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PREFACE

In September and October 2008 a field researchrgnogvas executed in ‘the Slufter’, the
Netherlands, to further develop our understandinge dynamic behavior of small coastal inlets.sThi
survey is launched by the Utrecht University anpad of a long-term project. Three interrelated
studies were carried out on morphodynamics, tae-wave driven sediment transport mechanisms
and fluxes in and around the Slufter tidal inlet.

This thesis provides a process-based approachngsirftcused on tidal-driven sediment transport
processes in the main channel of the Slufter.olreditudent Ralf Klein Breteler examined the wave-
driven cross- and longshore sediment transporerpestin the breaker zone and in the Slufter system
when completely inundated under storm conditiotifn 8an Puijvelde discussed the morphological
development of the Slufter through application aftbfield measurements and historical data,
constructed a hypsometric curve and discussediteeition between the Slufters morphology and
hydrology.

Many persons have contributed to the establishwiegthis thesis. First, my special thanks go to Ralf
and Stijn for their balanced, serene attitude aadmmgful contribution to discussions and physical
labor which brought this research to a good endxtN like to thank my supervisors: dr. Maartem va
der Vegt and prof. dr Piet Hoekstra. Additionallgm grateful for the support given by the techhic
staff of Utrecht University: Chris Roosendaal, Hé#rkies and Marcel van Maarseveen and Roy
Frings who assisted with dune-tracking methods.

Finally 1 would like to thank the ones that gave time most personal support: my girlfriend in
particular and my family.
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ABSTRACT

Small tidal inlets along sandy coasts are impoffatiuires which hold a great variety of flora and
fauna. National park ‘de Slufter’ at Texel, the hNexlands, is a small tidal inlet. Its natural dyfizsnm
and ecological values must be maintained in fuflis&ing into consideration that the Slufter is a
temporal phenomenon, the stability of the Sluféethierefore an important issue.

Incidentally, Rijkswaterstaat relocates the dowift drigration channel to the south, but generaflg t
natural dynamics in the Slufter have free play. feture management planning and maintenance
strategies we have to expand our knowledge onythardic behavior of small tidal inlets.
Contradictory to the relative long physical appeaeaof the Slufter (150 years), many tidal inlet
models predict a short-term closure of the Sluffis raises questions to coastal engineers. Tdreref
Utrecht University has launched a series of fieldsat the Slufer.

This research is a qualitative assessment ondhkehydrodynamics and sediment transport at the
Slufter. The goal is to identify the sediment ti@ars trends (import or export) during the neap+spri
cycle, based on measurements and sediment tramspdeils. Net import or export patterns are
important for the stability of the inlet. The maasearch question reads as follows:

What is the influence of tides on the import angbeixof sediment in the Slufters main channel.

In order to answer the research question fieldsmn@snents were carried out in and around the mouth
of the Slufter, in September and October 2008. Reshbow that during non-flooding conditions

(water levels < 1.1 m + N.A.P.), tides are the fameéntal transport mechanisms for water and
sediment at the Slufter. During spring tide, tiséraction with the Slufters’ basin hypsometry
enhances flow asymmetry which becomes ebb domiNedsured fluxes are quite equal for both
inflow and outflow stages, but calculated sedinfleies clearly indicate an export of sediment dgrin
spring tidal conditions. This difference can pasttributed to high measured suspended sediment
concentrations during flood.

During neap tide, both computed and measured sedtliinges indicate an import of sediment. The
flood dominance is a direct result of the extetits, which emerges in longer ebb durations ramgilti
in higher maximum landward directed flow velociti€aring spring tide, tidal interaction with the
Slufters’ basin hypsometry enhances flow asymmetrich becomes ebb dominant. Measured and
calculated fluxes clearly indicate an export ofisesht during spring tidal conditions. Tidal flow
asymmetry in the Slufter is mainly controlled bg tieometry of the inletsbasin, rather than a
differentiation between duration of the ebb anddlcurrents.

During storm conditions the total basin of the &ufs inundated, and both current field and
suspended sediment concentration (SSC) greatlrditim calm condition. During these flooding
conditions (HW > 1.1 m + N.A.P.), import of wateamly occurs over the beach flat, whereas export
mainly occurs through the relative narrow tidalma. During storms sediment fluxes in the main
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channel are significantly larger than during nayetling conditions. A residual circulation flow
pattern has been identified during the storm. Damitiransport in the Slufers main channel during a
storm event is seaward directed. The effect of wawvesediment transport is mainly restricted to the
offshore zone, where sediment entrainment is er@satige to wave dynamics.
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1 INTRODUCTION

1.1 Problem setting

Small tidal inlets along sandy coasts in the Nddmels are of great importance on ecology and cbasta
defense. The intertidal marshes in small tidadtsxhold a great diversity of flora and fauna often
enclosed by a scenic landscape. In addition, the dows surrounding small inlets are part of a
natural coastal defense preventing the hinterleoma flooding. Hence, conservation of these natural
dynamic systems is widely cherished.

A small tidal inlet is a dynamic system includirmplex interactions between a-biotic and biotic
components. Both components and interactions adedy feed-back mechanisms. The
fundamental driving processes are a-biotic (motibwater- and sediments) and dictated by offshore
dynamic processes and conditions (tidal motion,esaand currents). Transport of water and
sediments lead to a continuous adaption of morglyplegetation and fauna. Understanding of the
processes that drive water and sediments in sniatkion different spatial and temporal scales is
therefore important for both ecologists and coastgineers.

Small inlets in the Netherlands are generally knawrslufters. The name is derived from the nationa
park located on Texel, one of the West Frisianibaislands in the Netherlands. Slufters are bisttki

or salt dune valleys connected by the sea by anigén the foredunes, receiving seawater through
an inlet channel. At least once a year the totsinbaf slufters inundates. Due to limited previous
fieldwork on slufters, knowledge is scarce and fyadased on studies performed on larger scale tidal
inlets. Hence, dynamics of small natural openingsarticular are still poorly understood.

The stability of slufters is an important issueuf@rs are temporary phenomena; they are considered
as a stage along a coast which is transforming fmonaccretion coast to an erosion coast and vice
versa. Several stability relationships have beeivet for these large systems (Escoffier, 1940;uBru
and Gerritsen, 1960; Van de Kreeke, 1985). Theserits predict a closure of the inlet; nonetheless
the existence of the Slufter on Texel lasts forrowee-and-a-half century and seems to prove
otherwise. Artificially excavated inlets are higldybjected to accretion, while natural sluftersesop

to be able to exist in the presence of a signifitamgshore drift. This raises questions for sigtat

To develop further insight into the dynamics of 8rtidal inlets the University of Utrecht has
launched a series of field campaigns in the Slatefexel. The first series of fieldworks (2008ylea
explorative character. The ambition was to gdinsalarge data-set on morphodynamics,
hydrodynamics and sediment concentration charatitexiin and around the tidal main channel in
order to get a step closer to the understandirtheoElufters dynamic behavior. The main aim of this
research is to study the tide-induced processesit@aesponsible for the import and export of
sediments.
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1.2 Theoretical Background

1.2.1 Tidal Inlets and Slufters

Due to the complex interaction of wind, waves, sidad currents, tidal inlets are among the most
dynamic coastal features. Tidal inlets generalleha short, narrow channel connecting the ocean (or
sea) in between two barrier islands with a tidalibar lagoon. Others are completely surrounded by
land, acting as a branched system connected t&sake of inlets may differ from small inlets ireth
order of one kilometer to ten kilometers, whereaexaturface levels may rise and fall uniformly in
response to the forcing ocean tide, to larger sysie-10 km) where non-uniform tidal fluctuations
occur (van Rijn, 1994).

Better understanding of the hydrodynamics and natphamics of slufters can be achieved by
applying the knowledge of small tidal inlets. Howewvconsidering the Slufters unique morphological
behavior, a distinction should be made betweemvtbesystems. Therefore it is of considerable value
to study the essential (dis)similarities of smigét inlets, slufters and slufter-like areas, imtjgalar

in relation to hydraulic and sediment transporicpsses and conditions.

Slufter-like areas are systems that can be coresidis vegetated sandy flat areas in coastal zones
without satisfying to the explicit condition thaiet system receives seawater on a daily basis. The
basins elevation and tidal amplitude are two mairacteristics to make a distinction between dlsifte
and slufter-like areas (Arens et al., 2005).

The fundamental distinction between slufters addl finlets comprises the systems dimensions.
Storage volume of the Slufters basin is limitedamparison to the large systems. For average or
neap tide conditions, water flow remains restridtethe tidal creeks. According to Reneerkens (2003
tidal prism of the Slufter comprises 150008 Burieux (2005) estimates a volume of 4.88. In

spite of these differences, the tidal prism of Sthafter is clearly a factor 2500-6000 smaller tkize
Texel inlet (18 m®). One may expect that this difference in scale esults in a different dynamic
behavior of the hydrodynamics and sediment tratgpocesses. Due to the Slufters small basin
length in comparison to the tidal wave length gxpected that the modification of the tidal wave
inside Slufters is limited.

A second distinguishing factor is the basin hypsoynaf Slufters, defined as the vertical distrilouti

of basin surface area. Basin hypsometry contr@sdte of inundation in the intertidal zone (Boon &
Byrne, 1981). Areas with rather low marshes ar@@to inundation, while tidal inlets similar to the
Slufter at Texel consisting of a basin with relathigh shoals, may only be flooded during spridgdi
or due to storm surges. The hypsometry of a tidairbgoverns the tidal prism and has a profound
effect on the hydrodynamics in the channel. (paalgrl.2.2).
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1.2.2 Tidal asymmetry and ebb/flood dominance

The asymmetry of the tide is one of the controlfiactors for the residual sediment transport and
hence the morphological development in estuaridgidal basins (Wang et al., 2002). Tidal
asymmetry usually emerges in a differentiation leetavduration of the ebb and flood currents. Also
tidal asymmetry results in different ebb and flgaak velocities, whereby discrepancy between ebb
and flood currents increases with tidal asymmeFgr this thesis, asymmetry is defined in terms of
channel tidal velocity asymmetry, since channelltietlocityu(t) is considered to be a driving force
for sediment transport within the system.

The tides, at any location, are in fact a summatioa finite set of sinusoids which are controltsd

both moons and suns gravity. The dominant tidakttuent at the North Sea and the coast of Texel i
M,. The Slufter experiences a semi-diurnal tidalmegimplying that it receives and discharges water
twice a day. Semi-diurnal tides are expected wimeplitudes for M, S,, and N are large compared to
the amplitudes for Kand Q. Distortion of the tide occurs during its propaga from deep water into
shallow inlet systems. As a result, higher harme(fiovertides™) are produced, with,Ms the most
important constituent. A simple expression of digt vertical tide, relative to mean sea leveldalt
lagoon is expressed as follows.

h(t) = M, cosat + M, cosat — f) [1-1]

Wherew is the M tidal frequency, t is time (hours) and f is thiatige phase betweenjdnd M,.

The non-linear response to tidal forcing is expedssr amplitude growth of high frequency, M
overtides (M and M). In fact, the determinant tidal constituents lalfow inlets are Mand its first
harmonic, M. The difference between rise and fall durati®d) (Tise — Trai), iS zero when Mand M,
are in phase (9 and (180), while reaching maximum and minimum values wheis respectively

90° and 270 (fig 1-1)(Boon and Byrne, 1980).
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Figure 1-1 Combination of principal lunar semidiurnal constituent, M,, with its first harmonic, M,. A) Rise and fall durations are
equal for given a phase displacement of 0% Curve d istortion is positive symmetric with respect to maxima and minima. B) Rise
duration exceeds fall duration given a phase displacement of 90° Curve distortion is positive antisym metric with respect to
maxima and minima (Boon and Byrne, 1980).
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Considering the Slufters small dimension it is eted that non-linear distortion, due to bottom
friction, inside the Slufter is practically neglidg. The basin length is much smaller than thd tida
wave length. Therefore the basin responds equatlysanultaneously and the water surface in the
basin will fluctuate as a horizontal plane (vamRi993). Tidal asymmetry in the Slufter can be the
result of one- or a combination of the followingahanisms:

External asymmetry

The Slufter is connected tbe North Sea, which can be considered as a shhbgim. In relatively
shallow water the top of a wave can propagaterféisém the through, since the propagation speed of
waves is related to the water depth. Thereforetiiephase has a longer duration than the floodephas
The tidal wave is already strongly deformed whemnters the Slufter (Dronkers, 1986).

Truncation

When depths in relatively small inlets are lessittiee mean tide amplitude, truncation of the lower
part of the ocean tide can significantly shortemriking tide and lengthen the falling tide duratio
(Lincoln and FitzGerald, 1988). Since wave celeaityl depth are positively related, the top of the
wave travels faster than the through, causing deftion. A similar effect of truncation is reached i
the presence of a natural morphological threshlden offshore waterlevel exceeds the height of the
threshold, the basin will be filled rapidly resntiiin short and strong flood currents. On the other
hand the return flow is extended in time and charazed by decreased current velocities.

Basin hypsometry

Tidal distortion can arise due to the interactiagthwyeometry of the basin. According to Boon and
Byrne (1981), and FitzGerald and Nummedal (198gjnasetry of an ebb-dominant form may be
produced, when the inlet surface area increaséstiddl elevation. In inlet systems with open bays
(no tidal flats) or high elevated marshes, a fldochinant tidal asymmetry may be more likely to
occur (Mota Oliveria 1970; Seelig and Sorenson 187A8 Speer and Aubrey 1985).

A physical argument for this effect can be madesm®@ring the inlet continuity equation (Keulegan,
1967):

Tz i) [1-1]
A dt

whereu(t) is the channel velocityh(t) denotes the bay tidel, is the basin wet surface aAd is the

cross-sectional area. Assume the same volume ef watering and leaving the inlet and uniform

levels in the basin. i, increases with the rising tide at higher speed.athen the rate of risel/d)

decreases, while the rate of fall increases owa.tirhis means there is a longer rise time andrfast

fall time, indicating ebb velocity peak larger thfood velocity peak and a resulting ebb dominance.
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In a series of three papers, Speer, Aubrey andiefes (1985, 1985 and 1988) identified the two
parametersa/h and Wv, as being key indicators of ebb/flood dominanca tidal inlet system, where
a/his the ratio between amplitude of the tidal range thhe mean depthy/v. represents theatio of
volume of intertidal storage against the volumelannels. Conclusions were done based on real
observations, analytical theory and numerical madeParametea/his found to be most responsible
for a asymmetric tides in flood dominant inlets \@hhe parameter/v, is mostly responsible for
asymmetric tides in ebb dominant systems. Undehypethesis that morphological equilibrium
equates to a uniform tide, Dronkers (1986) dermecsymmetry ratio based on certain tidal basin
form parameters:

y(hjs_
h-a) S, [1-2]

Wherey is the Dronkers parametéris the mean hydraulic depth in the chanreeldenotes the tidal
amplitude,S,, is the total basins surface water at low water%,, is the total basins surface water
at high waterA value ofy equal to one suggests a uniform tide, with vagreater or smaller than

one indicating respectively flood- or ebb-domingrcis the averaged depth of the channels or mean
hydraulic depth and is given approximatelytsa+V,/Sy; a, the tidal amplitudey,,, is the volume

of water in the tidal basin during low water.

The above mentioned relationships suggest thatilatterns in inlets are strongly controlled by the
basin morphology. Tidal inlets which channels aideywdeep and whose intertidal flats are low,
generally below mean sea level, experience flade dominance. Generally net accumulation of
suspended sediment takes place so that deposttoomsoin the tidal basin (Fortunato and Oliveira,
2003). Because most of this deposition will takacplon the intertidal flats of the channel thede wi
rise relatively rapidly in the tidal frame so thiaé channel cross section changes from its initidé
deep rectangular configuration to a central ‘stbéannel within high bounding mudflats and marshes
(Fortunato and Oliveira, 2003). Due to the largsaasf high elevated shoals and marshes, the clgannel
mean depth will decrease as the flood enters the iFherefore the crest of the flood tide propagat
less rapidly than the trough of the ebb and andslsbinance is originated. Consequently, these inlets
becomes net exporters of sediment. This type ahasstry is particularly related to the finer fractio

of sediment (suspended load).

