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PiE 2010 program 
10 November 2010 

 
Sunday 14th November 2010  
 17.00-21.00 Registration and ice breaker, Salles des Fillets, LOV 
    
Monday 15th November 2010   
08.00-08.30 Registration, Cont’d 
08.30-08.35 Welcome from the Mayor of Villefranche-sur-Mer 
08.35-08.40 Welcome from Dr. Louis Legendre, Director of LOV 
08.40-08.50 Welcome from the organizing committee, housekeeping information 
    
  Particles and New Technologies I – Chair Malik Chami, LOV, France 
 08.50-09.20 Thorne P: Acoustic estimates of suspended particle size and concentration in mixed sediment environments. 

 09.20-09.40 Schindler R, Manning A, and Bass S: Development of Acoustic & Optical Measurements of Cohesive Flocs 
via In Situ Particle Visualization. 

 09.40-10.00 Moate BD, Meral R, and Thorne PD: Laboratory comparison of LISST and ABS response to mixed sediment 
suspensions. 

 10.00-10.20 Lau KT, Hayes J, Kim D, and Diamond D: Real-time wireless optical sensor network for water quality 
measurement. 

 10.20-10.40 Mikkelsen, OA, Buchan S, Currie C, and Agrawal YC: On Using the LISST-STX for Measurements of Settling 
Velocity Spectra. 

 10.40-11.10 Coffee Break 
    
  Particles and New Technologies II – Chair Dave Bowers, Bangor University, UK 

 11.10-11.40 Jonasz M: Review of technology and sensors used to measure the optical properties and size distributions of 
hydrosols. 

 11.40-12.00      Stemmann L, Picheral M, Guidi L, Legendre L, Claustre H, and Gorsky G: Underwater Vision Profiler - a 
sensor for detailed assessment of particles (> 100 µm) and large plankton distribution. 

 12.00-12.20 Buscombe D, Rubin D, Lacy J: Hourly measurements of grain-size from the inner continental shelf seabed 
using a fully-automated, hydraulically-controlled underwater video microscope. 

 12.20-12.40 Sas M: SiltProfiler: Novel instrumentation for rapidly profiling the suspended sediment concentration and 
water column salinity structure. 

 12.40-13.00 Cross J, Nimmo-Smith A, Torres R, and Hosegood P: Measuring the response of biological particles to 
turbulent events using holographic imaging 

 13.00-14.30 LUNCH - on your own 
    
  Flocs – Chair Rick Reynolds, Scripps, USA 
 14.30-15.00      Milligan TG, Hill PS, Law BA, and Newgard JP: Floc Fraction and Stress in a Bottom Boundary Layer. 

 15.00-15.20 Fettweis M, Baeye M, Francken F, Van den Eynde D, Van Lancker V: Floc dynamics during storm events in a 
coastal turbidity maximum area. 

 15.20-15.40 Manning AJ, Schoellhamer DC, Mehta AJ, Novere D, and Schladow SG: Video Observations of Flocculated 
Sediment from Three Contrastingly Different Natural Environments in the USA. 

 15.40-16.00 Graham GW, Nimmo Smith WAM, Bowers DG, and Braithwaite KM: In-situ observations of suspended 
particles with complex shape. 

 16.00-16.20 Chen P, Fettweis M, Maggi F, and Yu JCS: Numerical simulation of flocculation behaviour during storm 
events. 

 16.20-16.50 Coffee Break 
    
 16.50-18.00 Discussion 
  DINNER - on your own 
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Tuesday 16th November 2010  
   Erosion, transport and deposition I – Chair Peter Thorne, POL, UK 
 08.30-09.00 Pejrup M: Wadden Sea Sediment Dynamics 

 09.00-09.20 Hamouda AZ, and Abdel-Salam KM: Acoustic image survey for the sea floor at the northeastern side of 
Alexandria city, Mediterranean Sea 

 09.20-09.40 Gratiot N, Legout C, Navratil O, Némery J, Prat C, Duvert C, Grangeon T, Belleudy P, and Estèves M: 
Monitoring sediment dynamics in mountainous subcatchments (10km2) 

 09.40-10.00 Limare A, Lajeunesse E, Ammann J, Gamblin Y, Vieira A, and Dessert C: Monitoring Sediment Transport in 
Rivers during Extreme Climatic Events 

 10.00-10:20 Winter C, Maushake C: Formation of turbidity clouds in tidal currents 
 10.20-10.50  Coffee Break 
    

  Erosion, transport and deposition II – Chair Oleg Kopelevich, PP Shirshov Institute of Oceanology, 
Russia 

 10.50-11.10 Lorthiois T, Doxaran D, Chami M, Bourrin F, Verney R: Fluxes and fate of the suspended particles exported 
by the Rhone river into the Mediterranean Sea based on field optical measurements. 

 11.10-11.30 Lefebvre JP, Ouillon S, Vinh VD, Arfi R, Binh DT, Panché JP, Mari X, and Torréton JP: Hydro-sedimentary 
dynamics of the Red River delta (Vietnam). 

 11.30-11.50 Mari X, Rochelle-Newall E, Torréton J-P, Bettarel Y, Pringault O, Menkes C, Lefèvre J, Marchesiello P, Migon 
C, Motegi C, Weinbauer M, Legendre L: The neglected impact of soot. 

 11.50-12.10 Rivier A, Gohin F, and Petus C: Observed variability of the suspended sediment concentration in the English 
Channel in relation to the tidal cycle and waves. 

 12.10-12.30 Maushake C, Winter C: Field studies of suspended sediment dynamics in the German  
 Estuaries. 

12.30-12.50 Law BA, Milligan TG, Hill PS, Newgard JP, Maier I, and Page F: Using optical instruments to track the 
resuspension and transport of aquaculture wastes. 

 12.50-14.30  LUNCH - on your own 
    
 14.30-15.00 Discussion: Debriefing for 1st day discussion 1/2 
 15.00-18.00 Visit to LOV and OOV 
 19.00- Conference Dinner  
    
Wednesday 17th November 2010  
  Particles and Optics I – Chair Morten Pejrup, University of Copenhagen, Denmark 

 08.30-09.00 Bowers D: Why Are Shelf Seas So Bright When Viewed From Space - A Review Of The Optical Properties Of 
Flocculated Particles. 

 09.00-09.20 Hill PS, Boss E, Newgard JP, Law BA, and Milligan TG: Observations of the sensitivity of beam attenuation to 
particle size in a coastal bottom boundary layer. 

 09.20-09.40 Bressac M, Guieu C, Doxaran D, Obolensky G, Grisoni JM, and Bourrin F: Optical measurements to observe 
the fate of Saharan dust in seawater: a simulated dust deposition during the DUNE project 

 09.40-10.10 Reynolds RA, and Stramski D: Measurements of the particle size distribution in Arctic waters and its relation 
to seawater optical properties. 

 10.10-10.40 Coffee Break 
    
  Particles and Optics II – Chair Tim Milligan, DFO, Canada 
 10.40-11.10 Kopelevich O: Scattering properties of marine particles and their practical application. 

 11.10-11.30 Neukermans G, Loisel H, Mériaux X, and Denis K: Effect of particle aggregation on total, back and side 
scattering coefficients in coastal waters 

 11.30-11.50 Davies E, Nimmo Smith A, Agrawal Y, Souza A: Scattering Signatures of Suspended Sediments 

 11.50-12.10 Hedley J: The optical scattering properties of coral reef fine-grain sediments modelled by the Finite Difference 
Time Domain (FDTD) method. 

 12.10-12.40      Discussion: Debriefing for 1st day discussion 2/2 
 12.40-12.45  Good-Bye 
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PiE 2010 Organizing Committee 
 

Dr. David Doxaran (LOV) 
Dr. Malik Chami (LOV) 

Dr. Edouard Leymarie (LOV) 
Dr. Ole Mikkelsen (Sequoia Scientific, Inc.) 

 
Thank you to the PiE 2010 Sponsors! 
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Directions to icebreaker Sunday 14 November 17.00-21.00 
 
 

 
 

Go to Quai de la Darse, Port of Vilelfranche-sur-Mer 
Walk along the Quai de la Corderie along the LOV-Corderie building 
Follow the road along the Chemin du Lazaret 
On your left you will find the entrance of the LOV-Zoological station. 
Pass the door and enter the courtyard to access the ‘Salle des Filets’ where is organized the PiE-2010 ice-breaker. 
All along the Quai de la Darse you will find ‘PiE-2010’ signs showing you the direction. 
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Location of conference facilities where all presentations will take place: 
 

All presentations will be given in the auditorium of the Citadelle, a historic fortress overlooking the bay.  The 
citadelle dominates the bay in front of it.  Inside the Citadelle is the congress center and the auditorium where 
all PiE presentations will take place.  The auditorium is carved out in the rock of the former Citadel water tank 
and provides a unique location for presentations on everything aquatic! 
 
The address of the venue is: 
La Citadelle 
6230 VILLEFRANCHE SUR MER 
Alpes-Maritimes 
France 
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Monday 15th November 2010 
 

On applying acoustics in mixed sediment environments 

 
Peter D. Thorne, pdt@pol.ac.uk and Benjamin D. Moate bdm@pol.ac.uk 

 
National Oceanography Centre, Joseph Proudman Building, 6 Brownlow Street, Liverpool, L3 5DA, United 
Kingdom. 

 
 
Abstract 
Developments to utilise sound for the measurement of suspended sediments in the bottom boundary layer 
have been ongoing for the past two decades.  The technique uses the differential scattering characteristics 
of the suspension with frequency to obtain profiles of particle size and concentration. To extract the 
suspended parameters requires a priori knowledge of the scattering properties of the suspension, coupled 
with an inversion methodology to interpret the acoustic data.  However, in general, for a suspension of 
broad size mixed non-cohesive sediments, the scattering properties will not usually be precisely known. It is 
the impact that this uncertainty has on the inversion, and the resulting suspension parameters, that is 
considered here.  
 
 
(1) Introduction 
The use of megahertz sound to measure near bed boundary layer sediment transport processes has 
advanced significantly over the past two decades (Thorne and Hanes 2002; Thorne and Bell, 2009). Multi-
frequency acoustic backscatter systems, ABS, are used to measure profiles of suspended particle size and 
concentration (Crawford and Hay 1993), acoustic coherent Doppler velocity profilers, ADVP, are used to 
measure the three orthogonal components of flow (Hurther and Lemmin 2008) and high resolution acoustic 
ripple profilers, ARP, are used to measure detailed changes in small scale bed forms (Traykovski 2007). The 
combined application of these acoustic technologies is providing measurements critical for the development 
and assessment of process based sediment transport models.  
 
Here the use of acoustics for the measurement of suspended particle size and concentration is reconsidered 
and in particular the impact the assumed suspension scattering characteristics have on the extracted 
sediment parameters. To obtain the sediment parameters from the backscattered signal generally leads to 
solutions based on inversion methodologies, which use a successive iterative technique, with an implicit 
equation, that is solved along the path of propagation. (Hay and Sheng 1992; Thorne et al 1993; Thorne and 
Hardcastle 1997). At the kernel of these inversions is a description of the scattering properties of the 
sediments. However, there will always be some uncertainty in the actual scattering properties of the 
suspended sediments, due to detailed variability in particle shape, mixed mineralogy and the size 
distributions of the various mineral compositions in suspension (Schaafsma and Hay 1997; Thorne and 
Buckingham 2004). For example measurements from the Aegean Sea displayed a bed of mixed sediments 
composed of 40% mica, 20% carbonates 20% aluminosilicates and 10% quartz. In figure 1 a selection of 
particles of different mineralogy are shown, these have different densities and shapes, both of which impact 
on the acoustic scattering properties. In the present study we assess the impact these uncertainties in the 
scattering properties of the suspended sediments have on the calculated particle size and concentration 
profiles, derived from inversions using acoustic backscattered data. This was carried out using simulations 
with known particle size and concentration profiles and calculating the backscattered signal from the known 
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suspension, with allowance made for the uncertainty in the sediment scattering characteristics. The 
sediment profiles obtained from the acoustic inversion were compared with the known particle size and 
concentration. 

 
Fig 1. Electron micrographs of different sediments; a) quartz, b) aragonite, c)  crushed shell and  d) mica. 

 
(2) Suspension models  
In practical modelling schemes, the suspended sediment concentration profile is usually defined on the basis 
of a reference concentration, Co, which determines the absolute concentration level, and a shape function, 
Φ(z) that provides the vertical distribution of concentration with height z above the bed. The suspended 
sediment concentration profile is therefore expressed as: 

                                                   (1) 
 
One of the most applied shape functions, applicable to rippled beds, is the exponential profile of Nielsen 
(1986): 
 

                                            (2) 
 
where z is measured upwards relative to the ripple crest and LS is a vertical decay length scale given by: 
 

                                           (3a) 
                                     (3b) 

 
 
U is wave orbital velocity just above the bed, η is the ripple height and ws is the particle fall velocity. Another 
frequently used shape function is the power law (Dyer 1986). 
 

                                             (4) 
 
Where p is the Rouse number, , κ=0.4 von Karmens’s constant,  is the total friction velocity 
and zo is the reference height at which Co is defined.  
 
In both of the shape functions above the particle fall velocity is a major controlling factor on the form of the 
suspended profile. The value for ws is normally estimated using the median diameter of the seabed mass 
size distribution, d50b, obtained from charts or direct sampling. However, it is the median diameter for the 
suspended sediments, d50s, which is actually required for the accurate modelling of the suspended 
sediments. Acoustics uniquely delivers profiles of suspended particle size; however, this is generally not d50s, 
the size sedimentologists require. Here we also consider how acoustics measurements can be used to 
estimate profiles of d50s for application to sediment modelling. 
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Associated with d50 (bed or suspension) is the size distribution, m(a), which is usually expressed using the 
measured mass. A commonly accepted mass size distribution is lognormal (Soulsby 1997). This can be 
expressed as  
 

                               (5) 
 
Where δ= σm /am where am and σm are respectively the mean and standard deviation of the lognormal 
particle mass distribution of the sediment in suspension. 
 
(3) Acoustic scattering  
Under conditions of incoherent scattering the acoustically measured mass Ms can be written as (Sheng and 
Hay 1988; Thorne and Hanes 2002) 
 
                                             (6) 
 
 
 
 
 
 
 
 
 
Where V is the root-mean-square backscattered signal, ρ is the sediment grain density, r is the range from 
the transceiver, ψ accounts for the departure from spherical spreading within the transducer nearfield,  is 
a system constant (Betteridge et al 2007), αω is the sound attenuation due to water absorption and αs is the 
attenuation due to suspended sediment scattering. The scattering characteristics of the suspended 
sediments are represented by fi and χi, which are respectively the intrinsic form function and intrinsic 
normalised total scattering cross-section for the particles in suspension and are a measure of the 
backscattered signal and the sediment attenuation.  as, fs and χs respectively represent the mean particle 
radius and the ensemble mean scattering values evaluated over the probability size distribution of the 
particles in suspension, n(a), and x=kas where k is the wavenumber. In the present study the recent 
formulations of Thorne and Meral (2008) were used to represent fi and χi for the suspended sediments. It 
can be seen that to evaluate equation (6) requires knowledge of the particles scattering characteristics and 
the form of the suspended size distribution. In a mixed broad size suspension neither of these may be 
known with great accuracy and assumptions have to be made for n(a), fi and χi so that equation (6) can be 
solved. Also equation (6) is implicit, with Ms also being on the right hand side of equation (6) through αs. The 
equation is usually solved using an iterative methodology in which αs is assumed initially to be zero and Mso 
is given by  

                                (7) 
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This provides an initial estimate for the concentration, at the first range bin, for each ABS frequency, over a 
range of particle sizes between a1-a2, covering the expected range for as in suspension. An improved 
estimate can be obtained with  
 

                                 (8) 
 
Where αso was calculated using Mso. In general equation (8) can be written as  
 

                                 (9) 
 
Equation (9) is iterated until a convergence criterion has been satisfied and the value for Ms at the first range 
bin, at each frequency and for values of as between a1-a2 is obtained. There are a number of methods to 
select the value for as and the approach used here was to form 
 

                                                      (10) 
    

Here Msi is the concentration at each of the n frequencies and the minimum value in Δ over the size range 
a1-a2 is selected to obtain as and Ms. The process is repeated sequentially stepwise at each range bin through 
the backscatter profile, with the accumulating sediment attenuation accounted for and the profile of as and 
Ms with r from the transducer progressively calculated. A difficulty with the iterative methodology is that 
errors in the selection of as and Ms feedback positively through αs and can accumulate with r. 
 
(4) ABS measurements of particle size and concentration 
Consider a bed of broad size mixed non-cohesive sediments with a composition which is not accurately 
know. If a multi-frequency ABS is deployed above these sediments, then when they are entrained into 
suspension backscattered signals will be measured at each frequency. To evaluate equations (6)-(10) 
estimates will need to be made for fi, χi, ρ, and n(a). At present the only published expressions for fi and χi, 
are for quartz sand and therefore by necessity these have to be the ones used, although measurements on 
other mineral have recently been reported (Moate and Thorne 2010). Also for ρ the density of quartz is 
generally used and the size distribution is assumed lognormal; for want of anything better. Therefore to 
carry out the acoustic inversion the assumed scattering characteristic may be somewhat different to the 
actual scattering characteristic of the mixed sediments in suspension. To account for the difference between 
the actual and assumed scattering characteristics in the following simulation the actual scattering 
characteristics are given by  
 

                          (11) 
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The assumed scattering characteristic for the acoustic inversion use fo and χo and are based on a review of 
suspended sediment scattering by Thorne and Meral (2008) for a lognormal size distribution. The constant β 
accounts for the difference between the assumed and actual scattering characteristics and in the 
simulations presented here had values of β=0.8, 1.0 and 1.2. β=1 represents the assumed scattering 
characteristics are the same as the actual and β=0.8 and β=1.2 respectively represents actual scattering 
smaller and larger than assumed.  
 
The simulation used equation (4) to describe the concentration profile with =0.1 ms-1, and ws=0.022 ms-1, 
based on d50s= 230 μm, this gave p=0.55. The reference concentration was Co=1.0 kgm-3 at zo=0.01 m. The 
size distribution was given by equation (5) with δ=0.5. Superimposed on this basic profile was a temporal 
structure. The suspended sediment particle size and concentration field used for the simulations are shown 
in figure 2. 

 
Fig 2.  Suspended field. a) Particle diameter with the colour bar in μm and b) concentration with the colour 

bar in Log10(kgm-3). 
 
Using a two frequency ABS operating at 1.0 MHz and 2.0 MHz, calculations were made for the backscattered 
signal V, by propagating sound through the suspension field shown in figure 2. To account for the suspended 
sediments being of mixed mineralogy with different components having different density, elasticity, shape 
and size distribution, a degree of uncertainty has been incorporated into the scattering characteristics of the 
suspended sediments. This uncertainty is expressed in equation (11) by β, which modifies the sediment 
scattering characteristic from the expected nominal values given by fo and χo. For β>1 the backscattering 
from the suspended sediments is enhanced, while for β<1 it is reduced.  
 
These modified backscattered signals were inverted using equations (6-10) to obtain acoustic profiles of 
particle size and concentration. The inversions were carried out using fo and χo, which represents best 
estimates for suspended sediment scattering properties (Thorne and Meral 2008). The results are shown in 
figures 3-5.  The inversion for the case of β=0.8 is shown in figure 3, where it can be clearly seen that the 
acoustic inversion retains the main temporal structure of the suspended field, however, the particle size is 
increased between 10-40% and a size gradient has been introduced with the particle size decreasing with 
height above the bed. The concentration was reduced between 50-70% with the greater difference being 
near the bed at the highest concentrations.      
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Fig 3 Acoustic inversion for β=0.8 a) Particle diameter with the colour bar in μm and b) concentration with 

the colour bar in Log10(kgm-3). 
 

 
 

Fig 4 Acoustic inversion for β=1.2 a) Particle diameter with the colour bar in μm and b) concentration with 
the colour bar in Log10(kgm-3). 

 
The inversion for the case of β=1.2 is shown in figure 4 where again it can be clearly seen that the acoustic 
inversion retains the main temporal structure of the suspended field, however, in this case, the particle size 
is decreased between 10-35% and a size gradient has been introduce with the particle size increasing with 
height above the bed. The concentration was increased between 100-300% with the greater difference 
being near the bed at the highest concentrations. For both cases, β=0.8 or 1.2, the error increased with 
range due to the implicit iterative inversion. This inversion propagates errors that accumulate as the sound 
travels through the suspension (Vincent, 2007). 
 
In figure 5 a comparison is made at 0.05 m above the bed between the inversion when β=1, which 
reconstructs the original suspension field, and the two cases above with β=0.8 and 1.2. The plots reiterate 
and highlight the impact β has on the estimates of particle size and concentration derived from the 
backscattered signal These results show the impact the variability in the scattering characteristics of a 
suspension of mixed sediment have on the acoustic measurements of particle size and concentration 
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profiles, using an implicit iterative inversion, with best nominal estimates for suspended sediment scattering 
properties. 
 

 
Fig 5. Measurements of a) particle diameter and b) concentration for β=1 (―), β=0.8 (─) and β=1.2 (─) at 

0.05 m above the bed 
 
In the Suspension Model section it was alluded to that the particle size calculated from acoustics was not 
the median mass suspended particle size, d50s, used in suspended sediment formulations, such as equations 
(2) and (4). As seen in equation (6) the diameter calculated using acoustics, ds=2as, is based on the number 
particle size distribution, n(a), which is related to m(a) by n(a)=3m(a)/4ρa3. For a lognormal distribution the 
relationship between d50s and ds can be approximated by 
 

                        (12) 
 
The particle size obtained from acoustic inversions is therefore quite different to d50s for broad particle size 
distributions and will generally be significantly lower in value. Therefore the use of acoustic measurements 
of particle size has to be applied discerningly when relating the acoustic observations to predictions from 
sediment models. The models commonly use particle fall velocity as a component in the formulation of the 
suspended sediment concentration profile and this is usually based on a single size which is invariably d50 
derived from m(a). In the results shown in figures 3-5 the values of diameter plotted were d50s, calculated 
using equation (12) with δ=0.5. It is because of this application of equation (12) that the results for β=1 are 
comparable to the input d50s of 220 μm. 
 
