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Abstract The amount of sediments to be dredged and dis-
posed depends to a large part on the suspended particulate
matter (SPM) concentration. Tidal, meteorological, climato-
logical, and seasonal forcings have an influence on the hori-
zontal and vertical distribution of the SPM in the water col-
umn and on the bed and control the inflow of fine-grained
sediments towards harbors and navigation channels. About 3
million tons (dry matter) per year of mainly fine-grained sed-
iments is dredged in the port of Zeebrugge and is disposed on
a nearby disposal site. The disposed sediments are quickly
resuspended and transported away from the site. The hypoth-
esis is that a significant part of the disposed sediments
recirculates back to the dredging places and that a relocation
of the disposal site to another location at equal distance to the
dredging area would reduce this recirculation. In order to

validate the hypothesis, a 1-year field study was set up in
2013–2014. During 1 month, the dredged material was dis-
posed at a new site. Variations in SPM concentration were
related to tides, storms, seasonal changes, and human impacts.
In the high-turbidity Belgian near-shore area, the natural forc-
ings are responsible for the major variability in the SPM con-
centration signal, while disposal has only a smaller influence.
The conclusion from the measurements is that the SPM con-
centration decreases after relocation of the disposal site but
indicate stronger (first half of field experiment) or weaker
(second half of field experiment) effects that are, however,
supported by the environmental conditions. The results of
the field study may have consequences on the management
of disposal operations as the effectiveness of the disposal site
depends on environmental conditions, which are inherently
associated with chaotic behavior.

Keywords SPM concentration . Dredging and disposal
operations . Long-term observational time series

1 Introduction

Dredging operations in coastal areas are essential in order to
maintain channels and harbors navigable for large vessels.
These deepened areas—often protected by breakwaters—are
not in equilibrium with the hydrodynamics, and as a conse-
quence, sediments are quickly accumulating after removal,
demanding thus for almost continuous maintenance works.
The amount of sediments to be dredged depends to a large
part on the suspended particulate matter (SPM) concentration.
SPM concentration is highly variable in coastal areas due to
tidal, meteorological, climatological, and seasonal forcings
(Fettweis and Baeye 2015). These forcings have an influence

This article is part of the Topical Collection on the 13th International
Conference on Cohesive Sediment Transport in Leuven, Belgium 7–11
September 2015

Responsible Editor: Erik A. Toorman

* Michael Fettweis
michael.fettweis@naturalsciences.be

1 Royal Belgian Institute of Natural Sciences, Operational Directorate
Natural Environment, Gulledelle 100, 1200 Brussels, Belgium

2 Antea Group, Buchtenstraat 9, 9051 Ghent, Belgium
3 Department of Mobility and Public Works, Flanders Hydraulics

Research, Berchemlei 115, 2140 Antwerp, Belgium
4 Fluves, Waterkluiskaai 5, 9040 Ghent, Belgium
5 Faculty of Civil Engineering and Geosciences, Delft University of

Technology, Delft, The Netherlands
6 Department of Mobility and Public Works, Maritime Access

Division, Tavernierkaai 3, 2000 Antwerp, Belgium

Ocean Dynamics (2016) 66:1497–1516
DOI 10.1007/s10236-016-0996-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s10236-016-0996-1&domain=pdf


on the horizontal and vertical distribution of the SPM in the
water column and on the bed and control the inflow of fine-
grained sediments towards harbors and navigation channels
(Mehta 1991; van Ledden et al. 2004; Van Maren et al.
2009; Vanlede and Dujardin 2014; Wan et al. 2014). Further
to the natural variability, dredging and disposal influence the
SPM concentration in the near and far field due to the opera-
tions itself and due to dispersal, transport and buffering of the
disposed fine sediments (Smith and Friedrichs 2011; Decrop
et al. 2015; Van Maren et al. 2015). Massive sedimentation of
fine-grained sediments in harbors and navigation channels is
often related to the occurrence of fluid mud layers (Verlaan
and Spanhoff 2000; Winterwerp 2005; Kirby 2011; Van
Maren et al. 2009). Fluid mud may be formed by fluidization
of cohesive sediment beds or by the quick settling of larger
SPM flocs during slack water resulting in an increase of the
near-bed SPM concentration and the formation of lutoclines
(Mehta 1991; van Kessel and Kranenburg 1998; Li andMehta
2000; Becker et al. 2013). The particle-turbulence interactions
and the stratification-induced turbulence damping contribute
to the formation and stability of these layers (Le Hir et al.
2000; Toorman 2002; Winterwerp 2006).

The potential effects of the disposal of fine-grained sedi-
ments are relatively well described with respect to environ-
mental issues, such as alteration of benthic and pelagic com-
munities, decrease of water clarity, dispersion of pollutants
and nutrients, and changing bathymetry and hydrodynamic
processes (Smith and Rule 2001; Stronkhorst et al. 2003;
Orpin et al. 2004; Simonini et al. 2005; Bolam et al. 2006;
Du Four and Van Lancker 2008; Okada et al. 2009;
Stockmann et al. 2009; Fettweis et al. 2011; Agunwamba
et al. 2012; Bolam 2012; van Maren et al. 2015). Relatively
less attention has been paid to the effect of disposal of fine-
grained material on the dredging works itself (e.g., Kapsimalis
et al. 2013). Depending on the location of the disposal site,
significant amounts of the disposed matter may recirculate in
suspension or as high concentrated benthic layers back to the
dredging areas, increasing thus the volume to be dredged and
disposed. A smart relocation of the disposal site that does not
induce recirculation is a straight-forward way to decrease
dredging volumes, costs, and environmental impact. In order
to evaluate the impact of a relocation of disposal site in highly
dynamic and turbid areas, continuous measuring stations are
mandatory. With increasing implementation of long-term
monitoring stations, an understanding of variations and
short-term impacts became possible (e.g., Badewien et al.
2009; Garel and Ferreira 2011; Fettweis et al. 2011; Henson
2014; Jalón-Rojas et al. 2015).

The harbor of Zeebrugge, situated in the coastal turbidity
maximum area along the Belgian coast (southern North Sea),
is subject to high siltation rates and, as a result, huge mainte-
nance dredging and disposal works are mandatory (Fettweis
et al. 2011). The focus of the present study emerged from

numerical model results that have indicated that part of the
disposed sediments quickly returned back to the dredging
areas and that the mass to be dredged could be decreased by
relocating the disposal site (Van den Eynde and Fettweis
2006). In the framework of studies conducted by the
Flemish Ministry of Public Works and Mobility to reduce
dredging costs, a 1-year field study was set up to validate
the model results with in situ data. The field study consisted
of 11 months Bbusiness as usual,^ i.e., disposing of the
dredged material on the existing disposal site and of a 1-
month period where an alternative disposal site without recir-
culation was used. An extensive monitoring campaign was set
up during the field study which consisted of measurements in
and outside the harbor of Zeebrugge of various oceanograph-
ic, meteorological, and sediment parameters (SPM concentra-
tion, current velocity, waves, salinity, temperature, tides, wind,
bathymetry, density of mud layers) in order to estimate the
impact of the relocation of the disposal site on the SPM con-
centration and on the fluid mud dynamics in and outside the
harbor of Zeebrugge. A key element in the analysis is the use
of environmental parameters that allowed establishing a rep-
resentative baseline encompassing the major actors (tides,
wind, waves) responsible for variabilities in SPM concentra-
tion and fluid mud thickness, as well as human activities such
as ship maneuvering and dredging/disposal works.

2 The study site

The harbor of Zeebrugge is situated in the Southern Bight of
the North Sea at the marine limit of influence of the
Westerscheldt estuary (see Fig. 1). The relatively well-
protected Southern Bight is mainly tidally dominated as com-
pared with other shallow areas in the North Sea where wave
influences are more pronounced (Fettweis et al. 2012b). The
tides are semidiurnal and the mean tidal amplitude is about
3.6 m. The nearshore tidal current ellipses are elongated and
vary on average between 0.2 and 0.8 m/s during spring tide
and 0.2 and 0.5 m/s during neap tide at 2 m above the bed. The
strong tidal currents and the low freshwater discharges result
in a well-mixed water column. Slack water occurs around 3 h
before and 3 h after high water (HW). Ebb (about 3 h after HW
until about 3 h before HW) is directed towards the southwest
(SW) and flood towards the northeast (NE). Maximum cur-
rents occur during flood around 1 h before HW; the peak
currents during ebb are slightly lower and occur around LW.
Southwesterly winds dominate the overall wind climate,
followed by winds from the NE sector. Maximum wind
speeds coincide with southwesterly winds; nevertheless, the
highest waves are generated under northwesterly winds, due
to a longer fetch. The waves have generally a period of about
4 s, lower frequency swell waves with a period of about 6 s are
less abundant. The median significant wave height is 0.6 m
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and the P90 percentile 1.2 m. The salinity is generally between
28 and 34, and changes in salinity are caused by the advection
of marine and Scheldt water masses (Arndt et al. 2011;
Fettweis and Baeye 2015). The residual alongshore currents
at MOW1 (WZ buoy) (see the location of these stations in
Fig. 1) are in 80 % (64 %) of the time directed towards the
SW (i.e., in ebb direction) and salinity is then around 30.
During the prevailing SW wind, salinity may increase up to
34 and marine water with generally lower SPM concentration
enters the area; the residual alongshore current is then directed
towards the NE. SW-NE direction corresponds with the align-
ment of the coastline.

