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Abstract

Many estuaries and rivers in New Zealand and other locations worldwide are
stressed by the input of fine (muddy) sediments. Suspended sediment con-
centrations (SSC) are often used as a key indicator of water quality and are
a critical variable in management practices to aid in the health of estuarine
habitats. However, robust measurements of SSC are difficult to obtain, owing
in part to large gradients in conditions, and the process of ‘flocculation’ or
aggregation of fine particles. Amongst the range of measurement tools avail-
able, acoustic backscatter (ABS) sensors offer significant potential to provide
temporally and spatially well resolved profiles of SSC from the field. The pro-
cess of ‘inversion’ or converting the acoustic backscatter signal into SSC is
effective when all terms are known within the theoretical context. However,
the challenge facing the use of ABS technology in the field, is the scattering
properties, the form function f,, and the total scattering cross-section ¥, of

cohesive particles typical in estuarine environments, are unknown.

For this study, a unique laboratory calibration combined with ABS field data
from a mudflat, were used to investigate if a pair of f,, and X, values could
be evaluated for finer grain, mud material as opposed to sand particles. The
derived f, and ¥, values appeared to be influenced by other physical controls
from the field environment and were sensitive to several assumptions made
in the inversion equation. Nonetheless, the acoustic data yielded reasonable
estimates of SSC in a field setting, when compared to discrete single-point
measurements of SSC obtained from a calibrated optical backscatter sensor.

However, there were also times when the inversion methodology did not work



iii
well (particularly for acoustic transducers with lower frequencies). Moreover,
inversion results were better when using time-varying values for f,, and >,
the inversion procedure implemented with a universal set parameters did not
perform as well. These results imply more research is needed in gathering

better descriptions of the f,, and ¥, values from multiple ABS frequencies, to

improve inversion SSC results from the field.
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Chapter 1
Introduction

Estuaries represent the interface between land and the oceans: with approxi-
mately 87% of the global land surface connected to the ocean by rivers (Ludwig
and Probst, 1998). Estuaries are defined as semi-enclosed, intermediary coastal
water bodies where saline tidal currents interact with land-derived freshwater
runoff (Pritchard, 1967). Half of land surface drainage, 50% of freshwater
runoff and 40% of the transport of particulate matter enters the ocean via
twenty-five of the world’s largest river-front delta estuaries (Bianchi and Alli-
son, 2009). As a result, these dynamic, intertidal mixing zones are often highly
productive ecosystems (Chapman and Wang, 2001), which foster a selection of
endemic benthic fauna and sediment-residing organisms (Chapman and Wang,
2001; Thrush et al., 2004), which are well-adapted to the intense biological,
chemical, and physical reactions taking place. Accordingly, estuaries acquire
high intrinsic, ecological value (Thrush et al., 2004) by facilitating numerous
ecosystem services of a benefit to humans, for example nutrient cycling, food
production and recreational use (Costanza et al., 1997; Thrush et al., 2013).
The economic value of ecosystem services provided by coastal systems like es-
tuaries is estimated at US $10.6 trillion yr~! (Costanza et al., 1997). Despite
this high value of natural capital, the ecological health of estuaries worldwide
is degrading (Barbier et al., 2011; Thrush et al., 2004). In New Zealand in par-
ticular, sedimentation is acknowledged as a key stressor of the coastal marine

environment (Douglas et al., 2018; Levin et al., 2001), with enhanced levels of



sediment input driven by increased industrial, urban, and agricultural catch-
ment activities, in addition to expanded land use conversion (Bulmer et al.,
2022; Little et al., 2017; Thrush et al., 2004). Accelerated input of sediment
affects the state of turbidity, water quality, morphology, mortality rate of or-
ganisms and biogeochemistry of an estuary (Bulmer et al., 2022; Little et al.,

2017; Thrush et al., 2004; Urlich, 2020).

The approximately 18,000-km long New Zealand shoreline encompasses 443
estuaries with estuarine habitats covering about 5300 km? (Hume et al., 2007;
National Institute of Water & Atmospheric Research (NIWA) Ltd., 2016).
Clearance of radiata pine (Pinus radiata) forestry in the Marlborough Sounds
since the 1970s has caused soil erosion and high sedimentation deposition of
fine sediment into the surrounding estuarine ecosystems (Urlich, 2020). Other
seafloor disturbance activities such as dredging, reclamation and trawling have
modified shorelines and increased the amount of suspended sediment in estu-
aries (Jones, 1992; Kanga et al., 2020; Little et al., 2017; Thrush et al., 2013).
At high sediment concentrations, bonded contaminants can have toxic effects
on biota and inhibit nutrient cycling (Little et al., 2017). High sediment loads
proportionally increase nutrient enrichment of estuarine intertidal flats, lead-
ing to eutrophication (Thrush et al., 2013). Deposition of muddy material can
smother bed species (Thrush et al., 2013), alter the erodibility and mobility of
the bed substrate (Staudt et al., 2017, 2019) and change the cohesiveness of the
estuarine sediments, which in turn alters the geochemical gradients governing
solute transport between the sediment pores and water (Lohrer et al., 2004).
In a New Zealand study of Whitford Bay in the North Island, as little as a
3 mm-layer of terrigenous sediment was enough to adversely change the compo-
sition of microbenthic and faunal communities (Lohrer et al., 2004). Increased
suspended sediment concentration (SSC) of fine inorganic silts and clays also
affects benthic suspension feeders filtering the seawater column (Lohrer et al.,

2004; Thrush et al., 2004). Specifically, fine sediments can choke the filter-



feeding anatomy of such organisms, requiring increased energy expenditure to
clear away particles, and thus impacting the overall growth and reproduction
of the species. In addition to smothering, fine sediments suspended in the wa-
ter column strongly attenuate sunlight with depth, and therefore controlling
the light climate of benthic flora and fauna. Light penetration into the water
column and to the benthos is fundamental as light is the primary energy source

on which nearly all aquatic ecosystems depend (Davies-Colley et al., 2003).

The assemblage of estuarine sediments is neither exclusive to marine nor ter-
restrial sources (Chapman and Wang, 2001). ‘Mud’ as a natural, abiotic (in-
organic) and biotic (organic) composed substance is described as “a dense
mixture of water and particles of diameters that are predominantly smaller
than 63 pm” (Mehta, 2013). After transportation down fluvial systems (Nit-
trouer et al., 2017), single grain suspended particles (< 64 um) include mainly
fine silt and clay with some detritus, natural organic matter, and sand which
tend to carry dissolved, surface nutrients and contaminants (Mehta, 2022; Mil-

ligan and Loring, 1997; Nittrouer et al., 2017).

Accurate monitoring of suspended sediment concentrations is needed to un-
derpin estuarine management practices, restoration efforts and engineering ap-
plications focused on sediment dynamics (Kanga et al., 2020; Rai and Kumar,
2015; Staudt et al., 2019). SSC measurements are also essential to calibrate and
validate numerical models of hydro- and morpho- dynamics (Anh et al., 2022);
however, given the significant spatial temporal variability of SSC, reliable mea-
surements of this key indicator of water quality throughout the water column
are not easily obtained (Kanga et al., 2020; Rai and Kumar, 2015). These
difficulties are due in part to the dynamic process of flocculation. ‘Flocs’ are
described as heterogenous, irregular aggregates, which form when suspended
sediment grains (< 64 um) collide in water (O’Laughlin et al., 2014; Safak

et al., 2013). Flocculation changes the size, composition, and density of the



particles, thus changing the settling velocity, and influencing how far a particle
can travel before being deposited on the seafloor (Milligan and Hill, 1998; Mil-
ligan et al., 2007; Winterwerp, 1998; Winterwerp et al., 2006). However, the
tendency of flocs to combine in suspension is unresolved in terms of predicting
the concentration, size, and density of precipitated mud agglomerates. The
degree of flocculation relies upon complicated small-scale turbulent, hydrody-
namic, and physicochemical forcing (Milligan and Hill, 1998; Safak et al., 2013;
Soulsby et al., 2013).

1.1 Field measurements of SSC and
knowledge gaps

Field-based studies of sediment dynamics will typically obtain estimates of
SSC using pump/bottled water samples, optical backscatter sensors (OBS)
and acoustic backscatter sensors (ABS) (Wren et al., 2000). Each method
of measuring SSC has strengths and shortcomings; for example, the direct
collection of water samples in energetic coastal regions can prove logistically
challenging. Additionally, the limited spatial and temporal coverage of intru-
sive water samples can make the determination of a representative value for
a field site difficult, particularly for sites with significant variability in dis-
charge flows and water-level conditions (Hamilton et al., 1998; Guerrero et al.,
2017; Wren et al., 2000). Recent advances in indirect, automated, optical, and
acoustic technology have improved the ability to effectively capture charac-
teristics of suspended sediment loads (Guerrero et al., 2017). Optical sensors
operate by emitting visible or infrared light into a water sample (Downing,
2006; Wren et al., 2000). Upon return, the scattered radiation captured by
the OBS photodetector is linearly proportional to SSC, providing an indirect
estimate of the characteristic. This relationship can be determined through
a calibration with water samples collected adjacent to the sensor in the field

(Downing, 2006; Hamilton et al., 1998), or by performing a laboratory calibra-



tion using sediment representative of the suspension at the field site (Nowacki
and Ogston, 2013). For the laboratory approach, often a surface grab sample
is used and in muddy environments, this sample is sieved to remove larger
particles. In both scenarios, the water samples are taken at a known time
and the particle mass concentration is determined by filtering to weigh the
dry sediment weight of the water sediment mixture (Gray, 2000). Although
OBS sensors allow for remote deployment and data logging, they are prone to
reproducing false SSC gradients (Hamilton et al., 1998) because the data is
from a single point measurement and does not cover the entire water column
(Rai and Kumar, 2015; Thorne et al., 1991; Wren et al., 2000). Moreover,
OBS instruments are susceptible to biological fouling and the scattering from
suspended particulate matter is heavily dependent on particle size (Downing,
2006; Hamilton et al., 1998; Rai and Kumar, 2015; Wren et al., 2000). If the
particle size is inconsistent across a measurement campaign as is the case in
bi-modal, mixed mud/sand field sites and under flocculation or disaggrega-
tion, inaccurate estimate of SSC can be derived, with distorted values up to
100-fold (Downing, 2006; Eidam et al., 2022; Wren et al., 2000). A form of
optical laser diffraction instrumentation is Laser In Situ Scattering and Trans-
missometry (LISST) sensors, which operate by collecting the intensity of the
scattered light at different angles from a sample volume, across an array of con-
centric ring detectors (Fugate and Friedrichs, 2002; Styles, 2006; Wren et al.,
2000). The refracted beam angle provides a diffraction pattern, which can be
converted to estimates of particle size spectra and volume concentration over
the measured size range. Use of point sampled, LISST sensors in estuarine
environments comprised of varying particle aggregates or in density stratified
water bodies is limited, as these components change the refractive index and
forward scattering of the particles in suspension (Fugate and Friedrichs, 2002;
Styles, 2006), thus impacting the measured particle size distribution and vol-

ume concentration estimates.



Acoustic technology offers the possibility of measuring in-situ vertical profiles
of suspended sediment for depths of the order of several metres throughout the
water by capturing the strength of the range-resolved backscattered pulse, an
advantage over optical devices and direct sampling (Thorne and Hanes, 2002;
Thorne and Hurther, 2014; Wren et al., 2000) which are limited to a single
measurement location. Monostatic, multi frequency Acoustic backscatter sen-
sors (ABS) in the range of 0.5 to 5 MHz, transmit a short (=10 us) sound pulse
which insonified sediment in suspension will reflect a portion of, to be received
by the transducer, see Figure (1.1) (Thorne et al., 1991; Thorne and Bucking-
ham, 2004; Thorne and Hanes, 2002). Published literature has highlighted the
non-intrusive nature of ABS deployments that capture high spatial and tem-
poral resolution profiles of SSC on the intra-wave, turbulent scale (Hamilton

et al., 1998; Thorne and Hay, 2012; Thorne and Hurther, 2014; Wilson and

Hay, 2015).
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Figure 1.1: Diagram of acoustic backscatter pulse from suspended sediment

particles of a sample volume. From Rai and Kumar (2015).

