series profiles of ay, from MF2c were averaged to
give a temporal mean average profile, ay;, and for the same conditions as MF2a and MF2c the
profiles for M were re-calculated using ay;. This latter calculation was carried out because the

impact of both € and y, on ay; was relatively weak as will be shown in the following section.
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5. ACOUSTIC ESTIMATES FOR PARTICLE SIZE AND CONCENTRATION

In this section the inversion scenarios described in Section 4 are implemented and the results
examined in terms of the accuracy of the acoustic estimates of the suspended particle size and
concentration. Having a priori knowledge of the suspension can improve the inversion and using
more sophisticated inversions can provide further information on the suspension. For the first
three inversion cases SF1, SF2 and SF3, a single frequency ABS was assessed with parameter
uncertainties and assumptions made about the suspension as described in Section 4.1 and Table
1. These inversions only calculated profiles of M. Following these cases, three cases of multi-
frequency ABS deployments, MF1, MF2 and MF3, were examined with parameter uncertainties
and assumptions made about the suspension as described in Section 4.2 and Table 2. In these
inversions profiles of ay and M were obtained. Following the inversion scenarios, further

calculations are reported to assess the impact of uncertainties on the profiles of ay; and M.

5.1 Estimates of suspended sediment concentration, M, using single frequency ABS for cases
SF1, SF2 and SF3 given in Table 1

The backscatter signal from suspended sediments is a function of the particle size and
concentration. If an estimate of the suspended size is available then a single frequency ABS can
be used to obtain a measurement of the concentration field. Using the suspension field shown in
figure 4 the backscattered sound field was computed as described in Section 3.2 using equation
A.4.1 ABS systems usually operate over the range 0.5-5.0 MHz and for the present simulations
the frequency was chosen to be 2.0 MHz. From the previous section the bed sediment particle
size was given a value of dys0=320 um (ag=apc~110 pum), which gives x,=0.93 at 2.0 MHz and
places the scattering above the Rayleigh regime x<<1 and below the geometrical regime x>>1.
Backscattering in the intermediate regime has a lower sensitivity to changes in particle size than
in the Rayleigh regime and sediment attenuation is not as significant as it is at higher
frequencies; the lower sensitivity to size and attenuation contributes to reducing inversion errors.
The 2 MHz single frequency ABS was mounted at 1.0 m above the bed and had a vertical spatial

resolution of 0.005m.
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The conditions for the different cases with their scenarios are presented in Table 1. For the first
single frequency case SF1, the simple situation of a single frequency 2.0 MHz ABS deployment
was considered. The only information available for the local site was an estimate for dso of the
bed which was 320 um. To obtain the suspended concentration the explicit solution of equation
(4) was used, ie ros«l, y=1 and it was assumed R had previously been measured. As no
information was available for m(a), K; was obtained using the intrinsic value for fi/\/ﬁ
calculated using the expression in equation (3a) for a particle radius of a,=ds¢/2. The value for K;
was constant over time and height above the bed. The results for this straightforward inversion
are shown in figure 5. Firstly the inverted computed concentration field, M, obtained using
backscattered signals without added uncertainties, =1, y=0, scenario SFla, is presented in figure
5a. The impact of not accounting for the nearfield is observed between z=0.9-1.0 m where the
concentration field reduces rapidly. Apart from this nearfield artifact, it can be seen that the
temporal structure of the suspension field in figure 5a is comparable with that of figure 4d,
although the magnitude in figure 5a is decreasing at a greater rate with z. This is illustrated in
figures 5b and 5c in which the concentration from the inversion, M, is centered on the solid
circles, scenario SFla, with a shaded area bound by inversions associated with systematic errors
€=0.8 and 1.2, and random errors y,=0.1 scenario SF1b, and the solid line is from the input
concentration field, C, at the same value of z. The upper boundary of the shaded area is
associated with scattering and calibration characteristics that are greater than those assumed for
the inversion, i.e. e=1.2, while the lower boundary is associated with reduced scattering and
calibration characteristics than assumed in the inversion, i.e. €=0.8. The two heights shown are at
the reference height z,=0.005 m and z=0.9 m. It can clearly be seen that at z,, M is similar in
form and magnitude to C,. That the magnitudes are comparable may be somewhat surprising,
given K and dys0/2 where used for the inversion, however, coincidentally, Ki=1.43 for dys0/2 and
K=1.73 for ay, at 2.0 MHz at z,, hence their values are similar and therefore M is a reasonably
accurate estimate. At z=0.9 m the temporal structure of M is still comparable with C, however,
the magnitude of M is an order of magnitude smaller. This reduction is due to assuming a,=dsq/2
in the inversion, while the actual temporal mean value, a., at 0.9 m was 29 pum, which has
associated lower scattering characteristic. The general trend of increasing departure of M from C
with height above the bed is shown by the temporal mean concentration profiles in figure 5d.

The dashed line in figure 5d is an implicit iterative inversion using equation (7) in which the
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nearfield and sediment attenuation were accounted for, scenario SF1c. As can be seen there is
only a marginal increase in M. Therefore using K; and dso/2 in the inversion provides a temporal
structure for M which is comparable with C, but with M becoming increasingly erroneous in
magnitude with z. The temporal-spatial mean value for M/C=0.23; including the nearfield
correction and sediment attenuation only increased this value to M/C=0.25. The suspended

concentration field was therefore significantly underestimated for all SF1 scenarios.

