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Abstract: In this paper, we investigate the water renewal of a highly populated marina, located in
the south-west of France, and subjected to a macro-tidal regime. With the use of a 3D-numerical
model (TELEMAC-3D), three water transport timescales were studied and compared to provide a
fully detailed description of the physical processes occurring in the marina. Integrated Flushing
times (IFT) were computed through a Eulerian way while a Lagrangian method allowed to estimate
Residence Times (RT) and Exposure Times (ET). From these timescales, the return-flow (the fraction
of water that re-enters the marina at flood after leaving the domain at ebb) was quantified via the
Return-flow Factor (RFF) and the Return Coefficient (RC) parameters. The intrinsic information
contained in these parameters is thoroughly analysed, and their relevance is discussed. A wide
range of weather-marine conditions was tested to provide the most exhaustive information about the
processes occurring in the marina. The results highlight the significant influence of the tide and the
wind as well as the smaller influence of the Floating Structures (FS) on the renewal. Besides, this
study provides the first investigation of the water exchange processes of La Rochelle marina. It offers
some content that interest researchers and environmental managers in the monitoring of pollutants
as well as biological/ecological applications.
Keywords: marina; water renewal; transport timescales; return-flow; macro-tidal; wind influence;
floating structures

1. Introduction
Over the years, the increasing development of coastal areas has modified the quality of water
and sediments as well as marine habitats. Ports, which are the main interfaces between cities and the
sea, are primarily subjected to a multi-source of contamination due to intense anthropogenic activities.
Their complex geometry and infrastructure (e.g., quays, channels, and docks) induce low circulation
and stagnant waters which tend to enhance and to control the fate of contaminants. Given the tendency
of pollutants to remain confined and settle on the bottom, the pollution generated within the ports is of
grave concern. Then, improving water and sediment quality is of vital importance for the sustainable
development of coastal waters.
In recent decades, managers have been under increasing pressure to demonstrate the environmental
skills of the port they manage. Some studies focused on the effect of diffuse pollution originating
from urban water runoffs and boat repair activities [1,2] as well as accidental oil spills [3,4]. Metal
concentrations in water and sediments were also monitored and investigated [5,6] but characterising
the water quality of such areas is still a challenge as it requires many parameters.
Although ports are considered as low-energy systems, the hydrological pattern established within
the port basin cannot be neglected in any study [7]. The rate of renewal of a basin is useful information
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that provides a first-order description of its dynamics. Numerous transport timescales have been
defined through the literature to quantify this renewal [8–12]. With the growing use of numerical
modelling, these water transport timescales are useful parameters to condense the considerable amount
of data in intelligible and quantitative information [13]. The most commonly used, “flushing time”,
“residence time”, ”age”, and ”exposure time” have been applied in a wide range of studies all over the
world [14–17]. From the environmental port management point of view, these transport timescales offer
an interesting indication of the spatial and temporal variability of the dynamic and of the susceptibility
to pollution. However, such timescale descriptors need to be carefully employed because there is no
real consensus on their application [11].
After an expansion in 2014 (corresponding to the NE basin in Figure 1), La Rochelle Marina,
located in the southwestern part of France, is currently considered as the biggest marina on the
European Atlantic coast. Despite the environmental policy and ecological awareness of the marina,
equipment and maritime activities may be a source of the pollution [18]. The main objective of this
study is, therefore, to characterise the water renewal of La Rochelle Marina due to the horizontal and
vertical variability of its currents. This contribution can be considered as a first scientific investigation
because, even if the importance of such timescales is evident, no references or estimates were available
in the literature for a similar marina.
To describe water renewal mechanisms accurately, we performed a large number of simulations
with a 3D hydrodynamic model calibrated and validated in a previous study [19]. The specificity of
the model is to take into consideration the considerable number of structures floating in the marina
(e.g., docks, boats). In this study, three timescales are compared (flushing time, residence time and
exposure time) to find the most relevant parameter to describe water renewal of the domain. Besides,
we estimated the return-flow in different ways, the fraction of water that leaves the marina at ebb
tide before re-entering it at the next flood tide [20], and its effect on the tidal flushing of the marina
was analysed. The above-mentioned timescales and quantities were computed for different scenarios
to characterise the influence of wind, tide and floating structures on the water renewal. In the next
section, study site and numerical computations will be presented before introducing definitions and
concepts of chosen timescales and quantities. In Section 3, a Lagrangian validation is carried out while
timescale results are shown in Section 4 and discussed in Section 5.
2. Materials and Methods
2.1. Study Site
2.1.1. La Rochelle Marina
The city of La Rochelle, the provincial administrative centre of the department, has a land area of
28.43 km2 and a population of 80,000 inhabitants. Its marina, created in 1972, has been the biggest
marina (50 ha) along the Atlantic coast, since its expansion in 2014. This 900 m-long and 820 m-wide
semi-enclosed area is divided in three basins totalling 4500 moorings, distributed along 15 km of
floating docks. The southeastern (SE) basin is the more prominent, with 22 ha, while the western (W)
and the northeastern (NE) basin, present respectively 17 and 15 ha. At sea, the marina is accessible by
a 110 m wide main entrance, while the NE basin offers two openings: 150 m wide to the northeast and
a 64 m wide to the southwest which connects the NE basin to the W basin (Figure 1). The marina is not
spared by siltation and has to spend 10 per cent of its total budget to dredge around 200 000 m3 of
cohesive sediment each year. The annual sediment deposition can overpass 50 cm in some of its basins
(Pers. Comm. La Rochelle Marina), which requires recurring dredging of the basins, 8 months a year.
The environmental policy of the marina led to an ISO 14001 certification, an international reference
in sustainable development. Despite their effort, water quality and marine biodiversity are still
impacted by intensive anthropogenic inputs. Several potential sources of contamination have been
identified in the marina (symbolized in Figure 1): the rainwater outlet, where runoff waters from streets
and roadways can flow abundantly during storm events; the fairing area where boats are maintained

Water 2019, 11, 2050
Water 2019, 11, x FOR PEER REVIEW

3 of 23
3 of 23

(antifouled,
painted
and sanded);
station
dripping
can befuel
discharged.
We can also
maintained
(antifouled,
painted the
andfuel
sanded);
thewhere
fuel station
wherefuel
dripping
can be discharged.
consider
diffuse
pollution
from
boat
activities.
We can also consider diffuse pollution from boat activities.