To obtain estimates of SSC from measured backscatter data an inversion



(Moate and Thorne, 2012; Thorne and Hurther, 2014; Thorne and Meral,
2008)) is required. To invert the measured ABS backscattered signal received
from a suspension of scatterers, the scattering characteristics, the so-called
form function (f.) and total scattering cross-section (X;) of the suspended
particles is required. The dimensionless form function (f.,) and total scatter-
ing cross section (X;) approximate respectively, the backscattering expected
due to the geometrical size of the particle and the scattering received from
all scattering angles of a particle, within a cross sectional area. For non-
cohesive, regular shaped particles like quartz and glass spheres, there exists an
established set of formulae for the scattering characteristic terms (Moate and
Thorne, 2012; Thorne and Buckingham, 2004; Thorne and Meral, 2008) and
this method has successfully been used to obtain measurements of unimodal
particle concentrations along a vertical profile in sandy environments (Moate
et al., 2016; Sahin et al., 2013; Thorne et al., 2009; O’Hara Murray et al., 2011).
For irregularly shaped sand particles, analytical solutions for the acoustic scat-
tering properties (f, and Y) have evolved to accommodate the difference in
backscatter received from marine sand consisting of varyingly shaped min-
eral grains (Moate and Thorne, 2009, 2012, 2013; Thorne and Meral, 2008).
However, for cohesive, irregular shaped sediments generalised as ‘mud’ which
is the main substrate of estuaries globally (O’Laughlin et al., 2014; Soulsby
et al., 2013; Thorne et al., 2021; Thrush et al., 2004), the scattering charac-
teristics are currently unknown (Moate and Thorne, 2009, 2012). As a result,
there is currently no sound theoretical interpretation of the ABS response to
fine grained material, thereby impeding the discrete use of acoustic technology
(Sahin et al., 2013; Thorne et al., 2014). Therefore, it is typical for in-situ
OBS and LISST measurements, turbidity recordings or direct water samples
to be gathered in conjunction with the ABS observations of the muddy suspen-
sion either in the field (Moore et al., 2012; Sahin et al., 2013) or in controlled
laboratory studies (MacDonald et al., 2013). These water samples can then

be used to calibrate and/or validate the SSC estimates obtained from the ABS.



Despite these difficulties, there have nonetheless been recent advancements in
understanding of the scattering characteristics of flocculated sediment, through
laboratory studies such as MacDonald et al. (2013), Thorne et al. (2014), and
field work by Fromant et al. (2017), Vergne et al. (2020) and Thorne et al.
(2021). A laboratory study by MacDonald et al. (2013) gathered ABS mea-
surements of flocculating sediment and evaluated the scattering terms and
compared values for f,, and X, derived from an elastic and fluid sphere model.
A key finding was neither model exactly represented the scattering parame-
ters of the generated kaolin flocs, rather the models provided upper and lower
bounds for the terms as ultimately, the form function increased with the in-
creasingly flocculated particles. In a theoretical analysis, Thorne et al. (2014)
proposed a hybrid fluid model to accommodate unknown particles’ scattering,
constrained by the experimental data of MacDonald et al. (2013). The model
accounted for the increased fluid interstices between the fractal entities of the
porous floc clusters (Winterwerp et al., 2006). The model predictions for f,
and X, agreed reasonably well with the measurements from MacDonald et al.
(2013). However, both studies recommended further laboratory experiments
to widen the parameter space and to improve theoretical understanding (Mac-
Donald et al. (2013) and Thorne et al. (2014)). Since then, field studies like
Fromant et al. (2017) aimed to extend this a priori model by evaluating f.
and X, from in-situ multi-frequency ABS data. The authors used a LISST
granulometer to determine an assumed mean porosity value over the total size
range of low-density flocs studied. This value was used to invert backscatter
observations by Fromant et al. (2017), and generated estimates of SSC which
were consistent with values from the in-situ water samples. Vergne et al. (2020)
conducted a field study across two experimental sites in a river cross section,
with a low sediment load at one site, and a high sediment load at a second
site. They inverted multi-frequency backscatter data from the heterogenous

suspension, with some success, producing realistic SSC estimates when com-



pared to the SSC obtained from the water samples. However, the specifics of
the instrument calibration and acoustic backscatter modelling were based on
the water samples collected and the authors noted a lack of temporal vari-
ability in the suspension. In a numerical study by Thorne et al. (2021) of a
bi-modal particle size distribution in an inter-tidal estuary, they investigated
how the acoustically inverted SSC found in the water column was affected by
using bed samples composed mainly of sand in the calibration phase. Across
each of the scenarios modelled in the study with the suspension ultimately
becoming muddier with height above the bed, when using the bed sediment
samples the results tended to overestimate the suspended particle size and un-

derestimate SSC, from what was in suspension.

The field studies emphasised the profiling ability of multi-frequency ABS sys-
tems to provide estimates of SSC in rivers and estuaries at high spatial and
temporal resolutions (Fromant et al., 2017; Vergne et al., 2020) and infor-
mation on the particle size (Vergne et al., 2020). Nonetheless many studies
also recommended exercising caution in interpreting acoustic SSC data from
cohesive sediment environments (Fromant et al., 2017; Thorne et al., 2021;
Vergne et al., 2020). Above all, Fromant et al. (2017) and Vergne et al. (2020)
expressed the argument for more research and field studies to answer further
questions, such as how well the average porosity term derived from Fromant
et al. (2017) would work for differentially composed, floc aggregations. Addi-
tionally, much more study is likely required to form the basis of a theoretical
framework of the cohesive suspended sediment scattering properties, which
would enable implementation in the field of ABS “stand-alone systems” (Fro-

mant et al., 2017).
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1.2 Aims of the present study

The objective of this study was to address the knowledge gap described above

and to answer the research question:

Can laboratory-calibrated acoustic backscatter sensors (ABS) be ap-
plied to obtain accurate estimates of the scattering characteristics,
which in-turn can be used to derive estimates of SSC profiles for

cohesive particles in the field?

1.3 Thesis structure

e Chapter 2 details the underlying background and includes the relevant

theoretical equations to describe the acoustic wave reflection.

e Chapter 3 describes the laboratory experiments used to calibrate the
ABS, and methodology including data processing. Chapter 3 also in-
cludes a description of a field experiment which was undertaken to de-
rive estimates of the scattering characteristics and in-turn ascertain the

potential to invert ABS data to provide accurate SSC profiles.

e Results are presented in Chapter 4, with particular emphasis on the
results obtained from the ABS calibration and the scattering character-

istics derived from the field data.

e Findings are discussed and set into context of previous work in Chapter

5.

Finally, Chapter 6 concludes the thesis with a summary of the outcomes and

suggestions for further research work.



Chapter 2

Theoretical Background

2.1 The speed of sound and attenuation of
sound waves in water

As a pulse generated by the ABS propagates through the water column a pro-
portion of the transmitted pulse is scattered back to the ABS by suspended
particles in the water column. By “listening” at fixed time intervals after each
transmitted pulse the ABS generates a profile of backscattered sound inten-
sity. As distance and time are related via the speed of sound in water the
“listening” times can convert into range or distance. The speed of sound (c)
in water varies with several parameters, including temperature, salinity, and
depth. Given this thesis focuses on shallow coastal waters, only the former
two factors are considered. Sound speeds increase with both salinity and tem-
perature as shown in Figure (2.1) (with values found using Mackenzie (1981)

formula).

As sound propagates through water, it is attenuated with distance (o). To
obtain estimates of SSC from the ABS inversion the attenuation losses must be
accounted for. The rate of attenuation varies with frequency and temperature
as shown in Figure (2.2) with greater attenuation at higher frequencies than

lower frequencies. In addition, greater attenuation occurs at lower water tem-
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Figure 2.1: Speed of sound (m/s) (o) in water as a function of water temper-
ature (10, 20, 30 C') and salinity (30 — 40 ppt) at a constant depth of 0 m.
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Figure 2.2: Water attenuation () (o) as a function of frequencies (corre-
sponding to 1, 2, 3, 4, and 5 MHz) (colours) at a constant water temperature
of 20°C', depth of 0 m, salinity of 25 ppt, pH of 8. Function to calculate water
attenuation from Medwin and Clay (1998)

peratures, a trend applicable to understanding the water attenuation pattern

over the diurnal cycle, where water temperatures are cooler during the night
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versus daytime.

2.2 Introduction to acoustic backscatter

2.2.1 Scattering from a single particle

For a single spherical particle of radius (a) the measured backscattered ampli-

~

tude in volts (V') recorded by an ABS is given by (Wilson and Hay, 2017)

9 fOOa 2 20T
V= KTRwD (& y (21)

where Krg, is the system constant, r is distance from the transducer, and D

is the so-called transducer directivity which is defined as follows

b= 2J1 (kat‘sin B)
kay sin 8

(2.2)
where [ is the angle from the beam axis of symmetry, £ is the wave number
(k = 2nf/c), a; is the transducer radius and J; is the first order cylindrical
Bessel function (Abramowitz and Stegun, 2006; Wilson and Hay, 2017), with
all other terms as previously defined. The above mentioned system parame-
ters Krg, is a measure of the transmit and receiver sensitivities of both the
electronic circuits of the ABS and of the transducer (Rai and Kumar, 2015;
Wilson and Hay, 2017). The directivity term D (Clay and Medwin, 1977),

relates to the sensitively of the transducer to backscatter sound from various

angles. Typically, both K7r and a; are obtained via a laboratory calibration.

An example illustration of a monostatic configured ABS sensor (Figure 2.3)
showed the directivity of the beam is based on the backscatter of a transmitted

sound wave from a single particle, relative to the axis of the acoustic beam.
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Figure 2.3: Acoustic pulse from a monostatic configured ABS device spread
over the near field and far field regions, showing the backscattered sound from

the particle in the acoustic beam axis. From Thorne et al. (1991).

2.2.2 Scattering from a suspension of particles

Equation (2.1) considered the case for the backscatter from a single parti-
cle. For a suspension of /N spherical particles randomly distributed through a
given sample volume of water, the ensemble-average backscatter in volts (V2)

measured by the ABS is given by Wilson and Hay (2017)

|f |26L2 r+er/4 p2m 0 pw 6_40”
(V?) = Kip~= / /0 /0 ND*“—sin (8)dBdedr,  (2.3)

4 —ct/4 r

where N is the number of particles per unit column, 7 is the pulse duration in
s, here « is the attenuation coefficient due to both water and sediment, such

that « is given by

1 /.3
—ay + - [ NZdr, 2.4
aa+r/0 dr (2.4)

where Y (ka) is the total scattering cross-section (Wilson and Hay, 2017).
Applying the commonly used assumption (Thorne and Hurther, 2014; Wilson
and Hay, 2017) that the integrand in Equation (2.3) is slowly varying within

r £ cr /4, Equation (2.3) can be simplified to

| fool|” a?

<V2> = K%R Ar2

Ne—tor [—] v, (2.5)
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where

0.96] 2 | (26)

v = 27T/D4sinﬁd5 2T [
kat

Here V¥ is the two-way equivalent beam angle (Equation 2.5). At this stage
Equation (2.5) is cast in terms of N, noting that SSC (M) and N are related

as

B dradps N

M 3 (2.7)
where p; is the density of the sediment, Equation (2.5) becomes
(VA g E’Z)ﬁ‘ﬂm | foo] €20, (2.8)
where
K = Krpy/¥/2m. (2.9)
Finally rearranging Equation (2.8) to make M the subject we obtain:
M= (V2) 16psar?etor (2.10)

3T K| fool?

2.3 Inversion procedure to obtain suspended
sediment concentration from acoustic

backscatter

2.3.1 Iteration calculation

To solve Equation (2.10) in Section (2.2.1) to obtain estimates of M, i.e. the

SSC profile, an iterative inversion processes is required. An iterative inversion
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is required as M not only occurs on the left-hand-side of the equation but
is also present on the right-hand-side in the sediment attenuation term (see

Equation 2.4, note N and M are related via Equation 2.7).

