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BD Moate, PD Thorne: Measurements Of The Acoustic Backscattering Characteristics Of 
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GW Graham, WAM Nimmo Smith: The Application Of Holography To The Analysis Of Size 
And Settling Velocity Of Suspended Cohesive Sediments.  

10:00-10:25 
 

TG Milligan, PS Hill, BA Law, E Boss: In The Eye Of The Beholder: Size Distributions As Seen 
By LISST And DFC 
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S Jacquet, O Radakovitch: Particles Size Characteristics Of The Rhône River And Plume 
Suspended Matter.  
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AJ Souza, W Thurston: Observations Of The Effects Of Turbulence On Particle Size 
Distributions In An Estuarine Bottom Boundary Layer.  
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M Fettweis: Uncertainty Of Excess Density And Settling Velocity Of Mud Flocs Derived From 
In Situ Measurements. 
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R Verney, P Le Hir, P Bassoullet: Modelling Flocculation In Sediment Transport Models: 
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13:30-14:30 Lunch and departure 
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A Comparison of Predicted and Measured Scattering of Light by Marine Particles 

 
KM Braithwaite1, DG Bowers1 

 
1. School of Ocean Sciences, University of Wales Bangor, Menai Bridge, Anglesey, United Kingdom LL59 

2EY, k.m.braithwaite@bangor.ac.uk 
 
Measurements of the specific scattering coefficient (b*) and particle size have been made in turbid coastal 
waters around the UK.  Particle size spectra were measured using a LISST 100 while b* data were obtained from 
a PRR (Profiling Reflectance Radiometer), a pair of Trios hyperspectral radiometers and a transmissometer.  
Comparisons were made of these three determinations of b*, and the relationship between b* and particle size 
has been investigated for varying particle size concentrations, distributions and densities.   
 
Mie theory has also been used to compare the observed value of b* with that predicted by applying scattering 
theory to the measured particle size spectra.  The effect of the range of the particle sizes measured and the 
refractive index of the particles, on the scattering properties of the water have been investigated and the 
importance of the shape of the size distribution examined.  Estimations have been made of the concentration 
of very small particles present and of their theoretical and actual contribution to the measured scattering.  The 
density of flocs and their particle to water ratios have also been determined and the differences in their optical 
properties investigated. 
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Particle concentration in Lakes and Coastal zones: Case studies 

 

X Casamitjana1 

1. Physics Department, University of Girona, Spain, xavier.casamitjana@udg.edu 

 
Although the measurement of the particle concentration in lakes, or in marine environments, is an important 
parameter to estimate the water quality, only since few years ago the particle concentration is directly 
measured. Here we present three study cases where the laser instrument Lisst-100 was used to estimate the 
dynamic of particles in water environments. 
 
Case 1: The formation of an hydrothermal plume in a karstic Lake 
 
A chronic hydrothermal turbid plume has been found to develop in the karstic Lake Banyoles.  The lake is 
formed by 6 basins and the hydrothermal plume was located in the main basin of the Lake. Water enters the 
Lake by the underground and resuspends sediments up to a sediment interface, called  the lutocline which 
separates the region of clean water above, from the high sediment concentration  region below. The 
temperature of the water at the lutocline level is warmer  than the hypolimnetic water immediately above and 
this difference in temperature generates the convection process that drives the hydrothermal plume. The 
plume develops upwards carrying a suspension of particles from the lutocline up to an equilibrium depth, i.e. 
forming a turbid hydrothermal plume. At the equilibrium depth, the water spreads laterally forming a turbidity 
current. 
 
 

 

 
 
Figure 1: The average backscatter obtained with the ADCP illustrates the formation of the hydrothermal plume 
(see the red coloured zone) 
 
Case 2:  A study of the evolution of a particle boundary layer in a reservoir, using laser particle sizing 
 
A layer of particles was found at the bottom of Boadella reservoir from summer until the end of the year, when 
the reservoir was fully mixed. Most of the particles in this layer are remnants of the summer algae bloom and 
are trapped in the boundary layer due to the thermal stratification. The phytoplankton bloom is mainly 
composed of diatoms, with diameter d5m and green algae with diameter d15 m. Inorganic particles and 
decomposed organic particles with d<3 m are also encountered in the boundary layer. On the other hand, 
particles with diameter between 30m and 100m are mostly found in the epilimnion of the reservoir. These 
are a mixture of aggregates of inorganic particles, colonies of phytoplankton, zooplankton, detritus, etc. 
Different mixing events occurring during autumn resuspended the small particles in the boundary layer, while 
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the greater particles settled down. The extent of the resuspension has been parameterized with a non-
dimensional number that balances the stress across the interface ant the strength of the stratification. 
 

 
 
Figure 2:Isolines of Particle concentration in Boadella reservoir. The isolines refer to log-contours 
 
Case 3:  Particle resuspension in a marine environment 
 
The role of the flow field on the horizontal and vertical distributions of different phytoplankton populations 
thriving in the water column of a shallow coastal ecosystem has been analyzed. Two extreme flow conditions 
are illustrated. The first was a low energetic flow, under calm meteorological conditions and a stratified 
temperature of the watercolumn. The second flow, coincident with the passage of a storm front, was more 
energetic resulting in increased mixing that homogenized the temperature in the whole water column.  
 
Although the mixing level homogenized the temperature of the water column in the high-energy period, it was 
not enough to homogenize the temperature in the low-energy period. In contrast, in both periods, the mixing 
level was enough to homogenize the vertical distribution of particles. A decrease in the concentration of 
particles from the calm period to the high-energy period was attributed to an advection event with warmer 
water of lower plankton concentration that resulted in a decrease of the total concentration of suspended 
particles in the water column.  
 
References 
Colomer, J, Serra, T., Piera, J., Roget, E. and Casamitjana, X. Observations of an hydrothermal plume in a karstic 
lake. Limnology and Oceanography. 46 (1), 197-203, 2001. 
 
Casamitjana, X., Serra, T., Soler, M., Colomer, J. Water Research. Vol: 36 (17), 4293-4300, 2002  
 
Serra, T., T. Granata, J. Colomer, A. Stips, F. Møhlenberg and X. Casamitjana. The Role of  Advection and 
turbulent Mixing in the Vertical distribution of Phytoplankton. Estuarine, Coastal and Shelf Science, 54, 2002 
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Tidal variations of particle size distribution and optical properties in turbid coastal waters: 
Perspectives for ocean colour remote sensing. 

 
 

David Doxaran1, Marcel Babin1, Kevin Ruddick2, Younge Park2 and Michael Fettweis2 
 

1. Laboratoire d'Océanographie de Villefranche, UMR 7093 - CNRS / UPMC, Villefranche-sur-Mer, France, 
doxaran@obs-vlfr.fr 

2. Management Unit of the North Sea Mathematical Models (MUMM, BMM, UGMM, RBINS, Brussels, 
Belgium 

 
Measurements of surface water turbidity, inherent optical properties (IOPs), suspended particle concentration 
and size distribution were carried out in Belgian coastal waters during a 12 hours tidal cycle. The IOPs (namely 
the light absorption, attenuation and scattering coefficients) were measured using a Wetlabs field 
spectrophometer designed with three visible and six near-infrared spectral channels, and a short pathlength 
appropriate for turbid coastal waters. Particle size distributions were measured using a LISST-100X (Sequoia 
Scientific). Additional measurements provided by field (temperature, salinity, water depth, current velocities 
and seawater reflectance) and ocean colour satellite (MODIS1 and SEVIRI2

                                                 
1 Moderate Resolution Imaging Spectroradiometer 
2 Spinning Enhanced Visible and InfraRed 

) data are used to describe the 
dynamics of the study area  

 
Results show a clear 6-hour cycle in parameters related to suspended matter concentrations, i.e. water 
turbidity, light absorption, attenuation and scattering coefficients. Moreover, the spectral slopes of the 
attenuation and scattering coefficients, expected to be particle size-related, also exhibit variations indicating 
particle sorting over the tidal cycle, i.e. settling of coarse particles at slack tide and resuspension at mid-tides. 

 
We first analyze how the spectral variations of the IOPs reflect changes in the shape of the particle size 
distribution. Based on bio-optical modelling and field measurements, we then determine how changes in the 
shape of the particle size distribution can be detected from the seawater reflectance. We finally discuss the 
potential of ocean colour remote sensing data in order to retrieve information on the size of particles 
suspended in turbid coastal waters. 



10 
 

  



11 
 

Uncertainty Of Excess Density And Settling Velocity Of Mud Flocs Derived From In Situ Measurements. 
 
Michael Fettweis1 
 

1. Royal Belgian Institute of Natural Science, Management Unit of the North Sea Mathematical Models, 
Gulledelle 100, 1200 Brussels, Belgium, m.fettweis@mumm.ac.be 

 
1. Introduction 
Flocculation is the process of floc formation and break-up and has a direct impact on settling velocity. The 
settling velocity is a function of the particle size and effective density, and can be described by Stokes’ law 
under the assumption that the particle Reynolds number is smaller than one and that the particles are spherical 
and non porous. However, because the Suspended Particulate Matter (SPM) consists of a population of flocs 
with heterogeneous sizes, density, and shape, the settling velocity of mud flocs in real environments may vary. 
Experimental observations are always subject to uncertainties that can be typically attributable to random 
measurement errors (lack of precision), systematic errors (lack of accuracy), human error, and intrinsic variable 
stochasticity.  
 
Within the field of flocculation of cohesive sediment dynamics, stochastic uncertainty is of primary importance 
as recently recognised in the works by Lee and Matsoukas (2000), Jackson (2005), Khelifa and Hill (2006) and 
Maggi (2007) who studied the fluctuations of the average and median floc size over time. Measurements of 
effective density and settling velocity are inherently associated with uncertainties (errors). These are linked 
with a lack of accuracy of the measuring instruments, a lack of precision of the observations and the statistical 
nature of the variables (floc size, primary particle size and primary particle density). When using observations 
some understanding of the uncertainties is needed.  
 
Based on the theory of error propagation the error of the effective density and the settling velocity of mud flocs 
has been estimated using the measurement data of OBS, SPM filtration, LISST100C, CTD and Sedigraph. The 
measurements have been carried out between 2003 and 2005 in the southern North Sea during 8 tidal cycles, 
(Figure 1). An extended presentation of the results can be found in Fettweis (2008). 

 
Figure 1: Yearly averages of vertically averaged SPM concentration in the southern North Sea derived from 362 SeaWiFS 
images (1997-2004), see Fettweis et al. (2007). Also shown are the locations of the tidal measurement stations. The 
coordinates are latitude (°N) and longitude (°E). 
 
2. Calculation of fractal dimension, effective density and settling velocity 
By describing mud flocs with the fractal theory (Meakin, 1991, Van Leussen, 1994), the floc effective density can 



12 
 

be written as (Kranenburg, 1994): 
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where ρ is the effective density; ρf, ρw, and ρp  are the floc, water, and primary particle densities, respectively; 
Df  and Dp are the floc and primary particle sizes, respectively, and nf is the floc fractal dimension. The primary 
particle is defined as the first-order constituent of a floc and may consists of clay or other silicate minerals, 
carbonate and organic particles. Dp can be represented by the median diameter of mineral grains in the flocs. 
Because ρp, ρw and Dp can be considered independent variables, Eq. 1 can be reduced to  
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with ka a correlation parameter. If ρ and Df are known then the fractal dimension can be derived using a linear 
regression on a log-log plot. By doing so, it is assumed that nf is constant, this assumption has recently been 
questioned (e.g. Khelifa and Hill, 2006; Maggi et al., 2007 and Maggi, 2007). The effective floc density can be 
calculated if the floc and water density are known (see Mikkelsen and Pejrup, 2001). The water density has 
been derived from conductivity, temperature, and pressure measured by the CTD. The floc density can be 
expressed as: 
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with Vf the floc volume and Mf the floc mass concentration per unit volume. The water and primary particle 
mass can be written as Mw=ρw Vw and Mp=ρp Vp, respectively, with Vw and Vp the water and primary particle 
volumes in the floc. The floc density (Eq. 3) can eventually be calculated with Mf written as: 
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The fall velocity, ws, for flocs with fractal structure can be written as (Winterwerp, 1998): 
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where Re is the floc-Reynolds number, g is the gravitational acceleration, η is the molecular viscosity of water 
(≈1.4×10-3 kg/ms), and α and β are shape factors.  
 
Mp has been measured with an OBS and through filtration; Vf and Df have been measured with a LISST 100C 
and Dp with a Sedigrapg. In Figure 2 typical distributions of Df measured with the LISST 100C are shown. The 
density of primary particles, ρp, has been calculated, based on an analysis of the floc constituents. The density 
was obtained from the primary particle size distribution and the CaCO3 and total organic content (TOC) 
content. In figure 3 primary particle size distribution measured of the mineral fraction by the Sedigraph are 
presented. The fractal dimension was derived from a linear regression on a log-log plot of effective density and 
floc size. 
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Figure2: Particle (floc) size distribution of the SPM measured by the LISST 100C as a function of volume concentration. Only 
the distributions with a transmission greater then 20% are shown. 

 
Figure 3: Primary particle size distribution of the mineral fraction of the SPM measured with a Sedigraph 5100 and sieving. 
The rising tail at 62.5 µm in 4 out of 5 spectra comprises the sand fraction without further detail. 
 
3. Estimates and origin of uncertainties  
The errors have been estimated based on the theory of error propagation (see e.g. chapter 14.2 of Numerical 
Recipes, Press et al., 1989). The results indicate that major sources of uncertainties are from the primary 
particle and floc sizes, the primary particle density, and the SPM concentration from filtration and from OBS. 
The relative standard deviations for effective density, fractal dimension and settling velocity are about 10%, 
2.5% and 100%, respectively. These uncertainties should rather be regarded as lower limits of the real error, 
because the errors due to lack of accuracy of the OBS, LISST and Sedigraph have been omitted as they are 
unknown.  
 
The origin of the error on the settling velocity is mainly due to uncertainties on the primary particle size Dp and 
the floc size Df. These results are complementary to those of Khelifa and Hill (2006), who have underlined the 
dominant effect that primary particle size has on the effective density and thus on the settling velocity. The 
results from the error analysis have shown that the statistical uncertainties on the settling velocity will always 
be high when dealing with natural flocs or particles and that they cannot be reduced by increasing the accuracy 
of the instruments, the way of measuring or the method to calculate the settling velocity. In other words, they 
are always the dominating ones. These actions will however increase the reliability of the settling velocity – in 
the sense that the value corresponds better with reality - as systematic errors are reduced or precision is 
increased. 

 
4. Conclusions 
Measurements of settling velocity are inherently associated with uncertainties due to lack of accuracy of the 
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measuring instruments and due to the statistical nature of particle size distributions (and effective densities) in 
the suspended matter. Theses errors occur when using direct or indirect method to obtain settling velocities, 
the conclusions are:  
(1) The relative standard deviation on settling velocity due to statistical uncertainties is minimum 100%. The 

origin of the error is mainly from uncertainties of the primary particle and the floc sizes, respectively. These 
statistical uncertainties will always be high when dealing with natural flocs or particles and cannot be 
reduced by increasing the accuracy of the instruments;  

(2) The statistical error on the effective density is mainly due to uncertainties of the SPM concentration and of 
the primary particle density;  

(3) More reliable values of settling velocity can be obtained by e.g. increasing the precision of the 
measurements, the accuracy of the instruments and not assuming self-similarity of floc structures; 

(4) It is crucial to have data on primary particle size and density at the same moment as floc size and SPM 
concentration data, as these parameters are of major importance to calculate the effective density and the 
settling velocity. Measurements of suspended matter should include an analysis of its major constituents 
(organic matter, CaCO3 and silicate minerals) and the grain size.  
An important part of our understanding of flocculation and cohesive sediment dynamics (deposition and 

erosion) is based on measurements. The uncertainties associated with indirect (or direct) settling velocity 
measurements are very high due to their statistical nature; the total error will be even higher because 
systematic errors due to a lack of accuracy of the measuring instruments are not included. 
 
References 
Fettweis, M., Nechad, B., Van den Eynde, D. 2007b. An estimate of the suspended particulate matter (SPM) 

transport in the southern North Sea using SeaWiFS images, in situ measurements and numerical model 
results. Cont. Shelf Res. 27: 1568-1583. 

