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Abstract:

Semi-diurnal and fortnightly surveys were carried out to quantify the effects of wind- and navigation-
induced high-energy events on bed sediments above intertidal mudflats. The mudflats are located in
the upper fluvial part (Oissel mudflat) and at the mouth (Vasiére Nord mudflat) of the macrotidal Seine
estuary. Instantaneous flow velocities and mudflat bed elevation were measured at a high frequency
and high resolution with an acoustic doppler velocimeter (ADV) and an ALTUS altimeter, respectively.
Suspended particulate matter concentrations were estimated by calibrating the ADV acoustic
backscattered intensity with bed sediments collected at the study sites. Turbulent bed shear stress
values were estimated by the turbulent kinetic energy method, using velocity variances filtered from
the wave contribution. Wave shear stress and maximum wave—current shear stress values were
calculated with the wave—current interaction (WCI) model, which is based on the bed roughness
length, wave orbital velocities and the wave period (Ts). In the fluvial part of the estuary, boat
passages occurred unevenly during the surveys and were characterized by long waves (Ts>50 s)
induced by the drawdown effect and by short boat-waves (Ts<10 s). Boat waves generated large
bottom shear stress values of 0.5 N m™ for 2-5 min periods and, in burst of several seconds, larger
bottom shear stress values up to 1 N m™. At the mouth of the estuary, west south-west wind events
generated short waves (Ts<10 s) of Hs values ranging from 0.1 to 0.3 m. In shallow-water environment
(water depth <1.5 m), these waves produced bottom shear stress values between 1 and 2 N m™.
Wave—current shear stress values are one order of magnitude larger than the current-induced shear
stress and indicate that navigation and wind are the dominant hydrodynamic forcing parameters above
the two mudflats. Bed elevation and SPM concentration time series showed that these high energy
events induced erosion processes of up to several centimetres. Critical erosion shear stress (7ce)
values were determined from the SPM concentration and bed elevation measurements. Rough 7
values were found above 0.2 N m™ for the Oissel mudflat and about 1 N m™ for the Vasiére Nord
mudflat.

These results demonstrate the advantages of combining the measurement of instantaneous velocity
and bed elevation to determine in situ the erosion and deposition processes as a function of bottom
shear stress variations.

Keywords: Wind waves; Boat waves; Bottom shear stress; Bed roughness length; Bed erosion;
Intertidal mudflat; Seine Estuary
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Nomenclature

A (m) : Semi-orbital excursion

Crke: Best fit coefficient for K-t1xe conversion

Cspm (Mg I™Y): Suspended particulate matter concentration

f (Hz) : Frequency

fuL: Correction coefficient for non linear interaction between wave and current
fw: Wave friction factor

Hs (m): Significant wave height

Hrms (M): Root-mean-square wave height

h (m): Water height

k: Wave number

K (m?s): Turbulent kinetic energy

kp (km): Kilometric point, distance from Paris (kp O : Pont Marie)
SNR (dB): ADV signal to noise ratio

Ts (s): Significant wave period

u,v,w (m s™): Instantaneous current velocity components following the coordinates East, North ,Up

U,V,W (ms™): Average current velocity components

u’, v’, w’ (ms™): Fluctuating current velocity components

U, V', Wy (M s'l): turbulent component of the instantaneous velocity

uw’, V', Wy’ (m s™): Orbital velocity component of the instantaneous velocity
U(z) (m s™): Mean horizontal current velocity

Uw (M s™): Maximum orbital velocity

u* (m s™): Friction velocity

z (m): ADV recording height above the bed

Zo (m): Bed roughness length
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Greek letters

k: VVon Karman constant

A: ADV acoustic wave length

p (kg m*): Water density

po (kg m): Sediment bulk density

Tee (N m'2): Critical erosion shear stress

trke (N m™): Turbulent kinetic energy shear stress

7w (N m?): Maximum wave shear stress

Tm (N m™): Mean bed shear stress integrating non linear wave-current interactions
Twe (N m'z): Maximum wave-current shear stress

Twsw (N m'z): Wave shear stress for short-period boat-induced waves

tw.ow (N m™): Wave shear stress for long-period boat-induced waves

Tw.swLw (N m'z): Wave shear stress for boat-induced long waves and short waves
tc (N m?): Current shear stress

v (m®s™"): Kinematic viscosity of water
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1. Introduction

Estuarine intertidal mudflats, which store fine-grained sediment, represent key areas for the
investigation of sediment transport dynamics and estuarine water quality management. When
suspended particulate matter (SPM) settles, contaminants associated with it are deposited on estuarine
intertidal mudflats, which thus become the main areas of contaminants accumulation. Previous studies
have demonstrated that intertidal mudflats are subjected to successive periods of erosion and
sedimentation which are controlled by sediment supply and hydrodynamic forcing parameters such as
tides, fluvial discharge and wind (Dyer, 1994; Allen and Duffy, 1998; Uncles et al., 1998; O'Brien et
al., 2000). Therefore, the storage of fine sediment by intertidal mudflats may be temporary, as the
mudflats are subjected to erosion events of variable intensity and duration, from one millimetre per
day to several centimetres in a few minutes (Deloffre et al., 2005). When a major erosion event occurs,
the large amount of reworked sediments and the particle-associated contaminants released into the
water column increase the risk of localized pollution (Cundy et al., 2005), especially during periods

when fluvial discharge is low and there therefore is little dilution.

Erosion and resuspension processes occur when the bottom shear stress exceeds a critical threshold
value (Mitchener and Torfs, 1996; Black and Paterson, 1997). Extending our knowledge of the erosion
processes requires both accurate measurements of the hydrodynamic features near the bottom and a
good estimation of the properties of the surface sediment. Recent improvements in acoustic devices
allow accurate high frequency and 3D current velocity measurements and thus provide reliable and
consistent shear stress measurements (Kawanisi and Yokosi, 1997; Voulgaris and Trowbridge, 1998;
Talke and Stacey, 2003; Voulgaris and Meyers, 2004). A recent study carried out in the macrotidal
Seine estuary focused on the tidal-induced bottom shear stress variability (Verney et al., 2006): the
results demonstrated that tidal-induced shear stress measured at different location in the macrotidal
Seine estuary exceeded the calculated erosion threshold only during short high energy events (HEES).
In estuarine areas, HEEs may be caused by waves generated by boat traffic and wind, which increase

the bottom shear stress (Grant and Madsen, 1979; Soulsby et al., 1993; Parchure et al., 2001).
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The objective of this study is to focus on the HEEs observed on several intertidal mudflats in a
macrotidal estuary to identify and quantify the hydrodynamic factors causing the events, and to
investigate the impacts of HEEs on the mudflat dynamics. This study introduces a new approach for
determining the relationship between hydrodynamic parameters and mudflat erosion processes: the

coupling of accurate near-bed hydrodynamic measurements with bed elevation measurements.