(5) Conclusions 
The aim of the present paper was to highlight how acoustics can be used to measure suspended sediment 
particle size and concentration in mixed non-cohesive sedimentary regimes. To represent mixed sediments 
with uncertain acoustic scattering characteristics equation (11) was introduced, with β used to represent the 
variability in mixed sediment scattering characteristics and the departure from expected nominal values 
generally used in inversions. Using this approach to represent mixed sediments figures 3-5 showed inversion 
results. The differences from the case when β=1 were of the order of a factor of 2 for the concentration and 
±30% for the particle size. These differences tended to increase with range due the impact of the sediment 
attenuation. The acoustic size ds=2as, of the particles in suspension was also considered. It was shown in 
equations (2-4) that the size generally required by sedimentologists for modelling is the median size of the 
suspended mass distribution, d50s. This is not the value calculated from the acoustic inversion, ds, and 
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therefore a simple approximate relationship was developed to convert ds to d50s and is given in equation (12) 
for a lognormal distribution. 
 
In conclusion this work describes an approach to estimate the errors in the acoustic estimates of suspended 
particle size and concentration when the scattering characteristics of the suspended sediments are not well 
defined. This can often be the case for marine studies deploying multi-frequency ABS over seabeds that are 
not well defined and/or mixed. 
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Development of Acoustic & Optical Measurements of Cohesive Flocs via In Situ Particle Visualization 
 

Rob Schindler*, Andrew Manning*†  & Sarah Bass*. 
 

*Marine Physics Research Group, Sch. Marine Sciences & Eng,  
University of Plymouth, Plymouth, Devon, PL4 8AA, UK 

 
 † HR Wallingford Ltd., Coasts & Estuaries Group, Howberry Park, Wallingford OX10 8BA, UK. 

 
Cohesive particles remain a significant challenge to sediment transport predictions. In situ visualization of floc 
size and settling velocity using INSSEV & LabSFLOC has meant a step-change in our understanding of floc 
dynamics, yet relative to remote optical or acoustic methods their deployment is impractical, expensive and 
time consuming.  
 
Acoustic and optical methods can greatly enhance our understanding of floc particle dynamics because they 
can be more easily deployed. However, the responses of light & sound to floc particles remain uncertain. 
Differences in derived mass concentrations of flocculated and non-cohesive suspensions occur because OBS 
measures projected area concentration not mass concentration. Laser interferometry (e.g. LISST) is only 
applicable in low SPM concentrations, can disturb fragile flocs and requires a smooth size distribution & near-
spherical particles. Development of acoustic inversion algorithms is limited by a lack of data from floc-
dominated environments. 
 
We present simultaneous measurements of cohesive SPM populations using in situ, remote and physical 
sampling in the meso-tidal Tamar Estuary, Devon, UK over several tidal cycles. INSSEV and LabSFLOC data are 
compared to multi-frequency ABS & OBS profiles and a LISST-XT. These measurements were augmented by 
vertical ADV and ADCP profiles of velocity and frequent CTD profiles. 
 
Preliminary results reveal different responses of acoustic and optical devices across the tidal cycle relative to 
in-situ floc characteristics. These differences are compared to changes in floc characteristics, SPM 
concentration, organic content, & flow hydrodynamics over the tidal cycle to determine the key parameters 
affecting the way in which sound and light interact with flocs. Ultimately, this information will be used to 
develop inversion algorithms that allow the recovery of cohesive sediment mass concentrations using 
combinations of acoustical and optical instruments without the need for extensive field calibrations. 
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Laboratory comparison of LISST and ABS response to mixed sediment suspensions 
 

Benjamin D. Moate, Ramazan Meral, and Peter D. Thorne 
 

Proudman Oceanographic Laboratory, Liverpool, UK 
 

 
Abstract  
 
The main application of LISST is the measurement of in-situ particle size spectra of suspended sediments. A 
limitation of LISST is that long term deployments on moorings provide information only at a single height above 
the bed and to obtain information throughout the boundary layer LISST must be physically profiled. Acoustic 
Backscatter Systems, ABS, provide an alternative approach to obtaining profiles of particle concentration and 
size, using the backscattered acoustic echo from suspended sediments. This can be range gated, thereby 
providing sub-centimetric resolution in the bottom few metres above the bed. Whilst ABS are mainly influenced 
by suspended concentration and mean particle size; the size distribution, mineralogical composition, and degree 
of flocculation also influence acoustic scattering. ABS accuracy is improved if these parameters are properly 
incorporated into the inversion. LISST can potentially provide both size distribution and floc density, however 
there are a number of uncertainties surrounding LISST measurements. For example; rising tails in the fine and 
coarse end of the size spectra, due respectively to particle shape effects and the presence of particles larger 
than the upper size range of the instrument. Due to these and other problems, it is presently unclear whether 
LISST can be utilised to improve ABS inversions for concentration and mean size on an autonomous basis. The 
aim of this study is to assess the operational compatibility of LISST and ABS, in terms of combining the 
measurements from each instrument to provide more robust sediment transport estimates than can be 
achieved using either instrument alone. 

 
  



16 
 

Real-time wireless optical sensor network for water quality measurement 
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Glasnevin, Dublin, D9, Republic of Ireland 
 
Abstract 
 
A deployable wireless sensor network for real time environmental monitoring has been configured based on 
low-power wireless sensor nodes and an array of LED as light source. Commercially available ?partTM sensor 
nodes with a transmission range of 50 metres were employed to construct the sensor network. Each sensor 
node has built in RF communication capability and three sensors; namely, light, temperature and motion 
sensors with programmable sampling rate.  
 
The wireless sensor network was constructed on the underside of a floating platform so that the complete 
sensing system was immersed below water level. The system contained three sensor nodes arranged around 
the multiple LED light source in such a way that two sensor nodes measured transmission from separate 
light source and one sensor node measured scattered light from the medium. Hence, colour and turbidity 
could be measured simultaneously in real time with data collected via the receiver connected to a PC.  
 
Laboratory trials with the sensor network deployed in water bath have shown that the sensor network 
successfully measured the colour and turbidity of water continuously in real time with 5 second sampling 
rate. Linear calibration curves were obtained for all modes of measurements. Light transmission mode, 
scatter mode and the ratio between transmission and scattering have been used to interrogate the 
effectiveness of turbidity measurement. The results have indicated that the ratio technique was found to be 
more robust because it could tolerate noisy data better than the other two techniques. This sensor network 
was designed to operate in natural waters such as rivers, lakes and marine waters in real time with no 
sample pre-treatment required. 
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Abstract 
 
Long-term, autonomous monitoring of settling velocities of suspended sediments is desirable for many 
sediment modeling purposes as well as environmental and sediment dynamics studies in general. A wide 
variety of in-situ video instrumentation exists for this purpose; however, none of them are commercially 
available. An alternative is the LISST-STX settling velocity sensor, which derives the settling velocity of 
suspended sediment from monitoring the concentration history in a number of sediment size classes in an 
enclosed settling tube. This presentation describes recent advances in the processing of LISST-STX data. 
These advances improves the settling velocity estimates of fine sediments, and also enables processing of 
data where the data quality has been compromised by fouling of the optical surfaces. Using these new 
approaches, it is possible to deploy the LISST-STX for several months, even in productive waters, and still 
recover reliable settling velocity spectra in cases where the optical surfaces show significant fouling. 
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Abstract 
 
In the past, large particles (>100µm) and zooplankton organisms have remained invisible for most optical 
sensors despite their fundamental  rôle in the biological pump. However, the last years have shown tremendous 
development of imaging systems that could be ultimately mounted on autonomous vehicle for global 
monitoring. Since 1991, we have developed different versions of the Underwater Vision Profiler (UVP). The last 
UVP5 is a compact (weighs 30 kg in air) and self-powered system that can be adapted to AUVs and ROVs, and be 
used on moorings for long- term monitoring. The last version UVP5 anlyses the images in real time and provides 
the size distribution of particles >100 µm and when the UVP5 is interfaced with a CTD, the distribution of 
particles can be displayed in real time together with the CTD data in the water column (0-6000 m) at a rate up to 
11 Hz (i.e. one image every  9 cm with a lowering speed of 1 ms- 1). The UVP5 simultaneously extracts vignettes 
of objects >600 µm (mostly large marine snow and mesozooplankton). The publicly available Zooprocess and 
Plankton Identifier softwares developed at the Laboratoire d’Océanographie de Villefranche, France, provide 
tools to sort and cluster vignettes into categories. The numerous deployments of the different UVPs on different 
cruises have demonstrated its ability to characterize the vertical and horizontal variability of particles size 
distributions and mesozooplankton including their diel vertical migrations. Results from several cruises in 
different oceans showing particle and zooplankton spatial distribution together with environmental data will be  
presented. Perspectives for the use of data coming from the deployment of imaging systems on autonomous or 
remotely controlled instruments will be discussed.  
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Abstract 
 
We report on small-scale (cm), high-frequency (10 minutes – 1 hour), high-resolution (micron), medium-
term (18 months) fully-automated measurements of seabed-sediment grain size on a sandy-bed inner 
continental shelf in Santa Cruz, California, using images from a remotely-operated underwater video 
microscope system we have named the 'poking eyeball'. The data set constitutes the longest known  record 
of seabed grain size at this sample frequency and resolution.  
 
For bed sediment grain-size, we have used a new technique which, using Fourier methods, reads grain size 
directly from a high-resolution image, and thus does not require calibration (Buscombe et al., 2010). The 
accuracy for mean grain size, for this site, was found to be within approximately +/-20%. We have extended 
this methodological work to also obtain reliable measures of grain-size distribution/standard deviation. 
 
We detail the system which collects the seabed images, as well as outlining the automated quality control 
and grain-size analysis procedures. We then present the time-series of mean grain size and sorting, which 
includes the seabed response to several storms and two tsunamis. Finally, we analyze of the temporal 
variability of the grain size data before concluding with a brief discussion of how such information promises 
to revolutionize studies of sediment transport and seabed evolution. 
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Siltprofiler – Underwater Measuring Redefined 
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Introduction  
The SiltProfiler is a high quality, easy-to-use and very fast instrument for rapidly profiling the suspended 
sediment concentration as well as the salinity structure of the water column.  
 
It was recently developed by IMDC to assist port authorities in understanding siltation problems in their harbour. 
The SiltProfiler has successfully been used to assess the environmental impact of dredging works by allowing to 
quickly measure the suspended silt concentration in the plume (even in the propeller jet and near the bottom).  
 

 
 

 Figure 1: The SiltProfiler and his specifications. 
  
Design  
The SiltProfiler consists of a frame with sensors that is dropped in freefall through the water column up-to 50 
metres depth (Figure 1). The instrument structure comprises a heavy steel bottom ring of hexagonal shape. This 
ring supports the instrument while on deck and acts as a protection to the sensors upon impact. The steel ring 
also ensures the instrument is heavy enough and provides it with a low centre of gravity.  
 
Six holes in the bottom of the instrument body pass sensor cables to the inside. Attached to the top of the 
instrument body is a removable hinge with a hoisting eye. A plastic cylinder, partly protruding from the upper 
end of the instrument body, hosts the electronics. 

Specifications  
• High Frequency (100 Hz)   
• Wireless Data Transfer via 
bluetooth technology   
• Freefall Profiling   
• 3 turbidity sensors:  
o 1 Seapoint BS sensor (0-700 mg/l)  
o 2 Transmittance Extinction Sensors 
(500-5000 mg/l and 3500 – 50000 mg/l)   
• CTD sensors  
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The sensors  
The SiltProfiler contains 6 on-board sensors which are designed to sample at a high frequency of 100 Hz:  

• 3 turbidity sensors;  
o 1 Optical Backscatter Sensor (0 – 700 mg/l);  
o 1 Transmittance Extinction Sensor (500 – 5,000 mg/l);  
o 1 Transmittance Extinction Sensor (3,500 – 50,000 mg/l);  

• 1 conductivity sensor (0 – 80 mS/cm);  
• 1 temperature sensor;  
• 1 pressure sensor (0 – 60 m).  

 

 
Figure 2: Detailed view of the transmittance sensors.  
  
The 3 turbidity sensors enable us to measure suspended sediments over a wide range of 0 – 50,000 mg/l. Each 
sensor has a different optimal measurement range dependent of the sediment characteristics. An in-situ or 
laboratory calibration of the optical sensors is carried out by using in-situ water or bottom samples.   
 
Data collection  
The data collection is executed locally (on the profiler) by an integrated data logger. The data logger collects the 
sensor signals and records them onto the internal memory. The data collection rate is adjustable to optimise for 
the required vertical/temporal resolution. Furthermore, the data acquisition rate is depth-dependent. This 
means that the instrument start with sampling at a user-adjustable depth.  
 
The SiltProfiler is easy to secure to a fast winch which can lower the instrument in freefall to the bottom. After 
reaching the bottom, the SiltProfiler is winched up and the measurement data are downloaded from the 
instrument. The data is transmitted via either a serial cable (if connected) or wirelessly via bluetooth (only once 
out of the water). In this way, a vertical profile of the sediment concentrations and salinity can be obtained with 
a high spatial resolution. The cycle time of dropping the SiltProfiler, retrieving the instrument and transferring 
the data to the survey vessel in 25 metres of water is typically of the order of 90 seconds.  
  
Case-studies  
Study and 3D modeling of density and discharge currents of the third set of Panama locks (Bollen et al., 2008)  



23 
 

A measurement campaign was conducted at Miraflores locks and the Pacific entrance of the Panama channel. 
This measurement campaign aimed to provide valuable data to understand the currents at the Miraflores locks. 
The data has been used to evaluate the current hydrodynamic and salinity distribution at the Miraflores locks 
and to provide input for the modelling of density currents for both the existing Miraflores locks and the future 
third set locks.   
 
Mobile SiltProfiler and ADCP (Acoustic Doppler velocity meter) measurements were conducted extensively on 
board of survey vessel in the tail bay and lower chamber to give an insight on the density currents.  
 
Simultaneous ADCP and SiltProfiler measurements were conducted during lock operations at fixed locations in 
the tailbay and chambers. ADCP measurements are started at a fixed location and continued during a whole 
locking operation. During this continuing ADCP measurement SiltProfiler measurements are conducted 
subsequently. The SiltProfiler was installed on the freefall ‘fast’ winch and measured high-resolution salinity and 
temperature profile in 1-2 minutes (Figure 3).  
 

 
Figure 3: Illustration of a density current in the Miraflores locks, measured by ADCP and SiltProfiler.  
 
The ADCP en SiltProfiler set-up was also used to sail a fixed transect from the left bank to the right bank (or vice 
versa) and SiltProfiles are gathered. A high-resolution salinity and temperature profile is monitored with the 
Siltprofiler. These profiles were collected by the SiltProfiler on 1-5 locations along the transect of 300 meters. A 
measurement cycle (1 ADCP transect and 5 SiltProfiling locations along the transects) was completed every half 
hour.  
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Figure 4: Typical result of density current at Corozal (Panama) Top: Current velocity (m/s) along sailed cross-section, middle: 
surface (green) and bottom (black) velocity vectors, bottom: vertical profiles of temperature and salinity at several different 
locations along the transect.  
 
A field survey of a dredging plume during gravel dredging (Breugem et al., 2009).  
Overflow during dredging with a Trailing Suction Hopper Dredger (TSHD) inevitably leads to the development of 
a dredging plume, which might impact the coastal ecosystem as well as the dredging operations themselves. A 
better insight into the behavior of such plumes allows proactive management of dredging operations so as to 
limit these impacts. Hence, accurate measurements of such plumes are, though quite rare, more than wanted.   
It was the objective of the measurement campaign to obtain field measurement data of the sediment 
concentrations in a dredging plume as well as of the sediment concentrations that are discharged from a TSHD 
into the environment for different ambient conditions in a tidal flow at open sea while dredging gravel. These 
data can provide more insight into the behavior of a dredging plume during the dredging process and into its 
decay after finishing the process.  

 
Figure 5: The principles of a measurement set-up with SiltProfiler and ADCP.  
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Figure 6: A typical example of the suspended sediment concentrations measured with the ADCP (one hour after the start of 
the dredging). Note that this image has been mirrored, in order to have increasing distances to the TSHD from left to right.  
  

 
Figure 7: Suspended sediment concentration profiles measured using SiltProfiler (10 minutes after the start of the dredging 
process). 
 
A survey vessel was equipped with an ADCP, which was used to measure flow velocities and sediment 
concentrations continuously (Figure 5). These concentrations were determined from the acoustic backscatter 
intensities. The concentrations for the calibration were obtained from samples that were taken regularly during 
the measurement campaign. Additionally, continuous measurements of sediment concentrations were taken 
with a D&A OBS 3A, at 1.5 m below the free surface. At various instances in time, the IMDC developed 
SiltProfiler was used to obtain quick and high-resolution profiles of the sediment concentrations as function of 
depth.   
 
A typical example of the occurring sediment concentrations as measured by ADCP and SiltProfiler during the 
dredging process is given in Figure 6 and Figure 7. The examples show that the highest concentrations are found 
close to TSHD (i.e. to the right of the plot), and these high concentrations are found close to the free surface. At 
larger distances from the TSHD, the concentrations decrease, and the plume spreads out over the depth, 
covering the complete water column. The data suggests that the present plumes are in the passive regime.  
 
 A typical example of the development of the concentration in the plume with time after the dredging is shown 
in Figure 8. In this figure, the depth averages of the concentrations measured using the SiltProfiler and the ADCP 
are shown together with the concentration measured near the free surface with an OBS. These depth averages 
were calculated for four different parts of the water column: the complete water column, from the middle of 
the water column to the free surface (denoted as: highest 50 %), from a quarter to three quarters of the depth 
(medium 50%), and from the bottom to the middle of the water column (lowest 50%). A closer inspection of the 
data demonstrated that the data (in both ADCP and SiltProfiler) showed two concentration peaks, one near the 
bed and one near the free surface. However, the near bed peak extended much higher (more than half of the 
water column) in the ADCP data than in the SiltProfiler. A reason for this difference in the results might be the 
difference in the sensitivity of these two measurement instruments to the particle size of the suspended 
sediments, maybe in combination with the occurrence of flocculation. Typically, the OBS is more sensitive to 
smaller particles, whereas the ADCP is more sensitive to larger particles (Creed et al., 2001).  
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Figure 8 Development of the sediment concentration as function of time after the end of the dredging for transect B1 
(Lagrangian measurement).  
 
The typical accuracy of an optical backscatter sensor, such as used in the SiltProfiler and OBS is 1 mg/l for the 
present concentration range. Merkelbach and Ridderinkhof (2005) report that the concentrations they 
measured using an ADCP were typically within 10 mg/l from those measured using OBS sensors, thus the error in 
ADCP measurements is an order of magnitude larger than those from an OBS sensor. Also, SSC measurements 
using ADCP are more sensitive to calibration than measurements using OBS. For these reasons, the 
measurements made using OBS and SiltProfiler are considered more accurate than the ADCP measurements. 
Note that for these examples, the measurement was far enough from the TSHD. This is important because the 
ADCP is much more sensitive to air bubbles than the SiltProfiler.  
 
Monitoring the behaviour of sediments disposed by a trailing suction hopper dredger (TSHD) in the external 
estuary of the river Loire (Zimmerman et al., 2010). 
The port of Nantes Saint-Nazaire in the Loire estuary in France needs to carry out maintenance dredging works 
in order to maintain navigability of its access channel, its turning basins and its terminal berths. The sediments 
are dredged with a trailing suction hopper dredger (TSHD) and placed at the disposal site of La Lambarde, 
situated in the external Loire estuary, at 22 km from the port of Nantes Saint-Nazaire. The total volume of 
sediments dredged amounts for about 5 million m³ yearly. An earlier study by Sogreah (2008) involving 
numerical modelling and the review of bathymetric measurements suggest however that 80 % (i.e. 4 million m³) 
of the sediments placed disappear from the disposal site on the long-term.  
  

 
Figure 9: The principles of plume tracking by ADCP and SiltProfiler.  
 
In order to increase the understanding of the behaviour of released sediment, the port of Nantes Saint-Nazaire 
decided to carry out a series of field measurements. The objective was to determine the fate of the disposed 
sediments on the short-, medium- and long-term and to quantify as much as possible the physical parameters 
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and phenomena involved. In particular the dredge plume behaviour and the existence of fluid mud on the 
disposal site was investigated.  
 

 
  
Figure 10: Surface dispersion of the plume under the influence of the current during a Lagrangian protocol measurement.  
  

 
Figure 11: Near-bed density current during a stationary protocol measurement outside of the plume (time of disposal 9:44).  
 
The objective of the plume tracking is to determine the behaviour of the sediments immediately after dumping, 
both in the water column and near the sea bed, under different hydrodynamic conditions and according to the 
sediment characteristics. For the plume tracking the survey vessel  has been equipped with an Acoustic Doppler-
effect Current Profiler (ADCP) and the SiltProfiler (Figure 9).  
 
