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Abstract

The effect of hydro-meteorological forcings (tidally- and wind-induced flows) on the 
transport of suspended particulate m atter (SPM), on the formation of high­
concentrated mud suspensions and on the occurrence of sand-mud suspensions has 
been studied using long-term multi-param etric observations. Data have been collected 
in a coastal tu rb id ity  maximum area (southern North Sea) where a mixture of sandy 
and muddy sediments prevails. Data have been classified according to variations in 
sub-tidal alongshore currents, with the direction of sub-tidal flow depending on wind 
direction. This influences the position of the tu rb id ity  maximum; as such also the origin 
of SPM. Winds blowing from the NE will increase SPM concentration, whilst SW winds 
will induce a decrease. The latter is related to advection of less turbid English Channel 
water, inducing a shift o f the turb id ity maximum towards the NE and the 
Westerscheldt estuary. Under these conditions, marine mud will be imported and 
buffered in the estuary. Under persistent NE winds, high-concentrated mud 
suspensions are formed and remain present during several tidal cycles. Data show that 
SPM consists of a m ixture of floes and locally eroded sand grains during high currents. 
This has implications towards used instrumentation: SPM concentration estimates
from optical backscatter sensors will only be reliable when SPM consists of cohesive 
sediments only; with mixtures of cohesive and non-cohesive sediments, a combination 
of both optical and acoustic sensors are needed to get an accurate estimate of the 
total SPM concentration.

Keywords: Suspended particulate m atter; m ixed sediments; high-concentrated mud 
suspensions; alongshore sediment transport; acoustic and optical backscattering; 
southern North Sea
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2 . 1 .  In troduction

In coastal areas benthic sediments generally consist of sand and mud mixtures. The 
mud:sand ratio influences the transition between cohesive and non-cohesive 
sediments and has a major influence on the erosion behaviour, on suspended 
particulate m atter (SPM) concentration and on the benthic ecological properties 
(Williamson and Torfs 1996, Torfs et al. 1996, Panagiotopulos et al. 1997, Wallbridge 
et al. 1999, Flemming and Delafontaine 2000, van Ledden et al. 2004, Waeles et al. 
2007, Van Hoey et al. 2007). Frequently, mixed sediments occur as an alternation of 
sand and mud layers. Fan et al. (2004) describe storm-induced waves as randomly 
occurring erosive forces on the sediment bed, producing intense sediment mobilization 
leading to the deposition of sand-dominated layers. This type of vertical segregation 
within the sedimentary record can only occur, if cohesive SPM concentration is 
relatively low. In case of high SPM concentration the segregation in sand/mud 
suspensions occurs when the initial mud concentration is smaller than its gelling point 
(Torfs et al. 1996). Cohesive SPM dynamics are complex and are affected by 
hydrodynamics, waves, wind, local and remote sediment availability (i.e. SPM 
sources), bed composition, biological processes, and human impact (Le Bot et al. 
2010, Van Lancker et al. 2010). Further, in h igh-turbidity areas fluid mud layers may 
be formed. Fluid mud is a high-concentration suspension of fine-grained sediment in 
which settling is substantially hindered. Fluid mud consists of water, clay-sized 
particles, and organic materials; it displays a variety of rheological behaviours ranging 
from elastic to pseudo-plastic (McAnally et al. 2007). Massive sedimentation of fine­
grained sediments in harbours and navigational channels is often related with the 
occurrence of fluid mud layers (Verlaan and Spanhoff 2000, Winterwerp 2005, PIANC
2008).
The inner shelf of the Belgian coast, located in the southern North Sea, is an example 
of an area where bed sediment composition varies from pure sand to pure mud 
(Verfaillie et al. 2006). I t  is characterized by elevated SPM concentrations (Fettweis et 
al. 2006) and has been the subject of high anthropogenic stresses due to harbour 
extension, dredging and disposal works, deepening of navigational channels and 
aggregate extraction (Du Four and Van Lancker 2008, Lauwaert et al. 2009, Van 
Lancker et al. 2010). Understanding of sediment distribution and mobility in such 
areas requires the use of multi-parametric observations. These should account for the 
mutual interaction of sand-mud mixtures as a function of bed armouring, size fraction, 
sheltering and exposure effects (Wiberg et al. 1994, Wallbridge et al. 1999, Wu et al. 
2003).
With this scope in mind, in-situ measurements of SPM concentration and 
characteristics, as also of currents have been carried out, using optical and acoustic 
sensors. This approach has already been successfully adopted in various mixed 
sediment environments (e.g. Thorne and Flanes 2002, Fugate and Friedrichs 2002, 
Voulgaris and Meyers 2004). The objective of this contribution is to identify the effects 
of the various hydrodynamic forcings (tidal and wind-induced flows) on suspended 
sediment transport and on the formation of high-concentrated mud suspensions 
(FICMS) and fluid mud layers. Furthermore, the forcing and sedimentary responses are 
analyzed in terms of climatological parameters for the study site; as such the findings 
can be used for developing an understanding of the long-term evolution of the system, 
and potentially for inclusion in future morphodynamic models.