Figure
1. Bathymetry/topographymap
map of
of the
the modelling
modelling domain
and
thethe
La La
Rochelle
marina
Figure
1. Bathymetry/topography
domain(left)
(left)
and
Rochelle
marina
(right).
Depths
given
with
respecttotomean-sea-level,
mean-sea-level, and
bold
black
lineline
indicates
the the
(right).
Depths
areare
given
with
respect
andthe
thestraight,
straight,
bold
black
indicates
shoreline
in the
figure
whileLaLaPallice
Palliceweather
weather station
byby
a blue-bordered
white
shoreline
in the
leftleft
figure
while
stationisissymbolised
symbolised
a blue-bordered
white
star.
At
right,
the
floating
docks
are
signified
by
a
black
line,
and
the
maritime
infrastructures
are
star. At right, the floating docks are signified by a black line, and the maritime infrastructures are
indicated by a grey line. The red-bordered white stars numbered 1, 2, and 3, represent the location of
indicated
by a grey line. The red-bordered white stars numbered 1, 2, and 3, represent the location
the rainwater outlet, the fairing area, and the fuel station, respectively. Western, southeastern and
of the rainwater outlet, the fairing area, and the fuel station, respectively. Western, southeastern and
northeastern basins are denoted by white characters W, SE and NE, respectively.
northeastern basins are denoted by white characters W, SE and NE, respectively.

Geomorphology
and
Hydrodynamics of
of the
the Coastal
2.1.2.2.1.2.
Geomorphology
and
Hydrodynamics
CoastalArea
Area
La Rochelle Marina is located in the northern landward part of the Pertuis d’Antioche
La Rochelle Marina is located in the northern landward part of the Pertuis d’Antioche embayment
embayment along the French Atlantic Coast, in the central part of the Bay of Biscay. This shallow
alongwater
the French
Atlantic Coast, in the central part of the Bay of Biscay. This shallow water coastal area
coastal area is protected from the Atlantic Ocean by Ré and Oléron islands and connected to
is protected
from
the Atlantic
Ocean
by Ré
and Oléron
islands
and connected
to the Pertuis
the Pertuis Breton
embayment
through
a narrow
inlet. The
bathymetry
is characterised
by silty Breton
to
embayment
through
a
narrow
inlet.
The
bathymetry
is
characterised
by
silty
to
sandy-silty
bottoms,
sandy-silty bottoms, with a 44 m deep trench and many tidal flats. The coastal area is considered
as
withaamixed,
44 m wave
deep and
trench
and many tidal
flats.
coastal
areaisissemidiurnal
considered
astidal
a mixed,
wave and
tide-dominated
estuary
[21].The
The tidal
regime
and
range varies
from 2 m during
neap[21].
tidesThe
to more
6 misduring
spring tides.
This macro-tidal
environment
is
tide-dominated
estuary
tidalthan
regime
semidiurnal
and tidal
range varies
from 2 m during
dominated
by
M2,
and
its
amplitude
grows
to
more
than
1.8
m
in
the
inner
part
of
the
estuaries
due
neap tides to more than 6 m during spring tides. This macro-tidal environment is dominated by M2,
andgrows
shoaling
[22]. Because
of resonance
occurring
of Biscaydue
shelf,
quarter- and
and to
itsresonance
amplitude
to more
than 1.8
m in the inner
parton
ofthe
theBay
estuaries
tothe
resonance
diurnal
tidal
constituents
(M4,
MS4
and
MN4)
are
strongly
amplified
shoreward
[23].
In thetidal
shoaling [22]. Because of resonance occurring on the Bay of Biscay shelf, the quarter-diurnal
embayments, average freshwater inflows are about 2 orders of magnitude less than tidal flows [24].

constituents (M4, MS4 and MN4) are strongly amplified shoreward [23]. In the embayments, average
freshwater
inflows are about 2 orders of magnitude less than tidal flows [24].
2.1.3. Meteorological Context
The study areaContext
is subjected to seasonal climate variations. Summer presents a weak low-pressure
2.1.3. Meteorological

system activity resulting in weak northeasterly winds while northwest thermic breezes mainly
The studylittoral.
area isLow-pressure
subjected to seasonal
climate
Summer
presents
a weak
dominate
systems that
crossvariations.
the Atlantic
Ocean from
autumn
are low-pressure
the most
system
activity
resulting
in
weak
northeasterly
winds
while
northwest
thermic
breezes
mainly
dominate
active during winter, generating extreme west and northwest winds. North Atlantic Oscillation
littoral.
Low-pressure
systems
that
cross
the
Atlantic
Ocean
from
autumn
are
the
most
active
during
(NAO) partly controls the inter-annual variability of the wind regime in the whole Bay of Biscay [25].

