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Executive Summary
Water quality associated with dredge operations is often monitored and reported in terms of Nephelometric
Turbidity Units (NTU), a specific measure of the light scattered by particulate matter suspended in the water
column. This water quality measurement provides information on water clarity but provides little data on the
particle size and dynamics or the optical properties of the sediment. From the perspective of understanding light
fields within the water column, or light reflected from the ocean that might be detected by remote sensing
instruments, it is the specific optical properties of spectral scattering and absorption that are important. There
exists a range of optical sensors that measure optical characteristics intimately related to turbidity so it is of
interest to understand the relationships between traditional NTU measurements and these other optical
measures of water clarity.
Measurements of total suspended solids (TSS) are often reported within a suite of water quality measurements.
The TSS is a good indicator of turbidity, but also is related to the total mass of particulates suspended in a column
of water and in turn the potential settlement of particulates on the benthos. The remote sensing product most
commonly reported for turbid coastal waters dominated by inorganic particulates is TSS.
Optical measurements more complex than the simple NTU procedure can be employed to determine particle
size distribution (PSD). Knowledge, or reasonable assumptions, of the PSD is critical for estimating the
proportions of particles that will settle out of a water column and those that will be transported some distance
from the source of particulates.
Notwithstanding the potential of remote sensing for monitoring water quality associated with dredge operations
(see Project 3.2.1), collection of samples for input to models, and characterisation of optical properties and PSD
of a water mass is typically carried out using in situ methods, thus is costly and labour intensive. We collected
sediment samples from the seabed associated with dredge operations in waters adjacent to Onslow, WA, and
subjected these samples to a series of controlled tank-based studies to measure optical and physical parameters
of interest, including NTU, scattering and backscattering coefficients, PSD and acoustic scattering. The results
showed, as was expected, very high correlation between the various scattering measurements, but also
highlighted some of the differences.
In particular, we observed a non-linearity between the NTU and TSS which was more obvious over the large range
of TSS measured. It is clear that calibration of an NTU sensor needs to be based on the full range of TSS
concentrations expected to be encountered in the field, and the number of calibration points must be
sufficient to characterise the potential non-linearity.
We also demonstrated a significant range of TSS/NTU calibration ratios of the sediment samples collected from
close proximity to the dredge operations and measured in the tank (ranging from 2.2 to 2.8), in contrast to fieldbased calibrations of 1.1. These results do not support the idea to collect sediment samples in the field to
undertake TSS/NTU calibrations by resuspension. The extent and duration of the field program was not
sufficient to fully explore the potential variability of the TSS/NTU calibration, but it would be sensible for those
undertaking TSS monitoring using NTU sensors (or similar scattering sensors) to periodically collect concurrent
water samples for gravimetric determination of TSS to monitor the TSS/NTU calibration.
Also, the majority of re-suspended sediment samples measured using a LISST instrument were characterised by
a bi-modal PSD, in contrast to field-based measurements of the PSD that typically were not bi-modal. However,
field samples derived from core samples and measured in-lab with a Malvern Analytical Mastersizer 2000 did
often display a bi-modal PSD. We surmise that either samples collected from the substrate, either by core or grab
or other collection method may naturally display a bi-modal distribution representative of a fine layer of clay and
fine silt from dredging having settled on an otherwise coarse sandy seabed, or, the act of sample collection and
re-suspension significantly changes the PSD from the naturally occurring, possibly due to effects of flocculation.
Therefore, we suggest it is unwise to attempt to use this collection and re-suspension process to obtain
accurate estimates of in-field PSD properties.
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Considerations for predicting and managing the impacts of dredging
Turbidity is commonly reported in units of NTU. It is important to understand that an NTU sensor is simply a
specific type of light scattering sensor, with the calibration referenced to a specific concentration of formazin in
water. The amount of light scattered by natural particulates depends on factors such as particle shape, size (or
PSD), colour and angle of light scattering. As a consequence, the relationship between NTU measured in natural
waters is not expected to be exactly correlated with TSS. Sometimes an NTU sensor, or the NTU readings
obtained, may be calibrated to TSS, but if the physical/optical properties of the particulates vary from the
calibration samples, the NTU versus TSS relationship will break down.
A number of scattering sensors were tested and shown to all produce highly correlated, but different results.
Essentially any (reasonable) scattering sensor could be used to collect data that may be correlated with TSS.
Some scattering sensors are designed to provide meaningful optical scattering properties. These sensors could
be used to estimate TSS load, as well as provide optical data for input to radiative transfer models, which in turn
could be used to develop and validate remote sensing algorithms, or spectral light intensity in the water column
and at the substrate. For all in situ sensors, users need to be careful to understand the nuances of the differences
and similarities.
Sediment samples collected from the substrate and then re-suspended in a laboratory setting cannot be used to
infer the optical or PSD characteristics of the naturally occurring suspended sediment in the ocean. The NTU to
TSS calibration should be carried out in the field during the monitoring program, with the calibration being
tracked through time by comparison with water samples collected and subjected to gravimetric analysis.
The same recommendation holds for the determination of suspended sediment PSD. Substrate samples cannot
be collected and re-suspended with the intent of determining water column PSD. The samples analysed by
resuspension in this work displayed significantly different PSDs to those measured in situ during the field
program.

Residual Knowledge Gaps
The relationships between TSS and optical/acoustic scattering measurements, including NTU, are quite robust
and usually accepted as reasonably linear, at least over a moderate TSS range. However, the specific relationships
are typically derived using empirical methods. We have demonstrated empirically derived relationships and
shown the variability in ‘calibration’ across a range of sediment samples. A degree of the variability in calibration
is attributed to the characteristics of the particle size distribution, with moderate relationships shown for TSS to
NTU ratios and PSD metrics. The majority of sediment samples were collected in the Onslow region, with only
two collected from further afield, thus the results (calibration parameters) presented should not be applied to
sediments in other regions. In fact, the Onslow sediment samples were collected during only three field
campaigns, thus may not be representative of the wide range of sediment characteristics that might be expected
during all stages of a dredge campaign. The two non-Onslow sediment samples highlighted the potential degree
of variability. Further, comparison of the TSS/NTU calibration to that carried out in situ during the field program
highlighted significant differences. This work demonstrated the impact of PSD on the calibration of TSS/NTU
scattering sensors, but cannot be considered definitive and encompassing of all situations in any way. A more
extensive investigation using in situ TSS, scattering and PSD data representative of a wide range of sediment
types, preferably sourced from various locations during different stages of dredging, would increase the
understanding of the complex TSS to scattering relationships. An improved understanding would potentially lead
to more robust calibration protocols, and possibly improved quality of data used as input to hydrodynamic
models.
We have demonstrated some of the difficulties in undertaking seemingly simple optical measurements in the
complex optical environment of turbid water. We were able to demonstrate relationships or interdependencies
between various measured and derived parameters, but we must stress that many, if not all, of the optical
measurements are affected by the PSD. In turn, the PSD is affected by the shear of the water column. We only
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undertook measurements under one mode of mixing in the tank. The natural environment not only experiences
mixing due to many different forces, but the energy regime varies considerably, from extremes of “glassed out”
waters to cyclonic storms.

Glossary of terms
ABS:

Acoustic Backscatter Sediment sensor

AIMS:

Australian Institute of Marine Science

aw:

pure water absorption TSS

bb:

scattering coefficient

bbp* (λ):

mass-specific backscattering coefficient

bbp:

particulate backscattering coefficient

Bw:

scattering

CSIRO:

Commonwealth Scientific and Industrial Research Organization

CTD:

Conductivity Temperature Depth instrument

DPaW:

Department of Parks and Wildlife

LISST:

Laser In Situ Scattering and Transmissometry

NIR:

near infrared

NTU:

nephelometric turbidity unit

OBS:

Optical Backscattering Sensors

PS:

Particle Size

PSD:

Particle Size Distributions

S:

salinity

T:

temperature

TSS:

Total Suspended Sediment

TVC:

Total volume concentration
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1

