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A B S T R A C T

Transport of sediments is a critical process in the coastal zone because of its relation with coastal ero-
sion, productivity and pollution. Of particular interest are the dynamics of suspended cohesive sediments,
known as flocs, which can aggregate and break-up during the flocculation process. This changes their
size, density, settling velocity and overall transport. Even though turbulence is widely accepted to be an
important control on floc aggregation and break-up, specific and detailed floc behaviour is still not fully
understood. The present study seeks to help in the understanding of the intra-tidal turbulence-induced floc-
culation under different current-wave regimes. Observations of floc size and currents at high sample rates
are used to investigate the changes throughout a fortnightly cycle. The occurrence of waves at different
stages during the sampling period enabled determination of three regimes of currents dominant, combined
waves and currents, and wave dominant. The first two regimes showed quarter-diurnal floc size variability
with aggregation during low turbulence (slack waters) and higher floc aggregation magnitude on low water
slack. Break-up occurred with high turbulence (flood and ebb) with higher magnitude after ebb. During the
“currents-waves” regime, waves were tidally modulated and led to enhanced aggregation and break-up,
with larger floc size range than during the “current dominant” regime. Wave tidal modulation and quarter-
diurnal variability of floc size were lost when waves were dominant. Flocs sizes exhibited a low range related
to wave height. Inverse relationships between turbulent properties and median floc size were found for the
three regimes, with higher scatter of data for the Kolmogorov microscale and shear rate due to different floc
behaviour during flood and ebb phases. Effective kinetic energy obtained from the combined effect of both
currents and waves seems to have a better relationship with floc size, which suggests its use as a floc size
predictor instead of shear stress.

© 2016 Published by Elsevier B.V.

1. Introduction

The dynamics of suspended sediment play an important role
in estuarine systems as they are strongly related to accretion,
erosion, estuarine turbidity maxima, primary productivity, pollu-
tion and overall estuarine budgets. A key characteristic of estuarine
sediments is the presence of fine cohesive sediments, which may
aggregate or break-up via the so-called flocculation process. The
resulting suspended particulate aggregates, known as flocs, display
time and space varying characteristics, such as size, density, and set-
tling velocity and therefore influence the overall estuarine sediment
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transport (Winterwerp and van Kesteren, 2004). Knowledge of the
physical processes that control flocculation is crucial toward good
management, sustainability of the resources, and conservation of
natural ecosystems where fine sediments are important.

A number of field and laboratory studies have highlighted rela-
tionships between floc size, floc settling velocity, current shear stress
and concentration, which have been summarized in the well known
conceptual diagram by Dyer (1989). An increase in shear stress
from rest initially enhances floc aggregation through an increase in
particle collisions. As shear stress continues to increase, flocs reach
a maximum size and break-up becomes the most important effect
causing a reduction in floc size. This behaviour is also modulated by
sediment concentration because of the increase in inter-particle col-
lisions and also increases the probability of aggregation. The diagram
by Dyer has been confirmed by a number of experiments (van
Leussen, 1994; Manning and Dyer, 1999; Verney et al., 2011) and
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field observations (Fettweis et al., 2006; Braithwaite et al., 2012).
However, this conceptual diagram only provides a simplified and
partial understanding of the processes involved in flocculation.
Indeed, in natural environments, flocculation is also impacted by
a range of additional factors, such as hysteresis due to different
time scales of aggregation and break-up (Verney et al., 2011),
spatial variability (van Leussen, 1999; Fugate and Friedrichs, 2003),
physico-chemical and biological effects van Leussen (1999), and sed-
iment provenance (Jago and Jones, 1998; Bass et al., 2002; Fettweis
et al., 2012).

Floc behaviour has been included in models via floc size and
settling rate relationships of varying complexity (e.g., Winterwerp,
2002; Maerz et al., 2011; Maggi, 2007). Validation of such models
relies on long-term measurements of floc size, which remain scarce,
and of settling velocities, which are difficult to measure in situ.
In contrast to measurements based on settling columns which
can disrupt the flocs and only work for low concentrations (free
falling flocs), reliable floc sizes can be measured in situ using video
images (Mikkelsen et al., 2006; Graham and Nimmo-Smith, 2010;
Reynolds et al., 2010) and light diffraction techniques (Agrawal and
Pottsmith, 2000; Reynolds et al., 2010; Davies et al., 2012). For-
mulations can then be used to obtain settling rates, such as the
widely applied formula by Winterwerp (1998) which uses the floc
diameter and fractal theory. Even though using fractal theory intro-
duces complexity via an additional unknown factor (e.g., Camenen,
2009), there is, to date, no other method to deal with the floc complex
structures.

Nevertheless, proposed formulations are still not capable of
reproducing the wide scattering of the relationship between floc
size and settling velocity. This is clearly observed in the compila-
tions of different studies by Khelifa and Hill (2006) and Strom and
Keyvani (2011) where plots of floc size against settling velocity show
high data dispersion and low correlation coefficient values. This scat-
tering seems to be strongly related to hydrodynamic conditions at
temporal scales from intra-tidal to spring-neap cycles in addition to
the factors mentioned previously. Indeed, flocculation is related to
energy conditions from different hydrodynamic regimes as strong
currents typically favour floc fragmentation while weak currents
enhance floc aggregation. This behaviour is affected by kinetic energy
differences between spring and neap tides, asymmetries during flood
and ebb tidal phases, and sediment consolidation during neap tides
(e.g. Mehta, 1988; Sanford and Maa, 2001; Dankers and Winterwerp,
2007).

