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General introduction

The coastal ocean, also called epipelagic zone in oceanography, is considered as the continental
shelf waters located between the surface and 200 meters depth. It is generally delimited by the
coast in its inner-part and by the shelf break that is the change in inclination marking the boundary
between continental shelf and slope. The coastal zone is thus a part of the global ocean, where
land, ocean and atmosphere strongly interact (Gattuso et al., 2007).

While the surface of the coastal ocean is small (approx. 7% of the total ocean, i.e. 26 x 10% km?), it
represents a preferential concentration area for land-derived material (as sediments, dissolved
and particulate nutrients), which plays a main role in the sequestration of chemical elements (as
carbon), in the sedimentary budget of continental margins as well as in the structuration of
benthic habitats. For instance, the coastal ocean represents 15% of the oceanic primary
production, 50% of the deposition of calcium carbonate, 90% of sedimentary mineralization, 80%
of organic matter burial and 75-90% of the oceanic sink of suspended river load. Economically, the
coastal ocean represents 90% of the world fish catch (Smith and Hollibaugh, 1993; Alongi, 1998;
Gattuso et al., 1998).

In this context, legislation of the Water Framework Directive (2000) and Marine Strategy
Framework Directive (2008) have been set up by European nations. These programs have
highlighted several key parameters to monitor in order to evaluate the initial state and evolution
of the quality of this compartment. Among those parameters, the turbidity (i.e. the clarity of
seawater) appears as a key factor controlling water quality and biogeochemical processes. The
response of the scientific community is organized on the basis of LOICZ (Land-Ocean Interaction in
the Coastal Zone, see Ramesh et al. (2015)) and IMBER (Integrated Marine Biogeochemistry and
Ecosystem Research). These international programs tend to federate national scientific
orientations around common objectives concerning fundamental aspects as the actual responses
of the coastal ocean to anthropic and climatic forcings.

In past decades the focus on scientific observations have thus been made on the turbidity (from
natural and anthropic sources) within shelf seas with, as a main objective, the monitoring of the
temporal and spatial variability of suspended particulate matter (SPM) dynamics that contribute to
the land-to-sea material continuum. Measurements have permitted to define the diversity of
turbid structures, called “nepheloid layers”, and have emphasized the role of extreme and
moderate events (as storms and floods) as well as particles properties (as nature, size and settling
velocity) in the coastal SPM dynamics processes (Nittrouer et al., 2009; Simpson et Sharples,
2012). Authors described the turbidity of the coastal ocean as a key factor involved in the
transport of contaminants through the water column, the extent of polluted benthic areas and the
negative impact on biological activity by a strong decrease of the light penetration and related
photosynthesis. They introduced the need of a multi-platform strategy to follow SPM dynamics
over large space and time scales as well as during extreme meteorological events.

The work presented in this PhD is related to French research projects CASCADE (CAscading, Storm,
Convection, Advection and Downwelling Events) and TUCPA (Turbidité Cotiere et Plateformes



Autonomes”, i.e. Coastal Turbidity and Autonomous Platforms). It follows the work carried out
during the EUROSTRATAFORM (EUROpean margin STRATAs FORMation) European framework that
has highlighted the complex SPM dynamics as well as the variability of suspended particle
properties over the shelf of the Gulf of Lions (NW Mediterranean) to assess the fate of land-
derived material from source (Rivers) to sink (continental margin, submarine canyons, deep sea)
(Syvitski et al., 2004; Weaver et al., 2006; Durrieu de Madron et al., 2008).

The main aims of this PhD, carried out in the “Centre de Formation et de Recherche sur les
Environnements Méditerranéens” (CEFREM — UMR5110 CNRS/UPVD) of the University of
Perpignan (France) are to improve our understandings of the role of extreme natural events, such
as storms and floods, in the land to sea particulate exchanges, i.e. the coastal SPM dynamics, over
the shelf of the Gulf of Lions (NW Mediterranean). While storms enhance the particulate
resuspension, transport and in some cases export offshelf, floods of coastal rivers are main
suppliers of SPM to the shelf and thus play an important role in the suspended particles spread,
settling and sedimentation.

Key questions developed forward this work can be resume as follow:

- What is the spatial variability of the Rhéne ROFI particle assemblage during a flood event?
- What is the dynamic of the Rhéne ROFI nepheloid layers during a flood event?
- What are the impacts of a storm on SPM dynamics and properties over the shelf of the GoL?

This work is based on in situ coastal observations of SPM dynamics within the Gulf of Lions. It has
been the opportunity to carry out state-of-the-art measurements to characterize the hydrology,
turbidity, currents, as well as particle properties from various platforms (remote sensing, coastal
buoys, moorings, gliders, and research vessels).

This PhD is organized around 7 chapters. The first chapter presents the context of this work and is
followed by regional settings of the study area. These chapters are constructed around precedent
observations carried out over worldwide continental margins and the shelf of the Gulf of Lions.
The multi-platform strategy adopted in this PhD is introduced in the Chapter 3.

Three articles compose the next chapters of this thesis (Chapters 4, 5 and 6). Chapter 4 presents
the study of the spatial variability of the properties of the particle assemblage (as size, nature and
effective density) in the Rhéne River ROFI during a flood event. Chapter 5 addresses the dynamic
of nepheloid layers within the Rhéne ROFI with high temporal and spatial resolutions combining
glider, coastal buoy and satellite observations. Chapter 6 describes the impact of a storm on shelf
hydrology, hydrodynamism, sediment resuspension and suspended particles transport. Finally,
general conclusions and future challenges are presented in Chapter 7.
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Figure 1.1 : a) Size spectra of the different components of seawater. Arrows are shown to delimit size
classes of each constituent. Suspended particulate matter (SPM) is highlighted by a red rectangle and is
further detailed. From Stramski et al. (2004). b) RGB image (LANDSAT/OLI) of the impact of the Mississippi
River runoff on coastal turbidity. Note the color of the surface river plume, mainly composed of mineral
SPM (sediments as Clays and SIIES)......ccuuuiiiiiee e e e e e e e e e e e e e e e et raaaaaaeaaaans 8

Figure 1.2 : Schematic representation of the different nepheloid layers that can be found in coastal seas and
offshore waters. Mineral and biological sources of SPM are shown in yellow and green, respectively.
Nepheloid layers are shown in italic while SPM dynamics are shown in bold. The white rectangle highlights
the coastal nepheloid layers and SPM dynamics further detailed. .......cccooeeeiiviiiiiiiieeiie e, 9

Figure 1.3 : Conceptual view of the cross-section of a surface-trapped river plume. The various dynamical
regions and the mixing processes are shown. The diagram is not to scale, far-field regions are generally
larger than estuary and near-field plume regions. From Hetland (2005). ..., 11

Figure 1.4 : Example of river plumes in different ROFIs around the world (non-exhaustive list)................... 13

Figure 1.5 : Conceptual models of the creation of a mid-shelf mud-belt, a) wave cross-shelf diffusion, b)
advection in BNL, c) advection in density underflows, d) schematic representation of the horizontal graded
bedding observed over continental margins (adapted from Hill et al. 2007) ..o, 15

Figure 1.6 : SPM granulometric classification. Nature of unique sediment are shown (clay, silt and sand).
Fine-grained flocs classification is presented. A-D) Examples of Scanning Electron Microscopy images of
unique particles of clay and silt, micro-floc, aerated and dense macro-flocs, from Verney (2006). E-F)
Transmissiometry and fluorimetry images of a dense macro-floc (~300um) (Courtesy, K. Curran).............. 17

Figure 1.7 : Conceptual view of the formation of marine flocs within a particle assemblage. Processes and
time-scales are shown in italic. From Montgomery (1985). Note the intentionally non-spherical shape of
VT 1< g Lo [Te I oF: [ # (ol [T PPNt 18


file:///A:/These/MANUSCRIT/SAVE_04-2016/20160407/THESE_V9.docx%23_Toc456776580
file:///A:/These/MANUSCRIT/SAVE_04-2016/20160407/THESE_V9.docx%23_Toc456776581
file:///A:/These/MANUSCRIT/SAVE_04-2016/20160407/THESE_V9.docx%23_Toc456776581
file:///A:/These/MANUSCRIT/SAVE_04-2016/20160407/THESE_V9.docx%23_Toc456776581

1.1 The natural turbidity in the ocean

1.1.1 What is the natural turbidity in the ocean?

In the ocean, the turbidity is a proxy of the concentration of suspended matter in the water, i.e.
the clarity index of seawater. It translates the quantity of light scattered or attenuated by
suspended matter when light passes through a water sample. Matter can be under the dissolved
or particulate form and from organic or inorganic sources. The natural turbidity, which is mainly
due rivers discharge, suspended matter dynamics and primary production, is generally opposed to
the anthropogenic turbidity due to human activities as dredging, trawling or ocean dumping.
Nowadays, the level of turbidity is commonly used as a proxy of water quality and is implied in
several physical and biogeochemical processes within the ocean as the sediment land-to-sea
continuum and the nutrients cycles. Figure 1.1a presents a classification of the different
constituents that can contribute to the turbidity in seawater (Stramski et al., 2004). It shows
dissolved organic matter (DOM, size < 0.7 um) and suspended particulate matter (SPM, i.e. size >
0.7 um). SPM includes mineral particles (i.e. sediments as clay, silt or sand), biological organisms
(phyto/zooplankton) as well as organic detritus from organisms maintained in suspension by the
turbulence in the water column.

In coastal seas, sediments often represent a major part of the SPM due to river discharge, coastal
erosion and bottom resuspension. An example of turbid water mainly composed of sediments in
suspension is shown in Fig. 1.1b. It shows the Mississippi River runoff in the Gulf of Mexico visible
from satellite and characterized by fine mineral particles composed of silts and clays. These waters
present a high opacity and a color from brown to green as captured from satellites optical sensors.
In the coastal zone, the monitoring of the variability of this turbidity is key to understand factors
impacting coastal ecosystem, light penetration in the ocean, transport of chemicals, and
sedimentary budget on continental margins.
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1.1.2 Spatial distribution within the ocean
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Figure 1.2 : Schematic representation of the different nepheloid layers that can be found in coastal seas and offshore
waters. Mineral and biological sources of SPM are shown in yellow and green, respectively. Nepheloid layers are shown
in italic while SPM dynamics are shown in bold. The white rectangle highlights the coastal nepheloid layers and SPM
dynamics further detailed.

The Figure 1.2 shows the diversity of natural turbid structures, also called “nepheloid layers” that
are observed within coastal seas and offshore. Nepheloid layers, mainly composed of fine mineral
sediments (clayey and silty fraction) and in some cases of detritus from phyto/zooplankton
organisms are observed at several locations in the ocean, extent over hundreds of km? and
present variable thickness and concentration depending on ocean conditions. Various turbid
structures can be found as Surface, Intermediate and Bottom Nepheloid Layer (SNL, INL, and BNL
respectively). SNL from buoyant river plumes are created by solid river discharges, which
represent the main sources of SPM to the ocean (Nittrouer et al., 2009; Simpson et Sharples,
2012).

River particulate inputs are then submitted to various processes that enhance the SPM dilution,
transport and sedimentation within Regions Of Freshwater Influence (ROFIs) (see 1.2.1). Close to
the coast, fresh-particulate deposits can be resuspended by waves and advected toward the shelf
by coastal currents (Drake, 1976). The related BNL, adjacent to the seabed, can extent over the
whole shelf and is variable in space and time depending on the intensity of waves and currents
(Shideler, 1981).

Along the continental slope, the BNL from the continental margin can be detached from the
seafloor and can create an intermediate nepheloid layer within the offshore waters. This INL,
which is generally located at several hundreds of meters depth, often occurs at the level of the



continental shelf-break and spread along isopycnals in both off- and along-slope direction (Hickey
et al., 1986; Thorpe and White, 1988; Durrieu de Madron et al., 1990).

Offshore, the suspended material in the euphotic layer is dominated by biological organisms (as
phyto/zooplankton) in the surface layer, which settle under the form of marine detritus, also
called “marine snow” (Asper, 1987; Alldredge and Gotschalk, 1988; Alldredge and Silver, 1988).

Close to the seabed, a large but diffuse deep BNL is alimented by the detritus falling from the
surface waters as well as from SPM exported from continental margins. This export occurs mainly
during meteorological events, as storms, which create instabilities of the water column and
enhance the particulate along and cross-shelf transport by advection, cascading or gravity flow
(Biscaye and Eittreim, 1977; McCave, 1986). Deep BNL particles can then be advected over large
areas by deep bottom currents or can sediment on the seabed. During extreme meteorological
(storm) or oceanic (convection and advection) conditions, particulate resuspension can occurred
that increases the SPM concentration in the water column (>1000 m high) (Gardner and Sullivan,
1981; Nyffeler and Godet, 1986; Auffret et al., 1994).

1.2 The SPM dynamics over continental margins

The SPM dynamics over continental margins depends on the balance of several processes such as
SPM inputs (i.e. ROFIs location and coastal rivers discharge) (see 1.2.1) and particulate deposition,
resuspension and transport (i.e. seabed morphology, waves and bottom currents) (see 1.2.2).
Properties of suspended particles, as size, nature, density and shape, as well as processes of
flocculation / break up of fine and cohesive sediments are factors controlling the particle dynamics
as the settling velocity and are thus key factors regulating particulate deposition and transport
(see 1.2.3).

1.2.1 Regions Of Freshwater Influence (ROFIs)

Regions Of Freshwater Influence (ROFIs) are considered as distinctive regions of the coastal ocean
where the riverine inputs can be very important (Simpson, 1997; Simpson and Sharples, 2012).
ROFIs are constrained by several physical processes regulating the mixing of turbid and fresh
water from rivers with ambient seawater and are thus key areas in the understanding of the fate
of land-derived material.

In micro-tidal areas as most of the Mediterranean, small tides (~30 cm) generally limit the mixing
of river inputs and seawater. The high salinity gradient, which plays the role of a physical barrier,
allows the motion of the freshwater and turbid input, called river plume, over the ambient
seawater (Fig. 1.3) (Chao and Boicourt, 1986). While the majority of observations carried out in
front of worldwide river mouths show the presence of hypopycnal plumes, i.e. surface-trapped, a
few example of hyperpycnal, i.e. bottom-trapped river plumes, have been reported (Mulder and
Syvitski, 1995; Mulder et al., 2003; Katz et al., 2015). These rare examples of river plumes are
generally observed during extreme flooding conditions when the river SPM concentrations are



higher than 5 g L. Due to the hypopycnal character of the river plumes further studied in this
work, we only considered the behavior of surface-trapped river plumes in terms of SPM dynamics
and properties.

In the absence of meteorological forcing, hypopycnal plumes dynamic is controlled by the Coriolis
force, tend to deflect to the right in the northern hemisphere and conversely to the left in the
southern hemisphere. Due to this deviation, the flow is generally oriented along the coast and is
then considered as an along-shelf flow, which is perpendicular to the cross-shelf component.
During wind events, river plumes are affected by the Ekman transport (Chao, 1988). In case of
continental winds inducing upwelling, river plumes are pushed offshore and detached from river
mouths whereas marine winds inducing downwelling favor the spreading of river plumes along the
coasts (Fong and Geyer, 2001).

While a low river discharge creates a constant, diffuse and small plume, a flood can carry a lot of
SPM and create a large and turbid river plume, which can spread over seawater from tens to
hundreds kilometers before settling due to vanishing. Observations of SPM collected near river
mouth generally show that sediments as sand and coarse silt, rapidly settle from surface water
toward the bottom where they contribute to generate and maintain the local BNL or form
ephemeral deposits (Drake, 1976).

River plumes are thus composed of fine silt and clays, which stays in suspension and are
progressively advected offshore by currents. River plumes SPM concentration generally presents a
seaward logarithmically decrease, due to the dilution within seawater from the near-plume to the
far-field plume. In some cases, the removal of suspended particles from the plume can be
accentuated by fine sediment flocculation processes (see 1.2.3) that enhance the particles size and
related settling velocity. Mixing with seawater generally depends on the level of turbulence
induced by waves, tides and winds stress which can create disturbances of the plume stratification
and the settling of SPM (Garvine, 1999; Whitney and Garvine, 2005) (Fig. 1.3).
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To highlight the diversity of surface river plumes, several true color satellite images (MODIS —
EOSDIS Worldview) have been assembled in Figure 1.4 (p.15). We present a non-exhaustive list of
river inputs to the coastal sea, separated following the river discharge (low < 500 m3 s, medium <
10000 m3 s, high) and the preferential forcing that permit the SPM sedimentation and/or
transport to the local continental margin (winds, waves and tides).

This representation allows the observation of a small part of worldwide ROFIs and emphasizes the
role of coastal morphologies, tides, winds, rivers discharge and suspended particles properties in
the delivery of SPM within coastal seas (Amazon River: Gibbs and Konwar, 1986 Burdekin River:
Bainbridge et al., 2012; Eel River : Hill et al., 2000; Glacier Bay; Hill et al., 1998; Hudson River :
Castelao et al., 2008 Po River : Milligan et al., 2007; Fox et al., 2004).