The harbor is situated in a coastal turbidity maximum area
with SPM concentrations between 0.02 and more than 0.1 g/l
at the surface and between 0.1 and more than 3 g/l near the
bed; lower values (<0.01 g/l) occur offshore (Baeye et al.
2011; Fettweis et al. 2012b). The SPM concentration, floc
size, and settling velocity have a distinct seasonal signal
(Fettweis and Baeye 2015). An acoustic detection method
using ADV and ADP altimetry revealed bed boundary level
changes of up to 0.2 m in the nearshore area during tidal and
spring-neap cycles, suggesting the occurrence of lutoclines

and possibly of fluid mud layers (Baeye et al. 2012). The
occurrence of brownish-colored fluffy layers on top of con-
solidated black and anoxic mud deposits of Holocene age,
intercalated with thin sandy layers, have frequently been ob-
served in Van Veen grab and box core samples taken in the
vicinity of the harbor.

The outer port of Zeebrugge is reclaimed from the sea and
is protected from it by two breakwaters, each about 4 km in
length (Vanlede and Dujardin 2014). The harbor mouth is in
open connection to the sea. The open water surface is
6 × 106 m2, which gives a tidal volume of 24 × 106 m3. The
cross-sectional surface between the harbor and sea is about
12,000 m2. The sediment exchange between the harbor and
the sea is caused mainly by horizontal and to a lesser extent
vertical exchange at the harbor mouth (Vanlede and Dujardin
2014). Most horizontal sediment exchange occurs from 2 h
before high water to high water. Around that time, the flood
flow in the North Sea (directed northeastward along the
Belgian coast) drives a primary gyre in the harbor. The high
SPM concentrations result in an average siltation rate of
3.6 × 106 tons dry matter (TDM) per year, which is dredged
and disposed on the authorized disposal site ZBO (Fig. 1)

Fig. 1 Map of the Belgian coastal area (southern North Sea) showing the
measurement stations outside (MOW1; WZ buoy) and inside the port of
Zeebrugge (Hermespier, LNG, Albert II dock (AII dock), and

Sterneneiland), the regular disposal site ZBO and the disposal site
ZBW used during the field experiment. The background consists of
bathymetry and of the dredging and disposal intensity during 2013
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(Lauwaert et al. 2009). Because of the high sediment retention
in the harbor, the sediment concentration in the outflowing
water is lower than that in the inflowing water.

3 Methodology

The field study lasted for 1 year (between January 2013 and
March 2014) and consisted of 11-month disposing of the
dredged material on the existing disposal site ZBO, which
induces recirculation of the disposed material back to the
dredging sites and of a 1-month period (further called field
experiment) with disposal on an alternative site (ZBW) with
more limited recirculation (see Fig. 1). The fine-grained
dredged sediments (D50 < 10 μm) from the harbor of
Zeebrugge consist of 20–40 % clays, 20–40 % quartz, 20–
30 % carbonates, and 1–7 % organic material (Adriaens
2015). In total, about 3 × 106 TDM have been dredged and
disposed during the period March 2013–March 2014. During
the 1-month field experiment, 0.41 million TDM (14 % of the
yearly amount) were disposed on the ZBW site. The disposal
on site ZBW occurred between 21 October 2013 and 20
November 2013. The 11-month period of disposal on site
ZBO (further called disposal as usual) was situated between
February 2013 and March 2014. Besides the monitoring sta-
tion MOW1, where data are available since 2005 (Fettweis
and Baeye 2015), a second station (WZ buoy) outside the
harbor and four inside the harbor were installed during the
field study.

3.1 Monitoring stations for SPM concentration
outside and inside the port

Current velocity, salinity, SPM concentration, and altimetry
were collected with tripods at MOW1, located about 5 km
offshore, and at WZ buoy located at about 2 km from the
harbor entrance (Fig. 1). Both measuring stations are situated
in the influence zone from dispersion of dredged material
disposal at ZBO (Van den Eynde and Fettweis 2006). The
instrumentation suite consisted of a point velocimeter
(5 MHz ADVOcean velocimeter), a downward looking
ADP profiler (MOW1, 3 MHz SonTek Acoustic Doppler
Profiler; WZ buoy, 2 MHz Aquadopp current profiler), two
D&A optical backscatter point sensors (OBS3+), a Sequoia
LISST-100X, and a Sea-bird SBE37 CT. The data were col-
lected in bursts every 10 or 15 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 15-min interval to
match the sampling interval of the other sensors. The OBSs
were mounted at 0.2 and 2 m above bed (mab). The tripods
were moored between 3 and 6 weeks and then replaced with
similar tripod systems to ensure continuous time series.

Inside the port current velocity, salinity and SPM concen-
tration were measured at four locations (Sterneneiland, Albert
II dock, LNG and Hermespier, see Fig. 1) at two points in the
water column, respectively about 2 m below MLLWS and
about 2 mab. The instrumentation suite consisted of a point
velocimeter (Aquadopp), an OBS3+, and a CT probe
(Valeport 620). At Hermespier ,the instrumentation was
mounted on a fixed cable, attached to the gangway of the pier
and a concrete anchor at the bottom. The other three measur-
ing locations were equipped with two concrete anchors con-
nected by a 50-m steel cable; the measurement devices were
attached to the first, 300 kg anchor, a localization buoy to the
second, 1000 kg anchor. The instruments were kept at the
desired depth by an underwater buoy, positioned just below
MLLWS, and a second flotation buoy at the water surface.
The data were collected every 10 min (average value of 60 s
bursts). To reduce data gaps to a minimum, the measurement
devices were retrieved and cleaned every 3 weeks. After some
functionality checks, the measuring suite was then lowered
again.

3.2 Top sediment layer outside and inside the port

Recently, applications in fine-grained sediment environments
have been documented where the ADValtimeter was used to
elucidate the high concentrated mud suspension (HCMS) or
fluid mud layer dynamics (see Baeye et al. (2011)). The acous-
tic signal of the ADV records the distance between the mea-
suring volume and the sea floor at both stations outside the
port. This distance varies as a function of settling of the tripod,
variation in bathymetry (erosion/deposition) and the presence
of lutoclines or sharp gradients in the SPM concentration that
act as reflector for the acoustic signal. The variation in altim-
etry can thus be used as a proxy for the dynamics of HCMS or
fluid mud layer.

The thickness of the top mud layer inside the harbor was
measured with a dual-frequency echo sounder on a regular
basis. Besides the two weekly measurements along the central
axis of the outer harbor (leading lights line in Fig. 1), a daily
survey of the axis of the Albert II dock (axis Albert II in Fig. 1)
was conducted during the field study. The 210-kHz reflector is
considered to be the top of the mud layer, while the 33-kHz
reflector is interpreted to be the hard sandy bottom.

3.3 SPM concentration from optic and acoustic sensors

The SPM concentration was derived from optical (OBS and
LISST) and acoustical instruments (ADP). The OBS voltage
readings were converted into NTU using Amco clear and then
into SPM mass concentration (g/l) by calibration against fil-
tered water samples collected during one (WZ buoy, inside the
harbor points) and four tidal cycles (MOW1). A linear regres-
sion was used to fit a straight line between the OBS signal (in
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NTU) and the filtered SPM concentration (g/l; see Fig. 2). The
stability of the OBSwas further controlled by calibrating them
against Amco clear solution before and after the field study.
The measuring range was set to 1.5 or 3 g/l depending on the
sensor. During high-energy conditions, near-bed SPM con-
centrations at MOW1 and WZ buoy were regularly higher
than 1.5 or 3 g/l. Under these circumstances, the OBS saturat-
ed and underestimated the actual SPM concentration. The
OBS at 0.2 mab was in saturated state during about 2.3 % of
the time at MOW1 and 3.2 % of the time at WZ buoy.
Although this represents a relatively short period of time, it
may significantly affect the mean SPM concentration, e.g., an
underestimation of the peak SPM concentration during satu-
ration by 2 g/l results in an underestimation of the mean SPM
concentration in summer by 60 mg/l and in winter by 30 mg/l
(Fettweis and Baeye 2015).

The LISST 100X uses laser diffraction technology to mea-
sure particle size and volume concentration in 32 logarithmi-
cally spaced size groups over the range of 2.5–500 mm
(Agrawal and Pottsmith 2000). The volume concentration of
each size group is estimated with an empirical volume calibra-
tion constant, which is obtained under a presumed sphericity of
particles. The total SPM volume concentration (units: ml/l) is
the sum of the 32 volume concentrations per size class and has
been used in the study. As cohesive sediments occur as flocs in
suspension, the SPM volume concentration is not equal to the
SPM mass concentration. The uncertainty of the instrument is
related to the characteristics of the particles occurring in nature
(particles smaller and larger than the size range; non-spherical
particles), which affects the estimated size and volume distribu-
tion (Mikkelsen et al. 2006; Andrews et al. 2010).

