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Bulge: an unsteady,
anticyclonic eddy
circulation that can
form offshore of the
river mouth under
certain conditions,
expand continuously,
and accumulate a
fraction of the river
discharge

Far-field region: the
region beyond the
mid-field where the
plume water has lost
all memory of the
inflow momentum but
is still distinct from the
ambient receiving
water

ambient alongshore currents may also contribute to turning the plume (Fong & Geyer 2002).
Under sufficiently low wind conditions, some outflows can form a recirculating bulge region in
the mid-field, as discussed in Section 4.3. The momentum balance in the mid-field is dominated
by the Coriolis force, centripetal acceleration, and the cross-stream internal pressure gradient
(Garvine 1987, Yankovsky & Chapman 1997, Horner-Devine 2009, McCabe et al. 2009).

Finally, the far field is the region beyond the mid-field in which the plume no longer has a
memory of the initial momentum of the river discharge, and the dynamics are primarily governed
by Earth’s rotation, buoyancy, wind stress, and sometimes bottom stress. This region may extend
hundreds of kilometers from the mouth. When winds and ambient currents are not sufficient to
force the plume offshore, the far-field plume forms a geostrophic coastal current that transports
diluted river water in the direction of Kelvin wave propagation (hereafter referred to as downcoast).
The structure, dynamics, and propagation speed of the coastal current depend on the shelf slope
(Avicola & Huq 2002, Lentz & Helfrich 2002) and whether the plume is in contact with the
bottom (Yankovsky & Chapman 1997).

The anatomy of the prototypical large-scale plume, which is composed of all these regions,
is presented schematically in Figure 2. Numerical and laboratory model studies with simplified
geometry generate plumes similar to the prototypical plume (e.g., Fong & Geyer 2002, Avicola
& Huq 2003a, Horner-Devine et al. 2006), and field observations from a number of large-scale
plume systems indicate that they have a similar structure during low-wind conditions (e.g., Chant
et al. 2008, Hickey et al. 2010). However, it important to note that some of these regions will
be absent in many plumes, and thus the structure of the plume may be quite different than the
prototypical plume. This variability in plume structure and behavior is discussed in Section 5.

3. MIXING

3.1. Local Mixing: Regions and Processes Within the Plume

Mixing in river plumes may be defined as the transport of buoyancy and momentum across isopy-
cnal surfaces (e.g., Sherman et al. 1978, Ivey et al. 2008, Stacey et al. 2011). Because of the very
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Figure 2
Schematic representation of the prototypical plume comprising all dynamical regions. Other plume
morphologies are discussed in Section 5 and shown in Figure 5.
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Liftoff: région de 
détachement du front de 
salinité avec le fond

Fr1: nombre de Froude –
couche de surface
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Figure 1
(a) Schematic representation of the plume liftoff process and the near-field plume region. (b) Large-scale mixing structures in the flow
acceleration region. Panel b adapted from Geyer et al. (2010). (c) Shear instabilities comprising the large-scale mixing structures.

Mid-field region: the
region where Earth’s
rotation begins to
dominate, arresting
plume spreading and
turning the plume in
the downcoast
direction

cases in which the river mouth is wide compared to the Rossby radius, LR = (gh)1/2/ f , a near-field
region will not exist, and the discharge will exit the estuary as a far-field plume, attached to the
right bank (in the Northern Hemisphere). In regions with large tides, the dynamics in the near-
field region are strongly time dependent, and the near-field plume is also referred to as the tidal
plume (Horner-Devine et al. 2009, Kilcher & Nash 2010, Kilcher et al. 2012).