The measurements of the SiltProfiler and the ADCP show the presence of an increase in SSC in the whole water 
column, typically in the order of 50 mg/l (SiltProfiler), of a lifetime in the order of 15 to 30 minutes. The ‘active’ 
dredge plume has a characteristic length in the order of 75 to 150 m, which is slightly larger than the size of the 
TSHD. The plume is advected by currents, which are faster at the surface, forming a surface turbid layer of 25 
mg/l extending over a few hundred meters before fully dispersed, generally after 30 minutes (Figure 10).   
The rapidly profiling SiltProfiler helps us to determine the plume behaviour nearby the bottom which is not 
possible to measure with the ADCP because of its near bottom blanking distance. At the bottom, the 
measurements of the SiltProfiler strongly suggest the spreading of density currents in all directions from the 
disposal location (Figure 11), forming a layer of 2 to 3 m thickness, of average SSC of 300 mg/l and maximum SSC 
of 1,000 mg/l. This layer moves faster than the near-bed current, at a velocity estimated at 0.3 m/s 
perpendicular to the current direction, to 0.5 m/s along the current. The near-bed density currents are clearly  
visible at 100 to 300 m from the disposal location, but can spread much further in the current direction (450 and 
900 m measured) (Figure 12).   
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Figure 12: Illustration of a dredging plume near the surface and the near-bed current after the release.  
 
Conclusions  
The SiltProfiler has proven its applicability in various measurement campaigns where rapidly changing physical 
phenomena such as density currents, highly concentrated benthic suspension layers and dredge plumes, as well 
in active as in passive regime, have to be characterized.  
 
Its ability to measure a depth profile in freefall with a cycle time of approximately 1 minute, a horizontal 
resolution in the order of magnitude of metres, and a vertical resolution of a few centimetres, makes the 
SiltProfiler fast and accurate multi-parameter profiler, unsurpassed in its field.  
 
The SiltProfiler has also demonstrated its added value to measurement techniques that fail to monitor the 
complete water column due to blanking distances, side lobe effects or air bubble presence, such as ADCP 
sediment flux measurements. Due to simultaneous SiltProfiler and ADCP measurements realistic estimates of 
SSC in the unmeasured ADCP regions can be made and sediment fluxes can be calculated more accurate.  
 
All 3 optical turbidity sensors of the SiltProfiler have their own range and are less sensitive for air bubbles than 
acoustic SSC measurements which makes this profiler even under difficult measurement conditions suitable for 
accurate SSC measurements in the range from 0 to 50,000 mg/l. Freefall high-frequency downcast 
measurements (up to 100 Hz) allow the SiltProfiler to visualize an accurate and undisturbed high-resolution 
vertical profile from the entire water column. 
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Since the middle part of the last century, there has been considerable interest in the field of marine 
turbulence and the role that plays in governing the regions in which it occurs. In recent years, a consensus 
has been reached: turbulence is critical in distributing a variety of substances and properties through the 
water column, from scalars such as heat and salt, to particulates of both inorganic and organic origin 
(Burchard et al., 2008). Within shelf and coastal seas, the relationship between turbulence and suspended 
particulate matter (SPM) has come under close scrutiny, due to the significant contribution that SPM and its 
distribution is likely to have within these regions globally.  

Shelf seas are regarded as important regions that mediate the cycling of particulates and other seawater 
properties on a global scale. These regions occupy a relatively small area when compared to the expanse of 
the open ocean, though it is here that the majority of the energy associated with tidal and wave activity is 
dissipated. In addition to this, shelf and coastal environments support a large biological production area, and 
play a significant role in local and national economies through fisheries and aquaculture (Groom et al., 2009). 
Shelf seas are also physically more dynamic than their open ocean counterparts, with currents frequently 

able to reach magnitudes in excess of 1ms
-1 

(Huntley, 1980). The formation of a seasonal thermocline can 
radically alter the degree to which turbulent activity might dominate a shelf region, perhaps preventing or 
encouraging biological activity. In light of the potential for the environment of coastal and shelf seas to be so 
comprehensively altered during the changing of the seasons, it is little wonder that such a body of literature 
examining all of these and many other physical, chemical and biological aspects of these regions has 
developed throughout much of the last century.  

The production of turbulent kinetic energy in shelf seas is mainly driven by the tides, particularly around the 
coast of the United Kingdom (Pingree, 1980). In areas that experience increased tidal activity, turbulent 
events will also occur with increasing frequency. Additionally, local enhancement of turbulence from the 
interaction of waves and wind with the upper ocean, or surface mixed layer, can occur. Examining the 
dynamics of suspended particles in coastal seas local to the UK and other similar areas globally, is 
fundamental if a more complete picture of the rate at which SPM is transferred by turbulence is to be 
achieved.  
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Suspended particles can include biological or non-biological flocs. The non-motile settling rate and scattering 
characteristics of these particles depends on their size and shape, as small particles sink slower and are 
better at scattering light and sound than larger ones. Turbulence, be it generated close to the seabed, at the 
surface or generated by internal mixing processes, has a controlling influence on the movement and distri -
bution of suspended particles. It may act to keep non-motile plankton in suspension, re-suspend sediment 
from the seabed and enhance flocculation by bringing particles to gether or, conversely, large flocs may be 
torn apart by more intense turbulent eddies. Turbulence acts against stratification to mix nutrients across 
density gradients, and so turbulent patches within the seasonal thermocline may also be sites of enhanced 
primary productivity.  

To better understand SPM dynamics it is important to identify an area that exhibits the necessary 
characteristics of seasonal stratification, is actively turbulent, and replete with particulates of both biological 
and non-biological origin. Of several locations that fit this criteria around the United Kingdom, it is one site 
in particular upon which this work focussed. Plymouth Marine Laboratory (PML), or other organisations that 
preceded it, have been sampling the coastal waters in the Western English Channel for more than 100 years, 
although breaks in the record exist for periods surrounding the First and Second World Wars. Throughout 
this time, PML has identified and maintained several stations that sit in a roughly linear transect extending 
between Plymouth in the United Kingdom and the coast of Brittany in Northern France. One of the stations, 

L4, resides approximately 16km south of Plymouth at 50.25
o 

N 04.22
o 

W (see Figure 1).  

Figure 1. Location of the L4 station in the Western English 
Channel off the coast of Plymouth, which is situated in the 
South West of the United Kingdom. 
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Currently, a range of data is routinely collected from the site, via either the automated L4 buoy, or from 
research vessels (Smyth et al., 2010). Both methods are point measurements, yielding good but perhaps 
limited information as we gain no appreciation of how the resident particles might be influenced by the 
physical conditions (e.g. (Litt et al., 2010)). It is against this background that a survey in April 2010 was 
undertaken. The aim was to capture the onset of stratification and its evolution across a spring-neap-spring 
cycle, observing the response, if any, of the particulate populations to the changing physical environment. 
This work is part of an overall project to identify seasonal changes in the distribution of suspended particles, 
with the principal objective being to gain greater understanding of how SPM, both biological and non-
biological, interacts with the shallow shelf sea environment.  

In order that the onset of stratification was captured, three measur ement campaigns utilising an array of 
instruments were undertaken on the 14th, 21st and 28th April aboard the RV Plymouth Quest. To properly 
characterise the water column properties at L4, each survey was conducted across a single tidal cycle, 
allowing for the evaluation of one of the principal drivers of turbulent events here and in the Western 
English Channel generally (Fishwick, 2008). For logistical reasons, however, it was not possible to extend 
each campaign beyond sampling across a 12 hour window.  

Operating in a Lagrangian reference frame to make sure that the same parcel of water was followed over 
time, a drifter-drogue assembly was deployed at the survey site. The assembly comprised of a number of 
surface floats attached by line to a Global Positioning System (GPS) drifter buoy, monitored from an onboard 
computer with its track recorded for comparison with the data collected from the other instruments used 
during post-processing. A 15m tubular drogue ensures that the assembly drifts with the mean flow . 
Attached to the drifter assembly by line at a maintained depth of 12m was a submersible buoy housing a 
downward facing ADCP to observe the presence of horizontal and vertical shear. The vessel continually 
repositioned itself back to the drifter-drogue assembly at the beginning of each hour prior to deploying each 
instrument. Measurements were thus obtained whilst the vessel was within a distance of no greater than 
100m from the drifter buoy.  

In quantifying the turbulent intensity of the water column at L4, a free-fall microstructure profiler, the ISW 
Wassermesstechnik MSS-90, was utilised to observe the velocity microstructure. The MSS-90 is a multi-
parameter probe capable of measuring small-scale shear (and thus estimate the dissipation of turbulent 
kinetic energy, ε), among several other variables simultaneously, via standard conductivity, temperature and 
depth(CTD) sensors plus optical backscatter (OBS), dissolved oxygen, pH and fluorom etry (see Figure 2 part 
(A)). The instrument was deployed each hour by hand over the side of the ship, and allowed to make contact 
with the seabed, giving a more complete profile of turbulence. The number of profiles taken during each 
hour varied depending on the other activities and instruments deployed during each campaign, but 
invariably ranged from 6-8. It has been found during the processing that MSS-90 measurements at depths 
close to the surface, typically within the range of 0-5m, can often be contaminated by a combination of 
surface wave activity, the angle at which the instrument is deployed, and by the ship rolling. As such, all 
measurements from this range were excluded from the analysis, as has also been the case for other studies 
involving the use of microstructure sensors (e.g. Lozovatsky et al. (2006)).  
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In addition to the instruments detailed here to attempt to resolve any potential temporal gradients within 
this location, an in-line digital holographic imaging system was also deployed to observe any potential 
changes to the various populations of SPM (see part (B) of Figure 2). The camera system itself is mounted on 
a steel frame along with a CTD sensor, and is described fully in (Graham and Nimmo Smith, 2010). Further 
sources of data concerning the long-term time series of temperature and salinity, and also the 
meteorological conditions experienced during the sampling campaigns were obtained from the Western 
Channel Observatory website and the PML meteorological station.  

Figure 3 details a number of plots generated from the hourly pro files using the MSS-90. Each of the plots 
displays observations across a 12 hour tidal cycle observed on the 14th, 21st and 28th April 2010 (i.e. Weeks 
1, 2 and 3) respectively, and clearly identifiable features are present. Turbulent dissipation across each of 
the three campaigns displays a marked variation across the spring-neap-spring cycle, as would be expected, 
however the influence of the pycnocline in supressing turbulent activity is demonstrated more clearly during 
the Week 1 survey. 
 

 
Figure 2.  The two principal instruments used for this work. (A) shows the free-falling velocity microstructure profiler being 
deployed at another location, and (B) the holographic camera system bolted on to its deployment frame. The laser is contained 
within the housing on the left, and the camera in the housing on the right with the instruments’ sample volume situated in the gap 
between the two. 
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Figure 3.  MSS data from each of the three surveys in April 2010. Each column of plots relates to a different week 
as indicated, with temperature as the top row, salinity second, density third and finally the dissipation of 
turbulent kinetic energy at the bottom. See the text for a more detailed explanation. 
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The elevated level of turbulent dissipation observed in Week 3, with values of ε occasionally exceeding 10
−5 

Wkg
−1 

at the seabed, could be attributed to the enhanced tidal range present at this time. The larger values 
of dissipation at the surface are most likely to be related to wave activity. The absence of turbulence from 
Week 2 in Figure 3 is expected in accordance with the neap stage of the tidal cycle. Within each set of 
observations, the classical pattern of diurnal variability can be observed with elevated levels of turbulent 
dissipation at the bed during the times that the flow was at a maximum.  

The effect of both temperature and salinity on density at L4 is also displayed here. Again, differences 
between the weeks and tidal cycles are clear, with an apparent strong influence of salinity on the pycnocline 
during the first survey which is absent during Week 3 as te mperature begins to show dominance. The 
homogeneity with respect to salinity during the second week is most likely due to the stronger mixing 
experienced at L4 during Week 1. This site is therefore experiencing strong temporal variation across short 
time-scales and thus adding to the complex physical scenario present here. It is within this context that an 
exploration of how such complexity might impact upon the various particulate populations at the L4 station, 
how the particles, both biological and of other origin, respond to and are influenced by the changing 
conditions, and whether we can observe any difference between these populations at this site.  

An illustration of how the holographic camera is used to assess how the particulate environment can be 
altered by physical forcing is displayed in Figure 4. Plot (A) here shows the total particle concentration as 
observed by the holocam for Week 1, along with two plots generated from the MSS-90 data of Chl-a and 
OBS in plots (B) and (C) respectively. Immediately, one is able to detect a correlation between the plots, 
particularly with respect to the position of the pycnocline. However, whilst an appreciation that the holocam 
can ’see’ SPM throughout the water column is gained, with further analysis it becomes possible to detect 
the precise nature of the component parts of each population. The first step of this analysis is to locate the 
raw holograms that relate to the region of the water column that is of interest. Remaining with the example 
displayed in Figure 4, this has been done for two such regions (see parts D and E), further highlighted by the 
coloured arrows on the Figure. The upper image (part D) has been selected from the region of water 
apparently dominated by a larger population of particles with a higher concentration of Chl-a, as determined 
by the data from the MSS90. The lower image (part E) was captured at a point several metres below that of 
the upper image, within the centre of the pycnocline. From these two examples, the initial impression is that 
the image from the pycnocline contains far fewer particles than does its shallower counterpart, with the 
pycocline therefore seemingly acting as a barrier to the downward migration of the particles present here. 
However, simple reference to the raw hologram is insufficient to establish the true nature of the population 
demographic with any accuracy. The raw holograms are therefore numerically reconstructed, and it is here 
that the true power of the holocam can be appreciated. Parts (F) to (G) in Figure 4 in turn reveal a sharp and 
in-focus image of each of the particles highlighted in red following such a reconstruction, leaving the 
observer in no doubt as to the type of particle found at this depth interval.   

The techniques described here to evaluate the biological response to turbulent events are, of course, not 
restricted to plankton. It is also within the means of this instrumentation to make a similar assessment of 
non-biological particles, clay-like flocs or mineral grains.  Again being guided by the MSS-90, this has already 
been done for the region of the water column in plot (C) of Figure 4 that displays an enhanced area of 
response to the OBS sensor, though this analysis does not form part of this extended abstract. Additionally, 
further steps to quantify the individual components of the biological particles by separating the 
phytoplankton and zooplankton populations into raw counts per volume has also been achieved from 
analysis of the data yielded by the holocam. Once more, though, this does not form part of this abstract but 
further details will be available as part of the accompanying presentation.  
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Figure 4. Illustration of the initial particle analysis using both the holocam and MSS-90. Part (A) shows the total 
particle volume concentration, (B) and (C) the response from the flurometry and OBS sensors. Parts (D) to (H) 
represent a step-wise view of selecting raw holograms prior to numerical reconstruction in order to establish the 
type of particle present in the area of interest. The scale bars in (F) to (H) are 200 µm, see accompanying text for 
more details. 
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Abstract 
 

As part of the ONR funded OASIS (Optics Acoustics and Stress In Situ) project, simultaneous observations of 
particle size distributions were made with a LISST 100C and a Digital Floc Camera (DFC) along with 
measurements of seabed stress at the Martha’s Vineyard Coastal Observatory.  Particle size spectra from 
the two instruments were merged into a continuous size spectrum based on the theory that the attenuation 
coefficient (cp) is approximately equal to twice the projected area of the particles in suspension.  The 
channel at which the size data from the LISST ended and the DFC started was resolved by selecting the 
channel where the total area was closest to ½ cp.   During 2 experiments conducted over 4-week periods in 
the fall of 2005 and 2007, floc fraction, defined as the fraction of the total suspended particulate mass > 133 
µm diameter, was determined every 5 minutes over a range of forcing conditions.  The response of floc size 
and floc fraction to stress in both years was broadly consistent with available models which predict that high 
stresses lead to floc breakup.  However the prediction that floc size and floc fraction are small at low 
stresses was found to be true only in 2007.  Dependence of floc size and floc fraction on particle 
concentration was not observed in either year.  Compositional variability of the material in suspension 
significantly affected how sediment responded to stress.  It also appeared to influence how particle size is 
measured by the LISST and DFC.     
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1. Introduction 
In the vicinity of Zeebrugge (southern North Sea), almost 200 days of SPM concentration and particle size have 
been collected using a tripod. The measuring location is situated in an energetic area that is amongst the most 
turbid in the North Sea. The tripod was positioned at about 1 km from the shore line in a water depth of about 5 
m MLLWS. The instruments mounted on the tripod are a SonTek 3 MHz ADP, a SonTek 5 MHz ADV Ocean, a Sea‐
Bird SBE37 CT system, two OBS, a LISST 100X and two SonTek Hydra systems for data storage and batteries. The 
cohesive sediment processes associated with storms have been investigated previously (Fettweis et al., 2010); 
however, no attention was given so far to the flocculation behaviour during such meteorological events. Floc 
dynamics is strongly influenced by waves due to increased turbulence levels, but also the occurrence of mixed 
cohesive and non‐cohesive sediments plays a significant role. The aim of the presentation is to assess 
flocculation and particle dynamics during different meteorological events using statistical classification of the 
data. 
 
2. Methods  
Optical (OBS) and acoustic (ADP) devices were used to estimate SPM concentrations. The optical SPM 
concentration estimates have been used for the ADP calibration. After conversion to decibels, the ADP signal 
strength was corrected for water sound absorption, sediment absorption and geometric spreading of the 
acoustic beams (Kim et al., 2004). 
 
The particle size distributions (PSD) from LISST have been classified using two approaches. The first one is based 
on entropy analysis (see Mikkelsen et al., 2007), where the normalized PSD are classified into groups based on 
similar distribution characteristics. The entropy analysis was calculated using the Fortran program of Johnston & 
Semple (1983) extended with the Calinski‐Harabasz pseudo F‐statistic (see Orpin & Kostylev, 2006; Stewart et al., 
2009) to calculate the optimal number of groups. In the second approach the measurements during 380 tidal 
cycles were assembled in three cases based on the low‐pass alongshore velocity component. The averaging 
procedure consisted of ensemble‐averaging the data per case at 10 minutes interval, creating tidal cycles for 
each parameter. Case I is characterized by mainly tidal forcing and coincides with low‐pass alongshore velocities 
between ‐0.05 m s‐1 and 0.05 m s‐1. Case II has alongshore sub‐tidal currents less than ‐0.05 m s‐1 corresponds 
with a wind‐induced velocity component directed to the SW sector. Finally, case III consists of alongshore sub‐
tidal velocities of more than 0.05 m s‐1 corresponding with a NE directed wind induced velocity component. 
 
3. Results  
The results of SPM concentration (from OBS and ADP) and median particle size are shown in Figure 1 for a 
measuring period in January‐February 2008. During day 31‐32.5 a storm occurred with significant wave heights 
up to 2.7 m. The SPM concentration (OBS) varied between 10 to 1500 mg/l during calm periods, but decreased 
to less than 100 mg/l during the storm (day 31‐32.5). The SPM concentration from ADP is lower, except at the 
onset of the storm, where we can see a drop in the OBS and a rise in ADP signal. The particle size has a strong 
tidal signal induced by typical flocculation dynamics during calm periods (D50: 20 to >180 μm) and was 
characterised by low particle sizes during the storm periods (<60 μm).   
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The PSD have been classified in an optimal number of 6 groups using entropy analysis. The averaged PSDs per 
group are shown in Figure 2 together with the corresponding temporal distribution of the groups during the 
deployment. The different groups indicate a transition between uni‐modal (with rising tail in the lowest size 
classes) and bi or multimodal distribution. Class 1 corresponds with the PSD during maximum flood currents; 
class 2 is associated with the storm. Classes 4, 5 and 6 occur during slack waters or during ebb currents and are 
typically multimodal. The PSD grouping 1 according to long‐shore currents is shown in figure 3. Bimodal 
distributions are typically associated with case I and III and are more obvious during high energy condition 
(spring tide). Rising tails in the lowest size bins of the LISST occur in class 1 (Figure 2) and during peak flood 
velocity (most obvious for case II spring tide).  
 

 
 

Figure 1: Temporal variability of SPM concentration at 2 m above bed from OBS (green) and ADP (blue), and median particle 

size as measured by the LISST (red line) from 27 January to 12 February 2008. A storm occurred between day 31 to 32.5. 

Significant wave heights were up to 2.7 m. 
  

 
Figure 2: Results obtained by grouping the particle size distribution using the entropy analysis. The averaged PSD together 

with the standard deviation are presented left and the temporal variation of the median particle size and group occurrence 

(horizontal lines) right. 
  
4. Discussion  
The particle size data during tide dominated conditions showed distinct multi‐modal behaviour that is well 
known in literature (e.g. Manning et al., 2006; Mikkelsen et al., 2007, Verney et al., 2009). Multi‐modal 
flocculation occurs due to differences in particle bindings between primary and secondary bindings, resulting in 
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more resisting microflocs and fragile macroflocs. The macroflocs were constant in size (350 μm), in contrast with 
microfloc sizes, where the D50 varied between 30 μm up to 150 μm. The microfloc population was characterized 
by a gradual shift of the PSD towards bigger size classes occurred and by the occurrence of two microfloc 
populations coinciding (D50 of 90 μm and 150 μm). The latter is possibly caused by the heterogeneity of 
components within the SPM. Analysis of SPM from the same area 2 
showed a significant amount of carbonates (40%), organic matter (10%), besides mineral particles (Fettweis, 
2008). Microflocs are partially disrupted into primary particles during peak flood velocity. The data confirm that 
the floc size is primarily a function of turbulence and available residence time (Winterwerp, 1998). Macroflocs 
are formed during slack water, when turbulence is low, but also during the ebb, when currents are significant, 
but less than during flood. The latter suggests that in order to form macro‐flocs a critical level of turbulence exist, 
during which flocculation is enhanced. 

 
Figure 3: Volume concentration during a tidal cycle as a function of particle size (μm) and time (0-6.5 hour: ebb; 6.5-12.5 

hour: flood). The data are grouped according to long-shore residual current direction and spring-neap tides. The color scale 

indicates volume concentration (0‐10 μl/l). Remark th e occurrence of bimodal distributions during ebb (spring tide class I 

and spring and neap tide III) as well as during slack water. 
 