In this study the inversion method outlined in Thorne and Hurther (2014)
was adopted, which is summarised as follows. The first step in the inversion
procedure is to obtain initial estimate of M by assuming (for now) that the
attenuation due to sediment is zero, i.e. a, = 0, let this initial estimate be

called My, which is given by

16p5(l (T‘@)Q dovpywr 2\1/2

Using Equation (2.10) an improved estimate of M can be obtained as

M, = Mye**=0 (2.12)

where ay is the sediment attenuation calculated using the SSC M. The equa-

tion above can be generalized such that,
Mi+1 = M0€4a5i. (213)

Where ay; is the sediment attenuation calculated using the SSC estimate M.
The above equation is iterated until convergence is achieved, i.e., the differences
between M;.; and M; becomes small enough and satisfy some user defined

convergence criteria. In this study convergence was deemed to occur when

’Mz‘ﬂ — M;
My

< 0.0001 (2.14)

The above-mentioned inversion procedure is first applied to the very first range
bin, and then applied to the next bin accounting for the sediment attenuation

that occurs in the first bin. This procedure is repeated throughout the entire
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(V2) profile accounting for the sediment attenuation that occurs in all previous

bins.

The inversion relies on amongst other things the specification of the system
constant Krgr and the scattering characteristics (fs and ), the following

sections outline how estimates for these terms can be derived.

2.4 ABS calibration

In this section, we describe two calibration methods that can be used to cal-
ibrate an ABS: Firstly, using a single particle to obtain Krr and a;, and

secondly using a suspension of particles.

2.4.1 System calibration from a single sphere

In Section (2.2) we presented Equation (2.1) which describes the scattering

from a single particle. Rearranging that equation yields

wr (2.15)
Now consider using an ABS to the measure the acoustic backscatter signal (\7)
from a single particle of radius a place directly inline of the ABS transducer
(D=1) at a known distance of r. Now, should the form function f,, of the
that single particle be known then all the terms on the right-hand-side of the

above equation would be known and Krp is easily calculated.

For a tungsten carbide ball of radius a suspended in water, there is a known
and definite analytical scattering series solution for the f., (Hickling, 1964).
The response of sound hitting a single spherical target can be split into two
components (and hence different form functions): (1) an initial return data

due to the immediate scattering off the front face of the sphere (the so-called
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rigid response), and (2) the resonant backscatter signals received later in time,
indicative of the elastic waves travelling internally within, or circumferentially
around, the sphere (the so-called elastic response). Figure (2.4) illustrates the
two forms of acoustic backscatter response from a tungsten carbide sphere,

differentiated into the two scattering regimes.

L] I I
80 Rigid Return  Elastic Response

40} i

[mV]
o

T
1

-20
40 | 4

—— Theory
-60 Measured |
-80 1 1 1 1 1 1

0 10 20 30 40 50 60
Time [pus]

Figure 2.4: Time series of measured (black) and computed (grey) backscatter

received ABS from a 16 mm diameter tungsten carbide sphere. From Wilson

and Hay (2017).

As shown by (Wilson and Hay, 2017), utilizing the rigid response from the
tungsten carbide sphere and corresponding analytical solution for the rigid-
response fo, (shown in Figure 2.5) provides an ideal method for the calibration
of acoustic backscatter systems. To ensure separation of the rigid response
from the elastic response the following criteria must be met

T < md (2.16)

Ct

where, d is particle diameter and ¢; is the longitudinal wave speed.

In addition to calculating Krg, a single particle can also be used to determine
the effective transducer radius (needed to calculate D). Consider the case in
which the location of the single particle is moved in a direction perpendicular

to the central beam axis. By measuring V at known angles (3) from the central
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Figure 2.5: Theoretical backscatter form function f, for a solid tungsten
carbide ball in water for (1) the rigid response (black) and (2) the elastic

response (pink).

beam axis the directivity of the transducer can be mapped (measured). Then
using a; as a fitting parameter, the analytical expression for D (Equation 2.2)
can be optimized to best match the measured directivity pattern, with the

optimal solution yielding a;.

2.4.2 System calibration from a particle suspension

The system parameter Kpg can also be determined from the scattering from a
uniform suspension of particles of known f., and ¥, (Betteridge et al., 2008).
For example, glass spheres are often deemed suitable given the sphericity and
uniformity of such particles (Betteridge et al., 2008; Moate and Thorne, 2009).
Using glass beads sieved into (1/4)¢ intervals (¢ = —logy(d)), where d is the
particle diameter in mm) Moate and Thorne (2012) and Vergne et al. (2020)
have successfully applied the calibration procedure of Betteridge et al. (2008).
Sieving the glass beads into (1/4)¢ intervals greatly simplifies the expressions
for both f,, and 3, which for a suspension of glass beads sieved into (1/4)¢

intervals are given by (Betteridge et al., 2008)
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2

ST
ool = = 2.17
el = 1775 00502 (2.17)
¢ = (1= 05 D0 (7 4 0 gerllemr/20)
(2.18)
x (1= 050 o500
¥, = x2ma? (2.19)
B 0.24¢x* (2.20)
X = 074032+ 2.122 — 0.72% + 0.3 '
p=1- 0.467((3375‘5/2'5)2) (2.21)

where x = ka. Rearranging Equation (2.8) and substitution of Equation (2.9),

yields

o 1/2 1/2
1
r{Vo) { 6psa] 2 (2.22)

e = e T 1] [Berh

Now consider using the ABS to the measure the acoustic backscatter profile
of (V?) from a homogeneous suspension of a glass beads of a known concen-
tration M, density (p, = 2500kg/m?3) and size (a, (1/4)¢ sieved). Using the
expressions for f,, and X, all the terms on the right-hand-side of the above
equation are know and Kpgr can be easily calculated. In comparison to the
single particle calibration (Section 2.4.1) which results in a single estimate for
Krg, for a suspension of particles, a profile of Krp is obtained. However, all
going well the K7 g profile should be constant with range, and therefore well

represented by an average value.
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2.5 Obtained estimate for f,, and >, from

ABS data characteristics

For a suspension of particles for which the f,, and ¥, are unknown (as is the
case for a suspension of flocculated particles measured in the field), the f.
and Y, can be obtained empirically from the measurement backscatter data
as follows. Multiplying both sides of Equation (2.8) by range r, taking the

natural logarithm, and rearranging yields the following linear function of r:

In <T<V2>1/2) = —2ar + In (K7 |fxl), (2.23)
where
SerM\ V2
= 2.24
! (16psa) ( )
and
—2ar = In (e7%). (2.25)

We can undertake a linear fit to the data (measured voltages and ranges)
arranged in the form given in Equation (2.23), to obtain the gradient m, and
y—intercept (c), where

m = —2ar (2.26)

and

¢ = In (K |fuo)) (2.27)

Equation (2.27) can be rearranged to yield

ec

— 2.2
= (225)

|f00|:

noting that 7 includes the mass concentration. Substituting the coefficients

for the sound attenuation o = a5 + v, into (2.25) yields



m = —2a, — 20, (2.29)

in which

(2.30)

where Y is the total scattering cross-section. Substituting Equation (2.30)

into Equation (2.29), finally yields

D —— (2.31)

Therefore by calculating the slope and intercept of r versus, In (T<V2>1/ 2) it is
possible to derive estimates of f,, and ;. A limitation of this approach is that
M must be know and be approximately constant over the range of r values
used in the fit. Furthermore, a and p, must also be known so that relationship

between M and N can be established (see Equation 2.7).



Chapter 3

Laboratory and field

methodology

3.1 Introduction

Using the theoretical background above, two different laboratory experiments
were undertaken to determine the unknown calibration constants for two spe-
cific acoustic backscatter (ABS) instruments — each of which had four trans-
ducers of different frequencies, which were then deployed in a field setting.
The laboratory equipment, methodology and data analysis used are described

first, followed by a description of the field experiments.

3.2 ABS calibration using a single sphere

3.2.1 Laboratory apparatus

Following Wilson and Hay (2017), experiments were conducted to obtain
the system constant Krr and effective transducer radius a; for two Aquatec
AQUAscat1000 Acoustic backscatter sensors (hereafter denoted instrument A
(serial number ABS910-170) and instrument B (serial number ABS910.043)).
Each AQUAscat system could select up to five transducers (although only 4

could be used at any one time) of different acoustic frequencies ranging from
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1-5MHz which were each calibrated individually (eight transducers in to-
tal). The first set up for the preliminary trial experiments, used a transducer
mounted in a horizontal plane opposite a tungsten carbide ball in a glass tank

displayed in Figure (3.1).

The main set of experiments (for the single particle calibration) were con-
ducted in a larger DOLAV 800 solid 500 L tank of internal dimensions 1120
(L) x 720 (W) x 600 (H) mm: (Figure 3.2). The change to the bigger tank
ensured sufficient separation of the near field/far field along the acoustic beam

(Thorne et al., 1991).

In each case the tank was filled to within 1cm of the total depth of the tank
with distilled water. A 24—hr period allowed for adequate resting time for air
bubbles to disappear prior to undertaking the experiments. When not in use,
the tank remained sealed by a lid to reduce contamination, for example by
dust particles. For each experiment, the water temperature was measured and

remained within the 18—19 °C range.

For the main calibration experimentation, a single acoustic transducer was
mounted horizontally in a fixed location and the electronic ABS housing was
placed outside of the tank Figure (3.2). On the opposite side of the tank
a 16 mm tungsten carbide ball was mounted to a horizontal rod of length
100mm (3mm diameter), and then secured by a vertical rod (527 mm tall)
(3mm diameter) to a UNISENSE 3D Motorised Micromanipulator, consisting
of three motor controllers connected to three motorised arms (z, y, and z

directions).

3.2.2 Experimental procedure

For all experiments using the DOLAV tank, the distance from the transducer

to the tungsten ball was approximately 58 cm, well within the far field of the
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Figure 3.1: Photograph of tank set-up for the preliminary experiment. In this
case a 3 MHz transducer was mounted 15 cm from back tank wall, at around
a 17 cm depth and width. The tungsten carbide ball was 13.2 cm out from the
adjacent tank wall. The range between the transducer to ball was 28.2 cm.
The approximate split between the near field /far field term was at 20 cm from

the transducer face.

Micremanipulator )
F - AQUAscat1000
Acoustic
backscatter

SEnsor

Figure 3.2: Side view of experimental set-up in laboratory with plastic DOLAV
500 L tank, instrument B, 2 MHz transducer inside tank and gear attached for

the tungsten carbide ball calibration experiments.
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transducers. ABS data was collected along a profile of length 64.25cm with
a bin resolution of 2.5 mm (256 bins total). The ABS sampling was 1 profile
per average taken at a profiling rate of 4 Hz, amounting to a total number of
28760 stored profiles. With this setup, the ABS had a pulse duration (7) of
3.3 pus, which was less than the 12 us required to satisfy the criteria of Equation
(2.16) (Wilson and Hay, 2017) for separable ‘rigid’ return and elastic responses.
The planar faces of the individual transducers were aligned manually with the
centre of the tungsten carbide ball target Figure (3.2). The tungsten carbide
ball was then moved using the micromanipulator to traverse a 50 mm grid
in both lateral (across-tank) and vertical directions, with a step resolution of
2.5mm in both directions. The target was held in each position for 60s and
a single experiment of data collection across the full grid took approximately
10 hrs. The precise positioning of the tungsten ball allowed for identification

of the location of beam axis of symmetry (5=0).

3.3 ABS calibration using a suspension of
particles

These experiments were conducted in a freshwater recirculation tank with
dimensions 1000 (L) x 400 (W) x 400 (H) mm equating to a tank volume
of 165 L shown in Figure (3.3). Acoustic transducers were mounted at the
opening from the top of the tank. The ABS devices sampled at 8 Hz for
bursts of 2minutes and 50s within a 3min interval. The ABS signals had
a pulse duration of 3.3 us. The bin width or transmitted pulse length was
2.5mm over a full tank range of 0.64 m. 12mins of backscatter data were
collected from the clear water tank (i.e., without any beads). Subsequently a
homogeneous suspension of particles was created. To do this 58.610 g of glass
ballotini (beads) which had been sieved through a size range of 75 to 90 um
((1/4)¢) was added to the tank. The midpoint of the size aperture range of

45.7 pm, was used in subsequent calculations as the representative particle size
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for the distribution of glass beads in suspension.

Acoustic

I transducers
[

Figure 3.3: Laboratory experimental set-up of tank with linked ABS device
for ballotini bead suspension experiments: a) front view with single 3MHz
transducer mounted (B) b) side view with grouping of 1, 2, 2.5 and 4 MHz

transducers mounted (A).