2 . 2 .  M ethodology

2 .2 .1 .  S tudy site

Situated in the southern North Sea (Fig. 2.1 a), the Belgian nearshore is characterized 
by h igh-turbidity waters (Fig. 2.1 b). Nearshore SPM concentration ranges between 
20-70 mg I“ 1 and reaches 100 to >3.000 mg I“ 1 near-bed; lower values (<10 mg I“ 1) 
occur offshore (Fettweis et al. 2010). The measurement station BLA
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Figure 2.1 a Map o f southern North Sea, neighbouring countries and Belgian 
continental she lf (grey area); b map o f the southern North Sea with the in-situ SM 
concentration measurement situation BLA and the meteorological station MOWO. The 
background consists o f the yearly averaged surface SPM concentration (mg I'1)  from  
MODIS images (2003-2008); c map o f d50 sand grain size (pm ) in the region o f  
interest (h igh-turb id ity area between Ostend and the Westerscheldt
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Figure 2 .2  Wind rose diagrams showing wind data over fo r IO years (le ft) and wind 
data fo r the period o f measurements (right). Values in m s '1. Black line indicates 
coastline orientation a t the measurement location (BLA)

(Blankenberge) is situated about 5 km SW of the port of Zeebrugge and is located on 
the eastern part of a shoreface-connected sand ridge (Fig. 2.1 c). A coastal turb id ity 
maximum zone (CTM) is present between Ostend and the mouth of the Westerscheldt 
(Fettweis et al. 2007). The BLA station is positioned in the TMZ. Sediment samples 
near BLA show variable sediment characteristics (fine sand, silt/c lay), with a median 
grain size of the sand fraction of about 150 pm (Fig. 2.1 c). Tidal regime is semi­
diurnal and the mean tidal range at Zeebrugge is 4.3 and 2.8 m at spring and neap 
tide, respectively. A wind rose diagram (Fig. 2.2, left diagram) shows data over a 10- 
years period, collected at station MOWO (3.5 km away from BLA). Southwesterly winds 
dominate the overall wind climate, followed by winds from the N-NE sector. Maximum 
wind speeds coincide with the southwesterly winds; still, highest waves are generated 
under northwesterly winds.

2 .2 .2 .  Ins trum entation

An instrumented tripod was deployed at a water depth of 5 m (location BLA, Fig. 2.1) 
to collect current, salinity and suspended sediment data. The instrumentation suite 
consisted of a 5 MHz SonTekR Acoustic Doppler Velocimeter (ADVOcean-Hydra), a 3 
MHz SonTekR Acoustic Doppler Profiler (ADP), two DandAR optical backscatter point 
sensors (OBS), Sea-birdR SBE37 CT and a Sequoia ScientificR Laser In-Situ Scattering 
and Transmissometer 100-X (LISST-100X, Type-C). All data (except LISST) were 
stored in two SonTekR Hydra data logging systems. The OBS's were mounted at 0.2 
and 2 meters above the bed (hereafter referred to as mab). The ADV velocities were 
measured at 0.2 mab, while the ADP profiler was attached at 2.3 mab and down- 
looking, measuring current and acoustic intensity profiles with a bin resolution of 0.25 
m. Range of blank zone under ADP is 0.2 m. Mean values were obtained once every 
10 min for the OBS, LISST, and ADV, while the ADP was set to record a profile every 1 
min; later on averaging was performed to a 10 min interval to match the sampling 
interval of the other sensors. A total of 198 days of data have been collected, during 5 
deployments, spanning autum n-w inter 2006-07, w inter 2008 and spring 2008 (Table 
2.1). The long deployments have ensured accurate sampling of conditions that include 
complete periods of neap and spring tides, as well as the occurrence of a variety of 
meteorological events.
The voltage of the OBS was converted to SPM concentration by calibration against 
filtered water samples during several field campaigns (Fettweis et al. 2006). A linear 
regression between all OBS signals and SPM concentrations from filtration was 
assumed. Data from the LISST 100C (2 mab) have been analyzed only for the 
sediment grain size information.
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Table 2.1 Tripod deployments a t BLA site and the median and maximum significant 
wave height (Hs) during the measurement period