The flocs are dominated by microflocs with rising tail in the lower size classes during maximum flood velocity, 
suggesting partially disruption of microflocs into primary particles. It was therefore astounding to see that 
during storm conditions, when turbulence is even higher due to wave action, no primary particles were detected 
by the LISST. The PSD was log‐normally distributed, uni‐modal and remained almost constant (40 μm), see Class 
2 (Figure 2). The storm was characterized by lower SPM concentration (OBS) suggesting possibly that the flocs 
where transported away from the measuring location by wind induced currents and replaced by sand 
resuspended by wave action. The latter would also explain the absence of a rising tail as observed during flood. 
The ADP (2 mab, Figure 1) confirm that sand was resuspended, the ADP signal closer to the bed gave SPM 
concentration of up to 2 g/l. The very low OBS signal during the storm is, however, probably significantly caused 
by the sensitivity of OBS to varying particle sizes, as the OBS was not calibrated for sand but mud. Limitations 
associated with optical and acoustic instruments have been addressed in literature (Bunt et al., 1999; Fugate 
and Friedrichs, 2002; Voulgaris and Meyers 2004; Hamilton et al., 1998; Thorne et al., 1991).Situations when 
changing suspended‐sediment size can produce apparent variations in SPM concentration have been reported 
by Downing (2006) and include co‐mingling of flows carrying different sediments. 
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5. Conclusions 
The presented data have shown that flocculation is very dynamic during periods with mainly tidal forcing 
showing the occurrence of primary particles, microflocs of different sizes and constant size macroflocs. During 
storm conditions flocs seemed to disappear by advection. The PSD measured by the LISST was uni‐modal 
suggesting that flocs were replaced by sand in suspension. 
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INTRODUCTION 
 
In aquatic environments, fine cohesive particles have a much greater propensity to adsorb contaminants and 
nutrients than purely coarse particles (Ackroyd et al., 1986). This in turn has a direct effect on water quality and 
related environmental issues. Fine particle suspended mass also makes a greater contribution to water column 
turbidity than the identical mass of coarser non-cohesive particles. Thus accurately predicting the movement of 
these muddy sediments is highly desirable in both estuarial and lake environments. When predicting sediment 
mass settling fluxes, the settling speed of the suspended matter is a key parameter (e.g. Manning and Dyer, 
2007). In contrast to purely non-cohesive sandy sediments, muds can flocculate and this poses a serious 
complication to the modelling of sediment pathways. As flocs grow in size they become more porous and 
significantly less dense, but their settling speeds continue to rise due to the Stokes’ Law relationship (Tambo and 
Watanabe, 1979; Klimpel and Hogg, 1986).  
 
Much research has been conducted on the flocculation characteristics of suspended muddy sediments in 
saline/brackish tidal conditions, where electrostatic particle bonding can occur. However very little is known 
about freshwater floc dynamics. This is primarily due to flocs being extremely delicate entities and are thus very 
difficult to observe in situ. This paper primarily describes a recently developed low intrusive technique which 
permits the direct, in situ measurement of both floc size and settling velocity, simultaneously. Examples of floc 
spectra observed from three different environments within the USA are then presented. 
 

FLOC SAMPLING INSTRUMENTATION 
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The low intrusive INSSEV_LF: IN-Situ Settling Velocity system, permits the direct, in situ measurement of both 
floc size (D) and settling velocity (Ws), simultaneously (Fig. 1a). The measurement process comprises initially 
capturing a suspension containing a floc population from the water column (usually with a van Dorn bottle; Fig. 
1b) and this is returned to the surface vessel. Flocs are then extracted from the sampling unit and carefully 
transferred to the LabSFLOC - Laboratory Spectral Flocculation Characteristics (Manning, 2006) - apparatus 
where the flocs are viewed as silhouettes, during settling, by a high resolution imaging system. 
 
The floc images were digitised, at a frame rate of 25 Hz (one frame = 0.04 s), at a resolution of 640 x 480 pixels, 
with an individual pixel representing 6.3 m. Each floc video image time series is converted into separate AVI 
(not using Codec compression) format files (one for each floc sample) and were recorded to a USB-2.0 portable 
1 TB hard drive. The HR Wallingford Ltd DigiFloc software - version 1.0 (Benson and Manning, in prep.) was then 
used to semi-automatically process the digital AVI floc recordings to obtain floc D and Ws, then calculate floc 
effective density via Stokes Law. By measuring a floc population within a controlled volume, floc properties such 
as porosity, dry mass and mass settling flux can be calculated. 
 

 
Fig. 1. a) Settling an extracted floc sample in LabSFLOC column; b) van Dorn sampler awaiting deployment. 

 
RESULTS 

 
San Francisco Bay 
Floc population examples were presented for three locations. The first was the turbidity maximum zone in San 
Francisco Bay, where the suspended solids concentration (SSC) was 170 mg.l-1 and many low density macroflocs 
(D > 160 m) up to 400 m in diameter, settling at speeds of 4-8 mm.s-1 were observed. 
 
Lake Apopka 
The second location was the shallow (1.7 m mean depth), freshwater environment of Lake Apopka in Florida.  It 
which is highly eutrophic, and demonstrating a turbid SSC of 750 mg.l-1 within a benthic suspension layer, 
resulted in D from 45 m up to 1,875 m; 80% of the floc were > 160 m (i.e. macroflocs). Present theories for 
the settling of flocs rely on fractal theory of self-similarity, but this does not appear to be applicable to the Lake 
Apopka flocs because they do not possess any basic geometric unit that is the building block of higher order 
fractal structures (Fig. 2). Bioflocculation is deemed extremely important in freshwater environments such as 
lakes. The Lake Apopka macroflocs encompassed 92% of the floc mass, and demonstrating a Wsmacro of 1.7 mm.s-

1 (twice as fast as the Wsmicro), this translated into the macroflocs contributing 96.4% of the total mass settling 
flux  (1.5 g.m-2s-1). 
 
 
 
 
 
 
 
Fig. 2. Lake Apopka macrofloc images observed during settling by the LabSFLOC video camera. A long stringer-
type floc configuration (left) and a large clustered floc structure (right). Nominal screen size is 4x3 mm. 
 
Lake Tahoe 

a. b. 
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Lake Tahoe, which crosses California and Nevada, was the final study location. With a maximum depth of 501 m, 
it is the second deepest freshwater lake in the USA. However it less turbid than Lake Apopka, with SSC rarely 
exceeding 10 mg.l-1 during the floc surveys. At depths of both 5 m and 450 m, the SSC was 9.6 and 3 mg.l-1, 
respectively. Flocs at both depths exhibited Ws of 2-5 mm.s-1 (Figs 3a and 3b) Whereas at a depth of 35 m (Fig. 
3c), the SCC was 6.8 mg.l-1 and the flocs fell comparatively slowly (Ws of 0.03-2.4 mm s-1) which suggest that the 
floc population at 35 m will have a long residence time in the water column, thus impairing light penetration. 
Interestingly, the MSF at 450 m was 10.8 mg.m-2s-1, which was double the flux measured at 35 m, even though 
the deep water was only half as turbid. 

   
Fig. 3. Floc Ws vs. D for Lake Tahoe floc samples at: a) 5m; b) 450m; and c) 35m. Diagonal lines represent 
contours of constant effective density: top = 1600 kg.m-3, middle = 160 kg.m-3 and lower = 16 kg.m-3. 

 
SUMMARY 

 
The D and Ws of individual flocs can be measured simultaneously with the video INSSEV_LF instrument within 
SSC of several g.l-1. This floc data is of great importance for accurate numerical sediment transport model 
calibration in estuaries (e.g. San Francisco Bay), whilst also equally valuable for addressing environmental 
problems (e.g. water quality issues) in freshwater environments such as Lake Tahoe and Lake Apopka. 
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Suspended particles observed in coastal and estuarine locations commonly occur as loosely flocculated 
aggregates. These natural particles play important roles in both optical and acoustic absorption and scattering as 
well as transfer of adsorbed chemical constituents.  However, their complex shapes hamper eloquent 
theoretical description of sedimentological properties such as particle size, effective density and settling velocity.  
Robust and reliable in situ monitoring systems for the simultaneous determination of suspended particle size 
and shape are limited to a few techniques. Using a novel submersible digital in-line holographic camera (particle 
size range from 10µm – 7mm) we are able to obtain in-focus images of suspended particles within a sample 
volume of approximately 2 cm3.   
 
Over a number of research cruises along the south and west coasts of Britain we have simultaneously deployed 
our holographic camera and LISST-100 instruments to examine spatial and temporal variability in suspended 
particle properties. Significantly, although total observed cross-sectional areas are within the same order of 
magnitude, there are considerable disparities in the total number of particles, population-averaged particle sizes 
and volumes between the holographic camera and the LISST. Images from the holographic camera exhibit large 
complex aggregates, whereas the LISST reports significant increases in small particles. Using the holographic 
camera to evaluate the spectral variation in particle shape across the entire particle size distribution we will 
demonstrate the impact that particle shape has on the frequency and volume distributions reported by the LISST 
instrumentation. 
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ABSTRACT 
The flocculation of cohesive sediment (floc formation and break-up) depends on biological, chemical and 
physical processes, causing a highly nonlinear behaviour. Suspended Particulate Matter (SPM) consists of clay- 
and silt-sized mineral particles and biogenic components, which due to their cohesive characteristics, forms flocs 
and aggregates. SPM transport and settling of mud flocs is controlled by the floc size, hence by the 
abovementioned flocculation processes. The settling velocity is a function of the particle size and excess density, 
and it varies strongly in natural environments as the SPM consists a population of flocs. 
 
Natural SPM comprises many different substances with concentrations that are generally site specific and time 
varying. The flocculation model (BFLOC) proposed by Maggi (2009) incorporates the coupling of mineral and 
micro-organism dynamics to predict the median floc size. The aim of this study is to simulate the floc dynamics 
during storm events using Maggi’s model. The results will be validated using in-situ data collected from the 
Belgian coastal waters (southern North Sea) obtained with a tripod. The flocculation model has been calibrated 
using a set of shipboard full tidal cycle (13 hours) measurements and associated sampling data from the Belgian 
North Sea. Data collected from the mounted instruments on the tripod, including a SonTek 3 MHz ADP, a SonTek 
5 MHz ADV Ocean, a Sea-Bird SBE37 CT system, two OBS and a LISST 100X, have been used to study the mud 
behaviour during these storm events. Modeled flocculation dynamics during storm conditions will be compared 
and validated with particle size measurements using a LISST 100X. 
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Introduction.  
The Wadden Sea in one of the largest and most important coastal wetlands on a global scale. As many other 
coastal plain estuaries mud and sand is imported to the Wadden Sea from both the adjacent sea and from major 
rivers discharging directly into the area.   The Wadden Sea consist of 23 barrier islands and some 13 major un-
vegetated sand bodies and comprises a total area of about 8000 km2 . The barrier islands make up the 
protection towards the North Sea. They started to form about 8000 years ago when sea-level was approximately 
25 m lower than the present sea-level (Behre, 2007). Some of the islands have migrated landwards during this 
period while others have stayed more or less in the same position accumulating sand vertically with a mean rate 
sufficiently large to maintain the island during a period of a rising sea level. This can only be achieved if the 
coastal system can supply sufficient sediment. Therefore, to be able to make projections for the future 
development of the area it is of paramount importance to understand gross- and net sediment fluxes in the 
system and to be able to describe these fluxes both conceptually and numerically. 

 

 

Processes causing import of sediment 
There are a number of processes specific for the estuarine environment that may cause a net import of 
sediment to the Wadden Sea, the most important being: 
 
• Estuarine circulation: Density driven currents caused by large horizontal differences in water salinity. 
• Tidal wave asymmetry: Shoaling of the tidal wave in shallow estuaries causing flood periods to become 
shorter than ebb periods with the consequence that sediment transport capacity becomes largest in flood 
periods. 
• Settling lag: Caused  by the variation in mean tidal velocity along the estuary length axis combined with the 
lag caused by the time a particle takes to settle through the water column when shear stress in the tidal current 
is not sufficiently large to keep the particle suspended.  

Figure 1. Map showing the Wadden Sea. Black 
square indicate the Lister Dyb tidal basin. 
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• Scour lag: Caused by the cohesive forces between fine-grained sediment particles making the shear stress 
for erosion larger than the shear stress for deposition. 
• Flocculation: Is the aggregation process by which millions of small particles form larger aggregates with 
different physical properties than the single mineral grains. 
 

The different processes will have different efficiency in different tidal basins depending amongst others on basin 
geometry, tidal range and mixing conditions. For example the density driven estuarine circulation will only be 
present in estuaries with a large ratio between fresh water input and tidal prism while settling lag processes will 
be most efficient in shallow and narrow estuaries independent of the mixing conditions. However, all the above 
mentioned processes are a function of the field settling velocity of the suspended sediment being the most 
important single parameter controlling sediment dynamics in estuaries like the Wadden Sea. Therefore 
measurements and predictions of field settling velocities is a prerequisite for a successful description of 
estuarine sediment dynamics. 
 
Methods for measuring settling velocities 
 
Owen (1971) for the first time established a relation between suspended sediment concentration (SPM) and 
median settling velocity in estuarine environments. He presented the algorithm based on data from the Thames 
estuary. 
 W50 = a ⋅ SPMb      (1) 
 
Since the pioneer work of Owen (1971) researchers have been struggling to measure and predict field settling 
velocities adequately. Whereas settling velocities of cohesionless sand and coarse silt particles is fairly 
straightforward to determine, it is a major challenge to measure field settling velocities of fine-grained 
suspended particles because of their cohesiveness causing aggregation. Some of these efforts has been 
summarized by Dyer et al. (1996). However, since that method paper was written, the field techniques have 
been strongly developed and new attempts have been made to establish a generic equation that can be used to 
predict field settling velocities of cohesive suspended sediment. One of the techniques that have undergone the 
largest development is the laser diffraction technique. 
 

New developments 
 
Based on the laser diffraction technique Mikkelsen and Pejrup (2000 and 2001) presented a method for 
estimation of field settling velocities based on measured volume concentration of sediment particles and 
sediment aggregates measured by laser diffraction and mass concentration determined by traditional filtration 
methods. Later an attempt to develop a generic equation for computation of settling velocities was made by 
Pejrup and Mikkelsen (2010). Based on a data set of 52 samples they showed that the field settling velocity can 
be described by equation (2). The first term is the traditional Owen equation multiplied by a function f (G) that 
takes into account the influence of the water turbulence G on the formation of sediment aggregates and their 
resulting settling velocity. 
 

 

        

a and θ are regression constants in the Owen relation   
k1 and k2: The start value of f(G) for quiescent water 

(2) 
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c: A constant that determines the maximum value of f(G) 
d: A constant that determines the steepness of the decaying part of the f(g) function 
k1: A constant that is the value that f(G) asymptotically approaches for G → ∞ 
 
However, although the equation adequately describes the data sets it has to be calibrated for every specific 
investigated area. Therefore, there do not seem to be much hope for a generic equation to be established 
because factors such as flocculation time (Mikkelsen and Pejrup 2000), and biological impact on particles 
aggregation and stability (Andersen and Pejrup, 2003) is extremely difficult to predict. 
 

Example of tidal variation of SPM and in situ aggregate size 
 
To describe the tidal variation of SPM and aggregate size and their co-variation, measurements of these 
parameters were collected for an approximately 3 month period from the Lister Dyb tidal basin. Data were 
collected with a LISST 100 placed 0.5 m above the bottom and tidal range is about 2 m so that depths vary 
between 3.5 and 1.5 m. It can be seen from figure 2 that at this site there is a tidal variation in SPM with high 
SPM values at low water and low SPM values at high water. This pattern reflects the horizontal gradient in SPM 
in this Wadden Sea tidal compartment. Furthermore, it appears that aggregate size is an inverse function of SPM. 
This variation is partly due differential flocculation of suspended material around slack water as the LISST is 
placed close to the bottom. However, this does not explain why aggregate size decreases as SPM increases in 
flood and ebb periods.  This may be caused by advection of material that has aggregated at another site 
controlled by different values of the controlling mechanisms. However, it may also reflect the destruction of 
aggregates caused by the varying internal shear stress in the tidal current at the measuring site.  This underpins 
that the Owen relation between SPM and W50 is inadequate when it stands alone. On the other hand it shows 
that the algorithm proposed by Pejrup and Mikkelsen (2010) has potential for describing this observed variation 
as it allows settling velocity to decrease with increasing SPM. 
 

 

 

  

Figure 2. Temporal variation in water depth, SPM 
and mean aggregate size over 4 tidal periods. 
Date is collected with a LISST 100 placed 0.5 m 
above the bottom in a minor tidal channel in the 
Lister Dyb tidal basin in the Danish part of the 
Wadden Sea. 
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Modeling of cohesive sediment transport 
Numerical 
The transport of cohesive sediment between the North Sea and the Lister Dyb tidal basin was modeled by 
Lumborg and Pejrup (2006).  They used a 2D numerical model calibrated for this specific tidal basin and arrived 
at a yearly import of cohesive sediment of 45.000 T. The import of sediment was generally continuous reflecting 
the processes causing an inward transport of sediment. However, the temporal variation was sometimes 
significant, and major storm events were shown to have a large impact on the yearly import of sediment.  
 
Conceptual 
The numerical values of import of cohesive sediment is demonstrating an overall bulk movement of sediment. 
However, when analyzing the system in details it can be shown that the transport of sediment within the system 
is more complicated due to a systematic seasonal redistribution of sediments within the tidal basin. 
 
Bed level changes were measured in the tidal channel at the site where the LISST was deployed, and at the same 
time bed level changes at the adjacent muddy intertidal flat was measured (Andersen et al., 2006).  The results 
appear from figure 3 where it can be seen that erosion of the tidal flats causes bed level in the adjacent tidal 
channel to increase. This co-variation stresses the importance of describing the sediment dynamics both on the 
tidal basin scale and at the same time on a sub-basin scale that takes into account the internal re-distribution of 
sediments. Changes in bed level show an annual signal which is caused by the interaction between the biota and 
the sediment affecting sediment erodibility (Andersen et al., 2006). This impact has been quantified by Lumborg 
at al. (2006) 

 

Figure 3. Bed level of tidal flat and tidal channel in the Lister Dyb tidal basin. 

 

Future perspective 
The future improvement of our knowledge of cohesive sediment dynamics in the Wadden Sea and other shallow 
estuarine areas will most likely be based on large scale modeling of sediment transport. But this modeling must 
be based on a thorough understanding of the processes controlling the sediment transport. There are a number 
of the algorithms describing the governing processes that must be improved. The algorithm describing the 
computation of the field settling velocity presented in this paper is one example of such an improvement driven 
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both by a better conceptual understand of the involved mechanisms and by technological innovation of 
measuring devices. 
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Abstract 
 

Abu-Qir Bay is a semi-circular shallow basin which lies at about 35 km northeast of Alexandria city, 
Mediterranean Sea. During the last decades, the bay was exposed to domestic, agricultural and industrial wastes, 
discharged through El-Tabia outfall, Idku Lake outlet and the Rosetta branch of the Nile River. Abu-Qir Bay is said 
to be one of the major hotspots in Egypt. Hence, this study focuses on using the applied acoustic system analyses 
of the seabed characteristics, sediment grain size and benthic habitat gradient in correlation to the sources of 
pollution along the bay. The acoustic data were analyzed with Quester Tangent Corporation (QTC) Impact 
Software and classified into four classes. The first acoustic class indicates medium to fine sand, absence of shell 
debris and very poor habitats characteristics. The second acoustic class is predominant in the survey area and 
corresponds to the region occupied by very fine sand and characterized intermediate density of Macrobenthic 
invertebrate community mainly Polychaeta. The third acoustic class indicates to very fine sand intercalated by 
silt. It is characterized by high density of Macrobenthic invertebrate community, mainly Polychaeta with 
intermediate density Gastropoda and bivalvia. The final acoustic class indicates to silty clay and characterized by 
highly shell debris of Gastropoda and bivalvia with Polychaeta. Poor space biodiversity of benthos was observed 
at the heavily polluted localities.  

 
Keywords: acoustic seabed classification, benthic community, Abu-Qir Bay, QTC View, Habitat mapping, 
Alexandria. 

 
1. Introduction 

 
Abu-Qir Bay is a semi-circular shallow basin which lies at about 35 km northeast of Alexandria city. It is located 
between longitude 31.05 o, 31.35 o east and latitude 31.25 o, 31.4 o north (Fig. 1).  The total area of the bay is 
about 500 km2 with a shore line extending of about 50 km. The average depth of the bay is less than 10 m and 
has a gentle slope with a maximum depth of about 22 m. Abu-Qir Bay was considered as a fertile marine area 
when compared with the other Egyptian Mediterranean coastal waters. During the last decade, Abu-Qir Bay was 
exposed to industrial, domestic and agricultural wastes, discharged through El-Tabia outfall, Idku Lake outlet and 
the Rosetta branch of the Nile River (Fig. 1). Moreover, a lot of activities are found in this area, which includes 
industrial, commercial, fishing, and tourism activities. The different sources of pollution may affect the habitat 
distribution along the bay (Freitas 2003).  

 
Abu-Qir Bay is a tectonically moderately active (Kebeasy 1990).  Two ancient Greek cities, Herakleion and Eastern 
Canopus, originally occupied low-lying delta coastal areas along the Canopic channel of the Nile. Both were 
susceptible to against flooding, earthquake, tsunami, and consequent subsidence. These sites, recently 
discovered in Abu-Qir Bay on the northwestern margin of Egypt’s Nile delta, were lowered by a total of 8 m 
during the past 2500 year and now lie at water depths of 5–7 m. The two cities were located along the delta coast 
at river mouths that are flooded annually, and man-made structures were built directly on unconsolidated 
sediments prone to geohazards (Stanley et al. 2004). The Holocene sediments are 3–15 m thick, and consist of 
deltaic facies (Stanley et al. 2001). The first type is fine to medium grain sand, moderately to well sorted and 
laminated. The second type is dark organic- rich mud (silt and clay components), uniform and non-laminated; 
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mud formed of well-laminated alternating silt and clay. The third type is fine-grained mud with interbedded 
whole and broken mollusk shells (Stanley and Warne 1998; Stanley et al., 2001). 
 
