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SUMMARY

The estuarine dynamics of the periodically-stratified Marsdiep basin are invest-
igated through a broad range of observations and numerical model simulations.
Spatial surveys and long-term point measurements of velocity, salinity, temper-
ature, density and turbulence production and dissipation are complemented
with a 1-D water column model (GOTM) and simulations of the western Dutch
Wadden Sea (GETM/GOTM). This thesis aims at providing a better understand-
ing of the factors and mechanisms that determine the vertical structure of velo-
city in the Marsdiep basin.

The spatial surveys show that the amplitude of the tidal currents in the
Marsdiep basin is characterized by a great spatial variability as a result of the
large variations in water depth. The tidal amplitude is proportional to the wa-
ter depth, if smaller than approximately 15 m, due to the effect of bed fric-
tion on the flow. The tidal amplitude remains relatively uniform for greater
water depths, but the fortnightly modulation is markedly greater for these wa-
ter depths. Therefore, the lateral shears in along-stream velocity increase from
neap to spring tide, and hence differential advection increases.

In the Marsdiep basin, the tidal wave is distorted as a result of the tide-
bathymetry interaction. In the ebb-dominant section of the Marsdiep basin,
where most measurements are conducted, the tidal wave is characterized by
greater peak ebb than flood currents. Furthermore, the late flood phase con-
sists of a long period of small currents, whereas the late ebb remains subject
to large currents. The ebb current increases from neap to spring tide, whereas
the flood current remains relatively constant. The tidal distortion has a consid-
erable impact on the estuarine hydrodynamics.

The vertical structure of the along-stream current in the main tidal chan-
nel, the Texelstroom, is modified by the ebb-flood asymmetry in bed friction
and by vertical stratification, which produce vertical profiles uncommon for
standard periodically-stratified estuaries. Generally, the superposition of the
barotropic and baroclinic pressure gradients creates vertical profiles with the
near-bed (near-surface) vertical shears in along-stream velocity greatest dur-
ing flood (ebb). In the Texelstroom, the near-bed shears are greatest during
ebb due to the presence of asymmetric drag induced by the surrounding bathy-
metry. The large spatial variations in water depth and the variable distribution
of bedforms implies that large spatial differences in drag coefficient are present
in the Marsdiep basin. A uniform profile is present in the upper part of the wa-
ter column during ebb, because the large ebb currents inhibit the generation of

xi
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vertical stratification by classical tidal straining, which generally enhances the
vertical shears in the upper part of the water column.

On the contrary, vertical stratification is observed during late flood, generated
by cross-stream tidal straining and differential advection. The vertical stratific-
ation during late flood persists because the small currents are not able to des-
troy the stratification. The vertical stratification dampens the vertical exchange
of momentum, which creates a mid-depth maximum in along-stream velocity.
The mid-depth velocity maximum is characterized by negative vertical shears
in along-stream velocity in the upper part of the water column, which produce
internally-generated turbulence.

A classical estuarine circulation is observed despite the absence of the clas-
sical tidal straining circulation and the occurrence of flood vertical stratifica-
tion, scaling well with the Simpson number. The observed estuarine circulation
is characterized by great seasonal variability and is superimposed on a depth-
averaged residual current. The latter is forced by tide-bathymetry interaction
and by remote wind effect. The strength of the estuarine circulation is primar-
ily determined by the magnitude of the baroclinic pressure gradient and is less
dependent on tidal amplitude. The increase in tidal amplitude, and associated
maximum vertical mixing, from neap to spring tide is less important for the sta-
bility of the water column, because well-mixed conditions are already present
during peak ebb and flood of neap tide. The data suggest that the estuarine cir-
culation is primarily generated by a non-steady gravitational circulation during
the long period of small currents from late flood to slack before ebb, which is
further enhanced by increased shears related to the presence of vertical stratific-
ation. The estuarine circulation increases with increased tidal mixing, i.e. from
neap to spring tide, which contrasts typical tidal straining estuaries. The in-
crease in cross-stream tidal straining and differential advection towards spring
tide promotes the generation of vertical stratification during late flood, which
enhances the strength of the estuarine circulation during spring tide.

Furthermore, an ebb-dominant asymmetry in lateral advection is observed in
the Marsdiep basin, which acts to reduce the strength of the estuarine circula-
tion for along-stream salinity gradients greater than 2.5*10~* psu/m. The ob-
servations suggest that the strength of the classical estuarine circulation in the
periodically-stratified Marsdiep basin is primarily determined by the duration
of the period of weak vertical mixing during late flood, the flood stratification
and the strength of the baroclinic pressure gradient.

Turbulence dynamics in the Marsdiep basin varies on an intra- and inter-tidal
timescale and influences the estuarine dynamics in a variety of ways. The mag-
nitude of bed-generated turbulence is proportional to the strength of the tidal
current. Therefore, the largest turbulence production is observed during peak
ebb. Consequently, the bottom boundary layer persists over the entire water
column during most of ebb, whereas it only covers the lower 8 to 12 m of the
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water column during late flood, only covering the entire water column during
peak flood. Surprisingly, bed-generated turbulence is not the only source of tur-
bulence. Internal shears in cross-stream velocity during late flood and peak ebb
contribute between 30 and 50 percent to the total turbulent kinetic energy pro-
duction. The total production approximately balances turbulent kinetic energy
dissipation, but only when the cross-stream component is included.

The presence of vertical stratification during late flood and early ebb cre-
ates a hysteresis effect in total production: values are smaller during late flood
and early ebb, when the water column is weakly-stratified, than during the
opposite phases of the tide, when the water column is well-mixed. Therefore,
flood stratification during late flood acts as a sink for turbulent energy, which is
commonly only observed during ebb. However, vertical stratification indirectly
stimulates internal turbulence production by creating a mid-depth maximum in
along-stream velocity, which enhances the vertical shears in the water column.

Summarizing, the Marsdiep basin is an estuary where a wide variety of estu-
arine processes occur, which all contribute to the vertical structure of velocity.
The estuarine circulation is characterized by a highly non-steady behavior as
a result of the great temporal variability in current speed and in vertical strat-
ification. The tidal current strength, bed friction and the density gradients re-
main the most important underlying factors that drive the hydrodynamics in
the periodically-stratified Marsdiep basin, despite the plentiful deviations from
standard textbook estuaries.
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SAMENVATTING

Een studie naar de estuariene dynamiek van het periodiek-gestratificeerde Mars-
diep is uitgevoerd met behulp van een breed scala aan metingen en enkele
numerieke model simulaties. Ruimtelijke karteringen en (lange-termijn) metin-
gen van de snelheid, saliniteit, temperatuur, dichtheid, turbulentie productie en
turbulentie dissipatie zijn aangevuld met 1-D waterkolom modelleringen met
GOTM en model simulaties van de westelijke Wadden Zee met GETM/GOTM.
Het doel van dit proefschrift is om een beter inzicht te verkrijgen in de facto-
ren en mechanismen die de vertikale structuur van de stroomsnelheid in het
Marsdiep bepalen.

De ruimtelijke karteringen laten zien dat de amplitude van de getijstroming
in het Marsdiep wordt gekenmerkt door een grote ruimtelijke variabiliteit ver-
oorzaakt door de sterke variaties in waterdiepte. De getij-amplitude is pro-
portioneel aan de waterdiepte als gevolg van de toenemende remmende ef-
fecten van bodemwrijving op de stroming, wanneer deze kleiner is dan 15 m.
De getij-amplitude blijft ongeveer constant voor grotere waterdieptes, maar is
daarentegen gekenmerkt door een sterke spring-doodtij variatie. Deze diepte-
afhankelijke variaties in getij-amplitude leiden tot een toename in laterale sche-
ring van de langsstroming van dood- naar springtij, waardoor differentiéle ad-
vectie ook toeneemt.

Karakteristiek voor de getijgolf in het Marsdiep is een vervorming door de
interactie van het getij met de bathymetrie. In het eb-dominante gedeelte van
het Marsdiep, waar de meeste metingen verricht zijn, is de getijgolf gekenmerkt
door grotere piek (maximale) eb dan vloed stroomsnelheden. Bovendien is de
late vloed fase gekenmerkt door een lange periode van kleine stroomsnelhe-
den, terwijl de late eb fase onderhevig is aan hoge stroomsnelheden. Verder
neemt de ebstroom sterk toe van dood- naar springtij, terwijl de vloedstroom
relatief constant blijft. De vervorming van het getij heeft een grote impact op
de estuariene hydrodynamica.

De vertikale structuur van de langsstroming in de hoofdgeul van het Mars-
diep, de Texelstroom, wordt beinvloed door een eb-vloed asymmetrie in bodem-
wrijving en door de vertikale stratificatie, die resulteren in vertikale profielen
atypisch voor standaard periodiek-gestratificeerde estuaria. In het algemeen
leidt de superpositie van de barotrope en barocliene drukgradienten tot een ver-
tikaal profiel met de grootste schering bij de bodem (wateroppervlakte) tijdens
vloed (eb). De grootste schering nabij de bodem in de Texelstroom is waarge-
nomen tijdens eb als gevolg van de asymmetrische bodemweerstand, geindu-
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ceerd door de complexe bathymetrie. De grote ruimtelijke variaties in water-
diepte en de ruimtelijke distributie van bedvormen in het Marsdiep impliceren
dat een grote ruimtelijke variabiliteit in bodemwrijving en bodemweerstand te
verwachten is. Verder is de schering in het bovenste gedeelte van de waterko-
lom tijdens eb minimaal en wordt het profiel gekenmerkt door een uniforme
vorm: de sterke ebstroming verhindert het onstaan van vertikale stratificatie
door klassieke getijschering (classical tidal straining) die normaal gesproken
de gangbare toename in schering verklaart in het bovenste gedeelte van de
waterkolom.

Vertikale stratificatie wordt daarentegen vooral waargenomen tijdens laat
vloed, waar het ontstaat uit dwars-getijschering (cross-stream tidal straining)
en differentiéle advectie. De vertikale stratificatie blijft behouden tijdens laat
vloed, omdat de zwakke stroomsnelheden niet in staat zijn de stratificatie te
vernietigen. De vertikale stratificatie dempt de vertikale uitwisseling van im-
puls waardoor een mid-diepte maximum in de langsstroming onstaat. Het mid-
diepte maximum is gekenmerkt door negatieve vertikale schering in de langs-
stroomrichting in het bovenste gedeelte van de waterkolom, die intern turbu-
lentie genereert.

Een klassieke estuariene circulatie is waargenomen in het Marsdiep ondanks
de af- en aanwezigheid van respectievelijk klassieke getijschering circulatie en
vloed stratificatie. De estuariene circulatie is bovendien gecorreleerd aan het
Simpson getal. De geobserveerde estuariene circulatie is gekenmerkt door een
grote seizoensvariabiliteit en is gesuperponeerd op een diepte-gemiddelde re-
siduele stroming. De laatstgenoemde wordt voornamelijk gedreven door de
getij-bathymetrie interactie en door verre wind effecten gerelateerd aan groot-
schalige atmosferische drukverschillen. De grootte van de estuariene circulatie
wordt voornamelijk bepaald door de grootte van de barocliene drukgradient en
is minder afthankelijk van de getij-amplitude. De toename in getij-amplitude, en
gerelateerde maximale vertikale menging, van dood- naar springtij is minder
belangrijk voor de stabiliteit van de waterkolom, omdat goed-gemengde om-
standigheden al voorkomen tijdens piek eb en vloed voor doodtij condities. De
data suggereren dat de estuariene circulatie gegenereerd wordt door een on-
regelmatige gravitationele circulatie die voornamelijk belangrijk is gedurende
de lange periode van kleine stroomsnelheden van laat vloed tot de kentering
voor eb en die verder versterkt wordt door de toename in vertikale schering ge-
relateerd aan de aanwezigheid van vloed stratificatie. De estuariene circulatie
intensiveert met toenemende vertikale mixing, namelijk van dood- naar spring-
tij, wat afwijkt van typische getijschering-gedomineerde estuaria. De toename
in dwars-getijschering en differentiéle advectie richting springtij bespoedigt de
formatie van vertikale stratificatie tijdens laat vloed wat de ontwikkeling van
de estuariene circulatie bevordert tijdens springtij.
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Daarnaast is een eb-dominante asymmetrie in laterale advectie aanwezig in
het Marsdiep voor langs-saliniteitsgradienten groter dan 2.5¥10~% psu/m, die
een afname in de sterkte van de estuariene circulatie veroorzaakt. De waarne-
mingen suggereren dat de sterkte van de estuariene circulatie in het periodiek-
gestratificeerde Marsdiep voornamelijk bepaald is door de duur van de periode
met zwakke vertikale menging tijdens laat vloed, de vloed stratificatie en de
grootte van de barocliene drukgradient.

De dynamiek van de turbulentie in the Marsdiep varieert op een intra- en
inter-getijde tijdschaal en beinvloedt de estuariene dynamica op verschillende
manieren. Nabij de bodem gegenereerde turbulentie verhoudt zich evenredig
met de sterkte van de getijstroming. De grootste turbulentie productie vindt
daarom plaats tijdens piek eb. Dienentegevolge beslaat de bodemgrenslaag de
gehele waterkolom tijdens het merendeel van eb, terwijl het gelimiteerd blijft
tot de onderste 8 tot 12 m tijdens laat vloed, en beslaat alleen de gehele water-
kolom tijdens piek vloed. Bijzonder is de observatie dat bodem-gegenereerde
turbulentie niet de enige bron van turbulentie is in het Marsdiep. Interne sche-
ring in de dwarsstroming tijdens laat vloed en piek eb dragen tussen de 30
en 50 procent bij aan de totale turbulente kinetische energie productie. De to-
tale productie is ongeveer in evenwicht met de turbulente kinetische energie
dissipatie, maar alleen wanneer de dwars component daarbij is inbegrepen.

Verder creéert de aanwezigheid van vertikale stratificatie tijdens laat vloed
en vroeg eb een hysterese effect in turbulentie productie: waardes zijn kleiner
tijdens laat vloed en vroeg eb, wanneer de waterkolom licht-gestratificeerd is,
dan tijdens de tegenovergestelde fases van het getij, wanneer de waterkolom
goed gemengd is. Vloed stratificatie dient daarom als een put voor turbulente
kinetische energie, wat over het algemeen voornamelijk wordt waargenomen
tijdens eb. Echter, vloed stratificatie stimuleert indirect de ontwikkeling van
intern-gegenereerde turbulentie door het creéren van een mid-diepte maximum
in de langsstroom richting die de vertikale schering, en de turbulentie productie,
in de waterkolom bevordert.

Samenvattend, het Marsdiep is een estuarium waar een breed scala aan es-
tuariene processen plaats vinden, die alle bijdragen aan de vertikale structuur
van de stroming. De estuariene circulatie wordt gekenmerkt door een zeer va-
riabele dynamiek als gevolg van de grote temporele variabiliteit in stroomsnel-
heden en vertikale stratificatie. De stroomsnelheid, bodemwrijving en de dicht-
heidsgradienten behoren tot de belangrijkste onderliggende factoren die de hy-
drodynamica in het periodiek-gestratificeerde Marsdiep aansturen, ondanks de
overvloed aan afwijkingen van standaard tekstboek estuaria.
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INTRODUCTION

1.1 MOTIVATION

A renewed interest in the tidal dynamics of the Marsdiep basin has emerged
from the sustainable energy sector, which has inspired and stimulated the re-
search presented in this thesis. The sustainable energy sector aims at utilizing
tidal energy as an alternative for fossil energy and thereby contributing to a
broadening of the potential of renewable energy sources. However, tidal energy
extraction is presently still in an early stage of development. Several test sites
exist worldwide in e.g. the Orkney Islands (http://www.emec.org.uk/) and
the Netherlands (http://www.tidaltesting.nl/). For tidal energy extraction
with a submerged turbine to be feasible and profitable, an optimization strategy
is required, which is achieved through, amongst others, a profound understand-
ing of the hydrodynamics at the turbine site.

Several aspects of the hydrodynamics can impact the tidal energy extrac-
tion. First, energy production from the tidal current scales with the current
velocity cubed, implying that small variations in current speed have great con-
sequences for the energy yield of a turbine. Second, rotor blades of a turbine
range between 5 and 15 m, thereby covering a substantial surface area. Spa-
tial gradients in velocity, called shears, over this surface area reduce the power
production. Third, the velocity shears produce differential forces acting on the
structure of the tidal energy plant, which impacts its stability. Finally, the ambi-
ent turbulence partly determines the size of the wake of a turbine, which is an
important consideration for the spatial-planning strategy of tidal energy farms.
Therefore, a detailed knowledge of the vertical and spatial structure of velocity
aids in several ways to optimize tidal energy extraction.

As part of the development of tidal energy extraction into a robust source of
sustainable energy, a test floating platform with submerged turbines and rotor
blades of 10 m in diameter will be allocated in the Marsdiep basin in spring
2015, creating the need for a comprehensive study of the hydrodynamics at the
study site. In addition, insight into the hydrodynamic conditions may serve as
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a reference case for possible (abiotic) impact studies of tidal energy extraction
on the ambient environment.

Besides the immediate cause described above, a better understanding of the
hydrodynamics benefits our understanding of the entire system. The Wadden
Sea was named a UNESCO World Heritage Site in 2009, highlighting its unique-
ness as one of the largest natural intra-tidal ecosystems around the globe, char-
acterized by a broad range of natural habitats. The hydrodynamic conditions
are an essential boundary condition for these biotic environments, and contrib-
ute to its uniqueness. For the Wadden Sea to remain extraordinary when facing
present-day and future challenges as pollution and climate change, it is crucial
to have a detailed understanding of the hydrodynamics of the system.

Zimmerman [1976b] and Ridderinkhof [1989] showed that the complex ba-
thymetry in the Marsdiep basin impacts the depth-averaged tidal currents in
the Marsdiep basin and creates horizontal circulation cells. Furthermore, recent
studies [Buijsman and Ridderinkhof, 2007b; Duran-Matute et al., 2014; Nauw
et al., 2014] have demonstrated the effect of wind on the depth-averaged resid-
ual currents and transport in the Wadden Sea. However, the vertical structure
of the currents in the Marsdiep basin and the feedbacks between tides and dens-
ity gradients have received less attention. To bridge this gap in knowledge, this
thesis focuses on the vertical structure of currents, density and turbulence in
the estuarine Marsdiep basin.

This introductory chapter presents an overview of the hydrodynamic pro-
cesses and mechanisms that play an essential role in estuaries, with a focus on
partially- and periodically-stratified estuaries similar to the Marsdiep basin. An
outline of these fundamental characteristics of estuaries is followed by a short
description of the study area: the western Dutch Wadden Sea and the Marsdiep
basin in particular. The chapter ends with an overview of the objectives, re-
search questions and research outline of the thesis.

1.2 ESTUARIES

Worldwide, estuaries are present in many different sorts, shapes and sizes. Gen-
erally, an estuary is defined as ”a semi-enclosed and coastal body of water,
with free communication to the ocean, and within which ocean water is di-
luted by freshwater derived from land” [Cameron and Pritchard, 1963 in Valle-
Levinson, 2010]. This definition incorporates estuaries like e.g. the Hudson Es-
tuary [Geyer et al., 2000], the San Francisco Bay area [Lacy and Monismith,
2001], the Merrimack River Estuary [Ralston et al., 2010], the Wadden Sea
[Becherer et al., 2011], the Baltic Sea [Burchard et al., 2005], the Yangtze/Yel-
low River [Jiang et al., 2012], fjords [Valle-Levinson et al., 2014] and many
other systems into one single concept. However, the characteristics of these
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estuaries vary greatly. To more adequately distinguish between these systems,
several classifications have been suggested based on geomorphology, vertical
distribution of salinity and/or hydrodynamics [Valle-Levinson, 2010].

A classification based on the vertical profile of salinity enables a separation of
estuaries into well-mixed, partially- or periodically-stratified, strongly-stratified
and salt-wedge estuaries, where fjords and bays fall within separate categories,
and each category is characterized by its own dynamics [ Geyer and MacCready,
2013, review on estuarine circulation]. Commonly, estuaries shift between re-
gimes on a spring-neap to seasonal timescale [Jay and Smith, 1990a; Valle-
Levinson et al., 1998; McLaughlin et al., 2003; Ralston et al., 2008; Li and
Zhong, 2009]. The different states represent different hydrodynamic condi-
tions and principally depend on the freshwater discharge and the magnitude
of the currents. The estuary type is indicative of the processes that are import-
ant, as discussed below. The Marsdiep basin is located in the well-mixed and
periodically-stratified regimes and the focus of this overview of the estuarine
processes is therefore on these types of estuaries. But first, relevant tidal pro-
cesses in estuaries are discussed.

1.3 TIDES, BATHYMETRY AND WIND
1.3.1 Tides

Tidal currents are driven by horizontal pressure gradients, originating from the
orbital movements of the Sun and Moon [e.g. van Rijn, 2011]: the barotropic
tide. The height of the sea surface elevation and the strength of the tidal current
not only vary over a tidal cycle, but also vary between tidal cycles: the intra-
and inter-tidal variability, respectively. The latter is mainly a function of the ori-
entation of the Earth’s axis with respect to the Moon (the diurnal inequality)
and the respective positions of the Earth, Sun and Moon (the spring-neap tidal
cycle). All the different components that contribute on different timescales to
the shape of the tidal wave are named tidal constituents. The most important
astronomic constituents are the diurnal and semi-diurnal tidal constituents of
the Moon, O1 and M2, and of the Sun, K1 and S2, but many more exist [e.g.
Cartwright, 2000]. The superposition of all these constituents produces a large
intra- and inter-tidal variability in tidal current amplitude. It creates a highly
dynamic environment characterized by temporally-varying hydrodynamic con-
ditions.
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Figure 1.1: Spatial variability of depth-averaged tidal currents at Marsdiep tidal inlet
(from Buijsman and Ridderinkhof [2007a]). From left to right: the M2 el-
lipses indicate the magnitude and direction of the M2 tidal constituent, the
arrows indicate the magnitude of the maximum flood and ebb current and
A indicates the depth- and tidally-averaged residual current.

1.3.2 Bathymetry

In the open ocean, the tidal wave is characterized by a sinusoidal temporal
variation. When the tide enters the shallower water depths of shallow seas and
estuaries, the tidal wave is distorted by non-linear effects in response to bed
friction, the large-scale geometry of tidal basins and the complex bathymetry,
creating asymmetries in the tidal elevations and currents, i.e. differences in
magnitude and duration of the ebb and flood phase [Dronkers, 1986].

Several authors have linked the shape of the estuarine basin, the hypsometry,
to the tidal distortion [Boon and Byrne, 1981; Friedrichs and Aubrey, 1988;
Maas, 1997; Stanev and Wolff, 2003]. They found that the ratio between the
area of the channel and the area of the shoals is a paramount feature of the hyp-
sometry, which creates horizontal exchange patterns with inflow in the channel
and outflow over the shoals, or vice versa, depending on the ratio. Furthermore,
Li and O’Donnell [2005] showed that the residual exchange patterns in an inlet
depend on the length of the estuary.
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The tidal distortion is characterized by great spatial variability. Bed friction
dampens the tidal wave by extracting tidal energy, resulting in a modification
of the tidal distortion along its propagation direction [Blanton et al., 2002].
Furthermore, bed friction, channel geometry and the length of an estuary de-
termine if a tidal wave is progressive, standing or intermediate, which also
impacts the tidal distortion [Dronkers, 1964; Winterwerp et al., 2013; Winter-
werp and Wang, 2013]. Last but not least, estuaries generally consist of chan-
nels and shoals, which represent spatial variations in water depth and create
three-dimensional circulation patterns, characterized by distorted shapes of the
tidal wave. An example of the tidal distortion at the Marsdiep inlet is given in
Figure 1.1. It shows the spatial variability in peak flood and ebb currents at the
inlet, which produces a residual horizontal circulation cell, Ay [Buijsman and
Ridderinkhof, 2007a].

In a simplified situation, the distortion of a tidal wave at one location in
a channel can be physically explained by the variations in phase speed of the
tidal wave as a consequence of temporal (and spatial) variations in water depth.
There is a proportional relationship between both: the wave celerity increases
with water depth. Therefore, ebb-flood variations in water depth produce the
largest celerities during flood, especially when the ratio between the amplitude
of the surface tide is relatively large compared to the total water depth. To
respect continuity, the greater water depth during flood is compensated by a
stronger current during ebb, producing a mean or residual current, also called
the Stokes drift [Valle-Levinson, 2010, and references therein].

Aubrey and Speer [1985] and Speer and Aubrey [1985] demonstrated that
the strength of the tidal distortion can be expressed as the ratio between the
magnitude of the most important astronomical constituent, commonly M2, and
its first overtide, M4. An overtide is generated by the non-linear interactions of
the tide with the seabed, the basin geometry and by advection driven by spa-
tial variations in water depth. The wave period of a first-order overtide is half
the tidal period of the original constituent (named first-order higher harmonic
or quarter-diurnal constituent). In addition, the shape of the tidal distortion
is expressed by the phase difference between both constituents. Depending on
the phase difference, the tidal currents are either flood- or ebb-dominant, i.e.
greater currents occur during flood or ebb, respectively. The variations in cur-
rent speed as a result of the tidal distortion can have important ramifications for
sediment transport, because the latter is related to the velocity to the power of
3 to 5 [e.g. van Rijn, 1993, and references therein]. Furthermore, these above-
mentioned studies illustrate that bed friction, water depth variations and basin
geometry are important for the residual circulation patterns and transport of
water and suspended matter.
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1.3.3 Wind

The wind influences hydrodynamics in estuaries in a variety of ways, depend-
ing on its strength and direction with respect to the orientation of the basin
geometry and the direction of the tidal current [Geyer, 1997; Guo and Valle-
Levinson, 2008]. Furthermore, weak winds generally modify the upper part
of the water column, whereas stronger winds impact the structure of the en-
tire water column. In shallower intertidal areas like mudflats, wind-induced
waves have a considerable impact on the sedimentation-erosion processes [Le
Hir et al., 2000; Verney et al., 2007]. Besides these local wind effects, winds
create additional large-scale pressure gradients, which drive residual currents:
the remote wind effects.

Local wind forcing either mixes (the upper section of) the water column
[Goodrich et al., 1987; Li et al., 2006b], if the forcing is sufficient, or modi-
fies the vertical structure of the water column through wind straining [Scully
et al., 2005; Chen and Sanford, 2009]. Wind straining either enhances or re-
duces vertical stratification, depending on the direction of the wind with respect
to the direction of the tidal current. Remote wind effects primarily modify the
depth-averaged residual current.

1.4 DENSITY GRADIENTS AND THE ESTUARINE CIRCULATION

The residual currents generated by (barotropic) tide-bathymetry interaction
and wind are mainly a depth-averaged phenomenon. A fundamental feature
of estuaries is the presence of horizontal density gradients, predominantly ori-
ginating from spatial differences in salinity, which produce additional, so-called
baroclinic, pressure gradients. These horizontal (and related vertical) density
gradients radically modify the vertical structure of the instantaneous and resid-
ual currents in estuaries. Therefore, the vertical structure of the residual current,
the estuarine circulation, is a major topic of estuarine research.

1.4.1 1-dimensional perspective (vertical structure)

Freshwater discharge from rivers or sluices into coastal seas creates density
gradients in three dimensions, i.e. in along-stream (or along-channel), cross-
stream (cross-channel) and vertical direction, which all vary over time. The
magnitude of these density gradients, and their associated horizontal and ver-
tical stratification, is partly determined by the freshwater discharge rate and
plays an essential role in a variety of estuarine processes. Generally, the hori-
zontal density gradient and the vertical mixing by the tidal current determines
the type of estuary, as expressed by the Simpson number, which represents the
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ratio between the stabilizing and de-stabilizing forces on the water column,
defined as [Geyer and MacCready, 2013]:

a
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> (1.1)

where f3 is the saline contraction coefficient (~7*1O_4), g is the gravitational
acceleration, H is the water depth, g—; is the along-stream salinity gradient and
u, is the friction velocity, the latter being a measure for vertical mixing by the
tidal currents. Well-mixed and periodically- or weakly-stratified estuaries are
defined as Si numbers smaller than 0.2 or between 0.2 and 1, respectively, in-
dicating that tidal mixing is relatively important during most of the tidal period.
As a result of tidal mixing, the water column is either continuously well-mixed
for Si smaller than 0.2 or weakly vertically-stratified during a limited period
of the tidal cycle for Si between 0.2 and 1. Strongly-stratified estuaries occur
when Si is greater than 1, indicating that the along-stream density gradient
is relatively important: the water column is vertically-stratified during the en-
tire tidal cycle. The different types of estuaries are indicative of the different
processes that are important for the vertical structure of the (residual) current.

The Simpson number explains the stability of the water column based merely
on one-dimensional dynamics, neglecting for example the contribution of the
cross-stream current and the cross-stream density gradient. Cross-stream vari-
ations in width and water depth and the Coriolis forcing are also important, as
is discussed in more detail in the next section. Valle-Levinson [2008] proposed
a classification for the estuarine exchange flow patterns incorporating these ef-
fects. All these classifications have in common that they provide insight into the
structure of residual circulation in estuaries.

In essence, the vertical structure of the residual current in estuaries is de-
termined by the difference in shape of the vertical profiles of the along-stream
ebb and flood currents. This intra-tidal difference is caused by several estuarine
processes related to the presence of the density gradients in the system. Before
turning to these processes and their impact on the estuarine circulation, typical
profiles of instantaneous along-stream ebb and flood currents in estuaries are
depicted in Figure 1.2 [MacCready and Geyer, 2010]. It shows that the baro-
tropic semi-diurnal tide produces identical shapes of the ebb and flood profiles
of velocity (—A and +A, respectively). The superposition of the barotropic tide
and baroclinic effects creates increased (decreased) shears in velocity in the
lower part of the water column during flood, Uy (ebb, U,), as indicated by the
difference between U and A, d, being greater than zero. In the upper part of the
water column, the opposite occurs and d is smaller than zero. The difference
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Figure 1.2: Standard vertical profiles (U, solid red lines) of ebb (e) and flood (f) cur-
rents and its deviation from the semi-diurnal velocity structure excluding the
baroclinic tide (-A is ebb and +A is flood, dashed red lines). The profiles of
the eddy mixing coefficients (K, yellow lines for ebb (e, solid line) and flood
(f, dashed line)) are also given. The difference between A and U is indicated
by d (from review on Advances in Estuarine Physics, MacCready and Geyer
[2010]).

between the ebb and flood profiles as a result of the superposition of the baro-
tropic tide and baroclinic effects generates the classical estuarine circulation.
Pritchard [1956] and Hansen and Rattray [1966] were the first to establish a
research framework for estuarine circulation dynamics. They showed that the
typical estuarine circulation is characterized by inflow near the bottom and out-
flow near the surface, resulting from the interplay between the barotropic and
baroclinic pressure gradients and constant vertical mixing, as described above,
which is called the classical gravitational circulation (classical Ug, Figure 1.3).
This type of classical estuarine circulation is observed in most estuaries [ Geyer
and MacCready, 2013, and references therein], but the assumption of constant
vertical mixing to model mixing in the classical estuarine circulation has been
proven to be invalid. Later research has shown that the strength of the estuarine
circulation is determined by several circulation mechanisms, which complicates
the estuarine dynamics (Figure 1.3). The baroclinic pressure gradient drives a
gravitational circulation (Ug), but is also responsible for another type of cir-
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Figure 1.3: Components of estuarine circulation (from review on estuarine circulation,
Geyer and MacCready [2013]), consisting of the classical gravitational cir-
culation (classical Ug), the tidal straining circulation (Ug) and the classical
river runoff (classical Ug). The magnitude of the residual current displayed
on the x-axis is normalized by the tidal amplitude, Uy. Positive (negative)
values indicate up-estuary (down-estuary) residual currents.

culation, namely tidal straining circulation (Us), which is related to intra-tidal
asymmetries in vertical stratification and vertical mixing.

Asymmetries in vertical mixing arise from the alternation between well-mixed
and vertically-stratified conditions over the tidal cycle. Classical tidal straining
is the principal mechanism that explains the (de-)stratification of the water
column, as first described by de Ruijter [1983] and van Aken [1986], which was
applied to estuarine conditions by Simpson et al. [1990]. They observed that the
direction of the tidal current, which differs between ebb and flood, with respect
to the steady direction of the along-stream density gradient determines if the
water column becomes either well-mixed or vertically-stratified (Figure 1.4).
During flood, the greater current velocities near the surface transport denser
water from the sea into the estuary. The denser water sinks down, producing
a well-mixed water column. During ebb, the greater currents near the surface
transport fresher water over denser water towards the sea, creating vertical
stratification. Classical tidal straining is a mere one-dimensional process. Jay

9
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Figure 1.4: Principle of tidal straining adapted from Simpson et al. [1990]. The S in-
dicates the isohalines during late flood and late ebb (upper and lower row,
respectively). Relative small and large densities are indicated by p—and p .,
respectively

and Musiak [1996] were the first to realize that tidal straining creates asym-
metries in vertical mixing due to the alternation from well-mixed to vertically-
stratified conditions (Figure 1.2 and 1.4). They hypothesized that these asym-
metries could modify the vertical structure of the currents and thereby the
magnitude of the estuarine circulation: the so-called tidal straining circulation
(Figure 1.3, Ug). Several studies [Burchard and Hofmeister, 2008; Burchard,
2009; Burchard et al., 2011] have shown that tidal straining circulation has the
same shape as the gravitational circulation. The former can contribute up to
two-thirds to the total estuarine circulation in periodically-stratified estuaries
[Burchard and Hetland, 2010].

1.4.2 2-dimensional perspective (addition of cross-stream processes)

Thus far, the forcing mechanisms of the estuarine circulation are mainly ascribed
to along-stream processes, neglecting the influence of cross-stream dynamics.
However, reality is more complex. Differential advection is an important two-
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Figure 1.5: Principle of differential advection (from review Advances in Estuarine Phys-
ics, MacCready and Geyer [2010]). White lines indicate the isohalines and
the arrows show the strength and direction of the currents.

dimensional process that contributes to, and complicates, estuarine dynamics
[Nunes and Simpson, 1985, Figure 1.5]. Differences in water depth along a
cross-section of a channel result in differences in current speed, generally with
the largest currents located in the center, or the deepest part of the channel. The
largest currents transport the most saline water from the sea during flood, creat-
ing cross-stream density differences. The baroclinic pressure gradient generates
two cross-stream circulation cells with near-bed currents directed towards the
side of the channel and near-surface currents directed towards the center of
the channel (Figure 1.5). The cross-stream currents distribute salinity and mo-
mentum laterally, complicating estuarine dynamics. A certain amount of time
is required for the cross-stream baroclinic pressure gradient to develop. There-
fore, differential advection becomes most important during late flood. During
ebb, the cross-stream circulation cells are reversed. Cross-stream circulation
patterns are modified by curvature and Coriolis effects, vertical stratification
and asymmetric cross-stream bathymetry, which impact differential advection
[Lacy and Monismith, 2001; Buijsman and Ridderinkhof, 2008¢].

Differential advection, and the other factors that drive cross-stream currents,
re-distribute momentum and density. The re-distribution of salt and momentum

11
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is divided into two processes, namely cross-stream tidal straining and lateral
advection, respectively, which also influence the along-stream estuarine circu-
lation.

Cross-stream tidal straining is a process that can generate vertical stratifica-
tion during flood, creating ebb-flood asymmetries in vertical stratification and
thereby modifying the estuarine circulation. Recently, evidence of flood strati-
fication as a common phenomenon in estuaries has been reported [Scully and
Geyer, 2012; Aristizdbal and Chant, 2014, this thesis], which might impact the
estuarine circulation. Stacey et al. [2008] showed that the timing of vertical
stratification in periodically-stratified estuaries determines the strength and dir-
ection of the estuarine circulation. They showed that late flood stratification pro-
duces a reversed estuarine, tidal straining circulation, thereby neglecting any
superimposed effect of the baroclinic pressure gradient and the gravitational
circulation. Cheng et al. [2011, 2010] and Burchard and Schuttelaars [2012]
demonstrated the importance of cross-stream straining for the strength of the
estuarine circulation using idealized models.

Lateral advection also modifies the estuarine circulation by re-distributing
momentum. Lerczak and Geyer [2004] modelled the intra-tidal variability of
lateral advection in a straight estuarine channel and found a flood-dominant
abundance of lateral advection. Lower momentum water is transported from
the side to the upper part of the water column during flood, whereas higher
momentum water is transported downward, enhancing the estuarine circula-
tion. Vertical stratification during ebb due to classical tidal straining reduces
the strength of the cross-stream circulation cell and is therefore not able to
mitigate the lateral re-distribution of momentum from the flood phase. The
asymmetry in lateral advection between ebb and flood generally enhances the
estuarine circulation.

1.4.3 3-dimensional perspective (including along-stream variability)

Estuaries are generally not characterized by straight symmetric channels, as as-
sumed above, but rather by curved bends and great along-stream variations in
width and depth. Also, the tidal distortion varies spatially. Along-stream vari-
ations in estuarine circulation have been observed as a result of the complex
bathymetry [Jay and Smith, 1990a; Martin and MacCready, 2011; Geyer and
MacCready, 2013, and references therein]. These studies highlight the highly
three-dimensional character of the estuarine circulation patterns in estuaries
and remain an area of ongoing research.

Summarizing, all the discussed processes influence the vertical structure of
the instantaneous and residual currents. However, in essence, most processes
are directly or indirectly related to two factors: density gradients and vertical
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mixing by tidal currents. The next section shows how tidal currents and density
gradients are intricately intertwined by turbulence.

1.5 TURBULENCE AND MIXING

As has already become obvious in the previous sections, tidally-induced tur-
bulence and vertical mixing are important for the vertical structure of velocity.
Furthermore, turbulence determines the vertical distribution of suspended mat-
ter and re-distributes heat, salt and momentum. Therefore, it plays an essential
role in natural systems.

Turbulence has several positive and negative feedbacks on currents and dens-
ity gradients, augmenting the complexity of the estuarine system [Stacey et al.,
2011, and references therein]. In addition, high-resolution and cost-efficient
measurements of turbulence have only become possible since the last decades
[Lohrmann et al., 1990; van Haren et al., 1994; Stacey et al., 1999b]. Therefore,
the topic of estuarine turbulence is still an area of ongoing research. Recently,
turbulence has been investigated in a wide variety of estuaries, ranging from
well-mixed, weakly- and periodically-stratified, to strongly-stratified estuaries
[Lu et al., 2000; Kay and Jay, 2003; Stacey and Ralston, 2005; Geyer et al.,
2008; Ralston et al., 2010; Scully et al., 2011].

