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marked pebbles on two coarse-grained beaches during short fair-weather periods (Marina di Pisa and 
Portonovo, Italy) 
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RUOCCO, MATTEO; Bertoni D; Sarti G; Ciccarelli D: Mediterranean coastal dune systems: the role of 
sediment grain-size and geomorphology on plant communities 
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DAVIES, EMLYN; Nimmo-Smith A; Agrawal Y; Souza A: Evaluating the LISST-100 Response to 
Complex Marine Particles 
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AGRAWAL, YOGI; Mikkelsen O, Slade W: How does laser diffraction actually work, and what can you 
realistically expect from a laser diffraction measurement? 
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 PARTICLES AND METHODS II
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CARTWRIGHT, GRACE; Jarrell Smith S; Friedrichs CT; Fall KA: Evaluating the Capabilities of the 
Second Generation PICS Settling Column Floc Camera in a Muddy Tidal Estuary, York River, Virginia, 
USA 
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THORNE, PETER; MacDonald IT; Moate BD; Vincent CF: Acoustic Scattering By Flocculating 
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ADCP backscatter calibration in estuaries, using in-situ measurements of particle size distributions 
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  PARTICLE DYNAMICS III 
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 09.20-09.40 
MIKKELSEN, OLE; Agrawal YC: Grain Size Distribution and Sediment Flux Structure in a River Profile, 
Measured with a LISST-SL Instrument 

 09.40-10.00 
RENOSH, PR; Schmitt FG; Loisel H; Meriaux X; Sentchev: High frequency variability of particle size 
distributions and its dependency to turbulence in the optically complex coastal environment of the 
English Channel 

 10.00-10.20 
CROSS, JAIMIE; Nimmo-Smith WAM; Torres R; Hosegood PJ: Dispersal of phytoplankton populations 
in response to enhanced turbulent mixing in a shelf sea 
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 PARTICLE DYNAMICS IV

 10.50-11.20 
SHERWOOD, CHRIS; Dickhudt PJ; Boss ES: Particle dynamics inferred from frequent profiles of 
optical properties in the bottom boundary layer 

 11.20-11.40 
GRACIA, VICENTE; García M; Sospedra J; Grifoll M; Càceres I; Sánchez JF; Sánchez-Arcilla A:
Suspended sediment fluxes near the break zone under moderate energy conditions. 

 11.40-12.00 
RIBÓ, MARTA; van Haren H; Puig P: Analysis of the presence of internal waves on the Gulf of 
Valencia continental slope and their role with sediment transport 

 12.00-12.20 
SIMARRO, GONZALO; Guillén J; Puig P: Influence of the wave action on sediment resuspension at 
the outer shelf near Valencia (Spain): experimental evidences. 

 12.20-14.20  Lunch – on your own 

  

  PARTICLES AND THE ENVIRONMENT

 14.20-14.40 
FELIX, DAVID; Albayrak I, Boes R: Monitoring Suspended sediment in Turbine water by Laser 
Diffraction - Laboratory investigations for a case study in the Swiss Alps  

 14.40-15.00 
SERRA, TERESA; Colomer J; Pau C; Sala L: Monitoring the particle concentration for evaluating six 
tertiary treatments for wastewater reuse 
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RYMSZEWICS ANNA; O’Sullivan J; Bruen M; Turner J; Conroy E; Kelly-Quinn M: Suspended 
Sediment Fluxes and Water Quality - Pressures and Challenges in Ireland 
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 19.00-? Conference Dinner sponsored by Plymouth University. Preregistration required. 

  

FRIDAY 19 OCTOBER 2012 
  PARTICLES, BIOLOGY AND OPTICS 

 09.00-09.20 
KOPELEVICH, OLEG; Burenkov VI; Sheberstov SV; Vazyulya SV: Remote sensing of coccolithophore 
particles:  regional features 

 09.20-09.40 
ORTEGA-RETUERTA, EVA; Mestre M; Montserrat Sala M; Gasol JM: Dynamics and ecological 
implications of transparent exopolymer particles (TEP), a type of widespread microscopic organic 
particles, in the NW Mediterranean 

 09.40-10.00 
REYNOLDS, RICK; Stramski D; Ehn J; Zheng G; Tatarkiewicz J: relationships between particle 
backscattering, size distribution, and bulk composition in arctic waters 

 10.00-10.20 RÖTTGERS, RÜDIGER; Moate BD: Near-infrared light absorption by natural particles: a reappraisal. 
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SLADE, WAYNE; Agrawal YC; Mikkelsen OA: Measurement of optical scattering and polarization 
properties of irregular shaped sediment particles using the LISST-VSF 
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How laser diffraction actually works and – consequently – what you can 
expect from a LISST measurement 

 
Yogi Agrawal, Ole Mikkelsen 

 
Sequoia Scientific, Inc., 2700 Richards Road, Bellevue, WA, USA 

 
In the 17 years of experience with LISST instruments and laser diffraction, several 
lessons have become important for a synthesis. This paper will cover these. We will 
retrace the invention of the method, its underlying model being pure diffraction, the 
evolution to replace pure diffraction with Mie theory, and we will touch on a 
modification to Mie theory used by ‘industry’, by incorporating a large imaginary 
refractive index, to achieve simplification. We shall retrace shape effects to light 
scattering by particles, and their impact on inverted size distributions. We shall review 
interferences such as ambient light and scintillation. Noise and bias in measurements, 
limits of accuracy of measurement, vignetting, optical path-length considerations, lower 
and upper limits of measurable sizes and what determines them, sampling considerations 
and meaningful averaging are other topics to be covered. We shall cover how particles 
outside the size-range of LISST leak into measurements, what constitutes good data, and 
what are signs of bad data. The conversion from PSD to number density will be touched 
on. We shall discuss the big challenge for laboratory work: preparing a homogeneous 
suspension of coarse particles. Examples of results that are flawed, e.g. spikes in net 
scattering or in PSD, will be described. Our ongoing work in automating acceptance or 
rejection of a newly acquired background file will be presented. Finally, the ongoing 
development of a system to extend particle size to smaller sizes will be described. 



Evaluation of the influence of sediment absorption on ADCP backscatter calibration in 
estuaries, using in-situ measurements of particle size distributions 

 
Marius Becker1, Christian Maushake2, Christian Winter1 

 
Corresponding author: mbecker@marum.de, +49(0)421-218-65674 

 
1 MARUM Center for Environmental Research, Bremen University, Germany 

2 Bundesanstalt für Wasserbau, Hamburg, Germany 
 
Introduction: 
 
The German Federal Waterways Engineering and Research Institute (BAW) has taken 
significant effort in designing and optimising field measuring campaigns on the dynamics of 
suspended sediments in German estuaries, focussing on the interaction of hydrodynamic and 
sediment transport processes. Aiming towards the development of a standardized method to 
derive time series of suspended sediment flux during a tidal cycle, also for the evaluation of 
numerical models, ship based surveys were conducted in the Weser (2004) and Elbe 
estuaries (2006). Cross-sectional measurements with Acoustic Doppler Current Profilers 
(ADCP, 600 kHz) were combined with direct water sampling and in-situ particle size 
measurements (LISST), and optical backscatter profiling at several stations. ADCPs were 
used to acquire cross-sectional measurements of current velocity and acoustic echo intensity. 
Backscatter profiles were converted into profiles of suspended sediment concentration to 
calculate suspended sediment fluxes. Taking into account the significant amount of data 
involved, and also the variability of environmental parameters, measurements were 
conducted and processed following a standardized procedure. Water samples were collected 
every hour during the tidal cycle, to be analysed with respect to suspended sediment 
concentrations (SSC) and used for the calibration of acoustic backscatter, correcting for 
acoustic absorption due to suspended sediments.  
 
Results: 
 
The sediment absorption coefficient depends strongly on the particle size distribution, 
affecting the corrected backscatter. We evaluate the influence of the variability of LISST 
derived grain size distributions on the calculated suspended sediment flux. Using particle 
size distributions instead of one characteristic particle size to calculate the absorption 
coefficient improves the calibration, due to the influence of very fine particles, significantly 
contributing to the viscous absorption of acoustic energy, which is ignored using, e.g., the 
mean or median grain size. However, it is also shown, taking into account the acoustic 
frequency of 600 kHz, that the absorption effect of a suspension of more than 1 g/l over a 
range of several meters could not be corrected using standard parameterizations of the 
absorption coefficient (e.g., Urick, 1948). 



 
 

Figure 1: Characteristic particle size distributions, identified from LISST data, collected in 
the Weser estuary. Volume concentration is normalised with respect to 1 µl/l as the sum of 
all size classes.  
 

 
 

Figure 2: Contribution of each size class to the viscous sediment absorption. Types of 
particle size distributions are shown according to Figure 1. The grey curve presents the 
viscous sediment absorption coefficient for a homogeneous particle size distribution.  
 
The success of the calibration further depends on the dynamic range of SSC values covered 
by SSC reference measurements, since only a limited number of water samples could be 
collected during one individual calibration measurement. This aspect, being part of the 
measuring strategy, was also evaluated with respect to its influence on calculated suspended 
sediment fluxes. It was shown that the rejection of highly concentrated, near-bed samples for 
the calibration partly compensates the potentially insufficient correction of sediment 
absorption in presence of high concentrations. Thus, both the underestimation of backscatter 
in the lower part of the water column and the rejection of corresponding samples effect the 
calibration result.  



     
 
Figure 3: Backscatter calibration. Regression of backscatter and corresponding SSC values, 
derived from all water samples collected during the entire Weser campaign. On the left, 
highly concentrated near-bed samples are rejected.   
 
A comparison of results obtained from both estuaries, Weser and Elbe, shows that the 
influence of sediment absorption and the specific selection of samples for the calibration is 
more pronounced in presence of high SSC values in the Weser than in the lower 
concentrated Elbe estuary. 
 

 
 

Figure 4: Influence of low SSC values: ADCP backscatter calibration results compared to 
vertical OBS profiles. Markers encircled in black denote OBS measurements. The black line 
in right panel shows horizontally averaged ADCP derived SSC. Grey dots refer to 
horizontally averaged OBS measurements. 
 
 



 
 

Figure 5: Influence of high SSC values: ADCP backscatter calibration results compared to 
vertical OBS profiles.  
 

 

Figure 6: Maximum suspended sediment concentration and flux, measured in the Elbe 
estuary during ebb tide.  
 
A comparison of results obtained from both estuaries, Weser and Elbe, shows that the 
influence of sediment absorption and the specific selection of samples for the calibration is 
more pronounced in presence of high SSC values in the Weser than in the lower 
concentrated Elbe estuary. 
 
Finally, it is demonstrated that the high variability of the acoustic properties of suspended 
matter are taken into account only by the high rate of calibration measurements during the 
tidal cycle. Applying a calibration based on all water samples leads to strong deviations 
between ADCP derived SSC profile and OBS measurements. 
 



 
 

Figure 7: ADCP backscatter calibration results compared to vertical OBS profiles. 
Influence of water sample selection scheme: all samples used.  
 

 
 

Figure 8: ADCP backscatter calibration results compared to vertical OBS profiles. 
Influence of water sample selection scheme: samples used only from the respective 
calibration measurement.  
 
References: 
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On the displacement of marked pebbles on two coarse-grained beaches during short 
fair-weather periods (Marina di Pisa and Portonovo, Italy) 

 
Bertoni Duccio1, Ciavola Paolo2, Grottoli Edoardo2, Sarti Giovanni1, Benelli Giuliano3, 

Pozzebon Alessandro3 
 

1: Department of Earth Sciences, University of Pisa, Italy 
2: Department of Earth Sciences, University of Ferrara, Italy 

3: Department of Information Engineering, University of Siena, Italy 
 
The transport of particles along a shore is a paramount process when it comes to the 
evolution of a coastal environment. Factors affecting sediment displacement lead the 
morphodynamics of a given beach towards a state of erosion, equilibrium or expansion. A 
proper management of a littoral area cannot set aside an insight awareness of the influence 
that the processes acting on the nearshore exert on the sediments the beaches are composed 
of. For this reason particle transport is a topic that has been widely addressed in the scientific 
literature especially for sandy beaches (White, 1998; Ciavola, 2004). Only recently sediment 
movement on coarse-grained beaches has been matter of several research studies (Allan et al., 
2006; Curtiss et al., 2009; Bertoni et al., 2012): scientific productivity on this environment 
increased mostly because of new technical solutions that solved many of the logistic 
problems encountered  previously (Buscombe and Masselink, 2006; Bertoni et al., 2010). For 
instance, the chance to track individual pebbles by means of the RFID (Radio Frequency 
Identification) technique provided a major boost towards the definition of coarse sediments 
displacement on coarse-grained beaches (Allan et al., 2006; Bertoni et al., 2010). In addition, 
the use of gravel and pebble beaches as a form of coastal protection has progressively 
increased lately, because they are more resistant to wave action rather than sandy beaches. 
Thus, improving the knowledge about this environment is of great significance also to 
optimize future projects involving the construction of artificial coarse-grained beaches. 
 
The aim of this research was to define the transport pattern of marked pebbles on two coarse-
grained beaches during short, fair-weather spans of time (6 hours and 24 hours after the 
injection of the tracers). In fact, in the scientific literature there is the common belief that 
coarse sediments do not move when wave energy is low. The results of these experiments 
clearly demonstrate that coarse sediment displacement is active even when wave motion is 
barely appreciable. The tests were performed on two separate beaches to gather information 
from two sites that still maintain peculiar features: they had to be coarse-grained, confined, 
similar in terms of sea-weather conditions, and easily accessible. The chosen sites are 
Barbarossa beach (Tuscany, Italy) and Portonovo (Marche, Italy). Barbarossa beach is 
located 1 km south of Marina di Pisa, which is a small village close to Pisa (Fig. 1). The 
beach is 110 m long and 15-to-30 m wide; it is composed of 30-to-90 mm pebbles and is 
bound by two groins. The beachface is steep (about 11°), but the sea floor seawards of the 
step base is flat (about 1%, which is the typical value of this portion of the Ligurian Sea). The 
littoral drift along this sector of the coast is southward-trending (Cipriani et al., 2001). 
Portonovo beach is located south of the Conero Promontory, close to the city of Ancona (Fig. 
1). The beach is about 500 m long and 20-to-40 m wide; it is composed of mixed sediment, 
from coarse sand to pebbles. It is bound by large rocks and boulders to the south and by a 
promontory to the north; they both prevent sediments from leaving the system. The beachface 
is on average 9° steep (it varies from north to south of about 2°); the sea floor steepness 
seawards of the step base is 1%, which is consistent with the typical value of this portion of 
the Adriatic Sea. The littoral drift is northward-trending throughout this sector of the coast. 



 
The use of the RFID technology to track pebble movement enabled to reach unprecedented 
level of precision in determining coarse sediment transport along a beach. This technique 
proved to be inexpensive and reliable both in the subaerial portion of the beach (Allan et al., 
2006; Curtiss et al., 2009) and underwater (Bertoni et al., 2010). It consists of an antenna (the 
reader) transmitting a low-frequency, continuous radio signal, which is detected by a 
transponder (the tag) that is coupled to a pebble. The tag is unequivocally identified by a 
code that makes the pebble immediately identifiable. The antenna reading range is about 40 
cm; it decreases to 35 cm in the underwater environment. The tag was pasted to each pebble 
on the bottom of a small hole, which was then filled with glue and resin. The tracers were 
injected on the beach (15-16 September, 2011 at Barbarossa; 29-30 March, 2012 at 
Portonovo) along cross-shore transects, placing a pebble on the fair-weather berm, on the 
swash zone, and on the step crest. Two pebbles were released on the swash zone and on the 
step crest at Portonovo. The original positions of each tracer were recorded by means of an 
RTK-DGPS as well as the positions where they were found back during the samplings. The 
recovery campaigns were performed 6 and 24 hours after the injection, covering both the 
subaerial and underwater portion of the beaches. 
 
Sea-weather conditions at Barbarossa beach, recorded by a buoyant wavemeter offshore 
Marina di Pisa, were calm during the entire length of the experiment (Fig. 2). Wave height 
never exceeded 0.32 m, with an average height of 0.22 m. After the first recovery campaign 
(6 hours) 92% of the injected pebbles were detected (72 for 78); after the second survey (24 
hours) the recovery rate decreased to 85% (66 for 78). Extrapolating the recovery for the 
release position (Tab. 1), it is evident that the swash zone is the site where pebbles moved the 
most (19% and 27% of lost tracers after 6 and 24 hours respectively). The notion is further 
confirmed by the percentage of pebbles that moved more than 0.5 m, which is well over 60% 
already 6 hours after the injection (Tab. 2). 
 
Wave motion at Portonovo beach, recorded by an InterOcean S4 directional wave gauge, was 
virtually absent during the two days of the experiment (Fig. 3). The average wave height was 
barely 0.1 m, with a peak of 0.18 m. After the first survey (6 hours) 99% of the tracers were 
found back (144 for 145), but after 24 hours from the injection the recovery rate reached 93% 
of the total (135 for 145). Similarly to Marina di Pisa, the swash zone resulted to be the area 
characterized by the highest transport rate: 36% of the tracers released on the foreshore 
moved over 0.5 m just 6 hours after the injection (Tabs. 3, 4). Anyhow, 76% of the pebbles 
originally placed on the fair-weather berm showed displacement distance of over 0.5 m, 
which is the highest for Portonovo beach after 24 hours. 
 
The results enabled to better define the transport tendencies of coarse sediments on the study 
sites during short, fair-weather periods: first, the tracers underwent significant displacement 
already after 6 hours. In particular, the swash zone showed the highest transport rates: swash 
processes are active on these beaches even when wave motion is very low, determining 
considerable tracer movement. After the first recovery campaign (6 hours) the pebbles 
initially released on the swash zone shifted prevalently seawards both at Barbarossa and 
Portonovo. These tracers were quickly entrained by uprush and backwash fluxes: the latter is 
responsible of their seaward displacement. The slope of the beachface contributed to the 
seaward movement of the marked pebbles, which was triggered by the swash and then 
emphasized by gravity. Once the tracers reached the step crest, they usually settled there 
because no other process was able to further affect their transport under these low-energy 
sea-weather conditions. As a matter of fact, swash zone pebbles that showed displacement 



over 0.5 m after the second recovery campaign (24 hours) were less than those that reached 
that mark after 6 hours. After 24 hours tracer transport rate increased also on the other 
injection sites, the step and the fair-weather berm. This tendency is not caused by higher 
wave energy, rather by incessant swash action reworking the foreshore. For instance, the fair-
weather berm at Portonovo was eroded and then formed again by swash action: after 24 hours 
the pebbles that were released on the berm showed higher transport rate rather than after 6 
hours. They basically moved towards the step crest during the demolition of the berm. This 
trend was not as evident at Marina di Pisa, because the berm is composed by coarse 
sediments, hence more resistant to swash processes. The step crest resulted to be the area 
affected the least by any wave motion process: at Portonovo every tracer injected on the step 
was detected even after 24 hours. A southward-trending displacement can be reported at 
Portonovo beach analyzing the trajectories of the pebbles that moved the most: this is 
consistent with the wave direction during the time frame of the experiment (ENE, which 
determines the formation of a southward-trending drift). No peculiar tendency was reported 
at Barbarossa beach. 
 
The experiments performed demonstrated that pebbles are expected to move in short spans of 
time under very low-energy conditions (max wave height 0.32 at Marina di Pisa and 0.18 m 
at Portonovo). Swash processes are active and determine significant transport rates, 
especially on the tracers that were injected on the swash zone. Displacement direction fits 
with the incident angle of the incoming waves reported during the experiments. This notion 
might be helpful when managing coarse-grained beaches, since they were generally 
perceived as though no transport occurs during fair-weather periods. 
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Table 1 
Recovery rate after the first (6 hours) and the second (24 hours) survey at Barbarossa beach, 
sorted by the injection position of the pebbles. 

Injection position After 6 hours After 24 hours 

Fair-weather berm 100% 85% 

Swash zone 81% 73% 

Step 96% 96% 

Total 92% 85% 

 
 
Table 2 
Percentage of tracers that moved over 0.5 m after the first (6 hours) and the second (24 hours) 
survey at Barbarossa beach, sorted by the injection position of the pebbles. 

Injection position After 6 hours After 24 hours 

Fair-weather berm 8% 19% 

Swash zone 65% 69% 

Step 0% 35% 

Total 24% 41% 

 
 
Table 3 
Recovery rate after the first (6 hours) and the second (24 hours) survey at Portonovo beach, 
sorted by the injection position of the pebbles. 

Injection position After 6 hours After 24 hours 

Fair-weather berm 97% 83% 

Swash zone 100% 91% 

Step 100% 100% 

Total 99% 93% 

 
 
Table 4 
Percentage of tracers that moved over 0.5 m after the first (6 hours) and the second (24 hours) 
survey at Portonovo beach, sorted by the injection position of the pebbles. 

Injection position After 6 hours After 24 hours 

Fair-weather berm 14% 76% 

Swash zone 36% 50% 

Step 0% 10% 

Total 17% 39% 

 



 
 
Fig. 1 – Location map of the experiment sites. Marina di Pisa is located on the western side 
of the Italian Peninsula, Portonovo on the eastern side. 
 
 

 
 
Fig. 2 – Wave height plot during the experiment performed at Barbarossa beach, Marina di 
Pisa. 
 
 

 
 
Fig. 3 – Wave height plot during the experiment performed at Portonovo beach. 



Evaluating the Capabilities of the Second Generation PICS Settling Column Floc 
Camera in a Muddy Tidal Estuary, York River, Virginia, USA 

 
Grace M. Cartwright*1, S. Jarrell Smith2, Carl T. Friedrichs1, Kelsey A. Fall1 

 
1Virginia Institute of Marine Science, The College of William and Mary, PO Box 1346, 
Gloucester Point, VA, 23062-1346 
2U.S. Army Engineer Research and Development Center, 3909 Halls Ferry Road, 
Vicksburg, Mississippi, 39180-6199 
	
  
	
  

 
Figure 1.  A) First generation PICS camera mounted on profiling frame with ADV, LISST 100X, CTD and 
submersible pump with inlet at instrument’s sampling height. B) Settling column schematic indicating 
sample collection and image analysis positions and C) schematic of camera, settling column cross section 
and LED lighting (Smith and Friedrichs, 2010)	
  
	
  
	
  
The Particle Imaging Camera System (PICS) developed by Smith and Friedrichs (2011, 
2012) is a high definition video camera system that is used to measure particle size 
distribution and settling velocity of the component particles (Figure 1A). It has been 
designed to have a single chamber the current is allowed to flow through until the sample 
is captured by closing the ball valves at each end. After sampling, the 5-cm (inside 
diameter) chamber is mechanically turned to a vertical position to become a settling 
column (Figure 1B).  During periods of weak currents, less than 15 cm/s, the ball valves 
are closed to collect the sample with the column already in the vertical position as soon as 
the profiler reaches the desired sample depth. The camera and LED light source array are 
located on the bottom half of the column (Figure 1C). The turbulence is allowed to 
dissipate for approximately 15-30 sec and a 30 second image is collected.  
 