In the last decade the acoustic bottom classification devices have been developed which can routinely provide 
inferences on seabed texture and associated habitat while a vessel is underway. Maps revealing the geophysical 
characteristics of the seabed represent an essential tool for the effective management of the marine 
environment. A wide range of seabed–mapping technologies is reviewed in respect to their effectiveness in 
discriminating benthic habitats at different spatial scales. The seabed classification is considered important in 
controlling the benthic environment of marine sands and gravels, sediment grain size, porosity or shear strength, 
and sediment dynamics (Ehrhold et al. 2006). The high progresses in acoustic technology introduce new 
opportunities for describing the marine environment. The recent tools such as QTC VIEW acoustic signals from 
single-beam echosounder and output data is built up by Geographic Information Systems to introduce seafloor 
characteristics map (Tie and Haijing 1993; Anderson et al. 2002, Kenny et al. 2003, Kostylev et al. 2003, Freitas et 
al. 2003; Ehrhold et al., 2006). The Quester Tangent Corporation QTC VIEW series V is an advance in signal 
acquisition by faster sample digitization and better sample resolution, and dynamic range. The QTC VIEW series V 
seabed-classification system used in this study as powerful tools for the discrimination of marine benthic 
habitats.  

 
The paper aims to introduce a benthic habitat mapping effort has been viewed synonymously with a 
comprehensive physical characterization of the seafloor. Moreover, the two primary parameters of interest in 
this physical characterization are the bottom topography and the surface sediment composition. Second in the 
present study, acoustic system was used in the study area to focus on the sea bed characteristics and the 
sediment biological gradient and correlated this distribution by the sources of pollution impact along the bay. The 
out put of this study helps to understand where the interested area for accumulation of fisheries related to the 
location of the dense populations of benthic habitat in the Abu-Qir Bay.   
 
2. Methodology 
 

2.1. Field survey 
 

The field survey was carried out on July 20, 2007, using the Salsabil research vessel which belongs to the Natural 
Institute of Oceanography and Fisheries, Egypt. Twenty-two survey lines, oriented north/south and east/west, 
were run at an average speed of 3 knots (Fig. 2). The acoustic equipment comprised a SIMRAD EK60 echosounder 
operating at 50 and 200 kHz. Out put data from the 50 kHz sounder is presented here. The echoes were 
transformed to the reference depth (e.g. average survey depth), before they were processed. Normalizing the 
echosounder waveforms to a reference depth allows signal sampling to correspond to a standard set of incidence 
angles, as opposed to a set of linearly spaced time (Caughey et al, 1994). The navigation system, connected to 
both the echosounder and the QTC VIEW system, was a Differential Global Positioning System "(DGPS) (GBX-
PRO)", providing position accuracy less than + 1 m. A QTC VIEW Series V was connected to one quadrant of the 
single-beam transducer that emits 0.6-ms pulses every 2 sec. This system achieves faster digitization of the signal 
with a better resolution and dynamic range (Freitas et al., 2003), and permits classification over a depth range 
that includes very shallow waters. The aerial photography which is used in this study has become a useful tool for 
certain broad-scale benthic habitat mapping applications. The plan-view images provide an undisturbed view of 
the seafloor surface, they are useful for indicating the sediment composition and the surface biological activity. 
Moreover, seafloor photographs (until depth 20 m) were taken at 10 stations with a high-resolution (4.2 
megapixels) camera fitted with a wide-angle lens and placed in a waterproof case.   
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2.2. Acoustic Classification 
 
QTC VIEW series V systems examine the shape characteristics of the first echo and use a series of algorithms 

to translate it to an array of 166 descriptive variables (Collins et al. 1996). These variables are reduced through 
principal component analysis (PCA) into three Q-values, which generally account for 90% or more of the total 
variance in a data set (Legendre et al. 2002; Ehrhold et al., 2006). These three Q-values are plotted in a three-
dimensional Q-space and then run through a cluster analysis to distinguish acoustically distinct bottom types, Fig. 
3. Compared with the traditional physical sampling, acoustic tools permit rapid, broad-scale, and non-intrusive 
sampling of the seabed. However, resulting of acoustic ground-discrimination system (AGDS) classifications must 
be ground-truthed data (e.g., sediment samples, video, and photograph) with physical sampling to assess their 
accuracy. In the so-called 'supervised' approach, the classification process is turned to a ground-truth data set.  

The QTC VIEW full-feature vectors data (FFV) were first analyzed using an unsupervised classification method 
(Collins and McConnaughey 1998; Collins and Rhynas 1998; Preston 2001; Collins et al., 2002). After the process 
of principal component analyses of data to the three Q-values, Q1, Q2 and Q3, the collected data were then used 
through QTC IMPACT to create a catalogue of known seabed classes. QTC IMPACT is a powerful tool for 
extracting information about the seabed from echosounder data. Digital seabed echoes, which can be read from 
a number of different formats, are processed to define boundaries of discrete acoustic classes of bottom type. 
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Fig. 1. The study area where 
the red arrows 
indicate the location 
of major discharge 
drainage where 
pollutants enter into 
the Abu-Qir Bay 
(Moufaddal, 2005). 

 
 

Fig.2. Track lines of the 
acoustic survey using 
the QTC View series V 
and the 17 sampling 
sites for the benthic 
communities and 
surface sediment.   
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Accuracy and repeatability are ensured by using only the first echo-return from the seabed. Seabed echoes are 
processed to present geo-referenced acoustic classes with no prior knowledge of seabed type using unsupervised 
classification techniques and automated 3-D clustering Q1, Q2 and Q3. These clusters can be identified with 
sediment types having distinct acoustic signatures. Each cluster is defined by an ellipsoid in Q-space. An ellipsoid 
has three principal axes: primary, secondary and tertiary. It shows data points representing each record in three 
dimensions, using Q1, Q2 and Q3 for the axes. The surface of an ellipsoid representing one standard deviation 
from the mean (centre) of each cluster can be displayed. This reduced data matrix was submitted to k-means 
clustering based on a progressive-splitting process using QTC Impact v3.0 post-processing software. The detailed 
procedure of QTC IMPACT processing is described in Freitas et al. (2003).  

 

 

 

 

 

 

 

 

 
2.3. Laboratory analysis 

 
A total number of 17 sediment samples from 17 sites were collected and analyzed for textural composition and 
fauna species composition (Fig. 2). In the laboratory, the collected samples were subjected to a grain size analysis 
using a standard ro-tap shaker at one-phi sieve intervals. All samples were subjected to pipette analysis, as 
described by Folk (1974). A screen of 62 microns "one-phi sieve intervals" was used to separate the sand fraction 
from the mud fraction (silt and clay). The results of sand, silt and clay were combined in smooth continuous 
cumulative curves, from which grain size data (percentiles) was obtained. These percentiles were used in 
calculating the graphic mean size (MZ).  

 
The benthic communities are useful indicators of environmental changes (Tie and Haijing, 1993). Population 
density data of taxa were used to calculate the Shannon-Wiener index (H). This index is calculated as described by 
Deshmukh (1986). 
 

H = -∑ (ni/N) Ln (ni/N) ,  
 
Where (ni) is the importance value of each species and (N) is the total importance values. 

 
3. Results 
3.1. Bathymetry 

 

 

 

  

 

Fig. 3.  (a) The full waveform for each point is 
aquired and recorded. (b) It is the 
reduction process, based on the 
shape of the echo "envelops" (echo 
amplitude). (c) Clustering groups–Q-
space is partitioned into distinct 

groups.  
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 Seafloor lies at the water depths between -3 and -30 m (Fig. 4). The coastal area at the western side is 
characterized by gentle slope while steep at the eastern side. The bathymetric map (Fig. 4) shows the contrast 
variation between the sea floor characteristics of the eastern and western side of the Abu-Qir Bay. The seafloor 
slope in between depth 6 m to 10 m in the western side has very gentle slope and has a wide extension area. On 
the other hand, the eastern side has a very steep slope and narrow extension area. While the depth of the 
seafloor is in between 10 m to 18 m at the middle part, the eastern side is gentle slope and has wide extension 
area. On the opposite side (western side -north of the Nelson Island) the seafloor is very steep slope. This 
situation of the seafloor characterization related to the submerged part at the western side or may be related to 
many ridges at these parts mainly one at the Nelson Island and the other two in the middle of Abu-Qir Bay 
(Stanley et al., 2004).  

 
 
 
 
 
 
 
 
 
 
 
 
  

Fig. 4. Bathymetric map in meters (a) and 3 D morphology of seafloor (b) of the Abu-Qir Bay. 
 

3.2. Sediment gradients 
 

Figure 5 represents the map of sediment characteristics. The sediment characteristics are divided into four 
sediment groups; these are medium sand intercalated by rocky calcareous sand, fine sand, very fine sand and 
silty clay (Table 1). The medium sand intercalated by rocky calcareous sand is observed at sites 1, 2 and 4 
(sediment group 1), fine sand (sediment group 2) is observed at sites 3, 5, 6, 7 and 8, very fine sand (sediment 
group 3) is observed at sites 9, 10, 11and 12 while the silty clay (sediment group 4) is observed at sites 13, 14, 15, 
16 and 17. The medium sand is observed in the northwestern side.  

 
The content of the very fine sand increases from 
the western side to the eastern side. The main 
highly occurrence of silty clay is observed in the 
northeastern side. Sediment group 1 is mainly 
observed around the ridges (Nelson Island and 
small area in the middle part).  Moreover, there 
are some parts at the middle part of Abu-Qir Bay 
characterized by silty clay. Generally, most of the 
superficial sediments in the study area are fine 
sand with low silt and clay content.  
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Table 1. The sedimentary characteristics of the affinity groups. 

 Group 1 Group 
2 

Group 3 Group 4 

Sampling 
site 

1, 2, 4 3, 5, 6, 
7, 8 

 9, 10, 
11, 12 

13, 14, 15, 
16, 17 

> 2.0 mm 1.51 0 0 0 
1.0-2.0 mm 5.67 0.71 0.56 0 
0.5-1.0 mm 24.62 1.23 1.11 0.41 
0.25-0.5 mm 33.55 5.66 2.1 0.4 
0.125-0.25 

mm 
21.11 63.21 31.11 6.24 

0.063-0.125 
mm 

12.6 24.74 46.01 18.14 

<0.063 mm 0.94 4.45 19.11 74.81 
Mean Ø 1.25 2.84 3.55 5.05 

Sediment 
classification 

Medium 
sand 

Fine 
sand 

very 
fine 
sand 

Silt 
intercalated 

by clay 
 
3.3. Biological gradients 

 
Macrobenthic invertebrate community is 
represented by 9 animal groups which include; 
Polychaeta, Bivalvia, Gastropoda, Scaphopoda, 
Cumacea, Tanaidacea, Amphipoda, Decapoda 
and Echinodermata. These animal groups 
represented into main four accumulated 
biological affinity groups (Fig. 6). The distribution 
of the Macrobenthic invertebrate community is 
very rare at the sites 2, 4, 5 and 12 (yellow 
colors- biological group I) (Fig. 6).  

 

 
 
 
 
 
 
 
 
 
 
 

 
 
Moreover, the intermediate density of Macrobenthic community is found at the sites 1, 3, 8, 9, 12, 14, and 17 
(blue colors- biological group II) (Fig. 6). Biological group III is observed with high density of Polychaeta with an 
intermediate density of Gastropoda and bivalvia and a low density of the other animal groups (orange color). This 
group observed at sites 7, 10, 11, 13, and 15. The Gastropoda and bivalves show high density, at site 6 where the 
Polychaeta (biological group IV- red color). Generally, the highly Macrobenthic invertebrate community 
represented at the sites 7, 15, 11, 13, 10 and 6 (orange and red colors – biological groups III, IV). Application of 
Shannon-Wiener index (H) as described by Deshmukh (1986) revealed that the maximum values (in between 2.45 
and 2.82) are observed at sites 1, 6 and 8. Meanwhile, the minimum diversity index value (about 0.4) is recorded 
at sites 12, 13 and 15 (Fig. 6). Several authors suggested that water pollution results in a depression of the 
diversity index (Shannon index) of the biotic community (Godfrey, 1978; Thompson and Shin, 1983 and El-Komi, 
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1997). According to Wilhm (1972), sites (7, 10, 11, 12, 13, 15 and 16 - groups III and VI) have low H value (<1), 
corresponding to heavily polluted localities. While the bottom of the other investigated sites with intermediate 
pollution have relatively higher H value (1<H<3). The high H values are observed near to offshore. 
Nevertheless, the values decrease with increasing the distance from the shoreline.   

 
3.4. Acoustic gradients 
 
Based on acoustic classification by QTC 

VIEW, four acoustic classes, i.e., A, B, C, and D 
are identified (Fig. 7). These classes are obtained 
at the second split, when the total score tends to 
be stabilized at the minimum value. The joint 
spatial distributions of the acoustic classes are 
expressed together with sedimentary and 
biological affinity groups (Fig. 8). The output data 
indicates a close correspondence between the 
acoustic pattern and the main sedimentary and 
biological assemblages. The first acoustic class 
(class A; yellow color) corresponds to medium to 
fine sand (sedimentary group 1 & 2) and absence 
of shell debris and very poor habitats 
characteristics (biological group I). 

 
 The second Acoustic class (class B; blue color) is predominant in the survey area and corresponds to the region 
occupied by very fine sand (sedimentary group 2). It is also characterized by intermediate density of 
Macrobenthic invertebrate community (biological group II) which is mainly characterized by Polychaeta (Fig. 8). 
The third acoustic class (class C; orange color) is characterized by very fine sand intercalated by silt (sedimentary 
group 3). It is also characterized by a high density of Macrobenthic invertebrate community which is mainly 
Polychaeta with an intermediate density of Gastropoda and bivalvia (biological group III). The final acoustic class 
(class D; red color) is characterized by silty clay and common occurrence of shell debris of Gastropoda, bivalvia 
and Polychaeta (biological group IV). A single ground-truth sample with photo is taken inside each acoustic class 
to check about it, during the recent survey. This aims to confirm the superficial sediment is similar to that 
described in this study especially from sites 1, 6 and 12.  The water from the Abu-Qir Electricity Power company 
(in the front of station 12), which is mainly hot water with high concentration of chlorine, has a high effect on the 
community of habitat at site 12. This area is characterized by a very poor density of habitat.   
 
4. Discussion & conclusions 

 
This paper has attempted to provide reasonably acquired benthic habitat mapping data of Abu-Qir Bay. The 
acoustic data enabled to distinguish various types of habitats, which are well-matched by specific combinations 
of sediment grain size, bathymetric relief and water depth. Acoustic diversity successfully captured a high variety 
of seabed types based on sediment grain size and the presence or absence of shell debris (Kenny et al. 2003; 
Freitas et al. 2003). These mean that the results from the acoustic sediment analyses mainly related to the grain 
size distribution and shell debris which can be easily used to detect the accumulation of bivalves. The Abu-Qir Bay 
is mainly dominated by a range of sandy sediment (medium to fine size) intercalated by siltyclay. This variation of 
the grain size with the accumulation of different characteristics of benthos habitat helps to get acoustic variability 
at the study area. The present study reconciles with the facts that QTC View seabed classification system is 
responsive to the grain size including the habitat characteristic. 
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Fig.8. The map represents of the spatial distribution of the acoustic classes A, B, C and D with the biological 
affinity groups (a) and subaqueous photographs (b).  

 
Application of Shannon-Wiener index (H) as described by Deshmukh (1986) on this study revealed that the 
maximum values were estimated at biological group I. Meanwhile, the minimum diversity index value was 
recorded at groups III and IV (nearly at the same level). The low H values indicted heavily polluted localities. This 
minimum diversity index is clearly observed near to the inflow discharge of the industrial and agricultural waste, 
through El-Tabia outfall and outlet of the Idku Lake. The distribution of habitat affects on the distribution of fish 
activity along the bay. The area is characterized by intermediate diversity index values. The changes of benthic 
communities are related to the environment changes, either due to natural perturbations or anthropogenic 
influences such as pollution.  

 
This study introduces the highlight on accumulation of the benthic-communities distribution with the sediment 
type which represented into for four seabed classification. These environment pattern descriptors can be used to 
defines benthic habitats behavior in future study.  Consequently, this can influence the composition of the 
different communities. This distribution of habitat along the study area may be related to water depth, seafloor 
geomorphology, habitat complexity, and current speed which affect on the disturbance of fish activity. According 
to Tie and Haijing (1993) benthic communities are better indicators of environmental changes. Composition and 
density of benthic macro-invertebrate communities in marine ecosystems remains reasonably stable from year 
to year in an undisturbed environment.  When the environment changes, either due to natural perturbations 
or anthropogenic influences such as pollution, the benthic communities are usually respond by showing a 
change in the community structure.  Severe organic pollution is usually results in the loss of more sensitive 
species and their replacement by more tolerant types.  Chemical pollution on the other hand may lead to total 
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elimination of the benthic community. That situation is clearly observed along the study area where different 
sources of pollution (industries, discharge drainage and tourist impact) which showed in the acoustic map. It is 
worth repeating this type of study on yearly basis to understand the shift of the benthic community along the 
study area.  

 
In conclusion, the acoustic equipment and processing used in the present study can be of certain efficiency in the 
remote sensing of the nature of a given seabed. This study substantiates that benthic habitat mapping in Abu-Qir 
Bay can be done by comprehensive physical characterization of the seafloor sediments. Moreover, acoustic 
variability may also contribute to a better understanding of the group habitat. Given the fairly uniform sediments 
distribution with heterogeneity of the benthic habitats helps the QTC View V to detect boundary of the seabed 
habitat characteristics.  
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Monitoring sediment dynamics in mountainous subcatchments (10km2) 
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In open ocean, coastal, estuarine and river areas, there is a long history of physical monitoring/modelling of fluid 
and particles interactions. Thus, specific instrumentation has been developed (video, in situ particle sizer, 
holography…) and specific laws of hydraulics and/or fluid mechanics have been derived to examine the dynamic 
of fine, silty, sandy or gravely sediments in their environments. Typical dimensionless numbers to describe fluid-
sediment interactions are the Rouse number, the Richardson number and the Shield parameter (among others). 
All of them require an estimate of the particle diameter and/or settling velocity. 
 
In subcatchment, the physical approach remains strongly different because of technical limitations. Analyses are 
usually based on some indicators at the flood scale (e.g. discharge-suspended sediment concentration hysteretic 
loops) or on some statistically established dependence between rain, flow and sediment. The physical approach 
based on in situ measurements of relevant particle’s morphometric parameters is made complicated by the 
intermittency of flows and by the high turbidity levels reached during floods. 
 
Based on some previous and current investigations on sediment size and settling velocity in continental, 
estuarine and coastal environment, we will point out the needs and current gaps to adopt a more physical 
approach of sediment dynamic in small mountainous catchments. 
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Abstract  

We report a new methodology for long term sediment transport surveys under extreme conditions. Our 
approach relies on the use of an instrument developed and tested during a 1.5 years field survey performed 
from June 2008 to January 2010 on the Capesterre river located on Basse-Terre island (Guadeloupe archipelago, 
Lesser Antilles Arc). The methodology is based on the use of a LISST-25X sensor and performs real-time in-situ 
measurements of the water level together with the volume concentration and the average grain size of 
suspended silts and sand particles with a time step adapted to the state of the river, spanning from one 
measurement per hour at low flow to one measurement every 2 minutes during a flood. An automatic water 
sampler installed on the same site is used for the chemical analysis of the suspended sediments.  

1.Introduction  

Sediment transport at the surface of the Earth is not a continuous process. The complex geometry of reliefs 
(fractal organisation of the drainage network and heterogeneous morphology of the slopes), the existence of 
critical shear stress for sediment entrainment and the stochastic nature of environmental forcing (precipitation, 
bioturbation, ...) produce sediment transport rates which fluctuate over a wide range of time scales. In particular, 
recent works have underlined that the flux of material exported outside of a watershed is dramatically increased 
during extreme climatic events, such as storms, tropical cyclones and hurricanes [2, 3, 6]. Indeed the 
exceptionally high rainfall rates reached during these events trigger runoff and landsliding which destabilize 
slopes and accumulate a significant amount of sediments in flooded rivers [5, 7]. This observation raises the 
question of the control that extreme climatic events might exert on the denudation rate and the morphology of 
watersheds.  
 
Addressing these questions requires continuous, long term sediment transport datasets based on 
methodologies able to capture sediment transport even under extreme conditions. In this paper, we present an 
instrument capable of measuring in-situ both the water level and the concentration of suspended matter in 
rivers with a time step going from one measurement every hour at low flow to one measurement every 2 
minutes during a flood. The instrument is based on the use of a LISST -25X optical sensor developed by Sequoia 
Scientific, Inc. LISST-25X was included in a complex hydraulic and electronic system controlled by a datalogger 
and thus became a stand-alone instrument capable of 1) performing long surveys with a minimum human 
intervention and 2) acquiring data even under extreme climatic events. This instrument was developed and 
tested during a 1.5 years field survey performed from June 2008 to January 2010 on the Capesterre river located 
on Basse-Terre island (Guadeloupe archipelago, Lesser Antilles Arc).  