Fettweis, M. 2008. Uncertainty of excess density and settling velocity of mud derived from in situ 
measurements. Est., Coast. Shelf Sci., 78, 426-436. 
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USE OF AN INFRARED LIGHT SENSOR FOR CONTINUOUS SUSPENDED SOLIDS MONITORING IN RIVERS 

 

F. Gentile, T. Bisantino, R. Corbino, F. Milillo, G. Romano, G. Trisorio Liuzzi 
1. PROGESA Department, University of Bari, Via Amendola 165/A Bari-Italy 
 

Introduction  

Erosion and solid transport are particularly important in the north-western area of Puglia Region (Southern 
Italy), where the main watersheds are located: Candelaro (1777.9 km2), Cervaro (539.2 km2), Carapelle (714.9 
km2) and Ofanto (2702.8 km2). 
 
In the study area the sediment transport processes were monitored by the National Hydrographic Service and 
largely consisting of suspended materials, with top concentrations reaching 90 g/l. The measurements, 
available from 1933 to 1989, were later interrupted. 
 
In order to measure in continuous the suspended sediment concentration, an experimental station was set up 
in the Carapelle torrent (basin area=506 km2, fig. 1) (Bisantino et al., 2006). The station is equipped with a dual 
function infrared sensor (turbidity/suspended solids), a remote data acquisition system, an electromechanical 
and an ultrasound stage meter. 

 
Figure 1. Watershed of the Carapelle torrent. 

 
The instrument was tested in the laboratory using mixtures of different grain size distributions and sediment 
concentrations. The aim was to determine the existing relationship between the optical and the gravimetric 
data and to assess how the instrument responded to the varying granulometric content of the mixtures. 
Afterwards, the instrument was field-tested to verify, through a calibration stage, the housing device and the 
relationship between the optical sediment concentration and that measured in the laboratory from samples 
collected during flood events.  
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Materials and methods 

Station measuring suspended sediment concentration 
The experimental station measuring suspended sedment concentration (fig. 2) is located in the Carapelle 
(Ordona-Castelluccio dei Sauri bridge), one of the main rivers in Puglia Region. It originates from flyschoid 
formations of the Daunia Mountains and develops into the alluvial fan of the Tavoliere plain. The plain and the 
low hilly areas are mainly used for olive growing, whereas the higher slopes are occupied by woods and 
pasture. The climate is typically Mediterranean, with rainfalls ranging from 450 to 800 mm/year and average 
temperatures ranging from 10 to16 °C.  

 
Figure 2. Sediment transport measuring station, optical probe housing (right, below) and data acquisition system (right, 
above). 

The station is equipped with a remote data transmission ultrasound stage meter and a stage recorder. In 
addition, an infrared optic probe (Hach-Lange SOLITAX Hs-line) was selected for the measurement of the 
suspended sediment concentration. The instrument is housed in a shelter tube through a pulley, a float and a 
counterweight group. The housing device, anchored to a bridge pier, protects the instrument from the impact 
of any flowing coarse material and prevents any potential measuring errors caused by incident radiant energy 
straying into the infrared field. Solar infrared radiation decreases of approximately 63% below 50 mm of clean 
water, and this information is important particularly in regard to surveys carried out near surface level 
(Downing, 1991; Lewis & Eads, 2001; Orwin & Smart, 2005). The instrument is controlled through a data 
acquisition system that was power supplied by a solar panel.  
 

Functional characteristics of the optical probe 

The optical instruments are based on the theory that an incident beam in a mixture is subject to absorption, 
scatter and transmission due to the presence of suspended particles. The light scattered by the particles can be 
measured by one or more electronic photodetectors positioned at a α=90° (side scattering or nephelometric 
scattering), α<90° (forward scattering) o at α>90° (backscattering) with respect to the direction of the incident 
beam. The light source can be white, infrared, laser.  
 
The optical technique is susceptible to the granulometric variations which occur with heterogeneous soil and 
time of erosion, and increased quantities of coarse sediment loads during floods. Variations in turbidity, 
associated with these phenomena, can lead to non-linear turbidity/SSC relationships (Lewis, 1996; 2003).  
Further interferences associated with optical measuring consist of the colour of the particles and the watery 
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medium which causes the luminous energy to be absorbed in some bands of the visible spectrum, altering the 
characteristics of the transmissed light. Another interference that affects the spatial distribution of the light 
scattered by the particles is caused by the ratio between their size and the wavelength of the incident beam: 
particles of a size comparable to that of the incident beam wavelength scatter light symmetrically, whereas 
larger particles scatter an irregular light in all directions. The scattered light, the density of the particles and the 
content of dissolved particles such as pollutants, and organic matter can lead to errors of measurement since 
they interfere with the diffusion of light between the particles and the photodetector (Gippel, 1989; Foster et 
al., 1992; Sadar, 1998).   
 
Several measuring techniques have been developed with a view to minimising some of these interferences. 
Among these the use of an alternate light source (LED) that does not interfere with the absorption spectrum of 
the sample and a combined system of photometers (ratio detection system) capable of compensating for any 
absorption loss as well as being able to measure elevated turbidity (Sadar, 1999). This technique is adopted by 
the Hach-Lange SOLITAX probe which is based on the emission of a LED infrared light beam. The probe has a 
dual function: it measures turbidity, when only the nephelometric photodetector (positioned at 90° respect to 
the incident beam direction) is active, or suspended sediment when the backscattering photodetector 
(positioned at 140° respect to the incident beam direction) also works. This method enables a broad range of 
suspensions (0.001-4000 NTU for turbidity and 0-150 g/l for suspended solids) to be examined and 
compensates for the effects of light, organic matter and colour. Furthermore, the instrument is fitted with a 
programmable interval screen wiper. 
  
Laboratory testing 
67 suspensions were constituted using a sample of material taken from the riverbed of the Carapelle stream  
(fig.3). Before starting the tests, the entire sample was sifted (d=2 mm - UNI, BS Standards) to remove the 
gravel fraction. No further removal operations were executed on the cementing substances (organic matter, 
carbonates, ferrous oxide and aluminium) so as not to alter the structural order of the mixture. 
 
After thorough mixing, the sample was split into three batches. The first one (OW–Original Wet) was kept wet 
and in its original granulometry, the second one (OD–Original Dried) was kept in its original granulometry too 
but it was oven-dried at 110°C, the third one (SD–Separated Dried) was split into its fine and sand fractions. 
 
Field calibration  
The purposes of the field calibration were: to evaluate the efficacy of the housing system; to identify a 
calibration curve of the instrument for the specific torrent; to compare the results with those obtained during 
the laboratory testing. 
 
The instrument was set up in suspended sediment mode (ratio detection system) and, during the flood events 
occurred during the winter-spring season 2006-2007, a programme of physical sampling was carried out. Eight 
flood events were monitored and 65 physical samples were collected using the “Magistrato” sampler, that 
belongs to the “thief sampler” category (Holmes et al., 2001). It consists of a horizontal Van Dorn bottle closed 
by a float mechanism, with a 15 kg ballast and a flip. The samples mainly consisted of fine materials (fig.3).  
With regard to the housing system, 17 pairs of samples were taken outside and inside the tube and their solid 
concentrations were compared in order to find out any alterations in the flow caused by the protective tube. 
With regard to the calibration of the instrument, the sediment concentrations of all the collected samples were 
measured gravimetrically and compared with the data observed by the optical probe. 
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Figure 3. Granulometric curve of the sample material taken from the Carapelle stream. 

 

Results 

Laboratory testing  
The final goal of the first test was to investigate the response of the probe to SSC variations. 
The 31 display readings of OD and OW batches were used as input. The analysis of these suspensions show 
that, plotting the turbidity versus sediment concentrations, the measurement increases up to a top SSC-value 
ranging between 40-50 g/l (fig. 4).  
 

 
Figure 4. Relationships between the turbidity measured by the instrument and gravimetric SSC (OW and OD batches). 

As the concentrations further increase, the measurements decrease. This trend reveals the probe blindness 
occurring in concentrated suspensions. In suspended sediment mode, on the other hand, blindness does not 
occurs, and the measurement has a linear increment with the sediment concentration (fig.5). 

 
Figure 5. Relationships between the SSC measured by the instrument and gravimetric SSC (OW and OD batches). 

 
The aim of the second laboratory test was to analyze the influence of the grain size composition on the 
instrument’s response. The test was carried out on the 36 SD mixtures, containing the same silt/clay ratio but 
different percentages of sand. The results show that, for mixtures having the same concentrations, the 
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instrument’s response varies in relation to the percentage of sand. 
 
As expected according to the literature (Foster et al., 1992), the signal was greater in the fine material 
suspensions (fig.6, fig.7), except for the turbidity mode in the curve limbs affected by probe blindness (fig. 6, 
falling limbs). In particular, in the turbidity mode, probe blindness occurs even at low concentrations, the 
phenomenon being more evident at small grain sizes, where it occurs at concentrations as small as 7-8 g/l. This 
phenomenon decreased considerably in mixtures with larger sand fraction. 

 
Figure 6. Relationships between turbidity as measured by the instrument and gravimetric SSC. 

 
On the contrary, the suspended sediment optical values always increase with the sediment concentration 
(fig.7). They have higher values in mixtures with high percentages of fine material than in those that are 
predominantly sandy.  Thus one single conversion factor can be used for mixtures having the same 
granulometric composition with varying sediment concentration. 

 
Figure 7. Relationships between SSC as measured by the instrument and gravimetric SSC. 

 
 Field testing  
A comparison of the sediment concentrations inside and outside the protective tube was made, by taking 17 
pairs of simultaneous samples. The graph showing the external concentrations as related to the internal ones is 
well interpolated by a linear function and this confirms that the instrument housing device did not bias the 
measuring process in any way. This result allows us to consider the samples taken from both positions as part of 
the series of data used during the calibration stage of the instrument (fig.8).  
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Figure 8. Comparison between the concentrations observed inside and outside the protective tube. 

 
The second analysis carried out during the field stage was the calibration of the instrument. 65 samples, in 
which the greater part of the sediment consisted of fine material, were taken during 8 flood events. The 
sediment concentrations of all the samples, measured in laboratory with the gravimetric method, were 
correlated with the instantaneous data measured by the instrument. Figure 9 shows the graph of the 
interpolating function (R2 =0.99). The results confirmed that, in the range of the monitored discharge and for 
the 2007 sampling campaign, there was a linear relationship between the gravimetric and the optical data. 
The grain size distribution of the first 28 samples collected during the flood events, and joined together in order 
to obtain enough material to be able to carry out the analysis, reveals that the material contains a much higher 
percentage of clay than that taken from the riverbed, as it was to be expected (fig. 3). 
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Figure 9. Linear relationship existing between the optical suspended sediment concentration (SSC) measured in field and 

the gravimetric data. 

 
In order to compare the results of the field tests to those obtained in the laboratory, the relationships between 
the suspended sediment concentration (SSC) measured by the instrument and that observed by means of the 
gravimetric method were plotted with reference to the clay content. The graph in figure 10 shows that the field 
calibration curve, sitting above the other curves, accords perfectly with the laboratory results. 

 
Figure 10. Comparison between the field results and the laboratory analysis. 
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Analysis of flood events 

This section reports a short summary of the analysis of nine flood events occurred in 2007-2008 and having 
peak discharges between 0.94 and 44.62 m3/s. The relationship between sediment concentration and discharge 
revealed the existence of clockwise, counterclockwise and mixed-shaped hysteretic loops (figs. 11-12-13).  
 
In most cases counterclockwise hysteresis prevails (hydrograph peaks before sedigraph) and this is related to 
the events of moderate intensity that occur during the entire flood period. During these events (fig. 11) the 
sediment concentration increases in the falling limb of the hydrographs due to the distance between the 
sediment sources and the measuring station (Brasington and Richards, 2000). 
 
 
The most intense events are characterized by a clockwise (fig. 12) or mixed loop (fig. 13). The clockwise loop 
(sedigraph peaks first) occurs during a simple flood while the mixed loop seems to be typical of graded floods. 
The advance of the sediment concentration peak can be explained because the sediment availability decreases 
during the event. If the sediment concentration decreases before the falling limb of the hydrograph, the 
sediment source areas can be considered limited. This type of loop frequently occurs at the end of the rainy 
season as they are influenced by the depletion of sediments produced by the previous floods (Campbell, 1985).  
 

Conclusions 

This work reports an experimental study about sediment transport monitoring in a river of Northern Puglia 
(Southern Italy). The measuring instrument was an optical immersion probe which measures the turbidity or 
the concentration of suspended solids.  
 
The results of the laboratory testing stage show that when optical instruments are used to measure suspended 
sediments in rivers, a ratio detection system should be preferred, while a single 90° photodetector produces 
imprecise measurements that are not monotonically dependent on the real value, because of the phenomenon 
of attenuation of light which occurs with certain concentrations. When the probe was employed in suspended 
sediment mode a linear relationship between the probe data and the gravimetric ones emerged. Furthermore, 
with equal levels of concentration, the measurement tended to become greater as the fine fraction content 
increased. 
 
The field testing stage confirmed the results achieved in the laboratory, evidencing a linear relationship 
between the optical measurement of suspended sediment and the gravimetric data measured on the turbidity 
samples. The curve trend agrees with the laboratory observations, since the sample material contained a 
greater percentage of clay than the material used in the laboratory tests. The instrument housing device did not 
interfere with the measuring process in any way. The technology adopted made it possible to investigate the 
relationships between solid and liquid flow during some floods. 
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Figure 11. Counterclockwise loops. 
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Figure 12. Clockwise loop. 

 

 
Figure 13. Mixed  loops. 
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Suspended cohesive sediments, typically in flocculated form, are ubiquitous throughout the entire fluvial to 
marine continuum. Understanding the behaviour of flocculated particles is of fundamental importance in 
understanding dynamics of cohesive suspensions since the process of flocculation dramatically increases the 
settling velocity and mass settling flux in comparison to single particle settling. The formation of large porous 
aggregates from smaller particles complicates the prediction of the behaviour of cohesive suspensions since 
settling cannot be related simply to particle size.  Simultaneous observation of both the size and the still water 
settling velocity of flocculated particles is crucial if settling fluxes are to be accurately estimated. Knowledge of 
these parameters allows excess, or effective, densities to be estimated and thus mass fluxes derived for the 
suspensions. A number of optical – principally video based – methods have been developed for the 
simultaneous measurement of size and settling velocity of flocculated particles. These include the University of 
Plymouth’s INSSEV (Fennessy et al., 1994; Manning and Dyer, 1999), INSIPID (Benson and French, 2007), DFC 
(Mikkelsen et al, 2004) and DIPSTIC (Kim and Sanford, 2007) to name but a few. Optical systems are generally 
limited to a small depth of field since the focal plane of video systems capable of imaging particles on the 
micron to millimetre scale is narrow. As a consequence the total sampling volumes of such instruments are 
small and the size of suspended particles outside the focal plane may not be accurately represented during 
analysis. In addition video based methods have traditionally had long data processing times since particle 
parameterisations are derived manually. Recently, however, there has been a drive towards semi-automation in 
certain systems (Fox et al, 2004) with full, real time particle sizing and tracking in others (Kim and Sanford, 
2007).  
 
Holography is a promising technique for high resolution imaging of small objects and in-line systems are proven 
for imaging marine particles in-situ (Malkiel et al, 1999; Owen and Zozulya, 2000; Watson et al, 2001). A novel 
digital in-line holography system has been developed at the University of Plymouth to obtain synoptic in-situ 
measurements of suspended particle size, shape and concentration. We present details of an experimental 
modification to this system which enables the measurement of both size and settling velocity of cohesive 
sediments in a fully automated manner.  The optical setup for the in-line holographic system is illustrated in 
Figure 1A. Diffraction created by particles settling through a collimated laser beam (532nm, 100mW) generates 
interference fringes (Figure 1B and 2A) which are recorded by CCD with a field of view of 7.4mm by 7.4mm 
(1002 by 1004 pixels, 7.4 µm per pixel). 
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Figure 14 Schematics of simplified optical setup for digital in-line holography (A), diffraction by particle and the creation of 
interference fringes on the CCD (B) which are numerically reconstructed to produce in-focus images of the scatterers within 
the sampling volume (C). 

