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Summary

Ports are important drivers for economic activity. For the Port of Zeebrugge, im-
portant sectors include cars, containers and liquefied natural gas (LNG). Due to
significant siltation, frequent maintenance dredging is necessary in order to ensure
the nautical accessibility. For Zeebrugge, that responsibility falls on the Flemish
department of mobility and public works, at a yearly cost of about 70 millions euro.
This thesis aims to contribute to the body of knowledge on the mud dynamics in
the Belgian Coastal Zone, on the mechanisms behind the siltation of the harbor,
and on the effects of the disposal of dredged material at sea.

The cohesive sediment dynamics in the Belgian Coastal Zone (BCZ) are charac-
terized by residual transport directed towards the northeast, and by the presence of
a coastal turbidity maximum (CTM) that extends between Ostend and Zeebrugge.
The resulting mud deposits are a persistent feature in the BCZ, at least since the
beginning of the 20™ century. Baroclinic effects, tidal asymmetry and local gra-
dients in the residual current all play a role in trapping sediment in the CTM. In
this thesis, the sediment dynamics are studied using a combination of data analy-
sis and numerical modeling. First, a dataset is analysed that consists of 51 tripod
deployments over nine years (2005-2013) at locations MOW1 and Blankenberge,
kindly provided by the Royal Belgian Institute of Natural Sciences (RBINS). Tidal
ensembles are derived of velocity and near-bed suspended sediment concentration
(SSC). These ensembles are used to study the vertical gradient of SSC, the influ-
ence of waves, and the seasonal variation. Subsequently, a 1DV model is set up
that computes the transient vertical distribution of a single fraction of SSC, and the
mud content in the bed. This model is used to study the intratidal variation of the
near-bed SSC observed at Blankenberge. It is shown that a two-fraction (coarse
and fine) sediment model is necessary to model both the the ebb and the flood
peak of SSC. Subsequently a 3D sediment transport model is set up. The settling
velocity of the coarse and fine fraction are taken over from the 1DV model, as is
the zero order resuspension constant. The set of measurements that is available
for model calibration and validation is maximized by using both the comparable tide
method and tidal ensembles.

The model confirms that local hydrodynamic conditions trap sediment in the
CTM, and it is used to study the role of salinity-driven baroclinic currents. A sediment
balance is derived to better understand the sediment dynamics in the BCZ as an
open system with some closed characteristics: even though the residual sediment
transport through the Dover Strait is an important sediment supply to the BCZ, the
relative importance of local erosion and deposition gives it some characteristics of a
closed system, like a different clay mineralogical composition than English Channel
mud.

The mud dynamics in the harbor of Zeebrugge are studied with data analysis.

Xiii



Xiv Summary

Three important timescales are established: intratidal, spring-neap and seasonal.
On the intratidal timescale, most of the sediment exchange occurs from two hours
before high water to high water. No evidence is found that daily siltation rates in
the harbor correlate significantly with wave or wind conditions in the North Sea,
or fresh water inflow into the harbor. The sediment influx per tide is three times
higher during spring tide than during neap tide. Because there is no spring-neap
modulation in dredging works, the level of the mud-water interface in Albert II
dock typically rises 15 cm/day during spring tide conditions and falls 5 to 10 cm/day
during neap and average tide conditions. The mud volume within the harbor basin is
also larger in winter, with a lower density. Present regulations at Zeebrugge stipulate
that for safe maritime access to the harbor, the ship should have a positive Under
Keel Clearance (UKC) of at least 10% (relative to its draft) above the nautical bottom
(defined as the density level of 1200 kg/m3) and no more than 7% negative UKC
below the mud-water interface. This research therefore highlights potential (and
unwanted) spring-neap and seasonal variations in nautical accessibility, that need
to be mitigated with maintenance dredging works.

The material that is dredged in the harbor and the access channels is disposed
in the North Sea. The international framework for the disposal at sea of dredged
material is formed by the regional OSPAR Convention (1992) and the worldwide
London Convention (1972). Disposal at sea can have important ecological effects,
e.g. through the influence on the underwater light climate, or the burial of benthic
communities. In situ tracer experiments in the 90’s had already indicated that
recirculation could occur, although it could not be quantified due to uncertainties
in the interpretation of the experiments. In 2013-2014, a field trial was setup in
which the disposal location Zeebrugge Oost was changed for one month to location
Zeebrugge West, which is located further offshore. The field campaign could not
show unambiguously however that the relocation resulted in either a decrease in
the suspended sediment concentration (SSC), or a reduction of the siltation inside
the harbor. Therefore the field trial was replicated in the 3D model. The results
show that even though there is a clear effect on the return flow, there is only a
very limited effect on the SSC. The expected effects on near-bed SSC are so small,
that even with a longer field experiment it would have been near-impossible to
distinguish the effect on SSC from the natural variation during the field experiment.
This case study is therefore an example of how a calibrated model can be a useful
tool for predictions of a variable such as return flow that is difficult to measure
directly.



Samenvatting

De vier Belgische zeehavens spelen een belangrijke logistieke rol, en zijn cruciaal
voor Vlaanderen als bron van inkomsten en werkgelegenheid. Specifiek voor de
haven van Zeebrugge gaat het om containertrafiek, de LNG-terminal in de voorha-
ven, en de roll-on-roll-off trafiek van nieuwe wagens. Regelmatige onderhoudsbag-
gerwerken zijn noodzakelijk om de nautische toegankelijkheid te garanderen. Voor
Zeebrugge valt de verantwoordelijkheid daarvoor bij de afdeling maritieme toegang
van het departement mobiliteit en openbare werken van de Vlaamse overheid, te-
gen een jaarlijkse kost van ongeveer 70 miljoen euro. Deze thesis wil bijdragen aan
de kennis rond de slibdynamiek in het Belgische deel van de Noordzee, de aanslib-
bing van de haven van Zeebrugge, en het effect van het storten van baggerspecie
in de Noordzee.

De slibdynamiek in de Belgische kustzone wordt gekenmerkt door een kust-
gebonden turbiditeitsmaximum (CTM) dat zich uitstrekt tussen Oostende en Zee-
brugge. Het lokaal slibgehalte in de bodem is er hoger, en dat al zeker sinds het
begin van de 20® eeuw. Barocliene effecten, getij-asymmetrie en lokale gradién-
ten in de residuele stroming spelen elk een rol in het vangen van sediment in het
turbiditeitsmaximum. De slibdynamiek wordt verder bestudeerd met een combi-
natie van data-analyse en numerieke modellering. Een dataset van het Koninklijk
Belgisch Instituut van Natuurwetenschappen (KBIN) van 51 frame metingen over
negen jaar (2005-2013) op twee locaties in de Noordzee (MOW1 en Blankenberge)
wordt geanalyseerd. Aan de hand van getij-ensembles van sedimentconcentratie
(SSC) wordt de invloed van golven en seizoenen onderzocht, alsook de verticale
gradiént van SSC. Vervolgens wordt een 1DV puntmodel opgesteld waarmee de
SSC te Blankenberge wordt geanalyseerd. Hieruit blijkt dat twee sedimentfracties
(grof en fijn) noodzakelijk zijn om zowel de eb- als de vloedpiek in SSC te verklaren.
Tenslotte wordt ook een 3D model opgesteld, waarbij de valsnelheid van de grove
en fijne fractie, en de erosieconstante worden overgenomen van het 1DV model.
De hoeveelheid beschikbare metingen voor calibratie en validatie wordt gemaxi-
maliseerd door het zoeken naar vergelijkbare getijden, en door het gebruik van
getij-ensembles.

Het 3D model bevestigt dat lokale hydrodynamische condities sediment van-
gen in het turbiditeitsmaximum. Tevens wordt de rol van de saliniteitsgedreven
barocliene stroming nader onderzocht. Een sedimentbalans uit het model wordt
gebruikt om de sedimentdynamiek in de Belgische kustzone te begrijpen als een
open systeem, met gesloten eigenschappen: hoewel de sedimentimport vanuit de
straat van Dover een belangrijke bron van slib is, zorgt het relatief grote belang van
lokale erosie en depositie ervoor dat de Belgische kustzone een aparte kleiminera-
logische samenstelling heeft.

De slibdynamiek in de haven van Zeebrugge wordt bestudeerd aan de hand

XV



xvi Samenvatting

van data-analyse. Drie belangrijke tijdschalen worden onderscheiden: het getij,
de springtij-doodtij cyclus en de seizoenen. Binnen één getij gebeurt de meeste
sedimentuitwisseling tussen 2 uur voor hoogwater en hoogwater. De aanslibbing
in de haven wordt niet significant beinvioed door meteo-condities (wind en golven
op de Noordzee) of door zoetwaterlozingen in de haven. De sedimentimport is
drie keer hoger tijdens springtij dan tijdens doodtij. Omdat de intensiteit van de
baggerwerken geen springtij-doodtij variatie kent, stijgt de ligging van top-slib in
het Albert II dok met 15 cm/dag tijdens springtij, en daalt het met 5 a 10 cm/dag
tijdens dood- en gemiddeld tij. Het volume slib in de haven is ook groter in de winter,
met een lagere densiteit. Voor een veilige toegang tot de haven moet een schip
minstens 10% van zijn diepgang boven het niveau van de nautische bodem blijven
(gedefinieerd als 1200 kg/m3 in Zeebrugge), en mag het met maximaal 7% van zijn
diepgang in het slib varen, waarbij de bovenkant van het slib overeenkomt met de
210 kHz reflector. Deze resultaten wijzen op de mogelijke (en ongewenste) variatie
van de nautische toegankelijkheid op de seizoenale en springtij-doodtij tijdschalen,
te mitigeren met onderhoudsbaggerwerk.

De onderhoudsbaggerspecie wordt gestort in de Noordzee, wat geregeld is vol-
gens het OSPAR verdrag. Terugstorten op zee kan belangrijke ecologische gevolgen
hebben, zoals een verminderde lichtindringing in de waterkolom, of het begraven
van benthisch leven. Tracerexperimenten in de jaren 90 hadden al aangetoond dat
recirculatie van gestort materiaal kan plaatsvinden, al kon dat toen niet gekwantifi-
ceerd worden. In 2013-2014 werd daarom een veldexperiment opgezet, waarbij de
stortlocatie Zeebrugge Oost gedurende één maand werd vervangen door de locatie
Zeebrugge West, die verder van de kust is verwijderd. De analyse van dit expe-
riment kon echter niet eenduidig aantonen dat deze relocatie tot een significante
daling van de sedimentconcentraties leidde, of tot een vermindering van de retour-
stroming. Daarom werd dit veldexperiment nagebootst in het numeriek model. De
resultaten geven aan dat er wel degelijk een verlaging is van de retourstroming,
maar dat het verwachte effect op de sedimentconcentraties zo beperkt is dat het
tijdens de meetcampagne niet van de natuurlijke variatie was te onderscheiden.
Dit praktijkvoorbeeld toont aan hoe een gecalibreerd model een nuttig instrument
kan zijn om een variabele als retourstroom te kwantificeren, die anders moeilijk
rechtstreeks te meten is.



Prologue

"What a useful thing a pocket-map is!” I remarked.

"That’s another thing we've learned from your Nation,” said Mein Herr,
“"map-making. But we've carried it much further than you. What do you
consider the largest map that would be really useful?”

"About six inches to the mile.”

"Only six inches!” exclaimed Mein Herr. "We very soon got to six yards
to the mile. Then we tried a hundred yards to the mile. And then came
the grandest idea of all! We actually made a map of the country, on the
scale of a mile to the mile!”

"Have you used it much?” I enquired.

"It has never been spread out, yet,” said Mein Herr, "the farmers ob-
jected: they said it would cover the whole country, and shut out the
sunlight! So we now use the country itself, as its own map, and I as-
sure you it does nearly as well.”

Lewis Carroll, Sylvie and Bruno Concluded, 1895
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Introduction

1.1. Socio-economic relevance of fine-grained sedi-

ment dynamics

Ports are an important driver for economic activity. For the Port of Zeebrugge,
important sectors include the transshipment of liquefied natural gas (LNG), cars
and containers. Recently (February 2021), the cities of Bruges and Antwerp have
reached a final agreement on the merger between the Port of Antwerp and the Port
of Zeebrugge. Upon completion of the merger, the ports will operate under the
name Port of Antwerp-Bruges.

Due to significant siltation, frequent maintenance dredging is necessary to en-
sure the nautical accessibility. For Zeebrugge, that responsibility falls on the mar-
itime access department of the Flemish department of mobility and public works.
Over the period 2011-2016, a yearly cost of 71.7 millions of euros was budgeted for
the maintenance dredging of the harbors and the access channels of Zeebrugge and
Oostende (Rekenhof, 2016). The maintenance dredging for Zeebrugge constitutes
about 95% of this total (Lauwaert et al., 2016).

The turbidity can increase significantly in the water column due to the disposal
of cohesive sediments. This in turn determines the underwater light climate and the
primary production. A high sediment concentration can also influence the function-
ing of benthic communities (e.g. filter-feeding organisms) (Fettweis et al., 2011).

1.2. Research objective, approach and outline

The first objective of this thesis is to gain a better understanding of the cohesive
sediment dynamics in the Belgian part of the North Sea. The physical system is
described in chapter 2. Tidal ensembles are derived of frame measurements of
velocity and near-bed suspended sediment concentration (SSC), that are later used
for model validation. A 1DV point model is set up in chapter 5 that computes the
transient vertical distribution of a single fraction of SSC, and the mud content in

1
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the bed. This model is used to study the intratidal variation of the near-bed SSC
observed at Blankenberge. This analysis shows that a two-fraction (coarse and
fine) sediment model is necessary to model both the the ebb and the flood peak of
SSC.

Subsequently a 3D sediment transport model is set up. The settling velocity
of the coarse and fine fraction are taken over from the 1DV model, as is the zero
order resuspension constant. The set of measurements that is available for model
calibration and validation is maximized by using both the comparable tide method
(introduced in appendix C) and tidal ensembles. The calibration of the model is
done using a dimensionless cost function (defined in appendix A) that synthesizes
model skill against measured time series, maps and tidal ensembles.

The 3D model is used to study the role of salinity-driven baroclinic effects on the
formation of the Coastal Turbidity Maximum (CTM). More in general, the model con-
firms that the local hydrodynamic conditions trap sediment in the CTM. A sediment
balance derived from the model is used to better understand the recent results of
Adriaens et al. (2018), in particular why the recent mud deposits in the Belgian
Coastal Zone (BCZ) have a different clay mineralogical composition than the En-
glish Channel mud sources, even though the residual sediment transport through
the Dover Strait is an important sediment supply to the BCZ.