Introduction

Water quality monitoring is a routine operation during dredging to ensure compliance with limits established
through the approval process, to ensure impacts are minimised during project implementation and to inform the
adaptive management process with respect to the need for the development and implementation of appropriate
intervention (EPA 2016). There are many parameters associated with water quality, but commonly water quality
in coastal waters is associated with turbidity and volumetric measurement of water constituents (inorganic
sediments, phytoplankton, detritus), in particular the total suspended sediment concentration (TSS). The
turbidity and TSS concentration in coastal waters can be monitored using either space-borne remote sensing or
traditional in situ techniques using a wide range of optical and acoustic instruments or water sampling methods
(Evans et al., 2012; Islam et al., 2007).
Water column turbidity can be measured in situ using a variety of different optical sensors with each using a
slightly different underlying principle and producing typically different units. Some instruments can measure
turbidity based on light transmittance or attenuation and some instruments can estimate turbidity using acoustic
scattering (Fearns et al. 2017a). However, most sensors designed specifically to measure turbidity typically rely
on measurements of the scattering of light to derive a measure of water turbidity, reported as a mass-specific
NTU (nephelometric turbidity unit). Some sensors that measure scattering of light can also provide an indication
of particle size, or distribution of particle sizes, based on the relative differences in the scattering of light at
different wavelengths or angles. In situ TSS measurements are often used to calibrate NTU sensors to derive
estimates of TSS, however the optical scattering strength (NTU) varies for different particulate types due to
differences in shape, refractive index and particle size distribution (PSD), therefore the calibration of the NTU
sensor tends to be considered site-specific, or water mass-specific.
The range of optical sensors available in the market range in price from a few thousand to tens of thousands of
dollars. Examples include Environmental Characterization Optics (ECO) series sensors, Optical Backscattering
Sensors (OBS), HydroScat Optical Backscattering sensors, In situ Spectrophometers (acs) and Laser In Situ
Scattering and Transmissometry (LISST) instruments (Fearns et al. 2017a). In this study we performed
comparative measurements using various common turbidity sensors, including optical scattering and acoustic
scattering instrumentation, and compared and contrasted the results with respect to estimating particle load
(TSS concentration), and/or Particle Size Distributions (PSDs). Studies were conducted in a controlled laboratorybased setting with a range of different sediment types primarily obtained from the Pilbara coast.
More specifically we:
• determined the particle size (PS) of sediment samples from Pilbara coastal waters using a sequoia
scientific LISST 100X submersible particle size analyser and related PS to the particulate backscattering
slope (γbp parameter) of HobiLabs HydroScat-6 data;
• compared PSD measurements in-tank to those collected in-field;
• established the relationship between turbidity and TSS concentration using the optical properties of
particulate backscattering coefficient (bbp), scattering coefficient (bb) from HydroScat-6, Wetlabs ECO
NTU and Campbell Scientific OBS3+ data.
• compared TSS/NTU calibrations conducted in-tank to those derived from in-field data.

2
2.1

Materials and Methods
Sediment Samples

The majority of sediment samples used in this experiment were obtained from the waters along the Pilbara coast
near Onslow in northern Western Australia (see Figures 1–3 and Table 1. Details of the samples used in the
experiments.). A small number of samples from other locations were used during initial testing of the equipment,
and to provide contrast to the samples collected in the Onslow region.
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Table 1. Details of the samples used in the experiments.
ID

Location Name

Latitude

Longitude

Experiment Date

S01

Kelmscott hills clay

-32.1302

116.0357

14/09/2015 02:45:00 PM

S02

Kelmscott hills clay

-32.1302

116.0357

08/12/2015 10:40:00 AM

S03

AIMS Sponge Site 1

-21.6020

115.092

09/12/2015 02:25:00 PM

S04

AIMS Sponge Site 2

-21.5155

115.033

10/12/2015 12:00:00 PM

S05

Direction Island NE

-21.5311

115.135

10/12/2015 03:38:00 PM

S06

DPaW Sites

-21.518

115.203

11/12/2015 11:30:00 AM

S07

J16 (CSIRO)

-21.588

115.088

11/12/2015 03:28:00 PM

S08

Locker Island

-21.717

114.926

14/12/2015 12:06:00 PM

S09

Ashburton Island NE

-21.588

114.939

14/12/2015 02:25:00 PM

S10

Riverton Bridge (Perth)

-32.017

115.900

15/12/2015 11:04:00 AM

S11

Credo (inland South WA)

-30.192

120.653

15/12/2015 02:36:00 PM

S12

D23 (CSIRO) Ashburton river mouth

-21.670

115.033

16/12/2015 10:52:00 AM

S13

D28 (CSIRO) dredge zone

-21.613

115.041

16/12/2015 02:24:00 PM

S14

J17 (CSIRO) 2km from shore

-21.618

115.103

08/11/2016 12:46:00 PM

S15

J19 (CSIRO) 2km from dredge zone

-21.619

115.076

09/11/2016 08:40:00 AM

S16

D26 (CSIRO) dredge zone

-21.631

115.036

09/11/2016 11:32:00 AM

S17

J8 (CSIRO) 2 km from dredge zone

-21.612

115.087

09/11/2016 02:38:00 PM

S18

J16 (CSIRO) 3 km from dredge zone

-21.588

115.088

10/11/2016 11:02:00 AM

The waters in Onslow have been impacted by dredging activities for the Wheatstone project (Wheatstone
Project; see Ministerial Approval Statement MS873, available on the WA EPA website:
http://www.epa.wa.gov.au) from April 2013 until February 2015 (Abdul Wahab et al. 2017). During the course
of the operations, it was expected that dredging activities would generate about 30 Million m3 of dredge spoil
which would be relocated to dredge material placement sites (spoil grounds). The dredging of the sea floor
generally involves removing large amounts of bottom sediments where larger and heavier sediments settle
rapidly while the fine sediments remain in suspension for a longer period, but eventually settle with occasional
resuspension from wind-driven currents.
Sediment samples from the field sites in Pilbara waters were collected in October 2013, June 2014 and July 2015
field campaigns which were jointly undertaken by Curtin University, the Department of Parks and Wildlife
(DPaW), the Australian Institute of Marine Science (AIMS) and the Commonwealth Scientific and Industrial
Research Organization (CSIRO) (Fearns et al. 2017b). Figure 1 shows the field sites from which samples were
collected and the general area where dredging activities were carried out during the course of the activities.
Some samples were collected by divers, and some were extracted from core samples. Figures 2 and 3 show
localised maps of specific sampling sites. In all cases efforts were made to collect only the top (surficial) fine
sediments which would represent sediment that had recently been dredged and settled, although in reality all
samples included a proportion of large particles (including sand, small stones and shell fragments).

2
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Figure 1. Field sites (Pilbara coast around Onslow, Western Australia) where sample sediments were collected during
the 2015 field campaigns. WAM in this figure corresponds to AIMS sites.

Figure 2. Locations of field survey sample sites for 25 October 2013. Dredge operations occurred within the exclusion
zone. Sediment samples from selected sites were analysed in this experiment (see Table 1)
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Figure 3. Locations of field survey sample sites for 24 October 2013. Dredge operations occurred within the exclusion
zone. Sediment samples from selected sites were analysed in this experiment (see Table 1).

2.2
2.2.1

Experiment Design and Data Processing
Experiment Design

The experiment was conducted using a large, 1.66 × 1.51 m fibreglass tank in the aquatic laboratory of Curtin
University where optical instruments were positioned such that contamination of detectors due to light sources
from neighbouring instrument was avoided (Figure 4). The tank was also covered in black plastic to reduce
ambient light. The tank system included a stirrer constructed by mounting a paint stirring attachment to a 24V
300 W DC motor by a shaft such that the stirring propeller was just above the bottom of the centre of the tank.
The stirrer was powered by a variable voltage power supply which was essential to maintain the rotational speed
of the propeller at a level to allow the sediments to remain in suspension without creating water vortices which
might influence the optical measurement of instruments or cause inhomogeneous concentrations throughout
the tank. The larger particles included in the samples (sand, small stones and shell fragments) fell out of
suspension soon after addition of sample portions.

4
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Figure 4. Tank and Optical
Instruments (LISST 100X,
acs-176, CTD with attached
NTU sensor and HydroScat6) in an experimental
configuration. The image
was taken after the
experiment had been
completed and the turbid
water was being drained
from the tank.

2.2.2

Experiment Procedure

The tank was filled with 5 μm filtered sea-water and all instruments were cleaned before placing each in their
designated places as shown in Figure 4. The stirrer was then turned on and allowed to run for 5 minutes before
starting measurements. The instruments were run for at least 3 minutes to collect the ‘clean’ water
measurements.
Sediment samples (see Table 1) were divided into 10 or less portions and mixed with seawater in an effort to
divide the sample into approximately even portions. A single portion of sediment sample was then added to the
tank. Instrument outputs were monitored in real-time to observe the uniformity of data. Typically, a period of
approximately 1 minute was required for the water to mix well and for the measurements to stabilize. The water
was then allowed to mix for 2–3 minutes before water samples were taken, then an additional 2–3 more-minutes
of instrument readings were taken. This process was repeated for each additional portion of sample added until
all portions were exhausted. The instruments were then all stopped and taken out of the tank for downloading
data, cleaning and calibration if required. The process was repeated for each unique sample listed in Table 1.
Water samples were collected using 3 × 1 L bottles and TSS determined gravimetrically. Briefly, the samples were
filtered through Whatman GF/F filters (47 mm diameter, nominal pore size of 0.7 μm) using a low vacuum
pressure and flushed using 50 mL of distilled water to remove the residual salt. The filter pads were stored in a
cool dry place before being dried in an oven for 24 hrs at 60 °C and repeatedly weighed using an electronic massbalance with a precision of 0.001 mg until a tolerance weight limit of 0.01 mg L -1 was achieved.