Individual frames are numerical reconstructed using  a Frensel transformation in the spectral domain (Milgram 
and Li, 2002; Sheng, 2006) to produce, from a single 2D image, a stack of plane slices through the sampling 
volume (Figure 1C). Objects within the sampling volume can be focused individually to produce sharp, in-focus 
particle images at high resolution (Figure 2B) over a substantial depth of field, resulting in an effective sampling 
volume of 7.4cm3. From these images size and shape metrics can be derived. 

 
Figure 2 ‘Raw’ hologram demonstrating interference fringes around scatters in field of view (A) and montage of 
reconstructed, in-focus, flocculated particles extracted from randomly selected holograms (B). Notice the pronounced non-
sphericity and the ‘ragged’ perimeters characteristic of flocculated particles. Scale bar in (B) is 500µm.   

 
For the purpose of settling velocity estimation, particle settling must be observed in still water so the digital in-
line holographic system (which was initially designed for submersible imaging of marine particles) has been 
equipped with a settling column for ex-situ sampling of suspended sediments (Figure 3 A and B). A small 
volume of turbid suspension is withdrawn from a source (in this case a large annular flume) using a wide bore 
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pipette, to minimize disruption to fragile, flocculated aggregates, in a similar manner to the methodology of 
Manning et al. (2007). The particulates are then allowed to settle through the laser beam which crosses the 
settling column. Images of settling particles are captured at 10Hz for duration of approximately 150 seconds 
and are stored for post-processing.  

    
Figure 3 Ex-situ setup of digital in-line holographic system (A) with close up of settling column (B). Perspex column 
dimensions are w=100,d=100,h=1900mm. 45mm diameter sapphire glass ports allow the laser beam entry and exit to the 
column.  Black horizontal bars in both images are approximately 100mm in length. 

 
Image time stacks are processed in a fully automated manner to derive particle size and settling velocity 
distributions. Image reconstruction is followed by analysis of the spatial variation in the standard deviation of 
intensity values through the reconstructed image to identify the approximate 2D position of objects within the 
sampling volume. Global segmentation of the resulting map over the entire field of view, using the method of 
Lintern and Sills (2006), allows the approximate location and size of objects in the image to be identified. 
Regions of interest are generated around each identified object in the field of view and in-focus particle images 
are extracted from variable depths within the reconstructed image. Each of these sub-images of individual 
particles (Figure 4A) is subjected to a sequence of edge detection (Figure 4B), morphological closure (4C) and 
convex hull estimation (4D) in order to derive the projected area of the particle (4E).  
 

 
Figure 4 Processing sequence for projected area estimation (E) from in-focus particle image (A). 

Projected area estimates are used to define a spherical equivalent particle size. The spatial co-ordinates of the 
particles centroid, relative to the field of view, is established and the particle trajectory is then tracked across 
multiple frames using a combination of logic and 2D gray-scale cross correlation. Cross correlation between 
successive particle images enables sub-pixel accuracy of particle motion and reduces the likelihood of spurious 
particle matches between frames. Figure 5A illustrates the trajectory of a single particle moving across the field 
of view, which has been successfully tracked over 11 consecutive frames.  Particle specific statistics (such as the 
projected area, Figure 5B) are calculated for each of the 11 particle realisation (in-focus images of the particle 
are illustrated in Figure 5C to confirm that the same particle is tracked over all frames). Some variation in the 
projected area estimated can be observed over the trajectory. This is associated with particle size and shape 
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change due to variability in the result of segmentation (Figure 5D).  

 
Figure 5 Graphical illustration of particle tracking across field of view (A). Projected area variations over the trajectory are 
shown in (B). The black dashed line indicated the trajectory averaged projected area (i.e. arithmetic mean of 11 
realisations). The red dashed line indicates ±10% of the trajectory averaged value. Individual, in-focus particle images (C) 
and their segmented counterparts, prior to convex hull fitting (D) are also shown. 

One significant benefit of a tracking method that generates particle statistics over multiple particle realisations 
is that trajectory averaged particle statistics can be generated with associated error estimates.  Particle settling 
velocity is calculated from the frame-to-frame displacement of a tracked particle and trajectory averaged 
estimates and confidence intervals similarly generated. The algorithms utilised by Fennessy et al. (1994) and 
further modified by Manning (2004) are used to calculate values of effective density, dry mass, porosity and 
mass settling flux for each particle within a sample. These parameters are also trajectory averaged.  As an 
illustration of the power of this technique, results from a single settling experiment are presented in Figure 6. A 
total of 671 separate particles have been individually tracked and are presented as two distinct size fractions 
(micro flocs < 160 µm and macrofloc >160 µm) based on the distinction proposed by Manning (2001). The 
settling population is heavily dominated by the microfloc fraction (>80% by number).  
 
Trajectory averaged settling velocities of this sample range from 0.01 – 5.72 mm s-1 and calculated effective 
densities range from 11.48 – 1580.71 kg m-3. The distributions of settling velocity and effective density as 
functions of particle size (30.07 – 443.05 µm equivalent spherical diameter) conform to power law relations, 
typical of flocculated suspensions. Figure 6C clearly shows a polymodal particle size distribution, skewed 
towards the slow settling microfloc fraction. Sample averaged settling velocities for microflocs are 0.57 mm s-1 
and for macroflocs are 2.05 mm s-1. Although the macrofloc fraction comprises only a relatively small number of 
individual particles, their large size means they are dominant in terms of the mass distribution. Greater settling 
velocities than the microfloc fraction means macroflocs dominate the mass settling flux (Figure 6E) which is 
calculated for the sample as the product of size-band-averaged settling velocity and mass concentration 
estimates. 
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Figure 6 Illustration of particle statistics automatically derived from a single holographic settling experiment. Trajectory 
averaged particle settling velocity (A) and effective density (B) as functions of spherical equivalent particle diameter 
diameter (error bars indicate CI of average at ά = 0.05).  Size banded particle size (C), settling velocity (D) and mass settling 
flux (E) distributions. Red coloration indicates microfloc, and blue the macrofloc fraction. 
 
As an experimental extension of an existing digital in-line holographic particle imaging system, automated 
settling velocity determination has proven to be extremely effective. This technique allows settling particles 
(approximately 10 - 7500µm) to be tracked at high frequency within a sample volume of 7.4cm3.   At present 
only laboratory settling data are available but the system produces particle sizes, settling velocities and 
effective densities which are comparable to previously published research. It is conceivable that, with only 
minor modifications to the existing holographic system, in-situ size and settling velocity information could be 
obtained and processed in an autonomous fashion. The major, potential, benefits over existing video based 
systems that measure size and settling velocity are two fold. Firstly, the greatly enlarged sampling volume and 
the ability to sharply focus particles anywhere within this volume allows accurate representation of particle 
properties without bias by out-of-focus particles. Secondly, image reconstruction, particle identification, sizing 
and tracking is fully automated. The automated analysis is carried out on a 1.6GHz T2050 (1Gb RAM) and speed 
up in ‘per sample’ analysis time by approximately a factor of 10 over manual particle sizing and tacking is 
achieved. Further reductions in the time delay between image acquisition and the generation of particle size 
and settling velocity statistics are envisaged as massive parallelisation of the reconstruction and size/settling 
velocity extraction algorithms are investigated using a distributed computational grid available at the University 
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of Plymouth and recent developments in GPU processing. 
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Introduction 

Some experiences of suspended sediment investigation with ADCP are already available in the literature, a 
good example could be found in Hoitink and Hoekstra (2004). These investigation were carried out in marine 
environment and with the hypothesis of sediment grain size  uniformity among the whole field. Relying on that 
hypothesis only few water-sediment samples are needed in order to calibrate backscattering power. 
 
In many environmentals characterized by stratification and sediments sorting, grain size uniformity along 
vertical profiles and furthermore among some kilometers long reach  seems hard to believe. The grain size field 
heterogeneity would  force to get many on filed samples in order to assure a reliable calibration among the 
whole surveyed area, but loosing the ADCP survey advantages: dynamism, velocity, resolution and coverage. 
 
Using many acoustics frequencies gives a different approach to the problem. In fact in that case is possible to 
solve the sonar equation for both the unknowns: grain size and concentration of scattering particles; Thorne 
and Hanes (2002). Examples using multi-frequency technique already exist (Traykovski, Wiber and Geyer, 
2007), but with dedicated acoustic devices in fixed position and that are not able to simultaneously asses 
velocity field. Furthermore RDI ADCPs using fore transducer, broadband technology, and characterized by 
narrow beams and strong acoustic penetration, assure the highest range flexibility and accuracy for echoes and 
time lag data (RD Instruments 1996).   
 
The carried out surveys on Po river and Tirreno sea using two Teledyne RDI ADCPs working at different 
frequencies on the same water column is an application of the multi-frequency method. A moving vessel, 
ADCPs equipped, surveyed the whole velocity and sediment fields in short time.  
 

 
 

Figure 1. Two ADCP at different frequencies installation and in action. 
 
Figure 1 shows the ADCPs installation and a phase of the carried out dynamic measurements. 
 
The two following chapters will describe the acoustic method used for concentration and grain size profile 
assessments (chapter 2) and the resulting evidences on velocity and concentration field and on processes 
taking place during fluvial and sea surveys (chapter 3). 
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Acoustic Method 

Backscattering power of an acoustic beam propagating in water depends also on numerousness and scattering 
size of suspended particles inside the sound covered water volume; Thorne and Hanes (2002). Knowing that 
some equations can be developed relating received echo features to suspended sediment mass, scattering 
particle dimension and quantity. 
 
Any acoustic backscattering method for concentration assessment is founded on the sonar equation, Medwin 
and Clay (1998). The simplified form of the sonar equation follows, Deines (1999), with backscattering power Sv 
expressed by the main environment and electrical acoustic ADCP futures, RD Instruments (1996): 

−⋅+⋅+= 2
10 )16.273(log10 RTCS v  )(2 rc EEKRPL −⋅++−− α   (1) 

 
In equation (1) Sv is the backscattering power in dB, C is the instrumental coefficient that holds the in factory 
ADCP features [dB], T is the transducer temperature in [C°], R is the distance along the beam [m], L is 10.log10 of 
transmitted wave length in meters, P is 10.log10 of transmitted power in watts, α is the sound absorption 
coefficient [dB/m], Kc is the conversion factor between instrumental counts and dB, E is the ADCP measured 
echo intensity [counts], Er is the measurable by ADCP minimal echo [counts].  
 
The electrical acoustic instrumental features: C, L, P, Kc and Er must be know, some approximate value can be 
found in literature, Deines (1999), and they can be measured in laboratory with some specific acoustic devices, 
Deines (1999).  
 
The backscattering power can be evaluated knowing the surveyed with ADCP data: T, R and E, and the sound 
attenuation coefficient α. 
 
Unfortunately backscattering power and sound absorption are both dependent on scattering size and particle 
concentration.  Therefore having two unknowns, the method needs at least two equations to be written, 
corresponding to backscattering power at two different frequencies. 
 
The one frequency method asses concentration using the sonar equation  (1) and fixing in advance a uniform 
scattering size. In fact calling s the backscattering power, not more in dB, the following expression, Thorne and 
Hanes (2002), can be written for the suspended mass M: 

3

3
4 asM s ⋅⋅⋅= πρ

σ
   (2) 

where the scattering particle numerousness for unit volume is written as the ratio between backscattering 
power and the mean scattering size σ. 
 
Working with two frequencies on the same water column, equations (2) and (1) can be written two times 
obtaining the needed relations. In particular the second one gives the solving equation:  

2

1

2

1

σ
σ

=
s
s

    (3) 

where the mean grain size is the only unknown. 
 
Functions relating acoustic parameters σ and α to suspended mixture features and carrying frequency  have 
been studied since many years, Thorne and Hanes (2002).  
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In order to have an univocal solution for equation (3), both frequencies must be sensitive to suspended 
particles. In fact form and attenuation factors have a low threshold for acoustic sensibility to suspended 
particles, and on the other side high threshold for x dependence, being x the product between acoustic wave 
number and particle grain size.  
 
Instrumental frequencies choice became important not only for the maximal expected depth range, but also 
for the ability to investigate different grain sizes. In practice the multi-frequencies method using commercial 
ADCP frequencies is able to investigate concentration and grain size field inside the silt-sand range, with typical 
acoustic shadow zones for finer and/or too far fraction and for coarser and/or too near sand. 

Survey Results 

The surveyed Po branch is 8x103m long and 270 m wide, two hundreds kilometers from the mouth, in the 
Boretto zone where the catchments basin is 55 thousands of square kilometers, the 75%  of the whole. The 
mean flow is south-east oriented. The experimental survey stage condition was a low stage (1000 m3/s), with a 
frequency of about three months in the period 1944-1989 and of only 1.5 month in 2007.  
 
The ADCPs and DGPS equipped vessel  followed longitudinal and transversal tracks (figure 2) in order  to map 
the whole concentration field. 

 
Figure 2. Acoustic survey tracks carried out on Po river at Boretto. 

 
 
The vertical averaged values are meaningful in order to characterize the suspended sediment transport field, 
see maps in figure 3 and 4. 

 
Figure 3. Concentration [kg/m3] map from acoustic multi frequencies survey. 

 
The upstream branch up to the first bend is strongly characterized by the alternative bars morphology that can 
be seen also looking at bathymetry simultaneously surveyed with Multibeam, figure 5. Bar morphology drives 
high concentration, 0.2 kg/m3, of finer material, 2x10-4m, on low depth area corresponding to bar toss face. 
 
The strong current taking place in the first bend seems to erase alternative bars concentration field, instead it 
gives rise to high concentration in the following inflection point after the current impact on the outer side of 
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the first bend. Then current and suspended sediment transport remain strong up to the following wide and low 
depth area.   
 

 
Figure 4. Mean grain size [10-3m] map from acoustic multi frequencies survey. 

 
The downstream bend shows some concentration of coarse grain in its upstream side at the wide area 
junction. In that area  the convex angle at right side gives rise to a strong current from right to left, which is 
able to suspend bed sediments. Then the alternative bar behavior, with high concentration related to low 
depth, arises one more time but in a less enhanced way despite the upstream branch. 
 

 
Figure 5. Multibeam bathymetry. 

 
ADCP suspended sediment transport and velocity surveys are useful also for concentration and velocity field 
analysis along vertical sections. As example is described a longitudinal transect of the upstream branch up to 
the flex between the two consecutive central bends. As already underlined enhanced alternative bars 
characterize the upstream straight reach. The maximal concentrations take place at toss and ridge top bars 
where velocity increase is cause of finer material suspension, figure 6. High depth and low velocity and 
concentration follow. In practice a typical riffle and pool morphology at low stage, Richards (1982), takes place, 
which drives high velocity, roughness and concentration at riffle location; that location probably changes at 
high stage condition. 
 

 
Figure 6. Mean grain size [10-3m] and concentration log10[kg/m3] for the longitudinal transect. 

 
Two well defined exceptions take place at 2100 and 4000 longitudinal coordinates, which show high 
concentration of coarser grain size at high depths, in fact these are two velocity field singularities. The first 
exception is related to a strong vertical up velocity (fig.7-belove). The downstream velocity singularity is the 
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maximal magnitude velocity located at the outer side of the bend (fig.7-above). The velocity field singularities 
produce coarser grain suspension. 
 
 

 
Figure 7. Magnitude velocity and vertical up velocity [m/s] for the longitudinal transect. 

 
Aim of the Mediteraneo sea survey was to investigate the turbidity diffused by dredging works. In order to test 
the multi frequencies method, a calibrated Multi Parametric Probe (MPP) was employed, almost 
simultaneously and on the same water column sound irradiated by ADCPs. 
 

 
Figure 8. Mean grain size log10[10-3m] and concentration log10[kg/m3] for sea survey. 

 
One example of the outcomes of the analysis is given in figure 8. Time increases toward left. The diffusion of 
sediments trough the water column is visible from the surface on the right, where the dredging boat dumped 
some material. Higher concentrations of 100 mg/l near surface, also visible on field as very turbid water, are 
fast spread towards deeper layers by the mean principal current depth of 15-20 m. A bifurcation is evident in 
concentration and diameter patterns, showing finer material less than 0.2 mm being suspended by the current 
and coarser material sinking down. Some resuspension phenomena is also visible above -10 m.  These could be 
related to dredging boat and monitoring vessel wakes.  Indeed figure 9, presenting the ADCP velocity transects, 
shows some wakes at the same time and positions. 
 
