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Abstract

A recent field study by Van Maren et al. [2021] aims to identify the mechanisms behind up-estuary sediment transport
from the Ems estuary (The Netherlands), up the Fairway into the Lower Ems River. Tidal asymmetry at the entrance
of the Fairway, downstream of the Lower Ems river, was found to be ebb-dominant. Therefore another explanation
had to be found to explain the up-estuary sediment transport from the estuary towards the harbour of Emden, through
the Fairway up to the lower Ems river. Van Maren et al. [2021] hypothesised about the presence of a residual water
circulation cell over the Geiseleit Dam. This cell transports water from the Dollard over the Geiseleit Dam into the
Fairway, and then, from the confluence zone of the Dollard and Fairway back into the Dollard. This hypothesis is
based on indirect evidence, as measurements were still limited in space and time. This thesis uses numerical modelling
to further assesses the hypothesis. The purpose of this assessment is to: (1) find out whether this circulation cell
exists, (2) identify the main tidal barotropic mechanisms that drive this cell, and (3) find out the role of the Geiseleit
dam with regard to these sub-tidal mechanisms. These three objectives were achieved by setting up a Delft Flexible
Mesh model to simulate depth-averaged Eulerian velocities and water levels. The model results were used to analyse
the tidal propagation by means of the M, tidal constituent phase and amplitude and instantaneous water heights.
An analysis on the residual Eulerian velocity vectors, Stokes drift of the tidal wave, and residual Lagrangian vectors
revealed the presence of a circulation cell, as was hypothesised. A key tide-induced process turned out to be a residual
Stokes drift, transporting water from the Dollard into the Fairway over the Western sandbank of the Geiseleit Dam
(Geisesteert) near Emden. Mass transport due to Stokes drift closes the circulation cell. An Eulerian counter current
was found to partly counter the mass transport resulting from Stokes drift. However, the compensation residual
current was marginal compared to the cross-dam directed Stokes drift of 7 cm/s, resulting in a net Lagrangian
transport across the dam. Finally, the modelling of dierknt dam height scenarios revealed that the presence of the
dam enhances the set-up in the Dollard more than in the Fairway, leading to a greater residual transport over the
Geisesteert. This as a greater setup was observed along with an enhanced the cross-dam Stokes drift.
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1 | Introduction

1.1 Challenges in the Ems estuary than the average depth of the eb tidal wave. This is
due to the geometry of the channel (Figure 1.1). When

Anthropogenic activities in the Ems estuary, such as the relatively shallow higher located parts of the estuary
dredging developments in the 1990's, have led to hyper-are embanked, the high water wave does not reach the
turbidity. The development of a hyper-turbid regime shallower areas. The low water wave does experience
increased the need for policymakers to come up with the same e ect as the water already does not reach
solutions that balance economic interest, related to high over This radically increases the average depth at high
dredging costs, and ecologic interests. [van der Werf, water. Generally, the greater depths correspond to
2019, Colijn et al., 1987]. higher propagation speeds of the tidal wave. This,
The transition to a hyper-turbid estuarine system pased on the Saint-Venant equations for celerity:=
greatly deteriorated the ecosystem of the Ems Estuary P gh, where h is the water depth and g the gravitational
and stresses the ecology of the estuary to present dayconstant. In case of embankment, the propagation
[Talke et al., 2007]. The hyper-turbid sediment regime speed of the tidal wave its crest speeds up relative to
limits primary production of biomass, constraining the the through. As a result the duration of the rising tide
aquatic ecological growth of the estuary. shortens, and the duration of the falling tide lengthens.
Another adversity of the hyper-turbid regime is the This makes the tidal wave asymmetric towards ood,
high costs of extensive requirement of dredging. The having a shorter rising limb and longer falling limb.
fairway of the Ems requires high volumes to be dredgedThis shift in asymmetry of the tidal wave means the
throughout the year to maintain a navigational depth (of tidal wave has become more ood dominant. Based on
10 m) so that the shipyards further up the Ems River re- the same principle, dredging increases the depth of the
main accessible [van Maren et al., 2015]. The yearly through more than that of the crest. Making the tidal
dredging costs of the fairway between Emden and Pa- wave more ebb dominant. [Dronkers, 2005]
penburg are close to 24 million euros [Talke et al., 2007].
However, there is a lack of understanding of the
processes that drive the exchange of sediment between
the Ems estuary and Ems river, limiting the ability to
come up with such targeted solutions that both bene t
the local ecology and minimise dredging costs.

1.2 Historical developments in sediment
dynamics

The tide in the Ems river has become progressively ood-

asymmetric over the past decades due to the anthor-

pogenic activities mentioned previously. This has led to Figure 1.1: Conceptual model a estuary cross section

a distinct shift in the dynamics of the sediment regime. with average water depths, explaining ood and ebb

