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Abstract The Rhone River provides the largest inputs of terrestrial freshwater and nutrients into the
Mediterranean Sea. The Rhone River diluted water intrusions into the Bay of Marseille were investigated,
examining their physical generation processes and associated biogeochemical impact by using in situ
observations, remote sensing data, and a three-dimensional physical/biogeochemical coupled model. Dur-
ing our study period from 2007 to 2011, Rhone River intrusions occurred on average 7.6 times per year and
affected more frequently the northern part of the bay. A classification of intrusion events in three categories
is proposed (short lived, big, and small) as a function of their duration and spatial extent. The intrusions
appeared to be driven by: (i) wind forcing, (i) the presence of a mesoscale eddy, (iii) the Rhone River dis-
charge volume, and (iv) the variation in thermocline depth. Typically, a combination of these favorable fac-
tors was necessary to induce an intrusion. An intrusion strongly impacts the biogeochemical functioning of
the Bay of Marseille by bringing large quantities of nutrients into the bay. Mass balances were computed
allowing us to quantify this impact on the Bay of Marseille. The results show that the ecological impact
depends very much on the type of intrusion, with big intrusions having the highest impact.

1. Introduction

Coastal zone ecosystems are often subject to a wide range of anthropogenic pressures rendering them vul-
nerable and prone to overexploitation. Craig and Ruhl [2010] argue that the present use of coasts is unsus-
tainable under any definition, and that an increased protection of coastal ecosystems—paying particular
attention to ecosystem functioning and the interplay between physics, chemistry, and biology—is critical to
achieve sustainability. To assist local managers and decision makers in this task, it is imperative to collect as
much data and information as possible. This will not only improve our understanding of the structure and
functioning of the ecosystem as a whole [Elliott, 2011] but also help with quantifying both the human
impact and the value of ecosystem services to society and local stakeholders. To this end, ecosystem model-
ing approaches are useful tools to improve our understanding of the complex coastal environments
because they can help to identify the dominant forcings, distinguish between natural and anthropogenic
components, and quantify their respective impacts on the ecosystem.

Marseille is the second largest city in France (Figure 1) with a population of over 1 million. Human activities
strongly impact the marine environment of the Bay of Marseille, especially during flood events [Oursel et al.,
2014], when high concentrations of nutrients and chemicals are released by the waste water treatment
plant into the sea. However, even during these extreme flood events the associated water flow is much
smaller than the average Rhone River input of chemicals and nutrients into the Gulf of Lions. In a previous
study, the coupled 3-D hydrodynamic ecosystem model (MARS3D-RHOMA/ECO3M-MASSILIA-P) was devel-
oped in order to better understand the biogeochemical functioning of the coastal pelagic ecosystem of the
Marseille area. In a first study, Fraysse et al. [2013] concluded that the ecosystem functioning of the Bay of
Marseille (BoM) is complex and strongly affected by the hydrodynamics and terrestrial inputs. The Rhone
River does not flow directly into the Bay of Marseille but is located about 35 km to the West. It represents
the largest input of freshwater into the Mediterranean Sea with a mean inflow of around 1700 m* s~ [Pont
et al., 2002], which divide into two unequal distributaries: the “Grand Rhone” (90%) and the “Petit Rhone”
(10%) [Ibanez et al., 1997; Pont et al., 2002]. The Rhone River receives many anthropogenic inputs along its
course to the Mediterranean, including diverse industrial discharges, outflows from sewage plants, and
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Figure 1. (a) Bathymetric map of the Gulf of Lions with the Rhone River plume, the dilution zone (in blue), the model domain (in black),
and the zone defining a Rhone River intrusion in the Bay of Marseille (in red); (b) zoom on the Bay of Marseille. The red rectangle shows
the boundaries we defined for the Bay of Marseille and the area for which we calculate mass budgets during intrusion events. Also visible
are the Somlit station (43°14.30'N; 5°17.30'E), the Sofi station (5°7.8'E; 43°4.2'N), and the Northern Bay station (NB) (43°18.66'N;

5°17.30' E).

runoffs from agricultural regions resulting in large quantities of nitrogen, phosphorus, and carbon stored
and transported as organic and inorganic matter [Pujo-Pay et al., 2006].

It has been estimated that the nutrient input from the Rhone River could support between 23% and 69% of
the average primary production (PP) in the Gulf of Lions (Gol) [Ludwig et al., 2009], which is one of the most
productive areas of the Mediterranean Sea [Durrieu de Madron et al., 2011]. The biogeochemical characteris-
tics of the Rhone River plume in the vicinity of the river mouth have been extensively investigated [Naudin
et al,, 2001; Pujo-Pay et al., 2006]. Within the plume, the effects of temperature, light conditions, and sus-
pended matter on biological activity seem relatively minor compared to those induced by differences in
salinity and nutrient availability [Naudin et al., 2001]. The initial mineral N:P ratio in the Rhone River plume
averages around 65:1 to 70:1 which further exacerbates the well-known phosphate deficiency in this part of
the Mediterranean [Pujo-Pay et al., 2006]. Diluted mesoscale structures of lower-salinity water (LSW) can
become detached from the Rhone River plume, and be transferred to the continental shelf and toward the
open Mediterranean Sea. The biogeochemical processes in these LSW structures and their temporal evolu-
tion have recently been investigated as they constitute natural “macrocosms” in which biological processes
modify dissolved and particulate material during the offshore transfer [Diaz et al., 2008; Auger et al., 2011].

The Rhone River plume dynamics have been studied both from observations [Broche et al., 1998; Forget and
Ouillon, 1998; Gatti et al., 2006] and using numerical models [Estournel et al., 2001; Arnoux-Chiavassa et al.,
2003; Reffray et al., 2004]. While the Rhone River plume is typically deflected westward (clockwise) due to
the Coriolis acceleration, these previous studies showed that both the horizontal and vertical extent of the
plume depend on the atmospheric conditions, the Rhone River discharge volume, and the ambient circula-
tion. The GoL is dominated by two distinct wind regimes that induce two types of plume dynamics: under
north-northwesterly winds (e.g., Mistral), the plume extends offshore toward the southwest, while south-
easterlies typically push and contain the plume near the coast, to the west of the river mouth [Demarcq and
Wald, 1984].

More recently, a less common orientation of the plume has been observed where the plume extended
approximately 40 km eastward from the Rhone River mouth and several kilometers offshore from the Bay
of Marseille (BoM) to the SOFI sampling site (5.131°E, 43.071°N; Figure 1) [Gatti et al., 2006]. In their study,
Gatti et al. [2006] used a salinity threshold of 37.8 to identify the presence of diluted water from the Rhone
River plume. In another study (SORCOM cruises), Younes et al. [2003] used a slightly lower threshold of 37.3
to conclude that a freshwater influence could be detected in the BoM only during 5% of the time they were
sampling. More recently, both modeling studies [Pairaud et al., 2011; Schaeffer et al., 2011] and observations
[Gatti et al., 2006; Para et al., 2010] have suggested that water from the Rhone River may be present in the
BoM more frequently than previously thought and that it may have a measurable impact on the local
biogeochemistry.
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Gatti et al. [2006] formulated three hypotheses which could explain this eastward extent of the region of
freshwater influence (ROFI). Their first hypothesis was based on the occurrence of a storm event in combi-
nation with easterly winds and high Rhone River discharges. The second hypothesis focused on the North-
ern Current (NC) mesoscale activity, which is particularly strong in winter. As the NC is a strong and
persistent slope current which meanders along the GolL shelf break, an anticyclonic eddy could detach from
the NC near the SOFlI site, the northern part of which could produce the observed eastward current at the
SOFI station, thereby advecting Rhone River waters eastward. Finally, they suggested a third hypothesis
that takes into account more complex generation processes such as the interplay between the wind-driven
local circulation and the bathymetry. The existence of a nearshore eastward flow could thus be one of the
Gol's particular circulation features that develop on the shelf and may be linked to anticyclonic eddies that
become trapped at topographic irregularities due to the interaction between barotropic shelf waves and
the NC flowing along the shelf break. Such anticyclonic eddies were reported by Allou et al. [2010] and also
by Schaeffer et al. [2011] who named it the Marseille Eddy (ME).