In well-mixed and periodically-stratified estuaries, bed-generated turbulence
is generally the main source of turbulence production [Peters and Bokhorst,
2000, 2001; Rippeth et al., 2001; Becherer et al., 2011], where the shears near
the seabed generate turbulence, which extends upwards over the water column.
Turbulence partly determines vertical stratification and shears in velocity over
the water column, but is also influenced itself by the other two factors [Sta-
cey et al., 2001, 2008, 2011]. Turbulence decreases vertical stratification and
shears in velocity, whereas vertical shears itself generate turbulence and de-
crease vertical stratification. On the other hand, vertical stratification dampens
turbulence but increases the shears. The three-way interactions illustrate the
positive and negative feedback mechanisms that exist between the actors. In
periodically- and weakly-stratified estuaries, classical tidal straining generally
results in vertical stratification during ebb, which dampens turbulence produc-
tion during ebb and creates intra-tidal asymmetries in vertical mixing [Rippeth
et al., 2001; Simpson et al., 2005; Verspecht et al., 2009], which in turn impact
the total estuarine circulation. However, recent observations of vertical strati-
fication during flood suggest stratification-mixing dynamics are more complex
than the classical one-dimensional tidal straining dynamics [Scully and Geyer,
2012].
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Figure 1.6: Landsat image of the Dutch part of the Wadden Sea (courtesy ESA) and
a smaller overview map of the entire Wadden Sea area (courtesy Wadden
Sea secretariat, http://www.waddensea-secretariat.org/). Roman numbers
indicate different geographic locations as given in the legend and mentioned
in the text. The yellow line (V) indicates the Afsluitdijk, which is approxim-
ately 30 km long. The red line delineates the borders of the Marsdiep basin
1.
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1.6 MARSDIEP BASIN

The Marsdiep basin is the westernmost basin of the Wadden Sea, characterized
by meandering channels and an extensive inter-tidal flat area (Figure 1.6). Prior
to the closure of the Afsluitdijk (enclosure dyke) in 1932, the Marsdiep basin
belonged to the larger Zuiderzee basin, together with the adjacent Vlie basin
and the present-day freshwater lake, the IJsselmeer. In the past, freshwater
was discharged into the southeast corner of the Zuiderzee by the river IJssel.
Presently, the freshwater discharge from the IJsselmeer into the Marsdiep basin
is regulated through outlet sluices. The complex bathymetry of the Marsdiep
basin is characterized by large variations in water depth on a small spatial scale.
Furthermore, migrating sandwaves and other bedforms are ubiquitous in the
basin [Buijsman and Ridderinkhof, 2008a,b]. In addition, the morphology of
the Marsdiep basin is still adjusting to the closure of the Afsluitdijk [ Dastgheib
et al., 2008].

The most important astronomic constituents in the Marsdiep basin are the M2
tidal constituent and its solar counterpart, S2, the latter being approximately
27 percent of the former [Buijsman and Ridderinkhof, 2007a]. The diurnal con-
stituents are small, but the compound and overtides, e.g. M4, contribute consid-
erably to the strength of the tidal currents, highlighting the large tidal distortion
in the Marsdiep basin. The overtides originate from tide-bathymetry interac-
tion via differential advection of vorticity [Zimmerman, 1976b; Ridderinkhof,
1989], which results in depth-averaged horizontal residual circulation patterns
(Figure 1.1): the southern two-thirds of the Marsdiep inlet are flood-dominant,
whereas the northern one-third is ebb-dominant [Buijsman and Ridderinkhof,
2007a]. Wind drives residual currents, superimposed on the tide-bathymetry
interaction, which determines the direction (and variability) of the through-
flow between the Marsdiep and other basins of the Wadden Sea [Ridderinkhof,
1988; Buijsman and Ridderinkhof, 2007b; Duran-Matute et al., 2014; Nauw
et al., 2014].

The main sources of freshwater are the outlet sluices at Den Oever and Korn-
werderzand, which discharge freshwater from the IJsselmeer into the Marsdiep
basin during low water only. Until recently, the high currents in the Marsdiep
were assumed to mix the entire water column and, therefore, density-related
processes were assumed to be negligible [e.g. Zimmerman, 1976a; Ridderink-
hof, 1989]. However, Buijsman [2007] and Groeskamp et al. [2011] noted that
the water column is weakly-stratified during several phases of the tide. (This
had already been observed during oceanography courses since the 1970’s). The
contribution of the density gradients to the vertical structure of velocity in the
Marsdiep system has not yet been investigated in detail.

The previous studies mainly focused on the large-scale hydrodynamics of
the western Dutch Wadden Sea, adopting an analytical [Zimmerman, 1976a]
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Figure 1.7: Simplified separation of the estuarine system into different compartments.
The forcing of the hydrodynamics in estuaries is depicted within the triangle.
Besides the tides and density gradients, wind and bathymetry (upper left
corner) are other factors that force the hydrodynamics. The focus of this
thesis is given in the triangle, separated into a tides, density gradients and
turbulence component. The hydrodynamics force sediment transport and
biological activity, as depicted in the upper right corner.

or numerical-modelling approach [Ridderinkhof, 1988; Duran-Matute et al.,
2014]. The few observational studies in the Marsdiep basin primarily focused
on the large-scale hydrodynamics through analysis of low-resolution ferry-based
observations [Buijsman, 2007]. However, no detailed observational study of
the small-scale spatial current characteristics has yet been conducted in the
Marsdiep basin.

1.7 OBJECTIVE, RESEARCH QUESTIONS AND THESIS OUTLINE

The scarcity of detailed (small-scale) observational studies and the recent no-
tion of vertical stratification warrant the necessity for more research on the
small-scale estuarine hydrodynamics in the Marsdiep basin.

In this thesis, a wide variety of measurement techniques is combined in or-
der to investigate the small-scale structure of the currents in the Marsdiep basin.



1.7 OBJECTIVE, RESEARCH QUESTIONS AND THESIS OUTLINE

Spatial 13-hour surveys with the R.V. Navicula are conducted to measure ver-
tical profiles of e.g. velocity, temperature and salinity which provide insight into
the small-scale spatial dynamics. The vertical profiles of velocity are measured
with an Acoustic Doppler Current Profiler (ADCP), whereas the conductivity,
temperature and depth (CTD) are measured with a SeaBird CTD system. Also,
separate moored 13-hour campaigns with the R.V. Navicula at one specific loc-
ation, called anchor stations, illustrate the temporal evolution of the velocity
and density field over a tidal cycle on a timescale of minutes to hours. Over
ten anchor stations are conducted between 2011 and 2014, of which four are
treated in this thesis. Long-term data (20 to 46 days) are obtained by deploying
a bottom frame on multiple occasions, equipped with an ADCP and point-CTD
(microCAT). At the bottom frame, vertical profiles of velocity and point measure-
ments of temperature, salinity and depth are measured at 30 seconds intervals.
The high-resolution long-term measurements provide a detailed overview of the
vertical structure of velocity under a wide range of conditions from a minute
to seasonal timescale. Furthermore, turbulence observations are collected with
two different measurement techniques. A free-falling microstructure profiler
(FLY) has been used to collect data every 20 minutes during several 13-hour
anchor stations, whereas the ADCP measures turbulence every 12.5 minutes
during spring and neap tide conditions for two individual bottom frame de-
ployments (5 and 7 days, respectively). Most of the measurements have been
collected near the site of the planned location of the test tidal energy plant.
The diverse and comprehensive dataset provides the opportunity to investigate
multiple aspects of the estuarine hydrodynamics in the Marsdiep basin.

Figure 1.7 presents an overview of the central topics considered in this thesis.
The vertical structure of velocity in estuaries is predominantly determined by
tides and density gradients, which are intricately intertwined by turbulence.
These three aspects are the main focus of this thesis. Each aspect is influenced
again by many other factors, such as wind, bathymetry, bed friction and benthic
life forms. Bathymetry and wind are addressed in several chapters. The forcing
of all components within the triangle, and their interactions, are essential for
the distribution of suspended matter and the biological activity in the water
column.

The following research questions are addressed to investigate the small-scale
hydrodynamics in the Marsdiep basin:

1. What is the spatial and temporal variability of the vertical structure of in-
stantaneous along-stream tidal currents and density?

2. What determines the vertical structure of the residual currents, thereby fo-
cusing on the dynamics of the estuarine circulation?
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3. What are the characteristics of turbulence during neap and spring tide con-
ditions and how are these connected to the barotropic and baroclinic com-
ponents of the tide?

In Chapter 2, the spatial variability of the tidal currents and the density field
is investigated through observations, providing an exploratory overview of the
hydrodynamic conditions at the study site. Chapter 3 discusses the vertical struc-
ture of the tidal currents and their modification by the presence of density gradi-
ents. Spatial surveys and long-term moored observations are combined with
simplified one-dimensional numerical water column modelling using GOTM.
Both chapters address research question 1. Chapter 4 focuses on research ques-
tion 2 and investigates the vertical structure of the residual currents by ana-
lyzing long-term mooring measurements. The observations are complemented
with numerical model results from GETM/GOTM to highlight the spatial vari-
ability in vertical structure of the residual current. The role of turbulence is
investigated in Chapter 5 by analyzing turbulence measurements collected dur-
ing neap and spring tidal conditions, thereby addressing research question 3. In
Chapter 6, an overview of the main results is given and an outlook to remaining
gaps in our understanding of the estuarine dynamics in the Marsdiep basin is
presented.



EXPLORATORY STUDY OF THE VARIABILITY OF CURRENTS
AND DENSITY

Observational data of tidal currents and vertical stratification are presented in
this chapter. The data were collected between 2010 and 2012 during multiple
surveys in the Marsdiep basin. The aim of this chapter is to better understand
the spatial variability of the tidal currents and the occurrence of vertical strat-
ification in the Marsdiep basin. A harmonic analysis is applied to the depth-
averaged velocity to obtain estimates of the tidal ellipse parameters of the M2
tidal constituent along the surveys. The spatial variation in magnitude of the
tidal currents is complex but seems mainly related to water depth. This relation-
ship varies in time on a daily to fortnightly timescale, which results in a variation
of the lateral velocity shears over time. Furthermore, the tidally-averaged lat-
eral density gradient is of the same order of magnitude as the longitudinal dens-
ity gradient, implying that cross-stream processes are important in the Marsdiep
basin. At some locations, vertical stratification is only observed during the flood
phase which seems mainly driven by lateral processes. This pattern is inconsist-
ent with the classical alongstream tidal straining mechanism, where vertical
stratification develops during ebb and diminishes during flood. It is hypothes-
ized that vertical stratification during flood increases from neap to spring tidal
conditions due to increased differential advection. The strength and timing of
vertical stratification is shown to be highly spatially variable in the Marsdiep
basin, which might have implications for the residual circulation patterns.

This chapter is based on the following publication:
de Vries, J. J., Nauw, J. J., Ridderinkhof, H., and van Aken, H. M. (2014). An
exploratory study of the variability of currents and density in the Marsdiep,
Cont. Shelf. Res., 84:70-83.
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2.1 INTRODUCTION

Tides contain a copious source of kinetic energy and are therefore a dominant
factor in advecting salt, heat, nutrients, pollutants, fish eggs, larvae, plankton
and suspended particles in shelf seas and estuaries. In addition, buoyancy and
wind forcing are other important factors, where their relative contribution de-
pends on local conditions. Recently, tides are considered as a potential source
of renewable energy, which resulted in a growing interest in the small-scale
0(0.1-1 km) spatial variability of tidal currents. In the Marsdiep basin, a float-
ing test tidal energy plant with a size of 100 x 30 m? is planned to be moored.
Tidal energy production is related to flow speed cubed. It is therefore import-
ant to obtain a thorough understanding of the spatial variation in currents in
order to find an optimal location for such a platform for optimizing tidal energy
production.

In estuaries like the Marsdiep basin, the currents are influenced by bathy-
metry, wind and density gradients originating from freshwater inflow. Much
research has already been conducted on the large-scale spatial variability of
currents and on the residual circulation at the inlet of and in estuaries, e.g. the
Chesapeake Bay [Valle-Levinson et al., 1998], Colombia River Estuary [Jay and
Smith, 1990a,b,c] and the Marsdiep inlet [Buijsman and Ridderinkhof, 2007a].
The variation of tidal flow on a smaller spatial scale O(0.1-1km) has been
another area of research. Murphy and Valle-Levinson [2008] investigated the
spatial and temporal variability of currents on a smaller scale in the shallow
(h<15 m), microtidal and subtropical Saint Andrew Bay system, Florida USA.
Li [2002] covered the spatial variability at an axial convergence front system,
whereas Li et al. [2006a] and Li et al. [2006b] investigated the small-scale vari-
ability of geometry-driven residual currents and eddies using observations and
model simulations. In the Marsdiep basin, large depth variations are present
on a small spatial scale, which makes it worthwhile to investigate the spatial
variability of tidal currents. Furthermore, the temporal modulation of the spa-
tial variability in currents has not yet been investigated in the Marsdiep basin.
Variations in currents are important since the associated lateral shears are essen-
tial for horizontal mixing [ Zimmerman, 1986] and the formation of fronts [Li,
2002]. In addition, they generate complicated flow patterns around complex
bathymetry [Geyer, 1993]. Lateral velocity shears originating from differential
advection have also been observed to drive secondary currents in a channel and
to modify the density distribution [Nunes and Simpson, 1985].

The currents in the Marsdiep inlet itself are well described by Buijsman and
Ridderinkhof [2007a] using measurements from the Den Helder-Texel ferry.
However, less is known about the current field in the inner part of the Marsdiep
basin. Groeskamp and Maas [2012] investigated the spatial variation in a small
part of a tidal channel, the Malzwin, which has water depths between 5 and
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15 m. At that location, they found a linear increase in flow strength with depth.
They discussed two simple, but contradictory theories that predict tidal amp-
litude as a function of local water depth (inversely proportional) or as a function
of friction (linearly/parabolically proportional) and they demonstrated that the
latter was applicable to their research area. However, they did not cover the en-
tire range of water depths in the Marsdiep which varies between 0 and 40 m.
Furthermore, measurements were acquired during one single tidal cycle.

A fundamental characteristic of estuaries is the presence of longitudinal, lat-
eral and vertical density gradients due to the (varying) influence of freshwa-
ter [Hansen and Rattray, 1966; Simpson et al., 1990; MacCready and Geyer,
2010, and references therein]. The density field in the Marsdiep basin has only
been studied marginally [Zimmerman, 1976a,b; Buijsman and Ridderinkhof,
2008c], even though visible signs of their importance are a common feature
in the Marsdiep basin such as frontal features, e.g. axial density lines which
indicate the boundary of different water masses, and internal wave signatures
[Groeskamp et al., 2011]. Generally, it is assumed that the gravitational estuar-
ine circulation as well as tidal straining dominate the longitudinal exchange in
narrow estuaries with inflow at the bottom and outflow at the surface. In wide
estuaries however, rotational effects become more important. Valle-Levinson
[2008] was able to semi-analytically express the density-driven exchange flow
in terms of the Ekman and Kelvin number. Basdurak and Valle-Levinson [2012]
demonstrated the great temporal variation in estuarine exchange patterns, i.e.
horizontally versus vertically sheared, in a microtidal estuary. Recent studies
have shown that lateral processes may influence the longitudinal exchange.
Several model studies have shown that lateral advection is able to modify lon-
gitudinal exchange [Lerczak and Geyer, 2004; Cheng et al., 2009; Scully et al.,
2009; Burchard and Schuttelaars, 2012], which has also been confirmed by
an observational study in the microtidal James River Estuary [Basdurak and
Valle-Levinson, 2012]. In the Marsdiep, Postma [1954], Zimmerman [1976a,b]
and Ridderinkhof [1988, 1989] assumed the water column to be well-mixed as
a result of the strong currents (up to 2 m/s). However, recent studies have
shown that the Marsdiep is periodically-stratified during the flood and ebb
phase [Buijsman and Ridderinkhof, 2008¢c; Groeskamp et al., 2011; de Vries
et al., 2012]. Despite the observations in recent studies, the dynamics of the
spatial density field and their effect on the residual circulation have not yet
been investigated in detail in the Marsdiep basin.

Furthermore, the existence of an estuarine circulation in the Wadden Sea
is still a topic of debate. Floser et al. [2011] found indications of an estuar-
ine circulation in the German Wadden Sea, in the Hérnum Deep near Sylt, by
analyzing the vertical profile of the horizontal velocity during peak ebb and
flood. However, Buijsman and Ridderinkhof [2007a] found contradictory ver-
tical profiles of horizontal velocity in the Marsdiep inlet. They concluded that
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the horizontal residual circulation pattern is explained by the advection of vor-
ticity as described by Ridderinkhof [ 1989], which is determined by the complex
bathymetry of the western Dutch Wadden Sea, but they did not analyze the ver-
tical residual circulation. Floser et al. [2013] presented suggestive indications
of an estuarine residual circulation based on the vertical profiles of the hori-
zontal velocity but they did not relate them to the strength of the longitudinal
density gradients or any other baroclinic forcing. Therefore, the importance of
tidal straining in the Wadden Sea is still a topic of debate.

Becherer et al. [2011] related the occurrence of vertical stratification in the
German Wadden Sea during specific tidal phases to tidal straining and thereby
indirectly suggest the presence of an estuarine circulation. The mechanism of
tidal straining, first described by van Aken [1986] in a shelf sea and Simpson
et al. [1990] in an estuary, explains the asymmetry in vertical stratification, in
estuaries between ebb and flood, as a result of the interaction between tidal
currents and the longitudinal density gradient. During the flood (ebb) phase
of the tide, the longitudinal baroclinic pressure gradient opposes (enhances)
the barotropic pressure gradient which decreases (increases) vertical stratific-
ation. Such a mechanism results in the strongest stratification during ebb and
strongest mixing during flood. In this study, observations of vertical stratifica-
tion are presented that deviate from those observed under the tidal straining
mechanism. These patterns correspond to observations in other estuaries by
Lacy et al. [2003], Scully and Friedrichs [2007], Scully and Geyer [2012] and
Basdurak et al. [2013], and they illustrate that the formation of vertical strati-
fication in the Marsdiep is not merely a one-dimensional process. Furthermore,
the spatial variability in vertical stratification, presented in this study, may be
large depending on the phase of the tide, which corresponds to other studies
[Scully and Friedrichs, 2007; Cheng et al., 2009].

The aim of the research presented in this chapter is two-fold. Firstly, one
aim is to obtain a better understanding of the variation of currents over a wide
range of water depths. Secondly, due to its importance in estuarine dynamics,
the spatial variability in occurrence and strength of vertical stratification in the
Marsdiep is investigated. In section 2.2, the study site and material and methods
are discussed. In section 2.3, the results are treated. In section 2.4, the results
are discussed and in section 2.5 concluding remarks are given.

2.2 STUDY SITE, MATERIAL AND METHODS
2.2.1 Study site

The Marsdiep inlet forms the connection between the North Sea and the meso-
tidal Marsdiep basin. The Marsdiep basin is the westernmost tidal basin of the
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Figure 2.1: Bathymetric map of the western part of the Dutch Wadden Sea (a, reference
mean sea level, MSL) and, in detail, the area where the observations were
done (b) with the surveys (white lines) and CTD stations (black dots). The
northern (southern) channel is the Texelstroom (Malzwin). To the east, these
channels are separated by the tidal flat, Lutjeswaard. Numbers 1-5 indicate
the survey number as used in table 2.1. DO (KWZ) indicates the freshwater
sluices at Den Oever (Kornwerderzand). The grey dots indicate the location
of the NIOZ jetty and the Den Helder airport. The coordinate frame in the
zoom-in (b) is a Cartesian coordinate frame with the origin in the southwest
corner.

Dutch Wadden Sea and the largest tidal inlet of the Netherlands (600 km?, Fig-
ure 2.1a), almost twice as large as the Western and Eastern Scheldt (300 and
350 km?, respectively). At the inlet, the Marsdiep consists of one channel. At
the eastern, inner part of the inlet, the Marsdiep channel splits up into the Texel-
stroom channel (northern branch) and the smaller Malzwin channel (southern
branch) which are separated by an intertidal shoal, named Lutjeswaard. The ba-
thymetry of the Marsdiep basin varies strongly on different spatial scales. The
intertidal flats and the channels are distinct morphological units with the chan-
nel being much deeper than the intertidal flats. Also within the channels, large
depth variations are present. On larger spatial scales of O(10km), the channels
become shallower further into the Wadden Sea. However over smaller scales
of O(1km), depth variations in the main channels are in the order of 10-20 m,
and are common at the seaward side of the basin, in the vicinity of the inlet, in
along- and cross-stream direction. On a very small spatial scale (100-200 m),
the depth in the main channels may vary by 2-3.5 m as a result of the occurrence
of sandwaves. These have been observed in the tidal inlet using depth obser-
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Survey Date Wind Wind LC Apy Ap, TR
nr dd-mm-yy  Bft dir kg/m® kg/m® m
Quad 1a 21-10-10 5-6 W-NW 2 4.0 1.5
Line 2 19-10-10 3-5 NW-N 4 5.3 1.4
Quad 4 19-10-11 4-6 NW 1 5.1 3.3 1.2
Quad 1b  20-10-11 3-4 NW-S 2 3.7 2.6 1.1
Line 3 11-03-12 2-3 NW 6 4.5 3.6 1.6
Line 5 03-05-12 3 S-N 3 6.2 4.0 1.5

Table 2.1: Wind conditions, tide, tidal density range, maximum vertical stratifica-
tion and tidal range of each survey. The lunar cycle (LC) indicates the
spring/neaptide modulation going from 1 (neaptide) to 7 (springtide). The
Apyo is the tidally-averaged density range at the surface. The Ap, is the
maximum vertical density range during the survey, which was not measured
during surveys 1a and 2. In the last column, the tidal range (TR) at the NIOZ
jetty is given. Quadrangle (Quad) 1 was surveyed twice, named 1a and 1b.

vations from a ferry-mounted ADCP [Buijsman and Ridderinkhof, 2008a]. The
main sources of freshwater are located at Den Oever (DO) and Kornwerderzand
(KWZ), which are the outlet sluices of the freshwater lake IJsselmeer into the
Marsdiep basin (Figure 2.1a). The sluices discharge only during low tide. The
daily mean discharge at the DO and KWZ sluices for the period 1998-2004 is
333 m3/s and 239 m>/s, respectively. However, there is a great seasonal variab-
ility with on average high discharges in autumn and winter and low discharges
in spring and summer [Buijsman and Ridderinkhof, 2008c]. All the freshwa-
ter from DO is assumed to be discharged through the Marsdiep basin via the
Malzwin channel. Based on observed salinity distributions, it has been assumed
that two-thirds of the freshwater from the sluices of KWZ are flushed into the
North Sea via an adjacent tidal basin, the Vlie basin [Zimmerman, 1976a,b]; the
other one-third originating from KWZ is assumed to be discharged through the
Marsdiep basin, via the Texelstroom channel. Smaller sources of freshwater are
water pumping stations, namely the Oostoever and Helsdeur pumping stations
near Den Helder (7.8 m>/s and 8.7 m®/s) and the prins Hendrik pumping sta-
tion on Texel (0.5 m3/ s ) which further freshen the Malzwin and Texelstroom,
respectively. Even though their contribution is small, their location close to the
research area suggests a possible influence on the local density structure. The
discharge of these pumping stations also displays a strong seasonal variability
similar to that of the outlet sluices of the LJsselmeer.
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2.2.2 Data collection

The data are collected during a series of surveys from 2010 to 2012. Repeated
measurements during a semi-diurnal tidal cycle are carried out along different
types of transects (Figure 2.1b and Table 2.1). Quadrangle 1 is surveyed twice
(1a, 1b) on two distinct days and two (semi-) straight lines are surveyed along
the Texelstroom (2, 3). Furthermore, once a quadrangle and once a line cover-
ing parts of both the Malzwin as well as the Texelstroom are surveyed (4, 5).
Quadrangle 4 and 1b are surveyed with the lowest temporal resolution. During
these surveys, 7 and 9 tracks are completed in 13 hours, respectively. Lines 3,
2, 5 and quadrangle 1a are surveyed 14, 19, 24 and 20 times, respectively. The
variation in the number of repetitions of a specific survey is related to the differ-
ent sizes of each transect and to the number of different types of measurements
per survey.

Wind, density and tidal conditions of each survey are summarized in Table
2.1. The wind data was collected at Den Helder Airport, the Kooy (Figure 2.1a)
and was provided by the Royal Dutch Meteorological Institute (http://www.k
nmi.nl/klimatologie/uurgegevens/). Henceforth, the surveys are referred
to as quadrangles and lines combined with a survey number. The edges of each
quadrangle have been indexed with roman numbers, as first shown in Figure
2.3.

2.2.3 Instrumentation

During the surveys, conductivity, temperature and depth (CTD-) and velocity
measurements are performed. The current velocity profile is measured with a
four-beam 1.2MHz RDI Workhorse Monitor ADCP attached to a pole at 1 m
below the sea surface at the starboard side of the NIOZ R.V. Navicula. The ping
rate of the ADCP is 1 Hz and ensembles are recorded every 2 s. The ADCP signal
is corrected for the ship’s pitch, roll and heading in real-time. The ship’s velocity
is measured by means of bottom tracking or by means of the ship’s differential
GPS (dGPS), if the former is unavailable. The bottom depth is estimated with 1
bottom ping per ensemble. The ship travelled at an average speed of 3 m/s (6
knots) during each survey.

A SeaBird SBE 911 plus CTD system is used to measure temperature, con-
ductivity (for salinity) and pressure profiles at designated locations along the
surveys, as indicated by the black dots in Figure 2.1b. Conductivity, temperat-
ure and pressure are recorded at 24 Hz and are used to compute temperature
and density profiles with 0.5 m depth intervals. During quadrangle 1a and line
2, no CTD profiles are recorded. These early surveys only focused on the cur-
rent velocity. During all other surveys, conductivity and temperature are also
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recorded continuously at 1 m below the sea surface with a Seabird surface CT
system, measuring with a frequency of 24 Hz.

At the NIOZ jetty (Figure 2.1b), the pressure is measured by a calibrated
Keller 46 pressure sensor at 2.9 Hz. The pressure is converted real-time into
sea surface elevation. Sea surface elevation is recorded every minute with an
accuracy of 3 cm based on the median of 175 samples.

2.2.4 Data processing

During the post-processing, the water depth is retrieved from the bottom track-
ing echo. All data below the sea bed are removed as well as the first bin above
the bottom, which contains unreliable data possibly due to side-lobe interfer-
ence. Prior to each survey, calibration transects are carried out in order to es-
timate the angle between the ship’s and the bottom-tracking velocities. The
difference between the dominant direction of the ship’s velocity and the bottom-
tracking velocity is minimized to compensate for the ADCP compass offset. The
ADCP compass offset is between 1-3 degrees for each survey, which corresponds
to a correction in current velocity of maximum 2 cm/s. The sound velocity of the
ADCP is not corrected for vertical variations in salinity since these variations are
only in the order of 5 m/s, or 0.3 percent. This results in a vertical uncertainty
of approximately 0.15 m, which is approximately three times smaller than the
bin size.

Velocity outliers are identified as ensembles with a depth-averaged flow ve-
locity higher than 2 m/s and these are removed. An additional quality control
is performed based on the mean of the depth-averaged east-west and north-
south velocity components of every 200 ensembles. Individual ensembles with a
depth-averaged velocity deviation more than twice the standard deviation from
the mean value are removed. Furthermore, an additional outlier removal is con-
ducted after the flow field is rotated into an alongstream component, defined as
the dominant velocity axis which coincides with the channels’ orientation, and
a cross-stream component, perpendicular to the dominant velocity axis. Two
physical restrictions are imposed on the cross-stream velocity component. En-
sembles with a depth-averaged cross-stream velocity higher than 0.5 m/s are
removed because it would result in an unrealistic mass transfer in cross-stream
direction. The difference between the maximum and minimum cross-stream ve-
locity of an ensemble greater than 1.5 m/s represents an unrealistically strong
circulation cell and these ensembles are also removed.

The CTD data are processed with the manufacturer’s SBE Data Processing
software (http://www.seabird.com/software/) in order to derive salinity
(psu), potential density anomaly (o — 6, kg/ m3), temperature (ITS-90, °C)
and depth (m). Outliers are removed and the data are low-pass filtered. Sub-
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sequently, the data are averaged in bins of 0.5 m. The surface CT data are pro-
cessed with Seasave (http://www.seabird.com/software/SeasaveV7.htm)
and filtered with a running mean filter with a window of 2 seconds to remove
spikes. At quadrangle 1a, an additional filtering is required due to the large
amount of air bubbles from the high breaking waves present on that day. Out-
liers, or spikes, are characterized by a strong drop in salinity of 10 to 20 psu
over a short time period. These spikes are believed unrealistic and are removed
from the data by imposing a lower threshold on the potential density anomaly
of 17.5 kg/m?3.

After the post-processing, gridpoints are defined at intervals of 100 m along
each track. All velocity and surface CT data around a gridpoint are collected
within a radius of 50 m. In the next section, the parameters computed after the
data gridding are discussed.

2.2.5 Data analysis

2.2.5.1 Harmonic analysis

To present an estimate of the semi-diurnal tide with only 13 hours of data,
the depth-averaged data from each gridpoint are fitted to an M2 tidal cycle. A
least-squares harmonic analysis (LSHA) is performed with the frequency, w =
1.4*10~* rad/s, which is the frequency of the M2 tide with a period of 12.42
hours

a(t) = ag + apzcos(wt —Ppa) +€(t), 2.1)

where a is the depth-averaged eastward, or northward current velocity com-
ponent (u or v, resp. in m/s), ayo is the amplitude of the M2 tidal constituent
(m/s), t is the time (s), ¢ o is the phase (degrees), qay is the tidally averaged
velocity (residual current, m/s) and € is the unexplained part (m/s). The amp-
litude and phase lag between the east-west and north-south velocities are com-
bined to compute the tidal ellipse parameters as described in Pawlowicz et al.
[2002] (Figure 2.2). Because only 13 hours of data is available, other tidal con-
stituents, which for example determine the spring-neap tidal modulation and
the diurnal inequality, are implicitly included in resolving the amplitude, ay;,,
and the unexplained part, €. Therefore, the magnitude of ay;5 and e varies per
survey.

The tidal ellipse parameters consist of a semi-major axis (SEMA), which is
the maximum length of the speed axis of the tidal ellipse (m/s). The eccentri-
city (ECC) is the ratio between the length of the major and minor speed axis.
Negative values indicate clockwise rotation and positive values anti-clockwise
rotation of the velocity vector. The inclination (INC) is the angle between the
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Figure 2.2: Example of a tidal ellipse consisting of a semi-major axis (SEMA), a semi-
minor axis (SEMI), an inclination with respect to the positive x-axis (INC,
0). The eccentricity, ECC, is represented by the ratio between the SEMI and
SEMA. An ECC greater (smaller) than 0 indicates counterclockwise (clock-
wise) rotation. The phase angle, ¢, is the velocity at t=0.

SEMA and the eastward direction (in anti-clockwise direction). The phase re-
flects the moment (in degrees) at which the maximum current speed is reached.
The phase lag (PHA, in degrees) is the difference between the phase of the sea
surface elevation at the NIOZ jetty (reference) and the phase of the velocity
data at each gridpoint. The tidal ellipses are used to gain insight into the spa-
tial variability of the tidal currents in the Marsdiep.

2.2.5.2 Density gradients and vertical stratification

In Table 2.1, a density range over 1 tidal cycle (Apyr2 = Pmax — Pmin) 1S Presen-
ted, based on the density of the continuously recorded surface CT data. The
maximum vertical density range over 1 tidal cycle (Ap,) is based on the dens-
ity from the CTD data, as recorded on the CTD stations shown in Figure 2.1b.
The maximum vertical density range is defined as the maximum difference in
density of 1 profile between the surface and bottom over the tidal cycle.
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The surface density records and the vertical density profiles are used to estim-
ate the longitudinal, lateral and vertical density gradients on an intra-tidal and
a tidally-averaged timescale. The tidally-averaged longitudinal and lateral dens-
ity gradients of the quadrangles are computed as follows. Firstly, since the data
are not synoptic, the surface density data are interpolated at half-hourly inter-
vals at each gridpoint to ensure temporal uniformity at all gridpoints. Secondly,
the surface density is tidally-averaged at each separate edge of a quadrangle.
Finally, the longitudinal and lateral surface density gradients are computed by
subtracting the tidally-averaged density of the opposing edges and dividing the
result by the distance between the opposing edges. At the lines, the density
gradient is computed based on the difference between the outer two, i.e. the
first and last, gridpoints of each survey divided by the distance between them.
The intra-tidal longitudinal and lateral surface density gradients are computed
similarly, but without tidally-averaging the interpolated surface density data.

The vertical density gradient is computed at each separate CTD-station. Again,
the density profiles are interpolated at half-hourly data intervals. Afterwards,
the surface density is subtracted from the bottom density and divided by the
water depth to obtain the vertical density gradient. The tidally-averaged and
intra-tidal density gradients are used to investigate the importance of longitud-
inal, lateral and vertical stratification in the Marsdiep.

2.2.5.3 Bottom boundary layer height

To investigate the impact of bed friction on the water column and their possible
impact on the dynamics of vertical stratification, the bottom boundary layer dy-
namics in the Marsdiep are analyzed. In tidal channels, the bed exerts friction
on the flow which generates vertical shears up to a certain height above the
bed. This layer subjected to bed friction is called the estuarine bottom bound-
ary layer (BBL) and is well-mixed in partially or periodically stratified estuaries
[Stacey and Ralston, 2005]. Stacey and Ralston [2005] observed that vertical
stratification is only present above the BBL and that at the upper limit of the
BBL, the gradient Richardson number is 0.25, which suggests a local dynamic
balance between shear and stratification. In another study, Cudaback and Jay
[2000] investigated the influence of bed friction on the height of the pycnocline
and the height of the BBL. From a pragmatic point of view, this layer is con-
sidered to be represented well by a logarithmic fit [Lueck and Lu, 1997]. The
question remains what the dynamics of the BBL are in the Marsdiep basin.
Stacey and Ralston [2005] proved that the height of the BBL, Hgp;, in a
partially or periodically vertically-stratified estuary varies on an intra- and inter-
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tidal timescale as a function of the local competition between shear production
and density stratification as given by

H = hy\| —, 2.2
BBL Ri, (2.2)
where R 5 is the flux Richardson number (-), which is the ratio between the buoy-

ancy production and the shear production of turbulent kinetic energy [ Tennekes
and Lumley, 1972] and Ri, is the horizontal Richardson number (-) given by

. gh* dp
Ri, = oo 33 (2.3)
where g is the gravitational acceleration (9.81 m/s?), g—i is the longitudinal
salinity gradient assumed to have a constant value of 10~* kg/m>/m, p is a
constant background density (1025 kg/m?>) and u, is the friction velocity (m/s)
which is retrieved from fitting measured velocity profiles to the logarithmic
profile

Uy, , %

U(Z) = ?ln(g), (24)
where u(z) is the alongstream velocity (m/s) as a function of height z (m) above
the bottom, « is the von Karman constant (0.41) and g, is a roughness length
(m). In this analysis, the effect of lateral density gradients in equation 2.3 is neg-
lected. The Ry parameter is an important parameter which unfortunately can
not be computed with the available data. In literature, a maximum value of R¢
is between 0.15 and 0.2 based on oceanic turbulence measurements [Stacey
and Ralston, 2005], but can be much lower for weakly stratified estuaries sim-
ilar to the Marsdiep basin, such as the San Francisco Bay area, namely between
0.01-0.05 [Stacey et al., 1999b].

2.3 RESULTS
2.3.1 Currents

2.3.1.1 Main features of the tidal ellipses

The tidal ellipses of the depth-averaged currents for the four quadrangle sur-
veys are depicted in Figure 2.3. The tidal ellipses of lines 2 and 3 are not shown
since the surveys and the tidal ellipses are both in the direction of the Texel-
stroom channel resulting in overlapping ellipses from which no information
can be detected. Parameters of the tidal ellipses of lines 2 and 3 are given in
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Figure 2.3: Tidal ellipses of the depth-averaged current at each gridpoint of a) quad-
rangle 1a, b) quadrangle 1b, ¢) quadrangle 4 and d) line 5. Roman numbers
indicate the edges of each quadrangle. The 15 m isobath line is made bold.

the right column of Figure 2.5, which is discussed in more detail in section
3.1.2. Furthermore, alternative plots of the tidal ellipse parameters are given
in Figures 2.4 and 2.5. Four major trends become evident. They illustrate the
spatial complexity of the tidal currents in the Marsdiep:

- The magnitude of the SEMA depends on the local water depth and on the
surrounding bathymetry (Figures 2.3, 2.4, and 2.5a,b,i,j). The depth-averaged
SEMA increases with increasing local water depth for water depths up to 15
m, while it remains constant or even decreases slightly when the local water
depth exceeds 15 m (Figures 2.4, 2.5a,b). The orientation of the tidal ellipses
is aligned with the bathymetry of the Texelstroom channel where the water
depth, h, is greater than 15 m (Figure 2.3). At the Lutjeswaard (h < 15 m), the
orientation of the tidal ellipses crosses the isobaths at edge II of quadrangles
la, 1b and at the southeastern part of line 5 (Figure 2.3a,b,d).
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Figure 2.4: Depth-averaged SEMA as a function of local water depth, h. The icons in-
dicate the independent gridpoints. The gray lines represent the averaged
SEMA per individual survey. The black line represents the averaged SEMA
of all surveys.

- The influence of the complex bathymetry (and the nearby coastline) on
the flow is highlighted at edge IV of quadrangles 1a,b (Figure 2.3a,b, 2.5a). In
this area, the magnitude and orientation of the flow varies strongly on a small
spatial scale. The greatest water depths of quadrangles 1a and 1b, 32 m, are
located at edge IV. Despite the great total water depths at this location, the
SEMA is up to 0.3 m/s smaller than for total water depths between 20-25 m.

- The SEMA varies under different tidal forcing conditions. For line 2, the
SEMA decreases slightly towards the Wadden Sea despite an increase in water
depth, whereas for line 3, the SEMA increases towards the Wadden Sea. It sug-
gests a temporal, fortnightly (i.e. spring-neap tidal) modulation of the SEMA.

- In general, the eccentricity of the tidal ellipse is small, indicating rectilinear
currents. However, there are exceptions at the southern part of edge III of quad-
rangle 1a and at the middle part of line 5, indicated by a widening of the tidal
ellipses. The variation in eccentricity for quadrangle 1a is most clearly visible
in Figure 2.5g.

2.3.1.2 Repeated surveys

Since quadrangles 1a and 1b and lines 2 and 3 are repeated surveys of the same
transect, it is possible to compare the tidal ellipse parameters of these similar
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Figure 2.5: Tidal ellipse parameters consisting of the SEMA (a,b), PHA (c,d), INC (e,f)
and ECC (g,h), and the water depth h(L,j) along repeatedly surveyed quad-
rangles 1a and 1b (left column, legend: g-1a, g-1b) and lines 2 and 3 (right
column, legend: 1-2, 1-3). Roman numbering indicates the edges of the quad-
rangles. N-Sea and W-Sea indicate the seaward and landward end of the line
surveys.
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Figure 2.6: Sea surface elevation (gray line) at the NIOZ jetty on the days of quadrangles
la (a) and 1b (b). The black part of the line indicates the time period that
the surveys are conducted.
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surveys under the different forcing conditions given in Table 2.1. Quadrangles
la and 1b are conducted during the same phase of the spring-neap tidal cycle
and under a similar tidally-averaged density range (Table 2.1). However, the
tidal range (in sea surface elevation, Table 2.1 and Figure 2.6) varies as a res-
ult of the diurnal inequality. Lines 2 and 3 are measured at different phases of
the spring-neap tidal cycle, which results in different tidal ranges (Table 2.1).
An increase in tidal range implies an increase in horizontal barotropic pressure
gradient, which results in higher flow velocities. The quadrangle and line sur-
veys are used to indicate variations in tidal ellipse parameters in cross-stream
and alongstream direction, respectively. The results suggest that the diurnal in-
equality is important in modifying the tidal dynamics in the Marsdiep and that
lateral and longitudinal shears vary under different forcing conditions.