The second objective is to study the mud dynamics in the harbor of Zeebrugge.
Chapter 3 introduces a geometric decomposition of water and sediment exchange
across a harbor entrance into three main components: the cross-sectional aver-
age and the horizontal and vertical exchange flow. The application of this method
to measurements at the entrance of the harbor of Zeebrugge shows the relative
importance of horizontal exchange.

Chapter 4 describes the mud dynamics in the harbor of Zeebrugge based on
data analysis. It establishes three important timescales: the intratidal, spring-neap
and seasonal timescale. No evidence is found that daily siltation rates in the harbor
correlate significantly with wave or wind conditions in the North Sea, or fresh water
inflow into the harbor. On the intratidal timescale, most of the sediment exchange
occurs from two hours before high water to high water.

The material that is dredged in the harbor is disposed in the North Sea. In
situ tracer experiments in the 90’s had indicated that recirculation could occur, al-
though it could not be quantified, due to uncertainties in the interpretation of the
experiments. In 2013-2014, a field trial was setup in which the disposal location
Zeebrugge Oost was changed for one month to location Zeebrugge West. The field
campaign could not show unambiguously however, that the relocation resulted in
either a decrease in the suspended sediment concentration (SSC), or a reduction
of the siltation inside the harbor (Fettweis et al., 2016). Therefore a numerical ex-
periment is setup in chapter 6 to quantify the return flow from both locations ZBO
and ZBW.
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Description of the physical
system

The combination of strong tidal currents and waves on very heterogeneous
sediments [...] make the problem of sediment dynamics in this area
particularly challenging. In 1928, H. Kaufmann wrote about this problem
“Anyone who embarks on this investigation will soon discover that he has
arrived in a strange world. Cause and effect are dancing around
frantically; understanding the phenomena seems an elusive goal. Even the
lights of science - such trustworthy beacons - can flicker unexpectedly. If
we hope to emerge from this enchanting castle with a clear head, we must
tread carefully and stay close to the observations.”

H.Kaufmann (1928) in Bastin (1974), translation by the author

2.1. Introduction

This chapter consists of two main parts. Sections 2.2 to 2.10 are a literature review
covering the hydrodynamics (tides and waves) and the sediment properties, sources
and transporting agents, and the resulting sediment distribution.

The second part consists of original data analyses, first of nine years of dredging
and disposal data in section 2.11, and then of nine years of field observations of
near-bed velocity and suspended sediment concentration (SSC) in section 2.12.
Inevitably, there is some overlap between both parts.

2.2. The North Sea

The North Sea can be classified as a "marginal sea”, that is, intermediate between
the Mediterranean sea with a circulation that is mainly determined by internal dy-
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6 2. Description of the physical system

namics and coastal regions of open oceans. In contrast to marginal seas with a
mean depth over 1000 m, the North Sea has a relatively small depth, which largely
determines its properties. More or less similar conditions can be found in the East
China Sea, the northern part of the Adriatic Sea or the Gulf of Maine (Otto et al.,
1990).

Large parts of the Southern Bight are shallow (water depth <30 m), so that
material on the bed can be picked up by large waves and swell. Turbidity therefore
increases during stormy periods and is generally higher during the winter and early
spring (Eisma and Kalf, 1979). The effect of storms on suspended particulate matter
(SPM) is described in section 2.9.

2.3. Tides in the North Sea

The dominant feature in the horizontal dynamics of the North Sea is tidal motion
(Otto et al., 1990). Asanillustration the M2 co-tidal chart of Proudman and Doodson
(1924) is given in figure 2.1. This chart shows three amphidromic points: one at the
southern tip of Norway, one at 56°, and one in the Southern Bight. The theoretical
explanation of this pattern is given by Taylor (1922) for a channel in a rotating
frame of reference which is open at one end and in which Kelvin waves propagate
without friction (Pugh, 1987).

The residual circulation through the strait of Dover is of particular interest for
the zone of interest. It is composed of three components: a tidal residual flow, a
flow due to the long-term difference in mean sea level between the English Channel
and the North Sea, and a wind- driven residual flow (Visser et al., 1991). Prandle
et al. (1996) calculated a mean residual discharge of 94.000 m3s~!, about half of
which of which is due to wind effects. This residual current drives net sediment
transport through the strait of Dover, which is discussed in section 2.7.1.

The mean amplitude of a spring (neap) tide at Oostende is 4.6 m (3.0 m). The
high tidal amplitudes and tidal velocities (maximum > 1.0 m/s) result in gener-
ally well mixed waters (Fettweis et al., 2006). The tidal current ellipses are more
elongated in the coastal zone (e.g. at Blankenberge in figure 2.19), and are more
elliptical further offshore (e.g. at MOW1 in figure 2.20).

2.4. Wave climate

The Belgian coastal zone is a relatively sheltered area in the southern part of the
North Sea. The overall wind climate is dominated by Southwesterly winds, followed
by winds from the NE sector. Even though maximum wind speeds occur in the
southwesterly sector, the highest waves are generated under northwesterly winds
(Baeye, 2012).

Waves become important in resuspension of bed sediments when significant
wave heights exceed 1.5 m, corresponding to a wave orbital velocity U,, of 0.3 m/s
in a water depth of 10 m and with the JONSWAP spectrum of waves (Fettweis and
Nechad, 2011; Baeye, 2012).

Water particles generally move in elliptical paths in very shallow water or water
of intermediate depth, and in circular paths in deep water (see figure 2.2). For
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Figure 2.1: Co-tidal lines (degrees) and co-range lines (amplitudes in cm) of the M2 tide in the North
Sea (Proudman and Doodson, 1924).

shallow regions, horizontal orbital velocities near the bottom can be large, and can
play an important role in sediment resuspension.
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Figure 2.2: The orbital motion in deep water, intermediate-depth water and very shallow water (Holthui-
jsen, 2007).
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Waves are classified as deep water, transitional water and shallow waver waves
depending on the value of h/L (CERC, 1984):

o Deep water: h/L > 1/2
e Water of intermediate depth : 1/25 < h/L < 1/2
e Shallow water: h/L < 1/25

with h the water depth, and L the wave length, which can be determined from the
(implicit) dispersion relationship 2.1:

T2 2mh
L= 9 tanh <L> (2.1)

2n L

A typical wave climate in the North Sea, with a wave period T, of 5s, in water
depth of 10 m, corresponds to a wave length of 37 m. The zone of interest can be
classified as water of intermediate depth (h/L = 0.28), which means waves have a
significant influence on the bed shear stress, and hence on sediment resuspension.
This is confirmed in the data analysis of wave influence on near-bed SSC in section
2.12.2.

2.5. Salinity

The strong tidal currents and the low freshwater discharge of the Scheldt (yearly
average is typically in the range 50 - 150 m3/s) result in a well-mixed water column
in the Belgian coastal zone, with very small salinity and temperature stratification
(Fettweis and Nechad, 2011).

Figure 2.3: Surface salinity averaged over 1993-2002 from model results (background) and measure-
ments (colored dots). The Belgian Exclusive Economic Zone is delimited by the solid line (Lacroix et al.,
2004).

Figure 2.3 shows the salinity in the Belgian-Dutch coastal zone. There is a band
of fresher water close to the coast, which is a mixture of water from the English
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Channel and the North Sea with the outflow of the Scheldt and the Rhine/Meuse.
The observations clearly show a horizontal salinity gradient perpendicular to the
Belgian coast. Simulation results have shown that the freshwater, which induces this
horizontal salinity gradient in the Belgian Coastal Zone (BCZ), originates primarily
from the Rhine/Meuse outflow, with a smaller influence from the Scheldt estuary
(Lacroix et al., 2004).

The buoyancy effect due to lateral density gradients results in an important
onshore contribution to the residual flow near the bottom (Van Der Giessen and
De Ruijter WPM, 1990). This is discussed further in section 2.8.2. The strength
of this circulation is related to the horizontal density gradient so that it is generally
stronger in winter than in summer (Visser et al., 1991).

2.6. Measurements of sediment properties

2.6.1. Critical shear stress for erosion

Erodibility measurements were performed in 2007-2008 on a total of 35 sediment
samples in the nearshore zone in the framework of the Quest4D project. The
sampling methodology consisted of box cores, which were carefully subsampled
with cylindrical tubes (diameter 13.5 cm) in order to retrieve relatively undisturbed
samples of the first 40 cm of the sea bed. The samples were analyzed for erodibility
at the University of Stuttgart using the SETEG-flume (Witt and Westrich, 2003).

Figure 2.5 shows the measured depth profile of bulk density p, and the critical
shear stress for erosion (7., .) of two selected cores: one with Holocene mud (core
III/C4 from February 2008), and one with freshly deposited mud (core II/C1 from
October 2007). Their locations are indicated in figure 2.4.

The profiles show the high variability of z.,. .. Core III/C4 is characterized by a 5
cm thick surface layer of freshly deposited mud above soft to medium-consolidated
mud. The Holocene mud deposits underneath are characterized by intercalations
of thin sandy and shell layers. The Holocene mud layers show a higher resistance
to erosion, with a 7., up to 13 Pa. The intermediate sandy layers on the other
hand, exhibit a much lower 7., . (~ 1 Pa) and a higher bulk density. This layered
structure is typical for alternations of storm and calm weather periods and/or spring-
neap tidal cycles. Core II/C1 is believed to consist of freshly deposited mud. The
upper 45cm have a 7., , of 1 to 4 Pa (Fettweis et al., 2010).

2.6.2. Settling velocity

Measurements to determine the in situ settling velocity were performed in spring
tide conditions during three consecutive days in November 2006, using the INSSEV
measurement system inside the harbor (see figure 2.6 for the locations). The sam-
pling height was 65cm above the bed.

INSSEV measurements provide data on floc size, settling velocity and effective
density of the sediment near the bed by observing size and settling velocity with
a video-based technique that can observe individual macroflocs and microflocs. In
addition, near-bed turbulence is measured with an acoustic doppler velocimeter and
the turbidity is monitored by an array of optical backscatter sensors. An ADCP pro-
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Figure 2.4: Location of two box-core samples for erosion behavior measurements (red dots). Redrawn
from Fettweis et al. (2010).

vides additional velocity data. For more information on the measurement setup, the
reader is referred to Manning and Dyer (2007) and IMDC (2007). Based on similar
measurements in the Tamar (UK), Gironde (France) and Dollard (the Netherlands)
estuaries, Manning and Dyer (2007) have formulated an empirical relationship be-
tween the settling velocity for macroflocs w™#<°, turbulent shear stress and sus-
pended sediment concentration. The results of this model are shown in dashed
lines in figure 2.7. More recently, McAnally et al. (2021) analyzed a similar INSSEV
dataset from the Tamar estuary (UK), and attributed part of the variation of settling
velocity to hysteresis in the relation between turbulent shear and settling velocity
in a tidal environment, with different relations during erosional and depositional
phases.

The settling velocity for macroflocs (> 160um) in the harbor is presented in
figure 2.7. Macroflocs tend to have the most influence on the mass settling flux, as
they have the highest settling velocity. Macroflocs represented on average 94.5%
of the mass concentration and 99.5% of the mass settling flux during this mea-
surement campaign. Their average excess density was 131 kg/m3. The floc obser-
vations in figure 2.7 illustrate the wide range in settling velocities w*¢™° (1 to 10
mm/s) measured inside the harbor during spring tide conditions. The survey also
identified how rapidly the settling and floc mass distributions changed, particularly
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Figure 2.5: Depth profile of critical erosion shear stress 7, . (full line) and bulk density p;, (dashed line)
of two box cores. Left panel: 7 cm of soft mud above 40 cm of medium-consolidated mud (Holocene)
with intercalations of sand, muddy sand and shell layers. Right panel: 40 cm of soft mud on top of
medium- consolidated Holocene mud (Fettweis et al., 2010).

in response to rising shear stress and decreasing concentration.




12 2. Description of the physical system

Figure 2.6: INSSEV Flocculation Survey Locations — November 2006.
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Figure 2.7: wi*%cm for each survey day against the corresponding shear stress (IMDC, 2007). The
dashed lines indicate wi*4¢"® from the empirical model of Manning and Dyer (2007).
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2.7. Sources of sediment

There are multiple ways in which suspended sediment can enter the French-Belgian-
Dutch nearshore area. The main sources include net transport over the seaward
boundary, sea floor erosion and sediment supply from rivers. The literature review
in the following section cites the different estimates of each source in MTDM/yr
(Million Tonnes of Dry Matter per year). It also shows that the processes driving
both the coastal turbidity maximum (CTM) and the cohesive mud deposits are still
under debate.

2.7.1. Residual sediment transport through the Dover Strait
Extensive scientific literature on the residual SPM transport through the Dover Strait
exists. The values cited below for the yearly average supply of SPM from the Chan-
nel vary in the range [11.5 - 44] MTDM/yr. These big differences partially reflect
the high temporal and spatial variability of the influx, but also have their origin in
the way the SSC measurements were carried out, in the small number of SSC mea-
surements on which the calculations were based, as well as in the differences in the
way the residual SPM transport was calculated (Fettweis et al., 2007). A selection
of reported estimates is listed below to illustrate the range. The reader is referred
to Fettweis and Van den Eynde (1999) for a more complete list of references.

Eisma and Kalf (1979) estimate the yearly average suspended matter influx
through the Dover strait to be in between 11.5 and 15 MTDM/yr. van Alphen (1990)
estimates the total transport through Dover strait to be 17 MTDM/year. McManus
and Prandle (1997) estimate the supply through Dover strait at 44 MTDM/yr by
combining model results and measurement data from the North Sea Project (1987-
1992). Concentrations across the strait of Dover have a seasonal variability, with
winter concentrations both in coastal and offshore waters higher than in summer
(Visser et al., 1991).

Following Eisma (1981), van Alphen (1990) estimates the long term year-averaged
suspended matter transport from Dover strait to Belgian-Dutch waters as half of the
total transport through Dover strait, or 8.5 MTDM/year. The mud balance by van
Alphen (1990) (see figure 2.8) shows the supply through Dover strait as the domi-
nant factor in the mud transport through the Belgian and Dutch coastal zone. This
mud balance does not contain the maintenance dredging of Zeebrugge harbor.

