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ABSTRACT

Editor: Shu Gao

In this work we explore the possibility of extracting indicative suspended sediment information in terms of
estimates of concentration and particle size from ADCP single frequency monitoring datasets. In order to accomplish this task, four datasets of LISST field measurements, collected in similar low concentration, near-shore
transitional environments in the Portuguese continental shelf, were used to evaluate the suspended sediments'
acoustic properties (backscatter and sound attenuation) and evaluate their impact on concurrently measured
ADCP acoustic backscatter. In a second step the ADCP's acoustic signal was used in an attempt to estimate
suspended sediment concentration and grain size, and the inverted results were compared with LISST data.
Results show that the chosen acoustic models to estimate backscatter and sound attenuation do not fully explain
the ADCP's backscatter temporal variation. Nevertheless, the established relations between the ensemble form
function < f > , which describes the scattering properties of the suspension, and the mean particle size, the
temporal variation of the instrumental factor C with the ADCP's acoustic intensity and the fact that sound
attenuation due to the suspended particles is negligible under these deployment conditions, allowed for the
inversion of the ADCP data yielding estimates of sediment concentration and mean grain size with errors within
one order of magnitude when compared with LISST data.
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1. Introduction
In the Portuguese coastal zone, sea level stabilization took place
≈3500 years BP and from this time on, the general atmospheric patterns, potentiated by the increase on human activities (deforestation
and agriculture), had a significant effect on the increase of sediment
supply resulting on an overall sediment infill of estuaries, lagoons, gulfs
and Rias. By the end of the 19th century, this scenario has dramatically
changed and the Portuguese littoral gained a regressive trend, with the
first reports of “sea invasions”. This regressive behavior was proved to
be generally related with the sediment supply reduction, again due to
human intervention, namely, the damming of rivers; sand extraction in
water lines and reservoirs; new agricultural practices aiming soil conservation and construction of coastal engineering structures (Dias et al.,

2000). Recent sediment export estimates report that the sediment
budget in the Portuguese northern coastal cells has radically changed,
mainly due to the reduction of the fluvial input, revealing a severe
sediment deficit, followed by an accentuated erosive tendency in some
segments of the coast (Grupo de Trabalho do Litoral, 2014; Marchand,
2010).
In this context, the quantification and qualification of the present
effective sediment exchanges between the northern estuaries and the
continental shelf is crucial to determine the consequent implications of
urgent coastal management actions.
In order to address this problem, the implementation of pragmatic
monitoring solutions and the compilation of previously collected data
has become a priority in order to establish the present sediment dynamic regime in this area.
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In the past, several long term datasets of Acoustic Doppler Current
Profiler (ADCP) were collected in the Portuguese inner shelf and inside
estuaries covering different seasonal regimes. These datasets, with diverse objectives and scientific research in mind, were processed and
interpreted at the time to establish the hydrodynamic regime in their
respective study areas, but no attempt was made to establish suspended
sediment patterns during the duration of their deployment.
In this work, we explore the possibility of extracting indicative
suspended sediment information in terms of estimates of concentration
and grain size from these stand-alone ADCP single frequency monitoring datasets.
In order to accomplish this task, four datasets of LISST field measurements (laser in-situ transmissiometry – suspended sediment concentration and particle size distribution - PSD), collected in similar low
concentration, near-shore transitional environments in the Portuguese
continental shelf, were used to evaluate the suspended sediments'
acoustic properties (backscatter and sound attenuation) and evaluate
their impact on concurrently measured ADCP acoustic backscatter
(direct problem, according to Guerrero et al. (2016)).
In a second step, and based on the results and interpretation of the
estimated suspended sediment's acoustic imprint on the ADCP response,
the ADCP's acoustic signal was used in an attempt to estimate suspended sediment concentration and grain size (inverse problem solution, according to Guerrero et al. (2016)), and the inverted results were
compared with LISST data.

2.2. Acoustic theory: Suspended sediments' acoustic properties
In recent decades, there has been a large interest in the development
of the use of acoustics for sediment transport process studies, given its
capability of measuring suspended sediment and flow profiles non-intrusively, co-located and simultaneously with high spatial-temporal
resolution (Thorne et al., 2014). ADCPs were originally designed for
flow measurement, and while manufacturers store ADCP acoustic
backscatter data for quality checking of the velocity measurements,
many researchers have adopted the ADCP backscatter as a surrogate
measure of suspended sediments (Sassi et al., 2012).
Acoustic backscatter has been used to estimate suspended sediment
concentration, and sometimes size, in various environments. Among
many, early attempts were made using sediment acoustic systems by
Libicki et al. (1989) in the deep ocean and by Hanes et al. (1988) in the
shallow nearshore zone following the concepts described by Hay
(1983). With the widespread use of commercial ADCPs operating typically at 200–1200 kHz, the interest in extracting sediment concentration from the backscatter signal strength grew (Gartner, 2004 and
Hoitink and Hoekstra, 2005 in coastal environments; Guerrero et al.,
2016; Latosinski et al., 2014; Moore et al., 2013; Topping et al., 2007
and Wright et al., 2010 to measure suspended sand and silt in large
rivers).
As far as the particle size distribution is concerned, Hanes (2013,
2012) states that, if the size distribution of the suspended sediment is
narrow and known, a single frequency backscatter system can be effectively used to measure the spatial and temporal structure of the
concentration field along the acoustic beam path (e.g. Hanes et al.,
1988; Thorne et al., 1991). However, if the size distribution of the sediment is not known, then a multiple frequency system is generally
required to invert the backscattered sound to estimate size and concentration fields (e.g. Crawford and Hay, 1993; Thorne and Hardcastle,
1997; Thosteson and Hanes, 1998). Sound scattering is a nonlinear
function of sediment size, so many smaller sediment grains could
scatter the same amount of sound as few larger grains. Therefore, the
inversion of backscattered intensity is not uniquely related to concentration but is also a function of sediment size (Hanes, 2013, 2012).
Routine inversion of sediment backscatter in natural environments as
the ones discussed in this work remains elusive, in part due to the
variability and multimodality of sediment size distribution in nature
(Agrawal and Hanes, 2015).
Most of the existing literature regarding the use of acoustic transducers to assess suspended sediment parameters reports the expression
by Thorne and Hanes (2002) in its logarithmic form of the sonar
equation (Eqs. (1) and (2), respectively), where:

2. Materials and methods
2.1. Data collection
Four datasets of LISST measurements (concentration and particle
size distribution – PSD) were processed and used to estimate the
acoustic properties of the suspended sediments. These estimates were
then used to determine their concurrent acoustic print on ADCP backscatter collected at the first bin (vertical measuring cell), closest to the
LISST position.
LISST and ADCP datasets were collected at two positions in the
Portuguese inner shelf (S. Pedro de Moel and Costa da Caparica - Fig. 1
and Table I). At these sites, current and acoustic backscatter data was
collected using a down-looking 1200 kHz ADCP (RDI Workhorse Sentinel
— 1228.8 kHz) and suspended sediment data was obtained using a
LISST 100 (Sequoia Instruments, Agrawal and Pottsmith, 2000; Gartner
et al., 2001) probe coupled to a pyramidal structure (Fig. 2). Mooring
configuration allowed a simultaneous reading of both sensors at about
0.8–2 m above sea bottom. During the Costa da Caparica 2014 deployment, one additional ADCP working at 614.4 kHz (RDI Workhorse
Sentinel — 614.4 kHz) was mounted at approximately 10–20 m distance, in a shorter similar structure looking up, covering the remaining
water column and recording surface wave activity simultaneously with
current and acoustic backscatter data. A graphical depiction of the
mooring configuration used during the surveys is shown in Fig. 2.
In S. Pedro de Moel (Fig. 1), at depths of approximately 25 m the
down-looking structure was moored at approximately the same position
during the late summer and winter of 2011 allowing for a 12- and 4-day
long datasets, respectively. The second site is located just offshore the
coastal village of Costa da Caparica, just south of the Tejo outlet
(Fig. 1). At this position both a 1228.8 and 614.4 kHz ADCP were
moored together with a LISST 100 in October 21st, 2014 and recovered
after several severe weather events on December 2nd of the same year.
The LISST battery, concurrently with the ADCP measurements, allowed
for a 24 day long common sediment/hydrodynamics time series record.
The use of two ADCPs working at two different frequencies at this site
allows for some considerations about the different response of two
different working frequencies to the same variating suspended sediments.

K 2 Ms
IADCP
= s2 2 e
2
Kt
R

4( w + s)R

RL = SL + TS

2TL

(1)
(2)

– RL (received sound level) =10log10I, i.e., the acoustic response registered by the ADCP converted in dB;
– SL (acoustic source level) = C = 10log10Kt2; instrument specific
“constant” which contains the contributions of instrumental characteristics (Kt), which in turn depend on the transducer receive
sensitivity, voltage transfer function of the system, pressure at a
reference level, the acoustic pulse duration, the system frequency,
the transducer configuration and the speed of sound in water
(Moore et al., 2012). In this term, the denomination “constant” is
presented in quotes (Latosinski et al., 2014), given that the dependence of Kt from equipment performance (which may be altered
with age and maintenance), and the speed of sound in the surrounding water column imply its variability in time. Although most
authors opt to consider this term as constant for a given system
configuration (e.g. Guerrero et al., 2016), others point out the need
2
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Fig. 1. General geographical position of the observations in the Portuguese coastal zone/inner shelf, superimposed on the Sedimentological Chart of the Portuguese
Continental Shelf. Yellow dotted shades represent sands, blue/green shades represent muds; brown/lilac shades represent gravels. Different shadings in the same
grain sizes depend on the CaCO3 content (Instituto Hidrográfico, 2007; Instituto Hidrográfico, 2010). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

for in site calibration of the ADCP signal in order to get a valid
estimate of this term;
– TS (target strength) = 10log10Ks2Ms; backscattering strength of the
particles as the product of the square of the backscattering coefficient Ks and the suspended sediment mass concentration Ms;

– 2TL (two-way transmission losses)= 2(10log10Rψ − 8.686R
(αw + αs)); sound attenuation due to geometrical spreading including the near field correction coefficient (ψ, Downing et al.,
1995), water (αw) and suspended particles (αs), at a distance from
the transducer R, where the factor 8.686 = 20log10e converts linear
3
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Table I
General description and location of ADCP/LISST datasets. Bottom sediment characterization based on the sedimentological charts for continental Portugal (Instituto
Hidrográfico, 2007; Instituto Hidrográfico, 2010).
Dataset

ADCP
Freq.(kHz)

Start
Finish

Depth
(m)

Lat. (N)

Long. (W)

Bottom sediment

Hourly averaged samples

S.Pedro de Moel

1228.8

≈25 m

39.8702

−9.0218

Fine sand

216

S. Pedro de Moel

1228.8

≈22 m

39.8662

−9.0208

Fine sand

93

Costa da Caparica

1228.8

≈13 m

38.6282

−9.7960

Fine sand

467

Costa da Caparica

614.4

2011-09-07
2011-09-19
2011-12-04
2011-12-08
2014-10-21
2014-11-13
2014-10-21
2014-11-13

≈13 m

38.6280

−9.2962

Fine sand

467

units to dB (Moore et al., 2013). The universal function for the near
field correction coefficient ψ (Downing et al., 1995) is a function of
(transducer radius)2
z = R/Rcrit, where Rcrit =
is the transducer near
wavelength
field and is given by the expression:

=

one floc population, from clay particles of 1 μm diameter to macroflocs
of several millimeters (MacDonald et al., 2013). In this work, the formulations presented by Thorne and Meral (2008) to estimate the particles' form function f and total scattering cross section χ were used to
characterize the scattering properties of the sediments in suspension.
These expressions of f and χ were determined using a heuristic approach, based on the fit to a number of datasets for the suspension of
sands with well-known particle grain size distributions and composition, which would be expected to have very different responses to the
sound emitted by the ADCP as natural occurring flocculated sediments.
However, the development of a theoretical description of how sound
interacts with flocculating sediments has been lacking and this deficiency has impeded sound being used to extract quantitative suspended
sediment parameters in suspensions containing flocs (Thorne et al.,
2014). In their work, Vincent and MacDonald (2015) suggested a
methodology for the practical inversion of acoustic backscatter to obtain suspended mass concentration of marine flocs, using a series of
controlled laboratory experiments with flocculating kaolin, ABS

1 + 1.35z + (2.5z)3.2
.
1.35z + (2.5z)3.2

The extraction of suspended sediment parameters (concentration
and PSD) from the backscattered signal requires an inversion of the
recorded ADCP signal. At the kernel of this inversion is the description
of the scattering properties of the particles in suspension. In the context
of Eq. (2), both the target strength (TS) and the two-way transmission
losses (2TL) depend on suspended sediment concentration(Ms) and
PSD.
In the natural environment, suspended particles rarely exist in their
primary state; instead they are typically aggregated, heterogeneous
assemblages of mineral grains, biogenic debris, bacteria, and organic
material. A floc or aggregate may constitute of the order 106 individual
particles and floc size can range over 4 orders of magnitude within any