The difference in SEMA between both quadrangles is elucidated in Figures
2.5a and 2.7. The difference in SEMA increases for higher flow velocities, which
occurs in the greater water depths (Figure 2.7). It suggests that an increase in
the horizontal barotropic pressure gradient results in a non-uniform temporal
modulation of the SEMA at different water depths. As a consequence, the depth-
dependent temporal modulation of SEMA changes the magnitude of the lateral
shears (Figure 2.5a, edges I and III). At the alongstream repeated surveys, i.e.
at lines 2 and 3, a similar depth-dependent trend in SEMA is observed as at the
quadrangles (Figure 2.5b). It suggests a temporal modulation of the longitud-
inal shears.

Also, the PHA differs between quadrangles 1a and 1b and lines 2 and 3 (Fig-
ure 2.5¢,d). The phase difference between the maximum sea surface elevation
of the jetty and the maximum flood current speed is higher for quadrangle
la and line 3 than for quadrangle 1b and line 2. Furthermore, the difference
between repeated surveys increases slightly for greater water depths. These
trends suggest that greater current velocities produce a greater phase differ-
ence between slack tide and maximum flood velocity, which might possibly be
explained by stronger inertial effects caused by stronger forcing.

Additionally, the eccentricity varies between quadrangles 1a and 1b (Figure
2.5g), whereas generally eccentricity is close to zero in the Marsdiep (e.g. Fig-
ure 2.5h). The tidal ellipses widen at edge III of quadrangle 1a as well as at
the middle of line 5 on the slope of the channel (Figure 2.3a,d). A temporal
variation in eccentricity has not yet been observed in the Marsdiep. In section
4.3, the temporal variation in eccentricity is examined in more detail.

The main point of section 2.3.1 is the observation of a temporal modulation of
the SEMA, which depends on water depth and which changes the longitudinal
and lateral shears. Its variability is determined by variations in tidal range from
a daily to fortnightly timescale as a result of the diurnal inequality and the
spring-neap tidal cycle, respectively.
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Figure 2.7: SEMA of quadrangle 1b relative to the SEMA of quadrangle 1a at each grid-
point of the survey. The solid black line is the linear fit between the SEMA of
both quadrangles. The dotted black line indicates where the SEMA of quad-
rangle 1b equals the SEMA of quadrangle 1a.

2.3.2 Tidal variability of the density field

2.3.2.1 Density gradients

The density distribution in the Marsdiep has not yet been investigated in de-
tail despite its potential importance to the estuarine dynamics. Density gradi-
ents are indicative of the contribution of the baroclinic forcing to the system.
The surface density field in the Marsdiep is characterized by lateral (across-
channel), [ y] M2, and longitudinal (along-channel), [ 2212, density gradients
(Table 2.2). Here, p is the density, x and y are the longitudinal and lateral
direction, respectively, which are positive in the direction of the North Sea and
the island of Texel, and the subscript M 2 indicates the tidal average. The gradi-
ents [ix] M2 and [3—5] M2 of quadrangle 4 are not computed since the outline of
the survey is not entirely in longitudinal and lateral direction of the channels,
making the gradient somewhat ill-defined.

Table 2.2 shows that the longitudinal surface density gradient, [dd—ﬁ] M2, is of
the same order of magnitude, i.e. 10~* kg/m?3/m, for each survey. The tidally-
averaged lateral surface density gradient, [d | a2, can be greater than or equal

to | dx] wm2- The gradient [dy} w2 changes sign between quadrangle 1a and 1b.
In estuaries, it is usually assumed that the longitudinal density gradient is the
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E3E 52
107%kg/m3/m 107%kg/m3/m
Quadrangle 1a 1.08 3.78
Quadrangle 2b 1.57 -2.98
Line 2 1.78 -
Line 3 1.89 -
Line 5 - 2.28

Table 2.2: Along-stream, [Z—i} M2, and cross-stream, [i—?] wm2, tidally-averaged surface
density gradients of each survey

dominant density gradient in driving the residual (estuarine) circulation, but
these measured density gradients suggest that residual currents driven by a
cross-stream density gradient may be of the same magnitude in the Marsdiep.

2.3.2.2 Intra-tidal density dynamics

To illustrate how the temporal variation in lateral shear influences the density
field, the surface density along the cross-stream transects is depicted in Figure
2.8. The spatial density fields of the repeated surveys, quadrangle 1a and 1b,
differ on a tidally-averaged and intra-tidal timescale. The surface density distri-
bution at 1a-III contains much noise due to the strong wave-current interaction
at that location and is therefore not depicted. However, the main patterns cor-
respond well to the patterns along la-I. The surface density is highest during
high water at the northern side of edge I of quadrangle 1a, whereas it is highest
in the middle and southern part of edge I and III of quadrangle 1b (Figure 2.8).
The variation in the lateral distribution of the longitudinal velocities and the
corresponding variation in lateral velocity shear between quadrangle 1a and
1b (Figure 2.5a) is the most likely cause of these changes in the spatial density
field. The higher longitudinal velocities at the northern side of quadrangle 1a
transport the most saline water from the North Sea into the Marsdiep. Higher
lateral velocity shear results in a greater lateral density gradient during flood. A
variation in the lateral density distribution suggests a variation in cross-stream
dynamics.

At quadrangle 1a during ebb, a plume with a lower density extends north-
wards, which is absent at quadrangle 1b. Variability in discharge at the Den
Oever sluices most likely causes the decrease in density during ebb at the south-
ern side of quadrangle 1a. Additionally, local small freshwater sources might
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Figure 2.8: Surface density, p, as a function of cross-stream distance and time along
several transect. Quadrangles 1a (1a-I) and 1b (1b-III and 1b-I) and line 5
(5) are depicted over a 10 to 12 hours time period. The cross-stream distance
is relative to the southernmost point of a transect. Flood and ebb indicate
the approximate time of peak flood and ebb currents.
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Figure 2.9: a) vertical stratification ([pg,, Face = Phottom]/h) as a function of time at
the middle of the Texelstroom and Malzwin channel along line 5 (running
across the Texelstroom and Malzwin channel) and b) vertical stratification as
a function of time at the seaward and landward end of line 3 (running along
the Texelstroom channel). Flood and ebb indicate the approximate time of
maximum flood and ebb currents, respectively.
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change the surface density distribution. These will only additionally freshen
the Malzwin channel and do therefore not modify the overall dynamics in the
Marsdiep basin. The only local freshwater source on the Texel side is the small
Prins Hendrik pumping station. The discharge was similar for both surveys (1a:
77504 m3/day, 1b: 75879 m®/day) and for the 3 days prior to both surveys
(1a: 184274 m3/3 days, 1b: 203965 m3/ 3 days). The Prins Hendrik pumping
station only discharges during low tide. The precipitation at the Den Helder
Airport weather station was larger during survey 1b (3.7 mm to 0.7 mm), but
all precipitation fell before the onset of the measurements (05:00 UTC). Precip-
itation during the 3 days prior of both surveys is similar (12 mm in total). Thus,
the differences between quadrangle 1a and 1b cannot be ascribed to different
discharge or precipitation rates. The spatial variations in current magnitude
and related lateral shear are therefore the most likely mechanisms that explain
the observed patterns.

An overall picture of the surface density distribution is provided by line 5,
showing the surface density field along an entire cross-section of the Marsdiep
(Figure 2.8-5). The cross-stream density distribution of line 5 also shows a large
gradient between peak ebb and slack before flood as a result of brackish water
outflow from the Malzwin channel at about 2300 m. Between peak flood and
slack before ebb, the highest density is located in the middle of line 5, indicating
that differential advection might play a role during this time period.

To evaluate the spatial variability in occurrence of vertical stratification and
the relation to their potential generation mechanisms, the vertical stratification
at different CTD stations is given in Figure 2.9. In the Malzwin channel, the
tidal straining mechanism is applicable due to the high brackish water outflow
during ebb (dashed line in Figure 2.9a, line 5). It results in a strong vertical
stratification (0.3 kg/m3/m) during the late ebb phase and during slack before
flood. Less strong vertical stratification (0.05 kg/m>/m) is present during the
late flood phase in the Malzwin channel. During the same survey, no vertical
stratification is observed in the Texelstroom during ebb. Here, the water column
is only marginally stratified during the late flood phase. The pattern of strong
vertical stratification during ebb and well-mixed conditions during flood due to
tidal straining is not observed in the Texelstroom for line 3. Figure 2.9b shows
clearly that the general tidal straining mechanism, as explained in section 1,
does not apply to the Texelstroom since the strongest vertical stratification is
observed during flood instead of during ebb. Vertical stratification is strongest
during the late flood phase and slack before ebb, while vertical stratification
decreases again during ebb. Differential advection, as implied by the lateral
distribution of the surface density field, might be a possible mechanism that
generates vertical stratification during flood, as already discussed by Lacy et al.
[2003].
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Figure 2.10: Vertical stratification, (0syrfqce — Pbottom)/h, along the edges of quad-
rangle 1b during 4 phases of the tidal cycle: a) slack before flood (SBF),
b) peak flood (PF), c) slack before ebb (SBE), and d) peak ebb (PE). The
vertical black lines indicate the locations of the 10 CTD-stations and the
height represents the strength of the vertical stratification.

2.3.2.3 Spatial asymmetry in vertical stratification

The previous section has shown large spatial variations in vertical stratification
in the Marsdiep basin. To zoom in further on this subject, the vertical strati-
fication during 4 distinct phases of the tidal cycle is depicted in Figure 10 for
quadrangle 1b. The main lateral trend in the Marsdiep inlet is a decrease in
flood vertical stratification from northwest to southeast across the channel and
an increase in ebb vertical stratification in opposite direction. The vertical strat-
ification is strongest during slack before flood (SBE Figure 10a) but the mag-
nitude differs by a factor 2 in the cross-stream direction, i.e. along edge I and
I1I. During peak flood, vertical stratification is fairly uniform (PE Figure 10b),
whereas it is strongest at edge IV during slack before ebb (SBE, Figure 10c).
During peak ebb, vertical stratification is strongest at edge II and decreases
towards edge IV (PE, Figure 10d). So, the horizontal gradient in vertical strat-
ification in the cross-stream direction changes sign between succeeding slack
tide conditions during quadrangle 1b.

Vertical stratification during the flood phase is observed at multiple locations
in the Texelstroom channel (Figures 2.9b and 2.10) and is therefore considered
to be a common phenomenon. Buijsman and Ridderinkhof [2008c] described
the ebb vertical stratification in the southern region and predicted an asym-
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metry in vertical mixing. However, they did not observe vertical stratification
during flood in the northern part of the inlet. An asymmetry in vertical stratific-
ation and vertical mixing might have important consequences for the nutrient
and sediment distribution in the water column.

To summarize section 2.3.2, vertical stratification in the Marsdiep inlet is
not necessarily generated by longitudinal processes only but may largely be
driven by cross-stream processes. In parts of the Texelstroom channel, vertical
stratification is stronger during flood than during ebb under certain conditions.

2.3.3 Variations in the bottom boundary layer height

In this section, the intra-tidal variations in bottom boundary layer height are
described and it is shown that there is a spatial variability in Hgp;, which might
have implications for the time period that vertical stratification is able to be gen-
erated. Furthermore, the asymmetry in friction velocity is less for smaller water
depths, which implies that the mixing characteristics are spatially variable.

The temporal variability of currents and vertical stratification is depicted in
Figure 2.11 for two CTD stations along edge III of quadrangle 1b. At station NW,
the local water depth is 23 m and it represents the relatively deep conditions
(Figure 2.11, left column), whereas at station SE the local water depth is 14 m
which represents the shallower conditions in the southeast of the Texelstroom
(Figure 2.11, right column). Flow velocities in alongstream, cross-stream and
vertical direction are stronger in the deeper conditions. The peak alongstream
velocities are more uniform in the upper part of the water column for deeper
than for shallower water depths (Figure 2.11a,b). In addition, the tidal asym-
metry becomes increasingly ebb-dominant in northwest direction.

To qualitatively evaluate the relationship between the Hpp; and the occur-
rence of vertical stratification, a visual comparison is made in Figure 2.11. The
angle of the isohalines with respect to the horizontal is indicative for the pres-
ence and strength of vertical stratification. A small angle (i.e. horizontal) iso-
halines indicate there is vertical stratification, whereas the presence of vertical
isohalines indicates well-mixed conditions.

Vertical stratification is present during early flood at both the deep and shal-
low station, which decreases during peak flood (Figure 2.11g,h). The isohalines
become close to vertically-aligned at the shallow station, whereas at the deep
station approximately the lower 15-20 m becomes well-mixed. During the late
flood phase, vertical stratification is present at the deep station, whereas it re-
mains well-mixed at the shallow station. During peak ebb, the reversed is ob-
served: the isohalines are nearly vertical at the deep station and are at an angle
of approximately 45 degrees at the shallow station.



2.3 RESULTS

u (mis)
=]

v (r;1/s)

0.05

: w (r;1/s)
o

-0.05

psu

10 12 14 0 12
time (hours UTC) time (hours UTC)

Figure 2.11: Alongstream (a,b) , cross-stream (c,d), vertical (e,f) velocities and salinity
(g,h) as a function of time and depth for the deeper northwestern station,
NW, (left column) and a shallower southeastern station, SE (right column)
along edge III of quadrangle 1b.

These observations suggest that the BBL does not cover the entire water
column during the full tidal cycle and that there is a relationship between the
peak tidal currents, water depth and the occurrence of vertical stratification.
Chant et al. [2007] observed that the top of the BBL in the Hudson river estu-
ary coincides with a mid-depth (subsurface) velocity maximum. A mid-depth
maximum has been observed by de Vries et al. [2012] in the Marsdiep during
the flood phases of spring tidal conditions which is additional evidence that the
BBL in the Marsdiep does not always cover the entire water column.

In Figure 2.12, the friction velocity and Hpgp; are depicted for edge III of
quadrangle 1b in an attempt to relate them to the occurrence of vertical strat-
ification in Figure 2.11. Interestingly, the friction velocity is stronger during
peak ebb than during peak flood (Figure 2.12b), contrary to the German Wad-
den Sea [Floser et al., 2011]. The strong flow asymmetry is believed to be the
main cause of this difference (Figure 2.11a,b and Figure 2.12a). In the south-
eastern shallow part of the survey, friction velocities are smaller than in the
northwestern deeper part and the tidal asymmetry in the friction velocity is
less. In the deeper part, the vertical stratification, present between 08:00 and
10:00 UTGC, influences the vertical profile of the alongstream velocity which res-
ults in a lower friction velocity (Figure 2.11g,h and Figure 2.12b). After the
vertical stratification has vanished, the friction velocity increases. Hence, there
is a two-way interaction between the vertical stratification and the flow dynam-
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Figure 2.12: Depth-averaged alongstream velocity (a), friction velocity (b), the height of
the bottom boundary layer with respect to the local water depth, Hgp; /h,
for R;=0.05 (c) and R¢=0.01 (d) along edge 3 of quadrangle 1b as a func-
tion of time and distance. In (c¢) and (d), the location and time where ver-
tical stratification can form, approximated by Hgp; /h = 0.8, is indicated
by the black lines.

ics. Longitudinal shear production and vertical stratification appear not always
in equilibrium.

The Hpp; is depicted for different values of Ry, namely 0.05 and 0.01 (Fig-
ure 2.12¢,d). Both parameter values display similar patterns in the dynamics of
the Hpp;, only the ratio between the Hpp; and the total water depths varies.
The black line indicates where the Hgg; covers 0.8 of the local water depth,
and is assumed to represent the upper boundary below which vertical stratific-
ation is facilitated. The trends are best described using Figure 2.12c. The tidal
asymmetry in flow velocity between ebb and flood results in an asymmetry in
the duration when vertical stratification can be generated. It is hypothesized
that this effect promotes the formation of vertical stratification during flood
and undermines the generation of vertical stratification during ebb.

During the onset of the measurements, strong vertical stratification is ob-
served (Figure 2.11g,h) while the Hgp; covers most of the water column. The
vertical stratification during ebb is most likely related to fresher water from the
Malzwin flowing over the denser Texelstroom water. During this time period,
the assumption of a small Ry is not valid anymore since buoyancy fluxes are
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expected to increase under strongly stratified conditions which lead to changes
in the H BBL-

2.4 DISCUSSION
2.4.1 Bottom boundary layer dynamics

The temporal variation in Hpp; illustrate that care should be taken when fit-
ting logarithmic profiles to vertical profiles of velocity for greater water depths.
Lueck and Lu [1997] already proposed an empirical relationship between the
logarithmic layer height and the shear velocity. Furthermore, estimates in bed
roughness might be influenced by variations in Hpp;. Li and Valle-Levinson
[1999]; Li [2002]; Li et al. [2004] used a phase-matching method, which is
valid for shallow water depths, to estimate the drag coefficient, Cp. They ob-
served a logarithmically-shaped decrease in drag coefficient for greater water
depths which is in agreement with the decreasing influence of bed friction with
depth in this study. In addition, Li et al. [2004] observed a variation in drag
coefficient between neap- and springtide conditions in the James River estuary.

A conceptual model is presented in Figure 2.13 which visualizes the potential
impact of tidal asymmetries on the variation in Hgg; and the generation of ver-
tical stratification. The Hgp; covers the entire water column during the stronger
ebb currents, which mixes the entire water column and prevents the generation
of vertical stratification (Figure 2.13, subpanel 1). During (late) flood condi-
tions, the Hgp; covers only a part of the water column which facilitates the
generation of vertical stratification due to cross-stream processes (Figure 2.13,
subpanel 2). Model simulations are required to validate this conceptual theory
but are outside the scope of this research. Furthermore, more research on the
mixing mechanisms in the Marsdiep by bed-generated turbulence and internal
shears (in longitudinal and lateral direction) is required in order to quantitat-
ively investigate BBL dynamics in the Marsdiep.

Zooming out to a tidal timescale, the spatial variability in Hgg; with respect
to the total water depth has the potential to modify the estuarine dynamics
substantially. It is hypothesized that the spatially variable impact of bed friction
on the vertical profile of horizontal velocity under variable tidal forcing condi-
tions results in a temporal modulation of the depth-averaged current speed and
forces the occurrence of vertical stratification. If the Hpp; is large compared
to the total water depth, then the tidal current strength remains temporally-
constant because the influence of bed friction is sufficiently strong to balance
changes in barotropic forcing. A relatively small Hpp; results in a variable rela-
tionship in flow strength over time. Bed friction counter-balances the barotropic
pressure gradient under all forcing conditions for relatively large BBL heights,
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Figure 2.13: Simplified conceptual model of the impact of tidal asymmetries on the gen-

eration of vertical stratification. The absolute flow velocity is depicted as a
function of time. E — F indicates the transition from ebb to flood and F —
E vice versa. The dotted line indicates the threshold velocity below which
vertical stratification is able to form ([Hppy /H].) due to a decrease in the
height of the bottom boundary layer, Hgp; , with respect to the total water
depth, H. Subpanel 1 depicts a cross-section of an idealized channel illus-
trating the well-mixed conditions during ebb, where the gray lines indicate
the isohalines. Darker isholines represent greater densities. Subpanel 2 de-
picts a cross-section of an idealized channel illustrating the generation of
vertical stratification by density-driven cross-stream processes. The dotted
arrows indicate the flow patterns associated with differential advection as
described by Nunes and Simpson [1985].
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whereas for relatively small Hpp;, bed friction does not counter-balance the
barotropic pressure gradient.

The depth-dependent temporal modulation of the tidal currents results in an
oscillation of the lateral velocity shears on a diurnal and fortnightly timescale,
which can modify the density field. The effect of diurnal inequality is strong.
The difference in tidal range is in the order of 0.4 m, which is 37 percent of the
tidal range of 1.07 m during neap tide conditions.

2.4.2 Widening of the tidal ellipses

Tidal currents in the Marsdiep are usually rectilinear which results in a neg-
ligible depth-averaged cross-stream component. However, under certain con-
ditions the depth-averaged cross-stream component becomes more important,
which results in a widening of the tidal ellipses. Li [2002] related an increase in
eccentricity to the presence of divergence and convergence zones. The increase
in ECC, i.e. the widening of the tidal ellipses, is a local phenomenon in an area
with great depth variations. The locality and strong depth variations of this phe-
nomenon are an indication that fronts and/or cross-stream driven flows are of
importance. Observations by Maas and van Haren [1987] and Visser and Souza
[1994] in the open North Sea showed that vertical stratification influences the
clockwise and anti-clockwise rotating components of a tidal ellipse differently
throughout the water column in areas with small variations in water depth.
This variation is not observed in the measurements presented in this study (not
depicted). Strong flow-topography interaction seems a more dominant factor
in determining the shape of the tidal ellipses over the water column.

The strong lateral density gradients observed by Buijsman and Ridderinkhof
[2008c], the large intra-tidal variability in cross-stream currents as described
by de Vries et al. [2012] and the observations presented in this study, indicate
the importance of lateral density gradients and cross-stream currents in chan-
ging the shape of the depth-averaged tidal ellipses. Strong cross-stream cur-
rents are generally observed during late flood, peak ebb and slack tides. The
maximum and minimum of the surface density and of the cross-stream velocity
(Figures 2.8 and 2.14) occur during the same tidal phase. During slack after
flood (ebb), the depth-averaged cross-stream current is towards (away from)
the Texelstroom channel (Figure 2.14).

The strong cross-stream currents and density gradients may lead to the pres-
ence of convergence-divergence areas and to front formation. Lateral density
gradients and convergence-divergence areas can be created by three mech-
anisms. Nunes and Simpson [1985] observed a secondary circulation pattern
induced by differential advection of density due to a lateral variation in the
magnitude of the alongstream currents. Li and Valle-Levinson [1999]; Valle-
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Figure 2.14: Depth-averaged cross-stream velocity, v, as a function of cross-stream dis-
tance and time. Edge III and I of quadrangles 1a (1a-IIl and 1a-I) and 1b
(1b-1IT and 1b-I) and line 5 (5) are depicted over a 10 to 12 hours time
period. The cross-stream distance is relative to the southernmost point of
a transect. Flood and ebb indicate the approximate time of peak flood and
ebb currents.

Levinson et al. [2000] explained convergence and divergence of the flow as a
result of a frictional phase lag of tidal ellipses in varying water depths, named
differential rotation. It results in small cross-stream currents in the middle of
the channel and strong cross-stream currents on the edges of the channel slopes.
Mied et al. [2000]; Handler et al. [2001] discussed vortex tilting as a third
mechanism which was determined by the Coriolis force and water depth vari-
ations. Net tidal vorticity is advected towards the right of the alongstream flow
direction which leads to convergence only at the right slope of a channel. Li
[2002] observed that frontal features of convergence may also occur without
the presence of a longitudinal density gradient.

In the Marsdiep, the tidal ellipses widen for large tidal ranges in sea sur-
face elevation (Table 2.1) and the widening of the tidal ellipses occurs mainly
on the slope of the channel (Figure 2.3a,d), where the cross-stream currents
are strongest (Figure 2.14). The cross-stream currents are approximately 90
degrees out of phase with the alongstream currents. This pattern corresponds
to the differential rotation mechanism of Li and Valle-Levinson [1999] and Li
and Valle-Levinson [1999]; Valle-Levinson et al. [2000], and is an additional
mechanism in the Marsdiep next to the density-driven cross-stream circulation.
The phase lag between the velocity in the Marsdiep and sea surface elevation at
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the jetty increases with increasing tidal amplitude which explains the absence
of widened tidal ellipses during neap tide. It supports the results from Valle-
Levinson et al. [2000] who showed that convergence zones are related to the
tidal amplitude and steepness of the channel. Vortex tilting is believed to be of
minor importance since frontal features were observed at the left side of the
alongstream flow direction, whereas vortex tilting only results in convergence
at the right side. Furthermore, convergence-divergence areas in the Marsdiep
are strongest during the slack tides, whereas Handler et al. [2001] reported
the presence of convergence-divergence areas over 80 percent of a tidal cycle.
Differential advection is an additional mechanism in the Marsdiep which ap-
pears not to lead to a widening of the tidal ellipses, but is capable of driving
cross-stream currents and indirectly generating vertical stratification. We sug-
gest that density-driven cross-stream currents originating from higher lateral
velocity shear and possibly differential rotation result in a widening of the el-
lipse during large tidal ranges. Other frontal features which do not modify the
tidal ellipses seem to be driven by differential advection.

2.5 CONCLUSIONS

In this study, the spatial variability of currents and vertical stratification is in-
vestigated for multiple surveys in a periodically-stratified estuarine basin in the
Western Dutch Wadden Sea. A harmonic analysis and an estimation of the bot-
tom boundary layer height are used to analyze the tidal current dynamics and
to evaluate their relationship with the occurrence of vertical stratification.

On a tidal timescale, the spatial variation in tidal currents in the Marsdiep is
complex, but appears primarily a function of water depth. At locations where
the total water depth is less than 15 m, the currents are strongly influenced by
bed friction. At greater water depths, the tidal currents are less affected by bed
friction and the bottom boundary layer does not cover the entire water column.
The observations suggest that the variable impact of bed friction on the tidal
currents produces a temporal modulation in lateral velocity shears, which is
able to modify the density field on a daily to fortnightly timescale.

In addition, stronger tidal forcing generates stronger cross-stream currents
on the slopes of the channel which results in a widening of the tidal ellipse,
indicative of converging frontal systems [Li, 2002]. Our observations suggest
that density-driven flow and possibly differential rotation are the driving mech-
anisms for convergence-divergence areas. Furthermore, differential advection
plays a role at other locations.

On an intra-tidal timescale, the height of the bottom boundary layer with
respect to the total water depth varies between ebb and flood due to the asym-
metry in current magnitude and duration. It is hypothesized that these factors
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inhibit the generation of vertical stratification during ebb and facilitate the gen-
eration of vertical stratification during flood by cross-stream processes in the
ebb-dominant northern part of the Marsdiep basin, namely the Texelstroom
channel.

The classic tidal straining, as indicated by the typically-observed patterns
in vertical stratification, has not been observed in the northern part of the
Marsdiep basin. At other locations, vertical stratification is observed both around
slack before flood and slack before ebb. This contrasts with observations in the
German Wadden Sea [Becherer et al., 2011; Floser et al., 2011]. The broad
width, the great depth gradients and high current velocities in the Marsdiep
may most likely explain these differences. Furthermore, it is hypothesized that
the strong increase in lateral velocity shear from neap to spring tide promotes
the generation of flood stratification towards spring tide.



VARIABILITY OF THE VERTICAL CURRENT STRUCTURE

The vertical structure of the along-stream current in the main channel of the
Marsdiep basin is investigated by combining long-term velocity measurements,
collected during three different seasons, with a one-dimensional water column
model. The observed vertical shears in the lowest part of the water column
are greater during ebb than during flood due to an asymmetry in drag coeffi-
cient (i.e. bed friction), which is most likely determined by the surrounding
complex bathymetry. This asymmetry is usually not incorporated in models.
Furthermore, a mid-depth velocity maximum is observed and simulated dur-
ing early and late flood which is generated by along-stream and cross-stream
tidal straining, respectively. Negative shears are present in the upper part of the
water column during flood, which correlate well with the along-stream salinity
gradient. The mid-depth velocity maximum during late flood results in an early
current reversal in the upper part of the water column. The elevated vertical
shears during ebb are able to reduce vertical stratification induced by along-
stream tidal straining, whereas cross-stream tidal straining during late flood
promotes the generation of vertical stratification. The simulations suggest that
these processes are most important during spring tide conditions. This study
has demonstrated that an asymmetry in bed friction and the presence of dens-
ity gradients both have a strong impact on the vertical structure of along-stream
velocity in the Marsdiep basin.

This chapter is based on the following publication:
de Vries, J. J., Ridderinkhof, H., Maas, L. R. M., and van Aken, H. M. (2015).
Intra- and inter-tidal variability of the vertical current structure in the Marsdiep
basin, Cont. Shelf. Res., 93:39-57.
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3.1 INTRODUCTION

Currents in estuaries and coastal seas are the main transport agents of suspen-
ded matter. The net transport patterns of plankton, larvae, nutrients, pollutants
and suspended sediment are partly determined by the residual current. The ver-
tical distribution of suspended matter varies in the water column and therefore
for understanding the vertical and horizontal exchange patterns in an estuary,
it is important to also take the vertical profile of the current and salinity into
account.

In estuaries, the shape of the vertical profile of along-stream velocity is de-
termined by the interaction of the barotropic and baroclinic pressure gradients,
which creates a difference in the shape of the vertical profiles between ebb and
flood [Simpson et al., 1990; Jay and Musiak, 1996; Seim et al., 2002; Mac-
Cready and Geyer, 2010; Geyer and MacCready, 2013, and references therein].
During flood, the direction of the baroclinic force in the near-bottom layer co-
incides with the direction of the barotropic force, which in the absence of bed
friction and vertical mixing would result in the strongest velocities near the
seabed [Valle-Levinson and Wilson, 1994]. However, the seabed imposes a fric-
tional drag on the tidal currents, which, in combination with the strong near-
bed velocities during flood, results in greater near-bed shears, potentially gener-
ating a well-mixed water column [e.g. Jay and Musiak, 1996]. During ebb, the
baroclinic and barotropic forces oppose each other near the bottom, generating
smaller shears at the bottom and greater shears in the upper part of the water
column. Furthermore, fresher water higher up in the water column is advected
over saltier water during ebb which generates vertical stratification, a process
called tidal straining [van Aken, 1986; Simpson et al., 1990]. Classical tidal
straining only generates vertical stratification during ebb, because advection of
salty water over less salty water during flood results in unstable stratification,
which generates vertical mixing.

The steady baroclinic pressure gradient [Pritchard, 1956; Hansen and Rat-
tray, 1966] and the strain-induced periodic stratification [ Simpson et al., 1990;
Jay and Musiak, 1996] modify the shape of the vertical profile in estuaries.
Burchard and Hetland [2010] demonstrated with model simulations that tidal
straining contributes approximately two-thirds to the total residual circulation,
whereas the baroclinic tide itself contributes one-third in periodically-stratified
estuaries. Both mechanisms are able to modify the shape of the vertical profile
of along-stream velocity and thereby determine the vertical profile of residual
circulation.

Commonly, the difference in shape of the vertical profiles between ebb and
flood results in the classical residual estuarine circulation with inflow at the
bottom and outflow at the surface [e.g. Geyer et al., 2000; Stacey et al., 2001,
2008; Seim et al., 2002; Murphy and Valle-Levinson, 2008]. There also exist
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inverse estuaries, where the baroclinic force near the bottom is directed in the
opposite direction (towards the sea), e.g. by strong evaporation within the es-
tuary, which has an inverse effect on the vertical profiles of ebb and flood, pro-
ducing an inverse estuarine circulation cell with the near-bed and near-surface
residual currents directed down- and up-estuary, respectively [e.g Winant and
Gutierrez de Velosco, 2003].

Additionally, the shape of the vertical profiles of velocity are strongly influ-
enced by the impact of bed friction on the current. Generally, the drag coeffi-
cient is taken as a measure for bed friction and is in the order of 1 to 3*107>
[Geyer et al., 2000; Seim et al., 2002; Li et al., 2004, e.g]. However, greater val-
ues have also been observed up to 151072 [Cudaback and Jay, 2001; Fong et al.,
2009]. In addition, the drag coefficient has been observed to vary from neap to
spring tide, and from ebb to flood [ Geyer et al., 2000; Li et al., 2004; Fong et al.,
2009]. The drag imposed on the currents by the seabed is only transferred up
into the water column to a certain height, called the bottom boundary layer. Sta-
cey and Ralston [2005] demonstrated that the bottom boundary layer does not
cover the entire water column during the entire tidal cycle in the northern San
Francisco Bay, which has also been observed in the Marsdiep basin [de Vries
et al., 2014, Chapter 2]. Also, several studies have shown that form drag is an-
other important mechanism which is able to dissipate tidal energy [Chriss and
Caldwell, 1982; Moum and Nash, 2000; Warner et al., 2013]. Form drag is the
drag imposed on the fluid by pressure differences generated by currents travers-
ing non-uniform bathymetry, which may be up to 10-50 times greater than drag
generated by bed friction [Edwards et al., 2004; Warner et al., 2013]. Further-
more, Warner et al. [2013] showed that the presence of form drag produces
elevated values of Cp, when it is estimated from the depth-averaged along-
stream momentum balance.

In literature, less attention has been paid to understanding the shape of the
vertical profiles of horizontal velocity during the remaining phases of the tide
(namely during early and late ebb and flood). An interesting feature, described
for several estuaries, is the occurrence of a mid-depth velocity maximum during
flood [Jay and Smith, 1990a; Lacy and Monismith, 2001; Warner, 2005; Chant
et al., 2007], which has also been observed in a modeling study of the Ches-
apeake Bay [Li and Zhong, 2009]. This velocity maximum occurs at the upper
boundary of the bottom boundary layer [Chant et al., 2007]. Cudaback and
Jay [2001] explained the occurrence of a mid-depth velocity maximum during
early flood in the Colombia inlet, which is a strongly-stratified estuary, using a
simple three-layer model based on the barotropic and baroclinic pressure gradi-
ents and bed friction. They concluded that bed friction and a strongly-stratified
water column are crucial in driving a mid-depth jet. Similar observations in
the stratified North Sea are explained by Maas and van Haren [1987] using a
comparable model.
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To complicate matters further, the shape of the vertical profiles of instant-
aneous and residual currents varies spatially due to bathymetric and nonlin-
ear effects, as e.g. tidal asymmetry [Aubrey and Speer, 1985; Speer and Au-
brey, 1985; Dronkers, 1986; Friedrichs and Aubrey, 1988]. Li and O’Donnell
[1997] showed that a lateral gradient in water depth produces a tidally-driven
horizontally-sheared exchange pattern, while Li and O’Donnell [2005] demon-
strated that the length of an estuary determines the inflow and outflow patterns
at the channel and shoals. Scully and Friedrichs [2007] observed lateral asym-
metries in current magnitude and concluded that spatial asymmetries in mixing
modify the duration of the ebb phase and change the residual circulation. In the
Marsdiep basin, the tidal asymmetry is great and is spatially variable. Zimmer-
man [1976b], Ridderinkhof [1988] and Buijsman and Ridderinkhof [2007a]
observed stronger flood currents, and inflow, at the shallower south side of the
Marsdiep tidal inlet and stronger ebb currents, and outflow, at the deeper north
side.

In the Dutch, German and Danish Wadden Sea, the mechanisms that contrib-
ute to the residual circulation are still a matter of debate [Zimmerman, 1986;
Ridderinkhof, 1988; Buijsman and Ridderinkhof, 2007a; Burchard and Hetland,
2010; Becherer et al., 2011; Floser et al., 2011]. The first three studies argue
that tide-topography interaction is the major forcing of residual currents in the
Wadden Sea, whereas the latter three argue that tidal straining, and the pres-
ence of an estuarine circulation, is the major forcing. Since the shape and vari-
ability of the vertical profiles of along-stream velocity are essential for estuarine
dynamics, the aim of this chapter is to explain the structure (and variability) of
the vertical profile of the horizontal velocity in the main channel of the Marsdiep
basin. This study shows that the shape of the vertical profiles in the Marsdiep
deviates in several ways from the standard estuarine profiles.

A bottom frame is deployed on three occasions in the main channel of the
Marsdiep basin, equipped with an upward-looking Acoustic Doppler Current
Profiler (ADCP) and temperature, conductivity and depth sensors (microCAT),
providing over 100 days of current data from 3 different seasons. This dataset,
in combination with simulations with the General Ocean Turbulence Model
(GOTM), provides a better understanding of the factors that determine the
shape of the vertical profiles of along-stream velocity in the Marsdiep. Hereby,
we focus on the combined effects of bed friction and density-related processes,
namely the baroclinic pressure gradients and vertical stratification, on the ver-
tical profile of along-stream velocity over a tidal cycle. In addition, the mech-
anism behind the occurrence of a mid-depth along-stream velocity maximum
during late flood is investigated. This phenomenon is related to the occurrence
of vertical stratification during late flood, which is generated by cross-stream
tidal straining and which the small currents are not able to destroy during this
phase of the tide. We hypothesize that vertical stratification inhibits the vertical
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momentum exchange in upward and downward direction, thereby producing
the greatest current around the pycnocline: vertical stratification restricts bed-
generated turbulence to the lower part of the water column limiting seabed-
induced vertical mixing of momentum, whereas the superimposed effect of the
barotropic and baroclinic components of the tide limits the increase in current
speed with depth, as described earlier, to the part of the water column above
the pycnocline.

This chapter is structured as follows. In section 3.2, more detailed inform-
ation on the study area, the data handling as well as the model settings is
presented. Sections 3.3 and 3.4 describe the observations and model simula-
tions, respectively. In section 3.5, typical characteristics of the vertical current
structure at the study site are discussed in more detail, and in section 3.6 the
main findings of this chapter are summarized.

3.2 STUDY SITE, MATERIAL AND METHODS
3.2.1 Study site description

The study site is located in one of the main channels of the Western Dutch
Wadden Sea, the Texelstroom channel (Figure 3.1b). The Western Dutch Wad-
den Sea is comprised of the Marsdiep and Vlie basins (Figure 3.1a) and there
is only limited exchange between both basins [Zimmerman, 1976a,b; Buijs-
man and Ridderinkhof, 2007b]. The main channel, the Texelstroom, is loc-
ated in the Marsdiep basin where a smaller channel, the Malzwin, is located
to the southeast (Figure 3.1b). The Texelstroom channel is oriented in approx-
imately westsouthwest-eastnortheast (along-channel) direction and the water
depth varies between 10 and 35 meters (Figure 3.1b). At the study site, the
bathymetry is characterized by a sloping seabed with shallower water depths
in southwestward direction. The slope in this along-channel direction is ap-
proximately 0.013. In addition, the water depth decreases again up-estuary by
approximately 20 m (Figure 3.1b). Sandwaves are a common feature in this
area [Buijsman and Ridderinkhof, 2008a], but a multibeam survey of the study
site showed that none are present at the location of the bottom frame (not
depicted).

