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a b s t r a c t

The impact of tidal current, waves and turbulence on particles re-suspension over the sea bottom is
studied through Eulerian high frequency measurements of velocity and particle size distribution (PSD)
during 5 tidal cycles (65 h) in a coastal environment of the eastern English Channel. High frequency
variability of PSD is observed along with the velocity fluctuations. Power spectral analysis shows that
turbulent velocity and PSD parameters have similarities in their spectral behaviour over the whole range
of examined temporal scales. The low frequency variability of particles is controlled by turbulence
ðβC�5=3Þ and the high frequency is partly driven by dynamical processes impacted by the sea bottom
interactions with turbulence (wall turbulence). Stokes number (St), rarely measured in situ, exhibits very
low values, emphasizing that these particles can be considered as passive tracers. The effect of tide and
waves on turbidity and PSD is highlighted. During slack tide, when the current reaches its minimum
value, we observe a higher proportion of small particles compared to larger ones. To a lower extent, high
significant wave heights are also associated with a greater concentration of suspended sediments and the
presence of larger particles (larger Sauter's diameter DA, and lower PSD slope ξ).

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Marine particles cover a broad range in diameters from nan-
ometers, mainly as colloids, to few millimeters and even centi-
meters in the presence of big Phaeocystis colonies, diatoms chains,
or cyanobacteria filaments. Intermediate size particles include
viruses, heterotrophic bacteria, pico-, nano-, and micro-, phyto-
plankton, micro-, meso-, and macro-zooplankton, non-living parti-
cles, and mineral particles (Stramski et al., 2004). These particles do
not solely appear as individual entities in the water column, but are
mainly present as marine algal flocs and aggregates (Eisma, 1986;
Fowler and Knauer, 1986; Hill, 1998; Boss et al., 2009). The
variability of the marine particle size distribution (PSD) impacts
the different biological processes occurring in oceanic waters and
vice versa. For instance, trophic interactions are tightly linked to the
size distribution of the different living and non-living particles
involved all over the trophic system (McCave, 1984).
In the other way, blooms of specific phytoplankton species modify
the general PSD shape by affecting one given size class. Phytoplank-
ton degradation processes as well as zooplankton grazing also affect
the PSD shape by promoting the small particles size classes

compared to larger ones. Physical processes occurring in the water
column are also related to the PSD. For example, the settling velocity
of the suspended matters is strongly controlled by the particles size.
In contrast, the size distribution of floc or aggregate depends on the
balance between aggregation and breakage, two processes driven
by diffusive turbulent transport and differential settling (McCave,
1984). McCave suggested that particles in the Brownian range
ðo1:0 μmÞ are pumped rapidly into larger size classes by aggrega-
tion. The instantaneous turbulent kinetic energy modifies the
proportion between particles/floccule, fine, coarse, microflocs and
macroflocs (Lefebvre et al., 2012). The re-suspension of marine
sediments is also strongly size dependent (Wells and Goldberg,
1992; Mikkelsen and Pejrup, 2001; Fettweis et al., 2006).

Turbulence is one of the most important physical phenomena
which determines the re-suspension and the settling of the
suspended particles in the coastal as well as oceanic waters
(Eisma, 1986; Van Leussen, 1988; Umlauf and Burchard, 2005;
Fettweis et al., 2006; Burchard et al., 2008; Van der Lee et al.,
2009). For instance, observations on floc in the field show that
smaller flocs occur in high energy environments (Kranck and
Milligan, 1992; Berhane et al., 1997). At a critical magnitude of
turbulence, shear overcomes the binding strength of flocs and
tends to destroy aggregates (Eisma, 1986). For primary (disaggre-
gated) particles significantly larger than 1:0 μm, and for the
process of smaller flocs (microflocs) growing into larger flocs
(macroflocs), turbulent shear is thought to be the dominant
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collision mechanism, except during periods of slack current
velocities when differential settling of suspended particles onto
one another may be responsible for most of the flocs formation
and rapid clearing of the water (Van Leussen, 1988).

Studies done by Wolanski and Gibbs (1995) in Fly River Estuary
show that the mean floc size was affected by the turbulence of
tidal currents. The largest floc sizes were observed in the low tidal
currents ðo0:5 m=sÞ and comparatively smaller floc sizes were
observed in the high tidal currents ð40:5 m=sÞ.