winter, generating extreme west and northwest winds. North Atlantic Oscillation (NAO) partly
controls the inter-annual variability of the wind regime in the whole Bay of Biscay [25]. Weather-marine
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2.3. Water Transport Timescales
Flow exchanges between inner water and the open sea control the water quality of the domain.
Numerous transport timescales have been tested to assess water renewal in semi-enclosed areas. This
study focuses on three transport timescales: flushing, residence, and exposure time. They provide
different space and time-dependent quantitative measures of the water renewal. They can help to
determine water mass dynamics in aquatic systems and its influence on both geochemical and biological
processes. Their definitions and numerical computation are explained in this section.
2.3.1. Flushing Time
Flushing time characterises the general exchange characteristics of the waterbody and has been
described as the ratio of the mass of a scalar in a semi-enclosed domain to the rate of renewal of the
scalar [11]. It reflects the mean time spent by any pollutant discharged in the marina and measures the
effectiveness of flushing to remove any pollutant from the water body of the marina.
Here, FT calculation is based on the study of the evolution of a conservative tracer initially
introduced at several locations in La Rochelle Marina. Flushing time was primarily defined as the
time required to reduce the mass of the conservative tracer to 37% (e-1) of its initial value in the water
body [31–33]. This parameter was sometimes referred to as “e-folding flushing time” [11,34]. In this
study, we used 37% as a percentage reference, but it should be noted that it varies according to the
authors (e.g., 2% in [35] and 50% in [36]). Computation of flushing time is based on the assumption
that the marina behaves as a continuously stirred tank reactor (CSTR). The main assumption for a
CSTR is that any introduction of mass is wholly mixed throughout the domain, so the concentration
of a constituent exiting the system is equal to the concentration everywhere inside the CSTR [11,37].
Assuming that a known quantity of conservative tracer has been introduced only at t = 0 and that the
water entering the marina can mix totally with the existent water of the marina, the total mass of the
tracer is:
M(t) = M0 e−t/FT ,
(1)
M(t) is the mass of conservative tracer that remains in the marina, M0 the initial mass of
conservative tracer introduced in the marina and t the time since the tracer has been discharged from a
specific location. To spatially determine the flushing time of the marina, we computed the Integrated
Flushing Time (hereafter IFT) at several locations of the marina. This timescale, defined by [33] is
the time for the mean mass of the tracer over the whole marina to fall below 37% of the initial mass
discharged at a specific location in the marina. IM and IM0 correspond to the spatial integration of
the tracer mass over the entire domain, under stable conditions. By releasing tracer at a hundred
source points evenly distributed in the marina domain, we obtained spatially-varying IFT. Building on
Equation (1), for the same previous assumptions, IFT was computed through the following equation:
IM(t) = IM0 e−t/IFT ,

(2)

where IM(t) is the mass of conservative tracer over the whole marina for a release at a specific location,
IM0 the initial mass of conservative tracer released at a specific location. The use of a 3D-model has
permitted to compute IFT at each layer of the water column.
2.3.2. Residence and Exposure time
Residence time (hereafter RT) is a fundamental concept defined as the time until a water parcel,
or particle at a specified location within the water body, leaves the system [8,38,39]. Similarly to the
Lagrangian Water Transport Time (or Water Transit Time) defined by [40], RT is a property of the water
parcel that is carried in and out of the marina by the hydrodynamic processes. A vast number of
particles is necessary to capture the diffusive processes generated by the small scale turbulence [41,42].
For the computation of RT, 400 particles were released at arbitrary locations, and each particle was
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representative of a 1000 m2 area. Then, the RT was computed for each particle, from their release
to the first time they reached the boundaries (symbolised by the two main entrances of the marina).
No random walk diffusion was implemented in the particle tracking method which will give us an
interesting comparison axis with the IFT.
Previous residence time studies underestimated the total time that particles spend in the domain
because of the possibility for the particles to re-enter the domain [11,43]. This conceptual drawback
of residence time timescale led to unrealistic timescales in tidal systems where water parcels can
leave and re-enter the domain many times, especially close to the boundaries. Reference [11] then
introduced the concept of exposure time to take into account returning water parcels or particles. By
computing the total time that a particle spends in the domain, exposure time offers an interesting
alternative to residence time and is particularly suited for macro-tidal seas. The two timescales are
very similar in terms of region of interest and numerical computation, but exposure time requires
additional assumptions and post-processing treatment. Indeed, the latter dwells on the hydrodynamic
processes that occur not only within but also outside the marina. The computational domain must
be much larger than the domain of interest, and the open boundaries need to be located far enough
from the area of interest [44–46]. For this study, we supposed that both open boundaries and model
domain extension have a negligible influence on the computed exposure times. Then, we defined
Exposure Time (hereafter ET) to get a spatial distribution of exposure time for each particle. While the
RT was computed by detecting the first departure of the particles from the marina, we computed ET by
considering the total time spent by the particles inside the marina before their last departure.
2.3.3. Estimation of the Return-Flow
Comparing Residence Time (RT) and Exposure Time (ET) provides information about the
contribution of returning water at each tidal cycle. For the same numerical computation, RT equal to
ET indicates that the fraction of water flowing out of the domain during ebb tide is totally lost into the
open sea, and does not return into the domain on the next flood tide. Conversely, ET much higher than
RT indicates that a significant fraction of water that flowed out the area during ebb tide has returned
into the area on the next flood tide. This fraction of effluent water that returns to the domain is called
“Return-flow Factor (RFF)”. It represents the fate of the water once it is outside the domain, and was
introduced by [20] to figure the movements of water parcels in semi-enclosed areas where the tide is
significant. The RFF depends on the phase and strength difference between the flow along the coast
and the flow in the connecting channel, and the mixing that occurs between open seas and water
masses flowing out of the domain [20].
The timescales mentioned above can help us to compute RFF with different approaches. RFF was
firstly introduced via the tidal prism method, which is a classical approach to easily estimate flushing
time in tidal systems. This method is appropriate to small and well-mixed embayments with low river
inputs compared to tidal flows, and sufficiently large enough receiving water to dilute water exiting
the system [11,14,20]. The flushing time T f is then given by:
Tf =

TV
,
(1 − b)P

(3)

where T is the average tidal period, V the basin volume, P the intertidal volume and b, that lies in the
interval [0, 1], represents the return-flow factor via the expression:
b = 1−

TV
,
PT f

(4)

If b = 0, no water, previously ejected, returns into the embayment and the situation b = 1
corresponds to a situation where all water returns to the embayment. Knowing the average flushing
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time of the marina (FTav ) thanks to the tracer simulations described in Section 2.3.1, the average
return-flow factor b can be obtained with:
RFF = 1 −

TV
,
FTav P

(5)

The return-flow can also be described through the concept of return coefficient developed by [44].
It represents the relative difference between exposure time and residence time and is equal to:
r=

E−R
,
E

(6)