The 3-D coupled hydrodynamic-biogeochemical model (MARS3D-RHOMA/ECO3M-MASSILIA-P) was devel-
oped to improve our understanding of the biogeochemical processes in the coastal pelagic ecosystem off
the coast of Marseille. Fraysse et al. [2013] simulated the period from 2007 to 2011 and found that the
model was capable to reproduce most of the physical and biogeochemical processes of the coastal area.
They concluded that the ecosystem functioning of the BoM was complex and predominantly driven by the
hydrodynamics and terrestrial inputs. Intrusion events of Rhone River diluted water into the BoM are there-
fore an important physical/biogeochemical driver which could strongly impact the local ecosystem.

Typically, the Rhone River plume is displaced westward and does not reach the BoM. Only during a few
occasions per year, this pattern is broken and the plume is displaced eastward, entering the BoM. In this
study, we call “Rhone River intrusion” (RRI) the advection of low-salinity (<37.8) diluted water from the
Rhone River to regions east of 5°17.30'E. The purpose of this study is thus twofold: (i) we examine the physi-
cal conditions under which such intrusions of Rhone River water occur in the BoM, and (ii) we quantify the
biogeochemical impact of these nutrient-rich plume waters on the otherwise oligotrophic BoM. The pelagic
ecosystem of the BoM is mainly oligotrophic and the effects of RRI events in the BoM have not yet been
investigated. This paper aims to improve our understanding of these events including their impacts on the
biogeochemistry and ecosystem functioning in the BoM. We first characterize the RRIs in terms of fre-
guency, seasonal occurrence, and spatial extension, and then examine their generation processes, formulat-
ing a hypothesis on how to identify different kinds of intrusions. Finally, we examine the impacts in the
BoM of different intrusion events on the biogeochemical functioning of the lower trophic levels.

2. Materials and Methods

2.1. The 3-D Coupled Physical/Biogeochemical Model

2.1.1. Model Description

The hydrodynamic model MARS3D (Model At Regional Scale 3-D) [Lazure and Dumas, 2008] in its RHOMA

version [Pairaud et al., 2011] was coupled to the biogeochemical modeling tool ECO3M (Ecological Mecha-
nistic and Modular Model) [Baklouti et al., 2006; Faure et al., 2006, 2010] in its MASSILIA-P version (i.e., with
added phosphorous cycle) adapted to the Marseille coastal area [Fraysse et al., 2013].

The horizontal model resolution was 400 m, leading to a grid of 252 X 120 horizontal cells with 30 vertical
sigma levels [Fraysse et al., 2013]. The hydrodynamic model and the biogeochemical model were coupled
online. The biogeochemical model operates on a time step of 20 min while the physical advection-diffusion
of biogeochemical tracers occurs with a 30 s time step.

The biogeochemical model ECO3M-MASSILIA-P (17 state variables) implements mechanistic formulations to
describe the carbon, nitrogen, and phosphorus cycles in five compartments: (i) phytoplankton, (ii) bacteria,
(iii) detrital particulate organic matter, (iv) labile dissolved organic matter, and (v) dissolved inorganic matter
including ammonium, nitrate, and oxygen. Chlorophyll-a is a diagnostic variable related to the variable phy-
toplankton ratios. A more detailed description of the model can be found in Fraysse et al. [2013].

The ability of the hydrodynamic model to successfully reproduce intrusions of diluted Rhone River water
was demonstrated by Pairaud et al. [2011] and Fraysse et al. [2013] who showed that the seasonal signal in
both nutrients and chlorophyll-a was well represented.

FRAYSSE ET AL.

©2014. American Geophysical Union. All Rights Reserved. 6537



@AGU Journal of Geophysical Research: Oceans 10.1002/2014JC010022

2.1.2. Modeling Experiments

Realistic simulations were performed for the years 2007-2011 and the model domain is shown in Figure 1.
The model takes into account the biogeochemical input from various sources (atmospheric deposition, riv-
ering, etc.) as well as physical forcing (general circulation at the boundaries, wind, rain and heat flux from
the atmosphere). In this microtidal area, hydrodynamic and biogeochemical forcing was provided by a
coupled model with a coarse resolution (1.2 km). A detailed description of both the physical and biogeo-
chemical forcing are available in Pairaud et al. [2011] and Fraysse et al. [2013], respectively.

We conducted a range of different modeling experiments in order to investigate specific processes. A first
experiment was set up in order to explore the role that the size of the Rhone River discharge plays in the
generation of the observed eastward intrusions of the plume. Two simulations were performed for the years
2007-2011: one with a realistic and seasonally varying Rhone River discharge ranging from 200 to 6680 m®
s~ 1 (run REF) and another with a constant and relatively low Rhone discharge equal to 600 m3 s (run
R600).

A second experiment was set up in order to evaluate the impact of Rhone River inputs on the ecology of
the Bay of Marseille during an intrusion event. To this end, a simulation was performed where the Rhone
River did not contain any biogeochemical substances (run NoRhone) to be compared to the control (run
REF, see above). The REF and NoRhone simulations were performed with identical Rhone River freshwater
discharge volumes in order to leave the hydrodynamics unaffected. In order to eliminate the influence of
any Rhone River substances still in the system, we waited for 1 month after turning off the biogeochemical
input before beginning the analysis. Previous studies have shown that the residence time of riverine inputs
in this coastal area is typically lower than 1 month and for most processes terrogenic nutrients have been
exhausted after a time scale of less than 1 week [Jany et al., 2012].

2.2, Postprocessing Methods Applied on Model Results

Due to the increasing quantity and the specific type of data obtained from large 3-D physical/biogeochemi-
cal models, there is a need for effective feature extraction methods. In this paper, we used Self-Organizing
Maps (Appendix A) and also different indices plus an eddy detection algorithm and mass budget analyses.

2.2.1. Indices

2.2.1.1. River Plume Index

We used the equivalent depth of freshwater o5, [Choi and Wilkin, 2007; Huret et al., 2012] as an index to
characterize the river plume:

-Xe

Sref—S.

6fw:J Jref 0z 4, M
—H Sref

Sref is a reference salinity taken as the maximum value found in the model results at each time step, S, is the

salinity at the depth z, H the maximum depth of the water column in meters that is taken into account, and

Xe is the surface elevation in meters.

H was set to 50 m in order to be able to account for deep intrusion events like the salinity decrease down
to 40 m which was observed at the SOFI station in December 2003 [Gatti et al., 2006], while excluding deep
processes that occur at the seabed such as the influx of deep Mediterranean water from the canyons.

2.2.1.2. Thermocline Depth
The thermocline depth (Zy,) was estimated from the following expression:

if Too—Tp > 0.5°C, Zy= Z‘max (%) with Zy, € [2,H] (2)

It is based on three criteria: (i) Zy, was only computed if the difference between the surface temperature
(T,0) and the bottom temperature (T,,) was greater than 0.5°C; (ii) Zy, has to coincide with the depth of the
maximum vertical gradient [Huret et al., 2012]; and (iii) Zy, must be located below 2 m to avoid detecting
skin effects.