The ADP profilers at both locations were attached at
2.3 mab and down-looking, measuring current and acoustic
intensity profiles with a bin resolution of 0.25 m starting at
1.8 mab. The backscattered acoustic signal strength, from

ADP, was used to estimate SPM concentrations. After conver-
sion to decibels, the signal strength was corrected for geomet-
ric spreading and water and sediment attenuation (Thorne and
Hanes 2002). The upper OBS-derived SPM concentration es-
timates were used to calibrate the ADP’s first bin. The differ-
ent sensitivity of acoustic and optic sensors to changes in the
SPM particle size and characteristic is reflected in the correla-
tion coefficient between the ADP backscatter (dB) and the
OBS-derived SPM concentration ofR2 = 0.53. The R2 is better
for the lower SPM concentrations and the regression model
thus accounts for less variance for the higher SPM
concentrations.

3.4 Data classification, ensemble averaging

The number of data at WZ buoy comprises 254 (OBS), 310
(Aquadopp), and 320 LISST tidal cycles, and at MOW1,
about 1390 (LISST) and 2430 (ADP, OBS) tidal cycles were
collected during different seasonal, tidal, and meteorological
conditions. To every tidal cycle classification, parameters
were assigned that take into account seasons, tidal range,
alongshore current, and the significant wave height. Each tidal
cycle starts at high water (HW) and finishes at the following
HWand was resampled to obtain 50 data points per cycle (i.e.,
every 15 min). The tidal cycles of each class were then en-
semble averaged, and the standard error was calculated. The
standard error estimates how far the sample mean is likely to
be from the populationmean andwill decrease with increasing
sample size.

The tidal range was calculated from the harmonic tidal
signal and then grouped according to the P66 (3.95 m) and
P33 (3.31 m) percentiles into a spring tide (SP; >P66), mean
tide (MT; P66-P33), and neap tide (NT; <P33). The influence
of weather systems on SPM concentration was investigated by
grouping the tidal cycles according to the residual alongshore

Fig. 2 Calibration of OBS output
(NTU) versus filtered water sam-
ples (MOW1) during four tidal
cycles (one in January and April
and two in November). The
errorbars indicate the standard
deviation of three replica filtra-
tions (y-axis) and 30 s of OBS
measurements prior to the closure
of the Niskin bottles (x-axis)
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flow and the significant wave height. For each tidal cycle, the
residual alongshore flow (Ua) was calculated using the ADP
current velocity data at 2 mab. Subsequently, the tidal cycles
were classified in terms of the direction and strength of this
residual alongshore current into a SW-ward directed
(Ua < −0.09 m/s) and a NE-ward directed (Ua > 0 m/s); SW-
NE direction corresponds with the alignment of the coastline.
The P50 percentile of residual alongshore currents is
Ua = −0.06 m/s; a Ua < −0.09 m/s corresponds with the P33
percentile and a Ua > 0 m/s with the P80 percentile of all
values. The influence of wave systems was looked at by
grouping the data into tidal cycles with significant wave
heights (Hs) < 0.60 m (<P50) and Hs > 1.2 m (>P90).

4 Results

4.1 SPM concentration outside and inside the port

The 2013 time series at MOW1 and WZ buoy of SPM con-
centration derived from OBS, LISST, and ADP and some
additional parameters (Hs, Ua, salinity, and altimetry) are
shown in Figs. 3 and 4. Less data are available at theWZ buoy
location due to frequent failure of the instrumentation and
collision of ships with the frame. The influence of neap-
spring cycle is more pronounced in the SPM concentration
derived from the ADP than the OBS. At 2 mab, the peak in
the low-passed filtered SPM concentration from both the ADP

Fig. 3 MOW1 location, 1 January 2013–31 December 2013 time series
of tidal amplitude, significant wave height (Hs) and mean wave period
(Tm), alongshore currents (Ua), residual alongshore currents (positive is
towards the NE, negative towards the SW), and salinity; SPM mass and

volume concentration at 2 and 0.2 mab (SPMC) for ADP and OBS, and
altimetry (decrease: erosion, increase: accretion). Red lines indicate the
start/end of a tripod deployment
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and the OBS corresponds generally well with the peak in tidal
amplitude, which is not the case closer to the bed where the
SPM concentration is more influenced by near-bed SPM dy-
namics, such as wave induced resuspension, or formation of
HCMS. The quality of the correlation of low-pass filtered
OBS-derived SPM concentrations with tidal amplitude is
low for several periods at MOW1. This is the case around
days 33, 45, 60, 72, 293, and 312, which have a lower low-
passed filtered SPM concentration than expected from tidal
amplitude. This can be explained by the direction of the resid-
ual alongshore currents, by an apparent low SPM concentra-
tion due to the fact that waves disturbed the signal, by satura-
tion of the OBS at 0.2 mab, and by possible changes in sedi-
ment composition or the formation of fluid mud layers and a
reduction of the vertical mixing.

The effect of tidal amplitude, seasons, waves and residual
alongshore current on the OBS-derived SPM concentration
during a tide at MOW1 is shown in Fig. 5 and Table 1. The
tidal ensembles indicate that the mean SPM concentration at
0.2 mab during summer (winter) is about 13 % lower (higher)
than the mean SPM concentration during the whole year. The
seasonal difference is more pronounced at 2 mab where the
difference with the mean during the whole year is ±25 %. The
tidal-averaged SPM concentration at 0.2 and 2 mab during
winter spring (neap) tide increases (decreases) by about
25 % with respect to the tidal-averaged SPM concentration
during all tides in winter. During a NE-ward-directed residual
alongshore current (P10) in winter, the tidal-averaged SPM
concentration decreases by 20 % at 0.2 mab and 13 % at
2 mab, with respect to the tidal-averaged SPM concentration

Fig. 4 Same as Fig. 3, but for WZ buoy
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in winter. During SW-ward-directed residual alongshore cur-
rent (P90), the values are almost equal to the tidal-averaged
SPM concentration in winter. Low (high) wave conditions
result in a decrease (increase) of the tidal-averaged SPM con-
centration by 9 % (16 %) at 0.2 mab and by 8 % (11 %) at
2 mab. The results show that high waves and negative residual
alongshore flow direction induce the highest variations near
the bed (0.2 mab), whereas seasonal effects are more pro-
nounced higher up in the water column. The effect of tidal

range is similar near the bed and in the water column. The
results indicate that SPM concentration is mainly tidally dom-
inated, but the occurrence of storms will impact the shallow
regions through resuspension and by advection. Figure 5
shows the effect of one parameter separately and gives a result
that incorporates the average for the other parameters. The
relatively low effect of high waves is thus hidden in the aver-
age over all tidal ranges. If we look at high wave condition
during several tidal ranges, then the effects are more pro-
nounced, i.e., strong increases of the SPM concentration near
the bed during both neap and spring tidal condition and a
decrease of wave effects at 2 mab, which is more pronounced
during neap than spring tide. The effect of waves on different
residual alongshore regimes is similar. Near the bed, the ef-
fects of alongshore residual current, as described above, is
overprinted by the wave effects, in contrast with the situation
at 2 mab, where the effect of residual alongshore current di-
rection is more dominant than waves effect.

The SPM concentration time series inside the port are
shown in Fig. 6. Data gaps are mainly caused by insufficient
power supply and fouling. All stations show higher SPM con-
centration in the lower measurement point, except for
Hermespier, where the difference in median value is not sig-
nificant (Table 2). SPM concentrations are higher in winter
(October–March) compared with summer (April–
September), except for location Sterneneiland. This is proba-
bly caused by some exceptionally deep moorings during sum-
mer, leading to approximately the same depth for the upper

Fig. 5 MOW1 (2005–2013), ensemble-averaged OBS-derived SPM
concentration at 2 and 0.2mab during a tidal cycle as a function of season,
tidal amplitude, direction of the residual alongshore current, and signifi-
cant wave heights. The data grouped according to tidal amplitude,

residual alongshore current, and significant wave heights are for winter
period. The error bars are the standard errors. Slack water occurs around
4 to 3 h before and 3 h after LW

Table 1 Geometric mean and multiplicative standard deviation
(multiplied divided: */) of the OBS-derived SPM concentration (mg/l)
at MOW1 (2005–2013) during different tidal ranges (neap tide, spring
tide), residual alongshore current directions (SW-ward, NE-ward: P10
and P90 of all values) and significant wave height. The results of tidal
range, residual alongshore current, and significant wave heights are for
winter period

0.2 mab 2 mab

All tide 332*/1.36 131*/1.41

Summer 288*/1.44 100*/1.57

Winter 374*/1.31 165*/1.31

Neap tide 268/1.23 120*/1.22

Spring tide 460*/1.39 203*/1.38

SW-ward 361*/1.47 159*/1.39

NE-ward 303*/1.30 127*/1.27

Hs < 0.6 m 341*/1.43 147*/1.40

Hs > 1.2 m 432*/1.18 183*/1.19
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measurement point as the lower measurement point in winter.
Sterneneiland and Albert II dock show significantly higher
SPM concentrations during spring tide than during neap tide,
in contrast to LNG and Hermespier (Table 2). The SPM con-
centrations at the two locations closest to the harbor mouth