As a matter of fact, Milliman and Meade (1983) and Milliman and Syvitsky (1992) show that the
monitoring of large, medium and small rivers are decisive in the worldwide delivery of river SPM,
which is estimated to 20 billion tons annually. For instance, these authors estimate that small and
medium rivers (i.e. mean annual rivers discharge < 10 000 m3 s!) represent for around half the
annual suspended sediment load to the sea. While large rivers as Amazon, Yangtze and Mississippi
Rivers have been largely described in past decades, a need still exists in the monitoring of both
small and medium rivers in order to assess the role of these numerous rivers in the delivery of
SPM to coastal seas.

/Key Questions \

ROFIs appear as key areas in the understanding of the coastal SPM dynamics. While the
seasonal variability of river inputs and related nepheloid layers have been studied, a need
exists to monitor at high spatial and temporal-resolution the suspended particles
properties and dynamics within ROFIs during large inputs events (floods). Sedimentation
processes are still seldom quantified, in particular the in situ particle assemblage
properties (nature, size, shape, effective density and settling velocity), which are decisive
parameters to model the settling of particles from river plumes to the seabed (see

\modellings of Winterwerp (1998); Khelifa and Hill (2006); Manning et al. (2011); Soulsbyy
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1.2.2 Deposition, resuspension and transport

The deposition of SPM within ROFIs can subsequently be impacted by erosion (i.e. resuspension by
waves) and transport (by currents) that contribute to the particulate redistribution over the entire
shelf. The balance between deposition and erosion, called accumulation, is generally estimated on
decadal/centennial time scales from geochemical tracers as 21°Pb (Nittrouer et al., 2009). In the
long term, the study of this accumulation allows the analysis of the succession of storm and flood
events, the estimation of sedimentary budgets and the understanding of the formation of
sedimentary stratas.

On continental margins a decrease of the influence of wave and current with the increase of depth
is generally observed along the cross-shelf transect. The sand, also called “bedload” is generally
transported along the shore, where it aliments the local beach. It is generally assumed that the
transport of sand is limited for depth greater than 10 m where wave action drastically decreases.
The mud, or “suspended load”, is commonly transported over depth greater than 10 m within the
BNL where it can feed the mid-shelf mud-belt. To explain the formation of the mud-belt in central
part of shelves, several processes have been emphasized as the wave-generated diffusion (Swift,
1970), the advection from bottom currents (McCave, 1982) and the transport within gravity-driven
flow (Moore, 1969) (see Fig. 1.5 a-c). The seabed over the inner- and mid-shelf generally presents
a decreasing sediment particle size with increasing depth, which highlights the seaward graded
bedding from the beach (sand) to the mid-shelf (mud-belt) (Fig. 1.5b) (Hill et al., 2007).

The location and thickness of the fine-grained deposits (i.e. the mid-shelf mud-belt) thus depends
upon the balance between hydrodynamics and sedimentary inputs. In this balance, storms appear
as key processes (McCave, 1972; Harris and Wiberg, 2002; Cattaneo et al., 2007). While episodic,
these events can impact large areas over continental margins from the coast to the 40-50 m
isobaths. Storm waves (generally > 5 m high) resuspend the recent sediment deposit and strong
currents enhance the particulate transport. In some cases, depending on the location over the
shelf, suspended particles can then eventually be exported offshelf by gravity flow, downwelling
or advection, where it can aliment the deep BNL or extent the mud areas over adjacent
continental margins.
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Figure 1.5 : Conceptual models of the creation of a
) mid-shelf mud-belt, a) wave cross-shelf diffusion, b)
" advectiuy advection in BNL, c) advection in density underflows,
d) schematic representation of the horizontal graded
bedding observed over continental margins (adapted
from Hill et al. 2007)
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/ Key Questions \

Storms are thus decisive processes in the regulation of SPM dynamics in the coastal zone
and are still misunderstood due to the sampling difficulties. A need exists in the high-
resolution description of the spatial and temporal gradients across continental margins to
evaluate the suspended particles transport in order to understand the evolution of
sedimentary budgets of shelves. The identification of suspended particles properties
Qppears as essential in the understanding of the particulate transport across the shelf. /




1.2.3 Fine-sediment flocculation

We mentioned that suspended particles properties (as particles nature, shape and size) play a

major role in suspended particles spread, settling and sedimentation (Nittrouer et al., 2009;

Simpson and Sharples, 2012). The settling velocity of a suspended particle can be basically

modeled following Stoke’s law (Eq. 1.1) :
2xr¥xg x A

v s #

Eq.1.1
9 xXn a

where v is the settling velocity of a spherical particle (m s1), r its radius (m), g the gravitational
acceleration (9.81 m s2), Ap the effective density of the particle (kg m3, i.e. the density of the
particle minus the density of ambient seawater) and 1 the viscosity of seawater (typically 1.07.10"

3),

Following Equation 1.1, it is obvious that sand (> 63um), when present, rapidly settle from the
surface to the bottom (v ~ cm s1), whereas unique finest-sediments as fine silts (~10um) and
clays (~1um) show lower settling velocities (v ~ pm-mm s1) and are thus easily transportable
offshore within surface river plumes or bottom nepheloid layers (see Figure 1.2).

To explain the sedimentation of fine sediments, several studies emphasize the role of the
aggregation, which increases the particle assemblage size (v ~ mm-cm s1) and decreases the
related effective density (Gibbs, 1985; Van Leussen, 1994; Dyer and Manning, 1999). Aggregation
mechanisms can be various. For instance, biogenic aggregation is define as the creation of faecal
pellets by filter-feeding organisms and is particularly observed offshore, where the “marine snow”
feed toward the water column. However, this process cannot explain the settling of finest
sediments, especially in river plumes due to the mineral character of the particle assemblage. Due
to the low salinities observed in river plumes, aggregation is generally enabled by the van der
Walls’ forces, which enhance the attraction of cohesive sediments. While this process could occur
without the presence of organic compounds (called “coagulation”, i.e. glacial-meltwater for
instance), it is generally assumed that in low and middle latitudes, organic matter plays a role in
the maintain of larger aggregates. In this case, the aggregation process is called flocculation and
aggregates are called flocs (see details in Nittrouer et al., 2009).

Global observations carried out over continental margins show the predominant role of SPM
concentration variability, turbulence and mixing, induced by sea conditions (wave and current)
and river discharge, on the creation / break up of fine cohesive sediment flocs, controlling their
size and related settling velocity (Curran et al., 2007; Safak et al., 2013). However, coatings and
biological contents are also described as factors controlling flocculation as salinity gradient and its
influence on flocs growth (Ayukai and Wolanski, 1997; Dagg et al., 2004). In ROFIs, the flocculation
process highly participates to the regulation of the vertical flux of the finest particles from the
river input. It is also a factor controlling the expansion of the BNL close to the seabed and mud
areas over prodeltas and continental margins (Agrawal and Traykovski, 2001).
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We generally separate the marine flocs in 3 groups following their size as follow (Fig. 1.6):

- Unique component particles <10 pm
- Micro-flocs 10-125 um
- Macro-flocs >125 um

Microflocs are described as dense and quasi-spherical, resistant to turbulence whereas
macroflocs, which can be aerial or dense (see Fig. 1.6), generally present lower density and can
easily be fragmented into microflocs by shear forces. Micro- and macro-flocs are generally in a
lower abundance than unique and fine particles but can highly contribute to the total volume
concentration (generally expressed in pL L'1) (Manning and Dyer, 1999; Manning et al., 2004).

I T T T i T T T rrrr T T 1T rrrrg T 1T 1o
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Figure 1.6 : SPM granulometric classification. Nature of
unique sediment are shown (clay, silt and sand). Fine-
grained flocs classification is presented. A-D) Examples of
Scanning Electron Microscopy images of unique particles
of clay and silt, micro-floc, aerated and dense macro-flocs,
from Verney (2006). E-F) Transmissiometry and fluorimetry
images of a dense macro-floc (~300um) (Courtesy, K. ’ 300 pm
Curran).

The formation of flocs is not constant in space and time (Fig. 1.7). Previous studies highlight the
rapid destabilization of a fine-sediment particle assemblage, by an increase of the particle
concentration or the setup of strong salinity or biological gradients, which enable the formation of
micro-flocs in the particle assemblage in few seconds (Montgomery, 1985; Jarvis et al., 2005).
Depending on the particulate transport and the SPM concentration, fragile macro-flocs can then
be formed within the particle assemblage. The final particle assemblage observed after the
destabilization is composed of unique particles, micro- and macro-flocs whose distribution
depends on SPM concentration and turbulence (as waves and currents).
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The spread and settling of nepheloid layers thus depends on the variability of the particle
assemblage. While the particle size distribution (PSD) is nowadays a common parameter in each
SPM dynamics study, the particles shape diversity, however, is still seldom quantified and is often
ignored. On Eq. 1.1, the basic settling velocity equation is estimated through the approximation
that marine particles are spherical. However, many studies have highlighted the non-spherical
shape of suspended particles, in particular of fine-sediments flocs (Jonasz, 1987; Jarvis et al., 2005;
2006; see also the description of Olson (2011)).

On a technical aspect, these observations have highlighted the need to use a “randomly shaped”
algorithm process to properly invert the PSD from the light scattering in seawater (see Agrawal et
al. (2008) and details in Chapter 3). These observations have introduced the need of an
improvement of the estimation of floc settling velocities, considering the flocs shape. Thus,
modelling works of Winterwerp (1998), Khelifa and Hill (2006), Manning et al. (2011) or Soulsby et
al. (2013) introduce a floc shape parameter. Floc shape parameters can be various (as aspect ratio,
convexity, circularity, area, perimeter, see Olson (2011)) and are poorly documented due to the
sampling difficulties.

/Key Questions \

Due to the fragile character of flocs, a need exists in the in situ monitoring of the size of
the particle assemblage, which avoids turbulences and floc breakup by water sampling and
laboratory manipulation. The study of the largest particle size distribution (from 1 to 2000
um) of the particle assemblage is decisive to properly estimate the total volume
concentration, the proportion of flocs and the effective density of the particle
assemblages. In situ imagery of flocs shape remains undocumented and the impact of

Q\ape diversity on SPM dynamics is poorly known. /
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Figure 2.1 : Morphology of the Gulf of Lions, view is from the south-east. (adapted from Durrieu de Madron
et al. (2008)). Vertical exaggeration of 10. Continental and marine winds are shown by orange and red
arrows, respectively. Liguro-Provencal current (LPC) is shown by a blue arrow. Mean annual near bottom
circulation is shown by a dash-line blue arrow and is detailed on the right panel (Durrieu de Madron et al.
(7101072 ) PSRRI 26

Figure 2.2 : a) Significant wave height (m) and b) near-bottom current (cm s?) fields simulated for the
December 4, 2003 storm event. From Ulses et al. (2008b). d) Wave conditions during storm for specific
storm return period T (years). Data from Leucate coastal buoy (27 m depth, 2006 — 2015) available on
(0 Yo Ve L Vo Y = [ ol<] o =) o PPNt 26

Figure 2.3 : a) Rhone River water catchment. The yellow star shows the position of Beaucaire-Tarascon
gauging station (Code station V7200015) b): Monthly averaged Rhone River discharge from 1920 to
2011(Compagnie Nationale du Rhéne) c) Rhéne River discharge for specific flood return period T (years).. 27

Figure 2.4 : a) Volume particle size distribution (PSD) of the Rhone River SPM (gray). Cumulative PSD is
shown in orange. b) SPM composition (% of clays, silts and sands in the total volume of SPM). LISST-
Streamside measurements (November 2011, SORA Station — ArlES). ....uuuvverrrerrrrrrerrieiiiirererrrirrrrrereerene.. 28

Figure 2.5 : Morphological and bathymetric map of the Gulf of Lions shelf, from Bourrin (2007). a) Map of
the Holocene sedimentary deposits (Monaco et Aloisi, 2000). b) Map of the spatial repartition of
sedimentary deposits over the shelf (Monaco et Aloisi, 2000). Red dash-line rectangles show the Rhone
River ROFI (right) and the Roussillon shelf (left), study areas of Chapter 4 - 5 and 6 respectively. Both maps
compiled several sedimentary studies carried out during past decades (Monaco, 1971; Got, 1973; Aloisi,
1986). These works are integrated in a global GIS available on the OSU OREME (Observatoire de REcherche
Méditerranéen de I'ENVIironnemMent) WEDSITE. .....iiiii i e e e e e e e ee s 29

Figure 2.6 : Conceptual view of the SPM dynamics within the Gulf of Lions during a) stratified and fall
conditions, b) unstratified and winter conditions (continental winds), c) unstratified and winter conditions
(marine wind). From Palanques et al. (2006). ........ccoeeeiiiiiiiii e, 30

Figure 2.7 : Conceptual view of the different nepheloid layers found in front of the Rhéne River mouth.
Surface river plume, intermediate nepheloid layer (INL) and bottom nepheloid layer (BNL) are shown. Filled-
arrows show the possible advection of nepheloids, dashed-arrows the possible sedimentation of particles
and bold-arrows the burial of sediments. From Aloisi et al. (1982). .....covvviiiiiiiiiiieeeeeeeeeeeeeee, 32
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Figure 2.8 : RGB images (MODIS-Aqua) of the Petit (left) and Grand (right) Rhone River plumes during the
annual flood event of January 2014. Left: under a marine prevailing wind. Right: under continental

prevailing winds (i.e. Mistral & Tramontane). The red dash lines show the SPM concentration threshold of
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Figure 2.9 : Glider cross-shelf section (see yellow bar on map) of SPM concentration carried out during fall
and stratified conditions (April 2013). Density contour lines are shown in black (unpublished data)........... 34

Figure 2.10 : Time-series of SPM concentrations close to the seabed (1.5 mab) in the Banyuls bay (27 m, see
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Figure 2.11 : Time-series of sea conditions and sediment fluxes in the south flank of the Cap de Creus
canyon during marine storms conditions (see red dot on map in Fig. 2.10). From top to bottom : Wave
significant height measured at the POEM coastal site (Tét River), current speed measured at 75 and 115
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sediment trap samples is also shown (blue line) (see Martin et al., 2013).......ccceeiiiiiiiiiiiieeeeeeciciieeeeee e, 35

Figure 2.12 : a) Typical turbidity profiles (six stations - April 2004) observed in the vicinity of the Tét River
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This chapter highlights the regional settings of the Gulf of Lions (Gol). First, a general overview of
the characteristics of the GolL is presented. Then, the focus is made on the shelf hydrodynamic, the
rivers influence and related suspended particle dynamics.

2.1 Overview

2.1.1 General description

The Gulf of Lions, located in the northwestern Mediterranean, is a wide continental shelf
surrounded by the Alps, the Massif Central, and the Pyrenees. It has crescent-shape form and
extends over 6700 km? from Cap Croisette at the eastern end to Cap de Creus at its southwestern
end. The Gulf presents mean and maximal depths of 90 and 170 m, respectively. It has a maximum
shelf width of 70 km and represents a privileged area for rivers deposits from the Rhone and small
coastal rivers. The continental slope (between 130 and 2000 m depth with an average seabed
inclination of 5-10%) is incised by several submarine canyons (Figure 2.1), which play an important
role in the hydrodynamic of the Gulf, particularly in the export of water and particulate matter
between the shelf and the basin (Durrieu de Madron et al., 1990, 1999; Bonnin et al., 2008; Flexas
et al., 2002; Palanques et al., 2006, 2008).

2.1.2 Regional hydrodynamical conditions

The Gulf of Lions is considered as a very dynamical system where wind-induced current and wave
actions are important for particulate transport. Due to the micro-tidal character of the
Mediterranean (maximum tidal amplitude of 30 cm (Makaske and Augustinus, 1998)), coastal
hydrodynamical conditions are mainly influenced by the general circulation along the continental
slope (i.e. the northern Liguro-Provencal Current (LPC), see Petrenko (2003)), the freshwater
inputs from the Rhéne River (Broche et al., 1998; Marsaleix et al., 1998; Estournel et al., 2001;
Lorthiois et al., 2012) and the wind-driven circulations (Millot, 1990; Estournel, 2003; Duffau-
Julliand et al., 2004; Petrenko et al., 2005; Palanques et al., 2006; Ulses et al., 2008a; Dufois et al.,
2014) (Fig. 2.1).

Marine storms are a consequence of winds coming from east and south-east and are generally
observed during fall and winter. These winds are higher than 10 m s, generally brief (3 days) and
rare (6% of the time) (Ulses et al. 2008a). The long fetch leads to a large swell and strong currents
that enable particulate resuspension and transport over most of the shelf (see 2.2.2). Besides,
marine storms often precede river floods as the transport of humidity over coastal relief induces
high precipitation.