2.2.2. Eddy Detection

We used a vector geometry-based eddy detection algorithm [Nencioli et al., 2010] to identify and track
eddies in the model output. The Eddy tracking package V2.1 was downloaded from http://www.com.univ-
mrs.fr/~nencioli/research.php?type =submeso. Following the recommendation by Nencioli et al. [2010], we
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Table 1. Mass Budgets Calculated in the Bay of Marseille Box for Each Biogeochemical Substance (BS)®

Symbol Definitions

BX(BS, t) Evolution of the stock from source X of a biogeochemical substance (BS) within the Bay of Marseille relative to the
initial stock at time t,

X=TOT Evolution of the total stock

X=0B Contribution by in/outflow across the open boundaries

X=BIO Contribution by biogeochemical processes (source or sink), such as local production

X=ATM Inputs due to atmospheric deposition

X=UR Inputs by urban rivers which flow directly into the Bay of Marseille box (this excludes the Rhone River)

BRoone(BS, t) Evolution of the total stock due to the Rhone River

BE v (BS, 1) Changes due to biogeochemical processes caused by biogeochemical substances inputs from the Rhone River (e.g.,
enhanced local production)

BB one (BS, 1) Contribution of the Rhone River biogeochemical substances to in/outflow across the open boundaries

“Examples for biogeochemical substances are the different nutrients or chlorophyll-a.

started by visually comparing the algorithm results against manual detection for some selected time steps.
It allowed us to fix the two parameters used for eddy center detection depending on selected constrains to
a =4, b =2 (for a detailed explanation of this method and the meaning of a and b, see Nencioli et al. [2010,
p. 5671). The number of grid points which defines the initial area to compute the eddy dimensions was set
to rad = 20.

2.2.3. Mass Budgets

We evaluated the mass budget (variation in total mass) BTOT(BS, t) for each biogeochemical substance (BS)
in the Bay of Marseille (boxed area in Figure 1), distinguishing between gains/losses due to various sources/
sinks: atmospheric (B°™(BS, t), source only), urban rivers (8Yf(BS, t), source only), biogeochemical process
(BB’O(BS, t), source or sink), and exchanges across the open boundaries of the box (B°5(t), source or sink)
(equation (3), Table 1, Appendix B). This yields the total mass budget for the Bay of Marseille:

B™OT(BS, t)=B%%(BS, t)+B%°(BS, t)+B"™(BS, t)+B"R(BS, t) 3)

It should be noted that the Rhone River mouth is not located in the Bay of Marseille but several kilometers
to the West. Its contribution is therefore not contained in BYR(BS, t) but is included in B%(BS, t).

We subtracted the budgets obtained from the “NoRhone” simulation (Byogrone) from the budgets of the

“REF” simulation (Bggr) in order to obtain the contribution from the Rhone B0y (BS, t).

nggNE (st t) :B}?—g‘;r(st t) - }\—lg;hone (BS’ t)
EEB) [ngF(BS7 t) _Bzthone(B& t)} + [ng(B& t) _Bfllz())Rhone(st t)} (4)
=BRfione (BS, 1)+ B (BS, 1)

BA™(BS, t) and BYf(BS, t) are identical in the REF and NoRhone scenarios and do therefore cancel out in the
subtraction (equation (4)) which only leaves us with the “OB” and “BIO” components.

2.3. Observational Data Sets

We used a long time series of hydrobiogeochemical data collected twice monthly at the SOMLIT station (cf.
Figure 1) to compare with model results. High vertical resolution profiles of temperature, salinity, and oxy-
gen were obtained between 0 and 55 m using a conductivity-temperature-depth-oxygen profiler (CTDO,
Seabird 19+). The concentrations of dissolved oxygen, NH,, NO3, PO,, particulate organic carbon (POC), par-
ticulate organic nitrogen (PON), and chlorophyll-a were analyzed at three depths: at 1 m, at the depth con-
taining the chlorophyll-a maximum, and at 55 m. The data were provided by the SOMLIT network (Service
d’'Observation en Milieu Littoral, http://somlit.epoc.u-bordeaux fr).

Daily averaged discharge data for 2007-2011 at the Beaucaire station were obtained from the “Compagnie
Nationale du Rhone.” The “Grand Rhone” discharge was taken as 90% of the total Rhone River discharge.

Remote sensing data (ocean color) from the MODIS AQUA and the MERIS ENVISAT sensors were processed
using the OC5 algorithm [Gohin et al., 2002, 2005] to estimate chlorophyll-a concentrations. The MODIS and
MERIS ocean color maps have a spatial resolution of approximately 1 km, which is coarser than the spatial
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Table 2. Inventory of Rhone River Intrusions and the Frequency of Their Occurrence for Different Months of the Year During the 2007-
2011 Period®

Number of Intrusion Events

2007 2008 2009 2010 2011 2007-2011 Total Share (%)
Jan 1 0 1 0 0 2 5
Feb 1 0 0 0 0 1 3
Mar 2 0 0 0 0 2 5
Apr 0 0 0 1 0 1 3
May 0 1 1 0 1 3 8
Jun 3 2 2 1 0 8 21
Jul 3 2 2 1 0 8 21
Aug 0 1 0 1 0 2 5
Sep 1 0 1 0 1 3 8
Oct 0 1 1 2 0 4 1
Nov 0 0 1 0 0 1 3
Dec 0 1 0 1 1 3 8
Total 1 8 9 7 3 38 100

“The last column contains the total percent share for each month.

resolution of our model (400 m). The quality of the remote sensing data was already evaluated by Fraysse
etal . [2013].

2.4. Rhone River Intrusion Event Inventory

In order to count the number of RRIs in the Bay of Marseille, it was necessary to establish a clear definition
of this event. In this study, a RRI is said to occur whenever water with a salinity lower than 37.8 is advected
eastward of 5°17.30’E (the longitude of the SOMLIT station). Intrusion was also detectable on remote sens-
ing data of surface chlorophyll-a as Rhone diluted waters are often associated with elevated concentrations
in chlorophyll-a [Para et al., 2010, Figure 2; Pairaud et al., 2011, Figure 10]. As an additional safeguard, RRIs
detected from the model results were only counted if they could also be seen in the in situ salinity data at
the SOMLIT station or in remote sensing data of surface chlorophyll-a.

3. Results

3.1. Characterization of Rhone River Diluted Water Intrusion in the Bay of Marseille

3.1.1. Rhone River Intrusion Inventory

The inventory of RRIs (Table 2) shows a total of 38 intrusion events during the years 2007-2011, which corre-
sponds to an average of 7.6 intrusions per year lasting a total of 17 days. Intrusion events seem to be particu-
larly common during the months of June and July, when RRIs are detected approximately 4 times more often
compared to the rest of the year. Another slightly above-average occurrence is observed during the month of
October. These results were confirmed by the model analysis with Self-Organizing Maps (Appendix A). Based
on their spatial coverage and duration, we divided the intrusion events into three different categories:

1. The first category—called “big”"—contains RRIs that had a large spatial coverage and a long duration.

2. The second category—called “short lived"—contains RRIs that had a large spatial coverage and a short
duration.

3. The third category—called “smal

|"

—contains RRIs that had a small spatial coverage and a short duration.

In order to characterize these different types of intrusions in more detail, we focus on two contrasting
examples: (1) an RRI in June 2008, which falls into the “big” category and which was already studied by Pair-
aud et al. [2011]; (2) an RRI that occurred in May 2011 to represent the “small” category. The June 2008 intru-
sion began on 16 June and lasted 10 days, whereas the May 2011 intrusion began on 19 May and lasted
only 3 days.

3.1.2. Characterizing the Intrusions Events

If we compare the modeled surface salinity maps during these intrusion events (Figures 2a and 2b), we find
lower absolute salinities in the BoM during the big intrusion in June 2008 compared to the small event in
May 2011, with values of 35 and 37.2, respectively.
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a — — — — ——b

o N X Salinity - 17 June 2008

Figure 2. Modeled surface salinities on (a) 17 June 2008 and (b) 20 May 2011. Modeled equivalent depth of freshwater (in m) on (c) 17
June 2008 and (d) 20 May 2011.

In order to characterize the horizontal and vertical extent of the Rhone River diluted water in terms of salin-
ity, we computed the equivalent depth of freshwater o, (Figures 2c and 2d). The horizontal extent of the
area where the plume had a d¢, > 0.5 m was very different in the two intrusion events. In May 2011, it was
limited to a small area near the mouth, due to low discharge during the week preceding the event (7 day
mean of 560 m*® s~ ). In June 2008, this area was considerably larger due to higher discharge volumes
(mean of 2395 m® s ") during the preceding week.