With E the exposure time and R the residence time. The coefficient r also lies in the interval [0, 1],
and the first limit (r = 0) corresponds to a situation where the exposure time is equal to residence time,
while r = 1 is reached when the exposure time is much higher than the residence time of the domain.
The Lagrangian Particle Tracking methodology developed in Section 2.3.2 permits to compute average
residence (RTav ) and exposure times (ETav ) of the marina which transforms Equation (6) in:
RC =

ETav − RTav
,
ETav

(7)

These two expressions of the return-flow factor were computed for each scenario described in the
next section.
2.4. General Simulation Set Up
Several simulations were carried out to calculate water transport timescales over La Rochelle
marina, under meteorological and tidal forcing. Every scenario tested and analysed during this study
are resumed in Table 1. The theoretical steady winds applied on the model domain correspond to
the prevailing winds of the area: west, north-east, and south winds. Model results with north-west
winds are not presented here because they are similar to model results with westerly winds. Five
atmospheric conditions were tested: one without wind, three with an averaged 7.5 ms−1 wind from
several directions and one 15 ms−1 west wind, typical of winter events (Table 1).
Table 1. Summary of the scenarios tested and analysed in the study.
Conditions

Tides

Scenarios

Neap
Spring

a

c

e

g

i

k

•

•

•

•

•

•

ms−1

Wind

d

f

h

j

l

•

•

•

•

•

•

•

West 7.5
North-East 7.5 ms−1
South 7.5 ms−1
West 15 ms−1

With floating structures (FS)

b

•
•

•
•

•
•

•

•

•

•

•

•
•

•

•

•

•

Every simulation was computed for both spring tides (tidal range about ±6 m) and neap tide
conditions (tidal range about ±2 m). The tidal conditions correspond to periods from 17 March 2017 to
3 April 2017. Furthermore, to analyse the influence of floating structures (hereafter FS) on the marina
hydrodynamics, simulations without FS were investigated with the tide only. Considering that the
tidal phase at the moment of release is considered as one of the main factors influencing water transport
timescales [40], four releases were implemented for each simulation: at low tide, rising tide, high tide
and ebb tide. As TELEMAC-3D offers the possibility to release passive Eulerian tracer and Lagrangian
particles in the same simulation, it led to a total of 48 simulations. The duration of each simulation was
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10 days, with 1 spin-up day. The hypothesised scenarios tested do not reproduce the real situation, but
they provide an overview of the typical hydrodynamic processes that affect the water renewal in La
Rochelle Marina.
3. Lagrangian Validation
In a previous study [19], the validation of the model was done in term of water levels and currents
intensity, at numerous locations, inside and outside the marina. Here, the simulated velocities and
trajectories of particles are compared with the observational data collected by the drifting buoys. The
analysis offered in this section gives a spatially continuous distribution of model skill in the upper
layer of La Rochelle harbour and marina entrance. The Lagrangian time series of surface velocity allow
evaluating the performance of the model to reproduce dispersion trends of surface waters, which
differs from the Eulerian assessment commonly used in validation methodology.
In the framework of the study, several drifting buoys were released for a wide range of temporal
and spatial scales. The drifters, manufactured by Pacific Gyres (Oceanside, CA, USA), are composed of
a surface float with a diameter of 0.3 m and a drogue dimension of 1.2 m length. The buoy uses Iridium
to send float positions with 5-min temporal resolution. First experiments involved their deployment
at the marina entrance with less than 1-h transport while the following occurred more offshore for
timescales reaching more than one day. The range of hydrodynamics and atmospheric conditions
tested, and the settings of the experiments were resumed in Table 2 while the mean trajectories of
each drifting buoy experiment were resumed in Figure 3a. Because of maritime infrastructure and
boat navigation, more release of drifting buoys was needed to track sufficient currents patterns inside
the marina.
Table 2. The drifting buoys deployments and their corresponding settings.
Deployment
Date

Number of
Drifters per
Release

Number of
Releases

Location

Duration

Weather-Marine
Conditions

9 May 2017

3

5

46◦ 080 54.1” N
1◦ 100 08.0” W

Over one
flood tide

Spring tides with strong
south winds

17 May 2017

3

5

46◦ 080 54.1” N
1◦ 100 08.0” W

Over one
flood tide

Neap tides with calm
weather

14 June 2017

5

1

46◦ 080 16.2” N
1◦ 100 46.4” W

One ebb tide

Neap tides with calm
weather

26 June 2017

5

1

46◦ 080 15.8” N
1◦ 100 46.6” W

One ebb tide

Spring tides with calm
weather

15 January 2019

3

1

46◦ 080 39.2” N
1◦ 100 52.7” W

24 h

Neap tides with mixed
winds

To facilitate the comparison, the real-time positions of the drifting buoys were averaged for each
release while the positions of 10 simulated drifters were averaged for each corresponding release.
Comparison is visible in Figure 3 and shows fair agreement between the observed and simulated
circulation of the drifters. While the distance between simulated and observed drifters can reach 600 m
after one day of release, the comparison indicates a good correlation in term of velocities and a 6 cms−1
Root-Mean-Squared-Discrepancy (hereafter RMSD). The meridional (V) and zonal (U) components of
velocity also display a fair agreement but with less accuracy and consistency (Table 3). Globally, drifter
buoy trajectories are better reproduced in the bay than in the marina, in particular during calm weather
conditions where RMSD reaches 0.01 ms−1 . The tide in the bay rapidly and homogeneously advected
drifter buoys while complex currents and micro-scale structures at the western marina entrance caused
the buoys to diverge from each other. The model is less effective at reproducing the currents at the
marina entrance, but the RMSD and R2 results show a good reproducibility in particular concerning
the meridional component of the velocity (Table 3). First and last deployments are characterised by
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RMSD (ms−1 )
Deployment Date
RMSD
Deployment
U (ms-1) V
Date
U
V
9 May 2017
0.19
0.15
9 May
2017
0.19
0.15
17 May 2017
0.17
0.14
17 May
2017 2017 0.17 0.01
0.14
14 June
0.04
14 June
2017
0.01
26 June 2017
0.04 0.04
0.06
26 15
June
2017 2019 0.04 0.11
0.06
January
0.17
15 January 2019
0.11
0.17