The simultaneously acquired MPP profile shows a peak concentration of 2.5 mg/l  between -10 and -15 m 
depth.  Figure 10 shows a good agreement between calibrated MPP concentration profile and the ADCPs 
concentration profile, averaged in time during MPP acquisition. Looking at mean diameter ADCP profile, it is 
evident that dredging activities give rise to fine sand turbidity clouds (0.65-0.20 mm), where the coarser 
scattering particles are related to natural organic material (in low concentrations). 
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Figure 9. Magnitude velocity [m/s] for sea survey. 

 

 
Figure 10. ADCPs and MPP profile 

Conclusion 

Concentration and mean grain size fields can be surveyed simultaneously using at least two ADCPs working at 
different frequencies. 
 
The main advantage of the method is the ability to investigate suspended mixture features also in strong 
sorted environments, without making any hypothesis regarding grain size field uniformity as single frequency 
method does. 
 
The available commercial ADCPs drive frequencies choice only on few values spaced of 500-600 kHz, and 
designed for different maximal depths. In the view of sediment investigation frequency choice-availability 
became important also in order to univocally estimate mean grain size. In fact backscattering power coming 
from coarser mean grain size are not more dependent on high frequencies, and on the other hand to low 
frequencies are not sensitive to finer material. Concluding can be said that the double frequencies advantage 
could be lost outside silt-sand range, depending also on in situ concentration. In those cases the single 
frequency method is still useful to estimate concentration by introducing some hypothesis regarding unknown 
mean grain size. 
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Why are we interested in measuring in situ particles size? 

1. CHACCRA project-Objectives 

The coastal zone is a vulnerable area which undergoes increasing anthropogenic pressures due to the 
population growth. The impact of agriculture in upstream regions associated with fertilizer use or deforestation 
along with the development of hydro-electric power stations have brought important changes in the quantity 
and quality of dissolved and particulate matter carried by rivers to the sea. The coastal zone is also a rich and 
diversified oceanic region where highly productive ecosystems are maintained by continental inputs: dissolved 
nutrients allow phytoplankton production while particulate carbon directly feeds the sediment fauna. These 
inputs also determine the role of the coastal region in the global carbon (C) cycle. In the coastal C budget, while 
continental shelves are considered to date as sink areas for CO2, uncertainties concerning near shore regions 
and especially estuaries and river-connected coastal areas are large. This is partly due to the complexity of 
processes and the temporal and spatial variations of particulate and dissolved materials supplied by rivers. 
Indeed, river floods may carry from 50 to 70% of annual particulate inputs. A first attempt to integrate near 
shore region in coastal zone C budget indicates that it could be a source of CO2 of similar magnitude as the 
continental shelf sink. Therefore quantifying near shore C fluxes is crucial to determine the importance of 
coastal zones at a global scale. Furthermore, climate change will alter coastal ocean C budgets: water warming 
and stratification could stimulate production and mineralization whereas an increase in frequency and intensity 
of extreme events (storms and floods) could strengthen the particulate transport. This in turn will modify C 
fluxes and ecosystems functioning. 
 
The present work is part of an integrated study CHACCRA (Climate and Human-induced Alterations in Carbon 
Cycling at the River-seA connection) which aims to determine the impact of these anthropogenic and climate 
alterations on the carbon mass balance and ecosystem functioning at the river-sea interface. CHACCRA intends 
to study C fluxes and simulate their modification at the Rhone river outlet, the major river in the western 
Mediterranean Sea, and in the Gulf of Lion, its adjacent shelf. The specific goal of CHACCRA is to provide the 
first detailed modelling scenarios of C cycle alterations by integrating to a coupled physico-chemical model 
three different components of the Rhone-Mediterranean interaction: the river inputs, the plume processes and 
the benthic recycling. In particular, our objectives are to characterize the Rhone river particles and their 
behavior and variability on the adjacent shelf. By applying a multi-tool approach, we confront particles size 
distributions and concentrations to determine the fate of fine grain-sized fluvial particles transferred seaward at 
short time-scales. Particular focus is made on floods and extreme events periods. 

2. The Rhone river 

The Rhone river (France) represents the major fresh water input and SPM transfer to the Gulf of Lions, with a 
mean solid discharge around 7.4 106 T/y and an interannual variability ranging from 1.2 to 19.7 106 T/y. It is 
usually assumed that the Rhone fluvial particulate matter rapidly accumulates in the prodelta (where recent 
accumulation rates range from 30 to 50 cm/y at the river mouth) and that particulate transfer on the shelf 
mainly occurs via nepheloid layers. However, little is still known on the fate of fine grain-sized fluvial particles 
transferred seaward and on their behaviour at short time-scales during more important river discharge. It is 
also particularly less known in the area of transition between low-salinity and marine waters (i.e. along the 
saltwedge) which is the site of important processes which significantly change the nature and fate of materials 
entering the coastal zone. The salt induced flocculation process is often referred to explain bottom nepheloid 
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layer near the Rhône river mouth, even it has not been clearly demonstrated yet. During low to medium water 
discharge periods, the salt intrusion can extend up to 20 km inland, while during medium and high water 
discharge periods the location of the salt wedge is pushed seaward to the river mouth and over sea, forming a  
plume flowing over salt water, as recently observed last May 2008 (Figure 1). 

 
Figure 1: Transition between Rhone plume waters and seawater in the Gulf of Lions. 

3. Our sampling strategy 

Subsurface water sampling for suspended matter are conducted in the Rhone river at the gauging Arles station 
(Kilometric Point Pk 285; 47.5 km upstream from the river mouth; Figure 2) and at different Pks between Arles 
and the river mouth. The Arles station is located in the “Grand Rhône” which accounts for 90% of the Rhone 
water discharge. Different hydrodynamic flow regimes are studied: low water discharge periods (<1000 m3/s; 
samples monthly recorded), medium water discharge periods (from 1000 to 3000 m3/s; samples monthly 
recorded) and high water discharge periods (>3000 m3/s; samples daily recorded). Water samples are collected 
at Arles using an autonomous pumping system and at the different Pks using a bucket. 

 
Figure 2: The gauging Arles station 
 
Water column sampling for suspended matter are also conducted in the Rhone river plume on the continental 
shelf in the Gulf of Lions. A first survey, RHOFIBENT, was carried out in fall 2007 (1-13/11/07; R/V Europe) and a 
second, PLUME, in spring 2008 (15-19/05/08; R/V Tethys II). RHOFIBENT occurred during a very low discharge 
period (500 m3/s) and PLUME during a medium period (1300 m3/s). The sampling strategy during the 
RHOFIBENT and PLUME cruises was to first cover a grid of stations in the region of the fresh water influence 
(transects crossing the plume seaward from the river mouth). The second step was to follow the low-salinity 
water plume dilution seaward using buoyant sediment traps. Water samples were collected at 4 to 8 depths 
using a CTD rosette equipped with Niskin bottles. 
 

4. Our multi-tool approach- Expectations 
The Rhone river inputs and plume processes are investigated using a multi-tool approach including a particles 

Arles Station 
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counter (Met-one; Hach), a laser size analyser (Malvern mastersizer S) and an in situ laser diffraction particle 
sizer (LISST-100 type B). During the PLUME cruise (May 2008), an intercalibration was moreover performed with 
IFREMER (P. Bassoullet and coll.) by deploying next to our LISST a second LISST instrument (type C) and a video 
profiler. Our aim is to confront the particles size distributions and concentrations obtained from these different 
instruments: 
 
(1) The particles counter Met-one gives the concentration of particles for 5 size classes ranging from 2 to 200 
µm. This instrument is adapted to low discharge periods. To be correctly analysed samples concentration 
should not exceed 15000 particles/mL. Dilution is rapidly required for river water samples during flood events 
(where values can reach up to 5x106 particles/mL), as well as for nepheloid or highly productive seawater 
samples. Two applications of the Met-one are shown in Figures 3 and 4. Figure 3 shows total particles 
concentration for stations sampled along the river plume at sea during RHOFIBENT. Particles mainly ranged 
from 2 to 10 µm in diameter.  

 
Figure 3 

 
Figure 4 presents total particles concentration at Arles station versus Rhone water discharge from October 2007 
to March 2008. Focus is made on two situations presenting a net evolution of the 10-50 µm size class. 

 
Figure 4 

 
(2) The Malvern mastersizer gives the particles size distribution for particles ranging from 0.05 to 900 µm. In 
contrast to the Met-one, the Malvern requires sufficiently charged water. Both Met-one and Malvern 
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measurements are done on punctual samples. The difficulty consists in obtaining sufficient resolution on 
profiles and time series. Using the Malvern instrument next to the particles counter allows to get 
complementary information on the variability and processes affecting particles. An application of Malvern is 
shown in Figure 5. This figure shows the evolution of the particles size distribution at Arles station during a 
flood event (22-24 April 2008). 

 
Figure 5 

 
(3) The LISST-B instrument allows to obtained both in situ and highly resolved profiles for particles ranging from 
1.2 to 250 µm. Size distributions at certain depths could be compared to those obtained via Niskin bottles and 
Malvern measurements. The problem we encountered during our cruises consisted in differences in depth and 
temperature scale between LISST and CTD data. Moreover, it’s new expertises for our team. Expertises of 
colleague are warmly requested especially in deciphering and valuing LISST data files (what is the “best” way to 
confront in situ and continuous, i.e. depth profiles, size distributions: mean, median, kurtosis, skewness, etc…). 
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The World Oceans’ biota plays an important part in planetary carbon cycling.  Oceanic ecosystem structure and 
function have been linked to the size distribution of the populations of phytoplankton (Chisholm, 1992).  For 
example, particle export rates, which are linked to organic carbon storage, are strongly dependent on particle 
sizes (Eppley and Peterson, 1979; Azam, 1998; Falkowski et al., 1998).  Oceanic particle size distributions (PSD’s) 
most often follow the Junge-type (Junge, 1963) hyperbolic size distribution (e. g. Sheldon et al., 1972; Gin et al., 
1999; Boss et al., 2001), which has been implicated to have ecological significance (Platt and Denman, 1977; 
Cavender-Bares et al, 2001; Chisholm, 1992; Rinaldo et al., 2002).   The differential number concentration as a 
function of particle diameter of such a PSD spectrum has the form   
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where N(D) is the number of particles per volume of seawater normalized by the size bin width [m-4], D is the 
particle diameter [m], Do is a reference diameter (2  µm), No=N(Do), and ξ is the hyperbolic slope of the PSD.  
The slope ξ and No are the two parameters of this Junge-type size distribution.   
 
In-situ measurements of oceanic PSD’s are rare, especially in the open ocean.  Satellite sensors are necessary in 
order to provide global synoptic coverage that would allow for PSD measurements to be used in global 
ecosystem and biogeochemical models.  Bio-optics provides the link between PSD’s and space-borne 
measurements.  Optical properties of particle assemblages, including the particle backscattering coefficient, 
depend on the particle composition as well the PSD, and can be predicted using Mie theory (Mie, 1908).  On 
the other hand, the backscattering coefficient analytically related to the spectrum of satellite-observed 
normalized water-leaving radiance, LwN(λ),  (Gordon et al., 1988; Reynolds et al., 2001).  The Loisel et al. (2000) 
algorithm can retrieve the total backscattering coefficient spectrum, bbp(λ), from satellite derived LwN’s. 
Therefore, bbp(λ) can be theoretically linked to the PSD parameters and is also retrievable from space.   
 
The particulate backscattering spectrum is often modeled as a hyperbolic function as follows   
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(e.g. Morel, 1973; Garver and Siegel 1997).  Loisel et al. (2006) used SeaWiFS observations to calculate η from 
ocean color data using the spectrally retrieved bbp(λ) at 490, 510 and 550 nm.  Figure 1 illustrates their retrieval 
for August of 2007.  Loisel et al. (2006) demonstrated that 1) η can be retrieved reliably from space, and 2) 
there exist global spatial and temporal patterns of η that correlate to chlorophyll-a (Chl) distribution in the 
different ecological zones of the World Ocean.  Fig. 1 reveals that high η values are found in the oligotrophic 
subtropical gyres, where Chl is low, whereas low η values are found in coastal, Equatorial and high latitude 
waters, where Chl is higher due to enhanced productivity.  
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Figure 1.  Map of the global distribution of the spectral slope of bbp(λ),η for August of 2007. After Loisel et al., 2006. 

 
Here, a novel bio-optical model is presented that is capable of retrieving the parameters  (ξ and No) of a Junge-
type PSD using parameterizations based on Mie theory (Mie, 1908).  The algorithm builds on the results of 
Loisel et al. (2006) by using their global retrievals of the bbp(λ) spectral slope η in order to parameterize the 
slope of the Junge-type PSD.  Further, η and the value of bbp(440) are used to retrieve the differential number 
concentration of backscattering particles at a reference diameter of 2 µm.  In summary, a Junge-type PSD was 
assumed and a Mie model was run while varying the input hyperbolic PSD slope from 2.5 to 6 and picking the 
rest of the Mie parameters (bulk complex index of refraction, maximum and minimum diameter of integration) 
from realistic distributions in a Monte Carlo exercise aimed at assessing model uncertainties due to their 
variability, termed here endogenous uncertainties. The spectral slope of the resulting modeled bbp(λ) was 
calculated for each Monte Carlo run and used to construct single run LUT’s η = f(ξ) and η = 
g(log10(bbp(440)/No)).  All the Monte Carlo f and g tabular functions were used in the inverse mode to arrive at 
the operational mean inverse LUT’s f-1 and g-1, with the associated uncertainties. 
 
The algorithm was then applied to August 2007 monthly global mapped SeaWiFS data that has been resampled 
at a resolution of 27 km/pixel.  Fig. 2A is a map of the retrieved Junge PSD slope ξ for August of 2007.  78.4% of 
the pixels have values between 3.5 and 5, the mean is 4.22, and the median - 4.15.  Fig. 2B is a map of the 
corresponding No parameter in log10-space.  The mean is 15.58, the median – 15.71, and the standard 
deviation – 0.75.   Obvious global spatial patterns in the Junge-type PSD parameters emerge in Fig. 2.  Notably, 
the oligotrophic subtropical gyres are characterized by relatively high PSD slopes and low particle differential 
number concentrations at 2 µm, as compared to the coastal, upwelling and high latitude regions, which tend to 
have lower PSD slopes and higher particle concentrations.  This general pattern is consistent with the idea that 
low productivity, low Chl areas are characterized by predominantly smaller particles, whereas relative 
contribution of large particles increases in high Chl, high productivity areas (Chisholm, 1992; Falkowski et al., 
1998; Reynolds et al., 2001; Loisel et al, 2006).  There is strong negative correlation between ξ and log10(No), r 
= -0.96.  Thus, areas of high particle concentrations are also characterized by relatively higher dominance of 
bigger particles and vice-versa. 
 
Validation of the products of the PSD algorithm using a compilation of global Coulter counter in-situ data is 
satisfactory on large temporal and spatial scales, whereas individual point comparisons leave room for 
improvement.  Comparisons with BATS bacterial counts are satisfactory.  There are multiple reasons why the in-
situ validation data is expected to differ from the satellite retrievals. First, the in-situ Coulter counter data sets 
have a narrower diameter range (2-20 µm) than the diameter range mostly contributing to backscattering 
(Stramski et al., 2004).  Importantly, the satellite data is averaged over very large temporal (one month) and 
spatial (27 km pixels) scales as compared to the scales of in-situ data collection (meters, minutes).  Finally, the 
Coulter counter is sensitive to particle volume, whereas Mie theory and measured backscattering are sensitive 
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to particle effective cross-sectional area.  Deviations from sphericity will cause these two types of 
measurements to differ (Lee-Karp Boss et al., 2007). 
 

 
 

 
 
Figure 2.  Base products of the PSD algorithm for August of 2007.  A) Map of the retrieved PSD Junge slope,  ξ; B) map of 
the retrieved value of No in log10 space. The hyperbolic slope ξ and No are strongly anti-correlated (r = -0.96). 
 