2.3
2.3.1

Instrumental and Data Processing
SBE 19 plus SeaCAT

A SBE 19plus SeaCAT profiler (Sea-Bird Electronics) with attached Seapoint turbidity sensor was used to measure
the conductivity, temperature, pressure and turbidity. The CTD and turbidity sensors were used in profiling mode
and switched ‘on’ or ‘off’ using a magnetic switch at the start and the end of each new sediment sample. The
CTD sampled at 1 Hz and data were converted to salinity, temperature, depth and turbidity (NTU) following the
standard data processing protocol implemented in the SBE Data Processing software.
Sampling times were collated and time series of NTU plotted for each sample to identify periods of approximately
4 minutes where NTU concentration had stabilized after addition of each sediment sample portion.
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2.3.2

WetLabs ac-s

The WetLabs ac-s used in this experiment is a hyperspectral absorption (a) and attenuation (c) meter with 25 cm
path length flow cells. The ac-s provides measurements of absorption and attenuation at 80+ wavelengths in the
range of 400–730 nm at 4 nm resolution. The ac-s with a 25 cm path length was designed for use in ‘clear’ water
environments and expected to saturate in very turbid waters, but due to the non-availability of a 10 cm path
length ac-s, we resorted to using the 25 cm path length instrument with the intention of using only the
unsaturated data. The data collection using the ac-s involved first measuring a sample of milli-Q water to
establish a baseline for subsequent correction for pure water absorption (aw) and scattering (bw). The pure
water corrected data represents the absorption and scattering due to water constituents. The data from the acs were merged with the CTD using the time stamps after bin-averaging the CTD and ac-s data to 1 Hz. No time
lag correction was applied to the ac-s because the water was considered well-mixed and measurements
consistent for the periods of data collection associated with each increase in the TSS concentration. After merging
the CTD and ac-s data, the temperature and salinity correction was applied using the relationship from Sullivan
et al. (2006).

cmts = cm − (ψT  (T − Tref )) − (ψs  S) − cw
amts = am − (ψT  (T − Tref )) − (ψs  S) − aw

(1)

Where: cm and am, and cw and aw, are absorption and attenuation coefficients for the ac-s measured calibration
data. T and S are temperature and salinity from the CTD and ψT and ψs are temperature and salinity dependence
factors from Sullivan et al. (2006).
For the reflective tube scattering correction we used a reference wavelength (λref) of 715 nm, with the
assumption that absorption at λref is negligible. Thus, using the following formulation of Equation (2), we
implemented the scattering effect correction at all wavelengths for the absorption channel.

at (λ) − aw (λ) = amts (λ) −

amts (λref )
[cmts (λref ) − amts (λref )]

 [cmts (λ) − amts (λ)]
(2)

After the correction, the absorption (ap(λ) = at(λ) – aw(λ)) and scattering (bp(λ) = cmts(λ) - a(λ)) represent the
absorption and scattering from the constituents in the water. For the data quality control of the ac-s we analysed
all the ac-s data and limited the data to values of a (total absorption including pure water) and b (total scattering
including pure water) of 25 m-1 for blue and green wavelengths (400 nm – 500 nm) and 30 m-1 for red and near
infra-red (NIR) IR wavelengths ( >500 nm). From the data we observed that blue and green wavelengths saturated
faster than the red and NIR wavelengths and TSS limits of approximately 60 mg L -1 – 80 mg L-1 were enough to
saturate the ac-s scattering channels for blue wavelengths while 90 mg L-1 – 110 mg L-1 was required to saturate
the red and NIR wavelengths.
The main purpose of the ac-s data was to apply the gamma correction to the HydroScat-6 data.

Figure 5. The ac-s instrument with flow tubes
removed.
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Figure 6. The HydroScat-6P showing the pairs of light
source and sensor windows. Image source:
http://www.hobilabs.com/cms/index.cfm/37/152/125
3/1266/index.html

Figure 7. The LISST-100X.

2.3.3

HobiLabs Hydroscat-6

The Hydroscat-6P (HobiLabs: Figure 6) measures the backscattering of light in six spectral channels at λ = 420 nm,
442 nm, 470 nm, 510 nm, 590 nm and 700 nm and fluorescence in 2 channels at λ = 590 nm and 700 nm. The
spectral backscattering coefficient (bb(λ)) was calculated based on the measured spectral volume scattering
function β(ψ) at ψ = 140° following the expression of Maffione and Dana (1997):
bb (λ) = bbp (λ) + bbw (λ) = 2πχ[ β(140 , λ) − βw (140 , λ)] + bbw (λ)

(3)

Where: χ is a constant proportionality factor between (140°) and bb for particle scattering. The default value of
χ = 1.08 was used with the pure water values and the correction for salinity after Morel (1974) and Twardowski
et al. (2007). HydroScat-6 backscattering measurements, particularly in highly turbid waters, require adjustment
(sigma (σ) correction) because some light is lost to attenuation in the detection volume which otherwise would
contribute to the total backscattering signal. The σ-correction uses the parameter Kbb(λ)= a(λ) + 0.4b(λ). For our
experiment we had ac-s measurements for lower turbidity samples which allowed us to compute Kb b(λ) using
the a(λ) and b(λ) measurements. However, for the more turbid samples which did not have concurrent ac-s
measurements we linearly regressed the TSS measurement and a p(λ) and bp(λ) to generate a linear relationship
and then used the pure water aw and bw to determine the total a and b, thus enabling estimation of the σcorrection factor.

2.3.4

AQUAscat 1000R

The AQUAscat 100R (Aquatec Group) is an acoustic sensor that operates with up to four transducers. For this
experiment we operated the instrument with 0.5, 1, 2 and 4 MHz transducers. A total of 57 raw data files were
collected. The files were manually started and stopped so the file lengths were not all of equal length and this
required an adjustment to data processing software. When the instrument was deployed and operated in
conjunction with other acoustic instruments in the tank (during the first few days) there appeared to be some
interference. This interference was evident as horizontal lines in the first 23 profiles of channel 1, and all profiles
in channel 4. Subsequently the operating procedure was adjusted to operate the different acoustic instruments
individually. Data processing was undertaken based on assumptions of constant salinity and temperature and
mean particle radius of 140 m.

2.3.5

LISST-ABS

The LISST Acoustic Backscatter Sediment (ABS) sensor (Sequoia) is an acoustic backscatter sensor designed for
suspended sediment concentration. The instrument operates at 8 MHz and is reported to operate over more
than four decades of sediment concentration, from approximately 1 mg L -1 to 30,000 mg L-1 and relatively
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insensitive to change in particle size from 30 m to 400 m. The instrument requires calibration to determine
TSS.

2.3.6

Sequoia Scientific LISST 100X and data processing procedure

The LISST (Figure 7) data were collected at 1 Hz and similar to the data processing applied to the CTD, LISST data
were processed to extract samples where total volume concentration stabilised after addition of each
concentration. The PSD from the LISST was averaged across approximately 4 minutes for each concentration.
From the PSD the total volume concentration, mean and median particle diameter were derived. LISST data were
processed assuming spherically shaped particles.
The LISST instrument data processing software produces a PSD described by a particle volume, V(D) (in uL L -1) for
32 particle size ranges. The particle number concentration, N(D) (in count m-3) is derived by dividing the volume
concentration by the volume of an equivalent spherical particle for each size range.
𝑁(𝐷) =

6𝑉(𝐷)
𝜋𝐷3

The PSD may also be described in count m-3 µm-1, the average number of particles within a given size class of
width D for a unit volume of suspension, N′(D) (Qiu et al., 2016).
𝑁 ′ (𝐷) =

2.4

𝑁(𝐷)
∆𝐷

Data Merging

Data from the CTD and ac-s were binned to every one second from 4 Hz to allow for the temperature and salinity
correction. Data from the turbidity meter were also binned to 1 second as well as synchronised with the CTD
measurements. The HydroScat-6 data were collected at 1 second frequency so no data binning was performed
before inter-comparisons with the ac-s and NTU data. For the case of TSS measurements, we collected triplicate
samples for every increment in TSS concentration. The time of TSS sample collection was used as a reference
time to bin all other instrumental data to within ± 1 mins from the reference time. Thus, for example, if TSS from
sample S1 was collected at 10:22:00 am then we used all the instrument data within the period of 10:21:00 am
and 10:23:00 am. However, if any erroneous measurements, such as saturation or spikes of scattering or
backscattering data were encountered these were filtered by comparing with the mean and allowing for a
tolerance level of ± 2 STD from the mean.

3

Results

3.1

TSS Measurement

TSS concentration data for all samples is tabulated in Appendix A. From the 19 different sediment samples used
(S1–S19, Table 1) the mean TSS concentration ranged from a low of 2.17 mg L-1 to a high of 483.47 mg L-1
(Figure 8) with 13 samples having upper TSS concentrations of >80.0 mg L -1. There were a few samples (S6, S8
and S9) that had TSS upper limits of less than 10.0 mg L -1 because the sample comprised mainly of very large
grains that failed to remain suspended in the water, thus leading to a very low TSS value. Further, more than 81%
of the TSS concentrations varied by less than 15% from their mean for the triplicate samples while there were 4
samples (seen in sample S3, S4, S9 and S14) that varied by >62%. Such variation might be due to the water being
not well mixed when the samples were collected.

8
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Figure 8. TSS concentrations for each sediment sample. The error bars indicate the standard deviation derived from the
mean TSS concentration of each triplicate reading. S1 is missing error bars because only one sample per concentration
was collected for the first test experiment. TSS concentration is displayed in logarithmic scale and each black dot
represents the mean TSS concentration for each sediment sample triplicate.

3.2
3.2.1

ac-s and HydroScat-6 Measurements
Absorption and Scattering Coefficient

The absorption and scattering due to particles, ap(λ) and bp(λ), were studied for how they varied with TSS
concentration. Four samples (S2, S11, S12 and S13) were selected to determine the relationship between TSS
and ap(λ) and bp(λ) because these samples had more data points and spanned a larger TSS range than other
sediment samples. The plots of the four samples corresponding to the wavelengths of the HydroScat-6 are shown
below in Figure 9 and Figure 10 for ap(λ) and bp(λ) respectively. The fit between TSS and ap(λ) or bp(λ) is linearly
related and the regression coefficient (R2) is greater than 0.7 for all except ap at 700 nm and bp at 420 nm. Because
of the high linearity between TSS and ap(λ) or bp(λ) in our samples, we chose to use this relationship to correct
the HydroScat-6 data using the sigma correction.
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Figure 9. Absorption due to particulates at 420 nm, 442 nm, 470 nm, 510 nm, 590 nm and 700 nm measured using the ac-s
for all sediment concentrations. Data associated with each of the four sediment samples are represented by a different
colour.
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Figure 10. Scattering due to particulates at 420 nm, 442 nm, 470 nm, 510 nm, 590 nm and 700 nm measured using the ac-s
for all sediment concentrations. Data associated with each of the four sediment samples are represented by a different
colour.