Start (dd/mm/yyyy hh:mm) End ((dd/mm/yyyy hhanm) Duration (days) Median (max) Hs (m)

8/11/2006 14:30 15/12/2006 08:30 36.7 0.83 (2.76)
18/12/2006 10:47 7/2/2007 13:17 50.1 0.79 (2.96)
28/01/2008 15:38 24/02/2008 13:18 26.9 0.44 (2.82)
6/3/2008 9:09 8/4/2008 15:29 33.7 0.76 (3.03)
15/04/2008 08:58 5/6/2008 7:48 51 0.46 (1.69)

Besides time-series of current velocities and acoustic amplitude, the ADV was 
configured to also measure and store the distance between sensor and boundary (i.e., 
seabed). The altim etry of the ADV was used to detect variation in bed level, as also for 
the identification of deposition and re-suspension of fine-grained sediments. For the 
study site, decreasing distance between probe and bed boundary can correspond to 
the presence of HCMS acting as an acoustic reflector. However, the boundary detection 
may fail, due to attenuation of the signal (Velasco and Huhta, App. Note).

2 .2 .3 .  Analysis o f data

Current time-series (ADV and ADP) were filtered for the tidal signal using a low-pass 
filte r for periods less than 33 hours (Rosenfeld 1983, Beardsley et al. 1985). Following, 
the velocity components were projected onto an along/cross-shore orthogonal 
coordinate system, with the positive alongshore axis oriented to the northeast (65°) 
and the positive cross-shore axis directed onshore, towards the southeast (155°).
The backscattered acoustic signal strength, from ADP, was also used to estimate SPM 
concentrations. After conversion to decibels, the signal strength was corrected for 
geometric spreading and water attenuation. Furthermore, an iterative approach (Kim 
et al. 2004) was used to also correct for sediment attenuation. The upper OBS-derived 
SPM concentration estimates were used to empirically calibrate the ADP's first bin. In 
general, the backscattering is affected by sediment type, size and composition. All are 
difficult to quantify by single-frequency backscatter sensors (Hamilton et al. 1998). 
Limitations associated with optical and acoustic instruments have been addressed in 
literature (Thorne et al. 1991, Hamilton et al. 1998, Bunt et al. 1999, Fugate and 
Friedrichs 2002, Vincent et al. 2003, Voulgaris and Meyers 2004). Briefly, the optical 
sensors tend to underestimate the coarser particles present in the water column. 
Acoustic devices produce better estimates of mass concentration than optical for the 
coarser fraction (Fugate and Friedrichs 2002).

Table 2 .2  Data grouping in terms o f wind forcing cases 0, SWW and NEW and tidal 
range (neap and spring) fo r each wind forcing case

Case Subtidal flow (ur) Number of tidal cycles/% Tidal range Number o f tidal cycles/%

Case 0 (tidal flow, no wind forcing) -0.05<wr<0.05 m s-1 173/46 Neap 79/20.8
Spring 94/24.7