The first generation PICS utilizes a monochrome Prosilica CV1280 Fdigital video camera 
which collects non-interlaced video with 1280 X 1024 pixel resolution at up to 20 fps 
with 10 bit resolution, allowing resolution of a size distribution ranging between 30 and 
~1000 µm. The length of the settling column above the imaging plane and strobe duration 
permits resolution of settling velocities between 0 and 15 mm/s (Smith and Friedrichs, 
2010).  The video camera utilized by the second generation PICS is a Prosilica/AVT 



GC1380 with 1024x1380   pixel resolution at up to 20 fps. Improvements to the design of 
the system include optical glass instead of clear acrylic for the windows and laser diodes 
for the light source. The laser diodes provide a uniformly thin, ~1mm, strobed sheet of 
light. These modifications are expected to improve the quality of the images. The new 
machined aluminum camera/ light source housing has reduced the weight of the new 
PICS to less than 20 lbs, compared to the nearly 100 lbs of the original design. 
	
  
Images are logged in raw, digital format through Norpix Steampix 5 software. The 
images are then processed utilizing Matlab’s Image Processing Toolbox. The large 
particles (diameter, d>30 µm) are tracked by Particle Tracking Velocimetry (PTV) 
methods described by Smith and Friedrichs, 2012.  The automated process of tracking the 
particles makes collection of long sampling records possible and allows for a large 
number of particles to be tracked. This provides better statistical characterization of size, 
settling velocity and density of particle populations, especially of relatively low abundant 
large macroflocs (d> 150 µm), which can account for a large percentage of the total 
volume concentration in suspension (Smith and Friedrichs, 2012). 
 

 
Figure 2.  Time-series velocities for the 200 µm particle size class of a sample series. Vectors indicate 
particle velocity (red), local fluid velocity (blue), and net (settling) velocity (black) (Smith and Friedrichs, 
2012). 
 
Turbulence introduced during sample capture, thermally induced circulation, volume 
displacement of settling particles, and motion of the settling column all create fluid 
motion within the sampling tube and interfere with the measurement of settling velocity 
of the particles. Smith and Friedrichs (2012) describe the automated Particle Image 
Velocimetry (PIV) method used by PICS to estimate the space- and time-variant fluid 
velocity fields through which the larger particles settle. The smallest detected particles 
(d<30 µm) are used as natural tracers to estimate the local fluid velocity (Figure 2). The 
local fluid velocity is subtracted from the velocity of each larger detected particle (d>30 
µm) to determine the net settling velocity of each larger particle. The PTV-PIV 
automated image processing frees the PICS from needing a stable platform as required by 
most settling velocity systems and allows sample collection throughout the whole water 
column. 
 



For this study, however, the PICS will be mounted on a profiler/lander (as pictured in 
Figure 1A) that will be kept on the bottom throughout a tidal cycle.  This is necessary in 
order for comparison of the settling velocities collected by the PICS with the bulk settling 
velocity estimated by the ADV mounted on the profiler. Field observations suggest that 
the ADV does a reasonable job of estimating the bulk settling velocity of the sediment in 
suspension at the ADV sample volume height (Cartwright et al, 2011; Fall, 2012), but 
there has not been any direct in-situ verification of these observations utilizing 
independent, co-located measurements. Figure 3A shows an example of the ADV bulk 
settling velocity, Ws, estimated by the slope of the burst average concentration, <C>, 
calculated from ADV acoustic backscatter (calibrated using suspended solids 
concentrations from pumped water samples) as a function of the ADV turbulent Reynolds 
flux of concentration, <w’C’>.  Figure 3B shows 3.5-day averages of bulk settling 
velocities calculated based on the type of fit from Figure 3A for data collected by ADVs 
mounted on tripods deployed in the York River, VA as part of the MUDBED project. 
 

 
Figure 3.  A) Example of ADV bulk settling velocity determined for each sample burst. B) Example time 
period of 3.5-day averages of bulk settling velocities calculated based on the type of fit from Figure 3A for 
data collected by ADVs mounted on tripods deployed in the York River, VA as part of the MUDBED 
project. 
 
The field site for this study will be near the tripod currently deployed at the MUDBED 
long-term observing site near Clay Bank in the York River estuary. The profiler/lander 
will be equipped with not only the PICS and an ADV, but also a LISST 100X and a 
submersible pump to collect water samples to be filtered for total suspended solids (TSS).  
The LISST 100X will be used to independently assess the size distributions measured by 
the PICS. The study will be conducted soon after the delivery of the second generation 
PICS, which is expected by the end of September 2012. Throughout a tidal cycle, 10 
minute bursts every 15 minutes will be collected with the ADV and LISST. Water 
samples and PICS samples will be collected as often as possible. 
 
Comparisons will be made of (i) the LISST and PICS size distributions, (ii) the PICS and 
ADV settling velocities, and (iii) the PICS and pump sample concentrations. The size 
distribution results are not expected to be exact since the LISST size range is 2.5 – 500 
µm, and the PICS range is 30-1000 µm. But within the overlapping range, the response is 
expected to be similar. The PICS settling velocities is expected to be much better 
resolved than the ADV’s estimate, since the ADV provides only a single bulk settling 
velocity for all the sediment in its sampling volume during a given burst.  
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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 energy associated with tidal activity is dissipated. Turbulence, be it generated close to
the seabed, at the surface or by internal processes, may have a controlling influence on
the movement and distribution of plankton, acting to keep non-motile phytoplankton in
suspension. Turbulence also acts against stratification to mix nutrients across density gra-
dients, so turbulent patches within the seasonal thermocline may also be sites of enhanced
primary productivity.

Presented here are intensive in situ observations carried out at station L4, a site main-
tained by Plymouth Marine Laboratory as part of the Western Channel Observatory, dur-
ing a single tidal cycle in September 2010. Using a free-falling Microstructure Sensor
(MSS), parameters of turbulence were measured and identified, along with simultaneous
measurements of the number and distribution of phytoplankton throughout the water col-
umn using an in-line holographic imaging system. Both instruments are deployed on an
hourly basis, near-simultaneously, with six or seven profiles from the MSS and a single
profile from the holocam. This is carried out in a Lagrangian reference frame across an
operational window of 12 hours, following a drifting float upon which the vessel reposi-
tions every hour, allowing for the observation of a single water mass.

Increased surface mixing in the form of enhanced wind stress and surface waves re-
sults in the partial erosion of the weak thermocline at the mid-point of the survey. The
potential energy anomaly (PEA), φ, represents the amount of energy required to bring
about a completely mixed water column. Figure 1(d) illustrates this injection of energy
into the system, resulting in the observed reduction of around 7 J m−3.



Figure 1: Water column structure and other measured parameters for the survey in
September 2010. Plot (a) shows density, σT , (b) Fluorescence, (c) Turbidity and (d) the
mean Potential Energy Anomaly (+/- 1S.D). The vertical dashed line indicates the time of
HW.

Observations from the fluorescence sensor on the MSS indicate that the increased
mixing has impacted upon the phytoplankton population responsible for the relatively
strong signal between the depths of 10-20 m (Figure 1b). The elevated level of turbu-
lence progresses vertically down through the water column, dispersing the phytoplankton
population from its previous maximum concentration.

The phytoplankton population at L4 is dominated by chain-forming diatoms, where
for the purpose of this analysis we considered a single particle to be ≥ 200 µm in size.
Counts were obtained from all particles above this threshold and binned into 5 m depth
intervals, whereupon the average number was calculated for each bin (Figure 2). The
marked difference between the two periods reflect the fluorescence signal, where there is
an occasional factor of two difference across several depths. The question remains, what
has happened to the phytoplankton population?

We can look at two ways of providing an answer. Firstly, when examining the number
distribution (ND) for each time point, we observed that a measurable a difference exists
(Figure 3a). At 10:00, a greater number of larger particles are present, coupled with fewer
smaller particles. This situation is reversed at 16:00. The suggestion is, therefore, that the
increased turbulence is having the effect of breaking the diatoms into smaller particles,
smaller than the threshold of 200 µm we used for the counts, thus contributing to the
observed reduction in the phytoplankton population.

Secondly, we determined that the composition of the particles is also changing (Figure
3b). In calculating the ratio of non-plankton to plankton particles, where values � 1
indicate a dominance of phytoplankton and vice versa, we observed that for the latter
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Figure 2: Phytoplankton counts before and during the enhanced period of surface mixing.
The two selected time periods are as illustrated.

part of the survey values of the ratio were higher, suggesting the increased presence of
non-plankton particles. As such, there is also a contribution to the reduction in the counts
resulting from turbulence aggregating the particles, altering their classification under our
scheme from a phytoplankton to a non-plankton particle.

Figure 3: Number distribution (a) and ratio of non-plankton to phytoplankton (b) for the
selected periods of interest.

In using holographic imaging, the observations reported here demonstrate that it is
now possible to directly evaluate the impact of short-term vigorous mixing on suspended
biological particles.

3



Evaluating the LISST-100 Response to Complex Marine Particles 
 

Davies, Emlyn1*; Nimmo-Smith, Alex1; Agrawal, Yogesh2; Souza Alejandro3 
 

1Plymouth University School of Marine Science & Engineering, Plymouth University, Plymouth, 
Devon, PL48AA, United Kingdom; 2Sequoia Scientific Inc., Bellevue, WA, 98005, United States; 

3National Oceanography Centre, Liverpool, Merseyside, L35DA, United Kingdom. 
*Email: emlyn.davies@plymouth.ac.uk 

 
A laboratory system capable of simultaneously measuring forward-angle scattering from the 
LISST-100x (type c) and holographic imaging of particles has been used to assess the instrument 
responses from particles of varying size and complexity. Here we present an evaluation of the 
LISST-100 response to complex marine particles using both the combined laboratory system and 
in-situ data where both instruments were deployed alongside each other on a bed-mounted frame. 
 
Figure 1 shows a montage of reconstructed particles extracted from the Menai Strait (Wales) and 
recorded by the laboratory system. Large variability in the size and complexity of the particles 
measured can be observed. 
 

 
Fig 1: Montage of randomly selected particle images obtained from the reconstructed holograms 
during the sample runs. The scale-bar is 500μm. All particles shown were interpreted as having 

equivalent circular diameters less than 500μm. 
 
Examples of forward scattering recorded from these complex particles in the settling column of the 
laboratory system are shown in Figure 2(a-c). There is good agreement between the positions of the 
principal peaks in both the observed and predicted scattering functions (which were informed 



through measurements from the holographic camera). However, all three examples of scattering 
observations show sharp oscillations in intensities on alternate rings of the LISST-100 detectors, an 
effect which is characteristic of scattering that is azimuthally asymmetrical. Asymmetry in 
scattering such as this is expected when non-spherical particles are in fixed orientations during 
settling. 
 
The scattering recorded by the LISST-100 was inverted using both the spherical and random-shape 
inversion matrices published by Sequoia Scientific Inc. Figure 2(d-f) shows that despite the highly 
variable and complex scattering functions observed, there is relatively good agreement between the 
size distributions from both inverted LISST-100 scattering and the distribution of equivalent 
circular diameters from the holographic camera. 
 

 
Fig 2: Examples of observations of forward scattering recorded by the LISST-100 alongside Mie 
predictions informed from the holographic camera (a-c), the associated volume distributions are 

shown in plots d-f, and a representative processed holographic image of the scatterers in plots g-i. 
 
Further to testing complex particles in a settling column, where particles were in constant 
orientations, the LISST-HOLO and LISST-100x (type C) were deployed together on a bed-mounted 
frame in the Menai Strait during the same period in which the laboratory studies were conducted. 
Average number distributions from a 16hr segment of the deployment are shown in Figure 3, using 
the random-shape inversion of LISST scattering and three primary dimensions measured with the 
holographic camera. 
  



 
Fig 3: Particle number distributions from the inversion of LISST-100 scattering and holographic 
camera measurements of equivalent circular diameter (ECD), major axis length and minor axis 

length. 
 

When comparing the particle size distributions obtained from digital holography to that which was 
inverted from LISST-100 scattering measurements, the apparent number of small particles (<50µm) 
reported by the LISST-100 is much greater than the number present in reconstructed holograms for 
all three of the primary dimensions. These large numbers of small particles reported by the LISST-
100 may be attributed to additional scattering from small geometrical components within each 
particle - an effect which becomes apparent only when multiple particle orientations produce 
scattering that becomes more azimuthally symmetrical. The additional scattering caused by this 
effect may be estimated by packing circles, representative of multiple small scales within the 
structure of a particle, into the projected area of the particle. The number distribution associated 
with this prediction is shown in Figure 4. 
 

 
Fig 4: a) Number distributions from the LISST-100, alongside the combined equivalent circular 

diameter and circle-packed distributions from holography; b) Scattering  phase function 
recorded by the LISST-100 alongside predicted phase functions from Mie Theory, using the 

combined ECD and circle-packed size distribution. 
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Abstract 
A portable laser diffractometer (LISST-100X Type C with 90% path reduction module) was 
tested on well-defined suspensions of quartz fine sand, feldspar and mica powder in a mixing 
tank. The tests serve as a basis for an on-going case study on hydro-abrasive wear at turbines 
in a granite rock environment in the Swiss Alps. Particles size distributions (PSDs) from a 
non-portable laser diffractometer and suspended sediment mass concentrations (SSCs) deter-
mined by weighing of dried suspension samples were used as a reference. 
Results of first data analysis show that the LISST with the corresponding software (inversion 
method for irregular shaped particles) provides useful estimates of PSD and SSC up to SSCs 
of a few g/l. However, particles smaller than the lower measurement range of the LISST, 
called ‘fine out of range particle, may bias the PSDs mainly at lower size bins resulting in 
overestimated SSCs. For the tested suspensions the coarser fractions within the PSDs were 
underestimated. The existence of mica in suspended sediment leads to a significant over-
estimation of SSC since its flaky shape differs strongly from the angular or rounded shape of 
the other tested particles and from the particle shape assumed in the inversion method.  
 
Introduction 
Hydro-abrasive wear at turbines and steel hydraulics parts due to suspended mineral particles 
in the water can lead to substantial maintenance costs and significant negative impacts on 
power generation and revenue at hydroelectric power plants (HPP), particularly at high-head 
run-of-river type plants in glaciated catchment areas with igneous rocks such as granite. For 
well-balanced plant design and operation there is still a need for improved design knowledge 
and adequate real-time measuring systems to monitor suspended sediment at prototype 
conditions. 
In order to address these problems, VAW of ETH Zurich initiated an interdisciplinary 
research project in cooperation with Hochschule Luzern and industry partners, based on 
experience obtained at a HPP in Austria (Boes 2009). The present project focusses on the 
investigation of hydro-abrasive wear at the existing high-head HPP Fieschertal, in Upper 
Valais, Switzerland. Severe hydro-abrasive wear at needles, nozzles and runners of the two 
32 MW-Pelton units has been observed since the plant was built in 1976. Although hard 
coating of turbines and other hydraulics parts reduced the extent of the damages, sediment 
handling as well as optimized operation and maintenance of the HPP remain an important 
economic issue. Increased yield of fine sediment is expected in the Alps due to the glacier 
retreat which leaves open surfaces prone to erosion. 
The project consists of periodic inspection of turbines, monitoring of their efficiency and the 
continuous on-site monitoring of the concentration (SSC) and particle size distribution (PSD) 
of the suspended sediment in the power waterway. This paper is related to the latter task with 
focus on the application of laser diffraction. 
 
Monitoring suspended sediment 
Up to recent years, particle size distribution could only be obtained by analysing bottled 
samples in a laboratory. However, recently developed portable laser diffraction and trans-
missiometry (LISST) offers a great advantage of continuous measurements of both SSC and 



PSD in comparison to other optical or acoustic methods available for field application. Data 
evaluation of such devices suffers usually from unknown effects of particle size, colour or 
composition, which may vary in time. 
Among the available portable laser diffraction devices a LISST-100X, Typ C (from Sequoia 
Scientific Inc.) with a particle size measuring range from 2.5 to 500 micrometers was 
selected. This submersible instrument can also be used for investigations of suspended 
sediment in reservoirs and desilting facilities. In order to extend the range of measurable 
concentrations the optical path length was reduced from 50 mm to 5 mm by insertion of a 
90%-path reduction module. 
In addition to LISST, turbidimeters and ultrasonic sensors as used for acoustic discharge 
measurements (ADM) in HPPs are included in this study for a cross-comparison of their 
measuring capabilities. 
 
Laboratory tests: method, experimental set-up and used particles 
Prior to the field study the devices for suspended sediment monitoring were tested in a 
mixing tank in the hydraulic laboratory at Hochschule Luzern, Competence Centre for Fluid 
Mechanics and Hydro Machines. In a tank equipped with a stirrer (Fig. 1) various sus-
pensions were prepared of water and mineral particles. Starting from a zero measurement in 
drinking water the concentration was stepwise increased from 0.1 g/l to up to 50 g/l 
(depending on the type of particles) and measurements were done simultaneously with all 
devices involved until the SSC-measuring range of all devices was exceeded. 
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Fig. 1: Mixing tank in the hydraulic laboratory with optical and acoustic devices for 
measuring suspended sediment, left plan view and right vertical section 

 
The suspended sediment at the case study site is estimated to consist of approximately 20 % 
quartz, 50 % feldspar and 30 % mica, i.e. the main components of granite rock. For the 
laboratory tests particles from industrial applications (quartz fine sand; quartz, feldspar and 
mica powder; glass beads) and from the study site (natural silt) were used. 
The results of the LISST measurements performed in suspensions of quartz fine sand, 
feldspar and mica powder are presented in the following. These particles have rounded 
(natural sand), angular (from grinding) and flaky shapes, respectively (Fig. 2). 
From the LISST measurements PSDs and SSCs were calculated using the inversion method 
for “irregular shaped” particles (Agrawal et al. 2008). PSDs measured by a non-portable laser 
diffractometer (Horiba) at the geotechnical laboratory of ETH Zurich were taken as a 
reference. Reference SSCs were determined by weighing of suspension samples before and 
after drying in an oven, deducting dissolved solids from the residue. 
 



 
Fig. 2: Examples of mineral particles used in the lab 

 
First results of laboratory tests and discussion 
Fig. 3 shows time-averaged PSDs measured by LISST at 1 Hz for 100 s at a nominal SSC of 
1 g/l (solid lines) in comparison to the reference PSDs (dotted lines) for three types of 
particles. The PSDs measured by LISST match approximately with the reference PSDs: the 
range of d50 and the width of the PSDs were recognized for fine sand as well for powders in 
the range of coarse silt. The PSD of feldspar powder, whose left end touches the lower limit 
of measureable sizes, is biased by “fine out of range particles” (Andrews et al. 2011). These 
are particles with a diameter smaller than the lower limit of measurable sizes. The PSDs of 
quartz fine sand and the feldspar powder show that the LISST underestimates the proportion 
of coarser particles within the PSDs. For the mica powder, the LISST provides a finer PSD 
than the reference method. It should be noted that for the flaky shape of mica particles the 
definition of the particle diameter is not obvious and it was not possible to the check the 
accuracy of the reference PSDs, since in contrast to SSC no primary measuring method is 
available. 

 

 
Fig. 3: PSDs measured by LISST and by the reference device  

(non-portable laser diffraction, dotted lines) 
 

The relationships between SSCs measured by LISST and the reference SSCs are shown in 
Fig. 4 for the three types of particles. Plotted values are the time-averages of 100 measure-
ments per concentration level at 1 Hz. For the conversion of volume concentration to mass 
concentration (SSC) a density of 2.65 kg/l (standard value for quartz) was assumed for all 
materials, leading to an error of presumably less than 5%. 

LISST measuring range: 2.5 - 500 m 



The p for fine quartz sand are generally in good agreement with the 1:1-line. It should be 
noted that no custom calibration was applied and the SSC in the tank is subject to possibly 
incomplete mixing. For feldspar powder, the LISST SSCs correspond to the expected SSCs at 
lower concentrations, but LISST increasingly overestimates SSCs at higher concentrations. 
This is probably related to the effect of “fine out of range particles”, which may bias the 
inversion and becomes more pronounced as the SSC approaches the upper measurement limit 
of the LISST. For the mica powder however, the deviation of the LISST SCCs from the 1:1 
line is significantly high (overestimation by a factor of about 6), what can be attributed to the 
flaky shape of particles producing over-proportional scattering. 
 

 
Fig. 4: SSC determined by LISST as a function of reference SSC 

 
Conclusions 
The measuring performance of LISST for suspended sediment monitoring was assessed and 
the first results for three kinds of mineral particles are presented. The results show that LISST 
allows capturing PSDs and SSCs for particles in the range of silt to fine sand at concen-
trations of a few g/l. With particles smaller than the lower limit of the measuring range of the 
LISST, PSD may be biased mainly at lower size bins and SSC tends to be overestimated. 
First results indicate further that the coarser fractions within PSDs are underestimated. The 
existence of mica in suspended sediment may lead to a considerable overestimation of SSC 
(factor of 6). This is attributed to the flaky shape of mica which differs greatly from the 
rounded or angular shape of the other particles and from the currently assumed particle shape 
in the calculation model. 
 
Outlook 
After the laboratory tests were completed, the LISST and the turbidimeters were installed in 
the HPP of Fieschertal in July 2012. The devices were placed in the valve chamber at the top 
of the penstock. A sampling pipe feeds the devices with sediment-laden water taken from the 
axis of the penstock. An automatic water sampler in the valve chamber is installed to collect 
samples of the sediment-laden water. The laboratory analysis of these water samples will be 
used for the interpretation (calibration) of the recorded data in order to estimate the sediment 
flux in the penstock. 