3.2.2

Backscattering coefficient

Figure 11 shows bbp(λ) for three backscattering HydroScat channels (420 nm, 510 nm, 590 nm) for all samples
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except for S2, S3, and S10. S2 and S3 were missing HydroScat-6 data while S10 was from the onshore river
location, Riverton Bridge in Perth, Western Australia. Also shown in Figure 11 are the bbp(λ) relationships with
TSS concentration. The regression between bbp(λ) and TSS was performed using the power function b bp(λ) = k1 x
TSSk2 where k1 and k2 are parameters that are determined from the regression analysis. Two regression analyses
were performed: (1) using all available TSS samples at all concentrations, and (2) only using TSS samples less than
100 mg L-1. The first regression analysis produced a regression slope greater than 2.0. For the second regression
analysis using TSS concentrations less than 100 mg L-1 we obtained k2 values of 1.06, 1.22 and 1.34 at 420 nm,
510 nm and 590 nm respectively. The details of b bp(λ) for each individual sample and its relationship to TSS
concentration is not included in this report.

Figure 11. Particulate backscattering at 420
nm, 510 nm and 590 nm for all sediment
samples measured using the Hydroscat-6. The
regression lines are for all TSS concentrations
(dashed lines) and TSS less than 100 mg L-1
(solid Lines). The error bars indicate one
standard deviation in backscattering
measurement binned at ± 2 minutes.
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3.2.3

Mass-specific backscattering coefficient

The mass-specific backscattering coefficient, bbp*(λ), was examined for sediment samples using the following
relationship at all available HydroScat-6S backscattering channels:
bbp * (λ) =

bbp (λ)
TSS

[m 2 g -1 ]
(4)

The mass-specific backscattering coefficients are presented in Table 2.
Table 2. Mass-specific backscattering coefficient (m2 g-1) derived for sediment samples in Table 1. The values in brackets are
one standard deviation derived from bbp*(λ) at different TSS concentrations for one particular sample.
ID

bbp* (420)

bbp* (442)

bbp* (470)

bbp* (510)

bbp* (590)

bbp* (700)

S04

0.0103 (0.0034)

0.0108 (0.0038)

0.0109 (0.0039)

0.0095 (0.0035)

0.0104 (0.0041)

0.0077 (0.0032)

S05

0.0009 (0.0004)

0.0009 (0.0005)

0.0009 (0.0005)

0.0007 (0.0004)

0.0008 (0.0005)

0.0006 (0.0004)

S06

0.0092 (0.0023)

0.0096 (0.0026)

0.0095 (0.0028)

0.0080 (0.0025)

0.0081 (0.0029)

0.0060 (0.0023)

S07

0.0089 (0.0015)

0.0105 (0.0025)

0.0118 (0.0034)

0.0103 (0.0028)

0.0135 (0.0047)

0.0099 (0.0032)

S08

0.0047 (0.0017)

0.0054 (0.0020)

0.0051 (0.0020)

0.0038 (0.0016)

0.0035 (0.0019)

0.0027 (0.0015)

S09

0.0068 (0.0030)

0.0080 (0.0037)

0.0071 (0.0035)

0.0047 (0.0035)

0.0041 (0.0035)

0.0030 (0.0027)

S10

0.0043 (0.0007)

0.0046 (0.0007)

0.0048 (0.0009)

0.0039 (0.0008)

0.0036 (0.0008)

0.0030 (0.0007)

S11

0.0045 (0.0006)

0.0053 (0.0008)

0.0061 (0.0006)

0.0057 (0.0006)

0.0113 (0.0017)

0.0097 (0.0016)

S12

0.0084 (0.0016)

0.0094 (0.0018)

0.0104 (0.0017)

0.0089 (0.0016)

0.0111 (0.0026)

0.0087 (0.0020)

S14

0.0067 (0.0020)

0.0079 (0.0024)

0.0087 (0.0027)

0.0073 (0.0024)

0.0104 (0.0039)

0.0083 (0.0031)

S15

0.0060 (0.0020)

0.0071 (0.0024)

0.0077 (0.0027)

0.0066 (0.0024)

0.0097 (0.0040)

0.0079 (0.0033)

S16

0.0056 (0.0020)

0.0064 (0.0024)

0.0068 (0.0027)

0.0057 (0.0024)

0.0081 (0.0038)

0.0063 (0.0030)

S17

0.0052 (0.0018)

0.0063 (0.0022)

0.0072 (0.0026)

0.0060 (0.0022)

0.0090 (0.0036)

0.0076 (0.0031)

S18

0.0128 (0.0085)

0.0186 (0.0152)

0.0228 (0.0197)

0.0177 (0.0148)

0.0277 (0.0262)

0.0195 (0.0172)

S19

0.0072 (0.0012)

0.0083 (0.0013)

0.0091 (0.0018)

0.0075 (0.0016)

0.0100 (0.0024)

0.0081 (0.0019)

3.2.4

The Backscattering probability

The backscattering probability of particulates was computed using the ratio b bp(λ)/bp(λ) at all HydroScat-6
channels for four sediment samples (S04, S07, S12 and S13). Only four sediment samples with available
HydroScat-6 backscattering measurements and ac-s measurements were available after quality control and
limiting to a minimum of five data points required to produce statistically significant results. Figure 12 shows the
𝑏̃𝑏𝑝 (𝜆) results. The backscattering probability ranged from 0.2 % to a high of 21%. On average, for all the samples
S04, S07, S12 and S13 combined, 𝑏̃𝑏𝑝 (𝜆) was 0.061 ± 0.027, 0.069 ± 0.029, 0.075 ± 0.029, 0.066 ± 0.027, 0.082 ±
0.028, and 0.073 ± 0.023 for 420 nm, 442 nm, 470 nm, 510 nm, 590 nm and 700 nm respectively.

Dredging Science Node | Theme 3 | Project 3.2.2

13

Plume Characterisation – Laboratory Studies

Figure 12. Backscattering probability
at different wavelengths for four
different sediment samples. Error
bars indicate the upper and lower
range for each sediment sample at
each HydroScat-6 channel.

3.2.5

Backscattering spectral slope

According to Morel (1973) the value of the backscattering spectral slope, γ bp, can be used as a proxy for particle
size distribution under the assumption that particles are non-absorbing and follow a power law (Antoine et al.,
2011). A well-established relationship of backscattering of particulate matter (b bp(λ)) dependent on the
wavelength is given by Equation 5. This Equation was used in calculating the backscattering spectral slope (γ bp)
following a regression analysis between bbp(λ) and wavelength:
 λ
bbp (λ) = bbp ( λref ) 
 λref







− γbp

(5)

Where 𝑏𝑏𝑝 (𝜆𝑟𝑒𝑓 ) is the backscattering at the reference wavelength (𝜆𝑟𝑒𝑓 = 590 nm). Three different approaches
were selected to estimate γbp with respect to the selection of wavelengths: (1) 420 nm, 442 nm, 470 nm, 510 nm
and 700 nm of HydroScat-6 backscattering channels, (2) 510 nm and 700 nm were used, and (3) only 700 nm was
used in the regression analysis. The derived gamma parameters are shown in Table 3 for all three regressions.
The results from Table 3 show that using only one wavelength (700 nm) produces estimates of γbp in the range
0.38–1.65. The use of blue and green wavelengths produced some negative γbp values and values larger than 2.5
which is likely due to significant absorption in those spectral regions.

14
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Table 3. Backscattering slope of particulate matter (bp) derived for sediment samples in Table 1. The values in brackets are
one standard deviation derived from bp at different TSS concentrations for one particular sample.