Case SWW: (NE wind forcing) Mr<-0.05 m s 1 100/26 Neap 32/8.4
Spring 68/17.9

Case NEW: (SW wind forcing) «r>0.05 m s”1 107/28 Neap 58/15.3
Spring 49/12.9

Total 380/100 380/100

The flow data have been used to separate the records in different groups 
corresponding to different hydrodynamic forcing. All records collected correspond to a 
total of 380 full semi-diurnal tidal cycles. For each tidal cycle the average value of the 
alongshore low-passed flow was estimated and subsequently used to characterize the 
tidal cycle in terms of wind-driven flow (Table 2.2). All tidal cycles with an alongshore 
low-passed flow ranging from -0.05 to 0.05 m s 1 are considered to represent purely
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tidal forcing conditions; these are hereafter referred to as Case 0 conditions (total of 
173 tidal cycles, 46% of data). All remaining tidal cycles (203 cycles) with a low 
passed alongshelf flow speed, in excess of 0.05 m s"1, are assumed to correspond to 
periods with significant influence of wind-driven flows. Negative values correspond to 
flows towards the SW, driven by N-NE winds (Case SWW, total of 100 cycles), while 
positive subtidal flows, in excess of 0.05 m s 1 (107 cycles), are directed to the NE, 
corresponding to wind forcing from the SW (Case NEW). In addition to the above 
classification, each tidal cycle was classified as neap or spring, in terms of the tidal 
range of the particular cycle. Cycles with a tidal range greater than the mean range 
(3.6 m) are classified as spring tidal cycles, while cycles with a range less that 3.6 m 
as considered neap tidal ranges. This classification has resulted in a total of 6 
categories of tidal cycles where each category represents both tidal and wind forcing. 
Tidal cycles, from each category, were ensemble-averaged to create a "typ ica l" 
representative tidal cycle for each case. Following the methodology described in 
Murphy and Voulgaris (2006), the time of data collection from each tidal cycle was 
converted from absolute time to tidal phase within the cycle, using the local high water 
slack time as a reference time. Then data from each case, falling within the same bin 
(width of 10 min) of the tidal phase, were averaged and a mean cycle and associated 
standard error were calculated.

2.3. Results

2 .3 .1 .  Wind and tidal circulation data

Wind and wave data were collected by a buoy (Flemish Government, Maritime 
Services, Coastal Division), located at 4 km from the BLA measurement location. The 
overall wind conditions over a period of 10 years and during the period of data 
collection is shown in Fig. 2.2. Wind analyses clearly show that winds from the SW are 
the strongest and most commonly occurring for 33 % of the year. Cross-correlation 
with wave data, recorded by the buoy at water depth of 8 m MLLWS, indicates that 
these dominant winds from the SW coincide with an average wave height of 0.85 m 
and period of 4 s (Fig. 2.3).

 CASEO
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0.6

P - 5
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0.3,

Time (hours after HW slack)

Figure 2 .3  Average significant wave height fo r the three cases under spring 
conditions. Highest waves occur in case NEW meteorological conditions
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Figure 2 .4  Ensemble-averages o f sea surface elevation (blue), alongshore (red) and 
cross-shore (green) currents derived from the ADP observations a t 1.25 mab (m s_1)  
fo r cases 0 (a and b), SWW (c and d) and NEW (e and f) and fo r spring (le ft) and 
neap (right) tidal range within each case. The error bars indicate standard error

For the three cases, the spring-neap tidal cycles for the near-bed (1.25 mab)
alongshore and cross-shore currents are shown in Fig. 2.4 a-f.
Overall, the cross-shore components are negligible, indicating a highly rectilinear 
current ellipse, aligned with the coastline. Tidal forcing in the study area (Case 0) is 
characterized by an asymmetry between ebb and flood. The maximum flood current is 
approximately 0.75 m s '1 and of short duration, while the ebb current peaks at 0.45 m 
s '1, but persists longer in tim e; this is typical of asymmetrical tidal condition. Neap 
conditions show similar patterns in terms of asymmetry, but with reduced magnitudes. 
Although, wind forcing was defined in terms of tidally-averaged subtidal flow strength,
the correlation between this flow and alongshore wind speed is used to check the
assumption that these flows are predominantly (R2=0.76) driven by the wind and not 
by baroclinie processes (Fig. 2.5). Case NEW corresponds with stronger winds than 
Case SWW, something expected given the wind patterns in this area (Fig. 2.2).

30 \= -
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Subtidal Alongshore Flow Velocity (cm.s-1)

Figure 2 .5  Relationship between wind-induced flow in the alongshore direction and 
the alongshore wind component
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Examination of the tidal variability of the salinity records for each case reveals that 
overall salinity is highest (33) for Case NEW and lowest (30.5) for Case SWW (30.5); 
this indicates a higher riverine influence (Westerscheldt) in the latter case (Fig. 2.6 a- 
b). Steady winds bias the tidal forcing, because of the introduction of a wind-induced 
flow component. Fig. 2.4 (Case SWW) shows tha t prevailing northeasterly winds result 
in increased ebb (33% ) and slightly reduced flood current (15% ), compared with the 
tidal forcing (Case 0). These effects are most pronounced during spring tidal 
conditions. Southwesterly winds are the most common (Case NEW) and tend to bias 
the ebb-flood current pattern significantly (Fig. 2.4 e, f). Under spring conditions, the 
ebb current is reduced by 33 %, whereas the flood current is enhanced by 13 %.
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CASE NEW
30

b)neap
0 2 6 8 10 124

Time (hours after HW slack)
Figure 2 .6  Ensemble-averaged tidal variability o f salinity measured a t 1 mab fo r the 
three cases and fo r spring (upper) and neap (lower). The error bars indicate standard 
error