As far as turbine abrasion is concerned, mica is not harmful since its hardness is lower than 
that of steel. However, the existence of mica particles in the water may cause overestimation 
of SSC and must therefore be taken into account in the determination of SCC. The recorded 
LISST data will be further evaluated (e.g. upper SSC measurement limits of LISST for 
different particle size distributions, shapes and materials). 
The field data recorded so far, including a period of high suspended sediment concentration 
during a major thunderstorm in July 2012, will be evaluated. In view of the damages 
observed on the turbine runners after the thunderstorm, the option of temporary turbine 
shutdowns for some hours during extreme sediment peaks shall be further investigated 
towards the determination of economically balanced switch-off criteria on SSC and possibly 
particle size. 
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Suspended Particulate Matter (SPM) mediates many bio-physico-chemical processes in marine 
environments (Lee et al. 2011; 2012). A wide variety of biomass and sediment particles, 
including clays, silts, sands, phytoplankton, microorganisms and biological debris, composes 
SPM (Droppo 2001). Such biomass and sediment particles interact interact each other, and 
flocculation combines them into larger aggregate (Maggi 2009). The biomass-sediment 
interactions and SPM dynamics are important as they control the sediment, carbon and nitrogen 
storage capacity of coastal marine systems (Herbert 1999). They are of particular interest in 
relation to ecosystem functions and eutrophication (Cloern 2001; Simon et al. 2002). Human 
activities cause excess supply of nutrient to coastal zones and thus alter the carbon cycle and the 
ecosystem functioning (Borges and Gypens 2010).  

Notwithstanding their importance, the biomass-sediment interactions and SPM dynamics has 
not been fully understood in coastal and marine area. This research, therefore, has been purposed 
to elucidate the biomass-sediment interactions and their impact on SPM dynamics in the Belgian 
coastal zone. The Belgian coastal zone is eutrophic and characterized by high SPM 
concentrations. The major part of nutrients is delivered in the Belgian coastal zone by the Scheldt 
estuary (Brion et al. 2008). The yearly cycle of phytoplankton bloom starts in early spring with a 
diatom bloom (Rousseau et al. 2002) and shifts towards a phaeocystis bloom in April and May 
(Lancelot et al. 1987). Diatoms and phaeocystis are disappearing in the water column in June, 
probably caused by a shortage in nutrients and an increased predation pressure of heterotrophic 
plankton species (Rousseau et al. 2002, Daro et al. 2006). The most important sources of SPM 
are the French rivers discharging into the English Channel, coastal erosion of the Cretaceous 
cliffs at Cap Gris-Nez and Cap Blanc-Nez (France) and the erosion of nearshore Holocene mud 
deposits (Fettweis et al. 2007).  

We compared variation of SPM dynamics in a coastal turbidity maximum zone (CTM) and 
an off-shore zone (low SPM concentration), with paying attention to the biomass-sediment 
interactions. The CTM is characterized by a relative lower concentration of Particulate Organic 
Carbon (POC) vs. SPM concentration than in the off-shore zone (Fettweis et al. 2006). Particle 
size distribution (PSD) in the CTM skewed towards smaller sizes at high flow intensity and to a 
larger size at low flow intensity. However, PSDs in the off-shore area remained constant during 
an entire tidal cycle, while consistently skewing toward a larger size. The aggregates in the off-
shore zone are large but light, fluffy marine snow rather than dense, spherical bio-mineral 
aggregates in TMZ.  

The seasonal variation of SPM dynamics in the coastal CTM was purposed to assess how the 
seasonal change of biological activity, especially during algae bloom periods, affects the 
biomass-sediment interactions and SPM dynamics. Enhanced biological activity in an algae 
bloom period has been reported to reduce erosion and resuspension of mud deposits (Vos et al. 



1988). Therefore, we presume that most of sediments might be kept in a fluid-mud layer or a 
consolidated mud deposit (Fettweis et al. 2012). The SPM and POC concentrations during an 
algae bloom period did not show a clear up-and-down trend (Figure 1a). Aggregates found in the 
CTM during the algae bloom period were found to be 2 to 3 times larger than aggregates 
measured at the same site four month months later (Figure 1b). Irrespective of large size, 
aggregates in the algae bloom period of CTM seemed floating around without a clear sign of 
downward settling, like those in offshore zones. This observation indicates that aggregates in an 
algae bloom period of the CTM or the offshore areas are light, less settleable than aggregates in a 
regular period of CTM. Therefore, we propose two different types of aggregates, (1) sediment-
enriched, dense and settleable bio-mineral aggregates in CTM and (2) biomass-enriched, light 
and hardly settleable marine snow in an algal bloom period of CTM or in offshore zones (Figure 
2).  

To the authors' opinion, heterogeneous composition of marine aggregates should be 
considered for setting up a rigorous aggregate-organizing model for bio-mineral aggregates and 
marine snow and for correctly simulating the fate and transport of biomass and sediments in a 
marine and coastal environment.  
 

 
Figure 1. Dynamic behaviors of SPM, POC, median particle size (D50) and PSD during a tidal cycle. 
PSD and D50 was measured with a LISST 100C. 
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Figure 2. Schematic diagrams of bio-mineral aggregates and biological marine snow. 
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The water quality of a beach depends, among other factors, on the presence of 
suspended sediment and its interaction with the nearshore dynamics. Wave breaking is 
considered the main process introducing sediment into the system by means of the 
resuspension of bottom material which is redistributed according to the generated 
currents patterns. Seaward of the break zone, the sediment fluxes depends on the 
relative contribution of induced wave flows, wind driven currents and tides. The 
existence of sewer outfalls and outfalls are also important since are considered as 
potential sources of particle matter. 

Taking advantage of the Coastal Observatory System (figure 1) located in front of 
Badalona Beach (Northwestern Mediterranean Sea) sediment and hydrodynamic 
variables were recorded during spring 2012. The main objective of this set of 
observations was to obtain experimental evidences of sediment suspension 
concentrations in the nearshore region of the urban beach of Badalona and to correlate it 
with the hydrodynamic forces.  Besides, the influence of existing sewer overflows was 
also analyzed. 

 

Figure 1. Coastal Observatory System at Badalona beach (Spain). 

The COS, a 250 m long pier that goes into the sea to an approximately 12 m depth, is in 
a micro-tidal, wave-dominated open sandy beach (d50=350 μm) of about 3 km length. 
The field campaign consisted in the deployment of a set of turbidity sensors, current 



profilers and free surface devices anchored at one of the piles of the pier from March to 
April 2012. Bottom sediment samples and beach profiles were taken before and after the 
deployment. Video images of the area were also recorded during the field survey. 

Suspended sediment concentration was acquired by means of four optical backscatter 
sensors (OBS 3+) installed at 0.5 m, 0.75 m, 1.15 m and 1.85 m above the bottom 
taking measurements at 2 Hz in a continuous manner. After recovery, OBS signals were 
calibrated with the collected bottom sediment. Currents along the whole water column 
were recorded every 10 minutes by two ADCP (RDI WH-614 KHz model) oriented 
upwards and downwards. Local wave conditions were obtained using a pressure sensor, 
a wave staff (Etrometa) and an acoustic wave gauge sampling at 2Hz continuously. 
Information of offshore wave characteristics and meteorological conditions were also 
available. 

 

Figure 2. Recorded time series of (from top to bottom): suspended sediment 
concentration, wave characteristics, local meteorological conditions and surface 
currents. 



During the field measurements two moderate wave energetic events were registered 
(figure 2). The first episode was characterized by a low wind regime and weak surface 
currents with mean values of about 0.08 m·s-1. As expected, peaks in the surface current 
(of about 0.3 m·s-1) are associated with an intensification of the wind regime. During 
the episode most waves came from the East, the most energetic direction in the area, 
reaching a significant wave height of about 1.2 m and associated Tz of up to 8 s. Under 
this situation waves were able to resuspend sediment to values up to 4.5 gr·l-1 at the 
bottom. 

The second event of about 2.5 days was characterized by slightly higher waves, up to 
1.52 m, also coming from the East and associated wave periods of 8 s. Wind conditions 
were stronger, with maximum values of 12 m·s-1. The associated surface currents were 
also higher than the first episode reaching maximum values of about 0.45 m·s-1. The 
event as a hole can be considered the typical East storm. The observed suspended 
sediment distribution along the water column was more complex, giving maximums of 
about 10 gr·l-1 at the bottom and at the highest OBS position. It has to be noticed that 
maximum wave heights had associated a rain event of up to 5 l·m-2, and because of that 
the existing sewer outfall overflowed contributing with new suspended matter in the 
area. Figure 3 shows a sequence of frames recorded by the video camera just after the 
rain crossing the deployment. 
 

 
Figure 3. Sewer outfall discharge video capture during the 22th March 2012. 
  
In the final paper the full analysis will be shown. Emphasis will be put on the relative 
contribution of the different components (waves, currents and continental sources) to 
the total suspended sediment flux and its vertical distribution. These results will be also 
put in context with similar measurements obtained by other authors. 
 



Getting smaller: Pushing measurement limits of suspended particles using holography
Graham, G.W., Nimmo-Smith, W.A.M., Bowers and McKee, D.

We have previously reported Particle Size Distributions (PSD) derived using single camera in-situ 
submersible holography (Graham and Nimmo Smith, 2010) and discussed discrepancies in reported 
number distributions between imaging and laser diffraction techniques (Graham et al., 2012). With 
the commercial availability and user-uptake of holographic particle sizing systems (LISST-holo, 
Sequoia  Scientific)  particle  imaging  is  becoming  an  increasingly  popular  way  of  providing 
independent verification of laser diffraction systems. While the LISST-100X provides information 
about particle size down to 2.5μm, our previously documented research systems and the LISST-holo 
have lower particle size limits of 15μm and 18μm respectively. Small particles, from less than 1 
micron in size up to about 20μm, are thought to exist in the sea in large numbers and may be 
substantially involved in scattering and absorption of light in seawater; act as seeds for aggregation 
and formation of larger particles - and therefore play important roles in sedimentation and vertical 
carbon fluxes; be involved in phytoplankton dynamics; and act as media for chemical adsorption. 
There is currently a significant gap in the understanding of the fate and behaviour of these small 
marine  particles  since  they  fall  into  the  size  range  substantially  below  our  current  imaging 
capabilities. 
Small particles have traditionally been measured ex-situ using ultra-centrifuge and TEM (Wells and 
Goldberg, 1992). The abundance and size distribution of these small particles is difficult to assess 
in-situ, though ship board measurements of water samples have been made by Reynolds et al (2010) 
using a combination of electro-resistive, high magnification imaging and laser diffraction.   Given 
their  propensity  for  aggregation  it  seems  unlikely  that  sub-micron  particles  exist  as  individual 
entities. McCave (1984) has suggested that particles in the Brownian range (<1000nm) are pumped 
rapidly into larger size classes by aggregation. The flocs that result might also form the building 
blocks of larger aggregates such that small  individual particles are effectively hoovered up into 
larger and larger assemblages. Disruptive sampling and ex-situ analysis of water masses containing 
such aggregates may give the impression of large numbers of freely floating small particles since 
the  aggregates  are  fragile  and  their  component  parts  easily  liberated.  An  improvement  in 
observational  techniques for determining particulate  abundance,  and assessing the packaging of 
these small particles, is crucial for further understanding of optical scattering and absorption as well 
as vertical fluxes of mass and energy in the oceans.    
We have  recently  developed  and  deployed  a  submersible,  triple  camera  system for  the  in-situ 
determination of the PSD across the entire range 0.7μm – 10mm (Figure 1). The system consists of 
three, time-synchronised in-line holographic camera systems imaging within a pumped channel. 
The system is also equipped with a submersible injection system to enable the introduction of NIST 
traceable particle size standards to assist with verification. System A has a native pixel resolution of 
3.45μm and with  a  658nm laser  reports  particle  sizes  in  the  range  14μm – 10mm. System B 
replicates A but  with the addition of x4 magnification enabling particles in  the range 3.5μm – 
2.5mm to be observed. System C utilises a 405nm laser and a x20 objective to image particles in the 
range 0.7- 500μm. Figure 2 illustrates  a typical PSD derived using system A (14μm – 10mm) and 
system B ( 3.4μm – 2.5mm) from a station in relatively clear shelf sea waters off the west coast of 
Scotland, U.K. The number distributions from the two system exhibit good agreement and we are 
able  to  reliably  extend our  measurement  range  down to  4.5μm.  The  maximum discrepancy in 
particle abundance between the LISST-100X and the holographic cameras is 1 order of magnitude 
and the holographic cameras exhibit a similar slope in comparison to that reported by the LISST 
and both are in accordance with a Junge distribution for case I waters. We will present and discuss 
full  PSDs  (including  data  from  system  C  using  x20  magnification)  and  examine  inter-station 
variations from a number of different coastal and shelf sea locations.



Figure 1: Triple camera submersible holographic system (A, x1; B x4; C 
x20 magnification)

C

B

A

Pumped channel 
and injector

Figure 2: Particle number distribution (presented normalised by bin  
width) reported by LISST-100X and two holocam systems (x1 and x4  
magnification) at 2m below the water surface at a shelf-sea location  
West coast of Scotland, U.K. Light shading denotes area occupied by  
Junge slopes of -3 to -5. Darking shading indicates ±1 standard 
deviation around the mean LISST PSD.
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I. INTRODUCTION 
Water clarity is a key parameter in diving operations, LIDAR surveys and water quality 
monitoring, mainly in the littoral area of water depths typically less than 20 m. Here we 
assess the ability of 2 SC-ADCPs deployed together to detect and discriminate in that range 
of depths not only particles causing turbidity, but also wave bubbles and zooplankton, using 
simple models of scattering properties of particles and bubbles propagation with depth. 
 
II. MATERIALS AND METHODS 
 
1. SC-ADCPs, turbidimeters and a laser granulometer 
During a survey named MODYCOT 2003, a couple of SC-ADCPs were moored south of 
Brittany at a location of latitude 47°23.5’N and longitude 2°40’W from March 26th to July 2nd 
2003. The ADCPs were an RDI Workhorse of frequency 300 kHz and a Nortek ADP of 
frequency 500 kHz. Both were laid down on the seabed composed of fine grained and 
consolidated mud at about 20 m depth and their acoustic beams were oriented upward. The 
distance between the 2 ADCPs were about 50 yards. A turbidimeter was moored near the 
RDI ADCP and kept up at about 4 m above the sea bottom. 
A year later, during a survey named OPTIC-PCAF 2004, another couple of SC-ADCPs were 
moored at the same location from October 13th to 22nd. The ADCPs were 2 RDI Workhorses 
of frequencies 300 and 1200 kHz. The distance between the 2 ADCPs were about 20 yards. 
CTD casts were performed at a fixed station near the mooring during a 25 hours validation 
experiment. The CTD probe was fitted with fluorometers, turbidimeters, a CILAS particle 
size analyser by laser diffraction (Gentien et al., 1995) and Niskin bottles. Water samples 
were taken notably for SPM filter weighing and microscope observations. A vertical WP2 
zooplankton net was also deployed at the same period. 
 
2. Single beam backscatter retrieval method 
Since particles concentration was not exceeding 100 mg/L sound attenuation by particles 
were considered negligible. The method of Deines (1999) can then be applied. It assumes a 
linear relation between the backscatter coefficient and the echo intensity. Calibration 
constants, used for the conversion between battery voltage and transmit power and between 
echo counts and intensities, were determined in laboratory for the RDI ADCPs (Tessier 
2006). Common values supplied by Nortek AS were used for its ADCP. 
 
3. Multi-beam backscatter: median backscatter and maximum ratio 
For a given acoustic vertical segment (bin) and pings average (ensemble) of ADCP data, the 
median backscatter (MBS) is the median value of all backscatter values given by the 3 or 4 
beams of the ADCP. And, for this same bin and ensemble, the maximum backscatter ratio 
(ΔXBS) is the difference between the maximum and the minimum of those same 3 or 4 
backscatter values, expressed in decibels. 
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4. In situ cross-calibration of transducers 
ΔXBS is the sum of the instrumental noise plus horizontal small scales of backscatter 
variations plus backscatter directional anisotropy plus uncertainties in calibration constants 
between echo counts and intensities. In order to minimize the latter uncertainties new 
calibration constants for each transducer are calculated. They are optimized so as to minimize 
the average of ΔXBS over the whole period of observation. A simulated annealing routine 
performs the optimization. The aim of this cross-calibration method is that all transducers of 
the ADCP make precisely coherent measurements. This relative calibration of the transducers 
being done the distribution of ΔXBS values follows a log-normal function where the median 
gives an estimate of the instrumental precision in resolution (Figure 1) expressed in decibels. 
 
5. Wave bubbles backscatter retrieval method 
The acoustic backscatter strength (MBS) due to the presence of bubbles is assumed to 
decrease linearly with depth (Thorpe 1986, Vagle et al., 2010). Under this assumption wave 
bubbles are then detected, from the subsurface to depths where the absolute vertical gradient 
of MBS is still superior to a constant threshold, here arbitrarily taken as 1.5 dB/m4. 
 
6. Dual-frequency methodology 
Dual-frequency inversion (Hay and Sheng., 1992) can lead to concentration and mean 
particles size estimation according to a model of scattering properties. Here we consider a 
simple model (Tessier 2006, derived from Stanton 1998) which connects directly the 
backscatter ratio (ΔνBS = ratio of MBS in the two different frequencies) with the equivalent 
particles size. The case of the MODYCOT 2003 and OPTIC-PCAF 2004 surveys are studied 
(Figure 2). When applying such a model in the case 500/300 kHz a large ambiguity detection 
(due to Mie oscillations) arises for particles size ranging from 0.5 and 1.5 mm radius (Figure 
2a). The model gives also a concentration index (CI) which is mainly related to the 
concentration of particles (concentration and size are subject to changes due to varying nature 
of particles). 
Since the absolute calibration constants of the 2 ADCPs are poorly known (Tessier 2006), 
two supplementary hypotheses are needed when applying this model. The first hypothesis 
states that backscatter variations are mainly due to variations in concentration (Crawford and 
Hay 1993). This allows an adjustment of the linear responses of the ADCPs by regression 
analysis of their backscatter data. The second hypothesis states that all particles sizes were 
observed during the whole period of deployment. This means that the size distribution should 
range between the 2 theoretical limits which are zero for infinitely large particles and a 
frequency ratio (expressed in decibels) for infinitely fine particles, taking 99.9% of values 
within the interval. The two hypotheses then allow calibration of the couple of ADCPs. 
 
III. RESULTS 
 
1. Precision in resolution analysis 
Precision in resolution of different ADCPs were analysed with data from 8 deployments. 
Values range from 0.5 dB to nearly 3 dB. As expected, precision improves with frequency 
and bin size. But large differences can remain between different model series of ADCPs. 
 
2. Biofouling events and multi-beam data analysis 
Episodic events occur, more often at the end of the deployment period, when echo intensities 
of one beam fall compare to the others (Figure 3). This signal corresponds also to a specific 
population of error deviations (identified as “biofouling” in Figure 1, see also chap. IV.2). 



 
3. Wave bubbles and subsurface data analysis 
During resuspension events ΔXBS displays low values over the height range of resuspension. 
Resuspension is seen as homogeneously horizontal layers. While during wind events ΔXBS 
displays a noisy feature near the sub-surface. The layer thickness of bubbles previously 
detected according to chap. II.5 is similar to this noisy layer thickness (Figure 4). This noise 
is possibly due to the anisotropic nature of bubble clouds. The correlation coefficient between 
subsurface MBS and the modelled wind speed is 55% for the whole deployment. 
 
4. Nycthemeral events and particles size analysis 
A nycthemeral (diurnal) event has been observed with a relatively low concentration of large 
particles, when comparing with a resuspension event that took place just after (see Figure 5). 
 
5. Particles concentration and size validation attempt 
For the MODYCOT 2003 survey, the correlation coefficient between CI and turbidimeter 
data values is 54%. For the fixed station of OPTIC-PCAF 2004, it is 80% (Figure 6). There is 
no apparent correlation of particles sizes measured between the particle size analyser 
(CILAS) and the ADCPs (Figure 7). The CILAS limit up of 200 µm radius could explain this 
result. Aggregates and zooplankton as large as 500 µm were observed through the 
microscope and zooplankton biomass reached a value of more than 30 mg/m3 (Tessier 2006). 
However both CILAS and ADCPs were detecting resuspended particles as being fine 
particles (Figure 8). 
 
IV. DISCUSSION 
 
1. Precision of ADCPs 
The method proposed here allows estimation of the precision of an ADCP deployed in situ, 
given a specific configuration of the instrument (bin size, number of pings average). 
 
2. Sporadic biofouling signal removing 
Biofouling perturbations (chap. III.2) are assumed to be caused by animals lying on one 
transducer at a time. The ADCP being previously calibrated according to the method 
described in chap. II.4 these perturbations are then easily removed when computing the MBS. 
 
3. Wave bubbles and solid particles discrimination 
Bubbles and particles could be differentiated by two means: with the interpretation of the 
ΔXBS index, and with a threshold test on the backscatter vertical gradient (chap. II.5). 
 
4. Fine particles and zooplankton discrimination 
A simple model as the one used here could at least allows discrimination between fine and 
large particles like zooplankton. 
 
5. Particles size and concentration profiling 
Dual frequency ADCP profilers could be used as profilers of particles size and concentration. 
They are only indirectly calibrated in situ with a turbidimeter. To further experiment this 
method it would be necessary to deploy also an optical size analyser of large particles. 
 
V. CONCLUSION 
It could be interesting to deploy a couple of acoustic profilers of frequencies 190 kHz and 
1 MHz because there would be no ambiguity in particles size detection, from fine particles to 



particles as large as 4 mm radius (Figure 9).



REFERENCES 
 
Crawford, A. M. and A. E. Hay 1993, “Determining suspended sand size and concentration 
from multifrequency acoustic backscatter,” J. Acoust. Soc. Am. 94(6), 3312–3324. 
 
Deines K.L. 1999, “Backscatter estimation using broadband acoustic Doppler current 
profilers”, in Oceans 99 MTS/IEEE, Conference Proceedings, Seattle, Wash, September 13-
16, 1999. 
 
Gentien P., Lunven M., Lehaitre M. and J.L. Duvent 1995, “In situ depth profiling of 
particles sizes”, Deep Sea Research, 42(8), 1297-1312. 
 