During these events, the general circulation is cyclonic and the convergence at the southwestern
end of the Gulf induces a strong downwelling on the upper slope and canyon heads (see Fig. 2.2b).
During winter, the export toward the basin can be enhanced by the combination of storm—-induced
downwelling with the presence of cold dense water on the shelf and the weak stratification of the
water column on the slope (Palanques et al., 2006; Ulses et al. 2008a).
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Figure 2.1 : Morphology of the Gulf of Lions, view is from the south-east. (adapted from Durrieu de Madron et al.
(2008)). Vertical exaggeration of 10. Continental and marine winds are shown by orange and red arrows, respectively.
Liguro-Provencal current (LPC) is shown by a blue arrow. Mean annual near bottom circulation is shown by a dash-line
blue arrow and is detailed on the right panel (Durrieu de Madron et al. (2008)).
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2.1.3 Rivers influence

Rhéne River - Since the dramatic decrease of the Nil river discharge (Assouan dam, 1970), the
Rhéne is the largest Mediterranean river in term of particulate and freshwater inputs (Copin-
Montégut, 1993; Pont et al., 2002). The Rhone River drains a water catchment of 97 800 km? (Fig.
2.3a). Sixty kilometers upstream the sea, the river is divided in the Grand Rhéne and Petit Rhéne
Rivers that represent respectively 90 and 10% of the total water and solid discharges.

The Rhéne presents a high seasonal variability (mean annual discharge of 1700 m3 s) with
maximum discharges observed during autumn and winter, during which the largest floods
generally occur, or during the melting snow period in spring (see Fig. 2.3b, Compagnie Nationale
du Rhéne, 1920-2011 database). The river supplies 80% of the sedimentary input to the Gulf of
Lions (Courp and Monaco, 1990; Bourrin and Durrieu de Madron, 2006).

Typical flood events of 5000 m3 s (annual) and 8000 m3 s (decennial) have been investigated by
Maillet et al. (2006) (see Fig. 2.3c). These authors estimate average annual particle flux about
7.10° tons per year with a high interannual variability of 1.2 to 19.7 .10° t y1. This estimation is
complemented with the work of Sadaoui et al. (2016), who estimate an average annual particle
flux to 8.10% t y* + 4.5 t y! (1977-2013 period). Pont (1996) estimates the contribution of flood
events at 70% of the total particle flux, highlighting the role of these episodic events in the SPM
delivery to the shelf.
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A few studies highlight the composition of the solid discharge of the Rhdéne River. For instance,
Antonelli (2002) and Antonelli et al. (2008) show the importance of clays, silts and sands in the
SPM inputs to the shelf with average values of 18 and 80 and 2%, respectively. These proportions
are not constant over time and can significantly change during flooding conditions. For instance,
during the 2003 flood event (Rhone discharge of 11 000 m3 s1), Antonelli et al. (2008) estimate
that sand and clays/silts fractions represented respectively 15 and 85%. These estimations are
complemented with the work of Adell (2013) (Fig. 2.4), who estimate to 12, 79 and 9% the
proportions of clays, silts and sands in the SPM load of the Rhéne River during a 1-month
monitoring (November 2011, SORA station, Arles).
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Coastal rivers - Coastal rivers of the Gulf of Lions (i.e. from south to north: Tech, Tét, Agly, Aude,
Orb, Herault, Lez and Vidourle, see Fig. 2.5) present a different character than the Rhéne River
with a higher seasonal variability. These small mountainous rivers present small discharges during
summer and large flood events during winter conditions (Serrat et al., 2001). They generally
present water catchment areas that are generally steeper and smaller than large water
catchments as for the Rhone River (see Milliman and Syvitski, 1992). Due to their orientations
facing the sea and their “auditorium” forms, they present a receptacle for clouds and related
precipitations bring by marine winds. Thus, during episodic east-southeast (E-SE) wind that yield to
large precipitation, these rivers can reach dramatic discharges in a short timeframe, called “flash-
flood” or “oceanic-flood” events (Wheatcroft, 2000). For instance, Bourrin et al. (2008b)
highlighted the role of the Tét River in the SPM delivery to the shelf during a 5 year flood in April
2004. During this flood event, these authors estimated to ~25% and ~75% the fraction of sands
and clays/silts in the total SPM delivered by small rivers to the Gulf of Lions shelf.



2.1.4 Morpho-bathymetry and sedimentary properties

The Gulf of Lions appears as a preferential region of particle deposit mostly influenced by Rhéne
Rivers inputs. The morpho-bathymetry and sediment properties of the shelf is presented on the
Figure 2.4.

In Fig. 2.5a, Holocene mud thickness deposits clearly highlight the role of the Rhone River in the
fine-sediment supply to the shelf over the last 10 ky (approx. Holocene period). Maximum mud
thickness (~50 m) are located close to the Rhone mouth whereas thickness of less than 5 m are
located on the Roussillon shelf (SW of the GolL) where the Rhone influence is minimal and where
strong current take place during stormy events (see 2.1.2). Deposit thickness highlights the role of
the cyclonic circulation over the shelf in the sediment-deposition and minimum values are
observed in front of Cap de Creus, where Quaternary rocky formations outcrop.

Sedimentary units of the Gulf of Lions form a seaward graded bedding from the beach to the mid-
shelf mud belt (Fig. 2.5b). In the inner-part of the shelf (~20 m), the fine silt-belt is connected to
the coastal sand-belt. The silt-to-clay transition is located at 30 m depth and corresponds to the
limit of waves action. The mid-shelf mud-belt is located between 40 and 90 m. These clayey
deposits are connected to the Rhone River mouth but detached from others coastal rivers. Relic
sands mix with fine and modern sediments appears on the outer shelf and next to the heads of
central and western canyons.
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Figure 2.5 : Morphological and bathymetric map of the Gulf of Lions shelf, from Bourrin (2007). a) Map of the Holocene
sedimentary deposits (Monaco et Aloisi, 2000). b) Map of the spatial repartition of sedimentary deposits over the shelf
(Monaco et Aloisi, 2000). Red dash-line rectangles show the Rhéne River ROFI (right) and the Roussillon shelf (left),
study areas of Chapter 4 - 5 and 6 respectively. Both maps compiled several sedimentary studies carried out during past
decades (Monaco, 1971; Got, 1973; Aloisi, 1986). These works are integrated in a global GIS available on the OSU
OREMIE (Observatoire de REcherche Méditerranéen de I'Environnement) website.
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2.2 Suspended particle dynamics

We focus here on the importance of the Rhdne River ROFI and its prodelta, where the suspended
particle properties and dynamics can be highly variable in space and time. We then focus on the
southwest (SW) part of the Gol, where particulate resuspension and transport are enhanced
during marine storms. Both regions are highlighted by red-squares in Fig. 2.5.

SPM dynamics and properties have been largely described in both regions during the two past
decades. Observations have been regularly made to characterize the spatial and temporal
variability of SPM dynamics and properties within both the surface and bottom nepheloid layers.
Past studies concerning the Rhéne River plume (i.e. the dynamic / properties of the Rhéne River
particles delivered to the shelf) as well as past observations of the bottom particulate transport
over the shelf are further detailed. These observations are resumed in the infographic p.33 as a

function of the programmatic context and the evolution of measurement platforms (see Chapter
3).

The Figure 2.6, adapted from Millot (1990) and Palanques et al. (2006), summarizes the different
wind regimes prevailing in the Gulf of Lions and the related hydrological processes contributing to
the particulate delivery, resuspension and transport over the shelf.
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Figure 2.6 : Conceptual view of the SPM dynamics within the Gulf of Lions during a) stratified and fall conditions, b)
unstratified and winter conditions (continental winds), c) unstratified and winter conditions (marine wind). From
Palanques et al. (2006).
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2.2.1 The nepheloid layers within the Rhone ROFI and over the shelf

The Rhéne River ROFI is characterized by the presence of a prodelta. This shallow area represents
the receptacle of coarse sediments as sands and silts. The prodelta presents a seaward graded
bedding from the beach (sand and silt, 20 m) to an abrupt slope (fine-silt and clays, 60 m) and a
mid-shelf mud-belt (mud, more than 60 m) (Monaco and Aloisi, 2000). In front of the River mouth
the sedimentation rates are estimated to 20-50 cm y! and rapidly decrease to ~0.5 cm y! over
the mid-shelf mud-belt (Miralles et al., 2005; Drexler and Nittrouer, 2008).

In micro-tidal ROFI, as in the Rhone River ROFI, the particle export through the coastal sea is
complex. The SPM is distributed in different nepheloid layers, whose characteristics
(concentration, extent, thickness) depend on the river discharge and the environmental conditions
(stratification, wind, currents and waves). In front of the Rhéne River mouth, Aloisi et al. (1982)
look into this complexity and show the various type of nepheloid layers that can be found (Fig.
2.7).

For instance, the spreading of the turbid and fresh Rhéne River plume forms a surface nepheloid
layer, which can feed local intermediate and bottom nepheloid layers (INL and BNL respectively).
While the INL is poorly documented due to sampling difficulties (i.e. low extent in space and time),
the BNL has been characterized in several studies, which highlight the role of the particle settling
from the surface river plume, as well as the waves-induced particulate resuspension and advection
by bottom currents (Aloisi et al., 1982; Naudin et al., 1992; Dufois et al., 2014).
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During flood events of the Rhone River, the delivery of particles to the shelf is strongly enhanced.
The surface river plume can spread over several kilometers off the mouth (Aloisi et al., 1979;
Naudin et al., 1997; Thill et al., 2001).

The Rhone River plume rapidly responds to the wind forcings (~5-10h according to Demarcq and
Wald (1984)) and is advected through the shelf by surface currents enhanced by continental (i.e.
north-northwesterly) wind or fostered along the coast during marine (i.e. east-southeasterly) wind
(Naudin et al., 1997; Broche et al., 1998; Forget and Ouillon, 1998; Estournel et al., 2001; Arnau et
al., 2004; Lorthiois et al., 2012; Ody et al., 2016) (Fig. 2.8). These observations, mainly based on
coastal drifters, satellite and radar measurements have been completed with modeling works of
Marsaleix et al. (1998), Thill et al. (2001), Arnoux-Chiavassa et al. (2003), Ulses et al. (2005) and
Dufois (2008).
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Over the shelf, deposited surface sediments are resuspended by waves and currents and dispersed
by bottom currents. Several studies highlight the presence of a BNL (1 - 5 mg L) up to 15 m thick
over the shelf (Aloisi et al., 1979, 1982; Durrieu de Madron et al., 1990; Durrieu de Madron and
Panouse, 1996). This nepheloid layer highly participates to the particulate transport over the shelf
during all year round during both fall and extreme conditions.

Durrieu de Madron and Panouse (1996) highlight the spatial extent of this BNL over the shelf
during fall conditions. This observation can be reinforced with recent glider observations over the
SW part of the shelf (April 2013 — unpublished data) during similar conditions (Fig. 2.9). These
results highlight the large area impacted by the BNL, which tends to spread over the entire shelf,
as well as the seaward gradient of its thickness (10-30 m) and SPM concentration (1-3 mg L)
during fall conditions (see conceptual view in Fig. 2.6a).
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Figure 2.9 : Glider cross-shelf section (see yellow bar on map) of SPM concentration carried out during fall and
stratified conditions (April 2013). Density contour lines are shown in black (unpublished data).

Close to the shelf break (~120 m depth), mechanisms responsible of SPM shelf-slope exchanges
(i.e. between the BNL and offshore waters) are generally more vigorous during winter. Various
processes are identified as the cascading of dense water formed by cold and dry continental winds
over the shelf (Durrieu de Madron and Panouse, 1996; Durrieu de Madron et al., 2005), bottom
Ekman transport induced by the cyclonic along-shelf currents (Durrieu de Madron et Panouse,
1996) and instabilities of the northern Liguro-Provencal Current (Durrieu de Madron et al., 1999)
(see Fig. 2.5b).

2.2.2 I'mpacts of storms on sediment dynamics and particulate transport

over the shelf

Marine storm events have been described as a principal factor producing sediment resuspension
and redistribution over the shelf (see modelling works of Dufois, 2008; Ferré et al., 2008; Ulses et
al., 2008a,b; Dufois et al., 2014). The sediment erosion induced by waves and strong currents,
which can reach several centimeters, enhances the SPM concentration (> 30 mg L) in the water
column down to 40-50 m depth (Ferré et al., 2005; Guillén et al., 2006; Bourrin al., 2008b) (Fig.
2.10). Besides, the particulate transport is accentuated by the cyclonic circulation (~ 50-70 cm st
close to the coast, see Fig. 2.2b), which favors the suspended particle transport along the shelf
(see blue arrow on the map in Fig. 2.10).
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Chapter 2. The Gulf of Lions

Over the SW part of the shelf, the export of suspended particles offshelf occurs by downwelling
through the Cap de Creus and Lacaze-Duthier submarine canyons as well as by bypassing the Cap
de Creus to the Catalan shelf (Palanques et al., 2006, 2008; Bonnin et al., 2008; Martin et al., 2013)
(Fig. 2.11).
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Figure 2.11 : Time-series of sea conditions and SPM fluxes in the south flank of the Cap de Creus canyon during marine
storms conditions (see red dot on map in Fig. 2.10). From top to bottom : Wave significant height measured at the
POEM coastal site (Tét River), current speed measured at 75 and 115 mab in the canyon, SPM concentration measured
at 10, 75 and 115 mab, along-canyon SPM fluxes at 75 and 115 mab (negative values down-canyon) and downward
mass flux measured by a sediment trap at 40 mab. Trap fluxes are divided in three components according to the major
grain-size classes. The d50 in sediment trap samples is also shown (blue line) (see Martin et al., 2013).

While these fixed observations emphasize the role of marine storms in the sediment dynamics and
particulate transport close to the coast and in submarine canyons, a need still exists in the
monitoring of the along- and cross-shelf particle fluxes over the entire shelf to assess the role of
storms in the redistribution of resuspended particles from the coast to the mid-shelf mud-belt.

Besides, there is still a lack of knowledge about the fraction of the particulate transport that
downwells within submarine canyons and the one that bypass the Cap de Creus towards the
northern Catalan shelf.



2.2.3 Suspended particles characteristics

Within the Rhéne ROFI, previous in situ observations highlight the fast vertical transfer of both silt
and sand from the River plume to the seabed (Aloisi et al., 1982; Naudin et al., 1992). The settling
of finest particles (fine-silt and clays), which compose the surface river plume as well as the INL
and BNL, is reinforced by the flocculation phenomena. Thill et al. (2001) highlight the possible role
of salt-induced flocculation along the dilution gradient of the river plume, whereas Naudin et al.
(1997) emphasize the role of the electro-chemical action of the organic matter in the maintain of
flocs. These latter authors also show the correlation between the increase of the SPM
concentration and the growth of flocs (>150 um) in the particle assemblage.

Besides, several studies highlight that the BNL is mainly composed of fine particles over the shelf,
which tend to form micro- (~50 um) and macro-flocs (~150 um) (Ferré et al., 2005; Durrieu de
Madron et al., 2005; Curran et al., 2007; Bourrin et al., 2008b) (Fig. 2.12). Martin et al. (2013) also
emphasize the export of silt and clays offshelf during energetic conditions induced by marine
storms (see bottom panel in Fig. 2.11). All these measurements do not enable to determine the
variability of the particle assemblage over the entire shelf with high temporal and spatial
resolutions, which remains decisive to assess the fate of suspended particles.
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2.3 Objectives

The main objectives of this work are to improve knowledges on the role of a Rhéne River flood
event in the delivery of SPM to the shelf and the importance of a marine storm event on the
sediment dynamics and the particulate transport over the shelf.

Issues of this work can be resumed as follow:

- What is the spatial variability of the Rh6ne ROFI particle assemblage during a flood event?
- What is the dynamic of the Rhéne ROFI nepheloid layers during a flood event?

- What are the impacts of a storm on the particulate transport over the shelf of the GolL?

To answer these issues, this work was the opportunity to test an ensemble of observations
collected from different platforms. As described in Chapter 3, we adopted a multi-platform
approach using simultaneously research vessel, satellite, glider, coastal buoy and mooring to get a
comprehensive view of the particulate matter characteristics off the Rhéne river mouth during a
flood and of the along- and cross-shelf particulate matter transport during a storm.

We experimented an instrumental package combining two technologies (LASER diffraction and
holography) to determine the full in situ particle properties (size, shape, nature and effective
density) in the Rhone ROFI, and assess the role of fine-sediment flocculation in the vertical
transfer of particles from the Rhone River plume to the seabed (Chapter 4).

We tested the capabilities of a glider equipped with optical sensors to assess the high-resolution
temporal and spatial variability of the Rhéne River ROFI nepheloid layers structure and properties
during a flood (Chapter 5).

We described the hydrological and nepheloid layers structure as well as to quantify the particle
transport and properties in the southwest part of the Gulf of Lions during a marine storm. These
observations were compared against measurements collected in the nearby Cap de Creus canyon,
and allowed to assess the fraction of particle transport exported off the shelf (Chapter 6).