The intrusion affected a much smaller area in the Bay of Marseille during the event in May 2011 compared
to the event in June 2008. In the Bay of Marseille itself, ds, < 0.2 m during the 2011 event while in 2008 the
entire northern bay and most of the southern bay had 0.4 m < dg, < 0.8 m.

3.2. Generation Mechanisms for Rhone River Intrusions

In order to improve our understanding of the physical processes which lead to Rhone River intrusions in the
Bay of Marseille, we evaluated the relative importance of the main environmental forcings which could be
involved in the generation process.

3.2.1. Rhone River Discharge

Commensurate with previous studies [Gatti et al., 2006; Pairaud et al., 2011], we expected high Rhone River
discharge volumes to be crucial to produce an intrusion event in the Bay of Marseille. Discharge volumes
reached 4000 and 10,000 m3 s~ " in the days preceding the intrusion events of June 2008 [Pairaud et al.,
2011] and December 2003 [Gatti et al., 2006], respectively, which is rather high compared to the mean
Rhone River discharge of around 1700 m®s™".

By examining all the Rhone River discharge data before observed intrusion events in the Bay of Marseille
between 2007 and 2011, we found that, contrary to our expectations, 50% of intrusion events occurred
when the river discharge levels (maximum value during the 7 days preceding an intrusion) were smaller
than the annual average of 1700 m* s '. Moreover, there was a strong interannual variability in this result
(Table 3). Thus, the occurrence of intrusion events appears to be decoupled from Rhone River discharge
volumes.

While a high river discharge level did not appear to be a necessary prerequisite for intrusion events to
occur, we tried to determine whether it was a sufficient one, i.e.,, whether the presence of above average
discharge levels would inevitably induce an intrusion event. For our study period of 2007-2011, we counted
26 episodes during which we observed discharge levels in excess of 2500 m* s~ ' that were sustained for a
period of at least 1 day. However, only 31% of cases were followed by an intrusion event. In conclusion,
high Rhone River discharge levels are neither necessary nor sufficient to induce intrusion events in the Bay
of Marseille.

In order to further investigate the previous results which were based on observations, we performed a mod-
eling experiment with two different simulations: one reference experiment (REF) with a realistic Rhone River
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Table 3. Percentage of Intrusion Events Occurring During Times of High Rhone River Discharge Volumes (RRdis), a Shallow Thermocline
Depth (z, < 40 m), or During the Presence of the Marseille Eddy (ME)

Year 2007 2008 2009 2010 2011 2007-2011
RRdis (max of the 7 days before an intrusion) >1700 m? s~ 91 50 11 43 33 50
Thermocline depth <40 m 64 88 78 86 100 79
Thermocline depth < 40m and/or RRdis > 1700 m® s~ 100 100 89 86 100 95
ME presence 78 100 100 86 100 90

discharge and a second experiment (R600) with a constant, low Rhone River discharge of 600 m®s™'. As
the northern part of the Bay of Marseille is most affected by intrusion events (Figure A1), we chose to pres-
ent the results of this analysis at the Northern Bay (NB) station (cf. Figure 1). Despite the considerably lower
river discharge in the R600 experiment, we only observed a small reduction in the number of intrusion
events during the year 2008 (Figure 3). Commensurate with our conclusions based on observations at the
SOMLIT station (see above), the numerical results also confirmed that the Rhone River discharge volume
was not an important driver for inducing intrusion events in the Bay of Marseille. However, most (77%) of
the intrusion events which disappeared in the R600 experiment occurred between December and March
(the nonstratified period). Thus, the Rhone River discharge appears to play a more important role in gener-
ating intrusions during the nonstratified winter months.

The duration of intrusion events observed in the R600 experiment was similar to the REF experiment. Never-
theless, intrusion events in the R600 experiment typically showed a smaller decrease in surface salinities
compared to the reference run (Figure 3a).

3.2.2. Thermocline Depth

There is a strong degree of seasonality both in the vertical temperature profiles (Figure 4a) and in the occur-
rence of intrusion events (Table 2). By superimposing the occurrence of intrusion events on the seasonally
varying thermocline depth Z, (cf. equation (2)) (Figure 4b), we found that most intrusions (79%) occurred
during the stratified period and in the presence of a relatively shallow thermocline depth above 40 m,
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Figure 3. (a) Comparison of surface salinities between the run with realistic Rhone River discharges (run REF) and the run with constantly
low Rhone River discharges (run R600) at the Northern Bay station (cf. Figure 1) for the year 2008. The green line represents the demarca-
tion line for identifying an intrusion event, i.e., a salinity equal to 37.8; (b) comparing real Rhone River discharge volume (used in run REF)
with the annual mean and the value of 600 m® s~ chosen for the R600 run for the year 2008.
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Figure 4. (a) Time series of modeled vertical temperature (in °C) at Northern Bay station for 2008. (b) Corresponding thermocline depth
(Zy,) (blue line and stars) and intrusion events (black bars) at the Northern Bay station (cf. Figure 1) for the same period.

irrespective of the river discharge levels (Table 3). Typical thermocline depths which favored intrusions were
between 7 and 20 m.

We found that 95% of intrusion events occurred during times when the water column was either stratified
or with above average river discharge levels and only 5% (2 out of 38) were observed when the thermocline
was deeper than 40 m and the river discharge levels below average (Figure 5).

3.2.3. Marseille Eddy (ME)
The ME is an anticyclonic eddy located between the Rhone River mouth and the Bay of Marseille [Schaeffer
et al, 2011]. Two different wind regimes have been shown to facilitate eddy generation: (i) a strong north-
erly offshore wind (Mistral) generates a vortex column due to the bathymetric constraint of a geostrophic
barotropic current, which can surface after the wind relaxes; (ii) a southerly onshore wind generates a fresh-
water bulge from the Rhone River plume, which detaches from the coast and forms a well-defined anticy-
clonic surface eddy based on buoyancy gradients [Schaeffer et al., 2011].

The ME eddy was also detected in the model simulations. In June 2008, the intrusion began on 17 June
2008 and a surface eddy had been present since 13 June 2008 down to about 30 m depth (Figures 6a-6c).
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Figure 5. Occurrence of observed intrusion events as a function of Rhone River dis-
charge level (RRdis) and thermocline depth for the years 2007-2011 at the Northern

Bay Station (cf. Figure 1). Each dot represents one intrusion event.

In May 2011, the intrusion began on
19 May 2011 with the eddy present
at 20 m depth since 11 May 2011
(Figures 6b-6d). Only during peri-
ods of weak winds, could the eddy
characteristic velocity field be
observed in the surface layer (e.g.,
on 17 June 2008, Figure 6b, and on
17 May 2011, Figure 6d).

Intrusion events were preceded by
a ME in 90% of cases (Table 3). The
anticyclonic eddy produces an east-
ward surface flow near the coast
between the Rhone River mouth
and the BoM. Plume water thus
becomes trapped in the anticyclonic
eddy and the eastward flow advects
this low-salinity water toward the
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Figure 6. Eddy detection in fields of sea surface height (colors) and current velocity (arrows) at 20 m depth on (a) 13 June 2008 and (c) 11
May 2011 and at 2 m on (b) 17 June 2008 and (d) 17 May 2011.

Bay of Marseille. On 17 June 2008, the area located between the Rhone River mouth and the BoM was char-
acterized by a high equivalent depth of freshwater (around 1 m, cf. Figure 2c) which corresponded to the
location of the ME at that time.

However, the ME was detected numerous times in the model results and was not necessarily associated
with or followed by an intrusion event. Consequently, the presence of the ME is necessary but not sufficient
to induce an intrusion in the Bay of Marseille.