In the second single frequency case, SF2, the assumption was made that bed samples from the
location site were available. Using the samples the 2.0 MHz ABS could be calibrated for the site
specific suspension in the laboratory and KR obtained, or if R is known, n(a), a,, f and hence K
could be estimated from the bed samples using equations (2a, 2c, 3a). Either way the inversion
was carried out assuming a suspension with ny(a) (i.e. identical to that of the bed) and invariant
with time and height above the bed. The results for such an inversion are shown in figure 6
where the same nomenclature as used in figure 5 is employed. Figure 6a, represents the result for
scenario SF2a. The results of scanarios SF2a, SF2b and SF2c are shown in figures 6b-6d.
Although expectations may have been for improved agreement between M and C, as noted
earlier the values for K and K; at 2.0 MHz used in the inversions to obtain figures 5 and 6 were
within 20% of one another, with the result that the profiles for M in the two figures are very
comparable. In figure 6b at the high concentration events, when the nearbed suspended
sediments have a value of a, equal to that of the bed, the results for M still underestimate C,, due
to the assumption that ras«1. Overall the resulting M profiles in figure 6 have essentially the
same problem as in figure 5, the lack of accounting for the particle size sorting with z again
results in an increasing underestimate of the suspended concentration with height above the bed.

Owing to the lack of agreement between M and C with z for inversion cases SF1 and SF2 seen in
figures 5 and 6, in the third case, SF3, particle size sorting with height above the bed was
included in the inversion. Obtaining suspended sediment samples at the deployment site could be
used to estimate the sorting, or bed samples could again be used, but combined with an estimate
for the temporal mean particle radius profile, a,(z), with height above the bed. In the present
scenario the latter option was used with a,=ap.=110 um at z and with a reduction in mean

particle size with height above the bed given by equation (12b). Therefore using the size profile,
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K was calculated at each height above the bed and a time invariant profile for K obtained. The
results from this inversion for scenarios SF3a and SF3b are shown in figures 7a-7c. As would be
expected, given the results in figures 5 and 6, using a profile size estimate in the inversion results
in a substantial improvement in the agreement between M and C with z. Both the temporal
structure and the magnitude of M agree reasonably well with C at all elevations above the bed,
with a temporal-spatial mean value, M/C=0.54, which is a significant improvement over the two
previous cases, SF1 and SF2. Again accounting for the nearfield and sediment attenuation in
scenario SF3c, shown in figure 7d, obtained using equation (7) only provides a marginal

improvement with M/C increasing to 0.58.

The reason why in SF3c the value of M is still an underestimate is because the particle size
profile is based on a reference value at z; of a,=ap; for the bed and this represents the maximum
one would expect to obtain as a reference. In practice this value is only achieved for the most
dynamic conditions as illustrated in figure 4c. Therefore in figures 7b and 7c the values for M
and C are only coincident for the more energetic events and in general M underestimates C
because the particle size is overestimated. Furthermore, as shown in figure 7b for scenario SF3b,
even though the correct value for a, is being employed at z, for the more energetic events, the use
of ros«l results in the concentration during these events being underestimated. Therefore the
inclusion of a representative size profile provides a significant improvement in the acoustic
estimate of the suspended concentration profile, however, because the size profile is invariant
with time and based on the particle size distribution of the bed, it still fails to capture the exact
nature of the suspended concentration field. To do this an inversion needs to be carried out which
contains information on the time variability of the suspended particle size field. One way of

doing this is to use multi-frequency acoustics to also measure particle size.

5.2 Estimates of suspended sediment particle size, ay, and concentration, M, using multi-
frequency ABS for cases MF1, MF2 and MF3given in Table 2

If particle size as well as concentration is desired, then multiple frequencies are employed and
the differential scattering characteristics with frequency of the sediment in suspension is utilised
to calculate profiles of the time varying particle size and concentration. In the present study

inversions were carried over the range a,=2-400 um with a step interval of 2 um and ay and M
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obtained at the minimum value of @ as expressed by equation (8). This range of radii covers the
Wentworth grain size scale from fine silt through to coarse sand. A simple approach would be to
add only one acoustic frequency to the single frequency system described above, however the
lack of uniqueness in the value of K with particle size makes the inversion problematic; with
erroneous results readily generated; this is illustrated in Appendix 3. Most publications using
multi-frequency ABS have therefore opted for a three frequency system (Crawford and Hay,
1993; Thorne and Hardcastle, 1997; Thosteson and Hanes, 1998; Villard et al, 2000 and
Smerdon et al 2007) and it is such a system which is investigated here. Typically ABS have been
deployed in sandy environments and operated in the 0.5-5 MHz frequency range. At much lower
frequencies scattering is in the Rayleigh region, x<<1, where backscattering can be weak and at
much higher frequencies the combined water and suspended sediment attenuation both reduce
the backscattered signal level and introduce instabilities into the inversion (Thorne et al, 1995).
With regard to the above, the present study examines scenarios for an ABS operating at 0.7, 1.25
and 3.0 MHz in a sandy environment. As with the 2 MHz single frequency ABS the system was

mounted at 1.0 m, above the bed and had a vertical spatial resolution of 0.005m.

All the multi-frequency inversions were carried out with a lognormal n(a) having 6=0.4a,, which
gave them a value for the normalized standard deviation, d, that was the same as the bed and the
a; field. The conditions for the different cases with their scenarios are presented in Table 2. The
first inversion for case MF1 yielding M and ay was carried out using equations (2a), (3a), (4) and
(8). No uncertainties were introduced into equation (Al.4) for the forward calculation of the
backscattered signal, e=1 and y,=0. For the inversion as was assumed negligible and no nearfield
correction applied, therefore any deviations between the suspension field, C and a;, and the
acoustic estimates, M and ayu, was solely due to the simplification of assuming ros«1l and y=1.
Table 2, case MF1, provides an overview of the inversion condition with the outcome from this
inversion being shown in figure 8. As seen in the mean temporal profiles shown in figures 8a and
8b, the impact of ignoring the nearfield for each transducer produces a local effect close to the
ABS, with the particle size over estimated and the concentration underestimated. Between
approximately z=0.2-0.8 m the mean profiles of ay and M from the ABS are consistent with the
suspension field. However, below z=0.2m the ABS inversion increasingly overestimates the

particle size and underestimates the concentration. As can be seen in figures 8c and 8d the
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general temporal-spatial form of the suspension field is retained in the inversion, although, as
shown in figures 8e and 8f, close to the bed during the higher suspension events, the lack of
accounting for sediment attenuation in the inversion, leads to significant overestimates of particle
size and underestimates of concentration. Overestimates of a, by a factor of two and
underestimates of C, by a factor of five occurred during the most dynamic suspension events.
Therefore neglecting attenuation, when using a multi-frequency ABS, to extract particle size and
concentration, can be problematic and this is particularly acute at the more interesting near bed

higher concentration events.