In the present study, we analyse the dynamics of PSD and its
relation with turbulence from in situ measurements. We conducted
simultaneous measurements of velocity and PSD from instruments
fixed on a frame positioned on the sea floor in the coastal waters of
eastern English Channel. This study area, characterized by low
depth, exhibits a large range of variability of bio-optical properties
related to the occurrence of different phytoplankton blooms,
bottom sediments re-suspension confined in the coastal areas,
and numerous river inputs (Velegrakis et al., 1999; Loisel et al.,
2007; Vantrepotte et al., 2007). The study carried out by Velegrakis
et al. (1999) showed that re-suspension of fine-grained particles
takes place during the spring tides and correlates well with the
distribution of the bottom lithological type. In this paper, we will
assess whether the re-suspended particles are passive tracers, or
have an inertia that influences their transport by turbulence. For
this, we estimate from in situ measurements their Stokes number
St, which is a dimensionless number explaining the effect of inertia
on the particles in a fluid motion. The impact of hydro-dynamical
forcing on the particles behaviour is examined for different size
classes of particles (silt/clay, fine, micro/coarse and macro flocs).

In the first section we present the study area as well as the
different measurements and methods used to assess the coupling
between turbulence and the particles behaviour over the sea
bottom. The meteorological and hydrodynamic contexts occurring
during the field measurements are then provided in the next
section. The velocity field and the particle size distribution
variability are described and their relationships are analysed. The
Stokes numbers of these different particles, rarely measured
in situ, are also estimated.

2. Data and methods

2.1. Study area

The measurements were conducted in the coastal waters of
the eastern English Channel at a fixed station (50145.676 N,
01135.117 E) from 25 to 28 June 2012 (Fig. 1A). The different
instruments (explained in the data section) are fixed on a structure
which was positioned on the seafloor. The English Channel is a
mega tidal sea having a tidal range that varies from 3 to 9 m, and
experiencing a tidal current of amplitude close to 1.0 m/s (Desprez,
2000; Seuront and Schmitt, 2005; Korotenko et al., 2012). The
biogeochemical environment during the particular sampling per-
iod is defined from in situ data collected few days before the
experiment (21 June) in the frame of the SOMLIT program in two
different areas and in high tide period (Fig. 1B). Significant
stratification can be noticed from the surface to the bottom at
the coastal station for Chlorophyll-a (Chl-a), particulate organic
carbon (POC) and suspended particulate matter (SPM) (Table 1).
The SPM and Chl-a values are relatively low for a coastal environ-
ment, in good agreement with the summer low fresh water
discharge, and the absence of phytoplankton bloom. The POC
concentration is however relatively high. Besides, the relatively
high POC/Chl-a ratio values, a proxy of the carbon mass of living
and non-living organisms with respect to the autotrophic organ-
isms (Loisel et al., 2007), indicate that the particulate organic

Fig. 1. Location (blue dot) of the sampling area in the eastern English Channel together with the isobaths (A). Zoom on the sampling area (blue dot), the meteorological
station (red dot) and SOMLIT stations (green dot) in (B). (For interpretation of the references to colour in this figure caption, the reader is referred to the web version of this
paper.)

Table 1
Biogeochemical data collected from SOMLIT few days before the time series
measurements (21 June 2012) from the stations C and L (shown in Fig. 1B).

Site Depth Temperature
(1C)

Salinity
(psu)

POC
(μg/l)

SPM
(mg/l)

Chl-a
(μg/l)

C Surface 15.83 34.43 341.9 NA 0.5
C Bottom 14.82 34.76 239.67 1.54 0.5
L Surface 14.88 34.93 220.9 0.48 1.21
L Bottom 13.92 35.06 85.804 1.63 0.18
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fraction is largely dominated by detritus and heterotrophic
bacteria.