This work was carried out in collaboration with specialists from various institutes. The following
page highlights the different role of each of them.
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3.1 Overview

Dickey et al. (2006) have emphasized the need of a multi-platform approach, i.e. the combination
of existing observation platforms as surveys (UNESCO, 1996), fixed platforms such as buoys and
moorings (Allison et al., 1994; Weller et al., 2000; Stenberg, 2005), autonomous vehicles such as
gliders (Glenn et al., 2000; Davis et al., 2002; Dickey et al., 2002; Testor et al., 2010) and remote
sensing from satellites (Robinson, 1985; I0C, 1998; Lindstrom et al., 2000), to characterize coastal
processes regulating SPM dynamics and transport, which can take place over large time- (i.e. hours
to years) and space-scales (meters to kilometers). This have been largely described in the
integrated, strategic design plan for the coastal ocean observations module of the global ocean
observing system (UNESCO, 2003).

The Figure 3.1 resumes the platforms used in this work. It presents the general complementarity
between spatial and temporal extents of each platform that permits the investigation of processes
impacting the SPM dynamics over the Gulf of Lions during both flooding and storm conditions
(adapted from Dickey et al., 2006).
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Figure 3.1 : Time-space diagram showing measurement platforms used during this work.
Adapted from Dickey et al. (2006)



The combination of these platforms (see Table 3.1) was used to determine hydrological and
hydrodynamical conditions as well as suspended particle dynamics, properties and transport along
cross-shelf transects within the Rhone River ROFI and over the southwest part of the shelf (see Fig.
3.2).

Fixed platforms as rivers gauging stations (Rhéne and Tét), coastal buoys (POEM and MESURHO),
canyon mooring lines (Cap de Creus) enabled to follow the variability of meteorological (wind,
precipitation), hydrodynamical (waves, current) and SPM dynamics (river discharge, SPM
concentration) condition with a high-temporal resolution (~ hour). We used satellite and glider
observations to determine large-scale SPM concentrations and properties variability between
fixed platforms. The combination of both satellite and glider permitted to get a 3 dimensional view
of the Gulf of Lions during flooding and storm conditions with high-temporal (1 day) and spatial
(~200 m) resolutions.

This strategy was completed with surveys (generally 1-week on board on small coastal research
vessel) that enabled to carry out punctual measurements during flooding and fall conditions.
While weather-limited, surveys still remained decisive in the following of parameters as the
particle assemblage properties (i.e. the in situ determination of the size, nature and shape of
suspended particles) as well as in the calibration of the different sensors on board of each
platform (as CTD, current, SPM concentration, index of particle size).
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Figure 3.2 : Schematic view of the strategy adopted in tF
study SPM dynamics and transport over the shelf during flooding
conditions. Coastal buoys, remote sensing observations and cross-shelf §
sections are shown. Cap de Creus canyon (CCC) moorings (150 and 300m
depth) are shown by orange triangles. Punctual and local surveys are shown
by green stars. Rivers and meteorological stations are shown in red. Principal
wind forcings are shown in orange (continental) and red (marine).

3.2 The platforms

3.2.1 Shipboard observations

Surveys - During my work | participated to three surveys, for a total of 27 days at sea. Table 3.2
details the work at sea effectuated during these surveys (only data acquired during CASCADE and
TUCPA 2 are further discussed).

The CASCADE (CAscading, Storm, Convection, Advection and Downwelling Events) survey (March,
15t-231, 2011) was carried out on board of the R/V Atalante in the southwest part of the Gulf of
Lions to assess the spatial and temporal variability of SPM dynamics and transport during a “back-
to-back” storm and flood event of small coastal rivers (as Agly, Aude, Hérault and Tét) (see
Chapter 6). This survey complemented a larger observational effort composed of cross-shelf glider
deployments, remote sensing observations, coastal surface buoys and submarine canyons
moorings on the shelf slope.
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recovery
Rhéne SPM dynamics and
2016-02 MATUGLI Tethys-II 7 ROFI properties during -

flooding conditions

As a part of the TUCPA framework ("TUrbidité Cotiere et Plateformes Autonomes" - Coastal
Turbidity and Autonomous Platforms), two 1-week surveys were carried out on board of the R/V

Antédon I/, in January and February 2014, to assess the variability of SPM dynamics and properties
within the Rhdne ROFI during flooding conditions (Chapter 4). TUCPA 1 survey also permitted the
deployment of a glider from the Rhone river mouth to the shelf edge. Glider observations were
calibrated and compared against in situ, remote sensing, and coastal buoy observations. Results
permitted to describe the SPM properties and dynamics with high temporal and spatial resolution
during a flood event and various wind forcings (Chapter 5).

An additional 1-week survey (PLUMRHO - "PLUMe of RHOne") was carried out during the
MATUGLI project ("Mesures Autonomes de la TUrbidité par GLIder " — Autonomous turbidity
measurements by marine gliders) on board of the R/V Tethys Il in the Rhéne River ROFI during
January 2015. This survey permitted the calibration of the turbidity sensor of the glider as well as
the determination of long-term LISST instruments variability (see 3.4.2).

Sampling strategy — During these surveys, observational efforts were made to focus on the SPM
dynamics and properties within turbid structures as river plume and bottom nepheloid layer. Thus,
we generally effectuated steps (~1-2 min) with optical instruments (backscatter sensors, LISST
instruments) and sampled waters with “Niskin” bottles in surface (~1-2 m) and close to the
seabed (1-2 meters above bottom (mab)). Sampling stations were generally oriented along a cross-
shelf transect and were spaced by 10 m depth of bathymetry from the near-shore (20 m) to the
shelf break (120 m). We determine ex situ the gravimetric SPM concentration, the particulate
organic carbon (POC) content and the deflocculated particle size distribution.



3.2.2 Coastal buoys

During this work we used data provided by two coastal buoys. The POEM buoy located in front of
the Tét River (southwest of the Gol) and the MESURHO buoy located in front of the Rhéne River
(north of the Gol). A brief presentation of the operating system of both buoys is detailed and the
various instruments used to study hydrological and particle properties close to the coast are listed.

POEM buoy - The POEM (Plateforme d'Observation de I'Environnement Méditerranéen) coastal
buoy is located at 28 m water depth, 2.5 km off the Tét river mouth (Bourrin, 2007). This buoy has
a three-point helicoidal anchoring tightly linked to mid-water depth flotation to prevent any
particulate resuspension (Fig. 3.3). At the surface the POEM buoy is equipped with a wind station
and solar panels, providing energy to the surface instruments.

The surface probe is generally a YSI 6600 multi-parametric probe measuring the temperature,
salinity, turbidity (700nm - NTU) and chlorophyll a (fluorimeter, pgcnia.L, factory calibrated) (~1m
depth). Close the seabed, different benthic instruments are used as ALTUS altimeters (seabed
level), YSI probe and an upward-looking ADCP (generally a 600 kHz, RDInstrument).
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MESURHO buoy - The MESURHO buoy (Fig. 3.4)
(Pairaud et al., 2015) is located on the East limit of the
Rhone prodelta at 20 m depth, 2.6 km of the river
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3.2.3 Marine glider

Marine gliders are increasingly used in ocean observations (Testor et al.,, 2010). These
Autonomous Underwater Vehicles (AUVs) are self-propelled by a control of their buoyancy, which
made them able to move to a specific location and depth. They are equipped with physical and
optical sensors and permit the description of the variability of hydrological and biogeochemical
processes operating within coastal waters with a high spatial and temporal resolution (Fig. 3.5a).

The coastal (30 - 200 m depth) slocum electric glider (Davis et al., 2002 - Webb Research
Corporation) used in this work is a small torpedo-shaped AUV displacing 52 L and measuring 1.8 m
in length with a diameter of 20 cm (Fig. 3.5b). It uses a variable buoyancy to sink or to rise through
the water column. This motion is converted to a sawtooth-shaped trajectory (pitch angle of
approx. 25°) by the presence of rigid wings near the center of the vehicle (Fig. 3.5a) (see technical
description in Niewiadomska (2008)).

Gliders are typically equipped with a CTD sensor (Conductivity, Temperature, Depth) as well as
miniaturized optical sensors. The glider used in this work, called Tenuse, was equipped with an
external un-pumped CTD (Fig. 3.5¢; see 3.3.1) and optical fluorimeter and backscatter sensors at
several wavelengths from WETLAB Technologies (Fig 3.5d; see 3.4).
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Figure 3.5 : General description of the glider operating system. A) Schematic view of mission orders (black) and data
transmission (red) between the operator and the glider. The sawtooth-shaped trajectory of the glider is shown in green.
B) Photo of a Slocum electric glider. C) Position of science payload on glider. D) Example of optical ECO Puck used to
measure turbidity and fluorescence of Chlorophyll a. E) External un-pumped CTD used to measure conductivity,
temperature and depth.

Gliders can be deployed during long periods (> 1 month), long distances (> 50 km) and during
energetic events (as storms). They provide a high density of in situ information illustrated in Figure
3.6. It shows a comparison between observations made during a one-day cruise and a one-day
glider deployment in the Rhone River ROFI (~40 km from the coast to the shelf edge). The glider
can monitored coastal waters with a cast every 100 m (depending of bottom depth, ~150 casts
per day) whereas ship observations (limited by whether and sea conditions) are limited at ~10
casts per day. The related cost-efficiency of glider observations is very low (~10€/cast) compared
to ship observations (~100€/cast) and shows the “middle-cost for a high efficiency” character of
gliders.
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Two glider deployments carried out over the shelf of the Gulf of Lions were used in this work (see
Fig. 3.7).

A first feasibility study of a coastal deployment during winter conditions over a European
continental margin was carried out in March-April 2011 over the Roussillon shelf (SW Gol). This
deployment permitted the monitoring of the impact of a storm and a subsequent flood events on
the shelf suspended particle dynamics and transport (see Chapter 6). The glider carried out 26
sections (corresponding to approx. 1300 km linear) between the Tét River mouth (~30 m depth)
and the entry of the Lacaze-Duthier submarine canyon (~130 m).

A glider was then deployed in the Rhéne River ROFI in February 2014 to assess the spatial and
temporal high-frequency variability of nepheloid layers and suspended particles properties during
flooding conditions (see Chapter 5). This deployment also permitted to verify the ability of gliders
to provide an index of the suspended particles size through the spectral slope of backscattering
coefficients (see 3.4.2.2 and Chapter 4).
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The general strateqy: a multi-platform approach

3.2.4 Canyon mooring lines

As further detailed in Chapter 6, the southwest part of the Gol and particularly the Cap de Creus
submarine canyon (Fig. 3.8a) represent preferential areas of SPM and water export offshelf during
marine storm events (see also Martin et al. (2013)).

Two instrumented mooring lines were deployed during the CASCADE experiment (2011) along the
southern flank of the canyon (290 m and 365 m respectively — Fig. 3.8b). Both lines were equipped
with current meters, CTD, and turbidity sensors and sediment traps (Fig. 3.8c). Only results from
downward-looking ADCP (155 meters above bottom (mab)), Seapoint backscattering sensors (OBS
at 800 nm -9, 62, 102 mab) and SeaBird SBE 37-SMP CTD (8 mab) are used in this work.
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Figure 3.8 : a) Bathymetric chart of the SW part of the GolL. The position of the POEM buoy is shown by a black
square. Gray square shows the area of b). b) Multibeam bathymetry of the Cap de Creus canyon. Stars show the
position of the two instrumented mooring lines maintained in the southern canyon flank from the 3™ to 21t march
2011 (from Martin et al. (2013)). c) Design of the twin mooring lines. ADCP: RDI WH 300 kHz Acoustic Doppler
Current Profiler; PPS3: Technicap Sequential Sediment Trap; CTD: SBE37 SMP; SeaPoint: SeaPoint Turbidity meter +
AQUAIlogger 210TY; RCM9: Aanderaa Recording Current Meter.



3.2.5 Satellite observations

Ocean color images are commonly used to measure the geophysical quantities at the sea surface,
as the SPM concentration. These measurements enable to describe with a high spatial resolution
and over regional scales the SPM dynamics, particularly the river inputs that tend to create surface
river plumes.

During this work, the Moderate-Resolution Imaging Spectroradiometer (MODIS) on board on
Aqua/Terra satellites, was used to describe large scale SPM dynamics at the sea surface of the Gulf
of Lions. The surface SPM concentration and properties (see 3.4) were obtained using MODIS
products from the NASA Ocean Color website. Different processing processes, based on algorithms
of Gohin (2011) and Ody et al. (2016) — Annex 1) have been used. Details are presented within
following articles (i.e. Chapter 5 and 6).

Example of RGB image of Landsat-8/0OLI (30 m resolution — available on LIBRA website) is shown to
illustrate the visible aspect of the surface reflectance of SPM in front of the Rhone River mouth
during the 2014 flood (see Fig. 3.9).

Gulf of Lions

Figure 3.9 : Example of a Landsat-8/0LI image (30m resolution) of the Rhéne River plume during an annual flood event
(February 23, 2014) downloaded from the LIBRA website. The retrieval of SPM concentrations (mg L) from the surface
reflectance at 645 nm following algorithm of Ody et al. (2016) is shown (see Annex 1). The white scale bar represents
10 km. The location of the Rhéne River plume is shown by a red square on the map of the Gulf of Lions (bottom-right
corner)



http://oceancolor.gsfc.nasa.gov/cms/
http://libra.developmentseed.org/
https://libra.developmentseed.org/

3.3 The hydrological measurements

3.3.1 The CTD measurements

The conductivity, temperature and depth (CTD) parameters are commonly used in oceanography.
From decades, these parameters are measured from ship through a profiling instrument package
(called “CTD”), which allows the determination of the vertical structure of thermo-haline
parameters. In some cases, measurements from sensors are transmitted to the surface via a
communication cable. The CTDs (deployed from ship or fixed on glider) used in this work were
composed of a conductivity cell coupled with seawater through electrodes, a high-quality platinum
resistance thermometer, and a strain gauge sensor that allowed the measurements of the
pressure and the related depth. The CTD package used during surveys was a Seabird 19+ CTD
while the glider was equipped with an un-pumped SeaBird 41cp CTD. For both platforms, basics
derived parameters were then derived as salinity and density following general UNESCO
polynomial relationships (UNESCO, 1983).

3.3.2 Sea conditions measured from fixed platforms and gliders

Currents and waves measured from fixed platforms — Currents and waves were measured with
Acoustic Doppler Current Profilers (ADCP) from Teledyne RD Instruments deployed on fixed
platforms. Coastal buoys and submarine canyon mooring lines (160 mab) were respectively
equipped with upward- and downward-looking ADCPs at 600 and 300 kHz. ADCPs transmit high
frequency acoustic signals that are backscattered from seawater constituents (as suspended
sediment, phyto/zooplankton and bubbles). It is assumed that these constituents travel with the
speed of the water. The estimation of the horizontal and vertical current velocity and direction as
a function of depth (generally 1 m bin) is possible through the Doppler effect, which allows the

measurement of the radial velocity between the instrument and the seawater constituents.

Currents were generally measured at 1 Hz and were averaged every 3 h. We used thereafter the
following convention for current values: positive northward and negative southward, and positive
westward and negative eastward. High-frequency measurements of near-surface wave orbital
velocities, surface track, and pressure were used to compute significant wave height, peak period
and direction according to the technical manual of Teledyne RD Instruments (2007). Waves were
generally measured during 20 min bursts every 3 h.

Currents magnitude and direction from the glider drift and the geostrophic balance — The glider
“drift”, i.e. the difference between the glider’s expected surfacing location and the actual new GPS
position (Fig. 3.10a), was used as an estimation of horizontally depth-averaged current between
two surfacings (Webb Research Slocum manual, 2005). To further characterize the current we
estimated geostrophic velocities to determine how much the flow perpendicular to the section
was affected by the density field (Fig. 3.10b). The glider’s interpolated density field was used to


http://www.rdinstruments.com/product_dashboard/adcp
http://www.rdinstruments.com/

estimate the baroclinic component of the geostrophic velocities. Then, we derived the along-shelf
velocity field by adjusting the depth-averaged geostrophic velocities to the corresponding glider’s
drift (Fig. 3.10c). This correction includes the barotropic geostrophic and ageostrophic terms, such
as currents induced by surface wind stress and bottom friction.

Sea surface p3/t2 Vinean
________________________________________ 0 1m.st c)
E—b
Estimated —
. depth-averaged _’ ’ Adjusted current
! current i
- Vner
i 1m.s?
—> : :
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Figure 3.10 : Conceptual view -
of the estimation of a) the .
horizontally  depth-averaged Tl
current using glider drift I
between two surfacings and b) Estimated g
baroclinic component of the internal
geostrophic velocities using current
the interpolated density field —_—
of glider measurements. The
final profile of the adjusted
current is shown in c).

3.3.3 Derived parameters from glider drift and CTD measurements

The Brunt-Vaisala frequency (N - Eqg. 3.1), also known as the buoyancy frequency, was derived
from the glider CTD measurements and used as an indicator of the Rhone River plume
stratification (see Chapter 5). Then, we used the dimensionless number of Richardson (Ri — Eq.
3.2), which allowed the estimation of the mixing intensity by comparing the Brunt-Vaisalad
frequency to the vertical gradient of the horizontal current velocity (see 3.3.2) (Pacanowski et
Philander, 1981).