More recently, Fettweis et al. (2007) estimated the yearly average SPM transport
through the Dover Strait using a combination of satellite images (SeaWiFS), in situ
measurements and a 2D hydrodynamic numerical model as 32 MTDM/yr from which
about 40% flows through the English and 60% through the French part of the Strait.
This corresponds to a The northeastward residual sediment flux of 19.2 MTDM/yr
in the Belgian coastal zone, which is used as a calibration target for the numerical
model in section 5.12.1.

2.7.2. Sea floor erosion

By comparing successive depth charts of the area, Gossé (1977) estimates the
mud input from the Flemish banks to be between 0 and 2.4 MTDM/year. Because
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1986

Figure 2.8: Mud balance for 1986 in MTDM per year (redrawn from van Alphen, 1990). The width of
the arrows is proportional to the amount of mud transport.

they consist mainly of sandy material however, Fettweis and Van den Eynde (1999)
dismiss them as a significant source for mud.

Some studies have considered the local erosion of Quaternary (Holocene to
Pleistocene) (Baeteman, 1999; Bastin, 1974) or Tertiary clays (Gullentops et al.,
1977). These layers are not easily erodible however, as argued in section 2.6.1:
erosion measurements show a higher resistance to erosion for the Holocene layers,
with a 7., up to 13 Pa.

Harbor extension works have been carried out in the period 1979 to 1986. Sub-
sequently, the access channels Scheur West, Scheur East and Pas van het Zand
have been deepened in the period 1986-2000, as shown in the right panel of figure
2.9. The left panel of figure 2.9 shows the bathymetric evolution of the sea bed
over 42 years (1970-2011). Most of the erosion east and west of the access channel
"Pas van het Zand” (indicated in the black polygons next to the access channel) has
occurred in the period 1983-1997.
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Maintenance Depth of the access channels
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Figure 2.9: Left panel: bathymetric evolution (erosion/fairway deepening in blue) between 1970 and
2011 (De Maerschalck et al., 2017). Right panel: evolution of maintenance depth of the access channels
between 1984 and 2012 (Vroom and Schrijvershof, 2015).
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Human interventions in the 80’s and 90’s (harbor extension works of Zeebrugge
and channel deepening) have triggered an important morphological response, with
reworking of sediment. Over the area where box-cores show the presence of
medium-consolidated (Holocene) mud, the erosion flux is estimated at maximally
2.3 MTDM/yr (Vroom et al., 2016). This is an upper estimate, since it is known
that the Holocene mud deposits are not pure mud, but are intercalated with sand
and shell fragments (see section 2.6.1). Since the area in front of the harbor has
become morphologically more stable after 2000, the importance of this source term
has diminished over time however.

Recently Adriaens et al. (2018) used the quantitative clay mineral composition
(<2um) as a provenance indicator for mud in the southern North Sea. They found
that the clay mineralogical composition of weakly- and medium consolidated mud
from the Belgian Coastal Zone (BCZ) is similar to the composition of the suspended
matter in the BCZ and the Dutch nearshore. This is consistent with a residual
sediment transport towards the northeast (see also section 2.8.1).

English Channel sources have a distinct clay composition, with 10-30% less
smectite than what is found in the BCZ. This means that, even though the net sedi-
ment influx through the Dover strait is an important sediment input in the Southern
North Sea (as discussed in section 2.7.1), it is not the dominant sediment supply
for SPM in the BCZ.

The strong connection between the location of the mud deposits and that of
the coastal turbidity maximum can be explained in terms of sediment exchange
between the bed and the water column. On the one hand, local hydrodynamic
conditions trap SPM in the Belgian coastal zone (see section 2.8.1), which leads to
a higher mud content in the bed through deposition. On the other hand, erosion and
resuspension increase the local suspended sediment concentration. The importance
of local deposition and resuspension on the mud balance in the BCZ is further
discussed based on model results in section 5.12.1.

The presence of mud deposits in the BCZ was already indicated on the maps
of Van Mierlo (1899) in a similar location, which shows the persistence of the mud
fields, and the fact that they are not caused by the (significant) human interventions
in the area.

2.7.3. Sediment supply from rivers

Eisma (1981) estimate the total river supply to the North Sea at 4.5 MTDM/yr.
For the rivers that enter the southern bight, Eisma and Kalf (1979) estimates a
sediment load of 2 MTDM/yr. Only a negligible amount of the mud supplied by
the river Scheldt escapes to the sea, and a net deposition of marine mud of 0.6
MTDM/yr is assumed in the Western Scheldt according to van Alphen (1990) (see
figure 2.8).

2.7.4. Other sources

Eisma and Kalf (1979) estimates the supply from primary production at less than
1 MTDM/yr. The atmospheric supply is estimated at 1.6 MTDM/yr (Eisma, 1981).
McCave (1973) estimates the input from coastal erosion at 0.7 MTDM/yr.
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2.8. Transporting agents of sediment

2.8.1. Tidal currents
Asymmetries in tidal velocity directly control net sediment transport patterns. This
section discusses both tidal current asymmetry (peak flow and slack duration asym-
metry) and the residual current, and their effect on suspended sediment transport
in the Belgian coastal zone.

Tidal current asymmetry

For fine suspended sediment in starved bed conditions, slack duration asymmetry
induces residual transport. If the duration of slack water after flood (or high water
slack) exceeds the duration of slack water after ebb (or low water slack), a residual
sediment transport in flood direction occurs because there is more time for sediment
to settle out after flood (Groen, 1967; Dronkers, 1986; Wang et al., 1999). This
effect is also known as temporal settling lag, since it relies on a time lag in the
relationship between stress and concentration. Since the timescale for erosion and
sedimentation is longer for finer sediment, it is more sensitive to slack duration
asymmetry than coarse sediment. (Friedrichs, 2011; Burchard et al., 2018).

An asymmetry in the maximum flow (or peak flow asymmetry) can also induce
residual transport of sediment for any relationship in which the sediment transport
rate is proportional to a power of the velocity (Friedrichs and Aubrey, 1988). For
capacity, or near-capacity conditions the sediment transport is proportional to U#,
since it can be shown that the capacity (or saturation) concentration is proportional
to U3 (Winterwerp, 2001).

This means that for fine-grained sediments, both peak flow and slack dura-
tion asymmetry may be important, depending on the sedimentological status (i.e.
starved bed or capacity conditions) of a system (Winterwerp, 2003).

Assuming a channel with a depth-averaged velocity that is composed of a semi-
diurnal component and its first overtide (equation 2.2)

U = U, cos(wt — ¢,) + Uy cos(Qwt — ¢y) (2.2)

where U, and U, are the velocity amplitude, and ¢, and ¢, the phase angles of the
M, and M, tide, and w is the frequency of the M, tide, then the phase lag between
the M, and M, component of the velocity is expressed as:

Oy = 2¢; — ¢, (2.3)

The duration of high water slack exceeds that of low water slack when 0° < 6, <
180°, which corresponds to a residual sediment transport in the flood direction due
to temporal settling lag.

The peak flood velocity exceeds the peak ebb velocity when —90° < 6, <
+90°, corresponding to residual sediment transport in the flood direction due to
asymmetry in the magnitude of maximum flow.

Vroom et al. (2016) apply this conceptual framework to the 2D hydraulic sim-
ulations of Verduin (2009) to study tidal asymmetry in the Wielingen and Scheur
channel in front of the harbor of Zeebrugge (indicated with crosses in the top panel
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of figure 2.10). In order to analyze tidal asymmetry, the depth-averaged velocity
is decomposed into an along channel component and a component perpendicular
to the channel. The along-channel component is then harmonically analyzed.
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Figure 2.10: Location of the output stations (top panel), relative phase of the along-channel velocity
magnitude (bottom panel). Simulation results for 1970 in blue, for 1983 in green and for 2002 in red
(Verduin, 2009).

The results in the bottom panel of figure 2.10 show that the tidal asymmetry of
the horizontal tide has not been impacted significantly by the human interventions
in the 80’s and 90's (harbor extension works of Zeebrugge and channel deepening,
see also section 2.7.2).

Along the Scheur en Wielingen channel, the peak flow asymmetry is flood dom-
inant, since —90° < §; < +50° for points 1-13. The slack tide asymmetry changes
sign in the vicinity of the harbor. It is flood dominant west of Zeebrugge (6, > 0°
for points 1,3,4,5) and ebb dominant east of it. This leads to the convergence
of fine sediments in front of the harbor. As noted before, slack tide asymmetry
relies on the time lag between stress (or velocity) and concentration. At station
Blankenberge this time lag is small however (see section 2.12.2), so the slack tide
asymmetry might well be overshadowed by the peak flow asymmetry.

It is also important to note that flow in a coastal zone typically follows a tidal
ellipse. Vroom et al. (2016) analyze only the along-channel component of the
velocity. To the best of our knowledge, there is no accepted theory that extends
the harmonic decomposition of equation 2.2 and the subsequent analysis of tidal
asymmetry to tidal ellipses.
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Residual current
The residual flow in the Belgian coastal zone is directed to the northeast near the
coastline. The Eulerian residual water transport u,., is calculated as:

kT
17 ha
Ures = — g1

Jo h

where % and h are the instantaneous flow velocity and water depth, respectively.
T is the tidal period, and k stands for the number of tides over which the residual
flow is calculated.

(2.4)

Figure 2.11: Residual (water) transport as computed with the Mu-BCZ model (Van den Eynde, 1999).

Figure 2.11 shows the simulated residual transport, computed over one month,
without wind influence (Van den Eynde, 1999). Closer to the coast, the resid-
ual transport is larger than further offshore. Fettweis and Van den Eynde (2003)
mention the decreasing residual water transport vectors between Oostende and
Zeebrugge as a contributing factor to the presence of the CTM.

Nihoul and Ronday (1975) simulated the residual flow directly by solving the
2D continuity and momentum equations, averaged over multiple tidal cycles. They
introduce a tidal stress term that is estimated from another, transient circulation
model. Their residual flow model shows a clockwise residual circulation pattern in
the Belgian coastal zone (BCZ). The residual gyre was subsequently used to explain
the higher suspended sediment concentrations in the BCZ through entrainment of
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turbid Scheldt water and increased residence times (Nihoul, 1975; Gullentops et al.,
1977; Eisma and Kalf, 1979). More recent models with a higher resolution (see e.g.
figure 2.11) do not show such a large gyre in the residual water transport pattern
(Fettweis and Van den Eynde, 2003; Vroom et al., 2016). Also in the numerical
model that was developed in the framework of this study (see chapter 5), such a
residual gyre was not found.

2.8.2. Density currents

Salinity-driven baroclinic effects on the flow are known to have an influence on
the distribution of sediments. Horizontal salinity gradients generate salinity-driven
currents near the bottom that point towards the fresher water.

In the Belgian coastal zone, there is a clear horizontal salinity gradient with
fresher water near the coast (see section 2.5). The resulting residual current near
the seabed is directed towards the coast. Since higher SSC occurs close to the
bottom, this baroclinic current leads to increased turbidity in the near-shore area.
Recent numerical work confirms this effect (see section 5.10.3 and van Maren et al.
(2020)).

In comparison, sediment-induced density currents only have a limited impact
on the residual current, and the sediment distribution in the Belgian coastal zone
(van Maren et al., 2020).

2.8.3. Wind driven residual flow

Van den Eynde (1999) showed the impact of wind on the residual current patterns
in the BCZ. Wind towards the north enhanced the computed residual transport,
while wind towards the south decreased the residual transport vectors.

Baeye et al. (2011) studied the influence of wind on residual current and SSC
using long-term observations at location Blankenberge (see figure 2.17 for the loca-
tion). They found that wind-driven alongshore advection has a significant influence
on SSC. Winds coming from the southwest decrease the SSC. This is related to the
advection of less turbid English Channel water to the measuring location. North-
easterly winds induce a subtidal (residual) flow towards the southwest, which leads
to an increase in near-bed SSC, and to the formation of high concentration benthic
suspensions (HCBS) layers around slack tide at station Blankenberge.

De Maerschalck et al. (2020) extended the analysis of Baeye et al. (2011) on the
impact of wind on subtidal flow, and found that the impact of wind on subtidal flow is
non-linear, with a stronger effect for stronger winds (see figure 2.12). Furthermore,
of the three locations (MOW1, Blankenberge and WZ Buoy), the relation was most
pronounced at Blankenberge, which might be due to the fact that Blankenberge is
the shallowest measurement location of the three.

2.9. Effect of storms

Suijlen and Duin (2002) present an atlas of near-surface suspended matter con-
centrations based on the DONAR dataset from 1975 to 1983. They show that wave
height is an important factor for SSC in the Dutch Coastal Zone, with high con-
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Figure 2.12: Relation between subtidal alongshore flow and alongshore wind at Blankenberge (De Maer-
schalck et al., 2020).

centrations during the stormy winter periods and low concentrations during calm
summer periods. This is illustrated in figure 2.13, which in the left panel shows the
average surface concentration 1-3 days after a storm. The right panel shows the
average surface SSC during calm summer conditions.

Figure 2.14 shows measurements at Blankenberge during a northwestern storm
with significant wave heights up to 2.7 m. Suspended sediment concentrations in-
crease close to the bottom, but decrease higher in the water column. Vertical mixing
is clearly suppressed here, which is probably a consequence of turbulence damping
by vertical gradients in sediment concentration (Winterwerp and Van Kessel, 2003).
These data suggest that fluid mud layers can occur near the seabed in the CTM of
the Belgian—Dutch nearshore zone during and after a storm in locations were sig-
nificant amounts of fine-grained sediments can be resuspended (e.g. navigation
channels and disposal grounds of dredged material).

Liquefaction of soft mud layers could form fluid mud in a short time interval
(in the order of minutes). Winterwerp et al. (2012) however tested a series of
samples with bulk densities ranging from 1320-1790 kg m~3, and found no evidence
of liquefaction in cyclical triaxial tests. This would leave only the softest mud layers
corresponding to freshly deposited mud possibly subjected to liquefaction under
storm conditions. A more plausible explanation for the formation of fluid mud would
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Figure 2.13: Map of the Dutch coastal zone, showing observed SSC after stormy weather (left) and
during calm summer weather (right) (Suijlen and Duin, 2002).

be through deposition of mud that was eroded during the storm (Winterwerp et al.,
2012; Li and Mehta, 2000).

Erosion of more consolidated muds in stormy conditions could occur by mass
failure (Li and Mehta, 2000). In that mode of failure, bed material clasts are dis-
lodged and the bed becomes pitted. Mud pebbles are an indication of this type of
erosion, and have been observed in the BCZ (Fettweis et al., 2009).