2.2. Data

High frequency time series data were collected at 0.5 m depth
above the sea bottom from different instruments fixed on the
same platform moored on the sea bed. The three following
instruments were used for the present study: a LISST-100x type
C (Laser In Situ Scattering and Transmissometry, Sequoia Scien-
tific), a Nortek Vector ADV current meter, and a RDI ADCP. The
LISST measures the volume concentration of particles having
diameters ranging from 2.5 to 500 μm in 32 size classes in
logarithmic scale (Agrawal and Pottsmith, 2000). It also records
the beam attenuation (c) at 670 nm (70.1 nm) over a 5 cm path
length with an acceptance angle of 0.01351. The particulate beam
attenuation coefficient cp has been derived from c after calibration
with MilliQ water before and after the field campaign, using the
assumption that chromophoric dissolved organic matter (CDOM)
does not absorb the light at 670 nm. The volume concentration
and cp are measured with a sampling frequency of 1.0 Hz. The
Nortek Vector ADV current meter measured the North, East and up
components of the local velocity components with an accuracy of
70.5% at 1 Hz. The available range of the velocity value measured
by the instrument is from 0.01 to 7.0 m/s (70.01 m/s).
A 1.2 MHz upward-looking four beam broadband RDI ADCP was
also deployed on the bottom, along with the previous cited
instruments clubbed in a structure. The ADCP was operated in the
fast pinging mode, providing two profiles per second. Each velocity
was an average of six short pulse measurements over a 2 Hz
interval. The velocities were recorded in Cartesian co-ordinates
with 0.4 m vertical resolution. The significant wave height Hs, peak
wave period Tp, and peak wave direction Dp are derived from the
ADCP data using manufacture provided software WavesMon (Tele-
dyne RD Instruments). These wave parameters were computed for
10 min burst duration with a moving window of 5 min interval
providing one data point every 5 min. The wind data were provided
by the meteorological station of harbour, Boulogne-Sur-Mer light
house (Meteo-France) with a temporal resolution of 1 h.

2.3. Methods

Particle size distributions and power law of PSD: The scattering
patterns of particles at 670 nm are recorded in 32 logarithmically
size scattering angles by the LISST-100X type C (Agrawal and
Pottsmith, 2000). This instrument measures the volume concen-
tration Cvol;i ðμl=lÞ of the particles in 32 size classes from 2.5 to
500 μm through diffraction technique. Because of instability in the
smallest and largest size classes, the data recorded in the first five
inner and last outer rigs are excluded from further analysis
(Traykovski et al., 1999; Jouon et al., 2008; Reynolds et al., 2010;
Neukermans et al., 2012a). These instabilities observed in the
smaller size classes have also been related to effects of stray light
(Reynolds et al., 2010). Due to multiple scattering effects and signal
to noise ratio sensitivity, the data for which optical transmission
values are less than 30% and greater than 98% are also disregarded
from the statistical analysis (personal communication with Ole
Mikkelsen).

The volume concentration distributed on a particle size class
can also be expressed as the concentration CvolðsÞ per unit volume
per unit bin width (Jouon et al., 2008):

CvolðsÞ ¼
Cvol;i

smaxðiÞ�sminðiÞ
ð1Þ

where s is the median diameter of the particle size class i, smaxðiÞ
and sminðiÞ are, respectively, the maximum and the minimum

particle size of the class i. This resulting volumetric PSD is
expressed in μll�1μm�1. The number of particles for a size s of
the PSD is estimated by a normalization by their volume (Jouon
et al., 2008). We obtain the number density nðsÞ, which is also the
product of the probability density function of the size pðsÞ and the
total number of particles N:

nðsÞ ¼NpðsÞ ¼ CvolðsÞ
4
3
πðs=2Þ3

ð2Þ

The PSD of this density number classically follows a power law
distribution for aquatic particles in suspension (Sheldon et al.,
1972; Kitchen et al., 1982; Jonasz, 1983; Boss et al., 2001a;
Twardowski et al., 2001; Loisel et al., 2006; Reynolds et al., 2010):

nðsÞ � Ks�ξ ð3Þ
where K is a constant and ξ is the PSD slope. The value of ξðtÞ is
here estimated at each time step (every second) from the LISST
measurements, using an automatic regression analysis. The ξ value
provides information on the relative concentration of small and
large particles: the steeper the slope (the greater the ξ), the more
small particles relative to large particles are present in the water
(and vice versa).

Mean particulate diameters: Sauter's diameter (DA) is the mean
diameter of an equivalent sphere which has the same specific
surface area as that of the PSD. This diameter is commonly used in
sedimentology to represent size distribution in fluid flow calcula-
tion. Sauter's diameter DA is also computed from the PSD using the
following equations (Neukermans et al., 2012a; Filippa et al.,
2012):

DA ¼
∑31

i ¼ 6½AC�isi

½AC� ¼
R s31
s6

nðsÞs3 dsR s31
s6

nðsÞs2 ds
¼
R s31
s6

pðsÞs3 dsR s31
s6

pðsÞs2 ds
ð4Þ

½AC�i ¼
3
2si

CvolðsÞ ð5Þ

where ½AC�i is the cross sectional area concentration of particles in
bin i, and ½AC� is the total cross sectional area.