N =V (-g/p) 6p/6z Eq.3.1

Ri= N2/ (6u/6z)? Eq. 3.2

where g is the acceleration of gravity (m? s), p the water density (kg m=3) and u the current
velocity vector (m s1). Generally, we considered a stable stratification for N > 0, while if N ~ 0 the
stratification is unstable (Turner, 1973). The Richardson number, which defines the mixing
intensity, is equal to 0.25 in a stable flow and Ri < 0.25 if the turbulence overcomes the density
stratification and generates vertical mixing (Miranda et al., 2002; Kirinus et al., 2012).



3.4 The particle properties measurements

3.4.1 SPM concentration

Optical backscattering - The SPM concentration is commonly measured through the turbidity
parameter. In this work, the turbidity was measured through backscattering sensors.
Backscattering sensors can be various, with different backscatter angles or reference wavelengths
(see Fig. 3.11). For instance, during ship-board measurements made during the CASCADE and
TUCPA experiments, a Seapoint OBS 3+ (880 nm) was used in a profiling frame to determine the
vertical structure of the SPM concentration. During both experiments, the sensor output (in
Nephelometric Turbidity Units — NTU) was calibrated against gravimetric SPM concentrations,
sampled with Niskin bottles and measured following the process described in Aminot and Kérouel
(2004).

During the same experiment, the glider Tenuse was equipped of a Wetlabs FLNTU miniaturized
sensor (ECO Puck), which measured the turbidity (expressed in NTU) based on backscattering
measurements at 700 nm (140°). The measurements of turbidity were calibrated with gravimetric
measurements (see details in articles, i.e. Chapter 4 and 6). Besides, a Wetlabs BB2FLS was used
and provided backscattering measurements at 532 and 660 nm (TUCPA) and 532 and 880 nm
(CASCADE). These measurements are factory calibrated in m™ and are made at 124° in the
backward direction. They were used to estimate the spectral slope of backscattering
measurements (see 3.4.2.2)
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Acoustic backscattering - Acoustic backscattered intensities from ADCP signal are commonly used
to estimate a proxy of SPM concentrations in the water column. The acoustic pulse emitted from a
single beam has a certain initial intensity, which progressively diminishes as it travels through the
water column and is reflected by suspended particles. During the CASCADE experiment (2011), the
Sediview software (HR Wallingford) was used, based on an iterative method to solve a simplified
version of the sonar equation derived from Thorne et Campbell (1992) and Hay (1991) (Eq. 3.3):

Logio(Mr) = 1/S x {dB + 2r (aw + as) — Ks} Eq. 3.3

where M; is the gravimetric concentration per unit volume of range r, S is the relative backscatter
coefficient , aw is the water attenuation coefficient (Francois-Garrison model) and as is the


http://wetlabs.com/eco-puck
http://wetlabs.com/eco-puck
http://www.drl.com/drl_software/sediview2.10.html

sediment attenuation coefficient, Ks is the site and instrument constant and dB is the measured
relative backscatter intensity corrected for spherical spreading. The signals measured from the
four beams were averaged and forced against in-situ gravimetric SPM concentration
measurements. Sediment attenuation was estimated using relative effective particle size of 25 um
measured prior to the experiment with an in-situ Sequoia LISST-100 type B (see 3.4.2).

Due to the limited number of SPM concentration measurements and the multimodal particle size
distribution observed in the Rhone ROFI during the TUCPA experiment (2014), ADCP backscatter
index was derived from the echo intensity and was simply used as a relative information
concerning the SPM concentration over the Rhéne River prodelta (see details in Chapters 4 and 5).

3.4.2 Particles size, nature and shape

3.4.2.1 Ship-board particle properties measurements

As described in 1.2.3, the particle size distribution (PSD) in nepheloid layers plays a main role in
the SPM dynamics. A need exists in the in situ determination of the particle assemblage size to
avoid any turbulence and related break up of aggregates that can occur during water sampling,
transport and laboratory analyses. In situ optical instruments have been developed to fill in this
gap, with various technologies as LASER diffraction or imagery (holography, visual camera,
microscope observations).

In this work, we used several instruments of SEQUOIA Inc. to characterize the suspended particle
properties (nature, size, effective density and shape) within the Rhone River ROFI described in
Chapter 4. We used the LISST-100 TYPE B and the LISST-100X TYPE C (LASER diffraction) to
determine the in situ particle size from 1.25 to 250 um and the on board deflocculated PSD from
2.5 to 500 um respectively. These observations were completed with measurements from a LISST-
HOLO (holographic camera), which permitted the in situ determination of the PSD from 20 to 2000
pum as well as the determination of several shape parameters and visual observations of largest
particles (> 50 um). A synthetic view of both systems is presented thereafter. The focus is made on
their operating systems and the basis of the data processing. Then, the temporal in situ variability
of both LASER and holographic systems is presented to determine the relative uncertainties of the
measurements of both techniques.

LASER diffraction - The LISST-100 was used to estimate the PSD from 1.25 to 250 um by laser
diffraction (Type B) (Fig. 3.12). The LISST-100 separates the size range in 32 logarithmic classes and
uses a red LASER (670 nm) through a path of 5 cm. The instrument was deployed in situ to
measure the PSD of the surface river plume and bottom nepheloid layer.

With similar optical specifications, a LISST-100X (Type C, 2.5-500 um, 1 Hz) was used onboard to
estimate the PSD of primary particles composing the particle assemblage in water sampled from
surface river plume and BNL. Samples were deflocculated by ultrasonification for 5 min. PSD was
then estimated from 1 min average LISST-100X measurements.


http://www.sequoiasci.com/
http://www.sequoiasci.com/product/lisst-100x/
http://www.sequoiasci.com/product/lisst-holo/
http://www.sequoiasci.com/product/lisst-holo/
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(Traykovski et al., 1999; Agrawal and Pottsmith, 2000; Agrawal et al., 2008). The raw spectrum was
converted in particulate volume concentration (expressed in pL L) using the factory volume
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calibration constant. Extreme size classes (1.25-2.5 and 250-500 um) showed typical “rising tails”
explained by the presence of smal particles (for the first class) and large particles (for the last
class) outside the measurement range (Mikkelsen et al., 2005). Except for the LISST-100X data
processing (primary particle characterization), we excluded the extreme size classes of the PSD
before calculating the derived parameters used in Chapter 4 (total volume concentration (VCiot),

effective density).

Holography - The LISST-HOLO is a digital holographic camera (0.2 Hz) used to study the volume,
number and shape of large particles as complex aggregates and biological organisms within the
range of 20-2000 um (Graham and Smith, 2010). It is different from the LISST-100 in that it uses
holography instead of LASER diffraction to measure particles size (Fig. 3.13). The other main
difference is the capacity of the LISST-HOLO to provide images of suspended particles that permit
the determination of the nature of particles (as biological organisms, fine-grained aggregates,
sands) as well as individual particle shape analysis.

When the collimated red LASER reference beam (659 mm) is scattered by suspended particles
along the 5 cm optical path, the resultant scattered light create an hologram on the 7¥*4 mm CCD
array. The holographic method permits the elimination of the typical depth of field issues
encountered with others imagery systems as camera and microscope. Thus, the LISST-HOLO is able
to bring all particles seen through the path onto the same image plan and allows the analysis of a
50*7*4 mm volume. The large path of the LISST-HOLO permits to sample the suspended particles
without disturbance and therefore capture their real size and shape.

To emphasize the ability of the LISST-HOLO in the characterization of mineral (sand is excluded,
the focus is made on fine-grained flocs) and organic (i.e. phyto/zooplankton) particles, example of
images taken during this thesis and various frameworks (2013-2016 period) are shown p.61.
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Figure 3.13 : Principle of
operation of the LISST-HOLO
(holographic camera). The
instrument is shown in the Scattered Light
bottom-right corner.

The Figure 3.14 presents the different steps of the process of LISST-HOLO measurements. First, the
raw hologram (Fig. 3.14a) is converted using the latest version of HOLO-Batch (v3.0, SEQUOIA
Inc.). The resultant processed image (.tiff) shows the size and shape of particles (Fig. 3.14b). At the
same time, the process generates a file per image (.mat), which includes all the statistics (as
diameter, volume, eccentricity, solidity, eccentricity) of each particle within the image (Fig. 3.14c)
and a general particle size file (.mat, .cnv) which includes the PSD of all images analyzed (Fig.
3.14e). Based on processed images, it is possible to create a random montage
(“montagemaker.m” on MATLAB) to get a visual representation of the in situ particulate
assemblage (Fig. 3.14d).
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Figure 3.14 : Processing of LISST-HOLO measurements. a) Raw hologram (.pgm) b) Processed image (.tiff) with HOLO-
Batch v3.0 c) Particle statistics extracted from each particle d) Extraction of particles for the random particles montage,
e) Volume PSD extracted from (b). Black bars represent the 300um scale.
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The LISST-HOLO provides several shape parameters for each

Floc Analysis
particle analyzed.
Among them, we chose to focus on the aspect ratio (AR) (Fig. 3.15, % i
Eq. 3.4), which underlines the spherical aspect of suspended ‘ - AR ~1
particles. It is estimated through the equation: % y
AR = AXmm / AXmaj Eq- 3-4
where Axmin and Axmaj represents, respectively, the minor and S>>
major axes of the particle. An aspect ratio of 1 indicates a spherical AR ~0
shape, whereas an aspect ratio of 0 indicates a straight shape (see
Clavano et al. (2007)). %

' 500 pm

LISST instruments relative uncertainties - During the PLUMRHO campaign (February 2015 - see
3.2.1) a specific 1-h-long sampling procedure was carried out to test the variability of both LASER
and holographic measurements in the Rhone River plume (5 m depth, 5 km off the river mouth).

This experiment enabled the collection of 700 holograms for the LISST-HOLO and 3500 scans for
the LISST-100. A multiple random permutations of an increasing number of samples (i.e.

scans/holograms) was then tested to assess the uncertainties associated to the measurements of
the total volume concentration (Fig. 3.16).

Main objectives of this experiment were 1) the determination of an optimal number of
measurements to minimize both the uncertainty and the collection time, and 2) the determination

of the relative uncertainties related to the LISST measurements of the TUCPA experiment
(February 2014 —see 3.2.1).
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The relative uncertainty related to the measurements of the total volume concentration of the 60-
70 LISST-100 scans acquired during the TUCPA experiment was estimated to ~4% (Fig. 3.16b). The
20-30 LISST-HOLO images generally taken during a step in the Rhone River plume presented a
relative uncertainty of ~15% (Fig. 3.16d).

While this experiment was carried out after the TUCPA experiment, in different conditions of wind
and river discharge, it clearly emphasized the need of long acquisition time within nepheloid layers
to properly estimate the total volume concentration and the related PSD with the lowest relative
uncertainty as possible. At last, it shows that the threshold used during the TUCPA experiment was

satisfactory, i.e. a good compromise between the duration of the step (limited by sea conditions)
and results provided by both instruments.



LISSTs combination and derived parameters — In order to
ér e 0 L compare and merge the PSD from the LISST-100 and the
LISST-HOLO, only measurements made near the surface

)

and the bottom were considered. Data at these two
measurement levels were collected during 60-90 s period
(depending on sea conditions), which allowed to gather
between 60 and 70 scans for the LISST-100, and 20 and 30
images for the LISST-HOLO (see above). These data were
LU I 21 AR R AR R R RS averaged for each level. The LISST-100 and LISST-HOLO
PSDs were finally merged. The maximum particle volume

Part. Vol. (uL L)

concentration of each common size class was selected to
constitute the final PSD ranging between 1.25 and 1000 um
(Fig. 3.17a). The normalized PSD was then converted to the

Part. Numb. (L' pm-') &

number of particle per size class by dividing by an
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0
1 1 19 0" elementary spherical volume (Fig. 3.17b). For mineral
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particle assemblage, which was mainly the case in this
work, it is assumed that the resultant relation between the
number of particle (n, expressed in L* um™) and the
particle size (D) follows a power law (Eg. 3.5) (Jonasz, 1983;
Stramski and Kiefer, 1991; Buonassissi and Dierssen, 2010).

n(D) ~ DY Eq. 3.5

Due to the rare presence of large particles, particle number less than 1 per liter, are often exclude
of the power law calculation. Due to the sensitivity to the finest particles of the LISST-100 (i.e.
1.25-6um) (Agrawal and Traykovski, 2001; Agrawal et al., 2008), the “tail” for small size classes (i.e.
< 6um) is also filtered. This tail is generally due to an uncertain refractive index for the finest
particle and can be interpreted as a contamination of our power law approximation (Graham and
Smith, 2010; Xi et al., 2014). The slope, j, extracted from the power law approximation, or Junge
parameter (dimensionless), is used to estimate the relative number of small to large particle for
the 6-500 um size range (Junge, 1963). High j (~4) implies a higher proportion of small particles
and, reciprocally, low j (~2.4) implies higher proportion of large particles, with respect to the

III

“normal” distribution for which j = 3.

Finally the particle assemblage effective density was derived, Ap (kg m3), using simultaneous
measurements of SPM concentrations (mg L) from the calibrated backscatter sensor (OBS 3+)
(see 3.4.1) and the total volume concentration, VCi: (uL L) from the LISSTs, following Eq. 3.6:

Ap = SPMogs / VCiot Eq. 3.6



3.4.2.2 The measurements of particle size from glider and satellite

Spectral slope of glider backscattering measurements — The spectral slope of glider particulate
backscattering coefficients [byp(A)] at 532 nm, 660 nm (TUPCA) — 880 nm (CASCADE) and 700 nm,

called Vaiider, Was used as an index of the spatial and temporal variability of the particle

assemblage (i.e. the lower the Vaider, the higher the contribution of large particles to the total
particle assemblage, and reciprocally) (Boss et al., 2001).

FLNTU (A = 700 nm) and BB2FLS (A = 532 and 660/880 nm) sensors provided respectively the
volume scattering function [B(8,A)] at 8 = 140° and 6 =124° in the backward direction (Sullivan et
al., 2010). BB2FLS sensor directly give output in m1 sr'? while measurements of the FLNTU, factory
calibrated in NTU, were converted to extract the volume scattering function thanks to the Beta
Scale Factor provided by the manufacturer (i.e. the NTU Scale Factor multiply by a coefficient of
2.5%x103).

Due to the negligible absorption effects (a few % of the total signal measured) we did not correct
values of [B(8,A)]. For each sensor, we then estimated the volume scattering of particles [Bp(A)], by
subtracting the molecular scattering of pure water (Morel, 1974). The particulate backscattering
coefficients [bpp(A)] (M) were finally derived following [bpp(A)] = 21.X.[Bp(6,A)] where X is an
adjustment factor according to water type (1.077 for the BB2FLS and 1.132 for the FLNTU).

From Morel (1973) and Babin et al. (2003), the light scattered by suspended marine particles
depends of the particle size distribution and the wavelength of detection. Authors describe this
variation as a power law approximation in the case of non-absorbing particles, which follows:

buo(A)=bbp(Ao).( A/ Ao) ¥ where Ao is the reference wavelength and y the spectral slope. Y was thus
calculated as the slope of the linear relationship between loge(bup(A)) and loge(A), using A = 532,
660 and 700 nm during the TUCPA experiment (January / February 2014 — Chapter 4-5) and using A
=532, 700 and 880 nm during the CASCADE experiment (March 2011 — Chapter 6). Morel (1973)
reported a relationship between the spectral slope and the Junge parameter (see 3.4.2.1) (y =j —
3), but more recently, Boss et al. (2001) proposed a new relation, valid for particle > 10 um and
non-spherical particles: y =j—3 —0.5e"%.

Spectral slope of satellite backscattering measurements — We derived the particulate
backscattering coefficient bbp(A) at 10 MODIS wavebands between 412 and 678 nm applying the
QAA (Quasi-Analytical Algorithm) (Lee et al. 2002, 2013). QAA derives the absorption and
backscattering coefficients by analytically inverting the spectral remote-sensing reflectance. The
spectral bbp(A) is modeled assuming that both pure water and particles contribute to the total
backscattering coefficient, and assuming that the spectral variations of bbp(A) follow a power-law
function. The spectral slope of the particulate backscattering coefficient, ymonis, was therefore
obtained by fitting a power-law function to the spectral bbp coefficients. ymoois is further used as a
relative information of the surface spatial variability of the particle assemblage (i.e. the lowest the
spectral slope the highest the abundance of large particles).
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Abstract

An innovative experiment was carried out in the vicinity of the Rhone River mouth in February
2014. An instrumental package, composed of a CTD, a LISST-100 type B (1.25-250 um) and a LISST-
HOLO (20-2000 um), was used to characterize the hydrological parameters and suspended
particles properties (concentration, size, composition, shape and effective density) in the region of
freshwater influence (ROFI) of the Rhone River. Besides, a coastal SLOCUM glider, equipped with a
CTD and optical backscattering sensors at several wavelengths, was deployed to detail the spatial
description of the hydrological parameters and some particle properties. Large river discharge
(annual flood ~5000 m?3 s1) and strong wind conditions favored the dispersal of the river plume on
the shelf. Surface suspended particulate matter concentrations decreased rapidly seaward from
20 mg L next to the river mouth to 1.5 mg L at the shelf break. A persistent bottom nepheloid
layer was observed across the shelf with concentrations decreasing from 8 mg L™ at the coast to 1
mg L at the shelf break. Observations showed that most of suspended particles were mainly
flocculated in micro and macro-flocs (30-400 um) in inner shelf waters. The particle assemblage in
the Rhéne River plume and in the bottom nepheloid layer became progressively finer seaward and
the associated effective density increased from 370 to 1600 kg m-3. Outside the plume, planktonic
organisms increasingly contributed to the total volume concentration. Finally, we demonstrated
the ability of gliders, equipped with optical backscattering sensors at several wavelengths, to
describe the fine scale distributions of suspended particles, and provide an index of their size
distribution.