Fig. 2. Schematic representation of the observation scheme and mooring configuration used at both deployment sites S. Pedro de Moel (1200 kHz down-looking
mooring system) and Costa da Caparica (1200 kHz down-looking mooring system and 600 kHz up-looking mooring system).
4
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(acoustic backscatter sensor), LISST-100 and a floc camera. These authors concluded that both the acoustic measurements from the ABS and
the optic measurements of the LISST-100 were consistent with the
scattering of the tightly bound floculli as opposed to the larger flocs
(according to the classification of Lee et al. (2012)), and that these
flocculi could be treated as particles with density and acoustic wave
propagation speeds close to those of the primary particles. Taking these
findings into consideration the use of Thorne and Meral's (2008) empirical fit to the particles' scattering properties is validated and so is the
assumption of a density value, independent of particle size, of
2650 kg m−3, given the siliceous nature of the bottom sediment and
surrounding lithologies (Instituto Hidrográfico, 2010, 2007; Magalhães
et al., 1991). The assumption of this value is of upmost relevance for the
following calculations, since the conversion of the LISST volumetric
concentration measurements into mass measurements depends on the
particles' density, and implicitly so do all of the particles' estimated
acoustic properties.
In the acoustic theory, the particle size distribution function refers
to the particle number size distribution. Number and weight/volume
distributions may be rather different especially for prevailing amounts
of clay-silt fractions over sand because a large number of small particles
results in the same volume as only a few coarse particles (Guerrero
et al., 2016).
As far as TS is concerned, the backscattering strength (σs) of the
ensonified medium depends on the mass concentration and on the
number size distribution of the particles expressed as (Guerrero et al.,
2016):
2

s

3 f 2 Ms
16 s a VD

= K s 2 Ms =

concentration) results mainly in increased backscatter of sound
(Gartner, 2004; Thorne and Hanes, 2002) and;
– Viscous attenuation - a finer acoustic size class in which increasing
concentration (or decreasing grain size at a constant concentration)
results mainly in increased attenuation of sound due to viscous
losses (Flammer, 1962; Urick, 1948).
The finer acoustic size class comprises the grain-size range occupying the viscous loss region in the sediment attenuation coefficient
curves of Flammer (1962) and the coarser acoustic size class comprises
the grain-size range occupying the scattering loss region. The threshold
grain-size between the two acoustic size classes of sediment occurs at
the minima in the sediment attenuation curves and is negatively correlated with the frequency of sound. Thus, at progressively lower frequencies of sound, progressively coarser sizes of sediment contribute to
the attenuation of acoustic energy owing to viscous losses.
In this work, the total scattering cross-section (χ) and the scattering
attenuation coefficient (αss) were computed following Thorne and
Meral (2008) and Guerrero et al. (2016) as reported in Eqs. (7) and (8).

x2 1

0.35e

f=
a

VD

(

)

2

(3)

1 + 0.5e

(

x 1.8
2.2

)

=

ND

=

(5b)

where n(a) is the volume/mass distribution function.

f =

a n(a)da

a2f 2n(a)da

a3 n(a)da

= Ms

a2 n(a)da

3Ms
4 s

a3 n(a)da

(8)

(9)

s=

9
1+
2 D VD

T=

1
9
+
2
2 D VD

=

sv

Ms
=

=

sv

2
D VD

k
(
2 s
Ms = Ms

(10)
(11)

s
s2 + ( + T) 2

1) 2
a3

sv

(12)

n(a)da

a3 n(a)da

(13)

Echo intensity levels recorded by an ADCP in a dB scale are proportional to the logarithmical received intensity IADCP in the sonar
equation. Therefore, physical-based models of sediment backscatter and
attenuation described in Eqs. (3) through (13) may be applied to assess
the correlations between received intensities and scattering particles
features that are mass concentration and PSD (direct problem according
to Guerrero et al., 2016). Those correlations enable the assessment of
sediment features from ADCP recordings (inverse problem according to
Guerrero et al., 2016).
In this work, the logarithmic form of the acoustic intensity IADCP in
dB was calculated according to Gostiaux and van Haren (2010), considering EInoise, i.e., the echo intensity recorded by the ADCP, in counts
(E), when it is measuring outside the water and the scale factor Kc used
to convert counts into decibels (Eq. (14) and (15)), where Tk is the
transducer temperature in °K recorded by the ADCP.

(5a)

a n(a)da

ss

(7)

F

sv

where p(a) is the volume/mass distribution function.

a

= Ms

sv

(4)

a p(a)da

ss

=

2

1 + 0.9x2

0.29x 4
0.95 + 1.28x2 + 0.25x 4

The viscous attenuation coefficient (αsv) for a heterogeneous sample
with a given n(a) was evaluated as reported in Guerrero et al. (2016),
according to the formulations by Urick (1948) as reported in Eqs. (9)
through (13), where ν is the kinematic viscosity of water, F is the
system frequency, DVD is the particle mean diameter for the volume
distribution, ρs is the sediment density and σ is the quotient between
water and sediment density (ρw/ρs):

where expected ensemble values are denoted between brackets, accounting for actual PSD's measured in the field, ρs is the particle density
and < a > VD and < f > are the particle mean radius for the volume
distribution and the ensemble form function value, respectively.
The form function f describes the scattering properties of the particles (Thorne and Hanes, 2002), and in this case, was derived by
Thorne and Meral (2008) using an heuristic approach by fitting backscatter measurements from well sorted natural sand suspensions,
where, for the Rayleigh scattering region (i.e., for the wave number, k,
particles radius, a, product x much less than unit; x = ka ≪ 1), f scales
as the square of x, while in the geometric region (x ≫ 1), f asymptotes to
be 1.1, with a transition for x close to unity (Eq. (4)). Mean values for
particle radius 〈a〉 (for the weight and number distributions) and the
ensemble form function 〈f〉 were calculated using Eqs. (5a), (5b) and
(6), where n(a) is the particle size number distribution measured in the
field (Guerrero et al., 2016).
x 1.5
0.7

=

0.5

(6)

At a given frequency of sound, the transmission losses (TL) due to
the sound attenuation by the suspended sediments are attributed to two
different acoustic size classes:
– Scattering Attenuation - a coarser acoustic size class in which increasing concentration (or increasing grain size at a constant

Kc =
5

127.3
Tk

(14)
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(

IADCP = 10log10 10

K cE
10

10

K cEnoise
10

)