A recirculating pump located on the tank bottom ensured particles remained in
suspension and well-mixed throughout the tank. Water samples (420, 442 and
552 ml) were collected through a tube located at mid-depth of the tank at the
start of the experiment, approximately halfway through the experiment at 40
minutes, and at the end at 75 minutes. Laboratory filtering and gravimetric

analysis was used to determine the concentration in the water samples. In



28

each case, the known volume of sample was filtered through Whatman glass
microfibre filter papers which had been pre-washed and dried for approximately
two hours at 105 °C. Drying was repeated overnight at 105 °C and the difference
between the pre and post filtering weights of the filter paper represented the
mass amount present in each water sample. The masses were converted into
mg/L and the average of the three water sample concentrations determined.
This final average value was used as the nominal concentration amount in

solution, across all glass bead experiments.

3.4 Data processing for the laboratory
calibration experiments

The ABS data was post-processed in Matlab. For the tungsten carbide ball
grid routine, the position of the ball with timestamp was provided (relative to
an arbitrary origin) from the files output from the micromanipulator software
(SensorTrace Suite). The profiles of ABS data were averaged over the times

the ball was stationary at each location (~30s).

For the tungsten ball laboratory experiments, the bin measuring the earliest
received, maximum ABS return was located and identified as the ABS ‘rigid
return’ signal. The measured maximum backscatter V, D*=1 (D=1, as the
measured maximum backscatter occurs directly inline of the transducer (i.e.
$=0)), and other known parameters including «,,, f. were substituted into
Equation (2.1) to find Krg of each transducer (instruments A and B ). In de-
termining f, the leading 240 terms in the series solution were used (Hickling,

1964).

The backscatter data was then used to determine a; via the directivity Equa-
tion (2.2.1). To do this, the ABS return at each location was normalized by

the maximum value to yield measured values for D. The measured values of



29

D were plotted as a function of the angle (/) of the ball relative to the trans-
ducer beam axis. Using this normalized data and corresponding [ values, a;
(Section 2.2.1) was found by minimizing the differences between the predicted

D (Equation 2.2) and the measured D.

To validate the Krp results from the tungsten carbide ball sphere experi-
ments, the acoustic backscatter was measured from a suspension of glass bal-
lotini beads for each transducer of instrument A and B. The background noise
ABS signal and glass bead suspension experiment ABS measurements were
both burst-averaged to provide a a profile of ensemble averaged ABS voltages
(V172 wwhich was used in Equation (2.8) (Section 2.4.2). Analysis was un-
dertaken on the profile at a range of 0.4 m through to the end of the profile at
0.64m, to avoid the near-field zone that occurs close to the transducer. The
suspension field in the tank was assumed to be homogeneous, which previ-
ous (unpublished) use of the tank showed it to be the case. (V)2 M, f.
(Equation 2.28), ¥, (Equation 2.31), r, ¢, 7, alongside the assumed pg, and a,
was fed into Equation (2.22) to yield Krr as a function of range. After gen-
erating estimates of Krp as a function of range for the glass bead suspension

experiments, the mean Krpr was calculated.

3.5 Field site

The field experiment took place from the 5 of November 2021 to the 9% of
November 2021. The field site was the mudflat just seaward of the mangrove
forest located at the southern end of the Firth of Thames, in the North Island

of New Zealand (Figure 3.4).

3.5.1 Experimental apparatus and measurements

Multiple instruments were deployed as part of a broader study (Table 3.1),

although the present thesis only presents data from a subset of the instru-
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Figure 3.4: Field site location pinpointed in the Firth of Thames, North Island
of New Zealand as highlighted in red. Instrument deployment at field site
included (Google Earth Pro, 2023).

ments. A steel frame housed a vertical stack of four acoustic doppler ve-
locimeters (Nortek vectors), four optical backscatter sensors (Campbell Scien-
tific OBS3+), and four water sampling tubes. The Nortek vectors recorded the
instantaneous velocity and pressure fields whilst the OBS measured the optical
backscatter voltage, which was in-turn used to estimate SSC. The water sample
tubes were co-located with the OBS sensors on the frame and were set to the
same heights as the sampling volume of the ADVs approximately 0.15m be-
low the head. The frame was deployed using a retractable cantilevered, boom
bridge from a sidearm of a permanent boardwalk, so minimal disturbance of

the bed sediments occurred during deployment.

The frame was a few metres away from the main boardwalk. One of the two
AQUAscat1000 ABS instruments (A) was deployed next to the other frame
on the seabed with the transducers looking upward towards the water surface.
The other ABS device (B) was mounted on a floating steel frame with all trans-

ducers pointed down towards the sea floor, located several metres further away
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from the right-hand side of the main boardwalk arm. Both ABS instruments
were deployed to capture acoustic backscatter data of the field sediment, using
frequencies within the range of 1—5MHz. Water samples were collected from
the tubes on the fixed steel frame as well as bed sediment samples taken to
determine bed-sediment grain size in the laboratory. This water sample col-
lection was in support of validating the SSC estimates derived from the OBS
data. The data gathered from the OBS and the velocity data from the Nortek
vectors was not processed as part of this thesis. Additionally, two acoustic
Doppler current profilers (a Nortek Signature and Nortek Aquadopp) were de-
ployed to provide additional flow information; however, the data are not used

in this thesis.

3.5.2 Field ABS data quality control and processing

ABS data was collected in burst, with an interval between burst of 600 s (10
mins). The ABS’ sampling frequency was 16 Hz for ABS instrument A and B,
in total 9440 pings (individual profiles) were collected, which is equivalent to
a burst length of 9mins and 50s with a 10s off interval. Backscatter profiles
were provided at 1 Hz (an average from 16 pings) and later further averaged
over the entire burst. From this point on, all ABS data is presented in terms
of the burst-averaged quantities, that is an average of 9440 individual profiles.
ABS data was collected with a bin resolution of 10 mm (240 bins total). Given
the ABS data was collected over six tidal cycles, the times of ABS data sam-

pling are referred to by tides 1, 2, 3, 4, 5, and 6.

The ABS burst where instrument A and B were out of the water during low
tide was removed for the analysis. In addition to the out of water bursts, the
ABS data for instrument A were removed when the bin location exceeded the
water depth and the data from beyond where the bed bottom was detected, for
instrument B. These range intervals were determined by identifying the break

in the slope of backscatter. The ABS data was squared and the mean signal
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Table 3.1: Instrument details and specifications from the field site, with in-

strument locations pinpointed in Figure 3.4 according to colour/symbol. HAB
= Height above bed.

1, 2,3 & 4 MHz

Colour/symbol Instrument Sampling frequency | HAB (m)
Red Vector head 16 Hz 0.24
Pressure sensor 16 Hz 0.39
OBS 16 Hz 0.09
Sample tube 0.09
Red Vector head 16 Hz 0.35
Pressure sensor 16 Hz 0.32
OBS 16 Hz 0.20
Sample tube 0.20
Red Vector head 16 Hz 0.55
Pressure sensor 16 Hz 0.795
OBS 16 Hz 0.40
Sample tube 0.40
Red Vector head 16 Hz 0.91
Pressure sensor 16 Hz 0.81
OBS 16 Hz 0.76
Sample tube 0.76
Yellow Nortek Signature 4 Hz
Nortek Aquadopp 1 Hz 0.08
Green ABS (A) [upward looking]: 16 Hz 0.135
1,2,4, & 5 MHz
ABS (B) [downward looking]: 16 Hz 1-1.2

calculated, the square root of this mean value was taken, giving the root mean

square voltage (V?2)

1/2

. Spikes in the ABS data were discarded by removing

values that were > 1.5x the standard deviation from the mean value for the

range bin.




Chapter 4

Results

4.1 Introduction

Presented first are the results from the laboratory calibration experiments
with the tungsten carbide ball target which yielded values for the ABS system
parameters (Krr and a;). Then, the equivalent results for the glass bead
suspension experiments are presented. Finally, the system values from the
calibration experiments are used in corporation with the field data from the
ABS instruments, to provide estimates of the f,, and ¥,. Lastly, using the
foo and X, values derived above and the results from the ABS calibration, the
ABS data was inverted to provide estimates of the SSC profile, which is then

compared to the estimates derived from the OBS.

4.2 Acoustic backscattering from a single

sphere

4.2.1 Rigid response vs elastic response

Figure (4.1) shows an example of the acoustic backscatter collected from the 5
MHz transducer for instrument A, from the tungsten carbide ball calibration.

Two consecutive bin backscatter profiles are displayed in each panel in Figure
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(4.1), with sixteen bins in total delineating the recorded ABS response corre-
sponding to a range of 0.5686 to 0.6056 m. Each line shows the time series
of backscatter, with maximum values in each case corresponding to the time
when the acoustic beam was directly aligned with the tungsten ball target.
Initially (range 0.5686 to 0.5760m), was close to ‘0’ return signal registered
by the transducer indicating the acoustic pulse had not yet reached the tar-
get. In Figure (4.1), bin 236 (0.5809m) captured the earliest received sound
wave reflection by the rigid sphere coinciding with the peak acoustic signal
representative of the ‘rigid return’ (noting this distance also corresponded to
the measured distance between the front of the ball and transducer face). The
lower return from the sequential bins (bins 237 and 238, ranges 0.5933 to
0.6056 m) bins indicated the ‘rigid’ peak die off; however, another significant
peak was observed in bin 240 indicating the elastic response received by the
transducer (similar to the peaks around 14-18 ps in Figure (2.4). The variable
(but lower) backscatters received from the subsequent bins corresponded to
the resonant backscatter reflections, after travelling around the tungsten ball,
reaching the back wall of the tank, and returning to the transducer. From
the analysis separating the rigid return versus the elastic response phases, the
maximum ABS response was used in Equation (2.1) (Section 2.2.1) and was
determined from the bins considered as part of the ‘rigid return’ regime. As a
result, the 1% inputted in the theoretical calculation was consistent with rigid

response form-function (black line in Figure 2.5).

Each of the transducer experiments (instrument A and instrument B) obtained
time series such that shown in Figure (4.1), these are presented in Appendix
A. The overall shape of the measured ABS signals across the range of bins de-
picted in Figure (4.1) was due to the changing lateral and vertical movements
of the ball, in the competed grid scheme. Figure (4.2) is a magnified view of
the acoustic backscatter from the single rigid response bin i.e., bin 236 from

Figure (4.1), where the increasing and decreasing trend per peak in backscat-
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ter corresponded to the vertical movements of the ball, whilst the horizontal
oscillations signified movements in the lateral direction, throughout alignment

with the transducer beam.
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Figure 4.1: Time series of the received raw, ABS signal (V') for the 5 MHz transducer of instrument A from the tungsten ball laboratory
experiments. Each panel displays ABS data from two consecutive bins across a sixteen-bin range, starting at bin 231 and finishing at bin 246.
The ‘rigid” backscatter return from the tungsten ball was captured in bin 236 versus the elastic backscatter signals to follow, as shown in the

subsequent bins.
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4.2.2 a; and Kpp results

An example of the pattern of backscatter recorded by the ABS as the tungsten
ball was moved through the 50 mm square, lateral and vertical grid from bin
236, is shown in Figure (4.3) (for the 5 MHz transducer, instrument A). The
colour bar shows the average acoustic backscatter response as a function of po-
sition (relative to an arbitrary grid origin position). In this case, the maximum

return of 0.11 (V') indicated this position corresponded to alignment with the

central beam axis.

0 0.11
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S
007 =
20 E
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£ 0.05 é
N 30 e
]
2
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40
0.01
50
0 10 20 30 40 50

X (mm)

~

Figure 4.3: Grid cross section of ABS data ((V')) showing maximum backscat-
ter from bin 236 for 5 MHz transducer (instrument A) from the tungsten ball
experiments. Each point is an average of the backscatter over 30s from each

location at which the ball was stationary. Note the origin is arbitrary.