Keywords:

Gulf of Lions, Rhéne River, ROFI, turbid structures, particle properties, glider

Highlights:
o Description of the suspended particles size distribution in the Rhéne River ROFI
e Evidence of fine-grained flocculation in the surface and bottom nepheloid layers
e Evidence of seaward gradient of particle concentration, size, and effective density

e Verification of the ability to measure an index of particle size from a glider



4.1 Introduction

In the source-to-sink approach, regions of freshwater influence (ROFI) are critical transition zones
between the continent and the ocean, but still concentrate many knowledge gaps regarding the
dynamics of suspended particles. In particular, particles size and effective density, which play a
main role in settling velocity and dispersal of suspended sediment over the shelf (Nittrouer et al.,
2009; Simpson and Sharples, 2012), are still insufficiently documented. Observations of suspended
particulate matter (SPM) near river mouths generally show that sandy sediment and part of finer
silty and clayey particles rapidly settle from surface water toward the bottom where they
contribute to generate and maintain a bottom nepheloid layer (BNL) or form ephemeral mud
deposits (Drake, 1976).

In many ROFIs, river inputs form hypopycnal turbid plume which spread over several kilometers on
continental shelves (McCave, 1972). At the freshwater/seawater interface, riverine suspended
particles can form flocs of variable abundance and characteristics which are responsible for a large
part of the total vertical particle flux from the river plume to the BNL. Previous studies on fine
cohesive sediment flocs have identified that, SPM concentration variability in one hand, and
turbulence on the other, are the main factors controlling floc aggregation and break up (Curran et
al., 2007; Safak et al., 2013; Manning and Schoellhamer, 2013). Flocculation processes have an
effect on clayey and silty fine particles (< 10 um) and form “microflocs” (size < 125 um) or
“macroflocs” (size > 125 um, principally composed of microflocs) (Gibbs, 1985; Van Leussen,
1994). Microflocs are described as dense and quasi-spherical, resistant to turbulence, whereas
macroflocs generally present lower density and can easily be fragmented into microflocs by shear
forces (Manning and Dyer, 1999; Manning et al., 2004). Coatings and biological contents, as well as
salinity gradient are also described as factors controlling the flocculation of particles (Ayukai and
Wolanski, 1997; Dagg et al.,, 2004). Close to the seabed, flocculation of resuspended fine
sediments appears as a key factor in the fate of the BNL (Agrawal and Traykovski, 2001). Hence
particle properties (composition, flocs size, shape, effective density and settling velocity) are
determining parameters to understand and model particle dynamics, but are still seldom
quantified (Winterwerp, 1998; Khelifa and Hill, 2006; Manning et al., 2011; Soulsby et al., 2013).



4.2 Regional settings

The Gulf of Lions (GoL) in the NW Mediterranean is a wide continental shelf mostly influenced by
freshwater and particulate matter inputs from the Rhone River. The Rhone River (catchment area
= 97 800 km?) supplies 80% of the sedimentary input to the Gulf of Lions (Courp and Monaco,
1990; Bourrin et al., 2006). The Rhéne River discharge is characterized by a strong annual
variability with a mean annual discharge of 1700 m3 s?! and typical annual flood with
discharge >5000 m3 s (Maillet et al., 2006). These authors estimated a total suspended solid flux
around 7x10° tons per year with a high annual variability from 1.2 to 19.7 x106 t y'%. Pont (1996)
estimated that flood events contributed to 70% of the total particulate flux. During floods,
freshwater and sediment inputs form a surface plume that can spread over several kilometers off
the mouth (Aloisi et al., 1979; Naudin et al., 1997; Thill et al., 2001). Sediment delivery from the
Rhéne River can also be transported as intermediate and bottom nepheloid layer as described in
Aloisi et al. (1982). Previous studies emphasized the diversity of physical processes (river
discharge, oceanic conditions, behavior of the thermocline) in regulating the transport of particles
within turbid structures.

The Rhone prodelta is a shallow area of high sedimentation rates (typically ranging from 20 to 50
cm y?1) (Marion et al., 2010; Miralles et al., 2005). It is subjected to wave energy that induces
particle resuspension and contributes to maintain a permanent bottom nepheloid layer (BNL),
whose thickness, concentration, and composition vary with the Rhone River inputs and episodic
storms (Aloisi et al., 1982; Naudin et al., 1992; Dufois et al., 2014). This BNL extends over the
whole shelf, where it feeds the mid-shelf muddy belt and is eventually exported off the shelf
(Durrieu de Madron and Panouse, 1996).

Previous in situ observations suggested the fast vertical transfer of both fine (silts) and coarse
(sand) particles from the Rhéne river plume to the seabed (Aloisi et al., 1982; Naudin et al., 1992).
To explain the spread and settling of fine particles, previous studies suggested the role of
aggregation phenomena by salt flocculation along the dilution gradient of the river plume (Thill et
al., 2001), and by the electro-chemical action of the organic matter (Naudin et al., 1997). These
latter authors also highlighted the correlation between the increase of particulate concentration
and the growth of flocs. They showed the predominant role of wind on the mixing time of the
plume, which appears to enhance the settling of suspended matter, particularly, the largest
organo-mineral aggregates. Babin et al. (2003) used in situ optical light scattering measurements
at different wavelengths to characterize the particle properties of the Rhdne ROFI. More recently,
Slade and Boss (2015) derived the spectral slope of backscattering measurements, y, and
emphasized the link between the spectral slope and the Junge parameter, j, exponent of the
power law approximation of the particle number distribution (PND). These observations
highlighted the link existing between optical in situ measurements and spatio-temporal variability
of particle assemblage (i.e. the more or less large proportion of flocs).

The current study presents a comprehensive set of hydrological, hydrodynamical, and optical
measurements collected with different platforms (mooring, ship and glider) in the Rhéne River



ROFI. It aims at: 1) characterizing the spatial variability of turbid structures in the ROFI during an
annual flood event, 2) assessing the link between the in situ estimate of spectral slope, y, and the
particle size distribution (PSD), 3) determining the particle assemblage properties (size, shape,
composition) and 4) determining the cross-shore spatial variability of particle properties in the
surface and bottom layers.

4.3 Material T Methods

4.3.1 Presentation of the experiment

We used a multi-platform strategy to characterize the Rhone ROFI suspended particles during
flood events. We coupled coastal buoy time-series observations of oceanic and meteorological
conditions with cross-shelf hydrological observations. High spatial resolution of turbid and
hydrological structures was characterized with a coastal glider, and was completed with local but
detailed shipboard measurements.

A SLOCUM glider was deployed from January 30, 2014 to February 12, 2014 off the Rhéne River
mouth. Glider's sections consisted of N-S lines of 40 km long running across the Gol shelf from the
MESURHO buoy (20 m depth) to the shelf break (150 m depth) (Fig. 4.1). Each section was

generally performed in 2 days.
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A cruise was carried out on board of the research vessel Antédon I, in front of the Rhone River
mouth between the 17 and 21 February 2014. The first day took place immediately after an annual
flood of the Rhéne River and 11 stations were sampled along a 30 km cross-shelf transect
corresponding to the glider section. We used an original instrumental package (Fig. 4.2c)
composed of two in situ particle size analyzers manufactured by Sequoia Scientific Inc (laser
scattering sensor and holographic camera), and a CTD package (Fig. 4.2a-b). Due to the low
acquisition frequency of the holographic camera (0.2 Hz), two levels of sampling were selected in
order to collect statistically significant measurements to precisely determine the particle
properties of the main turbid structures. The first level was at ~3-5 m depth within the surface
nepheloid layer (SNL) and the second at ~1 meter above bottom (mab) in the BNL. Water samples
were collected at these two depths from Niskin bottles. The stations were located every 10 m of
depth from the near-shore (20 m) up to the shelf break (120 m). We divided the transect into
three domains: the inner shelf (0 - 5 km from the river mouth, maximum 80 m water depth), the
mid-shelf (5 - 20 km, maximum 100 m water depth) and the outer-shelf (> 20 km, maximum 200 m
water depth) (see Fig. 4.1). These 3 domains correspond to the Rhéne River submarine delta, to
the mid-shelf mud-belt and to the outer-shelf relict sand outcrops respectively.
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4.3.2 Nearshore hydrological, hydrodynamical and meteorological

observations

Meteorological time-series — Hourly (10 minute burst average) wind speed and direction were
measured at the Météo-France station of Cap-Couronne (43°20.23’'N ; 5°01.38’E). Data were
provided by the Publitheque database.

Rhéne River discharge time-series - Daily Rhone discharge was measured at Beaucaire-Tarascon
gauging station (Compagnie National du Rhone - code V7200015), 50 km upstream of the river
mouth. Data were provided by the Banque Hydro database.

MESURHO buoy time-series — Currents, waves and echo intensity were monitored using a 600 kHz
RDI upward looking ADCP fixed at the bottom of the MESURHO buoy (Pairaud et al., 2015) off the
Rhone River mouth (43°19.13’'N ; 4°51.98’E, 20 m depth). Depth-averaged hourly-mean currents
were estimated from the high frequency current profiles. Wave directions were estimated using
wave orbital velocities, pressure and sea surface track (Teledyne RD Instruments, 2007). High-
frequency wave measurements were then averaged every 3 h.

ADCP echo intensity is a measure of the signal strength of the echo returning from the ADCP’s
transmit pulse. Echo intensity depends on sound absorption, beam spreading, transmitted power
and backscatter coefficient. Backscatter measurements were used here as a relative information
on suspended sediment concentration.

4.3.3 Cross-shelf hydrological observations

Ship CTD/optical data and water sampling - Water pressure, temperature and conductivity were
measured by profiling a Seabird 19+ CTD. Practical scale salinity and anomaly density were derived
using the EOS-80 algorithms (UNESCO, 1983). Turbidity and Chlorophyll-a fluorescence were
simultaneously measured with an OBS 3+ turbidimeter (at 850 nm) and a Chelsea fluorimeter
respectively.

Water samples were collected with Niskin bottles triggered by a messenger that is sent down the
cable from the surface. A horizontal bottle was used separately to sample the SNL (0.5 - 1 m).
Besides, a vertical bottle mounted 1 m above the instrument package was used to sample the BNL
(2 mab). SPM concentrations were determined by filtering seawater on GF/F filters (0.7 um
nominal pore size) following the method described in Aminot and Kérouel (2004). Filters were
then used to determine particulate organic carbon (POC) content. Firstly, dry samples were
decarbonated with repeated additions of H3PO4 (1M) and HCI (2M) until the end of effervescence.
Then, POC contents were measured using a VarioMAX CN, Elementar Instrument. Close to the
seabed, Nuclepore polycarbonate filters (0.4 um pore size) were preferred against GF/F due to
their lower mass that enabled to measure low SPM concentrations with better accuracy.
Nevertheless GF/F filters were used in parallel to determine POC contents.



Glider CTD/optical data - The autonomous underwater coastal glider (30-200 m) used for the
experiment was a Teledyne Webb Research Slocum (Davis et al., 2002). The glider was carefully
ballasted in order to enter and measure both in the low-density river plume and in the denser
outer-shelf waters. The glider was equipped of an un-pumped Seabird 41-CP CTD providing
temperature, depth and conductivity data. Derived parameters such as salinity and density
anomaly were derived following the equation of EOS-80 (UNESCO, 1983). A Wetlabs FLNTU sensor
provided chlorophyll a concentrations measurements (expressed in pg L?), and turbidity
(expressed in nephelometric turbidity units - NTU) based on backscattering measurements at 700
nm. A Wetlabs BB2FLS provided light backscattering measurements (expressed in m1) at 532 and
660 nm. The glider moved in a sawtooth-shaped trajectory between 1 m below the surface and 2
mab at an average horizontal speed of 0.2 m s1. When the glider reached the surface (every 6
dives), data are transferred through iridium communication protocol and the glider received new
GPS positions to correct its future trajectory. Data were projected along a N-S segment from the
Rhéne River mouth to the shelf edge. A final 2D linear interpolation was then applied to our data,
within a grid of 1 m vertical and 100 m horizontal resolution.

Turbidity sensors calibration — During a subsequent experiment in February 2015, a direct
comparison between the turbidity measured with the shipboard CTD’s OBS 3+ sensor and the
glider’s FLNTU sensor used during both experiments, was made by performing a profile where the
glider was coupled to a SeaBird 911 CTD equipped with a rosette.

Backscattering measurements from both experiments were then calibrated against SPM
concentrations derived from gravimetric measurements. We used a single Pearson's major axis
regression (Model 1l) and found the following relationship between SPM concentrations and
turbidity: [SPM] (mg 1Y) = 2.29 (+0.18) x Turbidity (vtu) (R*=0.90) for turbidity between 0 and 2.05
NTU, and [SPM] (mg}) = 3.08 (+4.03) + 0.79 (+0.11) x Turbidity (vtu) (R?=0.73) for turbidity between
2.05 and 70 NTU ranges (Fig. 4.3).
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4.3.4 SPM properties

Laser diffraction - A LISST-100 (Type B, 1.25 - 250 um range, 1 Hz) was used to estimate the in situ
PSD in the SNL and the BNL. A LISST-100X (Type C, 2.5 - 500 um, 1 Hz) was used onboard to
estimate the PSD of primary particles composing the particle assemblage in water samples from
the SNL and BNL. Water samples were deflocculated by ultrasonification for 5 minutes. PSD was
then estimated from 1 minute average LISST-100X measurements.

PSD was derived from the laser diffraction spectrum using the “randomly shaped” Mie's theory
(Agrawal and Pottsmith, 2000; Agrawal et al., 2008; Traykovski et al., 1999). The raw spectrum was
converted in volume concentration (expressed in pL L) using the factory volume calibration
constant. Extreme size classes (1.25 - 2.5 and 250 - 500 um) showed typical “rising tails” explained
by the presence of smaller particles (for the first class) and bigger particles (for the last class)
outside the measurement range (Mikkelsen et al., 2005). Except for the LISST-100X data
processing (primary particle characterization), we excluded the extreme size classes of the PSD
before calculating the derived parameters (total volume concentration (VCiot), effective density,
see section 4.3.5).

Holography - A digital holographic camera (LISST-HOLO, 0.2 Hz) was used to study the volume,
number and shape of large particles, complex aggregates and biological organisms within the
range 20 - 2000 um (Graham and Smith, 2010). Reconstructed images were combined to obtain a
representative estimation of particle composition in the SNL and the BNL. PSD was estimated
using an image analysis processing (based on the estimate of the spherical equivalent diameter)
and the size spectrum was expressed in pL L1, The LISST-HOLO also measured several particle
shape parameters. The aspect ratio (AR) (Fig. 4.4c, Eq. 1), which underlines their spherical aspect
was of particular interest. It is estimated by the equation:

where Axmin and Axmaj represents respectively the minor and major axes of the particle. An aspect
ratio of 1 indicates a spherical shape, whereas an aspect ratio of 0 indicates a straight shape (see
Clavano et al., 2007). All particles measured by the LISST-HOLO during the experiment were used
to characterize the particles aspect ratios as a function of their size, regardless of their location
along the transect.

LISST-100 and HOLO PSD combination — In order to compare and merge the PSD derived from the
LISST-100 and LISST-HOLO, only the measurements made near the surface and the bottom were
considered (see 4.3.1). Data at these two measurement levels were collected for 60 - 90 seconds,
which allowed to gather between 60 and 70 scans for the LISST-100, and 20 and 30 images for the
LISST-HOLO. These data were averaged for each level and each station. A specific 1-hour long
sampling procedure enabled the collection of 700 LISST-HOLO images and 3500 LISST-100 scans,
and the assessment of the measurement uncertainty by multiple random permutations of an



b)

increasing number of samples. The relative uncertainty associated to the measurements of the
total volume concentration of the 20 - 30 LIST-HOLO images was then estimated to 15 %, and that
associated to the 60 - 70 LISST-100 scans was estimated to 4%. The LISST-100 and LISST-HOLO PSD
were finally merged within a 1.25 - 1000 um size range to fit within the same 50 logarithmically
spaced classes and the maximum volume PSD of each median size class was selected to constitute
the final PSD (Fig. 4.4a).
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4.3.5 Derived SPM properties

Effective density estimation - We estimated the effective density, Ap (kg m3), of the particle
assemblage using simultaneous measurements of SPM concentrations (mg L) from the OBS 3+,
and total volume concentration, VCiot (UL L) from the LISSTs - following equation 2.