Sediment
sample

Backscattering slope of particulate matters (γbp)
λ = 510 nm and 700 nm

λ =700 nm

λ = 420 nm, 442 nm, 470 nm, 510 nm and 700 nm

S01

0.36 (0.19)

1.54 (0.11)

-0.08 (0.32)

S04

0.56 (0.66)

1.46 (0.59)

0.26 (0.61)

S05

0.49 (0.53)

1.14 (0.31)

0.84 (0.85)

S06

0.70 (0.53)

1.37 (0.73)

0.69 (0.56)

S07

0.03 (0.22)

1.29 (0.25)

-0.60 (0.37)

S08

1.74 (1.67)

0.94 (0.24)

1.83 (1.32)

S09

1.69 (2.16)

1.65 (0.44)

2.85 (1.65)

S10

0.53 (0.18)

0.49 (0.12)

0.80 (0.33)

S11

-0.91 (0.11)

0.38 (0.14)

-1.75 (0.25)

S12

0.02 (0.30)

0.90 (0.16)

-0.36 (0.56)

S13

-0.13 (0.18)

1.04 (0.80)

-0.59 (0.43)

S14

-0.12 (0.70)

0.85 (0.17)

-0.46 (1.13)

S15

-0.04 (1.01)

0.89 (0.47)

-0.40 (1.43)

S16

0.16 (1.07)

1.09 (0.39)

-0.17 (1.37)

S17

0.02 (1.54)

0.72 (0.58)

-0.41 (1.70)

S18

-0.16 (0.22)

1.21 (0.42)

-0.76 (0.53)

S19

-0.26 (0.09)

0.75 (0.05)

-0.56 (0.31)

3.3

LISST measurements

Figure 13 shows a sample LISST-derived PSD for sediment sample 10 for a TSS of 37.2 mg L -1. From the PSD we
can derive mean particle size (PS), modal particle size, TVC of particles, and PSD in terms of particle number.
Figure 14 shows LISST-derived mean PSD for all mineral type sediment samples measured in the tank. There is a
definite bi-modal distribution, particularly for samples 7 and 16-19. Samples 13 and 15 do not display such a
pronounced peak in PSD for larger particles but do display similar peaks to the bimodal samples for small
particles. Samples 3, 4, 6, 8 and 9 appear bi-modal but quite jagged. Samples 5 and 12 are less similar to the
strongly bi-modal PSDs. Samples 3, 5, 8 and 9 are all characterised by total volume concentrations less than 4 L
L-1. Samples 3-6, 8 and 9 listed as non-CSIRO sites (see Table 1) and were collected in 2015 (all other Onslow field
samples were collected in 2013). Sample 12 was collected from close to the Ashburton River mouth.
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Figure 13. LISST derived PSD for
sample 10 at a concentration of 37.2
mg L-1.

Figure 14. LISST-derived mean PSD
for sediment samples collected in
Onslow and resuspended in the tank
(see Table 1 for sample locations).

The PS and TVC from the LISST 100X is shown in Table 4. The PS shown in Table 4 is the mean PS of each sample
across all TSS concentrations. From the mean PS of each sample we observe that sample S10, corresponding to
the Riverton Bridge sample in Perth, has the highest mean PS of 169 μm while the smallest mean PS of 11.2 μm
belongs to sample S09 which is from the Ashburton Island NE (very close to the Island). The mean PS for the
remaining samples ranged within 19.8–55 μm. The LISST failed to produce any reliable measurements above a
TSS concentration of 142.9 mg L-1

Table 4. Mean particle size (PS) derived from LISST PSD data.
ID
PS (μm)
PS Err (μm)

16

S3

S4

S5

S6

S7

S8

S9

33.1 29.8 49.3 34.5 33.7 29.4 11.2
5.3

4.8

19

5.3

6.5

5.4

3.1

S10

S11

S12

S14

S15

169 35.9 19.8 25.3 35.5
9.5

6.2

1.5

S16

S18

S19

55 40.6 45.9 42.9

2.1 11.6 13.6
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Figure 15 shows the TVC from the LISST and TSS concentration for S10, S11 and S(OTHER) which is all other
sediment samples combined. S10 and S11 were from different locations; S10 was from the Riverton Bridge while
S11 was from Credo, inland south Western Australia. All samples show strong linear relationships between TVC
and TSS but the linearity slope is different for each. S10 TVC increases with a slope of 2 while S11 and others
(combined) show slopes of 0.64 and 0.48 respectively. The inverse of the slope from the TVC vs TSS relationship
gives particle density, thus the particle density of S10 is less than S11 and S(OTHER) samples. The density of the
three sediment groups is 0.48 g cm-3 ± 0.06 g cm-3, and 1.44 g cm-3 ± 0.38 g cm-3 and 1.98 g cm-3 ± 0.28 g cm-3 for
samples S10, S11 and S(OTHER) respectively.

Figure 15. Total volume
concentration against TSS
concentration plot for three
sediment types, S10 (green),
S11(blue)
and
S(OTHER)
(black) which is a combination
of other samples from Table 1.
The inverse slope represents
particle density, showing S10
had the lowest density and
S11 the highest density.

3.4

WetLabs Turbidity Meter

The complete set of NTU time series data is shown in Appendix B. A strong linear relationship was observed
between turbidity and TSS concentration for all sediment samples. Figure 16 shows the relationships between
turbidity and TSS concentration for two different sample types, S10 and S(OTHER). The turbidity caused by
mineral-like S(OTHER) sediment samples increased ~0.41 the rate of TSS concentration while turbidity caused by
S10 only increased by ~0.15 the rate of TSS concentration. Two turbidity and TSS concentration linear
relationships were determined for S(OTHER) because of the large range in TSS concentrations (~483 mg L -1 upper
limit) and because of the sparse data above ~300 mg L-1. Figure 16(a) shows the regression for all available TSS
concentrations, producing a higher regression coefficient (R2 =0.98) which might be due to sparse data at the
upper limit of TSS concentration that is changing the slope in favour of a tighter fit between turbidity and TSS
concentration. Figure 16(b), which shows the relationship for TSS less than 100 mg L-1, has R2 = 0.76 and a higher
gradient. One could argue for fitting a curve to such data.
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Figure 16. Turbidity and TSS
concentration plots for two sediment
types, S10 (green) and S(OTHER)
(black : a combination of all other
samples from Table 1) for (a) the whole
TSS range and (b) TSS < 100 mg L-1.

It is usual for NTU sensors to be calibrated to provide estimates of TSS by determining relationships between TSS
and NTU. All the TSS and NTU data were used to determine a gradient for each set of samples as well as a ratio
of TSS to NTU. Figure 17 shows the regression of TSS against NTU as measured by the OBS instrument for sample
19. Appendix C shows similar plots for all sediment samples. The mean ratio of TSS to NTU for the data plotted
in Appendix C is 2.2 with a standard deviation of 0.5. Figure 18 shows the relationship for sample J19 for the
Wetlabs ECO NTU sensor. Plots for all sediment samples are displayed in Appendix D. The examples shown here
are reasonable examples of the typical strength of the relationships, however some samples were characterised
by poorer fits.
Note that the OBS3+ was only utilised for S12 through S19, however the agreement between the OBS3+ and
Wetlabs ECO NTU was excellent. The OBS3+ simultaneously measures at high (<2000 NTU) and low range (<500
NTU). Whilst the high range has reduced resolution, agreement between the two ranges was very good. As such
to simplify discussion of the relationship between NTU and TSS the Wetlabs ECO NTU data (which is available for
all samples) will be utilised.

18
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Figure 17. TSS versus OBS regression
for sample J19. LR indicates the low
range NTU output (0-250 NTU). Both
the high range and low range output
produced
statistically
equivalent
relationships (not shown)

Figure 18. TSS versus ECO NTU
regression for sample J19.
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Figure 19 below shows the regression of all TSS samples against all NTU (with outliers from samples 18
and 19 removed). The polynomial function in Figure 19 is a slightly better fit than the linear function.

Figure 19. Regression of TSS
against NTU for sediment samples
collected near Onslow using
linear and polynomial functions.

3.5

Acoustic sensors

The complete set of data from all 57 AQUAscat data files is shown in Figure 20. Each panel is for a different
transducer frequency (0.5, 1, 2 and 4 MHz). The colours represent acoustic signal strength which can be
calibrated to provide TSS.

20
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Figure 20. Data from the 57 AQUAscat files plotted in sequence of collection. Each panel from top to bottom is for a different
transducer frequency. The vertical axis shows the depth from the transducer. Profile numbers, from left to right, are in order
of time collected. Colours indicate acoustic signal strength, representative of TSS.

Only the data sets 24–57 were processed, and the 1 Hz, 2 Hz and 4 Hz channels. Figure 21 shows a summary of
the sediment load vertical profiles, representing three series of data for gradual additions of sediment to the
tank. The first four depth bins were clipped from all profile data to avoid effects of ringing from the transducers.
All files were processed using channels 2 and 3 as this was found to produce the most consistent results for the
derived mean grain radius profiles. Data were batch processed at 30 second averages. The acoustic signal
strength has been converted to TSS using the manufacturer’s suggested calibration. There are clearly three
sections of gradually increasing concentration. Figure 22 shows three series of mean TSS load derived from the
AQUAscat data for the same series as represented in Figure 21.

Figure 21. Data for three series of sediment addition as measured by the AQUAscat.
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Figure 22. Mean load over each vertical profile derived from the AQUAScat. The three sets of data represent three series of
gradual additions of sediment to the tank.

3.6
3.6.1

Intercomparison of Instrument Results
Particle size distribution (PSD) parameters and particulate backscattering coefficients

The PSD is expressed as N’(D) as defined by Equation (6) from Reynolds et al. (2010):

N' (D) = N( D) / ΔD [in count m−3μm−1 ]

(6)

N(D) = 6V (D) / πD3 [in count m−3 ]

(7)

where N(D) is particle number concentration, D (μm) is particle diameter and V(D) is particle volume
concentration (in μL L-1) which is derived from the LISST measurements. The blue (420 nm), red (590 nm) and NIR
(700 nm) spectral bands were used to determine the relationship between mean particle size (PS), N(D) and V(D)
and the backscattering coefficient measured from the sediment samples for mineral (S(OTHER)) and non-mineral
(S10) samples. The results displayed in Figure 23(a) show a strong relationship between b bp(590 nm) and V(D) for
both sample S10 and S(OTHER). For the relationship between b bp at 420 nm, 590 nm and 700 nm and N(D) the
relationship was weak with R2 less than 0.5 for all three bands for the S(OTHER) sediment samples, but for the
S10 sample the relationship was very strong (R2 0.99).
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Figure 23. Plot of particulate backscattering coefficient against (a) V(D), (b) Mean particle size, (c) N(D) for all sediment
samples excluding S10, and (d) N(D) for sample S10. Regression analysis was only performed for 590 nm in Figure (a) due
to similar variation observed for 420 and 700 nm. For (c) and (d) the regression was performed for all three wavelengths.
The symbols in (c) and (d) are diamond for 700 nm, open circle for 590 nm and asterisks for 420 nm.