Various important biogeochemical and ecological parameters can be derived once the PSD slope  and No are 
known.  Here, particle number concentration and percent volume contribution in the ecologically significant 
size ranges corresponding to picoplankton (< 2 µm), nanoplankton (2- 20 µm) , and microplankton ( 20 to 50 
µm) (Sieburth et al, 1978; Vidussi et al., 2001) are  calculated by integrating the retrieved Junge-type PSD in the 
respective size-ranges.  Fig. 3A is a map of the number concentration of phytoplankton-sized particles for 
August 2007 in the 0.5 µm to 50 µm diameter range.  The overall range of number concentrations barely spans 
three orders of magnitude.  Figs. 3B-D show the partitioned number concentration among pico-, nano-, and 
microphytoplankton-sized particles.  The maps exhibit a couple of important characteristics: 1) for all three size 
classes particle number concentration is higher in the productive regions (at least by a couple of orders of 
magnitude) than it is in the oligotrophic subtropical gyres, and 2) the spatial variability of pico-sized particle 
number concentration is about 2 orders of magnitude, nano-sized particles vary about 4 orders of magnitude, 
whereas micro-sized particles vary up to 9-10 orders of magnitude.  Picoplankton-sized particles (which can be 
associated with the microbial loop and regenerative production, e.g. Azam, 1998) are numerically dominant 
everywhere in the ocean.   
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Figure 3.  Global maps of A) Total number concentration of phytoplankton-sized particles, from 0.5 µm to 50 µm; B) 
Number concentration of picoplankton-sized particles; C) Number concentration of nanoplankton-sized particles; D) 
Number concentration of microplankton-sized particles. Units are particles/m3 of seawater; maps are plotted on a log10-
space. 
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Fig. 4A is a map of the volume concentration of phytoplankton-sized particles for August of 2007.  These 
estimates are useful because volume, rather than number concentrations are related to biomass and carbon 
content (e.g. Gin et al., 1999 and refs. therein).  As expected, productive areas of the ocean exhibit relatively 
high particle volume, whereas the subtropical gyres exhibit the lowest particle volume concentrations.  Figs. 4B-
D are maps of the volume concentration contribution of the three phytoplankton size classes to total volume in 
the entire size range.  The maps exhibit the following global characteristics: 1) Picoplankton-sized particles 
dominate the volume concentration in all five subtropical gyres of the World Ocean (60-100%); 2) Nano-sized 
particles are prevalent in transitional, upwelling, coastal and higher latitude regions, but their contribution 
rarely exceeds 50%.  The areas where their contribution is about 50% covers a significant fraction of the oceans 
(Fig. 4C); 3) Micro-sized particles contribute up to 50-60% of the volume concentration only in select regions 
known for their high productivity, such as coastal areas, the North Atlantic bloom area, the Equatorial and 
Eastern Boundary Current Upwelling zones, and higher latitudes.   They are virtually absent in the subtropical 
gyres and much of their transition zones.  These observations support the idea that picoplankton are ubiquitous 
and constantly in the background, whereas episodic blooms and increases in Chl are caused by large, 
microplankton cells, and these events can be associated with sinking/export (Falkowski et al, 1998; Uitz et al., 
2006). 
 
The maps of Figs. 3 and 4 pertain to the entire particle load that has contributed to backscattering in the 
respective size classes, not just living or organic matter.  In order for the maps to have a valid ecosystem and 
biogeochemical interpretation, it is assumed that living particles and their covariates are the first order driver of 
the backscattering particle assemblage and its variability on global and monthly and longer scales.  The high 
correlation of Chl retrievals with the volume concentration values of Fig. 4 (r = 0.82) suggests that the primary 
driver of the particle load variability is indeed biological activity and its established global scale patterns (e.g 
Falkowski et al., 1998).  
 
The Monte Carlo simulation used in the development of the mean operational LUT’s allows for the estimation 
of the model endogenous uncertainties.  The highest uncertainties in the Junge slope retrieval occur at the 
lowest (negative) η values, whereas lowest uncertainties are associated with higher η values.  These 
uncertainties are driven primarily by a combination of the imaginary index of refraction and the maximum 
diameter of integration.  The spatial distribution of η (Fig. 1) suggests that for most of the ocean area (the 
subtropical oligotrophic gyres and their transition zones) the endogenous uncertainty in the Junge slope 
retrieval is minimal.  Higher uncertainty tends to occur in higher productivity areas (Fig. 5A).  In contrast to the 
Junge slope uncertainty pattern, the uncertainty in No retrieval (in log-10 space) is more uniform across all 
values of the bbp(λ) slope (Fig. 1), which results in a more uniform spatial pattern of No uncertainty (Fig. 5B).  
The No uncertainty is driven primarily by the variability in the real index of refraction.   
 
The endogenous uncertainties of the base products (Fig. 5A and 5B) were propagated to the derived products.  
Fig. 5C maps the propagated uncertainty of the number concentration of microplankton-sized particles.   It is 
obviously driven in large part by the No uncertainty, as it has a similar magnitude and spatial distribution.  Fig. 
5D is a map of the endogenous uncertainty in the percent particle volume due to microplankton-sized particles.  
The oligorptrophic gyres and their transition zones exhibit virtually zero uncertainty, whereas the high 
productivity and coastal and high latitude areas are subject to only up to 6% uncertainty.  This is very 
encouraging and is a reflection of the fact that that the calculation of this parameter does not require 
knowledge of No; thus the percent volume contribution derived products are very reliable as compared to 
products that are absolute numbers.  
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Figure 4.  Global maps of A) Total Biovolume, log10(total particle volume/volume of seawater) – sizes between 0.5 µm and 
50 µm were considered; B) Percent biovolume due to picoplankton-sized particles; C) Percent biovolume due to 
nanoplankton-sized particles; D) Percent biovolume due to microplankton-sized particles. 
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Figure 5.  Examples of base and derived product endogenous uncertainty calculated using the Monte Carlo simulations. 
Global maps for August of 2007 of A) Standard deviation of the PSD Junge slope retrieval; B) Standard deviation of the 
log10(No) retrieval;   C) Standard deviation of number concentration of microplankton-sized particles, log10(particles/m3) 
– sizes between 20 µm and 50 µm were considered; D) Standard deviation (in percent) of the percent biovolume due to 
microplankton-sized particles. 

C) 



52 
 

 
Exogenous algorithm uncertainties are due to the assumptions of Mie theory and various other assumptions; 
they cannot be quantified easily.  Firstly, there is uncertainty associated with the algorithm’s input remote 
sensing products, imagery of the backscattering coefficient spectrum and the calculated bbp(λ) spectral slope.  It 
is outside the scope of this work to analyze these sources of uncertainty.  The parameterization of the PSD is 
itself an assumption.  In most cases real particle size distributions in the ocean usually follow the Junge 
parameterization closely (e.g. Sheldon, 1972; Gin et al., 1999; Cavender-Bares et al., 2001); however events 
such as phytoplankton blooms can cause spikes in the distribution.  The algorithm presented here makes the 
assumption that the Junge-type PSD is valid over the entire diameter range of optically significant particles.   
Submicron particles play an important role in backscattering (Stramski et al., 2004); however most 
measurements and fits to a Junge slope do not include the submicron particles (e.g. the validation data sets 
used here).  There is lack of agreement in the literature as to whether small particles exhibit even steeper 
slopes (Loisel et al., 2006), or whether the smallest particles are not as abundant as a hyperbolic PSD would 
predict (Risovic, 2002).  
 
Mie theory assumes that all particles are spherical and homogeneous in their composition.  Most particles, 
including phytoplankton are generally not spherical (Jonasz, 1987; Clavano et al., 2007) and/or homogeneous.   
The effects of non-sphericity on backscattering are difficult to generalize (Bohren and Huffamn, 1983, p. 401; 
Clavano et al., 2007).  Clavano et al. (2007) conclude that backscattering of spheroids is likely to be up to 7x 
larger than equal-volume spheres.  Regarding the effects of non-homogeneity on backscattering, the consensus 
in the literature is that non-homogeneous spheres tend to backscatter more than their homogeneous analogs 
(Kitchen and Zaneveld (1992); Quirantes and Bernard (2004); Quirantes and Bernard (2006)).  Furthermore, 
spectral changes are reported (Quirantes and Bernard, 2004 and refs. therein).  This is key, as the absolute 
values of the modeled and measured backscattering coefficients are not important for retrieving the Junge 
slope.  Thus, the large errors in backscattering associated with shape or homogeneity effects would cancel out if 
the spectral shape is unaffected and the percent biovolume calculations will be unaffected. 
  
Big particles, which tend to dominate in coastal and high productivity areas, are expected to deviate more from 
sphericity (Jonasz, 1987) and they are likely to also deviate more from homogeneity, for example by having a 
large vacuole.  Thus, the exogenous uncertainty of the PSD model is likely to be largest in these zones, which 
coincides with larger endogenous uncertainties as well (Fig. 5).  Other exogenous uncertainties, such as 
uncertainty in   are also likely to be highest in high productivity and coastal zones.  In these situations it may 
be advisable to combine the algorithm presented here with alternative approaches, such as the pigment-based 
approach of Uitz et al. (2006), the absorption-based approach of Mouw et al. (pers. comm.), the reflectance-
based approach of Alvain et al. (2005), as well as the holistic approach of Raitsos et al. (2008). 
    
The ability to assess the total particle volume in any given size class presents unprecedented opportunities to 
estimate carbon biomass from space on global scales.  Previous state-of-the-art studies have relied on constant 
scaling from the values of bbp(λ) at one wavelength (Behrenfeld et al. (2005)).  Their approach demonstrated 
the ability to estimate phytoplankton physiology from independent retrievals of Chl and living carbon biomass.  
The advance in counting particles from space presented here has the potential to improve quantitative 
estimation of phytoplankton carbon and physiology; carbon fixation rates and possibly export ratios can thus be 
assessed. 
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1. Introduction 

Tidal estuaries are dominated by muddy sediments; typically a mixture of clay minerals and various types of 
organic matter. When this cohesive sediment is entrained into suspension, the particles tend to flocculate 
(Kranck and Milligan, 1992). An individual floc may comprise up to 106 individual particulates. These flocs are 
less dense, but faster settling than their constituent particles. As flocs grow their effective density (i.e. bulk 
density less the water density) generally decrease (Tambo and Watanabe, 1979), but their settling rates rise due 
to a Stokes’ Law relationship (Dyer and Manning, 1998). As a result, the sizes (D) and settling velocities (Ws) of 
flocs are regarded as key parameters in the modelling of cohesive sediment transport in coastal locations (e.g. 
Geyer et al., 2000; Cheviet et al., 2002). 
 
Early attempts to measure floc settling velocities in situ by the gravimetric analysis of sediment samples 
collected by devices such as Owen tubes (Owen, 1976), were not wholly successful, and this data was at 
variance with the comparable laboratory based analysis of the time (e.g. the Andreason pipette method). 
Optical devices to measure concentration profiles such as those used by Spinrad et al (1989), Kineke et al 
(1989), and McCave & Gross (1991), have all sought to quantify the rate of water clearance, but they are 
unable, like earlier instrumentation, to measure particle size and settling velocity spectra both directly and 
simultaneously. 
 

The development of optically-based video floc sampling devices during the past 15 years, has provided 
scientists with instrumentation with which floc size and settling velocities could both be measured 
simultaneously. This extended abstract will briefly review some of the recent insights made in the study of the 
flocculation process through the use of video image technology. Through computation processing, images from 
these video devices can be used to provide information of floc spectral physical properties, which include: floc 
size, settling velocity, effective density, porosity, floc mass and floc shape. Examples of both in situ estuarine 
measurements of flocs in turbulent tidal waters and flocs observed from controlled laboratory simulations will 
be presented. 

2. Requirements For Reliable Floc Samplers 

Mathematical descriptions of flocculation has proved very difficult, as it is a dynamically active process (van 
Leussen, 1988) which is directly influenced by environmental conditions. It is primarily dependent on a set of 
complex interactions among the sediment, fluid and the flow. Hayter and Mehta (1982) indicated that 
seventeen parameters need to be determined in order to fully describe a cohesive sediment type. Therefore 
the measurements of floc properties, in particular settling rates and mass settling fluxes (MSF), are a 
prerequisite for numerical sediment transport models.  

The problem of obtaining good quality floc data which can be applied in numerical models is two-fold. Primarily, 
there are the problems attributed to the aggregate sampling, in particular the fragile, fastest settling, low 
(effective) density macroflocs (i.e. D>160 µm). Mud flocs, although stable in flowing turbulent water, can easily 
disaggregate when sampled. This is in response to the additional shear created during acquisition (Gibbs and 
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Konwar, 1983; Eisma et al. 1997). Secondly, there is the issue of using technology which permits the 
measurement of sufficient floc dynamical parameters which are of use in practical applications. For example 
particle sizers,  although creating relatively low intrusion during floc sampling, only provide measurements of 
floc size. Thus no direct indication of settling velocity is given. Also laser-based particle sizers can struggle in 
highly turbid estuarine conditions. Few instruments satisfy these two requirements. 

Video-based floc image sampling devices, such as the INSSEV instrument (Fennessy et al., 1994; Manning and 
Dyer, 2002) and other such derivatives (e.g. van Leussen and Cornelisse, 1994; Mikkelsen et al., 2004), can 
practically provide measurements of both floc size and settling velocity, simultaneously. From these 
observations, reliable estimates of floc effective density ( ρe) can be made using a modified Stokes’ Law. Floc 
fragility has generally precluded the direct measurement of floc density. However, due to their low intrusive 
nature, video floc cameras tend to create minimal disturbance to the flocs during measurements of D and Ws, 
even when sampling flocs from within a naturally turbulent flow. A knowledge of effective density is very 
important in the calculation of vertical settling fluxes, as the rheological properties of flocculated matter are 
governed by volume concentrations, as opposed to mass concentrations (Dyer, 1989). 

3. Example of In Situ Estuarine Video Floc Measurements  

To illustrate how INSSEV can be applied to engineering and dredging related studies, the following example 
from Scheldt Estuary deployments will be used. To keep pace with growth in container shipments, construction 
of the Deurganckdok (DGD) tidal dock in the Port of Antwerpen (Belgium), commenced recently and the 
Flemish government commissioned a programme of field surveys. A significant feature of the Lower Sea Scheldt 
is the presence of a turbidity maximum zone (TMZ) with depth-averaged suspended particulate matter (SPM) 
concentrations spanning 50 to 500 mgl-1. This study examined the findings of the INSSEV floc property 
measurements for the HCBS1 (conducted in February 2005 prior to DGD construction) and HCBS2 (September 
2006 when the dock was open and in operation) surveys. Data comparisons were made. Further details of 
these measurements are reported by Manning et al. (2007, 2009). 

Floc size and settling velocity spectra were measured nominally 0.6 m above the estuary bed every 10-20 
minutes (turbidity dependent), using various derivatives of the INSSEV instrument. This instrument permitted 
the accurate calculation of floc properties and MSF for modelling applications (Winterwerp et al., 2006). To 
characterise the corresponding near-bed hydrodynamics, the turbulence was measured by a 3-D Acoustic 
Doppler Velocimeter and the turbidity monitored by an array of Optical Backscatter Sensors. Most sampling 
runs spanned a tidal cycle. 

Within Deurganckdok (HCBS2), for 85% of the sampling run (ebb then early flood), the near bed turbulent shear 
stress fell within the zone Manning (2004) classifies as creating the optimum contacts and impact levels for 
maximising flocculation potential (τ of about 0.2 – 0.4 Pa). This higher turbidity partly assisted in damping the 
ambient turbulence to the reported levels. Over 70% of the HCBS2 Day 3 MSF occurred during the TM passage 
through the dock on the flood. A peak settling flux of 13.2 gm-2s-1 (35% of the time series total) was measured 
an hour into the flood. 

The video floc images revealed that the majority of the matter suspended during the entire sampling run in 
DGD was in the form of macroflocs (as defined by Manning, 2001; D > 160 µm), 53-85% by mass. These large 
DGD flocs fell at population-averaged Wsmacro of 2.5 mms-1 to 5.3 mms-1. Thus the DGD floc dynamics produced 
a TMZ MSF over an order of magnitude greater than in the Scheldt TM. 

