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1. Introduction

ABSTRACT

The paper concerns the numerical simulation of the wind influence on bottom shear stress and salinity
fields in a semi-enclosed coastal lagoon (Etang de Berre) which is connected to the Mediterranean
through a long and narrow channel (called Caronte). Two different scenarios are considered. The first sce-
nario (scen.#1), starting with a homogeneous salinity of S =20 PSU and without wind forcing, studies a
stratification process under the influence of a periodic seawater inflow and a strong freshwater inflow
from a hydropower plant (250 m>/s). Then, in the second scenario (scen.#2), we study how a strong wind
of 80 km/h can destroy the haline stratification obtained at the end of scen.#1. The MARS3D numerical
model is used to analyze the 3D current and salinity distribution induced by these three meteorological,
oceanic and anthropogenic forcings in this lagoon and in the Caronte channel.

The main goal is to determine the bottom shear stress (BSS) in the nearshore areas of Zostera noltei
replanting, and to compare it with the threshold for erosion of the bottom sediments for different bottom
roughness parameters.

The most interesting results concern the four nearshore replanting areas; two are situated on the east-
ern side of EB and two on the western side. The results of scen.#2 show that all these areas are subject to
a downwind coastal jet. The destratification process is very beneficial; salinity always remains greater
than 12 PSU for a N-NW wind of 80 km/h and a hydropower runoff of 250 m>/s. Concerning BSS, it pre-
sents a maximum near the shoreline and decreases along transects perpendicular to the shoreline. There
exists a zone, parallel to the shoreline, where BSS presents a minimum (where BSS = 0). When comparing
the BSS value at the four control points with the critical value, BSS., at which the sediment mobility
would occur, we see that for the smaller bottom roughness values (ranging from z, = 3.5 x 1074 mm,
to 3.5 x 1072 mm) BSS largely surpasses this critical value. For a N-NW wind speed of 40 km/h (which
is blowing for around 100 days per year), BSS still largely surpasses BSS,, - at least for the silt sediments
(ranging from zy=3.5 x 10~ mm, to 3.5 x 10> mm). This confirms the possibility that the coastal jet
could be a stressor for SAV replanting.

submerged aquatic vegetation (SAV), all along the coastal ocean, is
a common worldwide ecological problem. For the Mediterranean

This work is connected to the restoration, including a replanting
program, of Zostera noltei (Z.n.) - an intertidal dwarf-eelgrass in the
Etang de Berre (EB) which is one of the largest urbanized Mediter-
ranean lagoon near Marseille (South of France). The massive loss of
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Sea, the drastic loss of Posidonia oceanica meadows is reported by
Telesca et al. (2015). It was previously mentioned in a report
(HCMR, 2009) which also indicated a drastic loss of Zostera sp.
The conservation and restoration of seagrass meadows provide a
strategy to mitigate climate change while conserving these impor-
tant ecosystems (Duarte et al., 2013).
It is mentioned by Warner (2012) that Z.n. meadows in EB were
severely destroyed in the last fifty years due to anthropogenic
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water pollution and huge freshwater outflow from a hydroelectric
power plant built in 1966.

The release of freshwater and silt in EB for a long time led to a
complete destabilization of the ecological functioning of the entire
lagoon, causing intense eutrophication and disappearance of vari-
ous marine biological indicators. Since the 1990s, various manag-
ing strategies of the hydroelectric power plant have been
imposed to protect the lagoon against telluric pollution, to restore
the ecological status of the lagoon and to reduce its impact on the
lagoon habitats. For all these aspects, EB is representative of urban-
ized Mediterranean lagoons. The present work deals with the
impact of human activities on coastal ecosystems that are inten-
sively studied in the framework of the MERMEX program (The
Mermex group, 2011).

Fortunately, during the last decade, the hydropower outflow
was reduced and regulated, and resilience of Z.n. meadows were
observed in situ during the last four years by divers of a non-profit
association (called L’Etang Nouveau) in several areas very close to
the shoreline; these observations are very promising as the divers
confirm that these meadows are now increasing year after year
(Bazile, 2015; Bazile, 2016).

Z.n. - to be restored in EB - are marine flowering plants having a
root and true rhizome system. They generally colonize soft sub-
strates (mud/sand) which can be easily eroded by the bottom shear
stress.

The critical level of burial or erosion tolerated by this species is
extremely low (between 4 and 8 cm) due to the small size of the
species and the lack of vertical rhizomes (Cabaco and Santos, 2007).
These limits concerning resilience of Z.n. to burial or erosion
disturbances are experimentally confirmed by a more recent work
by Han et al. (2012).

The difficulty of SAV seedling in soft substrate is well analyzed
in a recent paper by Alagna et al. (2015) which studies suitable
substrates for seedling anchorage vs hydrodynamic conditions in
the case of Posidonia oceanica. In another interesting paper devoted
to the Zostera Marina restoration Pickerell (2007) describes how the
sites were selected. Pickerell (2007) wrote: “over the last dec-ade
we have had a major paradigm shift with regard to site selec-tion.
Whereas we used to focus on creeks and harbors with fine
sediments we now work almost exclusively in sands and gravels in
higher energy sites.

It is well known that the inflow of freshwater and seawater into
coastal lagoons is an important factor influencing the structure and
function of lagoon ecosystems worldwide (Smith, 1994; Lirman et
al., 2008). Natural and man-made channels, as well as the bot-tom
topography of lagoons, play an important role in guiding the tidal
circulation and thus controlling advective transport (Dilorenzo,
1988, Smith, 1994). Water circulation along the Mediterranean
shores is influenced by tidal flow (with semi-diurnal oscillations of
small amplitude) combined with other forc-ing mechanisms
(Millot, 1999). It results from the nonlinear inter-actions between
tidal flow and lagoon topography, density gradients, wind stress
and the mass input due to freshwater run-offs into the system (Al-
Ramadhan, 1988).

EB lagoon is frequently subject to strong winds which can gen-
erate a very complex water circulation. Such a wind effect on the
water circulation, including the nearshore bottom currents have
been numerically investigated in previous works by Alekseenko
et al. (2013a,b), but without considering the effect of salinity.