(Sterneiland and Albert II dock) show a clear correlation with
the tide, with highest SPM concentrations around high water
(Fig. 7), indicating the period of inflow of sea water with high
SPM concentration towards the harbor. At LNG this correla-
tion is less pronounced and for location Hermespier there is no

Fig. 6 1st March 2013–15th April 2014 time series of SPM concentration at two levels and in the four locations inside the harbor. Red lines indicate the
start/end of a deployment

Table 2 Median and its 95 %
confidence interval of SPM
concentrations (mg/l) inside the
harbor: seasonal and tidal
variations (spring tide–neap tide)

Summer Winter Neap tide Spring tide

Upper Lower Upper Lower Upper Lower Upper Lower

Sterneneiland 66 ± 6 81 ± 6 73 ± 4 88 ± 5 66 ± 4 71 ± 4 93 ± 7 105 ± 8

AII dock 54 ± 4 86 ± 8 73 ± 4 164 ± 30 51 ± 4 106 ± 14 76 ± 6 135 ± 22

LNG 38 ± 6 50 ± 3 43 ± 2 71 ± 4 40 ± 4 60 ± 5 39 ± 8 56 ± 4

Hermespier 54 ± 5 61 ± 5 68 ± 5 86 ± 14 60 ± 6 68 ± 10 62 ± 6 67 ± 7
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significant difference between high water and low water SPM
concentrations. The SPM concentration in all locations inside
the harbor correlates highly with the current velocity. Whilst
the measurements outside the harbor show a peak around
maximum ebb and flood flow, only the flood peak is observed
in the harbor. The peak in SPM concentration during maxi-
mum flood velocity is simultaneously outside the harbor and
at location Stern.

4.2 Fluid mud outside/inside the port

The 2013 time series at MOW1 and WZ buoy of the 5-MHz
altimetry signal of the ADV are shown in Figs. 3 and 4. The
seafloor varied between −14.8 and 17.4 cm (MOW1) and −9.2
and 17.4 cm (WZ buoy) and shows low- and high-frequent
variations. In general, the low-frequent variations in altimetry
are more pronounced during strong variations in residual
alongshore current associated with storms. The high frequent

variations are often associated with the formation and resus-
pension of HCMS at slack water; these variations reach up to
about 15–20 cm. The ensemble-averaged altimetry (Fig. 8)
shows an increase around slack water at both locations. At
MOW1, the accretion is more pronounced around the slack
water after HW than that after LW. The resuspension of this
material results in a peak in SPM concentration during ebb
that is higher than during flood (Fig. 5). At the WZ buoy, the
variations in altimetry are less pronounced and the seafloor
thus more stable.

Inside the port, a mud layer up to 3.5 m thick exists, where-
as at the harbor entrance (−500–0 m in Fig. 9), the thickness of
the mud layer is about 0.5 to 2 m. Maximum thickness is
located around the entrance of the Albert II dock; deeper in
the harbor the thickness of the mud layer again decreases.
However, Fig. 9 also shows that the variation of the
210 kHz altimetry is largest at the entrance and deeper in the
harbor. For the whole period of the field study, the variation in

Fig. 7 Albert II dock, ensemble-
averaged OBS-derived SPM con-
centration at 2 m below water
surface during a tidal cycle in
winter (upper) and summer
(lower) as a function of tidal
range. The error bars are the
standard errors. Slack water out-
side the harbor occurs around 4 to
3 h before and 3 h after LW

Fig. 8 Ensemble-averaged ADV
altimetry signal outside the port.
The altimetry is indicated with
respect to the mean altimetry. The
error bars are the standard errors.
Slack water occurs between 4 and
3 h before and 3 h after LW. The
variations in altimetry are a proxy
for the HCMS or fluid mud
dynamics
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volume between the 210- and 33-kHz reflector has been cal-
culated, based on both transects (leading light line and axis
Albert II dock). In order to obtain a natural variability of the
mud volume, the observed volume changes were corrected for
the dredging works conducted during the period between two
consecutive soundings (see Fig. 10). In winter, the mud vol-
ume is the largest; during spring and summer, the volume
gradually decreases to reach a minimum at the beginning of
autumn. This confirms what already was shown in Fig. 9
namely that the dome shape of the mud layer along the leading
light line (Fig. 1) is more or less constant in time but moves up
and down as a whole. Some differences in mud volume vari-
ation exist within the harbor, but all locations confirm that the
thickness of the mud layer is higher in winter than in summer.

Figure 10 confirms generally that the increase of the mud
volume is higher during spring tide than during neap tide,
since more sediment is imported into the harbor. However,
other variations (seasonal, storms) partially mask this neap-
spring signal so that no statistical confirmation exist that the
mud volume during or just after spring tide is higher than
during neap tide.

4.3 SPM concentration during the field experiment

In order to take spring-neap cycles, seasonality and meteorol-
ogy as much as possible into account, the evaluation of the
field experiment was based on a 15-day period prior to the
field experiment (T0: 06–20 October 2013), a 15-day period

Fig. 10 Natural evolution of the mud volume in the central part of the
harbor and in the Albert II dock. The volume changes are calculated from
two weekly transects along the leading light line (see Fig. 1) and from

daily transects along the axis of the Albert II dock and have been
corrected for the dredging works conducted during the period between
two consecutive soundings

Fig. 9 Depth of the top of the
mud layer (blue, mean height,
standard deviation, and extremes
of the 210-kHz reflector) and the
Bhard^ sandy bottom (black,
mean height, standard deviation,
and extremes of the 33-kHz re-
flector) in m relative to Lowest
Astronomical Tide (LAT) during
the period March 2013–
March 2014. The data are from
the central part of the harbor along
the leading light line (from
outside towards inside, see
Fig. 1.)
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during the winter 2013 (Winter 1) and the winter 2013 with
disposal on ZBO (winter ZBO); the field experiment (ZBW)
was divided in two 15-day period (ZBW1, ZBW2), see
Figs. 3, 4, and 6 and Table 3. A comparison of the ensemble
averaged SPM concentrations during these different periods
as well as during winters of 2005–2012 is shown in Fig. 11
and Table 4 for the MOW1 station. Similar results have been
found at the WZ buoy location for the ADP-derived SPM
concentrations. The data indicate that the SPM concentration
was higher during the 2013 winter with disposal on ZBO than
during the previous winters. The data also show that the dif-
ference between T0 and ZBW1 is more pronounced during
ebb and at the beginning of flood. The disposal site ZBO is
situated in ebb direction of the measurement sites and the
decrease in concentration is thus in line with expectations.
Further, the ZBW2 period is more similar with the T0 than
the ZBW1 period. The averaged values (Table 3) show that

variations in SPM concentrations due to waves, seasons, or
disposal are more visible in the near-bed layer than higher up
in the water column.

5 Discussion

The results based on time series measurements at two fixed
location outside the port and 4 stations inside the port and on
echo soundings and density measurements inside the port be-
fore, during and after the relocation of a disposal site did not
indicate unambiguously that the relocation resulted in a de-
crease of the SPM concentration outside and a reduction of the
siltation inside the port. The main reason for this is that the
most important changes in SPM concentration at MOW1 are
due to tidal range (70 % higher during spring than neap tide),
waves (27 % at 0.2 mab and 24% at 2 mab higher during high
(>1.2 m) than low (<0.6 m) waves), seasons (30 % at 0.2 mab
and 65% at 2 mab higher in winter than summer) and residual
alongshore flow (19 % at 0.2 mab and 25 % at 2 mab higher
during SW-ward than NE-ward directed residual alongshore),
see Table 1. The numerical model results suggest that after
relocation of the disposal site to ZBW the tidal and vertical
averaged SPM concentrations decrease from about 10 to
2 mg/l at MOW1 and from about 15 to 3 mg/l at WZ buoy
(Van den Eynde and Fettweis 2014). As SPM concentration is
not uniformly distributed in the water column, it is expected
that the decrease at 2 mab is about a factor two larger (Fettweis
and Nechad 2011). The effect of disposal at MOW1 as esti-
mated by the model represents about 10 % of the tidal aver-
aged SPM concentration at 2 mab and is thus lower than the
variations caused by natural forcings. Due to the fact that the

Table 3 Subperiods used for (statistical) analysis

Summer April–September

Winter January–March, October–December

Winter ZBO Winter except 21 October 2013–21 November 2013

T0 6 October 2013–20 October 2013

ZBW 21 October 2013–21 November 2013

ZBW1 21 October 2013–05 November 2013

ZBW2 06 November 2013–21 November 2013

Winter 1 28 January 2013–13 February 2013

Winter 2 17 December 2013–31 December 2013

Winter 3 16 February 2014–03 March 2014

Summer 1 12–26 April 2013

Summer 2 25 June 2013–10 July 2013

Fig. 11 MOW1, ensemble-
averaged OBS-derived SPM con-
centration at 2 and 0.2 mab during
a tidal cycle for different periods
in winter
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model is a simplification of reality these values should be
interpreted as an estimate.