When comparing the Scheldt Estuary and DGD floc dynamics over a tidal cycle, the floc data suggested the DGD 
macroflocs represented 73% of the ambient concentration and these macroflocs settled at a time series 
average Wsmacro_TS of 3.5 mms-1. These macrofloc dynamics were 11% and 55% greater (respectively) than the 
Scheldt HCBS1 time series; these are both highly significant findings. 
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4. Laboratory Video Floc Measurements 

Although in-situ estuarine floc data is desirable for estuarine sedimentary process parameterisation, the use of 
laboratory analysis can provide a more controlled environment whereby a greater understanding of specific 
flocculation related phenomena can be studied in greater detail. There is a long history with laboratory studies 
on flocculation. These date from the early work of Krone (1963) where he performed extensive tests on 
cohesive sediments in a concentric cylinder viscometer, from which he derived the classic “orders of 
aggregation” flocculation theory. These are followed by examinations for the sanitary industry on polymeric 
flocculents (Argaman and Kaufman, 1970). 
 

Much of the flocculation laboratory studies have been concerned with identifying how various estuarine mud 
floc properties react to changes in turbulence, concentration or both. These included research by: Gibbs, 1985; 
Tsai et al., 1987; Burban et al. (1989), and Lick et al. (1993). However, these studies were unable to take 
advantage of low intrusive video floc sampling techniques, as no proven apparatus was available for laboratory 
use at that time. Therefore, as part of the European Commission MAST III funded COSINUS project (Berlamont, 
2002), the LabSFLOC system was developed by Manning (2006). LabSFLOC is a laboratory derivation of the 
successful in-situ INSSEV instrument, which means that flocs properties can now also be measured in 
laboratory studies using suspended particulate matter (SPM) concentrations of several grammes per litre. 

5. Example of Laboratory Video Floc Measurements  

The flocculation of suspended cohesive matter can significantly alter the sediment transport patterns 
throughout an estuary. Estuarine floc characteristics vary both temporally and spatially. It is recognised that 
turbulent shear generated within the water column has an influence on their properties, however very little is 
understood about the extent to which turbulence effects the structure of an individual floc population.  

Therefore, as part of the European Commission MAST III funded COSINUS project (Berlamont, 2002), a number 
of laboratory studies on the settling and mass properties of flocculated sediments were conducted at the 
Laboratoire des Ecoulements Geophysiques et Industriels (LEGI) in Grenoble, France (Mory et al., 2002). 

The purpose of this laboratory study was to shear mud suspensions with turbulent shear ranging between 3 s-1 
and 21 s-1 (approximate equivalent turbulent shear stress values: 0.18-2.4 Pa) with concentrations ranging from 
200 mgl-1 to 8.6 gl-1, within a Plexiglas tank, using an oscillating grid. Three different muds were used: Natural 
Tamar estuary (UK) mud, natural Gironde estuary (France) mud, and Gironde mud pre-treated to remove the 
organic component. The floc samples were then carefully extracted and examined in the clear water settling 
column of the LabSFLOC instrument (Manning, 2006). For more details of this experimental programme, refer 
to Gratiot and Manning (2004). 

The results of the low concentration natural Tamar estuary (UK) mud when exposed to high shear, revealed the 
largest flocs produced were 210µm in diameter, which was smaller than the Kolmogorov eddy size of 219µm 
(Gratiot and Manning, 2007). The high velocity particle collisions resulted in both macroflocs (> 160µm) and 
microflocs having settling velocities of only 0.6 mms-1. Lowering the shear for the same mud improved 
flocculation, and raised the macrofloc settling velocity to 1.8 mms-1. This translated into the macroflocs 
constituting 64% of the floc mass, and 80% of the mass settling flux. In contrast, low concentrations of natural 
Gironde mud displayed significantly faster settling macroflocs at each turbulent shear increment than the 
Tamar mud, but the largest flocs were of the same order as the Tamar mud flocs. The suspended matter 
distribution showed the macroflocs only constituted 20-30% of the particulate mass. However, the fast settling 
rate transformed the low macrofloc mass into 62% of the settling flux. The removal of the organic matter from 
the Gironde mud resulted in very few flocs exceeding the pre-sieving mesh diameter of 125µm, at all 
concentration and shear stress levels. Results of the high concentration suspension experiments are reported 
by Gratiot and Manning (2008). 
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6. Summary & Conclusions  

Quantitatively, video floc devices have the unique ability of allowing the size-spectrum division of the mass 
settling flux and associated floc characteristics to be calculated for a representative floc population. This is of 
great importance for both accurate numerical sediment transport model calibration and parameterisation (e.g. 
Baugh and Manning, 2007; Manning and Dyer, 2007). 

From a qualitatively perspective, the high quality INSSEV and LabSFLOC video images have shown, at both a 
microscopic and macroscopic level, the complex variability of floc types which exist in an estuarine water 
column, both throughout changing tidal conditions and within an individual floc sample record. The INSSEV floc 
observations show that fractal-type representations (e.g. Kranenburg, 1994) may only provide a first 
approximation to the structure and characteristics of natural mud flocs. Therefore in situ floc data collection is a 
necessity and instruments which cannot measure all important floc components accurately can leave the 
analysis of such data open to misinterpretation. 

The INSSEV and LabSFLOC instruments have significantly contributed towards the understanding of estuarine 
floc formation and the characteristics demonstrated by such flocs during varying levels of turbulence and 
suspended particulate matter concentrations. Successful floc measurements have been made from within both 
dilute suspensions and  concentrated benthic suspension (CBS) layers close to the estuary bed; the latter where 
SPM concentrations can approach 8 gl-1. Video floc analysis has been conducted on flocculated sediment (either 
in situ or in laboratory simulations) from the following estuarial locations: Tamar (UK), Gironde (France), Dee 
(UK), Scheldt (Belgium), Medway (UK), Orwell (UK), Sydney Harbour (Australia), and San Francisco Bay (USA); 
plus the non-tidal, freshwater environments of Lake Apopka (USA) and Lake Tahoe (USA). 
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Introduction 

The understanding of flocculation is of primarily importance in sediment transport and harbor siltation studies. 
Research on flocculation is approached through both in situ observation and laboratory studies. The 
flocculation time and the equilibrium floc size distribution depend on hydrodynamic conditions, residence time, 
sediment characteristics, sediment concentration and water properties such as pH and salinity. The conditions 
under which a population is being formed are difficult to establish by means of in situ experiments, because of 
the highly dynamic conditions in the field. On the other hand, laboratory experiments are usually done using 
small containers, i.e. jar tests, in which the residence time is limited by floc settling. Moreover, direct 
measurement, f. i. through optical methods, is difficult and sampling is necessary to establish the floc size 
distribution.  
The experiments introduced in this paper have been done in a 4 m high settling column in which a 
homogeneous turbulence field is generated with an oscillating grid. Sediment is continuously injected at the 
top of the column and a long residence time of flocs in the turbulence field is ensured by the height of the 
column, enabling equilibrium conditions.  
Optical measurements are done at the bottom of the column; no sediment sampling is required. Gray scale 
pictures of flocs are taken using a CCD camera and flocs are enlightened from the side by a laser sheet. Gray 
scale images are converted into black and white using a home made particle detection routine and the 
properties of flocs are derived from the black and white images.  

Experimental setup 

The settling column is depicted in Figure 1 and described more in detail in Maggi et al. (2002). A highly-
concentrated suspension, continuously mixed in the storage tank, is injected into the buffer tank mounted on 
top of the settling column, where two counter rotating vanes mix the suspension to ensure a uniform 
distribution at the top of the settling tube. The concentration in the column is kept constant to the test 
concentration cc via a controlled system which tunes the intensity of the injection pump, taking into account the 
mass concentration measured in the buffer tank. The sediment concentration is measured with an OSLIM 
(Optical Silt Measuring Device, Deltares) at three different locations in the column: in the buffer tank to control 
the injection pump, in the middle and the bottom of the column. 
 
The settling column is 4.7 m high and 280 mm in diameter. Herein, a homogeneous turbulence field, produced 
by an oscillating grid, induces flocculation. The grid is 4 m high and consists of meshes of 75 mm size with 
square cross-sectioned rods and deck distance of 75 mm. The relation between oscillation frequency and shear 
rate G has been obtained from LDA measurement in Maggi (2005).  
 
At the bottom of the settling tube, a separation chamber allows the isolation of a small amount of flocs which 
are recorded in still water. The isolated flocs are enlightened by a thin laser sheet from the side and high 
resolution pictures are taken using CCD camera. The choice of the magnification factor has been done 
considering that a pixel should be small enough to record the smaller flocs and the 2048 x 2048 pixels window 
should be large enough to allow the recording of the same floc on consecutive images to measure the settling 
velocity. The pixel size is 3.16 μm, which implies a window size of 6.4 mm x 6.4 mm.  
The column is equipped with plugs at different heights and a sampling system which can be applied to the plugs 
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has been developed to observe the population. The system is conceived to minimize flocs breakup during 
sampling through compensation of the water pressure. The whole settling column is placed in a climatized 
room at T = 20 °C to minimize temperature gradients and convective flows.  
 
Experiments have been performed on kaolinite (China clay) with bulk density of ρ = 2560 kg/m3, mineral size in 
the range of 0.1 – 5 μm and primary particles of size Lp = 5 – 30 μm.  

 

Data processing 

Our Matlab algorithm to process the gray scale images consists of three parts. The scope of the first part is data 
reduction while the second part aims at floc analysis and the third performs a statistical analysis. In the first 
part, flocs are isolated and the gray scale images, the size and the position of the window containing the flocs 
are saved in a separate data file. Flocs at the border of the image are not considered. Floc analysis is done on 
the reduced data and it starts with the detection and removal of the out of focus flocs. This is achieved through 
a combination of edge detection and threshold techniques. The black and white images are obtained thought 
threshold and a morphological treatment, closure, bridging and cleaning, is applied to the converted image to 
reduce the noise, sharpen the image and better isolate the floc. Closure is used to remove small holes due to 
the irregular surface of flocs perpendicularly to the camera, bridging aims at connecting parts of the flocs 
separated by a darker area and cleaning is used to remove isolated pixels at the edges of the flocs. An example 
of flocs before and after processing is shown in Figure 2.  
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a) Gray Scale   b) Black and white 

Figure 2. Image of a floc before and after conversion. 
 

From the black and white image of the floc, floc size is computed as the size of the smallest box circumscribing 
the floc (box length) and the method developed by Maggi (2004) is used to derive the 3D fractal dimension of 
the flocs from the 2D projection. Statistical properties of the data are computed in the third part of the 
algorithm. The results shown in this paper focus on the floc size distribution.  

Results 

In this section, the Floc Size Distribution (FSD) corresponding to two different shear rates is compared to the 
FSD at the entrance of the settling tube as well as to the one obtained with no turbulence. All data are 
normalized to have constant area under the distribution. In all cases the distributions can be approximated by 
one (mono-modal) or two (bimodal) log-normal distributions. An example of measured and fitted distributions 
is shown in Figure 3 for mono-modal distribution (a) and bimodal distribution (b). In the rest of this paper we 
plotted the log-normal distributions without data points to better visualize the results. 

 
a) Initial distribution c = 0.2 g/l  b) Differential settling c = 0.2 g/l 

Figure 3. Fitted and measured floc size distributions in two different cases.  
 

The floc size distribution at the entrance of the settling tube has been measured by removing the tube and 
placing the buffer tank straight on top of the measuring section. The injection system has been developed to 
minimize flocculation prior to the entrance in the settling tube and the mass based FSD corresponding to 
different sediment concentrations are shown in Figure 4 a) together with the FSD of kaolinite after ultrasonic 
treatment. This last distribution has been measured using a Malvern particle-sizer which can record particles 
with size range from nanometers to millimeters. The size of flocs at the entrance of the column is on average 
the double of the one obtained after ultrasonic treatment. This is due partly to the formation of small flocs in 
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the storage and buffer tanks and partly to the resolution of the camera used in the column which cannot see 
the smaller flocs. Although the standard deviation of the distributions varies with the concentration, the 
average values are rather constant.  

 
              a)  Initial FSDs                          b) FSDs due to differential Settling 

Figure 4.  Mass based FSDs for different sediment concentrations. 
 

Differential settling 
This experiment has been done with kaolinite settling in still water and no grid in the column; the same values 
of the concentration used in the first experiment have been used. Aggregation takes place when particles stick 
together after collision. The physical processes leading to particles collision are Brownian motion, negligible for 
particles larger than 1μm (Hunt 1980), shear rate and differential settling. Collision due to differential settling 
occurs if large, rapidly settling particles get in contact with small, slowly settling particles. If no shear rate is 
applied, differential settling is the only process which can lead to particles aggregation.  
For the three different concentrations considered, the observed mass based FSD becomes bimodal and the two 
distributions corresponding to the smaller and the larger peak are shown in Figure 4 b). The peak 
corresponding to small particles represents the non flocculated particles while the larger particles are formed 
through differential settling. The larger particles in the initial distribution settle faster than the small fraction 
and collect on their way the small particles. When the difference between the falling particles is large the 
trajectory of the small ones is deflected by the large ones falling and the probability of a collision is small 
(Stolzenbach and Elimelech, 1994). Formed flocs will more likely aggregate with other flocs rather than with 
primary particles and this would explain why a bimodal distribution is formed. These are the distributions after 
4 m in the settling tube and further investigation is needed to understand if the equilibrium has been reached. 
To accelerate the flocculation process and investigate further the evolution of the distribution, the 
physicochemical properties of the suspension can be modified. 

 
Shear rate 
The last experiment consists in the study of the influence of shear rate on flocculation and the sediment 
concentration used is c = 0.2 g/l. The time evolution of the average size of flocs is shown in Figure 5 together 
with the shear rate applied. Measurements are started after 30 hours from the beginning of the injection. This 
allows to reach a steady state and to ensure that the concentration is homogeneous throughout the column. 
The population reacts to variations in shear rate, and the steady state is reached within a few hours. The floc 
size distributions corresponding to the equilibrium population for different shear rates are shown in Figure 6 a). 
A decrease in shear rate leads to increase of the size distribution, Step 1 to Step 2; the process is reversible. The 
distribution obtained with a value of G equal to the initial value, Step 3, is very close to the initial distribution. 
The maximum size of particles is the same in Step 1 and 3 but in Step 1 there are more small particles than Step 
3. When the shear rate increases all the large flocs are broken while not all the small flocs are broken to primary 
particles.  
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Figure 5. Time evolution of the average size at the bottom of the settling column (thick line) and applied shear rate (thin 

line). 

 
                 a) Different shear rates         b) comparison between all experiments 

Figure 6. Mass based FSDs at c = 0.2 g/l. In figure b) two log-normal distributions are plotted to represent the distribution 
obtained through differential settling. 

 

Conclusions and applications 

Discussion 
In Figure 6 b) the distribution at the entrance of the column, the distribution obtained with differential settling 
and the ones corresponding to two different G values at c = 0.2 g/l are compared. Flocculation takes place in 
the column when either differential settling or shear rate induces particles collision. The floc size increases with 
decreasing shear rate and the largest flocs are present when the shear rate is null and aggregation is due to 
differential settling.  In still water, no breakup takes place and flocs can grow larger if there is aggregation as it is 
the case for differential settling.  