In the perspective of Z.n. restoration in EB, two main possible
abiotic stresses are considered: bottom shear stress and bottom
salinity.

Concerning the bottom salinity, there is no clear indication in
the literature about the precise lower limit of salinity below which
Zn. would not survive after a long period of low salinity.
Charpentier et al. (2005) analyzed the consequences of a sudden
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Fig. 1. Etang de Berre and its tributaries (hydropower channel, Touloubre and Arc
Rivers), and bathymetry. The arrow is a transect along which some numerical
results will be given.

decrease of water salinity on a macrophyte community dominated
by Z.n. in another Mediterranean lagoon (Etang de Vaccares; 60
kms from EB) which was accidentally inundated by the freshwater
of Rhone River. Z.n. disappeared after three years at low salinity (of
about 4-5 PSU). Fernandez-Torquemada and Sanchez-Lizaso
(2011) have examined the effect of variation in salinity on growth
and survival of Z.n. but for short-term (10 days) laboratory exper-
iments. For each experiment, marked shoots were exposed to dif-
ferent salinity treatments (ranging from 2 to 72 PSU) in aquaria.
Their results indicate that Z.n. plants tolerate conditions of hypos-
alinity. So, the salinity value of 2 PSU was considered as a plausible
threshold tolerance of Z.n. in the EB.
Our numerical study was initially undertaken with two aims:

e to emphasize how fast the wind generates a vertical mixing,
which is generally expected (e.g., Miller et al., 1990);

o to control a potential risk of a bypass of the freshwater (S = 0) of
the hydropower plant throughout the replantation areas selected
on the eastern shoreline (points PA and PB, in Fig. 1). So, for that
study we selected the maximum flow rate of the hydropower
plant (i.e., 250 m>/s) and one of the strongest winds (N-NW at 80
km/h).

In the present numerical study, after validation of our model,
two different scenarios are considered, without and with wind
stress. In the first scenario (scen.#1), without wind stress, and
starting from an initial homogeneous distribution of salinity
(§=20 PSU), we study a stratification process under the influence
of a baroclinic pressure gradient due to two dynamical forcings:
(a) a seawater influx of high salinity (38 PSU) with a periodic
semi-diurnal micro-tide, and (b) a strong freshwater inflow pro-
duced by a hydropower plant and two rivers. In the scenario #2,
we analyze the effect of a third forcing mechanism: (c) a strong
wind, and we study how rapidly such a wind can destroy the salin-
ity stratification obtained at the end of the scen.#1. The goals are to
determine the temporal evolution of the salinity and the bottom
shear stress (BSS) in EB and especially in the nearshore areas. Dif-
ferent values of the roughness parameter relevant for EB nearshore
sediments will be considered. The BSS values will be compared
with the critical BSS at which the mobility of the corresponding
bottom sediments would occur.

2. Study site

Among several lagoons located along the Mediterranean shore
of France, the Etang de Berre (EB) has been under intense anthro-
pogenic pressure for several decades (Warner, 2012). Salinity has



varied drastically over the last fifty years, in particular due to the
hydroelectric power plant built in 1966, diverting water from the
Durance River to an industrial channel. EB is one of the largest
Mediterranean brackish lagoons (surface 155 km?; volume

0.98 x 10° m3; mean depth 6.5 m and maximum depth 9.5 m). It
is composed of two main parts: the Grand Etang and the Etang
de Vaine in the Eastern part (Fig. 1). Three main fresh water
sources are situated in the Northern part of the lagoon: a hydro-
electricity power channel with a maximum runoff capability of
250 m3/s during the winter season, and two main rivers (Arc and
Touloubre), with runoffs equal to 15 m3/s and 10 m?[s, respec-
tively, corresponding in total to 10% of the hydropower runoff. In
addition, EB is connected to the Mediterranean Sea through a long
and narrow channel, called Caronte which permits the entrance of
seawater into EB.

In the middle of the 20th century, Z.n. meadows occupied over
6000 ha in EB (Warner, 2012). But subsequently, the lagoon was
disturbed by urban and industrial pollution and since 1966 by
the hydropower station leading to a very large increase of freshwa-
ter inflow and silt. The freshwater inflow was around 3.5 x 10° m?
per year since 1966 to the end of 1982, with a maximum of
6 x 10° m3 per year in 1976 and 1977 (Ifremer, 1985). So, a drastic
reduction of salinity was observed. Kim (1988) reports that before
1966 the EB had a salinity generally larger than 30 PSU; but, after
1966, the salinity has decreased due to the huge runoff, reaching
less than 2 PSU in 1978. Concerning the volume of silt, it was
around 700 000 tons (460 000 m>) per year since 1966 to 1980
(Ifremer, 1985). Bernard et al. (2007) mentions that the present
day near extinction of Zostera in EB probably results from several
causes, operating over decades in synergy or successively, namely,
pollution (including nutrients), low salinity and turbidity. The
inrush of huge amounts of water and silt was obviously the reason
for the drastic withdrawal of their lower limit and their eventual
near extirpation. The seagrass depth limit, which was 6-9 m in
the early 20th century, decreased to 3 m, 1 m and less than 1 m
by the 1970s, 1992 and 1998, respectively. The total surface area
of Zostera meadows in 2004 was only of 1.5 ha.

To alleviate the hydropower disturbance and protect EB against
telluric pollution, the annual hydropower runoff was reduced to
1.2 x 10° m3, since 2005, and regulated in such a way that 95% of
the salinity measures (weekly average) are larger than 15 PSU
and 75% of these measures are larger than 20 PSU (DRIRE, 2005).
In addition, the maximal amount of silt associated to this annual
runoff is limited to 60 000 tons.

In Fig. 1, we show four control areas (PA, PB, PF, PM) in the
Grand Etang which correspond to the places where benthic vegeta-
tion existed 50 years ago and then disappeared completely (PF and
PM, at the western shore) or partially (PA and PB, at the eastern
shore). They also correspond to the main places considered for
the replanting program.