As stated earlier, the Slufters geometry is amtystishing factor as the vast majority of the tidasins
surface is situated above mean water level. ddmsbe clearly seen in figure 1-2 which represants
3D-topograpic representation of a large part ofShdters basin. The picture is obtained by merging
AHN images with field data (van Puijvelde, 2009u@parts are deepest and basically continuously
filled with water. Green parts represent the satshes that are situated above MWL and inundated
during spring tide and/or surges. Yellow partsary flooded during severe storms and/or spring
tide. Brown dots denote the positions of measurémstruments. Based upon this 3D-image of the
Slufters basin an hypsometric curve is obtainedesgmting total wet surface in the study area with
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varying water level. Also the kins storage capacity with varying water level tsiatd whict
basically reflects the tidal prism of the Slu (figure 1-2).

As can be seen in figure 1BRand C, tle Slufter has a very large surface area elevatiszebea 1.(
and 1.5 m +NAP. This reKs in a rapid increase of the wet surface areavaatdr volume durini
storm surges.

waterlevel [m + NAP]

wet surface [m2] x 10°

Basins storage volume Slufter - 2008

I I

,,,,,,,,,,,,,,,,,,, B

waterlevel [m + NAP]

| |

| |

| |

I I

L L
3 4 5 6
water volume [m3] x 10°

Figure 1-2 A) Modified 3D-topographic representation of the Slufter basin.

Field data of survey leveling is merged to the Algemeen Hoogtebestand Nederland (AHN)
Brown dots indicate locations of measurement instruments. B): Hypsometric

curve of the Slufter with varying water level. C): Basins storage volume with

varying waterlevel (van Puijvelde, 2009).

1.2.3 Tidal asymmetry and sediment transport

Marine sediments ateansportecy either currents, then by tides, wind or waveor by waves, or
most often a combination of both mechanisms (Sguis®97). The movement of sands basic
occurs by the basiag@cesses of entrainment, transportation and demosiDue to the current and/
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waves, friction is exerted enhancing turbulentudifbn stirring up sediment particles into suspensio
(Soulsby, 1997). This is known as entrainment. ififi&tion of motion of sediments occurs when
bottom shear stress is larger than a critical value

Transport of sediments can occur in two ways. Finstesponse to friction, grains may move through
hopping and rolling remaining relatively close e ted. This mode is known bad load transporty,
and is generally the dominant mode of transporskow flows (van Rijn, 1993). Bed load transport
occurs if the friction velocity is larger than dstical value but smaller than the sediment guedtli
velocity Wy (Uit < U< W) (de Swart and Zimmerman, 2009). Seconsligpended load transport
comprises the generally finer particles which areagned by relative strong currents and/or waves.
Suspended load transport occurs if the frictiome®y is higher than the settling velocity: guws) (de
Swart and Zimmerman, 2009).

Bed load transport respond instantaneously to ersevflow direction (van Maren et al., 2004),
whereas a settling time delay causes a lag befisgesded material reaches equilibrium with local
current conditions. Bed load transport and dejposof coarse sediment is directly related to the
maximum current velocities during ebb and flood #msl transport is found to be proportional to the
local velocity to the third power (van Maren et 2004). Also this mode of transport occurs
immediately above the bed and is supported bygreeaular collisions rather than fluid turbulence
(Wilson, 1966 in Camenen & Larson, 2003). The dijowosrate highly depends on the settling
velocity of particles which is determined by thélisgent characteristics. This implies that various
kinds of sediments behave differently in termsrafgport properties.

The inequality of the period of flood and ebb ameg difference between the maximum current
velocities occurring during flood and ebb are axied/ important for sediment transport of both fine
and coarse material.

Maximum flow asymmetry

Tidal asymmetry generally emerges in a differemcioiod- and ebb phase duration. An unequal
duration of flood and ebb phase causes a differbatgeen maximum flow velocities during the rise
and the fall of the tide. In a closed embaymentyflelocities during the shortest time span are
generally the highest. Flood-dominance emerges whieduration of the ebb phase exceeds the
duration of the flood phase leading to strongesdlourrents. Maximum asymmetry mainly applies to
the coarser material (Nichols and Boon, 1991).

Time flow asymmetry

Variation in flow velocity is proven to be the cooiting factor for the suspended load transport.
Transport and deposition of fine sediments depeaidlgnon the velocity variationgdu/ dt) around
low and high water slack (Dronkers, 198®ronkers suggest that flood or ebb dominance as a
result of maximum flow asymmetry does not necessarily lead to deposition or erosion of the

intertidal flats. Instead, flow asymmetry and in particular the length of high water slack duration
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as compared to the low water slack, appear to control the net sediment budget of the intertidal

areas.

Settling lag and scour lag

Lag effects can emerge in a residual transport aittrout the effect of tidal asymmetry. Settling la

is referred to as the finite time taken by a fimahged sediment particle to respond to changingeatr
direction and velocity (Pritchard, 2005). As a ttesfia settling lag, a particle that settles oa th

falling tide reaches the bed some distance fronptiet at which settling commenced (Hoitink et al.,
2003). The spatial and temporal asymmetries ireats can lead to a net sediment flux averaged over
a tidal cycle. Settling lag may be enhanced by slamy when the threshold shear stress for erosion
delays the re-entrainment of sediment into suspangPritchard, 2005 and Swarts & Zimmerman,
2009). A combination of settling lag and scourtdagults in a landward transport of suspended
sediment (Van Straaten & Kuenen, 1957).

Advection

Advection is another mechanism which can caussidual transport of suspended material without
the necessity of tidal asymmetry. The term adveaatiders to the sediment transport from one region
to another. Advective residual suspended sedimansport is the sediment mass which is transported
by means of ebb and flood currents through a @esson, in this case the mouth of the Slufter.
Advection can produce a number of concentratiokgdaring the flood tide linked to the high
concentration of sediments in the high-energettaker zone. Due to the effect of advection, import
of fine sediment is favored.

1.2.4 Stability of tidal inlets

Tidal inlets are subject to changes in hydraulius sediment supply. Feed-back mechanisms between
hydraulics and sediment transport with local motpgy lead to a continuous adaption of all
parameters within the system in order to maintaireach an equilibrium state. Hence, the conckpt o
stability demonstrates the systems adaptationstortions. Basically, inlets face a balance betwee
tidal driven residual sediment transport in the thand wave-driven longshore drifts (Bruun, 1978).
Human interference is an additional parameter whialy strongly affect the stability of inlets.

Unstable inlets tend to fill up and eventually gisear, whereas stable inlets tend to continueigt.ex

Size of the inlet and its sustainable charactecangrolled by the relative strength of opposite
mechanisms; currents in the throat keep the ildeh@nd longshore drift tend to close the inlet.
Escoffier (1940) introduced the closure curve (fegli-3), which approaches the stability of tiddis
based on a concept of equilibrium. Escoffier ()9#@poses that when flow velocities in the inlet
drop below equilibrium velocity deposition occufBhe two intersections of the closure curve with
equilibrium velocity represent an unstablejAand stable root (8). As the entrance cross-sectional
area is enlarged beyond the valug, £he ebb tidal transport decreases. As a rebelt;rioss-sectional
area will decrease and return to the equilibriutoe@.,. A reduction in cross sectional area from
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value A, will take the meafflow velocities to a higher value than the annual nflux; the inlet will
scour andeturn to the equilibrium cro-sectional area. Assume an unstable inlet givenost-
sectional value 4, increase of ; eventually leads to & whereas decrease o, leads to further
increase of bottom friction; the system will trdisappear.

0
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~ equilibrium velocity

TIDAL VELOCITY

Y
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I
I
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— " CLOSURE CURVES
S —  SEDIMENT EU}:WE (=Eq.6)
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: CROSS- SECTIONAL AREA A¢
Ac1 ACZ

Figure 1-3 Closure curve of tidal inlets, showing a stable- and unstable cross-sectional area determined by an
equilibrium velocity which is equal to the annual mean flux. The concept is developed by Escoffier (1940) in:
van de Kreeke (1984).
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1.2.5 Summary theoretical background

Slufters in general are small tidal inlets with Gfie properties in comparison to other inlets. The
most distinctive factor is its basin hypsometry ethis expressed by high elevated shoals. Tidalsinle
experience a feedback relationship between theiphwdogy and the current velocities generated
inside them. Tidal asymmetry in a tidal inlet isshcommonly a result of one or a combination ef th
following factors:

« Offshore tide
e Bottom friction
e Basin hypsometry

Flow asymmetry consequently affects net sedimansport patterns in a tidal inlet which can either
be expressed in a ebb- or flood dominance. Itusdahat ebb/flood dominance in inlets are strongly
controlled by the basin morphology. Tidal inletshahigh elevated shoals tend to be ebb dominant,
while inlets with deep, wide channels and whicleiititial flats are low a flood dominant tidal
asymmetry may be more likely to occur. This canmgaén a maximum flow asymmetry and/or time
flow asymmetry which determine the dominant sedinte@msport direction. Other mechanisms as
lag-effects and advection also affect residual endpd sediment transport. Sediment can be either
transported as bed-load, which is the dominant nimdslow flows(<1 m/s), or suspended load which
is expected to be dominant mode of transport wieem felocities are high (>1 m/s). A net import or
export of sediment is important for the stabilifysmall tidal inlets.

1.3 Research Area

The Slufter is a small tidal inlet located on thertkh Sea side of the barrier island, Texel (figi#).

Its total basin area comprises approximately 40@ndatly consisting of salt marshes and with
multiple creeks. The main meandering channel teioag dynamic character i.e. the mouth can
change position within a single tidal cycle. Thé aenual northward movement is approximately 100
m (Durieux, 2004). To prevent dune erosion, Rijk®rstaat closely monitors the behavior of the
main channel and intervenes when the main chaeaehes the northern dune front by relocating the
channel to the south. In recent years this occasghlly each 5 years. Main cause of the rapid
channel migration is the substantial longshoré dsfa result of the wave climate and coastal
orientation. Furthermore, regular sand nourishmehts place since 1990 up-drift of the Slufter
along the Texel coast (Durieux, 2004), deliveringadditional sand supply.
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Figure 1-4 Study area: the Slufter. Inset left-bottom: the Netherlands, left-top: Texel, Frisian
barrier island (Google Earth image, 2008).

Due to its small tidal prism ardynamical morphological character near mouth the Slufter can best
be characterized as a small w-dominated inlet. Subject to a significant longshdnié and relatively
small stream powen the main channel the Slufter is prone to accatiuid. A distinguishing facto

of the Slufter in comparisaim most other inlets is the basin geometry or hyptoy such that und:
normal tides, most parts of the Slufter are elevateove mean high wer (MWL) (Reneerker,

2003). Only tidal creeks are parflooded whereakarge parts of the basin are only inundated u
spring tide and/or storm surggBasisrapport Zandi¢Kust (1995) in Durieux, 2005

As the Slufter is situated along the Nortla basin it experiences a seditnal tidal regime wher
average tidal range approximately 1.65 nAstronomical tidal forcing can lift wat levels up to 0.9
m + NAP, but water levels can reach much highenesdue to the additional effect of w-stress
and pressure systems that comes with meteorolagggaiessions. Annual return frequencies dect
with increasing fierceness, but high floods wheegei levels reach 1.95 m +NAP oci 5 times a
year on average (table 1-1).

Winds generally blow fronthe west to sou-west generating waves with a mean significant v
height of 1.3 m. The most severe storms in the &&thd: strike the coast from norwest; moderate
storms commonly blow from the (sou-west. Taking the coastal orientation of Teinto
consideration, nortlvestern storm will approacthe Slufteralmost perpendicular. Negative surc
(setdown) are experienced during offshore winds rasglin a lowering of the mean water le\
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Return frequency Water level Slufter

(nlyear) (m + NAP)
Average flood 296 80

60 120
Average high flood 18 150

6 180
High floods 5 195

1 240
Low storm surge 0.5 255

0.2 280
Average storm surge | 0.1 300

0.02 340
High storm surge 0.01 355

0.002 390

Table 1-1 Return frequency table of flooding events regard to water levels in the Slufter (RIKZ, 1998 ; in:
Durieux , 2004)

1.3.1 Historical background

A continuous struggle between nature and man,quéatiy in the northern part of Texel, unfoldec
numeros projects to increase land surface in the peré2¢-1925. In this period Texel was subjec
to significant geomorphologicchange. Dikes were built to reduce the thredthe sea ar in 1830

the Zanddijk was completed, connecting
Eijerlandsche Duien with the rest of Texel at tl
Slufterbollen. In 1855 a second dike, De Lange C
was finished running parallel and westerly to
Zanddijk (fig 1-5) De Lange Dam did nsurvive as
in 1858 a severe storm breached the dike at
locations creting three Slufters (De Muy, De Kleit
Slufter and De Grote Slufter). Immediate effortge
made to reestablish the coastline leading to
closure of theviuy in 1860 and De Grote Slufte
However, people were less successful in closini
Kleine Slufte. The latter constantly created
opening with the sea ama 1925 a final attempt we
made which agairesulted in a failure. (Durieu
2004).

From this moment the Zanddijk was reinforced,
the natural opening in the seamained

undidurbed and De Kleine Sluftbecame known as
“De Slufter’. Under the strict condition thithe
Slufters presence doast induce coastal erosi, it

Zandd \
o T G oyt

v
1

now exists for more than 150 yea t of the Slufter-area.
. ns are included.
The last fewdecades, large morphological changes »rg, 1961; in Durieux,

limited to the Slufters mouth under the direct influe
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of waves and currents. Also, Rijkswaterstaatiliaaty relocates the channel thereby effecting the
morphology of the Slufters mouth.

1.4 Previous Research on Slufters

Former studies in de Slufter and slufter-like areare performed in the ‘Verdronken Zwarte Polder

Slufter’

at Zeeuws-Vlaanderen, the Netherlandgwin’ between the coast of the Netherlands and

Belgium, and in the present research area: ‘Da&ludn Texel.

The Slufter

‘t Zwin

In 2002 Boersema and Reneerkens from Utrecht Usityezarried out a fieldwork. Particular
emphasis laid on the evolution and developmertt@&iufters main channel. Reneerkens
found hydrodynamic flood dominance when HW remé&ie®w 0.9 m + N.A.P. whereas ebb
dominance was found above this level.

Durieux (2004) from Delft University performed astiestudy on the stability of the Slufters
main channel with 1-D modeling approach using Sobekieux concludes that the Slufters
channel is very unstable. The Slufter channel iegaly ebb-dominant leading to a net
accumulation of sediment in proximity of the mouthich is unfavourable for the stability of
the Slufter. However, due to frequent storms tlstesy remains open. During storms high
flow velocities in the channel will develop and @dated sediment transport fluxes will also
be significant. Durieux also states that due tocthr@inuously channel migration, the length
will increase in absence of human interferenceefgthening of the channel will increase ebb
dominance and reduce stability.

Doomen and Beijk from Utrecht University did fieldvk in 't Zwin in 2001 and studied
mutual interaction between channel morphology amtddynamics / sediment transport
patterns in relation to the stability of ‘t ZwineBRults showed a net tidally averaged sediment
import in ‘t Zwin. This conclusion is supported the depositional trend of the system.

De Verdronken Zwarte Polder

Van Helvert, Zantinge and Zuiderwijck from Utredimiversity did fieldwork in 2006
studying tidal asymmetry, influences of waves/dida sediment transport and waves —
induced sediment transport patterns in the brezadee. This fieldwork was carried out in
good detail using modern equipment. Conclusiongwhat De Verdonken Zwarte Polder did
not show flood dominance caused by the tidal asytmyme
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1.5 Research Objectives

The central objective of the research project 200&e Slufter, Texel is to deliver a contribution
the scientific understanding on the role of tidald wave-induced processes on the sediment transpor
patterns and morphologic development of the Slufter

The research on the Slufter 2008 is subdividedtimtee interrelated subjects. Ralf Klein Breteler
(2009) carried out a process based approach of-diwen influence on cross- and longshore
sediment transport patterns in the breaker zonératie Slufter system when completely inundated
under storm conditions. Stijn van Puijvelde studhegltidal deformation, constructed a hypsometric
curve and the studied morphologic development @bifstem (historically and during the fieldwork
period). Van Puijvelde also studied the relatiotween hydrodynamics and morphology of the
Slufter.

The main objective of this thesis is to analyzeitiflelence of tidal driven processes on sediment
import and export patterns in the Slufters maimcteghunder different tidal- and weather conditions.
A distinction is made between neap- and springd tidaditions under calm, non-flooding conditions.
As for the flooding conditions, analyses are basedesults measured at two locations (main channel
and beach flat, table1-2) No further subdivisiomesde between neap and spring tidal conditions due
to the overruling processes that occur during flogadonditions.