In the second multi-frequency case, MF2, the forward calculation for the backscattered signal
had uncertainty conditions of e=1.0 and y,=0, MF2a, £€=0.8, 1.2 and y,=0, MF2b, and ¢=0.8, 1.2
and y,=0.1, MF2c; again these scenarios are summarised in Table 2. For this case a full inversion
using equation (1-3, 6-8) was employed with account taken of os and y. Figures 9 and 10

respectively show the results for the acoustic estimates of particle size, ay, and concentration, M.

In figure 9a, the time averaged particle radius profiles, ay;, with regions of uncertainty and a; are
shown. The shaded red and blue regions show the envelopes of the bounded inversion results for
the uncertainty conditions MF2b and MF2c respectively. The solid line is the a. profile and the
solid circles the ay;, profile for MF2a. The temporal averaged results from the inversions show
that ay; is consistent in form to a; with z, with the region of uncertainty increasing as the height
above the bed is reduced. In figure 9a the two regions of uncertainty (red and blue) overlapped
considerable. In figures 9b and 9c are respectively shown ay for e=1.2, y,=0.1and £=0.8, y,=0.1,
correspond to inversion scenarios MF2c in Table 2. As can be seen in the figures the broad
temporal structure of ay is comparable to that shown in figure 4a for a., although somewhat
noisier owing to the introduction of random errors into the backscatter calculation. Analysis of
the inversion shows that close to the bed for e>1 ay<a; and for e<1 ay>ac, as illustrated by the
colour bar scales in figures 9b and 9c. In figures 9d and 9e the temporal variability is highlighted
more clearly at the reference height and at z=0.9 m. The nomenclature for these figures is the
same as for figure 9a; the solid line is a, the solid circles MF2a and the red and blue shaded
areas are respectively MF2b and MF2c. Figure 9d shows the results at z, for MF2b, y,=0, red

shaded area, and good estimates for ay were obtained when the concentrations were relatively
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low, however, at the higher concentrations the region of uncertainty is large. This is due to
positive feedback arising from the implicit iterative inversion when sediment attenuation
becomes significant (Thorne et al 2011b) and errors propagate and increase with range from the
transducer. For the scenario where when y,=0.1, blue shaded area, MF2c, the introduction of a
random component uncorrelated at each frequency, introduces further variability into the
estimate of ay which can be significant. In figure 9e for the scenario MF2b, y,=0 at z=0.9 m,
corresponding to the red shaded area, the time series for ay is almost identical to that of a.. This
arises due to the manner in which ay was obtained from the minimum of & using equation (8),
where changes in € have a similar impact on om(a,) and M(a,) when sediment attenuation is not
significant. Therefore, there is only a marginal impact on @ and hence the values of ay. For the
scenario MF2c, when v,=0.1, corresponding to the blue shaded area in figure 9e, the gross
underlying structure of the time series is present, however, the introduction of a random
component uncorrelated at each frequency, introduces variability into the temporal estimate of
am which can be significant.

In figure 10 the inversion output for M is shown using the same nomenclature as figure 9 and for
the same case MF2. In figure 10a, the time averaged concentration profile, M, with regions of
uncertainty corresponding to scenarios MF2a, MF2b and MF2c are presented with C. As with ay
and a, it can be seen that the results for M are similar in form to C with height above the bed and
with the region of uncertainty increasing towards the bed, although this region of uncertainty is
significantly greater than for the case of ay. In figures 10b and 10c are respectively shown M for
e=1.2, v,=0.1 and &=0.8, y,=0.1, corresponding to inversion scenario MF2c In the figures it can
be observed that the general pattern in the suspended sediment concentration is broadly
consistent with those of C shown in figure 4d. Results from the inversion shows that when &>1
M>C and when e<1 M<C, as indicated by the colour bar scales in figures 10b and 10c. In figure
10d is shown the time series of M at z,. For the scenario MF2b, red shaded area, the periods of
lower concentration yield values of M comparable to C,, however, at the higher concentration
events the values for M are substantially overestimated for e=1.2 and underestimated for £=0.8.
As with ay, these substantial uncertainties just above the bed at high concentration events are
due to the multi-frequency coupled errors propagating with range when attenuation becomes
significant. For the MF2c scenario, blue shaded area, the addition of the random noise
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component generates further uncertainties. In 10e is shown the time series for M at 0.9 m above
the bed, for the case MF2b when y,=0, the region of uncertainty in M closely follows C, with M
marginally overestimating C when €=1.2 and underestimating when €=0.8. The addition of the

random noise component, MF2c, with y,=0.1, can add significant variability to M.