2.10. Sediment distribution

2.10.1. Bed composition and mud content
Van Lancker et al. (2007) published a map of the distribution of the silt/clay percent-
age in the Belgian coastal zone (see figure 2.15). Grain-size data were derived from
the sedisurf@ database, which is hosted by the Renard Centre of Marine Geology
at Ghent University (Verfaillie et al., 2006). Note the occurrence of patches of high
mud content (50-100%) close to the coast, to the east of Oostende. The presence
of mud deposits in the BCZ was already indicated on the maps of VVan Mierlo (1899)
in a similar location. They are also present in the reconstruction of the nearshore
sedimentary environment in the period 1900-1910, based on the historical Gilson
collection (Houziaux et al., 2011).

The cohesive sediments in the BCZ consist of three types with variable thick-
ness (Fettweis et al., 2009): fluid mud, periodically forming the uppermost layer
with a density of 1100 kgm~3 to 1200 kg m~3, weakly-consolidated, soft butter-like
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Figure 2.14: Tripod measurements at Blankenberge 7-20 November 2006. From up to down: depth
below water surface (m) and significant wave heights; ADV current velocity (m/s); shear stress (Pa)
derived from the ADV; and SSC at 0.3 mab (SPM1) and 2.3 mab (SPM2) (Fettweis et al., 2010).

muds with a bulk density of 1300 kg m~3 to 1500 kg m~3 and medium-consolidated,
stiffer muds sometimes intercalated with more sandy layers with a bulk density of
1500kgm~3 to 1800kgm~3.

The map of bed composition of figure 2.15 is used as a calibration target for the
sediment transport model in section 5.11.

2.10.2. SeaWifs satellite images

Because the waters in the Belgian coastal zone are generally well-mixed throughout
the year (Lacroix et al., 2004; Fettweis et al., 2006; Pietrzak et al., 2011), the
distribution of suspended sediment can be studied through observations of surface
SSC. The satellite data are used to establish seasonal patterns in SSC in section
4.4.5, and as a calibration target in section 5.11.

Because the satellite images are taken by sun-synchronous satellites, there is
no uniform sampling over the spring-neap cycle. Spring tide conditions are over-
represented in the hours before high water, for example. Furthermore, there is
good-weather bias, because data can only be collected on cloud-free days, which
generally correspond to days with relatively little wind and small significant wave
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Figure 2.15: Spatial distribution of the silt-clay percentage (Van Lancker et al., 2007).

height (Fettweis and Nechad, 2011; Baeye, 2012). Despite these limitations, sur-
face SSC derived from satellite imagery (e.g. SeaWiFS, MODIS, MERIS) is routinely
used in research on SPM dynamics in the North Sea (Van den Eynde et al., 2007;
Fettweis et al., 2007; Eleveld et al., 2008; Nechad et al., 2010; Pietrzak et al., 2011).

2.11. Dredging and disposal

Five disposal sites have been designated in the Belgian part of the North Sea: S1,
S2, Zeebrugge Oost (ZBO), Oostende and Nieuwpoort (Lauwaert et al., 2016), of
which the first three are located within the study area. Figure 2.16 shows the five
dredging areas within the study area.

A database on dredging and disposal has kindly been provided by Maritime Ac-
cess Division. The database contains quantities of maintenance and capital dredg-
ing in tonnes of dry matter (TDM). Only data on maintenance dredging are consid-
ered here. The database contains total sediment amounts (sand + mud). In order
to separate the mud fraction from the total amount of maintenance dredging, the
mud fraction reported by BMM and AWZ (1993) is used for all dredging sites except
for the location CDNB, for which more recent data in Pieters et al. (2001) are used.

Table 2.1 shows the mud fraction per dredging location, the yearly averaged
dredging amount (only the mud fraction) in million tonnes of dry matter (MTDM)
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Figure 2.16: Dredging areas (colored) and disposal sites (outlined in red).

and the distribution of the dredged material over the three disposal locations, as
derived from the dredging logs (2005 to 2013). Monitoring of the dumping sites
shows that most of the fine-grained sediments are washed out, leaving only the
sand fraction (Van den Eynde, 2004; Du Four and Van Lancker, 2008).

Mud Dredging Mud Disposal
fraction [MTDM/yr] ZBO S1 S2
Harbor Voorhaven 60% 1.2 72% 14% 14%
CDNB 94% 3.1 50% 35% 15%
Channels Pas vh Zand 66% 1.4 70% 30%
Scheur West 49% 0.7 85% 15%
Scheur Oost 18% 0.2 81% 19%

Table 2.1: Mud fraction per dredging location (Pieters et al., 2001; BMM and AWZ, 1993), yearly averaged
dredging amount (only the mud fraction of the maintenance dredging) in million tonnes of dry matter
and the distribution of the dredged material over the disposal sites (2005-2013).

Averaged over nine years, 4.3 (2.6 to 5.0) MTDM/yr of mud was dredged from
Zeebrugge harbor and 2.3 (1.5 to 3.0) MTDM/yr from the access channels, with the
range over the period 2005 to 2013 indicated in brackets.

The comparison between the total amount of mud involved in the maintenance
dredging of Zeebrugge and its access channels (4 to 8 MTDM/yr), and the residual
long-shore mud transport in the Belgian coastal zone (8 to 20 MTDM/yr, see section
2.7.1) shows that an important part of SPM is involved in the dredging/disposal
cycle (Fettweis et al., 2009).

An additional indication of the importance of dredging in the local sediment



2.12. Field observations and data analysis 25

dynamics is the occurrence of clay and mud pebbles, which occur more frequently
now than in the historic dataset of sediment samples of Gilson (1900). The higher
frequency of occurrence of clay and mud pebbles in the vicinity of the disposal
grounds is most probably linked to the disposal of sediments from capital dredging
works (Du Four and Van Lancker, 2008). Due to the deepening works, Holocene
mud deposits outcrop more frequently today than at the beginning of the 20th
century and as a result, erosion of these layers (e.g. during storms, see section
2.9) is more prominent today (Fettweis et al., 2009).

2.12. Field observations and data analysis

Data of 51 tripod deployments were gathered over nearly 9 years (2005-2013) at
locations MOW1 (45 deployments) and Blankenberge (6 deployments). The mea-
surement locations are indicated in figure 2.17. The data were gathered within
the framework of the MOMO project (see e.g. Fettweis et al. (2014)) and were
kindly provided by RBINS - OD Nature. A typical deployment lasts 2 weeks to 1
month. The observations of velocity and SSC were re-analyzed, and the results are
discussed below.

Figure 2.17: Location of the OD Nature tripod deployments at MOW1 and Blankenberge (orange dots).

2.12.1. Field observations of velocity

Velocity was measured using a SonTek 3 MHz Acoustic Doppler Profiler (ADP),
mounted near the top of the tripod looking downwards. The ADP velocity in the
highest bin, positioned at 1.9 meter above the bed (mab) is shown here in order to
study its relation to the sediment concentration at 2.3 mab (discussed in the next
section 2.12.2).

Figure 2.18 shows the phase-averaged velocity magnitude at locations MOW1
and Blankenberge for neap, normal and spring tide. The boundaries between the
three tidal classes are set at the 33rd and 66th percentile of the tidal range at
Vlissingen, determined over a 10-year period (2004-2013). The moments of high
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Figure 2.18: Mean and standard deviation over a tidal cycle of the velocity [m/s] at location MOW1 (left
panel) and Blankenberge (right panel) at 1.9 mab. Blue curve: neap tide, green: normal tide, red:
spring tide (De Maerschalck et al., 2020).

water are determined with the local pressure signal. The error bands around the
velocity magnitude represent the standard deviation.

Tidal asymmetry, expressed as the flood-to-ebb ratio of maximum velocity, is
lower at MOW1 (1.0 to 1.1 for neap and spring tide conditions, respectively) than
at Blankenberge (1.3 to 1.5 for neap and spring tide conditions, respectively). The
more pronounced velocity asymmetry at Blankenberge can be related to the fact
that during ebb flow, the measurement site is located in the wake of the protruding
breakwaters. The spring-to-neap ratio in peak velocities is more pronounced for
peak flood flow (1.8 for Blankenberge and 1.7 for MOW1) than for peak ebb flow
(1.4 for Blankenberge and 1.5 for MOW1).

Maximum flood occurs 45 minutes before high water, which corresponds to a
phase lead of the horizontal tide to the vertical tide of 22°, illustrating the mixed
nature (between progressive and standing wave) of the tidal wave, which propa-
gates as a Kelvin wave along the Belgian coast. Maximum ebb flow occurs 6 hours
after HW at neap tide, and 5 hours after HW for spring tide. Note that in general,
the phase relationship between vertical and horizontal tide is complex. Not only
friction but also (partial) reflections of the tidal wave introduce phase differences
between velocity and elevation (Bosboom and Stive, 2021).

The tidal current ellipses are more elongated at Blankenberge (see figure 2.19),
which is closer to the coast than MOW1 (see figure 2.20).

2.12.2. Field observations of SSC

SSC is measured using two OBS sensors mounted on a measurement frame at about
0.3 and 2.3 mab. The OBS signal is first processed to turbidity levels [FTU] with
a calibration based on laboratory tests. The turbidity levels are then converted to
sediment concentration [mg/I] with a correlation based on in situ water samples
taken with a Niskin Carousel. Data collection, calibration and conversion to mg/I
was performed at RBINS - OD Nature. The data analysis was performed at Flanders
Hydraulics Research (FHR).
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Blankenberge

The left panel in figure 2.19 shows the phase-averaged SSC at 2.3 mab for neap,
average and spring tides at station Blankenberge. Note the phase shift of maximum
ebb SSC over the spring-neap cycle that was also observed for velocity in figure
2.18.The levels of peak SSC rise monotonically with the levels of peak velocity.
The pronounced tidal asymmetry for velocities is therefore also present in the SSC
values, with a flood/ebb ratio of 1.25 during average and neap tides, and 1.5 during
spring tides.
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Figure 2.19: Intratidal variation of SSC [mg/I] at 2.3 mab at Blankenberge. Ensemble average showing
the median, and P10 and P90 percentile of SSC for neap, normal and spring tide (left panel) and a tidal
ellipse with SSC for an average tide (right panel) (De Maerschalck et al., 2020).

The tidal ellipse in the right panel of figure 2.19 combines the velocity at 1.1
mab and SSC at 2.3 mab for an average tide at Blankenberge. The elongated shape
of the tidal ellipse is related to the fact that the measurement location is situated
relatively near the coast at 1.5 km. The peak in SSC coincides with maximum flood,
and lags one hour after maximum ebb. The small time lag between SSC and velocity
suggests the importance of local erosion and sedimentation, and a large availability
of mud in the bed. This is explored further with a 1DV sediment model in section
5.11.1.

MOW1

The left panel in figure 2.20 shows the phase-averaged SSC at 2.3 mab for neap,
average and spring tides at station MOW1. Even though the two stations are close
to each other, the SSC signal at MOW1 looks quite different from that at Blanken-
berge. The peak in SSC during flood occurs later in the tidal cycle at MOW1 than
at Blankenberge. The ebb peak in SSC is stronger than the flood peak, with flood-
to-ebb ratios varying from 0.7 during neap tide to 0.5 during spring tide. The
spring-neap variation is also stronger during ebb (ratio of 2.9) than during flood
(ratio of 2.1). Note that the peak ebb velocity at MOW1 is actually lower than the
peak flood velocity (see figure 2.18), which suggests that the ebb peak in SSC is
not due to local resuspension, but is being advected with the ebb flow. This would
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put the sediment source eastward of the measurement location. One potential can-
didate is the freshly deposited sediment in the access channel “Pas van het Zand”,
which is located east of the measurement station.
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Figure 2.20: Intratidal variation of SSC [mg/I] at 2.3 mab at location MOW1. Ensemble average showing
the median, and P10 and P90 percentile of SSC for neap, normal and spring tide (left panel) and a tidal
ellipse with SSC for an average tide (right panel) (De Maerschalck et al., 2020).

The right panel of figure 2.20 shows the tidal ellipse for an average tide. The
ebb peak in SSC occurs from one hour before to the moment of peak ebb flow.
The flood peak in SSC however, occurs one to two hours after maximum flood flow.
The hysteresis between local flow velocity and local SSC during flood tide is more
pronounced for station MOW1 when compared with station Blankenberge.

For both locations MOW1 and Blankenberge, the median concentration during
slack water drops to a background value around 100 mg/I, regardless of tidal am-
plitude. This indicates the existence of a finer fraction that hardly settles.

Vertical gradient of SSC

In steady flow, and assuming a constant settling velocity and a parabolic form of
momentum diffusivity, the vertical suspended concentration profile can be described
by the Rouse equation (Rouse, 1951):

Ro

B h—z a
T\ ha (2.5)
Ro = Xsor
KU,

with ¢, the suspended sediment concentration at height z above the bed, ¢, the
concentration at the reference height a above the bed, and h the water depth.
The exponent Ro is the Rouse number, which is the ratio between settling and
turbulence strength. w; is the settling velocity, o is the turbulent Prandtl-Schmidt
number. k is the von Karman constant (typically taken as 0.41 for clear water) and
u, is the shear velocity.
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Equation 2.5 can be re-arranged to determine the exponent Ro from simulta-
neously measured suspended sediment concentrations at two different heights.

In“

~ Czy

Ro = . (ﬂ@) (2.6)
h—z, 2z,

Note that equation 2.6 uses the notation Ro, in order to differentiate from Ro
in equation 2.5, which is only valid under a set of conditions that is not strictly met
in non-stationary, tidal flow. In what follows, Ro is calculated from the sediment
concentrations at two different heights in order to quantify the vertical gradient in a
dimensionless number. A higher value of Ro means a sharper vertical concentration
gradient. The water column is perfectly mixed when Ro approaches zero.
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Figure 2.21: Tidal ellipse with the color scale indicating Ro for Blankenberge (left panel) and MOW1
(right) (De Maerschalck et al., 2020).

The tidal variation of the vertical gradient strength Ro is similar for neap, normal
and spring tides. Figure 2.21 shows the tidal variation of Ro for average tidal
conditions. At both locations, the vertical gradient strength is strongest around 4
hours after high water and two hours before high water, which is slightly after slack
water conditions. This time lag corresponds to the time needed for sediment to
settle. At station MOW1, the vertical gradient strength is comparatively weaker for
the slack period before HW than at Blankenberge.