The following size classification has been adopted: silt/clay
ðo30 μmÞ, fine ðo105 μmÞ, coarse/micro ðo300 μmÞ and macro-
floc ð4300 μmÞ (Lefebvre et al., 2012). The volume concentration
of each size class has been analysed using statistical and dynamical
approaches.

Stokes number: In turbulent flows, the largest turbulent eddies
break-up into smaller eddies through an energy cascade and
finally dissipate at small scale due to molecular viscosity. The size
of these smallest eddies is the Kolmogorov length scale. The eddies
at this scale have typical life time τη which is the smallest time
scale of turbulence. The Stokes number St is defined as the non-
dimensional ratio of an inertial characteristic time scale τp to τη. It
is one of the fundamental parameters characterizing particle-
turbulence interactions: for St51, particles follow passively the
fluid flow, whereas for Stb1, large inertia particles are not
influenced by turbulence, and follow their own trajectories.
It can also be related to the particles and fluid characteristics
(Wang et al., 2000; Schmitt and Seuront, 2008; Xu and
Bodenschatz, 2008) as follows:

St ¼ τp
τη

¼ Cp
s
η

� �2

ð6Þ

with Cp ¼ B=18, where B¼ ρp=ρ is the ratio of the particle density
to the fluid density, and η¼ ðν3=ϵÞ1=4 is the Kolmogorov length
scale, where ν and ϵ are the kinematic viscosity of the fluid (in
m2 s�1) and the dissipation rate (in m2 s�3), respectively.

The value of the dissipation rate ϵ is estimated using the power
spectrum of the velocity time series, assuming a local isotropic
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Kolmogorov relation of the form (Pope, 2000)

EðkÞ ¼ Cϵ2=3k�5=3 ð7Þ
where E(k) is the Fourier power spectrum, C¼1.5 is a constant and
k is the wavenumber. Since the power spectrum is here estimated
from a time series in a fixed point, we estimate E(f) where f is the
frequency. Frequency and wavenumber are related with the
horizontal component of the velocity V: k¼ 2πf =V . This gives
the following estimation of the dissipation from the power
spectrum (Sethuraman et al., 1978; Lien and D'Asaro, 2006;
Gerbi et al., 2009; Huang et al., 2012; Thomson et al., 2012):

ϵ¼ C0

C

� �3=2 2π
sV

� �5=2

ð8Þ

where sV is the standard deviation of V and C0 is the constant such
that Eðf Þ ¼ C0f

�5=3 is a best fit estimated over a range of frequen-
cies corresponding to the inertial range.

3. Results

3.1. Meteorological and hydrodynamic conditions

Fig. 2 shows the hydrodynamic conditions prevailing in the
study area during the observations. The significant wave height Hs
exhibits relatively large variability in its magnitude during the
entire time series observation (from 0.18 to 0.84 m). The mean and
standard deviation values of Hs are 0.41 and 0.14 m, respectively.
The peak wave period, Tp, also presents a relatively great varia-
bility from few seconds to 20 s, with a mean and standard
deviation values of 6.41 and 2.44 s, respectively. In contrast, the
peak wave direction, Dp, is almost constant during the entire
experiment, with a mean value around 2681, which reveals that
the waves are coming from the West. The water level shows
typical semi-diurnal tidal characteristics with a period of 12.5 h.
The total water column depth observed during the low tide time
and the high tide time is 3.74 m and 10.07 m, respectively,
revealing the spring tide conditions.

Relatively large wind fluctuations in terms of amplitude and
direction are observed during the experiment. Relatively high
wind speed values (above 4 m s�1) are generally associated with
South West wind (except at the end of the experiment), whereas
relatively low wind speeds values (less than 4 m s�1) are generally
associated with South East wind.