However, linear regression tests between the estimated 〈f〉 and the
generally established theoretical approximation of 〈f〉 ≈ 〈x〉2
(Guerrero et al., 2016), yielded a determination coefficient R2 = 79%
and a Pearson's ρ = 0.89 (ANOVA test statistics: F = 1638, 1.433 degrees of freedom and p-value ≈ 0, with non-Gaussian residuals with
median 8 × 10−4), indicating that the established theoretical trend line
〈f〉 = 〈x〉2 for the Rayleigh scattering region can also be considered a
valid approximation of the ensemble form function value for the analyzed datasets.
Fig. 4 shows the ensemble viscous, scattering and total sediment
attenuation coefficients (〈ζsv〉, 〈ζss〉 and 〈ζsv + ζss〉 calculated according to Eqs. (7) through (13)), normalized by mass. For the used
working frequencies, considering ρs = 2650 kg m−3, the hypothetical
threshold limit between the fine and coarse acoustic classes according
to Flammer (1962), occurs at the minima in the total (〈ζsv + ζss〉) sediment attenuation curves, which in this case corresponds to approximately 125 μm for the 614.4 kHz system and 74.5 μm for 1228.8 kHz
(red vertical lines in Fig. 4). Sound attenuation coefficients calculated
for the in-situ measured LISST particle number size distributions show
that they generally fall in the transition between the scattering and
viscous loss regions for the 1228.8 kHz datasets and mainly in the viscous loss region in the C. da Caparica 614.4 kHz dataset.
Estimates of the ensemble form function and sound attenuation
coefficients based on the in-situ measured PSD's only generally the
heuristic fits established by Urick (1948); Flammer (1962); Thorne and
Meral (2008) for the 614.4 and 1228.8 kHz working frequencies (Figs. 3
and 4), with some deviations especially in the 〈ζss〉 estimates. These fits
were established under laboratory controlled conditions based on
measurements with well-known PSD's and particle compositions, very
different from what it is expected to be observed in a natural marine
environment, as previously discussed. Flammer (1962), Guerrero et al.

(15)

3. Results and discussion
3.1. Suspended sediments' acoustic properties
Using LISST PSDs, suspended sediment acoustic properties (backscatter intensity, in the form of the ensemble form function 〈f〉, and
sediment sound scattering and viscous attenuation coefficients 〈ζss〉 and
〈ζsv〉, normalized by mass) were evaluated for the S. Pedro de Moel and
Costa da Caparica datasets. Suspended sediment's acoustic properties,
as previously discussed, are a function of both their concentration and
PSD and also on the acoustic system frequency, so for the Costa da
Caparica dataset, two sets of results were obtained: one for the downlooking 1228.8 kHz ADCP and a second one for the up-looking
614.4 kHz system.
Ensemble form function (〈f〉), sound scattering and viscous attenuation coefficients 〈ζss〉 and 〈ζsv〉 estimates were calculated for each
of the hourly average's PSD (n(a)) and for the equivalent lognormal
distributions taking into account the in-situ determined 〈a〉VD and δ
(according to the formulations of Soulsby (1997), as reported in Thorne
et al. (2014)). The results of these estimates (Figs. 3 and 4) were
compared with the empirical fits established by Urick (1948); Flammer
(1962) and Thorne and Meral (2008) as reported in Guerrero et al.
(2016).
〈f〉 vs grain size/wave number product x exhibit an almost constant,
through origin linear relationship between the two variables for the
four datasets. Visually, this linear relation seems to deviate from the
trend 〈f〉 = 〈x〉2 for particles falling into the Rayleigh scattering region
(x = ka ≪ 1, Guerrero et al., 2016), especially for values of x≫0.2.

Fig. 3. Ensemble form function (〈f〉) calculated for the in-situ particle number size distributions registered by the LISST (on the left) and for synthetic lognormal
number distributions (on the right), taking into account the in-situ measured 〈a〉VD and δ, according to Eqs. (4) through (6) vs. volume distribution mean diameters
(DVD - top) and x = ka (bottom).
6
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Fig. 4. Viscous (〈ζsv〉), Scattering(〈ζss〉), Total (〈ζsv + ζss〉) sediment sound attenuation coefficients (normalized by mass concentration) vs volume distribution mean
diameters (D), calculated for the in-situ particle number size distributions registered by the LISST (on the left) and for synthetic lognormal number distributions (on
the right), taking into account the in-situ measured 〈a〉VD and δ. Red vertical lines mark the transition between the viscous loss region and scattering loss region for
bothworking frequencies 1228.8 kHz (continuous line at 74.3 μm) and 614.4 kHz (dashed line at 125 μm). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

(2016) and Thorne and Meral (2008) also reported deviations from
these trends when working with natural occurring suspended sediment
distributions, attributed to shape effects. Guerrero et al. (2016) found
that some of these deviations were related to the δ (standard deviation
over mean diameter) ratio which describes the shape of the grain size
distribution curve. Moate and Thorne (2012) examined three different
size distribution types covering a range of particle sizes similar to those
observed in sandy marine environments near the seabed, and found that
the effect of a broad size distribution is to typically enhance scattering
in the Rayleigh regime, while reducing scattering in the geometrical
regime, similarly to what can be observed in the present study regarding estimates of 〈ζss〉 (Fig. 4, left panel).
In the case of the discussed datasets, grain size distributions are very
different from the normally assumed Gaussian or lognormal distributions, with high temporal variability of particle size sorting and curve
shape. In Figs. 3 and 4, the comparison between the ensemble form
function and sound attenuation coefficients estimated for the in-situ
measured PSD's and equivalent lognormal number distributions calculated using the in situ measured values of 〈a〉 and δ, clearly shows that
〈f〉, 〈ζss〉 and 〈ζsv〉 estimates for the lognormal PSD's present a better fit
to the shape of the empirical fits of f, ζss and ζsv, although some spread
still remains. Therefore, the deviations from the estimated 〈f〉, 〈ζss〉 and

〈ζsv〉 taking into account the in situ measured PSD's and resulting
number distributions (n(a)) can be attributed to both particle shape
effects and also form the deviation of the in situ particle size distributions from the well known and modelled used PSD to determine the fits
of f, ζss and ζsv through a heuristic approach.
3.2. Suspended acoustic print on ADCP response (direct problem)
Eqs. 1 and 2 state that the acoustic intensity received by the ADCP
transducer (RL – received level) results on the combined effect of the
instrumental and deployment characteristics (represented by the
“constant” C), target strength (TS) dependent on sediment concentration and PSD and the two-way transmission losses due to geometrical
spreading and water and sediment sound absorption (2TL). Considering
the estimated acoustic print of the measured sediment samples in terms
of backscattering strength and sound attenuation coefficients (due to
sediments and surrounding water), it is now possible to rewrite Eq. (1)
in the form:

C = IADCP

IEST

(16)

where IEST is the now known acoustic print of the suspended sediments
(given by their particle size distribution n(a) and mass concentrations
7
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Fig. 5. S. Pedro de Moel September and December 2011 LISST 100 time series and derived acoustic properties of sediments. From bottom to top: ADCP acoustic
response in its logarithmic form IADCP (Gostiaux and van Haren, 2010), suspended sediment acoustic print IEST = 10log10Ks2Ms − 2(10log10Rψ − 8.686R(αw + αs)
and instrumental factor C = IADCP − IEST; Suspended sediment mass concentration (Ms, considering ρs = 2650 kg m−3); Grain size volume frequency (%) distribution
(contours) and corresponding D50; TS (target strength) = 10log10Ks2Ms; Two way transmission losses due to sediment scattering losses (2(8.686R <
ζss > Ms).) + sediment viscous losses(2(8.686R < ζsv > Ms), and water(2(8.686Rαw).

Ms., Section 3.1), in the form of the backscattering strength, sound
attenuation and the two-way transmission losses due to geometrical
spreading
and
fluid
absorption,
IEST = 10log10Ks2Ms −
2(10log10Rψ − 8.686R(αw + αs)); IADCP is the acoustic response registered by the ADCP (according to Eq. (15)) and their difference C is the
term representing the contributions of instrumental and environmental
characteristics.
Figs. 5 and 7 show the temporal evolution of the suspended sediment's acoustic print in their logarithmic form (target strength and two
way transmission losses – Eq. (2)), LISST particle size distributions and
mass concentrations together with the concurrent ADCP response
transformed in its logarithmic form IADCP according to Eq. (15)
(Gostiaux and van Haren, 2010), IEST and C. Average PSD's representing
each representative interval of LISST PSD's temporal variation are
presented in Figs. 6 and 8, with time intervals referred in Figs. 5 and 7.
LISST 100 data collected at S. Pedro de Moel in September 2011
shows a generally coarse (> 62.5 μm) suspended sediment population
during this almost 10-day data series (Fig. 5). At the beginning of the
time series, relatively low concentrations (< 1 kg m−3) with modes
≈100 μm were registered by the LISST. During this deployment period,
the relatively low suspended sediment concentrations (Ms) are interrupted by two maxima of > 1.5 kg m−3 on Sept. 13th and 17–18th
respectively (Fig. 5). Although concentrations in these two episodes
were similar, PSDs tell a different story. The Sept. 13th event is marked
by an enrichment of the fine sediment fraction and consequent lowering
of both the volume (DVD ≈ 60 μm) and number distribution
(DND ≈ 6 μm – not shown) mean diameters and an increase of the δ
quotient to values approaching 1 (Fig. 6C), as opposed to the second
event when the concentration maximum is characterized by a coarser
signature, not very different from the beginning of the series (Fig. 6F).
After Sept. 18th, Ms values decrease, ranging from 0.1–0.2 kg m−3 and
grain size modes increase, revealing evidences of light “leakage” which

may be evidence of the presence of particles over 380 μm, the upper
limit of the LISST's size range (Fig. 6F - Agrawal and Pottsmith, 2000;
Traykovski et al., 1999). In December of the same year (Fig. 5), LISST
data shows a similar grain size distribution to the ones registered during
the Sept. 13th higher concentration event (modes≈ 100 μm,
DVD < 100 μm, δ ≈ 1 - Figs. 5 and 6H and I). Suspended sediment
concentrations (Ms) values are generally under 0.5 kg m−3, with a
short-term higher concentration event with a maximum of 1.5 kg m−3
(Dec. 5–6th) with no significant visible effect on PSD (Figs. 5 and 6H
and I). The S. Pedro de Moel LISST datasets reveal that the variations in
the suspended sediment's acoustic prints (TS and 2TL) are generally
governed by the concentration (quantity) of the particles. Due to the
“coarse” acoustic behavior of the particles present in the ensonified
water column (see Fig. 4), transmission losses due to scattering effects
are always one order of magnitude higher than viscous losses and the
absolute value of target strength is always at least one to two orders of
magnitude higher than the sum of the two transmission losses. With the
exception of a small interval (Sept. 17th), transmission losses due to
suspended particles are always one order of magnitude lower than
losses due to the surrounding fluid (water).
As far as the ADCP response to the variation of suspended particles
is concerned, the temporal variation of IADCP has a general good
agreement with the temporal variation in sediment concentration and
consequently to the resulting acoustic properties, although some inconsistencies can be detected. In fact, data presented in Fig. 5 highlights
an apparent exacerbated response of the ADCP to the presence of lower
mean diameters, especially for D < 100 μm. Note that for similar
concentrations of ≈0.5–1 kg m−3 felt in the first half of the time series
(Sept. 11th–13th), when grain size distributions are poorly sorted and
grain size DVD ≈ 60–100 μm, the ADCP registered acoustic intensities in
the order of 90–100 dB, when the same values of concentration or
slightly higher (> 1 kg m−3) felt on Sept. 17th, when the grain size was
8

Marine Geology 419 (2020) 106079

A.I. Santos, et al.

Fig. 6. Time average typical PSD's recorded by the LISST 100 at the S. Pedro de Moel during the Sep. and Dec. 2011 deployments. Corresponding time intervals are
indicated in Fig. 5.