2.Description of the field site : the Capesterre river  

The Capesterre river is located on Basse-Terre, a volcanic island belonging to the archipelago of Guadeloupe 
located in the lesser Antilles arc. It drains a watershed of area 37.3 km

2 
located along the windward side of the 

active Soufri`ere volcano (Figure 1a). Its length is 18.6 km and its bed elevation varies from 1300 m at its upmost 
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stream to 0 m at the Capesterre village where it reaches the sea. Capesterre was chosen because of its 
accessibility and because its flow rate is monitored by the Direction Regionale de l’Environnement (DIREN) with 
a data base covering more than 10 years. Capesterre watershed, mainly composed of lava and pyroclastic flows 
aged from 600 to 400 ky [8], is characterized by rather thin soils, typically ranging from 0.5 to 2 meters. 
Capesterre is a bedrock river partially covered by a thin alluvial cover which thickness can increase locally likely 
due to overwhelming sediment supply from adjacent hillslope, gullies or tributaries. Close to the sea, slopes 
become gentler and the river bed undergoes a bedrock to alluvial transition. Sampling of sediment beds on 5 
sites located at regular intervals along the river course show that the median diameter is comprised between 30 
and 250mm and reveals the presence of numberous blocks of metric size. The sand fraction is very small (less 
than 0.2%) except in the immediate vicinity of the sea.  

 
Climate is tropical with high temperatures (24 – 28°C) and an average annual precipitation rate of about 5200 
mm/y. The hydrologic regime is torrential : flow rate is characterized by abrupt variations due to tropical storms 
and hurricanes particularly frequent during the rainy season from June to January (see Figure 1b).  
The largest flood observed during our survey which spanned from June 2008 to January 2010 is illustrated by the 
inset of Figure 1b. During this flood, the water level in the river increased from 20 cm, corresponding to a flow  
rate of 1.5 m.s

−1
, to 100 cm, corresponding to a flow rate of 42 m.s

−1
, within less than 20 min. It took 2 more 

hours to reach a level of 160 cm, corresponding to a flow rate of 111 m
3 

.s
−1

.  
 

 
Figure 1: (a) Topographic map of the Capesterre watershed. The frontiers of the watershed and the course of the Capesterre river are plotted in 
red and respectively blue. (b) Variations of the water flow depth in the Capesterre river between April 2008 and August 2009 (data by courtesy 
of the Direction Regionale de l’Environnement). Blue arrow indicates the moment where the instrument was installed on the river bank and red 
arrow the flood described in section 4. 
 
3.Suspended load monitoring  

The method developed to monitor the suspended load in rivers reposes on an LISST-25X (Laser In-Situ Scattering 
and Transmissometry) sensor developed by Sequoia Scientific, Inc. The theory behind this optical sensor is based 
on Mie theory of light scattering assuming spherical particles. This instrument determines the volumetric 
concentration of suspended particles in two size classes (1.25-63 and 63-250 µm) from their characteristic multi-
angle forward scattering of a red laser beam. The LISST-25X also measures the Sauter mean diameter (the ratio 
of total volume to total area of particles) which can be used as a proxy for the mean grain size. LISST-25X 
operates in a volumetric concentration range going typically from 10

−2 
to 10

2 
ppm, corresponding to massic 

concentration varying between 10
−4 

and 1 g/l. This range varies linearly with the grain size. Higher 
concentrations can be measured by reducing the optical path of the sensor. Details about this sensor which 
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marks a departure from the simplistic light-source-detector technology employed in previous optical sediment 
sensors, like turbidimeters, are described by Agrawal and Pottsmith [1].  
 
Important errors can be caused by out of range particles and by particles whose shape is very irregular, far from 
spherical. Since all shapes other than spheres have a larger surface to volume ratio than spheres, non-spherical 
particle concentrations will in general be overestimated. A few details about the calibration procedure 
performed in the lab is given in section 3.1.  

 
LISST-25X is designed to be used by an operator during rather short field survey. After a series of field tests 
performed in the Capesterre river in 2007, it became obvious that the instrument had to be included in a more 
complex hydraulic and electronic system controlled by a data logger in order to become a stand-alone 
instrument capable of 1) performing long surveys with a minimum human intervention and 2) acquiring data 
even under extreme climatic events. The resulting instrument designed to answer these constraints is discussed 
bellow (section 3.2).  

3.1. Calibration  
LISST-25X necessitates two kinds of calibration procedure : 1) The signal recorded by the optical sensor is 
affected by the state of optical surfaces of the measurement cell. The background scatter data (meaning the 
“zero” level of the instrument) have to be acquired and saved using clean water. This ”zero” level is subtracted 
from the measured signal so that only the scattering signal from the particles in the water is used for calculating 
the effective concentration and mean size. It has to be done regularly while doing measurements in the field. 2) 
Particles transported by rivers have an irregular shape. A calibration is required to account for the deviation 
from the spherical shape. This in done in the lab by testing the LISST-25X sensor on suspensions of various size 
and concentration using synthetic and natural particles. The samples were glass spheres of different diameters 
and natural material (sand from Fontainebleau and sediment from Capesterre river bed) sieved in few classes of 
size. The material was kept in suspension by vigorous mixing. The measured volume concentration given by 
LISST25X optical sensor is represented as a function of the ”real concentration”. The slope of the best linear fit is 
the calibration constant. If the particle size is within the instrument range of measurement, the calibration 
constant is identical. For smaller size particles the concentration is overestimated, while for the larger size 
particles is underestimated. For particles of spherical shape, the slope is constant of an average value 0.6 and 
the mean size is well estimated within the given range. For sand from Fontainebleau (nearly spherical form) the 
results are similar to those on glass spheres (calibration constant of 0.6 and well estimated size). The results are 
completely different for natural sediments coming from the river Capesterre. Concentration seems larger that in 
all the other cases (calibration constant betwen 0.77 and 1.28), indicating that there might be a large part of 
particles smaller than 1.25µm and that the particles shape is far from spherical. This second hypothesis was 
confirmed by examining the particles under the microscope.  

 
3.2. Description of the field adapted instrument  
To avoid destruction of the apparatus during flash floods, the suspended sediments sensor cannot be installed 
directly in the river bed but needs to be placed on a safe place along the banks. The instrument is therefore 
equipped with a pump. This later is installed in the river and transfers the water from the river into a 
measurement cell implemented onto the LISST-25X (see Figure 2). In this way, only the pump, which is rather 
cheap, is exposed to possible destruction during a large flood. The pump needs to be powerful enough to 
guarantee that both the concentration and the granulometry of the suspended particles transported to the 
measurement cell are representative of the suspended load in the river. We used a Barwig 12V/50W 
submersible pump which provides a discharge of 6l/min, enough to keep all the particles suspended in a 10m 
long and 8mm diameter tube with a 2.5m level difference between the hose and the measurement cell.  
The LISST 25 X sensor needs to be regularly cleaned and the background level measured because the optical 
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surfaces can be contaminated by the biological activity or silt deposition. This is achieved by mean of a second 
pumping device connected to a clean water tank, used to inject clean water into the measurement cell at 
regular time intervals set by the user (once a day in our case). A first series of injections are performed to clean 
the measurement cell. Once this is done, the measurement cell is filled with clean water and the LISST zero level 
given by the background light scattering of the optical surfaces is registered. A water presence sensor 
(Honeywell) is used to prevent cleaning and background level measurement if the clean water tank is empty. 
 

 
 

 
 
 
  

 
 
 
 
 
 
 
 
 

Table 1: Calibration results (slope and mean size) for a series of suspended sediments measured in the lab. 
 
Another very important measurement problem is related to air bubbles. Bubbles are difficult to avoid ; they 
come from the gases dissolved into the water or produced by micro-organisms by respiration. The simplest way 
to get rid of bubbles attached to the optical windows is to completely empty the cell before the measurement 
by means of a solenoid valve. Then the cell is filled by a sequence of several pumping that allows the bubbles to 
accumulate at the highest point of the cell and than to be chased by the following pumping period. Then follows 
a long pumping period by the end of which the measurement is done.  
 
To increase the energetic autonomy of the instrument, we removed the four 9V internal batteries providing the 
LISST 25 X with energy. Instead, we used an available pin of the LISST cable to connect the instrument to 
external batteries continuously recharged by solar panels.  
 
In order to save energy and clean water, it is necessary to adapt the measurement time step to the state of the 
river. This is done by using a hydrostatic level sensor (GEMS Sensors), placed in the river close to the pump hose, 
which measures the water level every minute. When the water level H exceeds a threshold value Hstart or if the 
water level is increasing with a slope larger than a value S, a flood is detected and the measurement frequency is 
set to a high value, Fflood which can reach up to 1 measurement every 2 minutes. This measurement frequency 
is conserved until H falls below a value Hstop. Hstart and Hstop are set by the user and are not necessary equal. 
In between the floods, the measurement frequency is set to a low value Flow chosen by the user. During our 
field survey on the Capesterre river, we choose Hstart = 50cm, Hstop = 40cm,S= 1cm/min, Fflood = 1 
measurement every 2 minutes and Flow = 1 measurement every hour.  
 
The two pumping devices, the cleaning water circuit, the pressure sensor and the LISST 25X are controlled by a 
data logger which also stores the data. The data logger is based on a Persistor CF2 that incorporates elaborate 

Suspended material Slope  SMD (µm)  
Samples within 1.25-250 µm range   

Glass beads 0-50 0.62  54  
Glass beads 50-105 0.57  95  
Glass beads 70-110 0.65  159  
Glass beads 100-200 0.66  272  
Glass beads 200-300 0.61  294  

Plastic particles 160-250 0.61  157  
Sand Fontainbleau 40-250 0.60  218  

Sediments Capesterre 40-160 0.77  130  
Sediments Capesterre 160-250 0.78  203  

Samples containing particles < 1.25 µm   
Talcum 4.15  11  

Sediments Capesterre 0-40 1.28  16  
Sediments Capesterre 0-250 0.87  90  

Samples containing particles > 250 µm   
Glass beads 300-400 0.37  357  

Plastic particles 160-500 0.20  126  
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control and data logging capabilities into a compact and very low-power module. A standard CompactFlash 
header is built onto the CF2. The memory card contains a DOS like operating systems allowing to execute a 
datalogging program that can be loaded from the computer through the serial interface. The datalogger controls 
the LISST25X instrument through a receive and transmit RS232 channel. It also controls a relay card that supplies 
power to the two pumps and the solenoid valve. The signals from the two sensors are connected to two 12 bit 
AD input channels. Data files (containing water level, size and concentration of the particles) together with log 
files (containing information about the settings and the functioning of the instrument) are regularly saved on the 
compact flash disk.  

 
Figure 2: (a) Picture of the field adapted instrument showing the LISST-25 X and the measurement cell. (b) Image of the field test site on the Capesterre 
river. The sensor and the data logger are located at about 8 meters away from and 2 meter above (at low flow) the river bed while  the pump is submersed 
into the stream. 

 
The instrument autonomy is limited mainly by the clean water tank capacity. In our case, the cleaning and 
background procedure consumes 1.6 l, meaning that for a 60 l tank, the instrument has an autonomy of about a 
month. Once in a month, a maintenance operation is required. It consists in collecting the data, refilling the 
clean water tank and checking all the components according to a check list (LISST status, pumps and relays).  

4. Results  

The instrument was installed along the bank of the Capesterre river in June 2008. During that period, it conti-
nuously recorded the water depth and the suspended load concentration and granulometry, except for a hole 
between September 19

th 
and November 4

th 
2008 due to a failure of the solar panel. Several flash floods occurred 

during our survey. Although none of them was high enough to lead to important changes of the river bed, they 
allow us to illustrate the interest of our methodology.  
Figure 3 shows data acquired by the instrument during a typical flash flood that occurred on January 6th 2009. 
Before the flood, the water level in the river was equal to 12 cm, corresponding to a flow rate of about 1m

3 
s

−1
. 
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At around 6 am GMT (2 am, Guadeloupe time), the water level started to rise thus triggering an increase of the 
acquisition frequency to 1 measurement every 2 minutes. The water level reached a first peak at H = 83cm 
(about 28ms

−1
) after almost two hours. After a temporary decrease, the water level rapidly rise again until it 

reached a econd peak at H = 110cm (50ms
−1

) around noon. After this second peak, the water level slowly 
decreased back to normal. The concentration of both silts (grain size in the range 2.5-63 µm) and sand (grain size 
in the range 63-250 µm) particles, initially equal to zero, started to increase simultaneously with the water level. 
Their overall evolution reflects that of the water level with some interesting di fferences. Interestingly, the first 
peak of suspended load concentration was reached about 40 minutes in advance of the first water level peak, 
whereas the second peak of suspended load concentration was reached about 10 minutes in delay of the second 
water level peak.  

 
Figure 3: Data acquired during a flash flood on January 6th 2009. (a)Water flow depth (line with circles), volumetric concentration of suspended silt (solid 
line) and sand (dotted line) as a function of time ; (b) Average grain size of silt and sand particles as a function of time. 
 
This observation points out the fact that the suspended load concentration is not a simple and direct function of 
the flow depth in the river. This is actually best evidenced by the plot of concentration versus water depth 
shown on Figure 4 which shows an hysteretic behavior. This hysteretic behavior cannot be attributed to a 
change of grain size. Indeed, as shown on Figure 3 b, the average diameter of the silt and sand particles 
remained almost constant during the flood. As illustrated by this example,  the instrument enables the 
observation of the suspended load properties with a temporal resolution never reached before. The data 
acquired are thus likely to lead to new insights on the dynamics of sediment transport. Their detailed analysis 
goes beyond the scope of the present paper.  

5. Discussion and conclusion  

We have reported a methodology to estimate the impact of extreme events on sediment transport in rivers. Our 
approach relies on an instrument developed and tested during a 1.5 years field survey performed from June 
2008 to January 2010 on the Capesterre river located on Basse-Terre island (Guadeloupe archipelago, Lesser 
Antilles Arc). The instrument performs real-time in-situ measurements of the water level together with the 
concentration and the average grain size of suspended silts and sand particles.  
 
The instrument has several limitations. First of all, the methodology is based on the use of a LISST-25X which 
operates in a volumetric concentration range going typically up to 10

2 
ppm, corresponding to mass 

concentration of the order of a few g/l. This maximum concentration was never exceeded during our survey in 
Guadeloupe. However several authors have documented floods with suspended load concentrations reaching 
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up to 40 g/l, far above the limit of the LISST-25X [4]. To overcome that limit, Sequoia Inc. has developed a new 
apparatus, called the LISSTINFINITE, which uses an automated dilution system designed to extend the high end 
of sediment concentration measured with the LISST series instruments up to 500 g/l. Similarly, the use of a 
LISST-100 instead of a LISST25X allows one to extend the resolution of the size distribution of suspended 
sediment from 2 to 32 logarithmically spaced size classes. This is done by the new instrument developed by 
Sequoia Inc : LISST-Streamside that we are currently testing in Guadeloupe. 

 

 
Figure 4: Plot of silt concentration versus water level for the same event as on Figure 3. 
 
Another limit in terms of sediment flux monitoring comes from the fact that LISST-25X cannot determine wether 
the suspended particles are terrigenic or biogenic. As a result, the measured concentration cannot be directly 
used to compute a sediment flux. Knowing that the density of terrigenic particles is 2.7 and of biogenic particles 
nearly 1, the sediment mass flux is overestimated. To overcome that di fficulty, we used an automatic water 
sampler (ISCO 6712) installed on the same site. This sampler is connected to a pressure sensor triggering 
acquisition (indicated by an arrow on Figure 2b. When a flood was detected, this instrument collected water 
with a rate of typically 1 sampling every 15 minutes and the acquisition is limited to 24 samples. The filtering and 
chemical analysis of the samples collected revealed that organic matter represented in average about 23% of 
the mass of suspended particles, giving a correction factor for mass concentration of about 40%.  

 
The sources of errors for mass concentration are inherent to this type of measurement, based on light 
diffraction. On one hand they are related to the presence of out of range particles and of particles of very 
irregular shape and on the other hand to the uncertainty on density. Calibration and complementary chemical 
analysis of the suspended sediments can help to estimate the error bars.  
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In marine environments a high variability of suspended sediment transport patterns occur in a broad bandwith 
of temporal and spatial scales, ranging from micro scale suspension events triggered by turbulent bursts at the 
bed, to the development of turbidity maximum zones in tidal estuaries, to the large scale fields of suspended 
particulate matter (spm) in coastal and shelf seas. Profound knowledge on drivers and processes and their 
interaction are crucial for an in depth understanding of the system, the formulation of enhanced modelling 
approaches and the assessment of anthropogenic impact and natural change.   
  
It is well known that spm in tidal currents not necessarily appears as a homogenous mixture, but may occur with 
pronounced vertical gradients and / or horizontal variations which are shown as temporal oscillations in the 
readings of moored turbidity measurements. The latter fluctuations can be very distinct and are caused by 
turbidity clouds that are transported in the tidal currents (Fig.1). The development of these clouds has been 
discussed earlier, (e.g. Winter et al., 2007) as being caused by grouping of flocs induced by oscillations in the 
transporting currents.   

  
 
 
 
 
 
 

 
 

 
 
 

Fig. 1 Example for observed turbidity cloud in the Elbe estuary  
  
Modern hydro-acoustic and optical field instrumentation allow a detailed insight into the gouverning hydro- and 
sediment dynamic processes. Recently dedicated field surveys have been carried out aiming towards a process 
oriented understanding of suspension and transport processes in the turbidity maximum zones of different 
estuarine systems. These surveys combined stationary, lander-based hydro- and sediment dynamic 
measurements and ship based hydro-acoustic sampling routines over several full transects at different positions 
in the Jade, Weser and Elbe estuary (cf. Maushake & Winter, this workshop).   
  
In this study the formation of turbidty clouds was studied using stationary measurements at an anchored ship 
with LISST, OBS, CTD and water sampling (Fig. 2) and repeated transects with a direct reading ADCP across a field 
of large bedforms. Additionally bed samples were taken across bedforms at different tidal stages (Fig. 3).   
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Fig. 2 Instrument frame with LISST, CTD, OBS, Pump  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Settled Fluid mud on coarse sand and pebble bed as sampled after slackwater  
  
Preliminary results show that the occurrence of turbidity clouds is limited to tidal stages after slack water when 
flow velocites accelerate. At those times clouds with diameters of some meters to tens of meters form. It has 
been shown before that these clouds are mainly formed by accumulation of larger particles (flocs). During full 
tidal currents the distinct clouds spread to larger forms, then join, and ultimately form a quasi-homogenous 
suspension. At slack water the suspended matter again settles to the bed. Observed turbidty clouds could be 
quantified as as distinct oscillations of suspended matter concentrations with amplitudes of some hundred mg/l 
in the OBS readings. Acoustic backscatter readings of the ADCP at these times show that coherent flow 
structures at large tidal bedforms seem to induce localised suspension events. These hydrodynamic events seem 
to trigger the formation of confined suspended matter seen as turbidty clouds from above.   
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Abstract 
 
Coastal zones directly impacted by river discharges play a major role in the burial of organic carbon. The 
complex mixing between fluvial and oceanic coastal waters controls the fluxes and fate of terrestrial particles 
exported offshore. Monitoring the optical properties, the concentration and size distribution of suspended 
particles in these coastal waters should allow estimating these fluxes. The main river discharge in the 
Mediterranean Sea occurs in the Rhone delta (gulf of Lion), where the water optical properties are currently 
poorly documented. 
 
The main objective of this study is to estimate the fluxes and analyse the fate of the suspended particulate 
matter (SPM) and organic carbon (POC) in the Rhone river plume. A large bio-optical database acquired from 
regular field experiments was used for this purpose. Current velocities measurements were also carried out on a 
fixed platform (so-called MESURHO) located at the river mouth. 
 
The seasonal dynamics of the SPM exported by the Rhone river will be described, with focus on the surface river 
plume and bottom nepheloid layer taking into account the physical conditions involved. This study will also 
identify the optical properties which can be used as proxies to estimate the POC concentration, SPM 
concentration, composition and size distribution. The implications of our study are important for (i) determining 
the relevant biogeophysical parameters that should be recorded continuously by a fixed platform such as 
MESURHO to quantify the SPM and POC fluxes at river mouths and (ii) for improving the retrieval of marine 
biogeochemical properties by satellite. 
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The solid discharge of the Red River (Song Hong) was estimated to 160 million tons of sediments per year which 
ranked it 9th on a world level with approximately 1% of world solid discharge to the ocean, before dam 
constructions in the 80’s. Since then, sediment inputs to the coast drastically reduced. A fast evolution of the 
coastline and intense erosion is locally occurring in the Haiphong bay; the rate of erosion on this zone is 
considered on average at 4.4 m/yr over the period 1965-2000 and reached locally 50 m/yr. As the harbor zone 
of Haiphong is silting up, the authorities prepare the displacement of the second port of the country. 
 
In this context, a multidisciplinary study was launched to understand the physical, chemical, geochemical and 
biological behavior of the Cam, Lach Tray and Bach Dang river estuaries which flow into the Haiphong Bay at the 
far East of the Red River delta. The Cam and Lach Tray rivers are connected to the Red River. During two field 
campaigns (wet season, July 2008, and dry season, March 2009), many parameters were measured at various 
key sites of the estuaries. A LISST 100X and a Seapoint turbidimeter mounted on a Seabird CTD probe were used 
to determine the time variations of sediment parameters within the water column (including in case of stratified 
waters). The flow was characterized by use of an ADCP. We present some elements for the understanding of the 
complex hydro-sedimentary functioning of that estuarine system. 
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Aerosols of combustion deposit in large quantities at the surface of oceans (Jurado et al. 2008) and are found in 
significant concentrations in marine waters (Mannino & Harvey 2004) and sediments (Middelburg et al. 1999, 
Koelmans et al. 2006). The effect of these compounds on the functioning of ocean ecosystems is presently 
unknown. Here we show, using a combination of in situ data and an atmospheric transport model, that 
deposition of aerosols emitted by an oil power plant on the surface of a coastal ocean (New Caledonia) 
significantly impacted the tropical pelagic ecosystem. When the plume of aerosols crossed the sampling stations, 
there was a major increase in the volume concentration of suspended particles and a modification of the 
particle size spectra that reflected a profound alteration of aggregation processes in the upper water column. 
Simultaneously, there was a decrease in dissolved organic carbon concentration. Considering previous estimates 
of carbonaceous aerosols deposition on the ocean (Jurado et al. 2008) and assuming that the observed 
overaggregation occurs at a global scale, this pathway may transfer 8 Tg C y-1 from dissolved to particulate 
phases, thus increasing the pumping of atmospheric carbon by the ocean. This event was accompanied by an 
increase bacterial activity that likely enhanced respiratory CO2 production. While deposition of aerosols clearly 
modifies microbial and biogeochemical processes, it is still unclear whether it will push the system towards the 
sink or the source pathway. 
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The clarity of waters plays a major role in the functioning of coastal ecosystems through available light for the 
biological production, particularly at the beginning of spring when light is limiting. The suspended particulates 
matter (SPM) concentration highly controls this factor. Ocean colour remote sensing provides repetitive spatial 
distributions of SPM near the free-surface. A wide range of datasets has been gathered since 2003 over the 
English Channel from 550 and 670 nm backscatter channels of MODIS (NASA) and MERIS (ESA) satellites 
processed by the semi-analytical IFREMER algorithm. This database is here analysed to investigate the 
relationship between near-free surface SPM and the two major hydrodynamic forcings in the English Channel, 
namely tides and wind-generated surface gravity waves. 
 