2. Field site

Before reaching the turbidity maximum zone, the SPM entering into the macrotidal Seine estuary is
temporarily trapped in several fine-sediment storage areas sheltered from the strongest tidal-induced
hydrodynamics conditions (Fig. 1) (Guezennec et al., 1999; Lesourd et al., 2003; Deloffre et al.,
2005). Hydrodynamic conditions in the Seine Estuary are controlled by the semi-diurnal tidal cycle
and are modulated seasonally by fluvial discharge (Guezennec et al., 1999). During the highest spring
tides, the tidal range at the mouth of the estuary (kp 360) is up to 7 m and decreases upstream to 2 m at
the upper limit of the estuary (kp 202). During periods of low fluvial discharge, the estuary is divided
into two hydrodynamic compartments: a flood-dominated compartment downstream from kp 300 (Le
Trait) and an ebb-dominated compartment upstream from kp 300 (Verney et al., 2006). The influence
of wind on hydrodynamic features, i.e. wind waves and swell, is observed only at the estuary mouth
when the wind is from the west-south-west (Le Hir et al., 2000; Silva Jacinto, 2002).

Over the last century, the regional authorities have put an emphasis on facilitating economic
exchanges and in particular on encouraging sea-vessel traffic in the Seine estuary from its mouth to the
Port of Rouen (kp 245) (Lafite and Romana, 2001; Lesourd et al., 2001). This has resulted in the
construction of embankments and in heavy dredging activities to keep the main navigation channel
operational for sea vessels downstream from Rouen. Boat traffic within the Seine estuary is divided in
two sectors: upstream from Rouen the traffic consists exclusively of barges, which transport 3.5Mt

annually, whereas downstream from Rouen both barges and sea-going vessels travel the estuary, with
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more than 3,400 sea-vessels sailing seaward (Data from the Port Authorities of Rouen). Such a high

amount of boat traffic has the potential to contribute to local changes in hydrodynamic conditions.

For this study, two sites, representing the fluvial and marine parts of the estuary, were investigated: the
Oissel mudflat (kp 230) and the Vasiére Nord mudflat (kp 355) (Fig 1). The sites were chosen on the
basis of recent work on the Seine estuary (Guezennec et al., 1999; Lesourd et al., 2003; Deloffre et al.,
2005; Deloffre et al., In press; Verney et al., 2006). The Oissel mudflat is one of the largest intertidal
storage areas of fine sediment in the fluvial part of the estuary, with a surface area of 9500 m®. A two-
year high frequency survey of the bed elevation indicates that muddy sediments settle during high
river flow, with deposition rates up to 7.5 mm d*, and net deposits of 5 to 8.5 cm per episode
depending on the flux of suspended solids discharging at Poses (the upstream limit of the estuary). The
bed sediments are a mixture of sand and mud, and are characterised by modes of 20 and 200 um
(Deloffre et al., 2005). During periods of low discharge, the previously-deposited material is eroded
continuously at the rate of 0.75 mm d™ and transported downstream. However, significant erosion
events of several centimetres are occasionally observed. Hydrodynamic surveys during periods of low
discharge have demonstrated that low tidal-induced bottom shear stress is lower than 0.2 N m? and
thus not sufficient to explain the large erosion events, yet several HEEs that generated bottom shear

stress larger than 1 N m™ were observed (Verney et al., 2006).

The Vasiére Nord mudflat, the largest mudflat in the estuary (3.2 km?, (Lesourd et al., 2003)), and is
located in the northern part of the estuary mouth. Here, unlike the Oissel mudflat, the annual high
frequency survey shows that deposition occurs in bursts during periods of low fluvial discharge, and is
closely related to the highest spring tides and the presence of the turbidity maximum zone in the
estuary mouth (Deloffre et al., In press). These deposits are dominated by fine sediments (<50 um),
which represent 70 to 90 % of the material (Lesourd, 2000). As in the upstream fluvial mudflat, HHEs
of several centimetres are observed, mostly after deposition. ADV current velocity measurements in
spring and neap tide conditions have revealed low tidal-induced bottom shear stress values, except

during the rising flood period of the highest spring tides (Verney et al., 2006). The sampling station
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above the Vasiere Nord mudflat is located at mid-cross-section and 6.6 m above the reference sea

level.

3. Materials and methods

In order to accurately identify HEEs, sedimentary and hydrodynamic parameters were monitored with
high frequency devices over tidal cycles. In addition, fortnightly cycle surveys were carried out to
investigate the mudflat response to HEEs. All surveys were carried out during periods of low fluvial

discharge.

3.1.Bed-elevation measurements: the ALTUS altimeter

The ALTUS altimeter is an autonomous 2 MHz acoustic transducer coupled with a pressure sensor
(Bassoullet et al., 2000). This device allows long term monitoring (Deloffre et al., 2005; Deloffre et
al., In press), but is also suitable for high-frequency surveys (sampling frequency up to 1 Hz) with a
data storage capacity of several weeks. The ALTUS provides bed elevation and water level
measurements with resolution of 0.2 mm and 20 mm respectively. For this study, the transducer was

positioned 20 cm above the bed, with a sampling frequency of one measurement every three minutes.

3.2. Hydrodynamic characteristics: ADV measurements

Stations were instrumented with a 6 MHz Nortek Vector Acoustic Doppler Velocimeter during
periods of low fluvial discharge (<400 m® s™). The apparatus was fixed on a rigid aluminium frame,
which was directed perpendicular to the main channel axis to minimize frame-induced noise. This set-
up has been found to be particularly suitable for turbulent intensity determinations (Kawanisi and
Yokosi, 1997; Talke and Stacey, 2003; Voulgaris and Meyers, 2004). ADV measurements give access
to the three directional components of the current velocity, 7 cm above the bed, and to the water level

variations, with a pressure sensor located 45 cm above the bed. Velocity measurements were recorded
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in the East/North/Up coordinates, automatically compensating for any movement of the instrument
using data provided by the ADV internal compass. This minimizes errors due to ADV misalignment
with the vertical. For each tidal survey, the ADV ran continuously at the sampling frequency of 32 Hz.
For semi-lunar surveys, the ADV collected measurements at 2 Hz for 180 s bursts, every 13 min.
Mean current velocity and bottom shear stress were obtained by averaging instantaneous and

fluctuating components of the flow over the burst duration.