Wave influence on near-bed SSC

Figure 2.22 shows a clear influence of the wave climate on the near-bed SSC. As
established in section 2.4, waves become important for the resuspension of sedi-
ments when the significant wave height exceeds 1.5 m (Fettweis and Nechad, 2011;
Baeye, 2012). For these high waves, the near-bed SSC is consistently higher (see
figure 2.22). Also, because the timing of individual waves is randomly distributed
within a tidal cycle, the intratidal variation of SSC at high waves is less pronounced




30 2. Description of the physical system

than at low waves, with a larger spread around the median (here visualized as the
distance between the P10 and P90 percentile).
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Figure 2.22: Median SSC over a tidal cycle at 0.3 mab at station MOW1 in low wave (blue) and high
wave (red) conditions. Colored bands indicate P10 and P90 percentiles.

Seasonal variation of SSC

The frame-mounted OBS data at station MOW1 show a clear seasonal signal for the
higher sensor at 2.3 mab (figure 2.23, top panel). The median SSC over a tidal cycle
is consistently higher during fall/winter, than during spring/summer. This seasonal
variation is less pronounced however at 0.3 mab (bottom panel). The spread around
the median is also higher in fall/winter, which might be related to the higher wave
activity in winter (see previous paragraph). This seasonal variation is consistent
with the seasonal variation of SSC that is observed in the harbor (see section 4.4.5)
and with the seasonality in SSC that is observed in the Belgian nearshore area
(Fettweis et al., 2007; Fettweis and Baeye, 2015).

This seasonal variation is also apparent in the tidal ensembles of the verti-
cal gradient strength Ro in figure 2.24, with a sharper vertical gradient in SSC
in spring/summer than during fall/winter. This suggests that the vertical balance
between turbulent mixing of SSC and the settling velocity of the particles varies
seasonally. This is consistent with the results of Fettweis and Baeye (2015) who
attribute this effect to larger floc size and higher settling velocity in summer, caused
by biological effects on marine flocs.
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A geometric method to study
water and sediment exchange
in tidal harbors

3.1. Introduction

Three main flow mechanisms induce an exchange of water across the interface
between a harbor and the surrounding waters under tidal influence (Eysink, 1989;
Langendoen, 1992; Winterwerp, 2005; PIANC, 2008):

1. Exchange flow across the interface between flow outside the harbor and
shear-induced circulation inside the harbor.

2. Exchange flow by tidal filling.

3. Exchange flow driven by a density difference inside and outside the harbor.
This density difference can be driven by a horizontal gradient in salinity, tem-
perature or sediment concentration.

In addition to the different components of the water exchange, the siltation of
a harbor will also depend on the relationship between water exchange and sus-
pended sediment concentration (de Nijs et al., 2009; van Maren et al., 2009). The
relation between exchange mechanisms and harbor siltation is still poorly under-
stood however. This chapter describes a geometric decomposition of the exchange
flow, and applies it on available measurements at two important harbor basins in
Belgium. The presented method can provide some insight into the complex re-
lationship (phasing and spatial correlation) between hydrodynamics and sediment
concentration that determines harbor siltation.

This chapter has been published by Vanlede and Dujardin in Ocean Dynamics 64, 11 (2014).
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Even with continuously improving computer models, detailed numerical model
studies on exchange flows and siltation in harbor basins are limited (Langendoen,
1992; Stoschek and Zimmermann, 2006; van Maren et al., 2009). When studying
harbor siltation with a numerical model, the model output will give total sediment
fluxes due to the interaction of all processes that the modeler has included in the
schematization. The geometric analysis can also be applied to the results of a nu-
merical model, provided it has sufficient horizontal, vertical and temporal resolution
to capture the dynamics at the harbor mouth. As such, it can be used as a tool in
model calibration, as is illustrated in section 5.11.3 of this thesis.

3.2. Method

The method presented in this chapter is as a flux decomposition of water and
sediment exchange across a fixed interface at the entrance of a harbor basin during
a tidal cycle. The flow normal to the interface is decomposed geometrically into
three main components (tidal, horizontal and vertical) and a residual component.
The decomposed sediment flux is obtained by multiplying the decomposed flow
with the concentrations at the interface. Total fluxes are obtained by integrating
over a tidal cycle.

A large body of work already exists on the decomposition of mass transport. In
the 60’s, 70’s and 80's geometric decomposition of velocity, concentration and cross
sectional area was used to investigate the relative importance of tidally averaged
longitudinal mass transport phenomena in estuaries, first of salt and then extended
to suspended sediments. Costa (1989) gives an overview in a unified notation of
the different decomposition techniques that have been used over time. Murray and
Siripong (1978) use a combination of vertical, horizontal and cross-sectional aver-
aging to decompose the flow and -separately- also the salinity in a study on salt
fluxes in a shallow estuary. After averaging out over a tidal cycle, their decomposi-
tion of the mass flux has ten terms. The method presented in this chapter is kept
simpler in comparison. By choosing not to decompose the sediment concentration,
the mass flux is decomposed in only four terms. Also the tidal averaging is only
done at the end, to enable the study of the intratidal variation of the mass flux.

3.2.1. Decomposition of flow

The exchange of water between a harbor of arbitrary shape and a tidal water body
(e.g. the sea or a tidal river) is determined by the velocity field ¥(x, z,t) at the
interface between the harbor and the connecting water body. This interface is
indicated in gray in figure 3.1. The x-axis runs along the harbor entrance. The
z-axis runs over depth (positive upward).

The (scalar) velocity component perpendicular to the harbor entrance v, (x, z, t)
is calculated with a dot product. v, is the only component that contributes to the
exchange of water (and sediment) between the harbor and the connecting water
body. e, is the unit vector perpendicular to the harbor entrance, directed outwards.

v, =1V-e, (3.1)



3.2. Method 41

z z z

& L L

X X X

Cross-sectional Horizontal Vertical

average component component

Figure 3.1: Three major components of the exchange flow at a harbor mouth.

The scalar velocity v,, is decomposed into three plus one components. Firstly, the
cross-sectional average v;;44:(t) is determined, which is the net water exchange
between the harbor and the connecting water body, and is related to the water
level in the harbor through a volume balance. It is depicted in the left panel of
figure 3.1.

If, vadA
Vtidal = % (3.2)

The surface of the interface between the harbor and the connecting water body is
denoted as A. The remainder 7(x, z, t) corresponds to the gross exchange of water
without any net exchange:

V= vy — Vtidal (3.3)

7 can be geometrically split up in a horizontal component vy,,.(x,t) that has no
variation over the vertical, and a vertical component v, (z, t) without any variation
over the horizontal. Both components are calculated separately from #:

[ P(x,zt)dz
UhOT('x’ t) = H(x't)H(x t) (3-4)

Joize 7,2, t) dx
ww@o=3”g@0 (3.5)

H(x,t) is the available water depth at every point along the entrance transect and
B(z,t) is the available width of the entrance transect at every depth. vy, (Vyer) as
calculated in equation 3.4 (3.5) is a one-dimensional horizontal (vertical) scalar, and
is expanded to the entire interface between the harbor and the connecting water
body by repeating the 1D-scalar over the available depth (width). In the following
paragraphs, v,,, and v,,, indicate the expanded 2D scalar fields.

Finally, the residual component v,.,(x, z, t) is determined by equation 3.6:

Un = Vtigal + Vhor T Vyer T Vres (36)
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By definition, the following relation holds:

ﬁAﬁdA —0 3.7)

Note that although ¥ is the summation of vy, 1., and v, , it is only in rectan-
gular cross-sections that the cross-sectional integrals [f, vnor d4, [f, vyer dA and
JJ, vres dA equal zero.

Note that v,,, and v,,., are determined separately from ¥ (a parallel approach).
One could also use a sequential approach, and determine v, from horizontal av-
eraging of ¥ — vy, , or the other way around. An unpublished sensitivity analysis
on synthetic flow fields showed that for non-rectangular cross sections (which is
usually the case in field conditions), this has only a limited effect in the order of 1%
on the cross-sectional integrals [f, v, dA and [f, vy, dA.

3.2.2. Integration over time: additional operators
The instantaneous water flux FWat(t) is defined as:

pwat — ﬂA v dA (3.8)

If only the positive or negative part of a scalar field is integrated, this is indicated
with a superscript plus or minus sign. For instance:

Fwatt =ffA max(0,v,) dA (3.9)

The total flux over a tidal period is obtained by integrating over a tidal period T, and
is denoted with a hat-operator. For instance:

T
wat — f pwat gt (3.10)
0

3.2.3. Decomposition of the sediment flux
The instantaneous sediment mass flux Fs¢4(t) is defined as:

Fsed =ff vpc dA (3.11)
A

with c(x,z,t) the mass concentration of sediment at the interface between the
harbor and the connecting water body.

Equation 3.6 gives the decomposition of the scalar velocity field perpendicular to
the harbor entrance (v,,) into three plus one scalar velocity fields that are defined
at the interface between the harbor and the connecting water body. Combining
equations 3.6 and 3.11, one obtains the decomposition of the total instantaneous
sediment mass flux Fs¢4(t) into three plus one components.As an example, the
sediment flux F5¢%,(¢), related to the tidal filling and emptying, is written as:
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Fid = J:L Vtigar€ dA (3.12)

In a similar way as with the calculation of the water fluxes, one might only take
into account the positive (outflowing) part of the scalar velocity in the calculation
of the sediment flux:

i =[] max(0 vigareds (3.13)

—

In a cyclical tide, F’%, is zero. There is no net exchange of water if the water
level at the beginning and end of the tidal cycle is the same (provided the water
exchange only happens over the entrance and there is no inflow elsewhere). Note

J—

that even in this case F5¢2, will generally not be zero.

The components F3¢4, Es¢t and ES¢¢ are calculated in the same way as F5¢2,

in equation 3.12. This way, the decomposition of the instantaneous sediment flux
Fse4 is obtained:

Fsed = Fsed ) + Fsed 4 Fed + Fsed (3.14)

A similar relation also holds for the total fluxes ITSE, Fsed+ and Fsed—,

Note that the decomposition of the instantaneous sediment flux as derived in
equation 3.14 combines synoptic observations of hydrodynamics and sediment con-
centration. That way, the spatial and temporal cross-correlation between the water
exchange and the sediment concentration are implicitly taken into account.

3.2.4. Possible applications

The geometric decomposition of flow and sediment flux is diagnostic, and is meant
to be applied to synoptic scalar fields of both perpendicular flow velocity and sedi-
ment concentration at the interface between a harbor and the surrounding waters.
These scalar fields can be derived from measurements and/or model results.

A measurement technique particularly suited for this type of analysis is a vessel-
mounted ADCP campaign (Acoustic Doppler Current Profiler) with a calibrated in-
terpretation of the acoustic backscatter to determine the sediment concentration.
This measurement technique can describe both hydrodynamics and sediment con-
centration with a high spatial and temporal resolution, typically along a transect
and over a tidal cycle. The ADCP is typically mounted amidships on a measure-
ment vessel, looking vertically down to the bed. Because the measurement vessel
always must always be kept at a safe distance from structures, there is always an
unmeasured area near-shore. Furthermore, there is always a small unmeasured
area close to the surface and close to the bottom due to limitations of the measure-
ment technique. In the processing of the datasets, the missing values have been
filled in using a nearest-neighbor extrapolation.
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3.3. Application to the harbor of Zeebrugge

3.3.1. Situation
The harbor of Zeebrugge is situated in the Belgian coastal zone (southern North
Sea), close to the mouth of the Western Scheldt estuary, see figure 3.2. Its outer
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0 5 10 20Kkm ©
O —

N

Figure 3.2: Situation plan of Zeebrugge (left) and of Deurganckdok (right) in the Scheldt estuary and
the Belgian coastal zone. The measurement transects in both harbors are indicated in red.

harbor is reclaimed from the sea and is protected from it by two breakwaters, each
about 4 km in length. The harbor mouth is in open connection to the sea. The
average tidal amplitude at Zeebrugge is 4 m. The open water surface inside the
harbor is 6 x 10° m2, which gives a tidal volume of 24 x 10 m3. The cross-sectional
surface between harbor and sea is about 12 000 m2.

Averaged over nine years, 4.3 MTDM/yr (Million Tonnes Dry Matter per year)
of mud were dredged from Zeebrugge harbor, which corresponds to an average
sediment import of about 6100 TDM/tide (see the discussion in section 2.11). This
number includes maintenance dredging, but excludes capital dredging.

In 2007 a measurement campaign of flow, salinity and sediment concentration
at Zeebrugge was carried out. The measurement of the 31st of July 2007 consisted
of 22 sailed transects at the entrance of the harbor of Zeebrugge, performed over
a tidal cycle (a spring tide in the summer of 2007). During this campaign, water
velocity and sediment concentration were measured using a 600 kHz Workhorse
Acoustic Doppler Current Profiler (ADCP) with a calibrated interpretation of the
acoustic backscatter to determine the sediment concentration. This calibration was
performed by taking water samples during the campaign (IMDC et al., 2008). A
sailed transect was typically 700 m in length, and consisted of 200 to 300 ensembles
(vertical profiles). Each ensemble had a vertical resolution of 50 cm.

Figure 3.3 shows a transect that was measured at 1.5h before HW during a
spring tide. Flow velocity (left) and suspended sediment concentration (right) were
measured at the same time. For the analysis, the data are resampled on a reg-
ular grid of 1 m x 1 m. 74% of the data points in the analysis are derived from
measurements, 26% are filled-in through nearest-neighbor extrapolation.

3.3.2. Results and discussion
The instantaneous flow field of figure 3.3 is geometrically decomposed following
the method outlined above. The decomposed flow field is presented in figure 3.4.
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Figure 3.3: Measured perpendicular flow (left panel) and suspended sediment concentration (right
panel). The measurement was performed at the entrance of the harbor of Zeebrugge, at 1.5h be-
fore HW during a spring tide.
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Figure 3.4: Result of the geometric decomposition of a measured flow transect at the entrance of the
harbor of Zeebrugge (see figure 3.3) into the tidal component (or cross-sectional average) in (a), the
horizontal component (b), the vertical component (c), and the residual component (d).

The geometric decomposition shown in figure 3.4 is done for all 22 measured
transects. For each component and for every transect, the instantaneous water
and sediment fluxes are calculated. Figure 3.5 presents those calculated fluxes for
all measured transects during the entirety of the measurement campaign, which
spans a tidal cycle. The left panel of figure 3.5 shows the fluxes associated with
the horizontal component of the flow. The tidal variation of F¥%¢ and F5¢¢ can be

. . . + - .
seen in the top panel. F¥% is decomposed into F*%*" and F¥%" in the second
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panel. The third panel shows the decomposition of F5e? into Fsed” and Fsed ™. The
water level is added for reference in the bottom panel. The right panel of figure
3.5 shows the fluxes associated with the vertical flow component.
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Figure 3.5: Results for the Zeebrugge harbor entrance. Horizontal exchange is shown on the left and
vertical exchange on the right. Net flux of water (blue) and sediment (black) in the top panel. Gross
flux (dotted line) and net flux (full line) of water (blue) and sediment (black) in the two middle panels.
Water level is added for reference in the bottom panel. Inflow is negative. The time of measurement of
the measured transect discussed above is indicated with a red line.