From the water level evolution and current data set provided
by ADCP, the effect of tidal current on the PSD can be analysed. The
interval when the speed of the tidal current is very weak or zero
usually refers to the period of reversal between ebb and flood
currents, and also refers to the slack tide. The vertically averaged
current velocity (VACV) has been derived for the entire time series
(Fig. 3). VACV shows minimum values during the current reversal
time, and two maxima, the main ones corresponding to the high
tide (high water), and the second ones, reached at low tide (low
water) (Fig. 3). The consecutive intervals of time between flood to
ebb and ebb to flood are (7–7.34 h) greater than ebb to flood and
flood to ebb (5.1–5.42 h), evidencing a pronounced asymmetry of
tidal currents (Fig. 3).

3.2. Stokes number

The estimation of horizontal power spectra (U and V components)
was used to estimate the constant C0 in Eq. (8) and hence the
dissipation rate. The mean value of the dissipation rate over the
sampling day is ϵ¼ 7:65� 10�7 m2 s�3. Since the mean temperature
value is T ¼ 16:11 1C ð70:10Þ, the viscosity value is fixed at
ν¼ 1:133� 10�6 m2 s�1 (Kestin et al., 1981) and hence the Kolmo-
gorov dissipation length scale η¼ ðν3=ϵÞ1=4 ¼ 1:2 mm. Because the
mass density is not measured in the present study, two extreme values
are imposed to assess the ratio of the particle density to the fluid
density, B. The mass density of mineral and organic particles is
ρp ¼ 2:770:15 g cm�3 and ρp ¼ 1:0670:03 g cm�3, respectively
(Chiappa-Carrara et al., 2006), resulting in B values of 2:770:15 and
1.0670.03, respectively. Using Eq. (6), these range of values for B, the
estimation of ϵ and the range of particle sizes detected by the LISST
(6.20–390 μm), we obtain Stokes numbers ranging from 6:8� 10�7

to 0.03 for mineral particles and from 2:66� 10�7 to 0.01 for organic
particles. The largest values of the Stokes number are found for the
largest particles ð � 0:39 mmÞ, which are still almost four times
smaller than the Kolmogorov scale. This shows that the Stokes
numbers are here always very small, and that these particles are
likely to be passive tracers and move along with the fluids.

3.3. Temporal variability of the velocity field

The time series of along-shore (U) and cross-shore (V) compo-
nents of the velocity and their corresponding power spectra were
estimated using the ADV data (Fig. 4). The along and cross shore

Fig. 2. Time series of (A) the significant wave height Hs, (B) peak wave period Tp,
(C) peak wave direction Dp, and (D) water level.

Fig. 3. Time series of water level evolution along with tide (black line), time series
of VACV (in red) and contour map showing the vertical structure of the current
velocity. (For interpretation of the references to colour in this figure caption, the
reader is referred to the web version of this paper.)
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velocity components are characterized by a periodicity of 12.5 h,
and a large small scale variability with a coefficient of variation
(i.e., a ratio of standard deviation to the mean value of the absolute
velocity also called as turbulent intensity) value for the along-
shore and cross-shore components of 64.28 and 50.48%, respec-
tively (Fig. 4A, B). These velocity records are tightly linked to the
tidal cycle which also exhibits a period of 12.5 h. The along-shore
component is characterized by a higher variability compared to
the cross-shore component. The variability patterns of U and V are
analysed through their power spectra (Fig. 4C). At low frequency
scaling ranges, the power spectra of the two horizontal compo-
nents (U and V) are characterized by a power law with a slope (β)
close to �5/3 associated with 3D homogeneous turbulence
(Kolmogorov scaling). From T ¼ 1000 s� 17 min there is a transi-
tion to a regime for which the power spectra are characterized by
a lower slope value (close to �0.6). Similar kind of β value has
been observed in the 1-min summer rainfall time series data with
a scaling regime from 1 h to 1 day (Yonghe et al., 2013). At high
frequencies (0.1–0.3 Hz, hence on the range 3–10 s), the energy
spectra exhibit the impact of a localized forcing. Such forcing has
previously been attributed to the high energy associated with
wave breaking scales (Schmitt et al., 2009).