3.2.1. Calculation of the bottom shear stress

Various methods are presented in the literature for the calculation of bottom shear stress values from
measured instantaneous current velocities : the Logarithmic velocity Profile (LP) method (Fugate and
Friedrichs, 2002; Simpson et al., 2005), the Turbulent Kinetic Energy (TKE) method (Soulsby, 1983;
Williams et al., 1999; Talke and Stacey, 2003), the covariance (COV) method (Kim et al., 2000;
Voulgaris and Meyers, 2004) and the Inertial Dissipation (ID) method (Huntley, 1988; Kim et al.,
2000; Trembanis et al., 2004). The operational limitations for applying these methods in estuarine
environments have been discussed by various authors (Soulsby et al.,, 1993; Kim et al., 2000;
Hutnance et al., 2002). HEEs observed in the Seine estuary (Verney et al., 2006) are assumed to be
induced by wave events. Therefore, neither the LP nor the COV methods can be used, as the LP
method is based on time-averaged flow velocity and the COV method cannot separate tidal- and wave-

induced fluctuations.

The method best suited to the investigation of wave-current shear interactions is the TKE method, as a
spectral analysis of the instantaneous velocity provides both turbulent and wave characteristics
(Soulsby and Humphery, 1990). This method is based on the separation of the wave-induced (U’w, V’w,
w’) and turbulence-induced (u’, vy, w’;) variances of each fluctuating velocity components u’, v’ and
w’. During wave events, the energy spectrum consists of the superposition of the conventional
turbulent spectrum featured by the Kolmogorov -5/3 roll off in the inertial subrange and a typical wave

spectrum, identified as a peak of energy in the wave frequency range (typically between 1 and 0.1Hz

10
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for wind waves). According to Soulsby and Humphery (1990), the energy spectrum is split in two
parts at the base of the wave peak. This method is performed automatically on the full u, v and w
dataset where, according to the Kolmogorov theory, the separation line corresponds to an interpolation
of the -5/3 slope (in log space), with a reference point at f =0.1Hz (outside the wave frequency range).
The area below the interpolation line therefore corresponds to the turbulent kinetic energy of the
velocity component considered (respectively u’?, v’? or w’?), and the area above the line to the wave

variance contained in the fluctuating part of the velocity component.

The TKE shear stress (trxe) is determined from the turbulent kinetic energy K:

Tre =P Cre K=05pCrye (ut'z +v,"”? +wt'2) (4)
Various Crxe values are proposed in the literature for different estuaries, ranging from 0.18 to 0.21
(Soulsby, 1983; Kim et al., 2000; Talke and Stacey, 2003). For the Seine estuary, Verney et al. (2006)
found C7xe=0.19 to be the best-fit constant for the tidal-induced shear stress on intertidal mudflats.
Trke IS the best estimation of the bottom shear stress attributable to current in the presence of waves

(Williams et al., 1999).
3.2.2. Wave shear stress

The significant wave height (Hs), root-mean-square wave height (Hrms) and significant wave period
(Ts) are calculated from the water level (h) time series over a 1 min burst. Significant wave orbital
velocity Uy is calculated from the wave variances (uy’ ans vyy’) deduced from the turbulent spectrum

analysis, such as (Myrhaug et al., 1998):

Uw=2%Ju,*+v,’ (5)
The wave shear stress Tty is given by:

‘EW::I./Z*[)*fW*UW2 (6)
where fyy is the wave friction factor, which depends on the turbulent characteristics of the flow. In this

study flow is turbulent, and the friction factor is obtained from the relation (Soulsby, 1997):

11
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fw=1.39%(A/z) ** (7)

where A is the semi-orbital excursion : A=UwTs/27 and z, is the bed roughness length.

3.2.3.  Wave-current shear stress

Waves and current both contribute to the bottom shear stress; various models have been developed to
determine the combined wave-current shear stress (Grant and Madsen, 1979; Fredsoe, 1984). The
method used in this study refers to the parametric Wave-Current Interaction (WCI) model proposed by
Soulshy (1995). The equations used are based on theories previously developed and fitted to field and
tank experiments. Soulsby introduced a correction coefficient fy,_ that takes into account the non-linear
interaction between the waves and the current in the mean bed shear stress:

fa=1.2% (1wl (twt1c))>? (8)
The mean bed shear stress t, is:

Tm=Tc (1+fn) C))
In the present study, wave-current interaction is incorporated into the trxe calculations, and therefore
Tm 1S equal to trie. Given that W is the angle between the waves and the current, the total wave-current

bed shear stress becomes:

Twe = \/(TTKE T Tw *COS(\P))Z + (TW *Sin(‘{j))z (10)
3.3.Bed roughness calculation

Bed roughness length is a key parameter that must be determined when calculating wave shear stress.
At the tidal scale, however, bed roughness length varies rapidly, as it is a function of sediment grain-
size distribution, bedforms present, and suspended sediment concentration (Collins et al., 1998;
Trembanis et al., 2004; Voulgaris and Meyers, 2004). Moreover, in the presence of waves, the bed
roughness length is greatly affected by the increase in eddy viscosity within the wave boundary layer

(Grant and Madsen, 1979; Soulsby and Humphery, 1990) and no longer corresponds to the physical

12
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bed roughness used in the WCI method to calculate wave-current shear stress. Therefore, the bed
roughness length is calculated outside wave events from the drag coefficient Cy4(z) for each site at the

tidal scale, and assuming the development of a logarithmic velocity profile (Soulsby and Humphery,

1990):
u*® =C,(2)*U(z)’ (11)
V@) _1)5 H w2
u* x zZ,
where u* is the friction velocity calculated from trke such that:
e e (13)
p
and
K
Z,=z2%exp| - (14)
( Cy(2) J

3.4.SPM concentration: estimation from the ADV backscatter

In addition to current measurements, acoustic Doppler devices (ADCPs or ADVSs) provide
backscattered acoustic amplitudes and signal to noise ratios (SNR) for measurement validation.
Calibrating the backscattered acoustic intensity with SPM concentrations is complex, but provides key
information on sediment transport features, i.e. hydrodynamic and suspended sediment characteristics
at high frequency (Kawanisi and Yokosi, 1997; Voulgaris and Meyers, 2004). The main difficulty is
that the backscattered acoustic intensity depends on the SPM concentration, grain-size distribution and
composition in the volume sampled. The optimal dynamical response of the ADV backscattered
acoustic intensity is given for particle sizes Dy Where Do, *A/2=1 and A is the ADV unity for coarser
particles, assuming that the entire emitted signal is returned to the transducers. For a 6 MHz ADV
such as the one used for this study, the operational size range is estimated to be between 10 um and

200 pm, with the optimal size calculated to be 80 um, similar to the mode value of the grain-size

13
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distribution of the muddy material present in the estuary (Lesourd, 2000). This validates the use of the

ADV backscatter as an appropriate proxy for estimating SPM concentration.