In general, the net sediment flux is directed inward. Table 3.1 gives the decom-

position of the total sediment fluxes (integrated over a tidal period): Fsed, @Jr
and Fsed

Table 3.1 shows that the horizontal exchange is the most important component
of gross sediment exchange at the harbor mouth of Zeebrugge. The left panel in
figure 3.5 shows that most horizontal sediment exchange happens from two hours
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
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Results in  Positive Negative Net  Gross
TDM/tide (outflow) (inflow)

Tidal 893 -912 -18 1 805
Vertical 399 -728 -329 1127
Horizontal 1 030 -1 330 -301 2360
Residual 918 -978 -59 1 896
Total 3 240 -3 950 -708 7190

Table 3.1: Decomposition of total sediment exchange (in TDM/tide) at the Zeebrugge harbor entrance
during a tidal cycle (31 July 2007) into four components and into positive (outflow) and negative (inflow)
contributions.

harbor. The gyre is transported into the basin with the net tidal inflow. This results in
water inflow concentrated towards the eastern breakwater and outflow towards the
western breakwater. The combination of a gyre with tidal inflow is evident from the
measured velocity field in figure 3.3, and its decomposition in figure 3.4. Because
of sediment settling in the harbor, the sediment concentration in the outflowing
water is lower than that in the inflowing water.

The gross vertical water exchange is only half as important as the gross horizon-
tal water exchange (figure 3.5, second panel from the top). The density difference
inside and outside the harbor is too small to trigger a significant density driven
exchange flow. The difference between horizontally and vertically driven sediment
exchange is less apparent for the net sediment import into the Zeebrugge har-
bor (see table 3.1). This could be related to limits in accuracy when calculating a
relatively small net value by subtracting two relatively large contributions.

A net import of 708 TDM during a tidal cycle in July 2007 is lower than what
would be expected from the dredging statistics (~6100 TDM/tide, on average). One
tidal cycle is not representative however for the average conditions over a longer
period. Furthermore, the analyzed tidal cycle was measured in summer conditions,
when the suspended sediment concentration (SSC) in the North Sea is generally
lower (see the discussion in section 2.12.2). Note that estimates of net sediment
import based on ADCP measurements are very sensitive to the extrapolation of near-
bed concentrations (see the discussion in section 4.4.4). It is hypothesized that the
lack of measurement data in the bottom meter causes the ADCP measurement to
significantly underpredict the sediment exchange.

3.4. Application to Deurganckdok

3.4.1. Situation

Deurganckdok is a tidal dock in the Port of Antwerp, on the left bank of the Lower
Sea Scheldt, which is the stretch of the Scheldt estuary between the Belgium-Dutch
border and Rupelmonde (see figure 3.2). The connection between the dock and
the estuary was opened in 2005. In contrast to pre-existing docks in the Port of
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Antwerp, in which ships enter through locks, the entrance of Deurganckdok has an
open connection to the Lower Sea Scheldt. This part of the Scheldt is character-
ized by a large horizontal salinity gradient and an estuarine turbidity maximum with
depth-averaged concentrations ranging from 50 to 500 mg/I. During measurement
campaigns in the vicinity of Deurganckdok, concentrations larger than 1 g/l were
seldom found (IMDC, 2011). Additional measurements in the Scheldt estuary re-
vealed that a thin fluid mud layer is formed during slack water, which is re-entrained
during the following tidal cycle. However, no evidence of thick fluid mud formation
near the Deurganckdok was found during the extensive measurement campaigns.
This therefore suggests that all sediment supplied to the Deurganckdok is trans-
ported in suspension in the water column (van Maren et al., 2009).

The typical tidal amplitude at Deurganckdok is 5 m. The open water surface
is 106 m2, which gives a tidal volume of 5 x 10 m3. The cross section between
the dock and the Scheldt is about 6 800 m2. Over the period 2006-2010, on av-
erage 0.8 MTDM/year was dredged in the Deurganckdok every year and disposed
of on authorized disposal sites in the Lower Sea Scheldt. This number includes
maintenance dredging, but excludes capital dredging.

In 2005 a measurement campaign of flow, salinity and sediment concentration
was carried out in order to gain insight into the factors contributing to the silta-
tion of Deurganckdok. One of the measurements consisted of 50 sailed transects
across the entrance of Deurganckdok, performed over a tidal cycle (an average
tide in march 2006). During this campaign, water velocity and sediment concentra-
tion were estimated using a 600 kHz Workhorse Acoustic Doppler Current Profiler
(ADCP) with a calibrated interpretation of the acoustic backscatter to determine the
sediment concentration. This calibration was performed by taking water samples
during the campaign (IMDC et al., 2007).

A transect was typically 400 m in length, and consisted of 70 to 90 ensem-
bles (vertical profiles). Each ensemble had a vertical resolution of 50 cm. Figure
3.6 shows an example transect, measured during flood tide, around the time of
high water. Flow velocity (left panel) and suspended sediment concentration (right
panel) were measured at the same time. For the analysis, the data are resampled
over a regular grid of 1 m x 1 m. 67% of the data points in the analysis are derived
from measurements, 33% are filled-in through nearest-neighbor extrapolation.

3.4.2. Results and discussion

The flow field of figure 3.6 is geometrically decomposed following the method out-
lined above. The decomposed flow field is presented in figure 3.7. The tidal com-
ponent around high water is very small. The inflow at the right hand side of the
dock (figure 3.7, panel b) indicates that there is still flood flow in the Scheldt, which
drives a primary gyre across the entrance. Note the important vertical exchange
(figure 3.7, panel c).

Following the same method as for the Zeebrugge case, figure 3.8 shows the
intratidal variation of the horizontal and the vertical component of the flow and
sediment flux. In general, the net sediment flux is directed inward. The most
notable driver of this flux is the vertical component around the time of high water
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Figure 3.6: Measured perpendicular flow (left panel) and suspended sediment concentration (right ﬂ

panel). The measurement was performed at the entrance of Deurganckdok around HW during an
average tide.
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Figure 3.7: Result of the geometric decomposition of a measured flow transect at the entrance of
Deurganckdok (see figure 3.6) into the tidal component (or cross-sectional average) in panel (a), the
horizontal component (b), the vertical component (c), and the residual component (d).

(see right panel in figure 3.8 and the gross figures in table 3.2). Whereas the
horizontal component is significant from four hours before high water to one hour
after, it is the vertical component from half an hour before high water to two hours
after that has the larger net effect, as seen in figure 3.8.

During the measurements in 2006, there was a total net import of 868 tonnes of
dry matter (see table 2). This is well within the range of 1 100 +/- 420 TDM/tide ob-
tained from 3 years of available data (IMDC, 2011). For Deurganckdok, the relative
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Figure 3.8: Results for the Deurganckdok harbor entrance. Horizontal exchange is shown on the left
and vertical exchange on the right. Net flux of water (blue) and sediment (black) in the top panel. Gross
flux (dotted line) and net flux (full line) of water (blue) and sediment (black) in the two middle panels.
Water level is added for reference in the bottom panel. Inflow is negative. The time of measurement of
the measured transect discussed above is indicated with a red line.

Results in  Positive Negative Net  Gross
TDM/tide (outflow) (inflow)
Tidal 278 -174 104 452
Vertical 758 -1 540 -779 2298
Horizontal 843 -1 040 -192 1883
Residual 888 -889 -2 1777
Total 2770 -3 640 -868 6410

Table 3.2: Decomposition of total sediment exchange (in TDM/tide) at the Deurganckdok harbor en-

trance during a tidal cycle (22 March 2006) into four components and into positive (outflow) and negative
(inflow) contributions.

importance of vertical exchange is in accordance with the current understanding
of the factors contributing to siltation there. Although the salinity in the Scheldt
estuary is vertically uniform, the dock itself is strongly stratified. The horizontal
gradient of salinity in the Lower Sea Scheldt in front of Deurganckdok, combined
with a tidal excursion of the salinity front, yields a small tidal salinity variation.
Fettweis et al. (1998) found an average tidal salinity amplitude of 4.5 ppt at Pros-
perpolder, a measurement station downstream of Deurganckdok. The salinity in
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the dock also has a tidal salinity variation which lags behind to the salinity in the
Scheldt. Thus a tidally varying density current exists between the Scheldt estuary
and the dock, that is driven by horizontal gradients (between river and dock) in
the vertical density distribution. When the salinity in the Scheldt estuary is higher
than in the dock, this results in an inflow of saline water into the dock in the lower
half of the water column, which is compensated by outflow of less dense surface
water. This occurs typically around high water. This flow pattern is reversed when
the salinity in the dock is higher than in the Scheldt estuary (van Maren et al.,
2009). Previous measurement campaigns had already established that the sedi-
ment concentration during flood reaches its maximum 0-1 hour before high water.
Furthermore the sediment concentrations during flood are highest on the left bank
of the Scheldt estuary, i.e. close to the Deurganckdok (IMDC et al., 2005). Thus the
maximum sediment concentrations are present at the time and the location when
and where the salinity-driven density exchange flow is directed into the dock close
to the bottom. These established mechanisms are also apparent in the analyzed
measurement data, as the right panel in figure 3.8 shows an important net amount
of sediment entering the dock through the vertical component around the time of
high water.

3.5. Summary and conclusions

This chapter describes a method to decompose the exchange flow of water and sed-
iment between a harbor and the surrounding waters into three main components:
cross-sectional average, horizontal and vertical exchange flows. The method is
applied to measurements at two harbor basins in Belgium: Zeebrugge (a coastal
harbor) and Deurganckdok (a tidal basin in the Scheldt estuary). Both basins are
located close to separate turbidity maxima (respectively a coastal and an estuarine
turbidity maximum), and both require maintenance dredging in order to guarantee
their nautical accessibility.

When the decomposition is applied to synoptic measurements of flow and sedi-
ment flux, differences can be identified in the mechanisms that drive siltation in both
harbor basins. In Deurganckdok, the method clearly identifies the density-driven
vertical exchange flow around high water, also described by van Maren et al. (2009).
In Zeebrugge, no clear signature is seen in the measurements of a density-driven
vertical exchange flow. Most of the sediment is exchanged through a clockwise gyre
that is advected into the harbor, just prior to high water. These differences are not
directly apparent from the ‘raw’ data of velocity and sediment concentration, but
become visible through the decomposition. It can be applied just as well to the re-
sults of a 3D numerical model of hydrodynamics and sediment transport, provided
it has sufficient horizontal, vertical and temporal resolution to capture the dynamics
at the harbor mouth. It can therefore be used as a tool in model calibration, as is
illustrated in section 5.11.3 of this thesis.
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Mud dynamics in the
Zeebrugge harbor

4.1. Introduction

The aim of this chapter is to describe the different influencing factors and time
scales that are relevant to mud dynamics in the harbor basin. The harbor of Zee-
brugge is subject to high siltation rates of mainly mud and, as a result, maintenance
dredging works are mandatory (Fettweis and Nechad, 2011; Fettweis et al., 2016).
The amount to be dredged depends on the inflow of mud into the harbor basin.
The maintenance depth and the dredging strategy are guided by the principle of
nautical depth. PIANC (1997) defines the nautical depth as the level at which the
physical characteristics of the bottom reach a critical limit beyond which contact
with a ship’s keel causes either damage or unacceptable effects on controllability
and maneuverability. In Zeebrugge, the nautical bottom is defined as the density
level of 1200 kg/m3.

Present regulations at Zeebrugge stipulate that for safe maritime access to the
harbor, the ship should have a positive Under Keel Clearance (UKC) of at least 10%
(relative to its draft) above the nautical bottom and no more than 7% negative
UKC below the mud-water interface, which is measured as the reflector of a 210
kHz echo sounder. This means that for the accessibility of the harbor, both the
vertical position of the 210 kHz reflector and the 1200 kg/m3 density level are
important. Both levels (together with the 33 kHz reflector) are monitored regularly
to steer maintenance dredging. This practice is the result of extensive investigations
(Delefortrie et al., 2007) and is related to the local mud and maneuvering conditions
in the harbor of Zeebrugge.

The sediments between the 210 and 33 kHz reflectors consist mainly of soft
or even fluid mud. Fluid mud is a high-concentration suspension that typically be-
haves as a non-Newtonian fluid (McAnally et al., 2016). It is formed if the rate

This chapter has been published by Vanlede et al. in Ocean Dynamics 69, 9 (2019).
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of sediment deposition exceeds the dewatering/consolidation rate. If not resus-
pended by entrainment processes, fluid mud slowly consolidates to form bed ma-
terial (McAnally et al., 2007). Fluid mud typically has a volume fraction between
0.02 and 0.13 (Mehta, 1991), which corresponds to limiting bulk densities of 1060
and 1240 kg/m3. See also Mehta et al. (2014) for a description of the properties
and behavior of fluid mud in relation to nautical depth estimation. Mud is generally
transported in suspension or, in some cases, as near-bed fluid mud (Winterwerp,
2005; Kirby, 2011). Flow exchange mechanisms at a harbor entrance are well
known and include tides, horizontal entrainment, and density currents (Vanlede
and Dujardin, 2014).

4.2. Study site

Zeebrugge is a tidal harbor, situated in the dynamic and turbid Belgian coastal zone.
The harbor was extended seaward to its present form in the period from 1979 to
1986, with the construction of two 4-km-long breakwaters extending about 3 km
out to sea, see figure 4.1.

I mo o Legend

N ® Station Location

— Leading Lights Line
— Axis Albert Il dock

Figure 4.1: Map of the Belgian Coastal area (Southern North Sea) showing the measurement stations
outside (MOWO, MOW1) and inside the harbor of Zeebrugge (Stern, Albert II, LNG, Hermes). The red
line is the leading lights line. The blue line is the axis of the Albert II dock. The background is a satellite
image from Google Earth. The harbor entrance is located at 51°21'N 3°11°E.