essentially coarse (mode ≈ 250 μm, DVD ≈ 150 μm) yielded ADCP responses in the order of 80–85 dB. Despite their success in determining
grain sizes from single frequency deployments (later confirmed by the
work of Hanes 2013 and 2012), in their work, Topping et al. (2007)
cautioned for the fact that increases in the concentration of the finer
acoustic size class also contribute to small increases in acoustic backscatter when: (1) concentrations of the finer acoustic size class are
large, and (2) the proportion of the finer acoustic size class relative to
the coarser acoustic size class is large. Although according to the
threshold between coarse and fine acoustic classes defined by
Flammer's (1962) sound attenuation curves (Fig. 4) for a 1228.8 kHz
system is ≈74.3 μm, there is in fact an increase in smaller particles
contributing to the scattering of sound on Sept. 11th and 13th, which
might account for the apparently exacerbated ADCP response, however,
the calculated acoustic print of these sediments (IEST) was unable to
reproduce this phenomena during these periods, causing the resulting
difference C (Fig. 5) to show variability around its mean in the Sep.
2011 dataset.
In the Costa da Caparica dataset a clear temporal variation of both
the concentration values and of the PSD is present (Figs. 7 and 8). At the
beginning of the time series (21–29th October), LISST measurements
show a generally coarse sediments (modes ≈ 100 μm) and low mass
concentrations (< 1 kg m−3). After two days of no valid LISST data due
to low concentrations, the period from November 1st to the end of the
time series shows a general decrease in mean sediment diameters with a
significant increase in fine content and an increase in concentrations to
values in the order of 0.5–1 kg m−3 with maxima of ≈1.5 kg m−3.
Grain size distribution curves in this period are poorly sorted when
compared with S. Pedro de Moel, especially towards the end of the
series (Fig. 7) where some evidence of multi-modal curves can be observed, especially after 3–4th November (Fig. 8). “Open” grain size
curves in the finer sediment side collected at the last days of observations show the influence of very fine particles (< 2.5 μm) which fall
outside of the range of the LISST. As far as the resulting acoustic print is
concerned, the same observations made about the S. Pedro datasets are
also valid for Costa da Caparica: the acoustic properties of these

suspended sediments are mainly governed by concentration (Fig. 7).
Values of 2TL obtained for both working frequencies are very similar,
but TS calculated for the 614.4 kHz system are approximately 10 dB
lower than for the 1228.8 kHz system. In these datasets IADCP generally
follows Ms and consequently TS and 2TL, and no significant differences
can be inferred between the two working frequencies. Values of the
instrumental factor C show a low variability around the mean, especially in the beginning of the time series when the suspended sediment
are less variable. Although in these datasets there are several intervals
when DVD < 100 μm and δ > 1, IADCP did not reveal the same exacerbated behavior detected in the S. Pedro de Moel dataset.
In the discussed datasets the dependence of the value of C and its
variation around its mean (difference between the acoustic ADCP response and the estimated acoustic sediment imprint IEST) from the recorded ADCP response IADCP is evident (Figs. 5 and 7). In fact, Fig. 9
shows that for the four discussed datasets, independently from site,
frequency and deployment date, a highly significant through origin
direct linear correlation exists between the two values where
C ≈ yIADCP, with a fairly constant y between 1.6 and 1.8.
This direct dependency between the difference C = IADCP − IEST and
IADCP suggests that, given the adopted acoustic methods, IEST is unable
to fully explain the ADCP's response. In fact, as it was stated before in
this work, the application of the most common and accepted acoustic
models to estimate the particles' acoustic properties to natural marine
suspensions is, at the moment, only the best available option after the
findings of Vincent and MacDonald (2015), however the limitations of
their use were evident from the deviations from the established empirical fits, as discussed in Section 3.1. The use of the LISST data as our
primary source of suspended sediment information may also introduce
a variety of errors and assumptions about the true nature of the measured suspensions, beginning in the fact that an assumed value of sediment density is necessary to convert LISST volumetric concentrations
into mass concentrations. In this work, the limitations imposed by the
use of the LISST as opposed to the collection of samples and direct
observations, namely in what regards the need to make assumptions
about particle composition and “configuration” (presence or absence of
9
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Fig. 7. Costa da Caparica October/November 2014 LISST 100 time series and derived acoustic properties of sediments. From bottom to top: ADCP acoustic response
in its logarithmic form IADCP (Gostiaux and van Haren, 2010), suspended sediment acoustic print IEST = 10log10Ks2Ms − 2(10log10Rψ − 8.686R(αw + αs) and instrumental factor C = IADCP − IEST, for both 1228 and 614.4 kHz working frequencies; Suspended sediment mass concentration (Ms, considering ρs = 2650 kg m−3);
Grain size volume frequency (%) distribution (contours) and corresponding D50; TS (target strength) = 10log10Ks2Ms, for both 1228 and 614.4 kHz working frequencies; Two way transmission losses due to sediment scattering losses (2(8.686R < ζss > Ms).) + sediment viscous losses(2(8.686R < ζsv > Ms), and water
(2(8.686Rαw), for both 1228 and 614.4 kHz working frequencies.

Fig. 8. Time averaged typical PSD's recorded by the LISST 100 at the Costa da Caparica during the Oct./Nov. 2014 deployment. Corresponding time intervals are
indicated in Fig. 7.
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Fig. 9. Through origin linear correlations between the instrumental factor C (C = IADCP − IEST) and IADCP, for the S. Pedro de Moel (Sep and Dec. 2011) and C. da
Caparica (1228.8 and 614.4 kHz) datasets.

flocculation), the use of a size independent density of 2650 kg m−3
which may introduce errors in the mass concentration values, and the
relatively narrow size spectra of 2–350 μm of the LISST 100 type C
(assuming the randomly shaped particle inversion model of Agrawal
et al., 2008, may represent part the explanation for the temporal variation of the difference C = IADCP − IEST. However, and given the final
objective of this work the use of LISST instrumentation still remains the
best available option to obtain suspended sediment data with high
temporal resolution, in terms of cost efficiency and operational procedures.
Vincent and MacDonald (2015) used a similar LISST 100 instrument
to study the acoustic and optic scattering properties of flocculating
sediments, mentioning the works by Graham et al. (2012), Hill et al.
(2013), Mikkelsen et al. (2005) and Mikkelsen and Pejrup (2001)
among others, that point out the discrepancies between the PSD's
measured by the LISST and the ones determined by floc or holographic
cameras, namely in the coarser side of the LISST size spectra
(≈500 μm). However, in our datasets measured PSD's only occasionally
show the typical peaks at the finer and coarser ends of the size spectra,
typical of “light leakage” of the observed particles as described by
Agrawal and Pottsmith (2000) and Traykovski et al. (1999). Additionally, Graham et al. (2012) concluded that for non-spherical natural suspensions the LISST-100 may be sensitive to optical scattering
from sub-particles within larger particles, regardless of the way they
may be packaged into particles of larger overall size, meaning that,
according to these findings, the LISST response is actually in line with
the chosen acoustic model to describe the scattering properties of the
suspended sediments.

loss between 0.01 and 0.2 dB which are one to two orders of magnitude
lower than values of TL due to fluid absorption in the order of
0.7–0.8 dB (Francois and Garrison, 1982). Taking these results into
consideration, and given that this term has very little weight in in
comparison with the terms TS and the instrumental factor C (Figs. 5 and
7), transmission loss due to sediments can, in the case of these datasets,
be considered negligible, eliminating one of the terms which depends
on suspended sediment PSD.
As far as the target strength is concerned, the known simplification
that PSD is constant in time has to be assumed for this purpose, which
will allow us to consider the term 10log10Ks2 constant, simplifying Eq.
(2) into the form:

10log10 Ms = IADCP + 20log10 R + 2R

w

C = FCB

C

(17)

where C′ is a constant incorporating the values of C and 10log10Ks2.
Taking these simplifications and assumptions in mind, MsEST values can
be determined from IADCP corrected for geometrical spreading and fluid
absorption (fluid corrected backscatter - FCB) data using the expression:

log10 Ms = B × FCB + A

(18)

The slope (B) and intercept (A) coefficient of the linear relation in
Eq. (17) (calibration parameters) can be estimated by fitting the logarithmic values of LISST concentrations (Ms) to the corrected acoustic
signal (FCB).
Two sets of “calibration” parameters were used to determine
acoustically estimated concentration (MsEST). In the first case, calibration parameters for concentration (A and B) were determined using the
full set of concurrent LISST and ADCP observations (216 and 93 h of
observation for the S. Pedro de Moel datasets and 467 h of observation
for the Costa da Caparica datasets). However, the primary objective of
this work is to evaluate the possibility of using single frequency commercial ADCP deployments as standalone sediment profilers, assuming
limited access to a LISST, water sampling or other means of sediment
measurements. In order to accomplish this objective, it was simulated
that LISST data was only available for the first 24 h of concurrent observations, and a second set of calibration parameters was determined
for this case. Table II shows the results of the linear fits and the corresponding statistical analysis, showing that significant relations exist
between the two variables for all datasets when the full observation
periods are considered (p-values < .0001 for all four datasets). Regressions for the first 24 h of observation show less desirable statistical
significance especially for the S. Pedro de Moel Dec. 2011 dataset and
the Costa da Caparica 614.4 kHz datasets. In the remaining cases,

3.3. Inference of suspended sediment parameters (concentration and grain
size) from ADCP acoustic response (inverse problem)
3.3.1. Estimating sediment concentration (MsEST) from IADCP
According to the results presented in the previous sections, a generally good agreement exists between the time series of IADCP and Ms
measured by the LISST, however, the explicit determination of suspended sediment concentration (MsEST) from IADCP depends both on its
deployment settings as well as on the PSD (in the form of target strength
and sound attenuation), so, in order to calibrate the IADCP to obtain
estimated concentrations, some assumptions and simplifications regarding the particle size terms have to be made.
According to the results presented in Section 3.2, observed suspended sediment generally yield values of total sediment transmission
11
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Table II
Results of the linear fits between ADCP fluid corrected backscatter (FCB) and the logarithm of LISST suspended sediment concentrations and the corresponding
statistical analysis (coefficient of determination – R2; Pearson correlation coefficients – ρ and p-values).
Dataset

#

〈FCB〉
dB

〈log10Ms〉

B

A

R2

ρ

p-Value

S.Pedro de Moel
Sep. 2011
1228.8 kHz
S. Pedro de Moel
Dec. 2011
1228.8 kHz
Costa da Caparica
Oct/Nov. 2014
1228.8 kHz
Costa da Caparica
Oct/Nov. 2014
614.4 kHz

216
24

106.222
113.472

−0.420
−0.304

0.028
0.032

−3.387
−4.015

0.334
0.566

0.578
0.752

< 0.0001
< 0.0001

93
24

100.182
100.768

−0.763
−0.888

0.063
−0.0171

−7.117
0.841

0.317
0.032

0.563
0.180

< 0.0001
0.3989

467
24

88.724
88.340

−0.623
−0.879

0.062
0.041

−6.125
−4.527

0.271
0.266

0.521
0.515

< 0.0001
0.0099

467
24

105.215
100.963

−0.623
−0.879

0.069
0.067

−7.959
−7.600

0.536
0.275

0.732
0.525

< 0.0001
0.0085

Fig. 10. Comparison of suspended sediment concentrations determined by the LISST (Ms) and acoustically estimated concentrations MsEST for the four datasets, using
the full dataset and first 24-hour calibration parameters for the S. Pedro de Moel and Costa da Caparica datasets.
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Fig. 11. Comparison of mean grain size distribution diameters for the volume distribution (DVD) determined by the LISST and acoustically estimated mean diameters
DEST for the four datasets, according to Eq. (19), using Ms (LISST) and acoustically estimated concentrations MsEST (ADCP).

determined values of the calibration parameters A and B for the full
datasets and the 24-hour datasets are within the same order of magnitude.
The comparison of the Ms and MsEST for the four analyzed datasets
together with the estimation quotient MsEST/Ms. show that the use of
24-hour long calibration periods are not capable of accurately reproduce the measured Ms. in the case of S. Pedro de Moel Dec. 2011
and for the Costa da Caparica 614.4 kHz datasets (Fig. 10). When full
datasets are considered, MsEST is capable of generally reproducing the
Ms time series for in all cases. Despite the worst performance of the 24hour calibration parameters, estimation ratios MsEST/Ms are within the
0.1–10 limit for all cases in both working frequencies, showing that this
calibration methodology and the assumed grain size term simplifications allow the estimation of sediment concentration values with errors
within one order of magnitude.
Although the correlation between Ms and MsEST is acceptable in
most of the observation periods, results also show that the

concentration estimate MsEST has worst performance when grain size
distributions are variable and curve coefficients of variation δ approach
or are higher than 1 (S. Pedro de Moel Sep. 13th event, S. Pedro de Moel
Dec. 2011 and the second part of the Costa da Caparica datasets). These
deviations were, however, expected, given that the grain size distribution variation terms were eliminated from the expression used to
determine the calibration parameters A and B (Eqs. (17) and (18)).
Additionally, on Sept. 17th in S. Pedro de Moel, the concentration
maxima characterized by a coarse PSD is not reproduced by the MsEST
time series, due to the lower sensitivity of the ADCP to this event already discussed in Section 3.2.
3.3.2. Suspended sediment grain size from IADCP and concentration
Given the presented results, two relations could be established that
theoretically allow for the explicit determination of grain size from
IADCP and concentration values. First, in Section 3.1, it was established
that ensemble form function estimates 〈f〉 follow a through origin linear
13
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significant statistical correlation with the generally accepted trend
〈f〉 = 〈x〉2 for the Rayleigh scattering region (Guerrero et al., 2016;
Thorne and Meral, 2008).
Secondly, the difference between the ADCP acoustic response
(IADCP) and the acoustic intensity (IEST) based on suspended sediment
concentration and particle size allowed for the determination of an
estimate of the instrumental factor C, which has a significant linear
through origin correlation with the ADCP response IADCP (Fig. 9), in the
form C = yIADCP, with 1.6 < y < 1.8.
Furthermore, sound attenuation due to sediment (resulting from
both scattering and viscous losses, Figs. 4, 5 and 7, Section 3.2) can be
considered negligible for most of the observation periods, given the
calculated values of target strength, fluid absorption, geometrical
spreading and C.
Taking into account these relations and assumptions and introducing them into the expression of equation1 and 2 the following relation
can be established:

effects as well as the deviations from the in situ measured PSD's from
the commonly assumed lognormal or Gaussian distributions. Despite
these deviations, ensemble form function estimates displayed a statistically relevant relationship with the established approximation of
〈f〉 = x2 for the Rayleigh scattering region for both used working frequencies (Guerrero et al., 2016; Thorne and Meral, 2008) . Sound attenuation coefficients calculated for the measured LISST PSD's show
that they generally fall in the transition of the scattering and viscous
loss regions.
Resulting target strength (TS) and transmission loss (2TL) time
series based on the estimates of 〈f〉, 〈ζSS〉 and 〈ζSV〉 and mass concentration Ms reveal that these mainly depend on Ms and not on the
particle size dependent terms (〈f〉, 〈ζSS〉 and 〈ζSV〉) as they were estimated (Fig. 5 and Fig. 7).
Datasets revealed that the present suspended sediments had a generally
coarse
nature,
and
relatively
low
concentrations
(0.01–2.5 kg m−3), except for the last days of the Costa da Caparica
dataset and the Sept. 11th and 13th event in S. Pedro de Moel, when an
increase of the relative frequency of finer particles yielded higher grain
size distribution coefficients of variation (δ ≈ 1) and lowering of the
mean volume distribution diameters. An exacerbated acoustic response
of the ADCP to this increase in concentration of finer particles was
noted in the S. Pedro de Moel dataset, attributed to the increase of the
relative frequency of the finer acoustic size classes (Topping et al.,
2007).
Calculated acoustical prints of the measured suspended sediment
(IEST) and the concurrent ADCP response allowed for the determination
of the time series of the instrumental factor C, which exhibited a temporal variation clearly related with IADCP. This dependency suggests
that IEST is unable to fully explain the ADCP's response, given the
adopted acoustic methods that are probably not totally adequate to be
used in naturally heterogeneous suspended sediments, and the implications of the use of the LISST as our only source of suspended sediment data.
Notwithstanding, considering the established relations, true for the
analyzed datasets: < f > ≈ x2; C = yIADCP; and αs ≈ 0, a form Eq. (1)
(Thorne and Hanes, 2002) could be established (Eq. (19)) that allows
for the explicit calculation of an acoustically derived equivalent grain
size (〈a〉EST or 〈D〉EST) from single frequency ADCP acoustic intensities
and sediment concentrations that can be either independently measured by a LISST (or other sediment concentration monitoring instrument) or derived from the ADCP's acoustic response if valid calibration
parameters are established. Results show a generally good relationship
between the acoustic equivalent size DEST and the measured volume
distribution mean diameters, within one order of magnitude accuracy.
Given the presented results, this work establishes a possible methodology that allows the extraction of estimates of suspended sediment
concentration and mean particle size within errors one order of magnitude, from common single frequency ADCP monitoring data.
However, this method is unable to exclude the need of a prior calibration period of concurrent ADCP and valid suspended sediment
measurements that will allow for the calculation of a reasonable approximation of the constant y, concentration calibration parameters
and to check if the conditions < f > ≈ x2; αs ≈ 0 apply. This work also
reveals that, although these estimates represent valuable information
where and when no suspended sediment monitoring capacities are
available, the used assumptions to estimate the scattering and attenuation characteristics of the measured particles fall short of explaining the variation of the ADCP's acoustic response under field
conditions. Further efforts are required to repeat these field measurements under different environmental settings and complemented with
in situ visualization of the suspended particles (with the use of cameras
and collection of water samples), in order to better understand the
particles' true nature and composition and adapt the acoustic models
accordingly.

log10 < a >EST
=

IADCP

C

3k 4

10log10 16

s

10log10 Ms + 20log10 R + 2R
30

f

(19)

where C can be substituted by the expression C = yIADCP, k is the wave
number for the working system frequency, and concentration can be
either Ms measured by the LISST or the acoustically estimated MsEST.
Using Eq. (19) and y = 1.64 for the 1228.8 kHz datasets and
y = 1.77 for the 614.4 kHz dataset, estimated values of mean grain
radius 〈a〉EST were determined for the considered datasets and estimations quotients (DEST/DVD) were calculated. Two sets of estimated
particle size were determined: in the first case the LISST measured mass
concentration Ms was used, and in the second case values acoustically
estimated MsEST (using full dataset calibrations) were used. Results
show that acoustically estimated grain sizes (DEST = 2*〈a〉EST) generally fall within the same order of magnitude of DVD measured by the
LISST (quotients DEST/DVD generally between 0.1 and 10), with a
general tendency for overestimation (mean estimation coefficients of
1–2.5, with maxima of 10 in the 614.4 kHz dataset). No significant
change on estimation ratios could be observed from the use of Ms or
acoustically estimated MsEST, suggesting that, as long as validated calibration parameters to determine MsEST from IADCP are available, the
ADCP by its own, and under these deployment settings is able to acquire
sufficient data to determine an estimated mean grain size within the
same order of magnitude as the ones measured by the LISST (Fig. 11).
4. Final Considerations
In this work an evaluation of the use of current ADCP single frequency monitoring data to extract estimates of suspended sediment
concentration and particle size was presented. To this end, four available concurrent LISST and ADCP datasets collected in similar nearshore, low concentration marine environments in the Portuguese continental shelf were processed and analyzed in order to understand the
impact of varying suspended sediment concentration and grain size
distribution on ADCP acoustic responses.
Using LISST data, the suspended sediments' acoustic properties
(backscattering strength and sound attenuation due to scattering and
viscous losses) were estimated for the four datasets, taking into account
the formulations presented by Flammer (1962), Thorne and Meral
(2008) and Urick (1948) as summarized in Guerrero et al. (2016), established for single particle suspensions of known or synthetically
modelled particle size distributions and composition. Ensemble form
function (〈f〉), scattering (〈ζSS〉) and viscous (〈ζSV〉) sound attenuation
coefficient estimates for the in situ measured particle number distributions show a general approximation to the heuristic fits. The deviations from these fits were interpreted as the result of particle shape
14
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