In parallel to physical acoustic theories (Thorne and Hanes, 2002), Voulgaris and Meyers (2004)
proposed empirical calibrations to convert backscatter signal to SPM concentration. For this study,
calibration experiments were carried out in the laboratory using surface sediments collected at the two
sampling stations (Fig. 2). The calibration experiment is based on a classical calibration set-up, i.e.,
the ADV is immersed in a tank that is homogeneously filled step by step with surface sediments to
increase the SPM concentration (Cspy). The ADV acoustic backscattered intensity is recorded for 30 s
and a water sample is collected to determine the weighted Cspy. The burst-averaged SNR values are
used to quantify the backscattered acoustic intensity, and then compared with the measured Cspy in the

tank for all sediments (Fig. 2). Log(SNR) is linearly correlated with log(Cspm) for both sites :

log(Cspm)=-26.48+15.03*log(SNR) (Fig. 2 — Vasiére Nord [1]) (R2 =0.84) (15)

log(Cspm)=-28.02+15.91*log(SNR) (Fig. 2 — Oissel [2]) (R? =0.98) (16)

For these two calibration sets, the operational concentration ranges from 10 to 5000 mg I*. At lower
concentrations, the backscattered intensity is highly variable and the calibration curve does not show a
consistent pattern. For Cgpy higher than 5000 mg I, the ADV response no longer changes with
increasing Cspm. However, in practice this upper limit is never reached as Cspy rarely exceeds 3000

mg I in the Seine estuary (Lesourd, 2000; Deloffre et al., 2005).

This empirical method for ADV-SPM calibration was used by Voulgaris and Meyers (2004) (Fig. 2).
However, it should be noted that these authors used a 10 MHz Sontek ADV that is more sensitive to
finer particles and lower Cspy. This explains the difference between their calibration equation and that

presented here.
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4, Results

4.1. High Energy Events and forcing parameters

4.1.1. The estuary mouth: the wind influence

A typical W-SW wind event occurred on May 5, 2004, with an average wind speed of 8 m s™ and
gusts of 10 m s™ (Fig. 3). W-SW wind events of similar intensities are known to increase wave action
in the estuary mouth (Silva Jacinto, 2002). The sampling station is located in the middle of the largest
mudflat in the estuary, at the height of 6.6 m above reference sea level, thus water heights above the
station rarely exceed 1 m during neap tide conditions. The water level fluctuations measured by the
ADV and filtered from the tidal amplitude are shown in Fig. 3a. Waves are observed continuously
during the tidal cycle, with significant wave periods varying from 3 to 8 s and significant wave heights
ranging from 0.1 to 0.35 m (Fig. 3b). Waves were present continuously during this survey, so the bed
roughness length was not calculated. Instead, the bed roughness calculated for the same site during the
fortnightly cycle was used (z,=0.37 mm) as well as the bed roughness lengths given by Soulsby (1997)
for mud and muddy/sandy sediment (i.e., 0.2 and 0.7 mm respectively) to investigate the variability of

the results.

The wave-current shear stress fluctuations are shown in Fig 3¢ and compared to the TKE shear stress.
During the survey, twc values were twice to one order of magnitude higher than trkg, with
characteristic values ranging from 0.6 to 4 N m?2and 0.1to 1 N m? respectively, for twc and trxe.
This confirms that wind-waves are the dominant forcing parameter at the estuary mouth. The largest
waves (>0.2 m) are associated with Ty values above 1 N m™. Comparing twc values obtained for the
different bed roughness values (Fig. 3c — shadow area) demonstrates high sensitivity of the z,
calculation: estimating twc with z,=0.2 mm or 0.7 mm results in discrepancies of up to 100%

compared with Ty calculated with z;=0.37mm.
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4.1.2. The fluvial estuary: the influence of boat traffic

Representative water level recordings from the Oissel mudflat are shown in Fig. 4a. Examination of
the water elevation time-series reveals the passage of at least five boats. These passages are identified

by the boat-generated wave packets with amplitudes up to 0.16 m.

A ship passage is examined in detail in Fig. 4b and Fig. 4c; the figures show typical vessel-generated
water-level and current-velocity variations. These boat-induced variations affect the local
hydrodynamics and are characterised by one long wave followed by short wave packets as reported in

previous studies (Schoellhamer, 1996; Fagerburg and Pratt, 1998; Parchure et al., 2001).

Long waves are caused by the drawdown effect, which is defined as an abrupt diminution of the water
level caused by the displacement of the boat. The occurrence and amplitude of the drawdowns are
controlled by the width of the channel, the local water depth and some boat-related features, such as
the shape of the hull and the boat speed, e.g., the narrower the width, the larger the drawdown
(Schoellhamer, 1996; Fagerburg and Pratt, 1998). Here, the drawdown shows a wave period of 50 s
and an amplitude of 0.06 m. The wave is reflected several times by the river banks and its amplitude
decays with time. The drawdown substantially affects the local current velocities, causing horizontal
velocity variations of 0.2 m s™ (Fig. 4 c). This type of long wave is observed before the arrival of short
wave packets. In Fig. 4b, the boat-generated short waves have a period of 3 s, the first and largest
wave height is 0.1 m and following wave heights decrease with time. Wave packets are observed
several times as a result of reflections on embankments. The boat passage affects the mudflat for 2- to
5-min periods, and induces high flow velocity fluctuations: the largest fluctuation amplitude is 0.3 m s’

! and then decreases with time (Fig. 4 c).

Waves generated by barges or vessels contribute to the bottom shear stress. This contribution can be

estimated using the WCI model detailed in section 3.2.3. The bed roughness length for the Oissel
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mudflat was estimated by Verney et al. (2006) to be 0.3 mm, from the calculation of the drag
coefficient obtained by comparing mean current velocity U and friction velocity u* in the absence of
waves. Wave height measurements revealed that the boat-generated waves are mono- or sometimes bi-
modal. As described in the previous section, the WCI model is applied for waves characterised by a
single period and a single height. Short and long waves were examined separately to estimate the shear
stress contribution of each type of wave and to determine the total boat-induced bottom shear stress.