After this final hydropower regulation, a replanting program
was initiated in these four areas also mentioned by Bernard et al.
(2007). This replanting attempt was not successful; this is the main
reason for which our numerical studies were focused on under-
standing the role of two possible abiotic stressors, bottom shear
stress and salinity, in the places initially selected for replanting.

Concerning the wind effect on the water circulation in EB
lagoon, we used the meteo database provided by SOGREAH
(2003), for a ten year period (between 1992-2001), and summa-
rized in Table 2. The wind in the direction N-NW is largely domi-
nant in intensity and frequency. Note that for an intermediate
value of 36 km/h, the frequency of such a wind is approximately
102 days per year.

It is interesting to mention, for the sake of comparison, that dur-ing
the years preceding the hydropower regulation (e.g., in 2002),

the periodic seasonal evolution of salinity (mean salinity of the
surface layer down to 4 m depth) reported by Bernard et al.
(2007) was ranging from 25 PSU in the summer time to 5 PSU dur-
ing the winter time.

3. Model description and validation

The numerical model concerns the 3D currents due to the three
dynamical forcings: sea tide and freshwater runoff (with the con-
sequent baroclinic pressure gradient) and strong wind; it also con-
cerns the 3D salinity and temperature distribution by taking into
account the buoyancy forces.

The present study is realized with MARS3D (Model for
Applications at Regional Scales). This 3D model is developed by
the French Research Institute for the Exploitation of the Sea
(Ifremer) for different environmental domains and a variety of
applications involving a large range of time-space scales
(Lazure and Dumas, 2008; Lazure et al., 2009). MARS3D contains
a hydrodynamical model based on the equations proposed by
Blumberg and Mellor (1986). It is based on the system of
incompressible Reynolds Averaged Navier-Stokes equations in
the classical Boussinesq approximation with the hydrostatic
assumption. It also takes into account the Coriolis force in the
momentum equations.

The surface elevation, #, is represented by z = #(x,y, t), and the
bottom relief, H,by z = —H(x, y). MARS3D uses a coordinate
trans-formation “sigma” to permit a better resolution near
the two boundary layers (at the surface and at the bottom). The
water col-umn is divided into layers in the transformed
vertical “sigma”
coordinate: o = (z—#)/(H+n); varying from —1 at the bottom
to 0 at the free surface.

EB bathymetry obtained from the marine map NAVICARTE 505
of SHOM “Port-Saint-Louis-du-Rhone; Marseille/étang de Berre”
using image recognition algorithm have been considered in the
present numerical modeling. The numerical aspects of EB
configuration and its hydrodynamic simulation were described in
Alekseenko et al. (2013a), Alekseenko et al. (2013b) where the
effects of refine-ment of the sigma-grid on the computed velocity
fields were exam-ined in order to choose an optimal grid for
appropriate accuracy and acceptable computational time. In the
present study as we do not expect a severe gradient of salinity we
use the same grid as before.

3.1. Boundary conditions

For the dynamical governing equations, the boundary condi-
tions are the ones used by Alekseenko et al. (2013a). The model
involves the horizontal components of the stress at the free surface
(wind effect) and the friction at the bottom. For these forcings, in

theepr WEM@X's‘ﬁf%s‘ésﬁo%%éﬁléﬁ‘f‘ék'%%),ac‘?’ﬁ
(Tsx, Tsy) = PaCds||V1ol|(U1o, Vio), 1)

where Vio = (Uio,V10) is the wind velocity 10 m above the
lagoon surface, p, = 1.25 kg/m? is the air density, Cd, is the sur-

face drag coefficient. For fetch-limited wind-waves at a wind
speed of 80 km/h, we use Cds= 0.0032 (Young, 1999).
o for the bottom stress components (Tpy, Tby)
(Tox: Toy) = PoCab|IVII(U, V) (2)
with

Cdy = (K/ In (@))2 3)

0



where V is the velocity vector with horizontal components
(U, V), Cd, is the bottom drag coefficient, xk = 0.4 is the Von Kar-
man constant, p, is the reference density (p, = 1015.27 kg/m°;
corresponding to a salinity of 20 PSU and a temperature of
10°C), zo = 0.0035 m is the bottom roughness (corresponding

to gravels).

At the surface (0 = 0) temperature and salinity equations are:

oT oS T
rn(550) = (60) @
where vy is the vertical eddy viscosity, Q; - the heat flux at the air-
sea interface and C, - specific heat of air at constant pressure,

C, = 1004 J/kg/K.
At the bottom (¢ = —1) equations for T and S are:

povH(a—T ‘95) ~(0,0). (5)
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3.2. Meshing

The water column is divided into N, — 4 internal sigma-layers of
constant nondimensional thickness h, = 1/N,. A grid refinement is
used at the bottom (and at the surface as well), where each layer is
halved three times (leading to 4 sublayers of nondimensional
thickness; h;/2; hy/4, hs/8 and h,/8). So, the sigma-grid involves
N, + 4 layers in total. The computations are performed for N, = 20
(i.e., hy = 1/20), for which the thickness of the two extreme layers is
reduced to h, = 1/160 (e.g., 5.625 cm for the deepest place in the
EB;i.e., H=9 m).

For the two horizontal directions (x,y) a uniform grid is used
with the following number of nodes: N, = 376, N, = 355 (i.e., with
a horizontal resolution of 50 m).

3.3. Equation of state

As described in Lazure and Dumas (2008), in the MARS3D
model, the dynamic equations are solved together with transport
equations for salinity (S) and temperature (T). These transport
equations are coupled with the dynamic equation through buoy-
ancy and are solved in a way consistent with the mass conserva-
tion solver in order to be mass preserving, not only for water but
also for any tracer.

The density p is a mathematical function of temperature, salin-
ity, and pressure. MARS3D includes the 1980 Equation of state,
abbreviated EOS80.