Non-flooding conditions Flooding conditions
Main channel Main channel Beach flat
Neap tide Spring tide
flood ebb flood ebb flood ebb flood ebb

Table 1-2 General research structure
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1.6 Research Questions and Outline

Main resear ch question

* What is the influence of tides on the import andagkof sediment in the Slufters main
channel?

Sub questions

- Does the tidal current field contribute to a nielally-averaged, transport of sediment in or
out of the tidal inlet.

- What is the (quantitative) role of storm eventstfer import/export of sediment in the main
tidal channel? What is the contribution of tidaymsnetries and incoming waves?

- What is the dominant mode of sand transport: bad-tw suspended load and how does this
vary with offshore hydrodynamic conditions?

Thesisoutline

* Chapter Zresents the methodology and equipment applieth&realization of this research.
A description is given of the data set that isexiitd by the instruments used in the fieldwork.

» Chapter 3escribes the hydrodynamic conditions at the Slurftet. It starts with an analysis
of tide induced hydrodynamics for low-energetion floodingconditions in the main channel.
A distinction is made between neap- and sprind tidaditions. Next, the hydrodynamics
during high-energetidlooding conditions are described. Here a distinction islenaetween
the Slufters main channel and the inundated adjdmach flat.

* In chapter 4 sediment transport in the Sluftersmshannel and beach flat are analyzes for
the same conditions as in chapter 3. This is dased on sediment concentration
measurements, dune migration measurements andesgdiansport models.

» Chapter 5 discusses the results and presents smrdwf the research.
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2 METHODS AND EQUIPMENT

This chapter presents the methodology and equipapiied for the realization of this research. driel
data is obtained by applying instruments that megtioughtful approaches in the field. Results were
elaborated carefully, demanding employment of djgeteichniques. Data acquisition and technical
computing is done with MATLAB 2007b allowing onedope with large amount of data. A part of
data acquisition is done with Excel 2007

2.1 Instrumentation

During the field work hydraulic processes and seditdynamics in the Slufters main channel were
continuously monitored through an fixed measurmagie anchored in the centre of the channel. The
measuring frame, or mainframe, has recorded dajeeat detail. The mainframe was equipped with 2
pressure sensors, 3 EMF-instruments that measuwveséllocities, 8 OBS-sensors measuring sediment
concentration and 1 ripple profiler which measuipdle shape and migration (Picture 2-1). The tagte
not used for analysis in this research. The cordiipn of the mainframe is composed of two separate
measuring modules: the “Truc Vert” measuring moda)ewhich is an advanced instrumentation
package, equipped with modern hardware and softavatevas recently applied for a study along the
south-west coast of France by dr. Gerben Ruedsirgddition, due to the numerous instruments art o
the data were controlled and sent to miniframeb).6 (

Picture 2-1 A) Main instrument frame, positioned in the centre of the Slufters main channel. The three installed
cylinders are respectively ‘Truc Vert- and Tripod miniframe 16 measuring modules and one battery storage
cylinder. Photograph was taken at September 23, 2008 11:18 during very low water conditions. B) Main
deployment of instruments in the main channel during the installation phase. The dish-shaped devices are EMF-
sensors, while long dark instruments represens the OBS-devices. Photograph was taken at September 8, 2008
14:36.

To obtain a good impression of vertical flow aneh@entration distribution in the main channel, three
EMF-sensors were installed logarithmically at respely 15, 25 and 65 cm from bottom level.
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Sedimemh concentrations were measured wilsmaller vertical resolution (tabR-2). The pressure
sensor was placed 28.5 cm from bottom and congteatiained submerge(table -2).

Pressure EMF OBS
Sensor

105 cm

65 cm 65 cm

45 cm

28.5 cm 27 cm

25 cm 24 cm

21 cm

18 cm

15 cm 15 cm

Table 2-2 Schematic overview of the instrument relative and absolute position from the bottom.

Two other miniframesvere used at other locations in the fields. Thesgframes arevery mobile and
were part of the fieldwork positioned in the breakene, upstream of the main channel and for
week on the beach flat (fig2and table -2). The miniframes were equipped with a single EME
three OBS-sensors.

Beach flat

Beachflat

l

Main channel

Figure 2-1 3-D representation of study area with designated measurement locations. To the top-right: picture of
miniframe 14 and 15 at the beach flat at September 30, 2008 15:55. Blue color indicates low elevated areas, red
color indicates high elevated areas.
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Breaker Zone | Upstream Beach flat

09/09- 20/09

21/09 — 30/09

01/10 - 07/10

07-10-17/10

Table 2-2 Periods of measurements miniframe 14 and 15 with location

211 Measuring protocol

Between September 11 and October 16, 2008 measuiemere done in the Slufter-channel. Data
loses have occurred between 04/10 — 10/10 wheinstrements at the main instrument frame were
buried in sand as a result of channel migrationagraph 2-6).

The “Truc Vert” module measured with a frequency ddz, with no blanks interval in 30 minutes
burst length. The miniframes initially measure@ &tz frequency in 17 out of 30 minutes burst-
modes. On 24/09 the software program was replageause the original program did not function
well and measured continuously at 2 Hz speed. Togram was replaced by a 4 Hz program in order
to better measure wave orbital motions.

Data was transferred from the data logger on tadis towards a laptop. During this data transfer no
measurements could be carried outData storageitapéall miniframes is limited (6 MB) and
requires downloading of data every 6 days, whefeas Vert is able to store data continuously for
over a month. Due to slow data transfer rate (YidBr) of the miniframe and vulnerability of
computers in the field favorable weather and tatadditions were desired. During rough weather
conditions with high water levels no data couldramsferred between data logger and computer. For
exact fieldwork program and measuring periods errafis made to Appendix D.

2.1.2 Electromagnetic Flow Meter
Electromagnetic Flow Meters (EMF) are used to measistantaneous flow velocities. The basis of the

instrument comprises the motion of water partislagh behave as moving electrical conductors.
“When currents move through the EMF generated niagineld, an electromotive force is induced
which is directly proportional to the speed of terent and at right angles to both the magnedid fi
and the direction of the current (Faraday’s lavelettromagnetic induction)” (Grasmeijer, 2005).
Measured velocity components X and Y at the mainéraepresent flow in longitudinal and lateral
direction. Positive values in X-direction indicditeod directed currents. As for the Y-vector, posit
values point to northern directed flows in thisecas

2.1.3 Pressure sensors

The pressure (Keller) sensor measures pressureexer it by the overlying water and air. In theirse
of the fieldwork air pressure is continuously mored and its effect is afterwards subtracted frioen t
pressure signal leaving the water pressure whishbeaxpressed as water depth using water density.
From water pressure water level fluctuations caoltained i.e. tidal fluctuation and/or waves.
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2.1.4 OBS

The Optical Backsctdr Sensor (OBS) was used to measure suspendadesgaioncentratio(SSC)
in the water column. OBS emits an ir-red signal which is reflected by sediment partielagre the
amount of backscatter is a measure for the queof sediment in the waterLimitation of this
instrument is that it can only be calibrafor one particular grain size distribut. Problems occur
when grain size distribution conteeither clay and sand particles or all kindethel items e.g. water
plants and air bubblethat can cause reflection. This diminishes thebdity of the measureme
results in the Slufter.

2.1.5 DGPS

The Slufters geomorphology was measured by DGPe(Bntial Global Positioning System). DGI
is an enhanced versiaf GPS techniquand accurately determines of X-, aRd Zz- coordinates.
GPS-bcation is based on its relative position to asti¢lree satellitt andadditional use of a fixe
base station on the grouridture -2) thatcorrects for the satellite signal which stronglgnitiishes
the chance of errors and particularly improvesvérgical performance in contrast to regular G
Leveling is done with a mobile rover that was coatiusly connected with the fixed bédocation
throughradio signals. Accuracy of millimeters in homtal and centimeters in verticdirection is
achieved.

Picture 2-2 Base station of DGPS with the radio station at the left side and receiver at the right side.

2.2 Calibration

To convert digital signal®tphysical values data calibration is applied thez the instrument:
Calibration values for both the pressure sensat€dtF-instruments can be directly obtained from
instrumentation manual whereas C-calibration requires laboratory treatment.
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To convert voltage signals into vectdsandU, the following calibration formulas are used:

U, = EMF, - Off, (3.1]
a,reg,
EMF, - Off
gE——— [3-2]
a,reg,

whereU, denotes the velocity component in longitudinaédiion (in m/s) where positive values
indicate flood directed currentd, is the lateral velocity (in m/s)EMF, andEMF, are measured
signals of the EMF sensors (m\Qff, andOff, are offset values of the EM&, anda, are the transfer
factors of the EMF. Finallyag, andreg, represent the regression coefficients.

Conversion of the measured signal of the Kellesguee sensor to water pressure signal (mbar) is
done with formula 3-3:

reg,,
p, =—— presst+ Cpr ~ Par [3-3]
a,

wherep, is the water pressure above the sensor in mifljlbeg, stands for the regression coefficient,
ayr is the transfer factopresss the measured signal of the Keller sensor inivnilis, C,, is the

intercept angby, denotes the barometric pressure. This instrumseatcurate to ca. 0.25% of the
measured value and has a linear calibration curtrearcorrelation coefficient > 0.99. The instrurhen
offset is determined in the laboratory prior to ldgment and taken into account by the calibration
curve (Grasmeijer, 2005). Subsequently water pressan be converted to actual water depth with the
following formula:

hw = i pw + hsens [3'4]
Puw

whereh,, is water depth (m)j is gravitational acceleration (9.81 R)/sa, is water pressure (mbar)
andhsends depth of Keller pressure sensor from bottom.

Calibration values for OBS-instruments requireclalory procedures and are obtained individually
for each instrument. Sediment samples were cotleattevery measuring site. Calibration was done in
a circulation tank using a sand sample from ongquéeir measuring site. The sensor output was
correlated with the sediment concentration throaglecond order polynomial (equation 3-5) over the
range from 0 to 30 kg th(R? > 0.99). Measured signal (mV) is converted to SBCér kg/nT)

through:

C =a + [OBS+ )OBS [3-5]
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whereC is the SSC in g/L or kg/ina is the interceptQBSis the measured signal in m@andyare
respectively regression coefficient 1 and 2.

2.3 Data Validation

Following calibration, data is examined on validity this procedure data series are inspected on
inconsistencies. Errors in data series can oaggita numerous reasons: the presence of bubbkes, s
weed etc in the water column , silting-up of ith&truments or when instruments stand clear of wate
For reliable results it is stated that at leastnbo¢ water must be on top of the instruments. Tioeee
results will be only considered when this condiismet. To detect and delete errors, MATLAB—
programming is used.

Velocity data and concentration data in partichiave shown significant spikes, varying from
condition to condition. Data series is subjectetio criteria which both have to hold to quality f
de-spiking. Detected and deleted values are sutestiby a new point obtained as averaged from the
previous two and next two values i®yerei~(N-2 +n-1 +n+1 +n+2)/4. Criteria read as follows:

1. A derivative criterium dV/V: for large deviations successive date series.
2. An absolute criterium: to avoid data loss at nesap values.

The weight of both criteria is determined dependaenthe signals reliability from visual inspection
and interpretation. Particular the OBS-instrumdsatge shown results that had to be critically
examined. Cases can be such that immediate exclobmata from analysis is inevitable.

Generally dV/V for OBS-data was set at 0.01 foultssat the beach flat. Results measured in the
main frame generally showed more inconsistenciesr&ldy dV/V here was set at stricter criteria:
0.01-0.005.

As stated in paragraph 2.1 flow velocities havenbeeasured at 15, 25 and 65 cm above bed level. It
is expected that the flow velocities increase wigpth (EMF65 > EMF25 > EMF15) in such a way
that the vertical flow profile is logarithmicallyhaped (fig 2-3A). However on many occasions the
topmost EMF (65 cm + bedlevel) measured smalleolatesflow velocities in comparison to the other
instruments (EMF65 < EMF 25 >EMF15) as can been geégure 2-2.
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Figure 2-2 Flow distribution for different EMF-sensors at respectively 15, 25 and 65 cm above bed level

The fact that EMF65 has often recorded lower vatuwespared to EMF15 and EMF25 can be
attributed to several reasons:

« A minimum water height of ca. 20 cm above eachefihstrument is required to obtain
useful data. Since the relative position of EMF$5.45 m — N.A.P., the requirements do not
satisfy when water levels drop below 0.25 m — N.A.P

» The presence of a second friction layer at the matdace may lead to a decline of the flow
velocities in the near water surface region. Thaitamhal friction layer can be caused by
winds and wave dynamics, which are most intensiftedn waves propagate in opposite
direction to the flow.

* The vertical flow distribution at low current spsedliring tidal slack periods, easily deviates
from a logarithmic shape.

* Malfunctioning of the EMF65 sensor.

For this research, calculations of the mean flol@aity, through depth-integrated velocity profilas
merely based on flow data which are reliable andtrties theoretical order of flow magnitudes
(EMF65 > EMF25 > EMF15). When these requirementaataneet, EMF65 data is excluded for
analysis.

2.4 Water and Sediment transport calculations

To be able to cope with the large amount of dedta deries are 5 minutes averaged. A sediment flux
is computed by time-averaging the products of tistaintaneous suspended sediment concentration,

d % z,t;) and the instantaneous flow velocity( X, z,t,)
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N

F(x,z,ti)zﬁz o(X,Z,t )M % Z,t) [3-6]

i=1

whereF(x,0) is the sediment flux, expressed as the rate pieatea at positionf and heightZ) in
the vertical. Instantaneous velocity profiles apeaed using flow velocities on three levels allogy
one to establish a profile with logarithmic shalpattcan be expressed with the formula:

Us ing

U@ =" i) [3-7]

WhereU(z) is depth-dependent flow velocityd. is friction velocity, k indicates the von Karman’s

constant (=0.40) and, denotes the bed roughness height. Plotting aitbgacally convertedJ gives
simple output andb following the equation 3-8. Velocity profiles arenstructed by linear
regression on(z) andz:

y=ax+b [3-8]

U. U.
Where a represents — and bis —1In(z,), a and b are subsequently plotted in a logarithmic
K K

profile, assuming increasing flow velocities witkpth. Due to relative high values in the near-botto
zone, an additional fourth constant is set at dé@b m + z with velocity 0.01 m/s, to optimize the
logarithmic fit.
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Figure 2-3 A) Logarithmic vertical velocity profile B) SSC profile C) Vertical suspended sediment
transport profile
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Sediment concentration profiles generally followesgponential shape, where concentrations are
highest in the near-bottom zone and strongly dishinvith depth. The sediment concentration profile
shape is fitted to:.

W,
=200 ) [3-9]

S

wherec, is the concentration at heighébove the beda, is a reference concentration at bed lewsl,
is the particle fall velocity ands denotes an eddy diffusion coefficient. The coneditn profiles are
obtained through linear regressionmy(c,) andz

In(c,) =az+b [3-10]
which can re-written:

c, =bexp@2) [3-11]

Wherea is —wdes andb is co. As stated before, concentration results ofteawshigh temporal and
spatial variability in the signal. Therefore besliable data is used i.e. data sequence thath@s t
proposed concentration distribution (equation 3-1TRis implies that some data of OBS-instruments
is not included in calculations. Also to optimizetconcentration fit, an additional constant isatet
water surface (dependable water height) with val0& kg/mi. Consequently, the products of velocity
and concentration profiles result in a verticalpggled transport profile (fig 2-3 C).

2.5 Dune Tracking

Bed-load transport is calculated based on 2-D dw@ao&ing of the Slufters channels bed. A set of 5
two-dimensional longitudinal profiles of approxirabt 36 meters were constructed out of survey
leveling data with a spacing of about 3 metersnds were measured at LW on three successive
days, with an approximate 25 h. interval i.e. tidaltcycles respectively on 25, 26 and 27 September
2008. The positions of the 5 fixed measuring liwese determined by marked signs at a string
stretched over the channel width at both far e@ds.of longitudinal profiles dune forms are
recognized and dune tracking software DT2D (of Benke et al., 1999, modified by Roy Frings) is
used to calculate longitudinal dune surface. Owight changes in form and position a daily net
specific bed-load transport is calculated:

qb:(%ma [¢[F) [3-16]

Whereq, is the specific bedload transport®(m’* day?), 4 is dune height (m}), denotes dune length
(m), c is dune migration rate (m ddyandF is the shape factor (-) which is a correction paeter
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equal to the ratio between the cross-sectional@fréae actual dune and the cross-sectional area of
triangular dune with the same length and height¢Srand Kleinhans, 2008).