The settling column is an efficient setup to reproduce the estuarine conditions with full control on the physical 
parameters. The most common experimental setup for flocculation is the stirred tank. Particles in a stirred tank 
are kept in suspension by the propeller and the dimensions of the tank are reduced to allow a more 
homogeneous turbulent field. If the jar is small the residence time of the sediment in the jar at low shear rate is 
small and this affects the measured distribution, especially for low flocculation rates. Moreover, it is very 
difficult to investigate the effect of differential settling within jars and similar devices. The results introduced in 
this paper show that the settling column can be a suitable instrument for investigation of flocculation at low or 
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null shear rate.  
The data processing routine developed for this work allows for an automatic isolation of the in-focus flocs and a 
conversion from gray scale to black and white. This is done using a more compact dataset composed of the 
isolated gray scale flocs solely rather than of the full images.     
Shear rate is important for the flocculation process and the time needed to reach equilibrium under the 
conditions used in the experiments here introduced is of the order of a few hours, comparable to the time scale 
of tidal variations. These conditions are close to the ones which can be observed in estuaries. To investigate the 
effect of tidal variations on the cohesive sediment our next step will therefore be to apply a variable shear rate 
to the settling column and monitor the variations in floc size. 
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Studies carried out on in situ particle size with a LISST and a digital floc camera (DFC) have used a simple 
method to overlap the size distributions to produce a size spectra over a range from approximately 2.5 µm – 1 
cm.  Under the arbitrary assumption that the DFC is sensing concentration correctly, a constant is determined 
for the region of overlap between the two size spectra that allows the LISST data to be “moved” to the DFC 
data.  The data are re-calculated and a new volume (area) vs diameter spectrum is plotted.  Recent 
improvements to the resolution of the DFC have increased the region of overlap.  Using a suite of over 6000 
concurrent DFC images and LISST size spectra collected as part of the ONR funded OASIS project conducted at 
the Martha’s Vineyard Coastal Observatory we re-examine the effectiveness of using a simple overlap method 
to create full in situ size spectra.  
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Suspended particulate matter (SPM) typically includes mineral suspended solids (MSS), phytoplankton cells, 
and organic detritus. Interest in remote sensing primary productivity and suspended sediments has led previous 
studies to determine the mass specific absorption coefficients of both phytoplankton pigments (a*PIG) and MSS 
(a*MSS), using either statistical or physical retrieval methods. Statistical methods utilise multiple linear 
regression of SPM absorption on concentrations of MSS and phytoplankton pigments, whilst physical methods 
often utilise Quantitative Filter Pad (QFP) samples that are bleached and combusted to obtain absorption by 
phytoplankton pigments (aPIG) and MSS (aMSS) respectively. In contrast, there remains no equally simple method 
for determining the mass specific absorption for organic detritus (a*OD). This is because the mass concentration 
of organic detritus ([OD]) can not be measured, and hence although organic detritus absorption (aOD) can be 
measured, a*OD can not be obtained. The problem is therefore two-fold: neither a*OD nor [OD] can currently be 
measured practically, and therefore optical models can not include organic detritus in a physically correct 
manner. The present study provides a solution to this problem, and presents a simple, statistical extraction 
method for the retrieval of a*OD. Here, aOD was obtained by subtracting aPIG and aMSS from SPM absorption for a 
number of QFP samples. To obtain a*OD, a multiple linear regression of aOD on a proxy for [OD] was performed. 
The resulting a*OD spectra appears physically correct, decreasing approximately exponentially from blue to red 
wavelengths. With a*OD determined, [OD] can be obtained by dividing measured aOD by a*OD. 
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Abstract 
Measurements are presented from a multi-frequency acoustic backscatter study of aqueous suspensions of 
spheres having broad particle size distributions. Exploiting the backscattered sound from a homogenous 
suspension, measurements were derived of the ensemble backscatter form function and total normalized 
scattering cross-section, over the probability density function of the particles in suspension. Two different size 
distribution types were examined, namely log-normal and bi-modal distributions, each covering a range of 
particles sizes similar to those observed to occur in marine environments near the seabed. The measurements 
presented here were used to assess the measurement methodology and are compared to predictions from 
spherical scattering theory. The results show that the ensemble scattering parameters are significantly altered 
by the presence of a size distribution. 
 
1. Introduction 
Suspended sediments significantly scatter underwater sound at megahertz frequencies, with both the mass 
concentration and the size of the sediments in suspension controlling the backscattered intensity (Hay, 1991; 
He and Hay, 1993; Thorne and Buckingham, 2004). In recent years, this premise has led to the development of 
multi-frequency Acoustic Backscatter Systems (ABS), designed to collect vertical profiles of suspended 
sediments in the bottom 1 – 2 m above the bed (Hess and Bedford, 1985; Hay, 1991; Schat, 1997; Thorne and 
Hardcastle, 1997). Acoustics offer the advantage that measurements can be obtained non-intrusively at high 
spatial and temporal resolution, with ABS typically providing measurements at centimetric resolution at 
turbulent and inter-wave timescales (Thorne and Hanes, 2002). 
 
Non-empirical estimates of suspended concentration and particle size can be obtained from multi-frequency 
ABS data by performing analytical inversions of the backscattered acoustic signal (Crawford and Hay, 1993; 
Thorne and Hardcastle, 1997; Thosteson and Hanes, 1998). Such inversions require knowledge of the acoustic 
scattering properties of the particles in suspension, which are usually described in terms of two dimensionless 
parameters, namely the backscatter form function, f, and the normalised total scattering cross-section, χ. 
Physically, f describes the backscattering characteristics of a particle relative to its geometrical size, whilst χ 
quantifies the acoustical scattering by a given particle, over all angles, relative to its cross-sectional area, and is 
proportional to attenuation due to particle scattering losses. 
 
For particles with regular shapes such as spheres, algebraic expressions describing f and χ can be derived from 
acoustic scattering theory (Sheng and Hay; 1988; Thorne et al, 1993). Theoretical predictions show f and χ to be 
significant functions of scatterer size and sound wavelength, and both are consequently often expressed in 
terms of a dimensionless parameter, x = ka, where k is the wavenumber and a the particle size. Measurements 
of f obtained from single spheres have shown excellent agreement with theoretical predictions, over a range of 
sound frequencies and particle sizes, and for a variety of materials (Thorne et al, 1992). In contrast, for 
irregularly shaped particles such as natural sediments, no analytical theoretical solution exists to describe f and 
χ. Consequently, to facilitate the inversion of marine ABS data, f and χ have been determined experimentally 
(Flammer, 1962; Hay, 1991; He and Hay, 1993; Schaafsma and Hay, 1997; Thorne and Buckingham, 2004). To 
enable the variation of f and χ with x to be inferred for sediments, these experiments have focused on 
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sediments sieved into narrow ¼ Φ size fractions, where Φ = -Log2(d), with d the particle diameter in mm. These 
¼ Φ size fractions produce a nominally single size in suspension, with the standard deviation of the particle size 
distribution being ~ 5 % of the mean size. 
 
Of course, natural marine suspensions contain a much broader range of particle sizes than those present in ¼ Φ 
size fractions (Bale and Morris, 1987; Krank and Milligan, 1991; Stavn and Keen, 2004). Measurements have 
shown that the size distributions of near-bed suspended sediments are often similar and related to the size 
distribution of the bed material (Sengupta, 1979; Krank and Milligan, 1991), which consistently covers a broad 
range of sizes throughout the worlds seas and oceans (Sval’nov and Alekseeva, 2006). For a suspension 
containing a range of particle sizes, the ensemble f and ensemble χ, hitherto referred to as f0 and χ0 
respectively, can theoretically be determined by integrating values of f and χ (being the single size or ¼ Φ size 
fraction values) over the particle size probability density function (PDF) of the suspension (Sheng and Hay, 
1988; Thorne and Campbell, 1992; Thorne and Meral, 2008). The usual derivation of the integration expressions 
for f0 and χ0 make use of an assumption that the particles are spherically shaped however, and there has been 
no reported validation of these theoretical expressions by direct measurement of f0 and χ0 for broad size 
distributions of either spherical, or irregularly shaped particles. This is the aim of the current work. Here, we 
outline the adopted methodology and present our initial results obtained from suspensions of spheres using a 
four frequency ABS (0.5, 1, 2, and 4 MHz). 
 
2. Modelling χ0 and f0 
For a suspension of spheres, the ensemble normalised total scattering cross-section, χ0, and the ensemble form 
function, f0, are theoretically (Sheng and Hay, 1988; Thorne et al, 1993): 
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where a is particle radius, and n(a) is the PDF of the suspended size distribution. Thus, to determine χ0 and f0 at 
a given sound frequency, for a suspension of spheres with a given PDF, Equations 1 and 2 are evaluated using 
the theoretical total normalised scattering cross-section described by (Hay and Mercer, 1985; Thorne and 
Campbell, 1992): 
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and the backscattered form function described by: 
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where the coefficient bn is provided by Gaunaurd and Uberall (1983). 
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Measuring χ0 and f0 
All measurements of the scattering properties of suspended particles were obtained in a sediment tower 
specifically designed for ABS measurements. This apparatus has been described previously (Thorne and 
Buckingham, 2004), and generates a homogenous suspension within the immediate 1 m or so below the ABS 
transducers, the uniformity of which has been examined and presented elsewhere (Betteridge et al, 2008). The 
distributions examined in the present work were created by mixing together appropriate proportions of ¼ Φ 
size fractions, obtained by initially sieving the parent population of the spheres. The breadth of the 
distributions was characterised using the relative standard deviation, κ, being the ratio of the standard 
deviation, σ, to the mean size a0. Three separate size distributions were created, a log-normal distribution and 
two bi-modal distributions, the PDFs of which are presented in Figure 1. 
 

  
  

 

 

Figure 1 – Probability density function (PDF) for each size distribution examined. Distribution type and mean size were as 
follows: (a) bi-modal, a0=49 µm, (b) bi-modal, a0=73 µm, and (c) log-normal, a0=61 µm. The solid line in each plot is for 
visualisation purposes only. 
 
Assuming that the phase of the backscattered sound received by the ABS is randomly distributed between 0 – 
2π, the root mean square of the backscattered voltage can be written as (Thorne and Hanes, 2002): 
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where r is the range from the transducer, M the mass concentration of suspended sediment, ρ0 the density of 
the sediment grains, αW is the absorption by water, ψ accounts for the departure from spherical spreading in 
the transducer near field (Downing et al, 1995), and Kt is a calibration constant. Kt incorporates the electronic 
response, the transmit and receive sensitivities, and the directivity response (beam pattern) of the transducer, 



76 
 

and is specific to a given ABS system. The normalised total scattering cross-section is contained within the 
sediment attenuation term, αS, given by: 
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where all other terms are as previously defined. 
Rearranging Equation 5, and taking the natural log transformation yields a linear function of Loge(VRMSrψ) with 
range r from the transducer: 
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with α = αW + αS. Thus, by measuring the variation of VRMS with r, for a homogenous suspension of glass 
spheres, a profile mean value of χ0 can be calculated from the slope of Equation 7, using Equation 6, with αW 
taken from the literature (Kaye and Laby, 1986). In this way, accurate estimates of χ0 can be obtained providing 
that αS ≥ αW. Where αS < αW, small errors in the estimate of the slope α can diminish the accuracy of the 
estimated χ0. This limitation, combined with the maximum sediment concentration that could be maintained in 
suspension being ~ 1 – 2 gl-1, meant that measurements of χ0 were only obtainable at the highest operating 
frequency of 4 MHz in the present study. Consequently, in order to utilise the ABS data at the other operating 
frequencies, the approach adopted in this study was to calculate f0 from the measured VRMS by directly re-
arranging Equation 5 for each ABS bin, and using modelled values of χ0 at the other (lower) operating 
frequencies to compute αS. 
 
3. Results 
Figure 2a shows a comparison between the theoretical predictions of χ0 and measurements derived from the 
three separate suspensions examined (shown in Figure 1). For the log-normal and both bi-modal size 
distributions studied, κ was 0.36 and 0.61 respectively. No estimates of χ0 could be derived at operating 
frequencies < 4 MHz due to αS ≤ αW at the suspended particle concentrations used. Whilst the number of 
measurements are limited, Figure 2a shows near perfect agreement between the measurements and the 
theoretical predictions. The error bars on all measured values denote ± one standard deviation about the mean 
of measurements obtained at two different concentrations of ~ 0.5 and 1 gl-1 for all three distributions shown in 
Figure 2a. By including the theoretical predictions for each size distribution as a function of x0 = ka0, Figure 2a 
clearly illustrates the effect that the presence of a size distribution has on χ0. Relative to that predicted for a 
single size sphere, for both the log-normal and bi-modal distributions studied, χ0 is elevated at values of x0 < 2, 
whilst generally being diminished at x0 > 2. Indeed, it can be seen in Figure 2a that at x0 < 0.3, the theoretical 
predictions show that for the bi-modal distributions χ0 is enhanced by an order of magnitude relative to the 
single size sphere case. Figure 2a also illustrates that as the relative standard deviation of the suspended size 
distribution is increased, the degree to which the ensemble scattering is altered relative to single size sphere 
scattering is also increased. 
 
Measurements of f0, derived from the acoustic backscatter data obtained from the same suspensions, are 
presented in Figure 2b. Figure 2b contains measurements of f0 obtained from all four ABS operating 
frequencies. This was achieved at all operating frequencies by modelling χ0 using Equation 3 in Equation 1 with 
the appropriate PDFs, and deriving f0 from the measured acoustic backscatter by re-arranging Equation 5. 
Figure 2b shows close agreement between the measured values of f0 derived in this way, and the theoretical 
predictions, for both size distribution types and across an order of magnitude range in x0. The effect of the 
presence of a size distribution on the backscattering is similar to that described above for χ0, namely 
backscattering is generally enhanced at x0 < 2, whilst generally being diminished at x0 > 2, with the degree of 
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alteration increasing as the size distribution width (relative standard deviation) increases. These changes are 
not as pronounced for f0 as they are for χ0 however, with f0 being enhanced at low x0 by up to a factor of 3 for 
the bi-modal distributions shown in Figure 2b. 
The theoretical predictions for χ0 and f0 in Figure 2 show that an additional effect of the presence of a size 
distribution is to smooth the variations in the geometric scattering regime (x0 > 1) which are normally 
associated with sphere resonance (Thorne et al, 1993). The degree to which these sphere resonances are 
smoothed differs between the log-normal and bi-modal distributions (see Figure 2b), with a greater degree of 
smoothing being evident for the log-normal distribution despite the bi-modal distributions being broader, as 
indicated by the relative standard deviations of the distributions. This suggests that size distribution type may 
be an important mechanism in this smoothing process. 
 

 
Figure 2 - Measurements of (a) χ0, and (b) f0, obtained from the log-normal (circles) and bi-modal distributions (triangles 
and squares). The theoretical predictions for the log-normal (dashed lines) and bi-modal (solid lines) distributions are also 
shown. The dotted lines show the theoretical χ and f for a single size sphere. 
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4. Discussion 
The results obtained from our sphere experiments were used to assess the measurement setup and adopted 
methodology. The scattering properties of spheres are well documented, and the integration theory has been 
tested previously for both narrow ¼ Φ size fractions (Thorne and Buckingham, 2004) and for a slightly broader 
Gaussian distribution having κ = 0.2 (Thorne and Campbell, 1992). In this study, we evaluated Equations 1 and 2 
for suspensions of spheres using three broader distributions with more complex size distribution types, namely 
log-normal and bi-modal distributions. For all three distributions, close agreement was observed between the 
measured scattering parameters, χ0 and f0, and their respective theoretical predictions. The near-perfect 
agreement between the modelled and measured values of χ0 obtained at 4 MHz (Figure 2a), justified the 
approach of modelling χ0 to obtain f0 from the ABS measurements at the lower operating frequencies, and 
suggested this would not introduce any significant source of error, or biasing. 
 
Some degree of scatter did exist in the comparisons of measured and predicted f0 however (Figure 2b). It is 
possible that some or all of this scatter was associated with small uncertainties in the ABS calibration constants, 
Kt. As the measured values of f0 were inversely proportional to Kt, any error in Kt would propagate during the 
calculation of f0, with the error being potentially different for each operating frequency. In contrast, the 
measured values of χ0 were completely independent of Kt, as χ0 was obtained from the slope of Equation 7 only. 
Following the usual rules of uncertainty propagation, i.e. that fractional uncertainties add in quadrature (Taylor, 
1997), we estimate that if the Kt values were offset by only 1 standard deviation, the corresponding uncertainty 
in f0 would be ~ 10 % for each of the four operating frequencies. Errors of this magnitude would account for 
most of the departures from the theoretical predictions observed in Figure 2b. 
 
The theoretical predictions show that the effect of a size distribution is to typically enhance scattering in the 
Rayleigh regime (x0 < 1), whilst diminishing scattering in the geometrical regime (x0 > 1). Our measurements 
would appear to validate these theoretical predictions, at least in the Rayleigh regime, for two different size 
distribution types, and for size distributions with κ comparable to those observed in marine environments. Both 
the theoretical predictions and measurements show that the degree to which changes in the ensemble 
scattering properties occur, increases with increasing κ. These results suggest therefore that knowledge of the 
size distribution of suspended particles is likely a key input for the inversion of ABS data collected in the marine 
environment. The next stage in these investigations is to determine if Equations 1 and 2, derived assuming a 
spherical particle shape, hold for suspensions of irregularly shaped quartz sediments. 
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Observations Of The Effects Of Turbulence On Particle Size Distributions In An Estuarine Bottom Boundary 

Layer. 
 