The outer harbor is maintained at a depth of up to 15.5 m below LAT (Lowest
Astronomical Tide) and the connection towards the open sea at 15.8 m below LAT.
The harbor and the channels are thus substantially deeper than the nearshore area,
where water depths are generally less than 10 m below LAT (Fettweis et al., 2009).
The analysis in this chapter is limited to the outer harbor; the inner harbor (which
lies behind locks) is not considered. Averaged over nine years, 4.3 (2.6 to 5.0)
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MTDM/yr of mud was dredged from Zeebrugge harbor, with the range over the
period 2005 to 2013 indicated in brackets. The material is disposed at authorized
disposal sites in the North Sea, at 5-15 km from the harbor (Dujardin et al., 2016;
Antea Belgium, 2016). The sediments dredged in CDNB (the central part of the
outer harbor) have an average mud content of 94% (Pieters et al., 2001).
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Figure 4.2: The level of the mud-water interface (210 kHz) in blue, of the 1200 kg/m3 density level in
brown and of the 33 kHz reflector in black. Data of 2007-2011. Colored bands are plus and minus one
standard deviation, and min and max values. Values on X-axis correspond to the distance along the
leading lights line (indicated on figure 4.1).

The fluid mud layer inside the harbor basin (i.e. the layer between the 210 and
33 kHz reflectors) has a thickness of up to 3 m in front of the entrance of the Albert
IT dock, decreasing to 2 m at the harbor entrance (see figure 4.2). The mud-water
interface has a concave-down shape.

Typical vertical density profiles inside the harbor basin are shown in figure 4.3.
Note that since these profiles and the measurements along the leading lights line
are not performed on exactly the same time and location, the position of the 210
(or 33) kHz reflector may differ slightly between both datasets. The vertical den-
sity profiles were measured with the Navitracker instrument, which is a continuous
vertical profiling gamma-ray transmission gauge. The data in figure 4.3 show that
the material found in between the 210 and 33 kHz reflectors has a density between
the limiting bulk densities of fluid mud (1060 and 1240 kg/m3).

The tides are semidiurnal with a mean amplitude of 3.6 m. Peak ebb and flood
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Density profiles on the leading lights line - 14/09/2012

210 kHz reflector (profile)
210 kHz reflector (sounding)

1200 kg/m? level

33 kHz reflector (profile)
33 kHz reflector (sounding)

Height [m LAT]
i)
!

4 1050

4 1100

-4 1150

1200

Density [kg/m?]

1250

1300

500 1000 1500 2000
Distance along the leading lights line [m]

Figure 4.3: Vertical density profiles measured on the leading lights line. The 210 kHz reflector is indi-
cated in blue, the 33 kHz reflector in black and the density level of 1200 kg/m3 in brown. The target
maintenance depth of 15.5 m below LAT is indicated with a horizontal dashed line.

velocities are high in front of the harbor entrance, due to the breakwaters protruding
from the coastline, which deflects ebb and flood flow close to the coast. Flood flow
(directed NE) occurs from 3h before HW to 2h40 after HW during spring tide. Peak
velocity in front of the harbor entrance reaches 2.1 m/s and occurs 40 minutes
before HW during spring tide (Afdeling Kust - Hydrografie, 2001). The flow field
inside the harbor basin is characterized by a primary gyre (figure 4.4 shows the
flow field at 1.5h before HW), driven by the shear at the interface between water in
the harbor and the flood flow in the North Sea. It is advected into the basin during
rising tide. The primary gyre drives a smaller, secondary gyre deeper in the harbor
(1h before HW to HW), which is advected out of the basin during falling tide (HW
to 2h after HW).

4.3. Methodology

4.3.1. Depth soundings

Different datasets with depth soundings during the period 1999-2011 were com-
bined for the analysis in this study. The 210 and 33 kHz reflectors were sometimes
measured as map data over larger areas in the harbor, and sometimes only as line
data along the leading lights line (indicated on figure 4.1). The map data were in-
terpolated on the leading lights line resulting in a combined dataset of depth along
the leading lights line over time. Sounding data are used to compute changes in
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Figure 4.4: Flow field (knots) in the harbor during spring tide and maximum flood flow (1.5h before
HW). Excerpt from the flow atlas of Zeebrugge (Afdeling Kust - Hydrografie, 2001).

the volume of deposited sediments in the basin. Only those depth soundings that
cover more than 50% of the leading lights line are retained. Since the aim is to link
observed sediment volume changes (from the soundings) with data on dredging
activity and meteo conditions between two consecutive soundings, it is important
that the time interval between pairs of depth soundings in the dataset remains more
or less constant. Therefore only those pairs of depth soundings are retained that
are less than 30 days apart. Following these selection criteria, 80% of the dataset
is retained. The volume change is then derived from the depth data on the leading
lights line by multiplying the average depth difference with the total surface area
of the map data. The uncertainty in volume change when only line data are used
has been estimated from the map data, and is about 2% (Dujardin et al., 2016).

4.3.2. Calculation of the natural depth change of the mud-
water interface

The 210 kHz reflector is considered to be the mud-water interface. A depth change
of this reflector corresponds to a change of the mud volume in the harbor by natural
processes and dredging. A volume balance is set up to decompose the measured
depth change into the natural depth change and the effect of dredging.
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AR™ = AR? + AR" (4.1)
-m?(pg — pw)

ARY = — 9 "W 4.2

Apg(pp — pw) (4.2)

The natural depth change of the mud-water interface Ah™ corresponds to the cu-
mulative effect of deposition (positive sign), and resuspension and consolidation
(negative sign). It is calculated from Ah™ and Ah¢. AR™ is the measured depth
change of the mud-water interface, derived from depth soundings. A negative sign
corresponds to a depth increase. Ah? is the effect of dredging on the depth of the
mud-water interface. It is calculated from the dry mass of the dredged material m®
using equation 4.2, with A the area that was dredged, p, the grain density (2650
kg/m3), p, the in situ bulk density and p,, the density of seawater (taken here
as 1025 kg/m3). Note that m? is calculated and logged directly by the dredging
information system on board of the vessel.

Because the in situ bulk density p, (see example in figure 4.3) is monitored
at a lower sampling frequency than the daily dredging operations, it has to be
estimated for each dredging campaign in order to calculate Ah?. In this analysis,
pp Of the dredged material is estimated from the bulk density of the sediment in
the hopper dredger, which is measured and logged during each dredging campaign.
The conversion is done based on an analysis of the relation between in situ volume
concentration (IVC) and hopper volume concentration (HVC). We call this relation
between volume concentrations the bulking curve. Note that theoretically, this
curve has to go through (0,0) because pure water in situ will be pure water in
the hopper dredger. For a similar reason, the curve also has to go through (1,1).
Physically, dredging related processes such as water entrainment and de-gassing
of sediment will influence this relationship.

Figure 4.5 shows the observed part of the bulking curve as a scatterplot. It
is based on available density and dredging data in the harbor basin of Zeebrugge
for the period 2012-2014. Each data point corresponds to one dredging campaign.
The HVC is calculated from the bulk density inside the hopper dredger, as logged
in the dredging information system. The corresponding IVC is calculated from the
density profile closest to the dredging location and measured prior to the dredging
campaign, by vertically averaging it over 1 m, centered on the dredging depth. The
substantial scatter in the plot is partly due to the fact that the dredging campaign
and the corresponding density profile are not carried out at the same time and
place. Therefore, the reported bulk density in the hopper dredger is taken as the
estimate for the in situ bulk density p,, (shown as the dotted 1:1 line in figure 4.5).

4.3.3. Measurements at fixed stations

Current velocity, salinity, temperature and suspended sediment concentration (SSC)
were measured at four stations inside the harbor (Stern, Albert II, LNG and Her-
mes, see figure 4.1) at about 2 m below LAT and about 2 meters above the bed
(mab). Each measuring station was equipped with a point velocimeter (Aquadopp),
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Figure 4.5: Bulking curve of in situ volume concentration [-] vs hopper volume concentration [-], based
on measurement data from the Zeebrugge harbor basin from 2012-2014.

an OBS3+ and a CT-probe (Valeport 620). At station Hermes the instrumentation
was mounted on a fixed cable, attached to the gangway of the pier and a concrete
anchor at the bottom. In the other three measuring stations the instrumentation
was fixed on a steel cable between an anchor and an underwater buoy. The data
were collected every 10 minutes (averaged over 60 second bursts). The measure-
ment campaign lasted for 400 days from 14/03/2013 to 18/04/2014. More details
on the instrumentation can be found in (Antea Belgium, 2015a). Near-bed SSC in
the North Sea is measured with a benthic lander located about 5 km northwest
of the harbor at location MOW1 (see figure 4.1). For salinity, on average 76% of
all data points are considered usable, for SSC 69%. The most important reasons
for missing data were battery problems, bio-fouling with algae and barnacles and
technical problems with the sensors.

The absolute heights of the sensors at locations Stern, Albert II and LNG varies
over time. Since these stations are located at the edge of an area that is maintained
at depth for navigation, they had to be installed on a sloping bed. This means that
each time the instruments were taken out of the water and re-deployed (which
occurs every 2 to 4 weeks), a variation in the horizontal position has an impact on
the absolute height of the installed sensor.
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4.3.4. SSC measurements from ADCP transects in- and out-
side the harbor

From March 2013 to April 2014, 113 longitudinal transects were sailed in the harbor
with the research vessel RV Belgica (see figure 4.1 for the location of the transect).
The acoustic backscatter recorded from a hull-mounted 300 kHz ADCP was con-
verted to SSC (Thorne et al., 1994; Holdaway et al., 1999). Example SSC data are
shown in figure 4.6.

The conversion from acoustic backscatter to SSC was done as follows. During
an 8 hour period, water samples and vertical profiles were collected inside and out-
side the harbor using a CTD, an OBS and a LISST 100X. The water samples were
analyzed for SPM, Particulate Organic Matter (POC) and Chlorophyll concentration.
The OBS signal was converted into SSC through a linear relationship obtained af-
ter filtering and weighing of water samples. The relationship between the acoustic
backscatter (in dB) and the SSC was established using the OBS data. One relation-
ship was applied to the whole dataset. The acoustic backscatter signal depends
strongly on particle size and density however, and the samples collected for cali-
bration may not represent SPM properties in all 113 transects. Also, the SPM inside
the harbor has larger floc sizes and lower densities with higher organic content,
while outside the harbor the SPM occurs as bio-mineral aggregates as described by
Fettweis and Lee (2017). The echo intensity of the backscattered acoustic signal
should therefore only be seen as an estimate of the SSC.

It should be noted that there is a low correlation (R?>=0.35) between the SSC
from the lower OBS-sensor at station Albert II and the corresponding SSC from
the ADCP transects (Antea Belgium, 2015b). The SSC derived from the ADCP data
are typically 2 times higher than from the OBS sensor at the fixed measurement
station, with significant scatter between the two datasets. The scatter could be
related to different calibrations to convert the acoustic and the optical backscatter
to SSC, and to spatial variation of the concentration. Note that the concentrations
that are derived from the ADCP data are only used to establish the intratidal timing;
the values of sediment concentration are not used.

4.3.5. Fresh water inflow into the harbor

Fresh water discharge can contribute significantly to the siltation rate of a har-
bor. The relative contribution is site-specific however (Winterwerp and de Boer,
2016). Fresh water is discharged into the harbor through the Leopoldkanaal and
the Schipdonkkanaal. Both canals discharge gravitationally during low water. The
daily averaged total fresh water discharge of both canals has a positively skewed
distribution with a low median of 1.1 m3/s and a maximum of 80 m3/s (Dujardin
et al., 2016). Dry periods with no fresh water inflow occur typically during summer
and autumn. Because fresh water can only be discharged around low water, the
fresh water distribution is tidally modulated. Vertical salinity profiles are available
at 27 locations inside the harbor (IMDC et al., 2011). The profiles were measured
during 44 campaigns in the period 2007 to 2008.
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Figure 4.6: SSC from ADCP backscatter, measured on 27/06/2013 on a longitudinal transect in the
harbor. The harbor entrance (indicated with a red line) is to the right of each panel. Phase during the
tidal cycle clockwise from top left: 1h before HW (survey 35), 30 minutes before HW (survey 36), 30
minutes after HW (survey 38), 2h after HW (survey 41).

4.3.6. Wave data

Wave data from the directional wave buoy at Bol van Heist were analyzed for the pe-
riod 1999-2011. The wave direction typically varies from north to west-southwest.
The significant wave height has a median value of 0.6 m in summer and 0.75 m in
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winter.

4.3.7. Data classification and ensemble analysis

The time series of SSC and current velocity measured inside the harbor are split into
individual tidal cycles, and interpolated with a 10 minute interval on a local time axis
relative to the moment of HW. The tidal cycles are grouped in 3 classes, according
to the tidal amplitude at Zeebrugge and labeled as spring, mean or neap tide,
respectively. All tidal cycles in a certain tidal class are combined in an ensemble,
and the average and standard deviation are calculated on the local time axis, see
figure 4.7. This ensemble analysis (or phase averaging) is used to gain insight into
the intratidal (section 4.4.3) and spring-neap variations (section 4.4.4) of the SSC
signal.

4.4, Results and discussion

4.4.1. Influence of fresh water inflow on sediment import

The salinity in the lower half of the water column inside the harbor basin shows
no observable vertical gradient. During periods of high fresh water discharge (>10
m3/s), the water column inside the harbor becomes stratified near the surface, with
a thin layer (~1 m) of fresh water. This stratification typically dissipates through
mixing in 6 to 8 hours. Fresh water import into the harbor may induce a density
current into the harbor basin in the lower half of the water column. The velocity
of the fresh water front on top of the saline water in the harbor can be estimated
following Kranenburg (1998) as

(4.3)

| (=R @R =)
Sl R A=)+ A+

With ¢ the relative density difference Ap/p, h, the height of the fresh water front,
h the water depth and B, a loss term (between 0 and 1). Note that in case h; =
h/2 and B, = 0, this formulation simplifies to the relation ¢ = 0.5,/sgh, which is
often used to describe lock-exchange flow. A fresh water front of 1 m height in a
water column of 15 m has a propagation speed of 0.6 m/s (8, = 0), which would
(assuming no net water exchange) induce a return flow of only 0.05 m/s into the
harbor. This is consistent with an analysis of the velocity field around the harbor
entrance of Zeebrugge which shows that water exchange due to density currents
is small compared to the total exchange flow (Vanlede and Dujardin, 2014).

The direct import of sediment in suspension via the Leopoldkanaal and the Schip-
donkkanaal is negligible. Assuming an average SSC of 50 mg/I in the canals, and
a median fresh water discharge of 1.1 m3/s, the import of sediments by the canals
only represents 0.05% of the total sediment import.