The fluctuations in ay associated with the random component, y,, has a significant impact on the
temporally estimated values of M. However the random component reduces towards zero with
temporal averaging. Therefore if a lower temporal resolution for ay is acceptable improved
estimates for M can be obtained. Using the three ay; profiles shown in figure 9a, obtained from
the MF2a, e=1 and y,=0, and MF2c, ¢=0.8, y,=0.1 and 1.2, y,=0.1 scenarios, M was re-calculated
for scenario MF3a and MF3b. This resulted in the new values for M shown in figure 11. The
mean profile of M for e=1 and y,=0, MF3a, is given by the solid circles, with the region of
uncertainty, represented by the grey shaded area bounded by £=0.8, 1.2 and y,=0.1, MF3b, is
shown in figure 11a and is seen to be comparable with figure 10a. The temporal structure of M
shown in figures 11b and 11c respectively for e=1.2 and €=0.8 each with y,=0.1, are somewhat
less noisy than figures 10b and 10c, due to the use of ay, and more consistent with figure 4d.
However, it is in the detailed times series illustrated by the results at z, and z=0.9m respectively
in figures 11d and 1le that show clear improvements over figure 10 in the values and
uncertainties in M. Therefore by reducing the variability in ay due to random uncertainties,
through forming a temporally averaged profile, ay, from the output from a multi-frequency
iterative implicit inversion, it is possible to reduce uncertainties and improve the accuracy of the
high temporal-spatial re-calculated values of M. However, because a mean profile for ay, is being
utilized, it is not possible to fully capture the exact variation in C, as illustrated in figure 11d and
11e. Although not presented for brevity, similar results to those shown in figure 11 were also
obtained using multi-frequency temporally averaged V2 to obtain @y and again using @y for the

high spatial-temporal inversion for M.

5.3 Sensitivity analysis and error estimations as a function of uncertainty

The inversion outcomes in figures 9-11 provide a specific illustration of the impact on ay and M

of systematic and random variability in the backscattered signal. To obtain a broader assessment

31



801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831

of the impact of uncertainties the backscattered signal was calculated over a range of values for €
and vy, and full iterative implicit inversions carried out accounting for os and y using equations
(1-3,6-8). The suspension field in figure 4 was again used and backscatter signals calculated as;
(1) the systematic error ¢, increased from 0.5-1.5 with y,=0 and (ii) the range of variation of the

independent random errors increased as y, changed from 0.0-0.2 with &=1. The first case in

figure 12a shows the temporal-spatial mean values for ay/a. and M/C with error bars derived
from the standard deviation of the ratios. The results show that ay/a. =1 and as previously
mentioned this arises due to changes in € having a similar impact on oyu(a,) and M(a,) and hence
® and therefore only marginally impacting on the values of ay. The values for M/C are
somewhat different and shows that when the scattering and calibration characteristics are lower
than assumed in the inversion, e<1, the value for M significantly underestimates C and if e>1
then M is substantially greater than C. This is consistent with the observations made for the SF
cases when a, was assumed and only M was being estimated. In general, however, it is unlikely
that uncertainties would apply exactly equally at each frequency, therefore the second case looks
at the impact of random variability; this is shown in figures 12b and 12c. In figure 12b it can be
observed that ay/a. marginally increased with y,, however, the standard deviation steadily
increased reaching a standard deviation of around £50% for y=0.2. In figure 12c the results for
M/C are shown by the solid circles and the form is quite different to that of ay/a. with both
M/C and the error bars increasing substantially above y,~0.05. This substantial increase is
associated with the dependence of M on a, through K. As illustrated in figure 1, when x<1, the
dependency of M on a, tends to a3, therefore errors in the realizations of ay which reduce
estimated particle size have a substantial impact on the computed variability of M. Also when
realizations result in increases in ay, then owing to the dependency of M on a, being weaker for
x>1, there is a resulting bias in M/C leading to values increasingly becoming greater than unity
as Yo Increases. This impact varies with mean particle size (Moate and Thorne, 2009), decreasing
as mean particle size increases as shown in appendix 4. If the data used to obtain figure 12b, is
employed to provide ay profiles for each value of y,, and the inversions repeated using ay then
the results shown by the open circles in figure 12c are obtained. The impact of the uncertainties
is substantially reduced with M/C remaining close to unity and error bars being approximately
constant. Figure 12 illustrates in broad terms the impact on the calculated values for ay and M
that variations in the backscattered signal have on the output of the inversion. For accurate
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inversions of ay and M, precise knowledge of n(a), K, & and R are required and increasing so as
particle size reduces, although results for M can be significantly improved using ay in the

calculation due to the nominally unbiased estimates of ay;.

5.4 Relationship between the ay and dsg

It was remarked in section 3.1, that the acoustic size, obtained from inverting the backscattered
signal, is not the median mass diameter, dsp, used almost universally in sediment transport
models to define the size of the sediments in suspension. The acoustic measurement of particle
diameter, dy=2ay, derived using a range of a,, given by equation 2(c), is an estimate for 2a. and
is based on a probability density function representing the number of particles with size, n(a),
rather than the mass of the particles with size, m(a). If the assumption is made that the particles
are nominally spherical in shape then n(a) is obtained from m(a)/a®. Using this relationship the
variation of dso/dy, with the normalised standard deviation, d=omn/am, can be calculated for
lognormal and normal mass distributions. The results are shown in figure 13, with the open
circles and crosses respectively representing the value for dy calculated using m(a)/a® and the
solid circles and solid triangle representing dy calculated using a full acoustic iterative implicit
inversion of the backscattered signal with equations (1-3,6-8) using forward scattered fields
based on a., and C. For the lognormal mass distribution it can readily be observed that as §
increases the value for dso/dy accordingly becomes larger and is moderately well represented by

an expression of the form
d50 = dMe(1'48)1‘7 (13)

This relationship allows ds, to be readily obtained from the acoustically measured value of dy.
For the case of a normal mass distribution the same expression is applicable for 6<0.1, however,
above this value dso/dy steeply rises due to the rapid increase in the small particles in the n(a)
distribution derived from the m(a). Hence the small size tail of a normal mass distribution can
have a significant effect on the acoustically estimated size and therefore care must be taken when
applying a normal distribution fit to measured mass size distributions to ensure the fine fraction
of the suspended sediment are actually of this form. In general, if sediment samples are available,
it may be more prudent to convert the measured mass in each size range to a particle number

distribution and then apply the measured n(a) in equation (2). It would then be necessary to

33



862  convert the acoustically measure dy to dso by forming a curve similar to that presented in figure
863 13 to calculate dsp.
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6. DISCUSSION AND CONCLUSION

As commercial instruments have become available the application of acoustic backscatter
systems, ABS, to the measurement of particle size and concentration has steadily increased in
use over the past two decades. The majority of users of ABS have a limited background in
acoustics and therefore obtaining suspended sediment parameters from ABS data can on
occasions prove to be somewhat problematic. The aim of the present work has therefore been to
provide an overview and assessment, of the methodology commonly used to extract suspended
sediment parameters, from backscattered acoustic data collected over mobile beds of inorganic
non-cohesive sediments at normally employed low megahertz ABS frequencies.