In order to detect these changes, the evaluation of the field
experiment was based on statistical testing together with an
analysis of the environmental conditions. The null hypotheses
to be tested are: (1) the SPM concentration at the measuring
locations outside the harbor is the same during the field ex-
periment (ZBW) and during disposal as usual (T0, winter
ZBO) and (2) the siltation in the harbor during the field ex-
periment (ZBW) is the same as during disposal as usual (T0,
winter ZBO). The evaluation of the null hypothesis is based
onWilcoxon’s andWelch’s tests (Motulsky 2014). The former
one tests the null hypothesis that there are no differences in the
populations and can be applied for non-normal distributed
data and if the variable is measured before and after an inter-
vention. The latter one is an adaptation of the one-sided t test
and tests the hypothesis that two populations have equal
means.

5.1 Statistical analysis outside the port

The evaluation of the first null hypothesis is based on
Wilcoxon’s test (see Table 5). The P values, which are the

probability of obtaining results equal or more extreme than
what was actually observed, when the null hypothesis is true,
indicate that the mean SPM concentration during winter ZBO
and ZBW1 and winter ZBO and ZBW2 are—depending on
the height of the OBS above the bed—not always statistically
different, and therefore the null hypothesis fails partially to be
rejected. Further, due to the fact that various forcings change
SPM concentration, 15-day periods within the winter of 2013
can be found to have statistically different means than the
winter ZBO (e.g., T0) although no change in disposal has
occurred. Also 15-day periods with different disposal strate-
gies have statistically similar mean SPM concentrations (e.g.,
Winter 1 and ZBW1). Another way of statistically looking at
the data is to calculate the probability that the SPM concen-
tration during a certain period is higher/lower than during
another period. This was done by randomly sampling the pop-
ulation of SPM concentration during the selected periods and
to compare the values. The results indicate that the probability
of having a higher OBS-derived SPM concentration during
the field experiment than during T0 is 45 % (ZBW1, 41 %;
ZBW2, 53 %) at 0.2 mab and 44 % (ZBW1: 35 %; ZBW2:
53 %) at 2 mab. The probability distributions of the OBS-
derived SPM concentrations are shown in Fig. 12. The geo-
metric mean SPM concentrations are within one standard de-
viation of each other and illustrate that the natural variability
of SPM concentration is higher than the human induced one at
the measuring locations.

Statistical testing is based on the assumption that the sam-
ple is representative for the whole population. The large data
set available at MOW1 (2005–2013) can be seen as a repre-
sentative subsample of the whole population of SPM concen-
tration with disposal on site ZBO. However, some doubts can
be formulated, given the large variability due to random and

Table 4 Geometric mean and
multiplicative standard deviation
(multiplied divided: */) of the
ADP and OBS-derived SPM
concentration (mg/l) at MOW1
and of the ADP-derived one at
WZ buoy at two heights above the
bed and during different periods.
The OBS derived SPM concen-
tration at MOW1 is shown during
low and high wave conditions

ADP OBS OBS (Hs < 0.6 m) OBS (Hs > 1.2 m) ADP-WZ buoy

2 mab

Summer 78*/1.71 85*/2.20 86*/2.29 102*/2.01 97*/2.13

Winter ZBO 91*/1.78 172*/2.23 176*/2.32 152*/1.93 141*/2.10

T0 74*/1.61 148*/2.09 149*/2.21 141*/1.88 150*/2.12

ZBW 70*/1.70 128*/2.08 129*/2.09 148*/1.94 149*/2.05

ZBW1 67*/1.76 117*/2.09 116*/2.00 146*/2.02 131*/2.04

ZBW2 73*/1.63 159*/1.981 172*/1.86 155*/1.77 166*/2.02

0.2 mab

Summer 504*/1.54 217*/2.54 199*/2.47 372*/2.72 856*/1.86

Winter ZBO 469*/1.62 410*/2.43 383*/2.48 430*/2.34 1161*/1.72

T0 496*/1.41 571*/2.26 477*/2.78 700*/2.06 1246*/1.71

ZBW 504*/1.61 462*/2.89 405*/3.11 623*/2.67 1213*/1.63

ZBW1 488*/1.72 426*/2.60 404*/2.86 275*/2.41 1106*/1.65

ZBW2 518*/1.50 555*/3.50 409*/3.80 748*/3.20 1307*/1.60

Table 5 MOW1:Wilcoxon’s test statistics (P value) between the OBS-
derived SPM concentrations at 0.2 mab (2 mab) during different periods

Winter ZBO T0 ZBW1 ZBW2

T0 <0.01 (<0.01) – – –

ZBW1 0.21 (<0.01) <0.01 (<0.01) – –

ZBW2 <0.01 (<0.01) 0.03 (0.01) <0.01 (<0.01) –

Winter 1 0.61 (<0.01) <0.01 (<0.01) 0.60 (<0.01) <0.01 (<0.01)
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natural forcings, that the 1-month period with disposal on
ZBW is a representative subsample. Further, statistical testing
assumes that the samples are independent if they come from
unrelated populations and the samples do not affect each other.
These assumptions are not guaranteed within our experiment
as it is not only the forcings that influence SPM concentrations
but also the sediment availability that is depending on the
previous history.

5.2 Environmental analysis outside the port

Because SPM dynamics are highly variable on a multitude of
time scales, establishing a baseline framework for a particular
location is only possible with repeated and continuous obser-
vations, e.g., multiple years of data are required to characterize
the typical range in seasonal amplitude and timing of events

(Henson 2014). The argument to favor that the relocation of
the disposal site has had a measurable effect on SPM concen-
tration is held in the long-term data series that allowed quan-
tifying the variability associated with the main forcing mech-
anisms (see Figs. 5 and 12; Table 1).

The field experiment (ZBW) was characterized by variable
wind velocities from mainly W to SW direction. The wind
velocities were higher during the field experiment than during
the 2013winter with disposal on ZBO. This resulted in strong-
ly variable residual alongshore currents and a higher frequen-
cy of strong negative and positive residual alongshore currents
and also higher significant wave heights than during the 2013
winter with disposal on ZBO (see Table 6). The OBS-derived
SPM concentrations at 0.2 and 2 mab were during the first
15 days of the field experiment (ZBW1) lower in both stations
outside the port than during T0. Themean in situ OBS-derived
SPM concentration at MOW1 was about 140 mg/l at 0.2 mab
and about 30 mg/l at 2 mab lower during ZBW1 than during
T0. This equals a reduction of the averaged SPM concentra-
tion by 20 % during ZBW1, which is larger than the model
results. The effects during ZBW2 were lower (−15 mg/l at
0.2 mab and +30 mg/l at 2 mab), and correspond with a re-
duction by about 8 % (0.2 mab) and an increase by about 7 %
(2 mab) as compared with T0, which is thus less than predict-
ed by the model. The different results for ZBW1 and ZBW2
were triggered by the occurrence of two storm periods with
high waves during ZBW2 and by the differences in residual

Fig. 12 Probability distribution
of SPM concentration measured
at MOW1 at 2 and 0.2 mab. The
black line shows geometric mean
SPM concentration for the winter
data with disposal on ZBO. The
blue and red lines are geometric
mean SPM concentration for the
T0 period and ZBW1 period,
respectively. The dashed lines are
the mean multiplied and divided
respectively by one standard
deviation. The higher probability
around 1.5 g/l is due to saturation
of the lower OBS

Table 6 Mean and standard deviation of wind velocity (m/s), residual
alongshore current at MOW1 (Ua, negative is SW-ward, positive is NE-
ward) and significant wave height (Hs) during different periods in 2013.
Wind velocity and wave height are given as geometric mean and
mutltiplicative standard deviation (multiplied divided: */)

Winter ZBO T0 ZBW1 ZBW2

Wind (m/s) 7.8*/1.78 6.2*/2.52 11.2*/1.29 8.5*/1.63

Ua (cm/s) −4.4 ± 7.1 −6.3 ± 8.1 +1.4 ± 13.4 −9.7 ± 4.3

Hs (m) 0.64*/1.91 0.65*/1.91 0.79*/1.79 0.79*/1.70
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alongshore currents (ZBW1: Ua = +1.4 cm/s; ZBW2:
Ua = −9.7 cm/s), see Table 6. If we consider only data mea-
sured during low wave activity (Hs < 0.6 m) then the 0.2 mab
OBS-derived SPM concentration at MOW1 during ZBW1
(ZBW2) is about 40 % (15 %) lower than during T0
(Table 4). Same results at 2 mab are not conclusive as wave
influences are mainly concentrated in the near-bed layer and
thus other forcings (tidal range) dominate more the signal at
2 mab (Fettweis and Baeye 2015). The positive (NE-ward
directed) residual alongshore currents during ZBW1 explain
the larger decrease in SPM concentration during ZBW1 than
during ZBW2, when SW-ward directed residual alongshore
currents were prevailing.