Hay A. E. and J. Sheng 1992, “Vertical Profiles of Suspended Sand Concentration and Size 
From Multifrequency Acoustic Backscatter”, J. Geophys. Res., 97(C10), 15661–15677, 
doi:10.1029/92JC01240. 
 
Stanton T.K., P. Wiebe and D. Chu 1998, “Differences between sound scattering by weakly 
scattering spheres and finite-length cylinders with applications to sound scattering by 
zooplankton”, J. Acoust. Soc. of Am., 103(1), 254-264. 
 
Tessier C. 2006, “Caractérisation et dynamique des turbidités en zone côtière : l’exemple de 
la region marine Bretagne Sud”, thèse de l’Université Bordeaux 1, N°3307, soutenue le 7 
décembre 2006. 
 
Thorpe S. 1986, “Measurements with an automatically recording inverted Echo-sounder 
ARIES, and the bubble clouds”, J. Phys. Oceanogr., 16, 1462–1478, doi:10.1175/1520-0485. 
 
Thorne P.D. and D.M. Hanes 2002, “A review of acoustic measurement of small-scale 
sediment processes”, Continental Shelf Research, 22, 603-632. 
 
Vagle S., McNeil C. and N. Steiner 2010, “Upper ocean bubble measurements from the NE 
Pacific and estimates of their role in air-sea gas transfer of the weakly soluble gases nitrogen 
and oxygen”, J. Geophys. Res., 115, C12054, doi:10.1029/2009JC005990. 
 



 
 

precision of ADCP 
1.1 dB 

Gabon

Log

Max backscatter ratio (dB/m3) 

biofouling 

N
or

m
al

iz
ed

 d
is

tr
ib

ut
io

n
 

Distribution of the max backscatter ratio between all beams 

 

Figure 1 : distribution, for all time ensembles and all underwater bins, of the maximum 
backscatter ratio (ΔXBS) observed between the 3 beams of a 500 kHz Nortek ADCP 

deployed in situ, south of Brittany, during the MODYCOT 2003 survey. In green the 
initial histogram. In black the histogram where deviation ranges larger than 4dB were 

discarded so as to remove a biofouling effect, for an appropriate calibration of the 
ADCP. In background (upper right) same distribution but in the common logarithm 

(base 10) domain centred on the instrumental noise, here labelled “Precision of ADCP”. 
Curves are the best-fit of a generalized log-normal and a normal probability density 

functions of order 1.5. 
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Figure 2 : different models of the relation between insonified particles mean radius and 
dual-frequency backscatter ratio (ΔνBS). Brown curves are mineral particles in 

Tessier’s (2006) model, which is a “high pass” model based on Stanton’s (1998) model 
for spheres. Green curves are biological particles in the same model. Red curves are 

mineral particles in the model of Thorne & Hanes (2002). a) Case study for the 
MODYCOT 2003 survey with a 500 kHz Nortek ADCP and a 300 kHz RDI ADCP. b) 
Case study for the OPTIC-PCAF 2004 survey with a 1200 and a 300 kHz RDI ADCPs. 
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Figure 3 : time sequence of several assumed sporadic biofouling events observed during 
the MODYCOT 2003 survey. Vertical profiles were acquired by a 500 kHz Nortek 

ADCP. All transducers are cross-calibrated owing to the analysis of the difference of 
acoustic profiles (ΔXBS) integrated over the whole period of observation. a) Volume 

backscatter strength as measured by the beam N°1 of the ADCP. b) Maximum 
backscatter ratio (ΔXBS) between the 3 beams of the ADCP. c) Median backscatter 

strength (MBS) of the 3 beams. 
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Figure 4 : time sequence of resuspension and wind events observed during the 
MODYCOT 2003 survey. a) Wind speed computed by the meteorological model 

ALADIN for the nearest geographical point of observation. b) to d) are data from the 
500 kHz Nortek ADCP. b) Backscatter strength due to wave bubbles extracted from the 
vertical profiles. c) Maximum backscatter ratio (ΔXBS). d) Median backscatter strength 

(MBS) due to all solid particles and wave bubbles. 
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Figure 5 : time sequence of a nycthemeral event followed by a resuspension event 
observed during the MODYCOT 2003 survey. The subsurface backscattering data due 
to wave bubbles are removed from the ADCP data, except for the currents. a) Volume 
backscatter strength at 300 kHz deduce from the RDI ADCP. b) Particles equivalent 

radius according to Tessier’s (2006) model, based on Stanton’s (1998) model, applied to 
both the 500 and 300 kHz ADCPs. c) Order of a Concentration Index (CI) deduced 
from the computation. d) Horizontal current speed as seen by the Nortek 500 kHz 

ADCP. 
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Figure 6 : Turbidimeter concentration plotted versus ADCP Concentration Index (CI). 
CI is computed from data acquired by the couple of RDI ADCPs of frequencies 1200 

and 300 kH during the OPTIC-PCAF 2004 survey. The turbidimeter is calibrated with 
SPM filter weighing values. Turbidimeter data were acquired on downcasts and upcasts 
of a CTD-bio-optical probe during a 25 hours fixed station validation experiment. The 
coloured legend indicates the depth of the probe. The distance between the survey ship 

and the ADCP mooring is about 600 yards. 

 



 

ADCPs equivalent particle radius (µm) 

C
IL

A
S

 m
e

an
 p

a
rt

ic
le

 r
a

di
us

 (
µ

m
) 

ae 

am 

5% 
Depth (m) 

 

Figure 7 : CILAS mean particle radius plotted versus ADCP equivalent particle radius. 
The acoustic particle radius is computed from data acquired by the couple of RDI 
ADCPs of frequencies 1200 and 300 kHz deployed during the OPTIC-PCAF 2004 

survey. CILAS (Gentien et al., 1995) laser granulometer data were acquired on 
downcasts of a CTD-bio-optical probe during a 25 hours fixed station validation 

experiment. The coloured legend indicates the depth of the probe. The distance between 
the survey ship and the ADCP mooring is about 600 yards. 
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Figure 8 : 25 hours fixed station validation experiment during the OPTIC-PCAF 2004 
survey. a) CILAS (Gentien et al., 1995) particles mean diameter. b) Particles equivalent 

radius according to Tessier’s (2006) model, based on the Stanton’s (1998) model, 
applied to both the 1200 and 300 kHz ADCPs. c) Order of a Concentration Index (CI) 

deduced from the computation. d) Horizontal current speed as seen by the RDI 
1200 kHz ADCP. 
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Figure 9 : same as figure 2 except for a case study with an AWAC 1 MHz and a 
Continental 190 kHz Nortek ADCP. 

 
 



Remote sensing of coccolithophore particles:  regional features 
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Coccolithophore is a single-celled algae with a spherical cell surrounded by disk-shaped 
coccoliths, composed of calcium carbonate, CaCO3. Coccolithophore blooms (CB) can cover 
a vast area in the various oceans and seas, and have a significant impact on important physical 
and biogeochemical processes, in particular the exchange of CO2 between the ocean and the 
atmosphere, and global climate change (Thierstein, Young, 2004). The long-term flux of 
coccoliths to the ocean floor contributes to the formation of chalk and limestone rocks. 

Plated cells and detached coccoliths have a strong nonselective light scattering, which 
makes it possible to detect CB from satellite color scanner. Our work deals with the problem 
of quantitative estimates of CB on the satellite data and development of regional algorithms 
for the Barents and Black Seas, where the measured data on coccolithophore and coccolith 
concentrations are available. The water-leaving radiance, recorded by satellite color scanner, 
is increasing dramatically in the Black Sea in June, in the Barents Sea in July-September. In 
most cases this is due to the CB, but the strong link between the particle backscattering 
coefficient bbp, calculated from satellite data, and the intensity of the CB is not always 
observed. 

An example of the coccolithophore bloom in the Black Sea is given in Fig.1;  it is seen 
that the bright areas in Fig.1A correspond to the high values of bbp in Fig.1B. 

 

 

bbp, m
-1 

 

 

 
Fig.1 Coccolithore bloom in the Black Sea on 12 June 2004 from MODIS-Aqua satellite 
scanner.  A, MODIS-Aqua image in true color; B, spatial distribution of the particle 
backscattering coefficient bbp. 

 
The particle backscattering coefficient bbp is a key parameter for quantitative 

assessment of the CB intensity; its value is derived from satellite data and used then for 
calculating the CB characteristics. Our present study is confined to the problem of estimating 
the coccolithophore concentration through the bbp-values calculated from satellite data. 
 

Direct problem:  bbp  through the coccolithore and coccolith concentrations 
 

The problem has been investigated with data on the coccolithophore and coccolith 
concentrations (Ncf and Nc), directly determined in the Barents and Black seas, and the 
published data on the optical characteristics of coccolithophore from Voss et al. (1998). The 
backscattering coefficient bbcoc is calculated as a sum of the contributions from the plated cells 
(bbcf) and detached coccoliths (bbc) 



 

                                                  * *
bсoc bcf cf bc cb b N b N   ,                                            (1) 

 

where *
bсfb  and *

bсb  are the specific backscattering coefficients of the plated cell and 

coccoliths; this values at 550 nm are equal to 6.610-12 m2/cell and 1.610-13 m2/lith (Voss et 
al. 1998). 

The calculated bbcoc values are compared with the bbp-values derived from MODIS-
Aqua data. The results for the Barents and Black seas are shown in Figure 2. 

 
 

Fig.2. Scatterplots of the bbp-values calculated with (1) - bсocb  and from MODIS data - bbp. 

   A, Barents Sea,  B, Black Sea. 
 

A significant discrepancy is seen between the Barents and Black seas:  the bbp values, 
calculated in two ways, differ in the Barents Sea no more than 25%, whereas in the Black Sea 
the difference can be at times, and for most of the points the bbcoc values are significantly less 
than the bb-modis values.  The main reason of that is a “noncoccolithophore” contribution 
arising from the river runoff (Kopelevich et al., 2008). In the Barents Sea the influence of 
river runoff in the areas of coccolithophore bloom is negligible (http://optics.ocean.ru). The 
account of the “noncoccolithophore” contribution is one of the main problems for quantitative 
assessment of the CB intensity.  

 

Inverse problem:  estimation of coccolithore concentration from satellite values of bbp  
 

Barents Sea.  As can be seen from Fig.2A, in the Barents Sea the “noncoccolithophore” 
contribution can be neglected. Substituting into (1) the values of *

bсfb  and *
bсb  we obtain an 

equation for calculating the concentration of Ncf 
 

                                   152 / (1 0.024 )cf bp bpN b Kb                                              (2) 

where = Ncf/Nc,  Ncf  и  Nc – in 106 cells per l,  bbp – in m-1. 
As seen, (2) includes two parameters:  bbp  and  = Ncf/Nc, which can vary widely. In 

the Barents Sea, to our knowledge,  changed about 20 times (from 5 to 100), but the value of 
K – only 3 times. Unfortunately, the data available to us is not enough to get the statistical 
evaluation of the optimal value of K, so we have estimated it analytically according a 
minimax. The proposed value of K is equal to 66; in this case the highest error of calculation 
of Ncf  is about 50%, both through the bbp value calculated from (1) or derived from MODIS 
data.  



Black Sea.  Rivers carry into the Black Sea a large amount not only of suspended particles but 
of colored organic matter (“yellow substance”). The last is characterized by the absorption 
coefficient ag which can be derived from satellite data. Our idea of evaluation of the 
“noncoccolithophore” component of bbp (denote it as bb_river) is based on an assumption that 
the values of ag  and  bb_river  are correlated with each other, and bb_river  can be represented as  
bb_river = Kriver ag . The bb_cocco component is represented as bb_cocco = Kcocco Ncf. 

This assumption is supported by the significant difference of the correlation 
coefficients between the values of bbp, on the one hand, and the values of ag and Ncf , on the 
other hand (derived from ship and satellite data), for cases where the coccolithophore bloom 
was observed mostly in the coastal zone or in the open sea. In the first case, the coefficient of 
determination of R2[bbp, ag] is equal to 0.819 and R2[bbp, Ncf] to 0.143, while in the second, 
respectively, 0.048 and 0.578. 

Based on the above assumption, a two-parametric model was derived to calculate Ncf  
through bbp  and ag, and the algorithm was developed to compute these parameters from 
MODIS satellite data: 
 

                                                455 ( 0.124 )cf bp gN b a  .                                                   (3) 
 

Fig.3 shows a scatterplot of the Ncf-values calculated with (3) from MODIS data and 
measured in situ; the parameters of regression Ncf_calc vs. Ncf_meas:  R2=0.837, slope = 1.05, 
intercept = - 0.14, regression error = 1.1·106cell/l. 
 

 

Fig.3 Scatterplot of the Ncf-values 
calculated with (3) from MODIS 
data and in situ measured. 
 

 
 
       Fig.4  Spatial distribution of Ncf  derived on 12 June 
        2004 from MODIS data. 

Fig.4 shows the spatial disrtibution of Ncf derived from MODIS data. Comparing it 
with the distribution of bbp in Fig.1B, one can see that the area of coccolithophore bloom 
(with values of Ncf > 106cell/l) is markedly less than the area of enhanced values of bbp 
(>0.02m-1), particularly in the western and southern part of the Black Sea, as well as in the 
eastern coastal zone.  

In conclusion the prospects for improvement of the algorithms for quantitative 
estimation of coccolithophore bloom from satellite data have been considered. 
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Grain Size Distribution and Sediment Flux Structure in a River Profile, 
Measured with a LISST-SL Instrument 

 

 
Ole Mikkelsen, Yogi Agrawal 

 
Sequoia Scientific, Inc., 2700 Richards Road, Bellevue, WA, USA 

 
 
New data on sediment transport in a river are reported using a LISST-SL laser diffraction 
instrument that simultaneously measures velocity, optical transmission, depth, temperature, and 
sediment particle size distribution (PSD) isokinetically. Suspended sediment concentration (SSC) 
is obtained from the sum of PSD. Optical transmission is seen to be nearly constant in the top 
3.5m of the 4m deep river. The PSD profile, however, reveals a vertically well-mixed wash load, 
seen by the transmissometer, plus a coarse grain (>63µm) mode that increases in size and 
concentration towards the riverbed, but which is not seen by the transmissometer (figures 1 and 
2).  
 

 
Figure 1: The raw recorded data in one profile. In the optical transmission profile, clear water 
background calibration points are seen at the surface with transmission of 1.0, and 
corresponding concentration of 0 is visible at the top of the concentration profile. 
 



2 
 

 
Figure 2: The size distribution of suspended particles in a vertical profile displays a constant 
mode a phi value of about 5, and a rising mode with depth, centered around a phi value of 1. 
 
The insensitivity of transmission to coarse particles is similar to turbidity data reported by Orton 
& Kineke 2001, and Laguionie et al., 2007. They also did not see the coarse particle mode except 
very close to the riverbed (0-0.1 depth). The present data show downward increasing sediment 
concentration and flux of coarse grains, beginning right near the surface. Near the bed, the 
sediment flux and concentration of coarse grains are, respectively, factors 3 and 2 higher than at 
the surface (figure 3).  
 

 
Figure 3: Mean ± one standard deviation of the profile. Note the logarithmic size scale in the 
last panel. 
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The slopes of concentration profiles of different particle sizes follow Rouse (1937) closely, and 
are sufficiently ordered to provide consistent estimates of the friction velocity u*  in the water 
column (Table 1).  
 
Table 1: Friction velocity estimated from the concentration profiles of the 7 largest size classes 
of the LISST-SL. 
Size Class no. 26 27 28 29 30 31 32 

Dia. m 131 155 183 216 255 302 352 

u*  cm/sec 5.2 5.2 5.3 5.6 6.1 6.9 8.3 

 
 
SSC statistics from 0.5 to 3.5m show skewness due to the minimum concentration imposed by 
washload, implying potential for bias in sampling (figure 4).  
 

 
Figure 4: Histograms of sediment concentration, depths 0:5:0.5:3.5m (left to right, top to 
bottom). Depth is shown as h (m), and the skewness of each distribution is shown as s on each 
plot. The bias, i.e. difference of mean and most frequent occurrence is shown as Δ mg/L. 
 
The mass mean sediment diameter is seen to increase by a factor of 5 from surface to bottom. 
The apparent insensitivity of the transmissometer is explained by a factor 2.5 increase in Sauter 
Mean Diameter (particle volume/area) from top to near-bottom (figure 3). Finally, it is seen that 
a mean velocity and SSC estimate at half-depth is within experimental error of column-mean 
values. However, PSD at half-depth is not representative of the column mean PSD (figure 5). 
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Figure 5: The mean PSD’s at all 7 depths (solid lines); the profile-mean PSD (-o-), and the PSD 
at half-depth (-*-). Numbers on curves are depth in m. 
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Controls on particle size, volume, and mass on a Willapa Bay tidal flat. 
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The transport and deposition of sediment on tidal flats is essential for the maintenance of these 
important coastal features. Several studies have shown that flocculation plays a vital role in the 
movement of fine grained sediment in tidal flat and marsh environments.  Recently Law et al. 
(2012) showed that the amount of floc-deposited sediment decreased with increasing height on 
the Shoalwater Bay tidal flat at the southern end of Willapa Bay, Washington State.  Hill et al. 
(2012), in a companion study, demonstrated how floc dynamics influenced the near-channel 
deposition of high-porosity muds.  In this study we use our observations of in situ particle size 
and turbulence on the Shoalwater flat to examine the complex interplay among several different 
forcing mechanisms controlling particle size, volume, and mass.   

LISSTs, digital floc cameras (DFC) and Nortek Aquadopps were deployed in Shoalwater Bay in 
a 20-m wide secondary tidal channel and on the adjacent tidal flat, within 50 m of the Bear River 
channel. The bay is meso-tidal with an average mixed diurnal tidal range of 2.7 m. Freshwater 
and sediment input in this region of Willapa bay is primarily influenced by the Naselle and Bear 
Rivers (Nowacki et al. 2012).  The experiment was conducted from February 22 – March 5 2010.  

Figure 1: A) Location of the study site in Willapa Bay WA (red triangle). B) Location of the instruments deployed in 
Shoalwater Bay. Red Xs indicate C channel (right) and the adjacent flat (left).   

The centre of the sensing zone for each optical instrument was at 0.5 m above the bed.  The size 
distributions from the LISSTs and DFCs were combined to give a continuous size spectrum over 
a size range from 1.25 µm (LISST B) or 2.25 µm (LISST C) to ~2500µm (Mikkelsen et al., 
2006).  Particle attenuation coefficients from the LISSTs were converted to suspended 
particulate mass (SPM) using calibration values determined from filtered samples collected using 
a McLane water transfer system located in the channel (Hill et al., 2012). Particle velocities and 
acoustic backscatter were measured with the Aquadopps at 2Hz with a vertical resolution of 0.1 
m and averaged over 10s. The range of the instrument extended from 0.25 m above the bed to the 
water surface. Wind speed at the site was measured at a weather station mounted on a nearby 
pole in Bear Channel. Water level was obtained from a tripod located in Bear channel and from 



the Toke Point tidal station. Freshwater discharge and precipitation values were obtained from 
USGS and NOAA monitoring sites. 

 

Figure 2: Forcing conditions and suspended particle properties on the Shoalwater Tidal flat, Willapa Bay.  

Particle concentration, particle composition, and turbulence all impact the formation and breakup 
of flocs in suspension (Milligan and Hill, 1997; Winterwerp, 2002). The 11-day deployment on 
the Shoalwater flat incorporated a neap to spring transition and both wind and freshwater 
discharge events. The spring-neap cycle resulted in large variations in the velocities of the flood 
and ebb pulses associated with the inundation and drainage of the flat. Increasing wind and 
freshwater discharge both resulted in elevated SPM but, in the case of river discharge, the 
increase in SPM was due to the introduction of new material to the system.  Waves, on the other 
hand, contributed to the resuspension of bed sediments in the channels and on the flat.  

During each flood tide, two distinct and somewhat independent processes were identified: 1) the 
pulse introduced largely flocculated material onto the flat, and 2) particles aggregated at higher 



water.  Rapid settling followed these processes.  A third process, wave resuspension, was 
observed to occur when the water level was low and wind speed was high.  

The total mass introduced from the channels is a function of the pulse speed and the availability 
of mobile sediments.  When tidal energy is low during the neap, sediment accumulates in the 
channels. This material is mobilized as tidal amplitude increases with the waxing spring tides, 
leading to higher suspended concentrations. Sediment supply during the pulse was greatest 
during spring tides and high river discharge.  Added bed stress from waves did contribute to the 
pulse sediment concentration, though relatively little compared to the discharge and the natural 
spring-neap variation.    

High-water aggregation was observed to occur from just after the flood pulse to within an hour 
or two after high tide.  Maximal floc size during this period increased throughout the experiment, 
presumably because the size of the component micro-flocs increased with exposure to repeated 
suspension and settling since the previous neap tide. Floc size and particle volume were greatest 
during higher tides and calm winds when turbulence was low and decreased during wind events.  
Observed flocculation rates increased rapidly after river discharge peaked, presumably because 
this new material was repackaged into larger component flocs.  Interestingly, the increasing 
amount of aggregation that followed the discharge event resulted in an increase in the suspended 
volume at high water while the pulsed suspended mass and volume decreased.  Results from this 
study emphasize the complexity of floc dynamics and its impact on water column and bed 
properties.   
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The development of acoustic and optical backscatter techniques has facilitated the 

collection of long time series of suspended sediment concentrations at high temporal 
resolution. However, these techniques suffer from the weakness that concentration is 
a derived quantity obtained from the sensed backscatter level only. Here we present 
results from a 3-week field experiment measuring surf-zone flows and sediment 
transport on a steep energetic beach in the south-west UK, including the first reported 
deployment of an in-line holographic camera (‘holocam’) in the surf zone, co-located 
with various optical backscatter sensors (OBS) and an acoustic backscatter sensor 
(ABS). In this region, tidal range is more than 4m on springs, which permits 
instrument deployment and data recovery from non-cabled sensors at low tide. 
Measurements were collected continuously for 30 tidal cycles (spring to neap to 
spring) in the surf zone, during a wide range of hydrodynamic conditions, with peak 
wave heights in excess of 3m. 