 
Correlogram analysis 
 
SPM derived from raw MODIS data over the 2003-2009 period was analysed through local correlograms.  
The autocorrelation functions were calculated every 30 pixels data leading to a grid with a spatial resolution of 
36 km.  The shape of the mean correlograms points out the 14-days spring-neap tidal modulation superimposed 
on the seasonal cycle.  
 
The different shapes of the auto-correlation functions, and particularly the strength of the signature of the 14-
day cycle, lead to discriminate 4 types of  waters with different degrees of sensitivity to the tidal cycle (null, low, 
moderate, strong). On one hand, the Normano-Breton Gulf, the area between Cotentin Peninsula and the Isle of  
Wight, the Irish Sea and the western North Sea are characterized by a moderate to strong influence of the tidal 
cycle. On the other hand, the eastern Atlantic ocean, the eastern North Sea and the stratified western  English 
Channel exhibit null to low tidal influence. 
 
 
Statistical models to estimate near free-surface SPM response to hydrodynamics 
 
A simple model is calculated to estimate the evolution of the observed near-free surface SPM on the basis of the 
strength of the tide and the seasonal averaged SPM derived from satellite images on a 10 km  resolution grid. Its 
mathematical expression is given by  
 
SPM = Mean(SPM)(Tide/Tide0)α    (1)  
 
where Mean(SPM) is the averaged SPM of the day (taking into account the seasonal variation) and Tide defines 
the SHOM Tide coefficient based on the tidal amplitude in Brest which is a good indicator of the tidal range in 
the studied area. 
Tide0 and α are two unknown parameters which are obtained after log-transformation of Equation (1) and 
minimization of the squares of the residuals in the linear regression of SPM. 
The regression coefficient r2 between outputs of the model and observed SPM is calculated at ten locations 
chosen on the basis of the above correlogram analysis. Highest r2 values are thus obtained in area where the 
impact of the tide on the near free-surface SPM was shown to be the most significant. The mapping of the 
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regression coefficient computed every four pixels exhibits a second classification of the sensitivity of the near 
free-surface SPM to the tide in the English Channel. 
 
The analytical model is extended to incorporate the wave effects. The following model is suggested: 
 
SPM = a0Mean(SPM)(Tide)αHsβ    (2)  
 
where Hs is the significant wave height averaged over the current SPM observation day and the two preceding 
days. 
 
After log-transformation of SPM in Equation (2), the parameters a0,  and  are obtained by minimization of 
the squares of the residuals in the regression. The comparison between the new regression coefficient r2 and 
the r2 obtained by the model based only on the tide shows that this model which incorporates wave effect 
improves the correlation between prediction and satellite observation. 
 
Impact of extreme waves 
A strong storm occurred on the 9th and 10th of December 2007 with significant wave heights exceeding 12 m 
incoming the Channel. The first informative satellite image after the storm collected the 11th of December 
exhibits high SPM concentration near the free-surface exceeding 25 mg/l in the Normano-Breton Gulf and the 
surroundings of the Isle of Wight. This image shows also clearer waters above the bathymetric depression of the 
Hurp Deep off the Normano-Breton Gulf. 
 
The analysis is conducted relying on the hydrodynamics outputs of a three-dimensional (3D) circulation model 
coupled with a wave propagation model. The pattern of combined wave and current maximum bottom shear 
stress (BSS) on the 9th of December when the largest waves occurred is found very similar to the pattern of the 
observed  SPM  near the free surface on the 11th of December. This BBS pattern are maintained until the 10th of 
December. Particles are clearly resuspended by storm and stay in suspension at least one day. 
 
The respective influence of wave and tide on near free-surface SPM has been also analysed on the basis of the 
ratio of current BBS to the combined wave and current BBS. During the storm, waves drive the major part of the 
bottom shear stress except in (i) the Hurp Deep where the water depth limits the action of the waves on the 
bottom and (ii) the western North Sea less exposed to the incoming waves. After the storm the BBS ratio is 
influenced by the tidal current periodicity. 
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The understanding of sediment dynamcis is of fundamental importance for harbor and water authorities to 
reduce the costs for maintenance dredging and waterway building activities and to implement effective 
sediment management tools.  
 
In this context reliable in-situ data of siltation rates and suspended solid concentrations are a precondition to 
understand the mechanisms that control sediment transport and to optimize maintenance strategies for 
shipping chanels (e.g. dredging). and to validate the results of high resolution 3D modelling.  
 
BAW-DH has implemented a series of fieldwork campaigns to study suspended sediment dynamics in tidal inlets 
and estuaries. Moreover BAW-DH is involved in a research cooperation with the “Center for Marine 
Environmental Sciences” (marum) at the University of 
Bremen. Within this framework some basic in-situ studies 
for a detailed description of small scale hydro- and 
sediment dynamics have been carried out at different 
locations. Ship based and moored measurements by an 
extended array of instruments for the profiling description 
of current velocities and acoustic backscatter and pointwise 
description of turbulence and sediment transport 
parameters were applied comprising the simultaneous 
deployment of a multisensor setup:  
- RDI-ADCP (300, 600, 1200 Khz)  
- Parametric Sediment Echosounder innomar SES2000  
- Valeport MIDAS CTD & Seapoint OBS  
- Laser In-Situ Scattering and Transmissometry sensor 
LISST 100X (Sequoia Scientific)  
- Ground truthing by water samples  
- NORTEK Vector (small scale 3D velocities)  
Due to the high temporal variability in tidal estuaries and 
the conditions of mobilisation / flocculation and settling of 
suspended matter in-situ grainsize distributions – as 
detected by the LISST100X – instrumentation become an 
important role in the understanding sediment dynamics.    
 
Results out of different locations in the German Bight are 
presented.  
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Abstract 
 
The development and refinement of predictive models are needed to assist in the assessment of new 
aquaculture site proposals, site expansion proposals, and carrying capacity of regional Bay Management Areas.  
Scientific understanding of the far-field impacts of aquaculture is limited especially with regard to the 
resuspension and transport of aquaculture wastes.  Modeling programs like DEPOMOD deal primarily with the 
initial deposition of aquaculture wastes but fail to predict their subsequent resuspension and dispersal due to an 
inability to parameterize critical erosion shear stress and the particle size and settling velocity of the eroded 
material.  A pilot study was carried out in southwest, New Brunswick, Canada in November 2008 to determine 
the erosive and settling dynamics of fin-fish aquaculture wastes.  A LISST 100x type C and an in-situ settling 
column were deployed to determine particle size, size versus settling velocity relationship and the relative 
proportion of single grain, microflocs, and macroflocs in suspension.  Critical erosion shear stress for aquaculture 
wastes was determined by coupling a Gust Chamber to cores collected with a modified slo-corer. The particle size, 
composition and erodibility data was compared with near bed velocity data from an ADCP and other forcing 
measurements.   As a result the processes of deposition, resuspension and transport of bottom material from 
salmon aquaculture operations began to emerge under different stress conditions. Future comparison of the 
LISST particle size and ancillary data (i.e. cp, volume conc., area conc.) may help determine appropriate critical 
erosion shear stress values for incorporation into predictive resuspension models and allow for the quantification 
of mass of material being transported.   
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Why are shelf seas so bright when viewed from space?  
A review of the optical properties of flocculated particles 

 
Dave Bowers, Bangor University, UK (email d.g.bowers@bangor.ac.uk) 

 
ABSTRACT 
Remote sensing from space provides a unique perspective of the suspended sediment load in the near surface 
waters of shelf seas and estuaries. Particles scatter and absorb sunlight and some of the scattered light re-
emerges from the sea surface and reaches the satellite sensor. Satellite images show patterns of reflectance 
which agree qualitatively with the known distribution of turbidity (for example in river plumes) and qualitative 
algorithms relating reflectance to mass concentration of near-surface suspended sediments have been 
developed by several authors. Uniquely, satellite remote sensing offers the opportunity to view a large area of 
shelf sea water synoptically and this has led to developments in our understanding of the physical controls on 
both spatial and temporal patterns of suspended sediment. 
 
THE FUNDAMENTAL EQUATION IN VISIBLE BAND REMOTE SENSING 
Satellites measure the radiance arriving at the sensor. If atmospheric effects can be calculated (no trivial task) 
the satellite-received radiance can be converted to the sub surface reflection coefficient, that is the ratio of 
upward to downward travelling irradiance (in a given band of wavelengths) just below the sea surface. This in 
turn is related to two inherent optical properties, the backscattering coefficient (bb) and the absorption 
coefficient (a) through the equation: 

a
b

fR b=    (1) 

Where f is a factor that depends on solar elevation and sky conditions and which typically lies in the range 0.4-
0.5 in northern European waters. Equation 1 is the fundamental equation of visible band remote sensing on 
which most quantitative algorithms are based. It can be derived by considering the backscattered light 
emanating from a thin horizontal slab of depth z and thickness dz and integrating this over the water column. 
This calculation also reveals that most of the light contributing to the reflection originates in a surface layer of 
order 1/a metres thick. For typical values of a in the red part of the spectrum in shelf seas of order 1m-1, this 
means that most of particles ‘sensed’ by satellite remote sensing lie within 1m or so of the sea surface. 
 
REMOTE SENSING OF SUSPENDED PARTICLES 
Equation 1 can be applied to the remote sensing of near surface suspended particles by expanding some of the 
terms as follows: (i) the backscattering coefficient bb is written as γb where b is the total scattering coefficient 
(describing scattering at all angles) and γ is the backscattering ratio; (ii) the scattering coefficient b is written as 
b*C where b* is scattering per unit concentration and C is the concentration (mass/volume) of particles; (iii) the 
absorption coefficient is expanded as absorption by water (aw), particles (ap) and dissolved material (ad) and ap is 
written as a*C where a* is particle absorption per unit concentration. With these definitions, equation 1 can be 
written 

dW aCaa
CbfR
++

=
*
*γ

   (2)  

Equation 2 forms the basis of remote sensing of particle concentration. In the red part of the spectrum, 
absorption by water tends to dominate the denominator in this equation and R becomes approximately 
proportional to C, that is 
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Wa
CbfR *γ

≈      (3) 

This equation predicts a linear relationship between R and C if γ and b* are constant. An approximate linear 
relationship is often found (figure 1) and this can be used to estimate C from remote measurements of R. The 
slope of a straight line fitted to the points in equation 3 can be used to calculate b*. For representative values of 
f=0.4, γ=0.019 and aw=0.43 m-1 (at 665nm), the data in figure 1 is consistent with b*=0.3 m2/g. 
At higher values of C the term a*C in the denominator of equation 2 becomes more important and the 
relationship between R and C flattens off, tending towards an asymptotic value of R=fγb*/a*. The linear 
relationship can be maintained up to higher values of C by moving the wavelength of the measurements into the 
infra-red where aw is higher. However, this is achieved at the expense of reducing the reflectance per unit 
concentration and so is only practical in very turbid water such as estuaries. 
 
THE SPECIFIC SCATTERING COEFFICIENT 
The specific scattering coefficient can be measured in situ using simultaneous observations of the scattering 
coefficient b and the particle mass concentration C and taking the ratio b*=b/C. It is customary to measure b in 
units of m-1 and C in g.m-3 and so b* has units m2/g. Observations of b* lie in the range 0.1 to 1 m2/g with the 
larger values tending to be found in offshore waters, although there is still considerable variability in coastal 
waters. A variation of b* by an order of magnitude accounts for much of the scatter in the data shown in figure 1.  
It is therefore pertinent to ask what causes the variation in b*. It is usually considered that the main causes of 
the variation in scattering per unit mass are variations in the size, density, shape and refractive index of the 
particles in suspension. 
By considering a thin slab of water containing spherical particles of uniform diameter D and density ρP it is 
possible to show that the specific scattering coefficient is equal to 

D
Qbb

Pρ2
3* =     (4) 

where Qb is the scattering efficiency (the ratio of the scattering cross section to the geometric cross section). For 
a suspension of particles with any size distribution, an expression similar to equation 4 holds if D is replaced by 
the Sauter diameter Da and Qb by an effective scattering efficiency for the distribution, Qb’. That is 

Da
Qbb
Pρ

'
2
3* =     (5) 

The Sauter diameter here is defined as 3/2 times the ratio of the volume of the particles to their cross sectional 
area. Figure 2 shows a plot of b* against 1/(ρPDa) for mineral particles at stations in the north west European 
shelf seas. Equation 5 explains 76% of the variance in b* with an effective scattering efficiency Qb’ close to 2. 
Most of the variance in the specific scattering coefficient can therefore be explained in terms of particle size and 
density (in fact, density alone explains 64% of the variance). The significance of this result is that the scattering 
coefficient is proportional to the cross sectional area of the particles in suspension. Since b=b*C 
=(3/2)Qb’C/(ρPDa) and C/(ρPDa) is 2/3 times the cross sectional area of particles per unit volume of water it 
follows that for Qb’≈2  

Ab 2≈     (6) 
Where A is the cross sectional area of particles in suspension in unit volume of water. Instruments (such as 
beam transmissometers) that measure scattering of light by particles are therefore detecting the cross sectional 
area of particles in suspension. 
 
THE SPECIFIC ABSORPTION COEFFICIENT OF PARTICLES 
The specific absorption coefficient of particles is the absorption coefficient of the particles ap divided by their 
mass concentration C. Particle absorption can be determined in situ by measuring the total absorption 
coefficient and subtracting absorption by water and dissolved material. The specific absorption coefficient of 
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mineral particles decreases from the blue to red part of the spectrum, tending to a constant, but non-zero, value 
in the red. 
For a suspension of particles with a range of sizes, the analogous equation to (5) is 

Da
Qaa
Pρ

'
2
3* =     (7) 

where Qa’ is the effective absorption efficiency of the suspension (the absorption cross section divided by the 
geometric cross section). Unlike the case of scattering, where Qb’ appears to be independent of particle size 
(see last section), Qa’ increases with Da because larger, thicker, particles are more opaque than small ones. It 
can be shown theoretically that at a particular wavelength, Qa’ is expected to increase approximately linearly 
with Da. That is: 
Qa’=k1+k2Da    (8) 
Where k1 and k2 for a particular wavelength are constants. Observations confirm this linear relationship (figure 3) 
and can be used to fix the values k1 and k2. These graphs of absorption efficiency against Da can be compared to 
the expected theoretical variation for different values of the absorption coefficient of which the particles are 
composed. 
 
APPLICATION OF THESE DEVELOPMENTS TO THE REMOTE SENSING OF PARTICLE SIZE 
The particle scattering and absorption coefficients can be written as the product of the effective scattering (or 
absorption) efficiency and the cross sectional area of the particles in suspension, that is b=Qb’A and aP=Qa’A 
where A is the cross sectional area of particles per unit volume of water. Making these substitutions in equation 
(1) (and dropping absorption by dissolved material) gives 

AQaa
AQbf

a
bfR

W '
'

+
==

γγ
 (9) 

If we now make the further substitution allowing Qa’ to change with the size of the particles we have: 

ADakka
AQbfR

W ])[(
'

21 ++
=

γ
  (10) 

Which tells us that reflectance depends on both the cross sectional area of the particles A and their diameter Da. 
Measurement of reflectance at two wavelengths can therefore be used to solve for the two unknowns A and Da. 
Figure 4 shows a plot of Sauter diameter Da calculated in this way against the observed Da at the most turbid 
stations (mineral suspended sediment load>5mg/l) in our data set. The method shows promise and can be 
applied to remotely sensed data since it relies only on reflectance.  
 
VARIATION OF DENSITY WITH SIZE OF FLOCCULATED PARTICLES 
In the case of flocculated particles there is often a weak relationship between their density and their size of the 
form 

n
P Da −∝ρ     (11) 

The particle density referred to here is the apparent density (dry weight over in situ or ‘wet’ volume) and can be 
less than the density of water. If n in (11) is less than 1 the area of particles per unit mass (A/C) will decrease as 
the particle size increases. If n is greater than 1, A/C will increase as the floc size grows. 
In an observational data set in north west European seas, n=1.6 and the ratio A/C increased as floc size 
increased (figure 5). This means that a fixed mass of flocs in these waters becomes more effective at scattering 
light as the flocs become larger. The fragile, low density, flocs have a large cross sectional area which means that 
a relatively low mass concentration of particles can produce bright reflective water (equation 9). This is one 
reason why shelf seas appear so bright from space. A second, unexplored, reason may be that the continuous 
breaking up and re-forming of flocs may maintain clean, shiny surfaces to the particles.  
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Figure 1 Irradiance reflectance at 665 nm plotted against the mass concentration of particles in north-west 
European shelf seas. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 The specific scattering coefficient for mineral suspended particles plotted against the inverse of the 
product of particle density and size. The linear relationship is consistent with the particle scattering coefficient 
being proportional to the cross sectional area of particles in suspension. 
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Figure 3 Absorption efficiency at 555nm (closed) and 443nm (open circles) plotted against the mean (Sauter) 
diameter of particles in suspension. Lines show theoretical variation of Qa’ with DA for aM=1 x 104 m-1 (continuous 
line) and aM=4.5x104m-1 (dashed line) where aM is the absorption coefficient of the particle material. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4  Sauter diameter Da of particle suspension computed from equation 10 plotted against observed Sauter 
diameter of suspension for the stations at which the concentration of mineral suspended sediments (MSS) is 
greater than 5mg.l-1. Line shows 1:1 fit. 
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Figure 5 Plot of particle apparent density against Sauter diameter for stations along the west and south coasts of 
Great Britain. The general trend of decreasing density with increasing size is characteristic of clocs. The parallel 
dash-dot lines have constant value of particle area per unit mass (A/C) equal to 0.2 m2/g for the lowest line and 
0.05 m2/g for the highest line. It can be seen that as flocs grow, their area per unit mass tends to increase. 
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Observations of the sensitivity of beam attenuation to particle size in a coastal bottom boundary layer 

P. S. Hill2, E. Boss3, J. P. Newgard1, B. A. Law4

 

, and T. G. Milligan3 

Introduction 
Numerous studies reveal a range in the values of the ratio of particulate beam attenuation coefficient, cp, to 
suspended particulate mass, SPM, that extends over an order of magnitude from as low as 0.05 to as high as 1.5 
m2 g-1 (Figure 1).  The most obvious candidate for causing this range of values is variable particle size in 
suspension.  A useful way to illustrate the potential sensitivity of cp:SPM to size is to consider a suspension 
composed of spheres of a single diameter.   
 
Under these circumstances cp:SPM is inversely proportional to the diameter of the spheres in suspension.  Small 
particles, that are still large relative to the wavelength of light, attenuate more light per unit of mass than large 
particles because they have larger surface to volume ratios.  To explain an order of magnitude variability in 
cp:SPM simply requires a similar range in particle size [Baker and Lavelle, 1984; Wiberg et al., 1994; Bunt et al., 
1999; Mikkelsen, 2002].  Acceptance of size variation as the underlying cause of the observed variability in 
cp:SPM, however, undermines confidence in the applicability of attenuation as a proxy for suspended sediment 
mass [e.g. Fugate and Friedrichs, 2002].  In short, variability in attenuation caused by changes in particle size can 
be of similar magnitude to variability caused by changes in suspended particulate mass.  Without independent 
measurements of particle size, assigning variations in attenuation to mass or size is not possible [Mikkelsen and 
Pejrup, 2000].  Despite this potentially profound problem, transmissometers continue to be a reasonably 
accurate tool for estimating suspended sediment concentration, even when particle size varies [e.g. Bunt et al., 
1999; Mikkelsen and Pejrup, 2000; Boss et al., 2009b]. 
 
Particle aggregation offers a mechanism for resolving the paradox of small variability in cp:SPM

 

in the presence 
of large variability in particle size.  In theory, cp:SPM is not dependent on diameter if the fractal dimension of 
aggregates is equal to 2.  This result has been noted by several authors [Hill et al., 1994; Hatcher et al., 2001; 
Ganju et al., 2006; Curran et al., 2007].  Boss et al. [2009a] recently incorporated more realistic descriptions of 
particle geometry into an optical model of aggregates and applied it to a range of size distributions.  This 
theoretical work showed that the relative insensitivity of cp:SPM to particle size persists in more realistic 
suspensions.  In order to test this proposed explanation for the relative size invariance of cp:SPM, the objective 
of this research was to gather simultaneous, in situ measurements of attenuation, SPM, and particle size 
distribution over a range of forcing conditions in a coastal bottom boundary layer.  An article describing this 
work was recently accepted for publication (Hill et al., 2010, accepted). 
 