R2
U R2
U
0.69
0.69
0.71
0.71
0.91
0.91
0.88
0.88
0.76
0.76

V
V
0.75
0.75
0.82
0.82
0.80
0.80
0.69
0.69
0.72
0.72

4. Results
4. Results
4.1. Integrated Flushing Time
4.1. Integrated Flushing Time
Figure 4 shows the spatial distribution of vertically-averaged Integrated Flushing Time (IFT)
4 shows
the for
spatial
of vertically-averaged
Integrated
Flushing
Time
(IFT)
within Figure
La Rochelle
marina
two distribution
configurations
(with and without Floating
Structures
(FS))
associated
within La Rochelle marina for two configurations (with and without Floating Structures (FS))
with several combinations of wind and tide. While the first scenario considers only the tide without
associated with several combinations of wind and tide. While the first scenario considers only the
FS, scenarios with the wind were computed with the FS. To quantify differences between each case,
tide without FS, scenarios with the wind were computed with the FS. To quantify differences between
we also averaged IFT (spatially and across the tidal phases) and estimated the standard deviation of
each case, we also averaged IFT (spatially and across the tidal phases) and estimated the standard
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its spatial variability (Spatial Standard Deviation, hereafter SSD) over the marina. We computed the
standard deviation of IFT between each release (corresponding to different phases of the tide) and
named it Tidal Phase Standard Deviation (hereafter TPSD).
Statistical results are visible in Table 4 while Figure 4 displays the spatial distribution of IFT.
Spatially, the NE basin generally presents the lower values while the SE basin generally displays the
higher values and the higher variability of IFT. IFT generally increases from the entrances to the most
sheltered areas and in particular the southern part of the SE basin. The neap tide conditions exhibit 2 to
4 times larger IFT and SSD than spring tides (Figure 4, Table 4). The presence of FS increases IFT in the
southern part of the SE basin during spring tides (Figure 4b–d), while it decreases IFT in the NE basin
during neap tides (Figure 4a–c). While their presence slightly increases the mean IFT (23.6/22.5 h at
spring tides and 89.3/88.9 h at neap tides), it considerably increases SSD during spring tides (11.1/6.2 h)
and neap tides (30.2/22.7 h) (Table 4).
The wind significantly reduces IFT and SSD (on average 2 to 3 times lower) compared with
situations with tide only (Figure 4c,d), in particular for the west and south directions. Although all
wind cases decrease IFT in all basins relative to the tide-only case, the IFT patterns and directionality
of IFT gradients vary with wind direction. For example, on neap tides the highest IFT tends to be in
the southern part of the SE basin for north-east wind (Figure 4g); in the northern part of the SE basin
for south wind (Figure 4i); and in the southern parts of the W and SE basins for west wind (Figure 4e).
West wind is the most impacting on neap tides, and its effect increases with its magnitude. TPSD is
significantly lower than SSD and is decreased by wind action and also by the presence of floating
structures (Table 4). Here, we only present vertically-averaged results because the surface and bottom
layers were shown to be comparable in terms of IFT (data not shown), at the scale of the marina. The
relative homogeneity of the water column was found to be slightly affected by the wind.
Table 4. Mean, Spatial Standard Deviation (SSD) and Tidal Phase Standard Deviation (TPSD) calculated
for IFT, RT, ET, RFF and RC for the weather-marine scenarios (letters) defined in Table 1. Statistics
results are in hours for IFT, RT and ET and without units for RFF and RC.
Weather–Marine Scenarios
Neap Tides