The extensive data set provides perhaps a unique opportunity to examine the 
performance of optical and acoustic backscatter instruments in a wide range of 
conditions including bubbly flows, as well as some fundamental aspects of sediment 
suspension processes such as the near-bed size-distribution of suspended sediment. 
The holocam, deployed with a 1.3cm3 sample volume approximately 10cm above the 
bed, provides in-focus well-resolved images of the instantaneous suspended load, 
making it possible to determine highly-accurate estimates of the concentrations of 
mineral sand grains, bubbles and organic particles, and their size distributions. 
Instantaneous estimates of sediment concentration from the ABS compare poorly with 
the equivalent measure from the holocam. This could be due to various factors such as 
spatial decorrelation or acoustic insensitivities at larger grain sizes. However, the 
ABS does a very good job at estimating burst-averaging suspended sediment 
concentrations when bubble concentrations are low (less than 1ml/l). The error in 
ABS concentrations (as compared against holocam) appears to be related to relative 
bubble concentration. The OBS is even more sensitive to bubbles. Suspended 
sediment grain size distribution is skewed towards the finer grain sizes but shifts to 
the larger sizes with increased flow intensity. 
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Marine bacterioplankton are major components of aquatic ecosystems and play a key role in 
all major biogeochemical processes in the ocean. For instance, it is known that at least 50% 
of fixed carbon is processed through the microbial food web (Azam, et al., 1994). Particles 
are well-known bacterial habitats and major sites of bacterial biogeochemical action. Organic 
particles in seawater create small-scale spatial heterogeneity in the distribution of nutrients 
and microbes in the environment, thereby influencing small-scale spatial variability in the 
rate and type of bacterial metabolisms, which ultimately affect biogeochemical fluxes. 
Hence, it becomes necessary to study microbial activities and diversity in conjunction with 
particle properties in marine environments. However, particle structures are poorly 
determined because of the uncertainty of the methodologies commonly used, but also due to 
the fact that organic particles exist as a dynamic continuum from dissolved compounds to 
macroaggregates spanning from below 1 µm to hundreds of µm, that makes difficult to 
perform accurate determinations. We devised project Storm (CTM2009-09352) to study the 
interactions between the physical and micron-sized structures, describing the relative 
importance of different particle sources in the NW Mediterranean and how they affect 
microbial dynamics, microbial activity and the biological diversity associated with these 
structures, as it is an accepted ecological tenet that environmental structure increases 
biological diversity. 
 
Within the organic matter continuum, transparent exopolymer particles (TEP) are a subgroup 
of organic particles ubiquitous in the ocean, and formed by acidic polysaccharides (Passow, 
2002). These particles have received increasing attention due to some singularities. First, a 
major pathway of TEP formation is the spontaneous self-assembly of dissolved precursors, 
this is, acidic polysaccharides that are released by organisms such as phytoplankton and 
bacteria. Thus, TEP generation from dissolved material represents an alternative pathway to 
the microbial loop (bacterial uptake of dissolved organic matter) as a way in which dissolved 
organic carbon can be transformed into particles (Engel, et al., 2004). Second, due to their 
stickiness, TEP act as a “glue” that facilitates aggregation and carbon export from the surface 
to deep waters. However, the TEP density is low and, unballasted, TEP would tend to move 
upwards to the surface microlayer (SML). Relative partitioning of TEP between the 
aggregate fraction, which sediments, and the fraction that accumulates at the sea surface may 
determine the net carbon flux of organic carbon. 
 
Phytoplankton have been traditionally considered to be a major source of TEP in marine 
ecosystems, either releasing dissolved TEP precursors during exponential growth or excreting 
TEP directly via lysis of senescent cells. However, the role of bacterioplankton on TEP 
generation, distribution and dynamics is complex, as it can operate in contrasting ways. On 
one hand, bacteria can attach to TEP and use it as a substrate or a stable microhabitat or, 
alternatively, bacteria can also release high amounts of polysaccharides and TEP as free 
exopolymers or as capsular material.  



 
In our research agenda, we set to explore TEP in the NW Mediterrean Sea in relation to other 
biological or inorganic microscopic particles. Here we present the distribution and dynamics 
of TEP in the NW Mediterranean described at different spatial (surface to deep waters, 
coastal to open ocean) and temporal (daily to seasonal) scales. The data will be compared 
with other physicochemical and biological variables and combined with laboratory 
experiments to understand the main drivers of TEP dynamics in the area.  
 
Sampling was performed during the ‘Nemo’ and ‘SummerII’ cruises in May/June 2012 
aboard the Spanish R/V ‘García del Cid’ and at the Blanes Bay Microbial Observatory. TEP 
were analyzed using the spectrophotometric method proposed by Passow and Alldredge 
(1995). Briefly, TEP are detected based on their staining capacity to Alcian Blue, a blue dye 
that stains acidic polysaccharides. Known volumes of water (between 250 and 500 ml) were 
filtered at low vacuum pressure through 0.4 µm polycarbonate filters, stained with alcian 
blue, and then extracted in 80% sulfuric acid for 3h. The absorbance of the extract was 
measured at 787 nm. Concentrations were expressed in Xanthan Gum equivalents, a 
laboratory model compound which is used to calibrate the analyses.  
 
During cruise Nemo, TEP concentration was determined in surface waters of a coastal 
transect parallel to the Catalan Coast. A second transect, perpendicular from the coast to 
offshore waters, was performed and samples were collected from surface to deep waters, 
including the deep chlorophyll maxima (DCM) and specific layers with high turbidity, 
indicative of higher particle concentration. TEP concentrations in the surface ranged from 4.9 
to 92.1 µg XG eq l-1. These values were in the range of previous studies performed in the 
Mediterranean Sea under non-bloom conditions (Ortega-Retuerta, et al., 2010, Bar-Zeev, et 
al., 2011). In the coastal transect, TEP concentrations averaged 57.1 µg XG eq l-1 and varied 
horizontally along the coastal transect, showing highest values in front of Barcelona in 
coincidence with highest bacterial abundance. Looking at vertical profiles, TEP generally 
presented highest values (36.2 µg XG eq l-1 on average) at the depth of O2 maxima, situated 
around 25 to 30 m. This would indicate the association of TEP generation with the maximal 
photosynthetic rates. Noteworthy, the highest TEP concentrations did not coincide with the 
DCM, situated between 40 and 60 m (21.3 µg XG eq l-1 on average), where highest algal 
biomass, but not necessarily higher productivity, is expected. Below the DCM, TEP 
concentrations decreased with depth, and the average TEP concentration below 100 m was 
10.7 µg XG eq l-1. Subtle increases were detected near the bottom. This was particularly 
noticeable at station 4 (19 µg XG eq l-1) where an increase in turbidity, indicative of the 
presence of a nepheloid layer, was detected. 
 
TEP diel dynamics were studied during the cruise SummerII, where drifting buoys were 
deployed and a water mass was followed for 48 h. Samples within the euphotic layer (from 
the surface to below the DCM) were taken every 4 h. TEP averaged 34.5 µg XG eq l-1 and 
ranged from 5.7 to 63.3 µg XG eq l-1. Peaks of highest TEP concentrations were again 
located shallower than the DCM. No clear diel pattern of TEP was detected, i.e. maxima and 
minima did not coincide at the same time of the day. However, TEP dynamics were 
correlated (r2=0.23) to bacterial production dynamics. Non-exclusive reasons for this link are 
bacterial growth on existing TEP, TEP release by bacterioplankton, or the response of both 
factors to a common forcing variable.  
 
TEP seasonal dynamics in surface waters of Blanes Bay were characterized by low (from 11 
to 24 µg XG eq l-1) TEP concentrations in winter and spring but a sharp increase in summer 



(up to 258.2 µg XG eq l-1), even though phytoplankton blooms are known to occur in winter-
spring. These results indicate that the dynamics of TEP in this ecosystem are not directly 
related to primary production (higher in winter-spring) but to the heterotrophic processses 
and the DOC accumulation that typically occurs during summer (Alonso-Saez, et al., 2008, 
Vila-Reixach et al. 2012). The comparison of TEP seasonal dynamics with other physical and 
biological processes that govern carbon fluxes in the area will help us elucidate the main 
drivers of the observed patterns. 
 
Knowledge of TEP dynamics will serve as first step towards future research priorities 
understanding the biological implications of organic particle formation and decomposition, 
and their role amidst other inorganic or mixed particles. Processes where these particles may 
be involved include carbon sequestration to the deep ocean, aggregation models, and, for 
marine microbiologists, the variability of substrate stocks for bacterioplankton that has 
allowed the immense diversification of the microbial world.  
 
References 
 
Alonso-Saez L, Vazquez-Dominguez E, Cardelus C, et al. (2008) Factors controlling the 
year-round variability in carbon flux through bacteria in a coastal marine system. Ecosystems 
11: 397-409. 

Azam F, Smith DC, Steward GF & Hagstrom A (1994) Bacteria-organic matter coupling and 
its significance for oceanic carbon cycling Microbial Ecology 28: 167-179. 

Bar-Zeev E, Berman T, Rahav E, Dishon G, Herut B, Kress N & Berman-Frank I (2011) 
Transparent exopolymer particle (TEP) dynamics in the eastern Mediterranean Sea. Marine 
Ecology-Progress Series 431: 107-118. 

Engel A, Thoms S, Riebesell U, Rochelle-Newall E & Zondervan I (2004) Polysaccharide 
aggregation as a potential sink of marine dissolved organic carbon. Nature 428: 929-932. 

Ortega-Retuerta E, Duarte CM & Reche I (2010) Significance of Bacterial Activity for the 
Distribution and Dynamics of Transparent Exopolymer Particles in the Mediterranean Sea. 
Microbial Ecology 59: 808-818. 

Passow U (2002) Transparent exopolymer particles (TEP) in aquatic environments. Progress 
in Oceanography 55: 287-333. 

Passow U & Alldredge AL (1995) A dye-binding assay for the spectrophotometric 
measurement of transparent exopolymer particles (TEP). Limnology and Oceanography 40: 
1326-1335. 
 
Vila-Reixach, G., Gasol JM, Cardelús C & Vidal M (2012) Seasonal dynamics and net 
production of dissolved organic carbon in an oligotrophic coastal environment. Marine 
Ecology-Progress Series  456: 7-19 
 
	 



Relationship between wave height, sediment suspension and plankton dynamics in a sandy 
micro-tidal coastal zone 
 
Francesc Peters, Rachele Gallisai, Estela Romero 
 
Institut de Ciències del Mar, CMIMA (CSIC), Pg. Marítim de la Barceloneta 37-49, 08003 
Barcelona, Catalunya, Spain. Email: cesc@icm.csic.es. 
 
Introduction 
A fraction of the suspended particles in seawater are living organisms of different sizes from 
submicrometers to a hard to establish upper size limit. These living organisms belong to a 
large number of species and metabolisms conforming a complex microscopic food web that 
drives much of the biogeochemical cycles in the oceans and serves as the trophic basis for 
larger organisms. Each component has its own temporal dynamics resulting from the 
interaction of abiotic and biotic factors. Osmotrophic organisms depend on dissolved 
nutrients for growth, such as nitrogen, phosphorus, silicate or organic matter. As these 
substances are used they become in short supply and the temporal dynamics of organisms 
depend then on the episodic load of such substances into the system. River run-off, 
atmospheric deposition, rich deep water mixing, and many other processes help in 
replenishing nutrients to the upper mixed layers. In shallow coastal areas resuspension of 
nutrient-rich sediments during storms may also bring nutrients into the water column. This 
may be especially significant in micro-tidal coastal zones such as the area in Barcelona 
(Spain), were tides play a minor role in sediment dynamics and the resuspension of the coarse 
sediments depend on relatively high energy inputs. Antonijuan et al. (2011) reported that 
there was frequent resuspension of bottom sediments in the area caused by waves during 
storms. We want to evaluate to what extend sediment resuspension is related to wave height 
and in turn, whether dissolved nutrients and plankton dynamics are related to such sediment 
resuspension. 
 
Material and Methods 
We sampled a coastal location right off the sea wall of the Olympic harbor in Barcelona 
Spain. Samples were taken between May 5 and July 30 of 2010 several times a week. We 
measured salinity and temperature and collected water in 2.5 l Nalgene polycarbonate bottles 
that were taken to the laboratory within 10 min. for a range of chemical and biological 
analyses. Total suspended solids were measured by filtering a known volume of water on pre 
weighted 45 mm, 0.4 µm pore size, polycarbonate filters. Filters were pre weighted and 
weighted again after filtration and desiccation at 45ºC for 24 h. Nitrate, ammonium, 
phosphate and silicate were determined with an AA3 (Bran+Luebbe) autoanalyzer following 
the methods in Hansen & Koroleff (1999). Samples were kept frozen at -20ºC until analysis. 
Total organic carbon and total nitrogen were determined by high temperature catalytic 
oxidation with a Shimadzu TOC-VCSH. Samples had been collected in pre combusted (450 
ºC) glass ampoules, acidified with phosphoric acid and heat-sealed until analysis. 
Chlorophyll a (chl a) concentrations were determined by fluorimetry (Yentsch & Menzel 
1963). Water was filtered for total chl a (30 mL on Whatman GFF glass fiber filters) and for 
the fraction of particles larger than 10 µm (50 mL, 10 µm pore size Whatman Nuclepore 
polycarbonate filters). Filters were frozen until analysis, when chl a was extracted in 90% 
acetone (24 h, 4ºC, darkness). The fluorescence of the extract was measured with a Turner 
Designs fluorometer. Bacteria were counted by flow cytometry (Gasol & del Giorgio 2000). 
Samples (1.8 mL) were fixed with 0.18 mL of a 10% paraformaldehyde and 0.5% 
glutaraldehyde mixture. Subsamples were stained with SYTO13 (Molecular Probes) at 2.5 



µmol L-1, left to stain for 10 minutes in the dark and then ran at low speed (ca. 12 µL min-1) 
through a FACScalibur  (Becton Dickinson) flow cytometer with a laser emitting at 488 nm. 
We used yellow-green 0.92 µm latex beads as an internal standard. High and low nucleic acid 
bacteria were distinguished based on their green fluorescence and side scatter signatures. 
Meteorological data was obtained from the Observatory Fabra automatic station of the 
Catalan Meteorology Agency. Wave height data was obtained from the Datawell waverider 
buoy (XIOM) at the Llobregat site (south of our sampling point). Besòs river and Llobregat 
river discharges were obtained from the Catalan Water Agency and daily water temperature 
was kindly provided by Pont de Petroli in nearby Badalona. We used daily averages of all 
data when the sampling frequency was higher, with the exception of precipitation, where the 
daily cumulative rainfall was computed. Most of the data showed ranges close to or larger 
than one order of magnitude and were log transformed to approximate normality. Data were 
linearly detrended when the slope of a linear regression was significantly larger than 0 (P ≤  
0.05) Statistical analyses consisted of multivariate correlations with and without temporal 
lags and multiple regressions. 
 
Results 
Peaks of total suspended solids coincided in part with significant wave height (Hs), but also 
with rain and river discharge events, which seem to dominate the signal in a few occasions 
(Fig. 1). Nutrient concentration peaks were highly correlated among themselves (Fig. 2). The 
signal was dominated by a large peak in early May following rain, discharge, Hs, and 
sediment resuspension, and by a large peak right by the end of our sampling period at the end 
of July, coinciding with a peak in total suspended solids, a large decrease in salinity and with 
rain, but no so much with river discharge or Hs, meaning that perhaps we had a nearby storm-
water overflow release. 
Crosscorrelations with Hs show an immediate coincidence with a decrease in salinity and an 
increase in TSS and dissolved nutrients (Fig. 3). Maximum correlations with total organic 
carbon are low and delayed 3 to 6 d while maximum correlations with chlorophyll and 
bacteria are negative and delayed ca. 2 d.  Crosscorrelations with River Besòs discharge (Fig. 
4) were correlated with TSS and nutrients with a lag between 1 and 2 d. A maximum 
negative correlation with chlorophyll is found with a lag of 2 d, while correlations with 
bacteria tend to be positive with a maximum at a 2 d lag. Crosscorrelations with TSS (Fig. 5) 
are positive for all nutrients as well as for chlorophyll and bacteria without temporal lag. 
Total suspended solids were significantly correlated to Hs, but only to explain 24% of the 
variability in TSS data. Nitrate, ammonium, phosphate, silicate and total organic carbon were 
all first negatively related to salinity, showing an influence of freshwater presumably from 
the nearby Besòs river plume, although Besòs river discharge did not correlate significantly 
with the nutrients. Nitrate, phosphorus and TOC were secondarily related to TSS, while 
silicate showed Hs as a secondary parameter. Multiple regression models with these variables 
explained the variability in nutrient data from 37% (nitrate) to 51% (phosphate). Both total 
chlorophyll and the fraction of chlorophyll containing particles larger than 10 µm were 
related positively to phosphate and negatively to silicate. Bacterial concentration was also 
related to phosphate and in second instance negatively to Hs, explaining a 16% of the 
variability. Nitrate (negatively) and chla>10 and silicate may also enter the model for a total 
explanation of 29% of the variability in bacterial concentration. 
 
Discussion and Conclusions 
In nearby sites and similar systems, Guillén et al. (2002) and Antonijuan et al (2012) related 
sediment resuspension to wave activity such as the components of bed shear stress and near 
bottom orbital velocities. In our study, total suspended solids in the water column are 



consequence of significant wave height only to a certain degree since only a relatively small 
portion of variability is explained, even in this micro-tidal coastal system. Sediments carried 
with river discharge may be also important. Nutrient concentration is primarily a reflection of 
freshwater runoff and secondarily of TSS or sometimes directly wave height. Chlorophyll 
and bacteria obviously react to increased nutrient concentrations and there is a correlation 
with certain nutrients, although there may be an initial drop in chlorophyll owing to possible 
light attenuation (Lawson et al. 2007) and the recovery of calm conditions. Wolanski et al. 
(2008) also found that nutrient concentrations were related to low salinity and unrelated to 
wave height suggesting riverine origin, albeit their Great Barrier Reef estuary with fine 
sediments is a completely different system. 
TSS is both a reflection of suspended sediments that will introduce nutrients in the water 
column as well as a direct reflection of chlorophyll as a proxy for living organic matter, since 
a larger portion of TSS variability can be explained when chlorophyll is incorporated as an 
independent variable (35%) with respect to Hs alone (24%). 
Most of the high Hs events were accompanied by rain and river discharge during the 
timeframe of our sampling, which we had not expected to happen, at least in June and July. 
This weakens the statistical signals of possible direct correlations between TSS and Hs. It is 
also true that meteorological and oceanographic data are not from the exact same location of 
our water column samples, and local conditions may be responsible for a portion of the 
correlation variability. In addition, we sampled off the Barcelona harbor sea wall and 
conditions may not fully reflect the water column dynamics of an open water site. Finally, we 
made an effort to increase the sampling frequency of water column data from the usual 
monthly effort, but true daily (7 times a week) or maybe even higher frequencies are needed 
to improve correlations. 
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Figure 1. Time series of different meteorological and oceanographic variables as well as total 
suspended solids (TSS). 
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Figure 2. Time series of different dissolved inorganic nutrients, total organic carbon (TOC), 
chlorophyll a, and total heterotrophic bacteria. 
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Figure 3. Croscorrelations between significant wave height (Hs) and different chemical and 
biological water column variables. 
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Figure 4. Croscorrelations between river Besòs discharge and different chemical and 
biological water column variables. 
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Figure 5. Croscorrelations between total suspended solids (TSS) and different chemical and 
biological water column variables, including bacteria (bact) and high nucleic acid bacteria 
(hna bacteria). 
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Abstract 

Time series observation of particle size distribution (LISST-100x type C)simultaneously with 
currentvelocity measurements have been recorded in the coastal waters of the English Channel 
(France). The objective of the present study is to consider the dynamics of each particle class size, in 
relation with velocity dynamics, and to characterize the changes in relation with the particle size. We 
also analyse the slope of particle size distribution (PSD slope ξ for Junge distribution) estimated at 
each time t, and consider its dynamics in relation with turbulence fluctuations. The effect of tidal 
currents on the particle size distribution are also analysed in this paper. 

 

Introduction 

 The particulate matter in the ocean classically divides into organic and inorganic particulate 
matter. The organic particulate matter mainly subdivides into living plankton microorganisms 
(viruses, bacteria and various phytoplankton and zooplankton species) and non-living organic detritus 
(break down products of microorganisms).Inorganic particles include the various mineral species 
(clay minerals, quartz, feldspar, calcite and many others). It is found that the species composition and 
the concentration of organic and inorganic particles vary greatly all over the ocean. The particle size 
distribution which describes the particle concentration as a function of particle size typically shows a 
rapid decrease of concentration with increasing size from submicrometer range to hundreds of micro 
meters, of the for D- ξ, where D is the diameter. 

High frequency variability of particle size distribution and its dynamics in relation with 
turbulence is very important for the study of sediment dynamics as well as the re-suspension of 
sediment. This is because both the particle settling rate and re-suspension are first order dependent to 
their size (Boss et al. 2001). This type of high frequency micro-scale study really gives access to 
better understanding of various types of particles interactions with velocity fluctuations. This helps to 
improve the accuracy of sediment transport models, and have also fundamental applications in the 
field of remote sensing.  

Study Area 

 The present data is taken from the eastern English Channel. The English Channel is divided 
into a western basin and an eastern basin separated by a line drawn approximately between the 
Cherbourg peninsula and the Isle of Wight. The tidal oscillations in the two basins are out of phase 
with each other and the strongest tidal currents occur where the two basins join. The shores of the 
eastern basin are generally erodible, and accumulations of sand and shingle tend to reduce the force of 



the waves (Crisp and Southward, 1958). The water of the eastern basin generally contains more 
suspended matter and the shores are usually scoured by sand and shingle. 
 

Data  

Various instruments are available for the measurement of particle size distribution such as 
electrical impedance particle seizer (Coulter Counter), Particle imagine systems and laser 
diffractometers (laser in-situ scattering and trasmissometry device, LISST) (Reynolds et al., 2010). In 
the present study we have taken the data from LISST-100X (type C). The data handling protocol is 
adapted from Neukermans et al. (2012). A 48 hour time series of simultaneous observation of LISST 
and ADV (Acoustic Doppler Velocimeter) has been carried out in the coastal waters of English 
Channel with a frequency of one hertz during 25-June-2012. The instruments were fixed on a stable 
structure at about 50 cm from the sea bottom. The water level during the experiment varied between 
X and Y m. Simultaneous measurements of turbidity also were performed in the same station with a 
frequency of 0.1 Hz(TROLL in-situ). The sensor has the range from 0 to 2000 NTU/FNU and 
accuracy ±5% or 2 NTU/FNU. Fig.1. and Fig.2. Shows sample data. 