3.4. Temporal variability patterns of particles concentration and
size parameters in relation with hydrodynamical forcing

The size parameters considered here are the slope ξ of the
PSD, as well as DA and the normalized volume concentration of
different size classes (silt/silt, fine, coarse/micro and macro-floc)
of aggregates (Lefebvre et al., 2012). The turbidity dynamics is
also considered through the particulate attenuation coefficient,
cpð670Þ, which is proportional to the particle concentration, at

first order (Neukermans et al., 2012b). The number of particles in
size class i per unit volume and per unit diameter increment nðsÞ
is computed for the entire size classes at each time step (Fig. 5).
The PSD of the present data set is well represented by a power-
law distribution throughout the whole time series. The slope
values, ξ, of the particulate size distribution range between 2.57
and 3.94, with a mean value of 2.9 and a standard deviation of
0.16. These values are in good agreement with previous studies
(Jonasz, 1983; Boss et al., 2001b; Loisel et al., 2006; Buonassissi
and Dierssen, 2010; Reynolds et al., 2010; Neukermans et al.,
2012a).

The Probability Density Function (PDF) of the concentrations
and size parameters followed non-Gaussian distributions (Fig. 6).
The inset of each panel in Fig. 6 shows the PDF and the Gaussian fit
in a semi-log scale in order to emphasize extreme values. All the
parameters show an asymmetry, and some are showing a heavy
tail in their distribution (Fig. 6C–E). In addition, chi-square
goodness-of-fit tests have been performed to test the normal
distribution; the test result rejects the null hypothesis that these
parameters come from a normal distribution with a mean and a
variance computed from these parameters, at 5% significance level
with a p-value of 0 and h¼ 1.

The temporal variability of ξðtÞ is analysed along with the
vertically averaged current velocity (VACV) showing the tidal
information as well as the current reversal (Fig. 7A). At the time
of the current reversal, that is when VACV is minimum, ξðtÞ
generally exhibits a well pronounced peak. This pattern indicates
that the proportion of small particles compared to larger ones
increases at this particular time. The mean diameter DA, estimated
for each time step, exhibits strong high frequency variability and
has a mean value of 116:57 μm and standard deviation of
720:43 μm (Fig. 7B). DA presents a well pronounced trough in

Fig. 4. Time series of U (A) and V (B). The insets represent a small portion of the time series to show the fluctuations. (C) Power spectra of U (blue curve) and V (green curve).
The two straight lines correspond to two different scales with slopes of �1.72 (near to �5/3 slope of Kolmogorov) in light green and �0.58 in red and the humps in the
energy value at high frequency represents a small scale forcing of high energy wave breaking. (For interpretation of the references to colour in this figure caption, the reader
is referred to the web version of this paper.)
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magnitude during the current reversal time in agreement with the
ξðtÞ patterns. This impact of current reversal on particles size
distribution is also well evidenced through the temporal evolution
of the normalized volume concentration of each considered size
class (Fig. 7D–G). During slack tide the normalized volume con-
centration presents relatively higher values (a peak) in the lower
size classes (silt/clay and fine) (Fig. 7D, E) and lower values
(a trough) in the complementary higher size classes (coarse/micro
and macro-flocs) (Fig. 7F, G). The time series of cpð670Þ, a proxy of
the suspended particulate concentration, exhibits strong high
frequency variability (coefficient of variation of 53%), with numer-
ous peaks which generally occur when the VACV is maximum
(Fig. 7C). The mean and the standard deviation of cpð670Þ are 10.38
and 5:53 m�1, respectively.

Besides the apparent impact of the vertically averaged current
velocity on the particles concentration and size distribution, the
significant wave height also slightly contributes to the re-suspension
effects (r2¼0.23). The larger the mean significant wave height, the
more the concentration of re-suspended particles (Fig. 8A). Moreover,
significant wave height seems to affect PSD by promoting the
concentration of larger particles compared to smaller ones (Fig. 8B).
However, according to the low determination coefficient value addi-
tional data are needed to confirm this last point.

Since we have high frequency time series of ξðtÞ, DA(t),
cpð670ÞðtÞ and normalized volume concentration of each size
classes of particles, we can explore their dynamical properties.
The dynamics of ξ, DA and cpð670Þ has been estimated through
power spectral analysis (Fig. 9A–C). Two scaling regimes charac-
terized by different slope values are observed on either side of the
period of T ¼ 1000 s, similar to the velocity period. These para-
meters in the low frequency regime present the same spectral
slope (β close to �5/3) similar to the velocity field, indicating that
the dynamics of the particles is influenced by turbulence at low
frequencies. At higher frequencies, the slope values of these
parameters and velocity field are significantly different but remain
similar to the velocity spectra. With a slope value close to �0.8 in
the frequency range [0.001; 0:1 s�1], the dynamics of the particles
seems to be partly driven by dynamical processes likely impacted
by the interaction with the sea floor for which a slope of �1.0 is
expected (Perry et al., 1986; Katul et al., 1995; Katul and Chu,
1998). Similar power spectra are also observed in the case of
normalized volume concentrations of different size classes of
particles (Fig. 9D).