The slope of the spectral backscattering coefficient of particulate matter, γbp, was also examined with respect to
the mean particle size. Figure 24 shows the mean particle size compared to γbp. The error bars indicate the range
of parameter values for all concentrations for each sediment sample.

Figure 24. Mean particle size plotted
against γbp. The error bars in both PS and
γbp show the variation with each sample
from a range of TSS concentrations.
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Figure 25. PSD slope versus mean particle
size (top panel) and modal particle size
(bottom panel) showing data for S10 [green
points] and S(other) [black points].

Figure 26. LISST-derived PSD slope versus
Hydroscat-derived γbp for all samples.
Error bars indicate the range of values for
all concentrations.
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Figure 27. LISST-derived PSD slope
versus TSS for S10 [green points] and
S(other) [black points].

3.6.2

NTU and LISST

Figure 28 shows the relationships between the TSS versus NTU ratio and the modal value of the LISST PSD (a),
and the mean size of the LISST PSD (b) for all sediment samples. Figure 28 also shows the relationships between
the slope of the TSS versus NTU relationship, and the modal value of the LISST PSD (c), and the mean size of the
LISST PSD (d), for all sediment samples.
a

b

c

d

Figure 28. a) TSS vs NTU Ratio versus modal values of LISST PSD, b) TSS vs NTU Ratio versus mean values of LISST PSD, c) TSS
vs NTU regression gradient versus modal values of LISST PSD and d) TSS vs NTU regression gradient versus mean values of
LISST PSD.
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Figure 29. TSS derived from the Aquascat, LISST-ABS and water sampling for data collected on
the 15 December 2015.

Figure 30. TSS derived from the Aquascat, LISST-ABS and water sampling for data collected on
the 16 December 2015.
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4
4.1

Discussion and Conclusions
TSS, NTU and scattering

One of the key questions to be considered for this work is, can sediment samples be collected in the field and
subsequently be measured in a tank to determine physical/optical properties representative of the field
conditions?
Of particular interest is the relationship between NTU and TSS. Figure 16 and Figure 19(a) do display linear
relationships between NTU and TSS; however, limiting the fitting range to TSS<100 mg L -1 does produce a
significantly different gradient for the S(OTHER) samples (Figure 16(b)). This suggests that for a large TSS range a
non-linear fit might be more appropriate as is displayed in Figure 19(b). The reason for the non-linearity between
NTU and TSS is due to the complex optical processes of (multiple) scattering interactions for increasing
concentrations of particles. The degree of non-linearity is also a complex mix of effects from factors such as PSD
and particle shape. In fact, it is not just the degree of non-linearity affected by the optical characteristics of the
particles, but also the NTU to TSS relationship itself. This is evidenced by the significant difference between the
gradients of the lines in Figure 16 where the S(10) sample, which contains a larger amount of organic matter,
displays a significantly lower gradient.
The ratio between TSS and NTU varies between 1.6 and 2.6 for the field-collected samples. S10 presented the
highest ratio of 7.3, once again clearly highlighting the difference between sample sources. The mean ratio
between TSS and NTU across all field collected samples was 2.2. The calculation of the mean ratio between TSS
and NTU for each individual sample is very sensitive to outliers, in particular for low NTU (due to NTU being the
denominator). The ratio is also sensitive to small values, potentially leading to large errors, thus the calculation
of a gradient may be considered a better approach for describing the TSS vs NTU calibration. However, the
gradient approach usually leads to a non-zero (or non-physical) intercept.
Samples 18 and 19 have two outlier points that significantly affect the estimated ratio. After removal of these
points a regression of the TSS v NTU ratio against LISST mean particle size is plotted in Figure 31. Whilst there is
a significant amount of scatter relative to the range of the data this does suggest the changes in the relationship
between TSS and NTU is due to changes in the PSD where samples are from a similar source.
One aspect of the tank resuspension experiment that has not been investigated fully is the method of mixing or
stirring and the energy imparted. The tank experiment is likely to have a much greater shear due to stirring
leading to a different particle suspension/settling regime. We could potentially infer that 2.8 would be an upper
limit during cyclonic conditions.
Considering all the samples, the slope of TSS v NTU relationship in the tank was approximately 2.2–2.8, compared
to 1.1 based on water column samples of dredging plumes in the field (Fearns et al. 2017b).
With respect to the question of using field collected sediment to undertake tank-based measurements for
instrument calibration, the results we present here suggest the differences between in situ field and tank data
are too large to adopt this approach with any confidence. Also, these results suggest that even for a localised
sampling campaign in an optically complex environment the TSS vs NTU calibration can vary significantly. It would
be wise to collect coincident field TSS data to monitor the NTU calibration and to provide an increased level of
certainty to TSS derived from in situ NTU sensors.
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Figure 31. TSS vs NTU slope as a function of LISST mean particle size and modal particle size for field samples
collected around Onslow.

From Figure 9 and Figure 10 we observe that ap(λ) is higher at blue and green wavelengths than red and NIR
wavelengths, while bp(λ) is slightly lower at the blue wavelengths. This pattern of scattering by particulate is
expected for mineral rich sediment because minerals are usually high scatterers. We also notice that as TSS
concentration increases, the scattering and absorption tend to increase linearly, but there may be a slight
dependency on sediment type. Since all the samples being processed were so similar optically we felt it was
reasonable to use the relationships between TSS and a p(λ) and bp(λ) uniformly across all sediment samples to
apply the gamma correction to the HydroScat-6 data.
When using all TSS samples at all concentrations the regression of bbp() against TSS performed poorly in the low
TSS region and affected the overall results which can be deduced from the regression slope k2 which is higher
than 2.0. For good correlation, k2 the regression slope should be close to 1.0 (Reynolds et al. 2016). This shows
that the backscattering coefficient of particulate materials is linearly related at lower TSS concentration, but not
linear at high TSS concentrations, which has implications for the design of TSS algorithms using simple linear
relationships at the aforementioned spectral bands. Note that the semi-analytical TSS algorithm SASM (Dorji et
al. 2016) relies on a non-linear relationship between TSS and particulate backscattering. The SASM was found to
be quite robust across a large range of sediment types and concentrations and superior to linear algorithms (Dorji
& Fearns 2016)
It is interesting to note that the lowest values of bbp* (λ) occur for S10 (see Table 2), collected from the Riverton
Bridge. The sediment sample was observed to include some larger greenish particles, indicating the presence of
phytoplankton. The bbp* (λ) are directly related to bbp(λ) which has an implication in TSS concentration estimation
using remote sensing. Understanding the variability of b bp* (λ) can potentially help better model TSS algorithms
and potentially allow remote sensing to estimate different sediment types from space.
The average 𝑏̃𝑏𝑝 (𝜆) results were on the higher side of literature values and this might be partly due to highly
turbid waters and the presence of fine sediments or due to data corrections. Whitlock et al., (1981) showed that
in turbid waters 𝑏̃𝑏𝑝 (𝜆) were as high as 0.059. The 𝑏̃𝑏𝑝 (𝜆) values from this study are showing higher than this
and certainly need to be investigated further as 𝑏̃𝑏𝑝 (𝜆) is potentially important in optical modelling and algorithm
development and testing. The wavelength dependence of 𝑏̃𝑏𝑝 (𝜆) shows a dip in 𝑏̃𝑏𝑝 (𝜆) at 510 nm for all the
samples considered for 𝑏̃𝑏𝑝 (𝜆) analysis.

4.2

Particle Size Distributions

The dominant characteristic of the PSDs shown in Figure 14 is the bimodal distribution. Also evident is the
increasing tails for very small particles, and similarly rising tails for large particles on some PSDs. The size range
for the LISST (Type C) instrument is 2.5 um to 500 um. Particles outside the size range can lead to increasing tails
at the extremes of the PSD (Sequoia 2011). Non-sphericity of particles can also lead to a rising tail, particularly
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for the small size classes (Agrawal et al. 2008).
Figure 31 shows LISST-derived PSDs measured in the field near the ocean surface and near the sea floor.
Comparing PSDs in Figure 14 and Figure 31 we note that PSDs in the tank are somewhat larger than those
measured in the field, and with a much larger fraction in the smallest size bin. However, as noted the large
upward tail for the smallest particle sizes may be due to the presence of particles outside the size range of the
LISST instrument and/or due to non-sphericity of the particles. The tank data has a larger proportion of small
particles (~10-20 um) and a peak at ~200-300 um. Notwithstanding the large variability between all the PSDs
displayed, the general shape of the tank-measured PSDs is more similar to the in situ near-surface samples than
to the near-bottom samples.
It is interesting to note that the PSDs for sediment cores collected in the same locations, but measured in the
laboratory by a Malvern Analytical Mastersizer 2000, were bimodal with peaks around 5 um and 200-600 um
(Figure 31 in Fearns et al. 2017a). Also, the measurement range of the Mastersizer 2000 extended from 0.2 to
2000 um and not rising tails were evident on any of the PSDs. This suggests the rising tails in the LISST data were
measurement artefacts rather than real representations of the PSD.
An explanation for the bi-modal PSD could be that the sampling method was to collected samples from the
surface of the seafloor, and it might be the case that fine silt or clay had deposited on an otherwise course base
material so the samples are representative of both.
The effect of shear mentioned with respect to the TSS to NTU ratio is equally relevant here. We attempted to
maintain a constant stirring rate for all measurements so that results are comparable between samples, but it is
difficult to determine if the results are representative of those experienced in the field.
The results here do not suggest we have reproduced PSDs representing those measured in situ. We have to agree
with the view of Mikkelsen and Pejrup (2001) who conclude that laser diffraction instruments “need to be
deployed in the field if reliable assessments of natural PSD are to be made”.