Ap = SPMOBS / VCtot (Eq. 2)

Power law approximation - The volume normalized PSD was converted to the number of particle
per size class by dividing by an elementary spherical volume (Fig. 4.4b). For mineral particle
assemblage, it is assumed that the resultant equation between the number of particles (n,
expressed in L't um) and the particles size (D) follow a power law (Eq. 3) (Jonasz, 1983; Stramski
and Kiefer, 1991; Buonassissi and Dierssen, 2010).

n(D) ~ D (Eq. 3)



Due to the rare presence of large particles, particle number less than 1 per litter (i.e. flocs and
planktonic organisms > 500 um), were excluded of the power law calculation. Due to the
sensitivity to the finest particles of the LISST-100 (i.e. 1.25 - 6 um) (Agrawal and Traykovski, 2001;
Agrawal et al., 2008), the “tail” in small size classes (i.e. < 6 um) were also filtered (Fig. 4.4b). This
tail is generally due to an uncertain refractive index for the finest particles and can be interpreted
as a contamination of our power law approximation (Graham et al., 2012; Xi et al., 2014). The
slope, j, extracted from the power law approximation, or Junge parameter (dimensionless), is used
to estimate the relative number of small to large particle for the 6 - 500 um size range (Junge,
1963). High j (j ~ 4) implies a higher proportion of small particles, and, reciprocally, low j (j ~ 2.4)
implies a higher proportion of large particles (Bader, 1970).

Spectral slope estimation — Measurements from the FLNTU (A = 700 nm) and BB2FLS (A = 532 and
660 nm) optical sensors of the glider were used to estimate the particulate backscattering
coefficients [byp(A)]. The BB2FLS sensors provided the volume scattering function [B(6,A)] in m™ sr-
1, at © = 124°. The FLNTU optical backscattering sensor (6 = 140° in the backward direction
(Sullivan et al., 2010)) was factory calibrated in NTU out of which the volume scattering function
was computed, using the Beta Scale Factor (i.e. the NTU Scale Factor multiplied by a coefficient of
0.0025) provided by the manufacturer. Values of [(8,\)] were not corrected by absorption effects,
which were negligible (a few % of the total signal detected). For each wavelength, we then
estimated [Bp(0,A)], the volume scattering of particles, by subtracting the molecular scattering of
pure water as described in Morel (1974). The particulate backscattering coefficient [bpy(A)] with
units of m, was then determined through estimation from the single measurement of [B,(6,A)]
using an X factor : [bpp(A)] = 2. X . [Bp(6,A)], where X is an adjustment factor according to water
type (X=1.077 for the BB2FLS and X=1.132 for the FLNTU).

From Morel (1973) (see also Babin et al., 2003), the light scattered by marine particles depends of
the particle size distribution, concentration, refractive index and the detection wavelength. This
variation is considered as a power law approximation following: byp(A)=bpp(Ao).( A/ Ao) ¥ where Agis
the reference wavelength and y the spectral slope (dimensionless) in the case of non-absorbing
spherical particles with a Junge-like size distribution. Morel (1973) reported a relationship
between the spectral slope and the Junge parameter (y = j - 3), but more recently Boss et al.
(2001) proposed a new relation, valid for particle > 10 um and non-spherical particles: y =j - 3 -
0.5e%.

4.4 Results

4.4.1 Meteorological and oceanic conditions at the MESTURHO
station

During the glider deployment, two south-east (SE) wind (“Marin”) events on February 5 and 10,
2014 induced precipitations over the Rhéne water catchment (Fig. 4.5a). The Rhoéne River
discharge increased shortly after (3500 m3 s on February 5, and 5500 m3 s on February 11, 2014,



Fig. 4.5b). This flood affected directly the hydrology of the Rhone River ROFI. During that period,
depth-averaged currents at the MESURHO buoy varied from 0.1 to 1 m s! and were generally
oriented to the south / south-west (Fig. 4.5c). During these events, the currents were stronger and
homogenous throughout the water column (from 2 to 20 mab), and the significant wave height
ranged between 2 and 3.5 m (Fig. 4.5d). The BNL followed the increasing/decreasing pattern of
the Rhéne River discharge, interrupted by short incursions of clearer water. The BNL reached 15 m
thick with echo intensity of 180 counts at the peak of the flood.

During the day of measurements at sea (February 17, 2014), a weak north-westerly wind of 3 m s
was measured at the Cap-Couronne station (Fig. 4.5a), which allowed to get a cloud-free MODIS
satellite picture (see Fig. 4.1). The Rhone discharge was still high, about 4000 m3 s (Fig. 4.5b).
During the previous two days, strong south-southwesterly wind-driven currents swept the plume
away toward the shelf edge (Fig. 4.5c). Sea conditions were calm with small waves (<1 m height)
(Fig. 4.5d). MESURHO bottom SPM concentrations in front of the Rhone River mouth showed a
BNL of 5 m thick with echo intensity of 150 — 160 counts (Fig. 4.5e).
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Figure 4.5 : Time-series from January 20 to March 1, 2014 of: (a) hourly-mean wind speed and direction, (b) Rhéne
River daily-mean discharge, (c) hourly-mean depth-averaged currents speed and direction, (d) significant wave height
and direction, and (e) acoustic echo intensity. The yellow box shows the duration of the glider deployment and the red
bar, the cruise measurements.



4.4.2 Cross-shelf hydrological structures

Glider cross-shelf sections - Glider's cross-shelf section (Fig. 4.6a) represented the median of the 7
sections carried out during the 30 January — 12 February 2014 period. The 7 sections highlighted
the persistence of surface and bottom nepheloid layers in the Rhéne ROFI (data not shown). It is
well characterized by the median situation that smoothed the small-scale variability of the
measured parameters. The Rhone River plume and the BNL were clearly identified, with their
thickness and SPM concentration decreasing seaward. The glider observations enabled to describe
the offshore limit of the plume on the outer shelf. The dilution of the plume with ambient water
was clearly visible with an increase of the average temperature and salinity from 13 to 14.5 °C and
from 32 to 38, respectively. Meanwhile SPM concentration in the plume decreased from 20 mg L!
to 1.5 mg LL. Chlorophyll-a concentrations were higher (1 to 3 pg L) and limited to the surface
layer in the plume, but showed a large dilution throughout the water column outside the plume.
SPM concentrations in the BNL varied from ~8 mg L close to the river mouth to less than 1 mg L
at its outer edge.

Ship CTD/optical observations - The hydrographical structures observed from shipborne
measurements on the 17 February 2014 (Fig 4.6b) showed rather similar characteristics to those
obtained from glider observations. CTD observations showed the presence of the Rhéne River
plume with colder, fresher, and lighter water. The pycnocline, defined by the 28 kg m=3 isopycnal,
delimited the vertical extension of the plume those thickness decreased seaward (from 20 to 5 m).
SPM concentrations in the plume progressively decreased seaward from 15 to 5 mg L.
Chlorophyll-a concentrations were higher around the pycnocline and maximum (~ 3 pg L) on the
mid- and outer shelf. A BNL of 5 to 20 m thick was present along the entire section with SPM
concentrations decreasing seaward from 5 mg L? on the inner shelf to 2 mg L at the end of the
section (30 km off the coast).

4.4.3 Cross-shelf SPM properties

Particle concentration, size and composition measured by optical instruments on the 17 February
2014 are presented in Figures 4.7 and 4.8.

Primary particles size distribution - LISST-100X was used on board in laboratory mode to determine
the primary particle composition of the particle assemblage sampled with Niskin bottles (see
green curves on top panel of Figures 4.7 and 4.8). In the SNL, the inner (station 3), mid (station 8)
and outer-shelf (station 11) samples (Fig. 4.7) showed a similar primary PSD with a mode centered
around 10-20 um (typical of fine silts), and a significant contribution of the finest particles (<2.5
pum, typical of fine clays). Conversely to the fraction of fine silts that decreased seaward, the
fraction of the finest primary particles increased. Maximum primary particle size decreased from
80 um close on the inner-shelf to 35 pum on the outer-shelf (Fig. 4.7a — left to right panel).
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Figure 4.6 : Cross-shelf hydrological section based on (a) glider observations averaged during the 12-day long
deployment (Jan. 30 — Feb 12, 2014) and (b) ship observations on Feb 17, 2014. From top to bottom: temperature (°C),
salinity, suspended sediment concentration (mg L), Chlorophyll-a fluorescence (ug L*). Potential density anomaly
contour lines (kg m3) are superimposed. The location of the CTD casts or the glider trajectory are shown on the top
plots. Inner, mid and outer-shelf areas are delimited by thick grey dashed lines. The black triangle indicates the position
of the coastal MESURHO buoy.

Close to the seabed (Fig. 4.8), the primary particle PSD at the different station also showed a large
mode centered around 10-20 um, but with a larger spread towards the coarser sizes than for the
SNL, and a lesser contribution of the finest particles (<2.5 pum). Maximum primary particle size
increased from 110 um close on the inner-shelf to 70 um on the outer-shelf.

In situ particle size and number distributions in the plume - In situ PSD showed a good
complementarity between the LISST-100 and LISST-HOLO measurements (see red and blue dots on
top panel of Figure 4.7 and 4.8). In situ PSD, which differed significantly from primary particles
PSD, showed modes of larger sizes, corresponding to flocs.

On the inner-shelf (3 - 5 km, see Table 4.1 for hydrological characteristics), VCit was about 23.4 pL
L't and in situ particle size ranged from 3 to 400 um. PSD was centered on micro-flocs of 30-100
pum (>5 % VCiot for both instruments). LISST-100 showed a low volume (<2 %) of fine-sedimentary
particles (5 - 10 um). Holography permitted to complete the particle spectrum with the detection
of larger flocs of 200 - 400 um (~2 % per class size). An effective density of the entire particle
assemblage was estimated to 372 + 80 kg m3. The PND clearly followed a negative power law that
underlined the low abundance of the largest flocs (<10 particles per liter), which contrast with
their volumetric significance. A Junge parameter j (PND slope) for 6 to 300 um size range was
estimated to 3.6 (R = 0.978).

On the mid-shelf (Fig. 4.7 — middle panel) (5 - 20 km), VCiot decreased at 5.9 pL L, but particle
assemblage was similar to the inner-shelf station. In situ PSD showed the presence of a small
proportion of fines (<2 % for size class of 3 - 10 um) and a mode centered on 30 - 70 um (>5 % for



each size class). Largest particles appeared between 120 and 200 um (6 and 7 % of VCit). We
estimated aj of 3.53 (R? = 0.989) and an effective density of 859 + 223 kg m=3.

On the outer-shelf (Fig. 4.7 — right panel) (20 - 30 km), we measured a VCiot of 4.2 pL L1. Although
the PSD from both instruments were more fluctuating, we observed 3 modes centered around 10
pm (3 - 30 um), 100 um (30 - 200 um) and 400 um.

A representative sample of LISST-HOLO images in the surface layer shown in Figure 4.7c, enables
to characterize the composition of the particle assemblage. Micro- (20 - 250 um) and macro-flocs
(>250 pum) present on the inner and mid-part of the plume are easily identified. A large
contribution of planktonic organisms (diatoms, pteropods, copepods) appeared on the outer shelf,
outside the plume (Fig. 4.7c — right panel). These planktonic organisms contributed to a significant
fraction of VCiot (40%, peak at 400 um Fig. 4.7a — right panel). Due to their non-mineral
composition we did not include them in the calculation of the Junge parameter and the particulate
assemblage effective density. Hence, we estimated a j of 3.96 (R? =0.991) and an effective density
of 1547 £ 510 kg m3 (VCiot = 2.5 pL L).

Hydrological parameters and the derived particulate parameters for the different stations are
summarized in Table 4.1.

In situ particle size and number distributions in the BNL - On the inner-shelf (1 mab - Fig. 4.8a and
4.8b) (see Table 4.2 for hydrological characteristics), in situ PSD showed a main mode centered on
particle size of 30 - 100 um (>5 % of VCiot for each size classes) and a secondary mode between
250 and 450 um (~10 % of VCiot). We measured a VCit of 10.47 pL Lt From the PND, j was
estimated to 3.76 (R? = 0.986) and the global effective density to 537 + 80 kg m™3.

On the mid-shelf (Fig. 4.8 — middle panel), VCiot decreased to 2.38 uL LL. The particle assemblage
was globally finer than on the inner-shelf and 2 modes were observed centered between 10 - 30
um and 60 - 150 um (>5 %) respectively. We determined a Junge parameter of 3.98 (R? = 0.986)
and an effective density of 1626 + 243 kg m=3.

On the outer-shelf (Fig. 4.8 — right panel), measurements were more fluctuating and the VCi.t was
estimated to 2.4 pL L. In situ PSD showed a mode for fine particles of 7 - 10 um, and two others
modes for particles of 20 and 100 um (7 and 25 % of VCiot, respectively). We estimated a value of j
of 4.01 (R? = 0.961) and an effective density of 1180 + 400 kg m-3.

As for the plume, particle images emphasized the mineral composition of aggregates and clearly
showed the complex and diverse aspects of micro- and macro-flocs (Fig. 4.8c). Hydrological
parameters and the derived particulate parameters for the different stations are summarized in
Table 4.2.



Particle assemblage characterization in the Rhone River ROFI
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Figure 4.7 : Figure 7: Particle properties in the surface layer (around 5 m depth) at station 3 (inner shelf), station 8
(mid-shelf) and station 11 (outer shelf). See Fig. 4.1 for stations position. (a) Particle size distribution. (b) Particle
number distribution with power law regression (black line) and Junge parameter estimation. In situ measurements are
shown by the combined particle size (or number) distribution from the LISST-100 (red) and LISST-HOLO (blue)
measurements, whereas on-board deflocculated primary particles distribution are shown in green. (c) Examples of
particle assemblage from the LISST-HOLO images.

Depth (m)
Water Temperature (°C)
Water Salinity

Water Potential Density Anomaly (kg m3)

Chlorophyll a (ug L)
POC (%)

SSC (mg L'Y)

Volume Total (uL L)
Effective density (kg m?3)

Table 4.1 : SNL hydrological characteristics and particle assemblage properties

Inner-Shelf
(station 3)

5
12.84
30.06
22.62

1.71
2.3
8.70
23.40
372186

Mid-Shelf

(station 8)

5
12.91
33.41
25.20

2.23
2.9
4.37
5.10
859+223

Outer-Shelf
(station 11)

5
13.14

35.94
27.11

2.53
5.4
3.90
2.52
15471510
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Figure 4.8 : Particle properties in the bottom layer (around 1 - 2 mab) at station 3 (inner shelf), station 7 (mid-shelf) and
station 11 (outer shelf). See Fig. 4.1 for stations position. (a) Particle size distribution. (b) Particle number distribution
with power law regression (black line) and Junge parameter estimation. In situ measurements are shown by the
combined particle size (or number) distribution from the LISST-100 (red) and LISST-HOLO (blue) measurements,
whereas on-board deflocculated primary particles distribution are shown in green. (c) Examples of particle assemblage

from the LISST-HOLO images.

Depth (m)
Water Temperature (°C)
Water Salinity

Water Potential Density Anomaly (kg m™)

Chlorophylla (ug L)
POC (%)

$SC (mg L'Y)

Volume Total (uL L)
Effective density (kg m~3)

Table 4.2 : BNL hydrological characteristics and particle assemblage properties

Inner-Shelf
(station 3)

50
13.76
37.93
28.70

1.10
2.5
5.63
10.47

538+80

Mid-Shelf
(station 7)

80
13.68
37.96
28.95

0.98
1.9
3.9

2.38

16394243

Outer-Shelf
(station 11)
110
13.96
38.2
29.2

0.74
1.8
2.8
24

11671401

86



4.4.4 Derived SPM properties

The change of the aspect ratio parameter with size for all particles observed on the 17 February
2014 is shown in Figure 4.9. We observed aspect ratios of 0.61 to 0.49 for particles of 20 to 150
um with a standard deviation of ~0.15. Large flocs (150 - 500 um) were characterized by higher
aspect ratios of 0.50 to 0.77 (i.e. a more spherical aspect) with a standard deviation of ~0.1.
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4.4.5 Light backscattering spectral slope and Junge parameter
estimations

We estimated the spectral slope, y, from glider backscattering measurements at 532, 660, and 700
nm (Fig. 4.10a). Both in the SNL and the BNL, y showed a progressive increase seawards (i.e. a
higher proportion of smaller particles along the transect). Minimum y of 0.3 was observed on the
inner-shelf, and y increased seawards with values of 0.7 at 30 km offshore.