Parameters

Spring Tides

a

c

e

g

i

k

b

d

f

h

j

l

IFT

Mean
SSD
TPSD

88.9
22.7
6.8

89.3
30.2
4.3

27.3
12.1
3.6

43.6
19.1
1.6

35.4
13.5
3.9

25.6
13
3.3

22.5
6.2
4.2

23.6
11.1
3.7

13.5
3.7
2.8

19.4
4.9
2.6

12.5
3.1
2

10.1
5.6
2.9

RT

Mean
SSD
TPSD

31.1
28.3
4.6

37
42.9
7.1

24.9
26.8
3.1

33.9
31.2
2.5

26.4
26.7
4.1

23.9
27.9
3.8

13.3
12.7
4.3

15.4
20.6
5.3

9.3
7.5
3.6

10.3
10.6
1.6

8.1
5.1
2.5

9.6
15.4
2.8

ET

Mean
SSD
TPSD

124.1
24.1
5

129.3
25.7
6.4

35.5
27.2
3.4

69.9
36.2
1.3

41.3
27.7
6.4

27.5
27.6
6

34.5
17.4
6.1

34.8
21.2
8

19.3
14.9
3.9

19.5
13.1
0.3

14.2
9.1
2.3

11.8
16.7
5.1

RFF

Mean
SSD
TPSD

0.72
0.02
0.05

0.73
0.01
0.03

0.12
0.11
0.03

0.45
0.02
0.01

0.32
0.08
0.01

0.06
0.10
0.01

0.64
0.07
0.04

0.66
0.05
0.03

0.41
0.11
0.01

0.59
0.10
0.01

0.36
0.10
0.02

0.19
0.11
0.02

RC

Mean
SSD
TPSD

0.75
0.03
0.06

0.73
0.04
0.07

0.19
0.05
0.04

0.51
0.04
0.03

0.36
0.05
0.01

0.09
0.11
0.01

0.61
0.09
0.06

0.56
0.06
0.05

0.47
0.13
0.02

0.50
0.06
0.01

0.43
0.08
0.03

0.08
0.1
0.03

4.2. Residence Time
The vertically-averaged Residence Time (RT) of particles within La Rochelle marina is visible in
Figure 5 for the same combinations of tide and wind than Figure 4. IFT and RT share many similarities,
but they are quantitatively different. Mean RT is up to 3 times lower than IFT, especially for neap tides,
but its spatial variability (SSD) is significantly higher.
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equal to or greater than RT and is not only a function of hydrodynamic processes within the marina but
also of the return-flow. Figure 6 presents the spatial distribution of the vertically-averaged exposure
times computed and the statistics results related are visible in Table 4. Their behaviour share, though,
some similarities with the pattern of RT and IFT but globally their magnitudes display larger values.
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Similarly to IFT, the presence of FS does not increase significantly ET (34.8/34.5 h at spring tides
and 129.3/124.1 h at neap tides). The wind has a more significant effect on exposure times than on
residence times, and its impact is comparable for the behaviour of flushing times. It decreases ET by
2 to almost 5, particularly during neap tides with west winds (Table 4). Northeast winds have less
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influence than the other winds and mainly increase the exposure time of particles coming from both
the southern part of the NE basin (on neap tides) and the entire SE basin, relative to the other wind
cases. TPSD is still lower than SSD but is generally decreased by the presence of wind. During this
study, we also observed that the particles returned preferentially to the marina through the western
entrance (Figure 1) regardless of weather-marine conditions.
4.4. Characterisation of the Return-Flow
From the previous timescales, we assessed the importance of the return-flow in the marina through
the expressions established in Section 2.3.3. The Return-flow Factor (RFF) was obtained through
Equation (5) by using IFT values while the Return Coefficient (RC) was found via the Equation (7) by
using RT and ET values. RFF and RC are inherently different as they were estimated, respectively, in a
Eulerian and a Lagrangian way. These factors can provide relevant points of comparison that need to
be analysed with caution. Results for each scenario were averaged and displayed in Table 4.
A large variety of return-flow values were found depending on the weather-marine conditions,
but RFF globally displays the same behaviour than RC. The similarities mainly concern the influence of
the wind and the tide. Neap tides show the higher variability of RC and RFF, with the lower and higher
values respectively obtained with and without wind (Table 4). Without wind, the return-flow is always
greater than 0.5, but its magnitude can drastically decrease during neap tides with the presence of wind,
and particularly with the west wind (0.12 ± 0.11 and 0.19 ± 0.05 for RFF and RC, respectively). This
decrease is also visible for spring tides but with less intensity (Table 4). These parameters can approach
zero during intense 15 ms-1 western events. The maximum values are also obtained during neap
tides without wind, with and without the presence of FS for RFF (0.73 ± 0.01) and for RC (0.75 ± 0.03),
respectively. In general terms, the macro-tidal influence and the configuration of the area generate a
high return-flow that is weakened under the action of the wind but not substantially affected by the
presence of FS. The last result confirms the weak impact of floating structures on the circulation outside
the marina.
5. Discussion
5.1. Assessment of the Main Drivers of the Water Renewal
Although the tide is a primary driver of the hydrodynamics, [19] has shown that the wind, but
also infrastructures, had a substantial impact on the physical processes in the marina. The results,
visible in Section 4, provide a robust view of their influence in the macro-tidal marina of La Rochelle.
Here, we gather the information collected through the study of the three transport timescales to discuss
the importance of the tide, the wind and the Floating Structures (FS) in the marina renewal.
5.1.1. Tidal Influence
Flushing, residence and exposure times (Figures 4–6) reveal a strong spatial heterogeneity of
the renewal. The NE and the SE basins generally present the lowest and largest timescale values
in the marina, respectively, but the behaviour of the timescales significantly vary depending on the
conditions. Close to the entrances, the water parcels are rapidly advected because of the continuous
effect of the tidal currents, which decreases renewal times. On the opposite, the innermost parts of
the marina are more sheltered from the flows and display the longest renewal times. This marked
horizontal spatial variability has been found in estuaries and coastal embayments with macro-tidal
influence [14,33,47] but also with micro-tidal influence [16,48,49].
The renewal time and its spatial variability increase as the tidal range decreases in our area: the
neap tide is a very limiting factor in the renewing of waters. Indeed, tidal currents that are 3 to 4 times
lower in intensity within the marina during neap tides increase the renewal time from a factor of 2–3
(for RT) to in some cases almost a factor of 4 (for IFT and ET). This result shows that the advective
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coastal tidal movement is a main driver of the water flow in the marina is as it was demonstrated in
previous studies [40,50,51].
Other European ports investigated the behaviour of their water masses, and the results displayed
a broad range of renewal timescale values. [52,53] found global flushing times of 288 and 120 h, for a
Sicilian micro-tidal and an Australian macro-tidal port, respectively. In Spain, the local flushing times
reached about 125 and 163 h for the meso-tidal port of Bilbao and the micro-tidal port of Barcelona,
respectively [32,54]. Thus, the renewal timescales are not strictly related to the tidal regime. The shape
and dimension of ports also need to be considered.
5.1.2. Wind Influence
Even if the marina is tidally dominated, the wind also has a substantial impact on the water
renewal because of the presence of shallow depths. Its influence is exerted differently depending on its
direction and its intensity, but the wind globally enhances the water exchange, up to a factor of almost
5 during neap tides. This significant effect on renewal timescales values has already been reported
for several coastal environments [34,55–58]. The wind has a more significant influence on exposure
and flushing times than on residence times, especially during neap tides (Table 4). Contrary to RT, ET
and IFT take into account the return-flow into the marina. This suggests that, even if the wind has a
significant influence on processes inside the marina, its impact is larger on outside processes and their
interaction with processes inside the marina. It mainly pushes waters out from the marina influence
and facilitates their renewal in the local environment. Among the moderate wind cases, South and
west winds are the most impacting winds during spring tides and neap tides, respectively (Table 4).
Water exchanges are indeed significantly enhanced by the west wind action, as reported in [19]. The
effect of the south wind was less noticeable on marina flows [19], but we could explain its impact on
renewal by the marina configuration. Its two main entrances (Figure 1) are almost perpendicular to
the direction of propagation of southern winds which tends to evacuate water bodies more rapidly
while hindering their return to the marina. The mechanisms involved during the west and south wind
action are different and they are not strictly proportional to the tidal range. The funnel configuration
of the bay linked to the complex architecture of the marina and the numerous tidal flats in the area
could explain the non-linearity of the processes involved from neap tides to spring tides. Finally, as the
variability depends mainly on the tidal forcing and the dominant wind regime, the winter which is
characterised by tougher western winds, should display a faster renewal as found in [33,47,59].
The transport timescales were computed at the bottom layers, and a slight vertical variability
was found in the water renewal (data not shown). With tide only, surface layers always experience
the highest renewal even if the difference with bottom layers does not overpass 2 h. Even if it is less
clear for north-east and south winds, west wind generally enhances the variability of the renewal
between the surface and bottom layers. This result differs from the vertical heterogeneity found by
some authors [32,60] that demonstrated a straight vertical variability of the renewal depending on the
wind regime. In the marina, the presence of shallow depths associated with the macro-tidal forcing of
the area ensure a quasi-homogeneity of the water column that is slightly affected by the action of winds.
5.1.3. Influence of Floating Structures