3.4. Model validation setup

Our numerical model is validated by comparison with vertical
profiles of salinity and temperature obtained in EB from three per-
manent mooring stations (SA1, SA2 and SA3, shown in Fig. 1)
equipped with five multiparametric probes, CTD SBE37 (Seabird),
placed at five depths. These measurements are reported by Delpy et
al. (2012) for a two-year period (May 2008 to May 2010). But
unfortunately, the environmental data needed to characterize the
three abiotic forcings considered in our model are only partially
given by these authors. Finally, the validation was possible for a
one-year period (from May 2009 to May 2010) for which all the
needed real data sets and real forcings can be found, as it follows.
Meteorological forcing was derived from the high-resolution (3 km)
nonhydrostatic mesoscale atmospheric model MM5 (Mesoscale
Model 5, Grell et al., 1993, Pairaud et al., 2011, Schaeffer et al,,
2011) embedded in the National Center for Envi-ronmental
Prediction (NCEP) analysis. For the simulation period

we used meteorological forcings, which include non-homogeneous
in time and space long wave heat flux, sea level pressure, solar
radiation flux, precipitations, humidity, air temper-ature at 2 m
above the EB surface, wind at 10 m above the EB surface.

Concerning fresh water inputs, (a) daily inputs from the Arc
River and Touloubre River have been taken from time series of
SIE river discharges (Systéme d’Information sur I'Eau), from the
French national database (http://sierm.eaurmc.fr), and (b) weekly
mean inputs from the hydropower plant have been obtained from
Delpy et al.see their Fig. 2 (2012) by using a graphics treatment
tool GetData Graph Digitizer. Concerning the tide height at the
entrance of the Caronte channel, the diurnal, semi-diurnal and
quart-diurnal harmonic components have been taken into account
according to SHOM (Service Hydrographique et Océanographique
de la Marine) measurements for Marseilles lagoons.

These experimental results exhibit a periodic seasonal evolu-
tion of this almost uniform salinity: around 25 PSU in the summer
time and less than 15 PSU in the winter time where the largest
hydropower runoffs are used. Weekly mean flows of about 80 m?/s
are reported in Fig. 2 of Delpy et al. (2012) for January 2009 and
2010. The salinity variation from the surface to the depth of - 6 m
was less than 1 PSU at SA1, SA2 and SA3. So, for the period (2008-
2009), i.e., after hydropower regulation, there was no longer
evidence of haline stratification.

3.5. Model validation results

The computation has been performed on the high-performance
machine of the French Research Institute for Exploitation of the Sea
(Ifremer), on 32 nodes. 24 h of computing time was needed to sim-
ulate one month. Thus, approximately 17 days were needed to
compute all the period from the January 1, 2009 to the May 31,
2010.

Fig. 2 shows the temporal evolution of the vertical profiles of
temperature and salinity from May 1, 2009 to May 31, 2010 at SA1,
SA2 and SA3. Our numerical results can be directly compared with
the experimental results reported by Delpy et al. (2012) in their
Figs. 3 and 4, respectively; for the sake of an easier compar-ison, the
color pallet in Fig. 2 was taken as close as possible to the color
pallet of Delpy et al. (2012) and the range is the same. A quite good
agreement is observed with the measurements. It is seen that for
January and February, a period of lowest temperature and largest
runoffs (lowest salinity), the temperature is within the range 3-7 °
C. Concerning the salinity, from the end of January until the middle
of May 2010 it varies within a range 11-15 PSU at all three stations
SA1-SA3. In addition, since SA1 is close to the hydro-power inflow
and SA3 is close to the Caronte channel (Fig. 1 of Delpy et al., 2012),
the subsurface waters at SA1 are fresher than at SA3, while salinity
close to the bottom is slightly higher in SA3 than in SA1. These
behaviors shown by our model are coherent with the salinity
measurements.

4. Description of two modeling scenarios
4.1. Setup

In the next two sections, two modeling scenarios, much simpler
- with constant forcings - are considered (Table 1). In the first sce-
nario (scen.#1), without a wind effect and starting from an initial
homogeneous distribution of salinity (S = 20 PSU) and the flow at
rest, we study a stratification process under the influence of two
dynamical forcings: a seawater influx of high salinity (38 PSU) and
a strong freshwater inflow produced by the hydropower sta-tion
and two rivers. The first aim is to provide a plausible initial
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Table 1
Description of the different scenarios.

ID tidal amplitude (m) hydropower wind wind S(t=0s) V(t=0s) simulation time
at entrance inflow (m?/s) speed (km/h) direction (PSU) (m/s) (d, h)
of Caronte channel

Scen.#1 0.3 250 0 - 20 0 14d

Scen.#2 0.3 250 80, 60, 40, 20 N-NW Scen.#1 Scen.#1 54 h

salinity stratification to start scen.#2. Concerning the hydropower
runoff, we consider the largest possible value (250 m>[s) in order to
accelerate the process of stratification. The second aim is to imitate
the situation existing in the 70s (before the hydropower regula-
tion), where this largest hydropower runoff was used for several
weeks (especially in 1976-1977). The simulation time of scen.#1
was limited to 14 days and for scen.#2 to 54 h.

For the scenario #2, in Section 6, initial condition is the solution
at the end of scen.#1. In this Section, we analyze the effect of a
third forcing mechanism: a N-NW wind - which is dominant - on
the salinity distribution. It is generally expected that the wind will
favor mixing. To study this effect we consider mainly a wind of
80 km/h. The initial aim of our study was to analyze the risk of a
bypass of freshswater directly from the hydropower to the western
replanting areas (PA and PB). The importance of the mixing effect
by the wind is also analyzed in the case of lower speeds: 60 km/
h, 40 km/h and 20 km/h.

In addition, to investigate the effect of the bottom current in the
replanting areas, we consider the 2D map of the bottom shear
stress (BSS).

The calculations are performed for various bottom roughness
values; from zy=3.5 mm which represent coarse gravels, to very
small zo which correspond to sands and silts, according to the sed-
iment classification given by Berenbrock and Tranmer (2008).