Long and short waves were filtered by band-pass filters from the spectral analysis of the raw-water
level signal, with long and short wave frequencies assumed to range from 0.002 Hz to 0.1 Hz, and 0.1
Hz to 1 Hz, respectively. Fig. 5 focuses on a typical time series corresponding to Fig. 4b and details
the procedure applied to calculate twc. Once extracted from the raw signal (Fig. 5 a, b and c), the long
and short wave signals are processed to calculate their respective wave periods and significant wave
heights. Long wave properties are calculated over a 1 min period. However, this calculation period is
too long to represent accurately the rapidly fluctuating short waves, and so the significant wave
heights, periods and orbital velocities for short waves were calculated over an 8 s burst period. Short
wave heights decay rapidly from 0.1 to 0.02 m in a few minutes. Significant long-wave heights up to
0.06 m are observed and the perturbations induced last for approximately 5 min with slight wave
height decay. Similar to short waves, long waves affect the turbulent spectrum in the low frequency
range (i.e. f<0.1 Hz). In the absence of long waves, the energy spectrum shows a quasi-stationary
behaviour in this frequency range, while in the presence of long waves it greatly increases. A second
cut off therefore is applied to the low frequency regime (f<0.1 Hz) to calculate the wave variance
associated with long waves, fixed to a constant variance calculated for f=0.1Hz. Wave shear stresses
for long (tw.Lw) and short (tw.sw) waves are calculated from the WCI model equations (Eg. 5 to 10)
(Fig. 5 d). In this case, tw..w presents a maximum value of 0.1 N m?2 as a result of the drawdown
effect, and ty.sw increases when short waves arrive, with a maximum value of 1 N m. Low amplitude
short waves are observed during the drawdown period, generating a wave shear stress of 0.08 N m?,
lower than the tw..w Value. tw.sw and tw.Lw then are summed to obtain the overall wave shear stress

Tw-Lw+sw, Which is used to calculate the overall wave-current shear stress (twc), from equations 8 to 10
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(Fig. 5e). trke is one order of magnitude lower than twc and non-linear wave effects on trke are
observed. This procedure is extended to the entire dataset (Fig. 6). During the tidal cycle, trke is well

correlated with the current velocity (Fig. 6: from 03h00 to 06h00).

Al boat passages generate bottom shear stress with tyc values above 0.1 N m?and up to 2 N m™ The
boat traffic in the Seine estuary is dense, and occasionally boats must either follow each other closely
or pass each other with very little clearance in the narrow channel. This results in longer duration
HEEs, characterised by a succession of multiple wave packets, which can combine with each other and
generate larger waves and thus greater bottom shear stress (Fig. 6 — from 00h40 to 01h20). In this
case, the turbulent flow relaxes slightly and does not reach a steady state until more than 20 min after

the last barge passage.

4.2. Impact of the HEEs on the dynamics of the intertidal mudflats of the Seine estuary

The factors controlling the variability of the bottom shear stress intensity are identified by tidal
surveys as the tidal currents (Verney et al., 2006), the W-SW wind events (at the mouth of the Seine
estuary), and the passage of boats and barges (in the fluvial part of the estuary). Based on these
studies, surveys were carried out in the fluvial part of the estuary and at the mouth of the estuary to
monitor hydrodynamic and sedimentary processes during a semi-lunar cycle. The objective of this
work is to investigate the impact of HEEs on the mudflat dynamics, and in particular the erosion and

resuspension processes affecting the surface sediment.

4.2.1. Wind impact on mudflat behaviour

The Vasiére Nord survey was carried out in spring tide conditions, which are reported as being

favourable for sediment accretion above the mudflat (Deloffre et al., In press). The variations of the
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bed elevation of the Vasiére Nord mudflat are compared to the time series of twc, SPM concentration,

water surface elevation, and wind and wave conditions (Fig. 7).

Throughout the survey, the water level above the mudflat never exceeded 1.5 m (Fig. 7 a). Wind speed
above 10 m s™ are observed unevenly; they generate wind waves with an average wave height of 0.15
m and wave periods ranging from 2 to 10 s. Waves are always observed above the mudflat and the
lowest wave heights are less than 0.1 m and correlated with wind speeds below 5 m s* (Fig. 7 b).

Periods of large amplitude waves, above 0.2 m, are observed in bursts.

The weakest wave event occurred during VN1, and this period there was chosen to calculate a z, value
(wave heights >0.1m excluded), and estimated to be 0.37 mm. The combination of low water heights
and large wave amplitudes induces strong bottom shear stresses. Periods of wind-wave heights above
0.15 m are reported as HEEs and correspond to bottom shear stress values higher than 0.5 N m™ for
periods lasting from the hour to the tidal scale (Fig. 7 ¢ and d). The largest HEE (VN2) is correlated
with a SW wind event of 13 m s, generating wave heights up to 0.3 m and twc of 2 N m?. Calm

periods are associated with bottom shear stress values below 0.5 N m™.

The Vasiére Nord mudflat underwent several periods of sedimentation and resuspension/erosion (Fig.
7f). A typical sedimentation/resuspension pattern is observed, characterized by a new deposit during
the flood period: VN1: +10 mm, VN3: +3 mm; VN4: +5 mm. Deposition events are correlated with
the weakest hydrodynamic conditions, i.e. twc<0.8 N m? and wave heights below 0.15 m.
Resuspension and erosion periods are observed during HEES characterised by twc values greater than
1 N m?, induced by wind-wave heights above 0.15 m. These HEEs partly or entirely remove the
previously deposited sediment (Fig. 7f): VN1: -2 mm; VN2: -7 mm; VN3: -5 mm; VN4: -2.5 mm,
VN5: -7 mm, VNG6: -2 mm. This material is re-enters the water column, as demonstrated by the
monitoring of Cspy: every resuspension or erosion event is correlated with high Cspy values above 100

mg 1™, and occasionally as high as to 1500 mg I™* (Fig. 7e)
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At the scale of the survey, the total amount of deposited sediments is removed, and the net budget of
the erosion/sedimentation periods shows is an erosion of the bed of 5 mm. This erosion was confirmed
by field observation at the end of the survey: the surface of the mudflat was rippled, made up of hard
sandy-mud, and hard-mud pebbles were scattered over the mudflat as a consequence of strong

hydrodynamic conditions and erosion at the edge of the mudflat.