The focus of the study has been on the inversion of ABS data to obtain suspension profiles, with
a précis on the forward problem for calculating the backscattered signal in Appendix I. Equations
(1-3,6-8) provide the general solution for estimating suspended sediment concentration profiles;
this solution is an implicit expression in M, it is solved iteratively and progressively with range
along the direction of sound propagation, and requires a methodology to simultaneous obtain ay
if particle is size unknown. This solution can be considerably simplified if sediment attenuation
can be ignored, ras«1, an estimate for the suspended particle size is available, and interest is in
the transducer farfield. This resulted in equation (4), where after accounting for ay, M at any
range is simply proportional to V2. This solution has the benefit of simplicity, requiring only a
single frequency ABS. However, it is restricted to the farfield, the assumption ros«1 and particle
size is invariant with height and time above the bed. The restriction of only transducer farfield
scattering can readily be addressed using the nearfield expression of Downing et al (1995) and o,
can be evaluated using equation (2b) and applying the iterative formulations given in equations
(6) and (7). This inversion therefore still only requires a single frequency ABS and the inversion
is reasonably straight forward, although it is subject to a constant particle size with z and time. If
the requirement is to obtain time series profiles of ay and M, then multi-frequency ABS is
required and the systems adopted generally use three frequencies. The use of three rather than
two frequencies helps to stabilise the inversion. The extraction of ay from multi-frequency
backscatter data increases the complexity and computation time of the acoustic inversions as
described in equation (8) and the inversion becomes increasingly time consuming when os IS

significant. Further to carry out the inversion for ay an estimate for n(a) is required, since, as
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show in figure 1, the suspension scattering characteristic are impacted by having a range of
particle sizes in suspension. The extraction of ay and M from a multi-frequency ABS therefore
requires a greater level of understanding of the interaction of sound with suspended sediments
than when only M is required.

The backscattered signal, V2, used in the inversion, to calculate M or M and ay, requires the

calculation of an average value from an ensemble of independent backscattered signals. This
arises because of the statistical nature of the scattered signal which leads to ce(V3)/ Vélzll\/_ :

where 7n is the number of independent samples. In the present study the reduction of the
autocorrelation function of the backscattered signal has been used to assess the independence of
samples and this led to a time interval of around 5 ms for independent samples. The 5 ms time
interval provided a nominal value for independent samples, although this will vary depending on
frequency and the intensity of the flow turbulence. In rough turbulent flows, the root-mean-

square turbulent horizontal velocity, \/? is around 15-20% of the mean velocity, U,
(Heathershaw 1976) and decorrelation can be considered to occur when the relative movement of
the particles is greater than A/4, therefore an estimate for t, may be t,~Au,. The limitation on
the time interval between independent samples leads to a tradeoff between spatial-temporal

resolution and the accuracy of the estimated values for ay and M.

To investigate the acoustic estimates of ay and M a suspension field was generated. The field
was constructed so that it had a vertical time-averaged sediment concentration profile
corresponding to the well-known Rouse profile. In the absence of a general theory for vertical
size sorting, the imposed vertical sediment size formulation was chosen on the basis of previous
observations obtained by Thorne et al. 2011a over rippled beds. Although in practice the validity
of this mean size sorting formulation is not guaranteed and vertical temporal differential settling
velocities were not rigorously specified, the simulated suspension field offered the opportunity to

assess inversions when size sorting effects are present.

Using the representative suspension field, the forward problem of propagating sound through the
suspension was computed and the backscattered signal obtained. Different backscattered signals

were calculated to account for uncertainties in; (i) the system calibration, (ii) the formulated
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scattering characteristics and (iii) the scattering statistics. This variability in the backscattered
signal provided the opportunity to assess the impact of uncertainty on the calculated profiles of
av and M. To examine the estimated values for ay and M a number of scenarios were
considered, in the first instance only M was obtained from the inversion and this was followed
by am and M. Three cases SF1, SF2 and SF3, were considered for the inversion of M based on a
single frequency 2.0 MHz ABS. The outcome from these inversions were presented in figures 5-
7 and show that the temporal structure of M remained consistent with C, however, the values for
M reduced with height at a greater rate than C, owing to the lack of accounting for size sorting.
The main factor for improving agreement between M and C in these scenarios was to obtain an

estimate for the variation in a. with height above the bed and use this in the inversions.

Following on from the 2.0 MHz studies three cases, MF1, MF2 and MF3, were carried out for
calculating ay and M using a multi-frequency ABS inversion at 0.7, 1.25 and 3.0 MHz . The first
focused on an inversion neglecting os and setting y=1. The results in figure 8 showed that using
y=1 introduced an artifact near the transducers, however, the more important consequence was
that during periods of high concentration, the assumption that ros«1, resulted in a significant
overestimate of particle size and underestimate of concentration in the bottom 0.1 m above the
bed. The results of introducing uncertainties into the inversion for ay and M were illustrated in
figures 9 and 10. These showed that for no random errors, y,=0, ay and M provided reasonable
estimates for a; and C for the lower concentration events and not to close to the bed. However,
for the higher concentration events and close to the bed, when attenuation was significant, the
positive feedback in the implicit iterative formulation led to large errors in the estimated values
for a; and C. Introduction of a random component with y,=0.1, caused further uncertainties
which could be significant. To reduce uncertainties in the estimate of M it was shown in figure

11 that using a time average profile for ay in the inversion could improve results for M.