 

Fig.1. Time series of number of particles in two different size classes  



 

Fig. 2. Time series of velocity components of current ( U and V components). 

 

Methods 

 In order to consider the coupling between turbulence and particle transport and dynamics, we 
study the statistics and dynamics of the time series. 

Statistics: - We analyse the probability density function of each class of particles (32 classes from 2.5 
µm to 500 µm). We also estimate the global PSD slope by considering all time observations together. 

Dynamics: - To have information on the dynamics of the series we plot Fourier power spectra. First 
velocity power spectra reveal an inertial range corresponding to homogenous turbulence. For the same 
range we consider the power spectral slopes of similar analysis applied on turbidity data and on each 
32 particle size classes. This helps to detect the influence of particle size on the coupling with 
turbulence. 

 We also estimate at each time t the value of ξ (PSD slope) and consider the probability 
density function and Fourier spectra of ξ(t). This helps to detect influence of hydrodynamics (tide, 
turbulence) on these particle repartition index. 
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The magnitude and spectral shape of the particle backscattering coefficient, bbp(), is being 
increasingly used to infer information about the particles present in seawater. Relationships between 
backscattering and particle properties in the Arctic, however, may likely differ from other oceanic 
regions which contribute the majority of data used to develop and parameterize optical models. We 
utilize a set of field measurements from the Chukchi and Beaufort Seas to examine relationships 
between optical backscattering and characteristics of the suspended particle assemblage. A unique 
feature of these data include measurements of the concentration and size distribution of submicron 
colloidal particles derived from observations of laser light scattering by particles undergoing Brownian 
motion within a liquid sample. When combined with other size estimates such as those measured with a 
Coulter counter, the measured particle size distributions span the size range of about 40 nm to 100 m. 
 
The particle backscattering coefficient at 550 nm varied six orders of magnitude, with the highest 
values observed on the Mackenzie shelf. Backscattering was generally well-correlated with the mass 
concentration of particles, and to a lesser extent with other measures of concentration such as 
particulate organic carbon or chlorophyll. We interpret variability in the magnitude and spectral 
behavior of bbp with regards to changes in the particle size distribution and bulk composition of 
particles (organic to inorganic proportions). High backscattering was associated with mineral-rich 
assemblages that generally exhibit a steeper size distribution, while lowest backscattering was 
associated with organic-dominated assemblages with a greater contribution of large particles. Our 
results suggest that algorithms which employ composition-specific relationships can lead to improved 
estimates of particle properties from backscattering measurements. In contrast to theoretical models, 
however, in this environment we observe little relationship between the spectral slope of bbp and the 
overall slope of the particle size distribution. 
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The Gulf of Valencia (GoV) is located in the northwestern Mediterranean, between 
the Ebro Delta and the promontory Cap La Nao. This area receives most of the sediment 
transported in a southwesterly direction along the Ebro margin and it is characterized by 
water mass mixing between southwestwards flowing Northern Current, carrying old 
Atlantic Waters (AW), and the northward intrusions of recent AW through the Ibiza 
Channel. Previous studies have evidenced the presence of several intermediate and 
bottom nepheloid layers along the central and southern part of the GoV continental 
slope, mainly between 400 and 600 m, where the Levantine Intermediate Water (LIW) 
interacts with the seafloor. Such nepheloid layers have been related to the presence of 
internal waves resuspension processes on the mid-slope region.  

To investigate the presence of internal waves in the GoV slope, and to analyze their 
role in the suspended sediment transport, a mooring line was deployed in the GoV at 
578 m, between the 3th of October 2011 and the 3th of March 2012. This mooring was 
equipped with a 300 kHz four-beam RDI Acoustic Doppler Current Profiler (ADCP) at 
80 m above bottom (mab) and a thermistor string with 120 high resolution thermistors, 
between 5 and 70 mab, and 10 turbidity Optical Backscatter Sensors (OBS) in between 
them. Results of this deployment showed the main current on the GoV slope was ~ 20 
cm/s towards the SSE, and clearly affected by the local bathymetry. Shear turbulence 
was detected at the boundary layer, generated by the interaction between the warmer 
(and saltier) LIW and the colder (and fresher) Western Mediterranean Deep Waters 
(WMDW). Continuous water overturning could be recorded in the thermistor time 
series. However, changes in the velocity direction, towards the north, with an inertial 
periodicity, were observed and were directly related with LIW warm water intrusions 
(increases of 0.1 ºC). A shear-induced turbulence was registered during these periods 
and also high frequency internal waves were identified in the current velocity. During 
eastward and upslope phase of the inertial motions a much larger convective turbulent 
boundary layer was observed. Although a good relation was found between velocity 
variations and temperature oscillations, sediment transport was barely related with these 
changes when low turbidity was recorded. However, during the periods of relatively 
high suspended sediment, high frequency oscillations were correlated with temperature 
and current variations. 



Near-Infrared Light Absorption By Natural Particles: A Reappraisal. 
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Light absorption of phytoplanktonic pigments in the near infrared spectral region (700 – 2000  
nm) is observed to be very low and considered to be negligible in common optical measurements  
or applications. Since a long time it is in debate whether the absorption of other dissolved or  
particulate matter (CDOM, detrital organic and lithogenic matter) in seawater is negligible. Often  
the assumption of a negligible NIR absorption is used to correct for errors related to light  
scattering in optical measurements. We used recently improved optical methods that provide  
measurements with very low scatter errors to demonstrate the extent of the real absorption in the  
NIR of natural particulate matter from different regions (river, oceanic and coastal marine  
regions) and of some pure minerals (quartz, mika, laterites). All natural samples showed a  
significant absorption in the NIR with values reaching up to 2 m-1 in the extreme case of turbid  
river waters. Measurements of the pure minerals showed as well significant NIR absorption and  
were used to determine the relationship of particle size to mass-specific absorption of single  
mineral species.  
 
The substantial absorption of non-algal particulate matter reported here has strong implications  
for optical measurements; an important one is that optical signals at NIR wavelengths should not  
be used to correct for scatter errors. More work is needed to separate the contribution of organic  
detritus and minerals in natural samples. 
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Coastal dunes constitute the morphological transition between sandy coasts and the continent; 
they act as a link between those environments both physically and biotically. These 
ecosystems are extremely dynamic and vital. They have high geological, ecological and 
landscape value. Coastal dunes represent one of the most interesting habitat with their plant 
communities; as a matter of fact, they belong to the List of Natural Habitats of Community 
Importance included in the Annex I of “Habitats” Directive 92/43/CEE (EC 1992, 2007). 
Dunes and their vegetation are influenced by strong, local gradients, in wind-mediated 
physical disturbance, salt spray, nutrient availability, and soil moisture (Maun, 2009). 
Therefore, the floristic and vegetation biodiversities of these habitats represent one of the 
sources at highest level of risk. Thus, they need to be studied and protected, particularly 
considering that plant density and distribution, dune height, and cover of the biotic 
communities, along with wind speed and sand transport rates, affect the morphological 
development of dunes (Hesp, 2002). Regarding the Mediterranean coastal sand dune systems, 
the interactions between dune morphology and vegetation have already been studied in 
particular to find out an index of vulnerability for the coastal dune by García-Mora et al. 
(2001) in the south-west Iberian peninsula and by Williams et al. (2001) in Spain, France, 
Portugal and UK; Biondi et al. (2006) analyzed vegetation diversity in relation to the 
geomorphological characteristics in the Salento coast (Apulia – Italy); Acosta et al. (2007) 
tried to establish whether community differences were related to dune slope and morphology 
along the Tyrrhenian coast; Fenu et al. (2012) combined morpho-sedimentological, 
geopedological, and geobotanical data to analyze the relationships between the abiotic 
properties of the dunes and the floristic composition of plant communities in Sardinia and 
Ciccarelli et al. (2012) linked plant species composition of coastal foredunes with the 
physical dynamical processes of the coastline in Tuscany (Italy). 
The aim of this work is to define which are the abiotic factors that mostly affect distribution 
and composition of plant dune communities in regard to dune morphology and sediment 
grain-size parameters in two protected areas of the Tuscan coast (Italy). Results of this 
research might be used to improve the management and the conservation of such a critical 
environment. 
 
Study areas of the present research belong to two Regional Parks: Migliarino – San Rossore – 
Massaciuccoli (MSRM) Park, located in the northern part of Tuscany, and Maremma Park, 
which is in southern Tuscany (Fig. 1). These study areas were selected for their high 
conservational and biodiversity values. Both coastal dune systems extend beside the mouth of 
two rivers, Arno and Ombrone respectively. The whole coastal dune systems of MSRM 
Regional Park, which faces the southernmost sector of the Ligurian Sea, belongs to the 
Natura 2000 network with two Sites of Community Importance (SCI), namely “Selva Pisana” 
(IT5160002) and “Dune litoranee di Torre del Lago” (IT5170001). This area is characterized 
by a Mediterranean sub-humid climate, with a mean annual temperature > 15°C and a mean 
rainfall of about 800 mm (Rapetti, 2003). Ancient dune ridges extend along almost the entire 
length of the Park (about 30 km), whereas modern and active dunes are sometimes 
interrupted by man-made structures. The northern and southern parts are experiencing 



expansion, whereas the central sector is subjected to strong retreat (Cipriani et al., 2004). The 
continuity of the dune field is broken off by the River Arno, which is the prevalent sediment 
source of the area. Dominant incident waves approach the coast with an angle of about 240° 
(Cipriani et al., 2001). Littoral drift is northward-trending on the right side of the River Arno 
delta as opposed to the southward direction on the left side (Pranzini, 2001). The coastal dune 
systems of Maremma Regional Park, facing the Tyrrhenian Sea, are also characterized by a 
SCI called “Dune costiere del Parco dell’Uccellina” (IT51A0015). The climate of this area is 
Mediterranean sub-arid, with an annual average temperature of 15.6 °C and an annual 
rainfalls average of 618 mm (Pinna, 1985).The dune field extends for about 10 km, but the 
mouth of the River Ombrone and some anthropic constructions interrupt the natural 
continuity. The beach is in equilibrium in the northern part; the central sector is eroding as 
opposed to the southern part, which is currently in expansion (Cipriani et al., 2004). The 
River Ombrone is the only sediment source naturally feeding this sector of the coast. The 
dominant direction of incoming waves is approximately 170° (Pranzini, 2001). Similarly to 
the River Arno, the drift is directed towards opposite directions on the two sides of the River 
Ombrone delta: northwards on the right side, southwards on the left side (Gandolfi and 
Paganelli, 1975). 
 
Topographic surveys along transects perpendicular to the shoreline were performed on both 
coastal systems, starting from the beach face up to the plant communities of the back dunes. 
The transects were randomly positioned for a total of eleven locations. The topographic 
profile was obtained by means of a triplometer. The accuracy of the triplometer is about 5 cm 
of reading error. During the topographic surveys, sediment samples were collected from the 
main geomorphological and vegetation features (first vegetation, foredune front toe, crest 
foredune, foredune back toe) to carry out grain-size analysis. About 1 kg of sediment was 
collected for each sampling site. Samples were accurately heated to 50°C for 24 hours in an 
electric oven and then reduced to about 100 g, which is still representative of the whole 
sample that was collected. Grain-size analyses were performed with sieves of 0.5 phi of mesh 
interval, from 2 mm to 0.063 mm; each sample was sieved for 10 minutes. Folk and Ward 
(1957) parameters (such as Mean, Mz, and Sorting, ) and percentiles were determined from 
these data and then plotted into diagrams. To study plant composition, vegetation was 
sampled in plot of 1 m x 1 m along transects. The percentage cover of each plant species was 
estimated in each plot, that was georeferred by a GPS instrument with an accuracy of about 3 
m. Cluster Analysis was used to identify the different phytocoenosis sampled in each plot. To 
find out any possible interactions between vegetation and geomorphological characteristics 
(such as grain-size, sorting, altitude, distance to the coastline of each plot) and to identify 
which parameter plays a prevalent role the Canonical Correlation Analysis (CCA) was used 
(Podani, 2007). 
 
The topographic surveys show that there is a big range of variability between beach profiles 
of the study sites (Figs. 2 and 3, Tabs. 1 and 2). In the northern sector of the MSRM Park the 
beach is about 150 m wide, and is characterized by a long backshore and a large back-dune 
(transects A, B and C), this is due to the fact that this portion of littoral is experiencing 
expansion. In the central sector, the profiles are shorter (transect E is only 33 m long) and in 
particular the backshore length is significantly shorter; in addition, profiles are more irregular 
in terms of slope variability. Strong retreat is the cause of this disturbed situation. The 
southernmost transect (H) is characterized by a wide backshore and a short back-dune and the 
elevation is low because it’s located in an area where tourism pressure is really high like the 
northern transect (I) of Maremma Regional Park which also has a shorter backshore and a 
lower elevation (the crest is only 1.3 m high). This transect, as the others of Maremma Park 



has a length of about 80 m long, but the central and southern transects (L and M) have a 
wider backshore, a more pronounced elevation and a shorter back-dune. 
 
Grain-size analyses (Fig. 4, Tabs. 1 and 2) enable to point out a perceptible difference 
between samples collected from MSRM Park and those taken from the Maremma Park. The 
former are generally coarser than the latter (about 0.27 mm and 0.21 mm of mean diameter 
respectively), which means that the River Arno’s sediments are coarser than the River 
Ombrone’s. The three northernmost transects along the MSRM Park (A, B and C) are on 
average coarser than any other transect: although they are the furthest from the River Arno 
mouth, they are likely affected by the sediment input of the River Serchio, whose mouth is 
just 6 km north of the River Arno’s. Transect H is different if compared to the other transects 
of the MSRM Park: its Mean value is definitely lower and resembles those of the Maremma 
Park (about 0.21 mm). This trend might be explained considering that this site is located in a 
convergence zone of littoral drifts, where sediments are finer than usual (Fig. 1). 
 
Samples collected from Maremma show a neat difference between the northern transects (I 
and L) and the southern one (M): the former are coarser than the latter (0.24 mm as opposed 
to 0.16 mm). The distance from the sediment source, the River Ombrone mouth, is likely 
responsible for the resulting trend. The northernmost sector (I) shows Mean value that is 
intermediate relative to the other two transects of the site (0.23 mm). Considering each 
individual transect, the expected trend of grain-size decrease towards the back-dune is 
confirmed in particular along transects E and F; the remaining transects show little variations 
from the typical pattern, just slight increase of the mean grain-size reported in front-dune and 
crest samples. Transects D and L are characterized by a different trend, where back-dune 
samples are coarser than front-dune and crest samples. 
 
Cluster Analysis classified all the sampled plots in three different plant associations (Figs. 2 
and 3): Salsolo kali-Cakiletum maritimae (Costa & Manz, 1981; Mart et al., 1992), the annual 
community of alonitrophilous plants characteristic of upper beach (EC Habitat 1210); 
Echinophoro spinosae-Elymetum farcti (Géhu, 1988), the perennial geophytic communities 
of the embryo dunes (EC Habitat 2110); Echinophoro spinosae-Ammophiletum arenarieae 
(Géhu et al., 1984), the perennial geophytic communities of the mobile dunes, stabilized by 
Ammophila arenaria, a big graminaceous plant with a deep and large rhizome (EC Habitat 
2120). Distribution of plant communities along the transects corresponds basically to a 
classical psammophilous series in D, F, G, H, I, L and M, which indicates a high value of 
conservation; in transects A, B and C, where the whole coastal system is prograding, there is 
a predominance of Echinophoro spinosae-Elymetum farcti association; while in transect E, 
which is highly disturbed, psammophilous series is strongly disorganized.  
 
Canonical Correlation Analysis (CCA) showed that the only geomorphological factor that 
significantly affects (p-value = 0.005) plant composition is mean grain-size (Fig. 5); while 
sorting, altitude and distance to the coastline of each plot do not seem to influence the 
variability of plant communities. It is well-known that sedimentological and morphological 
factors of coastal dunes affect the vegetation: the results of this study highlight which factors 
are mostly involved in this regard. 
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Fig. 1 – Map of the study areas. The thin black arrows point out the direction of the littoral 
drifts. 
 
 
 
 
 
 
 
 
 



 
Fig. 2 – Topographic profile of the MSRM Park transects along which the samples were 
collected (blue dots: Salsolo kali-Cakiletum maritimae; green dots: Echinophoro spinosae-
Elymetum farcti; yellow dots: Echinophoro spinosae-Ammophiletum arenarieae). 
 
 
 
 

 
Fig. 3 – Topographic profile of the Maremma Park transects along which the samples were 
collected (blue dots: Salsolo kali-Cakiletum maritimae; green dots: Echinophoro spinosae-
Elymetum farcti; yellow dots: Echinophoro spinosae-Ammophiletum arenarieae). 
 
 



 
Fig. 4 – Plot of the grain-size sorted by the transects (green: first vegetation; yellow: front 
dune; red: dune crest; blue: back dune).  
 
 
 
 
 
 
 
 
 

 
Fig. 5 – CCA diagram (in red plant species, in blue geomorphological factors, black numbers 
represent different plots). 



Table 1 – Analytical data about sedimentological (mean and sorting) and geomorphological 
(altitude and distance from the coastline) factors in MSRM Park. 
 

Mean (mm) Sorting Alt (cm) Dist (m)
A-veg 0.27 0.41 217.5 31.5 

A-front 0.29 0.43 217.5 63.5 

A-crest 0.27 0.42 347.5 79.5 

A-back 0.24 0.46 173.5 100.5 

B-veg 0.30 0.43 223.5 21 

B-front 0.28 0.40 230.5 49 

B-crest 0.29 0.44 310.5 60 

B-back 0.28 0.45 189.5 76 

C-veg 0.27 0.40 244 38 

C-front 0.31 0.50 216.5 67 

C-crest 0.27 0.43 434.5 77 

C-back 0.28 0.45 172.5 97 

D-veg 0.27 0.43 282 13 

D-front 0.24 0.41 231 24 

D-crest 0.24 0.48 725.5 43 

D-back 0.27 0.42 513.5 61 

E-veg 0.28 0.44 329 10.5 

E-crest 0.27 0.39 343.5 15.5 

E-back 0.26 0.46 234 21.5 

F-veg 0.33 0.39 216.5 22 

F-front 0.28 0.38 199.5 31 

F-crest 0.25 0.44 400.5 43 

F-back 0.23 0.52 165 61 

G-veg 0.27 0.43 212.5 16.4 

G-front 0.33 0.54 242.5 32.75 

G-crest 0.32 0.46 254 35 

G-back 0.24 0.48 234 44 

H-veg 0.23 0.54 94.5 27 

H-front 0.19 0.46 115.5 32 

H-crest 0.23 0.52 379.5 56 

H-back 0.17 0.49 286 67 

 
 
 
 
 
 
 
 
 
 



Table 2 – Analytical data about sedimentological (mean and sorting) and geomorphological 
(altitude and distance from the coastline) factors in Maremma Park. 
 

Mean (mm) Sorting Alt (cm) Dist (m)
I-veg 0.23 0.40 58.5 29 

I-crest 0.26 0.42 131.5 35 

I-back 0.20 0.39 57 46 

L-veg 0.26 0.43 125.5 14 

L-front 0.23 0.45 254 41 

L-crest 0.22 0.39 539.5 56.7 

L-back 0.26 0.47 296.5 66 

M-veg 0.17 0.37 94 19.5 

M-front 0.16 0.36 154 40 

M-crest 0.15 0.32 277.5 48 

M-back 0.16 0.36 112.5 59 

 



Plankton research with an AUV flying LISST-HOLO

John Ryan
Monterey Bay Aquarium Research Institute, Moss Landing, CA  USA

Marine biology may best be studied from the perspective of its life forms.  Different approaches 
toward this goal have emerged in observational ocean science — including Lagrangian tracking 
of tagged patches to study planktonic populations as they drift, programming modes of behavior 
for autonomous platforms to mimic vital behavior and its consequences for life in dynamic 
environments, and attaching environmental sensing and geographic tracking systems to 
megafauna to travel their world.  Toward novel methods of studying marine life and its 
environment, scientists and technologists at the Monterey Bay Aquarium Research Institute 
(MBARI) have been developing autonomous underwater vehicle (AUV) platforms, sensing 
systems, and control algorithms (Figure 1).  

Figure 1.  AUV Dorado has configurations optimized for either deep seafloor mapping or upper 
ocean ecology; the latter is shown (A).  The AUV has a water sample acquisition system (B), that 
is controlled by algorithms using real-time sensor data.  The sensing package has been expanded 
to include both the LISST-100 and LISST-HOLO sensors for plankton research (C). 

Following years of imparting touches of scientific reasoning to AUV control, we are turning 
toward imparting touches of life-form reasoning — as a novel contribution to this greater field of 
effort.  Can we create a robotic system that can explore and interrogate the marine environment, 
similar to how intelligent marine life explores its environment and utilizes the resources within 
it?  When the aquatic robot navigates to an ecologically relevant feature, can we engage 
algorithms based on scientific reasoning to gather targeted data?  Development of such a system 



requires advancement of sensing and onboard processing of sensor data, i.e. making the AUV 
more capable of intelligently responding to detectable signals of key phenomena.  To synthesize 
far- and near-field interrogation, both acoustic and optical sensing methodologies are required.  
The first optical sensor we are testing, as an "eye", is LISST-HOLO.  We have deployed LISST-
HOLO during three experiments within the dynamic ocean margin environment of the California 
Current system.  This talk will describe the host AUV's sensing and sampling capabilities, results 
from deployments of LISST-HOLO among the AUV's multidisciplinary sensing suite, early 
efforts toward shore-side automated identification of plankton from LISST-HOLO images, and 
future development plans.
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The Water Framework Directive (WFD) (2000/60/EC) does not currently provide 
guidelines for standards of suspended or deposited sediments. The EU Freshwater Fish 
Directive (2006/44/EC) does however include an annual average standard for suspended 
solids of 25 mg/l which will be superceeded by the WFD in 2013. Water quality 
standards that would represent sediments in a reasonable way are difficult to establish 
due to the high temporal and spatial variations of sediment transport in fluvial systems 
and the complexity of how sediments impact aquatic life. Moreover, thresholds 
established at the European level may not be relevant in an Irish context where a 
combination of land use pressures and climate characteristics contribute to quite different 
sediment regimes. Ireland thus faces significant challenges to identify and fully 
understand these pressures and to estimate suspended and deposited sediment levels 
specific to Irish conditions in order to establish thresholds, standards and appropriate 
measures for sustainable catchment management. 
 