4.2.2. Boat impact on mudflat behaviour

The results of the bed roughness length calculation during the survey are shown in Fig. 8. They reveal
a variability of 30% around a mean value of 0.1 mm, and maximum value of 0.3 mm. These calculated
Zo values are used for tyc calculations. The behaviour of the Oissel mudflat during a semi-lunar cycle
is examined in Fig. 9 in response to the variations in the bottom shear stress and the local Cspm. The
average tidal-induced shear stress (boat passages excluded) is low (less than 0.1 N m™), which is
explained by the weak tidal currents in the upper reach of the estuary (Verney et al., 2006). Cspm IS
low, ranging from 10 to 50 mg I (Guezennec et al., 1999; Deloffre et al., 2005). These low
hydrodynamic conditions are favourable for sedimentation: the altimetric survey shows a constant

sedimentation rate of 0.2 mm per tide.

Short HEEs (twc>0.5 N m™) are recorded only irregularly (O11, OI3, OI5, O17, O110); and they are
associated with an increase in Cspy above 200 mg I (Fig. 9a, b and c). Among all the HEES reported,
only one is correlated with a large and abrupt bed erosion (f 6 mm for OI10 - Fig 9d). This erosion
event is clearly correlated with a boat passage, as indicated by bottom shear stress values higher than
0.5 N m? This event affected only a longshore line of the mudflat, where erosion is visible and
indicated by a change in the bed surface: near the bank, the bed is flat and soft, and near the river, the
bed is rough and scattered with muddy pebbles, typical of erosional events. All other HEES observed

during the survey were associated with a Cspy increase, but no net erosion was recorded by the
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altimeter during this survey: because of the local effect of boat-induced waves, this could correspond

to erosion of another part of the mudflat, where bed shear stress exceeds the critical shear stress.

5. Discussion

5.1.Processes of erosion: boat-induced waves

Field measurements showed that barge passages in a narrow channel change the local hydrodynamics
by generating a drawdown and packets of waves, and sometimes causing sediment resuspension (Fig.
4; Fig. 5; Fig. 9; Table 1). The drawdown is a low frequency variation of the water level, and its
amplitude was reported to vary from 0.05 to 0.1 m. Short waves are grouped in wave packets of wave
height ranging from 0.05 to 0.15 m. Boat passages cause short duration HEEs, which never exceeded
10 min. These observations are in agreement with the results of the field surveys and laboratory
experiments reported by Parchure et al. (2001). These authors classified waves and drawdown
intensities by boat type. They concluded that large vessels generated large drawdowns but low short-
wave heights, contrary to leisure boats, which travel faster and thus generate small drawdowns but
large short-wave heights. They also reported that barges induced more resuspension, with Cspy
varying from 100 to 500 mg I"* close to the bed. These concentrations are similar to those measured
from the ADV backscattered intensity on the Oissel mudflat after barge passages. This might reflect
the bed dislocation/liquefaction effect of the long waves, which would layer the first centimetres that

could then be removed by short waves (De Wit and Kranenburg, 1997).

The water height time series indicate the passage of many boats. The most substantial events are
reported in Table I, along with their principal hydrodynamic features. Relations between boat-induced
flow variations, sediment resuspension, and bed erosion are difficult to establish, because they are
related to various criteria such as water level, wave amplitude and frequency, bed form, and bed
structure (Parchure et al., 2001). However, comparison of the local hydrodynamic variations and the

response of the bed sediments shows that resuspension processes mainly occur during both high and
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low frequency velocity fluctuations (Table I, Boats 1, 5, 7 and 10). Low frequency current fluctuations
occasionally generated low intensity resuspension (Table I, Boats 2, 4, 6, 8 and 9). Moreover, the
erosion event observed by the ALTUS occurred when the average water height was the lowest, at
approximately 0.3 m, which suggests that water level is a critical parameter for erosion in the upper
part of the estuary. Despite the low probability of such HEEs (as they require both boat passage and
low water level), their amplitudes demonstrate that boat traffic plays an important role at the annual
scale in mudflat dynamics and sediment fluxes in the upper estuary. This is confirmed by Deloffre et
al. (2005), who reported three or four periods of abrupt erosion per year during a two-year survey
above the Oissel Mudflat. These large erosion processes occurred after a period of deposition of

several centimetres, when bed sediment bulk densities and critical erosion shear stress are the lowest.

This emphasizes the need for further examination of very shallow water processes. The influence of
boat-induced waves as they break on the mudflat, when the turbulent intensity is at its highest, is of

special interest.

5.2.Bed sediment erodibility and critical erosion shear stress

The turbulent threshold effect on mudflat sediment erosion processes has been researched extensively
over the last 30 years. This threshold effect is especially relevant for mathematical modelling of
sediment transport, which uses the critical erosion shear stress as a major controlling parameter
(Sanford and Maa, 2001). Many instruments have been developed to estimate this threshold in field
studies or in laboratory flumes (Mitchener and Torfs, 1996; Black and Paterson, 1997; Tolhurst et al.,
2000). All these instruments are based on the same experimental protocol, i.e. the shear stress applied
is controlled and increased stepwise, and the erosion threshold is reached when the operator observes
that Cspm shows a substantial increase or exceeds a fixed level of Cspy Or turbidity. Similar
measurements of the critical erosion shear stress can be carried out in situ by comparing time series of
bottom shear stress values to erosion criteria, i.e. Cspy and bed height measured by ADV and ALTUS

devices.
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Those two methods are applied for the Oissel mudflat measurements. A comparison of Cspy Values
and twc values (Fig. 9 and 10) shows that substantial resuspension occurred when twc was above 0.2
N m? except for OlI1 where no concentration increase was observed. Based on bed elevation
measurements, bed erosion occurred abruptly and only once during the study, and was associated with
high twc values (between 0.3 and 0.8 N m™). The bed sediments of the Oissel mudflat are sandy-mud
with a thin layer of newly deposited sediments, as observed by the altimetric survey (Fig. 9). The
critical shear stress value calculated from the relation provided by Mitchener and Torfs (1996) for
sandy-mud sediments is 0.6 N m?, which is in the range of the 1. value estimated. However, the
altimeter did not measure any variation of the bed elevation during these events. This could be either
because the erosion affected only the thin upper layer of fluid mud deposited at the surface, the erosion
thickness being smaller than the ALTUS vertical resolution, or more probably because erosion
occurred elsewhere on the mudflat. Unlike devices dedicated to erosion threshold determination that
work with a confined controlled volume of water, the Csppy method used in situ to determine tg is
subjected to variations in both the intensity of the hydrodynamic processes and in the bed sediment
properties. Therefore, an increase in Cspy Observed by the ADV may be the result of bed erosion away
from the sampling site and thus not measurable by the ALTUS altimeter, the resuspended sediment
being then advected through the ADV sampling volume as modelled and discussed by Brun-Cottan et

al. (2000).