2.6 Morphological Changes

From visual observation a scour hole was notalsledbaveloped at the location of the main frame.
Parts of the measurement instruments were locieebahe hole. Instruments were initially installed
at a relative distance from bottom level and duthéosudden reduction of the bottom level the
spacing between sensors and bottom level had sedlenitially, to account for an additional 30
centimeters, calculations were adapted to the nteraton. However, results of sediment fluxes
became unsatisfactory large as concentrations eagrgtructed with an exponential fit which reached
unreliable large values in the near-bottom rangetduhe increased distance from instruments to
bottom. Furthermore, the scour hole had a strgm@umhic character particularly under spring tidal
conditions but vanished completely during the stex@ant. Complications arise to account for the
continually changing distance between instrumendskettom. Therefore, the presence of the scour
hole is ignored in calculations of water and sedinteansport. For this, the initial relative positiis
used.

The combined effect of a storm event which occufreoh 30 September to 5 October 2008 and
spring tidal condition was a total inundation of tBlufters basin. Effects were strong currents and
substantial sediment transports which have resuitadsignificant relocation of the Slufters
meandering channel at the measuring site. The ah&@innel has moved approximately 10-15 meters
to the north in roughly 3 days and the cross seatiprofile had increased substantially (figure)2-4
Due to the sudden channel migration, the mainun®tint frame needed to be re-installed at a new
location. This resulted in a total data loss ofi@dt 4 days (Appendix 1).
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Figure 2-4 Overview of the channel position at -0.2 m NAP for 16/17 September (pre-storm) and for 06/07/08/09
October (post-storm). From: van Puivelde (2010).
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3 HYDRODYNAMIC RESULTS

3.1 Introduction

In this chapter an analysis is made of the hydradyn conditions in the Slufter inlet. Using the
hypothesis that water transport characteristicg uader different energetic conditions, a distiotis
made betweenon-flooding(max HW < 1.1 m. + NAP) anitboding circumstances (max HW > 1.1

m. + NAP). During non-flooding circumstances, wltielal exchange is restricted to the main channel,
the hydrodynamics are studied for different tidaimes. For hydrodynamic analysis two neap and
two spring tidal cycles are selected.

This chapter completes with an analysis of the omeascurrent velocities, water elevations and wave
dynamics in the Slufters inlet during a floodingev/(high energetic conditions). Within the flooglin
cycle three stages are recognized: inflow, higrewand outflow. For all three situations the cutren
velocities in both x and y-direction are analyzédr the analysis under high-energetic conditions no
subdivision is made between neap and spring tfaditions due to the overruling processes that
occur during flooding conditions.

3.2 External conditions

The time of year during which the fieldwork wasr@ out can is generally characterized as a period
of seasonal transition from summer to autumn. ¢, @uring the field campaign a continuous calm,
dry period was experienced succeeded by a perithdhigh energetic conditions. This external factor
partly determined the boundary condition for hygreaimics, sediment transport processes and
morphological changes for the fieldwork in the &uf

Wind characteristics for the fieldwork period atieog, Texel demonstrate a high variability in wind
magnitude and direction (figure 3-1). Generallyteasand southwestern winds dominate and
strongest winds blow from the SW peaking to valoxver 20 m/s in the night between 4 and 5
October. Wind speeds in the class 5.0 -7.5 m/s west frequently observed. The offshore wave
height distribution shows two peaks events, belgeoved between 30/09 — 03/10 and 04/10 — 05/10.
The first event coincided with spring tidal condits (table 3-1 and figure 3-1) leading to high
maximum water levels. After the two storm everttg, weather became calm again but less calm than
the period before the storm, as can be derived thenset-up in figure 3-1.

Storm event | Hg, off max Period (Julian Wind dir Tidal range Set-up
(cm) days) (°) (m) (m)

event 1 450 274.0 - 276.5 270 2.0 0.60

event 2 478 277.8 - 295.5 270 1.3 0.55

Table 3-1Several characteristics of the two main storm event during the fieldwork period.
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Figure 3-1 Boundary conditions during the fieldwork period from September 11, 2008 (255 Julian Day) to
October 16, 2008 (290 Julian Day). A) Wind speeds distribution at de Koog, Texel. B) Wind direction distribution
at de Koog, Texel. C) Offshore significant wave height distribution measured on the North Sea buoy in proximity
of de Koog, Texel. D) Meteorological tide (set-up) as a result of wind-stress based on the difference between
actual and predicted tide.

Figure 3-2 demonstrates the astronomical-, measpyeedl meteorological tide at Texel
during the fieldwork period. Tides are semi-diurmaplying that water levels rise and fall
twice a day. Tidal amplitude ranged from 0.8 m h@ap- to approximately 2.3 m for spring
tidal conditions. During the fieldwork approximaye3 spring-neap cycles were
experienced. The largest differences between astnocal- and measured tide lead to
highest set-up which is particularly experiencedinlg the storm period.
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Figure 3-2 Tidal elevations at station de Koog, Texel. A) Astronomical tide. B) Measured tide. C) Setup and
setdown.

3.3 Truncation

Figure 3-3 shows the tidal curve for September2088 at four different locations in and around the
mouth of the Slufter. The curves measured seafsamdthe mouth differ substantially from the
curves measured in the Slufters’ inlet. Over &adise of about 200 meters — between breaker zone
and Slufter channel — differences between bothmetels of approximately 0.6-07 m appear. This
effect is seen in the trough of the tidal curve tiefalling tide proceeds offshore, the fall oftera

level in the main channel clearly decelerates aadhes its minimum level far above the lowest evel
measured offshore. Subsequently it rises almosil@meously again in comparison to the measuring
station offshore.

Truncation of the tide, as is demonstrated ab®veaused by the relative high situated bed levéief
Slufters channel which is above MLWL (Mean Low \&fatevel). The effect is a reduction of the
tidal amplitudes inside the Slufter and a chang&lal asymmetry. The amplitudes of M2 and M4 and
the M4/M2-ratio all decrease compared to the N8gh. According to van Puijvelde, compared to the
North Sea (where the tide is already slightly defed), the ebb-duration in the Slufter increaseb wit
53.5 minutes on average (table 3-2).

North Sea (Jul. day) | Slufter (Jul day) difference (minutes)

mean ebb duration 0.28005 0.31737 +53.73

mean flood duration 0.23694 0.19983 -53.43

Table 3-2 Mean ebb and flood durations and duration differences between North Sea and main frame. After
van Puivelde (2010).

Figure 3-4 demonstrates truncation during the fagidwork campaign, illustrating truncation on bot
neap and spring tides. Since tidal amplitudes dumigap are relative small, less of the tidal thioisg
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truncated in comparison with the larger springltaave. Therefore the change in asymmetry of the
tidal curve due to truncation is greater for sptimgn for neap tides. Truncation also leads to
somewhat equal minimum water levels for both neabspring tidal conditions.

T
—=— breaking zone seaward
—<— breaking zone landward
North Sea
—<— main frame
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Figure 3-3 Truncation of the tide, September 13 measured at various locations in and out the Slufter mouth
simultaneously, respectively: the North in proximity of de Koog, breaker zone Slufter (miniframe 15&16) and
main channel Slufter.
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Figure 3-4 Truncation of the tide during the fieldwork period. Upper figure: combined measured tide offshore (de
Koog) and measured tide in mouth Slufter. Detailed reproduction of truncation for a spring (bottom left) and
neap (bottom right) tide.

3.4 Non Flooding Situations

In the following section several hydrodynamical refwéeristics under non flooding conditions
measured (or derived from measurements) in theeBlwill be discussed. As mentioned in paragraph
3.1, for non-flooding situations two neap (neamd 2) - and spring (spring 1 and 2) tidal cyclegeha
been selected as representatives for the difféidaitconditions. The tidal cycles that are used fo
analysis are marked in figure 3-5. Table 3-3 shtinedour selected cycles with different
hydrodynamic characteristics. Remarkable is thegtived large difference of maximum water level
between spring tide 1 (106 cm + NAP) and spring 8d86 cm + NAP), which is caused by
differences in set-up. Another aspect which becattess from table 3-3 is that maximum flows
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during neap tidal conditions are larger for thedlaard than for the seaward directed component,
whereas for spring tidal conditions maximum seaveirected flows exceed landward directed flows.

Plots of velocity and elevation against time aregj providing a good impression of the hydraduilics
the Slufters inlet under different tidal conditipiifiese plots illustrate the degree of asymmetry,
relative duration, rates of change and the phdataeship between elevation and flow. Also, vetpci
stage plots are presented which give an indicatidlood/ebb dominance and highlight the magnitude
of velocities at different elevations. A circlemral represents a symmetric tide and increasing
asymmetry produces distorted balloon shapes, vtherarea of the shape, relative to the axes,
indicates flood or ebb dominance (Walton, 2002htd¥or spring- and neap tide 2 are presented in
appendix A. Hydrodynamic analysis is completed watsults of van Puijvelde (2010) who related
different hydrodynamic parameters to both neap-sgmihg tidal conditions. The variation of water
level with time @h/dj is the most relevant parameter for this research.
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Figure 3-5 Measured tide as a function of time. Selected tidal cycles for analysis are marked with a dotted
box.

Date & Time Tide Tidal HW (cm + D [-] Umax ebb Umax.flood (M/S)
Amplitude (cm) | N.A.P.) (m/s)
12-09-08 14:30-02:00 | Neapl 44 35 6 0,39 0,47
23-09-08 10:00-22:15 | Neap2 42 25 -16 0,26 0,32
12-10-08 3:30-16:00 | Springl 75 106 18 1,15 0,85
19-09-08 7:00-19:30 | Spring2 69 86 -6 0,71 0,65

Table 3-3 Tidal amplitudes, maximum water level, setup and peak inflow- and outflow velocities for four
selected tidal cycles

3.4.1 Neap Tide

Figure 3-6 shows that during neap tide measureud\fgocities are rather low (less than 0.5 m/s) and
also the differences between flood and ebb arel swiater levels and flow velocities during neagetid
indicate that the vertical tide is already asymiodiefore it enters the Slufter-channel. The
asymmetric shape is visible in the short flood-ghsiscceeded by a relative long ebb phase. Thaliniti
rise of the tide results in the highest currenbesies; after that the flood current decelerates a
finally reaches somewhat smaller peak velocitiesfak the ebb phase, flow velocities rapidly reach
maximum values whereas due to a gradual decreasztafal tide acceleration, flow current
velocities consequently reduce. Figure 7-1 A and 8ppendix A shows a neap tidal curve with
similar results. Figure 3-6 B and 7-1 B in appemflimdicate that flow velocities during flood
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generally exceed flow velocities during ebb. Thagetvelocity plots therefore clearly point to flood
dominance. Flood/ebb tidal asymmetry will be furttiscussed in paragraph 3.4.3.
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Figure 3-6 A) Vertical and horizontal tide during a neap tide (1), September 12 14:30-02:00. B) Stage velocity
of neap tide 1

Starting at LW, it can be seen in figure 3-7 thathiflow velocity and the variation of water leweth
time (dh/d) start to increase rapidly. Maximum valueglbfdtare reached earlier than maximum
measured flow velocities. The delay with maximuriuea ofdh/dtis 27 minutes (van Puijvelde,
2010). Maximum values afh/dtare remarkably higher than maximum flow velocitidger HW
dh/dtand flow velocities decrease almost simultaneowlying the ebb phase valuesdbiidtare
much smaller, but are also much more in phasemiékimum ebb velocities compared to the flood
phase.
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Figure 3-7 Different hydrodynamic parameters for neap tidal conditions including Hw (m NAP), dh/dt (m/s) and measured
velocities (m/s). After van Puijvelde (2010).

3.4.2 Spring Tide
Figure 3-8 A and 7-2 A (appendix A) show that thepe of the tidal curve is steeper compared to
neap tide situation, which lead to higher velosifie both directions. Particularly outflow veloesi
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are much larger, exceeding the maximum inflow vidileg This is also seen in the stage velocity plot
(figure 3-8 B) which clearly indicates ebb-dominanc

The differences between maximum landward and sebfiaw are also larger compared to neap tides.
Spring tide 1 (fig 3-8 A) is the best example, véhtre maximum landward flow reaches 0.85 m/s
versus 1.15 m/s for the seaward flow. The asymnwdttize tidal form is also larger compared to the
neap tide.
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Figure 3-8 A) Vertical and horizontal tide during a spring tide (1), October 12 03:30-16:00. B) Stage velocity of
spring tide 1

Figure 3-9 demonstrates several hydrodynamic paeamtor spring tidal conditions. During the

flood phase differences between valuedigfitand maximum flow velocities are higher compared to
neap tidal conditions. As for the ebb phase, mawrirflow becomes significantly larger than values of
dh/dtand this effect increases with increasing maximuater level (262.45-262.6 and 263.5-263.7).
Figure 3-7 and 3-9 suggest tlad/dt values indicate higher flood velocities than artually measured.
Also dh/dtvalues underestimate ebb directed flows duringnggidal conditions.
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Figure 3-9 Different hydrodynamic parameters for spring tidal conditions including Hw (m NAP), dh/dt (m/s) and
measured velocities (m/s). After van Puijvelde (2010).

3.4.3 Tidal asymmetry

The simplest representation of asymmetry is to ttealifference between the duration of the flood

and ebb. It is expected that an unequal duratidlvodl and ebb phase causes a difference between
maximum flow velocities during the rise and falltbé tide. The asymmetry of the surface elevation
over time can be expressed with a non-dimensicaarpeter D (Lincoln and Fitzgerald, 1988):

D = [(drise - d fall )/(drise + dfall )] |:|100

Whered;ise anddsy represent the duration of respectively the risingn LW to HW) and falling tide
(from HW to LW). For a symmetric tide D is zeroifnegative when the duration of the falling tide
exceeds the rising tide duration and can be defasdtbod dominant. Flood dominance indicates to
higher flood currents than ebb currents. The catedl parameter D (table 3-3) for each tidal cycle
shows negative values. In fact, this applies fertinole fieldwork period (Appendix E), which
indicates a continuous flood dominance. Howeveanftbe velocity measurements (paragraph 3.4,
3.4.2, table 3-3 and appendix E) can be deriveetbla directed currents are often much stronger tha
flood currents. Therefore, the relation betweenrasgtry as a result of differences in tidal duragion
and maximum flow asymmetry is indistinct.

As indicated in paragraph 3.4, 3.4.1 and 3.4.Z#m&tion of maximum flow asymmetry is most

likely related to the tidal amplitude. An easy e@ntation of maximum flow asymmetry is to note
the ratio of maximum flood velocity, measured fack tidal cycle, to its maximum ebb velocity
(Unmax.fiood Umaxeny)- FOr @ symmetric tide, the ratio of peak flood gedk ebb current magnitudes is
one. Values greater than one indicate flood donteasubsequently values smaller than zero point to
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ebb-dominance. Following, the results are plot tlogrewith HW-level in figure 3-9, including storm
results.

Figure 3-9 indicates that the ratio of peak fload peak ebb current magnitudes is reversely retated
the tidal amplitude, which corresponds to the figdiin paragraph 3.4.1 and 3.4.2. When tidal
amplitudes are small (neap tide), inflow velocite greater than outflow velocities. On the other
hand, when amplitudes are high (spring tide) elobetied flows are generally stronger than flood-
directed flows. From the intersection of the linBawith x = 1 turns out that the reversal frorodt-

to ebb-dominance is found at 0.64 m + NAP.
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Figure 3-10 Umax,flood-Umax,ebb ratios against maximum water height, measured in the main channel of the
Slufter.