2 .3 .2 .  SPM concentration and partic le  size

For the upper OBS (2 mab), the qualitative variation in SPM concentration is very 
sim ilar for all cases (0, SWW, NEW). Generally, tidal variability is characterized by two 
local maxima, corresponding with ebb and flood flows, respectively, with the ebb 
maximum being lower than the one during flood (Fig. 2.7 a-f). The flood is 
characterized by a pronounced maximum, occurring at the beginning of the flood 
during spring tide and is due to re-suspension. This maximum is firstly detected at 0.2 
mab and only later at 2 mab. The occurrence of such a time lag is well known and is 
related to the time necessary for vertical mixing (e.g. Bass et al. 2002).
In Cases 0 (Fig. 2.7 a, b) and NEW (Fig. 2.7 e, f) one can observe that around 2-3 hr 
and 9 hr, when current strength is high, a vertical stratification of SPM concentration, 
according the two measuring levels, is limited. Vertical stratification remains always 
significant in Case SWW (Fig. 2.7 c, d), with permanently higher SPM concentrations 
present in the lower level than in the upper level.
The three cases show distinct differences in SPM concentration at 0.2 mab. Case SWW 
exhibits different maxima in SPM concentration during ebb as well as flood, indicating 
multiple re-suspension events; whereas for Case NEW the SPM concentration 
maximum
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Figure 2 .7  Ensemble-averages o f tidally varying SPM estimates from OBS and ADP a t 
0.2 (blue) and 2 mab (green). The error bars indicate standard error

occurs at the end of the ebb and during slack water. The remaining time SPM 
concentration is relatively low.
SPM concentrations, derived from ADP, are also plotted in Fig. 2.7. SPM concentration 
at 2 mab is very similar to the concentration derived from OBS, except during flood in 
Case NEW. At 0.2 mab significant differences occur for Case 0 and NEW (spring tides), 
where the ADP signal gives significantly higher SPM concentrations than the OBS. 
Under neap conditions, the OBS and ADP SPM data coincide well. Case SWW shows for 
both spring and neap conditions similar SPM concentrations at 0.2 mab for the OBS 
and ADP. These differences between optical and acoustic sensors are suggesting 
variability in sediment size composition that leads to different responses by the 
different sensors, something we will discuss later.
In-situ particle sizes from LISST were classified and averaged per case (Fig. 2.8 a-f). 
Overall, the median particle size varies between 40 and 130 pm. The fact that highest 
particle sizes occur during slack water and lowest during maximum velocities indicate 
that the main part of the particles consists of floes. The median floe size in Case SWW 
(Fig. 2.8 c, d) is reduced during slack water (about 70 pm vs. 100 pm in Case 0). Case 
NEW (Fig. 2.8 e, f) shows a distinct pattern with less pronounced particle size maxima. 
Higher standard error bars are because of more variable wave conditions occurring 
during Case NEW.

2 .3 .3 .  Seabed a ltim etry

Seabed level variations have been derived from ADV altimetry. Besides the general 
procedure of averaging and grouping, a reference level has also been introduced in 
order to obtain normalised altim etry data from the 5 different tripod moorings taking 
into account the tripod movement (pitch and roll) and the dilute settling of the tripod 
into the sediment right after deployment and during high-energy meteorological 
events. The data per Case (0, SWW, NEW) and per spring or neap condition are 
presented in Fig. 2.9 (a-f). The seabed level, on which the ADV acoustic signal reflects, 
m ight either consist of sandy material or strong SPM gradient when fluid mud or even 
HCMS is present.
For all cases (0, SWW, NEW), vertical bed level rises are associated with slack waters. 
Seabed rise is on average 5 cm, under spring conditions, whereas during neap tides 
only a few cm. Case SWW (Fig. 2.9 c, d) shows a clear seabed rise during the HW 
slack (around 12 hours).
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Figure 2 .8  Averaged median particle size as measured by the LISST 100X-type C. The 
error bars indicate standard error

2.4. Discussion

Measurements show that near-bed hydrodynamics and sediment dynamics, although 
dominated by the tidal forcing, are significantly modified by wind-induced flows with 
different effects, depending on the wind direction. Below the effects of wind and 
tidally-driven circulation, as well as the distinct optical and acoustic response on 
varying SPM concentration and composition, are discussed in more detail. Further a 
conceptual sediment transport model is proposed for the area.