Fresh water inflow into the harbor therefore does not influence sediment import,
neither through a density current, nor through sediment load in suspension. This
is confirmed by the fact that no correlation is found between the natural depth
change of the mud-water interface (see section 4.3.2) and the fresh water discharge
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Figure 4.7: Ensemble analysis for SSC (top panel) and velocity (bottom panel), measured during spring
tide at 2 mab in stations Albert II (in red) and Stern (in blue). The full line is the median, the shaded
area lies between the 20th and 80th percentile.
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(Dujardin et al., 2016).

4.4.2, Influence of wind and wave climate on sedimentation

The natural depth change of the mud-water interface (see section 4.3.2) is binned
according to the mean wave direction and the peak wave height at station Bol van
Heist. The P95 significant wave height is used as a proxy for the peak wave height,
and is calculated over the period between two successive depth soundings.

Natural depth change of the mud-water interface in function of
mean wave direction and P95 significant wave height
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Figure 4.8: Natural depth change of the mud-water interface [m/day] classified according to mean wave
direction and P95 significant wave height. The number of data points is shown in the lower left corner
of each cell. Bins of less than 3 data points are represented by empty cells.

Figure 4.8 shows only a weak positive correlation (R?=0.35) between the peak
wave height and the natural depth change of the mud-water interface. The mud-
water interface rises between 1 and 3 cm/day if the P95 significant wave height is
larger than 1.19 m. Note that this result is in contrast to Lanckneus and Van Lancker
(2001), who found higher siltation during periods of lower wave heights. The dif-
ference between both findings can be related to the low correlation between depth
change and wave conditions, which can make the sign of the (weak) correlation
dependent on the period that is analyzed.

Following a similar methodology, the influence of wind climate on sedimentation
is investigated, but no meaningful correlation is found.
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4.4.3. Intratidal variation

Intratidal variation of SSC at fixed stations

Figure 4.7 shows the ensemble analysis of both SSC and current velocity, measured
at 2 m above the bed (mab) at stations Stern and Albert II during spring tide (see
figure 4.1 for the location). The SSC peaks 1 hour before HW at station Stern,
and 50 minutes later at Albert II. This delay is explained in terms of the time of
advection of SPM from station Stern to station Albert II by the primary gyre in the
harbor basin.

A 50 minute travel time over a 1000 m trajectory corresponds to an average
advection velocity of 0.33 m/s. The peak SSC near the bed is higher at station Albert
IT (900 mg/l), which is located deeper inside the harbor basin than station Stern
(600 mg/l), even though the corresponding velocity is lower at station Albert II.
This result can be understood in terms of vertical settling during advection between
stations Stern and Albert II. This also suggests that local resuspension is not the
dominant process that determines sediment concentration in the Albert IT dock. The
peak SSC at the upper sensor however, is similar at both stations (350 mg/l). This
suggests that a slower settling fraction determines the sediment concentrations in
the upper part of the water column.

These results are consistent with the analysis of the flow exchange mechanisms
between a harbor basin and the open sea, applied to Zeebrugge by Vanlede and
Dujardin (2014). They concluded that horizontal exchange is the most important
component of the sediment import at the harbor mouth of Zeebrugge, and that most
of the sediment import occurs from 2h before high water to high water. In that time
frame, flood currents in the North Sea (directed northeastward along the Belgian
coast) drive the primary gyre in the harbor mouth, which is advected into the basin
during rising tide. This results in water inflow near the eastern breakwater (close
to the measurement station Stern, see figure 4.4), and outflow near the western
breakwater. Because of sediment settling in the harbor, the sediment concentration
in the outflowing water is lower than that in the inflowing water, which results in
net import of SPM.

Intratidal variation of SSC from ADCP transects
Figure 4.6 shows four vertical profiles of SSC, measured during a tidal cycle in
June 2013 (see section 4.3.4 for a description of the dataset, and figure 4.1 for
the location of the transect). The four panels in the figure are arranged clockwise
from the top left, and show SPM being transported in suspension from the harbor
entrance to deeper inside the harbor. At 1h before HW (top left panel) the sediment
in suspension is concentrated outside the harbor. At 30 minutes before HW (top
right panel) the suspended sediment has been transported into the harbor. 30
minutes after HW (bottom right panel) the front is advected a further 500 m. 2h
after HW (bottom left panel) the SSC in the water column is lower, because of
settling and deposition.

The intratidal phasing of the vertical SSC profile is consistent with the evolution
of SSC over a tidal cycle at stations Albert II and Stern (see section 4.4.3). The
sequence of vertical profiles of SSC in figure 4.6 confirms that the bulk of the SPM is
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transported into the harbor through advection around HW, and that most transport
occurs in the lower half of the water column.

4.4.4. Spring/Neap cycle

Spring/Neap variation in sediment import

The mass of sediment that enters the harbor in suspension has been estimated
from ADCP measurements carried out on a transect across the harbor entrance,
e.g. by Claeys et al. (2001). In IMDC et al. (2010) two measurement campaigns
are described that were carried out during spring and neap tides. In the bottom
blanking zone of the ADCP, IMDC et al. (2010) extrapolated the vertical SSC profiles
towards the bed. Dujardin et al. (2009) used the same ADCP dataset, but used
concurrent turbidity measurements close to the bed to derive the SSC close to the
bed. The resulting estimates for the total sediment import are 5 to 10 times higher
than in (IMDC et al., 2010). This result underlines the importance of near-bed data
for estimating total sediment fluxes.

Table 4.1 summarizes the different estimates of the spring-neap variation in
the net sediment influx into the harbor. On average, sediment import into the
harbor during spring tide is two to four times higher than during neap tide. This
is consistent with the spring-neap variation of SSC outside the harbor, measured
with a benthic lander at MOW1 (Fettweis and Baeye, 2015). De Maerschalck et al.
(2020) have shown that the peak SSC at 2.3 mab is up to be three times higher
during spring than during neap tide.

Source Net Sediment Net Sediment Ratio
Influx - Spring Tide  Influx - Neap Tide  Spring/Neap
(TDM/day) (TDM/day)

Claeys (2001) 6400 1590 4.0

Dujardin (2009) 13880 3454 4.0

IMDC (2010) 1468 834 1.8

Average 7357 1986 3.0

Table 4.1: Spring-Neap variation in net sediment influx to the harbor of Zeebrugge.

This is also consistent with the spring-neap variation of peak SSC observed near
the entrance of the harbor. An ensemble analysis of the spring-neap variation of
SSC at station Stern (figure 4.9) shows a peak in concentration prior to high water,
i.e. at the moment of highest sediment import, that is four times higher during
spring tide than during neap tide. No significant spring-neap variation was found
however at stations deeper inside the harbor (LNG and Hermes).

The flow atlas (Afdeling Kust - Hydrografie, 2001) shows that the maximum
velocity near the eastern breakwater during inflow is about 2 times higher dur-
ing spring than during neap tide. The spring/neap variation in sediment import is
therefore a combination of higher SSC and higher velocities during spring tide.

Sediment import, SSC in the Belgian nearshore, and SSC inside the harbor (close
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Figure 4.9: Spring (red) to neap (in yellow) variation of SSC over a tidal cycle at station Stern at 2 mab.
The full line is the median, the shaded area lies between the 20th and 80th percentile.

to the entrance) are all three to four times higher during spring tide then during
neap tide, which is consistent with sediment import through advection. The SSC at
the landward end of the harbor does not show this spring/neap variation however,
which suggests that it is influenced by different processes, such as resuspension
(due to ship movements or dredging activity), or gravitational flow of mud layers
inside the harbor.

Influence on the mud-water interface

The previous paragraph established that sediment import during spring tide is three
to four times higher than during neap tide. However there is no spring-neap vari-
ation in the daily dredging amounts (Dujardin et al., 2016). Because the sediment
extraction from the harbor does not follow the variation in sediment import, the
level of the mud-water interface in Albert II dock rises up to 15 cm/day during
spring tide and falls 5 to 10 cm/day during neap and mean tide.

4.4.5. Seasonal variation

SSC inside the harbor has a significant seasonal variation in all fixed measurement
stations, with lower SSC in spring and summer, and higher in autumn and winter
(Dujardin et al., 2016). Figure 4.10 shows the relative frequency distribution of SSC
in station Albert II in summer and winter. This figure illustrates how the median
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SSC is higher in winter than in summer, both for the top and the bottom sensor.
There is also a higher probability of higher SSC (>100 mg/I) in winter in the lower
sensor.
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Figure 4.10: Relative frequency distribution of SSC at station Albert II in winter (in blue) and summer
(in red). Top sensor in dashed line, bottom sensor in solid line. Median values are indicated with a circle
on the x-axis (a filled-in circle for the bottom sensor and an outlined circle for the top sensor).

The seasonality inside the harbor is consistent with the seasonality in surface
and depth-averaged SSC that is observed in the Belgian nearshore area (Van den
Eynde et al., 2007; Fettweis et al., 2007; Pietrzak et al., 2011; Fettweis and Baeye,
2015). Seasonality of surface SSC in the North Sea at stations MOWO (Wandelaar)
and Vlakte van de Raan was quantified from satellite imagery. Surface SSC at
these stations is about half the yearly average for spring and summer, and 70%
higher in winter. The near-bed SSC from the benthic lander located at MOW1 shows
a comparable seasonal variation (see section 2.12.2), with peak SSC at 2.3 mab
about twice as high in autumn-winter than in spring-summer (De Maerschalck et al.,
2020).

Figure 4.11 shows the seasonal variation of the most shallow point of the 210
kHz reflector along the leading lights line (location in figure 4.1). As described in
the introduction, the depth of the 210 kHz reflector is part of the local definition of
the nautical bottom. The minimum depth (or most shallow point) along the leading
lights line is thus important to monitor. If the 210 kHz reflector rises too high
anywhere in the basin, nautical accessibility is hindered. Figure 4.11 clearly shows
a seasonal variation, with the top of the 210 kHz reflector being more shallow in
winter.
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Figure 4.11: Seasonal variation of the minimum depth along the leading lights line of the 210 kHz
reflector in CDNB. Data from 2007-2011.

Also, the density profiles show a lower density of the sediment layers in winter
than in summer. In summer, 65% of sediment in between the 210 kHz and 33 kHz
reflectors has a density below 1.18 g/l whereas in winter, that number increases
to 80% (Antea Belgium, 2015b). The temperature of the pore water might play
a role here. It affects the viscosity of the pore water, and the permeability is in-
versely proportional to viscosity (Merckelbach and Kranenburg, 2004). For winter
conditions, this means a higher viscosity, a lower permeability and thus a slower
consolidation in winter.

Figure 4.12 shows the seasonal pattern in the shape of the mud layer in the
Albert II dock. Where the mud-water interface is flat in winter, it shows a height
variation of 1 m (max. slope 1/400) in summer. Seasonal variation of the strength
properties is a possible explanation for this pattern.

Fettweis and Baeye (2015) argue that microbial activity is the main driver of
the seasonality in floc size yielding larger flocs in summer than in winter, rather
than the seasonality in wind strength and thus wave climate. Further research is
needed, however, to investigate the seasonal variations in floc properties inside the
harbor (e.g. size and fractal dimension) and to link the floc properties with seasonal
variations in settling velocity, sediment input rate, consolidation rate and strength
properties of the bed.

4.5. Conclusions

This chapter presents the mud dynamics in the harbor basin of Zeebrugge in the
Southern North Sea, based on an analysis of field data. Data on the vertical position
of the mud-water interface were combined with dredging data to calculate the
natural depth change of the mud-water interface. This natural depth change was
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Figure 4.12: Seasonal variation of levels in Albert II dock. Mean 210 kHz level (plus-minus 1 standard
deviation) in blue for summer (top panel) and winter (bottom panel). 33 kHz in black. Values on X-axis
correspond to the distance along the leading lights line (indicated on figure 4.1).

cross-referenced with data on meteo-conditions (waves and fresh water inflow) to
study influencing factors. The effect of fresh water inflow on sediment import into
the harbor is negligible, and only a slight positive correlation was found between
the peak significant wave height and the natural depth change of the mud-water
interface.

Mud is typically transported into and within the harbor basin through advec-
tion of suspended particulate matter (SPM). Sediment import through advection
is apparent both in the ADCP backscatter dataset (described in section 4.4.3) as
in the ensembles based on the OBS dataset (see section 4.4.3). Three important
timescales were identified: intratidal, spring/neap and seasonal. On the intratidal
timescale, most of the sediment import occurs from two hours before high water
to high water. This is consistent with the analysis of the sediment exchange mech-
anisms between the harbor of Zeebrugge and the North Sea presented in chapter
3, and is also apparent in the model results, as shown in section 5.11.3.

The suspended sediment concentration in the North Sea and in the harbor close
to the entrance is three times higher during spring tide than during neap tide. A
similar spring-to-neap ratio is also found in the sediment influx per tide. Because
there is no apparent spring-neap modulation in dredging works, the level of the
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mud-water interface in Albert II dock typically rises 15 cm/day during spring tide
conditions and falls 5 to 10 cm/day during neap and average tide conditions.

The seasonality of SSC in the harbor is consistent with the seasonality of SSC
observed in the North Sea, with higher SSC during autumn-winter and lower SSC
during spring-summer. The mud volume within the harbor basin is larger in winter,
and reaches a minimum at the beginning of autumn. Moreover, the measured
densities within the deposited mud layers are lower in winter than in summer. The
most shallow point of the 210 kHz reflector is also more shallow in winter. Finally,
the profile of the interface of the mud layer in the sheltered Albert II dock is more
horizontal in winter than in summer, suggesting seasonal variations in the strength
of the mud layer. The question to what degree the thickness and density variation
of the fluid mud layer are related to differences in the suspended sediment input,
to differences in the settling rates of suspended flocs, or to the mud consolidation
rate remains open however.

Another siltation mechanism where large quantities of mud are entrained and
flow into the harbor as high concentration benthic suspensions (HCBS) has been
previously reported for the Port of Rotterdam during storms (Kirby, 1988; Winterw-
erp, 1999). However, in the data no evidence is found of this siltation mechanism
transporting mud from the North Sea into the harbor basin, which is consistent
with the conclusions of the HCBS measurement program that was carried out in the
harbor in 2006-2007 (IMDC et al., 2010). It is possible however that gravitational
flow of mud layers plays a role in redistributing sediment inside the harbor basin,
e.g. sediment flowing gravitationally from CDNB into Albert II dock.
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