AJ Souza1, W Thurston1 

1. Proudman Oceanographic Laboratory, Liverpool, UK, ajso@pol.ac.uk 
 
Estuarine bottom boundary layers (bbl's) are an area of intense interest to physical oceanographers. It is here 
that maximum levels of turbulence are found, due to high stress and shear rates. Sediment erosion and 
deposition also occurs in the bbl. The magnitude of turbulence is critical in determining the vertical flux of 
suspended particulate matter (SPM) and in the presence of cohesive particles the degree of flocculation as well. 
 
Here we present continuous, concurrent observations of dynamics and SPM performed in the bbl of a 
macrotidal estuary during a 24 day period. The balance of turbulent kinetic energy is considered, in conjunction 
with variations in the concentration and size distribution of the SPM and its relationship with the turbulent 
shear rate. Both the turbulence and the SPM are found to vary over a number of tidal frequencies in addition to 
exhibiting a tidal asymmetry. Possible explanations for these findings are suggested and their implications 
considered. 
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measuring suspension particle size and concentration. 
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ABSTRACT 
Multi-frequency acoustics backscattering has been used for over a decade to estimate near-bed profiles of 
suspended sediment particle size and concentration.  Central to obtaining the sediment parameters from the 
backscattered signal, is a description of the acoustic scattering properties of suspended sediments. 
Formulations are therefore required for the attenuation and backscattering properties of suspensions of 
sedimentary particles with size and acoustic frequency. There is no rigorous analytical solution or single 
formulation for these scattering properties and different researchers have used somewhat different 
expressions. Here we bring together four decades of published data on the acoustic scattering properties of 
suspensions of sandy sediments and formulate simple heuristic generic expressions to describe the sediment 
scattering properties.  
 
BACKGROUND 
The multi-frequency acoustic backscatter systems, ABS, currently in use typically operate in transceiver mode, 
usually at frequencies in the range 0.5 MHz – 5MHz. They use the differential scattering characteristics of the 
scatterers with frequency to establish the suspended sediment particle size and concentration.  Because ABS’s 
are normally used in transceiver mode, it is the backscattering and attenuating characteristics of the 
suspended sediment which are required to convert the acoustic measurements into suspended sediment 
parameters. The relevant acoustic quantities are the backscatter form function, f, which describes the 
backscattering characteristics of the particles in suspension, and the normalized total scattering cross-section, 
χ, which describes the attenuating characteristics.  
 
The sphere scattering approach, using the f and χ representation, was first adopted by Sheng and Hay [1] to 
explain the sediment attenuation observations of Flammer [2]. They used a rigid mobile sphere model which 
compared reasonably well with the measurements and they also formulated a simple heuristic expression 
which also provided good agreement with the data. Other publications [3-10] have adopted a comparable 
approach and presented similar, though somewhat different expressions, related to particular data sets. In this 
study the objective was to bring together all the published data on acoustic scattering by suspensions of sandy 
sediments and irregularly shaped particles. The aim being to provide simple expressions for f and χ which 
compared well with all the data sets available and which can be used with a reasonable degree of confidence, 
in the interpretation of ABS data collected above sandy sediments.  
 
SCATTERING EXPRESSIONS 
The backscattered signal from a multi-frequency ABS can be converted to concentration, M, and mean particle 
size, <a>, using (5,6,8). 
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The above expression assumes the attenuation over a range bin is not substantial [3]. Vrms is the root-mean-
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square backscattered signal; this is an ensemble average over a number of backscatter returns. r is the range 
from the transceiver, ψ accounts for the departure from spherical spreading within the transducer nearfield, ks 
and αs represent respectively the backscattering and attenuating properties of the sediments, ρ is the density 
of the sand grains in suspension, kt is a system constant [11], αw is the attenuation due to water absorption and 
the other terms are given below.  
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Where a is the radii of the sediment grains in suspension, P(a) is the probability size distribution of the grains 
and x=ka, where k is the wave number of the sound in water and xo=k<a>. The variable x is non-dimensional 
and as will be seen below is an appropriate choice for describing the dependency of f and χ.  As a step towards 
the evaluation of equation (1), equations (3) and (4) need to be calculated and this requires expressions for f 
and χ. The purpose of the present paper is to provide these expressions using all the presently available 
published data, so that marine scientists and sedimentologists can use them in a straightforward manner in the 
interpretation of ABS data. 
 
MEASUREMENTS 
Form function f. The first quantitative suspended sediment measurements which were expressed in the form 
function format were collected on beach sands [3]. Acoustic backscatter measurements from a sediment jet 
were collected at 1.0 MHz, 2.25 MHz and 5.0 MHz, using sands sieved into ¼φ size intervals and covering the 
radius range 58-231 μm. Following on from these measurements, broadband scattering from the sediment jet 
were carried [4]. Data were collected on ¼φ sieved sand samples with mean radii of  57.75 μm, 98.0 μm and 
162.5 μm, covering the frequency band 1.25-2.75 MHz in 0.2 MHz frequency intervals. Further measurements 
were reported [9] using sands collected from estuarine, beach and quarried locations. Observations were made 
in a sediment tower which generated a homogeneous suspension of sediments over a vertical range of about 
1m. Data were collected over the particle radius range 45-390 μm in ¼φ sieved intervals. The acoustic 
frequencies used were 1.0 MHz, 2.0 MHz and 4.0 MHz. Finally a series of measurements have been published 
on scattering by single irregularly shaped particles [12]. Measurements were collected on particles in the 
radius range 0.72-2.5 cm using a broadband system operating between 40-240 kHz and on particles with radius 
between 0.15-0.2 cm using narrow band signals over the frequency range 0.6-2.2MHz. 
 
Normalized total scattering cross-section χ. The earliest useful published measurements on attenuation by 
suspensions of sandy sediments were reported over forty years ago [2]. These data were used [1] to provide 
the first contemporary description of suspended sediment attenuation using sphere scattering models. The 
measurements were collected over the radius range 26-455 μm, at six discreet frequencies between 2.5-25.0 
MHz at a fixed concentration of 2.65 kgm-3. Sheng and Hay [1], in their table 2, also presented attenuation data 
from other studies [13-15], which we have also included here. The next data set is from the suspended 
sediment jet work [3]. Measurements were made over a range of concentrations nominally between 0.3-24 
kgm-3, using a selection of beach sands sieved into ¼φ size intervals, at frequencies of 2.25 MHz, 4.5 MHz and 
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5.0 MHz. More recent [7] attenuation measurements were made on sandy sediments over the frequency range 
2.25-100 MHz using ¼φ sieved radii of 11.5 μm, 24.5 μm, 49 μm and 98 μm. Lastly, attenuation measurements 
were obtained from the gradient of the backscattered signal as part of the sediment tower study [9]. 
 
Combine data sets. The data from the four studies [3,4,9,12] on the form function for sandy suspensions and 
irregular shaped particles are shown in figure 1a. The data cover the range x=0.2-30. In general the 
observations are similar in form for the different data sets; this is indicative that the non-dimensional 
scattering parameters used on the abscissa and the ordinate are appropriate for scattering by irregularly 
shaped 

 
Fig. 1. a) Measurements of the form function, f, from; [3] (∆), [4] (*), [9] ( ●) and [12] (o). b) Measurements of the 
normalized total scattering cross-section, χ, from; [2] (x), [1] (*) (using the data [13-15]), [3] (∆), [7] (o) and [9] (●).  
 
particles. There is scatter in the data and this is considered to be associated with detailed differences in particle 
shape [7], different experimental procedures and experimental errors associated with the different data sets. 
As can be seen in figure 1a, between x=0.2-2 there is seen to be a relatively steady increase in the form 
function with x, with the trend being nominally consistent for the different data sets. Above the value of x≈2, 
the increase of f with x is no longer dominant and the data show somewhat less consistency. Above x≈5, the 
data available is only for single irregularly shaped scatters and the trend is nominally constant as x increases. 
The complementary results for the measurements of the normalized total scattering cross-section [1-3,7,9,13-
15] are presented in figure 1b. Data were obtained between x=0.3-50. Again, as with the form function, the 
different data sets of the normalized total scattering cross-section generally follow a similar trend. The data 
show increasing values for χ with x up to a value of x≈2 and with a gradient steeper than was the case for the 
form function. Above x≈2 the rate of increase of χ with x is significantly reduced and at higher values of x, x>10, 
χ appears to be nominally independent of x. 
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FORMULATIONS 
The data shown in figure 1 has a degree of scatter associated with the different data sources. To try and obtain 
the most representative expressions for the data a process of outlier ejection and data smoothing was applied, 
the details of which are given in [10] and the results are shown in figure 2. The essential form of the curves in 
figure 1 has been retained with a significant reduction in data scatter. 
 
To represent the measurements, formulae were derived on a heuristic basis and following procedures 
presented in previous publications [1,6,8]. Asymptotic constraints were imposed such that for x<<1, the 
Rayleigh regime, f α x2 and χ α x4 and for x>>1, the geometric regime, f and χ were constant. For the form 
function the expression used was  
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For x<<1, the two bracketed terms tend to a constant, co, hence f=cox2. For x>>1, f=1/δ1 which is constant and 
independent of x. The first bracket containing the exponential introduces the inflexion region around x=1-2. 
Physically this is associated with a back and forth movement of the particles in the water due to the 
propagating acoustic wave. The second bracket accounts for the observed peak in the form function at 
approximately x=2-4, before the onset of the expected constant value for f at the higher values of x. The 
bracketed terms have six independent variables and these were obtained by matching the predictions to the 
data in the local area where the bracketed terms have maximum influence and then by fine tuning equation (5) 
to minimizing the mean root-mean- square difference between the predictions and the data. The result was 
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This simple expression, given by the solid line in figure 2a, captures the essential features of the data; Rayleigh 
scattering for x<<1, the curvature of the data in the region x=1-5 and constant in the geometric scattering 
regime. For small values of x, fe=cox2, where co=1.25. For large x, fe=1.1.  These asymptotic expressions for x<<1, 
x>>1, are respectively given by the dashed and dotted lines in figure 2a. 
 
For the normalized total scattering cross-section the expression below was used, this is similar to the 
expression used in Ref [1,8].  
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Following the approach taken with the form function, for x<<1, χ=(β1/ξ1)x

4 and β1/ξ1 was obtained from the low 
x values. For x>>1, χ=β1/β2, this was obtained from the data. ξ1, ξ2 and κ were then adjusted to minimize the 
root-mean-square difference between equation (7) and the measurements. The result was  
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As shown in figure 3b, the solid line obtained using equation (8) represents all the main features of the data, 
with close agreement in the Rayleigh, intermediate and geometric regimes. For x<<1, χe=0.3x4 and for x>>1, 
χe=1.16, these are respectively shown by the dashed and dotted lines in figure 2b. 
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Fig. 2. a) Measurements of the filtered and smoothed form function (o), equation (6) (▬), Rayleigh scattering (---) and 
geometric scattering (····). b) Measurements of the filtered and smoothed normalized total scattering cross-section (o), 
equation (8) (▬), Rayleigh scattering (---) and geometric scattering (····). 
 
PARTICLE SIZE DISTRIBUTION 
Equations (6) and (8) provide the fundamental expressions for f and χ for a suspension of nominally single size; 
ie with a ¼φ size distribution. These formulations for f and χ need to be evaluated using equations (3) and (4) 
for use in the marine environment, since the suspended sediments will invariably have a broad size 
distribution. Therefore allowance has to be made for the impact a range of particle sizes have on f and χ.  To 
assess this impact, a log-normal size distributions, Pln(a),  was used as described in equation (9). The mean    
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size of the particles in suspension was given by <a> and the standard deviation was set at σ= κ <a> where for 
this study we have used κ=0.5. A value of κ=0.5 results in d90/d10≈3, which represents a moderately well sorted 
sediment. Substituting equation (9), with equations (6) and (8), into equations (3) and (4), values for <fe> and 
<χe> were calculated and the results are shown in figure 3. The solid line in figures 3a and 3b is fe and χe and 
the dashed line is <fe> and <χe>. As seen in figure 3, the introduction of a size distribution impacts on both the 
form function and normalized total scattering cross-section. In the Rayleigh regime the ratio for <fe>/fe ≈3 and 
for <χe>/χe≈10.  The impact of the size distribution in this scattering regime is therefore very significant. For the 
geometric regime the ratios are <fe>/fe≈0.8 and <χe>/χe≈0.65. Although these changes are not as significant as 
in the Rayleigh regime, they are not inconsequential. The results in figure 3 show the importance of having a 
reasonable estimate for the relative standard deviation, κ. From results presented previously [10], this estimate 
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may be more important than knowing the precise form of the probability distribution used to represent the 
particles sizes in suspension.   

 
Figure 3. a) Plots of the form function from equation (6), fe (-), and from equation (3), <fe> (---). b) Plots of the normalized 
total scattering cross-section from equation (8), χe (-), and from equations (4), <χe> (---). For the evaluation of equations (3) 
and (4), P(a) was given by the log-normal distribution  in equation (9) with σ(a)=0.5<a>.  
 
CONCLUSION 
The present work has sought to provide scattering expressions, for the interpretation of data collected using 
multi-frequency acoustic backscatter systems over sandy beds. To obtain simple formulations for the scattering 
properties, all the published data available on scattering by suspensions of sandy sediments were collated. 
These data have also been augmented by some measurements taken on single irregularly shaped particles. 
Simple heuristic expressions, in the form of equations (5) and (7) were put forward which encompassed 
Rayleigh scattering for x<<1, and geometric scattering for x>>1. Using the measurements in the Rayleigh and 
geometric scattering regimes, some of the constants in the expressions were established. Other constants were 
obtained by minimizing the root-mean-square difference between the predictions and the observations. This 
led to the expressions given in equations (6) and (8). To assess the impact a particle size distribution had on fe 
and χe, equations (3) and (4) were evaluated for a log-normal particle size distributions. The calculations 
showed the effect was significant particularly when x<1. The departure of <fe> and <χe> from fe and χe were of 
sufficient magnitude, that the results indicated the effect of having a particle size distribution must be 
incorporated into acoustic inversions on backscatter data collected in the marine environment. 
 
Finally, the aim of the present paper has been to provide those who use acoustics as a tool for studying 
sediment transport processes, with simple expressions for the scattering properties of suspensions of sandy 
sediments. Equations (6) and (8) represent a best fit to the published data available at present, with the 
constraint of Rayleigh scattering for x<<1 and geometric scattering for x>>1. These equations, in conjunction 
with equation (3) and (4), provide a simple basis for interpreting data obtained using multi-frequency ABS over 
sandy seabeds. 
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The fate of suspended particulate matter in natural systems depends on their size, shape and density impacting 
their settling velocity. Since the 1990th, experimental works and in situ measurements have revealed that 
particles characteristics were strongly influenced by flocculation/deflocculation processes. Over the past 20 
years, sediment transport numerical models have been improved and refined in terms of processes accounted 
for. Therefore the need for in-situ calibration and validation data evolved similarly in complexity.  
 
A size-class based flocculation model with explicit aggregation/break-up formulations has been recently 
developed to account for microflocs/macroflocs dynamics. In this model, the floc population is distributed in 15 
classes, logarithmically scaled from 4 µm to 2000 µm. Flocs in each class are characterized by their size, density, 
volume and mass assuming their fractal distribution, and a given fractal dimension. Aggregation by shear and 
differential settling are considered while fragmentation is controlled by the shear rate. Computation of flocs 
settling velocities is performed by applying the Stokes law with the size and density of flocs, and modified to 
consider hindered settling. This model was successfully applied in 0D and 1DV models and compared to 
experimental works or other numerical models in terms of suspended sediment concentration, mean diameter, 
settling fluxes and grain-size distribution. This model will be implemented soon in 3D sediment transport 
numerical models.  
 
Such models require validation in situ measurements within a tidal cycle: size spectrum and settling velocity 
every hour, if possible along a fortnightly tidal cycle. and ii) to extend our knowledge on key processes or 
parameters, such as the floc fractal dimension and its variability, the size spectrum of eroded 
material/sediment, floc break-up modes, etc. 
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