The tides along the Dutch coast and in the Marsdiep basin are semi-diurnal
with a tidal range of approximately 1 and 1.5 m at the NIOZ jetty during neap
and spring tide, respectively (Figure 3.3d-f). The vertically-averaged current
amplitude varies between 1.2 and 1.8 m/s for neap and spring tide conditions,
respectively (Figure 3.3a-c). The Marsdiep inlet is characterized by stronger
peak ebb than peak flood currents at the southern side, whereas a reversed pat-
tern is observed at the northern side of the inlet [Buijsman and Ridderinkhof,
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Figure 3.1: a) bathymetric map of the Western Dutch Wadden Sea (data source: Rijk-
swaterstaat, reference mean sea level, MSL) and, in detail, b) the study site
with the location of the bottom frame. The northern (southern) channel is
the Texelstroom (Malzwin). To the east, these channels are separated by the
tidal flat, Lutjeswaard. DO (KWZ) indicates the location of the freshwater
sluices at Den Oever (Kornwerderzand). The gray dots indicate the location
of the NIOZ jetty and the Den Helder airport. The reference frame in the
zoom-in (b) is a Cartesian coordinate reference frame with the origin in the
southwest corner. The resolution of the zoom-in map of the study area is 20
m. The direction of the along-stream (Us) and cross-stream (Un) velocity
components are indicated by the white arrows in (b).

2007a]. This tidal asymmetry results in a net inflow into the basin at the south-
ern side and a net outflow at the northern side. Buijsman and Ridderinkhof
[2007a] observed that the friction velocity, roughness length and drag coeffi-
cient during one single peak ebb and flood of a neap and spring tide, at the
center of the Marsdiep inlet, displayed an ebb-flood asymmetry as well, but
they did not explain these differences or their implications to the vertical cur-
rent structure. They observed greater peak flood friction velocities, roughness
lengths and drag coefficients, which suggests greater vertical mixing during
flood.

The two major sources of freshwater in the Marsdiep basin are the outlet
sluices at Den Oever (DO) and Kornwerderzand (KWZ), which only discharge
freshwater from lake IJssel into the Wadden Sea during low water (Figures 3.1a
and 3.2). The distance between the sluices at DO and KWZ and the NIOZ jetty
is approximately 18 and 37 km. The discharge data is provided by the Dutch
governmental agency for infrastructure, Rijkswaterstaat. For more information
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Figure 3.2: Sum of daily freshwater discharge at Den Oever and Kornwerderzand during
2011 and 2012. The two years are separated by the dotted gray vertical line.
Day 1 represents January 1, 2011. The gray areas indicate the deployment
periods, Summer, Autumn, Spring (data source: Rijkswaterstaat).

on the computation of the discharge rates and other minor freshwater sources
is referred to Duran-Matute et al. [2014] and Chapter 2, respectively. Based on
observed salinity distributions, it has been assumed that two-thirds of the fresh-
water from the sluices of KWZ are flushed into the North Sea via an adjacent
tidal basin, the Vlie basin [Zimmerman, 1976a,b]; the other one-third originat-
ing from KWZ is assumed to be discharged through the Marsdiep basin, via the
Texelstroom channel. All the freshwater from DO is assumed to be discharged
through the Marsdiep basin via the Malzwin channel [Zimmerman, 1976a,b].
The discharge patterns of the outlet sluices display a strong seasonality with
high discharges between October and April and low discharge between May
and September (Figure 3.2). As a result, the water column is weakly-stratified
up to 6 psu during slack tides, whereas it is well-mixed during peak currents
[de Vries et al., 2012]. Interestingly, no modulation of the strength of vertical
stratification by the spring neap tidal modulation is observed, as discussed by
de Vries et al. [2012].

The Ekman (Ek = A,/ (f H?)) and Kelvin (Ke = B/R;) numbers indicate the
importance of basin width, friction and Earth’s rotation for the exchange flow
patterns in estuaries [e.g. Valle-Levinson, 2008], where A, ( 0.1 m?/s) is the
eddy viscosity, f (1.16¥10™* s™! at 53°N) the Coriolis frequency, H (25 m) the
water depth, B (4 km) the width of the channel and R; (3*10° to 10* m) the
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internal Rossby radius (R; = 1/g’H/f), g’ being the reduced gravity. The latter
indicates at which length scale rotation becomes important and is defined as
the ratio between the internal wave speed and the local Coriolis frequency. Most
values are obtained from Buijsman and Ridderinkhof [2008c] and Chapter 2. It
results in conservative estimates of the Ekman and Kelvin numbers of 1.4 and
0.4 to 1.3 respectively, suggesting that the estuary is characterized by strong
frictional effects and that the Earth’s rotation is usually of minor importance
for the exchange flow patterns at the inlet.

3.2.2 Data collection and instrumentation

A 1.25m-high bottom frame, equipped with an upward-looking Acoustic Dop-
pler Current Profiler (ADCP) and a conductivity, temperature, depth sensor (mi-
croCAT), is deployed (and retrieved) at the north side of the Texelstroom chan-
nel on three occasions (Figure 3.1b). The bottom frame is placed on the seabed
in approximately 32m water depth, and at a distance of approximately 200m
from the Texel coast and approximately 300m southeast of the NIOZ jetty.

Characteristics of each deployment are given in Table 3.1. Each deployment
is named after the season which covers the largest timespan of the deployment
period, viz Summer, Autumn and Spring. The bottom frame is not equipped
with a microCAT during the Summer deployment, because the survey only fo-
cused on measuring velocity. Besides the measurements from the bottom frame,
13-hours anchor station surveys with the R.V. Navicula are conducted next to
the location of the frame, measuring amongst others current velocity, conduct-
ivity and temperature. This study focuses on the data measured at the bottom
frame. The anchor station data from the R.V. Navicula provide an overview of
the conditions at the study site since it contains information on the vertical pro-
files of salinity, which are not available for the bottom frame dataset. A detailed
discussion on the instrumentation and data-processing of the shipboard data is
already given in Chapter 2 and is therefore excluded from the present chapter.

To measure the flow velocity, the bottom frame is equipped with a four-beam
1.2MHz RDI Workhorse Monitor ADCP with a beam angle of 20 degrees relative
to the vertical. The conductivity, temperature and depth (CTD) is measured
with a Sea-Bird Electronics 37-SM MicroCAT. The top of the ADCP is located
approximately 30 cm higher than the top of the microCAT sensor. The specific
height of the frame is chosen to prevent the frame and sensors from being
covered by sand as a result of the high bedload and bedform transport in the
region.

The ping rate of the ADCP is set to 0.43 Hz and ensembles are recorded every
30 s containing 10 pings. The bin size is set to 0.5 meter, the number of bins to
79 and the blanking distance to 0.5 meter. Therefore, the ADCP can effectively
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Name Start-End Total CTD g—i) AS
day days 10~%psu/m date
Summer 2011 Jun. 3-Jul. 6 34.1 no 0.3 Jun. 22
Autumn 2011 Oct. 10-31 219  yes 2.3 Oct. 17
Spring 2012  Mar. 12-Apr. 27 47 yes 1.8 Mar. 10

Table 3.1: Characteristics of the Summer, Autumn and Spring deployment. In addition,
the median of the tidally-averaged along-stream salinity gradient, (g—;), ob-
tained from equation 3.1 and the date of the 13-hours anchor stations (AS),
discussed in section 3.3.1, are given.

cover a range in water depths between 2 and 32 m above the bottom. The
velocity data are stored in Earth coordinates (east-west, north-south velocities).
In addition, the ADCP sends out one ’bottom’ ping per ensemble to detect the
echo of the water surface. The SBE 37-SM MicroCAT recorded one sample of
conductivity, temperature and depth every 30 seconds.

At the NIOZ jetty (Figure 3.1b), the near-bottom pressure is measured at 2.9
Hz by a calibrated Keller 46 pressure sensor. The pressure is converted real-
time into sea surface elevation. Sea surface elevation is recorded every minute
with an accuracy of 3 cm based on the median of 175 samples. The surface con-
ductivity and temperature are measured by a calibrated Aanderaa conductivity
and temperature 3211 sensor. The data are recorded every 12 seconds by an
Aanderaa 3634 datalogger. The salinity is computed using the Practical Salinity
Scale 78 [PSS-78, Fofonoff, 1985].

3.2.3 Data processing

First, the erroneous velocity data of the ADCP above the water surface are ex-
cluded by removing all data above the height of the surface echo. Then, the data
are rotated from east-west and north-south velocity components to an along-
stream and cross-stream velocity component, defined as the direction of max-
imum and minimum variance of the depth-averaged horizontal velocity vector,
respectively. The pitch and roll of the ADCP varied in time (on a timescale from
days to weeks) due to morphological change of the seabed, but were almost
always below 15 degrees. The only exception occurred between Day 7 and 15
of the Autumn deployment, when the pitch was 16 degrees. A visual inspection
of the velocity data shows no anomalous small-scale velocity fluctuations, i.e.
the vertical profiles resembled the classical law-of-the-wall profiles, and there-
fore the data is included in the analyses. However, the upper 5 meters of the
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water column displays velocity variations due to strong orbital wave velocities.
To exclude the instantaneous effect of waves on the current, the upper 6 meters
are removed. Only the lower 27.25 meters of the water column are included in
all analyses. Therefore, any side-lobe interference is implicitly excluded from
the analyses.

The output data of the microCAT are already given in salinity (psu), poten-
tial density anomaly (o — 0, kg/ m?), temperature (ITS-90, °C) and depth (m),
which is computed internally with the standard Seabird software.

In order to include only complete tidal cycles in the analysis, all data before
and after the first and last slack tide are removed. The sea surface elevation
(SSE), salinity and wind data are interpolated at 30 seconds intervals to produce
a collection of synoptic datasets.

3.2.4 Analyses

3.2.4.1 Data analysis

First, characteristics of the vertical current structure are investigated by com-
puting ensemble-averaged vertical profiles of along-stream velocity. Since the
duration and shape of the vertical profiles differ per tidal cycle, the tidal phase
(i.e. the timing of early, peak, late ebb and flood and slack tides) is better ap-
proximated by the depth-averaged velocity than by phase or time from a fixed
moment of reference. Therefore, an average vertical profile of along-stream ve-
locity is computed per averaging interval of 0.1 m/s of the vertically-averaged
velocity, e.g. between 1.0 and 1.1 m/s, similar to Stacey [2003] and Stacey and
Ralston [2005]. All the vertical profiles of along-stream velocity within each bin
of 0.1 m/s of the depth-averaged current are selected and are averaged to ob-
tain an average vertical profile. A 0.1 m/s interval of the vertically-averaged ve-
locity produces both stable average vertical profiles and an adequate resolution
of the tidal cycle. Within each bin, no profiles are excluded from the analysis.
When an average profile is based on less than 20 profiles, it is considered not
representative enough and is excluded from the analysis. This threshold results
in the exclusion of 5 velocity bins at the outer limits of the velocity range. The
number of velocity profiles varies between 24 and 8200 per bin with an average
of 2300 velocity profiles. Differences between the deployments reflect temporal
variations in forcing conditions. The analysis focuses on the vertical structure
of the along-stream velocity.

This approach provides a clear picture of the first order variability of the ver-
tical profile over one tidal cycle and between the seasons. However, the second
order effects around slack tide as a result of the asymmetry of the tide are neg-
lected, because the vertical profiles of the early and late ebb and flood phase
fall within the same bin of the depth-averaged velocity. These effects are invest-
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igated by computing average vertical profiles from peak ebb to peak flood and
vice versa (EtoF and FtoE, respectively).

Second, the structure of the vertical profile under a varying salinity gradi-
ent is investigated in section 3.3.3 by analyzing the relationship between the
vertical shear in along-stream velocity and the along-stream salinity gradient,
(g—;) computed every two tidal cycles, as indicated by the brackets. The latter

is approximated by a frozen field assumption [Stacey et al., 2010]

(2 = gn¥ms,

dx L
where S, is the root-mean-square of salinity and L (= s * T) is the tidal
excursion length based on the root-mean-square of the depth-averaged along-
stream velocity and the tidal period. The salinity is measured either at the bot-
tom frame (Autumn and Spring) or, if the former is not available, at the NIOZ
jetty (Summer). Stacey et al. [2010] mention that this method is more robust
than the local advective calculation of the salinity gradient, because the latter
is invalid in regions where lateral advection is important, as is the case in the
Marsdiep basin, as this chapter will show. The computed values of (g—f() cor-
respond well with the observed values discussed in Chapter 2 and provide a
method to relate the variation in salinity gradient, i.e. density gradient, to the
shape of the vertical current structure. The (g—;) ignores any information on
the direction of the gradient.

Third, to investigate the impact of bed friction on the current structure, the
drag coefficient can be computed using either direct stress estimates or logar-
ithmic fits of vertical profiles of along-stream velocity. With the available data,
only the latter approach is possible. This technique is discussed in more detail
in e.g. Lueck and Lu [1997]. The logarithmic law-of-the-wall generally repres-
ents the lower part of the water column well, provided that the water column
is well-mixed. In that case, an estimate of the friction velocity, u, (m/s), and
roughness length, z, (m), is obtained from fitting the logarithmic profile,

3.1

u, Z
u(z) = " ln(zo), (3.2)

to the observed current structure, where u is the along-stream velocity (m/s),
z is the height above the bottom (m), « is the von Karman constant (0.41). The
lowest 10 m of the water column are used to obtain the roughness height and
friction velocity through a least-squares fit of the vertical profiles. Up to this
height above the bottom, the R? of the logarithmic fits are good, being greater
than 0.95.

An estimate of Cp, based on u,, is obtained using the bed shear stress, 7,
given by

Ty = pu, (3.3)
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and the empirically-proven assumption that the shear stress in the lowest part
of the water column (0.1H) is constant and equals the bed shear stress [van
Rijn, 2011]. The drag coefficient is then computed by

ul
Cp =, 3.4
U

where uy, is a reference velocity, here at 2 m height above the bottom (hab). The
drag coefficient represents the slope of a least-squares fit between the values of
uf and ui [e.g. Geyer et al., 2000; Fong et al., 2009]. The u, and uj are com-
puted every 10 minutes of each dataset based on the nearest 8 ensembles. A
bootstrap, i.e. resampling method with 100 samples is used to compute the
standard error and affirms the reliability of the computed drag coefficients.
Other studies [Geyer et al., 2000; Fong et al., 2009] used a reference velocity at
1 m hab. Consequently, the values presented in this study underestimate with
respect to previous studies, because the along-stream velocity is greater at 2 m
hab.

3.2.4.2 Numerical model set-up

To understand the mechanisms that determine the shape of the vertical pro-
files of along-stream velocity, (semi-)idealized, and (highly-simplified) semi-
realistic model simulations are run with the General Ocean Turbulence Model
(GOTM, http://www.gotm.net/). An overview of the model runs is given in
Table 3.2. The goal of the former is to identify the important (along-stream)
hydrodynamic processes at the study site, assuming a sinusoidal tidal cycle, a
constant salinity gradient and a constant bottom roughness. The goal of the
latter is to determine and explain the observed shape of the vertical profiles at
the study site by incorporating velocity data from the Spring deployment.

The numerical model GOTM is an open source state-of-the-art one dimen-
sional water column model, which includes a variety of vertical mixing paramet-
erizations [Burchard and Baumert, 1995; Burchard et al., 1998; Burchard and
Bolding, 2001]. The one-dimensional dynamical horizontal momentum equa-
tions, neglecting advection, Coriolis and curvature terms are [Burchard, 2009;
Burchard and Hetland, 2010]:

du 0 du db
a3 a) P h: G5
dv 0 av db
5_5(A25):_25_p§(t)’ (3.6)
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and the buoyancy equation, which includes advection is

ab ab b 0 ab
-— tu—+ =

ot Ve Ty T 0 3.7

where x,y and z are the along-stream, cross-stream and vertical coordinate, re-
spectively, and u, v, b, A, and K, are the along-stream velocity, cross-stream ve-
locity, buoyancy, the eddy viscosity and eddy diffusivity. The along-stream and
cross-stream barotropic pressure gradients are indicated by p’gc and pg . The
second-order turbulence model of Canuto et al. [2001] is used. A comparat-
ive study of four turbulence closure models by Burchard and Bolding [2001]
showed that this turbulence model performed best.

The first and second term on the right hand side of equations 3.5 and 3.6
represent the baroclinic and barotropic pressure gradients, respectively. The
buoyancy is defined as

where g is the gravitational acceleration, p is the density and p, is the constant
reference density (1000 kg/m?). The magnitude of the salinity gradient used
as a model forcing is -2¥10~* psu/m, which is the same order of magnitude
as the conditions in Autumn and Spring, and corresponds with observations in
de Vries et al. [2014].

The barotropic pressure gradient function, pg , is computed based on a sim-
plification from the three-dimensional to the one-dimensional hydrostatic equa-
tions as described and validated in Burchard [1999] using information of the
temporal derivative of velocity at one single point. It enables the computation
of the barotropic pressure gradient based on a timeseries of velocity at one
single location. For the idealized model simulations, the velocity is defined as
a sinusoidal tidal wave with a period, T, of 12.5 hours

0
a(t) = iJ u(z, t)dz = Ucos(27‘c£). (3.9)
H)J , T

The barotropic pressure gradients in the semi-realistic model scenarios are
based on the velocity input from the Spring deployment. The technique to com-
pute the barotropic and baroclinic pressure gradients assumes homogeneity
along the x and y direction. Bathymetric variations are therefore not incorpor-
ated in the model. The incorporation of velocity data in the semi-realistic model
implicitly includes environmental factors such as the bed slope.
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All scenarios except run 3 are run in a water depth of 30 m, consisting of
100 layers. A time step of 10 seconds is chosen with an output resolution of
10 minutes. The results of the model output are insensitive to variations in
time step. The bulk flow properties are the molecular viscosity and diffusivity
and the formulation of the equation of state. The physical bottom roughness
is set to 0.05 m. A relaxation time of 10800 s is specified (3 hours) for the
bulk flow of salinity [e.g. Verspecht et al., 2009]. To keep the model stable, a
relaxation time is imposed for when the bulk salinity deviates from the initial
conditions. Verspecht et al. [2009] found that 3 hours provided stable model
results. Since density variations are mainly determined by salinity, the temper-
ature field is excluded. Advection of salinity is always permitted. The upper
part of the water column, which is influenced by the intra-tidal in-situ water
level fluctuations, and also the effect of wind stress are ignored, because these
processes are considered of minor importance to the overall characteristics of
the current structure.

The idealized scenarios (runs 1 to 3, Table 3.2) are characterized by a sinus-
oidal tidal velocity as described above, where the amplitude is varied between
0.8 and 1.2 m/s. In addition, the water depth is also varied. The salinity gradi-
ent is kept constant to -2¥10~* psu/m.

The first four semi-realistic scenarios are forced by the measured along-stream
velocity at 2 m above the bed from the Spring deployment (Runs 4 to 7, Z=2m
in Table 3.2). Runs 4 to 7 are forced by an along-stream salinity gradient of
-2*10™* psu/m and advection of salinity is permitted. An additional vertical
stratification of 1 psu during the onset of flood is imposed for runs 5 and 7,
which is allowed to develop over the tidal cycle. Runs 4 and 6 are character-
ized by well-mixed conditions of 28 psu, whereas the salinity profiles of runs 5
and 7 consist of 27 psu in the upper 10 m and 28 psu in the upper 10 m of the
water column. In the middle 10 m, the water column is continuously-stratified.
The well-mixed and weakly-stratified conditions correspond with the conditions
observed at the study site as discussed in section 3.3.1.

The pfg‘ is forced by the vertical profiles of along-stream velocity for run 8 and
9. So far, the cross-stream dimension of the barotropic and baroclinic terms has
been neglected. In runs 8 and 9 of the semi-realistic model simulations, pi,'
is also forced by the observed vertical profiles of the cross-stream current. In
addition, a constant lateral salinity gradient is imposed in order to investigate
the effect of cross-stream processes on the generation of vertical stratification
and on the shape of the vertical profile of along-stream velocity. The results of
the model simulations are discussed in section 3.4.
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Run | Type (H) Us £10*| As  un £ 107
nr () (m (m/s) (psu/m) | (psw) (m/s) (psu/m)
1 sine 30 1.2 -2 0 - -
2 sine 30 0.8 -2 0 - -
3 sine 15 0.8 -2 0 - -
4 neap 30 Z=2m -2 0 - -
5 neap 30 Z=2m -2 1 - -
6 spring 30 Z=2m -2 0 - -
7 spring 30 Z=2m -2 1 - -
8 neap 30 VP -2 0 VP -2
9 spring 30 VP -2 0 VP -2

Table 3.2: Overview of the conditions of the numerical simulations (runs 1 to 9). The
simplified and semi-realistic simulations are discussed in sections 3.4.1 and
3.4.2, respectively. The idealized runs are characterized by a sinusoidal tide.
The type of the semi-realistic scenarios indicate neap or spring tide conditions.
The other parameters are the water depth, H, the along-stream tidal current,
Us, the along-stream salinity gradient, g—i, the top-to-bottom salinity differ-
ence, AS, the input of the cross-stream currents, Un, and the cross-stream
salinity gradient, a—‘;. The semi-realistic runs (4 to 9) are fored by data in-
put. The Z=2m indicates that the simulation is forced by the near-bed along-
stream velocity. VP indicates that the model is forced by the entire observed
vertical profiles of velocity.

3.3 RESULTS
3.3.1 Current and salinity characteristics

The temporal and vertical information of currents and salinity obtained from
the bottom frame and 13-hours anchor station measurements provide us with
an overview of the intra-tidal and seasonally variable conditions at the study
site.

During the periods of data collection, the tidal amplitude (Uamp) and sea sur-
face elevation (SSE) are mainly determined by the spring-neap tidal cycle and
wind conditions (Figure 3.3a-f). In Summer, variations in Uamp and SSE com-
ponent by the spring-neap tidal cycle are small but discernible (Figure 3.3a,d.j).
The tidal amplitude is greater during spring tide than during neap tide. Between
Day 290 and 293 of Autumn, a major storm event induced significant variations,
which distorted the spring-neap tidal modulation (Figure 3.3b,e,k). In Spring,
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wind-induced variations in SSE component are small (Figure 3.3c,f,1). A clear
spring-neap tidal modulation is visible during the first 30 days, which is smaller
from Day 465.

The low discharges at DO and KWZ the month prior to the Summer deploy-
ment (Figure 3.2) results in a high average salinity of around 32 psu during the
first 27 days of the deployment (Figure 3.3g). Only small tidally-driven fluctu-
ations are superimposed on the average salinity. The intra-tidal fluctuations
increase during the last 6 days of the measurement period. On the last day, the
salinity drops by 5 psu due to a northeasterly wind in combination with an in-
crease in freshwater discharge from the sluices (Figure 3.3g,j). Similar events
of decreases in salinity driven by (north)easterly winds occur between Day 286
to 289, 297 to 299 of Autumn and Day 457 to 462 of Spring, whereas south-
westerly winds result in an average increase in salinity, e.g. between Day 291
to 293 of Autumn and Day 441 to 446 of Spring (Figure 3h,k,i,1). It suggests a
considerable impact of wind dynamics on the flushing rates of the basin. The
intra-tidal salinity fluctuations are greatest during Autumn and Spring (Figure
3.3h,D).

The salinity field (Figure 3.3g-i) is determined by the freshwater discharge
rates prior to each deployment period (Figure 3.2). The freshwater discharge
from the sluices during the Summer deployment is greater than in Spring (Fig-
ure 3.2). However, the mean salinity and the intra-tidal variations in salinity
are smaller during Summer (Figure 3.3g-i). Our data indicate a lag effect of
several weeks between the freshwater discharge of the sluices and the salinity
variations at the inlet.

The anchor station data in Figure 3.4a-c, obtained with the moored R.V. Na-
vicula, display a large intra-tidal difference in the strength and duration of the
flood and ebb tide. The maximum flood current is reached rather abruptly and
only occurs briefly. Generally, the short peak flood is followed by a longer period
of weaker flood currents. The currents during ebb are greater than during flood.
The variation in depth-averaged current between the anchor stations illustrates
the great inter-tidal variability.

In Summer, the vertical profiles of along-stream velocity reach their max-
imum velocity near the surface. Deviations from the logarithmic velocity profile
are observed in Autumn and Spring (Figure 3.4d vs 3.4e,f). Then, a mid-depth
velocity maximum is observed during late flood, whereas during ebb the max-
imum velocities are still near the surface. The mid-depth velocity maximum co-
incides with the presence of a vertically-stratified water column (Figure 3.4j-1)
and the occurrence of a cross-stream circulation cell (Figure 3.4g-i). In Sum-
mer, vertical stratification is negligible (< 1 psu). It is greater in Autumn and
Spring, being up to 3 psu. Interestingly, the water column is well-mixed during
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Figure 3.3: Depth-averaged tidal amplitude at the bottom frame (Uamp, 1st row), the
sea surface elevation (SSE) and salinity at the NIOZ jetty (2nd and 3rd row,
resp.) and wind vectors at Den Helder Airport (4th row) during Summer,
Autumn and Spring (left, middle and right column, resp.). Uamp is a discrete
value and is based on two tidal cycles to remove the diurnal inequality. It
is defined as half of the range in depth-averaged current velocities. Wind
vectors are oriented in down-wind direction. The spring-neap tidal cycle is
indicated in gray by N and S at the top and by the dotted gray vertical lines
in the panels, and is based on astronomical tidal charts. The time is given in
Days since January 1, 2011.

ebb, indicating that classical tidal straining is not important at the study site,
and the water column is most stratified during late flood and slack before ebb.

The strength of the cross-stream currents varies between and over the tidal
cycles (Figure 3.4g-i). In Summer, the maximum cross-stream currents are only
half the magnitude of those in Autumn and Spring, i.e. 0.15 and 0.30 m/s, re-
spectively, most likely due to less freshwater discharge in the period preceding
Summer (Figure 3.2). The greatest cross-stream currents are present during late
flood and peak ebb. Cross-stream circulation cells are present between 6:00 to
10:00 (late flood) and 13:00 to 16:00 (peak ebb) hours UTC of Autumn and
between 17:00 to 19:00 (late flood) and 12:00 to 14:00 (peak ebb) hours UTC
of Spring. Buijsman and Ridderinkhof [2008c] showed that the cross-stream
currents in the Marsdiep inlet are driven by centrifugal and Coriolis acceler-
ations and by baroclinic pressure gradients. Furthermore, they conclude that
differential advection is important during late flood because the densest flood
water enters the Marsdiep basin in the middle of the channel, which creates

65



66 VARIABILITY OF THE VERTICAL CURRENT STRUCTURE

Summer & Autumn 15 Spring

-0.5
-1

T (m/s)
.5 o
S B = N S
,
= (=}
L oo o~
o
o w

-1.5 -1.5 -1.5
5 10 15 5 10 15 6 8 10 12 14 16 18

hab (m)

18

hab (m)

06 8 10 12 14 16 18

10 15
time (hours UTC)

Figure 3.4: Overview of anchor station data collected during the three different deploy-
ment periods. The seasons are indicated at the top. The first row displays the
depth-averaged along-stream velocity, the second and third row the vertical
profiles of along- and cross-stream velocity, respectively, and the fourth row
the vertical profiles of salinity.
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a lateral density gradient and drives a cross-stream circulation cell. The differ-
ential advection mechanism is evident in the observed cross-stream circulation
cell of Figure 3.4 and its seasonal variability. In the next section, the vertical
structure of the along-stream velocity is treated in more detail using the data
from the bottom frame deployments.

3.3.2  Average vertical profiles of along-stream velocity

The average vertical profiles of along-stream velocity as a function of the depth-
averaged velocity are depicted in Figure 3.5. The x- and y-axis represent the
velocity and height above the bottom, respectively. Each line represents an av-
erage vertical profile, as explained in section 3.2.4.

The vertical profiles of the strong (> 1 m/s) ebb and flood currents devi-
ate substantially from each other (Figure 3.5). Strong ebb is characterized by
greater vertical gradients in velocity, i.e. shears, in the lower part of the wa-
ter column compared to strong flood (> 1 m/s). The velocity increases up to
approximately 10 m above the seabed for strong ebb, whereas the vertical gradi-
ents in velocity are smaller in the lower part of the water column during strong
flood. During flood, these vertical shears remain high up to 15-20 m above the
seabed. In the upper part of the water column, the velocity profile is more uni-
form during strong ebb than during strong flood. These patterns contradict the
standard estuarine vertical profiles as described by e.g. Jay and Musiak [1996].

Furthermore, the vertical profiles of the weak (< 1 m/s) flood and ebb cur-
rents differ from the strong currents. During weak ebb, the vertical gradients
in velocity are more uniformly distributed over the water column (Figure 3.5).
During weak flood, the shape of the vertical profiles changes greatly. A mid-
depth velocity maximum is observed, modifying the vertical structure of the
along-stream velocity during Autumn and Spring (Figure 3.5b,c). Also, the
shape of the vertical profiles of the weak ebb and flood currents exhibits sea-
sonal, inter-dataset, variability. The mid-depth velocity maximum during weak
flood is better developed under the presence of fresher conditions in Autumn
and Spring (Figure 3.3b,c): the mid-depth velocity maximum persists until
higher depth-averaged velocities are reached. Higher depth-averaged velocit-
ies are characterized by a mid-depth maximum located higher up in the water
column. It can be indicative of an intensification of the bottom-generated turbu-
lence in the presence of vertical stratification, which is investigated in section
3.4.1 using numerical simulations. Weak ebb currents display an increase in
vertical gradients of velocity in the upper part of the water column under the
fresher conditions in Autumn and Spring, probably related to the dampening of
turbulence by strain-induced vertical stratification as was observed for example
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Figure 3.5: Average vertical profiles of along-stream velocity per bin of 0.1 m/s of the
depth-averaged current for Summer, Autumn, Spring, as indicated at the
right of each panel. The x- and y-axis show the velocity and height above
the bed (Z), respectively. Each black line represents an averaged vertical
profile as a function of the depth-averaged current as described in section
3.2.4. The vertical dashed lines indicate the transition from strong to weak
ebb (E) and flood (F) currents and the location of the slack tide.

in the German Wadden Sea [Becherer et al., 2011] and the York River estuary
[Scully and Friedrichs, 2007].

Around slack tide, the vertical profiles resemble a tidally-averaged profile of
estuarine circulation during Autumn and Spring (Figure 3.5). Weak ebb and
flood currents show landward flow at the bottom and seaward flow at the sur-
face. The inter-tidal variability reflects the seasonal fluctuations in baroclinic
forcing. In Summer, the vertical profiles near slack tide are uniform over al-
most the entire water column due to the absence of strong density gradients
(Table 3.1 and Figure 3.5a), whereas in Autumn and Spring indications of an
estuarine circulation are more apparent due to the presence of higher dens-
ity gradients during these time periods caused by the elevated discharge at the
sluices (Figure 3.5b,c). The higher baroclinic pressure gradients can modify the
vertical profiles during slack tide by enhancing the vertical stratification and the
related vertical shears in along-stream velocity in the water column. This could
potentially enhance the residual circulation as discussed by Stacey et al. [2001].

To investigate the impact of asymmetric effects on the tide, a distinction is
made between the vertical current structure from peak ebb to peak flood (EtoF)
and its antagonistic phase (FtoE). The asymmetry in near-bed velocities and
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Figure 3.6: Vertical profiles of along-stream velocity for the Summer, Autumn and Spring
deployment (upper to lower row, resp.) during the slack tides. The slack
period from ebb (flood) to flood (ebb), named EtoF (FtoE), is depicted in
the left (right) column. Early and late flood (F) and ebb (E) are indicated
at the top in gray. Along-stream velocity is given as a function of the depth-
averaged velocity (x-axis) and height above the bed (Z, y-axis). The solid
black lines indicate the location where the velocity is 0 m/s, which is a meas-
ure for the reversal of the current.

vertical shear between ebb and flood are similar for EtoF and FtoE as well as
the occurrence of a mid-depth velocity maximum during early and late flood
(not depicted). However, the vertical profiles of EtoF and FtoE differ from one
other around the slack tides (Figure 3.6). In Figure 3.6, the x-axis of FtoE is
reversed in order to accurately represent the temporal propagation of the tide
from late flood to early ebb. The onset of the flow reversal from EtoF starts near
the seabed due to the effect of bed friction on the flow. Higher up in the water
column, frictional effects are smaller and therefore inertial effects dominate
and the current reverses later. From FtoE, the flow reversal patterns display
entirely different characteristics. The flow reversal begins in the upper part of
the water column and ends in the lower part of the water column. During late
flood, there is another momentum sink, resulting in the earliest flow reversal in
the upper part of the water column, which is greater than the frictional effects
of the seabed. A cross-stream circulation cell during late flood, generated by
differential advection as illustrated in Figure 3.4 and discussed in section 3.3.1,
is a mechanism which can serve as an additional momentum sink.
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Greater density gradients in Autumn and Spring are accompanied by an en-
hancement of the patterns described above (Figure 3.6c¢-f). The range of depth-
averaged velocities over which the current reverses direction is greater than in
Summer. The slower reversal from EtoF with respect to Summer might be indic-
ative of the greater vertical stratification that is generated by the large density
gradients, which dampens the vertical momentum exchange and delays the on-
set of the flood tide, as was already discussed by Scully and Friedrichs [2007].

The median duration of the slack tides, defined as the time period when
the along-stream current is not unidirectional over the vertical profile, is much
smaller from EtoF than from FtoE, being between 10-17 and 43-61 minutes,
respectively (Figure 3.6). The duration increases from Summer to Autumn and
Spring, which suggests that the vertical density gradients influence the duration
of the current reversal, probably by limiting the vertical momentum exchange.
The duration of the current reversal from EtoF is greater in Autumn than in
Spring, whereas the duration from FtoE is greater in Spring than in Autumn.

Summarizing, the vertical gradients in along-stream velocity in the lower part
of the water column are greater during ebb, whereas they are greater in the up-
per part of the water column during flood. These patterns deviate from the
standard estuarine vertical profiles. The horizontal density gradient, by forcing
the strength of the vertical stratification, has a considerable influence on the
structure of the vertical profiles, amongst others reflected in the inter-seasonal
variability. Around slack tide, the vertical profiles represent an estuarine circu-
lation. The early and late phases of ebb and flood are characterized by similar
vertical current structures, but the current reversal around high and low water
slack differ markedly from one other.

3.3.3 Impact of density field on the vertical current structure

To further investigate the impact of the density field on the vertical current
structure, the relationship between the calculated salinity gradient, (g—;), and
the vertical shear in along-stream velocity is analyzed. The shear during dif-
ferent current strengths is compared by tidally-averaging over a range of the
depth-averaged along-stream current as given in each panel of Figure 3.7. Also,
the vertical shear at different heights above the bottom is depicted in each panel,
as indicated by the different gray icons. The solid lines are the least-squares lin-
ear fits to the shears at each height above the bed. Negative (positive) shear
during ebb (flood) signifies increasing current velocities with increasing height
above the bed.

High current velocities during ebb and flood are characterized by the greatest
shears, |du/dz|, close to the seabed (h2.5) for all salinity gradients (gray dotted
line, Figure 3.7a,b). The vertical shears higher up the water column are small
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(h15 and h25, dotted black and solid black lines). For all ebb velocities (Figure
3.7a,c,e), similar patterns are observed, which are characterized by high shears
near the bed and small shears higher up in the water column. These patterns re-
semble the classical logarithmic profiles of along-stream velocity. Furthermore,
there is no clear relationship between (g—;) and vertical shear, which indicates
that the vertical profile is not substantially influenced by the along-stream sa-
linity gradient.

In contrast, the shear of the flood currents does correlate with (g—;). Weak
flood currents (0.3-0.7 and 0.8-1.2 m/s in Figure 3.7f and d, resp.) are char-
acterized by a reversal of the sign of the vertical shear in the upper part of
the water column. In Figure 3.7d, the R? is 0.37 and 0.55 for 15 and 25 m
above the bed, respectively. In Figure 3.7f, the values are 0.3 and 0.66, respect-
ively. This reversal in sign of the vertical shear corresponds with the presence
of a mid-depth velocity maximum. It evidences a linear relationship between
the strength of the salinity gradient and the magnitude of the negative vertical
shear, which implies a relationship between the mid-depth velocity maximum
and the baroclinic pressure gradient.
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Figure 3.7: Vertical shear in along-stream velocity, dU /dz, during ebb and flood (left
and right column, resp.) as a function of the along-stream salinity gradient,
(g—i). The shear is computed for different current magnitudes, which are
the averages of 1.3-1.7 (upper row), 0.8-1.2 (middle row) and 0.3-0.7 m/s
(lower row). For each individual tidal cycle of all deployments, the vertical
shear is computed at 2.5, 15 and 25 m above the bed (*, o and x, resp.)
based on the closest 5 bins. The least-squares linear fits at each height above
the bed are indicated in the legend.
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Figure 3.8: The relationship between friction velocity, u,,, squared and near-bed velocity,
up, (at 2 m above the bed) squared for Summer, Autumn and Spring (left,
middle and right column, resp.). The gray circles indicate the individual val-
ues of the 8-ensembles averages. The dashed and solid lines indicate the
least-squares fit to the datapoints for ebb and flood, respectively. The slope
represents the drag coefficient, Cp, as given in the legends. The R? is given
in each panel.

3.3.4 Drag coefficients

The near-bed observed vertical shears in along-stream velocity can be explained
by an asymmetry in drag coefficient. Evidence of an asymmetry is given in Fig-
ure 3.8, which shows the 4-minute averages of u, and u; squared as well as the
estimates of the drag coefficient. An asymmetry in the drag coefficient between
ebb and flood is observed for all deployments. The scatter increases consider-
ably from Summer to Autumn and Spring which suggests that other processes
influence the estimation of the drag coefficient under increased baroclinic for-
cing. The greater variability during Autumn and Spring (Figure 3.8b,c) might
be driven by variations in vertical stratification and in cross-stream currents. It
is striking that the asymmetry in drag coefficients is very similar for all seasons.
The drag coefficient is between 1.5 and 2 times greater during ebb than during
flood, which suggests a time-independent process, such as e.g. tide-bathymetry
interaction by form drag. During peak ebb, the observations deviate from the
linear fit with overestimated values of uf, similarly to the observations of Geyer
et al. [2000] in the Hudson estuary. Geyer et al. [2000] suggest that other mo-
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mentum sinks or variations in the stress-velocity relationship might explain this
deviation.

The persistent asymmetry in drag coefficient in Figure 3.8 is time-invariant
under a wide range of conditions. Therefore the variable cross-stream currents
and vertical stratification are unlikely factors to explain this asymmetry. The
contribution of the cross-stream currents to the modification of the drag coef-
ficient is investigated by removing all data points with near-bed cross-stream
velocities greater than 0.1 m/s. It results in only minor variations in Cp, and the
asymmetry between ebb and flood remains similar (not shown). Vertical strati-
fication is highly variable in the Marsdiep and might explain the great variability,
but not the asymmetry itself. Possible explanations for the deviation in near-bed
velocities from standard estuarine theory are considered in the discussion.

3.4 NUMERICAL MODEL RESULTS

To better understand what determines the vertical structure of along-stream
velocity in the Marsdiep, several model scenarios are run with GOTM (Table
3.2). Idealized runs are used to identify the basic one-dimensional along-stream
processes that shape the vertical structure under conditions similar to the study
site. Furthermore, the importance of the strong currents and large water depths
is evaluated. Dissimilarities between the observations and the idealized model
runs indicate the possibility of other processes being important. Semi-realistic
runs are then applied to understand these characteristic processes.