The results from the LISST-derived SPM volume concen-
tration at MOW1 during different periods support those of the
OBS but are more pronounced. The mean ADP-derived SPM
concentration during ZBW1 indicate a decrease of about 2 %
at MOW1 and 10 % at WZ buoy as compared with the T0
period. The differences are thus less pronounced and are prob-
ably caused by the higher uncertainty in the ADP than the
OBS-derived data, due to the fact that the model is a simpli-
fication of reality and that the echo intensity of the
backscattered acoustic signal gives a good indication of
SPM concentration variation if the particle size distribution
and characteristics remain the same (Thorne and Hurther
2014; Rai and Kumar 2015). This is not the case for tidal
environments where fine-grained sediments are subject to
flocculation and where cohesive and non-cohesive sediments
can both be in suspension (Baeye et al. 2011; Fettweis et al.
2012a; Ha et al. 2011). The different sensitivity of acoustic
and optic sensors to changes in the SPM particle size and
characteristic and the higher uncertainty of the acoustic-
derived SPM concentration is reflected in the low correlation
coefficient (R2 = 0.53) between the ADP backscatter (dB) and
the OBS-derived SPM concentration. The measured changes
in the SPM concentration derived from solely the ADP are
thus below the estimated accuracy and are hence not statisti-
cally meaningful. The results of all sensors are, however, in
line with the fact that the positive (NE-ward directed) residual
alongshore flow was responsible for the lower SPM concen-
tration during ZBW1 than T0, and that the higher waves to-
gether with a stronger negative residual alongshore flow were
responsible for the almost similar SPM concentration during
ZBW2 and T0.

5.3 Analysis of SPM concentration and thickness
of the mud layer inside the port

All measurement locations inside the harbor show increasing
SPM concentrations for T0 over ZBW1 to ZBW2 (Table 7). A
t test for non-normal distributions (Wilcoxon’s test) was used
to investigate whether these increases are statistically signifi-
cant at a 95% confidence level. The null hypothesis of this test
is that the mean values of the populations are identical. In
addition, a Welch test (one-sided t test) was used to calculate
the confidence interval around the difference between the
mean of the populations (Welsh difference) at the same con-
fidence level as the Wilcoxon test.

Seven 15-day periods were investigated: T0, ZBW1, ZBW2,
and two periods with comparable meteorological conditions as
ZBW1 and ZBW2, both in summer (summer 1, summer 2) and
winter (winter 2, winter 3; see Table 3). Under equal meteoro-
logical circumstances, one would expect SPM concentrations to
rise from summer conditions, over T0 to winter conditions. Due
to the use of an alternative disposal site, SPM concentrations
during ZBW1 and ZBW2 should be lower or at least should
not rise as much as between T0 and typical winter conditions.
The tests show lowP values results for most locations, indicating
that the mean SPM values are significantly different (Table 8). In
contrast to what was expected, especially when comparing the
first half of the experiment, themean of the summer population is
only slightly lower or even higher (summer 1) than the mean of
the T0 period. This could indicate that meteorological influences
are as important as seasonal variation. For the other populations a
steady increase of mean SPM concentrations can be observed for
T0 over ZBW1 and ZBW2 to similar winter conditions. Only for
the location LNG Upper it can be proved that the mean SPM
concentration during the experiment was at least 1.7 mg/l lower
than during T0 and 17.4 mg/l lower than during winter. For most
other locations, the increase in mean SPM concentration from
ZBW1 and ZBW2 to similar winter conditions is of the same
order of magnitude as the increase from T0 to winter conditions.
This gives the impression that the field experiment caused a
(relative) decrease of SPM concentrations inside the harbor.
However, the statistical tests are not conclusive, because of the
large spread on the confidence intervals. Meteorological and sea-
sonal differences probably have a bigger influence on the ob-
served SPM concentrations inside the harbor than the use of an
alternative disposal site.

Table 7 Geometric mean and
multiplicative standard deviation
(multiplied divided: */) of the
SPM concentration (mg/l) at the
four measurement locations
inside the harbor at two heights
above the bed and during different
periods

Sterneneiland AII dock LNG Hermespier

Upper Lower Upper Lower Upper Lower Upper Lower

T0 No data 62.0/*1.8 49.0/*1.8 80.1/*2.3 35.4/*1.4 47.1/*1.5 38.8/*1.6 54.0/*1.7
ZBW1 No data 75.4/*1.7 51.8/*1.6 No data 34.6/*1.3 No data 48.6/*1.4 68.7/*2.1
ZBW2 57.1/*1.5 77.3/*1.5 57.3/*1.7 No data 49.9/*1.6 No data No data 104.7/*2.6
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Figure 13 shows that the mud volume in the harbor (de-
fined as the difference between the 33- and 210-kHz echo
soundings) during the T0 period was exceptionally low. This
could provoke higher sedimentation rates during the period
thereafter (ZBW1). The distribution of the mud volume
changes per day in the Albert II dock is shown in Fig. 14 for
different periods with respect to the mud volumes during pe-
riods ZBW1 and ZBW2. The figure shows that no significant
increase was seen in the rates of mud volume accretion during
the first half of the field experiment. During the second half of
the experiment (ZBW2) even a slight (although statistically
not significant) decrease can be observed in the Albert II dock,
which could point to a lower sedimentation in the harbor of
Zeebruges due to the relocation of the disposal site.

6 Conclusion

The use of optical and acoustical sensors to detect changes in
SPM concentration has enhanced system understanding of the
present state and helped in estimating the direction of changes

induced by the relocation of a disposal site. The use of differ-
ent sensors (optical, acoustical backscatter) has also revealed
the big differences in outcome that are a consequence of the
fact that measurements are inherently associated with uncer-
tainties. Positive is that the different sensors show the same
trends, but the uncertainties due to the sensors itself are not
fully quantified. The latter is especially relevant for the acous-
tic backscatter sensors, where more research is needed to de-
velop well defined methodologies to invert backscattered sig-
nal to SPM concentration values in cohesive sediment envi-
ronments (Rai and Kumar 2015).

The big issue for this and most other monitoring programs
of SPM concentration and harbor siltation is to differentiate
between anthropogenic impact and natural variations. The
field experiment is somewhat different because the normal
situation includes the human impact. The 1-month experi-
ment, with relocation of the disposal site and reduction of
the effects of disposal on the SPM concentration at the mea-
suring locations, provides thus a glimpse on a more natural
situation. Nevertheless, the method to assess the impact of the
cessation of disposal or of the disposal on coastal ecosystem

Fig. 14 Mud volume changes in
the Albert II dock (m3/day) during
the first (left) and second parts
(right) of the field experiment as
compared with other periods

Fig. 13 Mud volume in the
central part of the harbor and in
the Albert II dock (see Fig. 1)
during different periods (see
Table 3). The mud volume has
been calculated from the differ-
ences between the 33- and 210-
kHz echo soundings
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and on harbor siltation is the same and is based on the under-
standing of the variability of the major processes that modu-
late the SPM concentration outside and the fluid mud layer
inside the port. This can only be achieved when long-term
time series exist that encompass to a certain degree also spatial
variability. Quantifying the variability of SPM concentration
is crucial to elucidate the processes that have an influence
(tides, tidal range, alongshore flow, waves, seasons), to under-
stand the typical range of the variability, and to identify anom-
alous natural or human induced events.

In the high-turbidity Belgian near-shore area, the natural
forcings are responsible for the major variability in the SPM
concentration signal, while disposal has only a smaller influ-
ence. The mean SPM concentrations at MOW1 is about 10 %
higher when the dredged matter is disposed at ZBO site; this
represents a probability of 55 % to have higher SPM concen-
tration than using the alternative (ZBW). The results empha-
size that tidal range, random events and seasons have a stron-
ger influence on the SPM concentration signal than the relo-
cation of the disposal site. The conclusion from the measure-
ments is that the SPM concentration decreases after relocation
of the disposal site, but indicate stronger (first half of field
experiment) or weaker (second half of field experiment) ef-
fects that are, however, supported by the environmental con-
ditions. Inside the harbor, the influence of relocation of the
disposal site on SPM concentration and mud volumes is even
more attenuated by seasonal and random effects. As a conse-
quence, a statistical significant difference in SPM concentra-
tion or mud volume inside the harbor could not be found. The
statistical tests also revealed that the duration of the field ex-
periment was too short (1 month) to separate the effect of the
relocation of the disposal site from the data with clear statisti-
cal significance.

Decision-makers should be aware that typical monitoring
programs that follow the classical time-limited Bbefore/after
and during^ approach, with a relatively short Bduring^ period,
will very often not provide unambiguous conclusions, but
rather conclusions that indicate a probability of the
(environmental) impact. In other words our results indicate
that on the long run and with the assumptions that the forcings
as well as the geometry and bathymetry of the port will not
change, a reduction of the dredging volumes is to be expected
when disposal site ZBWwill be in use. The results of the field
study may have consequences on the management of disposal
operations as the effectiveness of the disposal site depends on
environmental conditions, which are inherently associated
with chaotic behavior. Changes in hydrodynamics, e.g., that
are induced by changes in weather types, influence the direc-
tion of the residual currents and thus also of the residual SPM
transport. A disposal site that is efficient during most of the
time may induce recirculation of the disposed matter back to
the dredging places during other weather types. Disposal

strategies should therefore allocate sites in a flexible way
based on short-term predictions of environmental conditions
and sediment dynamics. Developments in line with a flexible
disposal strategy should encompass the recalibration and val-
idation of the numerical model in order to obtain results over
long periods of time that show the optimal use of disposal sites
for forecasted weather conditions.