Floating structures (FS) have a lower influence than the wind on the total water renewal of the
marina. They increase the spatial variability of the renewal by reducing the water renewal in the
most sheltered parts and slightly enhancing the hydrodynamics close to the entrances [19]. With two
entrances, the NE basin is particularly exposed to this enhancement. The presence of FS is also involved
in the increase of the water renewal by channelling the circulation and reducing the flood-related
micro-scale eddies [19]. These eddies, generated by the tide-topography interaction, develop during
the flood and affect the residual circulation within the marina. Their existence can interfere with the
flushing processes and subsequently generate an increase in the residence time of the particles [61].
The broad coverage of floating bodies in the marina reduces the eddy activity by decreasing velocities
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Based on the similarities shared by the several transport timescales, we highlighted general
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within
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marina. The Eulerian (Integrated Flushing Time) and the Lagrangian transport timescales (Residence
Time and Exposure Time) are inherently different as they follow advection-diffusion and only advection
processes, respectively. The two approaches are complementary as their comparison provides
exhaustive information about the motion features in the marina. As discussed in [62], their good
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agreement could be explained in tide-dominated environments where advection is the main driver
of the circulation. Conversely, their differences in their spatial distribution characterise diffusion
dominated areas. The cross-correlation of these approaches indicates that the advection mostly
dominates in the marina, even if diffusion processes occur in the most sheltered parts of the marina.
The spatial distribution of Lagrangian timescales (RT and ET) displays more chaotic variability
and relatively less monotonic gradients than Eulerian timescale (IFT). These chaotic patterns are the
result of turbulent Lagrangian flows that generate a chaotic and non-monotonic dispersion of particles.
This concept of “Lagrangian chaos”, demonstrated experimentally [63], and numerically [64], has also
been experienced in [62]. It mainly contributes to greater spatial variability of Lagrangian timescales.
The Eulerian timescale IFT generally presents approximately average values between RT and ET.
A sensitivity test of the « e-folding flushing time » parameter used to compute IFT (data not shown)
demonstrated that the chosen percent reduction was a leading factor in the magnitude of IFT. As it
was set to 63% in this study, it could help explain why IFT presents approximately average values
between RT and ET. Although IFT and ET are different in terms of magnitude, they globally follow the
same trend. Without wind, the transition from spring to neap tides increases IFT and ET much more
than RT. It means that the combination of processes outside and inside the marina is more sensitive
to the tidal range than processes occurring only in the marina. Wind influences RT less than the two
other timescales. It implies that hydrodynamics within the marina are less sensitive to the wind than
in the system bay-marina. RT is more vulnerable to the presence of FS than the two other timescales,
which confirms that the presence of FS primarily modifies the circulation within the marina. The tidal
phase release can significantly alter the time required for a water parcel to leave the marina, which
noticeably affects the RT results. ET and IFT are less dependent on the tidal phase release (Table 4;
compare TPSD/Mean). Considering only the tide, physical processes occurring in the marina are more
sensitive to the tidal phase, while marina-bay exchanges are more tidal range dependent.
Some authors recommend to use Eulerian approaches or to take into consideration the return of
particles in the system when using Lagrangian methods [40,65]. In such a macro-tidal environment, the
importance of the return-flow on the water renewal requires that dynamic processes outside the area
of study be considered. Taking into account the processes occurring outside the domain of study is of
crucial importance to represent the water renewal of semi-enclosed tidal basins accurately. However,
the computation of RT alone does not make it possible to fully characterise the behaviour of water
bodies in a semi-enclosed domain with such tidal influence. In the framework of this study, the
computation of IFT appears to be sufficient to represent the intra-marina exchanges as well as the
exchanges between the bay and the marina. IFT and ET are also less sensitive to the initial moment of
calculation, which ensures an easier solution for the calculation of currents and associated phenomena.
Nevertheless, the information provided by RT was necessary to characterise the fate of waters leaving
the marina via the Return Coefficient formulation. In that sense, the comparison of the three timescales
allowed us to have a complete picture of the physical processes leading to the water renewal in the
marina. As seen in the literature [11], the relevance of each time scale depends on the initial question
and the physical, biological, and geochemical characteristics of the study area. Thus, the question of the
usefulness or relevance of each timescale depends on the characteristics of the scientific study proposed.
5.3. Impact of the Return-Flow in the Water Renewal
The Return-flow Factor (RFF) and the Return Coefficient (RC) display the same behaviour while
they are computed in two different ways. This consistency validates the several methods employed to
characterise the water renewal in the marina. Although the three transport timescales (IFT, RT, and ET)
show quantitative differences, their information allows computing the general return-flow occurring
in the marina. The knowledge of the return-flow magnitude in a basin is also a straightforward way to
represent the renewal by taking into account the dynamics outside the embayment. Its information
and variability is a powerful indication of the water masses confinement in semi-enclosed tidal bays
depending on the weather-marine conditions.
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In the past, tidal prism flushing models have often set the return-flow to 0.5 or ignore it [66,67], but
as suggested by [20], it should be characterised in any study. Many authors described the return-flow
in different embayments throughout the world. For example, reference [68] found a maximum value
of 0.15 for a micro-tidal creek in the US; reference [69] computed 0.2 to 0.9 from the entrance to the
inner parts of a meso-tidal lagoon in China; reference [16] estimated a mean return-flow of 0.66 for a
micro-tidal lagoon in Italy; an average return-flow of 0.32 was found by [70] in a meso-tidal Scottish
Fjord; a maximum return-flow of 0.95 was reached in a meso to macro-tidal lagoon in France [33].
As experienced in La Rochelle marina and other embayments in the world, the return-flow is not
correlated strictly to the tidal influence in the domain.
Here, the return flow is higher during neap tides than during spring tides in the absence of
wind. The influence of the tide is particularly visible in the bay, and the back and forth movement
generates significant trapping in the bay which extends to the marina. The funnel configuration of
the bay and its sheltered position (Figure 1) combined with the tidal dominance of the area could
explain the significant trapping of water masses, responsible for a high return-flow in the marina. This
trapping is increased during neap tides when the excursions of water parcels are reduced. The study
has shown that when water particles left the bay, they were rapidly ejected and their return to the
system was hindered, especially in the marina. This mechanism is also described in [68], where the
oscillatory flood and ebb processes caused the water masses to be trapped, particularly during neap
tides. Conversely, [44] computed the larger return coefficient during spring tides, but the estuarine
environment studied was much more influenced by the freshwater inputs.
The comparison of the weather-marine scenarios highlights the leading role of the wind on the
reduction of the return-flow (Table 4). Neap tide conditions are particularly concerned by this decrease,
which is directly correlated to lower activity of the tidal currents. The influence of the wind can
overpass the tide, especially during intense 15 ms-1 west events when the return-flow can approach
zero (Table 4). When water parcels leave the marina during ebb, the wind can rapidly flush them out
of the bay where they are exposed to the high renewal rates of the local embayments [71].
6. Conclusions and Perspectives
The purpose of the present study was to characterise the water renewal of La Rochelle marina
under a complete range of weather-marine conditions. We mainly focused on the physical mechanisms
allowing to describe the renewal, but the results obtained might provide sufficient material for future
studies related to the monitoring of pollutants and biological/ecological applications. Pollution is one
of the major threats to water quality in coastal areas and understanding the physical behaviour of
such environments is the first step toward efficient management of the problem. The results provided
in this paper enable us to identify the most vulnerable zones concerning accidental pollution, but
they can also be useful for undertaking protection and management policies. Results emphasise the
substantial variability of the water renewal depending on the weather-marine conditions and the
location in the marina.
Two different approaches helped us determining the temporal and spatial renewal of waters in the
marina. The computation of three water transport timescales (IFT, RT and ET) led to the estimation of
the return-flow in the marina via the RFF and RC formulations. Based on their study and comparison,
the main findings concerning the water renewal in the marina are:
•
•