In addition, the impact of the combination of both currents and
waves on the flocculation process is still not well known. Waves
alone can cause seabed erosion and liquefaction which may have
effects on the water column floc concentration. Bed shear stress also
increases with the presence of both currents and waves (Soulsby,
1993) leading to changes in floc concentrations. We therefore still
require a better understanding of the relationship between particle
behaviour and turbulence under different hydrodynamic (waves
and currents) conditions, in order to obtain better predictions of
sediment transport in estuaries.

The present study seeks to improve our understanding of
floc behaviour under the effect of different hydrodynamic con-
ditions. We hypothesize that, in spite of the stochastic nature
of flocs (Winterwerp et al., 2006; Maggi, 2008) and waves,
scattering between turbulence and floc size can be reduced by using
appropriate measures of turbulence under various hydrodynamic
(i.e., combinations of waves and currents) regimes. Specifically, we
propose the use of an effective kinetic energy instead of the widely
used variables turbulence shear rate G, turbulent shear stress, or
Kolmogorov microscale. To that end, we use in situ observations
of floc size obtained from a LISST (Laser In Situ Scattering and
Transmissometry) and turbulence properties computed from high-
frequency acoustic current meter data. Our case study enabled a

comparison between three distinct hydrodynamic regimes: weak
currents in absence of waves, combined effect of waves and cur-
rents, and dominant wave forcing. The observations are also split
depending on tidal phase (flood versus ebb), which is found to have
a significant impact on the scattering between turbulence and floc
size.

We describe the case study location in the next section and
the observational methods in Section 3. Results are presented in
Section 4, their interpretation and discussion in Section 5. Finally the
main findings are summarised in the conclusion.

2. Study area

Observations for this study were carried out in the Welsh
Channel, one of the two channels connecting the Dee Estuary to the
Liverpool Bay in the United Kingdom (Fig. 1). The Dee is a funnel
shaped coastal plain estuary with a channel that bifurcates into the
Welsh and Hilbre channels before entering Liverpool Bay (Fig. 1c).
Most of the inner estuary remains very shallow with only the cen-
tral channel at a depth of about 5 m below mean sea level. Depth
then increases from the inner estuary towards the channels to 22
and 24 m for Hilbre and Welsh respectively. The channels finish with
depths diminishing to less than 5 m depth in the outer part of the
estuary.

The Dee is tidally dominated with a tidal range of about 10 m
during spring tides and currents of more than 1 m • s−1 on the surface
and nearly 0.5 m • s−1 near the seabed (Bolaños et al., 2013). Tides
are significantly distorted due to the shallow nature of the estuary
and tidal asymmetry results in flood dominance on sandy and muddy
shallow areas, and weaker ebb dominance in the channels (Moore
et al., 2009). In spite of the low river discharge, baroclinic behaviour
remains important in the estuary, with stratification, tidal straining,
wind and friction all having a role in the hydrodynamics of both
channels (Bolaños et al., 2013). Nevertheless, the residual spring
tide is more important for the circulation of the Welsh Channel,
while baroclinicity is more important for the circulation of the Hilbre
Channel (Brown et al., 2014).

Suspended sediment concentrations increase from the Liverpool
Bay to the inner part of the Dee Estuary where muddy bed sedi-
ments prevail. Observations of suspended sediment concentration
to the northwest of the estuary entrance, still in the Liverpool Bay,
were of about 24 mg • l−1 in winter and 5 mg • l−1 in summer with
size of about 100 lm for both suspended sediments at the surface
and near the bottom (Krivtsov et al., 2008). At the entrance of
the estuary, in the Hilbre Channel, Amoudry et al. (2014) reported
maximum suspended sediment concentration of 500 mg • l−1 and
Bolaños and Souza (2010) found dominance of fine flocs of about
70 lm in both channels. Inside the estuary, early measurements
from bed samples by Turner et al. (1994) showed that the sedi-
ment fraction below 63 lm was present in percentages between 23%
and 62%.

Because of the tidal dominance, SPM concentrations in the Dee
Estuary are controlled by a combination of tidal advection and resus-
pension (Bolaños et al., 2009). The levels of accretion in the estuary
indicate the Dee is a depository of sediments (Moore et al., 2009)
with the sediment identified to mostly be of marine origin (Turner
et al., 1994) which is in agreement with observations and modelling
results that show bottom currents and sediment transport from the
Liverpool Bay to the estuary entrance (e.g. Halliwell, 1973; Simpson
and Sharples, 1991; Polton et al., 2011; Souza and Lane, 2013). How-
ever, according to Holden et al. (2011), it is possible that sediments
from the estuary contribute to the accretion of the Sefton coast to the
north of the Dee. In addition, results by Moore et al. (2009) show a
decrease in accretion rates which means the estuary is nearly in geo-
morphological equilibrium. The sediment transport in the estuary is
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