3.2.4. Wind

Due to the presence of strong and persistent winds in the Gulf of Lions (e.g., Mistral), the surface layer
dynamics are strongly influenced by atmospheric forcing [Schaeffer et al., 2011]. For instance, wind forcing
has been shown to be crucial for generating the ME [Schaeffer et al., 2011] (see section 3.2.3). Our analysis
showed that wind forcing plays an important role before, during, and at the end of an intrusion event
(Table 4).

3.2.4.1. Phase 1: Before an Intrusion Event

Intrusion events were often preceded by periods of weak winds (Table 4) which allowed the anticyclonic
ME to extend to the surface layers thereby gaining contact and entrapping water from the Rhone River
plume.

Despite the rarity of westerly winds in the Marseille coastal area, numerous intrusion events were pre-
ceded by winds from a westerly direction [cf. Pairaud et al., 2011, Figure 3]. Westerlies typically occur
when the wind regime shifts between the dominant north-westerly and south-easterly directions. Indeed
most of the intrusion events in our study were preceded by a shift in wind direction. This shift in wind
direction seems to create favorable conditions to gradually push the Rhone River diluted water toward
the Bay of Marseille.

Table 4. Observed Wind Regimes During the Different Phases of an Intrusion Event for the Years 2007-2011

Wind Regime Presence (in %)

Before an intrusion event (during the Regime shift between NW and SE directions 95
5 days leading up to an event) Velocity <1m s~ 81
Velocity <3 m s’ 92

Westerly 71

North-westerly with velocities >3 m s~ 89

South-easterly with velocities >3 m s~ 81

During an intrusion event South-easterly 94
After an intrusion event North-westerly with velocities >8 m s~ 49
South-easterly with velocities >8 m s~ 20
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Figure 7. Comparison of modeled chlorophyll-a concentrations (in pmol L™') averaged over the top 10 m on (a) 19 June 2008, (b) 21 May
2011 with MODIS remote sensing images of ocean color on the same dates in plots (c) and (d). Remotely sensed chlorophyll-a concentra-
tions are courtesy of Ifremer and were calculated using the OC5 algorithm [Gohin et al., 2002].

3.2.4.2. Phase 2: During an Intrusion Event
South-easterly winds or generally weak winds were favorable to maintain Rhone River diluted water in the
Bay of Marseille (Table 4).

3.2.4.3. Phase 3: Destruction of an Intrusion Event

The decline of an intrusion event was mainly driven by wind forcing. Strong winds lasting several hours or
moderate winds lasting 1-2 days often led to the end of intrusion events by pushing the surface waters out
of the Bay of Marseille.

3.3. Impact on the Ecosystem

We examined the biogeochemical impact of Rhone River intrusions on the ecosystem in the Bay of Marseille
by analyzing surface maps of nutrients and chlorophyll-a and calculating mass balances for the different
biogeochemical substances.
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Figure 8. Modeled nitrate concentrations (umol L") on 17 June 2008 (a) at the surface (5 m average), (c) at 10 m (1 m average), (e) at
20 m (1 m average) and on 20 May 2011 (b) at the surface (5 m average) and (d) at 10 m (1 m average). The 20 m depth on 20 May 2011 is
not shown as there is no visible trace of the plume.
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3.3.1. Impact of Intrusion Events on Surface Nutrients and Chlorophyll-a

Following an intrusion event, the model results are in good agreement with remote sensing observations of
ocean color on 19 June 2008 and 21 May 2011 (Figure 7) [see also Fraysse et al., 2013, Figure 71. In both
cases, the model is capable of reproducing both the spatial distribution and magnitude of chlorophyll-a
concentrations which were present in the Rhone River diluted water (cf. Figure 2). The 5 year average chlo-
rophyll-a concentration at the SOMLIT station is about 0.4 g L~ for the period 2007-2011 [Fraysse et al.,
2013]. During the intrusion events in June 2008 and May 2011, the chlorophyll-a concentration reached 1.5
and 0.8 ug L™ ', respectively (Figures 7a and 7b).

During the June 2008 intrusion, the simulated surface nitrate concentrations in the BoM were higher than
during the May 2011 event, with values reaching 7 pmol L™ " in the northern part while struggling to reach
half this value in the southern part of the bay (Figure 8a). In comparison, surface nitrate concentrations
hardly reached 3 umol L™ during the small intrusion event in May 2011 (Figure 8b). Both in June 2008 and
in May 2011, a tongue of high nitrate surface concentration extended from the Rhone River mouth toward
the Bay of Marseille area. This tongue shape corresponds to the peripheral currents of the ME highlighted
in Figure 6. The center of the ME remained at low nitrate concentrations at the surface.

While the surface nitrate concentrations were similar during both intrusion events, the situation at depth
was very different. In June 2008, Rhone River diluted waters became trapped by the ME resulting in visibly
elevated nitrate concentrations of 3 and 1.5 pmol L' down to depths of 10 m (Figure 8c) and 20 m (Fig-
ure 8e), respectively. No elevated nitrate levels were present at depth during the May 2011 event (Figure
8d). The nutrient input and associated phytoplankton response therefore depends on the type of
intrusion.

3.3.2. Quantification of the Biogeochemical Impact of RRIs on the Bay of Marseille

3.3.2.1. Intrusion of June 2008

As was outlined in section 2.2.3, we examined the biogeochemical impact of the Rhone River intrusions by
comparing the mass budgets for a simulation with and without biogeochemical substances present in the
Rhone River discharge. This allowed us to not only evaluate the amounts of nutrients input into the bay by
an intrusion event but also the biological response of the local ecosystem (measured as an increase in total
chlorophyll-a).

Based on the types of biogeochemical processes that occurred in the water column, the Rhone River intru-
sion of June 2008 can be divided into four distinct periods.

3.3.2.1.1. First Period: Beginning of the Intrusion, Inputs of Rhone River Diluted Water (16 June 2008)
At the beginning of the June 2008 intrusion, a large quantity of nitrogen of 1.9 X 10° mmol entered the
bay, which would correspond to an increase in concentration of 0.6 umol L™ ' if averaged over the entire
bay. Most of the inorganic nitrogen was supplied as nitrate (1.6 X 10° mmol, blue curve in Figure 9a) and
only negligible amounts as ammonium (Figure 9b). The allochthonous input of chlorophyll-a (Figure 9d)
and carbon (Figure 9e) was less than 2 X 10® mg and 3.5 X 10° mmol, respectively.

3.3.2.1.2. Second Period: New Production (17-20 June 2008)

The consumption of nutrients led to new net production of chlorophyll-a of approximately 6 X 10% mg
(green curve in Figure 9d) between 17 and 20 June 2008, which correspond to an average increase of 0.2
ng L™ of chlorophyll-a for the Bay of Marseille. However, the total stock of chlorophyll-a increased only by
4 % 10® mg (black curve) because the remaining 2 X 10® mg were exported (blue curve). This increase in
chlorophyll-a is commensurate with an increase in the total carbon stock (Figure 9e). During this period, the
increase and subsequent rapid decrease of nutrients (nitrate, phosphate) shows the advective input of
nutrients and their rapid consumption by phytoplankton to sustain local new production (Figures 9a—9c¢).
This coincided with an elevated local release of ammonium (green curve in Figure 9b) which led to an
increase in the total ammonium stock (black curve). Advective contributions of ammonium were rather neg-
ligible and became negative once the bloom started to develop (blue curve in Figure 9b).

3.3.2.1.3. Third Period: Regenerated Production (20-24 June 2008)

In the days immediately following the intrusion event, there was very little net exchange of nutrients
across the open boundaries and the stock of ammonium that was previously produced locally,
decreased mostly because it was used to support the biological production inside the Bay of Marseille
(Figure 9b).
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Figure 9. Mass balances of showing the impact of Rhone River intrusions (difference between runs “REF” and “NoRhone”) in the Bay of Marseille box (cf. Figure 1) for different biogeo-
chemical substances during the (big) June 2008 intrusion event from 10 June 2008 to 30 June 2008 for (a) nitrate, (b) ammonium, (c) phosphate, (d) chlorophyll-a, and (e) total carbon.
(f-i) Corresponding plots for the (small) May 2011 intrusion event from 16 June 2011 to 31 May 2011. See Table 1 and section 2.2.3 for symbol definitions.