3.4.1 Idealized scenarios

To investigate the conditions that are required to generate a mid-depth velo-
city maximum, idealized scenarios are run. These runs show that the presence
of vertical stratification can generate a mid-depth velocity maximum. Further-
more, they show that along-stream tidal straining can only explain a mid-depth
velocity maximum during early flood since the peak flood currents mix the en-
tire water column.

The tidal amplitude of 1.2 m/s in run 1 produces a well-mixed water column
with maximum velocities near the surface during nearly the entire tidal cycle
(Figure 3.9a,d,g). A small increase in vertical stratification is observed in the
upper part of the water column during the early flood phase, which is driven
by along-stream tidal straining. The weak stratification during early flood is
already capable of generating a small mid-depth maximum (Figure 3.9a).

The smaller amplitude of run 2 results in the presence of a mid-depth ve-
locity maximum during the entire flood phase (Figure 3.9b) because the peak
currents lack sufficient kinetic energy to mix the entire water column. There-
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Figure 3.9: Model output of current velocities (upper row) and salinity (middle row)
during 1 tidal cycle of the idealized model scenarios (runs 1 to 3). The x- and
y-axis represent time and height above the bed, respectively. In the lower row,
the depth-averaged current velocity (&, black line) and the top-to-bottom
salinity difference (As, gray line) are depicted as a function of time. The
left, middle and right columns represent model runs with tidal amplitudes
of 1.2, 0.8 and 0.8 m/s, resp.

fore, vertical stratification is generated at 15-20 m above the bed. Also, the
average vertical stratification is greater during the entire tidal cycle (Figure
3.9h). Vertical stratification is greatest during late ebb and smallest during late
flood, which is typical for the classical tidal straining mechanism. This process,
therefore, mainly modifies the vertical current structure in one-dimensional,
along-stream, direction (Figure 3.9¢). These simulations only explain the mid-
depth velocity maximum during the early flood phase, because the peak flood
currents in the Marsdiep are generally able to mix the entire water column dur-
ing peak flood. It is therefore implausible that vertical stratification during late
flood is a relic from classical tidal straining generated during ebb.

Only the presence of a weakly-stratified water column is required to generate
a mid-depth velocity maximum under such a high current regime. The trans-
ition from well-mixed to weakly-stratified conditions from peak to slack cur-
rents is exemplified in the left and middle column of Figure 3.9 and shows that
the great water depth enables this shift. The right column of Figure 3.9 shows
that smaller water depths experience well-mixed conditions under a smaller
tidal forcing (run 3). A greater water depth creates a greater variation in ver-
tical stratification over the tidal cycle (Figure 3.9h,i).
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The stratifying dynamics are further investigated using the Simpson number.
The Simpson number, Si, which was previously called the horizontal Richard-
son number, [e.g. Stacey et al., 2008, 2010], displays the (1-D) balance between
the stratifying and de-stratifying forces in the water column as a function of the
horizontal salinity gradient, (g—;) (psu/m), water depth, H (m), and the friction
velocity, u, (m/s), where the latter represents the kinetic energy of the currents

Js 2
Si= M, (3.10)

u*
where g is the gravitational acceleration (9.81 m/s®) and f is the haline con-
traction coefficient (7.7*10™%). A Si value greater than 1 indicates that the
potential energy is greater than the kinetic energy which implies that the water
column remains vertically-stratified during the entire tidal cycle. Stacey and
Ralston [2005] and Burchard et al. [2011] demonstrated that tidal straining
is important for Si > 0.2. A small friction velocity of 0.05 m/s, approximately
%max(u*), and a tidally-averaged (g—;) of 2*10~* psu/m in a water depth of
30 m are representative values for the Marsdiep [de Vries et al., 2014, Chapter
2], and results in a Si of 0.54, sufficient to allow vertical stratification by tidal
straining during weak currents. Peak currents are characterized by Si values of
approximately 0.05 and imply well-mixed conditions.
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Figure 3.10: Relationship between the dimensionless height of the mid-depth velocity
maximum (Zy;py/H) and the Simpson number based on 39 model sim-
ulations where the tidal amplitude is varied.
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To evaluate under which Simpson numbers along-stream tidal straining gen-
erates a mid-depth velocity maximum during the entire flood tide, the height
of the mid-depth velocity maximum during peak flood is assessed for a range of
Simpson numbers. A total of 39 model simulations are run with varying tidal
amplitudes (and therefore varying friction velocities), which produce a wide
range of Simpson numbers. The values of H (30 m) and (g—;) (-2¥10% psu/m)
are kept constant. The height of the mid-depth velocity maximum is defined as
the height above the bed where the along-stream velocity reaches its maximum
value, normalized by the water depth (Zy;py s/ H). Figure 3.10 shows that Si
values smaller than 0.35 are characterized by a near-surface velocity maximum.
An increase in Si between 0.35 and 1 results in the generation and rapid lower-
ing of a mid-depth velocity maximum due to along-stream tidal straining. For
high Si values, the non-dimensional height of the mid-depth velocity maximum
stabilizes to 0.35. Figure 3.10 shows that for Si values smaller than 0.35, other
processes than along-stream tidal straining are responsible for the generation of
a mid-depth velocity maximum during peak and late flood, which is discussed
in more detail in section 3.4.2.

A comparison between the observations and model simulations highlight two
main discrepancies. First, along-stream tidal straining only explains the vertical
structure of salinity and velocity satisfactorily during early flood since the peak
flood currents mix the entire water column. Furthermore, the interaction of the
barotropic and baroclinic pressure gradients in GOTM results in the greatest
near-bed velocities during flood, which creates the classical estuarine circula-
tion pattern. However, observed near-bed velocities are stronger during ebb
than during flood (Figure 3.5). This variation in near-bed currents may change
the dynamics of vertical stratification and modify the vertical current structure.
Semi-realistic scenarios are run to investigate the effect of the observed near-
bed velocities on the vertical structure. In addition, the contribution of cross-
stream advection of salinity on the generation of vertical stratification during
late flood is investigated.

3.4.2 Semi-realistic scenarios

The asymmetry in near-bed velocities is incorporated using the observed near-
bottom along-stream velocities (2 m above the bottom) of Spring as a model
forcing for neap and spring tide conditions (runs 4-7, Table 3.2). Neap and
spring tide conditions are simulated with a uniform salinity of 28 psu over the
entire water column. Alternatively, the effect of vertical stratification generated
by non-along-stream processes is incorporated by imposing a two-layer vertical
stratification. In Figure 3.11, the scenarios are depicted for neap and spring tide
conditions with and without a two-layer vertical stratification.
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Figure 3.11: Same as Figure 3.9, but then for the semi-realistic model runs 4 to 7 in
Table 3.2. Neap tide conditions are given in the first two columns (runs 4
and 5), where in the scenario of the 2nd column a vertical stratification of 1
psu is imposed on the water column. The 3rd and 4th column are organized
similarly but then for spring tide conditions (runs 6 and 7).

Neap tide conditions are characterized by a mid-depth velocity maximum dur-
ing the entire flood phase, driven merely by the along-stream advection of salin-
ity (run 4, Figure 3.11a,e). The small two-layer vertical stratification increases
the strength of the mid-depth velocity maximum (run 5, Figure 3.11a,b;e,f).
Figure 3.11i-j shows that vertical stratification is strongest during slack before
flood, around 131 hours, as a result of tidal straining. However, around 140
hours, the second slack before flood, a considerable decrease in vertical strat-
ification is observed as a consequence of the high near-bed velocities during
the late ebb phase. The greater near-bed velocities during ebb counteract tidal
straining and decrease vertical stratification during the late ebb phase.

Spring tide conditions without a two-layer vertical stratification are charac-
terized by a well-mixed water column during the complete tidal cycle (run 6,
Figure 3.11c,g,k). It implies that vertical stratification during spring tide is not
only generated by along-stream processes for an along-stream salinity gradi-
ent of 210 psu/m. Surprisingly, the superposition of vertical stratification
results in the strongest vertical stratification during late flood, in combination
with the occurrence of a mid-depth velocity maximum (run 7, Figure 3.11d,h,1).
During ebb, the vertical stratification is destroyed (Figure 3.111). The stronger
ebb currents and the elevated vertical mixing rates both appear to contribute
to the destruction of vertical stratification during ebb. This mechanism, and its
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Figure 3.12: Same as Figure 3.9, but then for semi-realistic model runs 8 and 9 in Table
3.2. Model output of current velocities and salinity are given for 1 tidal
cycle during neap- and springtide (left and right column, respectively). This
simulation incorporates advection of salinity by cross-stream currents.

effect on the vertical current structure, are most pronounced during spring tide
conditions. To investigate if cross-stream processes are able to generate vertical
stratification during late flood, as already hypothesized by van Haren [2010]
and de Vries et al. [2014], simulations 8 and 9 were run.

The velocity field of Spring in along-stream and cross-stream direction over
the entire water column is used to force a neap and spring tide scenario with
a constant salinity gradient of 2¥10~* psu/m in along-stream and cross-stream
(x and y, resp.) direction. Figure 3.12 demonstrates that the addition of a cross-
stream component has a minor impact on the vertical current structure during
neap tide (run 8). However, it results in an increase of vertical stratification dur-
ing the late flood of spring tide (run 9, Figure 3.12e,f). Apparently, the rate of
salinity advection by cross-stream processes from neap to spring tide increases
more strongly than the rate of vertical mixing, which results in an increase
of vertical stratification from neap to spring tide conditions. It also explains
the presence of a mid-depth velocity maximum during the late flood phase by
cross-stream advection of salinity. It suggests a spring-neap tidal modulation,
and asymmetry, in vertical stratification during late ebb and late flood.

Concluding, the asymmetry in drag coefficient and in near-bed velocities res-
ults in the destruction of vertical stratification during ebb, which counteracts
the tidal straining mechanism. Cross-stream advection of salinity is important
during the late flood phase, which creates vertical stratification and generates
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a mid-depth velocity maximum. In our model runs, both processes appear to
increase in importance from neap to spring tide.

3.5 DISCUSSION
3.5.1 Near-bed dynamics

Generally, the drag coefficient is assumed constant in the depth-averaged along-
channel momentum balance. A constant drag coefficient or a constant eddy vis-
cosity both represent constant vertical mixing rates, which enables a simplific-
ation of estuarine dynamics in order to compute the residual circulation by the
solution proposed by Pritchard [1956] and Hansen and Rattray [1966]. How-
ever, several studies have observed asymmetries in the drag coefficient (and
eddy viscosity), invalidating the assumption of a constant Cp under certain
conditions.

Geyer et al. [2000] observed a constant bed roughness during most of the
tidal cycle in the Hudson, an estuary characterized by a uniform bathymetry.
However, their observations displayed small but persistent differences between
neap and spring tide, also found in the James River estuary by Li et al. [2004].
Seim et al. [2002] observed variations in drag coefficients between 1.5%1073
and 2.5*1072 on the ebb phase, depending on the presence of vertical strat-
ification generated by cross-stream currents. Fugate and Chant [2005] found
variations in bed roughness between ebb and flood related to variations in ver-
tical stratification. Fong et al. [2009] observed large variations in Cp, not driven
by asymmetries in cross-stream currents or vertical stratification but driven by
asymmetric bedforms. The drag coefficient was found to be notably greater
during flood than during ebb. All these studies relate differences in Cp to 1-D
processes in the bottom boundary layer. In addition, at several locations on the
continental shelf and in Puget Sound, studies have shown that form drag can
contribute substantially to the magnitude of the drag coefficient [e.g. Edwards
et al., 2004; Warner et al., 2013].

With the available data, it is impossible to isolate the different contributors
to form drag. Empirically, many different parameterizations for bed roughness
have been formulated, e.g. the Chézy and Manning coefficient, which incor-
porate pressure and frictional differences in the drag coefficient by inclusion
of the slope of the seabed and/or a roughness length [van Rijn, 2011]. It is
outside the scope of this research to investigate the factors that contribute to
the magnitude of the drag coefficient. However, this study shows that the as-
sumption of a constant drag coefficient is not valid in the Marsdiep basin and
that the values are greater than the canonical value of 2.5%107>. The latter im-
plies that other processes, i.e. vertical stratification, cross-stream advection of
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momentum and/or form drag influence the near-bed vertical shears. The per-
sistent asymmetry under a wide range of conditions suggests that form drag is
the dominant process.

It remains the question to what degree different spatial scales (sandwave-
scale and channel-scale water depth variations) contribute to the drag. The
seabed is sloping at the study site, which results in a decrease (increase) in
water depth in downstream direction during ebb (flood) and creates a force
opposing the ebb current. Furthermore, there is an upstream obstruction during
ebb located approximately 1 km up-estuary, which is characterized by water
depths 10 to 15 m smaller than at the study site (Figure 3.1b). This might be a
source of form drag and could produce elevated values of C, during ebb. Both
characteristics of the bathymetry correspond with the observed asymmetry in
Cp, and potentially explain the elevated values.

This study only treats observations at one location. However, the complicated
bathymetry is certainly not atypical for the Marsdiep basin. Figure 3.1b shows
that the channels in the Marsdiep and Vlie basins are characterized by great
variations in water depth. It is therefore hypothesized that the magnitude, and
asymmetry, of the drag coefficient is spatially highly variable. This hypothesis
is supported by Buijsman and Ridderinkhof [2007a] who observed different
values of the friction velocity and drag coefficient in the shallower center of the
Marsdiep inlet with respect to the values presented in this study.

By modifying the intra-tidal vertical mixing characteristics, the asymmetric
drag may have implications for the residual circulation. As a result, the residual
circulation may therefore be highly spatially variable in complex bathymetries
like the Marsdiep basin. Geyer and MacCready [2013] already propose in their
review on the estuarine circulation that the along-stream variability of the es-
tuarine circulation requires more research. Here, we suggest that more know-
ledge on the spatial variability of the drag coefficient, with particular emphasis
on form drag, is important for a better understanding of the spatial variability
in estuarine circulation for estuaries with a complex bathymetry. Furthermore,
numerical models might benefit from the inclusion of a drag coefficient not
only dependent on the grain size diameter, but which also depends on e.g. the
spatial derivative of water depth.

3.5.2 Mid-depth velocity maximum

To the authors’ knowledge, the observation of a mid-depth velocity maximum
occurring separately during both early and late flood has not been made in pre-
vious studies. It is interesting that a mid-depth velocity maximum, character-
istic of strongly-stratified estuaries, is important in a weakly- and periodically-
stratified estuary as the Marsdiep basin. The simulations have shown that the
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presence of vertical stratification is a requirement for the development of a
mid-depth velocity maximum. In the Marsdiep, the peak current conditions are
characterized by well-mixed conditions, whereas the early and late phase of
the tide are influenced by density-driven processes. The alternation of these
regimes results in different generation mechanisms of the mid-depth velocity
maxima.

The model simulations imply that vertical stratification generated by tidal
straining is sufficient to facilitate the occurrence of a mid-depth velocity max-
imum during early flood. Cudaback and Jay [2001] demonstrated that strong
bed friction is required to decrease the current velocities close to the bed, which
applies to the Marsdiep basin. The well-mixed conditions during peak flood in-
hibit the late flood mid-depth velocity maximum to originate from the classical
tidal straining. The addition of a realistic cross-stream current and a salinity
gradient in the model simulations show that cross-stream tidal straining is a
likely candidate to explain vertical stratification generated during late flood.

To further substantiate the claim of the relevance of along- and cross-stream
straining in the Marsdiep basin, a scaling of the tidal straining terms is obtained
from the dynamic potential energy anomaly equation. For a detailed explana-
tion of all the terms is referred to Burchard and Hofmeister [2008] and de Boer
et al. [2008]. The along-stream (S,.) and cross-stream (S y) tidal straining com-
ponent are scaled by

n
g _dp
Sx = E J_HUaZdZ, (311)
and
n
s,= & [ $2Ru4;, (3.12)
H ) , 9y

where i = u—i and ¥ = v — ¥ denote the vertical deviation from the mean of
the along-stream and cross-stream velocities, respectively. The values of velocity
are based on the data of the anchor station depicted in Figure 3.4. The values
of Z—g and g_p are based on the salinity gradients in Table 3.1. de Vries et al.
[2014] observed the tidally-averaged along- and cross-stream salinity gradients
to be of the same order of magnitude in the Marsdiep basin for 2 distinct spatial
surveys, being between 1 and 3*10~* kg/m?/m. Therefore, an along- and cross-
stream salinity of the same magnitude (2*10~% kg/m?/m) is used to evaluate
the effects of S, and S, . This assumption neglects any intra-tidal variation in
along- and cross-stream salinity gradients, but serves well to illustrate at which
moments of the tidal cycle cross-stream straining is important. It is not pos-
sible to estimate the advective and nonlinear terms of tidal straining with the
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Figure 3.13: Along- and cross-stream tidal straining terms during the anchor stations
measurements in Summer and Spring (left and right column, resp.). The
upper row displays the depth-averaged along-stream current, @, and the
surface (v;) and bottom (vp) cross-stream currents. The lower row displays
the along-stream, S,, and cross-stream, S, tidal straining terms as given
in equations 3.11 and 3.12. The vertical dotted lines indicate the moment
of the slack tides.

available data. The goal here is to evaluate the potential role of along-stream
and cross-stream tidal straining in the stratification dynamics and their relation
to the occurrence of a mid-depth velocity maximum. Using model simulations,
Burchard and Hofmeister [2008] and de Boer et al. [2008] showed that the tidal
straining term is one of the main mechanisms in estuarine and downstream re-
gions of freshwater influence (ROFI), but they stress that there are great spatial
differences.

Figure 3.13 shows that along- and cross-stream tidal straining contribute dur-
ing different phases of the tide, depending on the season. In Summer, tidal
straining is negligible because of the small salinity gradients. However in Spring,
along-stream tidal straining has a stratifying (mixing) impact on the water
column during ebb (flood). Cross-stream tidal straining stratifies the water
column during distinct phases of the tide. During late flood and late ebb, cross-
stream tidal straining is important. The stratifying influence of tidal straining
is opposed by vertical mixing. The observations and model simulations show
that the water column is well-mixed during ebb because of the strong currents
and corresponding mixing. Therefore, tidal straining during ebb is not able to
stratify the water column. The weak currents during late flood enable the gen-
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eration of vertical stratification by cross-stream tidal straining, which is similar
to the differential advection described by Nunes and Simpson [1985] and Lacy
et al. [2003].

Differential advection during late flood might be accompanied by advective
transport of momentum, which might enhance the development of the along-
stream mid-depth velocity maximum. Lower momentum water from the sides of
the channel is transported upwards and migrates towards the center of the chan-
nel. Simultaneously, higher momentum water is transported downwards in the
center of the channel and migrates sideways. Several studies have shown that
advective processes contribute to the horizontal momentum balance and impact
the strength of the estuarine circulation [Lerczak and Geyer, 2004; Cheng and
Valle-Levinson, 2009; Scully et al., 2009; Burchard et al., 2011; Basdurak et al.,
2013]. It is complicated to isolate the effects of cross-stream tidal straining and
lateral advection of momentum, since they are both related to the strength of
the density gradients. So, advection of salinity, and possibly momentum, might
both contribute to the development of a mid-depth along-stream velocity max-
imum, and are both dependent on the density gradients. This study shows that
the presence of weak vertical stratification by cross-stream tidal straining is
already sufficient to create a mid-depth along-stream velocity maximum.

Stacey et al. [2008] found, based on idealized model simulations, that the
timing of periodic vertical stratification is important for the development of ver-
tical shears in velocity and for the strength of the estuarine circulation. Stratific-
ation imposed on the early flood or early ebb phase produces enhanced shears,
which disappear quickly during the high current velocities. Vertical stratifica-
tion imposed during late ebb or late flood has a longer lasting impact on the
vertical shears. The shears can remain enhanced until after the succeeding slack
tide. The generation of vertical stratification by cross-stream straining in the
Marsdiep basin during late flood suggests that lateral processes can have a great
effect on vertical shears and possibly the strength of the estuarine circulation.
However, the enhanced vertical shears simulated by Stacey et al. [2008] con-
tradict with the reversal in sign of the vertical shears in the upper part of the
water column as presented in this study, most likely because Stacey et al. [2008]
focused on the timing of vertical stratification and neglected the superimposed
directional effect of the baroclinic pressure gradient.

The variable current dynamics discussed in this study illustrate the import-
ance of two crucial components of the estuarine Marsdiep system. First, the
presence or absence of vertical stratification plays an important role in modi-
fying the vertical structure of along-stream velocity. Second, the strong bed
friction, probably determined by the complex bathymetry of the sandy seabed,
dissipates the tidal energy near the bed and is characterized by an unexpected
asymmetry in ebb and flood drag coefficients.
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3.6 CONCLUSIONS

Hundred days of current and salinity data and simulations with a 1-D wa-
ter column model are combined to investigate the mechanisms and processes
that determine the vertical profile of along-stream velocity in the periodically-
stratified Marsdiep basin. The vertical current structure at the study site is char-
acterized by strong bed friction, i.e. a large drag coefficient, which is at least 3
to 6 times greater than the canonical value of 2.5%1072. In addition, the fric-
tion velocity and near-bed vertical shears are greater during ebb than during
flood for the same current magnitude. In estuaries, the superposition of the
barotropic and baroclinic tide predicts an opposite asymmetry in friction velo-
city and near-bed vertical shears. This asymmetry in friction velocity is caused
by an asymmetry in bed roughness, which is most likely caused by the complex
bathymetry. The simulations show that the asymmetry can result in increased
mixing rates during ebb, which can destroy the vertical stratification generated
by classical tidal straining. The importance of this mechanism increases from
neap to spring tide.

Higher up in the water column, the vertical shears in along-stream velocity
are greater during flood than during ebb. During early and late flood, a mid-
depth velocity maximum in along-stream velocity is observed. Both phenomena
are generated by different mechanisms. The strong drag coefficient in the area
(flood: 7.7*1073, ebb: 1.25*1072) and the periodic stratification of the water
column are the conditions required to create a mid-depth velocity maximum,
as already suggested by Cudaback and Jay [2001] for a strongly-stratified estu-
ary. Vertical stratification during early flood is a relic of tidal straining during
late ebb, whereas vertical stratification during late flood is generated by ad-
vection of salinity by cross-stream straining. Vertical stratification during late
flood inhibits the vertical momentum exchange and facilitates the generation
of a mid-depth velocity maximum by the superimposed effect of the barotropic
and baroclinic pressure gradients.

This study shows that the baroclinic pressure gradient and the asymmetry
in bed friction are both important in shaping the vertical current structure in
the Marsdiep basin. The measurements are collected at only one location, but
similar complex bathymetry in the rest of the Marsdiep basin suggests a more
ubiquitous applicability. The mechanisms that enable the destruction and form-
ation of vertical stratification at the study site during ebb and flood, respectively,
might have considerable effects on the residual circulation.



ON THE VERTICAL STRUCTURE OF THE RESIDUAL
CURRENT

The vertical profile of the residual current is investigated by analyzing current
data collected during three different seasons, with special attention being ded-
icated to the dynamics of the estuarine circulation. The wind and tidal asym-
metries principally modify the depth-averaged residual current, whereas the
strength of the estuarine circulation is controlled by variations in freshwater
discharge. The magnitude of the estuarine circulation scales well with the solu-
tion proposed by Geyer et al. [2000] for a limited range of along-stream sa-
linity gradients. For salinity gradients smaller than 1*10™* psu/m, the solu-
tion under-predicts the surface-to-bottom difference in residual currents. It is
suggested that barotropic processes mainly determine the residual profile un-
der very weak salinity gradients. For salinity gradients greater than 2.5*10~%
psu/m, lateral advection contributes to the tidally- and depth-averaged mo-
mentum balance and modifies the estuarine circulation. Lateral advection is
observed to be stronger during ebb than during flood for strong salinity gradi-
ents and acts to reduce the estuarine circulation. Interestingly, the creation of
an estuarine circulation in the Marsdiep basin appears to be centered around
the long period of weak currents from late flood to slack before ebb. The grav-
itational circulation and cross-stream total tidal straining are the most likely
generation mechanisms. The absence of classical tidal straining is explained by
the presence of strong currents during late ebb and the short duration of slack
before flood. This study has demonstrated that a non-steady estuarine circu-
lation is present in a deep, ebb-dominant part of the Marsdiep basin, which
is occasionally modified by lateral advection. Model simulations indicate a re-
duction in estuarine circulation in the shallower, flood-dominant part of the
Marsdiep basin. The observed non-steady behavior suggests that the duration
of weak vertical mixing is more important at the study site than the strength of
maximum vertical mixing.
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This chapter is based on the following paper, currently under review as:
de Vries, J. J., Ridderinkhof, H., Duran-Matute, M., and van Aken, H. M. (under
review). On the vertical structure of the residual current in the periodically-
stratified Marsdiep basin, Cont. Shelf. Res.



4.1 INTRODUCTION

4.1 INTRODUCTION

Estuaries are important as a source and stopover for nutrients and terrestrial
sediments along their pathway from land to sea. The availability of sediments
and nutrients is essential to the (a)biotic conditions of estuaries and coastal
regions. To understand the net exchange patterns of these gate-ways, it is im-
portant to study the vertical structure of residual currents in estuaries since
these partly determine the net transport of suspended matter.

Pritchard [1956] and Hansen and Rattray [1966] established the research
framework on the vertical structure of residual currents by demonstrating that,
in estuaries, the barotropic and baroclinic pressure gradients balance vertical
mixing of momentum. Consequently, a tidally-averaged vertical profile of velo-
city in shallow and narrow estuaries is characterized by inflow near the bottom
and outflow near the surface: the gravitational or classical estuarine circulation.
A constant eddy viscosity, i.e. constant vertical mixing, is an important assump-
tion of their model, which later research has shown to be invalid. Jay and Mu-
siak [1996] hypothesized that the residual current structure is determined by
an intra-tidal asymmetry in vertical mixing by the tidal straining of the density
field, a mechanism first described by de Ruijter [1983], van Aken [1986] and
Simpson et al. [1990]. Other research has supported this hypothesis [Burch-
ard and Hetland, 2010; MacCready and Geyer, 2010; Geyer and MacCready,
2013, and references therein]. Model simulations by Burchard and Hetland
[2010] suggest that under certain conditions tidal straining circulation might
be more important than the gravitational circulation. Recently, several studies
have shown that lateral cross-stream straining and lateral advection might also
influence the residual circulation [Lerczak and Geyer, 2004; Scully et al., 2009;
Burchard et al., 2011; Burchard and Schuttelaars, 2012; Basdurak et al., 2013].

Lerczak and Geyer [2004] were the first to show with idealized model sim-
ulations of a straight, stratified estuary that an ebb-flood asymmetry in lateral
advection can modify the strength of the estuarine circulation. Lateral advec-
tion during flood transports high (low) momentum water to the lower (upper)
part of the water column, which enhances the estuarine circulation. This pro-
cess of momentum exchange is reversed during ebb. However, lateral advection
during ebb is reduced by the presence of vertical stratification. This asymmetry
in lateral advection enhances the estuarine circulation. Besides lateral advec-
tion, cross-stream tidal straining can also modify the estuarine circulation by
altering the internal asymmetry in the eddy viscosity-vertical velocity shear co-
variance, as discussed by Burchard and Schuttelaars [2012]. These different
cross-stream processes are difficult to isolate. Therefore, Burchard et al. [2011]
expanded the definition of (total) tidal straining to all processes that contrib-
ute to the covariance of the eddy viscosity and vertical shear in velocity, thereby
incorporating multiple processes into one single concept.
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One of the main goals of estuarine research is to predict the estuarine ex-
change of salt, heat and suspended matter. Hansen and Rattray [ 1966] provided
one of the first scalings of the estuarine circulation, which lacked the inclusion
of important processes as tidal straining and lateral advection, but which pre-
dicted the strength of the estuarine circulation reasonably well using a constant
eddy viscosity as a calibration parameter. Geyer et al. [2000] provided an altern-
ative scaling, where the bottom friction replaced the constant eddy viscosity as
a measure for vertical mixing. Seim et al. [2002]; Ralston et al. [2008] demon-
strated that the assumption of bed-generated vertical mixing covering the en-
tire water column is not always valid over an entire tidal cycle. Instead, they
suggested an effective water depth based on a tidally-averaged height of the
bottom boundary layer. All these scalings have in common that they include a
measure for the strength of the baroclinic forcing and the strength of vertical
mixing, and that they implicitly include processes as tidal straining and lateral
advection. Scully et al. [2009] discussed the different feedbacks of the implicit
processes on the strength of the predicted estuarine circulation.

These scalings assume that the estuarine circulation is best explained through
a tidally-averaged approach. However, Nunes-Vaz et al. [1989] hypothesized
that the gravitational circulation should increase during slack tides because of
small vertical mixing. Stacey et al. [2001] observed an increased gravitational
circulation around slack tides in a partially stratified estuary, confirming the
hypothesis of Nunes-Vaz et al. [1989]. However, these pulses only occurred for
periods with strong vertical stratification around slack before flood, where the
horizontal Richardson number was greater than 3, indicating dampening of
vertical mixing by tidal straining. The two studies indicate that the generation
of estuarine circulation might be primarily a non-steady process.

Tide-bathymetry interaction and wind are two other important factors that
contribute to the residual circulation in estuaries. On a basin scale, the tide-
bathymetry interaction mainly drives depth-averaged residual currents and cre-
ates spatially-varying tidal asymmetries in velocity and duration [e.g. Aubrey
and Speer, 1985; Speer and Aubrey, 1985; Friedrichs and Aubrey, 1988], which
are determined by the hypsometry of the basin [Maas, 1997; Stanev and Wollff,
2003]. Furthermore, Li and O’Donnell [1997, 2005] theoretically showed that
the depth-averaged inflow and outflow patterns in an estuary are dependent
on the shape of the inlet and on the length of the basin, respectively.

Wind contributes to the net transport of water in a variety of ways. It can act
as an additional source of kinetic energy which mixes the (upper layer of the)
water column during high-energetic wind events [ Goodrich et al., 1987; Liet al.,
2006b]. However, wind can also modify the strength of the vertical stratification
by wind straining, indirectly modifying the sub-tidal residual circulation, under
moderate wind conditions [Scully et al., 2005; Chen and Sanford, 2009]. These
studies mainly focused on local wind effects. Several studies have shown that
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local and remote wind effects differ from one other [Wong, 1994; Wong and
Moses-Hall, 1998; Wong and Valle-Levinson, 2002]. For example, Wong and
Moses-Hall [1998] showed that remote wind effects influence sub-tidal water
level fluctuations, whereas local wind effects influence the local currents.

The interaction between all these factors determines the vertical structure of
the residual circulation in estuaries. Stacey et al. [2010] demonstrated that tidal
asymmetries and baroclinic forcing have a superimposed effect on the residual
current structure in the San Francisco Bay, whereas Guo and Valle-Levinson
[2008] presented model simulations of the Chesapeake Bay, elucidating the im-
pact of different wind directions on the density-driven circulation. Furthermore,
Scully and Friedrichs [2007] demonstrated that barotropically-induced asym-
metries in vertical mixing produce a spatial variation in vertical stratification
which can modify the residual circulation. All these processes and feedback
mechanisms make research on the estuarine circulation a complex matter.

Previous research in the Marsdiep basin has mainly focused on the basin-scale
flushing rates and depth-averaged residual transport, which is mainly determ-
ined by bathymetry- and wind-driven currents [Zimmerman, 1976a; Ridderink-
hof, 1988; Buijsman and Ridderinkhof, 2007a; Duran-Matute et al., 2014; Nauw
et al., 2014]. The importance of tidal asymmetries, wind and density gradients
to the vertical structure of the residual current has not yet been investigated in
detail in the Marsdiep basin. Therefore, the objective of this study is to investig-
ate the vertical structure of the residual currents in the Marsdiep, focusing on
the estuarine circulation. A total of one hundred days of velocity observations
distributed over three different seasons enables an investigation of the residual
current structure under a wide variety of conditions.

Detailed information of the study site, the data collection and the analysis
techniques is given in section 4.2. Section 4.3 discusses the observed contri-
bution of tidal asymmetries, wind and especially density-related processes to
the residual circulation. Section 4.4 discusses the estuarine dynamics in more
detail. The main findings of this study are presented in section 4.5.

4.2 STUDY SITE, MATERIAL AND METHODS
4.2.1 Study site

The Marsdiep basin consists of two channels, the Texelstroom and the Malzwin
channels, which are separated by an intertidal shoal (Figure 4.1b). The diver-
gence and confluence points of these channels are located eastward of the
Marsdiep inlet. A bottom frame is deployed in the Texelstroom channel as in-
dicated in Figure 4.1b. The main sources of freshwater are the outlet sluices at
Den Oever (DO) and Kornwerderzand (KWZ), which discharge freshwater from
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Figure 4.1: Bathymetric map of the Western Dutch Wadden Sea (a) and of the study
site (b). The Marsdiep and Vlie basin are demarcated by the dashed-dotted
black lines. Den Oever (DO) and Kornwerderzand (KWZ) are the freshwater
outlet sluices of lake 1Jssel. The Marsdiep inlet is confined by the island of
Texel (TX) to the north and by the city of Den Helder on the mainland to the
south. The zoom-in on the study site shows the bifurcation of the Marsdiep
channel into the Texelstroom and Malzwin channel. Also, the location of
the bottom frame is indicated. Measurements of sea surface elevation and
salinity are recorded at the NIOZ jetty. Wind conditions are recorded at Den
Helder (DH) airport. A Cartesian reference frame is used in (b) with the
origin to the southwest of the study site. The direction of the along-stream
(Us) and cross-stream (Un) velocity components are indicated by the white
arrows. The black circles in (b) indicate the location of the model output
discussed in section 4.4.2.

lake IJssel during low water only. The water column is well-mixed during peak
ebb and flood conditions and becomes weakly stratified around slack tide. For
a more detailed description of the study site, the reader is referred to Chapter
3.

The depth-averaged horizontal circulation in the Marsdiep inlet is character-
ized by a net inflow at the shallower southern side and outflow at the deeper
northern side [Buijsman and Ridderinkhof, 2007a]. The flood (ebb) currents
are greater at the southern (northern) side of the inlet. The sub-tidal inlet-
averaged transport through the Marsdiep inlet is determined by tidal stresses,
freshwater discharge and wind stresses [Buijsman and Ridderinkhof, 2007b].
Duran-Matute et al. [2014] concluded from model simulations of the Western
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Dutch Wadden Sea that the sub-tidal transport and flushing rates display vary-
ing patterns, depending on wind direction and strength. Nauw et al. [2014] ob-
served a relationship between alongshore winds along the closed Dutch coast
south of Den Helder and the sub-tidal transport in the Marsdiep inlet, suggest-
ing that remote wind effects mainly determine the variation in sub-tidal trans-
port. These studies focused on the inlet and basin-scale dynamics of flushing
rates and sub-tidal transport. Thus far, the small-scale spatial variability has re-
ceived little attention. A bottom frame is deployed in an ebb-dominant section,
characterized by net outflow. Chapter 3 describes the vertical current structure
at the same location using the same dataset and shows that density gradients
modify the vertical shear in along-stream velocity in the upper part of the wa-
ter column under weak currents. A mid-depth velocity maximum is observed
during late flood. Vertical stratification during late flood is generated by cross-
stream tidal straining and creates a mid-depth velocity maximum by dampening
vertical momentum exchange. Furthermore, an asymmetry in near-bed vertical
shear is observed with the greatest shear during ebb, which might have a neg-
ative feedback on strain-induced periodic stratification. The impact of these an-
omalies on (the variability of) the estuarine circulation in the Marsdiep basin
has not yet been investigated. At the study site, the duration of slack before ebb
(SBE) and slack before flood (SBF) differs strongly, being on average 52 and 14
minutes, respectively. Slack tide is here defined as the period around current
reversal when the current is not uni-directional.

4.2.2  Data collection and instrumentation

The data collection and analysis of this paper are similar to Chapter 3, and there-
fore, parts of sections 4.2.2 and 4.2.3 are shortened versions of the former study.
The dataset is collected on three occasions by deploying a 1.25m-high bottom
frame at the north side of the Texelstroom channel (Figure 4.1b), equipped
with an upward-looking four-beam 1.2MHz RDI Workhorse Monitor Acoustic
Doppler Current Profiler (ADCP) and a conductivity, temperature, depth sensor
(SBE 37-SM microCAT). The frame is placed on the seabed at a distance of ap-
proximately 200m from the Texel coast and approximately 300m southeast of
the NIOZ jetty, in approximately 32m water depth. Each deployment is named
after the season which covers the largest timespan of the deployment period,
viz Summer, Autumn and Spring. The bottom frame is not equipped with a mi-
croCAT during the Summer deployment. Each deployment period has its own
time reference (in UTC time), Day O being the day when the bottom frame is
deployed.

The ping rate of the ADCP is set to 0.43 Hz and ensembles are recorded every
30 s containing 10 pings. The bin size is set to 0.5 meter, the number of bins to
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Figure 4.2: The current amplitude, the 10-minute averages of surface salinity at the
NIOZ jetty and the wind vectors (upper to lower rows, resp.) for the Summer,
Autumn and Spring deployments (left to right columns, resp.). The Uamp
is defined as half of the velocity range, recorded over 2 full tidal cycles. The
spring (S) and neap (N) phases are indicated by the vertical dashed gray
lines and are based on (astronomical) predictions of the sea surface elev-
ation, i.e. two days after new/full Moon and two days after first and last
quarter, respectively.

79 and the blanking distance to 0.5 meter. Therefore, the ADCP can effectively
cover a range in water depths between 2 and 32 m above the bottom. The
velocity data are stored in Earth coordinates (east-west, north-south velocities).
The SBE 37-SM MicroCAT records one sample of conductivity, temperature and
depth every 30 seconds.

At the NIOZ jetty (Figure 4.1b), the near-bottom pressure is measured at 2.9
Hz by a calibrated Keller 46 pressure sensor. The surface conductivity and tem-
perature are measured by a calibrated Aanderaa conductivity and temperature
3211 sensor. The data are recorded every 12 seconds by an Aanderaa 3634 data-
logger. The salinity is computed using the Practical Salinity Scale 78 [PSS-78,
Fofonoff, 1985].

The tidal amplitude of the depth-averaged current velocity (Uamp), the sa-
linity at the NIOZ jetty and the wind conditions at Den Helder Airport (Figure
4.1b, http://www.knmi.nl/klimatologie/uurgegevens/) in Figure 4.2 illustrate
the conditions during the three measurement periods. Figure 4.2 shows a great
temporal variability in salinity and wind conditions between the different sea-
sons. Characteristics of Figure 4.2 are discussed in more detail in Chapter 3.
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4.2.3 Data processing

First, the erroneous velocity data of the ADCP above the water surface are ex-
cluded by removing all data above the height of the surface echo. Then, the
data are rotated from an east-west and north-south reference frame to an along-
stream and cross-stream reference frame, defined as the dominant tidal velo-
city axis and the axis perpendicular to it, respectively, which results in an ori-
entation as indicated in Figure 4.1b. The pitch and roll of the ADCP for each
dataset varies in time due to morphological change of the seabed, but are al-
most always below 15 degrees. The only exception occurred between Day 7
and 15 of the Autumn deployment, when the pitch is 16 degrees. A visual in-
spection of the velocity data shows a coherent velocity structure and therefore
the data is included in the analyses. However, the upper 5 meters of the wa-
ter column displays velocity variations due to strong orbital wave velocities. To
exclude the instantaneous effect of waves on the current, the upper 6 meters
are removed. Only the lower 27.25 meters of the water column are included
in further analyses. Therefore, any side-lobe interference is implicitly excluded
from the analyses.