Acknowledgments The study was supported by the Maritime Access
Division of the Flemish Ministry of Mobility and Public Works (MOMO
project and contracts 16EF/2011/35 and WL_12_10). Ship Time RV
Belgica was provided by BELSPO and RBINS—Operational
Directorate Natural Environment. The wave and wind data are from
Agency for Maritime and Coastal Services-Coastal Division (Flemish
Ministry of Mobility and Public Works). We thank L. Naudts, J.
Backers, W. Vanhaverbeke, and K. Hindryckx for all technical aspects
of instrumentation and moorings and F. Francken for data processing and
archiving of the measurements.

References

Adriaens R (2015) Neogene and quarternary clay minerals in the southern
North Sea. PhD thesis, KULeuven, Belgium

Agrawal Y, Pottsmith HC (2000) Instruments for particle size and settling
velocity observations in sediment transport. Mar Geol 168:89–114

Agunwamba JC, Onuoha KC, Okoye AC (2012) Potential effects on the
marine environment of dredging of the Bonny channel in the Niger
Delta. Environ Monit Assess 184:6613–6625. doi:10.1007/s10661-
011-2446-3

Andrews S, Nover D, Schladow S (2010) Using laser diffraction data to
obtain accurate particle size distributions: the role of
particlecomposition. Limnol Oceanogr Meth 8:507–526.
doi:10.4319/lom.2010.8.507

Arndt S, Lacroix G, Gypens N, Regnier P, Lancelot C (2011) Nutrient
dynamics and phytoplankton development along an estuary coastal
zone continuum: a model study. JMar Syst 84:49–66. doi:10.1016/j.
jmarsys.2010.08.005

Badewien TH, Zimmer E, Bartholomä A, Reuter R (2009) Towards con-
tinuous long-term measurements of suspended particulate matter
(SPM) in turbid coastal waters. Ocean Dyn 59:227–238.
doi:10.1007/s10236-009-0183-8

Baeye M, Fettweis M, Voulgaris G, Van Lancker V (2011) Sediment
mobility in response to tidal and wind-driven flows along the
Belgian inner shelf, southern North Sea. Ocean Dyn 61:611–622.
doi:10.1007/s10236-010-0370-7

BaeyeM, Fettweis M, Legrand S, Dupont Y, Van Lancker V (2012)Mine
burial in the seabed of high-turbidity area—findings of a first exper-
iment. Cont Shelf Res 43:107–119. doi:10.1016/j.csr.2012.05.009

Becker M, Schrottke K, Bartholomä A, Ernstsen V, Winter C, Hebbeln D
(2013) Formation and entrainment of fluid mud layers in troughs of
subtidal dunes in an estuarine turbidity zone. J Geophys Res 118:
2175–2187. doi:10.1002/jgrc.20153

Bolam SG (2012) Impacts of dredged material disposal on macrobenthic
invertebrate communities: a comparison of structural and functional
(secondary production) changes at disposal sites around England
and Wales. Mar Poll Bull 64:2199–2210. doi:10.1016/j.
marpolbul.2012.07.050

Bolam SG, Rees HL, Somerfield P, Smith R, Clarke KR, Warwick RM,
Atkins M, Garnacho E (2006) Ecological consequences of dredged
material disposal in the marine environment: a holistic assessment of

1514 Ocean Dynamics (2016) 66:1497–1516

http://dx.doi.org/10.1007/s10661-011-2446-3
http://dx.doi.org/10.1007/s10661-011-2446-3
http://dx.doi.org/10.4319/lom.2010.8.507
http://dx.doi.org/10.1016/j.jmarsys.2010.08.005
http://dx.doi.org/10.1016/j.jmarsys.2010.08.005
http://dx.doi.org/10.1007/s10236-009-0183-8
http://dx.doi.org/10.1007/s10236-010-0370-7
http://dx.doi.org/10.1016/j.csr.2012.05.009
http://dx.doi.org/10.1002/jgrc.20153
http://dx.doi.org/10.1016/j.marpolbul.2012.07.050
http://dx.doi.org/10.1016/j.marpolbul.2012.07.050


activities around the England andWales coastline. Mar Poll Bull 52:
415–426. doi:10.1016/j.marpolbul.2005.09.028

Decrop B, De Mulder T, Toorman E, Sas M (2015) Large-eddy simula-
tions of turbidity plumes in crossflow. Europ J Mech 53:68–84.
doi:10.1016/j.euromechflu.2015.03.013

Du Four I, Van Lancker V (2008) Changes of sedimentological patterns
and morphological features due to the disposal of dredge spoil and
the regeneration after cessation of the disposal activities. Mar Geol
25:15–29. doi:10.1016/j.margeo.2008.04.011

FettweisM, BaeyeM (2015) Seasonal variation in concentration, size and
settling velocity of muddy marine flocs in the benthic boundary
layer. J Geophys Res 120:5648–5667. doi:10.1002/2014JC010644

Fettweis MP, Nechad B (2011) Evaluation of in situ and remote sensing
sampling methods for SPM concentrations, Belgian continental
shelf (southern North Sea). Ocean Dynamics 61 (2-3):157–171.
doi:10.1007/s10236-010-0310-6

Fettweis M, Baeye M, Francken F, Lauwaert B, Van den Eynde D, Van
Lancker V, Martens C, Michielsen T (2011) Monitoring the effects
of disposal of fine sediments from maintenance dredging on
suspended particulate matter concentration in the Belgian nearshore
area (southern North Sea. Mar Poll Bull 62:258–268. doi:10.1016/j.
marpolbul.2010.11.002

Fettweis M, Baeye M, Lee BJ, Chen P, JCR Y (2012a) Hydro-
meteorological influences and multimodal suspended particle size
distributions in the Belgian nearshore area (southern North Sea.
Geo-Mar Lett 32:123–137. doi:10.1007/s00367-011-0266-7

Fettweis M, Monbaliu J, Nechad B, Baeye M, Van den Eynde D (2012b)
Weather and climate related spatial variability of high turbidity areas
in the North Sea and the English Channel. Meth Oceanogr 3-4:25–
29. doi:10.1016/j.mio.2012.11.001

Garel E, Ferreira O (2011) Monitoring estuaries using non-permanent
stations: practical aspects and data examples. Ocean Dyn 61:891–
902. doi:10.1007/s10236-011-0417-4

Ha HK,Maa J-PY, Park K, KimYH (2011) Estimation of high-resolution
sediment concentration profiles in bottom boundary layer using
pulse-coherent acoustic doppler current profilers. Mar Geol 279:
199–209. doi:10.1016/j.margeo.2010.11.002

Henson SA (2014) Slow science: the value of long ocean biogeochemis-
try records. Phil Trans R Soc A 372:20130334. doi:10.1098
/rsta.2013.0334

Jalón-Rojas I, Schmidt S, Sottolichio A (2015) Turbidity in the fluvial
Gironde estuary (Southwest France) based on 10-year continuous
monitoring: sensitivity to hydrological conditions. Hydrol Earth
Syst Sci 19:2805–2819. doi:10.5194/hess-19-2805-2015

Kapsimalis V, Panagiotopoulos IP, Hatzianestis I, Kanellopoulos TD,
Tsangaris C, Kaberi E, Kontoyiannis H, Rousakis G, Kyriakidou
C, Hatiris GA (2013) A screening procedure for selecting the most
suitable dredged material placement site at the sea. The case of the
South Euboean Gulf, Greece. Environ Monit Assess 185:10049–
10072. doi:10.1007/s10661-013-3312-2

Kirby R (2011) Minimising harbour siltation—findings of PIANC work-
ing group 43. Ocean Dyn 61:233–244. doi:10.1007/s10236-010-
0336-9

Lauwaert B, Bekaert K, Berteloot M, De Backer A, Derweduwen J,
Dujardin A, Fettweis M, Hillewaert H, Hoffman S, Hostens K, Ides
S, Janssens J, Martens C, Michielsen T, Parmentier K, Van Hoey G,
Verwaest T (2009) Synthesis report on the effects of dredged material
disposal on the marine environment (licensing period 2008–2009).
http://www.mumm.ac.be/Downloads/News/synthesis_report_
PW_2009.pdf. Accessed 25 May 2016

Le Hir P, Bassoullet P, Jestin H (2000) Application of the continuous
modeling concept to simulate high-concentration suspended sedi-
ment in a macrotidal estuary. Proc. Mar Sci 3:229–247

Li Y, Mehta AJ (2000) Fluid mud in the wave-dominated environment
revisited. Proc. Mar Sci 3:79–93