CASE 0 SPRING CASE 0 NEAP

CASE SWW SPRING CASE SWW  NEAP

CASE NEW SPRING CASE NEW NEAP

0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (hours after HW slack)

Figure 2 .9  Averaged seabed level variation derived from ADV a ltim etry with standard 
error bars

2 .4 .1 .  General tida l and w ind-driven circulation in the  study area

The wind climate in the study area is characterized by mainly SW and NE winds (Fig. 
2.2 le ft-right) affecting the direction and strength of alongshore water mass transport. 
Salinity records are used as a proxy to identify the source of water masses (Fig. 2.6 a- 
b). The salinity at the study site is mainly influenced by the Scheldt, Rhine and Seine
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rivers (Lacroix et al. 2004) and has an overall tidally and seasonally averaged mean of
32.2, with a standard deviation of 1.1. This salinity varies as a function of the tidal 
cycle. For periods of limited wind forcing (Case 0) the mean salinity during ebb and 
flood amounts to 31.5 and 32.3, respectively. The mean salinity during periods 
associated with southwesterly winds (Case NEW) is about 33, indicating advection of 
oceanic water masses from the English Channel towards the study site. On the other 
hand, during periods of NE wind activity (Case SWW) the mean salinity reduces to
30.5, suggesting the influence of freshwater input, from mainly the Scheldt River, 
approximately 30 km away from the study site (Fig. 2.1).
SPM measurements, under tidal forcing only, show concentration maxima occurring at 
the end of ebb (5 hr) and at the beginning of flood (8hr). The la tter is a result of re­
suspension during maximum flood currents. The ebb-maxima are explained by the fact 
that the centre of the tu rb id ity  maximum is usually situated in ebb direction of the 
measurements. Flence, the maxima during ebb occur when, SPM concentrations 
advected from the centre of the turb id ity maximum, have reached the measuring 
location. Neap tidal conditions show similar patterns, but with lower SPM 
concentrations. SPM measurements, from OBS, show that Cases SWW (flow from NE) 
and NEW (flow from SW) correspond with high and lower SPM concentrations, 
respectively, and show that the wind-driven alongshore advection has a significant 
influence on SPM concentration. Indeed, ocean water masses, advected into the 
coastal area (Case SWW), have generally lower SPM concentrations than the 
nearshore waters (Fettweis et al. 2010).
The ebb-flood tidal cycle is typically characterized by an increase and decrease in SPM 
concentration, driven by accelerating and decelerating currents, respectively. Flowever, 
measurements indicate strikingly different SPM concentration behaviour near the bed 
(0.2 mab) between the three cases (Fig. 2.7 a-f). The water column in the Cases 0 (no 
wind-driven advection) and SWW (SW advection) is characterized by good vertical 
mixing, as can be seen in Fig. 2.7 (a, b, e, f) at about 2 and 9 hours, when SPM 
concentration at 0.2 and 2 mab are very similar. Flowever, in Case NEW (advection 
from the SW) vertical mixing is sustained for a longer time interval (Fig. 2.7 e, f). The 
vertical mixing during wind-driven advection from the NE (Case SWW, Fig. 2.7 c, d) is 
limited during both spring and neap tidal conditions; this is probably the result of 
higher mud concentrations and the occurrence of FICMS (see also below); the latter 
functioning as a bigger reservoir o f sediment to be re-suspended and thus maintaining 
a strong vertical gradient. The decreasing flows around 4 and 10 hours favour settling 
of particles and results in a decrease of SPM concentration at 2 mab. Flowever, a 
continuous increase in SPM concentration at 0.2 mab is only present in Case NEW, 
where the maximum SPM concentration at 0.2 mab occurs around slack water. In 
Cases 0 and SWW, the SPM concentration decreases around LW slack and FIW slack, 
indicating the formation of FICMS near the bed. An extract (doy 130 - 144) from the 
time-series (tripod mooring no. 5) of vertical distance between ADV sensor and seabed 
boundary is shown in Fig. 2.10. Quarter-diurnal peaks of bed level change occur during 
slack water and consist of FICMS. They easily reach 10 cm with maxima of 15 cm, and 
last for at least 50 minutes (maximum of 3 hours). The general seabed level on which 
these changes are superimposed is also changing in time. Around doy 136 -  140, a 
seabed level change occurs under Case SWW, spring conditions and persists over 4 
days (~8 tidal cycles). This increase in bed level occurs during high vertical SPM 
concentration gradients and corresponds with the formation of FICMS.
In Case NEW the SPM concentration is lower and wave conditions on average higher, 
resulting thus in less favourable conditions for deposition. Depending on how much 
sediment was deposited during slack water, a SPM concentration peak in both OBS's is 
shown during Cases 0 and SWW (Fig. 2.7 c, d).