In order to include only complete tidal cycles in the analysis, all data before
and after the first and last slack tide are removed. The data of the jetty and the
wind data are interpolated at 30 seconds intervals to produce a collection of
synoptic datasets.

4.2.4 Data analyses

Several aspects of the vertical structure of the residual currents are analyzed
to investigate the role of wind, hypsometry and density gradients. First, to bet-
ter understand the inter-tidal variability of the depth-averaged residual current,
the asymmetry in magnitude and duration between ebb and flood is computed.
Values are computed per two tidal cycles (approximately 24.84 hours) to re-
move any bias by the diurnal inequality. The start and end of the averaging
period is taken at slack tide, which is defined as the moment that the depth-
averaged current equals zero.

The asymmetry in magnitude of the tidal current, MRy /g, is defined as the ra-
tio between the peak flood (F) and ebb (E) currents. The asymmetry in current
duration, DR g, is quantified by the ratio between the fraction of time when
the depth-averaged current is greater than (F) and smaller than (E) zero.

Second, the vertical profile of the residual current, U,.(z, t), is investigated
by time-averaging the vertical profiles of along-stream velocity over two tidal
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cycles. The difference between the surface (z = 27m) and bottom (z = 2.5m)
residual currents provides a measure for the observed estuarine circulation,

AUres(t) = Ures(27m» t) - Ures(z'sm’ t)' 4.1

The observed estuarine circulation in equation 4.1 is correlated with the Simpson
number, Si, [e.g. Stacey et al., 2001]
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where f3 is the saline contraction coefficient (7.7*10™%), g is the gravitational
acceleration (9.81 m/ s2), H is the water depth (m) and g—; is the along-stream
salinity gradient (psu/m) approximated by [Stacey et al., 2010]
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where S, is the root-mean-square of salinity and L (= u, ;s * T) is the tidal
excursion length based on the root-mean-square of the depth-averaged along-
stream velocity and the tidal period. The salinity is measured either at the bot-
tom frame (Autumn and Spring) oy, if the former is not available, at the NIOZ
jetty (Summer). The computed values of g—; correspond well with the values
discussed in Chapter 2. The u, 4, in equation 4.2 is the mean of the peak ebb
and flood friction velocities (m/s) and represents the amplitude of tidal mixing.
Therefore, the value of Si primarily represents the hydrodynamic conditions
during peak current conditions. The value of u, is obtained from least-square
fitting the law-of-the-wall equation to the vertical profiles of along-stream ve-
locity as discussed by e.g. de Vries et al. [2015].

Third, AU,,, is compared to the expected residual circulation, U,, which is
based on the solution by Geyer et al. [2000] who substituted the eddy viscosity
by the drag coefficient, thereby enabling an easy and reliable way to compute
the strength of the estuarine circulation [Scully et al., 2009; Valle-Levinson,
2010]
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where qg is a calibration constant (ay~2.0, here ay = 2.5) and Cp, is a tidal
average of the drag coefficient (1*1072; de Vries et al. [2015]). The constant
ay is calibrated to match the conditions when the baroclinic and stress diver-
gence terms in the tidally- and depth-averaged momentum balance each other
(equation 4.8). Scully et al. [2009] found values of a, between 1.9 and 2.5 in
their modelling study of the Hudson estuary, corresponding with the value for
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the Marsdiep basin. Vertical mixing (CpUgypp) in equation 4.4 is based on the
tidal amplitude, implying that maximum mixing conditions are essential for the
strength of the estuarine circulation. It is noted that the strength of U, is only
linearly related to vertical mixing, whereas for the Simpson number there is a
squared relationship.

An alternative strength of the estuarine circulation, Ug,,, is computed follow-
ing
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where the friction velocity, | < u, > |, is the absolute value of the mean friction
velocity averaged over two tidal cycles. Here, vertical mixing is based on an
estimate of the tidal average incorporating all tidal phases. Stacey et al. [2001]
showed that the strength of the residual circulation during the time period that
vertical mixing is negligible can be estimated assuming that the vertical mix-
ing timescale is much shorter than the time scale over which the gravitational
circulation develops (uT /H). The expected estuarine circulation, Ug,, is then

Js
Ug. = ﬂgaHT, (4.6)

where T is the timescale over which the residual flow develops, i.e. the period
of weak mixing. Equations 4.5 and 4.6 are used to investigate the dynamics
around the slack tides. Furthermore, the observed shape of the residual current
structure around the slack tides and the correlation to g—i provide indications
of the mechanisms that force the estuarine circulation.

Fourth, the processes that contribute to the residual circulation are investig-
ated using the tidally-averaged along-stream momentum balance [Stacey et al.,
2010]
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where 1) is the sea surface elevation, ~ denotes the instantaneous along-stream
(u), cross-stream (v) and vertical (w) velocity components, and u, ; is the surface
boundary wind-friction velocity. The angled brackets denote a tidally-averaged
value and the straight brackets indicate integration over depth, z. The along-
stream and cross-stream direction are indicated by x and y, respectively.
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The terms on the right hand side represent the barotropic pressure gradient
(1), the baroclinic pressure gradient (2), the vertical stress divergence (3), the
lateral advection (4), the vertical advection (5) and the wind stress (6). Only the
Spring deployment is discussed in detail because of the great range in salinity
gradients during that period. The wind forcing was small during this period
and therefore term 6 is excluded. Because of the small vertical velocities, it is
difficult to reliably estimate the vertical advection term. For now, this term is
assumed small and the results presented in section 4.3.4 seem to sustain this
assumption. Excluding terms 5 and 6, the momentum balance is reduced to

LN B8 H <ull> 8
0=—g{z V=gl )o+— 5y (4.8)
~—— —_——

1) (2) (3) (4)

The lateral advection term is estimated following Stacey et al. [2010]. They
assumed that the tidal stress goes to zero near the boundary, so the lateral
gradient can be estimated by dividing the lateral advection term by the distance
from the boundary (200m). Unfortunately, no estimate of the barotropic term
is available. The observations presented in section 4.3.4 show that only the last
3 terms in equation 4.8 are required to close the momentum balance of the
residual current, suggesting that the tidally-averaged value of the barotropic
term is small.

4.3 OBSERVATIONS
4.3.1 Forcing of the depth-averaged residual current

In essence, residual currents arise from the difference in strength and duration
between the ebb and flood current. To understand the forcing mechanisms that
explain this difference, it is useful to analyze the characteristics of the tidal
asymmetries of the depth-averaged current. This section shows that tidal asym-
metries in the Marsdiep basin are mainly influenced by the spring-neap tidal
cycle and the wind.

Generally, the ratio between peak flood and peak ebb currents, MRp /g, is
smaller than one (Figure 4.3a-c). The gray lines in Figure 4.3a show that it is
important to consider the effect of diurnal inequality by averaging over two
tidal cycles. Furthermore, the duration asymmetry, DR/, is also smaller than
one (Figure 4.3d-f). So at the study site, currents are generally ebb-dominant
in magnitude and duration, which corresponds well with the horizontal resid-
ual circulation cell described in section 4.2.1. Our observations suggest that
the asymmetry in magnitude as well as the duration contribute to the char-
acteristics of the horizontal circulation cell. Differential advection of vorticity
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Figure 4.3: Asymmetry in strength, MRp /g, and duration, DRy /g, (1st and 2nd rows)
and depth-averaged residual velocity, (U,,), (3rd row) for the Summer, Au-
tumn and Spring deployments (left to right column, respectively). In (a),
MRy /g is computed for one and two tidal cycles (gray and black line, re-
spectively) to illustrate the effect of the diurnal inequality.

generated by the bathymetry has been suggested by Zimmerman [1976b], Rid-
derinkhof [1989] and Buijsman and Ridderinkhof [2007a] to drive the hori-
zontal circulation cell.

The tidally-integrated and depth-averaged residual current, (U, ), displays
a strong spring-neap tidal variability, which is obscured in the tidal asymmet-
ries (Figure 4.3g-i). Generally, the residual current is in seaward direction and
almost doubles from neap to spring tide conditions (Figure 4.3i). It shows a
spring-neap tidal modulation of the horizontal circulation cell in the Marsdiep
inlet due to tide-topography interactions. However, wind forcing also plays a
role. During the major storm events around Day 10 in Autumn, there is inflow at
the study site (Figure 4.3h). Furthermore, the strong winds in Summer obscure
the tidal signal so clearly present in Spring.

The influence of wind on the tidal asymmetry is characterized by various
patterns. Persistently weak southwesterly (up-estuary) winds correlate with an
increase in duration asymmetry, as indicated by a gradual decrease in DRy /g
from 1 to 0.72 between Day 6 and 22 in Summer, whereas MRy, remains relat-
ively constant. However, when the wind direction is more variable, as between
Day 20 and 45 in Spring, the DRy /j increases. So, the response of both asym-
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Figure 4.4: Ratio between flood and ebb duration, DRy in (a), and magnitude, MRy /g
in (b), as a function of north (positive) and south (negative) winds. Wind is
defined as the direction of origin. The gray icons indicate values of individual
tidal cycles. The black lines are the linear fits, where the relationship and R?
are indicated in the legend of each panel. The dotted horizontal gray lines
indicate the transition from ebb- to flood-dominant asymmetric conditions.

metries varies as a function of wind strength, direction and duration, where a
distinction can be made between moderate and major wind conditions.

The effect of moderate winds on tidal asymmetries is further highlighted
in Figure 4.4. It displays the relationship between north-south winds and the
tidal asymmetries. The wind direction indicates the wind origin. The relation-
ship between along-stream winds and tidal asymmetry is also analyzed, but
displayed a less significant relationship (not depicted). There is an evident rela-
tionship between the wind and the ratio of flood-ebb duration, DR /g, charac-
terized by an increase in (ebb-dominant) duration asymmetry for winds from
a northerly direction (Figure 4.4a), whereas it is insignificant for the ratio of
current magnitude (MRp g, Figure 4.4b). Wind above 7.6 m/s (Beaufort 4)
from the south changes the duration asymmetry from ebb-dominant to flood-
dominant.

The good correlation of the duration asymmetry with the day-averaged north-
south winds suggests that remote wind effects are important. The correlation
between the duration asymmetry and day-averaged along-estuary winds is small
(R2=0.18), indicating that local atmospheric processes above the channel are
less important. These trends suggest that the duration is mainly driven by atmo-
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spheric processes above the North Sea, supporting the coastal current along the
approximate North-South Dutch coastline, as was also discussed by Nauw et al.
[2014]. So, the wind principally modifies the strength of the depth-averaged
residual current by altering the duration asymmetry, which is predominantly a
remote wind effect.

Strong winds from the southwest (major storm events) have a profound im-
pact on the asymmetry. They are capable of reversing the magnitude and dura-
tion asymmetry during a short time period, which result in peak flood currents
and flood duration being greater than during ebb (Autumn, Day 8-12, Figures
4.2h;4.3b). Furthermore, they have a longer-lasting impact on the asymmetry
because asymmetries require several days to return to equilibrium (e.g. Autumn
Day 8-12, Figure 4.3b,e). Also, high-energetic winds from the southwest in Sum-
mer and Autumn decrease or reverse the depth-averaged residual current.

4.3.2  Vertical structure of the residual current

While keeping the characteristics of the depth-averaged current in mind, the
variability of the vertical structure of the residual current is presented in this
section. The observations indicate that the vertical profiles of the along-stream
residual current are mostly determined by the baroclinic pressure gradient. The
tidal amplitude and wind mainly determine the strength of the depth-averaged
residual current. Surprisingly, fortnightly variations in vertical mixing seem not
to influence the strength of the residual circulation.

Figure 4.5 shows that the vertical profiles of U, are characterized by a great
inter-seasonal variability. The vertical variation in residual currents is smaller in
Summer than in Autumn and Spring and the vertical structure is characterized
by more uniform vertical profiles. The vertical variation scales well with the
intra-tidal salinity excursion (figure 4.2d-f). In Figure 4.6a, the AU, of all
deployments shows a good correlation with the horizontal Richardson number,
demonstrating that the baroclinic pressure gradient has a strong impact on the
shape of the vertical profiles of U, .

In Spring, a fortnightly modulation of U, is apparent, which corresponds
with the spring-neap tidal cycle. The near-bed residual currents are smaller or
even landward-directed during neap tide (Day 5, 21 and 35, Figure 4.5¢). Coin-
cidentally, the near-surface residual currents are also smaller during neap tide.
Figure 4.6b shows more clearly that for all deployments the magnitude of the
depth-averaged residual current is a function of tidal amplitude, suggesting a
spring-neap tidal variation in the depth-averaged residual current. It elucidates
two important aspects of the residual currents in the Marsdiep basin. Firstly, the
magnitude of the depth-averaged residual current oscillates on a fortnightly
timescale (under a constant density forcing). Secondly, superimposed on the
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Figure 4.5: Vertical profiles of the residual currents, U,,s, for Summer, Autumn and
Spring as a function of time (first to third rows of left column, respectively).
The y-axis represents the height above the bed (Z). The black line indic-
ates U, equals zero. The right column shows the averaged residual current
structure for each dataset, where the vertical black dotted line indicates the
depth-averaged residual current.

fortnightly oscillation of the depth-averaged current, AU,,, remains fairly con-
stant (Figure 4.5a,c,e). Variations in the tidal amplitude and associated ver-
tical mixing only seem of minor importance in shaping AU,,. The spring-neap
tidal modulation of the depth-averaged residual current might be crucial in de-
termining the net flux of total suspended matter in the lower part of the water
column. However, the strength of the estuarine circulation appears not to be
influenced by the tidal amplitude and is mainly determined by the baroclinic
pressure gradient.

Wind has multiple impacts on the shape of the residual circulation. First,
persistent winds influence U, in the upper part of the water column, as ex-
emplified in Summer (Figure 4.2g;4.3a). Between Day 20 and 25, persistent
southwesterly winds decrease the magnitude of outflow in the upper part of
the water column. It corresponds with wind straining in up-estuary direction
as described by Scully et al. [2005]. Second, storm events drive uni-directional
currents, which are capable of reversing the typical outflow observed at the
study site. A major storm event between Day 9 and 12 in Autumn from a south-
southwestern direction drives landward-directed currents over the entire water
column. The strongest landward-directed currents are located in the lower part
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Figure 4.6: Relationship (a) between AU,.,; and Simpson number, Si, and (b) the depth-
averaged residual current, (Uy;), and the tidal amplitude, Ugpp. The AU,
is based on the difference between the bottom and surface values at 2.5 and
27 m above the bed, respectively. The black lines indicate the linear fit with
the individual data points, where the linear relation and R? are quantified
in the legends.

of the water column, which suggests a superimposed effect of the density gradi-
ents on the wind-driven depth-averaged residual current. The first pattern most
likely corresponds with local wind forcing, whereas the second is probably re-
lated to remote wind effects, which primarily influence the duration asymmetry.

The median vertical profiles of U,,, summarize the contribution of the dif-
ferent forcing agents to the residual current structure. The depth-averaged re-
sidual, seaward currents are mainly driven by tidal asymmetries, which may
decrease or even reverse during major southwesterly storms. The vertical shear
of the residual current is principally driven by the baroclinic pressure gradient.

4.3.3 Scaling of the estuarine circulation

The relationship between the Simpson number and AU, indicates the exist-
ence of an estuarine circulation in the Marsdiep basin, which is superimposed
on the wind- and bathymetry-driven depth-averaged residual current. To fur-
ther support these observations, the magnitude of the estuarine circulation is
validated using equation 4.4, which considers the effects of baroclinic forcing
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Figure 4.7: Time evolution of (first row:) the observed (AU,.,, equation 4.1) and pre-
dicted (U,, equation 4.4) estuarine circulation; of (second row:) the hori-
zontal surface and bottom salinity gradient, (g—;) ; and (third row:) of the
wind direction and magnitude for Summer, Autumn and Spring (left to right
column, respectively). No bottom salinity is available in Summer (absence
of black line in d).

and vertical mixing. The scaling predicts the strength of the estuarine circula-
tion well for a limited range of salinity gradients.

Under very weak baroclinic forcing as in Summer (Figure 4.7a,d), the mag-
nitude of the computed estuarine circulation, U,, corresponds poorly to the
magnitude of AU,,s. The small salinity gradients (5—;<1*10_4 psu/m) are not
sufficiently strong to drive a measureable estuarine circulation. Therefore, the
observed residual circulation seems mainly determined by the barotropic tide
and/or by the wind.

Under moderate and strong baroclinic forcing (g—;> 1*10™* psu/m), the scal-
ing U, matches reasonably well with the observations of AU,., as is shown for
Autumn and Spring (Figure 4.7b,c,e,f). Interestingly, there is no spring-neap
tidal modulation discernable in Spring. The strength of the estuarine circula-
tion seems mostly determined by the strength of g—;. The U, overestimates for
salinity gradients greater than approximately 2.5*10~* psu/m, suggesting that
other processes become increasingly important for stronger salinity gradients.

The effect of wind on the estuarine circulation varies as a function of its
strength, direction and duration. The major southwesterly storm event around
Day 10 of Autumn reduces the estuarine circulation as expected from the calcu-
lated salinity gradient (second column, Figure 4.7). The minor northwesterly
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Figure 4.8: Dependency of the value a in equation 4.4 on the strength of lateral advec-
tion and on the along-stream salinity gradient, g—; The relationship between
the best-fitted value of parameter ay and g—;, and between the lateral advec-

tion term in equation 4.8 and g—; is given in a) and b), respectively. A bias

in estimate of U, is indicated by the difference in U,,ag=2.5 and AU, as a
function of the best-fitted value of parameter a, and g—; as shown in ¢) and
d), respectively.

storm on Day 15 of Autumn has a limited effect on the vertical structure in the
sheltered Marsdiep basin. The modification of the residual current in the up-
per part of the water column between Day 15 and 25 of Summer by persistent
along-channel winds appears not to have a significant impact on the overall
strength of U, and is mostly restricted to the upper 5 to 10 m of the water
column (first column, Figure 4.7).

The role of aj in accurately predicting U, under a range of salinity gradients
and the relationship of aq with lateral advection is investigated in Figure 4.8.
The best-fit value of a, decreases for greater salinity gradients (Figure 4.8a).
The absolute value of the lateral advection term in 4.8 simultaneously increases
for greater salinity gradients (Figure 4.8b), suggesting that lateral advection
becomes increasingly important and that it generates a decrease in strength of
the estuarine circulation. This lowering in AU, is implicitly incorporated in a
decrease in ag. The overestimation by assuming a constant a, (2.5) is quantified
by taking the difference between U,,ay=2.5 and AU, as a function of the best-
fit value of a (Figure 4.8¢). Best-fit values of ay smaller than 2.1 and g—; greater
than 2.5*10™* psu/m show a large overestimation of U, up to 0.2 m/s in the
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period that lateral advection is important. In the absence of lateral advection,
the estimation of U,,ay=2.5 is accurate (Figure 4.8c,d). In section 4.3.4, the
contribution of lateral advection in the Marsdiep basin to the depth-averaged
tidally-averaged momentum balance is investigated in more detail.

The scaling of the estuarine circulation applies reasonably well for a limited
range of salinity gradients. Lateral advection and other incorporated processes
in ag are able to modify the strength of the estuarine circulation and inhibit
an understanding of the processes that drive the estuarine circulation in the
Marsdiep. Scully et al. [2009] showed using model simulations of the Hudson
Estuary that the predictive skill of several estuarine scalings decreases with
increasing river discharge. They found that lateral advection increases the es-
tuarine circulation, whereas the observations presented in this study show a
decrease in estuarine circulation in a periodically-stratified estuary. To better
understand the estuarine dynamics, the processes that contribute to the estuar-
ine circulation are examined in more detail in the next section.

4.3.4 Estuarine processes

Processes such as total tidal straining circulation, gravitational circulation and
lateral advection all contribute to the strength of the estuarine circulation. This
section shows that the importance of classical tidal straining circulation at the
study site is negligible, whereas the gravitational circulation, lateral advection
and possibly other cross-stream processes play an important role in the estuar-
ine dynamics of the Marsdiep.

Generally in estuaries, classical tidal straining circulation is created during
(late) ebb and is characterized by the greatest difference between the surface
and bottom currents around SBE as is discussed for example in the review paper
on the estuarine circulation by Geyer and MacCready [2013]. A time-average
of the current reversal around SBF is expected to produce a vertical structure
similar to the estuarine circulation, which should also scale with the baroclinic
forcing. Around SBE, no correlation is expected because tidal straining is absent.
The observations in the Marsdiep display the opposite pattern.

The bottom-to-surface difference averaged over SBE and SBF as a function of
g—; is depicted in Figure 4.9. The slack period is defined as the period that the
current is not uni-directional. To exclude high-energetic wind effects and weak
baroclinic forcing, only the Spring deployment is used. Interestingly, the differ-
ence around SBF is independent of g—;, which suggests that classical tidal strain-
ing is not important at the study site (Figure 4.9a). To the contrary, strong slack-
averaged velocity differences are present around SBE and correlate positively
with the strength of g—; (Figure 4.9b). The magnitude of the slack-averaged ver-
tical difference around SBE is of the same magnitude as AU, in Figure 4.7c,
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Figure 4.9: Bottom-to-surface difference, in slack-averaged currents as a function of
(g—;) for all the tidal cycles of the Spring deployment (Obs Spring). The up-
per panel shows the relationship for slack before flood (SBF) and the lower
panel for slack before ebb (SBE). Slack tide is defined as the period that the
current is not uni-directional over the vertical.

which suggests that the estuarine circulation is for a large part generated dur-
ing late flood and SBE. The well-mixed conditions, resulting from the strong
currents during ebb are the most likely explanation for the absence of classical
tidal straining circulation, as discussed in Chapters 2 and 3 and in more detail
in section 4.4.1.

The correlation between the slack-averaged top-to-bottom difference and
the Simpson number is also investigated but lacked good correlation. It indic-
ates that vertical mixing is of minor importance for the generation of slack-
residual vertical difference in velocity. The insignificance of vertical mixing to
the strength of the estuarine circulation explains the absence of a spring-neap
tidal modulation in estuarine circulation and suggests that the estuarine circu-
lation is mainly generated under weak current conditions.

The top-to-bottom difference around SBE might be generated by the gravit-
ational circulation and/or cross-stream straining during weak currents, and it
is therefore worthwhile to zoom in further on this topic. The strength of the
gravitational circulation is computed using equations 4.5 and 4.6 to investigate
if gravitational circulation is able to generate slack-residual current profiles of
this magnitude. A tidal average of the gravitational circulation is based on the
strength of vertical mixing, here represented by | <u,>| (Figure 4.10a). The
gravitational or baroclinic circulation, Ug,, is negligible compared to AU,

105



106

ON THE VERTICAL STRUCTURE OF THE RESIDUAL CURRENT

@ 0045 T T T T T T T
E Ne—
= 002
5
v
- 5
@ 0. — ng
£
5 —%
o o AU
173 res
o
@ -
é 7Ts\ack,req_1 .2hrs
§ 7Ts\ack,obs=0'ghrs
= 50
£ ]
£ —term2
£ ---term3
0
2 wootermd
[ — |term3+4|
£
: o
L L L Il L L L
0 5 10 15 20 30 35 40 45 50

25
time (Days)

Figure 4.10: Scaling of gravitational circulation based on equations 4.5 and 4.6 and over-
view of the terms of the depth-averaged along-stream momentum balance
as given in equation 4.8 for the Spring deployment. (a) shows the tidal
average of u,, (b) shows the observed (AU,,s), expected (Ug.) and pre-
dicted (ng) gravitational circulation, (c) shows the time available around
slack tide that Ug, can develop, Tgjqck,obs, and the time required for Ug, to
develop, Tqck,req> and (d) shows the terms of the momentum balance as
given in equation 4.8. Term 2, 3 and 4 are the baroclinic, stress divergence
and lateral advection term, respectively.

(Figure 4.10b). Using a tidally-averaged approach, the gravitational circulation
seems not to contribute to the estuarine circulation. However, if the strength
of the gravitational circulation is computed based on the available time during
which vertical mixing is negligible (Figure 4.10c), the strength of Ug, corres-
ponds well with the observations. It strengthens the hypothesis that the slack-
residual currents around SBE are partly generated by the gravitational circula-
tion.

To investigate the contribution of lateral advection in more detail, the tidally-
averaged and intra-tidal momentum balances (equation 4.8) are analyzed. The
tidally-averaged along-stream momentum balance shows that for higher fresh-
water discharge conditions, the baroclinic term is balanced by lateral advection
and vertical stress divergence (Figure 4.10d). For smaller freshwater discharge
conditions, the baroclinic term is only balanced by the vertical stress divergence
term. The transition between both regimes is at approximately 2.5*10~* psu/m
(Figure 4.7f) or around Day 20 (Figure 4.10d). During the first 20 Days of
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Term 2 3 4 1+¢
10 m/s? 10°m/s? 10° m/s 2 10> m/s 2
Summer 0.5 -0.7 0.3 0.1
Autumn 3.0 -1.0 -0.5 1.5
Spring 2.8 -2.0 -0.8 0

Table 4.1: Terms in equation 4.8 computed for each lander deployment. Terms 2, 3 and 4
are the baroclinic, stress divergence and lateral advection terms, respectively.
The barotropic term and unexplained part (1+¢€) is given in the last column.

Spring, the lateral advection term is of the same magnitude or greater than the
stress divergence term. The summation of both terms equals the magnitude of
the baroclinic term. When the strength of the baroclinic term decreases, the
lateral advection terms decreases by an order of magnitude, whereas the stress
divergence term decreases to a constant value between 1-3*10~> m/s 2. The
negative value of the lateral advection term corresponds with the overestima-
tion of U, as shown in Figure 4.7c. In Table 4.1, an overview of the momentum
terms is given for each deployment, which shows that the momentum balance
is closed by the baroclinic, stress divergence and lateral advection terms in Sum-
mer and Spring. The balance in Autumn is most likely disturbed due to the ma-
jor storm event. An estimation of the wind term in equation 4.8 is troublesome
because of the sheltering effect of the island of Texel. Based on the unexplained
part of the terms in equation 4.8 for Autumn, the wind term is approximately
-1.5%107° m/s?.

So far, the observations indicate that classical tidal straining is negligible at
the study site, whereas pulses of gravitational circulation and the occurrence
of asymmetric lateral advection are important. To further investigate the im-
portance of the cross-stream circulation and lateral advection during distinct
phases of the tide, the near-bed and near-surface cross-stream currents and
the lateral advection term of the intra-tidal momentum balance are depicted
in Figure 4.11. Two spring tidal cycles of Spring were selected with different
along-stream salinity gradients, named weak and strong baroclinicity. Estimates
are based on 10-minute averages.

The intra-tidal variability during strong baroclinicity is characterized by an
ebb-dominant asymmetry in lateral advection. A strong negative lateral advec-
tion is observed during peak ebb of the strong baroclinic conditions, whereas
lateral advection is small during flood (Figure 4.11e). Strong cross-stream cir-
culation cells are present during both ebb and flood which suggest that cross-
stream tidal straining might be important (Figure 4.11c,d). The cross-stream
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Figure 4.11: Overview of the depth-averaged along-stream current (a,b), of the near-
bottom and near-surface cross-stream currents (c,d) and of the lateral ad-
vection term (e,f) of intra-tidal depth-averaged along-stream momentum
balance in 4.8 for strong and weak baroclinicity (left and right column,
resp.) as observed during Spring.

circulation cells are stronger during strong baroclinicity. de Vries et al. [2015]
suggest that cross-stream tidal straining is important during late flood. Buijs-
man and Ridderinkhof [2008c] provide a thorough analysis of the mechanisms
that drive the cross-stream currents in the Marsdiep inlet. The potential contri-
bution of cross-stream straining is discussed in more detail in section 4.4.1.

4.4 DISCUSSION
4.4.1 Estuarine dynamics

Previous observations in Chapter 3 and de Vries et al. [2015] show great shifts
in hydrodynamic conditions in the Marsdiep over one tidal cycle. Large currents
occur during (late) ebb and the duration of slack before ebb is short. Both dimin-
ish the importance of the classical tidal straining mechanism. The well-mixed
conditions during peak flood are followed by a long period of low current ve-
locities during late flood, where vertical stratification is able to develop. The
observations in this chapter suggest that the vertical profile of the residual cur-
rent is mainly generated during late flood and slack before ebb. This period of
weak currents is characterized by cross-stream tidal straining and by the pres-
ence of vertical stratification. In this section, the dynamics of the generation
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mechanisms of the non-steady estuarine circulation during late flood are dis-
cussed and compared with literature.

A non-steady oscillation in strength of the estuarine circulation has already
been described in literature as pulse-like behavior originating from decreased
energetic conditions [Nunes-Vaz et al., 1989; Stacey et al., 2001]. Stacey et al.
[2001] observed pulse-like behavior of the estuarine circulation during weak
ebb for Si > 3, and they related these pulses to the interaction of the currents
and strain-induced stratification. They hypothesized that strain-induced strati-
fication is able to significantly dampen vertical mixing which in turn increases
the vertical gradients in velocity for high Si values. Classical tidal straining is
only expected to occur during late ebb, but cross-stream tidal straining might be
able to modify the shape of the vertical profile of velocity during other phases
of the tidal cycle.

The timing of vertical stratification is a crucial component for the strength
and direction of the estuarine circulation, as already demonstrated by Stacey
et al. [2008] using idealized model simulations. They implied that vertical strat-
ification during late flood produces a reversed estuarine circulation, but neg-
lected the directional influence of the baroclinic pressure gradient. Chapter 3
shows that vertical stratification develops during late flood and produces a re-
versal in sign of the vertical shears in velocity in the upper part of the water
column as a result of the directional influence of the baroclinic pressure gradi-
ent, which is not present in the idealized simulations of Stacey et al. [2008].
This chapter shows that vertical stratification during late flood can generate
a classical estuarine circulation, which is an unexpected feature based on typ-
ical estuarine stratification dynamics. If the internal tidal asymmetry in vertical
stratification is not capable of explaining the observed estuarine circulation, the
question arises which processes are responsible.

First, the gravitational circulation is able to drive an estuarine circulation
of the observed magnitude because of the long duration of weak current con-
ditions around slack before ebb as discussed in section 4.3.4. Second, cross-
stream tidal straining and lateral advection might also modify the strength of
the estuarine circulation as discussed by e.g. Burchard and Schuttelaars [2012].
With the available data, it is impossible to isolate the different processes because
these processes are inter-connected and both depend on the cross-stream salin-
ity gradient. However, inferences can be made.

An asymmetry in lateral advection modifies the strength of the estuarine cir-
culation for salinity gradients greater than 2.5%10~% psu/m. The ebb-dominant
asymmetry is opposite to the flood-dominant asymmetry, first described by Ler-
czak and Geyer [2004], and it therefore results in a decrease in strength of the
estuarine circulation. The opposite asymmetry observed at the Marsdiep study
site might be determined by several conditions. Curvature effects are import-
ant in the Marsdiep inlet, which are stronger during the larger ebb currents. In
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addition, the absence of vertical stratification during ebb due to the high cur-
rents inhibits the dampening of lateral advection by a stratified water column.
More research is required to investigate the effect of tidal asymmetries and
temporally-varying vertical stratification on the strength of lateral advection.
Important in the discussion here is that the asymmetry in lateral advection de-
creases the strength of the estuarine circulation and therefore seems not to be
important for the generation of the estuarine circulation during late flood.

Burchard and Schuttelaars [2012] showed that cross-stream straining and
lateral momentum advection can significantly modify the covariance between
the eddy viscosity and the vertical shear in velocity, which might also be import-
ant in the Marsdiep. The definition of total tidal straining, which includes all
processes that modify the above-mentioned covariance, might therefore contrib-
ute to the generation of the estuarine circulation during late flood. However, it
is not possible to isolate these processes with the available data. A future study
will focus on the turbulence characteristics at the study site and can shed light
on the covariance between eddy viscosity and vertical shear in velocity.

This study shows clearly that, under certain conditions, an estuarine circula-
tion is present in the Marsdiep basin. The estuarine circulation is mainly gen-
erated during late flood and slack before ebb because of the long duration of
weak current conditions. The strong current conditions during peak and late
ebb diminish the contribution of tidal straining circulation. The estuarine circu-
lation is generated predominantly under weak currents, which implies that the
duration of the weak current conditions rather than the magnitude of the tidal
amplitude is important for the strength of the gravitational circulation in the
Marsdiep. This feature also explains the observed absence of a fortnightly mod-
ulation in estuarine circulation. Furthermore, it also suggests that the observed
asymmetries in bed friction in Chapter 3 are of minor importance for scaling
the strength of the estuarine circulation in periodically-stratified estuaries.

4.4.2 Spatial variability - model simulations

This study focuses on the observed dynamics of the estuarine circulation at
one single location. However, the hydrodynamic conditions in the Marsdiep are
characterized by a great spatial variability [Buijsman and Ridderinkhof, 2007a;
de Vries et al., 2014]. Therefore, the strength of the estuarine circulation might
vary spatially as a result of variations in water depth and tidal asymmetries,
which is highlighted in this section.

Variations in water depth and in tidal asymmetries can modify the interaction
between currents, stratification and vertical shear in velocity. The observations
at the study site imply that the barotropic residual current is superimposed on
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Figure 4.12: Modelled vertical difference in residual currents, AU, r34, for 2011 along
a lateral transect in the Texelstroom channel. The AU, ¢ ¢34 is based on the
top-to-bottom sub-tidal velocity difference computed with a 3-day low-pass
filter. The upper and lower panel indicate the northern ebb- and southern
flood-dominant section of the channel, respectively. Water depth (H) and
the yearly residual of the depth-averaged current (ug) are indicated in the
legends. Day 0 is January 1, 2011. The two periods when the bottom frame
is deployed are indicated by the filled gray areas.

the estuarine circulation. However, it is not known whether this also applies to
shallower water depths.

The tidal currents are flood-dominant in the southern part, which is shallower
by 5-10 m. Therefore, the transition from a well-mixed to a weakly-stratified
state may occur during different moments of the tidal cycle. The unsteadiness
(velocity) parameter, Un, proposed by Burchard et al. [2011] is defined as

un=21, (4.9)

Uy

where w is the tidal frequency, u, is the friction velocity, H is the water depth
and Un is a measure for bottom boundary layer mixing. The value of Un is
expected to be smaller for the flood-dominant southern side of the Marsdiep
and indicates that the water column will be well-mixed for a longer time period,
as implied in Chapter 2.

Model simulations from the western Dutch Wadden Sea, described in detail
by Duran-Matute et al. [2014], are used to illustrate the spatial variability of
the estuarine circulation (Figure 4.12). The AU, f34, indicative of the estu-
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arine circulation, is based on a top-to-bottom difference in sub-tidal velocity.
The sub-tidal velocity is computed with a 3-day low-pass filter. The locations
of the model output are indicated in Figure 4.1b. The estuarine circulation is
characterized by a large lateral variability with the strongest sub-tidal residual
circulation located in the ebb-dominant deeper northern part. The estuarine cir-
culation decreases southward with decreasing water depth. So a spatial pattern
is discernable, which is characterized by a decrease in estuarine circulation for
smaller water depths and agrees with the expected pattern in Un. This spatial
variability might have important implications for the transport pathways and
residence times.

In the shallower flood-dominant southern part, the AU, ¢34 is small and
the net transport of salt and suspended matter is most likely uniformly directed
into the basin. In the deeper ebb-dominant northern part, the residual shear is
large, resulting in enhanced outflow near the surface and diminished outflow,
or even inflow, near the bed. The vertical distributions of salt and suspended
matter seem therefore more important for the net transport pathways in the
deeper part of the Texelstroom channel. It is hypothesized that in the deeper
ebb-dominant part, the estuarine circulation might be the crucial component in
determining if the net transport of near-bed suspended matter is directed into
or away from the Wadden Sea.

4.5 CONCLUSIONS

One hundred days of current and salinity data obtained in Spring, Summer
and Autumn are analyzed to investigate the vertical structure of the residual
circulation. Bathymetry- and wind-driven residual currents primarily contribute
to the strength and direction of the depth-averaged residual current. Remote
wind effects modify the duration tidal asymmetry, whereas the magnitude tidal
asymmetry is unaffected. In addition, wind straining has been observed to occur
during persistent along up-estuary winds, modifying the vertical structure of the
residual circulation in the upper 10 m of the water column.

The observations in this study clearly demonstrate that the estuarine cir-
culation principally determines the vertical profile of the residual circulation
for salinity gradients greater than 1*10™% psu/m. At the study site, an ebb-
dominant asymmetry in lateral advection acts to decrease the strength of the
estuarine circulation for salinity gradients greater than 2.5*10~* psu/m. The
strong currents during ebb diminish the contribution of classical tidal straining
to the generation of the estuarine circulation. The estuarine circulation appears
mainly created from late flood to slack before ebb during a long period of weak
currents. Furthermore, total tidal straining might be an additional mechanism
that modifies the vertical shear in velocity. More research on the turbulence
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characteristics is required to understand the dynamics between cross-stream
tidal straining, vertical mixing and the vertical shear in velocity.

Model simulations of the Marsdiep basin suggest that the estuarine circula-
tion is strongest in the deeper ebb-dominant part of the main channel and that
it decreases southeastward towards the shallower flood-dominant part of the
channel. It is hypothesized that spatial variations in tidal asymmetries and wa-
ter depth have a strong influence on the strength of the estuarine circulation
in the Marsdiep basin. This study shows that the creation of the estuarine cir-
culation in the ebb-dominant part of the periodically-stratified Marsdiep basin
is a non-steady process, which primarily occurs during the long weak energetic
period from late flood to slack before ebb. Lateral advection and possibly total
tidal straining significantly modify the strength of the estuarine circulation.
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The intra- and inter-tidal variability of turbulence are investigated by analyz-
ing observations of turbulent kinetic energy production and dissipation during
neap and spring tide conditions. The turbulence dynamics differ between ebb
and flood due to the presence of tidal asymmetries in current strength, with
the largest currents during ebb. As a result, the bottom boundary layer covers
almost the entire water depth during the entire ebb phase, whereas it is restric-
ted to the lower 8 to 12 m of the water column during most of the flood phase,
only covering the total water depth during peak flood. It contrasts the classical
pattern in weakly- and periodically-stratified estuaries. The well-mixed condi-
tions during peak flood are followed by weakly-stratified conditions during the
small currents of late flood (3-4 hours), which reduce the turbulent intensity.
Consequently, a greater total production of turbulence is observed during late
ebb and early flood than during late flood and early ebb: a hysteresis effect. Dif-
ferences in spring-neap tidal variations of the ebb and flood currents produce a
large disparity in the turbulence characteristics: a large fortnightly variation in
turbulence production and dissipation is observed for the ebb phase, whereas
the variability is relatively small for flood. The observations show that turbu-
lent kinetic energy production approximately balances dissipation under most
conditions, but only when the cross-stream component is taken into account.
Cross-stream production of turbulence contributes between 30 and 50 percent
to the total production, except near the bed, and originates from internal shears
in cross-stream velocity. Furthermore, the occurrence of a mid-depth maximum
in along-stream velocity, and the associated increase in internal vertical shears,
during late flood are another source of internally-generated turbulence at mid-
depth. Advection of turbulence during peak ebb and its temporal decay during
slack tides illustrate the temporal evolution of turbulence. This chapter shows
that turbulence production in the periodically-stratified Marsdiep basin is de-
termined by bed-generated as well as (cross-stream) internally-generated tur-
bulence with an approximate tidally-averaged balance present between produc-
tion and dissipation. The long period of weak vertical mixing during late flood
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facilitates the generation of an estuarine circulation, which increases from neap
to spring tide due to increased vertical stratification.