4. Discussion and conclusion

Large temporal variability in the hydrodynamic fields, particle
concentration and size distribution was observed during the
in situ experiment reported here. The hydrodynamic conditions,
along with the high turbulence level encountered, provide favour-
able conditions for the re-suspension of particle. The present data
set has shown that tidal current and waves have a significant role
in the particle re-suspension and further water column turbidity.
This is in good agreement with Velegrakis et al. (1999) who
observed large scale particle re-suspension processes generated
by the tidal current and coastal waves for the same region. During
the current reversal, when the VACV is minimum, all the size
parameters examined here indicate a modification in the particle
size distribution. The proportions of small particles tend to
increase compared to bigger ones (Fig. 7). Two processes can
explain this pattern. First, hydrodynamic forcing is not sufficient to
re-suspend large particulate assemblages from the bottom.
Second, during the period of slack current, the differential settling
of particles one over the other takes place inducing a washing of
the water column, especially of heavy flocs. These observations
agree with the study carried out by Van Leussen (1988). To a lesser
extent, the occurrence of waves induces an increase of the
suspended particulate matter concentration (i.e. cpð670Þ), and
especially of large particulate assemble (Fig. 8).

Turbulence has been extracted from the along shore and cross-
shore components of the current velocity, which show periodic
fluctuations in their magnitude. The power spectra of velocity
components follow three different regimes depending on the
scale. The first one, with typical inertial range, has a slope close
to �5/3. The second one is characterized by a flatter slope of �0.6
with a transition scale of 1000 s. At last, the energy spectra at high
frequencies (3–10 s) show a localized forcing attributed to waves
forcing, similar to the previous results obtained in the same region
(Schmitt et al., 2009). From T ¼ 1000 s� 17 min there is a transi-
tion to a regime for which the power spectra are characterized by
a lower slope value (close to �0.6). While there is still no
theoretical explanation of such low slope value, theoretical studies
have shown that the power spectra of velocities close to the sea
floor may be characterized by a slope value of �1.0 (Panchev,
1971; Kader and Yaglom, 1984; Katul and Chu, 1998). The theore-
tical and experimental studies carried out by Perry et al. (1986),
Katul et al. (1995), and Katul and Chu (1998) showed that the

Fig. 5. PSD for volume concentration (A) and for number concentration (B). The
inset in (A) is a log–log plot emphasizing the power-law relations for the volume
concentrations.
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turbulent boundary layer was characterized by a power-spectral
slope of �1.0 at the low wave number values.

Thus, the power spectra of size parameters and cpð670Þ exhibit
very similar turbulent scaling in the lower and higher frequency

regions compared to the velocity field. The Stokes number derived
from the present measurements exhibits very low values ð51Þ,
showing that the particles in the fluid motion behave like tracers
and move along with the fluid.

Fig. 6. The PDF of (A) ξ, (B) DA, (C) cpð670Þ and normalized volume concentration of the different size classes of particles (VC silt (D), VC fine (E), VC coarse (F) and VC macro
(G)), superposed to a Gaussian fit with the same mean and variance. The inset in all figures is a semi-log plot emphasizing extremes, showing that all PDFs are non-Gaussian.
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We found that turbulence has a great role in the dynamics of
the particles in the present region. Low frequency variability of the
particles is controlled by the turbulence ðβC�5=3Þ and high
frequency variability is controlled by the physical processes which

are related to the sea bottom interactions (wall turbulence), tidal
currents and waves. A next step related to this work will be to
analyze the turbulent intermittency scaling of these parameters
using empirical mode decomposition (Huang et al., 2008). Other

Fig. 7. Time series of (A) ξðtÞ, (B) DA, (C) cpð670Þ and the normalized volume concentration of different size classes of particles (VC silt (D), VC fine (E), VC coarse (F) and
VC macro (G)) superposed to VACV data.
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measurement campaigns will be performed in coastal waters to
compare with the present study and assess its possible universality.
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