2 .4 .2 .  N ature o f sedim ent in re-suspension

The nearshore area is characterized by the occurrence of fine sands (d50: 150 pm) 
and muds (Fettweis and Van den Eynde 2003), suggesting tha t mixed sediment 
transport occurs. The wind-driven sub-tidal flow towards the NE (Case NEW) increases 
the flood current on average by 13 % and decreases ebb currents by 33 %, compared 
to Case 0 (Fig. 2.4 a, b, e, f). The enhanced flood current is strong enough for
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Figure 2 .1 0  Time-series o f distance between ADV sensor and seabed boundary 
(centimetre). Peaks indicate periodic deposits (quarter-diurnai). Around 136-140, a 
longer persisting HCMS/mud layer is present

re-suspension of the in-situ bed material. The measurements show that the OBS- and 
ADP-derived SPM concentrations are different, mostly during flood. Highest differences 
occur for Case NEW (Fig. 2.7 e, f), when flood currents are highest and reveal that 
SPM concentration, measured by the acoustic devices is significantly higher than by 
OBS. I t  is well known from literature that the OBS tends to underestimate the coarser 
particles in suspension (Bunt et al. 1999, Fugate and Friedrichs 2002, Vincent et al. 
2003, Voulgaris and Meyers 2004, Downing 2006). This suggests that the higher SPM 
concentration, detected during flood, in the ADP is formed by the presence of fine sand 
in suspension. This is confirmed by the particle size data from the LISST (at 2 mab), 
showing a bimodal size distribution during maximum flood (Fig. 2.11).

— CASEO
 C AS E SWW

—  CASE NEW

Particle Size (|jm)

Figure 2 .11 Averaged particle size distributions around maximum flood current under 
spring conditions (8 h a fte r HW slack, see Fig. 2.7). Remark the bimodal distribution in 
case NEW, with one maximum around 45 pm and another one around 150-200 pm. 
The la tte r is caused by the re-suspension o f fine sand during strong flood currents



The firs t mode is situated around 35 |jm and corresponds with the typical size of floes 
(Fettweis et al. 2006), whereas the second mode corresponds with the median grain 
size of the sand (150 pm). The rising tail at fine particle sizes is due to the presence of 
particles finer than the measuring range of the instruments (Agrawal and Pottsmith 
2000). The fact that flood currents are higher, that SPM concentrations are lower, and 
that the water column is well-mixed during Case NEW, suggest that the parent bed 
(sand) is exposed and not covered with mud. The fact tha t the LISST does not detect 
sand-sized particles at 2 mab in the other cases suggests most probably that sand re­
suspension is lower; this is confirmed by the generally lower peak currents and the 
fact that the bed is during longer periods covered by mud (see below). As such, the 
data suggest the occurrence of an 'inverse' bed armouring, where a layer of fine 
sediments prevents the erosion of coarser material. Sand transport in the turb id ity 
maximum area is therefore mainly directed in flood direction, with the highest sand 
transport rates during a wind-driven advection towards the NE.