Estimating critical erosion shear stress is more complex at the estuary mouth: this site is influenced by
the turbidity maximum zone, and so the background Cspy is naturally highly variable, and ranges from
10 to 1000 mg It (Lesourd et al., 2003; Deloffre et al., 2005). The Cspy method therefore cannot be
applied to determine 1, and only the altimetric measurements are used (Fig. 7). The results
demonstrate that deposition periods correspond to twc values below a critical value of 0.8 N m?2, and
the lower the twc, the higher the deposition rate. Erosion processes take place for tyc values higher
than 1 N m™. The relation between erosion rate and bed sediment properties is clearly observed: all

erosion events that occur after a period of deposition have an erosion rate that ranges from 0.1 to 0.165
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g m?s™® (VN2 to VN5). During VN5 and VNS, the erosion rate decreased from 0.1 to 0.035 g m?s™,
whereas the mean shear rate was similar during these two tides (1.5 N m™). During VNS5, the bed
surface sediment had been newly deposited during the previous tides, and should be characterised by a
lower bulk density and a lower critical erosion shear stress. During this tide, all newly deposited
sediments were removed and the bed level reached was lower than at any time during the previous
four days. Therefore, bed sediments during VN6 had been subjected to consolidation processes for
several days and should feature higher bulk densities and higher critical erosion shear stress, which
would explain the lower erosion rate during VN6. The critical erosion shear stress value of 1 N m? is
in the upper range of the critical erosion shear stress measured by Mitchener and Torfs (1996) for

newly-deposited muddy bed sediments and which ranges from 0.1 to 1.5 N m™.

The differences between critical erosion shear stress values calculated in this study and the values
proposed in the literature may be the results of differences in the hydrodynamic processes observed.
Most of the knowledge of erosion and deposition processes of muddy sediments is based on studies
that taking into account only the current velocities (Tolhurst et al., 2000). In contrast, this study
examined the impact of wave-induced shear stress on mudflat dynamics. Currently, our understanding
of the interaction between wave-induced shear stress, muddy sediment erodibility, and bed sediment
properties is limited to field observations (Winterwerp and van Kesteren, 2004). Thus, further research
is required to provide a better understanding of current only, wave only and current-wave erosion

processes in relation to muddy bed sediment properties.

6. Conclusions

The combined use of high frequency and high resolution altimetric measurements and near bottom
sediment hydrodynamic measurements during both tidal and semi-lunar surveys identified and
quantified wind and boat passage events and their impact on mudflats. The tidal surveys allowed
continuous recording of the current velocity and water height fluctuations. These measurements

allowed quantification of the boat- and wind- induced wave contributions to the bottom shear stress.
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Bed elevation, bottom shear stress, and suspended particulate matter concentration measurements

close to the bottom were used to determine critical erosion and deposition shear stresses.

The fluvial part of the Seine estuary is affected by boat traffic. Boat-induced waves show a bimodal
pattern, with long and short waves, and generate bottom shear stresses stronger than 0.5 N m™ for a
few minutes with peaks up to 1 N m™. In most cases, boat passages generate sediment resuspension
when bottom shear stress values exceeded 0.2 N m™. Large erosion processes (erosion of more than a
5 mm thickness) are observed under specific conditions such as low water height (h<30 cm) and high
amplitude waves. Low amplitude erosion processes are observed at very shallow water depths at the
beginning of the flood tide and at the end of the ebb tide, which could be caused by tidal currents or
boat passages. These observations highlight the need for further research on the effect of both very

shallow water processes and emersion/immersion processes on sediment dynamics.

At the mouth of the Seine estuary (Vasiére Nord Mudflat), W-SW wind events generate waves with a
significant wave height of 0.1 to 0.3 m for wind speeds ranging from 7 to 15 m s™. Wind waves induce
bottom shear stress values higher than 0.5 N m?and up to 2 N m™. These results confirm that W-SW
wind events are the predominant forcing parameter for mudflat dynamics at the estuary mouth. Critical

deposition shear stress is estimated to 0.8 N m™ and critical erosion shear stress to be 1 N m™.
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9. Figure Caption

Table I: Summary of hydrodynamic features (Significant wave height and maximum velocity
fluctuations), suspended particulate matter concentration and bed elevation measurements during boat
passages above the Oissel intertidal mudflat. (Hs LW: significant long-wave height; Hs SW:
significant short-wave height; AU LW : long-wave-induced velocity fluctuation; AU SW : short-wave-

induced velocity fluctuation)

Fig. 1. The Seine estuary and study sites: The Oissel Mudflat (kp 230) in the upper estuary and the
Vasiére Nord mudflat (kp 355) at the estuary mouth. Position of the instrumented MAREL Buoy.
(Kilometric point (kp): distance from the Pont Marie, Paris) (Channel width exaggerated upstream kp

350 to clarify the figure)

Fig. 2: Calibration of the 6 MHz Nortek ADV backscattered amplitude with weighted suspended
sediment concentration: experimental results (this study) and data from Voulgaris and Meyer (2004)

from a 10 MHz Sontek ADV

Fig. 3: Hydrodynamic features during a W-SW 8 m s™ wind event above the Vasiére Nord intertidal
mudflat: (a) instantaneous wave height; (b) significant wave height (Hs) and period (T) over a one
minute period; (c) TKE shear stress (trke), and Wave-Current shear stress (twc) for a bed roughness
length of 0.37 mm. The shadow area shows the Ty, variability as a function of low (0.2mm) or large

(0.7mm) bed roughness length

Fig. 4: Boat passages above the Qissel intertidal mudflat: (a) Wave height during the tidal cycle and

zoom on one boat passage: (b) wave height (c) and 3D current velocity variations.
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Fig. 5: Typical hydrodynamic signature of a boat passage above the Qissel intertidal mudflat : (a)
wave height ; (b) long wave height and (c) short wave height; (d) short waves (tw.sw), long waves (tw-
Lw) and combined short-long waves (tw..w+sw) Shear stresses and (e) bottom shear stress calculations :
combined short-long waves (tw..w+sw) Shear stress, wave-current shear stress (twc) and TKE shear

stress (t1ke)

Fig. 6: Impact of boat passages on hydrodynamic features above the Oissel mudflat during a tidal
cycle: (a) mean water level and mean current velocity (U) and (b) wave-current shear stress (twc) and

TKE shear stress (trke).