This chapter is based on the following paper, currently under review as:
de Vries, J. J., Ridderinkhof, H., and van Aken, H. M. (under review). Obser-
vations of turbulence in the periodically-stratified Marsdiep basin, J. Geophys.
Res.
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5.1 INTRODUCTION

Turbulence and mixing are essential components of environmental systems be-
cause they redistribute salt, heat, momentum and suspended matter vertically
and horizontally. In estuaries, large variations in turbulence occur over the wa-
ter column during a single tidal cycle, which can have a profound impact on
the strength of the estuarine circulation [e.g. Stacey et al., 2001, 2008; Cheng
et al., 2011]. Also, horizontal mixing is important for the exchange of water
properties and suspended matter between different water masses, occurring
for example at the channel-shoal interface [Collignon and Stacey, 2012].

Cost-efficient and non-intrusive measurements of turbulence have become
technologically feasible in the last decades [Lohrmann et al., 1990; van Haren
et al., 1994; Stacey et al., 1999a; Fisher et al., 2002; Souza et al., 2008]. Tropea
[1981] and Lohrmann et al. [1990] proposed a technique to measure the Reyn-
olds stresses over the water column using a moored laser Doppler anemometer
and pulse-to-pulse coherent sonar, respectively. This was further developed by
van Haren et al. [1994] and Stacey et al. [1999a,b] for application to Acoustic
Doppler Current Profilers (ADCP), named the variance method. Several stud-
ies investigated the reliability and validity of the variance method in estuaries
and shelf seas [Rippeth et al., 2002, 2003; Williams and Simpson, 2004]. An
ADCP measures the mean and fluctuating parts of the velocity field, enabling
simultaneous computation of the Reynolds stresses and the vertical shear in
velocity. From these, the turbulent kinetic energy production can be estimated.
In addition, Wiles et al. [2006] developed a technique to measure the turbu-
lent kinetic energy dissipation with an ADCBE named the structure function
method. A combination of both techniques provides estimates of the turbulent
kinetic energy production and dissipation using one single measurement device.
Alternatively, the turbulent kinetic energy dissipation can be estimated using
free-falling microstructure-profilers [ Simpson et al., 1996; Peters and Bokhorst,
2000, 2001; Becherer et al., 2011]. An ADCP measures the fluctuating part of
velocity within the inertial sub-range along the beam ray (O(1-10)m) over its
beam width (O(1)m2), whereas a microstructure-profiler measures the velo-
city variations within the viscous sub-range of turbulence (0(0.01-1)m). The
combination of estimates of the turbulent kinetic energy production and the dis-
sipation rate provides insight into the turbulence dynamics in natural systems
such as estuaries and shallow seas.

Observations in the recent decade have shown that several feedback mech-
anisms are essential for the turbulence dynamics of an estuarine system [Sta-
cey et al., 2011, and references therein]. Generally, a three-way interaction is
present between turbulence, vertical shears in velocity and vertical stratifica-
tion. Turbulence decreases vertical stratification and shears in velocity, while
increased shears generate turbulence and thereby reduce the vertical stratific-
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ation. On the other hand, vertical stratification dampens turbulence, but also
increases the shears and thereby, potentially, produces turbulence. Furthermore,
the interaction between the three actors depends on the type of estuary from a
well-mixed [Lu and Lueck, 1999; Stacey et al., 1999a], weakly-, or periodically-
stratified [ Geyer et al., 2000; Stacey and Ralston, 2005; Stacey et al., 2008], or
highly-stratified estuary [Kay and Jay, 2003; Geyer et al., 2008; Ralston et al.,
2010; Scully et al., 2011]. In addition, Collignon and Stacey [2013] demon-
strated that the timescale of the estuarine processes influencing the three act-
ors is also important for their relative contribution to the stability of the water
column.

In well-mixed and periodically-stratified estuaries, the main source of turbu-
lence is generally assumed to originate from the shears in velocity near the
seabed, which are generated by bed friction: the bed-generated turbulence
[Peters and Bokhorst, 2001; Rippeth et al., 2001; Becherer et al., 2011]. Fur-
thermore, the interaction between the tidal currents and the horizontal density
gradient creates different dynamics during ebb and flood. Stacey and Ralston
[2005] observed a difference in bottom boundary layer dynamics due to the
stabilizing and de-stabilizing effect of the strain-induced buoyancy flux dur-
ing the respective ebb and flood phase. They showed that the buoyancy flux
is an important contributor to the turbulent kinetic energy budget, acting as
a source or sink of turbulent energy during flood and ebb, respectively. Chant
et al. [2007] observed that the relative contribution of the buoyancy term to
the energy budget depends on the ratio between the strain-driven buoyancy flux
and tidal amplitude, where greater tidal amplitudes reduce the contribution of
the buoyancy term. Self-transport of turbulence over the water column is an-
other important characteristic of turbulence. For example, Stacey et al. [1999a]
observed vertical transport of turbulence from the bed upwards.

Opposing the classical model of predominant bed-generated turbulence, Col-
lignon and Stacey [2013] and Arnott [2013] showed that the sources of turbu-
lence production are more abundant than previously thought. They observed
elevated turbulence production near the surface during late ebb generated by in-
ternal shears in cross-stream velocity. These observations were conducted over
the slope of a channel, where cross-stream currents were only important dur-
ing late ebb. Cross-stream currents are highly temporally-variable, thereby il-
lustrating their complex contribution to estuarine dynamics. In addition, the
spatial variability in mixing complicates the estuarine dynamics even further.
Scully and Friedrichs [2007] and Arnott [2013] observed spatial variations in
mixing, which influence the estuarine circulation. Generally, the deeper chan-
nel is characterized by greater tidal asymmetries in mixing due to the effect
of classical tidal straining, whereas the shallower shoals display smaller asym-
metries because of the predominantly well-mixed state of the water column.
Classical tidal straining produces well-mixed conditions during flood and in-
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creasingly vertically-stratified conditions during ebb due to the stabilizing and
de-stabilizing effect of the along-stream density gradient on the water column
stability during ebb and flood, respectively [Simpson et al., 1990].

Turbulent motions, or eddies, are present over a wide range of length scales.
Large eddies transfer their energy to smaller scales: a processes called the en-
ergy cascade [ Tennekes and Lumley, 1972]. At the smallest eddy scales, the mo-
lecular viscosity converts turbulent motions into heat. In periodically-stratified
estuaries, as the Marsdiep basin, the maximum size of eddies is either limited
by the distance from a boundary or by vertical stratification [Scully et al., 2011].
The vertical stratification in these type of estuaries, which is generated by clas-
sical tidal straining, reduces turbulence during ebb and enhances the estuar-
ine circulation [Stacey et al., 2001; Souza et al., 2008; Burchard and Hetland,
2010; Becherer et al., 2011]. Recently, several studies have shown that ver-
tical stratification can also occur during flood, which might alter the dynamics
of turbulence and residual circulation in an estuary [Scully and Geyer, 2012;
Aristizabal and Chant, 2014; de Vries et al., 2014]. The effect of flood strati-
fication on the turbulence characteristics has, to our knowledge, not yet been
investigated. Model simulations by Burchard et al. [2011] and Burchard and
Schuttelaars [2012] show that the estuarine circulation is determined by the
covariance between the eddy viscosity and the vertical shear in velocity, which
implies a direct dependency on the turbulence characteristics. Generally, the
estuarine circulation is driven by the baroclinic pressure gradient, i.e. the grav-
itational circulation, and by all processes that modify the shape of the vertical
profile of velocity through intra-tidal asymmetries in vertical mixing and strat-
ification, i.e. the tidal straining circulation [Geyer and MacCready, 2013, and
references therein]. Therefore, the ebb-flood asymmetries in vertical stratifica-
tion and turbulence are essential for the strength of the estuarine circulation.
Furthermore, Geyer et al. [2000] observed for an approximately constant along-
stream salinity gradient that the increase in tidal mixing from neap to spring
tide decreases the strength of the vertical stratification and estuarine circula-
tion in the weakly-stratified Hudson estuary, illustrating the great fortnightly
variability in mixing and residual circulation that can be present in estuaries.

The recent advances in measuring turbulence provide the possibility to study
turbulence dynamics in a variety of estuaries under a wide range of conditions.
The present study area, the tidal inlet of the estuarine Marsdiep basin, is char-
acterized by strong tidal currents, small density gradients and a complex ba-
thymetry. Vertical stratification has been observed during flood [de Vries et al.,
2014, Chapter 2], which modifies the vertical structure of along-stream velo-
city significantly [de Vries et al., 2015, Chapter 3]. To better understand the
complex estuarine dynamics of the Marsdiep, it is essential to investigate the
turbulence characteristics. Therefore, the objective of this chapter is to describe
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the turbulence characteristics in the Marsdiep basin during neap and spring tide
conditions.

This chapter is organized as follows. Section 5.2 discusses the characteristics
of the study site and data collection as well as the data processing and data
analysis. In section 5.3, the turbulence characteristics and their relation to estu-
arine dynamics is discussed. Section 5.4 provides a discussion and section 5.5
consists of a presentation of the main conclusions.

5.2 STUDY SITE, MATERIAL AND METHODS
5.2.1 Study site

The Marsdiep basin together with the Vlie basin delineates the Western Dutch
Wadden Sea (Figure 5.1). The main sources of freshwater are the outlet sluices
at Den Oever (DO) and Kornwerderzand (KWZ) which distribute their dis-
charge over the Vlie and Marsdiep basins. The freshwater from KWZ is dis-
charged through the Vlie and Texelstroom channels, whereas all the freshwater
from DO is assumed to be discharged through the Marsdiep inlet [Zimmerman,
1976a]. Duran-Matute et al. [2014] showed with model simulations that the dif-
ferent pathways of freshwater transport are primarily determined by the wind
forcing. In the Marsdiep inlet, salinity gradients are in the order of 10~ psu/m
in along- and cross-stream direction [de Vries et al., 2014, Chapter 2].

The water column is well-mixed during peak ebb and flood due to the high
current speed, which varies between 1.5 and 2 m/s. The water column becomes
periodically-stratified with salinity differences up to 6 psu during late flood
and slack tides [de Vries et al., 2015, Chapter 3]. A great spatial variability in
strength and duration of ebb and flood is present along the Marsdiep inlet with
the currents being flood(ebb)-dominant in the southern (northern) part of the
inlet [Buijsman and Ridderinkhof, 2007a]. Also, the northern part is deeper
than the southern part which might have implications for the turbulence char-
acteristics [de Vries et al., 2015, Chapter 3]. van Haren [2012] found, based
on 3 days of pressure and velocity data, that turbulent motions in the center of
the Marsdiep inlet are characterized by a 50(£20) s period, which originates
from turbulence and high-frequency internal waves.

At the study site (Figure 5.1b), the large ebb current produces a well-mixed
water column during almost the entire ebb phase and prevents classical tidal
straining to generate vertical stratification during the ebb phase. On the con-
trary, the long duration of small currents during late flood (3 to 4 hours) fa-
cilitates the generation of vertical stratification by differential advection and
cross-stream tidal straining during this phase of the tide [de Vries et al., 2015,
Chapter 3]. Strong cross-stream currents (0.3 to 0.4 m/s) are present during
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Figure 5.1: a) bathymetric map of the Western Dutch Wadden Sea (data source: Rijks-
waterstaat, reference mean sea level, MSL) and, in detail, b) the study site
with the location of the bottom frame and the anchor stations (AS). The
northern (southern) channel is the Texelstroom (Malzwin). DO and KWZ
indicate the location of the freshwater sluices at Den Oever and Kornwer-
derzand, respectively. The reference frame in the zoom-in (b) is a Cartesian
coordinate reference frame with the origin in the southwest corner. The res-
olution of the zoom-in map of the study area is 20 m. The direction of the
along-stream (Us) and cross-stream (Un) velocity components are indicated
by the white arrows.

late flood and peak ebb, which are driven by centrifugal and Coriolis accelera-
tions, and by density forcing [Buijsman and Ridderinkhof, 2008c]. In addition,
an estuarine circulation of a magnitude up to 0.4 m/s is superimposed on a
seaward-directed depth-averaged residual current [Chaper 4]. Furthermore, an
asymmetry in drag coefficients is observed with higher values during ebb than
during flood, which might influence the turbulence production [de Vries et al.,
2015, Chapter 3].

5.2.2 Data collection

A 1.25m-high bottom frame equipped with an upward-looking ADCP and a con-
ductivity, temperature, depth sensor (microCAT) is deployed at the north side
of the Texelstroom channel on two occasions in Spring of 2012 (Figure 5.1b,
Table 5.1). In March, the data is collected during spring tide conditions, whereas
May is characterized by neap tide conditions. In the following text and captions
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Bottom frame Anchor station
Start End Days Conditions Date FLY
March 8 March 12 5 spring tide March 10 no
April 28 May 4 7 neap tide May 1 yes

Table 5.1: Overview of measurements in March and May, 2012.

these different deployments will be identified as spring and neap (tide), respect-
ively. The along-stream salinity gradients are similar for both deployments, i.e.
2.8%10~* psu/m (Figure 5.2).

Each deployment period is complemented with 13-hours measurements from
the anchored NIOZ R.V. Navicula, named anchor stations (Table 5.1). The cur-
rent velocity is measured with a downward-looking Rio Grande ADCB the ver-
tical structure of salinity and temperature is measured with a seabird CTD sys-
tem and the turbulent kinetic energy dissipation is measured with a freefalling
microstructure-profiler (FLY). The CTD and FLY casts are performed every 20
minutes. Due to technical problems, the majority of the FLY measurements dur-
ing the spring tide conditions in March failed and these FLY data are therefore
excluded.

5.2.3 Instrumentation

The bottom frame is equipped with a four-beam upward-looking 1.2MHz RDI
Workhorse Monitor ADCP (hereafter ADCP¢ ) with a beam angle of 20 de-
grees with the vertical, and measures the beam velocities with a bin size of 0.5
min mode 1. The ADCPy 4, transmits eight pings per ensemble of 2.5 seconds.
Multi-ping ensembles have the advantage that the reliability and accuracy of
the measured velocity is greater, but on the other hand have the disadvantage
of potentially underestimating the variance [Williams and Simpson, 2004]. A
multi-ping approach is used in order to improve the accuracy of the measure-
ments. The underestimation is considered minor, because the variance is av-
eraged over 300 ensembles. Furthermore, the ADCPy .y, contains a pressure
sensor to estimate the water depth and a calibrated compass. The SBE 37-SM
MicroCAT is mounted 30 cm below the ADC Py .4 and records the conductivity,
temperature and depth every 30 seconds.

The R.V. Navicula is equipped with a four-beam downward looking 1.2 MHz
RDI Rio Grande ADCP (hereafter ADCP,,,), which records the east-west and
north-south velocity with a bin size of 0.5 m in ensembles of 2 seconds, each
including 2 pings. Per ensemble one bottom ping is transmitted to determine
the water depth. The ADCP,,,, is attached to a pole at the starboard side of the
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ship at 1 m below the sea surface. The ADCP,,, signal is corrected for the ship’s
pitch, roll and heading in real-time. The ship’s velocity is measured by means of
bottom tracking or by means of the ship’s differential GPS (dGPS), if the former
is unavailable. Also, a SeaBird SBE 911 plus CTD system is operated to collect
vertical profiles of conductivity, temperature and depth every 20 minutes. This
system measures at 24 Hz.

Freefalling microprofiler casts are taken using the FLY profiler [Dewey and
Crawford, 1988], which measures the small-scale velocity fluctuations using
aerofoil shear probes and enables a direct computation of the turbulent kinetic
energy dissipation rate, as discussed in section 5.2.5. The two shear sensors are
calibrated and measure the velocity at 282 Hz.

5.2.4 Data processing

The upper 15 percent of the ADCPf ., data below the sea surface are removed
to exclude any side-lobe interference. Then, the Reynolds stresses are computed
in beam direction, as discussed in section 5.2.5. Additionally, the velocity field
is rotated from beam velocities into the direction of most explained variance of
the depth-averaged current (along-stream current) and the axis perpendicular
to it (cross-stream current).

Ideally, the bottom frame should be levelled to prevent any bias in computa-
tion of the velocity variance. However, due to the large water depth (30 m) and
strong currents (2 m/s) it is impossible to send divers to level the frame. The
pitch and roll are greater than 6 degrees during the beginning of the neap tide
(May) deployment and these data are therefore excluded from further analysis.
The frame levelled itself within pitch and roll angle smaller than 6 degrees and
remained stable throughout the deployment. Lohrmann et al. [1990] showed
that, for isotropic turbulence, the variance technique is reliable for tilt angles
smaller than 8 degrees. The pitch and roll angles of the spring tide deployment
are stable and smaller than 6 degrees. The bias due to pitch and roll is therefore
minor. Only complete tidal cycles are used to provide consistent values of the
turbulence characteristics for entire ebb and flood phases.

The data output of the microCAT are already given in temperature (ITS-90,
°C), practical salinity (psu), potential density anomaly (o — 6, kg/m?) and
depth (m), which is computed internally with the standard Seabird software.

All ADCP,,, data below the seabed, which originate from side-lobe interfer-
ence, and the first bin above the seabed are removed. Then, the velocity field
is rotated into an along-stream component, corresponding with the channels’
orientation, and a cross-stream component, perpendicular to the dominant ve-
locity axis. An average vertical profile of the along-stream and cross-stream
velocity is computed every 20 minutes based on 60 ensembles (2 minutes). Fi-
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nally, the reference frame of the vertical profiles of velocity is shifted from the
sea surface towards height above the bed (Z, hab).

The CTD data are processed with the manufacturer’s SBE Data Processing
software (http://www.seabird.com/software/) in order to derive temper-
ature (ITS-90, °C), practical salinity (psu), potential density anomaly (o — 6,
kg/ m?) and depth (m). This software removes outliers and low-pass filters the
data. Afterwards, the data are averaged in bins of 0.5 m.

All FIY data in the upper 2.5 m of the water column as well as all the data col-
lected after the FLY reached the seabed are removed. The depth profile of each
FLY cast is inspected visually to verify that the FLY was free-falling through
the water column. The turbulent kinetic energy dissipation is computed in 2
directions using equation 5.13 below. The values of the turbulent kinetic en-
ergy dissipation rates in both directions correspond well with each other. In the
results section, an average of both is used, which is depth-averaged over 1 m
intervals.

5.2.5 Data analysis

5.2.5.1 Hydrodynamics

The along- and cross-stream salinity gradients are responsible for the main baro-
clinic pressure gradients in the area. A tidally-averaged estimate of the along-
stream salinity gradient, (g—i), is obtained by assuming a frozen field approx-

imation [Stacey et al., 2010]

<38_:c> = Zn%, (5.1)
where S, is the root-mean-square of salinity and L (= ;s * T) is the tidal
excursion length based on the root-mean-square of the depth-averaged along-
stream velocity, u,,,s, and the tidal period, T. The salinity is obtained from the
microCAT data. The (g—;) lacks any information on the direction of the gradient,
but estimates of (g—;) correspond well with the magnitude of the measured
values by de Vries et al. [2014, Chapter 2].

The buoyancy frequency and potential energy anomaly are representative
for the strength of the vertical stratification and the energy required to mix the

entire water column, respectively. The square of the buoyancy frequency, N2, is
defined as

10
N2=——ZP (5.2)
po 9%
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where pg is a reference density and Z—g is the vertical derivative of density, p,
obtained from the CTD casts during the 13-hours anchor stations. The potential
energy anomaly (density), ®, [Simpson and Nunes, 1981] is

n

® = lf gz(p—p)dz, (5.3)
H ) gy

where 1) is the sea surface elevation and the overbar indicates a vertical aver-

age. Both parameters, N2 and &, illustrate the intra-tidal variability in vertical

stratification during the 13-hours anchor stations.

To obtain a better insight into the methods commonly used to determine the
friction velocities and bed stress, important for the production of turbulence,
three different techniques are compared. The friction velocity, u, o4, defined
as the velocity near the bed, is obtained from an extrapolation of the best-fit of
the logarithmic velocity profile

Uy, 3
u(z) = " n(zo), 5.4

where u is the along-stream velocity (m/s), 2z is a roughness length (m), 2 is
the height above the bottom (m) and « is the von Karman constant (0.41). The
lowest 10 m above the bottom are used to obtain the friction velocity.

The estimate of u, ., is compared to an extrapolation of the along-stream
Reynolds stresses, u, ,,/, and the turbulent kinetic energy dissipation, u, , to
the seabed following Perlin et al. [2005]

U yrw' = VUW 3—peds (5.5)

and
Uye = (Kez:bed)l/g' (5.6)

where u/w’,_p,q and €,_p,q4 are the extrapolated along-stream Reynolds stress
and extrapolated turbulent kinetic energy dissipation near the seabed, respect-
ively. Perlin et al. [2005] found the logarithmic fit to overestimate relative to
the other two methods.

5.2.5.2 Turbulence

Several turbulence parameters are computed from the ADCP¢ 4, data. First,
the Reynolds stresses are computed using the variance method described in
Lohrmann et al. [1990] and van Haren et al. [1994]. The Reynolds stresses
along the two planes formed by the beams are

b2-b2

) — 3 4 i — 5.7
(ww)y 4sinBcos6 (W —&), .7
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and
’B’Z_’B’Z -
! 2 T
-1 2 _ —&), 5.8
(v'w )b 4sinBcos0O P —&) 5.8

where u and v are the horizontal velocities in the plane formed by beams 3 and
4, and by beams 1 and 2, respectively, w and e are the vertical and error velocity,
b is the beam velocity and 6 is the beam angle with respect to the vertical axis.
The hat, prime and overbar indicate a measured quantity, a fluctuating part of
velocity and a temporal average, respectively. The variance of each individual
beam is computed over an area of 0O(1)m?, and therefore no direct covariance
between the beams can be computed, which is 0(100)m?2. Inclusion of the error
velocity in equations 5.7 and 5.8 relaxes the assumption of spatial homogeneity
and enables a computation of the Reynolds stresses based on the variance of the
fluctuating part of velocity, assuming the velocity fluctuations are homogeneous
over the beam spread, as indicated by the subscript b [van Haren et al., 1994].

To provide the most reliable estimate of the Reynolds stresses, while fulfilling
the requirement of approximate stationarity of the mean, the variance is aver-
aged per 12.5 minutes, i.e. 300 samples, which is within the reliable averaging
interval [Stacey et al., 1999a]. Afterwards, the along-beam estimates of the
Reynolds stresses are rotated into along-stream and cross-stream component
with positive values directed up-estuary (flood) and towards Texel (northwest-

ern direction), respectively, for simplicity named (u/w’) and (v/w’).
Second, the mean turbulent kinetic energy shear production (W/kg) in along-
stream, Pj,pq, and cross-stream, P, is computed by

u
Piong = (U’W’)g, (5.9
and
av
Piross = (V/W/)E’ (5.10)

where (u/w’) and (v/w’) are the Reynolds stresses in along- and cross-stream
direction. The vertical shear in along-stream, u, and cross-stream, v, velocity

du ov
is given by P and e where z is the height above the bottom. The total
Z Z
turbulent kinetic energy production, P;,;, is then

Pror = Plong + Peross- (5.11)

Third, the turbulent kinetic energy dissipation rate, €, is obtained from the
ADCPsqm, data through the structure function method described and valid-
ated by Wiles et al. [2006]. The structure function method is based on the
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turbulent cascade theory of Kolmogorov, which links spatial variations in the
fluctuating part of velocity within the inertial sub-range to turbulent kinetic
energy dissipation. The turbulent kinetic energy dissipation rate is based on
the following relationship following Taylor’s theory of frozen turbulence in the
inertial sub-range

D(z,r)=F+ C362/3r2/3, (5.12)

where D(z,r) is the difference in the fluctuating part of velocity between two
points separated along each beam by the distance r (1 to 5 m), F is an offset
caused by uncertainties in the ADCP velocity estimate, € is the turbulent kin-
etic energy dissipation (W/kg) and C, is a constant (2.1). The difference in
turbulent velocity fluctuations between two points along the beams is mainly
determined by the size of the eddies as a function of r. A best-fit between the
turbulent length scales for varying r and the fluctuating part of velocity in equa-
tion 5.12 produces an estimate of € with the smallest offset F. The best-fit values
of e for each individual beam are averaged to produce one single estimate of
dissipation. More detailed information on this method can be found in Wiles
et al. [2006].

The 40 vertical profiles of e collected with the FLY are used to validate the
structure function method for the study site. The turbulent kinetic energy dis-
sipation, €p;y, from the FLY casts is given by

du
€rLy = 7.51/(&)2, (513)

where v is the kinematic viscosity based on a simple temperature approxima-
tion. The FLY measures the velocity fluctuations within the viscous sub-range
and e can therefore be estimated directly without spectrally fitting the data.

Fourth, several turbulent length scales are computed to evaluate the size
range of the eddies. The strain-based Froude number, Fr, provides a meas-
ure of the influence of stratification on the size of the eddies [Valle-Levinson,
2010]

B LO4/3

Fr, =
y LK

, (5.14)
where L, is the Ozmidov length scale, which represents the largest turbulent
length scale in stratified waters and Ly is the Kolmogorov length scale, which
represents the smallest scale of turbulence

61/2
and
’VB
Ly = (—)V4, (5.16)

€
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where the kinematic viscosity, v, is kept constant (10~® m?/s). Values of F ry >
200 indicate turbulence is unaffected by stratification, between 15 and 200 sig-
nifies that stratification impacts small-scale turbulence, and Fr, < 15 indicates
stratification dampens turbulence at all scales [ Gargett et al., 1984].

Fifth, the contribution of the different terms in the turbulent kinetic energy
(TKE) balance is evaluated by comparing the production and dissipation of
turbulence [Valle-Levinson, 2010]

D
E(TKE):T+P+B—6, (5.17)

where the temporal evolution, D(TKE)/Dt, depends on the magnitude of the
transport (T), production (P), buoyancy production (B) and dissipation rate
(e) of turbulent kinetic energy. Buoyancy effects can either serve as a source or
sink of turbulent energy. In a steady state, the terms on the right hand side sum
up to zero. Generally in a well-mixed water column, a balance between P and
€ is assumed.

Sixth, an important parameter for mixing is the eddy viscosity A,, which is
computed based on [e.g. van Haren et al., 1994; Scully et al., 2011]

_u/W/
A= — (5.18)
7z

The intra-tidal variability of A, is investigated and related to estuarine dynam-
ics.

5.3 RESULTS
5.3.1 Overview of hydrodynamic conditions

Several features of the hydrodynamic conditions at the study site are illustrated
by the bottom frame data (Figure 5.2). An ebb-dominant asymmetry in current
magnitude is present, where the peak ebb current is generally larger than the
peak flood current. Also, the semi-diurnal tide is distorted and is characterized
by a long period (3 to 4 hours) of weak currents during late flood, a long dur-
ation (1 hr) of slack before ebb and a short duration (10 min) of slack before
flood. Furthermore, cross-stream circulation cells occur during different phases
of the tide, as discussed in more detail below. The salinity excursion is greater
during spring than neap tide, but the larger tidal excursion during spring tide
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Figure 5.2: The depth-averaged along-stream current, U, the surface (average of 4 bins
around 26.5 m hab) and bottom (average of 4 bins around 3 m hab) cross-
stream currents, V, and the bottom salinity, Sj, during the spring and neap
tide deployments in March and May, 2012 (left and right column, respect-
ively). The average salinity gradients of both deployments, (g—i), are indic-
ated in the legends of the lowest row and are based on equation 5.1. The
gray areas indicate the time span of the two 13-hours anchor stations next

to the bottom frame.

results in similar along-stream salinity gradients for both deployments (Figure
5.2e,f).

A comparison of the average ebb and flood profiles of along-stream velocity,
< Ug > and < Uy >, shows a great intra-tidal and fortnightly variation (Fig-
ure 5.3a,d). The < Up > is characterized by a maximum current velocity at
approximately 10 m above the seabed, whereas the ebb profile of along-stream
velocity displays a near-logarithmic profile. The flood profile is similar for the
spring and neap tide deployments, while the ebb profile varies considerably
in magnitude between neap and spring tide. The tidally-averaged profiles of
along- and cross-stream velocity, < U > and < V >, are greater during spring
than neap tide despite a similar magnitude of the along-stream salinity gradi-
ent, contrary to the general observation in estuaries [e.g. Jay and Smith, 1990a;
Ralston et al., 2008] that an increase in tidal amplitude reduces the strength of
the estuarine circulation.

The anchor station data illustrate the vertical dynamics of the currents and
density over one spring and neap tidal cycle. The classical logarithmic profile of
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Figure 5.3: Vertical profiles of along- (U) and cross-stream (V) velocity averaged over
several phases of the tide. The left column shows the flood- (F, solid line)
and ebb- averaged vertical profiles (E, dashed line). The middle and right
columns illustrate the tidally-averaged (angled brackets) vertical profiles of
U and V, respectively. The upper and lower rows indicate the spring and
neap tide conditions, respectively. The dotted vertical lines represent the
depth-averaged mean of the profiles depicted in the related panels. The red
and blue solid lines in the center indicate the strength of the estuarine cir-
culation, i.e. the surface-bottom difference in <U>, during spring and neap
tide conditions, respectively.

velocity during ebb is alternated by a mid-depth velocity maximum during late
flood (Figures 5.4a and 5.5a), which is described in more detail in Chapter 3.
The mid-depth velocity maximum is accompanied by a cross-stream circulation
cell and the occurrence of mid-depth vertical stratification (Figures 5.4b,c and
5.5b,c). The cross-stream tidal straining of the density field generates vertical
stratification during late flood and facilitates the occurrence of a mid-depth
velocity maximum.

Cross-stream circulation cells are present during late flood and peak ebb (Fig-
ures 5.2¢,d; 5.4b; 5.5b). The high velocities during ebb appear to prohibit the
formation of vertical stratification, whereas the low current velocities during
late flood facilitate the occurrence of vertical stratification. The buoyancy fre-
quency and potential energy anomaly both reach their maximum values dur-
ing late flood and their minimum during ebb (Figures 5.4d,e and 5.5d,e). The
strength of the vertical stratification is smaller during neap than during spring
tide, despite the equal along-stream salinity gradients, altering the strength of
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Figure 5.4: Anchor station measurements during spring tide in March. a), b) and c) show
the vertical profiles of along-stream velocity (U), cross-stream velocity (V)
and salinity (S). The buoyancy frequency squared, N2 in equation 5.2, and
the potential energy anomaly, ® in equation 5.3, are given in d) and e). The
height above the bed is indicated by Z and the time axis is given in hours
UTC.

the estuarine circulation. The increase in cross-stream shears in along-stream
velocity from neap to spring tide, as described in Chapter 2, is suggested to
enhance differential advection during late flood, which generates additional
vertical stratification through cross-stream straining, and explains the increase
in vertical stratification.

5.3.2 Reynolds stresses and friction velocities

The tidal asymmetries and shape of the vertical profiles of velocity, described
in the previous section, are also reflected in the shape of the Reynolds stress
profiles: they are greater during ebb than during flood, and are accompanied
by a related intra-tidal variation in height of the bottom boundary layer. The
vertical profiles of the magnitude of the Reynolds stresses are depicted in Fig-

ure 5.6. The flood-averaged along-stream Reynolds stresses, (u/w”), linearly de-
crease with height above the bed in the lower 8 and 12 m of the water column
for neap and spring tide, respectively (Figure 5.6a,d). Above this height, the
flood-averaged stresses remain constant throughout the water column. The ebb-
averaged (u’w’) are greater than the flood-averaged values by a factor of 1.5
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Figure 5.5: Same as in Figure 5.4, but then for the neap tide deployment in May.

to 3 for neap and spring tide, respectively. The ebb-averaged (u/w’) decreases
linearly up to 18 and 25 m above the bed. These parts of the water column,
where (u/w’) decreases linearly with height above the bed, are assumed to rep-
resent the bottom boundary layer [Stacey and Ralston, 2005]. The height of the
bottom boundary layer, therefore, extends on average 2 times higher into the
water column during ebb than during flood (ebb: entire water column, flood:
half of the water column). Furthermore, the stress profiles indicate a greater
fortnightly variation in (u/w’) for the ebb than the flood phase (Figures 5.6a,d),
corresponding with the fortnightly variation in tidal current magnitude.

In cross-stream direction, the ebb and flood Reynolds stresses, (v/w’), show a
similar fortnightly modulation (Figure 5.6b,e). Only a small difference between

ebb and flood (v/w’) is present during neap tide, which increases during spring

tide, mainly because ebb (v/w’) increases. During neap tide, the ebb and flood
(v/w’) are small relative to (u/w’), while the maximum ebb (v/w’) become

increasingly important during spring tide, being greater than the flood (u/w’).

A clear distinction in height of the bottom boundary layer is observed for peak
tidal currents relative to its weaker tidal phases (Figures 5.6c¢,f). The bottom
boundary layer almost covers the entire water column during peak ebb and
flood, i.e. for velocities greater than 1 m/s, whereas it only covers the lower part
of the water column for velocities smaller than approximately 1 m/s (Figure
5.6¢,f). The long period of weak currents (< 1 m/s) during late flood explains
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Figure 5.6: Flood- and ebb-averaged profiles, |F| and |E|, of the Reynolds stresses in

along- and cross-stream direction ((w/w’) and (v/w’) in the left and middle
column, resp.) for the spring and neap tide deployments. The right column

shows the averaged along-stream Reynolds stresses, [(u/w’)], as a function

of the depth-averaged along-stream current, binned in 0.5 m/s intervals,
indicated by the brackets.

the restriction of the bottom boundary layer to the lower 10 m for the flood
phase.

Generally, vertical profiles of (u/w’) are expected to increase linearly towards
the bed, reaching maximum values near the bed. For the higher current velo-
cities (> 1 m/s), the maximum (u’w’) is reached 3 to 4 m above the bed, and
(u'w’) decreases again below this height (Figure 5.6¢,f). The question arises
what the effect is of the deviating (u/w’) profiles on the estimation of the bed
shear stress and the production and dissipation of turbulence.

The friction velocity obtained from the logarithmic law-of-the wall (u,,,),
the Reynolds stress (u, ) and turbulence kinetic energy dissipation (u, )
profiles are compared in Figure 5.7. The friction velocity based on the logar-
ithmic fit overestimates up to a factor 2 relative to the other two methods, es-
pecially for the peak current speeds when the maximum (u’w’) are observed
several meters above the seabed. The magnitude of u, ,,,» and u, . correspond
well with each other. The friction velocities computed with these two tech-
niques are approximately 2 times smaller than the values previously computed

for this basin using the common logarithmic law-of-the-wall fit [Buijsman and
Ridderinkhof, 2007a; de Vries et al., 2015].
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Figure 5.7: Comparison between three different techniques to compute the friction velo-
city, u, (left column). Three methods are compared, as described in section
5.2.5. In the right column, an estimate of the ebb (e) and flood (f) drag
coefficient, Cp, based on the squared friction velocity, ui > and the near-
bottom (2 m hab) current squared, described in Chapter 3, is given in the
right column for spring and neap tide conditions (upper and lower row, re-

spectively).

An ebb-flood asymmetry in drag coefficient is observed in Chapter 3 based
on the logarithmic law-of-the-wall fit, which is contributed to the surrounding
complex bathymetry but might be a consequence of the non-linear Reynolds
stress profiles in the lower part of the water column (Figure 5.6). The relation-
ship between u, . squared and u;, squared provides an estimate of the drag
coefficient and shows that an asymmetry in drag coefficient remains between
ebb and flood (Figures 5.7b,d). The drag coefficient is persistently larger during
ebb than during flood for both deployments. However, the drag coefficient is
smaller when obtained from u, , illustrating that the assumption of a constant
flux layer is not valid anymore at the measured height of 2 m above the bed.

5.3.3 Turbulence characteristics

Figures 5.8 and 5.9 show that turbulence in the Marsdiep is not only generated
by bed friction but also by internal shears in along- and cross-stream velocity.
The extent of the bed-generated turbulence corresponds with the height of the
bottom boundary layer: it affects the entire water column during spring tidal
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Figure 5.8: Turbulent kinetic energy production, P, during spring tide conditions. The
along-stream, cross-stream and total production is given in the upper, middle
and lower row, respectively. The left column shows the production per
ensemble of 12.5 minutes, whereas the right column shows ebb-(E) and
flood (F)-averaged profiles of P.

ebb conditions, whereas it is limited to the lower 8 to 12 m of the water column
during flood (Figures 5.8a,b and 5.9a,b). Interestingly, elevated values of Pj, ¢
are present at mid-depth during the late floods of spring tide, e.g. around Day
70.25 of March (Figure 5.8a), which are not created by bed-generated turbu-
lence but rather by along-stream internal shears in velocity. This phenomenon
corresponds with the occurrence of a mid-depth velocity maximum during late
flood, which is more developed during spring tide than during neap tide. Tur-
bulence is also generated in the upper part of the water column during neap
tide conditions, which is also evident in the flood- and ebb-averaged vertical
profiles of along-stream turbulence production (Figures 5.9a,b). The different
fortnightly modulation of the flood and ebb currents results in a relatively minor
change in the average flood profile of along-stream turbulence production from
neap to spring tide, whereas the average ebb profile increases notably (Figure
5.8a, 5.9a). As a result, the average ebb and flood profiles are similar in shape
and magnitude during neap tide, whereas they differ markedly during spring
tide conditons.

In cross-stream direction, turbulence is primarily generated by internal shears
(Figures 5.8c,d and 5.9¢,d). Close to the seabed, production is an order of mag-
nitude smaller than 5 m above the bed. Internal shears generate turbulence
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Figure 5.9: Same as Figure 5.8, but then for neap tide conditions.

particularly during late flood and peak ebb (Figures 5.8c and 5.9¢). Ebb and
flood P, are similar during neap tide, but differ from one other during spring
tide, mainly because the increase of P, during the ebb phase (Figures 5.8d
and 5.9d).