Third, the mid-field is the region where inflowing river water transitions from the inertial
near-field jet into a geostrophic or wind-dominated far-field plume. Lateral spreading is arrested,
inflow momentum is lost, and plume dynamics are increasingly dominated by Earth’s rotation. In
most systems, the plume is initially directed offshore and turns in the mid-field region to form a
shore-parallel coastal current. This process is driven by Earth’s rotation and is associated with a
corresponding increase in centripetal acceleration (Garvine 1987, McCabe et al. 2009), although
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Une source de mélange vertical
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(a) Schematic representation of the plume liftoff process and the near-field plume region. (b) Large-scale mixing structures in the flow
acceleration region. Panel b adapted from Geyer et al. (2010). (c) Shear instabilities comprising the large-scale mixing structures.
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cases in which the river mouth is wide compared to the Rossby radius, LR = (gh)1/2/ f , a near-field
region will not exist, and the discharge will exit the estuary as a far-field plume, attached to the
right bank (in the Northern Hemisphere). In regions with large tides, the dynamics in the near-
field region are strongly time dependent, and the near-field plume is also referred to as the tidal
plume (Horner-Devine et al. 2009, Kilcher & Nash 2010, Kilcher et al. 2012).

Third, the mid-field is the region where inflowing river water transitions from the inertial
near-field jet into a geostrophic or wind-dominated far-field plume. Lateral spreading is arrested,
inflow momentum is lost, and plume dynamics are increasingly dominated by Earth’s rotation. In
most systems, the plume is initially directed offshore and turns in the mid-field region to form a
shore-parallel coastal current. This process is driven by Earth’s rotation and is associated with a
corresponding increase in centripetal acceleration (Garvine 1987, McCabe et al. 2009), although
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Particle assemblage characterization in the Rhône River ROFI 
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Close to the seabed (Fig. 4.8), the primary particle PSD at the different station also showed a large 
mode centered around 10-20 µm, but with a larger spread towards the coarser sizes than for the 
SNL, and a lesser contribution of the finest particles (<2.5 µm). Maximum primary particle size 
increased from 110 µm close on the inner-shelf to 70 µm 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), VCtot was about 23.4 µL 
L-1 and in situ particle size ranged from 3 to 400 µm. PSD was centered on micro-flocs of 30-100 
µm (>5 % VCtot for both instruments). LISST-100 showed a low volume (<2 %) of fine-sedimentary 
particles (5 - 10 µm). Holography permitted to complete the particle spectrum with the detection 
of larger flocs of 200 - 400 µm (∼2 % per class size). An effective density of the entire particle 
assemblage was estimated to 372 ± 80 kg m-3. 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 µm size range was 
estimated to 3.6 (R² = 0.978).  
On the mid-shelf (Fig. 4.7 – middle panel) (5 - 20 km), VCtot decreased at 5.9 µL L-1, 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 µm) and a mode centered on 30 - 70 µm (>5 % for 

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 -1), Chlorophyll-a fluorescence (µg L-1). Potential density anomaly 
contour lines (kg m-3) 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. 
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Figure 1
(a) Schematic representation of the plume liftoff process and the near-field plume region. (b) Large-scale mixing structures in the flow
acceleration region. Panel b adapted from Geyer et al. (2010). (c) Shear instabilities comprising the large-scale mixing structures.
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dominate, arresting
plume spreading and
turning the plume in
the downcoast
direction

cases in which the river mouth is wide compared to the Rossby radius, LR = (gh)1/2/ f , a near-field
region will not exist, and the discharge will exit the estuary as a far-field plume, attached to the
right bank (in the Northern Hemisphere). In regions with large tides, the dynamics in the near-
field region are strongly time dependent, and the near-field plume is also referred to as the tidal
plume (Horner-Devine et al. 2009, Kilcher & Nash 2010, Kilcher et al. 2012).