•
•

The marina displays a strong horizontal variability of the renewal. The most confined waters are
located in the south of the SE basin, while the NE basin is generally the most renewed.
Both the tide and wind substantially impact the water renewal of the marina. The transition from
spring to neap tides significantly decreases the water renewal while the presence of the wind
enhances it, in particular for west and south directions.
In the marina, physical processes responsible for the water renewal are generally more affected by
the tidal phase than in its surrounding bay.
The influence of the wind is less significant in the marina than in the system bay-marina.
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The water renewal is relatively homogeneous over the water column even with the effect of the
wind (data not shown).
As shown by the study of RT, the Floating Structures (FS) particularly decreased the water renewal
in the most sheltered parts (SE basin), but they also generally increase it in the most exposed
parts of the marina (NE basin). The study of both ET and IFT showed that they do not alter the
circulation significantly outside the marina and thus, slightly affect the return-flow in the marina.
The return-flow has been consistently represented both in a Lagrangian and Eulerian way. Its
information is a relevant indication of the circulation processes occurring outside the marina.
Without wind, return-flow in the marina is amplified by neap tides that generate significant
trapping of the water masses at the scale of the bay. Both ET and IFT results showed that
return-flow was a key parameter in the dynamics of water renewal in the marina.
The return-flow is very sensitive to the wind action and the trapping processes happening in the
bay can be drastically reduced. Wind enhances the dispersion of water masses away from the
bay and thus decreases the return-flow in the marina. Powerful west winds (15 ms−1 ), typical of
winter conditions, can generate a near-zero return-flow.
Without wind, return-flow is amplified by neap tides that generates significant trapping.

Given the importance of the return-flow in the region of interest, we should point out that tracer
mass and particles dispersion directly depend on the size of the computational domain [27,72]. We
assumed the latter to be sufficiently large enough not to affect the tracer mass and the behaviour of the
particles used in the definition of the water transport timescales.
The use of only one transport timescale (IFT) enabled to thoroughly describe the renewal processes
occurring in the marina but also between the marina and its local environment. This parameter is less
sensitive to the tidal phase release moment than RT, displays less chaotic patterns than ET and RT and
offers the possibility to compute the return-flow efficiently through the tidal prism method. However,
the comparison with Lagrangian timescales allowed us to detail the physical processes responsible
for the renewal and to assess the consistency of the results. It underlines the need to cross-reference
complementary methods and also puts forward some methods employed to address questions in a
wide range of scientific domains.
Future works should characterise the influence of freshwater inflow and waves. Indeed, many
authors suggested the contribution of the freshwater to the enhancement of the renewal [47,57,59,73,74].
Even if river influence is negligible in our area, intense rainy events can significantly affect the renewal
times [75]. Waves that can be energetic offshore can also modify the exchange efficiency [20,76–78].
In the next study, the influence of dredging maintenance of the marina on the water renewal will be
investigated. Indeed, the water depth was found to increase the water exchange [79], and it could be
interesting to identify the optimal depth to improve the water quality of the marina.
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