Figure 32. In situ particle size distributions at the surface and bottom as measured by the LISST (Figures reproduced
from Fearns et al. 2017b).

A common approach to simplifying the description of the PSD is to calculate the slope component of the Jung
distribution. This requires converting the LISST derived total volume concentration PSD into a particle count PSD,
then fitting a simple power law function to the PSD. The assumption is that the PSD can be well described by a
Jung distribution. The strongly bi-modal distribution for the majority of our samples tends to limit the application
of the Jung model. We have therefore resorted to comparing the mean particle size and/or the modal particle
size to other measurements. The inherent weakness in this approach is that mean (or mode) does not express
the distribution of particles across the size spectrum. In fact, we see that for the samples from the dredge region
(S(OTHER)), the range of PS is relatively narrow (Table 4). The relationship between TVC and TSS, as shown in
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Figure 15, is relatively consistent for all S(OTHER) samples, and the two alien samples, from the Riverton Bridge
(S10) and Credo (S11), display distinctly different TVC versus TSS relationships.
The backscattering coefficient, bbp(λ), should co-vary with the N(D) and V(D) in sediment samples in nonabsorbing wavelength bands (Qiu et al., 2016). It is interesting to note that there was a strong relationship
between bbp(590) and V(D), however the relationship with N(D) was weak. The strong relationship between
bbp and V(D) shows that backscattering of particulate matter can be explained by the particulate concentrations
as it is a first order influencing factor for variation in the optical properties (Qiu et al., 2016). Figure 23(d) shows
that particles with smaller size have high variation in the backscattering coefficient while most of the larger
particle sizes all displayed lower backscattering coefficients. The larger particles, from a single sediment sample
(S10), were represented by a smaller sample size, thus the spread in the backscattering coefficients may be
expected to be less than those of the larger sample (S-OTHER). There may be some value in analyzing the bbp()
relationships for individual sediment samples to ascertain the source of the spread in data in Figure 23(a)
and (c).
The backscattering spectral slope parameter is relevant in terms of estimating particle sizes. Although the LISST
instrument can provide very detailed PSD information, the LISST instrument is known to be sensitive to field
deployment, and relative to some multispectral backscattering sensors, is significantly more expensive. A simple
three spectral band sensor, such as the EcoTriplet (WetLabs) could potentially provide estimates of relative
particle sizes. A comparison between LISST-derived mean particle size and the EcoTriplet-derived gamma
parameter measured in situ for turbid waters in the Pilbara region showed a very strong relationship (Parnum et
al. 2014). The HydroScat-6 and the EcoTriplet essentially operate in the same manner, although the scattering
angle for the HydroScat-6S is 140 and for the EcoTriplet is 124. Nonetheless, the potential for using spectral
backscattering angles to determine relative particle sizes can be demonstrated with Hydroscat-6S data and can
be applicable to EcoTriplet data.
Figure 24 shows that there is no significant relationship between γbp and the LISST-derived mean particle size for
the sediment samples measured in the tank. However, we see that all the mineral sediment samples (all
excluding S10) had γbp larger than 0.7, except for sample S11 which had γ bp = 0.38. The γbp is expected to vary
between 0 and 2 with higher particles giving smaller γbp (Antoine et al., 2011). We see a weak trend within Figure
24, but considering the error bars and that almost all sediments were within a mean particle size of 11.2 to 55
μm there is no significant relationship. The fact that sample S10 with a large mean particle size had a small γbp
provides reassurance in the relationship between γbp and particle size. But in contrast, sample S11 with a mean
particle size of 35.9 μm also had a smaller γ bp which could be due to the fact that sample S11 was distinctly
different to all other samples, coming from Credo, a terrestrial location inland from Perth, north of Kalgoorlie.
The three approaches to deriving γbp, using data from all 6 backscattering channels, using only three channels,
and using just two channels, highlighted the uncertainty in deriving γ bp from scattering data. Only the γbp values
derived using two channels produced values that were considered reasonable. Considering the shape of the
spectral backscattering (e.g. Figure 12) if a different reference wavelength had been chosen it is unlikely any of
the γbp values produced would have been reasonable. A reasonable backscattering spectrum is typically expected
to display higher scattering at the blue end of the spectrum relative to the red end. The relatively low scattering
displayed by the blue channels is likely due to absorption by the red particulates. The fact that the two channels
used to derive γbp, 590 nm and 700 nm, are the two channels at the red end of the spectrum for the Hydroscat6 may lead to more representative scattering measurements with little effect from particulate absorption.
However, the quality of the scattering data may still be influenced by absorption at these wavelengths, as noted
above for the weak relationship between bbp(λ) and N(D) which may be due to particle absorption (Qiu et al.,
2016).
We have not demonstrated an effective tank-based capability for estimating basic PSD information from
backscattering sensors. We had expected at least a similarly strong relationship as was observed by Parnum et
al. (2014), however the reason for the poor results is not clear. We suggest above that it is likely the effect of
particle absorption affecting the estimation of the γbp, but the measurements of Parnum et al. (2014) were in
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similar waters affected by dredging. The bimodal PSD may have a more significant effect on the γbp , and if this is
the case we may conclude that the measurements of Parnum et al. (2014) were of more well behaved PSDs.

4.3

Particle Densities

The optical determination of particle size (volume) is based on diffraction so does not indicate the amount of
porosity or “free space” within the outer extent of a particle. In the case of a floc, for example, the total volume
of the floc is determined, where the floc is a combination of mineral particle and water. The density determined
by TSM and TVC is therefore termed an “excess density”. If the proportion of water is large relative to particle
volume, the excess density is close to that of water, as is typical for flocs. If more particles exist individually rather
than as flocs the effective density approaches the particle density. Figure 33 shows the LISST estimated particle
excess density (TSS versus TVC slope) – individual sample plots are shown in Appendix E) plotted against the TSS
versus NTU slope for the samples collected near Onslow. This demonstrates that both the particle size and
density influence the slope of the TSS v NTU relationship.
A suspension of particles representing a large range of sizes may include a range of densities due to a mix of
organic particulates (lower densities), flocs (variable densities) or individual mineral type particles (higher
densities). With respect to the samples measured in this work we may expect the maximum density of the
particles to be relatively high, close to that of the source mineral. Density of carbonates and silicates typically
range 2.0 - 4.5 x 103 kg m-3 (http://webmineral.com/) with commonly occurring sedimentary type minerals
around 2.5 x 103 kg m-3. If we consider fine mineral particles in floc then the excess density could lie in the range
1.0 - 3.5 x 103 kg m-3 but with commonly occurring sedimentary type mineral flocs around 1.5 x 10 3 kg m-3.
The LISST estimated excess density based on water column samples was 0.23 x 10 3 kg m-3 (Fearns et al. 2017b)
compared to a range of 0.96 – 1.61 x 103 kg m-3 for field sediment sample tested in the tank. These results suggest
that the tank was measuring more mineral and less clay/biogenic material compared to the field measurements.
This may be considered as evidence that flocculation was occurring in the field, where as the freezing, thawing
and stirring broke that down for the tank samples.

Figure 33. LISST estimated excess
density compared to TSS versus
NTU slope for Onslow region
samples.
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Appendices

Appendix A. TSS values for water/sediment samples
ID

Date and Time

TSS Mean

TSS Min

TSS Max

TSS STD

S1

14/09/2015 16:45

1.22

1.22

1.22

0

S1

14/09/2015 16:47

4.02

4.02

4.02

0

S1

14/09/2015 16:50

7.21

7.21

7.21

0

S1

14/09/2015 16:53

11.34

11.34

11.34

0

S1
S1

14/09/2015 16:57
14/09/2015 17:02

12.57
13.24

12.57
13.24

12.57
13.24

0
0
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14/09/2015 17:10

17.98

17.98

17.98

0
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14/09/2015 17:14

24.69

24.69

24.69
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14/09/2015 17:18

42
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42

0
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14/09/2015 17:23

88.65

88.65

88.65

0

S2
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1.7

0.14
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2.9

2.8

3.1

0.14
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8/12/2015 10:57

4.57

4.5

4.6

0.05

S2

8/12/2015 11:02

6.27

5.6

6.9

0.53

S2

8/12/2015 11:08

6.63

5

7.6

1.16

S2

8/12/2015 11:44

9.8

9.1

10.3

0.51

S2

8/12/2015 11:50

11.07

10

11.7

0.76

S2

8/12/2015 11:57

11.4

10.1

12.7

1.06

S2

8/12/2015 12:03

13.1

12.1

14.2

0.86

S2

8/12/2015 12:08

17.93

17.3

18.5

0.49

S2

8/12/2015 12:14

22.87

22.2

23.8

0.68

S2

8/12/2015 12:20

26.13

25

27.4

0.98

S2

8/12/2015 12:28

29.47

27.4

30.6

1.46

S2

8/12/2015 12:32

30.8

29.4

31.8

1.02

S2

8/12/2015 12:38

36.87

35.2

37.8

1.18

S2

8/12/2015 12:43

47.13

45

48.6

1.54

S2

8/12/2015 12:50

65.73

62

68.4

2.72

S2

8/12/2015 12:54

91.33

83.2

103.2

8.58

S3

9/12/2015 14:25

1.7

1.5

1.9

0.16

S3

9/12/2015 14:37

1.47

1.4

1.5

0.05

S3

9/12/2015 15:00

1.57

1.5

1.7

0.09
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9/12/2015 15:05

1.8

1.5

2.1

0.24
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9/12/2015 15:11

1.97

1.8

2.3

0.24
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9/12/2015 15:17
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2.9