The raw ABS data for 5 MHz (instrument A) from the single bin (bin number
= 236, range = 0.5809m) (Figure 4.2) is shown in Figure (4.4a) as a function
of position, the ABS data shown here is a location average (i.e. an average
of the ABS data record while the ball was stationary). The location-averaged
ABS return (orange points) shown in Figure (4.4b) is accordant with distance

along the traverse from the central, maximum return. The orange dots in Fig-
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ure (4.4b) were then normalized by the maximum ABS return i.e., Vmaw and
then plotted, as a function of the angle from the beam axis (i.e., ), the result
of which is shown in Figure (4.4c). From Figure (4.4c) it is evident that the
response of the transducer is highly sensitive to the angle in which the sound

comes from.

As discussed in Section (2.2.1), Equation (2.2) was then fitted to the data
shown in Figure (4.4c) by using an iterative procedure (to find a;), which
minimised the sum of squared errors (SSE) between observations (i.e. the
orange dots shown in Figure 4.4c) and the theoretical expression (Equation
2.2). In this example, fitting yielded a; = 6.2 mm. The ABS observations (or-
ange dots) corresponded well to the predictive theoretical, D expression (black
line in Figure (4.4c), a trend which was reflected across all the transducers
that were calibrated. The calculated SSE for each fit of D for all transducers
are provided in Table (4.1), which also indicates a close agreement between

observed and predicted. The calculated a; values are provided in Table (4.2).

Table 4.1: Calculated sum of squared errors (SSE) for each fit of measured D
against theoretical D term for each transducer of instruments A and B, from

the tungsten carbide ball laboratory experiments.

Calculated sum of squared errors (SSE)

Transducers | 1 MHz 2 MHz 2.5 MHz 3 MHz 4 MHz | 5 MHz
ABS910_170 | 0.0029 0.00033603 | 0.0090 Not in use | 0.0019 | 0.0037
ABS910.043 | Not in use | 0.0014 Not in use | 0.0047 0.0202 | Not in use

Table 4.2: Calculated a; (m) for each transducer of A and B, from the tungsten

carbide ball laboratory experiments.

Calculated a; (m)

Transducers | 1 MHz 2 MHz | 2.5 MHz 3 MHz 4 MHz | 5 MHz
ABS910.170 | 0.01344 0.00672 | 0.00595 Not in use | 0.00646 | 0.0062
ABS910.043 | Not in use | 0.00637 | Not in use | 0.00668 0.00615 | Not in use
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A

The maximum measured backscatter (V,,q.), and other known parameters (D,
foos T, @, and «) were substituted into Equation (2.15) to give values for Krg
per transducer. The Kp g results calculated from the tungsten carbide ball tar-

get experiments for each transducer of instrument A and B are collated in (4.3).

Table 4.3: Calibration Krp for each transducer of A and B, from the tungsten

carbide ball ball laboratory experiments.

Krp value
Transducers | 1 MHz 2 MHz | 2.5 MHz 3 MHz 4 MHz | 5 MHz
ABS910-170 | 19.141 6.036 | 11.998 Not in use | 10.777 | 20.545
ABS910.043 | Not in use | 4.498 | Not in use | 11.968 7.655 | Not in use

4.3 Particle suspension experiment

The recorded, raw backscatter signal illustrated in Figures (4.5) and (4.6) (re-
spectively for instrument A and B) for the glass ballotini bead suspension
experiments highlighted the attenuation of the ABS signature with time, over
the tank water column. The signal decline was a trend observed for all trans-
ducers. A resemblance between Figures (4.5), (4.6) and (2.2) (Section 2.1)
exists, as the water attenuation and at this stage, scattering attenuation due
to sediment in the water, are to be factored into the depletion of the ABS

response.

4.3.1 Laboratory gravimetric analysis results

Filtering of the water samples from the experiment with a suspension of glass
beads provided concentrations of 188 mg/L, 199 mg/L and 188 mg/L for water
samples 1, 2 and 3 respectively. The similarity between samples indicated the