Using Dronkers tidal asymmetry ratio (equation B&)indication is given of ebb/flood dominance for
different tidal conditions. Values of total basswgface water at low water (and high water ()

are obtained using the hypsometric curve (botraserind volume), derived from GIS-analysis and
performed by Stijn van Puijvelde. Van Puijvelde@@pcreated a DTM based on laser altimetry data.
The applicability of laser altimetry is limited latver terrain levels (below 0 m N.A.P) when water
bodies are involved. Therefore the minimum lenehie hypsometric- and volume is set at 0 m +
N.A.P. Through linear extrapolation, values betwe®6 — 0 m + N.A.P. have been obtained, to
determine the total basin area during low wagg).(

The results (table 3-4) show a reasonable corogldtetween the degrees of ebb dominance as
measured by the ratio of peak flood and peak ehiemumagnitudes and as calculated by the
Dronkers parametey, Both the ratio of peak flood to ebb current 8xdnkers parameter for the
neap tide situation are greater than one, indigdtood dominance. During spring tidal conditions
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both parameters are smaller than one indicatingdebtinance. The results suggest that the Slufter
shifts from flood to ebb-dominance from neap targptide at respectively 0.64 m + NAP.

The form ratioy is also proportional to the ratio of the time beéw high water and the high water
slack (fw siack thw) @nd the time between low water and the low wsiBek(tw siack ttw) (Dronkers,
1986). Thus witly decreasing, ebb tides reduce in duration witheetsip flood tides.

Date & Time Tide Tidal HW (cm + D[] Umax,ebb | Umax.flood | Umaxflood/ | Dronkers
Amplitude (cm) | N.A.P.) (m/s) (m/s) Umax,ebb Parameter y(-)

12-09-08 14:30-02:00 | Neapl 44 35 -19.2 0.39 0.47 1.21 4.87

23-09-08 10:00-22:15 | Neap2 42 25 -28.9 0.26 0.32 1.23 3.35

12-10-08 3:30-16:00 | Springl 75 106 -17.8 1.15 0.85 0.74 0.60

19-09-08 7:00-19:30 | Spring2 71 86 -22.4 0.71 0.69 0.78 0.78

Table 3-4 Different hydrodynamic characteristics (tidal amplitude, maximum water level, duration asymmetry D,
peak flood- and ebb currents, ratio of peak flood to ebb currents and Dronkers parameter) for two neap and
spring tidal situations

3.5 Flooding situation

A low pressure system reached the Netherlands &ep@ember 2008 carrying considerable amounts
of precipitation, accompanied by strong winds @2 m/s). The latter is for this research of great
importance. Onshore winds are the fundamental nmestmefor the development of a wind set-up. Set-
up during this period was approximately 0.4 m, hiragg a maximum of more than 0.5 m. (figure 3-1
and 3-2). The storm more or less coincided witlngptide and resulted in significant overwash gm to
of the beach plain. Bas@ah the inlets morphology it can be stated thattiijacent beach flat is

flooded when water levels exceed 1.1 m + N.A.Fc&at least seven flooding events have been
measured, tidal flows during high energetic condgican be compared with that during low energetic
conditions. Two examples of tidal cycles under heglergetic conditions are presented in table 3-5,
the first is studied in more detail. Tripods tharevinstalled on the beach flat during flooding
conditions, gathered additional data regarding fl@ocities and sediment concentrations.

Date & Time Tide | HW (cm + Dominant Hs,off (M) | Setup Umax ,flood | Umax €bb (m/s)
N.A.P.) wind dir. (°) (cm) (m/s)
01-10-08 05:00-16:00 | Spring 131 268 (W) N5 46 0.79 2.16
16-10-08 04:25-15:55 | Spring 111 291 (WNW) 2.24 26 1.22 2.01

Table 3-5 storm-events during the field campaign, including the duration of the event and the offshore
significant wave height, wind direction, tidal range and set-up during the peak of the events. After Klein-Breteler

(2009)

The impact of surges on current intensities inShdters main channel is tested taking maximum
water level (HW) as conditional parameter for biidlal and meteorological conditions. Based on 5
minutes average peak velocities in both ebb amatifibrection, the hydraulic situation in the main
channel is demonstrated (fig 3-11). A distinctismmiade in flooding and non-flooding circumstances
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on the one hand and flow direction on the othedhdfrom figure 3-11 becomes clear that the highest
flow velocities are measured during high energetiooding) condition, particular for the ebb phase
Maximum flow velocities during flood amount to 1§ whereas ebb directed flow reach values of
2.16 m/s (see example above). Under non-floodiraypistances flow velocities are substantially
smaller, since for calm weather conditions hydiuin the main channel are principally tidal driven

Current Speed vs Water level - Inflow, Non-Flooding Current Speed vs Water level - Outflow, Non-Flooding
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Figure 3-5 Maximum flow velocity versus waterlevel for both inflow, outflow and non-flooding and flooding
conditions.

3.5.1 Hydrodynamics in the main channel

Flows and water levels

Flow conditions measured in the main channel dugimgrgetic conditions are considerably larger
compared to tidally driven flows during calm comatis. Water levels for this particular flood event
reach a maximum level of 1.5 m. above Dutch ordedfig 3-11). Since at this level, the exchange of
water occurs on a much greater spatial scale)diedatterns in the main channel are strongly
affected. This can be seen in the short duratiggeak flood velocities which is succeeded by a
relatively long period with rather low channel flalocities. In contrast to regular flood evers t
inflow of water is apparently delayed at a certaater level. This phenomenon is most likely redate
to flow patterns on the beach flat and will be d&sed in paragraph 3.5.2.

Flow velocities can be decomposed into longitudarad cross flows, respectivelyandy direction.
Figure 3-12 indicates that especially flow vela@stinx-direction differ significantly over time. The
rising tide is associated with maximum flood véties of 0.76 m/s, whereas during the ebb phase,
maximum flow velocities are a factor 2-3 highetisTagrees with the hypotheses that the main
channel is strongly ebb-dominated during floodingditions. Just after HW, water levels drop
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rapidly as large amounts of water have to be trameg seaward through the confined mouth of the
Slufter. Maximum flow velocities reached values o2en/s.

Cross flows reach approximately 0.1 m/s during l@ghargetic conditions. Figure 3-12 indicates that
during inflow the lateral-flow is very small, whexefor the ebb phase lateral flow velocities are
higher and slightly directed to the north, espégidliring the begin stage of the outflow when water
levels decrease rapidly.

Figure 7-3 to 7-5 in Appendix B provide a detailethge of the instantaneous velocities in both eross
(EMFx) and longitudinal (EMFy) direction during &® stage of the tidal cycle: inflow, HW and
outflow. From the beginning of the rise of the fittee EMFx velocities are still negative. This
indicates that an amount of water is still leaviing Slufter even when the water levels are risling
EMFx velocities briefly respond to the rising tidied reach maximum values of 1 m/s, indicating that
the instantaneously measured values were not aaddhe averaged velocities. EMFy velocities are
generally negative but very small. Negative EMFlpgities point to a very small southern directed
component. A clear difference between the instaas signals during inflow and that of high water
or outflow is the little variation in both flows drpressure signals. Apparently, water movement
during inflow occurs rather smooth in comparisothviiigh water or outflow situations.

During high water, both instantaneous flow and gues signals show more variation. Longitudinal
flow velocities, which are obviously small, respomell to changes in water elevation. Instantaneous
longitudinal flows of +0.5 to -0.5 m/s are foundo€s flows range between -0.2 — 0.2 m/s. The
relative high variation is a result of wave dynasnic

During falling tide, instantaneous outflow veloegiin longitudinal direction of 2.5 m/s are found.
EMFy velocities range between -0.2 to 0.5 m/s iatiligy a general northern directed component.
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Figure 3-6 Water level and flows (in two directions) in the Slufters mouth during a flooding event at 1 October
2008 04:45-16:15
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Wave dynamics

Wave dynamics in the main channel are derived tfwervertical oscillating term of wave height,
using least square technique. As can be seegurefi3-13, wave heights clearly depend on the water
level as maximum wave heights are found during Hages. Consequently the lowest values are
encountered around LW. During HW, when bottom ibictis minimized, less seaward wave breaking
occurs so that waves have a better change to gevels also assumed that winds have more
influence on the water surface when water is neltsted by the channel banks. Wave heights reach
approximately 0.45 m during HW, simultaneously significant wave height peaks to 0.31 m.
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Figure 3-7 Wave dynamics in the main channel at 1 October 2008 04:45-16:15 derived from the vertical
oscillating term of wave height using least square technique. Significant wave height (Hsign) given in black are
computed for each 32 seconds.

To illustrate wave energy in the main channel duhigh energetic conditions, power spectral density
plots are established (figure 7-6 in Appendix G)ePlots indicate that wave energy in the main
channel is very small and most likely has an inficant effect on sediment transport processessAs
stated above, the largest waves are encountergdydbe high water stage. Since flows are weak
during high water, sediment transports are theeedtso small.

3.5.2 Hydrodynamics at the beach flat

The flows and water heights on the beach flat dusieveral flooding events were analyzed by Klein
Breteler (2009), who computed significant wave heand flow velocities in both cross- and
longshore direction (fig 3-14). For optimal relikilyia minimum water level of 0.2 m above the
instruments is required, therefore only data isluseanalysis for which > 0.2. Flows, water levels
and wave heights are most clearly visible in th&t fiwo flooding events.

Figure 3-14 shows mean flows decomposed into flows inéobtisin Unean) and parallel to the coast
(Vmean. During the initial stage of the flooding, whesater depths rapidly rise from 0.45 to 0.85 m,
mean onshore velocities range between 0.5 - Gs6 Adter high water, velocities reverse into the
offshore direction and reach magnitudes of 0.3 n@s. The along basin velocity remains positive
(northern directed) ranging between 0.2-0.3 m/ss €bincides with a positive peak in the along basi
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velocity (0.25 m/s) ai=275.95, indicating that part of the drainage of the systecurs from the
beach flat to the main channel (Klein Breteler, 200

Inflow velocities across the beach are strongen théflow velocities. The opposite applies for the
main channel. Water exchange across the beaabcfiats on a much greater spatial scale than the
size of the inlet. Therefore it is assumed thattiagority of the water enters the Slufter across th
beach but most of the water leaves the inlet ttrahg mouth.

Both inflow and outflows are slightly directed towahe channel. Presumably the main flow direction
is affected by the beaches topography. This leadscbntinuous drainage from beach flat towards the
main channel. This process correlates with theirfigs in the main channel. Flood flows are
seemingly delayed due to a conservation of mass.
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Figure 3-8 First period of the beach flat inundation; plotted are the water depth (h), the significant wave height
and the cross-shore and long-shore velocity. The black dashed line denotes the h=0.2 m boundary. After Klein
Breteler (2009).

3.6 Hydrodynamics during bed load transport measurements

Dune form measurements performed at 25,26 and Rféi®ber 2008 have brought information on

bed-load transport in the Slufters mouth. In tlEsagraph the hydraulic situation is sketched fer th

short time span when the bed form measurementsdeer® As can been seen in figure 3-15 the

moments of leveling were separated by 2 tidal cydbaily tides basically consist of one low and one

high tide. The period in which the development wfigs was followed can be characterized as neap
55



tide with increasing tidal amplitude over time todsspring tide. Flow velocities yield values ramyi
from O to approximately 0.5 m/s in both directions.

It is generally believed demonstrated that thedtpimwer velocity moment is a good predictor for-bed
load transport direction (van Rijn, 1994), whicltherefore calculated and includedigure 3-15.

Parts of data of the first flood event are misgind estimated amounts are added. Third-power
velocities corresponding to the high tide situatmea approximately a factor 8 to 10 higher compared
to the low tide situation. Integrated third-powetocities of the ebb situations are approximately 2

3 factors larger (table 3-6), therefore a seawarttbd net transport direction is expected.
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Figure 3-9 Hydraulic situation in the Slufters main channel during the period of dune measurements. A) Water

level fluctuation over a large time scale, indicating that the survey period concerns the transition from neap to
spring B) Water level fluctuation at the specific period. C) Flow velocity distribution based on EMF-25 cm D)
Third power flow velocities based on EMF-25 cm. The brown dotted line correspond to moments of survey.

Flood1 | Ebb 1 Flood 2 | Ebb 2
, Umax (M/s)
o o 0,24 0,225 0,425 0,51
o o 3
B B u integrated (')
N N 106,39 126,86 891,75 1698,1
, Umax (M/s)
o, 0,270 0,277 0,421 0,562
o o 3
B R u integrated (')
N N 355,32 440,24 1892,6 4588,8

Table 3-6 Hydrodynamic characteristics for the bed-load measurement period in the Slufters main channel.
Maximum flows are found for each stage, third power velocities are integrated over time.
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3.7 Main conclusions concerning hydrodynamics

Based on flow measurements in the Slufters mouthediacent beach flat, water transport patterns
during different tidal and energetic conditions @entified. Even though the clearness and rditgbi
of these patterns, especially during flooding ctiods, are debatable, an general impression
concerning the hydrodynamics of the Slufter is give

— The effect of tidal truncation emerges in a redurcof the tidal amplitudes inside the Slufter and
a change in tidal asymmetry. The length of the @idse is extended by roughly 54 minutes.
Truncation is caused by the relative high positbohannels bed level in respect to the tidal
wave.

- Flow magnitudes during neap tide are rather loas(than 0.5 m/s) and also the differences
between flood and ebb are small. Maximum flood 8@xceed maximum ebb flowdoq >
Ueny), resulting in a hydraulic flood dominance

— Spring tide velocities are much higher in comparigath neap tide (up to 1.2 m/s). Maximum
ebb flows are larger than maximum flood flods g < Ueny). The difference between maximum
inflow and outflow velocities are also larger dgrispring tide in comparison with neap tidal
conditions. This results in a hydraulic ebb domg®aduring spring tide,

- Maximum tidal flow asymmetry is related to the nmanim water level (HW), rather than the
differentiation between duration of the ebb anddlcurrents. From neap to spring tide the
Slufters main channel shifts from flood-dominancebb-dominance generally at 0.64 m + NAP.
Based on the Slufters basin hypsometry a Dronkananpeter is calculated for both spring and
neap tidal conditions. The results show a simrend as stated above.

— Under flooding conditions the maximum outflow vet@s in the Slufters mouth exceed the
maximum inflow velocities by far (Aog << Uepr). Maximum instantaneous outflow velocities
measure 2.5 m/s. Also, the mean flows duringnit@l stage of tidal fall are slightly directed to
the North.

— Wave energy in the main channel, even under highgetic conditions, is small.

— Landward mean flows across the beach flat measute 0.5 m/s. Presumably, the majority of
water that enters the Slufter during flooding ctinds travels over the beach, since this process
occurs on a much greater spatial scale than teeo§ithe inlet. Based on the high outflow
velocities encountered in the main channel, issuaned that the majority of the water leaves the
Slufter through the mouth.

— Flows across the beach are slightly directed tosvérd channel.

— Changes in flow velocities are associated withrgjrdifferences in tidal exchange, which under
normal conditions is restricted to the main chafmelduring storm and/or spring tide conditions
is observed over the entire entrance over spitdikdforms (here the platform is termed beach
flat).

Figure 3-15 demonstrates an overview of inflow antflow patterns during both non-flooding and
flooding situations.
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4 SEDIMENT TRANSPORT RESULTS

4.1 Introduction

In this chapter the sediment transport in the 8tuftill be analyzed. This will be done based on the
water transport patterns as described in the puewtbapter, sediment concentration measurements,
dune migration measurements and Baillard transpodels. As mentioned in paragraph 2.3, results
depicted by the OBS-devices are uncertain. Conselgué is difficult to perform a quantitative
analysis based on the measurements. Thereforeeaqualitative impression of the sediment
transports is given.

Based on measured sediment concentrations and reddkw velocities, instantaneous sediment
fluxes are calculated. Together with modeled sedirfiaxes, based on Bailards transport model, the
sediment fluxes act as indicators for net sedirtransport in the main channel.

4.2 Sediment Characteristics

Sediment samples were collected at various measuoications in the Slufter system. Sediment

particle size distribution were used for OBS-calttom and applied in the sediment transport models.
Sampling was done at October 13, 2008. Deternainadf grain size distribution is done at the FG-

laboratory with selective sieving technique. Resate presented in table 4-1.

Sediments at the main frame location basically iste®f well-sorted, fine to medium grained quartz
sand with some marine-shell debris and gravel. rAftee storm drapes of clay/peat was found
particularly in dune troughs, originating from eeddhinterland. These coating and drapes were less
conspicuous prior to the semi-storm and water washnclearer.