The values of y within the SNL clearly increased with increasing salinity and decreasing SPM
concentrations (Fig. 4.10b, 4.10c). Besides, y values within the BNL were not linked to salinity (Fig.
4.10e), yet they clearly increased with decreasing SPM concentrations (Fig. 4.10d).

Based on the relation of Boss et al. (2001), we estimated the spectral slope, yusst, from the Junge
parameter, j, derived from the power law approximation of the in situ PND (Fig. 4.7 and 4.8). The
values of Vgider and VYusst for similar locations (inner-, mid- and outer-shelf) and turbidities
(SPMaiider = SPMosgs * 0.1 mg L) along the transect are shown in Figure 4.11 and indicated that
both estimates are close though estimates were not made at the same time (30 January - 12
February 2014 for the glider measurements, 17 February 2014 for the LISST measurements).
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Figure 4.10 : a) Section of the mean spectral slope measured during the glider deployment (January 30 — February 12,
2014). The black triangle indicates the position of the MESURHO buoy, density contour lines are superimposed.
Variation of the spectral slope of the SNL with SPM concentration (b) and salinity (c). Variation of the spectral slope of

the BNL with SPM concentration (d) and salinity (e).
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4.5 Discussion

4.5.1 Spatial variability of nepheloid layers in the Rhdne River
ROFI

We sampled the Rhéne River ROFI after an annual flood in February 2014 (Maillet et al., 2006)
while a Northern wind was blowing. CTD measurements emphasized the development of a coastal
hypopycnal plume and optical measurements highlighted the presence of large SNL and BNL
spreading out across most of the shelf and weakening seaward (Figs. 1 and 6). Next to the shelf
edge, the plume was deflected over the continental shelf by along-slope cyclonic circulation. These
turbid structures are consistent with those already observed by previous studies next to the Rhone
river mouth (Aloisi et al., 1982; Naudin et al., 1992) and across the shelf (Durrieu de Madron and
Panouse, 1996).

On the inner shelf, the whole water column water down to depths of 80 m showed the highest
SPM concentration, and the SNL and BNL merged for depths less than 20 m (Fig 4.6). Based on
bottom ADCP measurements next to the Rhone River mouth (Fig 4.4), the BNL thickness and SPM
concentration increased with river discharge, and also with the wave- and current-induced
activity. This suggests that the BNL is fed both by river plume particles that settle rapidly through
the water column, and sedimentary particles probably resuspended on the shallow part of the
prodelta.

On the mid- and outer-shelf, the SNL and BNL were clearly separated (Fig. 4.6). The Rhone River
SNL, confined by a strong density gradient, presented a strong seaward decrease of SPM
concentrations (from 20 to 1 mg L1). The linear decrease of SPM concentration with increasing
salinity (data not shown) indicated that the dilution of the plume was the main factor of the SPM
concentration decline.

4.5.2 On the use of an ad-hoc strateqy to study the Rhéne River
ROFI

Several previous studies emphasized the necessity to combine various measurement methods to
characterize the whole size distribution of marine particles and thus determine the link between
the scattering detection and the composition/shape of marine particles (Cartwright et al., 2011;
Davies et al., 2011; Reynolds et al., 2010; Smith and Friedrichs, 2011). During the TUCPA
experiment, the combination of LISST-100/LISST-HOLO instruments was determinant to follow the
spatial variability of the particle assemblage (Fig. 4.7 — 4.8). Holographic measurements
highlighted the high part of dense and inorganic micro- and macro-flocs in the particle assemblage
(Fig. 4.7c and 4.8c) (Wolanski, 2007).

The determination of the spectral slope of the particulate backscattering coefficient (532, 660, 700
nm) using the glider was in line with past studies of Babin et al. (2003), Loisel et al. (2006),
Niewiadomska et al. (2008), Slade and Boss (2015) and Bourrin et al. (2015), where authors



showed a range of y from 0.3 to 1.2, typical values found in coastal seas influenced by different
particle assemblages. The present study is one of the first study describing and comparing the
spatial variability of particle properties based on gliders measurements and LISSTs measurements

(PND slope). The comparison of Ygider and Yusst, following Boss et al. (2001), indicated a good

agreement between both variables within the BNL and the SNL. Thus, Vgider Seemed to be an
adequate proxy of the proportion of fine particles vs large flocs but the comparison with in situ
LISSTs measurements still needs more investigations (Fig. 4.11).

4.5.3 Particle assemblage properties

Flocculation - LISST measurements of both disaggregated and in situ suspended particles (Fig 4.7 —
4.8) clearly showed the importance of fine-grained flocs in the SNL and the BNL. Single particles
composing flocs were characterized by 2 size groups: one fraction which size < 1.25 um probably
illite and chlorite clays (Garnier et al.,, 1991), and the other fraction ranged from 10 to 20 um
composed of fine silts particles. This terrestrial fine sediment fraction has a mean effective density
assumed to be ~1650 kg m=3(Boss et al., 2009).

Ayukai and Wolanski (1997) and Naudin et al. (1997) showed the possible role of organic contents
as a factor enhancing the flocculation. The spectral slope, y, estimated from glider backscattering
measurements and the Junge parameter, j, were neither correlated with the POC contents (< 2 %)
nor to the Chlorophyll a concentrations (1 - 3 pg L1). While weak, this organic fraction could
nevertheless play a role in the maintenance of flocculated particles in the form of transparent
exopolymer particles (Wolanski, 2007). The increase of macro-floc proportion in the SNL (i.e. a
decrease of y and j) was nevertheless correlated with an increase of SPM concentration and a
decrease of salinity (Fig 10b-10c). These observations are in line with studies of Naudin et al.
(1997) and Thill et al. (2001) which emphasized the role of SPM and salinity gradient in the
flocculation occurring within the Rhone River plume. Close to the seabed, y solely varied with SPM
concentrations (Fig. 4.10d). This observation is consistent with results of Slade and Boss (2015)
and underlined the role of SPM concentration in the control of the flocculation within the BNL.

Flocs properties - In our study, flocs size was mainly centered around 30 - 200 um. Similar
observations have been done on the Gulf of Lions shelf both in the SNL by Curran et al. (2007) and
Bourrin et al. (2008) in the Tét River plume, and in the BNL by Durrieu de Madron et al. (2005) in a
trawl-induced turbid plume. We observed maximum macro-floc sizes of 600 um, consistent with
observations carried out in other ROFI. Eisma et al. (1991) found flocs of 600 - 800 um in the Ems,
Rhine, and Gironde estuaries. Kineke and Sternberg (1989) found flocs of 450 um in the San Pablo
bay. Manning and Schoellhamer (2013) found flocs of 600 um in the San Francisco bay. All these
studies highlighted the general low abundance of macro-flocs, their low densities and their
importance in the total volume concentration.

We did not find any significant change of the flocs shape with their location on the shelf. The
aspect ratio parameter shows the large diversity of flocs shape (Fig. 4.9). The aspect ratios of fine-
grained (< 150 um) presented a mean value of 0.55, underlying their non-spherical aspect. The



largest and rare flocs (> 300 um) presented higher aspect ratios (0.65-0.75) evidencing a more
spherical shape. These observations highlighted the importance to characterize the shape of the
flocs (Clavano et al., 2007), in order to properly estimate their settling velocity using models
derived by Winterwerp (1998), Khelifa and Hill (2006), or Boss et al. (2009). All these models used
a particle shape-related factor, and in the absence of measurements used the spherical
approximation when applying them. This also implies the need to use a “randomly shaped”
algorithm process to invert particle size from in-situ measurements of light scattering (Agrawal et
al., 2008).

4.5.4 Spatial variability of particle assemblage

On the inner-shelf, particulate assemblage was rather similar in the SNL and the BNL (5/65/30 %
for primary particles/microflocs/macroflocs), and the largest macro-flocs (400 - 600 um) were
concentrated in the proximity of the River mouth. Particulate assemblage densities were the
lowest with values of ~370 + 80 and ~530 + 100 kg m™3 for the SNL and the BNL respectively.
These estimations were comparable to the effective densities estimated by Soulsby et al. (2013)
and highlighted that the particle assemblage was dominated by micro- and macro-flocs. Within
the SNL, the settling velocities of micro- and macro-flocs were estimated to 2 mm s (~7 m h1?)
and 17 mm s?! (~60 m h?) following Stokes law. These estimations were in line with
measurements of Manning and Schoellhamer (2013) in the San Francisco Bay and showed that
due to their larger size macro-flocs settled more rapidly than micro-flocs and probably left the
river plume and settled to the BNL. This rapid settling of flocs was shown by other studies on
various rivers (Fly River: Ayukai and Wolanski, 1997 and Dagg et al., 2004; Po River: Milligan et al.,
2007; Eel River: Hill et al., 2000; Amazon River: Gibbs and Konwar, 1986; Burdekin River:
Bainbridge et al., 2012). However, during the present study, wave- and current-induced
resuspension also likely contributed to the high particle volume concentration observed close to
the seabed (~10 pL L1) and the formation of large flocs in the BNL.

Mid-shelf observations of the SNL (5 - 20 km off the mouth) showed that the particle assemblage
(10/30/60 %) was rather similar to inner-shelf particulate assemblage, with maximum floc size of
300 um. Observations highlighted the settling of biggest flocs (>300um) which increased the
particulate assemblage effective density (850 kg m-3). Yet, the high part of macro-flocs (125 - 300
um) could be explained by a flocculation still active in the River plume due to the absence of
turbulence. Particle assemblage on the outer-shelf was the finest (10/85/5 %, planktonic
organisms excluded) and presented maximum density of 1550500 kg.m3. The resultant effective
density increased as a result of the higher proportion of primary particles and micro-flocs (i.e. the
settling of large flocs leaving the small one behind). A similar trend occurred in the BNL for mid
and outer shelf stations. The progressive sedimentation of macro-flocs on the inner- shelf,
enhanced the proportion of micro-flocs and fine-grained in the rest of the BNL (30/70/0 %). The
resultant effective density increased, and reached maximum values of 1600+400 kg.m3 above the
mid-shelf mud-belt.

The increase of the floc proportion and the decrease of the associated effective density of the
particle assemblage have been also observed in the Gulf of Lions by Curran et al. (2007), and in



others ROFI such as in the Glacier Bay (Hill et al., 1998), the Po (Fox et al.,, 2004) and Pearl
estuaries (Xia et al., 2004).

4.6 Conclusion

This experiment provided a unique view of the impact of a Rhone River flood on the distribution
and properties of suspended particles. The combination of a coastal buoy monitoring, glider
transects, and ship observations enabled to describe in details the temporal variability of the
forcings and SPM near the river mouth, and the spatial variability of the turbid structures across
the whole shelf.

Our results emphasized the high proportion of flocs (30 - 400 um) of fine-grained (~10 um) in the
Rhone River ROFI and their general non-spherical shape. We highlighted the role of the SPM
concentrations and the salinity in the control of flocculation. Close to the river mouth, a link
between the river plume and the BNL, induced by the Rhoéne River discharge and episodic
sediment resuspension was shown. Both turbid layers presented similar particle assemblage with
minimal effective density of 370 kg m-3. At mid-shelf, both SNL and BNL showed a decrease of the
proportion of macro-flocs by settling and dilution, and an increase of the effective density due to
the higher proportion of finest particles. It is noteworthy that the maximum effective density in
the BNL, with maximum values of 1600 kg m3, is taking place above the mid-shelf mud-belt. On
the outer-shelf, the finest particles were observed within the SNL, and holographic measurements
helped us to determine the part of biological organisms in the particulate assemblage.

Finally we demonstrated the good correlation between the spectral slope of glider light
backscattering measurements at different wavelengths and the power law approximation of
LISSTs particle number distribution. This result shows the possibility to get some useful
information on the particle size distribution from autonomous underwater glider when shipboard
measurements are not possible.
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Abstract

An experiment was carried out in the Gulf of Lions (NW Mediterranean) in February 2014 to assess
the temporal and spatial variability of the distribution and size of suspended particulate matter
(SPM) in the Rhone Region Of Freshwater Influence (ROFI). A set of observations from an
autonomous underwater glider, satellite ocean color data, meteorological and hydrological time-
series highlighted the high variability of the Rhone River surface turbid plume and the presence of
a bottom nepheloid layer (BNL), depending on wind and river discharge conditions. While
continental winds pushed the surface plume offshore, marine winds that pressed the plume at the
coast favored the sedimentation of particles and the nourishment of the BNL. Moderate storm
event favored the break of the plume stratification and the along-shelf transport of Rhéne River
particles. The spectral slopes of glider and satellite-derived light backscattering coefficients, v,
were used as a proxy of the SPM size distribution. Results clearly showed the change of the SPM
size in nepheloid layers, induced by the flocculation of fine sediments, which became finer
seaward throughout the ROFI and the effect of rough weather in the breakup of flocs.

Keywords:

Nepheloid layers, ROFI, Gulf of Lions, Rhone River, flood, glider

Highlights:

- High-resolution description of the variability of nepheloid layers in the Rh6ne ROFI
- Evidence of the Rhéne River as a major supplier of the bottom nepheloid layer

- Evidence of storm induced nearshore break of the plume stratification

- Combination of glider and satellite to characterize the particle size variability



5.1 Introduction

River plumes, which are primary signature of continental inputs of freshwater as well as dissolved
and particulate materials, remain poorly documented regarding the in-situ monitoring of their
spatio-temporal variability (Dagg et al., 2004). The structures and position of river plumes are
highly variable as their dynamics is strongly affected by the intensity of the river discharge and the
wind conditions (Garvine, 1995). This forcings also strongly affect the transport of suspended
particulate matter (SPM), the specific dynamics (aggregation/disaggregation, settling velocity) of
which primarily depends on their concentration, size, and density (Curran et al, 2007; Manning
and Schoellamer, 2013).

Over the past decade, different works on river plume dynamics have been conducted with ocean
color imagery of surface SPM (Thomas and Weatherbee, 2006; Lihan et al., 2008; Saldias et al.,
2012; Fernandez-Noévoa et al., 2015; Ody et al., 2016). These authors described the benefits of
such observations in the description of the large-scale spatial and temporal variability of river
plumes. Satellite data nevertheless do neither provide information about the vertical structure of
river plumes (as water stratification, plume thickness, SPM vertical gradient) nor about bottom
nepheloid layers (BNL) characteristics. In-situ monitoring throughout the water column is thus
essential to assess the link existing between surface plumes and BNL that plays a major role in
sedimentary transport and deposition.

The recent use of coastal glider has made it possible to reduce this lack of knowledge in the water
column. Castelao et al. (2008a, 2008b) first used a coastal glider to describe the dynamic of a river
plume in response to upwelling winds. More recently, Saldias et al. (2016) used glider and satellite
observations of salinity to characterize the seasonal variability of the Columbia River plume.
However, to our knowledge, there are no studies that characterized the structure and variability of
nepheloid layers in ROFI using SPM measurements from both glider and satellite. A need exists in
the high frequency observations of the 3-D temporal variability of SPM concentrations and size in
ROFIs during flood events (Nittrouer et al., 2009; Simpson and Sharples, 2012).

This work brings together a comprehensive set of hydrological, hydrodynamical, and optical
measurements collected from a coastal buoy, a satellite and a glider in the Rhone River ROFI. It
aims at: 1) assessing the temporal variability of the Rhone River ROFI nepheloid layers during a
flood event and different wind conditions, and 2) determining the temporal variability of the SPM

size.



5.2 Regional setting

In the semi-enclosed Mediterranean Sea, the inputs of freshwater and sediment are of paramount
importance for the sedimentary budgets at both the local and Mediterranean scales. The Po and
Rhéne rivers alone account for about 30% of the freshwater discharge to the Mediterranean
(Ludwig et al., 2009; Sadaoui et al., this issue). Because the importance of their freshwater inputs
and the large extent of their ROFls, these rivers are key control factors of the particle dynamics for
the Gulf of Lions and the Adriatic shelves, respectively.

The Gulf of Lions (NW Mediterranean) is a wide continental shelf mostly influenced by the inputs
of particulate matter from the Rhéne River, which represents on average between 80 and 95% to
the total inputs to the gulf (Bourrin et al., 2006; Sadaoui et al., 2016). The Rhéne River has a mean
annual discharge of 1700 m3 s and typical annual floods with discharge larger than 5000 m3 st
(Maillet et al., 2006). According to Pont (1996), floods deliver 70% of the annual sediment load,
highlighting the pivotal role of these events in the delivery of SPM to the coastal area. During
floods, freshwater and sediment delivered by the Rhéne River form a surface plume and a BNL
that can spread over the shelf (Aloisi et al., 1982).

Previous works focused on the remote sensing of the plume extent (Arnau et al., 2004; Lorthois et
al., 2012; Ody et al., 2016) or used shipborne in situ measurements to characterize the suspended
particles in the water column (Naudin et al., 1997; Thill et al., 2001; Many et al., 2016). The plume
i