suspension remained well-mixed throughout the duration of the experiment,



42

0.003 { | | |

0.002F e

__________
~~~~~~~

...............

_____________

............
______________

(a)

0.001 : : : : :

0.003 T T

0.002 sk

2 0.001

1
o
o
S
&

o

o

S

=
T

f=2.5MHz

(c)

0.002 : : : :

Raw ABS data (V) (x

0.006 |-

0.004 |-

(d)

0.002 : : :

0.006

0.004
f=5MHz

(e)

0002 | 1 1 | 1
0.35 0.4 0.45 0.5 0.55 0.6

Tank range (m)

~

Figure 4.5: The raw ABS signal (V') captured over the tank range (m) from
0.35m to 0.64m or across bins 162 to 256, for each transducer (1, 2, 2.5, 4,
and 5 MHz) of A (coloured symbols).

and a nominal total average concentration of 195mg/L of glass beads in solu-
tion was assumed across all experiments. Figure (4.7) mapped how the volume
density (%) changed over time as a function of particle size (um) for the glass

ballotini beads in suspension. The mean d50 of the particle size, indicated as

0.65
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Figure 4.6: The raw ABS signal (V') captured over the tank range (m) from
0.35m to 0.64m or across bins 162 to 256, for each transducer (2, 3, and 4
MHz) of B (coloured symbols).

the peak in Figure (4.7) based on volume density was observed at 91.4 ym,
therefore the midpoint of the size aperture range of 45.7 um was used as the

estimated particle radius a.
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Figure 4.7: Malvern particle size analyser results (um) on a logl0 scale ac-
cording to volume density (%) of the glass ballotinni bead suspension (classed

as silica)

4.3.2 Krpg results

Figures (4.8) and (4.9) illustrated the estimates of Krg as a function of range
(m) for each transducer of instruments A and B. Assuming a homogenous sus-
pension, a mean value was taken to provide a single estimate of Krg for each
transducer (shown by the black horizontal lines in Figures 4.8 and 4.9). For all
transducers, the relative standard deviation (SD) across Krg estimates along
the profile length (0.4 to 0.64m) was no more than 1.7% of the mean value.
Average Krg results are summarised in Table (4.4) (instrument A) and (4.5)
(instrument B) below, aggregated with SD, relative SD (%) and the minimum

and maximum Krg values across the tank, for each frequency.



45

31| f=1MHz, (a) |
@ 30 - -
X
29 - .
| | | | |
8 T T T T
f=2MHz . (b)
* *
¥ * %* ¥* * ﬁ * *
* * * * * * x * *
o s ** ¥ L R *
!l_ o, ** * ¥k Rl ™ wﬂ% * * * % ¥
75F * K * gk * * * |
: x ¥ * * K * * I
* * *
| | | |
135 T T T T
f=2.5 MHz ()
x 13 -
X
125 i
|

04 0.45 0.5 0.55 0.6
Tank range (m)

Figure 4.8: Calculated Krg values for each transducer (1, 2, 2.5, 4, and 5
MHz) of A (coloured symbols) across bins 162 to 256, of the tank range (m) of
0.4m to 0.64 m, against the average Krr (black line) computed for the entire

tank water column.

4.4 Comparision of Kpp values

The Krg results for the tungsten carbide ball experiments as shown in Ta-

ble (4.3), were compared to the Krg values from the glass bead suspension

0.65
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Figure 4.9: Calculated Krpg values for each transducer (2, 3, and 4 MHz) of
B (coloured symbols) across bins 162 to 256, of the tank range of 0.4m to

0.64m, against the average Krgr (black line) computed for the entire tank

water column.

experiments (Table 4.4 and 4.5). Table (4.6) and (4.7) summarise the results

from instrument A and B, respectively, and percentage difference. In all but

one case (4 MHz transducer, instrument B, Table 4.7), the estimates from the

glass bead suspension experiments were larger, with differences ranging from

4.80% up to 43.45%. In terms of calculating Equation (2.8) for the particle

suspension formulae, at worst the Krg value of the tungsten carbide ball cal-
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Table 4.4: Calculated calibration Krg, standard Deviation (SD) (+), relative
SD (%)) and minimum and maximum K7p values for each transducer of in-
strument A, from the glass bead suspension experiments. Values shown are

the mean value along the range 4+ one standard deviation.

(A)ABS910_170

Transducers 1 MHz 2 MHz | 2.5 MHz | 3 MHz 4 MHz 5 MHz

Average Kpg value | 29,5177 | 7.6083 | 12.9108 | Not in use | 16.7596 | 24.4324
(SD) 0.4899 | 0.1169 | 0.1823 | Not in use | 0.2391 0.3747

(Relative SD) 1.66 1.54 1.41 Not in use | 1.43 1.53

[28.3431, | [7.3120, | [12.5715, | Not in use | [16.1361, | [23.4086,
30.9640] | 7.8707] | 13.2960] 17.4967] | 25.3451]

[Min, max)]

Table 4.5: Calculated calibration Krg, standard Deviation (SD) (+), relative
SD (%)) and minimum and maximum K7p values for each transducer of in-
strument B, from the glass bead suspension experiments. Values shown are

the mean value along the range 4+ one standard deviation.

(A)ABS910.043

Transducers 1 MHz 2 MHz | 2.5 MHz 3 MHz 4 MHz | 5 MHz

Average Krp value | Not in use | 5.2312 | Not in use | 16.2667 | 7.296 Not in use
(SD) Not in use | 0.0786 | Not in use | 0.2533 | 0.1242 | Not in use
(Relative SD) Not in use | 1.50 Not in use | 1.56 1.70 Not in use

Not in use | [5.0606, | Not in use | [15.5943, | [6.9885, | Not in use
5.4089) 16.8378] | 7.6775]

[Min, max)]

ibration experiments would translate to an SSC value with a 43.45 % margin

of error, in the case of the 4 MHz transducer (instrument A) (Table 4.6).

The single sphere calibration experiment Kpgr terms, are to be implemented
moving forward, with the reasons for the differences between the two experi-
mental Krr values discussed in detail in Section 5 (Discussion). We chose to
select the Krg values derived from the single sphere calibration method as it
not only provides an estimate of K but also allows for a direct estimate of

a;. Determining a; from a suspension of particles is not possible.
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Table 4.6: Laboratory calculated, Krg values from the tungsten carbide ball,
single sphere experiments and glass bead particle suspension experiments for

instrument A, with (% difference.)

Krp values

Transducers 1 MHz | 2 MHz | 2.5 MHz | 3 MHz 4 MHz | 5 MHz
Tungsten carbide ball | 19.141 | 6.036 | 11.998 Not in use | 10.777 | 20.545

Glass ballotinni beads | 29.5177 | 7.6083 | 12.9108 | Not in use | 16.7596 | 24.4324
Difference (%) 42.65 23.05 | 7.33 Not in use | 43.45 17.29

Table 4.7: Laboratory calculated, K1 values from the tungsten carbide ball,
single sphere experiments and glass bead particle suspension experiments for

instrument B, with (% difference).

Krg values

Transducers 1 MHz 2 MHz | 2.5 MHz 3 MHz | 4 MHz | 5 MHz

Tungsten carbide ball | Not in use | 4.498 | Not in use | 11.968 | 7.655 | Not in use

Glass ballotinni beads | Not in use | 5.2312 | Not in use | 16.2667 | 7.296 | Not in use

Difference (%) Not in use | 15.07 | Not in use | 30.45 4.80 Not in use

4.5 Acoustic backscatter from the field

Time series of the burst-averaged ABS field data (V?) from the field experi-
ments are shown in Figures (4.10) and (4.11), corresponding to instruments A
and B, which were deployed upward and downwards-looking, respectively. For
both instruments with different orientations, for most tides acoustic backscat-
ter return was similar and largest closest to the bed, indicating the gradient
in return was predominantly owing to the resuspension of bed material. The
very large backscatter reading at 0 m (range) for each burst averaged backscat-
ter profile of Figures (4.10) and (4.11) was due to the initial “ringing” of the

ejected backscatter pulse off the transducer face and should be neglected.
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In general, values were largest for the first tide, during which surface waves
were largest (Figure 4.12b, significant wave height, Hg~~ 0.25m). Moderate
resuspension was also observed for tides 3 and 5 owing to the combination of
surface waves (Hg ~ 0.12m) and shallower water depths (Figure 4.12a). Given
the similarity in backscatter pattern from A and B (Figures 4.10 and 4.11),
and noting one transducer (1 MHz, channel 1) failed for the downward-looking
instrument, for clarity, henceforth the data analysis will focus on the ensemble

scattering characteristics and ABS inversion for the upward-facing instrument,

A.
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4.5.1 Scattering characteristics obtained from field data

To obtain f., and X, from the field data, the acoustic backscatter was plotted
in the form shown in Equation (2.23) (Section 2.5). The slope (m) and inter-
cept (¢) gained from fitting the data when present in this form are then used,
in collaboration with estimates of M (or conversely V) to estimate values for
feo (Equation 2.28) and ¥, Equation (2.31) for the particles in suspension
for each ABS burst. To solve equations Equation (2.28) and Equation (2.31)
and obtain estimates of f,, and ¥,, M and N are required. In this study
the suspended sediment concentration (M) comes from the SSC estimates de-
rived from the optical backscatter sensors (Mpps). To convert between M
to N, Equation (2.7) must be used and to do that the particle size (a) and
particle density (ps) are required. For this study, obtaining the in-situ parti-
cle size spectra and particle density distribution was not possible as these are
extremely difficult to measure, particularly at the SSC typically found at the
study. Given this we took the pragmatic approach and assumed that the mean
bed-sediment particle (size) was representative of the suspended particle size.
Furthermore, a nominal density of 2600kg/m?® was assumed. From previous
work at the field site the mean bed diameter d50 was measured to be 8 pum,

therefore a of 4um was used (Lovett, 2017).

As mentioned in Section (2.5), a potential limitation in deriving estimates of
foo and X, is that M must be known and be approximately constant over
the range of r values used in the fit. This limitation is explored in Figure
(4.13), which shows the time-series of Mpps measured at four locations dur-
ing the field experiment. The figure shows that SSC in the near-bed region
were typically greater than those observed higher in the water column. The
results all also indicate that above 0.4 m the SSC found in the water column
are roughly constant, with only minor differences in SSC measured at 0.4 and

0.76 m above the bed. Consequently, the average SSC value from these two
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heights were used to calculate M and subsequently used in the derivation of
foo and X,. As we shall see later, the ABS data used in the derivation of f.

and X, also comes from a similar location in the water column.
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Figure 4.13: Time series of SSC over the field measurement time, captured by
four OBS instruments distinguished by colour (red, green, pink and blue) and
corresponding to heights (0.09, 0.2, 0.4 and 0.76 m) where each were stationed

in the water column.

Table 4.8: R? margin of error for each of the four OBS instruments used in

the field sampling, calibrated against bed sediment samples collected from the
field. HAB = Height above bed.

OBS instrument Laboratory R?
(HAB (m)) (Gain setting 1) (Gain setting 2)
0.76 0.99, 0.97
0.4 1.00, 0.98
0.2 0.98, 0.98
0.09 0.99, 0.99

The error derived from the laboratory calibration of the OBS instruments from
each height, derived from bed sediment samples collected in the field are sum-

marised in Table (4.8). The OBS sensor calibrations were of a high quality
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with R? > 0.97.

Examples of the linear fit to Equation (2.23) for six bursts are shown in Fig-
ures (4.14) to (4.19) for a range of fit qualities, as assessed by an R? value.
Noting the standard linear fit technique (Thorne and Buckingham, 2004) was
only applied to ranges r > 0.3 m to ensure the backscatter analysed was in the
far-field zone. For instrument A, the average (V2>1/ ? was predicted to decrease
with increasing range from the transducer. In general, for all figures shown
the fits were of a better quality for the higher frequency transducers — which
show negative slopes m, as expected. Conversely, fits for the lower frequency
transducers (1 and 2 MHz) were more variable and sometimes positive slopes
were noted as observed for both transducers in Figures (4.16) and (4.17). This

result was most obvious in Figures (4.16) for the 1 MHz fit line (blue).
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Figure 4.14: Linear fit of In (r(V2)'/?) vs r (m) for burst 194 (07/11/21, 22:10:00) of instrument A, with m, ¢ and R? values. In (r(V?)!/?)
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colour.
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Figure 4.15: Linear fit of In (r(V?)/2) vs r (m) for Burst 265 (08/11/21, 10:00:00) of instrument A, with m, ¢ and R? value. In (r(V?)!/?)

observations are represented by the symbols corresponding to frequency (1 MHz, dots, 2 MHz, stars, 4 MHz, circles, and 5 MHz, squares) by
colour.
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Figure 4.16: Linear fit of In (r(V?)/2) vs r (m) for Burst 346 (08/11/21, 23:30:00) of instrument A, with m, ¢ and R? value. In (r(V?)!/?)

observations are represented by the symbols corresponding to frequency (1 MHz, dots, 2 MHz, stars, 4 MHz, circles, and 5 MHz, squares) by
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Figure 4.17: Linear fit of In (r(V*)/?) vs r (m) for Burst 40 (06/11/21, 20:30:00) of instrument A, with m, ¢ and R?* value. In (r(V?)!/?)

observations are represented by the symbols corresponding to frequency (1 MHz, dots, 2 MHz, stars, 4 MHz, circles, and 5 MHz, squares) by
colour.
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Figure 4.18: Linear fit of In (r(V?)/2) vs r for Burst 120 (07/11/21, 09:50:00) of instrument A, with m, ¢ and R* value. In (r(V?)!/?)
observations are represented by the symbols corresponding to frequency (1 MHz, dots, 2 MHz, stars, 4 MHz, circles, and 5 MHz, squares) by
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Figure 4.19: Linear fit of In (r(V?)!/2) vs r (m) for Burst 415 (09/11/21, 11:00:00) of instrument A, with m, ¢ and R2 value. In (r(V?)!/?)

observations are represented by the symbols corresponding to frequency (1 MHz, dots, 2 MHz, stars, 4 MHz, circles, and 5 MHz, squares) by
colour.
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The linear fit acquired ¢ and m with fit quality attribute R2?, are summarised in
Figure (4.20) along with the obtained scattering characteristic estimates, and
complementary SSC estimates obtained from the OBSs. The u-shaped curve
to the Mppg over time suggested increasing SSC with water depth above the
bed, aligned with the field ABS readings displayed in Figures (4.10) and (4.11).
The overall shape was coordinated with tidal flow, where greater rates of sedi-
ment were suspended into the water column when the water depths were low,
possibly indicating resuspension by waves (Figure 4.20). Aside from tide one,
the measured SSC measured by the OBS over the experimental duration were
generally low (less than 0.3 mg/L), verifiable by the ABS field data and wave

conditions discussed above (Section 4.5).

In general, the ¢ intercepts were aligned with the u-shaped trend in the tidal
variation of SCC measured by the OBS, with 4 and 5 MHz obtaining higher
magnitude ¢ values. Whereas the slope m values were less in phase with the
OBS SSC measurements and 4 and 5 MHz attained the most negative order
gradients (Figure 4.20). The f,, estimations across the time series had a simi-
lar trend shape like the Mppg values, but the X, values showed no discernable
pattern. The 4 and 5 MHz transducers appeared to produce greater f., values
and larger Y, values relative to the other transducers across the field measure-
ments (Figure 4.20). For 1 and 2 MHz, f,, values were no greater than 0.02,
whereas for 4 and 5 MHz, they tended to be greater than 0.02. In general,
for tide 1 the f, values for all transducers were larger than those calculated