4.2. Seawater inflow

The Caronte channel by which the Mediterranean seawater
penetrates into the lagoon is narrow (100-250 m wide) and long
(6.5 km). From our previous studies (Alekseeko et al., 2013a, Alek-
seeko et al., 2013b), we expect that the tidal contribution of the
seawater inflow does not create a substantial current in the near-
shore replanting zones. So, the sea tide, semi-diurnal, is still simply
represented by a harmonic law for the surface elevation at the open
boundary of the Caronte channel:

n(t) = 0.3 cos(27(t — to)/T), (6)

where t, denotes the initial time of computation, T is the tidal per-
iod (about 44714 s or 12 h25 min). The tidal amplitude of 0.3 m was
chosen corresponding to local tide-gauge measurements in the Golf
of Fos at the entrance of the Caronte channel. It corresponds to a
maximum amplitude (see REFMAR (2015).

The sea salinity at the entrance of the Caronte channel is of 38
PSU, according to the salinity measurements in Caronte channel (at
the surface and at the bottom) shown in the Fig. 14 of the report by
SOGREAH (2009).

4.3. Freshwater inflow

Hydropower runoff is fixed at its maximum, i.e., 250 m>/s. The
two rivers, Arc and Touloubre, are considered with the runoffs of 15
m3/s and 10 m?/s, respectively (which also represents a maxi-mal
runoff).

In Sections 5 and 6, for scen.#1 and scen.#2, respectively, we will
limit the presentation to the most relevant results: (a) salinity
distributions at the free surface and at the bottom at different
instants, (b) vertical distributions in a selected cross section (shown
in Fig. 1), (c) time evolution of salinity in the four near-shore points
mentioned in Fig. 1: PF and PM on the western shore, and PA and PB
on the eastern shore, (d) time evolution of the salin-ity and velocity
profiles at a point P2 in the Caronte Channel and (e) BSS patterns.

5. Results for hydropower runoff combined with seawater inflow
(scen.#1)

In this section, we consider the effect of hydropower and river
runoffs combined with seawater inflows. At the instant t =0, we
consider that the EB salinity is homogeneous with a value of 20 PSU,
that corresponds approximately to the observations obtained from
the mooring sensor at SA2 in January 2009 and 2010 (accord-ing to
Fig. 4b in Delpy et al., 2012).

The evolution of the surface and bottom salinity in EB is shown in

Fig. 3 for a period of 11 days. After the first 12 h, almost all the



northern part of the lagoon is refreshed (10-20 PSU); this is the
most impacted zone of the lagoon. After 3 days, this zone with
low salinity continues to extend to the western region down to
the Caronte channel. For almost all the lagoon surface, the salinity
decreased from 20 PSU to less than 12 PSU after 4 days, to less than
10 PSU after 7 days, and to less than 6 PSU after 12 days.

Due to the seawater inflow, the bottom salinity in EB is increas-
ing regularly (Fig. 3): the saltier water occupy the deepest parts of
the lagoon. After 3 days, the areas impacted by the seawater corre-
spond to EB half part. After 11 days, the bottom salinity exceeds the
initial salinity almost everywhere, except in the shallower coastal
areas.

Figs. 4 show the salinity distribution in the EB cross section of
Fig. 1 (at the same tidal stage as in Figs. 3). The freshwater, being
lighter, flows over lagoon waters, whereas the entering seawater,
being heavier, flows underneath. It gives rise to a stable haline
stratification. The thickness of the fresher subsur-face water
increases to 1 m after 6 days, and to 1.5 m after 12 days. In the
deepest part of the lagoon, the salinity exceeds 26 PSU at the
depths 7-9 m after 6 days. After 12 days, low salinity (<10 PSU) is
confined to the subsurface layer (with a thickness of 1.5 m or less).
At intermediate depths, i.e., between 2.5-3.5 m, the salinity
remains at the initial value of 20 PSU.
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To better understand the cyclic influence of the tide in EB, the
evolution of the salinity pattern in the EB cross section is presented
in Fig. 5a, every 3 h, during a cycle starting from the day-14 at t = 0.
During a cycle, the pattern of the vertical stratification salinity pro-
file in the water column is not substantially changed, except near
the Caronte channel. Similarly the simultaneous evolution of the
pattern of the horizontal velocity is shown in Fig. 5b. An intense,
non-monotonic, shear flow can be seen near the surface (from —1 m
to 0 m); while the velocity in most part of the cross section is very
small, except near the entrance of the Caronte channel. This non-
monotonic behavior in the subsurface can be explained by the
complex form of the surface velocity pattern in EB shown in Fig. 5¢
which demonstrates an intense transverse effect.

The time evolution of salinity is shown in Fig. 6a and b at two
depths: 0.4 m and 0.8 m which were considered for the replanting
program in EB. The salinity level is large enough even for a maxi-
mal EDF and rivers runoff, after 12 days without wind. We can

conclude that it would not be a stressor for the nearshore replant-
ing program. Nevertheless, since the replanting program is not yet
successful, other possible stressors, especially along the eastern
shore, would have to be taken into account. In the next section
we will consider the wind effect.

In addition, in order to better understand the role of the Caronte
channel in the cyclic exchanges between the sea and EB, we pre-
sent some results (Fig. 7a-d) at a point P2 situated in the channel at
about 50 m of EB, at which some experiments are reported
(SOGREAH, 2009). The cyclic evolution of the vertical profile of the
two horizontal components of the velocity is shown in Fig. 7a and b
for a period of 25 h (corresponding approximately to two micro-
tide cycles). The y-velocity profiles exhibit a very complex
hydrodynamic behavior which is due to the reversing of the current
during each cycle. For the times 0, 12 h and 24 h, which
corresponds to the flow phase, the salinity in the water column
from —4 m to the bottom is equal to the sea salinity (Fig. 7c).

day 4 day 8

(a)at0.4m

day 12

day 4 day 8

(b) at 0.8 m

Fig. 6. Time evolution of salinity at different depths: (a) 0.4 m and (b) 0.8 m, for the days 4, 8 and 12, at noon.
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Fig. 7. Cyclic evolution of flow and salinity during 2 tide cycles of scen.#1 at the point P2 in the Caronte channel, at 50 m from EB: (a) x-velocity, (b) y-velocity, (c) salinity

vertical profiles, and (d) surface height.