Fine sediments are of particular 
interest for catchment management 
as excessive loads in rivers can 
have adverse effects on aquatic 
environments (Figure 1). When 
suspended within the water 
column, sediments reduce light 
penetration and affect primary 
production (e.g. Lloyd et al., 
1987). High loads can also affect 
aquatic organisms by, for example, 
clogging of fish gills (e.g. 
Swinkels et al., 2012). Fine 
sediments also play an important 
role in the transfer of nutrients (e.g 
Douglas et al., 2007), heavy 
metals (Gaynor and Gray 2004; Foster and Charlesworth, 1996), and other pollutants e.g. 
PCBs (Owens et al., 2001) due to sorption of those materials to fine grained sediments 
(typically <63 μm). When fine sediments are deposited in low velocity/turbulence 
conditions, they affect the richness and density of macroinvertebrate communities (Jones 
et al., 2011) and can lead to siltation of coarse gravels causing local deoxygenation and 

 

 
 

Fig 1. Siltation of Freshwater Pearl Mussel - 
Margaritifera Margaritifera at Allow River, Co. 

Cork (IRD Duhallow Life Project) 
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consequently degradation of important habitats such as fish spawning grounds (e.g. 
Newcombe and Jensen, 1996) and freshwater pearl mussel beds.  
 
The quantification of fine sediment fluxes is essential in assessing water quality as 
opposed to relating water quality to average concentrations (Horowitz, 2008). Irish data 
on suspended sediment fluxes (SSF) however, is very limited. This paper presents the 
pressures and challenges for future sustainable river basin management in Ireland. The 
challenges are considered in the context of the WFD. Although limited, a database of 
Irish sediment fluxes that was developed as part of the Environmental Protection Agency 
funded SILTFLUX project is described. The significance of these fluxes, in comparison 
to studies from elsewhere in Europe, is explored.  
 
World trends show that land use change (mainly intensification of agriculture and 
deforestation), construction, urbanisation and mining are increasing sediment inputs to 
the fluvial systems (Dearing et al., 1987; Kasai et al., 2005; Walling 2008). Agriculture 
constitutes a primary land use in Ireland (accounting for 65.9% of the total land area 
(CSO, 2012) compared to a European average of 40%) and is a key driver for suspended 
sediment loads in Irish catchments. Sediment issues are most likely compounded by 
increasing livestock densities (Department of Environment, 1997; CSO, 1997) that result 
in over-grazing and higher soil compaction levels, a problem that is particularly evident 
in western and upland areas with vulnerable blanket peat soils and high upland rainfall 
(circa 2,500mm/annum) (Brogan et al., 2002; Department of Environment, 1997).  
Unrestricted access of livestock to river channels is also a problem in Irish catchments 
and, where pasture areas extend to 
the river course, cattle can strip 
river banks of vegetation leaving 
them more vulnerable to erosion 
during high flows (Figure 2).  
This uncontrolled access also 
damages the river bank structure 
and the resulting compacted and 
poached soils constitute a higher 
risk of sediment loss to 
waterbodies. Moreover, 
agricultural lands often require 
assisted drainage (field drains and 
open ditches) that can contribute 
significantly to sediment inputs to 
the catchment. 
 
Such issues are somewhat unique to Ireland and are compounded by considerable 
differences in rainfall distribution across the country. This paper, while presenting the 
challenges facing Ireland, highlights a deficit in suspended sediment data and presents 
recent research initiatives that target this knowledge gap.                   
 
 

 

 
Fig 2. Unrestricted cattle access to the river 
causing sedimentation problems (MulkearLIFE 
project). 
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Abstract 
Water reuse is a promising practice that might preserve limited water resources, 
especially in water depressed areas or in front of future climatic scenarios. Although 
water reuse is a possible solution for the water scarcity, just few countries have 
completely implemented this practice. Wastewater reclamation has a valuable tool in 
order to manage wastewater, reintroducing the wastewater to the environment with the 
minimum environmental impact and ensuring public and environmental health.  
 
It is generally accepted that both chemicals and pathogens are the main parameters to be 
considered to assess a safe wastewater reuse. Wastewater treatment is divided in 
primary, secondary and tertiary treatment. The primary treatment retains the coarser 
solids, which are removed from the water. Secondary treatments consist of a series of 
processes that pretend to stabilize sludge by using a large amount of energy and cost. 
Usually secondary effluents have low levels of suspended solids, pathogens and 
chemicals. However, there is still a risk when wastewater coming from the secondary 
effluent is used for non-potable purposes without any other treatment previously added. 
Several tertiary treatments have been introduced in order to improve the quality of 
wastewater from the secondary effluent. Coagulation, flocculation, sedimentation tanks, 
sand filters, ultrafiltration are examples of tertiary treatments that are used with the 
purpose of reducing the suspended solids and ensure afterwards a proper water 
disinfection, together with chlorination or UV irradiation. A large amount of suspended 
solids result in high turbidity values that might prevent proper wastewater disinfection, 
especially when UV disinfection is used (Lazarova et al., 1999). Therefore, a poor 
reduction of suspended solids might indicate that a tertiary treatment does not 
substantially improve the quality of treated wastewater.  
 
The particle content in wastewaters has been considered an important parameter for the 
evaluation of the chemical, physical and biological treatments (Marquet et al., 2007). 
The presence of small particles in suspension results in a non-desirable cloudy 
appearance of wastewater. Furthermore, as mentioned above, the disinfection of this 
low quality water becomes difficult or impossible. Wu et al. (2009) studied the 
relationship between the particle size distribution and suspended solids, turbidity and 
microorganisms and they proposed the continuous analysis of the particle size 
distribution to evaluate the water quality of the effluent. Arevalo et al (2009) found a 
reduction in suspended solids and turbidity of 90% for both membrane bioreactors and 
ultrafiltration. Ellis (1987) found the same efficiency of both the particle concentration 
and Ecoli removal using different sand filters with different grain sizes. Therefore, new 
methods to remove small suspended particles with a low cost maintenance and also with 
low environmental impact are of great interest. As indicated by Mujeriego and Asano 
(1999), the goal of water reuse is to achieve water quality standards with a reasonable 
cost-effective process.  
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Daphnia magna have been found to ingest sludge particles if these particles are in the 
ingestible Daphnia particle size range (Pau et al., 2012). DeMott (1982) showed that 
Daphnia ingest particles in the size range of 0.5-40 m and in proportion to the 
abundance of the available food. Burns (1968) found a maximum particle ingestible of 
35 m for a population of Daphnia pulex and that the Daphnia filtering rate decreased 
as the prey concentration decreased. As pointed out by Shiny et al. (2005) from 
laboratory experiments, filter feeders (both invertebrates and vertebrates) are promising 
organisms in the area of water disinfection, inactivating E.coli from wastewater. While 
large particles are easily removed from wastewater via settling tanks or filtering 
techniques, small particles have a settling velocity too small to be trapped in 
sedimentation basins and they are also too small to be retained by filtering methods, 
becoming therefore the most difficult particles to be removed from wastewater. 
Therefore, filtration of small sludge particles by Daphnia magna might result in a 
considerable improvement of the water quality when compared to other existing 
methods.  
 
In this study we present data on the removal of suspended solids by means of each of 
different tertiary treatments that are used in six wastewater treatment plants (WWTPs) 
in Catalonia (NE of Spain). The efficiency in the particle removal of several tertiary 
treatments already functioning in WWTPs such as coagulation-flocculation, 
sedimentation in the lamellar decanter, sand filtration, ultrafiltration and UV was 
analysed and compared with Daphnia magna wastewater treatment process, which was 
working as a pilot scale plant in Empuriabrava WWTP. For this purpose, the 
concentration of particles below 30 m and particles in the range from 30-200 m was 
analysed throughout the whole tertiary treatment process study. Samples from the 
secondary effluent and from each section of the tertiary treatment method were taken 
and analysed with a laser particle size analyser (Lisst 100, Sequoia Inc) in order to 
determine the evolution of the suspended particle concentration throughout the 
treatment. 
 
Results showed an increase in the concentration of small particles after the coagulation-
flocculation treatment. Instead, the concentration of small particles was found to 
decrease after the lamellar decanter, which was already expected. The concentration of 
small particles after sand filtration showed a saturation curve. In the last case, the 
concentration of treated wastewater was always found below 10 l/l. Similarly, we 
found that the concentration of particles after ultrafiltration was smaller than the 
concentration of small particles in the secondary effluent. Also, particles smaller than 
the mesh size were not retained by the ultrafiltration. The concentration of small 
particles remained unchanged after the UV treatment, as could be initially expected. The 
Daphnia magna treatment reduced the concentration of small particles with a maximum 
concentration of 2l/l. 
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Abstract 
It is difficult to obtain vertical profiles of optical properties near the seafloor. The rapid 
attenuation of light in turbid water has frustrated the design of optical profiling instruments, and 
the differential fouling of optical surfaces compromises precise comparison among 
measurements made by instruments at different elevations. Additionally, some optical 
instruments are too large or too expensive to deploy in a vertical array. A specially modified 
tripod with a moving arm was designed to solve these problems by moving instruments vertically 
in the bottom boundary layer, between the bottom and about 2 meters above the sea floor. 
 
The profiling arm was designed, built, and tested during spring and summer 2011 by the USGS. 
The tripod was connected to the Martha's Vineyard Coastal Observatory (MVCO), which 
provided power and internet. Instruments (acoustic Doppler current meters, transmissometers, 
optical backscatter sensors, and conductivity / temperature sensors) mounted on the tripod 
measured waves, currents, Reynolds stress, vertical temperature and salinity gradients, and 
optical and acoustic proxies for suspended sediment. Several more instruments were mounted on 
the profiling arm, including a LISST 100-X, a LISST-Holo, a transmissometer, three optical 
backscatter sensors, a three-frequency acoustic backscatter profiler, an acoustic Doppler 
velocimeter, a conductivity / temperature sensor, an accelerometer, and a WETLabs ac-9 that 
measured spectra of optical attenuation and absorption in both filtered and unfiltered water 
pumped from an intake on the end of the profiling arm. 
 

 
Figure 1. Conceptual illustration of the profiling tripod with instruments on a cantilever arm for 
profiling particle distributions in the bottom boundary layer. (Illustration by P. Dickhudt). 
 
 
The profiling arm was deployed for 36 days in September and October, 2011, at the MVCO 12-
meter node under a range of wave and current conditions. The measurements reveal vertical 
gradients in optical properties that are relatively free of biases caused by fouling or instrument 



calibration. Profiles of acoustic backscatter were made from a constant range, removing some of 
the uncertainty associated with corrections for range-dependent attenuation. Remarkable 
observations of changes in size distribution with elevation were obtained with the LISST 100X, 
and the ac-9 provided extremely clean data that we have used to infer mass concentration 
profiles from beam attenuation (Boss et al., 2009, Optics Express 17(11)9408-9420 Hill et al., 
2011, Jour. Geophys. Res. 116, C02023) and particle sizes from gamma, the exponent relating 
particulate attenuation to wavelength (Boss et al., 2001, Jour. Geophys. Res. 106(C5)9509-
9516). 
 

 
Figure 2. Photo of the profiling arm with instruments labeled. The vertical orientation of the 
instruments on the gimbaled package at the end of the arm (including the YSI, ABSS, and ADV) 
is maintained by the tie-rod assembly visible above the transmissometer. 
 
 
Many of the results provide quantitative confirmation of expectations based on simple models. 
For example, estimates of particle settling velocity made for times when the mass balance is 
mostly between upward diffusion and downward settling (the Rouse equation) differ depending 
on the sensor properties and amount of turbulent resuspension. Acoustic backscatter intensity is 
proportional to total particle volume while optical sensors respond to total particle cross-
sectional area. As a result, acoustic sensors are less sensitive to small particles. Our observations 
show that acoustic sensors predict stronger gradients in sediment concentration near the bed than 
optical sensors. This results in higher estimates of settling velocity when using the Rouse 
equation. Estimated settling velocities from both types of instruments increase during 
resuspension events, even as mean particle size measured by the LISST decreases, while total 
suspended mass is modulated by bottom shear stress. This indicates a shift in particle population 
from larger, lower-density flocs to smaller, higher-density particles. We have also observed 
inverted particle-size profiles that we attribute to disaggregation of flocs by turbulent shear, and 
we measured highly uniform distributions of chlorophyll-rich particles modulated by bottom 
stress that suggest well-mixed resuspensions of diatoms. 
 



 
 
Figure 3. Perspective view of profiles from the LISST 100-X on the moving arm. Suspended 
particle volume concentration (z-axis, μL/L) as a function of elevation above the bottom (y-axis, 
meters), over 1.5 days in October (x-axis; hour:minutes), colored by the median particle size. 
The blue line on the back panel is measured current shear velocity u*c (cm/s) 
 
 
All of the data from the profiling tripod has been processed, and has been documented and made 
publically available in a USGS Open-File Report (Sherwood, C.R., Dickhudt, P.J., Martini, 
M.A., Montgomery, E.T., and Boss, E.S., 2012, Profile measurements and data from the 2011 
Optics, Acoustics, and Stress In Situ (OASIS) project at the Martha's Vineyard Coastal 
Observatory: U.S. Geological Survey Open-File Report 2012-1178, at 
http://pubs.usgs.gov/of/2012/1178/). 
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Experimental data evidencing of wave-induced sediment resuspension at 66 meters depth is 
presented and analyzed. The data is obtained from a Acoustic Back-Scatter (ABS) devices 
emiting at 1, 2 and 4 MHZ, and calibrated through Optical Back-Scatter (OBS) sensors. The 
details of the ABS calibration are provided. The high spatial and temporal resolution (2 
centimeters and 1 second respectively) of the data allow for an analysis of the structure of the 
suspended sediment concentration profile during a severe storm in 2010's fall, which is linked to 
the wave and current evolution during the storm. 

 

 

 



1 
 

Measurement of optical scattering and polarization properties of irregular 
shaped sediment particles using the LISST-VSF 

 
Wayne Homer Slade*, Yogesh C. Agrawal, and Ole A. Mikkelsen 

Sequoia Scientific, Inc., Bellevue, WA 98005, USA 
*Corresponding author: wslade@sequoiasci.com 

 
 
The present work continues ongoing research at Sequoia Scientific related to the scattering 
properties of irregular particles. Using the recently developed LISST-VSF instrument, we 
measured the VSF at angles ranging from approximately 0.1 to 155 degrees and the degree of 
linear polarization from approximately 15 to 155 degrees of narrow size distributions of irregular 
silt-sized particles. Measurements agree to first order with predictions of optical theory for 
spheres at near-forward angles, with deviation increasing for larger angles. The measured 
suspensions exhibit scattering at mid angles that is significantly enhanced compared to 
predictions. Generally, irregular shape tends to smooth resonances in the VSF compared with 
theory. Particle shape and composition also appear to have drastic effects on the polarization, 
with measurements differing significantly from theoretical predictions for spheres. Degree of 
polarization is found to be a smooth function of angle, with maxima between 100 and 125 
degrees, in contrast with previous measurements on phytoplankton, silts, and ocean waters that 
typically had maxima near 90 degrees. 
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INTRODUCTION 
The use of megahertz multi-frequency acoustic backscatter systems, ABS, have become an 
accepted methodology for measuring suspended sediments in boundary layer studies over 
sandy beds. This application of acoustics has gained broad utility owing to the development 
of a comprehensive theoretical description of the interaction of sound with suspended sands. 
However, the measurement of muddy/silty sediment dynamics has hardly been impacted by 
ABS, despite such sediments being the most common on the planet. This is because in 
suspension these fine sediments often undergo flocculation, whereby the elemental sediment 
particles aggregate to form much larger diffuse bodies known as flocs. At present there is no 
experimental or theoretical description of how sound interacts with flocculating sediments. 
This lack of a theoretical description prevents sound being used to extract quantitative 
suspended sediment parameters in suspensions dominated by flocs. As a step towards 
examining this problem theoretical work in progress is reported. A simple prototype model is 
put forward for the interpretation of acoustic backscattering from suspensions of sediments as 
they transition from elementary particles through to flocs. The approach is based on a 
combination of spherical solid elastic and fluid scatterers, representing respectively the 
elemental and floc scattering properties. It is anticipated that such a methodology may 
provide a possible approach for assessing the scattering properties of flocculating sediments. 
 
MODEL OUTLINE 
The scattering of underwater sound by suspensions of spheres or sands, non-cohesive 
sediments, has been studied for a number of years (1-6). In part these studies have been 
associated with the application of acoustics to the study of marine suspended sediment 
processes (7-10).  The aim of the scattering work has been to provide a description of the 
scattering characteristics of suspended sediments, which can be implemented in inversion 
algorithms to acoustically extract suspended particle size and concentration profiles in marine 
studies on sediment transport processes. The particle scattering characteristics are usually 
formulated in terms of the form function, f, and normalised total scattering cross-section, χ. 
Physically, f describes the backscattering characteristics of a particle relative to its 
geometrical size, whilst χ quantifies the scattering from a particle over all angles, relative to 
its cross sectional area, and is proportional to scattering attenuation.  
 
For solid elastic spheres in suspension the backscatter form function and normalised total 
scattering cross-section are given by (11) 
 

                                              1a 
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                                                          1b 
 
Where the subscript ‘s’ refers to solid elastic spheres, bn is a function containing spherical 
Bessel and Hankel functions and their derivatives, x=ka, where k is the wavenumber of the 
sound in water and a is the radius of the spheres in suspension.  For solid elastic irregularly 
shaped particles such as sand grains in suspension, an enhance modified solid sphere model 
can be used (5). This is given by  
 
 

                                                        2a 
 

                                                       2b 
 

 
The subscript ‘g’ refers to non-cohesive solid elastic sand grains, β represents enhance 
scattering due to the irregular shape of the grains in the geometric, x>>1, scattering regime.  β 
>1 and usually has a value of around 1.5-2.5 and <> represents a degree of averaging over x.  
 
For cohesive suspensions, which are usually considered to be particles with elemental radii 
a≤30 μm, the non-cohesive elastic model given in equations 2 should represent the scattering 
characteristics of the elemental particles. However, as the particles undergo flocculation, the 
elemental particles form large fragile floc structures of dimensions tens to hundreds of times 
larger than the elemental particles. These flocs are predominately composed of the water 
itself and are therefore not solid elastic scatterers, but have densities close to water and easily 
shear apart. They could therefore be considered to have scattering qualities closer to that of a 
fluid sphere rather than that of a solid elastic sphere. Considering flocs as fluid spheres their 
scattering characteristics can be expressed as (12) 
 

                                                         3a 
 

                                                         3b 
 
 
The subscript ‘fs’ refers to fluid sphere and Cn is composed of spherical Bessel and spherical 
Neumann functions. As with the sand grains, averaging over x is introduced such that the floc 
scattering characteristics are given by  
 
 

                                                                     4a 
 

                                                                     4b 
 

The subscript ‘f’ refers to scattering from a floc. No β enhance geometric scattering function 
is introduced because there are no measurements to justify what the value of β is and 
therefore it was taken as unity. 
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In addition to scattering attenuation there is associated viscous drag between the fluid and the 
particles due to their motion in the sound field (13). For the elemental particles of cohesive 
sediments the viscous drag, χv will generally be the dominant component of attenuation on 
sound propagation through the suspension. 
 

                                        5 

Where s and δ are associated with the fluid viscosity, particle size and acoustic frequency and 
σ is the density ratio of the scatter to the fluid. 
 
RESULTS 
Figure 1 shows computed results for the form function and normalised total scattering cross-
section for modified elastic and fluid spheres, including viscous attenuation and the hybrid 
model. As can be seen for the form function the hybrid model has the scattering 
characteristics of a solid elemental particle for x<<1, in the intermediate region the hybrid 
results are between those of the elastic and fluid spheres and for x>>1, as large flocs 
dominate, the hybrid model converges to the fluid sphere solution. The same form is seen for 
the normalised total scattering cross-section, although for x<<1, viscous attenuation 
dominates over the scattering attenuation and attenuation is much greater for x<<1 than that 
due to scattering alone. 

 
Figure1. Scattering properties of solid (---) and fluid (---) modified spheres, viscous 
attenuation and the hybrid model (▬). 
 
CONCLUSION 
In the present approach combining the acoustical scattering properties of a hybrid solid-fluid 
modified sphere scattering formulation has been explored. The aim of the model was to 
describe the scattering characteristics of the elemental micron size sediments through the 
transition process of flocculation, to large low density floc scattering characteristics. If ABS 
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are to be used quantitatively in marine sediment process studies, when cohesive sediments are 
present, and inversion algorithms employed with any degree of confidence to extract 
suspension parameters, models such as the one described here need to be developed and 
assessed. Therefore there is the requirement for well controlled laboratory studies on acoustic 
scattering with suspension of flocculating sediment, to enable any developing theoretical 
models to be assessed and advanced. It is anticipated that such measurements may soon be 
available to assess the presented hybrid model developments. 
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Seasonally Varying Flocculation in a Macrotidal Estuary 
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Field research into flocculation has been sparse as accurate measurements are difficult 
to make. Flocs are fragile and must therefore be sampled using non-intrusive methods. 
Further, flocs are susceptible to rapid change – by turbulence modulation during single tides, 
over the lunar cycle, and seasonally due to storm resuspension and biological production. 

The Dee estuary is a highly energetic, hypertidal environment containing abundant 
cohesive Suspended Particulate Matter (SPM). It is funnel-shaped, 20 km long and 8.5 km 
wide at the mouth, with a spring tidal range in excess of 10 m, during which current 
velocities can exceed 1.2 ms-1. In high energy, shallow water macro-tidal environments such 
as the Dee, previous studies have shown that resuspension and advection, augmented by 
aggregation and disaggregation, can be major contributors to the flux of SPM (e.g. Gibbs et. 
al., 1989), making this an ideal region to study these processes. This paper presents a subset 
of results from data recorded during February-March (winter) and May-June (summer) 2009 
in the Hilbre channel (Fig. 1). 