Fig. 7: Variability of hydrodynamic and sedimentary parameters during high spring tides above the
Vasiére Nord mudflat. (a) water level; (b) wind speed and direction measured at the MAREL Buoy;
(c) significant wave height (Hs); (d) wave-current shear stress (twc); (¢) SPM concentration (Cspw)
and (f) bed elevation variations. Sedimentation periods are indicated by grey dots and the erosion

periods by black dots

Fig. 8: Variability of the bed roughness length during a fortnightly survey at the Oissel Mudflat.

Fig. 9: Variability of hydrodynamic and sedimentary parameters during a semi-lunar cycle above the
Oissel mudflat. (a) water level; (b) wave-current shear stress (twc); (¢) SPM concentration (Cspy) and

(d) bed elevation variations

Figure 10: Comparison between bottom shear stress (twc) and SPM concentration (Cspy) values above

the Oissel Mudflat: determination of the critical erosion shear stress
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Figure Caption

Table I: Summary of hydrodynamic features (Significant wave height and maximum velocity
fluctuations), Suspended Particulate Matter concentration and bed elevation measurements during boat
passages above the Oissel intertidal mudflat. (Hs LW: significant long-wave height; Hs SW :
significant short-wave height; AU LW : long-wave-induced velocity fluctuation; AU SW : short-wave-

induced velocity fluctuation)

Fig. 1: The Seine estuary and sites studied: The Oissel Mudflat (kp 230) in the upper estuary and the
Vasiére Nord mudflat (kp 355) at the estuary mouth. Position of the instrumented MAREL Buoy.
(Kilometric point (kp): distance from the Pont Marie, Paris) (Channel width exaggerated upstream kp

350 to clarify the figure)

Fig. 2: Calibration of the 6 MHz Nortek ADV backscattered amplitude with weighted suspended
sediment concentration : experimental results (this study) and data from Voulgaris and Meyer (2004)

from a 10 MHz Sontek ADV

Fig. 3: Hydrodynamic features during a W-SW 8 m s™ wind event above the Vasiére Nord intertidal
mudflat: (a) instantaneous wave height; (b) significant wave height (Hs) and period (T) over a one
minute period; (c) TKE shear stress (trke), and Wave-Current shear stress (twc) for a bed roughness
length of 0.37 mm. The shadow area shows the Ty variability as a function of low (0.2mm) or large

(0.7mm) bed roughness length

Fig. 4: Boat passages above the Qissel intertidal mudflat: (a) Wave height during the tidal cycle and

zoom on one boat passage : (b) wave height (c) and 3D current velocity variations.



Fig. 5: Typical hydrodynamic signature of a boat passage above the Qissel intertidal mudflat : (a)
wave height ; (b) long wave height and (c) short wave height; (d) short waves (tw.sw), long waves (tw.
Lw) and combined short-long waves (tw.Lw+sw) Shear stresses and (e) bottom shear stress calculations :
combined short-long waves (tw..w+sw) Shear stress, wave-current shear stress (twc) and TKE shear

stress (t1ke)

Fig. 6: Impact of boat passages on hydrodynamic features above the Oissel mudflat during a tidal
cycle: (a) mean water level and mean current velocity (U) and (b) Wave-current shear stress (twc) and

TKE shear stress (trke).

Fig. 7: Variability of hydrodynamic and sedimentary parameters during high spring tides above the
Vasiére Nord mudflat. (a) water level; (b) wind speed and direction measured at the MAREL Buoy;
(c) significant wave height (Hs); (d) wave-current shear stress (twc); () SPM concentration (Cspw)
and (f) bed elevation variations. Sedimentation periods are indicated by grey dots and the erosion

periods by black dots

Fig. 8: Variability of the bed roughness length during a fortnightly survey at the Oissel Mudflat.

Fig. 9: Variability of hydrodynamic and sedimentary parameters during a semi-lunar cycle above the
Oissel mudflat. (a) water level; (b) wave-current shear stress (twc); (¢) SPM concentration (Cspv) and

(d) bed elevation variations

Figure 10: Comparison between bottom shear stress (twc) and SPM concentration (Cspm) Values above

the Oissel Mudflat: determination of the critical erosion shear stress



Table |

Water height

Resuspension

Boat Nb above the bed (m) 1S tW (m) HsSW (m) oULW (ms™® oUSW (ms? (mg ) Erosion (mm)
1 0.7 0.1 0.15 0.15 0.2 500 NO
2 0.35 - - 0.15 0 100 NO
3 0.35 0.1 0.08 0.05 0.15 100 NO
4 0.5 0.05 0 0.1 0 0 NO
5 0.55 0.2 0.05 0.5 0.1 500 NO
6 0.3 - - 0.1 0 0 NO
7 0.4 - - 0.1 0.2 450 NO
8 1.4 0.05 0.05 0.1 0.05 50 NO
9 0.5 0.05 0 0.1 0 0 NO
10 0.2 - - 0.3 0.2 1500 6
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Figure 4
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Figure 5
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Figure 6
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Figure 9
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Figure 10

Significant resuspension

(,-1 6) NS5 uonenuaouoo Nds

Wave-current shear stress 1, (N m2)



	Verney et al, CSR -- TEXT second revision.pdf
	1.   Introduction 
	2.  Field site 
	3.  Materials and methods 
	3.1. Bed-elevation measurements: the ALTUS altimeter 
	3.2. Hydrodynamic characteristics: ADV measurements 
	3.2.1. Calculation of the bottom shear stress 
	3.2.2. Wave shear stress 
	3.2.3. Wave-current shear stress 

	3.3. Bed roughness calculation 
	3.4. SPM concentration: estimation from the ADV backscatter  
	4.  Results 
	4.1. High Energy Events and forcing parameters 
	4.1.1. The estuary mouth: the wind influence 
	4.1.2. The fluvial estuary: the influence of boat traffic 

	4.2. Impact of the HEEs on the dynamics of the intertidal mudflats of the Seine estuary 
	4.2.1. Wind impact on mudflat behaviour 
	4.2.2. Boat impact on mudflat behaviour 


	5.  Discussion 
	5.1. Processes of erosion: boat-induced waves 
	5.2. Bed sediment erodibility and critical erosion shear stress 

	6.  Conclusions 
	7.   Acknowledgments 
	8.  References 
	9.   Figure Caption 


	Verney et al, CSR -- Figures V40.pdf
	Figure Caption 