for the tides, specifically the range of f., values for 4 and 5 MHz was between
0.03 to 0.05. The linear fits judging by the R? values were less well fitted
under tides 2, 3, 4 and 6, particularly for 1 and 2 MHz (Figure 4.20). Overall,
the X, range of values for all transducers calculated across the measurement

campaign were very small, around 1 x 1071,
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Following the linear fit analysis, Figure (4.21) below shows the burst which
met a fit quality threshold of R? > 0.95 (Figure 4.21) and the matching m and
c values. In total, across the processed bursts, the 1 MHz transducer obtained
ten bursts satisfying R* > 0.95 and r > 0.5, the 2 MHz transducer had thirty-
six, the 4 MHz transducer equaled forty-two and finally the 5 MHz transducer,
fifty-three bursts. There is a greater proportion linear fits deemed acceptable
for implementation in the following inversion analysis for the higher frequency
transducers (4 MHz and 5 MHz). The tallied amount and burst numbers for
each transducer of instrument A, supposing the threshold of R? > 0.95, are
given in Table (B.1) (Appendix (B)). Clearly as is seen in Figure (4.21), the
m and c results still largely maintain the overall data pattern correlated to
the Mops tidal profiles (Figure 4.20) even after reducing the selection of ABS

data for inversion analysis.
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4.6 SSC inversion methods for field ABS

data

4.6.1 Linear fit analysis of f,, and >

Once f. and X, were obtained for field bursts with R? > 0.95 and r > 0.5,
the profiles of SSC (kg/m?) in the water column were achieved by an inversion
of the ensemble-averaged ABS data (method 1) per burst and for each trans-
ducer, as described in Section (2.3.1). Example inversion results are shown in
Figures (4.22) to (4.27), for the same bursts corresponding to the linear fits
shown in Figures (4.14) to (4.19).

As before, the results demonstrate a range of fit qualities. Considering the
significant spiking in the raw ABS readings for the 2, 4 and 5 MHz trans-
ducers of Figures 4.22 and 4.23 for bursts 194 and 265, the despiking method
(Section 3.5.2) worked well based on the ensemble average profiles of Maps.
Figures (4.22) and (4.23) showed the estimates derived for the inversion of the
ABS data M4ps, compared very well with the Mopg values. For both Figures
(4.22) and (4.23), the 4 and 5 MHz transducers produced the most closely
matched sequence of Msps SSC profiles for the field data proportional to the
field Mpps. Both Figure (4.22) and (4.23) indicated that the Mpps observa-
tions from higher in the water column are closely matched by the inversion

results M 4pg estimates.
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Figure 4.22: Vertical water column (z, (m)) starting at 0.135 m above the bed, where (A) was positioned showing the raw logio(V) (grey
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measurements (black ‘0”) are shown at the relevant heights in the water column, for Burst 194 (07/11/21, 22:10:00).
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0’), and Mypg (dark blue ‘-’) are derived from the ensemble averaged individual f., and X, for each transducer, for Burst 265. The Mopg

measurements (black ‘0’) are shown at the relevant heights in the water column, for Burst 265 (08/11/21, 10:00:00).

89



69

The results corresponding to bursts when the linear fits of specific transduc-
ers were poor (Figure 4.24 and 4.25, bursts 346 and 40) although satisfying
R? > 0.95, do not appear to provide reliable inversion results. This conclusion
is evident as the M4pg estimates do not compare favourably with Mpgg. For
Burst 346 (Figure 4.24), the 1 MHz transducer achieved an R? = 0.96 (Section
4.5.1) yet a positive slope from the linear fit procedure. In the inversion stage,
these values resulted in a profile which intersected with the initial Mppg esti-
mate but failed to align with the upper SSC observations. On the contrary, for
the 5 MHz transducer, the bottom part of the Mpgg profile was missed but
the M aps estimates begin to converge with the upper Mppg observations. For
Figure (4.25), the predicted M4pg values obtained for the 1 and 2 MHz trans-
ducers failed to match the profile from the OBS sensors. The divergence from
the Mopg estimates was more pronounced for the lower frequency transducers
(1 and 2 MHz) relative to 4 and 5 MHz, where the M,pg profile began to
skew towards the OBS estimate at 0.4 m and continue ultimately towards the
uppermost Mppg estimate. The 4 and 5 MHz of Burst 40 (Figure 4.25) plus 5
MHz transducer of Burst 346 (Figure 4.24) related to the previous figures by
tending to fit the upper water column Mpps observations more whilst missing

the Mops estimate closest to the bed (0.2m).
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measurements (black ‘0”) are shown at the relevant heights in the water column, for Burst 346 (08/11/21, 23:30:00).
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For Figure (4.26) of Burst 120, of the four transducers presented — only 2 MHz
fulfilled R? > 0.95, yet the 1, 4 and 5 MHz transducer M 4pg profiles appear to
resolve the OBS measurements quite well. The 1 MHz transducer obtained the
lowest R? value (Section 4.5.1) but the 4 and 5 MHz transducers both obtained
higher R?. However, for Figure (4.27) (Burst 415), were only 2 and 5 MHz
surpassed the R? > 0.95 criteria, and indeed the 1 MHz transducer with the
worst R? value of 0.018077 (Section 4.5.1) fail to produce an inversion result;
however, the 4 MHz with R? > 0.95, nonetheless showed a very similar M4pgg
profile to the adjacent 5 MHz M 4pg profile, which compared favorably to the
Mogs.
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Figure 4.26: Vertical water column (z, (m)) starting at 0.135 m above the bed, where (A) was positioned showing the raw logio(V) (grey
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Figure 4.27: Vertical water column (z, (m)) starting at 0.135 m above the bed, where (A) was positioned showing the raw logio(V) (grey
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measurements (black ‘0”) are shown at the relevant heights in the water column, for Burst 415 (09/11/21, 11:00:00).
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The squared error (SE) between Myps and Mopg estimates for the linear fit
inversion method and the combined, sum of squared errors (SSE), at each
height in the vertical profile coordinating to where the OBS instruments were
positioned in the water column at the field site is represented in Figure (4.28)
below for each transducer. As well as the number of OBS instrument heights
used in the SSE calculation, which in the case of the linear fit derived M,pg
profiles, the water depth was r» > 0.5 therefore, no SSE values were based
on calculation from one height. Across all transducers, the errors appear to
be lower, higher in the water column for OBS (0.4 and 0.76 m) and the error
tended to increase with an increasing water depth or number of OBS height

samples, due to greater SSE values overall.
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4.6.2 Ensemble-average f,, and X, analysis

In this section we explore a second method of inverting the ABS data, in which
an average pair of f,, and X values are used. This average pair is simply the
average of all individual f,, and X values (obtained for each burst) from in-

version method 1.

The individual values for f, and ¥, (method 1) along with the average values
(method 2) are shown in Figure (4.29) and summarised in Table (4.9). The
values shown in Table (4.6) were then used in the inversion for all burst (for
the corresponding frequency). The idea here is that we are exploring the sen-
sitivity of the inversion to f,, and X, and investigating if a single f,, and ¥

pair is universally applicable.

Table 4.9: Average fo, and X for 1, 2, 4 and 5 MHz transducers (A) used in

inversion method 2.

Transducers 1 MHz 2 MHz 4 MHz 5 MHz

[fs and ] | [0.0117, 0] | [0.0060, 0] | [0.0295, 2.6956¢-12] | [0.0232, 2.3448¢-12]

The results from this approach are summarised in Figures (4.30) to (4.33),

which corresponded to the same bursts shown in Figures (4.22) to (4.25).
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Figure 4.32: Vertical water column (z, (m)) starting at 0.135 m above the bed, where (A) was positioned showing the raw logio(V') (grey line)
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Mags (dark blue *-7) are derived from an averaged pair of f,, and X, for each transducer, for Burst 346. The Mopg measurements (black ‘0’)
are shown at the relevant heights in the water column, for Burst 346 (08/11/21, 23:30:00).
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Figures (4.30) and (4.31) (burst 194 and 265) showed the inversion results that
best matched the Mppg estimations. For these bursts, Mps in the mid to
upper part of the water column was better matched to the Mppg concentra-
tions than M 4pg estimates from lower in the water column. The discrepancies
between estimated M 4pg profiles derived from this inversion are related to the
difference in the individually calculated per burst, f,, and X, values (method
1) and the averaged values used here (Table 4.9). At burst times when there
was a reasonable agreement between the M,ps and the Mppg profiles, the
foo average values for the 2, 4 and 5 MHz transducers were very close to the

individually calculated f,, like for bursts 194 and 265 (Figures 4.30 and 4.31).

The approximate error estimates between the My g and the Mppg profiles for
this average inversion method are presented in Figure (4.34), and are similar to
the trend observed in Figure (4.28), with larger errors between the predicted
Msps and the measured Mppg calculated lower in the water column. Also
shown in Figure (4.34), are a worse set of SE and SSE for the 1 and 2 MHz

transducers, specifically during the first tidal cycle.
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Chapter 5
Discussion

This thesis explored a relatively new method for calibration of acoustic trans-
ducers to an off-the-shelf ABS instrument. Calibration results were then used
to invert the acoustic backscatter signal obtained in a field experiment at the
Firth of Thames, to obtain estimates of suspended sediment concentrations

along a vertical profile.

The UNISENSE 3D Motorised Micromanipulator was found to be a robust
positioning and conveyor system for the single sphere calibration procedure.
The automated execution of the grid-wise experiments programmed by the Mi-
cromanipulator, minimised the risk of human error from manually operating
the Micromanipulator supporting the tungsten ball in 2.5 mm step motions in
both the z and z axes. This experimental apparatus design was comparable to
the movable stage used in the calibration study of a fixed tungsten carbide ball
by Wilson and Hay (2017). The high quality fit of the theoretical expression
to the data in the directivity Equation (2.2) (Section 2.2.1) for all frequencies,
indicates this resolution was probably sufficient for the determination of the
effective transducer radii (which were all close to the nominal values provided

by the instrument manufacturer).

Krr was expected to vary between the contrasting MHz frequencies from the

differing sets of transducers used across both ABS instruments, a result col-
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lated in Table (4.6) and (4.7) (Section 4.4). Both ABS laboratory calibration
methods were undertaken using a 2.5mm pulse length for the beam path,
which allowed for direct comparison between the two sets of Krr terms. Sim-
ilarly, the lack of a significant trend or deviation of Krr with range across the
glass bead suspension experiments (Section 4.3.2, Figures 4.8 and 4.9) was an
observation aligned with the experimental results of Betteridge et al. (2008).
As a result, Betteridge et al. (2008) drew the conclusion that the suspension
was homogenous. Their conclusion, also applicable to this study, supported
the calculation of an average Kpgr value for each transducer from the ballo-
tini bead suspension experiments. Comparison of the two sets of Krg terms
from the single sphere and particle suspension experiments, the error margins
ranged from 4.8 to 43.45%. The precise reasons for the differences between the
two different estimates of Krg constants are unknown; however, there may be

several factors contributing to the difference which are detailed below.

For the tungsten carbide ball experiments, a grid step size of 2.5 mm may have
been too coarse to resolve the position of the absolute maximum ABS peak in
the ‘rigid return’ bin. Further experiments using the same process but with
a smaller grid increment or larger tungsten ball may help to fine tune these
results. This technique builds on the short pulse methodology of Wilson and

Hay (2017), in refining estimation of the Krpg term.

Additionally, assumptions and simplifications were made in determining vari-
ables used in the calculation of K7 (Equation 2.22). The glass ballotini beads
may not have been exactly spherical in shape, perhaps misfitting the analytical
solution. The experiments with glass beads also rely on the assumption of a

perfectly homogenous suspension throughout the tank and over time.

Any inaccuracies in the values of Krr will propagate through the inversion

analyses into concentration M,pg estimates. Given the greater level of ex-
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perimental control over the single target experiments, these Kyr were used in
the subsequent inversion. Despite the uncertainty, the inverted M g profiles
from the processed field bursts of Section (4.6), for both inversion methods (see

Section 4.6.1 and Section 4.6.2), generally agreed with the Mopgs estimates.

After laboratory calibration of the ABS instruments, A and B, the burst-
averaged ABS data gathered from the water column at the field site was used
to estimate the scattering characteristics f., and Y, of the particles in the field.
These values were used to address the important question, whether there exist
universal set of f,, and X values which function effectively to invert ABS
field data and generate accurate SSC estimates. The intercept ¢ and gradient
m, derived from the direct linear fit plots of the In (r(V?)!/2) were used in
the calculation of the unknown f., and ¥ for the particles suspended in the
field site, noting those calculations also use the laboratory-derived K g values
along with the SSC estimates derived for the OBS, an assumed a of 4um and

a nominal density ps of 2600 kg/m?>.

The estimates of f,, and X, values generally exhibited u-shaped curves with
greater values at low water depths at the start and the end of the tide (Fig-
ure 4.20). The f, was generally bigger during the first tide relative to the
later part of the experiment, reflecting the change from more energetic to less
energetic conditions. Indicating a possible change in the scattering nature of
the suspended particles. These ¢ and m coefficient results likely reflect the hy-
drodynamic conditions at the field site where an unusual lack of wave energy
(Lovett, 2017) from days two to four, stimulated insufficient SSC quantities
for significant attenuation of the sound per m. On the contrary, the differing ¢
values on day one of field recording compared to the rest of the measurement
period was likely due to a period of increased surface wave activity and en-
trainment of particles in suspension of a different shape or size. The advantage

to the field conditions was, the environment was more conducive for estimating
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the f. from the backscatter of the suspended particles. Indeed, Wilson and
Hay (2017) suggest two sets of measurement conditions are required to obtain
reliable estimates of f,, and X;. Specifically, estimating f., in a low parti-