Third, the mid-field is the region where inflowing river water transitions from the inertial
near-field jet into a geostrophic or wind-dominated far-field plume. Lateral spreading is arrested,
inflow momentum is lost, and plume dynamics are increasingly dominated by Earth’s rotation. In
most systems, the plume is initially directed offshore and turns in the mid-field region to form a
shore-parallel coastal current. This process is driven by Earth’s rotation and is associated with a
corresponding increase in centripetal acceleration (Garvine 1987, McCabe et al. 2009), although
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Figure 4. As Figure 2 for experiment 2. Ayouche et al., Symmetry,  2022
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Close to the seabed (Fig. 4.8), the primary particle PSD at the different station also showed a large 
mode centered around 10-20 µm, but with a larger spread towards the coarser sizes than for the 
SNL, and a lesser contribution of the finest particles (<2.5 µm). Maximum primary particle size 
increased from 110 µm close on the inner-shelf to 70 µm 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), VCtot was about 23.4 µL 
L-1 and in situ particle size ranged from 3 to 400 µm. PSD was centered on micro-flocs of 30-100 
µm (>5 % VCtot for both instruments). LISST-100 showed a low volume (<2 %) of fine-sedimentary 
particles (5 - 10 µm). Holography permitted to complete the particle spectrum with the detection 
of larger flocs of 200 - 400 µm (∼2 % per class size). An effective density of the entire particle 
assemblage was estimated to 372 ± 80 kg m-3. 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 µm size range was 
estimated to 3.6 (R² = 0.978).  
On the mid-shelf (Fig. 4.7 – middle panel) (5 - 20 km), VCtot decreased at 5.9 µL L-1, 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 µm) and a mode centered on 30 - 70 µm (>5 % for 

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 -1), Chlorophyll-a fluorescence (µg L-1). Potential density anomaly 
contour lines (kg m-3) 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. 
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Figure 8. Surface scaled relative vorticity (day 12): (a) Reference, (b) High Discharge, (c) Tide, (d) SW
wind. (Colour online)

Again, a near surface peak in vertical buoyancy gradient is related to the surface freshwater
recirculation (in the upper meter).

In terms of relative vorticity, intense circulation occurs in the bulge with spiral strips of
positive vorticity. This strip detaches from the frictional layer at the coast and wraps into
the growing bulge. A thin layer of positive vorticity can again be seen at the edge of the
bulge and of the coastal current (in the frontal region with the open sea, see !gure 8(b)).
Ageostrophicmotions (Ro ∼ O(1)) are present at the edges andwithin the core of the bulge
in the top 5m. The more intense circulation here leads to larger horizontal and vertical
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Figure
8.Surface

scaled
relative

vorticity
(day

12):(a)Reference,(b)H
igh

D
ischarge,(c)Tide,(d)SW

w
ind.(Colouronline)
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Un panache sensible aux forçages
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Chapter 2. The Gulf of Lions 
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During flood events of the Rhône 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 Rhône 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).  

 

 

 

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-1) 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-1) 

during fall conditions (see conceptual view in Fig. 2.6a).  

 

 

 

Figure 2.8 : RGB images (MODIS-
Aqua) of the Petit (left) and Grand 
(right) Rhône 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 10 mg L-1. 

Rhône River plum
e 

Many, 2016



Lavrova et al., 2016

Une dynamique frontale complexe – exemple des ondes internes



En conclusion

Les panaches des fleuves ...
... dynamique à multi-échelles
(y compris à très fines échelles) complexe 
et peu/pas observée

... de multiples régions de mélange 
vertical (front, bulge, courant côtier)

... En lien avec des interactions de 
processus complexes (instabilités, 
ondes internes)

Vers une observation à fines échelles et des simulations dédiées (e.g. non hydrostatique)



Merci pour votre a9en:on!



Chapter 6. Conclusions and Perspectives 6.6. Perspectives

Figure 6-1: Summary of the main results of this thesis.

lated to frontogenesis. Meanwhile, destratification of these fronts results from the

non-conservative fluxes of potential vorticity (diabatic and shear mixing).

In figure 6-1, I summarize the key findings of this thesis.

6.6 Perspectives

Different processes in this manuscript were analyzed in the context of issues related

to the Bay of Biscay and its river plumes. However, they point out several limitations

that would require further investigation:

• Air-sea interactions. The promising results in chapter 3 require further

questioning. Indeed, I performed numerical idealized simulations refering to

the Gironde river and considering numerous environmental processes (winds,

tides). The interaction between the Gironde plume and each process has been

studied. Yet, in this study, I omitted the influence of air-sea fluxes on the

Gironde plume. This interaction deserves careful attention since the cooling or

heating by the atmosphere in estuaries results in major effects such as unstable

stratification that affect the plume dynamics, instabilities and induced mixing.

• Plume-topography interactions. In chapter 3, an idealized topography
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