The total production of the depth-averaged turbulent kinetic energy as a func-
tion of the depth-averaged current is depicted in Figure 5.10, thereby separat-
ing the early and late ebb and flood phases from one another. Large differences
are present between the early and late phases, resembling a hysteresis curve.
The magnitude of P;,; differs up to an order of magnitude between the early
and late tidal phases for currents smaller than 1 m/s. The greatest P,,; differ-
ence is observed between early and late ebb during spring tide conditions, but
discrepancies are present in all panels. Furthermore, the late flood values are
persistently lower than early flood values. The hysteresis curve in Figure 5.10,
indicated by the arrows, shows that the vertical stratification during late flood
and slack before ebb (Figures 5.4c and 5.5¢) dampens the turbulence produc-
tion during these phases of the tide, whereas the well-mixed conditions during
late ebb and early flood facilitates higher values of P; ;.

The effect of vertical stratification on turbulence characteristics is further
investigated through the turbulent length scale analysis, described in section
5.2.5, which requires an estimate of the turbulent kinetic energy dissipation.
Therefore, the structure function method by Wiles et al. [2006] is validated
with the FLY data. A comparison between € from the ADCPy, 4, and the FLY
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Figure 5.10: Comparison between depth-averaged production of turbulence, P;,;, dur-
ing the early and late phases (gray circles and black crosses, respectively) of
the ebb and flood tide as a function of the depth-averaged current, Us. The
upper and lower row indicate spring and neap tide conditions, respectively.
The arrows indicate the ’direction’ of the tidal propagation for early and
late phases of the ebb and flood tide (blue and red arrows, respectively)
with the height of the arrow representing the relative magnitude of P;,,.
The dashed vertical line indicates slack tide, i.e. the transition between ebb
and flood.

during the 13-hours neap tide anchor station shows good agreement (Figure
5.11). The turbulent kinetic energy dissipation rate is of the same order of
magnitude throughout the observational period and displays the same vertical
structure. The tidally- and depth-averaged values of the FLY and ADCP estim-
ates are 7.5* and 7.6*107% W/kg, respectively. The dissipation is characterized
by the greatest values during peak ebb and the smallest values during slack
before ebb. The duration of the slack tides differs, because the time period of
slack before ebb is longer than slack before flood. The higher values of € during
the latter suggest that turbulence production is not in instant equilibrium with
dissipation. The good agreement between the two techniques, despite measur-
ing different ranges of the turbulence spectrum, gives confidence that ¢ from
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Figure 5.11: Comparison between the logarithmic of turbulent kinetic energy dissipa-
tion, €, obtained from the ADCP (a) and FLY (b) measurements during the
neap tide conditions. The lowest panel (c¢) shows a comparison between
the depth-averaged values of € from the ADCP and FLY.

the ADCPy g, is reliable for investigating the production and dissipation of
turbulence and their respective length scales.

The intra-tidal variation in turbulent eddy size is indicated by the Ozmidov
and Kolmogorov length scales in Figure 5.12. The largest turbulent length scale,
the Ozmidov length scale L, is generally in the order of 10' m during most of
the tidal cycle, which is large for a water depth of 30 m, suggesting that the dis-
tance to the boundary is the limiting factor instead of the presence of vertical
stratification. However during late flood and slack before ebb, the Ozmidov
length scale decreases to a magnitude of 10~! to 10™!"> m, implying that ver-
tical stratification dampens large-scale turbulence. This decrease in L, is most
pronounced during spring tide when the vertical stratification is greatest. The
variation in Kolmogorov dissipation length scale, Lg, is mainly explained by
variations in € over the tidal cycle. Slack tides are characterized by smaller €,
which result in an increase in Lg. It indicates that dissipation occurs at greater
turbulent length scales. The increase in Ly is most pronounced during slack
before ebb, because the long duration facilitates the dissipation of background,
or ambient, turbulence.

The ratio between the Ozmidov and Kolmogorov length scales as incorpor-
ated in the strain-induced Froude numbers, Fr,, enables us to evaluate the
impact of vertical stratification on the size of the turbulent eddies. Generally,
Fr, is in the order of 10 to 10, which evidences that overall small-scale tur-
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Figure 5.12: Ozmidov, Ly, and Kolmogorov, L, length scales (upper and middle rows,
respectively) and the strain-induced Froude number, Fr,,, (lower row) for
spring tide and neap tide anchor stations (left and right column, respect-
ively), as described in section 5.2.5. The slack before ebb, SBE, and slack
before flood, SBE are indicated at the top. The data is plotted on a logar-
ithmic scale.

bulence is not influenced by vertical stratification. However, Fr, decreases to
values of 101> between late flood and slack before ebb, implying that then
small-scale turbulence is affected by vertical stratification.

5.3.4 The turbulent kinetic energy budget

An investigation of the balance between the production and dissipation of tur-
bulence provides indications of the location of the sources and sinks in the
water column. The ratio between the log of € and P;,;, as depicted in Figure
5.13 with values greater (smaller) than 1 indicating an excess in turbulent pro-
duction (dissipation), shows intra-tidal and fortnightly variations in turbulence
dynamics. The ratio varies between 1.1 and 1.3 near the bed during spring tidal
ebb conditions, implying that more turbulence is generated than dissipated (Fig-
ure 5.13a). In the upper part of the water column, the ratio is between 0.6 and
1, suggesting a sink for turbulent energy. Generally, the greatest shears in velo-
city are present near the seabed, which result in the production of turbulence.
Turbulence is transported vertically and reaches the upper part of the water
column, where vertical shears and turbulence production are generally smal-
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Figure 5.13: Ratio between the logarithmic of turbulent kinetic energy dissipation and
total production for spring and neap tide (upper and lower panel, respect-
ively). Values greater (smaller) than 1 indicate an excess of turbulent kin-
etic energy production (dissipation), because the ratio is based on the log-
arithms of two values smaller than 1, e.g. log(10™%) divided by log(1072)
is 2.

ler, enabling a net dissipation of turbulence. However, several exceptions are
observed over the tidal cycle.

A surplus of P, is observed at mid-depth during late flood, especially during
spring tide, while equilibrium values with a ratio of 1 are present up and below
the mid-depth P;,;, maximum (Figure 5.13a). The occurrence of vertical strat-
ification during this time interval suggests an influence of the buoyancy term
(Figure 5.4c). During neap tide conditions, the ratio is closer to 1 over the en-
tire water column, implying that, over the largest part of the water column dur-
ing neap tide, turbulent production and dissipation are in equilibrium (Figure
5.13b). The differences illustrate the hydrodynamic changes that occur from
neap to spring tide. Deviations from this equilibrium only occur close to the
seabed and near the sea surface during neap tide. The increasing deviations
towards spring tide conditions are explained by the increase in vertical shears
in along-stream and cross-stream currents, which enhance the turbulence pro-
duction, as described in section 5.3.1 and 5.3.3.

It is noteworthy to mention that turbulent kinetic energy production is of the
same order of magnitude as turbulence dissipation, only if the cross-stream pro-
duction is included. Average profiles of flood-, ebb- and tidally-averaged P;,;
and e demonstrate the good correspondence between the magnitude of turbu-
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lence production and dissipation (Figure 5.14). Without the inclusion of the
cross-stream turbulence production, the vertical profiles of Py,,, and € differ
from one another with the latter being structurally larger than the former (not
depicted). If the cross-stream production is included, the profiles of P;,; and €
resemble each other fairly well (Figure 5.14a-f), implying that P, is an im-
portant source of turbulence production. The ebb-, flood- and tidally-averaged
cross-stream contribution to the total turbulence production are all character-
ized by a similar pattern. In the lower 10 m of the water column, the cross-
stream contribution increases from 2 to 4 percent near the bed to approximately
30 percent at 10 m above the bed. Between 10 and 25 m, the cross-stream contri-
bution fluctuates between 30 and 50 percent with a slightly upward increasing
trend.

During spring tide, the tidally-averaged profiles show a surplus of turbu-
lence production over the water column (Figure 5.14c). The discrepancies in
the lower and upper part of the water column are determined by the ebb and
flood phases, respectively (Figures 5.14a-c). During ebb, bottom-generated tur-
bulence is either advected in along- or cross-stream direction or is dampened
during early ebb by the vertical stratification originating from the late flood
phase. An excess in turbulence production is primarily observed during peak
ebb when the water column is well-mixed (Figures 5.4c and 5.13a), thereby
excluding the buoyancy term as a sink. Therefore, advection of turbulence is
the most likely mechanism that explains the difference between the production
and dissipation. During flood, a surplus of turbulence production is observed
in the upper part of the water column for both neap and spring tide conditions,
related to turbulence production by internal along- and cross-stream shears.
The presence of vertical stratification during late flood suggests that buoyancy
serves as a sink in the upper part of the water column, which explains the sur-
plus of turbulence production. In May, the tidally-averaged vertical profiles of
P.,: and € are nearly identical, suggesting a balance between turbulence pro-
duction and dissipation during neap tide conditions. Only in the lower part
of the water column, bed-generated turbulence is greater than the dissipation.
The turbulence is most likely advected horizontally or vertically.

5.3.5 Eddy viscosity

Figure 5.15 displays the median profiles of the eddy viscosity per 0.1 m/s bin
of the depth-averaged along-stream velocity, Us. The left (right) column shows
the average profiles from peak flood (ebb) to peak ebb (flood), named FtoE
(EtoF). The x-axis of FtoE is reversed, which corresponds with the temporal
propagation of the tide from late flood to early ebb.
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Figure 5.14: Comparison of the flood-, ebb- and tidally-averaged profiles of total turbu-
lent kinetic energy production, P;,;, and dissipation, €, for spring (upper
row) and neap tide conditions (lower row).

Different vertical distributions of the eddy viscosity are observed depending
on the phase of the tide. A parabolic shape of the eddy viscosity profile is present
when the currents are greater than a threshold velocity, which lies between 0.5
and 1 m/s. The parabolic profile is characterized by maximum values in the
middle of the water column, because the size of the eddies that generate ver-
tical mixing decreases towards the boundaries, viz. the sea surface and seabed.
Below this threshold velocity, the shape is not characterized by maximum values
in the middle, but by maximum values in the lower part of the water column.

The strength of the eddy viscosity varies over several orders of magnitude dur-
ing the tidal cycle. Maximum and mean values are in the order of 10~! and 1072
m?/s, respectively. The tidally-averaged values of A, vary over a fortnightly
timescale with the largest values occurring during the ebb phase of spring tide.
The greatest fortnightly variation is observed during the ebb phase of the tide,
whereas the eddy viscosity magnitude and shape remains similar from neap to
spring tide. Estimates of A, by Buijsman and Ridderinkhof [2008c] based on
the Munk and Anderson relation are at least one order of magnitude smaller
than the values presented here.

A discrepancy is present between FtoE and EtoF for currents smaller than
0.5 m/s. During neap and spring tide conditions, vertical stratification during
the long period of small currents in the late flood phase is accompanied by a
lowering of the maximum eddy viscosity, whereas it is absent for EtoE Further-
more, the magnitude of A, is greater for the same current magnitude during
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Figure 5.15: Median eddy viscosity profiles from peak flood to peak ebb (FtoE, left
column) and vice versa (EtoE, right column) for spring and neap tide con-
ditions (upper and lower row, respectively) as a function of the depth-
averaged along-stream current, Us. A median profile is computed per 0.1
m/s bin of the depth-averaged current. The x-axis in the left column is re-
versed to reflect the temporal propagation of the tide from late flood to
early ebb.

late ebb and flood than during the early tidal phases. The same is observed for
EtoF (Figure 5.15b,d): early flood is characterized by a gradual increase of the
bottom boundary layer, where the lowered A, maximum gradually transforms
into a parabolic shape. Both aspects illustrate that a certain amount of time is
required for the eddy viscosity profile to fully develop, suggesting that the eddy
viscosity profile is subject to tidal asymmetries in current magnitude.

5.4 DISCUSSION
5.4.1 Vertical structure of turbulence

The observations in the ebb-dominant Texelstroom channel display a great intra-
and inter-tidal variability in along-stream currents as a result of the tidal asym-
metries present in the region,impacting the turbulence characteristics. The ebb
phase is characterized by the largest currents, producing a well-mixed water
column. The smaller peak flood current also generates well-mixed conditions,
but is followed by a long period of small currents (0.5 to 1 m/s), which is char-
acterized by a weakly-stratified water column. Vertical stratification during late
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flood generates a mid-depth maximum in along-stream velocity, a phenomenon
investigated in Chapter 3. The observations presented in this study show that
the along-stream current remains relatively constant from neap to spring tide
conditions for the flood phase, whereas a great variation is observed over the
fortnightly timescale for the ebb phase. Cross-stream circulation cells are preval-
ent during late flood and peak ebb, and increase from neap to spring tide. A sim-
ilar increase in cross-stream current magnitude towards spring tide is observed
by Chant [2002] and Seim et al. [2009] in a curved channel of two weakly-
stratified estuaries. However in these estuaries, the increase in tidal amplitude
is accompanied by a decrease in strength of the estuarine circulation, suggest-
ing different dynamics than in the periodically-stratified Marsdiep basin. In the
former, the dynamics of vertical stratification more adequately correspond to
the pattern of classical tidal straining estuaries.

The observations show that the commonly-assumed dominant near-bed, or
near-boundary, generated along-stream turbulence [Peters and Bokhorst, 2001;
Rippeth et al., 2001; Becherer et al., 2011] scales well with the magnitude
of the tidal current, resembling the intra- and inter-tidal variability described
above. However, the vertical profiles of turbulence are modified by a variety
of factors. Several deviations from the classical vertical structure of primarily
bed-generated turbulence in estuaries are observed.

Generally, Reynolds stresses increase downwards and reach their maximum
near the seafloor, which corresponds with previous studies [ Stacey et al., 1999a;
Geyer et al., 2000; Rippeth et al., 2002; Williams and Simpson, 2004]. How-
ever for greater ebb and flood velocities, a maximum is observed several meters
above the seabed. A modification of the hydrodynamic conditions as a result
of the presence of bedforms, near-bed tidal straining or cross-stream currents
[Seim et al., 2002; Fong et al., 2009; van Haren, 2010] can enhance the shears
at a certain height above the seafloor. The complex bathymetry produces an
asymmetry in drag coefficient [de Vries et al., 2015, Chapter 3] and sandwaves
are an ubiquitous feature in the Marsdiep inlet [Buijsman and Ridderinkhof,
2008a]. The presence of this elevated maximum during peak flood, when no
strong cross-stream circulation cell is present, and its relationship with the cur-
rent speed suggest that near-bed tidal straining and cross-stream circulation are
not likely to contribute to this maximum. Therefore, the complex bathymetry
and bedforms are the most likely mechanisms that explain the occurrence of
maximum Reynolds stresses at several meters above the bed.

Additionally, an estimation of the drag coefficient based on several meth-
ods shows that the logarithmic fit method overestimates with respect to the
methods based on the Reynolds stress and turbulent dissipation rate profiles,
as already discussed in Perlin et al. [2005]. However, the asymmetry in drag
coefficient between ebb and flood, as described in Chapter 3, is persistent for
all methods, providing more evidence for the observed asymmetry in drag coef-
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ficient as a result of the complex bathymetry, which modifies the vertical shears
in velocity in the lower part of the water column.

The bottom boundary layer dynamics in the Marsdiep are characterized by
large intra- and inter-tidal variations which have a profound impact on the
hydrodynamic structure of the water column. Generally, the bottom boundary
layer is greater during ebb than during flood, which contrasts with e.g. Geyer
et al. [2000] and Li and Zhong [2009]. The absence of the vertical stratification
during ebb, commonly generated by tidal straining, partly explains the disparity.
Furthermore, the tidal asymmetry in drag coefficient and the tidal distortion
both impact the extent of the bottom boundary layer.

The limited bottom boundary layer during late flood facilitates the generation
of vertical stratification by cross-stream straining and by advection of salinity,
which in turn leads to dampening of turbulence. With the available data it is
impossible to compute the buoyancy term. However, evidence of dampening of
turbulent length scales is provided by the length scales analysis. Furthermore,
the shape of the vertical profiles of turbulence production and dissipation in-
dicates that the buoyancy term acts as a sink during late flood (and early ebb).
It contrasts with the study by e.g. Stacey and Ralston [2005] and Chant et al.
[2007] who observed the buoyancy term to act as a source during flood. The ver-
tical stratification is generated during late flood, persists until early ebb, and
creates a hysteresis between different phases of the tide: the depth-averaged
production of turbulence is greater during late ebb and early flood than during
late flood and early ebb.

The principal deviation from the classical profile of turbulence is explained by
the role of the cross-stream component of the tidal flow. In the Marsdiep basin,
the total production of turbulence approximately balances the turbulence dis-
sipation rate, but only when the cross-stream production of turbulence is taken
into account. The cross-stream production contributes between 0.3 to 0.5 to
the total production, and is especially important during late flood and peak ebb.
This finding corresponds with Collignon and Stacey [2013] and Arnott [2013]
who observed elevated cross-stream internal shear production of turbulence
on the slope of a channel during late ebb. The observations in the Texelstroom
channel show that internal shears in cross-stream currents can also contribute
in a (curved) tidal channel with large lateral variations in water depth. Fur-
thermore, the mid-depth maximum in along-stream velocity during late flood
creates internal shears in along-stream velocity, which also act as a source of
turbulence production in the upper part of the water column. The mid-depth
along- and cross-stream internal shears are generated by laterally-driven flood
stratification [Chapters 2 and 3] and curvature, cross-stream density gradients
and Coriolis [ Buijsman and Ridderinkhof, 2008c]. So, vertical stratification dur-
ing late flood acts in two ways: it is a sink of turbulence, but indirectly also
generates turbulence by increasing the vertical shears in along-stream velocity.
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5.4.2 Turbulence in relation to estuarine dynamics

Several aspects of the observed turbulence in the Marsdiep basin can have im-
plications for the estuarine dynamics in the region. The intra-tidal variation in
height of the bottom boundary layer implies that the friction velocity, taken as
a measure for vertical mixing, is not affecting the current structure of the entire
water column during the entire tidal period. Geyer et al. [2000] already noted
that the presence of a limited bottom boundary layer produces a discrepancy
in shape of the tidally-averaged shear and stress. Therefore, Seim et al. [2002]
and Ralston et al. [2008] proposed an effective tidally-averaged bottom bound-
ary layer height in order to close the depth-averaged along-stream momentum
balance. However, the observations in the Marsdiep show that the intra-tidal
variations are large, which raises the question whether the dynamics are sim-
ilar over different phases of the tide. In addition, sources of turbulent kinetic
energy production originate from internal shears which might modify the areas
of vertical mixing.

The shape of the eddy viscosity profiles of ebb and flood displays two im-
portant features relevant for the estuarine dynamics. Firstly, the greater part
of the flood phase is characterized by maximum values in the lower part of
the water column, whereas the ebb phase is characterized by a parabolic pro-
file with the maximum values at mid-depth, implying that the assumption of a
temporally-constant shape of the eddy viscosity profile is not valid. Geyer et al.
[2000] observed eddy viscosity profiles with their maximum values located in
the lower part of the water column during both peak ebb and flood conditions.
They found the magnitude to be structurally a factor 2 greater during flood for
both spring and neap tide. The profiles in the Marsdiep basin show a greater
variation in shape over the tidal cycle, stressing the importance of considering
all phases of the tidal cycle. In addition, the magnitudes are larger during late
ebb and flood than during the early tidal phases, illustrating the time lag that
accompanies the development of turbulence.

These variations suggest that model formulations of the eddy viscosity are re-
quired which not only consider changes in magnitude, but also in temporal de-
cay and in shape of the eddy viscosity profiles. Zitman and Schuttelaars [2012]
demonstrated that different algebraically-prescribed eddy viscosity parameter-
izations produce markedly different modelled residual circulation patterns. Nu-
merical models such as Delft3D and GOTM generally provide a wide range of
turbulence closure models. The observations presented in this study illustrate
the importance of using a two-equations turbulence closure model, which in-
cludes transport and temporal decay of turbulence. For an assessment of differ-
ent two-equation closure models is referred to Warner [2005].

Secondly, the magnitude of the eddy viscosity is greater during ebb than dur-
ing flood, which is the opposite asymmetry as expected from the tidal straining
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dynamics [Simpson et al., 1990; Rippeth et al., 2001; Burchard and Hetland,
2010]. An ebb-dominant asymmetry in eddy viscosity and mixing is expected to
create a reversed estuarine straining circulation [Cheng et al., 2010; Burchard
and Schuttelaars, 2012; Basdurak et al., 2013]. However, Chapter 4 shows that
a classical estuarine circulation is present at the study site with a magnitude up
to 0.4 m/s, which scales well with the baroclinic pressure gradient. Thus, asym-
metries in peak mixing appear not to markedly modify the total magnitude of
the estuarine circulation.

In Chapter 4, we observe that the estuarine circulation is mainly generated
during late flood and slack before ebb during a long period of weak currents
(3 to 4 hours), which this study has shown is characterized by weak vertical
mixing. Therefore the mixing asymmetry, which is primarily determined by the
peak values of ebb and flood, appears not to be of importance in the Marsdiep.
The increase in strength of the estuarine circulation from neap to spring tide
for a constant along-stream salinity gradient is explained by the increase in
vertical stratification during late flood generated by cross-stream tidal strain-
ing and advection of salinity, highlighting the three-dimensional dynamics of
the Marsdiep basin. Model simulations by Stacey et al. [2008], neglecting the
effect of the baroclinic pressure gradient, show that late flood stratification is
expected to produce a reversed estuarine circulation. No decrease or reversal is
observed in the Marsdiep with increasing vertical stratification towards spring
tide, because the increased vertical stratification during late flood modifies the
vertical structure of along-stream velocity, creating a mid-depth velocity max-
imum, which enhances the estuarine circulation. The observations presented
in this study suggest that the time interval of small vertical mixing, when the
estuarine circulation develops, is determined by the ratio between water depth
and vertical mixing, and by the tidal distortion.

5.5 CONCLUSIONS

The observations of turbulent kinetic energy production and dissipation during
neap and spring tide conditions elucidate the complex turbulence dynamics in
the periodically-stratified Marsdiep basin. The tidal asymmetry in strength and
shape between ebb and flood, and their evolution over the spring-neap tidal
cycle, considerably impact the turbulence characteristics.

Tidal currents and turbulence production are greater during ebb than dur-
ing flood with the disparity increasing towards spring tide. As a result, the
bottom boundary layer covers almost the entire water column during most of
ebb, whereas this is only the case during the peak current of flood. The bottom
boundary layer during the remainder of flood is restricted to the lower 8 to 12
m of the water column. This pattern deviates from the classical tidal straining in
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(periodically- and weakly-stratified) estuaries. The small bottom boundary layer
during late flood facilitates the generation of flood vertical stratification due
to cross-stream tidal straining and produces a mid-depth maximum in along-
stream velocity. The vertical stratification impacts turbulence production and
results in a hysteresis curve with greater production during late ebb and early
flood versus the opposite phases of the tide.

The observations show that an approximate balance between turbulence pro-
duction and dissipation is present under most conditions, but only when the
contribution of the cross-stream production is taken into account. Besides the
classical bed-generated turbulence, vertical shears in along- and cross-stream
velocity produce turbulence during late flood and peak ebb, especially during
spring tide conditions. The cross-stream production can contribute up to 30
and 50 percent to the total production, illustrating its importance. The buoy-
ancy term appears important during late flood, when vertical stratification sta-
bilizes the water column and acts as a sink for turbulent energy, contrasting
the classical tidal straining estuary. Furthermore, the profiles of the production
and dissipation of turbulent kinetic energy suggest an upward transport of tur-
bulence during ebb, increasing towards spring tide. In addition, a time lag and
decay of turbulence is observed, which varies between succeeding slack tides.

The main finding of this chapter is the observation that the cross-stream con-
tribution is essential for the turbulent kinetic energy budget. Furthermore, in-
ternal vertical shears in along-stream velocity contribute to the production of
turbulence during late flood of spring tide. Interestingly, no reversed estuarine
circulation is observed despite the opposite asymmetry in mixing. The estuarine
circulation appears primarily generated during late flood and slack before ebb
during a long period of weak mixing, which is facilitated by the tidal distortion
and by the presence of flood vertical stratification. As a result, the estuarine
circulation increases from neap to spring tide conditions.



CONCLUSIONS AND RECOMMENDATIONS

This thesis aims at increasing our understanding of the local estuarine hydro-
dynamics in the periodically-stratified Marsdiep basin, focusing on the vertical
structure of currents, density and turbulence. A wide range of observations and
some numerical model results have been combined to reach this objective. The
main findings of the thesis are discussed per individual research question. Fur-
thermore, recommendations for further research are provided at the end.

6.1 CONCLUSIONS

1) What is the spatial and temporal variability of the vertical structure of instant-
aneous along-stream currents and density?

Tidal currents in the Marsdiep basin are characterized by a large spatial and
temporal variability, created partly by the complex bathymetry of the basin. In
the ebb-dominant Texelstroom channel, ebb-flood asymmetries in magnitude
and duration favor the ebb phase. The peak flood current is smaller than the
ebb current. Furthermore, peak flood is followed by a long period of small cur-
rents, which is absent during late ebb. The duration of slack before ebb is longer
than slack before flood, being 52 versus 14 minutes, respectively. The tidal asym-
metry in magnitude fluctuates on a fortnightly timescale: the peak ebb current
increases considerably from neap to spring tide, whereas the flood current re-
mains relatively constant. The disparity is related to a temporal modulation of
the horizontal residual circulation cell, originating from tide-bathymetry inter-
action.

The spatial variability of the (depth-averaged) current is also reflected in the
correlation between tidal current amplitude and water depth. The amplitude is
segregated into two regimes based on water depths smaller and greater than
approximately 15 m. The tidal amplitude is proportional to water depth when
smaller than 15 m, with only minor fortnightly variations along this depth
range. The opposite is observed for water depths greater than 15 m: there
the tidal amplitude remains relatively uniform, while it changes markedly over
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the spring neap tidal cycle. The differential fortnightly modulation, described
above, produces variations in lateral shears of the along-stream velocity, which
explains the increase in differential advection from neap to spring tide, as dis-
cussed in Chapter 2 and further substantiated in the succeeding chapters.

The two observed regimes correspond with the impact of bed friction on the
vertical structure of velocity, through the presence of a limited bottom boundary
layer. Generally, the height of the bottom boundary layer in the Marsdiep basin
is characterized by a great intra-tidal variability: the layer covers almost the
entire water column during peak current conditions and most of ebb, but only
the lower part (10-15 m) of the water column during other phases of the tide,
especially late flood. The limited bottom boundary layer indirectly enables a
modification of the vertical structure of along-stream velocity during late flood.

The vertical structure of the along-stream currents in the Marsdiep basin de-
viates from the standard estuarine profiles in a variety of ways. Generally, the
superposition of the baroclinic and barotropic pressure gradients produces the
greatest near-bed (near-surface) shears in along-stream velocity during flood
(ebb) [MacCready and Geyer, 2010; Geyer and MacCready, 2013]. However,
the observed ebb-flood asymmetry in drag coefficient modifies the near-bed ver-
tical shears, resulting in greater near-bed shears during ebb than flood. Thus,
the vertical profiles are opposite to typical profiles of velocity in estuaries. The
asymmetry in drag coefficient appears to be a spatially variable phenomenon.
Therefore, the near-bed shears of velocity are expected to vary spatially, de-
pending on the spatial variations in water depth and bedform characteristics.

Higher up in the water column, other deviations from standard vertical pro-
files are observed. Interestingly, the classical tidal straining mechanism is not
important in the ebb-dominant Texelstroom channel because the large currents
during ebb inhibit vertical stratification to form and vertical shears to increase
in the upper part of the water column. However, vertical stratification has a
considerable effect on the vertical structure of velocity during flood. The small
currents and weak mixing during late flood facilitate the generation of vertical
stratification during late flood by cross-stream tidal straining and advection.
Vertical stratification during flood inhibits the vertical exchange of momentum,
which enables the generation of a mid-depth maximum in along-stream velocity
by the superposition of the barotropic and baroclinic pressure gradients. The
increase in cross-stream currents towards spring tide enhances cross-stream
straining and advection, which results in more pronounced mid-depth velocity
maxima towards spring tide.

This thesis shows that the cross-stream density gradient is at least equally
important for the estuarine hydrodynamics as the along-stream gradient. How-
ever, the magnitude of both gradients are connected to each other and the tidal
current itself through e.g. differential advection.
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2) What determines the vertical structure of the residual currents, thereby fo-
cusing on the dynamics of the estuarine circulation?

This thesis conclusively shows that an estuarine circulation is present in the
Marsdiep basin, characterized by a great seasonal variability. In Summer, the
estuarine circulation is negligible due to the low freshwater discharge from the
IJsselmeer, whereas in Autumn and Spring an estuarine circulation up to 0.4
m/s is observed. The estuarine circulation is superimposed on a depth-averaged
residual current, which is forced by bathymetrically-induced residual currents
and by remote wind effects. The estuarine circulation scales well with the solu-
tion proposed by Geyer et al. [2000], but lacks a typical fortnightly modulation
characterized by an increase in magnitude towards neap tide, as is common
in most estuaries. Furthermore, the presence of vertical stratification during
flood, and its absence during ebb, are opposite to the classical tidal straining
mechanism, but produce no observed changes in magnitude or direction of
the estuarine circulation. An ebb-dominant asymmetry in lateral advection be-
comes increasingly important for along-stream salinity gradients greater than
2.5¥10™* psu/m and creates a reduction in estuarine circulation. The asym-
metry in lateral advection in the Marsdiep basin is ebb-dominant as a result
of the presence of the largest cross-stream currents during peak ebb and the
timing of vertical stratification. The observed asymmetry in lateral advection
is contrary to studies in literature, which found a flood-dominant asymmetry
and an increase in estuarine circulation for estuaries where tidal straining is
important.

The scaling of the estuarine circulation usually depends on an approximation
of vertical mixing by the tidal currents either through the friction velocity or
the product of the drag coefficient and tidal amplitude. Generally, the peak
current and peak vertical mixing are assumed to determine the strength of the
estuarine circulation. However, the observations in the Marsdiep basin show
that well-mixed conditions are already reached during the less energetic phases
of the tide. So, any additional increase in current speed and related vertical
mixing will therefore not change the well-mixed conditions towards peak ebb
and flood. Under predominantly well-mixed conditions, the strength of peak
vertical mixing is less important. Rather the duration of the period of weak
vertical mixing determines the strength of the estuarine circulation. This period
of weak mixing is mainly governed by the tidal distortion and the ratio between
water depth and the tidal amplitude (the Unsteadiness number).

The long period of weak vertical mixing during late flood explains the gener-
ation of a classical estuarine circulation by the gravitational and tidal straining
circulation during late flood, facilitated by the tidal distortion and the flood
stratification. Furthermore, the increase in vertical stratification and the more
pronounced mid-depth velocity maximum towards spring tide (for a constant
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along-stream salinity gradient) together explain the observed increase in estuar-
ine circulation toward spring tide. The high currents during most of ebb reduce
the classical tidal straining circulation during ebb, which generally produces
the typical decrease in estuarine circulation towards spring tide, as described
in literature.

This thesis highlights the non-steady behavior of the estuarine circulation in
periodically-stratified estuaries and suggests that asymmetries in tidal currents
can contribute to the strength of the estuarine circulation by modifying the time
period of weak vertical mixing. Furthermore, vertical stratification during flood
produces a mid-depth velocity maximum, which also impacts the strength of the
estuarine circulation. Spatial variations in water depth and in tidal asymmet-
ries show that the estuarine circulation is greatest in the ebb-dominant, deeper,
northern part of the Marsdiep inlet, as illustrated by the GETM/GOTM model
results.

3) What are the characteristics of turbulence during neap and spring tide con-
ditions and how are these connected to the barotropic and baroclinic components
of the tide?

Turbulence characteristics in the Marsdiep basin differ between ebb and flood
and between neap and spring tide conditions due to a variety of factors and
processes. The asymmetry in current magnitude is one of the principal forcing
agents that explains the variability in turbulence dynamics. Turbulence during
peak flood and ebb is produced by bed-generated turbulence, extending over
the entire water column. However, the weak currents during late flood create a
long period of small turbulence production, whereas the late ebb phase is char-
acterized by high turbulence production. The fortnightly modulation of the ebb
current creates a great fortnightly variation in turbulence production, whereas
the relatively constant flood current consists of a relatively constant turbulence
production over the spring-neap tidal cycle.

The classical bed-generated turbulence is a paramount source of turbulence
in the periodically-stratified Marsdiep basin, consistent with other estuaries.
However, internal shears in cross-stream (and along-stream) velocity are also
important sources during distinct phases of the tide, which contradicts the
paradigm of predominantly bed-generated turbulence. However, it agrees with
recent observations of internal cross-stream turbulence production during late
ebb by Collignon and Stacey [2013] and Arnott [2013] at the channel slope.
In the Marsdiep basin, the cross-stream internal shears are especially import-
ant during peak ebb and late flood. Furthermore, along-stream shears during
the late flood mid-depth velocity maximum also produce elevated mid-depth
turbulence production. The additional sources can modify the vertical mixing
dynamics over the water column.
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The importance of cross-stream turbulence is further emphasized by the bal-
ance between turbulence production and dissipation. Total turbulence produc-
tion only balances turbulence dissipation when the cross-stream production is
included. Cross-stream turbulence production contributes between 30 and 50
percent to the total production.

The presence of vertical stratification during late flood acts as a sink of tur-
bulent energy and produces a hysteresis in turbulence production. Total depth-
averaged production of turbulence is greater during late ebb and early flood
than during the opposite phases of the tide. However, the along-stream internal
shears generated by the vertical stratification are also an additional source of
turbulence.

The observations of turbulence in the main channel of the Marsdiep high-
light the three-dimensional nature of turbulence and stress the importance of
internally-generated turbulence in certain types of estuaries. Furthermore, the
observed ebb-dominant asymmetry in vertical mixing contrasts the classical
tidal straining estuaries. Despite the opposite mixing asymmetry, a classical es-
tuarine circulation is still present at the study site, providing more evidence that
not the strength of vertical mixing, but rather the duration of weak mixing is
essential for the magnitude of the estuarine circulation in periodically-stratified
estuaries.

Concluding remarks

The complexity of the Marsdiep basin provides a good study area to invest-
igate a wide range of processes and mechanisms that are important for the
estuarine dynamics. Furthermore, it highlights many of the factors that require
consideration for the allocation of a tidal energy plant. An understanding of the
tidal distortion and spatial variability of the tidal currents is required to optim-
ize the tidal energy extraction strategy. Also, the vertical structure of velocity is
altered considerably over the tidal cycle by the variable drag coefficient and the
periodic stratification of the water column. Moreover, the turbulence character-
istics are important for the forces acting on the structure of the tidal turbine
and also partly determine the impact of the turbine on the ambient environ-
ment. This study shows that, for the benefit of optimal tidal energy extraction
in estuaries, not only the vertical structure of along-stream velocity requires
investigation, but also the vertical stratification and cross-stream current dy-
namics.

It is remarkable that despite the occurrence of many non-classical processes,
a classical estuarine circulation is still observed in the Marsdiep basin. The ver-
tical and cross-stream density gradients appear related to the strength of the
along-stream density gradient and the tidal amplitude, which enables a sim-
plification based on the latter two parameters, as already discussed by Scully
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et al. [2009]. However, the cross-stream dynamics play a crucial role in the
hydrodynamics of the Marsdiep basin because they distribute momentum, gen-
erate turbulence and modify the vertical structure of along-stream velocity. It is
therefore essential to understand, and include, all the (cross-stream) processes
that occur in an estuary in order to comprehend the three-dimensional circula-
tion and transport patterns of suspended matter. This thesis demonstrates that
a broad range of small-scale observations can aid in understanding the wide
variety of processes that shape the hydrodynamics in the periodically-stratified
Marsdiep basin.

6.2 RECOMMENDATIONS

As always, conducted research raises new questions that require further invest-
igation. The same applies to this thesis. Several aspects of the Marsdiep system
benefit from more investigation, as highlighted below:

e Spatial dynamics of vertical stratification: This thesis focused on the ebb-
dominant part of the Marsdiep basin, where vertical stratification is shown
to be essential for the vertical current structure. However, no long-term ob-
servations are available for other areas. The great spatial variability in water
depth and tidal currents merits a comprehensive investigation into the timing
and strength of vertical stratification by observations and/or model simulations
and their effects on the vertical structure of velocity. For example, two bottom
frames equipped with an ADCP and a minimum of 3 microCAT sensors in an
ebb- and flood-dominant section of the Marsdiep inlet/basin would provide in-
sight into the effects of different tidal asymmetries on the generation of vertical
stratification. Furthermore, the spatial variability in turbulence dynamics can
be investigated to complement the observations presented in this thesis, if the
ADCP is set to a high-ping frequency.

e Three-dimensional estuarine circulation: Most studies in literature have fo-
cused on point and/or cross-stream variability of the estuarine circulation, sim-
ilar to this thesis. However, the complex bathymetry in the Marsdiep basin in-
vites for an investigation into the along-stream variability in estuarine circu-
lation to assess the importance of changes in water depth on the circulation
patterns. Additionally, this study could aid in better understanding the spatial
variability in drag coefficient for distinct morphologic areas of the Marsdiep
basin, and their effect on the vertical structure of velocity.

e Frontal dynamics: The Marsdiep basin is characterized by different water
masses due to the large spatial differences in water depth. The interaction, ex-
change and dynamics between these fronts (e.g. channel-shoal exchange) re-
quire more research. Spatial surveys in spring are ideal, because the density
gradients are generally large and weather conditions are favorable.
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e Sediment dynamics: The exchange of suspended sediment between the North
Sea and the Wadden Sea has been investigated using the ferry observations
between Den Helder and Texel, which provide insight into the total flux of sed-
iment. The long-term ADCP measurements from the bottom frame are fit for
calibration to suspended sediment concentrations, thereby complementing the
ferry observations. These bottom frame measurements provide a high-resolution
long-term dataset, which can be used to obtain insight into the temporal vari-
ability of suspended sediment concentrations and, more importantly, into the
processes that drive suspended sediment transport. A study on the suspended
sediment transport at the study area can benefit from the detailed knowledge
of the small-scale and local hydrodynamics presented in this thesis. Studies on
bedload and bedform transport and on primary production in the water column
might also benefit from the acquired knowledge on hydrodynamics.

e Density gradients and estuarine dynamics in the entire Dutch Wadden Sea:
This thesis shows that the along- and cross-stream salinity gradients are import-
ant for the estuarine dynamics in the Marsdiep basin. However, the gradients
are usually approximated, because no long-term measurements are available.
The relevance of the density gradients to the Wadden Sea UNESCO world herit-
age site merits long-term monitoring of these parameters to better understand
the entire Wadden Sea dynamics. The long-term salinity and temperature meas-
urements at the NIOZ jetty provide a starting point for monitoring, but are not
sufficient to understand and predict the importance of the density gradients for
the rest of the Wadden Sea. Traffic buoys along the main channels of each basin
can be equipped with cheap CTD sensors, collecting valuable information. Addi-
tional velocity measurements in the channels provide a comprehensive dataset,
which can provide detailed knowledge on the variability of estuarine dynamics
in the Wadden Sea basins, providing a better understanding of the system as
a whole. Alternatively, the available GETM/GOTM model can complement the
observations to provide a broad general overview of the variability.
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