2 .4 .3 .  Conceptual SPM transport system

Altim etry data (Fig. 2.9 a -f and 2.10) show bed level variations that can be explained 
by the formation of FICMS. In Case 0 and NEW (Fig. 2.9 a, e) their occurrence is 
limited to slack water periods. The corresponding neap condition cases (Fig. 2.9 b, f) 
show a similar, however, reduced pattern, as re-suspension is lower. In Case SWW 
(Fig. 2.9 c, d and Fig. 2.10), the corresponding altim etry pattern suggests the 
occurrence of FICMS layers, persistent over several tides. Lower flood currents, 
together with higher SPM concentrations, a generally lower wave activity and a 
reduced vertical mixing strengthen the argument that a semi-permanent FICMS or mud 
layer is formed. The damping of turbulence by FICMS layers is a major mechanism 
maintaining these layers during longer time periods (Sheremet et al. 2005, Reed et al.
2009). Our data show that semi-permanent FICMS occur when the sub-tidal flow is 
directed towards the SW, mainly under NE wind forcing. These winds are not very 
frequent and the ir wind speeds are rather reduced. Flowever, we believe that this type 
of benthic sediment transport is very important and has implications for object burial 
and sediment recirculation in and around the port (Fig. 2.1). In Case 0 and NEW, 
FICMS corresponds with deposition during slack water and re-suspension by ebb-flood 
currents. We conclude that the variability in FICMS and SPM concentration is also 
influenced by shifts in the location of the high turb id ity maximum zone, which is 
controlled by the wind climate and thus alongshore advection. During Case NEW, the 
TMZ is situated more towards the northeast and corresponds with SW winds (most 
frequent wind sector). For these conditions, no continuous FICMS was found. The 
parent bed consisting of fine sands will be exposed and re-suspension of the parent 
bed can occur. Under these conditions, more marine fine-grained sediments are 
entering the Westerscheldt estuary. Indeed, the Westerscheldt cohesive sediments 
show a very strong marine signature (>80 %) (Van Alphen 1990, Verlaan 1998, 
2000), suggesting that the estuary serves as a buffer of marine fine-grained matter 
(van der Wal et al. 2010). Part of these fine-grained sediments is permanently 
deposited in inter-tidal areas (Temmerman et al. 2003). The fact tha t under SW- 
directed sub-tidal flow, higher SPM concentrations are measured, suggests the outflow 
of marine sediments from the Westerscheldt. Fettweis and Van den Eynde (2003) 
proposed that the tu rb id ity  maximum was formed by congestion in the sediment 
transport along the coast. Our data suggest also that the River Scheldt functions as 
storage area of marine sediments, which are released into the sea under specific 
hydro-meteorological conditions (SWW flow).

2 . 5 .  Conclusions

A total of 198 days of in-situ data on SPM and currents have been collected in the 
coastal turb id ity maximum area of the Belgian inner shelf. The measurements, made 
in autum n-w inter 2006-2007 and winter-spring 2008, were averaged and classified 
into three cases, based on the direction and strength of subtidal advection. The main 
conclusions are:
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1) Near bed hydrodynamics and SPM dynamics are predominantly dominated by 
tidal forcing. Generally, SPM concentration is significantly influenced by 
advection during ebb, whereas during flood local re-suspension is more 
important.

2) A significant modification of the tidal forcing results from alongshore 
advection due to wind-induced flows and influences the position of the 
turb id ity maximum; as such also the origin of SPM. Winds persistently 
blowing from the NE will increase SPM concentration, due to an increased SPM 
outflow from the Westerscheldt estuary. SW winds will decrease SPM 
concentrations. The la tter is related to the advection of less turbid English 
Channel water to the measuring location, inducing a shift of the turb id ity 
maximum towards the NE and the Westerscheldt estuary. Under these 
conditions, marine mud will be imported and buffered in the estuary.

3) With prevailing NE winds, the increase in SPM concentration results in the 
formation of persistent HCMS. The results have indicated that these layers 
mostly remain present throughout the tidal cycle. Inverse armouring occurs, 
as the sandy bed is sheltered from erosion. SPM consists of cohesive 
sediments only.

4) In case of tidal influence and SW prevailing winds, HCMS occur only around 
slack water. SPM consists of a m ixture of cohesive sediments (floes) and 
locally eroded sand grains during high currents.

5) Regarding instrumentation, it is shown that SPM estimates from OBS are only 
reliable when SPM consists of cohesive sediments only; with mixtures of 
cohesive and non-cohesive sediments, a combination of optical (OBS) and 
acoustic sensors (ADP, ADV) are needed to get an accurate estimate of the 
total SPM concentration.
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