Grain size Main frame Breaker zone Beach flat (pm) | Upstream (pm)
dio 231 250 196 210
d50 275 390 275 231
doo 390 790 370 380

Table 4-1 D10, D50 and D90 grain size distribution at the Slufter system at October 13, 2008

4.3 Sediment Concentration

Sediment concentration as depicted from the OBBuiments between September 12 and September
14 2008 are shown in figure 4-1. Additionally, tidal curve is added that indicates the water reigh
above the pressure sensor. The results as disglafigdre 4-1 were measured during a neap tide
period with low energetic conditions. The degreeobnsistency in the concentration signal is djear
noticeable, especially when the water heights énntiain channel are low. During such condition less
or no water stands above the instruments. In geneliable data is found when water levels are
substantial enough; at least 20 cm above eacluimetit. The SSC distribution shows that
concentrations are relatively high consideringdaken hydrodynamic environment in the main
channel. Concentration decrease with height alltvelé¢pth and correlates with the theoretical
concentration profile. Furthermore SSC during tbed phase are seemingly higher compared to the
ebb phase (between date 257.1 - 257.5).
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High SSC during flood in comparison with ebb maydlated to differences between the current
fields during the ebb and flood phase. Another ay®xplanation may be the effect of suspended
sediment advection by the tidal current. Sedimarganore easily put into suspension in a higher
energetic environment, for instance the wave breaiee. Once sediment are in suspension they are
transported by the tidal current (paragraph 1.2t&gan be expected that flood current contairrgela
amount of sediment in comparison with the ebb edrie figure 4-2 offshore significant wave height
and suspended sediment concentration in the mameh over time are given. The offshore wave
height distribution shows much resemblance with3B€ distribution. Increased offshore wave
heights enhance sediment entrainment in the breaker resulting in higher sediment concentration.
Sediments are transported by the tidal curreningad an increased sediment concentration in the
main channel primarily for the flood phase. THiee& is best seen for the highest OBS-sensor.

T T T W T T [ L T s ——— =
0BS85 (kg/m3)
—— OBS45 (kg/m3)
8-------""""~""~"“~"“""“"f """~ """ T T~ —-—--— - — ~| —— 0BS15 (kg/m3)
= Pressure sensor (m)
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Figure 4-1 Time series of SSC in the main channel of the Slufter as depicted from OBS-15,45 and 85 in the
period September 12-14 2008
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Hs - breaker zone
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Figure 4-2 A) Significant wave in the breaker zone, derived from the pressure sensor at miniframe 15. B) Flow
velocity in the main channel, measured by EMF-25cm. C) SSC distribution measured by OBS-45cm.

4.4 Suspended sediment transport for non flooding situations

For sediment transport analysis the same tidaksyate used as described in the previous chapter.
Theoretical sediment transport fluxes are computigta model of Bailard (out of van Helvert,
2006). The Bailard model is a reliable and robesiireent transport model and is used in many
coastal and/or nearshore zone applications (van B%94). Bailard suspended transport formulation
is expressed as follows:

qS = pS(f |nst| [4_1]

Whereq;s is the depth-integrated suspended transport (kginis)the absolute sediment density 2650
(kg/m?), f. is the friction factor (-)ssis a efficiency factor for suspended-load transpddi-0.02 (-)g

is the acceleration of gravity 9.81 (A)(s is the relative density (-ws the settling velocity (-)ins: iS
the instantaneous current velocity (m/s) ansl the time-averaged velocity (m/s).

Uinstin the formulation is a velocity vector directlytamed from the EMF25-instrument. EMF25 has
provided the most average and consistent resutghE time averaged velocity 5 minutes- and
depth-averaged velocities are used. For low energenditions a current related friction facfpis

determined for sediment transport computationfoltsiulation is expressed as follows:
-2
f, =024 log — £
= [4-2]
where h is the water depth anldsvcis the current related roughness height (3d90).clineent related
friction factor used in the calculation is givenareraged value for each 5 minutes. Table 4-2 shows
the values of the parameters and factors usectitrahsport calculation.

d50 (um) do0 (um) | s (-) & (-) ws (m/s)

275 390 2.65 0.01 0.05

Table 4-2 Used constants for suspended sediment transport calculations
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44.1 Neap and Spring Tide

Figure 4-3 and 4-4 contain multiple graphs of hygramic results along with computed and
measured sediment fluxes for both neap and sgdagdituations. As is demonstrated in the previous
chapter a slight hydraulic flood dominance is pnesieiring neap tide. This is expressed as small
differences between flood and ebb currents. SSmspended sediment transport in the Bailard
formulation (1981) is proportional to the flow gelty power 4, computed sediment fluxes during the
flood phase are higher compared to the ebb phiasé-&) and a net landward flux can be identified
(table 4-3). As for the measured sediment fluxdsckvare significantly larger (factor 40), thisridceis
even more pronounced. Both computed and measudedesa fluxes therefore indicate an import of
sediment during neap tidal conditions.

In paragraph 3.4 it is demonstrated that when weateis reach higher elevations, during springltida
conditions, the Slufter channel is hydraulic ebindw@nt. Time series of computed sediment fluxes
show a similar result (fig 4-4). Also, measured sedliment fluxes during the ebb phase are greater
than net sediment fluxes during the flood phase.fféction suspended sediment export for computed
fluxes are much higher than the export fractionnf@asured fluxes. This indicates that modeled
suspended transport results show a higher degrelgbeflominance during spring tidal conditions than
measured suspended transport results. This masldied to the higher sediment concentrations
during inflow stage, which are more or less comp@ts by stronger measured outflow velocities.
Nevertheless both computed and measured trangsoits indicate an export of suspended sediment
during spring tidal conditions.

T — ater depth
= water depth
T I o 7 AR . RO
c c
I 0 I I
256.8 256.8 256.9 257 2571

= depth averaged flow velocity = depth averaged flow velocity

u[m/s]
o
@

T
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|

u[m/s]
o
S

T
|
|
|

0 L I - 0 L L '
256.6 256.7 256.8 256.8 256.9 257 2571
0.01 T - . 0.01 T
=== computed suspended sediment transport, Bailard [ === computed suspended sediment transport, Bailard
B
777777777777777777777777777 $0005 — — — — — — — — - — — — — —
w J//\/"\\
" 0 I
256.7 256.8 256.8 256.9 257 2571
- 0.25
= measured suspended sediment transport ) ‘ —— measured suspended sediment transport
O A | 02k —-—-—--—---—---—-—-—- - - - —-------------—-=--- =

o

o =
2

S [kg/ms]

I -
256.6 256.7 256.8

Figure 4-3 Water and sediment fluxes in the main channel for the neap tide situation (neap tide 1). A) water
level distribution for the flood phase (left) and ebb phase (right) B) depth integrated flow velocity distribution for
the flood phase (left) and ebb phase (right) C) computed depth integrated suspended sediment transport for the
flood phase (left) and ebb phase (right) D) measured suspended sediment transport for the flood phase (left)
and ebb phase (right).
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Figure 4-4 Water and sediment fluxes in the main channel for the spring tide situation (spring tide 1). A) water
level distribution for the flood phase (left) and ebb phase (right) B) depth integrated flow velocity distribution for
the flood phase (left) and ebb phase (right) C) computed depth integrated suspended sediment transport for the
flood phase (left) and ebb phase (right) D) measured suspended sediment transport for the flood phase (left)

and ebb phase (right).

Fraction of suspended Computed Measured
sediment transport

Import Export Import Export
Neap1 0,5203 0,4796 0,6244 0,3755
Neap2 0,6429 0,3570 0,6589 0,3410
Average 0,5816 0,4139 0,6416 0,3583
Springl 0,1645 0,8354 0,3155 0,6844
Spring2 0,3403 0,6596 0,4535 0,5464
Average 0,2524 0,7476 0,3845 0,6154

Table 4-3 Fraction of calculated and measured import and export of suspended sediment transport through the
main channel of the Slufter as a percentage of total suspended sediment transport during both neap and spring

tidal conditions.

4.5 Suspended sediment transport for flooding situations

This paragraph will discuss suspended sedimenggicathboth in the main channel and across the
beach flat during flooding conditions. Chapter 3.@emonstrated the presence of wave dynamics in
the main channel during such an event. The effewboes on suspended sediment transport is
included in the sediment transport formulation @tpn 4-3) by a friction coefficient for currentsc
waves following van Rijn (1993, out of Grasmeijev&n Rijn, 2002):

fo =af, +L-a)f,

[4-3]
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o it

Vs tU, 5 [4-4]
wheref,,, is the friction coefficient for currents and wayesis a weight factory; s is the mean near-
bed velocity at top of the wave boundary laygis the current-related friction factor (equatic@)4
anduy,s is the peak near-bed orbital velocity without mearrent.u,; is calculated with linear theory
which is valid for small amplitude progressive wswe homogeneous fluid of a constant

depth (Soulsby, 1997):

TH

Uy,s = TsTh(kh) [4-5]

whereH is significant wave height; is significant wave perioginhis the hyperbolic sind is the
wave number and is obtained through iterative dafn andh is waterdepth. Values dfandH
have been obtained using the wave orbital vel@ggctrum. The wave-related friction factor is
calculated according to Swart (1974):

A -019
f,=exg -6+ 52(k_J [4-6]
A= Uy 5T
2 [4-7]
ks,w = D50 [4-8]

Wheref,, is the wave-related friction factok,is the semi-orbital excursiof,is the significant wave
period andksis the wave related roughness height which is edgit to the medium grain size.
Table 4-4 shows the values of the parameters anadr&for the flooding cycle in the main channel at
October 1, 2008 betwe®4:45-16:15 h.

T H Uw,5 Dso fw

3.04 (s) 0.13 (m) 0.14 (m/s) 0.275 (mm) 0.0099 (-)

Table 4-4 Used constants for suspended sediment transport calculations under flooding conditions

45.1 Suspended sediment transport in main channel

The time series of suspended sediment fluxes imina channel during flooding conditions show
that fluxes are significantly larger in comparisseith sediment fluxes during low energetic, non-
flooding conditions. Computed fluxes are calculatetie around 0.2 kgfis for the flood phase and
nearly 10 kg/rffs for the ebb phase. Table 4-5 shows that 99.4#teafotal calculated suspended
sediment transport rate occurs during ebb. Thisfeegnt difference between sediment import and
export rate can be directly derived from differebe¢ween inflow and outflow velocities. Remarkable
is the significant differences between measuredcantputed sediment fluxes, especially during the
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flood phase. Here, the measured fluxes show mugttehivalues compared to the modeled fluxes.
Subsequently, the differences between fractioredinsent during ebb and flood are much smaller,
0.59 for ebb, 0.41 for flood (table 4-5). The mindfjher measured sediment import/export ratio is
particularly due to much greater measured SSQiduhie flood phase. In general it can be concluded
that the main channel during a flooding eventrisrgjly ebb-dominant.
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Figure 4-5 Water and sediment fluxes in the main channel for the storm situation. A) water level distribution for
the flood phase (left) and ebb phase (right) B) depth integrated flow velocity distribution for the flood phase
(left) and ebb phase (right) C) computed depth integrated suspended sediment transport for the flood phase
(left) and ebb phase (right) D) measured suspended sediment transport for the flood phase (left) and ebb phase

(right).

Fraction of suspended Calculated Measured
sediment transport

Import 0.006 0.41

Export 0.994 0.59

Table 4-5 fraction of calculated and measured import and export of suspended sediment transport through the
main channel of the Slufter as a percentage of total suspended sediment transport during the storm event at
October 1 2008.

45.2 Suspended sediment transport at the beach flat

The time series of averaged sediment concentrationke beach flat show that concentrations are
large during the initial flooding and during ebkg(fre 4-6). 5-Min averaged measured sediment fluxes
at the beach flat are calculated to 0.6 K¢gmand 0.3 kg/Afs for the upper sensor (Klein Breteler,
2009). During the major part of the inundatiorgss-shore mean fluxes are positive and thus ddecte
into the basin. Mean current fluxes contribute nabisingly to sediment import into the system, rathe
than wave oscillatory velocity.
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Figure 4-6 Cross-shore mean velocities over the beach flat and measured concentrations
to obtain the mean fluxes during the flooding events. After Klein Breteler (2009).

4.6 Bed load transport

4.6.1 Measured results
The temporal and spatial developments of bed-fanntise Slufters main channel are displayed in
figure 4-7. From top to bottom the profiles respedy represent the most northward line of
measurements to the most southern line, separgteighly 3 meters.
Generally the common trend of all profiles is aadteoffshore migrationfigure 4-7). It can be
demonstrated that the most distinct dunes are mir@séhe centre of the channel, whereas the most
sideward dunes are more difficult to interpree ¢ their irregular shape. Consequently, analgsis
done on the centre three longitudinal profilesedich profile (36 meter in length) four dunes are
clearly noticeable. A lateral variation of dunerfois visible when comparing the relative positiofs
the dunes tops. This indicates that the duneftilasv a point shaped line, where the middle dwe t
is situated at the most seaward end (clearly @sibpicture 4-1). Furthermore, at the most seaward
end of the profiles, bottom level decreases drarally indicating the position of the measuring mai
frame and its scour hole. Also, just at the landwsde of the scour hole the bottom level is
somewhat higher indicating on accumulation of s&ndm a visual perspective this is displayed as in
photograph 4-1. Parts of the dunes summits in fobtiie mainframe even stand clear of the water,
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whereas level of the bottonnaps rapidly in seaward direction. This accumulatidsand is induced
by the presence of the mainframe iis therefore excluded from analysis.

Picture 4-1 Dune formations in the Slufters main channel. A) Lateral distribution of dune crest following a
point shaped line, picture was taken on September 25, 2008 at 11:02. B) Sharp transition of bed level near
the measuring frame.

Height of the dunes in the middle dune profile figm 0.14¢— 0.219 meteftable ~6). The dunes
length range from 5.09 to 9.0& botl spatially and temporallyA temporal change of the dune
shape is recognized. Oaitfigure 4-7 and table 4-6 an increase in both theeight an length of the
dunes can be observed. Timwplies thaithe dimensionsf the dunes grow over time

Bed{oad transport is calculated based on dune migrétable 4-6)using dunetracking softwa

DT2D. The two most seaward dunes are not included dtieeto unreliable volumes, indirectly as

conseguence of the presence of the measuring f@mthe other hand, the most landward dune i

detected by DT2D, consequently thdunes remain for beldad transport calculation Transport

rates vary from 0.04%® 0.105 r’day’. Since one ofhe three dunes have shown a temporal dec

in transport rate (dune ltable 4-6) the temporal and spatial variation of transpate is no

consistent. Nevertheless on average, one can #ngu®e-load transport rate increase over time,
thereupa transport rates can be related to the hydraalcitions.
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Figure 4-7 Temporal and spatial change of dune forms in the main channel of the Slufters. Measurements were
done at successive 3 days at fixed lines (36 meter in length), respectively 25, 26 and 27 September, 2008. From
top to bottom the profiles respectively correspond to the most northern measuring to the most southern line
separated by approximately 3 meters. Data from profile north-1 of 27 September is missing.

Dune nr. Date Length Height Volume c F-factor gb [m’mday™]
[m] [m] [m*m] | [m°/day] [
1 25-sep 8.075 0.146 0.517 - 0.877 -
1 26-sep 6.635 0.205 0.641 1.068 0943 0.088
1 27-sep 5.954 0.219 0.654 0.425 1.003 0.045
2 25-sep 5.100 0.193 0.401 - 0.815 -
2 26-sep 5.097 0.190 0.436 0.625 0.900 0.054
2 27-sep 6.103 0.203 0.648 1.018 1.046 0.105
3 25-sep 6.531 0.167 0.395 - 0.724 -
3 26-sep 6.169 0.154 0.398 0.942 0838 0.063
3 27-sep 7.455 0.172 0.552 0.952 0.861 0.067

Table 4-6. Net daily specific bed load transport g, (m°/day) for three separate dunes between 25, 26 and 27
September, 2008, including dune length (m), height (m), volume (m®) and migration rates ¢ (m?/day).
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4.6.2 Modeled results
Measured bed load transport results are compartidtiaé model of Bailard for bed-load transport,
which is similar to the model for suspended loath$port (equation 4-1):

Oy = (€, &,) /(95— Dtang)lU .| [4-9]

Whereq, is the depth-integrated bed-load transport (kg/msis a efficiency factor for bed-load
transport (0.1-0.2) anany is a dynamic friction coefficient (-). Fega constant value 0.1 is
attained, fotany a value of 0.6.

In table 4-7 the calculate- and measured net theitirload transport rates are given iimday”. In
general the results of the transport model arelsnthlan the measured results, however both results
show much resemblance especially for the second-88696 against -0.072).