To more generally assess the impact of uncertainties, auy/a. and M/C were evaluated over a wide
range of uncertainty levels, for €=0.5-1.5 with y,=0 and for y,=0-0.2 for &=1. For the first case
ap/ac ~1 while M/C increasingly diverged from unity. In the second case ay/a. =1, although
the standard deviation increased with y, while for M/C both the mean estimate and standard

deviation increased substantially with y,. For the case when profiles of ay; were used and only
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high temporal-spatial values of M were being estimated, the mean value for M/C remained close

to unity as vy, increased and the region of uncertainty was substantially reduced.

The value for ay obtained from the acoustic inversion is not the size most sedimentologists use
to categorise the suspension. Sedimentologists use the median mass diameter, dsg, and it is dsg
which is used in most sediment transport formulae. The relationship between ay and dsp depends
on the probability density function of m(a), and depending on the distribution estimated for n(a)
obtained from fitting m(a) to a measured mass size distribution, the results for the relationship
can be problematic. The more prudent approach would be to assume the particles were nominally
spherical and convert each size fraction of the measured mass distribution into a number size
distribution, formulate n(a), and either fit an analytic distribution to n(a) or use the actual
measured distribution. In either case, n(a) will need to be related to m(a) to convert the acoustic
measurement of ay to the usually accepted size of dsp used in most sediment transport

formulations.

Finally this article has aimed at providing an overview of the application of acoustics to the
measurement of suspended sediment profiles over inorganic non-cohesive beds. The theoretical
background, statistics, and errors have been examined through a limited number of scenarios. It
is not possible to cover all situations which will be encountered in the field, but this work does
aim to provide some guidance as to what may be expected especially when vertical size sorting is
present. From the results obtained here, it is suggested that it would be judicious not only to
carry out inversions with best estimates of system calibration and suspension scattering
characteristics, but to also adjust these values within the bounds of expected uncertainties to

ascertain the impact on the acoustic estimates of ay and M.
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APPENDIX 1. The forward problem; calculating the backscattered signal.

Here a précis of the acoustic backscattering from an aqueous suspension is outlined. The
amplitude of the backscattered signal, V, from a particle in the beam of an ABS using a disc

transceiver can be expressed as (Sheng and Hay, 1998; Thorne and Hanes, 2002)

af;VrTsRggrD?(0) e 2r%w
2r2

V =

All

a is the particle radius, f; is the intrinsic backscatter form function (Vogt and Neubauer, 1976),
V1 is the transmit voltage, Ts is the transmit sensitivity, Rs is the receive sensitivity, gr is the
voltage gain of the receiver, D(0) is the transceiver directivity function, 0 is the angle the scatter
subtends to the acoustic axis, r is the range to the particle and oy, is the attenuation due to water
absorption. For incoherent scattering from an elemental volume, dv, with N particles per unit

volume, the elemental mean-square backscattered signal is (Clay and Medwin, 1997)
§V2 = {VZIN&v Al.2

where { } represents an average over a number of independent backscatter signals squared, V2.
For a circular transceiver the elemental volume can be written as Sv=r’sindd0d¢dr allowing V2
to be expressed as

—4ra
V2 = f2(VpTRgg)? o [T/ [T/2 [2T £ Disingddpdedr — AL3

16Tp<a> “r—ro/4 r2

N has been replaced by the mass concentration, M, p is the particle density, r, is the transmitted
pulse length and f=<a><a’f?/p>/<a®>, where < > represents an average over the particle size
distribution, n(a). The integrals can be readily evaluated (Hay, 1991; Thorne and Hardcastle,
1997) resulting in

2 _ (KR 2 —4(roy+og)
Vm = (w) Me Al4

where
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as is the sediment attenuation, v is a transducer nearfield correction factor (Downing et al 1995),
r=mA%/\ is the transducer nearfield, A; the transducer radius, x=<a><a2Xi/p>/<a3>, i is the
intrinsic normalised total backscattering cross-section (Thorne et al, 1993; Schaafsma and Hay,
1997; Moate and Thorne, 2013), k is the wavenumber of the sound in water and a; is the radius of
the transceiver. Equation (Al.4) represents the forward scattering problem; if the composition of
the suspension is known the backscattered signal can be calculated. It is the backscattered signal
calculated by equation (Al.4), with systematic, €, and random vy, errors introduced, using the
suspension field given in figure 4 with the n(a) in figure 3 that is used in the inversion scenarios.
In the present study the focus is on the rearrangement of equation (Al1.4) making M the
dependent variable, as presented in equation (1), and estimating M and auy=a, (<a>) through

inversion methodologies.
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APPENDIX 2. Methodology for estimating ay and M.

Here the procedure for extracting particle size is illustrated. To obtain particle size and
concentration from the acoustic inversion requires a methodology to calculate size. A number of
approaches have been adopted (Hay and Sheng, 1992; Crawford and Hay 1993, Thorne and
Hardcastle, 1997; Thosteson and Hanes, 1998; Thorne et al 2007). These approaches have been
examined and that of Thorne et al 2007 was found to be at least as robust as any of the
approaches and generally better. However, the approach is computationally intensive, with
equations (1-3,6-8) being solved for a range of a,, at each of the three frequencies, 0.75, 1.25 and
3.0 MHz, and sequentially along the backscattered profile. Equation (8) outlines the procedure
where a solution for a, is sought by minimizing ® = oy (a,)/M(a,), where oy is the standard
deviation and M the mean mass, obtained from the three frequencies, for each value of a,, over a

prescribed range of a,, sequentially at each range bin.