The cyclic variation of the surface elevation at P2 is only of 0,1 m,
which is 6 times less than the cyclic variation (0.6 m) of the sea
level at the entrance of Caronte channel (Fig. 7d). This important
reduction of the tide ranges well corresponds to the observations
reported by Ramade (1997).

6. Results for the salinity distribution and bottom shear stress
for a strong wind(scen.#2)

EB is a windy area (see Table 2), with a dominant N-NW wind.
In a previous work (Alekseenko et al., 2013a), it was shown that
strong winds generate strong downwind coastal jets, alongshore,
in the shallow water areas of EB. For example N-NW wind pro-
duces a coastal jet along the eastern shores (e.g., in PA and PB
areas, shown in Fig. 1). Our previous study showed that, due to
EB bathymetry, such a coastal jet gives rise to substantial bottom
currents, of the order of 0.55 m/s in the shallower areas for a N-
NW wind of 80 km/h. These bottom current can have an impact
on the resistance of mud/sand sediments against erosion, which
is recognized in the literature to be a limiting factor in SAV
recovery.

6.1. Wind effect on the salinity distribution

It is known that in lagoons wind effects cause intense vertical
mixing (Miller et al., 1990). Now, the goal is to determine if the
effect of such a coastal jet on the salinity in PA and PB areas would
lead to the mixing effect or not. Could this coastal jet bypass the
northern freshwater to PA and PB areas, at least in the case of the
highest freshwater inflow of 250 m?/s?

To answer this question, a numerical simulation is first per-
formed for a wind of 80 km/h. The initial salinity distribution is
taken from the last day of scen.#1, for which a vertical haline strat-
ification was calculated. The numerical results show a very rapid
process of destratification. Fig. 8a-c shows the evolution of the ver-
tical distribution of the salinity and the modulus of the horizontal
velocity (m/s) every 15 min. At t = O (initial condition correspond-
ing to the end of scen.#1), the water column is stratified with a low
salinity of approximately 6 PSU at a depth of 1.5 m, a higher salin-
ity of 28-34 PSU near the bottom (at a depth of 6-9 m) and an
intermediate zone of salinity varying between 10 PSU to 24 PSU.
After 15 min, the vertical haline stratification is destroyed in the
subsurface layer. After 30 min, this mixing affects the zones of low
and intermediate salinity; the salinity is quasi homogeneous down
to a depth of 4 m, with the mean value of 18 PSU. Then,

Table 2

Wind speed data base for EB lagoon at Port de Bouc (at the entrance in the EB from the
Mediterranean Sea, 43.40735°N, 4.988995°E) after SOGREAH (2003); average over 10-
years period (1992-2001) of the number of windy days per month with the wind
speed observed at 10 m for three speed levels (18, 36 and 54 km/h).

Month Number of days with the wind speed
>18 km/h >36 km/h >54 km/h
January 243 83 0.7
February 235 9.5 1.3
March 28.1 11.0 13
April 28.5 12.5 1.8
May 28.5 7.1 0.5
June 27.9 7.0 0.4
July 30.0 7.1 0.3
August 28.6 5.0 0.1
September 26.0 7.0 0.1
October 25.1 8.4 0.3
November 26.0 7.0 0.8
December 25.7 12.0 1.7
Total per year 322 102 9.3

the mixed zone continues to increase, down to 6 m after 60 min
(Fig. 8a). The salinity was fully homogeneous in the water column
after two days (not shown); this behavior is well supported by the
salinity measurements reported by Delpy et al. (2012). Already at
t=15 min, there exists a strong current southward in the upper
part of the EB (Fig. 8b); it is associated with a tilting of the lagoon
surface. At t =30 min, an opposite current, northward, is seen in
the deeper part of EB; the surface tilting is increased (Fig. 8b). This
upwelling behavior, with downwind current at the surface and a
current of opposite direction at the bottom was already mentioned
in Alekseenko et al. (2013a), Alekseenko et al. (2013b). At
t = 45 min, the bottom current increases, while the downwind cur-
rent at the surface is reduced.

After two days, the intense mixing extends to the bottom, with a
salinity of about 20 PSU almost everywhere, except in the north-ern
and eastern shores where a lower salinity of 8-10 PSU is observed
at the surface and at the bottom, near the places of fresh-water
inflow (not shown).

In conclusion, Fig. 8a—c show how a strong N-NW wind is able to
very rapidly destroy a stable haline stratification which would
occur in absence of wind in EB (scen.#1). This mixing behavior was
expected, but only the present numerical simulation allows the
prediction of the time needed to destroy the haline stratifica-tion
which is known to present the risk of a negative impact on the
lagoon biota.

6.2. Influence of the wind speed on the mixing process

To understand what wind speed is needed to destroy the haline
stratification, the numerical simulation of scen.#2 was performed
for three additional values of the N-NW wind: 60 km/h, 40 km/h,
and 20 km/h. The salinity evolution at SA2 at three different
depths: 2 m, 4 m and 6 m for the four N-NW wind speeds is shown
in Fig. 9. Again, the coincidence of the three salinity curves obtained
for these three depths is an indicator of the mixing in at least down
to a depth of 6 m. The water column at SA2, reaches a
homogeneous salinity of 20-21 PSU after 3 h for a wind of 80 km/h,
after about 5 h for a wind of 60 km/h, and 7h30 min for a wind of 40
km/h. For the N-NW wind of 20 km/h there is a tendency toward
homogenization, however, even after 24 h the water col-umn
remains stratified. This means that the wind forcing is not strong
enough to dominate the two other forcings (seawater and
freshwater inflows).

The time of convergence of surface and bottom salinity is
shown in Table 3 at the four nearshore control points (replanting
areas), and at the three control points in EB (permanent mooring
stations).

Considering the very short time needed to harmonize the salin-
ity by the dominant N-NW wind and, conversely, the long time
needed for the hydropower runoff to create a haline stratification
(shown in scen.#1), we can conclude that EB has a high probability
of being well mixed all the year throughout the entire water col-
umn. This behavior is consistent with the experimental results seen
from Fig. 4 of Delpy et al. (2012).