 

Two month-long deployments of a benthic tripod were undertaken in the Hilbre 
Channel (Fig.1) during winter and summer 2009. The platform contained 3 ADVs (Acoustic 
Doppler Velocimeter), 2 ADCPs (Acoustic Doppler Current Profiler), and LISST 100-C 
(Laser In-Situ Scattering Transmissometer Type C) amongst other instruments. 

In addition to the mooring, 25 hour time series of CTD profiles, every half an hour, 
were carried out at the start and end of each mooring deployment at an anchor station 
adjacent to the mooring. The CTD measurements were supplemented with measurements of: 
fluorescence, transmittance, and particle size and concentration using a LISST 100-C, with 
bottle samples taken at hourly intervals at both surface and bottom for calibration. 

 

Each LISST size class from the mooring for each month was harmonically analysed 
using T-Tide and the controlling tidal harmonics were established. The winter deployment 
demonstrated M4 / MS4 dominance of particles up to 104 µm, with those above being M2 / S2 
controlled, reflecting the low-water dominance of flocculation. These larger particles also 
contained some M4 / MS4 due to small amount of flocculation occurring at high water. The 
two sediment modes discussed in this paper are subsequently defined as those larger than 104 
µm – referred to as the “large” particle class – and those of 104 µm or less – referred to as the 
“small” particle class. By contrast, summer was all M4 / MS4 resuspension dominated. 

Small particle concentration peaked prior to maximum current speed on the flood, and 
after on the ebb; flocculation appeared to start at flows less than 0.2 ms-1. This was due to the 
presence of a strong M2 signal at the mouth of the estuary. The combination of the M4 & M2 
signals, mediated by low-water flocculation, caused the M4 resuspension peaks to shift 
towards low water (Fig. 2). The large advection signal provided small riverine particles for 
low-water flocculation, explaining the low water asymmetry of flocculation as the particle 
source during flood were marine. In addition, low water (current speeds below 0.2 ms-1) 
lasted ~2.2 times longer than high water, giving more time during low current speeds for 
flocs to form. The dilution effect could also play a roll, making collisions and therefore 
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flocculation less likely at high water. High river input provides new particles to the system, 
while a lack of biological activity means flocs have low yield strength. 

This signal is maintained throughout almost all of the spring-neap cycle; though 
concentrations reduce significantly towards neap as lower current speeds mean less 
resuspension. During the three to four days around the lowest neap the signal almost 
disappears, and the D50 becomes more erratic. 

By contrast, flocs during summer are larger, stronger, and resuspend on each tide 
(Fig. 3). The strength of the resuspension signal varies; however, it is always present. Owing 
to a biofilm that modified the optical chracteristics of the LISST after the first 300 hours it is 
not possible to conclusively state that the signal persists during the lowest neap tides. 
However, it is present until the data becomes compromised, and, owing to the persistence of 
the flocculation / breakup signal in February, it is believed that the resuspension signal will 
persist, even over the lowest neap tides. 

 

The major environmental differences between the two time periods were available 
sunlight (affecting temperature and biological activity), and river flow. It is likely therefore 
that one of these factors, or a combination of both, was responsible for the changes in floc 
behaviour observed. 

Fluorescence and chlorophyll are proxies of biological processes, which produce 
polysaccharides. These chemicals coat particles, making them sticky and enhancing the 
success rates of particle collisions [Milligan & Hill 1998], and also increasing the yield 
strength of flocs. Under the warmer conditions of summer, biologically active material was 
advected by river down the estuary during ebb and over low water, causing the higher 
fluorescence readings observed during low water. This material was likely washed off the salt 
marshes high up the estuary. The observed differences between the May & June fluorescence 
figures occurred due to the tidal state during the CTD periods – the lower range of June 
meant that the salt marshes were not as inundated at high tide, and less biological material 
entered the water column. 

Lower precipitation levels in summer meant river flow reduced. The average river 
flow at Manley Hall during the February anchor station was 27 m3s-1 compared to just 10 
m3s-1 during the June station. This reduced terrestrial SPM input into the system and 
subsequently a reduction in flocculation due to lower input would be anticipated. 

However, the reduction in terrestrial SPM may have led to the same particles being 
continuously resuspended on every tide. The consistent flocculation and breakup of this 
material over the spring-neap transition. The gradual reduction in TKE from spring to neap 
and presence of biological polysaccharides could lead to some flocculated material surviving 
through the peak current velocities onto the next tide. Gradual compaction of these particles 
by repeated rolling, resuspension, polysaccharide coating and limited flocculation and 
breakup as they survive tide after tide could develop a compact, disaggregation-resistant 
nucleus that is able to resist the turbulence increases during the transition from neap to spring. 
Concentrations of large particles decrease during summer when velocities exceed 1 ms-1 (Fig. 
3), demonstrating that flocculation and breakup still occur when turbulence reaches sufficient 
levels. 

The changing characteristics of the region produce a distinctive pattern as flocs are 
strengthened by a post-spring-bloom increase in biological input, occurring concurrently with 
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a decrease in river flow. The dominant signal changes from flocculation-breakup to favour 
resuspension as flocs become stronger. Flocculation and breakup still occurs, but to a far 
lesser extent than during winter. 

 

Figures 

 

 

 

 

 

 

 

 

 

 

Figure 1 – Location of the Dee & Moored Deployment 

 

 

Figure 2 – Small & Large Particles during winter 
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Figure 3 – Small & Large Particles during summer 
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Variability of suspended particulate matter composition at Egmond, The 
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1. Introduction 
The composition of suspended particulate matter (SPM) is an important control on the vertical 
motion of suspended matter in the coastal zone. It affects the size, volume and weight of flocs 
as the bounding strength between particles is determined by the cohesiveness or stickiness of 
the individual particles. Clay and especially organic matter are important cohesive 
components. The hydrodynamic environment, on the other hand, can enhance the formation 
of flocs by increasing the colliding efficiency, but it can also limit the maximum size of flocs 
by imposing shear stresses on the fragile flocs. Flocs have a different settling velocity than the 
individual particles. Therefore it is necessary to have a better understanding of the occurring 
flocs, when studying suspended sediment concentrations and transport.  
 Along the Dutch coastal zone large amounts of SPM are transported in northward 
direction. Estimates of the transported volume along the Dutch coast vary between 7 and 25 
Mton/yr (De Kok, 2004, Fettweis et al., 2007). This transport mainly takes place in a small 
area close to the shore. In a zone at 1 -2 km from the beach, in local water depths of 10 – 13 
meters, highest SPM concentrations are observed. Observed peak concentrations reach up to 
200 mg/l, while observed surface concentrations remain between 10 and 30 mg/l  (Figure 1, 
Van der Hout et al., 2012). Thus in order to estimate suspended sediment transports, near-bed 
values in the coastal zone should  be considered. While these measurements were done during 
fair weather, highest concentrations and transports are expected in storm conditions (Van 
Alphen, 1990). 
 In this abstract the results of long term concentrations of SPM and organic content in 
this high SPM zone are described, along with dedicated measurements on grain size, floc size 
and composition during two tidal cycles.  
 

  
Figure 1: Research area in The Netherlands, indicating the nearshore position of the lander (1.5 km 

from the shore) near the SPM peak concentration along 3 measured transects (from Van der Hout et 

al.,2012). 
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2. Monitoring program 
The measurements presented in this abstract concern long term measurements with an 
autonomous lander frame located on the seabed at a distance of about 1 km offshore. 
Additional data have been collected during a short 2-day survey program with R.V. Pelagia in 
2011. During the two-day survey also a second bottom lander with additional instruments was 
deployed.  
Long term  

At about one kilometer off the coast of Egmond a bottom lander was placed at a local 
water depth of 11 meter on February 22, 2011 and is still monitoring to date (Figure 1). The 
lander platform consists of an triangular aluminum frame, with 2m width and 2 m height. The 
lander platform is equipped with a series of sensors measuring all important hydrodynamic 
parameters: current velocity, temperature, salinity, turbidity and fluorescence. Depending on 
season, the measurement platform is every three to six weeks replaced and data from the 
instruments retrieved.  Current velocity and direction are being measured every 10 min at 140 
cm above the bottom with a Nortek Aquadopp Doppler current meter. Temperature and 
Salinity are measured every 10 min with a pumped version of the Seabird SM37 CTD system. 
A Nortek Vektor current meter is mounted at the lander at a height of 30 cm above the 
bottom. Every 10 minutes this instrument makes high frequency burst measurements during 2 
minutes with a frequency of 1 Hz. Turbidity and fluorescence are measured optically at four 
heights above the bottom, i.e. 30, 80, 140 and 200 cm, using ALEC Compact-CLW’s. All 
Alec sensors have been calibrated in the lab over a range of local SPM and chlorophyll-a 
(CHL-a) concentrations.  
Two-day survey  

On June 6 and 7, 2011 the research site was visited with R.V. Pelagia. On both days 
during a tidal cycle of 12 hours measurements were done alongside of the ship and an 
additional bottom lander was deployed. On the 6th of June both (ship and lander) were 
positioned in longshore direction of the permanent lander and on June 7th in cross-shore 
direction of the permanent lander. The bottom lander was equipped with a LISST100 at 30 cm 
above the seabed, three ALEC Compact-CLW’s at 10, 20 and 30 cm above the bed to 
measure SPM and CHL-a concentrations and a modified technicap sediment trap preserving a 
sediment sample every hour in a container with formaline for preservation. The ship-borne 
measurements were CTD-casts with an interval of 30 minutes. Instruments were a Seabird 
CTD with Niskin Caroussel, a Seapoint OBS and Wetlab CStar transmissometer for sediment 
concentration. Water samples were taken 1 m above the seabed and 1 m below the sealevel 
with 8L Niskin bottles. Subsamples were used for gravimetric determination of SPM 
concentrations, organic matter content (after ashing at 400º C) and floc and diatom counts 
(samples preserved with formaline). In the laboratory a microscopic analyses of dapi coloured 
aggregates took place. Numbers of aggregates, size and numbers of diatoms per standard 
volume were determined. An example of a microscope image is shown in Figure 2.  

 
 
Figure 2. Microscope image of flocs 

after DAPI-treatment. DNA is colored 

blue, indicating living organisms and 

yellow colored particles are non-living 

organic material.  
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3. Results 
Long term concentrations SPM and chlorophyll-a 

Near-bed SPM concentrations vary with turbulence, which in this shallow area a function is of 
the tidal current and the wave height. The alongshore semi-diurnal tidal current has maximum 
surface currents varying over the spring-neap cycle between 70 and 110 cm/s. The average 
wave height is about 1m, and maximum wave height during storms 5 m. Figure 3 shows the 
long term variation of the SPM and CHL-a concentrations at 30 cm above the bed in relation 
with the wave height. Concentrations at 80, 140 and 200 cm above the bed follow similar 
trends as those at 30 cm above the bed, but SPM concentrations are significantly lower higher 
up the water column. SPM concentrations are rarely exceeding 1 g/l at 80 cm above the bed, 
and rarely exceeding 500 mg/l at 140 and 200 cm above the bed. The decrease in CHL-a 
concentrations above the seabed is less strong when compared to SPM. Concentrations at 30 
cm above the bed are up to 2 times higher than concentrations at 80, 140 and 200 cm above 
the bed. Most peaks in SPM coincide with storm events which cause increased wave heights. 
At a height of 30 cm from the seabed concentrations well above 1 g/l are commonly found in 
wave heights of 2 m or higher.  However not all high waves cause peaks in SPM 
concentrations. There is also a lag of a few days before concentrations decrease and reach pre- 
storm levels. The CHL-a concentrations show a similar response to wave height and current 
speed, but this signal is strongly influenced by the occurrence of the seasonal algal blooms 
between March and May. For both periods (with and without bloom) a linear relationship can 
be established between SPM and CHL-a (Figure 4). This relationship suggests a simultaneous 
vertical movement of the SPM and CHL-a, possibly in the form of flocs.  
 

 

 
Figure 3: Top: CHL-a concentrations over time in 2011 measured at 30 cm above the bed. Bottom: 

SPM concentrations measured at 30 cm above the bed and wave height over time in 2011. 
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Figure 4. Correlation between SPM (mg/l) 

and Chlorophyll-a (ug/l) for two months in 

2011 at 30 cm above the seabed. Left: 

January, Right: April. 

 
 

 

 

 

 

 

Tidal cycle variation 

Zooming in on a tidal cycle show a more interesting relationship between CHL-a and 
SPM, see Figure 5. A clear variation in the ratio of CHL-a to SPM at 30 cm above the 
seafloor is visible when measured over a tidal cycle. During periods of slack tide the ratio 
rapidly increases probably because the lighter algal material remains resuspended, while the 
more heavy SPM particles settle to the bottom, hence, causing a separation between the heavy 
and light material, and thus an increase in the ratio, i.e. the relative amounts of Chlorophyll to 
SPM. This feature is most clearly observed in the period with algal blooms in spring, when 
algae are abundant in the water. In the other period of the year the ratio does not vary as 
much.  

  
Figure 5. The variation in the ratio of chlorophyll-a to SPM variation and current speed over 24 hours 

measured during a spring bloom on April 11, 2011 (left) and during winter on February 6, 2012 

(right). 

 
During the research cruise on June 6 and 7, 2011 measurements focused on the 

composition of the suspended material. Water samples were analyzed in the lab for organic 
components, floc size, floc counts and composition. Furthermore a LISST100 was deployed at 
a height of 30 cm above the bed for 12 hours. The results of June 6 are depicted in Figures 6 - 
8. Deployment of the equipment on June 7th gave similar results and are not shown here. The 
weather conditions during these two days were extremely calm.  
 Near-bed measurements of SPM concentration from the OBS-sensor attached to the 
CTD show a positive relation with the magnitude of the tidal current; high concentrations of 
SPM during maximum flood and ebb current and low concentrations during the slack periods 
(Figure 6). Similarly, the number of flocs per liter is larger during high tidal currents and 
lower around zero velocity, shown by the blue line in the top plot of Figure 7. In the same plot 
the number of diatoms shows a less clear positive relation with the magnitude of the tidal 
current, but the two highest numbers counted occur at 14:00 and 20:00, which is respectively 
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at maximum ebb current and maximum flood current. We suspect that most suspended matter 
is captured in flocs, which vary in size and composition. The most heavy flocs, which contain 
more heavy silt and clay particles sink down during slack periods than the light flocs, which 
consist mostly of organic matter. The percentage organic matter in SPM is highest during 
slack periods, even more than 50% in surface sediments. Also higher up the water column the 
percentage of organic matter is significantly higher – 10 to 20 % – than near the bottom 
(Figure 6). The high increase in organic matter with increasing current implies that the 
resuspended material from the bed must contain a high organic content. However, the source 
of this is not yet clear.  
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Figure 6. Organic matter percentage relative to total suspended matter in near surface and near 

bottom waters determined from gravimetric filtration samples on June 6
th
, 2011. A two directional 

(forward and backward) smoothing filter with a length of 1 is applied on the data. The red dashed line 

is the OBS in ftu measured near the bed with the CTD. 

  
Figure 7. Floc and diatom numbers in bottom samples on June 6

th
, 2011.  

 
The grain size or floc size measurements of the LISST100 confirm that during high currents a 
larger volume of sediment is in suspension (Figure 8). Additionally it shows the high 
variability in volume and grain size over time. Small-scale variations occur on a shorter time-
scale than the frequency of the ship-based measurements. The data from the LISST are 
clustered in 3 size fractions: < 64 um (silt), 64 – 220 um (sand) and > 220 (flocs). The small 
fraction represents the lowest volume and the highest fraction represents always the highest 
volume. All three lines show the same variation over time. The measurements were made 
close to the sea floor and during slack we see an increase close to the bottom of larger 
particles when compared to the two smaller fractions. Indicating that material from the upper 
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water column sinks down, and the smaller/heavier particles settle on the seabed. Thus more 
small, apparently heavier, particles settle during low currents than the larger but lighter flocs.  
 

 
Figure 8. Grain-size and volume (LISST, top) and current velocity (ADV, bottom) measurements on 

June 6
th
, 2011. Instruments were attached to a bottom frame at 30 cm (LISST) and 140 cm (ADV) 

above the seabed and deployed for 12 hours.  

 

4. Conclusion 
Preliminary results are described of a long term autonomous measurement system 
complemented with ship based and detailed floc measurements on 2 consecutive days in June 
2011. The long term measurements made with the lander show that SPM concentrations vary 
with the tidal current and the wave height. Highest SPM concentrations, exceeding 3 g/l, are 
observed at 30 cm above the bed during storms. Highest CHL-a concentrations are measured 
during the spring algal bloom. Whereas SPM concentrations show a strong decrease within 1 
meter above the seabed , CHL-a concentrations remain relatively constant throughout the first 
2 meters near the seabed. Microscope analysis and LISST100 measurements indicate that a 
large part of the suspended matter appears in flocs. Laboratory analyses shows that the 
organic content of the suspended sediments is considerable, being tide-averaged 30 % for 
near-bed suspended sediments, and 50 % for near-surface suspended sediments. 
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Introduction 
 
Suspended Particle Material (SPM) fluxes remain a key issue in estuaries as it affects 
navigation through the siltation of main navigation channels, modification of habitats but 
most importantly water quality as fine particles in suspension contribute to the transport of 
both organic and chemical contaminants. SPM is known to be organized in aggregate form as 
microflocs and/or macroflocs, and their own distribution will strongly vary in time and space, 
modifying the settling velocity of the flocculates and hence influence sediment transport and 
deposition processes. The FLUMES experiment (SPM Fluxes in the Seine Estuary) aimed at 
investigating the spatial and temporal variability of SPM (i.e., suspended solid concentration, 
floc size and settling velocity, and EPS/TEP content) and its relation to estuarine 
hydrodynamic conditions. In order to achieve this a number of in-situ measurements took 
place in the Seine (France) estuary, a macrotidal environment. 
  
 

 
Figure 1 : Sites of sampling stations (see stars) in the lower reaches of the Seine estuary. 

 
Methodology 
 
Two field surveys were carried out, in spring and autumn of 2011, corresponding to different 
river discharges (high and low, respectively). Each survey included the collection of time-
series over a period of 12 hours at 4 fixed stations (Figure 1) in the lower part of the Seine 
estuary corresponding  to (i) the plume area outside the mouth of the estuary (station 



Panache); (ii) within the estuarine turbidity maximum (stations TMZ and Tanrcarville); and 
(iii) in the fluvial estuary (station Amont). The surveys were repeated during both spring and 
neap tidal conditions. During each tidal cycle, hydrodynamics and SPM characteristics were 
monitored concurrently using a suite of complementary acoustic (ADCP, Acoustic 
Backscattering Sensor (ABS)),and optical (LISST, CTD+OBS and LABSFLOC) instruments. 
An ADCP Workhorse 1200kHz RDI was fixed over a floating platform, collecting current 
and backscatter data continuously and recording an average every 2 min. ABS, LISST and 
CTD+OBS were fixed on a frame profiling the whole water column every 15 min. 
Complimentary water samples were collected every hour and they were used to estimate floc 
size distribution and settling velocity using the LABSFLOC system, SPM composition 
(EPS/TEP and chla) and for calibration of the optical and acoustic sensors. 
 
Main results 
 
Strong differences are observed in sediment dynamics within the three estuarine 
compartments (Figure 2). The plume station is characterized by small SPM concentrations 
(below 20mg/l) during all tidal cycles, excepted during late ebb, when the turbidity maximum 
is flushed outside the estuary (concentration  ~100mg/l at low tide, close to the bed). At low 
tide, 75% of the floc population consists mainly of macroflocs, while for the remaining of the 
tidal cycle microflocs dominate the samples, especially in the upper part of the water column.  
 

 
Figure 2 : SPM concentration and macrofloc concentration time series during spring tide 
(Autumn) 
 
Data from within the ETM region present a totally different pattern. During spring tide, SPM 
concentration up to 2 g/l is observed during late ebb and low tide; this material is 
homogenously distributed throughout the water column. During flood, freshly deposited 
sediments are resuspended, and the SPM is composed mainly of microflocs. At high tide and 
low tide, hydrodynamics conditions are favorable to flocculation and large macroflocs 
dominate (up to 90% of flocs larger than 200µm) the water column, inducing strong 



deposition. During neap tide, similar patterns are observed, although a vertical stratification in 
SPM is found with higher concentration near the sea bed.  
The upstream station is characterized by low (< 0.2 g/l) SPM concentration during the ebb, 
low water and early flood stages of the tide. The largest concentrations are observed during 
late flood and high water, when the ETM reaches its most upstream location. During this 
stage SPM concentration reaches 0.5 g/l and the material is mainly in the form of macroflocs.  
 
Discussion 
 
As all optical devices, the LISST100X is limited by the amount of sediment in the water 
column as multiple scattering at high concentration limits the range the instrument can be 
used. During the field survey, the 80% Path reduction module was used in the TMZ, which 
allowed to work with reasonable confidence up to nearly 1 g/l. However, the comparison 
between SSC estimated from the OBS and LISST showed significant discrepancies from 0.3 
to 0.5 g/l, which may be explained by a partial saturation of some detectors or the different 
response of the two sensors (backscattering vs forward scattering).  
 
Despite the choice of different seasons, variability in EPS/TEP does not seem to be 
significant. A larger difference was expected to be present during the period of planktonic 
bloom in March, but the bloom did occur later in spring this year. However, our data and 
analysis has clearly revealed the role of hydrodynamic forcing on flocculation processes 
showing a consistent inverse relationship between floc size and current speed; the latter being 
a proxy for turbulence in the water column (see Figure 3). It is important to notice that this 
relationship seems to not be affected by the amount of sediment in concentration in the water 
column, at least for this environmental setting. 
 

 
Figure 3. Fraction (in %) of  macroflocs in the water column as a function of current speed. 
Note: circles and triangles represent samples from near the bed and the upper water column, 

respectively.  
Conclusion 
 
The FLUMES experiment allowed us to investigate and quantify SPM dynamics in three 
different compartments of the Seine estuary. Especially, it provided some key information 
about the floc dynamics and the controlling factors, and emphasized the role of turbulence in 
floc creation. These observations were verified with results from the hydrodynamic model 
SiAM3D coupled with the flocculation size class based model.  
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