To illustrate the particle size inversion process, one single backscatter profile from the
suspension field shown in figure 4, has been inverted using equations (1-3, 6-8) with n(a), for
2,=2-400 pm with a step interval of da,=2um and the result for @ is shown in figure A2.1a
between 1-200 um for clarity. For the calculation =1, y=0, the nearfield correction was applied
and account was taken of sediment attenuation. The figure clearly shows a minimum occurring
in the surface of ® with z and a,. The locus of the minima for a, yields ay which is plotted in
figure A2.1b with height above the bed, z, and compared with the a. profile. As can be observed,
within the step interval of da,, the value for ay is in agreement with a.. In figure A2.1c the
profile of M, associated with the minimum value of ® is compare with C and good agreement is
observed. The same process has been repeated in figures A2.1d-A2.1f for a suspension field
having twice the particle size and in figures A2.1g-A2.1i for a suspension field having half the

particle size. As can be seen the inversion was successful in all three cases.
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APPENDIX 3. Using two or three frequency ABS inversion

When a three frequency ABS is deployed three backscattered signal are collected. These can be
used as frequency pairs to obtain three estimates of ay and M by minimizing ® for each pair.
Alternatively all three frequencies can be combined and ® minimised to give a single estimate
for ay and M. To examine each approach a. and C were used and backscatter signals calculated
as systematic and random errors were both varied independently at each frequency over values
between £=0.975-1.025 and vy,=0.025 and 100 backscattered realization were computed. A full
inversion was carried out using equations (1-3, 6-8) with the nearfield correction applied and
account taken of sediment attenuation. The 100 profiles of ay and M were respectively
normalised by a. and C. The results are shown in figure A3.1, the outcome from the three
frequency pairs is indicated by the light grey data points and from the three frequency
combination by the darker grey points, the solid lines are aw/a; and M/C for e=1, y,=0. It can be
clearly seen that the impact of errors on the two frequency inversions is significantly greater than
for the three frequency inversion. The three frequency inversion reduces the degree of ambiguity

in ay, due to the form of K, and adds stability by further constraining the inversion.
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APPENDIX 4. Impact of particle size on inversion uncertainties.

To assess the impact of particle size on the accuracy and uncertainty of ay and M, the inversions
carried out to provide the data for figure 12 were repeated using the same C field but with
particle radii of 1.5a; and a,/1.5. The results are presented in figures A4.1a-A4.1c for 1.5a; and
A4.1d-A4.1f for a/1.5 using the same nomenclature as figure 12 and they show that when the
particle size increased M/C accuracy improved and uncertainties decreased, while when particle
size reduced accuracy decreased and uncertainties increased. The difference with particle size is
due to the dependence of M on a,; when x<1 the dependency of M on a, tends to a3, which
increases the variability and bias of M/C, while increases in a, lead to a weaker dependency of M
on a, for x>1, resulting in reduced uncertainty and bias in M/C. The result of using a,, and re-

computing M yielded more accurate and less variable estimates of M.
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FIGURE CAPTIONS

Figure 1. a) Probability density function of the particle size number, n(a), for normal, lognormal
and bi-normal distributions. b) and c¢) Impact on the backscattering, K, and attenuation, &,
scattering characteristics due to a size distribution. The solid line represents intrinsic values and
the symbols ensemble values integrated over the three distributions for n(a) shown in a).

Figure 2. Measurement of the backscattered statistics. a) Normalised backscattered squared
voltage probability density function, b) normalised standard error and c) autocorrelation function
of the backscattered signal amplitude. In the legend in a) the numbers refer to frequency in
megahertz and the letters to scatterer type, s-sand, b-bubbles, and the nomenclature applies to the

three plots.

Figure 3. The probability density function for the bed mass size, my(a) (---), and the number size,
np(@) (—), used for the acoustic inversions. apm (173 wm) is the mean mass radius, apso (160 um)

is the median mass radius and ay. (110 um) is the mean number radius.

Figure 4. The suspension field used to generate the backscattered signal. a) Time series of a; with
height above the bed, b) temporally averaged a. profile, a., and c¢) temporal variation of a; at z,.
d) Time series of C with height above the bed, €) temporally averaged C profile, C, and f)

temporal variation of C, at z,.

Figure 5. 2.0 MHz single frequency inversion for M using a,=dpse/2 and the intrinsic scattering
characteristics, case SF1 in Table 1. a) Temporal structure of M with height above the bed for
e=1 and y,=0. b) and c) Temporal variation of C (—) and M(e) respectively at z, and z=0.9 m,
with the grey shaded area representing the uncertainty in M for £=0.8, 1.2 and y,=0.1. d) C (—)
and M (e) with the shaded area representing the uncertainty in M and the dashed line with

account taken of the sediment attenuation and the nearfield in the calculation for M.

Figure 6. 2.0 MHz single frequency inversion for M using a,=ap. and ensemble scattering

characteristics, case SF2 in Table 1. a) Temporal structure of M with height above the bed for
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e=1 and y,=0. b) and c) Temporal variation of C (—) and M (e) respectively at z, and z=0.9 m,
with the grey shaded area representing the uncertainty in M for £=0.8, 1.2 and y,=0.1. d) C (—)
and M (e) with the shaded area representing the uncertainty in M and the dashed line with

account taken of the sediment attenuation and the nearfield in the calculation for M.

Figure 7. 2.0 MHz single frequency inversion for M using the profile in equation (12b), with
a;=anc(z/z;)" and the ensemble scattering characteristics, case SF3 in Table 1. a) Temporal
structure of M with height above the bed for e=1 and y,=0. b) and ¢) Temporal variation of C (—)
and M (e) respectively at z, and z=0.9 m, with the grey shaded area representing the uncertainty
in M for £=0.8, 1.2 and y,=0.1. d) C (—) and M (e) with the shaded area representing the
uncertainty in M and the dashed line with account taken of the sediment attenuation and the

nearfield in the calculation for M.