0.21
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0.37
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3.13
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0.24
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34.01

0.23
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10/12/2015 15:43
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31.87

35.86

1.64
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10/12/2015 15:51

38.01

31.83

41.4

4.38

S5

10/12/2015 15:58

41.7

37.6

45.8

3.35
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10/12/2015 16:04

41.9

41

43.3

1
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10/12/2015 16:13

42.43

41.8

43.4

0.69
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10/12/2015 16:20

42.53

39.1

44.6

2.44

S6

11/12/2015 11:30

2.7

2.2

3

0.36
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11/12/2015 11:32
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1.8

2.5

0.29
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11/12/2015 11:38

2.17

1.7

2.9

0.52
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11/12/2015 11:45

3.17

2.4

4.2

0.76
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11/12/2015 11:51

3.23

2.8

4

0.54
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11/12/2015 12:21

3.3

2.8

4.1

0.57

S6

11/12/2015 12:27

3.9

3.1

5.2

0.93

S6

11/12/2015 12:33

3.4

3.1

3.6

0.22

S6

11/12/2015 12:41

4.5

3.6

5.1

0.65

S6

11/12/2015 12:58

4.4

3.6

5

0.59

S6

11/12/2015 13:04

5.67

4.5

6.8

0.94

S7

11/12/2015 15:28

2.8

2

3.6

0.8

S7

11/12/2015 15:31

15.83

15.1

16.9

0.77

S7

11/12/2015 15:39

22.7

22

23.6

0.67

S7

11/12/2015 15:45

29.4

28.4

30.6

0.91

S7

11/12/2015 15:51

42.67

39

44.6

2.59

S7

11/12/2015 15:56

109.47

86.6

122.8

16.24

S7

11/12/2015 16:02

113.93

102.8

122.6

8.27

S7

11/12/2015 16:07

73.8

68.8

78.6

4
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S7

11/12/2015 16:13

90.13

69.6

102

14.58

S7

11/12/2015 16:19

162.2

103.6

220.8

58.6

S7

11/12/2015 16:26

111.2

108.4

113.2

2.04

S7

11/12/2015 16:33

218.53

188.8

274.8

39.81

S7

11/12/2015 16:39

294.93

248

337.2

36.56

S8

14/12/2015 12:06

2.07

1.7

2.5

0.33

S8

14/12/2015 12:08

5.33

3.5

8

1.93

S8

14/12/2015 12:16

4.47

3.4

6.1

1.17

S8

14/12/2015 12:23

5.37

4.3

6.2

0.79

S9

14/12/2015 14:25

2.67

0.5

5.9

2.33

S9

14/12/2015 14:33

1.97

1.8

2.2

0.17

S9

14/12/2015 14:44

2.47

2.3

2.6

0.12

S9

14/12/2015 14:52

2.27

1.5

3.5

0.88

S10

15/12/2015 11:04

2.1

1.8

2.3

0.22

S10

15/12/2015 11:11

9

8

9.8

0.75

S10

15/12/2015 11:21

13.73

12.7

14.7

0.82

S10

15/12/2015 11:30

20

18.4

21.4

1.23

S10

15/12/2015 11:37

23.8

20.8

27.6

2.83

S10

15/12/2015 11:44

28.33

26

29.6

1.65

S10

15/12/2015 11:51

37.2

34.2

41.6

3.18

S10

15/12/2015 12:00

48.4

46.8

50.8

1.73

S10

15/12/2015 12:09

59.07

55.6

62

2.64

S10

15/12/2015 12:19

59.47

52.4

69.2

7.11

S10

15/12/2015 12:29

70.53

61.6

86

10.98

S11

15/12/2015 14:36

2.17

1.6

2.5

0.4

S11

15/12/2015 14:43

7.67

4.5

9.9

2.3

S11

15/12/2015 14:50

18.1

17.9

18.5

0.28

S11

15/12/2015 14:59

34.37

32

35.6

1.67

S11

15/12/2015 15:05

58

54.2

64.8

4.82

S11

15/12/2015 15:14

64.8

63.6

66

0.98

S11

15/12/2015 15:21

85.47

82.2

87.6

2.35

S11

15/12/2015 15:30

141.07

100.4

206.8

46.91

S11

15/12/2015 15:37

137.33

132.4

143.6

4.67

S11

15/12/2015 15:45

135.87

129.6

143.6

5.81

S11

15/12/2015 15:54

138.13

119.2

149.6

13.49

S11

15/12/2015 16:04

183.2

172.4

197.2

10.37

S12

16/12/2015 10:52

3.33

2.5

4.4

0.79

S12

16/12/2015 10:57

10.9

8.3

13.5

2.12

S12

16/12/2015 11:06

13.43

12.3

14.4

0.87

S12

16/12/2015 11:14

20.37

18.5

21.6

1.34

S12

16/12/2015 11:23

32.67

28.6

35.2

2.9

S12

16/12/2015 11:30

35.4

34.2

37.6

1.56

S12

16/12/2015 11:36

37

35.4

38.4

1.23

S12

16/12/2015 11:46

46

44.8

48

1.42

S12

16/12/2015 11:51

58.8

47.6

70.4

9.31
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S12

16/12/2015 12:00

60.4

57.6

62.4

2.04
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16/12/2015 12:08

68

66.4

69.6

1.31
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2

3.2

0.49
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16/12/2015 14:32

8.67

7.8
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16/12/2015 14:39

19.67
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35.2

3.7
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57.27

50.6

61.2
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85.4

10.31
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84.47

81.4
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92.8
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7.04
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122

117.6

127.6

4.17
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16/12/2015 15:33

121.6

99.6

135.2

15.7
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16/12/2015 15:39

160.67

144

179.2

14.43
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8/11/2016 12:46
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3.6

0.76
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8/11/2016 12:48

19.13
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35.2

11.36

S14

8/11/2016 12:53
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22.6

42.9

9.48
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8/11/2016 13:02

37.27

31.2
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8/11/2016 13:11

35.2
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41.4

4.39
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8/11/2016 13:16

44.67
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49
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8/11/2016 13:24
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40.2
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8/11/2016 13:31

51.47

45.6
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7.74
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8/11/2016 13:37

65.07

59.2
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6.67
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8/11/2016 13:45

76.93
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79.6

2.96
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8/11/2016 13:52

96.4
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0.33
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8/11/2016 14:23

151.87

140.4

160.8

8.52

S14

8/11/2016 14:44

220.6

190.4

237.4

21.4

S15

9/11/2016 8:40

3.63

3.3

4.1

0.34

S15

9/11/2016 8:41

11.6

8.8

14.3

2.25

S15

9/11/2016 8:59

22.97

21.3

25.2

1.64

S15

9/11/2016 9:05

33.3

30.4

38.2

3.48

S15

9/11/2016 9:14

48.4

41.2

55.4

5.8

S15

9/11/2016 9:21

61.8

52

70

7.44

S15

9/11/2016 9:30

74.6

67

88.6

9.91
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9/11/2016 9:37

109.27

96

120.4

10.07
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9/11/2016 9:44

95.8

88.4

103.2
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9/11/2016 11:32

2.93

1.8

4.2

0.98
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8.8
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17.17
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18.8

1.49
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33.2
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35.2
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9/11/2016 12:03

46.13
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11.1
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50.93

46.4
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5.19
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9/11/2016 12:19
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100
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3.83
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34.73

29.9

41.9

5.17
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S17
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10/11/2016 11:02

9.87

9.2

11
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10/11/2016 12:00

483.47

423.2

574.4

65.43

S19
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0.56

S19
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Appendix B. NTU time series.

Figure 34. NTU time series. Samples 1-6.
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Figure 35. NTU time series. Samples 13-16.

Figure 36. NTU time series. Samples 17-19.
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Appendix C. TSS vs OBS NTU regressions.

Figure 37. TSS vs OBS3 regressions for low-range OBS setting. Samples 13, 15, 17, 18 and 19.
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Figure 38. TSS vs OBS3 regressions for high-range OBS setting. Samples 13, 15, 17, 18 and 19.
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Appendix D. TSS vs Wetlabs NTU regressions

Figure 39. TSS vs NTU regressions. Samples 1-6.
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Figure 40. TSS vs NTU regressions. Samples 7-12.
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Figure 41 TSS vs NTU regressions. Samples 13, 15-19.
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Appendix E. TSS vs LISST total volume concentration regressions.

Figure 42. TSS versus Total Volume Concentration. Samples 1-6.
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Figure 43. TSS versus Total Volume Concentration. Samples 13, 15-19.
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