Mehta AJ (1991) Understanding fluid mud in a dynamic environment.
Geo-Mar Lett 11:113–118

Mikkelsen O, Hill P, Milligan T (2006) Single-grain, microfloc and
macrofloc volume variations observed with a LISST-100 and a dig-
ital floc camera. J Sea Res 55:87–102. doi:10.1016/j.
seares.2005.09.003

Motulsky H (2014). Intuitive biostatistics. 3rd edition, Oxford University
Press

Okada T, Larcombe P, Mason C (2009) Estimating the spatial distribution
of dredged material disposed of at sea using particle-size distribu-
tions and metal concentrations. Mar Poll Bull 58:1164–1177.
doi:10.1016/j.marpolbul.2009.03.023

Orpin AR, Ridd PV, Thomas S, Anthony KRN, Marshall P, Oliver J
(2004) Natural turbidity variability and weather forecasts in risk
management of anthropogenic sediment discharge near sensitive
environments. Mar Poll Bull 49:602–612. doi:10.1016/j.
marpolbul.2004.03.020

Rai AK, Kumar A (2015) Continuous measurement of suspended sedi-
ment concentration: technological advancement and future outlook.
Measurem 76:209–227. doi:10.1016/j.measurement.2015.08.013

Simonini R, Ansaloni I, Cavallini F, Graziosi F, Iotti M, Massamba
N’Siala G, Mauri M, Montanari G, Preti M, Prevedelli D (2005)
Effects of long-term dumping of harbor-dredged material on
macrozoobenthos at four disposal sites along the Emilia-Romagna
coast (northern Adriatic Sea, Italy). Mar Poll Bull 50:1595–1605.
doi:10.1016/j.marpolbul.2005.06.031

Smith JE, Friedrichs C (2011) Size and settling velocities of cohesive
flocs and suspended sediment aggregates in a trailing suction hopper
dredge plume. Cont Shelf Res 31:50–63. doi:10.1016/j.
csr.2010.04.002

Smith SDA, Rule MD (2001) The effects of dredge-spoil dumping on a
shallow water soft-sediment community in the Solitary Islands
Marine Park, NSWAustralia. Mar Poll Bull 42:1040–1048

Stockmann K, Riethmüller R, Heineke M, Gayer G (2009) On the mor-
phological long-term development of dumped material in a low-
energetic environment close to the German Baltic coast. J Mar
Syst 75:409–420. doi:10.1016/j.jmarsys.2007.04.010

Stronkhorst J, Ariese F, van Hattum B, Postma JF, de Kluijver M, Den
Besten PJ, Bergman MJN, Daan R, Murk AJ, Vethaak AD (2003)
Environmental impact and recovery at two dumping sites for
dredged material in the North Sea. Environ Poll 124:17–31.
doi:10.1016/S0269-7491(02)00430-X

Thorne PD, Hanes DM (2002) A review of acoustic measurement of
small-scale sediment processes. Cont Shelf Res 22:603–632

Thorne PD, Hurther D (2014) An overview on the use of backscattered
sound for measuring suspended particle size and concentration pro-
files in non-cohesive inorganic sediment transport studies. Cont
Shelf Res 73:97–118. doi:10.1016/j.csr.2013.10.017

Toorman EA (2002)Modelling of turbulent flow with cohesive sediment.
Proc. Mar Sci 5:155–169

Van den Eynde D, FettweisM (2006)Modelling of fine-grained sediment
transport and dredged material on the Belgian continental shelf. J
Coast Res SI39:1564–1569

Van den Eynde D, Fettweis M (2014) Towards the application of an
operational sediment transport model fort the optimisation of dredg-
ing works in the Belgian coastal zone (southern North Sea). In:
Dahlin H, Flemming NC, Petersson SE (eds) Proc 6th Int Conf
EuroGOOS, pp 250–257

van Kessel T, Kranenburg C (1998) Wave-induced liquefaction and flow
of subaqueous mud layers. Coast Eng 34:109–127

Ocean Dynamics (2016) 66:1497–1516 1515

http://dx.doi.org/10.1016/j.marpolbul.2005.09.028
http://dx.doi.org/10.1016/j.euromechflu.2015.03.013
http://dx.doi.org/10.1016/j.margeo.2008.04.011
http://dx.doi.org/10.1002/2014JC010644
http://dx.doi.org/10.1007/s10236-010-0310-6
http://dx.doi.org/10.1016/j.marpolbul.2010.11.002
http://dx.doi.org/10.1016/j.marpolbul.2010.11.002
http://dx.doi.org/10.1007/s00367-011-0266-7
http://dx.doi.org/10.1016/j.mio.2012.11.001
http://dx.doi.org/10.1007/s10236-011-0417-4
http://dx.doi.org/10.1016/j.margeo.2010.11.002
http://dx.doi.org/10.1098/rsta.2013.0334
http://dx.doi.org/10.1098/rsta.2013.0334
http://dx.doi.org/10.5194/hess-19-2805-2015
http://dx.doi.org/10.1007/s10661-013-3312-2
http://dx.doi.org/10.1007/s10236-010-0336-9
http://dx.doi.org/10.1007/s10236-010-0336-9
http://www.mumm.ac.be/Downloads/News/synthesis_report_PW_2009.pdf
http://www.mumm.ac.be/Downloads/News/synthesis_report_PW_2009.pdf
http://dx.doi.org/10.1016/j.seares.2005.09.003
http://dx.doi.org/10.1016/j.seares.2005.09.003
http://dx.doi.org/10.1016/j.marpolbul.2009.03.023
http://dx.doi.org/10.1016/j.marpolbul.2004.03.020
http://dx.doi.org/10.1016/j.marpolbul.2004.03.020
http://dx.doi.org/10.1016/j.measurement.2015.08.013
http://dx.doi.org/10.1016/j.marpolbul.2005.06.031
http://dx.doi.org/10.1016/j.csr.2010.04.002
http://dx.doi.org/10.1016/j.csr.2010.04.002
http://dx.doi.org/10.1016/j.jmarsys.2007.04.010
http://dx.doi.org/10.1016/S0269-7491(02)00430-X
http://dx.doi.org/10.1016/j.csr.2013.10.017


van LeddenM,Wang Z-B,Winterwerp H, deVriendH (2004) Sand–mud
morphodynamics in a short tidal basin. Ocean Dyn 54:385–391.
doi:10.1007/s10236-003-0050-y

van Maren DS, Winterwerp JC, Sas M, Vanlede J (2009) The effect of
dock length on harbour siltation. Cont Shelf Res 29:1410–1425.
doi:10.1016/j.csr.2009.03.003

Van Maren DS, van Kessel T, Cronin K, Sittoni L (2015) The impact of
channel deepening and dredging on estuarine sediment concentra-
tion. Cont Shelf Res 95:1–14. doi:10.1016/j.csr.2014.12.010

Vanlede J, Dujardin A (2014) A geometric method to study water and
sediment exchange in tidal harbors. Ocean Dyn 64:1631–1641.
doi:10.1007/s10236-014-0767-9

Verlaan PAJ, Spanhoff R (2000) Massive sedimentation events at the
mouth of the Rotterdam waterway. J Coast Res 16:458–469

Wan Y, Roelvink D, Li W, Qi D, Gu F (2014) Observation and modeling
of the storm-induced fluid mud dynamics in a muddy-estuarine nav-
igational channel. Geomorph 217:23–36. doi:10.1016/j.
geomorph.2014.03.050

Winterwerp JC (2005) Reducing harbour siltation I: methodology. J
Waterw Port Coast Ocean Eng 131:258–266. doi:10.1061
/(ASCE)0733-950X(2005)131:6(258)

Winterwerp JC (2006) Stratification effects by fine suspended sediment at
low, medium and very high concentrations. J Geophys Res 111:
C05012. doi:10.1029/2005JC003019

1516 Ocean Dynamics (2016) 66:1497–1516

http://dx.doi.org/10.1007/s10236-003-0050-y
http://dx.doi.org/10.1016/j.csr.2009.03.003
http://dx.doi.org/10.1016/j.csr.2014.12.010
http://dx.doi.org/10.1007/s10236-014-0767-9
http://dx.doi.org/10.1016/j.geomorph.2014.03.050
http://dx.doi.org/10.1016/j.geomorph.2014.03.050
http://dx.doi.org/10.1061/(ASCE)0733-950X(2005)131:6(258)
http://dx.doi.org/10.1061/(ASCE)0733-950X(2005)131:6(258)
http://dx.doi.org/10.1029/2005JC003019

	The...
	Abstract
	Introduction
	The study site
	Methodology
	Monitoring stations for SPM concentration outside and inside the port
	Top sediment layer outside and inside the port
	SPM concentration from optic and acoustic sensors
	Data classification, ensemble averaging

	Results
	SPM concentration outside and inside the port
	Fluid mud outside/inside the port
	SPM concentration during the field experiment

	Discussion
	Statistical analysis outside the port
	Environmental analysis outside the port
	Analysis of SPM concentration and thickness of the mud layer inside the port

	Conclusion
	References