Figure 8. Multi-frequency inversion for ay and M with the transducer nearfield correction
ignored, y=1, sediment attenuation neglected, ras«1 and no uncertainties e=1, y,=0, case MF1 in
Table 2. Figures a) and b) respectively show a; (—) and ay; (e) and C (—) and M (e). ¢) and d)
respectively show the temporal structure of ay and M with height above the bed. e and f

respectively show the time series for a; and ay and C, and M at z,.

Figure 9. Results for ay from a multi-frequency inversion for M and ay with scattering and
calibration errors introduced, case MF2 in Table 2. a) Temporal mean profiles; a. (—), ay (®)
calculated with e=1 and y=0, and the shaded areas are the bounded regions calculated with £=0.8,
1.2, and v,=0 (red shaded) and £=0.8, 1.2 with y,=0.1 (blue shaded). b) and c) are respectively au
calculated with e=1.2, y,=0.1 and €=0.8, y,=0.1. d) and e) are time series at z, and z=0.9 m above

the bed using the same nomenclature as a).

Figure 10. Results for M from a multi-frequency inversion for M and ay with scattering and
calibration errors introduced, case MF2 in Table 2. a) Temporal mean profiles; C (—), M (e)
calculated with e=1 and y=0, and the shaded areas are the bounded regions calculated with £=0.8,
1.2 and y,=0 (red shaded) and £=0.8, 1.2 and v,=0.1 (blue shaded). b) and c) are respectively M
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calculated with e=1.2, y,=0.1 and £=0.8, y,=0.1. d) and €) are time series at z, and z=0.9 m above

the bed using the same nomenclature as a).

Figure 11. Results for M re-calculated using ay; profile from MF2, case MF3 in Table 2. a)
Temporal mean profiles; C (—), M (o) calculated with e=1 and y,=0, and the grey shaded area is
the bounded region calculated with £=0.8, 1.2 and y,=0.1. b) and c) are respectively M calculated
with e=1.2, y,=0.1and £=0.8 y,=0.1. d) and e) are the time series at z, and z=0.9 m above the bed

using the same nomenclature as a).

Figure 12. a) Calculation for the temporal-spatial averages for ay/a. (x) and M/C (+) with error
bars for variations in €. b) and ¢) respectively show the variation in ay/a. (e) and M/C (e) with
error bars for increasing y,. Also shown in c) is the result for M/C (0) using the ay; profile for

the calculation of M.

Figure 13. Evaluation of the ratio of the median mass diameter to the acoustic mean diameter,
dso/dy, with the mass size normalised standard deviation, 6=om/am, assuming n(a) o m(a)/a’,
(0,x), and from a full acoustic inversion, (e,A), using profiles C and a. for lognormal and
normal probability density functions for m(a). The solid line represents a fit to the lognormal
distribution data.

Figure A2.1. a) The form for ¢ with z and a, for a single inverted profile backscattered from the
suspension field in figure 4, b) the profile of ay compared with a; and c¢) the profile of M

compared with C. d)-f) repeat calculation with 2a. and g)-i) with a./2.

Figure A3.1. Using a. and C profiles, a) aw/a. and b) M/C, were calculated using dual frequency
pair inversions, light grey profiles, and triple frequency inversions, dark grey profiles, for 100

backscattered realization of ay; and M for values of & between 0.975-1.025 and y,=0.025.

Figure A4.1. Calculations for ay;/a. and M/C for suspension fields having particle sizes of 1.5ac,
a)-c) and a./1.5 d)-f). a) and d) variation in ay;/a. (X) and M/C (+) with g, b) and e) and c) and f)
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respectively show the variation in ay/a. (e) and M/C (e) with y,. Also shown in c) and f) is the

result for M/C (0) using ay; profiles for the calculation of M.
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1381 TABLE CAPTIONS

1382 Table 1. Scenarios used in the single frequency inversion scenarios. Explanations for the
1383  parameters are given in the text.

1384

1385 Table 2. Scenarios used in the multi-frequency inversion scenarios. Explanations for the
1386  parameters are given in the text.
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1496 run n:\mat5work\sizescatter\abs_inversion\pressl.m
1497 run n:\matbwork\sizescatter\abs_inversion\inv_press_c_a2.m
1498
1499

70



1500

1501
1
Yo
[
0.8f } :
/
H
0.6 ff N
E . :
h 0.4‘:
0.2+
0 -1
10
1
0.8F
06r
E
: 0.4
0.2r
0
10"
1502
1503
1504 Fig A3.1. n:\\matbwork\sizescatter\abs_inversion\plot_inv_c_a comp.m 6-8-12
1505 plots o/p from % n:\mat5work\sizescatter\abs_inversion\inv_c_a2b.m 6-8-12
1506 compare pair o/p with combined 3 freq o/p
1507

71



10
x aja a x a/a d
+ MC 1 + MC
+ 1
0 +
10txxx:. x % X X X X X #® X X X X X
+ +
+ +
+ +
¥ +
107"k :
05 15 05 1.5
c €
2
b e
15

4

—_
*
.
-
-
—e
——
——
P
P
P
.
[P —
L
-
e
.

aM/a

i

05

10 1 .

M/C

S

0 005 0.
Yo o

1508
1509
1510 a=1.5a. a=aJ/1.5
1511 Fig A4.1 n:\mat5work\sizescatter\abs_inversion\plot_err_stats3b.m
1512 takes o/p from % n:\matbwork\sizescatter\abs_inversion\inv_c_a2c_b.m
1513 takes o/p from % n:\matbwork\sizescatter\abs_inversion\inv_c_a2c_2b.m
1514 takes o/p from % n:\mat5work\sizescatter\abs_inversion\inv_c_2c_2b.m
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