6.3. Wind effect on the cyclic exchanges in Caronte channel at the
point P2

As for the scen.#1, we present some cyclic behaviors (Fig. 10a-
d) at the point P2 situated in the channel at about 50 m of EB. The
vertical profiles of the two horizontal velocity compo-nents are
shown in Fig. 10a and b for a period of 25 h correspond-ing
approximately to two tide cycles. They reveal a hydrodynamic
behavior which is less complex than for scen.#1; this is due to the
mixing effect of the wind.
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This mixing effect is also responsible of the remarkable homo-
geneity of the salinity in the water column at any instants except
for the times 0 h, 12 h and 24 h, corresponding to flow phases (Fig.
10c). This possibility to find some periods where the salinity is
homogeneous in the whole water column in Caronte channel is
reported in the Fig. 14 of the report by SOGREAH (2009). During the
flow phases the salinity in the water column, from —5 m to the
bottom, is equal to the sea salinity.

The cyclic variation of the surface elevation at P2 is only of 0,1
m, like for scen.#1; it is approximately 6 times lower than the tide
range at the entrance of Caronte channel (Fig. 10d). This confirms
that the tidal wave propagation within the lagoon is lar-gely
controlled by the inlet geometry that acts as a filter (DiLorenzo,
1988).

In Fig. 11, we consider the cyclic evolution of the mass flow rate
through a transverse (y-z)-cross section in Caronte channel at P2,
during two tide cycles. The positive values correspond to the flow
phase where the sea water incoming to the lagoon. Fig. 11 shows
that for the strong wind, the mass flow rate is mainly outgoing
(with a mean value of —481 m?3/s). This ability of the wind effect to
counteract the entrance of the sea water was shown from in situ
measurements by Ramade (1997). Fig. 11 also shows that for
scen.#1, i.e., for a strong hydropower inflow, the mass flow rate is
mainly outgoing (with a mean value of —211 m?/s).

For the sake of comparison, an additional scenario (called scen.
#0) aimed to identify the effect of the baroclinic pressure gradient
alone, without hydropower runoff and without wind, has been
considered. In this scen.#0, this pressure gradient results from
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the difference between the sea salinity of 38 PSU, and an initially
uniform salinity of 20 PSU in EB. It leads to an incoming mean
value of +12 m°/s.

As for the scen.#1, we present some relevant results (Fig. 10a-d)
at the point P2 situated in the channel at about 50 m of EB. The
cyclic evolution of the vertical profile of the two horizon-tal
components of the velocity is shown in Fig. 10a and b for a per-iod
of 25 h (corresponding approximately to two micro-tide cycles).
The velocity profiles reveal a hydrodynamic behavior which is less
complex than for scen.#1; this is due to the mixing effect of the
wind. This mixing effect is also responsible of the remarkable
homogeneity of the salinity in the water column at any instants
except for the times 0 h, 12 h and 24 h, corresponding

Table 3
Time of convergence of surface and bottom salinity at the 4 nearshore control points (replanting areas) and in 3 control point in the lagoon; scen.#2.
Control points PF PM PA PB SA1 SA2 SA3
Figueroles beach Martigues Mouth of Arc River Pointe de Berre
(a) Position 43.4420°N; 43.4120°N; 43.5040°N; 43.4536°N; 43.495583°N 43.459966°N 43.421666°N
5.0580°E 5.0615°E 5.1120°E 5.1536°E 5.049216°E 5.09006°E 5.10365°E
(b) Depth (m) 32 24 1.6 1.6 7.2 8.6 9
(c) Coincidence time (h) 1 1.5 0.5 1 3.5 5.5 6
(d) Bottom salinity (PSU) 12.14 8.1 15.5 15.5 14.8 14.7 16.4
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Fig. 12. BSS for a N-NW wind of 80 km/h, at 12 h; for values of the bottom
roughness: (a) zo = 0.35 mm, (b) zo = 0.035 mm, (c) zop = 3.5 pm, (d) zop = 0.35 pm;
scen.#2.

to the flow phase (Fig. 10c). For these flow phases the salinity in the
water column, from -5 m to the bottom, is equal to the sea salinity.

The cyclic variation of the surface elevation at P2 is only of
0,1 m, like for scen.#1, is approximately 6 times lower than the
cyclic variation (0.6 m) of the sea level at the entrance of Caronte
channel (Fig. 10d).

6.4. Wind effect on bottom shear stress (BSS) and comparison with the
critical value of BBS for sediment mobility

The BSS patterns are given in Fig. 12. It is particularly interest-
ing to analyze the results in the nearshore areas containing the
points PA and PB on the eastern side and the points PM and PF on
the western side. They are all subject to the downwind coastal jet
created by the N-NW wind. We observe that BSS is larger near the
shoreline and decreases along any transect perpendicular to the
shoreline. There exists a zone, parallel to the shore line, where BSS
presents a minimum (equal to zero). This can be simply explained.
It corresponds to the specific characteristic of coastal jet: all along
the downwind shorelines, the currents at the surface and at the
bottom are downwind, while at a certain distance from the
shoreline, the bottom current is opposite (due to the fact that the
lagoon is semi-enclosed).

To better understand, at least qualitatively, the impact of such
BSS on the sediment mobility in the replanting areas, we can
estimate the critical BSS value, BSScr, at which such a mobility
would occur. An evaluation of BSScr is proposed by Berenbrock
and Tranmer (2008) for a large range of particle diameters d (see
their Table 7). Furthermore, according to Dufois and Le Hir
(2015), the bottom roughness parameter z, can be connected to
the grain-size roughness, d, by the following relation:
Zo = 2.5 d/30 (see their Appendix 1).

Table 4

N-NW 40 km/h
BSScr=34 Nim2 (a)

N-NW 80 km/h 10
BSScr=34 N'm2 (b)

20=3.5 mm
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0.35 mm

zp=
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Fig. 13. BSS pattern for two values of N-NW wind speed and two values of the
roughness parameter.

Then, the critical values of BSS for sediment mobility, obtained
by interpolation for our values of z,, are given in the following
Table 4. When the bottom roughness increases, BSS slowly
decreases for each of the four control points (Table 4).