3.3.2.1.4. Fourth Period: Second Input of “Old” Rhone River Diluted Waters (24 June 2008)

The second input (24 June 2008) of Rhone River diluted water differed from the first one (16 June 2008) in
that it was richer in ammonium (blue curve, Figure 9b) and chlorophyll-a (blue curve, Figure 9d) and poorer
in nitrate (blue curve, Figure 9a) and phosphates (blue curve, Figure 9¢). This second input thus shows char-
acteristics of old Rhone River diluted waters where the new nutrients had already been consumed leading
to elevated ammonium concentrations due to recycling via the microbial loop. The increase in chlorophyll-
a during this period was mainly due to advective inputs, which is visible as a reduction in advective losses.
This old Rhone River diluted water took a less direct path to the Bay of Marseille (possibly becoming
trapped by the Marseille Eddy) which explains the different biogeochemical composition.

At the end of the intrusion, the total carbon stock in the bay due to Rhone River water input had increased
by 6 X 10° mmol. The input of total carbon (2 X 10° mmol) at the beginning of the intrusion was balanced
by the exports during the intrusion. The increase of the carbon in the bay was therefore due to local pro-
duction (green curve in Figure 9e).

3.3.2.2. Intrusion of May 2011

The intrusion in May 2011 lasted only 3 days and the associated input of nitrate was about 10 times lower
compared to June 2008 (Figure 9f versus Figure 9a, note the difference in scale). Contrary to June 2008, the
total input of chlorophyll-a matched the increase in the standing stock almost exactly which suggests that
local production was rather small. This lack of local production is further evidenced by the fact that the total
increase in the stock of ammonium (black curve in Figure 9g) was solely due to advection (blue curve in Fig-
ure 99g). During the 2011 intrusion event (19-22 May 2011), there was no significant input of PO, (blue curve
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Figure 9h) as the Rhone River diluted waters were already exhausted. This possible limitation of phytoplank-
ton by phosphorus could explain why there was no local primary production associated with the May 2011
intrusion event (Figure 9i, green curve).

4, Discussion

In this study, we examined the occurrence of Rhone River water intrusions into the Bay of Marseille to the
east of the Rhone River mouth. Such intrusions are rare (about 7 per year) but can have significant impacts
on the local food web. We analyzed the frequency with which these intrusions occur, described possible
generation mechanisms, and characterized their biogeochemical impact on the Bay of Marseille ecosystem.
4.1. Rhone River Intrusion Observation and Modeling

Typical intrusion events are difficult to observe both in situ and in silico because they occur at very short
time scales, typically lasting less than 3 days. This may explain why there are only few references of such
events in the literature [Gatti et al., 2006; Para et al., 2010]. From our observations, we estimated that Rhone
River intrusions into the Bay of Marseille occurred on average 7.6 times per year, lasting an average total of
17 days per year (during our study period from 2007 to 2011). This is in good agreement with findings by
Gatti et al. [2006] who found that intrusions were present at the SOFI station (cf. Figure 1) between 14 and
30 days per year. The slight discrepancy to their findings may be due to the fact that their SOFI site lies
about 20 km southwest of our study area, which we chose to delimit at 5°17.3E (western limit) and
43°13.05'N (southern limit). Due to the low temporal resolution of in situ data and the availability of satellite
data of only around 30% and 40% of the time (see annex S5 in Fraysse et al. [2013]), this method likely
underestimates the number of RRIs during the study period, as intrusions occurring during a period with no
available in situ or remote sensing data were not counted.

Another reason why intrusions are difficult to observe in situ in the Bay of Marseille is that they typically
occur in the northern part of the Bay (Figure A1), while the Somlit observational station is located in the
southern part and therefore misses several (in particular of the smaller) intrusion events.

Initially, the model did not always reproduce the Rhone River intrusion events since several factors had to
come together for an intrusion to occur. Only once all these factors were well represented by the model did
the model adequately reproduce an event, both in terms of duration and spatial extent. One case in point is
wind. A good representation of wind forcing (direction, intensity with adequate spatial and temporal resolu-
tion) is crucial to model the hydrodynamics in coastal seas and in particular for modeling Rhone River intru-
sions. Intrusions lasting only 1 or 2 days (e.g., in May 2011) were more difficult to reproduce with the model
than the long intrusions (such as the one in June 2008).

4.2, Assumptions on the Generation Processes and Classification of Rhone River Intrusions

We suggested that four different factors could be involved in facilitating the generation of Rhone River
intrusion events in the Bay of Marseille: the Rhone River discharge volume, the presence and depth of a
thermocline, the anticyclonic Marseille Eddy, and the dominant wind direction and intensity. While none of
these factors on their own appeared capable of inducing Rhone River intrusions, certain combinations of
some or all of these factors always
seemed to lead to an intrusion event.
Only two of the four factors mentioned
above were found to be necessary
(albeit not sufficient) for an intrusion
to occur. They are: (i) the presence of
the Marseille Eddy and (ii) favorable
wind conditions. Vertical temperature
EbUALLINIRUSION stratification is not necessary if the
Rhone River discharge levels are high.
On the other hand, if discharge levels
are low, intrusions only occur if the

> NOINTRUSION water column has a shallow thermo-

i cline allowing the plume water to glide
far enough south to make contact with
the eddy (Figure 10).

BIG INTRUSION

Fast destruction
by the wind

SHORT INTRUSION

yes| Favorable | yes Rhone River
Pres::Ece of |—) wind  p— discharge
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Thermal
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Figure 10. Logical flowchart to explain the different generation processes for the
different types of Rhone River intrusions.
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Based on the size and duration of an intrusion, we can distinguish between three different kinds which also
have slightly different generation processes (Figure 10):

1. “Big” intrusions are induced by the presence of the ME, favorable winds, Rhone River discharges higher
than 1700 m*® s~ ', and a late destruction (winds remaining favorable for a sufficiently long time). The
intrusion of June 2008 is an example of such a “big” intrusion.

2. “Short-lived” intrusions exhibit the same characteristics as “big” intrusions (presence of the ME, favorable
winds, Rhone River discharges higher than 1700 m* s~ ), except that wind conditions do not remain
favorable for a sufficiently long time to produce a “big” event.

3. “Small” intrusions are induced by the presence of the ME, favorable winds, Rhone River discharges lower
than 1700 m*® s~ ', and a shallow thermocline. In this case, the shallow thermocline is necessary to allow
the plume water to flow far enough south in order to make contact with ME. The intrusion occurring in
May 2011 is an example of such a “small” event.

During the years from 2007 to 2011, the proportion of intrusions falling into each of the three categories
"big,” “short-lived,” and “small,” are 8%, 39%, and 53%, respectively.

We can thus establish various scenarios that can lead to the generation of an intrusion event. Under stand-
ard NW wind conditions, the Rhone River plume extends in a SW direction (Figure 11a). The Rhone River dis-
charge volume and the presence and depth of a thermocline are important in order to bring Rhone River
water into contact with the northern edge of the ME where the anticyclonic flow pushes the plume water
eastward to the Bay of Marseille. This contact is brought about either by a sufficiently high discharge vol-
ume (Figure 11d) (irrespective of stratification) or—in case of low discharge volumes—the presence of a
strong and shallow thermocline (Figure 11b) which allows Rhone River diluted waters to flow far enough
south in order to get in contact with the eddy.