cle concentration at a narrow range versus estimating s from a high particle
concentration over a broad interval range. In addition, the f., values depend
on the speed of sound which is slower in cooler temperatures, which if not

accounted for could be a potential source of error.

Results using the time-varying f,, and X, terms (calculated for each processed
burst file in which the total range, r > 0.5m and R? > 0.95) in the inversion
process (Section 2.3.1), demonstrated on many occasions, the resulting M4pg
profile was able to reasonably represent the measurements obtained from the
OBS sensors (Figures 4.22 and 4.23). In some cases, the M 4pg better matched
the upper Mppg measurements (Figure 4.25) than the low other ones, a result
illustrated in Figure (4.28). These results most likely reflect how f., and ¥
were derived. Recall that f,, and ¥, where in part derived using the Mpgs es-
timates collected at the two upper most locations in the water column. Hence,
the derived values of f,, and X, appear to be a better representation of the
scattering characteristics in the upper part of the water column compared to
the lower part, this in turn implies that f,, and Y, may vary through the
water column. This could reflect vertical changes in the nature (size, shape,
density) of the particles in suspension. There were also a few cases, for which
the inversion routine simply does not perform well (Figure 4.24 and 4.25). For
these scenarios, 1 and 2 MHz tended to perform worse than the 4 and 5 MHz
transducers. This result questioned whether the acoustic sensitivity of the 1
and 2 MHz frequencies to the particles in suspension was sufficient to produce
a valid estimates of f,, and ¥, and hence M4ps obtained from the inversion.
The above observation relates to scattering efficiency that varies as a function
of frequency as it depends on the ratio on the acoustic wavelength to the size

of particles in suspension (Sahin et al., 2020).
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The sensitivity of the inversion results to the values used for the form function
and total cross section scattering area, f., and Y, respectively was examined.
The mean values across the duration of the experiment were calculated from
those derived for each burst (as in Section 4.5.1) and the inversion procedure
was undertaken using the mean values (Section 4.6.2). Results of the inversion
were variable: at times the Mspgs of the suspension agreed with the Mppgg
observations within the water column (Figures 4.30 and 4.31), but the bottom
Mops were not well predicted by Myps estimates (Figure 4.32). A result,
summarised in Figure (4.34). Notably, the M4pg values were closer to Mppgs
observations when the average scattering properties were close to the f,, and
Ys values derived for that specific burst (Figures 4.30 and 4.31). While at
other times, the inverted M4pg profiles diverged from the Mppg profiles (Fig-
ure 4.33). The inconsistency in the Maps profiles over the experiment series
via the average scattering properties, implies over time there are changes in
sediment properties such as particle size, or inherent changes to the nature
of the scattering particles. In the case of Figure (4.33) (Burst 40), from tide
1, which occurred during a period of increased wave activity compared to the
following days and subsequent burst times, the average f., and X, did a par-
ticularly poor job in producing an accurate, M4pg profile. Thus, we conclude
that the use of a single pair of universal f., and >, scattering properties is not

recommended.

The present analysis used the simplification that the particle radius a and
density ps were equivalent to those of the primary particles in suspension, and
these primary particles were the same as the bed sediment material. Conse-
quently, the derivation of f,, and ¥, and the sequent inversion neglects the
process of flocculation and presence of floc constituents, which may alter the
suspended particle size distribution over time. However, given the cohesive

nature of the sediment, it is highly likely flocs were present in the water col-
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umn at some points in the tidal cycle, consistent with observations from other
studies at this location (Lovett, 2017). Keeping in mind, a recent study by
Fromant et al. (2017) expanded on the effect of flocs in the inversion of ABS
data, by factoring a mean porosity value over the particle size distribution
into the backscattering model. In addition, it is likely the suspension con-
tained a distribution of particle sizes different to the radii of the disaggregated
bed sediment. Temporal fluctuations in particle size distribution or a com-
position of bimodal particles of sand, silt and clay are common in rivers like
the setting studied by Vergne et al. (2020). Future work should consider this.
Nonetheless, when considering all the simplifications made, the potential for
experiment error, and the inherent difficulty associated with in-situ estimates
of SSC the inversion methods 1 and 2 still performed reasonably well for many

bursts, in generating reliable profiles of SSC.

Another possible approach to determining f,, and X, without using the lin-
ear fit method (Section 4.5.1), is to find values per burst of f,, and X that
minimize the difference between the results from the Mppg measurements and
the estimates M sps derived from the inversion. The results are presented in

Figures (5.1) to (5.4) for the same bursts discussed previously.

In contrast to the results of the first two inversion methods (Section 4.6), the
inversion results across all Figures from (5.1) to (5.4) showed a close match
between M,ps and Mppg profiles, particularly for the bottom measurement
location (0.2m). Burst 194 and 265 of Figure (5.1) and (5.2), produced a tight
M sps profile along the water column in line with the Mpps measurements.
However, all M4pgs profiles for all transducers, experienced an unrealistic in-
crease in predicted SSC in the upper water column when reaching 0.9 — 1 m.
The results shown in Figures (5.3) and (5.4) show a similar trend, in that
M 4ps agrees nicely with the Mppg in the lower part of the water column, but

“blows up” producing unrealistic SSC estimates.
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Figure 5.1: Vertical water column (z, (m)) starting at 0.135 m above the bed, where (A) was positioned showing the raw logio(V') (grey line)
and ensemble averaged ((V2)1/2) ABS (brown line) for transducer frequencies (2, 4, and 5 MHz, A) (a — c). Profiles of M; (light blue ‘0’), and
Maps (dark blue ‘-’) are derived from an optimised pair of f,, and X for each transducer, for Burst 194. The Mpps measurements (black
‘0”) are shown at the relevant heights in the water column, for Burst 194 (07/11/21, 22:10:00).
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Figure 5.2: Vertical water column (z, (m)) starting at 0.135 m above the bed, where (A) was positioned showing the raw logio(V') (grey line)
and ensemble averaged ((V2)1/2) ABS (brown line) for transducer frequencies (2, 4, and 5 MHz, A) (a — c). Profiles of M; (light blue ‘0’), and
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Figure 5.3: Vertical water column (z, (m)) starting at 0.135 m above the bed, where (A) was positioned showing the raw logio(V') (grey line)
and ensemble averaged ((V2)!/2) ABS (brown line) for transducer frequencies (1 and 5 MHz, A) (a — b). Profiles of M, (light blue ‘0’), and
Maps (dark blue ‘-") are derived from an optimised pair of f,, and X for each transducer, for Burst 346. The Mpps measurements (black
‘0”) are shown at the relevant heights in the water column, for Burst 346 (08/11/21, 23:30:00).
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and Mypgs (dark blue -7) are derived from an optimised pair of f,, and ¥, for each transducer, for Burst 40. The Mpps measurements (black
‘0”) are shown at the relevant heights in the water column, for Burst 40 (06/11/21, 20:30:00).
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A likely explanation to this recurrent “blowing up” result is the fine tuning of
the fo and X values to suit the bottom Mppg concentrations in this inversion
method (3); caused the summed attenuation in the iterative stage to assume
a higher ¥, value than present in the upper water column. This argument is
supported by the representative ¥, values of the particle suspension, which
lies between the linear fit inversion method (1) (see Section 4.6.1) and the

optimised scattering characteristics inversion method (3).

For the optimised f.,, and X, inversion method discussed, the error between
the calculated Mypg profile and Mpps measured profile (Figure 5.5), is the
opposite of the error trends noted for the last two inversion methods (Sections
4.6.1 and 4.6.2). The M,pg estimates obtaining the greatest error relative
to the Mppg observations, are from higher in the water column. As a result
of this method’s direct modifying of the f,, and X, scattering properties, to

better reflect the Mppg measurements from lower in the water column.
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Future research work should focus on improving the inversion methodologies
discussed by accounting for changes in particle size distribution, in part driven
by flocculation, and the influence these controls have on the scattering char-
acteristics, fo and X,. Implementation of floc size measurement instruments,
like a LISST, a floc camera or similar optical instruments (Fox et al., 2004;
MacDonald and Mullarney, 2015; Manning et al., 2006; Mikkelsen and Pejrup,
2000) combined with multi-frequency ABS devices deployed in the field, will
impart enhanced information on cohesive particle scatterer sizes and behavior,
inferred from the differential scattering characteristics from different frequen-

cies.



Chapter 6
Conclusions

In this thesis, we explored the use of acoustic instruments to resolve concentra-
tions of suspended sediments in a coastal setting. The work contributes a novel
data set to the limited body of existing work examining acoustic backscatter

from suspensions of cohesive particles.

We firstly obtained the intrinsic parameters for our specific instruments by
following a recently defined calibration procedure (Wilson & Hay, 2017), and
then obtained the acoustic scattering properties, namely f., and Y4 of mud in
a field setting and used these parameters to obtain profiles of SSC. In general
the work showed promise for using acoustic techniques in these environmen-
tal settings; however, a key finding was that the characteristics of mud from
the estuary studied in this thesis, were not universal or indeed could not be
broadly applied across multiple tides. However, the experimental results have
provided a baseline of reasonable values for f,, and ¥, for cohesive sediments
in suspension in the Firth of Thames. These values were not previously avail-
able, and thus this thesis provides a useful contribution to the work in this
region. Nonetheless, there remains a need for much future work — in particu-
lar, by using backscatter data from multiple frequencies to obtain information

about particle size distributions.
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Chapter A

ABS laboratory calibration:
single sphere experiment results

for all transducers

For each transducer of instrument A and B, Figures (A.1) to (A.7) show the
time series of raw, ABS data collected from the tungsten carbide ball labora-

tory experiments, over a twenty-four range of bins, starting at bin 227.
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Figure A.1: Time series of the received raw, ABS signal (V) for the 2 MHz transducer of instrument B from the tungsten ball laboratory

experiments.

101



¢0T

0.1 —— Bin 227 — Bin 229 — Bin 231 — Bin 233
Bin 228 Bin 230 Bin 232 Bin 234
0.05
O L y | [ | —
& 04 ——Bin 235 ——Bin 237 ——Bin 239 —— Bin 241
< Bin 236 Bin 238 Bin 240 Bin 242
z
2 0.05
<
2
= MMWWH:‘“&-— M‘ - NAMMMNWMMMHM nm-dﬂu
0
0.1 —Bin 243 — Bin 245 —Bin 247 | | —Bin 249
Bin 244 Bin 246 Bin 248 Bin 250
0.05
0
0 5 10 0 5 10 0 5 10 0 5 10

Elapsed time (hrs)

Figure A.2: Time series of the received raw, ABS signal (V) for the 3 MHz transducer of instrument B from the tungsten ball laboratory

experiments.



017

0.05

©
—

Raw ABS data (V)

0.1

0.05

Figure A.3: Time series of the received raw, ABS signal (V) for the 4 MHz transducer of instrument B from the tungsten ball laboratory

experiments.

o
o
a

Elapsed time (hrs)

—Bin 227 —Bin 229 — Bin 231 —Bin 233
Bin 228 Bin 230 Bin 232 Bin 234
— Bin 235 — Bin 237 — Bin 239 — Bin 241
——Bin 236 ——Bin 238 —Bin 240 ——Bin 242
—Bin 243 —Bin 245 —Bin 247 —Bin 249
Bin 244 Bin 246 Bin 248 Bin 250
st AR sy | osssssa NN st i o s AP A
10 15 0 5 10 15 0 5 10 15 0 5 10 15

€01



0.2 — Bin 227 — Bin 229 — Bin 231 — Bin 233
’ — Bin 228 — Bin 230 — Bin 232 — Bin 234
0.1 N
0 )
<§ 0.2 — Bin 235 —  Bin 237 — Bin 239 — Bin 241
s ’ Bin 236 Bin 238 Bin 240 Bin 242
3
A 0.1
2o
2 Wﬂ
= mem A R A AR 18 it bt
O | v L |
0.2 — Bin 243 — Bin 245 — Bin 247 — Bin 249
’ — Bin 244 — Bin 246 — Bin 248 — Bin 250
0.1
FERTTV LTV AORpam— WM A Aot
0

0 5 10 0 5 10 0 5 10
Elapsed time (hrs)

Figure A.4: Time series of the received raw, ABS signal (V) for the 1 MHz transducer of instrument A from the tungsten ball laboratory

experiments.

701



0.06

0.04

0.02

o

|4
o
o
>

Figure A.5: Time series of the received raw, ABS signal (V) for the 2 MHz transducer of instrument A from the tungsten ball laboratory

experiments.

Raw ABS data (V)

©
o
=

o
o
N

MMM

0 5 10

—— Bin 227 — Bin 229 — Bin 231 —  Bin 233
Bin 228 Bin 230 Bin 232 Bin 234
ot o ot st s N b ity et} i T s At At s ] MMMMW
—Bin 235 — Bin 237 — Bin 239 1 —Bin 241
Bin 236 Bin 238 Bin 240 Bin 242
Wm
—Bin 243 — Bin 245 — Bin 247 —Bin 249
Bin 244 Bin 246 Bin 248 Bin 250

O kb Y—

0 5 10

Elapsed time (hrs)

T nerwm——

0 5 10

G0T



0.1 — Bin 227 — Bin 229 — Bin 231 — Bin 233
Bin 228 Bin 230 Bin 232 Bin 234
0.05
0 b . .

& 04 ——— Bin 235 ——— Bin 237 —— Bin 239 ——— Bin 241
< Bin 236 Bin 238 Bin 240 Bin 242
3
A 0.05
<
=l
A 0 V\ Mh PR—— ANV %ﬁ%m

0.1 — Bin 243 — Bin 245 — Bin 247 — Bin 249
Bin 244 Bin 246 Bin 248 Bin 250
0.05
ot ooV st
0 5 10 0 5 10 0 5 10 10

Figure A.6: Time series of the received raw, ABS signal (V) for the 2.5 MHz transducer of instrument A from the tungsten ball laboratory

experiments.

Elapsed time (hrs)

90T



0.1

20T

— Bin 227 — Bin 229 — Bin 231 — Bin 233
Bin 228 Bin 230 Bin 232 Bin 234
0.05
O J[\m” 'l
04 : : : '
<L>/ Bin 235 Bin 237 Bin 239 Bin 241
= Bin 236 Bin 238 Bin 240 Bin 242
3
«n 0.05
m
: ] la
s | e it
< il 1 |
2 L, i " et stV
—Bin 243 — Bin 245 — Bin 247 —Bin 249
Bin 244 Bin 246 Bin 248 Bin 250
0.05
WMM
O A\AM‘/\V\WNNNAWAU\WN ml\l/\'/\lm/\ Q!\J,[\JAINM ‘ WN ) ‘mmN/\‘AMAWNNN
0 5 10 0 5 10 0 5 10 0 5 10

Elapsed time (hrs)

Figure A.7: Time series of the received raw, ABS signal (V) for the 4 MHz transducer of instrument A from the tungsten ball laboratory
experiments.



Chapter B

Field ABS data results: burst
files used for linear fit inversion

method
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Table B.1: Tally of ABS burst files which satisfied R? > 0.95 for each channel
per transducer of instrument A. These listed files were acceptable for the fol-

lowing linear fit inversion analysis.

Channel 1 | Channel 2 | Channel 3 | Channel 4
1 MHz 2 MHz 4 MHz 5 MHz
38 39 38 38
39 40 39 39
40 43 40 40
41 47 41 41
42 112 42 42
43 113 43 43
44 114 44 44
45 115 45 45
345 116 46 46
346 117 47 47
118 48 48
119 49 49
120 111 111
121 112 112
122 113 113
123 116 114
124 187 116
194 188 117
261 189 123
262 190 125
263 191 187
264 192 188
265 193 189
267 194 190
268 195 191
269 196 192
270 198 193
271 199 194
272 261 195
273 263 196
275 264 197
414 265 198
415 274 199
416 275 261
417 340 262
418 341 263

342 264
343 265
344 274
411 275
412 338
422 339
340
341
342
343
344
345
346
411
412
415
419
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