In order to follow the recommendations of Cabago and Santos
(2007) and Han et al. (2012) to avoid sediments too soft for
restoration, the calculation of the bottom shear stress (BSS) has
been performed for zo = 3.5 mm (coarse gravels). For the sake of
comparison, Fig. 13 summarize the BSS results for two values of
the bottom roughness parameter zo, and two speeds of the N-
NW wind.

And if we compare with BSS., we see that for the smaller

roughness values (ranging from zg = 3.5 x 1074 mm, to 3.5 x 102
mm) the BSS largely exceeds this critical value (Table 4). Finally, we
have determined the BSS values for a N-NW wind speed of 40 km/h
(which is blowing for around 100 days per year). The results, also
given in Table 4, confirm that BSS largely exceeds BSS,,
- at least for the silt sediments (ranging from zo = 3.5 x 10~*mm, to
3.5 x 102 mm). This confirms the possibility that the coastal jet
could generate sediment mobility which could have a negative
impact for SAV replanting.

7. Discussion and conclusion

This work is focused on the numerical simulation of mecha-
nisms of haline stratification and destratification in a semi-
enclosed Mediterranean lagoon (Etang de Berre), and their influ-
ence throughout the lagoon, in particular in the nearshore areas
selected for a replanting program of submerged aquatic vegetation
(Zostera noltei). The goal was mainly to evaluate the intensity of
two potential abiotic stressors on the SAV replanting: bottom shear
stress and salinity.

Our first model scenario (scen.#1)- without wind forcing, but
involving baroclinic pressure gradient forces, confirm that these

Comparison of BSS (N/m?) at the four nearshore control points (replanting areas) with a critical value BSS,,, for five bottom roughness values, and the N-NW wind of 80 and

40 km/h; scen.#2.

2o (mm) Sediment PF PM PA PB BSS,,
80 km/h 40 km/h 80 km/h 40 km/h 80 km/h 40 km/h 80 km/h 40 km/h

3.5x107* Fine silt 1.34 0.25 1.53 0.36 3.63 0.87 1.84 0.43 0.021

3.5x10°3 Coarse silt 1.25 0.17 1.16 0.22 2.87 0.56 1.27 0.29 0.092

3.5x1072 Medium sand 1.02 0.1 0.76 0.12 1.66 0.25 0.71 0.16 0.25

3.5x107" Fine gravel 0.67 0.04 0.32 0.05 0.45 0.1 0.26 0.06 2.8

35 Coarse gravel 0.21 0.04 0.23 0.04 0.43 0.1 0.15 0.4 34




forces bring heavier seawater to the lagoon bottom, while freshwa-
ter inflow, lighter, coming from a hydropower plant and two tribu-
taries overflows the lagoon waters. The calculations, which are
performed for a period of 14 days, show that the process of haline
stratification - which was expected - is very slow, even for the
highest hydropower runoff of 250 m?/s. An extrapolation of the
computed salinity values show that in the case of a longer duration
(typically one month or more) the salinity would reach almost zero
in the entire nearshore water column. It partly confirms the expla-
nation given by Warner (2012) for the massive seagrass destruc-
tion in EB; the hydropower inflow reached 6 x 10° m> per year in
1976 and 1977, i.e., about 6.5 times the total volume of EB. Indeed,
with such a flow rate of 250 m?3/s, several months are needed to
deliver such a large volume of freshwater.

In scen.#2, we have found, conversely, how rapidly a N-NW
wind of 80 km/h can produce a strong current and destroy the ver-
tical haline stratification, forming a homogeneous salinity distribu-
tion in almost the entire water column. It confirms that the mixing
is so rapid that any bypass of freshwater from hydropower plant to
the eastern shoreline is not possible. In the four nearshore replant-
ing areas, the mixing is produced in a very short time (between half
an hour to one hour and half, depending on the depth and on the
distance to the hydropower station) and tends to maintain a
bottom salinity at a level larger than 12 PSU. Thus, with the pre-
sent hydropower regulation in EB, the salinity in not a stressor for
SAV replanting. This is consistent with the recent observations of
resilience of Z.n. meadows made by divers of a non-profit associa-
tion (called L’Etang Nouveau) in several areas very close to the
shoreline. These observations are very promising as the divers con-
firm that the observed meadows are increasing year after year
(Basile, 2015 and Basile, 2016).

The other possible abiotic stressor, the bottom shear stress
(BSS), has been carefully investigated. BSS maps have been
obtained for the entire EB lagoon. It was particularly interesting
to analyze the results in the nearshore areas containing the points
PA and PB on the eastern side and the points PM and PF on the
western side. They are all subject to the downwind coastal jet cre-
ated by the N-NW wind.

When the bottom roughness decreases (from gravels to silts),
BSS slowly increases for each of the four control points; while BSS,,
decreases. And the comparison with BSS.,, show that for the smal-
ler roughness values, the BSS largely exceeds this critical value. This
behavior is confirmed for a N-NW wind of lower speed (40 km/h)
which is blowing very frequently (around 100 days per year). BSS
still largely overpass BSS. - at least for the silt sedi-ments. This
confirms the possibility that the coastal jet could gen-erate
sediment mobility leading to a negative impact for SAV replanting.

Our BSS results can be used as a guide for the selection of future
nearshore replanting sites. Most of the places initially selected in
EB for the replanting program appeared to be not productive. The
present study could be useful to select more relevant nearshore
areas for a possible extension of the replanting program, after an
appropriate characterization of bottom sediments.

More generally, the present study will be useful to alert the per-
sons in charge of replanting programs in other sites in the world
(lagoons, estuaries, lakes) subject to strong winds and coastal jets,
to take into account the large variation of BSS in the nearshore
areas subject to coastal jets.

In any case, we plan to extend as soon as possible the present
modeling of the effects of strong winds in the nearshore replanting
or resilience areas. The modeling of BSS could be improved by tak-
ing into account the wave dynamics (including breaking waves).
We plan also to use MARS3D to study the sediment transport
(including erosion).
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