Calculated net daily bed- Measured net daily bed-
2 2
load transport (m mday'l) load transport (m mday'l)
25/09 - 26/09 0.0147 0.0583
26/09 - 27/09 0.0596 0.072

Table 4-7 Calculated and measured net daily bed load transport in the Slufter main channel for two successive
days. All transport results are seaward directed.

4.6.3 Calculated bed load- and suspended load transport

Based on the transport model of Bailard, suspenaiedibed-load transport calculations have been
performed for different tidal and storm conditioBsiring storm conditions the fraction of suspended
sediment transport as a percentage of total tranbpe become larger than the bed load transport
fraction. As is explained in paragraph 1.2.3 sodpd load- and bed load transport is proportiamal t
respectively flow power 3 and 4. This implies thatflow velocity increases the percentage suspended
load transport of total transport also increases.

Suspended- and bed-load transport haven beenat@dubr intermediate tidal and storm conditions
(figure 4-8 and 4-9) using sediment transport dataans of Bailard (equation 4-1 and 4-9). From
figure 4-8 and table 4-8 becomes clear that modateldoad transport fluxes are significantly higher
than modeled suspended sediment fluxes. Thisatelidhat tide-induced sediment transport in the
Slufter channel predominantly occurs as bed loddv®at. During storms however, the suspended
transport mode has become dominant (67.2 %)

70



T
“\ 95+ Bailard
\
0.06|~ [l WD gaiara ! 2
‘ \ EMF, /10
|
|
| \
0.04 [ |
| [
i \
I |
Il [
N ‘h‘ Il \
/1 I\ |
002 | [\ AN [ B
/ |\ [N | |
[\ | | \
[ \
|\ [
P \ X A | \ \
ﬁ [ \ N \ |
ol LN N\ S N\ N / \ o~ \ B
0.02|— E
0.04(— B
| | | | | | | I I I
268.4 268.6 268.8 269 260.2 269.4 269.6 260.8 270 270.2 270.4
Julian Day

Figure 4-8. Calculated bed-load and suspended sediment transport distribution for intermediate tidal conditions,
using Bailard’s transport models.
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Figure 4-9 Calculated bed-load and suspended sediment transport distribution for storm conditions, using
Bailard’s transport models.

Fraction of calculated Bed load Suspended
sediment transport load
Neap tide 71.2 28.8
Spring tide 57.2 42.5
Storm 32.6 67.4

Table 4-8 fraction of calculated sediment transport mode for neap tride, spring tide and storm based on Bailard
transport models.
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4.7 Main conclusions concerning sediment transport

Based on sediment concentration measurements@madriéasurement in the Slufters mouth and
adjacent beach flat, sediment transport patterriagldifferent tidal and energetic conditions are
identified. Subsequently these results were condparth transport models of Bailard (1981).
Summarized, concerning the overall sediment tramspaler different conditions, the following
impression is obtained:

- During the flood phase, the sediment concentratidhe Slufters main channel is slightly
higher than during the ebb phase. This may beaelat the advection of sediment.

- For non-flooding conditions, a net input of finelgeent through the channel seems to occur
under neap tidal conditions. Measured fluxes arelhyelarger than the modeled fluxes. For
spring tidal conditions, a net output of fine seelnts is found where modeled fluxes show
more resemblance with measured fluxed in compasistinthe neap tidal situation.

- During flooding conditions, the main channel of 8lafter is strongly ebb-dominant.
According to Bailiards transport model 99.4% of tb&l calculated suspended sediment
transport rate occurs during ebb. Measured sedifiuets for the flood phase are much
higher compared to the calculated fluxes. Accordmthe measurement 59% of the total
measured suspended sediment transport rate oagumg ebb.

- The dominant transport direction of fine sedimext®ss the beach flat mainly occurs is
landwards.

- Bed load transport in the main channel of the 8tuftcurs in seaward direction and
correlates reasonable well with the results of&d# bed-load transport model.

- According to Bailard’s transport models, the frantcalculated bed-load transport as function
of total transport is the largest during neap tataiditions, whereas during the storm
conditions the suspended sediment is the dominaméport mode.
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5 DisCcussiON AND CONCLUSION

The Slufter is a small tidal inlet influenced byiateraction of wave- and tide-generated processes
that produces a complex of wave-dominated, mixeztgy and tide-dominated elements. The
nearshore zone, as is studied by Klein Breteled9p& typically a wave-dominated element, whereas
hydrodynamics in the main channel of the Sluftes,@imarily tidal driven and therefore tide-
dominated. Under calm weather conditions the maannoel of the Slufter acts as a conduit for water
and sediment to the intertidal salt marshes irbtsin of the inlet. Under flooding conditions (HwW

1.1 m + N.A.P.), mixed energy elements are presediwater and sediment exchange occurs on a
much larger spatial scale.

This chapter will discuss the results of this reskealt starts with the hydrodynamic results agesttb
for debate. Next, sediment transport results azeudsed. Also morphology, stability of the Slufter
and the reliability of the measurements are debdteid chapter concludes with answers to the
specific (main) research questions. .

5.1 Hydrodynamics

Based on the results in chapter 3, one can statéhére is a significant discrepancy between the
vertical and horizontal tide in the Slufters malraonel. This effect grows with increasing tidal
amplitude. Under calm conditions, neap tidal flaws slightly flood dominant, whereas spring tidal
currents show a higher degree of ebb dominancen®tigh energetic flooding conditions the main
channel of the Slufter becomes strongly ebb dontiarhis research it is believed that this effiect
caused by the Slufters basin hypsometry.

Basin hypsometry

Due to the relative small dimensions of the Slufisin it is assumed that tidal wave distortioa as
result of bottom friction is negligible. Also théférentiation of ebb and flood phase duration doets
lead to the flow asymmetry one would expect. Fleynametry seems to be generated by the
geometry of the Slufter. Asymmetry generated baltidteraction with inlet channel geometry is
studied by numerous authors. Boon and Byrne (188d)Fitzgerald and Nummedal (1983) have
suggested that an inlet where basin water surfi@zeiacreases with tide stage moves in the dinectio
of hydraulic ebb-dominance. DiLorenzo (1988) canéirthis, based on interpretation of a nonlinear
expansion of the momentum equation. Seelig andrfSon (1978), utilizing both linear and
exponential bay water surface area variation vidl £levation in numerical model simulations and
found that increasing basin water surface areatidéh elevation moves the inlet system toward ebb
dominance.

Van Puijvelde (2010) already demonstrated a hypsier@irve of the Slufter indicating that the total
water surface in the Slufters basin significantigreases with water elevation. Since nearly 50% of
the surface are of the Slufter is elevated betvlegm and 1.5 m + N.A.P, this strongly affects flow
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characteristics whewater levels reach this window. Thypsometry of the Slufters ba determines
the inundation and subsequent emergence of thejdatieflats. Inundation of thintertidal flats
retards the flood phasehich leadto increasindlood duration and decreasing ebb duratioris
leads tchigher peak ebb velocities cpared to peak flood velocities.

Reneerkens (2003) also states that the waterletkeiSlufter is the boundary condition t
determinéhydraulic and sediment transport processes inrtheeeSlufter basin. Reneerkens sugg
that reversal from floodo ebb domiance in the Slufter is at 0.9 m + NAKhereas results in 3.4
indicate alood/ebb dominance reversat ca. 0.64 m + NAPThis difference may be attributed due
errors or differences measurements or due to differences in morphotagween fieldwck 2003
and 2008. Alsathe unit used to indicate flood/ebb dominance @tttesis of Reneerkens is pecu

(/<)

Umax (m?*/s™)
0s
- ,w.f?f_;T"-u—.'_.H\ * vioeddominant
' * N e ebdominant
05t .
AF -\\.
A5 \
2} \
25 . s‘\
-3 L 1 s . N AN
02 04 08 08 1 12 14 18
HA m £ NAP

Figure 5-1 Asymmetry of the maximum flow velocity in respect to HW, threshold value is set on 0.9 m + NAP
(Reneerkens, 2003).

Storm

Storm surges add an extra ref water above the normal tide. During such coondgifloodingof a
significant larger area of the basin occurs, paldidy when the surge coincides with a spring titlee
hydrodynamic budgets in the Slufter are particyldifficult to formulate because the paths for wi
movement are complex and neither well known oratiyemeasurable. Based on measurem
performed at two locations it is suggested thaewatovesn circular motion. During the first sta
from LW to HW, the majority of the total water anmtwduring high water slack has traveled aci
the beach flat. Thereby a clear flow component tds the main channel is visibThis announces
the presence of a residwalcularflow pattern inside the Slufter systemlet circulation is governe
by tide range, bay geometry, inlet geometry, bottopography, and nontidal forcing, such as w
and river inflow (Millitello and Hughes, 200(The secondary flow in th8lufter ic probably caused
by the topographypf the beach flallsolated residual eddies usually emerge at bottiwanc- and
seaward side of the inlet and dominate the cufieldt nearthe inlet(Millitello and Hughes, 200t
Unfortunately no dat&s measured at the seaward side of the inlet,hgabis assumptio
unconfirmed.
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The influence of waves, particularly on sedimerpant/export processes in the Slufter, is restritted
the offshore zone and strongly depends on surgdsleVhe effect of (infragravity) waves on sediment
fluxes in the main channel is very smalk{fans>> Quaved. HOWeVer, waves breaking in the nearshore
zone in proximity of the Slufters mouth enhancearsedt entrainment. This leads to higher SSC,
which may enhance advective sediment transportgfiréhe Slufters channel.

5.2 Sediment Transport

It is difficult to correlate sediment transportults in the Slufter to results of other studiesg tiuthe
unique morphological characteristics of the Slufiégeldworks in slufterlike areas were done in “de
Verdronken Zwarte Polder” and “'t Zwin”. Van Helug2006) did not use OBS-results because
measured concentrations did not show relation lagith shear stress. Beijk (2002) found SSC in ‘t
Zwin ranging between 0-3 g/L under spring tidalditions (u..x~ 1.6 m/s). Measured concentrations
also showed much spikes but generally results gite gimilar to OBS-results in the Slufter.

Bailard transport results show an distinctive ekpbsediment, particular during storm conditioAs.
described in paragraph 1.2.3. time flow asymméageffects, advection and aeolian transport have
not been taken into account in the Bailard trartspodels. These other sediment transport
mechanisms may contribute significantly to thesegtiment budget of the Slufter and are further
discussed.

Time flow asymmetry

Dronkers (1986) showed that if the rate of charfgelal velocity is slower at the high water slack
this will provide better opportunities for fine $ents to settle down than during more rapid flow
reversal at low water. In this case more suspesddiient will be deposited on the upper mudflats
at high water than on the lower mudflats at lowewaind an import of fine sediment is favored.
However it is demonstrated in chapter 3, that tatina leads to increased ebb duration and a rapid
increase of flow velocity during the flood phaseantthe truncation sill is overtopped. According to
the time-flow series (fig 3-5, 3-7, 7-1 and 7-2)ridg the neap-spring cycle generally stronger
currents are measured during slack before ebb )88l during slack before flood (SBF) suggesting
that the time-flow asymmetry is ebb-dominant.

However van Puijvelde (2010) has demonstratedtidatinteraction with basin hypsometry lead to a
retarded flood phase especially when water levadsed 1.1 m + N.A.P. During spring tidal
conditions and storm conditions, the ebb phastllisomger than the flood phase but differences ar
minimal. Figure 5-1 demonstrates the flow veloditstribution over a number of tidal cycles during
the storm condition. The flow acceleration durirgfFseems to be larger than during SBF. This
indicates a net landward directed suspended setlina@sport during storm conditions.
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Figure 5-2 Measured velocities in the main channel of the Slufter during storm conditions.

Lag effects and advection

The simple Bailard suspended transport model usetthis research has limitations. The model of
Bailard only takes local processes into accourttauit taking the critical bed shear stress into aoto
Also, the importance of lag-effects and residuegtive sediment transport are ignored..Time lag
effects occur simultaneously and are difficult éparate. Schuttelaars & de Swart (1996)
demonstrated an equation which expressed dimessgpended sediment transport by including the
effect of spatial lag effect. They created a madgch was capable of simulating increased transport
in the direction of decreasing depth, since pasioh shallow waters settle down in a higher rate
(Swart and Zimmerman, 2009). However, this methadugled the effect of the flow asymmetry on
residual sediment transport. The relative imporasidag effects and flow asymmetry on residual
transport of suspended sediment is studied by modt al. (2003), who proposed a numerical based
model including appropriate parameterizations toant for lag effects. It was found that the
asymmetry in flow maxima was capable of forcingsidual transport of suspended load
approximately 5 times larger than that caused lag @ffect in symmetrical flow (Hoitink et al.,

2003). The contribution of asymmetry in flow maxima residual transport is more important, but the
effect of lag effect is clearly significant.

Also, as is described in paragraph 1.2.3 and detraded in paragraph 4.2, advection may play an
important role for residual suspended sedimenspari. Pritchard (2005) created in a semi-anallytica
approach for SSC and residual sediment transparsimple mathematical model of short tidal
embayment. Main conclusions were that advectivestrart is crucial to investigating the variation of
SSC in these embayments.

Both lag-effects and advection are favorable fdiraent import of fine sediments (paragraph 1.2.3),
but ignored in the Bailard sediment transport predi Generally, modeling sediment budgets for

inlets is found to be extremely difficult since thaths for sediment movement are complex and
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neither well known not directly measurable (Pachetcal., 2007). Therefore, extra care should be
taken to inspect the best applicable model forrtutasearches on net sediment transport patterns in
the Slufter.

Aeolian transport

In this research another sediment transport mestrahas not been taking into account. From visual
observation, particularly during storm periods,|l@eotransport was clearly noticeable. Varying vénd
speeds up to 20 m/s have brought vast amountsidfistb motion resulting in the development of
numerous small parabolic dunes on the Sluftersyssinolals. Comprehension of aeolian transport
across beaches is however complex and governdtehgteraction of beach geometry, surface
conditions and wind field (Bauer et al., 2009). Baet al. measured aeolian transport at a sandhbea
on Prince Edward Island in Canada which is quitglar to the beaches at the Slufter. In this
fieldwork wind speeds varied between 2-20 m/s, Itespin transport rate of up to 1.5 g/sec per mete
At normal windy days rates were approximately 0s/mer meter. Considering the dominant wind
direction (southwest) at the Wadden barrier islaautb the orientation of the Slufter coast one can
expect that aeolian transport lead to a dry impbsediment in the Slufter.

5.3 Morphology and Stability

Tidally driven ebb dominance lead to a net sedinramsport towards the mouth of the Slufter.
Durieux (2005) states that neap-spring averageadiytidriven ebb dominance will tend to enhance the
development of a ebb shoal. In van Puijvelde (2@i€)resence of a morphological threshold was
demonstrated, seaward from the measuring instrigmetihe main channel. According to 1-D
SOBEK modeling it is expected that, when comdisi no not change, the inlet will eventually close.

However, the effect of frequent basin wide floodewgnts probably interrupts this trend. During a
storm, when a great part of the Slufter basinusdated, flow velocities in the inlet are much legh
compared to low energetic tidal driven flows. Thr@sg ebb directed currents subsequently breach a
way to sea at the expense of the ebb shoal develupithis process seems to play an important role
in the assessment of the Slufters stability. Fah@r information on the stability of the Slufter a
referral is made to van Puijvelde (2010).

5.4 Reliability and validity measurements and analysis

Measured SSC as depicted by the OBS-sensors hawa shhigh degree of inconsistencies. This
does not mean that OBS instruments did not fungiroperly, but can be caused by physically;
turbulence or background concentrations of finggended matter can disturb the signal. Puleo et al.
(2006) performed a study on the effect of air beblon the output voltage from optical backscatter
sensors (OBS). Results show voltages increasea@ydeubbles in the presence of sediment particles
to be in order of 25%. Another deviation is thalraltion of the OBS instruments. Calibration is don
on one bulk sample of sediment from one locatidre VYariability of the particle sizes in time and
space is not taken into account in the calibration.
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5.5 Conclusions

What is the influence of tides on the import and export patterns in the Slufters
main channel?