In situations where the Rhone River discharge volume is weak, a shallow thermocline allows plume water to
come into contact with the ME which then advects this water toward the BoM with SE winds pushing it
onshore (Figure 11b). These SE winds may cause this small tongue of plume water to become disconnected
from the eddy and be pushed into the BoM (Figure 11c). Since plume water only comes into contact with
the northern edge of the eddy, only small quantities of plume water are advected toward the Bay of Mar-
seille, leading to a “small” intrusion event.

In situations where the discharge volume is high, the extent of the plume is sufficiently large and some of it
becomes trapped in the ME (Figure 11e). If this occurs and the wind changes from NW to a SE direction, the
trapped plume water gets pushed into the BoM leading to a “big” or “short-lived” intrusion event (depend-
ing on the persistence of favorable wind conditions) (Figure 11f). When the winds become unfavorable, the
intrusion is destroyed either by NW winds pushing the plume waters offshore (Figure 11g) or by persisting
SE winds leading to a downwelling of plume water near the coast (Figure 11f). The impact on the Bay of
Marseille is identical for both destruction mechanisms: Rhone River waters were exported out of the Bay
leading to a significant export of biogeochemical substance offshore. Finally, the main difference between
“big” and “small” intrusions is the quantity of water transported into the Bay of Marseille. Due to their differ-
ent generation mechanisms, “big” intrusions impact down to a depth of 20 m while “small” instructions
only affect the surface.

4.3. Comparison With Previous Work

Gatti et al. [2006] proposed three hypotheses to explain the generation process of Rhone River water intru-
sions in the Bay of Marseille. Although their work predates more recent studies confirming the existence of
the Marseille Eddy [Allou et al., 2010] and the associated eddy generation process [Schaeffer et al., 2011],
Gatti et al. [2006] already speculated about the possible existence of an anticyclonic eddy which produces
an eastward displacement of plume water in two of their three hypotheses. Our model results confirm this
hypothesis (Figure 10).

Gatti et al. [2006] also reported that on 17-19 June 1998, a barotropic eastward current [Petrenko, 2003]
carrying diluted coastal water (S <37.7 at 20 m depth) [Diaz, 2000] had been detected at the SOFI site
after an 8 day Mistral event. The fact that the intrusion occurred at the end of a period of sustained
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Figure 11. Graphical representation of (a) a typical situation with the westward displacement of the Rhone River plume and the different
generation mechanisms leading to (b and c) a small and (d and f) a big/short-lived intrusion. (g and h) Two different destruction mechanisms.

strong north-westerly winds agrees with the ME generation process proposed by Schaeffer et al. [2011].
The date of the intrusion (17-19 June 1998) suggests that the water column was stratified and the
depth of the intrusion (20 m) would correspond to the thermocline depth. Thus, our summary scheme
(Figure 10) and scenarios (Figure 11) seem to be in agreement with some of the scenarios previously
suggested by others.
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A number of studies have shown that wind stress is an important forcing agent for river plume dynamics in
the coastal zone [Choi and Wilkin, 2007; Marques et al., 2009; Xia et al., 2010]. In the Pacific Northwest coast,
a recent plume study highlighted that a sequence of wind could be important to bring water to the coast
[Giddings et al., 2014]. It was demonstrated that the intermittency in the wind forcing may be important to
drive coastal transport which appeared to be higher during years with more frequent relaxation/downwel-
ling events. These results may also be relevant to our study area as the number of intrusions per year could
be related to the wind intermittency. Our results strongly suggest that the shift between mistral and south-
easterly wind regimes is a necessary requirement to generate an intrusion event.

4.4. Impact of Rhone River Intrusions on the Bay of Marseille Ecosystem

The impact of Rhone River intrusions on the coastal ecosystem of the Bay of Marseille was highly dependent
upon (i) the time of year in which the intrusion occurred and (ii) the type of intrusion (small, short-lived, or
big).

Most intrusions occur between May and October, a time of year when the water column is either depleted
or at least limited in nutrients [Fraysse et al., 2013]. During this period, the nutrients brought by Rhone River
intrusions are rapidly consumed, fueling local biological production. In contrast, intrusions occurring in win-
ter should not have any significant impact on the primary production because nutrients are typically not
limiting due to the strong vertical winter mixing which leads to light but not nutrient limitation [Fraysse

et al,, 2013]. It is therefore not relevant that the nitrate concentration in the Rhone River discharge is typi-
cally lower in summer compared to winter (60 versus 170 pmol L™"). The same seasonal signal is also pres-
ent in the phosphate concentrations although less pronounced.

Other factors influencing the magnitude of the impact of intrusions on the Bay of Marseille ecosystem are
(1) the age of the plume water reaching the bay, (2) the duration of an event, and (3) the spatial extent (or
type) of the intrusion. Small intrusions only advect small quantities of plume water into the bay which are
often quickly exported again, leaving little time for biogeochemical processes to transfer these inputs to
higher trophic levels. So the overall biogeochemical impact of “small” intrusions tends to be low.

“Short-lived” and “big” intrusion events occur when the Rhone River discharge volume is high. The sheer
quantity of nutrients delivered to the Bay of Marseille means that their impact on the ecosystem is larger
and longer lived.

Due to their different generation mechanisms, the nutrient cocktail delivered to the bay may vary for different
types of intrusions. Small intrusions only brush the northern edge of the ME before being advected to the Bay
of Marseille. Hence they carry a relatively small volume of plume water that can already be nutrient limited or
depleted. This water is typically richer in ammonium but may be limited in phosphate and nitrate due to local
production having occurred during the transit, which in turn leads to allochthonous inputs of chlorophyll-a
into the bay (e.g., during the May 2011 intrusion). For big and short-lived intrusions, on the other hand, the
sheer volume of plume water entering the Bay is much larger, which leads to autochthonous inputs of chloro-
phyll-a into the bay (e.g., during the June 2008 intrusion). This result is supported by a study on fluorescence
and absorption properties of chromophoric dissolved organic matter (CDOM) at the SOMLIT station. Para

et al. [2010] observed that in June 2008 the Rhone River plume reached the Bay of Marseille and induced a
local phytoplankton blooms and subsequent fluorescent chromophoric dissolved organic matter (CDOM) pro-
duction without adding terrestrial fluorescence signatures. The increase of primary production during intru-
sion events and the associated storage of carbon by the primary producers represent a sink of CO; as the
carbon fixed by phytoplankton is quickly transferred to higher trophic levels and exported out of the bay.
When the intrusion was not destroyed by strong winds (case of a “big” intrusion), the maturation of Rhone
River inputs continued due to biogeochemical processes. Because the inputs of organic matter and other
nutrients fueled the microbial loop, a recycling of the nutrients occurred, spurring regenerated production.

The strong impact of large plumes on coastal ecosystems have also been demonstrated in other regions such as
Indonesia and US Pacific northwest region [Jennerjahn et al, 2004; Hickey et al., 2010]. In the Adriatic Sea, the influ-
ence of the Po River discharge on phytoplankton dynamics has been shown to extend as far as 100 km from the
Po River leading to a significant increase in local production and intense algal blooms [Penna et al,, 2004].

Overall, our study confirms the pivotal role that the ME plays for the generation of intrusion events, and the
dispersion or retention of biogeochemical material at local scales [cf. Schaeffer et al., 2011].
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5. Conclusion

This study highlighted that Rhone River intrusions can be of great ecological significance for the Bay of Mar-
seille ecosystem. For our study period (2007-2011), intrusion events occurred on average 7.6 times per year
and were more frequently observed during summer and in the northern part of the bay.

Intrusion events appeared to be induced by a complex interplay of factors that include: (i) wind forcing, (ii)
the presence of an anticyclonic eddy (the “Marseille Eddy”), (iii) the variability in Rhone River discharge vol-
ume, and (iv) the variability in thermocline depth and strength. While each of the above factors appeared
to be important for generating an intrusion, neither of them on their own would be sufficient to create such
an event. Winds appear to be a crucial factor for triggering an intrusion and allowing for it to persist. In sum-
mary we found that:

1. High Rhone River discharge volumes or the presence of a shallow thermocline are necessary to permit
the Rhone River plume to spread over a sufficiently large area.