Methods 
The Modified IN Situ Size and Settling Column Tripod (MINSSECT) was deployed to measure cp, SPM and particle 
size distributions.  MINSSECT has a Sequoia Scientific LISST 100x Type B laser particle sizer and a Digital Floc 
Camera (DFC) to measure a range of particle diameters from approximately 2 µm to 4 cm.  The LISST also 
measures the beam attenuation coefficient, cp.  Size-versus-settling-velocity measurements are made with a 
digital video camera that images a slab of fluid in a settling column.  These measurements are used to estimate 
particle density as a function of particle size, which in turn allows estimation of SPM based on particle size 
distributions measured with the LISST and DFC.  A new addition to the MINSSECT is an in situ water filtration 
system (McLane Research Laboratories, Inc. Phytoplankton Sampler).  With this system, the accuracy of the 
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conversion from suspended volume to suspended mass can be evaluated by comparing estimated and observed 
SPM.  All instruments were mounted so the centers of the measuring volumes were located 1.2 m above the sea 
bed. 
 
MINSSECT was deployed at the 12-m offshore node of the Woods Hole Oceanographic Institution’s Martha’s 
Vineyard Coastal Observatory (MVCO) [Edson et al., 2001].  The core oceanographic sensors at the 12-m 
offshore node measure current profiles, waves, temperature, salinity, and near-bottom wave-orbital velocity 
and low-frequency currents. 
 
Five deployments of the MINSSECT occurred in September 2007.  During the deployments, prevailing winds 
were from the south (Figure 2), with periods of southerly winds separated by several days of northerly winds.  
The periods of northerly winds generally were associated with long, low-amplitude swell, while southerly winds 
produced shorter period, larger waves that reached significant wave heights near 2 meters.   
The LISST estimated the volume concentration of particles with diameters in the range 1.25 – 250 μm at 5-
minute intervals.  The distribution was divided into 32 logarithmically-spaced size bins with diameter midpoints 
of the bins ranging from 1.36 to 230 μm, herein referred to as Bins 1-32.  Assuming spherical geometry, the 
particle size distributions were converted to area and volume distributions.  The ratio of the intensity of the 
transmitted light in a sample to the intensity of light transmitted through a chamber of particle-free water was 
used to calculate the attenuation coefficient, cp. 
 
A digital floc camera (DFC) [Mikkelsen et al., 2004] captured silhouette still images of suspended particles every 
5 minutes, coincident with the LISST.  The particle areas in each image were converted to equivalent spherical 
volumes and apportioned into 35 logarithmically-spaced diameter bins that overlapped with Bins 23:32 of the 
LISST [Mikkelsen et al., 2004].  
 
The LISST and DFC particle size distributions overlapped across ten bins (Bins 23:32) with nominal diameters 
from 47.7 to 250 µm (Figure 3).  In this overlap region, concentrations from the DFC and LISST instruments did 
not agree precisely.  Merged size distributions were estimated by combining data from the LISST and DFC.  On a 
sample-by-sample basis, an overlap size bin was selected as the “merge bin” at which the two size distributions 
were joined.  Bins less than or equal to the merge bin were assigned concentrations from the LISST.  Bins greater 
than the merge bin were assigned concentrations from the DFC.  The merge bin was selected to minimize the 
difference between the beam attenuation measured by the LISST and two times the total particle area 
concentration of the resultant merged spectrum.  This method for merging assumes that the acceptance angle 
of the LISST is small enough to recognize light scattered from large particles in the very near forward as 
scattered rather than transmitted and that particles that are small with respect to the wavelength of light 
contribute little to light attenuation in suspension. 
 
The LISST and DFC together measured size distribution and cp at 5-min. intervals during extended deployments.  
It was not possible to gather direct observations of SPM at the same temporal resolution or over the same range 
of conditions.  Therefore, SPM was estimated from measured volume distributions by multiplying the volume 
concentration in each size bin by the density of a sphere with the nominal diameter of the size bin [Curran et al., 
2007].  Nominal densities were estimated by fitting a model [Khelifa and Hill, 2006] to in situ size-versus-settling-
velocity data.   
 
Accuracy of estimated SPMs was gauged by comparison with SPM measured from filtered samples.  These 
samples were collected with the McLane water transfer system, which filtered a specified volume of a 
suspension through one of 24 filters.  The intake for the transfer system was located at the same height as the 
other instruments, and the 24 samples were spaced equally throughout each deployment.   
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Results 
Weather at MVCO in September 2007 forced a range of values in particle size and in the beam attenuation 
coefficient (Figure 4).  Median particle size from merged spectra ranged from less than 10 µm up to 150 µm, and 
the beam attenuation ranged from approximately 1 to 15 m-1.  Large particle sizes and beam attenuation 
coefficients were associated with three resuspension events in the middle of the month that were forced by 
strong winds and large waves from the south (Figures 2 and 4).  During these events, peaks in combined wave 
and current seabed stress led peaks in median particle diameter and cp.  This pattern is associated with sediment 
limitation in the seabed [Wiberg et al., 1994].  In short, as stress builds, sediment fine enough to be resuspended 
is mixed into a bottom boundary layer that is thick because of the high stress.  High stress limits aggregate size, 
and a thick boundary layer combined with limited sediment availability causes lower values of cp.  As the stress 
wanes due to decreasing winds and waves, large aggregates form because of lowered stresses and elevated 
sediment concentration [Manning et al., 2006; Mikkelsen et al., 2006; Milligan et al., 2007; Xu et al. 2008].  The 
beam attenuation coefficient rises as sediment remains suspended but in a thinner boundary layer.  Eventually, 
median particle diameter and cp decrease to low values because of sedimentation at low stress [Manning et al., 
2006; Mikkelsen et al., 2006; Xu et al., 2008]. 
 
Measured SPM and SPM estimated with inputs generated from the size-settling velocity data are linearly related, 
but the slope of a best fit linear regression of estimated SPM on measured SPM equals 1.72 and is significantly 
greater than unity.   This result indicates that the method for estimating SPM from volume distributions over-
predicts the suspended particulate mass concentration.  Other studies comparing measured SPM and SPM 
estimated from size distributions have found similar results [Curran et al., 2002; 2004; Fox et al., 2004].  A 
reasonable explanation for over-estimation of SPM is application of an incorrect drag law that does not account 
for drag reduction caused by passage of fluid through large throats in loose particle aggregates [Li and Logan, 
1997].  Reduction of drag means that a fractal, porous and permeable aggregate will sink faster than an equal-
sized solid sphere of the same mass.  Failure to account for this effect results in overestimation of particle mass 
and density, and as a result, suspended particulate mass.  Accounting theoretically for reduced drag based on 
aggregate structure is not possible currently, so estimated SPM were corrected empirically by dividing by 1.72, 
which is the slope of the estimated versus measured SPM regression line.  This correction brings estimated and 
measured SPM into agreement over a large dynamic range (Figure 5). 
 
The relationship between cp and SPM is linear, with a slope plus or minus two standard deviations of 0.22 ±
0.0015 m2 g-1 (Figure 5).  The value of this slope, which is equal to cp:SPM, is in the general range of 0.2-0.6 m2 g-1 
found in the recent study by Boss et al. [2009b], although it is important to note that the acceptance angle of 
the SeaTech transmissometers used in the Boss study is significantly larger than the acceptance angle of this 
LISST.  Linearity applies over a large range of SPM and cp despite large variability in particle size.  When cp:SPM is 
plotted versus median diameter, it is apparent that, over a large size range, this ratio is relatively constant, 
varying only over a factor of about 2 (Figure 6).  When median diameters are small, however, cp:SPM values 
range over a factor of 10 (Figure 6).  These results indicate that variable particle size is not the primary factor in 
generating variability in cp:SPM, and they are consistent with theoretical and field work that place predicted 
values in the range of 0.2-0.6 [Boss et al., 2009a; 2009b].  Other factors must be responsible the wide range of 
literature values of cp:SPM. (see also discussion in Hill et al., 2010, accepted).    
 
A survey of the literature suggests that the most likely causes of variability are systematic measurement bias and 
particle composition.  Caution is necessary, therefore, in interpretation of optical data gathered from 
environments where composition varies widely.  Variability is evident in this data set when median particle sizes 
were small (Figure 6), which occurred when stresses were small, resuspension was absent, and biological 
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processes plus advection of coastal water masses determined the composition of particles in suspension.  Local 
resuspension events homogenized the particle composition and reduced the variability in cp:SPM.   
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Figure 5.  Literature values of cp:SPM plotted versus the maximum reported suspended sediment concentration during the study.  Note 
the general decrease in cp:SPM as maximum reported SPM increases.  This decrease is similar to the one reported by Baker and 
Lavelle[1984] as measurements moved from deep to shallow water. 
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Figure 6.  Forcing at Martha’s Vineyard Coastal Observatory during the 2007 deployment period.  From top to bottom, the panels show 
wind velocity, current velocity, water level, significant wave height, dominant wave period, and estimated combined wave plus 
current shear velocity.  Positive wind and current velocities are associated with flow from south to north. 
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Figure 7.  Example of a combined size distribution (solid gray line) generated by merging LISST (solid black line) and DFC (dotted line) 
data, accompanied by the associated disaggregated inorganic grain size (DIGS) distribution (dashed line) measured from filters of the 
suspension collected in situ and at the same time.  The merge bin between LISST and DFC distributions is chosen by comparing the 
projected area of the combined distribution to the beam attenuation coefficient.  The merge bin that gives a total projected particle 
area closest to twice the attenuation coefficient is selected.  Note that the LISST concentrations decrease at the upper end of the 
measured range, while the DFC concentrations increase over the same range.  This effect likely arises because the LISST sizes the 
components of large flocs, while the DFC recognizes the components as part of a larger aggregate.  The DIGS distribution suggests that 
the smallest particles in suspension are contained within larger aggregates, supporting the assumption (see text) that particles small 
with respect to the wavelength of light do not contribute significantly to attenuation. 
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Figure 8.  Median diameter (D50, top panel), beam attenuation coefficient (gray line, bottom panel), and the square of the wave plus 
current shear velocity (black line, bottom panel) at the 12-m node of MVCO plotted versus date.  Median diameter and the beam 
attenuation increase when stress increases, but with some lag.  The co-variation of stress, size and beam attenuation coefficient likely 
indicates that local resuspension is the source of suspended particles.  The lag is likely due to sediment limitation in the sea bed.  See 
text for details.  Note the order-of-magnitude ranges in beam attenuation coefficient and median diameter during the experiment.  
This range allows examination of the effect of particle size on cp:SPM over a broad range of conditions. 
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Figure 9.  Beam attenuation coefficient (cp) plotted versus suspended particulate mass (SPM).  Closed black circles are associated with 
values of SPM measured with the in-situ filtration system.  Open gray circles are values associated with SPM estimated every 5 
minutes from the merged size spectra and the size-settling velocity data.  To bring the data cloud of estimated SPM into line with 
measured SPM, estimated values had to be decreased by a factor of 0.58 (i.e. 1/1.72).  This adjustment accounts for the fact that 
modified form of Stokes drag used to calculate density over-estimates the actual drag due to flow through permeable aggregates.  The 
linearity of the relationship between cp and SPM over a broad range of values indicates cp:SPM does not vary widely during the course 

of the experiment.  The slope of the relationship plus or minus two standard deviations is 0.22 ± 0.0015 m2 g-1. 
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Figure 10.  .  The ratio cp:SPM plotted versus median particle size.  Closed black circles are associated with values of SPM measured 
with the in-situ filtration system.  Open gray circles are values associated with SPM estimated every 5 minutes from the merged size 
spectra and the size-settling velocity data.  When median particle size is small, cp:SPM is variable, but when median particle size grows 
larger than 10 µm, the value of cp:SPM is constrained between 0.2 and 0.4. 
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So far, there is no consensus on the real impact of lithogenic aerosols on particulate organic carbon (POC) fluxes 
in the ocean. The interaction between dissolved organic matter (DOM), POC aggregates and suspended ‘ballast’ 
minerals has recently been considered as a possible major control over POC flux. Indeed, mineral particles from 
extreme Saharan dust events may influence POC export by increasing the specific gravity of organic aggregates 
and thus sinking rates and by providing, through adsorption, physical protection to organic matter from 
remineralization. Such processes could thus have an important role on carbon export to the deep ocean: the 
present study aims at contributing to a better quantitative understanding of these processes. 
 
In the frame of the DUNE (a Dust experiment in a low Nutrient Ecosystem) project, 7 large mesocosms will be 
deployed in the Scandola Preservation area (Corsica) in summer 2010 with the aim to study in situ the response 
of an oligotrophic ecosystem to chemical atmospheric forcing. One of these mesocosms is devoted to follow the 
optical properties before and after an artificial seeding with Saharan dust. The light attenuation and 
backscattering coefficients and size distributions of suspended particles will be measured simultaneously inside 
and outside (control) the mesocosm between 0 (sub-surface) and 12 m. These optical measurements will be 
complemented by biogeochemical analyses (along the water column and in sediment traps) to follow the 
formation of aggregates and sink of particles and have an accurate vision of the fate of Saharan dust in the 
Mediterranean Sea.  
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Measurements of the particle size distribution in Arctic waters and its relation to seawater optical properties. 
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The size distribution of particles suspended in seawater is an important determinant of radiative transfer within 
the ocean, yet it is rarely measured in field studies.  We present measurements of the particle size distribution 
(PSD) in optically-complex coastal and offshore waters of the Arctic Ocean.  A laser diffractometer (LISST-100X) 
was used to provide in situ measurements of the PSD at high spatial resolution within the water column, and 
was complemented by high size-resolution Coulter counter measurements on discrete samples.  Particle 
concentration and the shape of the size distribution over the range of 1 to 200 micrometers were observed to 
be highly variable, ranging from relatively clear offshore waters with nearly featureless PSDs to turbid nearshore 
waters in which multiple peaks are discernible in the distribution.  We examine these measurements within the 
context of commonly used parameterizations of the PSD.  Our analyses indicate that the use of a single slope for 
the PSD over a broad size range is a poor description of the size distribution in many Arctic environments, and 
suggests that retrieval of the particle size distribution from optical measurements such as spectral 
backscattering is subject to large uncertainties. 
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Scattering properties of marine particles and their practical application. 
 

Oleg Kopelevich, PP Shirshov Institute of Oceanology, Russia 
 
The topics as follows will be discussed in the talk: 

• A variety of marine particles and their properties; 

• Main features of seawater light scattering; 

• Low-parametric models of seawater light scattering; 

• Inverse problems; 

• Remote sensing of seawater light scattering parameters; 

• Main unsolved problems and future prospects. 
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Particle aggregation is a key process affecting martial fluxes and biogeochemical cycles in the marine 
environment and affects the physical and chemical properties of marine particles. It is not well understood how 
aggregation affects the optical properties of marine particles.  We investigate the effect of particle aggregation 
on various scattering properties (total, back and side scattering) in coastal waters in the Southern North Sea. A 
series of disaggregation experiments were carried out on board the R.V. Belgica during sea campaigns in April, 
July and September 2010. A series of optical, physical and chemical properties of seawater suspensions is 
compared before and after particle disaggregation. The following parameters were recorded: (i) total, back and 
side scattering (using a WETLABS AC-S, ECO-VSF and a portable Hach Turbidimeter, respectively), (ii) particle size 
with a LISST 100X instrument, (iii) particle size and shape with a FlowCAM and (iv) concentrations of suspended 
matter, chlorophyll, particulate organic and inorganic carbon through filtrations. The results are used to explain 
variability in the mass specific total, back and side scattering coefficients in the coastal waters of the Southern 
North Sea.  
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Introduction 
An accurate measurement of suspended particle characteristics is crucial in ensuring the effective monitoring 
and modelling of the marine environment. The use of laser diffraction techniques is now common practice for 
the determination of a particle size distribution. The method relies on Mie Theory or an alternate algorithm to 
infer a particle size and concentration. However, these predictions have a number of significant restrictions. For 
example, Mie Theory assumes that the particles are spherical and of a known composition, and tested alternate 
algorithms do not cover the full range of particle sizes or types found within the marine environment (Agrawal 
et al., 2008). Various imaging techniques have proved that particles vary greatly in their shape and composition 
(Graham and Nimmo-Smith, 2010). As a result, there is significant uncertainty in the response of instruments 
based on laser diffraction when subjected to this diverse range of particles. 
 
A novel method for testing the validity of laser diffraction for the measurement of suspended particles is 
presented, using laboratory observations from a new integrated system. This system comprises of both digital 
in-line holography (Graham and Nimmo-Smith, 2010) and a LISST-100 (Agrawal and Pottsmith, 2000), to 
simultaneously record in-focus images of artificial and natural particles with their small-angle forward scattering 
signature. Results from the system can be compared with theoretical models of particle structure and scattering, 
and with field observations. This allows for further development of a reliable alternative to Mie Theory when 
using laser diffraction for the in-situ measurement of complex suspended particles. 
 
The combined system 
The integrated system consists of a purpose-built settling column that allows for collimated coherent light to be 
passed through the sample volume and for measurements to be taken simultaneously by a LISST-100 detector 
and a holographic camera. This is achieved using a beam splitter positioned between the two instruments. A 
schematic illustration of the combined holographic camera and LISST-100 system is shown in Figure 1. 

 
Figure 1: Schematic diagram of the combined LISST-100 and holographic camera system. 
 
The length of the sample volume for the combined system will be 2 cm. A sample volume longer than this could 
result in a vignetting effect from particles on the near-side of the sample volume, causing the larger angles of 
scattering to be lost. The width of the collimated laser beam will be approximately 4mm. The LISST-100 used for 
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the combined system is adapted from a type C instrument, which has a 120mm focal length and is able to record 
scattering angles from between approximately 0.053-8.98°. 
 

 
 
Figure 2: Photograph of the combined system. 

 
 

 
 

Figure 3: Optical setup for the LISST-100 part of the laboratory system. Length scales are in mm. The 10 degree 
limit for the scattered light from the edge of the laser beam are shown by the red lines. 
 
The practicalities of developing the combined system for deployment in a coastal environment would involve a 
excessive amount of engineering and testing. It is therefore likely that the laboratory system will be used for 
more extensive studies of varying types of particle, and that field deployments of the combined system will not 
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take place. However, once conclusions have been drawn from the laboratory analysis, the results may then be 
compared with field deployments in which the LISST-100 and holographic camera are used alongside each other. 
This will allow a suitable assessment of the performance of instruments that use laser diffraction to measure 
marine particles in-situ. 
 
 
Initial testing and preliminary results 
Initial tests were of sand grains of 45-300 μm. They were sieved into selected size ranges to reduce to width of 
the particle size distribution of each sample that was settled. A montage of the sand grains that were recorded 
by the holographic camera is shown by Figure 4.  
 

 
 
Figure 4: Montage of sand grains. Scale bar is 200 μm. 
 
The system records a time series, during which the samples of particles are dropped into the settling column and 
passed through the sample volume. An example of one of the time series recorded is shown in Figure 5. 
 

 
Figure 5: Time series recorded by the integrated system. The LISST-100 scattering shown has been normalized by 
the background scattering (ZScat). The frame rate was 10Hz. 
 
Data from the region at the start of each time series, where there are no particles in the sample volume, is used 
for normalization. For the LISST-100, the ZScat is taken to be the average of the scattering recorded during this 
time. The ZScat is then subtracted from the entire time series of LISST detector scattering measurements. The 
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background image used to normalize the holograms in the time series is taken from the same frames as the 
ZScat. This background image is subtracted from each hologram before processing. The reconstruction and 
processing of holographic images is described by Graham and Nimmo-Smith (2010). Data from this time series 
are then filtered to remove frames with unwanted data. For example, frames with very few particles or wide 
particle size distributions. The filtered data is then combined with data from other runs from different sieved 
sizes and binned according to the D50 for each frame. This allows for a comparison with Mie theory, for 
scattering intensities at each size bin and each angle range, as shown in Figure 6. 
 

 
 
Figure 6: Results from the combined system, showing the effect of particle size on scattering intensities recorded 
by the LISST-100 rings .The black line shows the position of the peak of the principle diffraction lobe as predicted 
by Mie Theory. 
 
Figure 6 clearly shows that as mean particle size increases, the angle of the principle diffraction lobe (PDL) 
decreases. The scattering intensities recorded fit closely to intensities predicted by Mie theory. The black line 
showing the theoretical peak of the PDL, lies close to the red colours of the graph at the majority of angles. 
There are, however, areas of clear deviations from the theoretical prediction of the PDL. 
 
The combination of both holographic images and small angle forward scattering signatures of varying types of 
particle, will allow for deviations between theoretical and observed scattering signatures to be explored in detail. 
This will further develop the current understanding of the performance of laser diffraction techniques when 
exposed to the wide variety of particles found within the marine environment. 
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The optical properties of coral reef waters can fluctuate substantially on time scales from hours to months due 
to tidal and wind driven sediment resuspension. Understanding this variation is important for improving remote 
sensing methods and understanding photobiological processes. Reef sediments are primarily aragonite crystals 
arising from erosion of calcifying reef fauna such as corals, sponges and algae. They are highly non-spherical 
consisting of elongated spicules, geometric crystals and complex aggregates across all scales from millimeters to 
sub-micrometer. Their scattering properties may therefore differ from Mie theory results and empirical data 
from other systems that underpin many instrumentation and modelling approaches, such as the use of Fournier-
Forand or Petzold’s phase functions in radiative transfer modelling. 
 
This presentation will describe the first steps in a study designed to evaluate the potential optical importance of 
non-sphericity in coral reef suspended sediments. A three-dimensional Finite Difference Time Domain (FDTD) 
numerical solution method is applied to elucidate the scattering properties of fine grain (< 5 µm) aragonite 
crystals. The FDTD method operates by propagating Maxwell’s equations across a discrete grid within which any 
arbitrary particle shape can be embedded. The method is computationally limited by the requirement for a grid 
resolution of around one twentieth of the wavelength of interest, but these computational demands can be 
substantially ameliorated by implementing the algorithm on the Graphic Processing Unit of a modern 
workstation. The methodology can also be applied in other environments where non-spherical particles are 
present, such as European coastal waters. 
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