During non-flooding conditions (HW < 1.1 m + N.A)Ptides are the fundamental transport
mechanisms for water and sediment, inducing infhma outflow of seawater at the Slufter twice
daily in response to a semi-diurnal regime. Duriegp tide, both computed and measured sediment
fluxes indicate an import of sediment. The floodniwance is a direct result of tidal asymmetry,
which emerges in longer ebb durations resultingigmer maximum landward directed flow
velocities. During spring tide, tidal interactiorithvthe Slufters’ basin hypsometry enhances flow
asymmetry which becomes ebb dominant. The ebb doro@is not caused by the tidal asymmetry.
Measured and calculated sediment fluxes clearligatel an export of sediment during spring tidal
conditions.

During flooding conditions (HW > 1.1 m + N.A.P)undation of the basin occurs on a much greater
scale. During these conditions transport pattefmgater and sediments are more determined by the
basin hypsometry / morphology of the Slufter, rathan tides or tidal asymmetry.

Does the tidal current field contribute to a net, tidally-averaged, transport of sediments
in or out of the tidal inlet: what is the contribution of tidal asymmetries

Measurement and calculations indicate that theeatifield in the Slufter contributes to a net tigal
averaged export of sediment transport. The spemintribution of tidal asymmetry when referred to
as vertical tide, is however small. According taation asymmetry one would expect flood
dominance. The basin hypsometry seems to govercutient field as the discrepancy between
horizontal and vertical tidal asymmetry grows withal elevation. As a result, flow asymmetry
moves the Slufter towards ebb-dominance.

What is the (quantitative) role of storm events for the import/export of sediment in the
main tidal channel? What is the contribution of incoming waves?

Since paths for water movement during storms amgptex and neither well known and directly
measured it is difficult to recognize a dominaansport direction. A circulation pattern which has
been identified during the storm illustrates thenptexity of the flow patterns. During the inflow
stage, import of water and sediment mainly happét®wver rates but occurs over a much larger area
than during the outflow stage. Export is mainlytrieged to the relative narrow tidal channel, but
occurs at much higher transport rates. Therefaeraclear ebb dominance is recognized in the
Slufters main channel. The influence of waves s$rieted to the nearshore zone and is very small in
the Slufter channel, even during storm conditions.
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What is the dominant mode of sand transport: bed-load or suspended load and how does
this vary with offshore hydrodynamic conditions?

Based on a 3 day dune measuring campaign and @aiteansport model it can be said that during

the neap-spring cycle bed-load seem to be the dorhtransport mode. However, as measured
sediment concentration indicated, Bailard’s tramspmy underestimate suspended sediment transport
due to the lag-effects and advection. AccordinthéBailaird sediment transport predictor bed-load
transport is the dominant mode of sediment dutiregneap-spring cycle. During storm conditions
suspended sediment becomes the dominant transpdet. m
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/ APPENDICES

Appendix A. Flows, waterlevels and stage velocity plots
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Figure 7-1 A) Vertical and horizontal tide during a neap tide (2), 23-09-08 10:00-22:15. B) Stage velocity of
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Figure 7-2 A) Vertical and horizontal tide during a spring tide (2),

spring tide 2
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Appendix B. Instantaneous measuered flow velocities
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Figure 7-3 Instantaneous measured velocities in two direction during the inflow stage (main channel, the Slufter
at 01-10-08)
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Figure 7-4 Instantaneous measured velocities in two direction at HW (main channel, the Slufter at 01-10-08)
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Appendix C. Power spectral density of waves
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Appendix D. Measuring protocol

day date julian | Main Frame Breaking zone Upstream Beach flat
Mon 08/09/2008 252 | TrucVert  Frame16 | landward seaward seaward landward landward seaward
Tue 09/09/2008 253
Wed 10/09/2008 254
Thur 11/09/2008 255
Fri 12/09/2008 256
Sat 13/09/2008 257
Sun 14/09/2008 258
Mon 15/09/2008 259
Tue 16/09/2008 260
Wed 17/09/2008 261
Thur 18/09/2008 262
Fri 19/09/2008 263
Sat 20/09/2008 264
Sun 21/09/2008 265
Mon 22/09/2008 266
Tue 23/09/2008 267
Wed 24/09/2008 268 change program
Thur 25/09/2008 269
Fri 26/09/2008 270
Sat 27/09/2008 271
Sun 28/09/2008 272
Mon 29/09/2008 273
Tue 30/09/2008 274
Wed 01/10/2008 27/
Thur | 02/10/2008 276
Fri 03/10/2008 277
Sat 04/10/2008 278
Sun 05/10/2008 279
Mon 06/10/2008 280
Tue 07/10/2008 281
Wed 08/10/2008 282
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Thur

Sat

Sun

Wed

Thur

09/10/2008

10/10/2008
11/10/2008
12/10/2008
13/10/2008
14/10/2008
15/10/2008
16/10/2008

17/10/2008

283

284

285

286

287

288

289

290

291

8:30/
11:00

17:00

13:30

13:30

08:30

14:30

15:30

10:30

15:00

Appendix E.

Hydraulic characteristics in the main channel for each tidal phase

start end period avgU Umax Hs,off | wind amplitude | HW
(EMF-25) (EMF-25) dir

[Jul date] | [Jul date] | [h] [m/s] [m/s] [m] (deg) | [m] [m]
flood 255555 255,77 5,28 0,120601 02977 0591875 | 138 0,63 0,036
ebb 255,77 256,04 -6,48 -0,1104 -0,231 0,576944 138 0,68
flood 256,04 256,28 5,76 0,300743 0,541 1,384833 | 119 1,34 0,707
ebb 256,28 256,59 -7,44 -0,33323 -0,718 1,329388 119 .22
flood 256,59 256,8 5,04 0,202962 0,47 1,52625 119 0,98 0,348
ebb 256,8 257,11 -7,44 -0,15219 -0,393 1,737174 119 0,87
flood 257,11 257,29 4,32 0,266377 0,515 1,667308 93 1,15 0,515
ebb 257,29 257,635 -8,28 -0,16799 -0,505 1,383137 93 1,08
flood 257,635 257,836 4,824 0,129658 0,341 1,32931 93 0,71 0,183
ebb 257,836 258,14 -7,296 -0,10456 -0,322 1,229778 81 0,73
flood 258,14 258,333 4,632 0,276182 0,54 0984138 | 81 115 0,625
ebb 258,333 258,666 -7,992 -0,20371 -0,542 0,87551 81 1,13
flood 258,666 258,868 4,848 0,151607 0,438 0983226 | 81 08 031
ebb 258,868 259,172 -7,296 -0,12721 -0,388 0,939778 83 0,85
flood 259,172 259,367 4,68 0,273537 0,578 0688276 | 83 1,24 0,698
ebb 259,367 259,695 -7,872 -0,1207 -0,505 0,62878 83 1,19
flood 259,695 259,892 4,728 0,144709 0,372 0,965455 83 0,826 0,331
ebb 259,892 260,199 -7,368 -0,12979 -0,42 0,777045 83 0,88
flood 260,199 260,396 4,728 0,335895 0,636 0,488667 83 1,34 0,774
ebb 260,396 260,72 -7,776 -0,1261 -0,72 0,5042 83 1,26
flood 260,72 260,914 4,656 0,178535 0,442 0,515357 83 0,766 0,388
ebb 260,914 261,223 -7,416 -0,12933 -0,433 0,478478 83 0,76
flood 261,223 261414 4,584 0,345469 0,631 04475 83 133 0,78
ebb 261,414 261,745 -7,944 -0,27012 -0,639 0,511224 83 1,28
flood 261,745 261,938 4,632 0,17831 0,456 0499333 | 83 0,88 0,38
ebb 261,938 262,248 -7,44 -0,1342 -0,48 0,471778 88 0,93
flood 262,248 262,447 4,776 0,338354 0,63 0379 88 123 0,775
ebb 262,447 262,765 -7,632 -0,2553 -0,725 0,390213 88 1,25
flood 262,765 262,96 4,68 0,211778 0,512 0,549655 88 0,96 0,48
ebb 262,96 263,271 -7,464 -0,14585 -0,473 0,456591 69 1,03
flood 263,271 263,47 4,776 0,359414 0,687 0,318333 69 1,41 0,863
ebb 263,47 263,784 -7,536 -0,29801 -0,705 0,308444 69 1,28
flood 263,784 263,974 4,56 0,238967 0,658 0,312414 69 1,08 0,657
ebb 263,974 264,303 -7,896 -0,16947 -0,529 0,381633 74 1,13
flood 264,303 264,49 4,488 0,264506 0,578 0389259 | 74 1,18 0,6945
ebb 264,49 264,817 -7,848 -0,19661 -0,587 0,384545 74 1,16
flood 264,817 265,006 4,536 0,192629 0,498 0397143 | 74 0,93 0,46
ebb 265,006 265,33 -7,776 -0,11977 -0,427 0,385745 1 0,99
flood 26533 265,517 4,488 0,277536 0,528 0357857 | 1 1,18 0,668
ebb 265,517 265,832 -7,56 -0,19582 -0,537 0,448372 1 1,71
flood 265,832 266,011 4,296 0,23507 0,516 0,57 1 1,09 0,562
ebb 266,011 266,36 -8,376 -0,15405 -0,448 0,460408 45 1,13
flood 266,36 266,538 4,272 0,212272 0,448 0,440769 45 1,02 0,44
ebb 266,538 266,854 -7,584 -0,13752 -0,397 0,464255 45 1,02
flood 266,854 267,055 4,824 0,205879 0,498 0,81375 45 1,06 0,475
ebb 267,055 267,385 -7,92 -0,13158 -0,363 1,488571 41 1,08
flood 267,385 267,569 4416 0,150229 0322 2,028148 | 41 087 0,262
ebb 267,569 267,903 -8,016 -0,08998 -0,259 2,119388 41 0,87
flood 267,903 268,089 4,464 0,178884 036 1,972963 | 41 097 0,365
ebb 268,089 268,45 -8,664 -0,09324 -0,283 1,680755 67 0,95
flood 26845 268,683 5,592 007118 0,77 1,243429 | 67 0,66 0,088
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ebb 268,683 268,838 -3,72 -0,10186 -0,157 1,24375 67 0,63
flood 268,838 269,184 8,304 0,094739 0,318 1,037 67 1,03 0,48
ebb 269,184 269,413 -5,496 -0,16042 -0,348 1,054242 {2 0,94
flood 269,413 269,565 3,648 0,076015 0,22 0,947391 72 0,68 0,22
ebb 269,565 269,74 -4,2 -0,10608 -0,205 0,939615 72 0,71
flood 269,74 270,08 8,16 0,114687 0,389 0,881731 72 1,14
ebb 270,08 270,312 -5,568 -0,20257 -0,483 0,575714 69 1,1
flood 270,312 270,625 7,512 0,070085 0,270 0,39413 69 0,71
ebb 270,625 270,786 -3,864 -0,13306 -0,277 0,373333 69 0,77
flood 270,786 271,14 8,496 0,131056 0,421 0,397692 69 1,21
ebb 271,14 271,417 -6,648 -0,2484 -0,562 0,298889 233 1.2
flood 271,417 271,674 6,168 0,149384 0,420 0,276842 233 0,97
ebb 271,674 271,92 -5,904 -0,16853 -0,458 0,310526 233 1,04
flood 271,92 272,18 6,24 0,308362 0,843 0,640769 233 1,56
ebb 272,18 272,496 -7,584 -0,41931 -0,89 0,692826 290 1,39
flood 272,495 272,704 5,016 0,170028 0,432 0,610645 290 0,87
ebb 272,704 272,93 -5,424 -0,22528 -0,583 0,698824 290 1,04
flood 272,93 273,207 6,648 0,276267 0,970 0,9865 262 1,49
ebb 273,207 273,52 -7,512 -0,56174 -1,009 1,405319 262 1,38
flood 273,52 273,742 5,328 0,30854 0,840 1,445758 262 1,33
ebb 273,742 274,01 -6,432 -0,47097 0,768 2,044 262 1,25
flood 274,01 274,182 4,128 0,439967 1,630 3,049167 264 1,84
ebb 274,182 274,545 -8,712 -1,08612 -2,1 3,132222 264 1,57
flood 274,545 274,76 5,16 0,242156 0,790 2,846774 | 264 1,35
ebb 274,76 275,051 -6,984 -1,16034 -1,86 3,4375 264 1,48
flood 275,051 275,24 4,536 0,185546 0,468 2,716786 268 1,74
ebb 275,24 275,54 G2 -0,78785 =i,75 3,15 268 1,62
flood 275,54 275,74 4,8 0,096241 0,475 2,196552 268 1,51
ebb 275,74 276,07 -7,92 -0,74003 -1,45 4,0018 268 1,66
flood 276,07 276,255 4,44 0,152 0,545 3,625357 274 1,5
ebb 276,255 276,584 -7,896 -0,697 -0,98 2,545319 274 1,62
flood 276,584 276,768 4,416 0,138 0,312 2,167778 274 1,18
ebb 276,768 277,09 -7,728 -0,134 -0,4 2,18625 274 1,15
flood 277,09 277,292 4,848 0,123 0,381 1,842333 275 1,47
ebb 277,292 277,577 -6,84 -0,1289 -0,42 1,690732 275 1,3
flood 277,577 277,702 3 0,186 0,72 1,817368 275 1,78
ebb 277,82 278,12 -7,2 -0,8123 -1,21 3,945111 275 1,67
flood 280,83 280,96 3,12 0,105571 0,337 1,22 76 0,99
ebb 280,96 281,338 -9,072 -0,14454 0,355 1,036111 158 1,05
flood 281,338 281,544 4,944 0,130839 0,36 0,976875 158 0,76
ebb 281,544 281,824 -6,72 -0,11918 0,23 1,04575 158 0,79
flood 281,824 282,06 5,664 0,158224 0,44 0,959143 158 0,94
ebb 282,06 282,326 -6,384 -0,14614 0,288 0,966 282 0,87
flood 282,326 282,567 5,784 0,154674 0,33 1,442973 282 1,02
ebb 282,567 282,847 -6,72 -0,146 0,309 1,434634 282 0,74
flood 282,847 283,048 4,824 0,212776 0,32 1,266897 282 0,94
ebb 283,048 283,46 -9,888 -0,14867 0,35 0,950667 225 1,1
flood 283,46 283,645 4,44 0,086531 0,219 0,806429 225 0,55
ebb 283,645 283,88 -5,64 -0,06522 0,105 0,730571 225 0,55
flood 284,51 284,71 4,8 0,020678 0,33 1,86444 219 0,78
ebb 284,71 284,975 -6,36 -0,07699 -0,238 2,089744 209 0,8
flood 284,975 285,243 6,432 0,042273 0,671 1,899091 219 1,37
ebb 285,243 285,564 -7,704 -0,3378 -0,692 1,708958 219 1,28
flood 285,564 285,72 3,744 0,022076 0,485 1,399091 219 0,93
ebb 285,72 286,065 -8,28 -0,13076 -0,422 1,0788 219 0,92
flood 286,065 286,273 4,992 0,058087 0,767 0,840645 211 1,41
ebb 286,273 286,61 -8,088 -0,37264 -0,888 0,7686 211 1,33
flood 286,61 286,785 4,2 0,020653 0,47 0,6436 211 0,78
ebb 286,785 287,11 -7,8 -0,11647 -0,39 0,675208 211 0,93
flood 287,11 287,318 4,992 0,077899 0,558 0,728065 222 1,26
ebb 287,318 287,63 -7,488 -0,25352 -0,668 0,857755 222 1,26
flood 287,63 287,844 5,136 0,08844 0,632 0,755313 222 1,31
ebb 287,844 288,133 -6,936 -0,33917 -0,765 0,722162 222 1,26
flood 288,133 288,352 5,256 0,075226 0,85 0,818387 251 1,52
ebb 288,352 288,666 -7,536 -0,54716 -1,153 1,111111 251 1,42
flood 288,666 288,855 4,536 0,215565 0,6 0,923571 251 0,99
ebb 288,855 289,169 -7,536 -0,15097 -0,595 1,256304 251 11
flood 289,169 289,3847 51768 0,377006 0,7908 1,411786 237 1,52
ebb 289,3847 289,685 -7,2072 -0,51989 -1,04 1,544651 237 1,47
flood 289,685 289,902 5,208 0,328995 0,666 1,806364 | 237 1,37
ebb 289,902 290,183 -6,744 -0,54133 -0,955 1,7876 291 1,37
flood 290,183 290,415 5,568 0,48376 1,224 2,063793 291 1,87
ebb 290,415 290,666 -6,024 -1,00284 -2,01 2,401034 291 1,57
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