2. Eastward surface flows associated with the anticyclonic Marseille Eddy are necessary to advect the Rhone
River diluted waters toward the Bay of Marseille.

3. Favorable wind conditions (winds turning at the right moment from NW to SE, weak winds during the
intrusion event, etc.) were required to induce the south-eastward flow of the low salinity surface water
and maintain an intrusion once it had occurred.

Based on the duration and spatial extent of an intrusion, they can be placed into one of the following three
categories: (i) short-lived, (i) big, and (iii) small. Each category has a different impact on the local biogeo-
chemistry and thus the ecosystem in the Bay of Marseille. Only the “short-lived” and “big” intrusions are
capable of giving a significant boost to new primary production and stimulating the microbial loop. “Small”
intrusions lead to a much smaller increase in production. However, through the allochthonous input of phy-
toplankton cells, “small” intrusions can still provide a stimulus to secondary producers.

These different ecological impacts are tightly linked to the respective generation processes for each type of
intrusion. While the ME was always necessary in the generation processes, it played a different role for each
type of intrusion. To generate a “big” intrusion, plume water became entrapped by the Marseille Eddy (ME),
which allowed it to preserve its plume characteristics for a longer time and also caused the nitracline to
deepen. For “small” intrusions, on the other hand, the plume water only brushes the northern edge of the
ME which still allows water to be transported eastward but in much smaller quantities. Thus, big intrusions
bring larger quantities of material and impact deeper in the water column, while “small” intrusions impact
only the surface.

Most (53%) of the intrusions observed from 2007 to 2011 were “small.” Nevertheless, the less frequent “big”
(8%) and “short-lived” (39%) intrusions have the greatest biogeochemical impact on the Bay of Marseille as
they provide a valuable stimulus to local production in an otherwise oligotrophic ecosystem.

Appendix A: Self-Organizing Map (SOM)

Self-Organizing Maps (SOMs) have become one of the standard analysis tools in oceanographic research
[Richardson et al., 2003; Liu and Weisberg, 2011; Allen et al., 2007; Liu et al., 2007] and more specifically in
river plume characterization [Liu et al., 2009; Falcieri et al., 2014]. SOMs have been shown to be more power-
ful for feature extraction than some of the more conventional methods such as Empirical Orthogonal Func-
tions [Liu and Weisberg, 2011; Liu et al., 2006]. They represent a kind of unsupervised Artificial Neural
Network that is well suited for the analysis of multivariate data sets because they provide a topology-
preserving nonlinear projection of the data set in a regular two-dimensional space, called a “map,” and
therefore constitute a methodology for nonlinear ordination analysis [Kohonen, 2001; Solidoro et al., 20071].

The SOM analysis was performed using SOM_PAK Version 3.1 which is produced by and freely available
from the Neural Network Research Centre at the Helsinki University of Technology (http://www.cis.hut.fi/
~hynde/lvg/).

In this study, we used SOMs to analyze the frequency of synoptic salinity patterns and to identify their sea-
sonal cycle. We used the approach described by Richardson et al. [2003] in which they analyzed the frequency
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Figure A1. (a-h) The 2 X 4 patterns of a self-organizing map of surface salinities for the Bay of Marseille. The frequency of occurrence is given above each map. The black rectangle
shows the boundaries of the Bay of Marseille. The isohaline of 37.8 is represented by the thin black line. (i-p) Monthly distribution of the frequency of occurrence for each pattern.

and seasonal cycle of synoptic sea surface temperature (SST) [see Richardson et al., 2003, Figures 8 and 9].

In practice, when using a SOM, one has to decide a priori the size of the map, i.e,, the number and arrange-
ment in two-dimensional space of the neurons (the neural network) and a few parameters of the training
algorithm (training length, neighborhood function, and learning rate), but no further assumptions on the data-
base structure are needed.

The characteristics of the SOM are summarized in Table A1. The choice of the number of neurons is to
some extent subjective. If too few neurons are chosen, important features may not be resolved, while too
many may render the results too complex and difficult to interpret [Allen et al., 2007]. After extensive test-
ing we chose a 4 X 2 array. However, the general conclusions of this study are not sensitive to the choice
of map size. Most of the other tunable SOM parameters were chosen according to the practical method
given by Liu et al. [2006] for small map sizes. A notable exception is the neighborhood function which
was Gaussian.

A1. Frequency and Seasonality of Rhone River Intrusion Events Studied With SOMs
Self-organizing maps were used to analyze the frequency of occurrence of eight different synoptic salinity
patterns for the year 2008 (Figures A1a-A1h). Typical salinities in the Bay of Marseille range from 38 to 38.5
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Table A1. Characteristics of the Self-Organizing Map

Structure of neural network Lattice of the network Rectangular
Shape of the network Sheet
Size of the network 4 X 2 array
Learning algorithm Initialization process Linear
Training length Long
Learning process Batch
Neighborhood function Gaussian

and were present about 91% of the time in 2008 (Figures Ala-A1d and A1f-ATh). Only during 9% of the
time, the pattern matched with the definition of a Rhone River intrusion showing salinities of less than 37.8
in the Bay of Marseille (Figure Ale). In addition, the typical salinity pattern during an intrusion suggests that
intrusion events mostly affect the northern part of the bay.

The monthly distribution of each pattern (Figures A1i-A1p) confirmed the results presented in Table 2 that
intrusion events exhibited a clear seasonal variability and were more likely to occur during the early
summer months of June and July (Figure A1m).

Appendix B: Mass Budgets Details

The total matter (M, in mmol) at time t can be obtained by integrating the concentration (C, in mmol

m~3) of a biogeochemical substance (BS) over the volume of the Bay of Marseille box:
M7 (BS, r)=”J C(BS,t)dV (B1)
%

The budget B™" (in mmol) corresponds to the cumulative change in total matter within the box relative to
the initial stock at ty:

B™OT(BS, t)=M""" (BS, t)—M°T (BS, ty) = AM™" (BS) (B2)

The budget B*™ (in mmol) corresponds to the cumulative quantity of matter deposited from the atmos-
phere between t, and t at the sea surface (5) of the box. If F*™ denotes the flux (in mmol s~ ' m?) through
the sea surface of the box we can calculate the budget from:

t
BATM (B, t)=J 4b Fmgsat (83)
S
The budget BY% (in mmol) corresponds to the cumulative quantity of matter input by the urban rivers
between t, and t. Assuming that Q denote the total water flow of all urban rivers (in m®s™') and C*"(BS,1)
the concentration of the biogeochemical substance BS in these rivers (in mmol m~3) then input by urban
rivers can be quantified as:

t

BYR(BS, t):J Q(t)CY(BS, t)dt (B4)

to
The budget B2 (in mmol) corresponds to the cumulative quantity of matter exchanged across the open
boundaries of the box between t, and t due to advective/diffusive processes. If F°® denotes the total mass
flux across the open boundaries (in mmol s™') at time t, then changes in BS due to in/outflows at the boun-
daries can be calculated from:

t
BY8(Bs, r)=J FOB(BS, t)dt (BS)
to

If FOB (BS,t) > 0 (<0) there is a net influx (outflux) of the biogeochemical substance (BS) and the slope of B°®
would be positive (negative).

The budget B¥° (in mmol) accounts for the cumulative amount of matter produced or consumed by the
biogeochemical processes inside the box between times t, and t. If we define Tend®'° (in mmol s ') as the
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amount of the biogeochemical substance (BS) produced or consumed per unit of time, we obtain the evolu-
tion of the biogeochemical substance BS from:

t
BB (BS, t)=J Tend®© (BS, t)dt (B6)

to

If Tend® (BS,t) > 0 (<0) there is a net production (consumption) of the biogeochemical substance (BS) at
time t and the slope of B®® is positive (negative).
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