The sediment regime keeps itself in hyper-turbid con- dominance. From Dronkers [2005]

ditions by means of a positive feedback loop involving

several sediment dynamic processes driven by tidal asym-  The e ects of embankment and dredging on the

metry. Two anthropogenic changes that have changed dominance of the tide oppose each other. Embankment

the tidal asymmetry in the Ems Estuary are dredging and makes the tide more ood dominant whereas dredging

embankment (Talke and De Swart [2006]). does the opposite. Talke and De Swart [2006] concluded
Dredging and embankment both have their im- that the combined e ects of dredging and embankment

plications on the asymmetry of the tidal wave that resulted in a more ood dominant tidal wave in the Ems

travels through the estuary. Embankment increases the Estuary. In the Emder Fahrwasser - also referred to as

average depth of the ood tidal wave relatively more the fairway - the tidal wave got more ebb dominant.
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The increased tidal asymmetry reinforces the hyper- horizontal ow circulation was assumed to follow the
turbid regime in the following way. Flood dominance ow from the Dollard over (or through) the Geiseleit
enhanced the import of ne sediment decreasing the hy- dam into the Fairway to Emden and subsequently back
draulic drag. This decrease in drag again enhances theto the Dollard via the junction of the Dollard and the
propagation speed of the ood tidal wave relative to that fairway (see Figur@? below).
of ebb, making the regime even more ood dominant,
and in turn more turbid [Talke and De Swart, 2006].

Anthropogenic modi cations date all the way back The ow into the Dollard is ood dominant,
to the 16th century when land reclamation for agricul- meaning that sediment is more advected land inward
ture started [Compton et al., 2017]. The estuary par- than outward. Sediment that is advected into the
ticularly transitioned to a more turbid state after the Dollard partly settles on the Geisesteert in front of
decrease of dredging activities in the 1990's and the con-the Geiseleit Dam. During a subsequent period of
struction of the weir at Herbrum. The reduced dredg- ood the sediment can be resuspended by wave action
ing was observed along with a decrease in accommodaand advected further over the Geiseleit Dam into the
tion space for ne sediment. A smaller accommodation fairway. More wave action in the winter leads to more
space reduced the Ems its ability to trap sediment, which resuspension which strengthens the sediment circulation
in turn promotes higher suspended sediment concentra-in the circulation cell around the dam. Calculated
tions in the Estuary [van Maren et al., 2015]. sediment settling on the Geisesteert would result in

To summarise there are three factors that have led an unrealistic amount of mud accumulation on the
to the existing highly turbid sediment regime: 1. the net Geisesteert suggesting that further advection over the
e ect of embankment and dredging resulting in more Geissedam must be frequent. However, the episodic
ood asymmetry 2. a lack of accommodation space character of the remobilization process could not be
for sediment due to embankment, and 3. a decrease determined by the EDoM data. When the sediment has
in dredging activities which results in less export of sed- entered the the Dollard, a large part of the sediment
iment out of the estuary. ows sea-ward advected by ebb ow. However, the

analysis of the EdoM measurements found that local
ood dominant currents along the southern bank of the

1.3 Current hypothesis on the hydro- fairway drives up-estuary transport. When discharges
and sediment dynamics at the are higher, this pattern is less clear due to sediment
Geiseleit dam ushing towards the sea [Van Maren et al., 2021]

A second hypothesis that was drawn from the EDoM
Van Maren et al. [2021] attempted to identify drivers campaign was that the high maintenance dredging
behind the sediment dynamics at the transition zone volumes exist (at least partly) due to the sediment
from estuary to river. One of the aims of this research ux from the Dollard over the Geiseleit dam, because
was to nd out how sediment could travel from the estuarine circulation driven by salt-fresh water density
Ems estuary up the fairway into the lower Ems River, dierences appears insucient to explain the large
even when the tide in the fairway is ebb-dominant, con- dredging requirements. The dredging need was found
trasting suggesting sediment transport in the seaward higher in summer than in winter, which remained
direction. A second aim of the study was to nd out unexplained.
what the mechanisms are behind the large dredging
volumes that are needed for maintenance of the fairway.
Analysis on the EDoM measurement campaign results The modelling study of Pein et al. [2014] studied
in the following hypotheses the hydrodynamics and sed-the hydrodynamics of residual circulation patterns in
iment dynamics regarding the mechanisms of up-estuarythe Ems estuary. The vertical pro le of the Ems was
transport and the need for extensive dredging. studied in order to asses the extent to which the (local)
A rst hypothesis was that up-estuary transport from hydrodynamics of the estuary can be identied as
the estuary to the Lower Ems river is the result of barotropic or baroclinic. Given this, the study assessed
horizontal ow circulation crossing the Geiseleit Dam to what extent baroclinicity a ects horizontal ow in
and sediment sea-ward ushing by the Ems river. The circulation cells. Baroclinic processes drive ow based
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Figure 1.2: Conceptual model of the sediment transport uxes between the Dol- lard and the Fairway to Emden. From
Maren et al. [2021].

on pressure gradients from e.g. dierences in density net long-term sediment transport (e.g. over a spring
from salinity and temperature gradients. Circulation neap cycle) such as the existence of a circulation cell,
cells were found present in the Outer Ems estuary. The are based on analysis of point observations that do
study revealed that a gradient in the vertical density not capture the spatial dynamics of the entire Ems
pro le could inhibit these horizontal circulation cells. Estuary. Therefore, the indications for the existence of
At some places in the outer estuary the tidally-averaged the horizontal circulation cell are apparent, but indirect
sea-level slope was found very small. At these placesvan Maren et al. [2021].

baroclinic pressure gradients could exceed the pressure

gradients that relate to solely barotropic forcings. The A better quantitative understanding on the hydro-
exceedance of the baroclinic pressure gradients over thedynamics in terms of the residual ow patterns and
barotropic pressure gradient reduces the momentum transport between the Ems estuary and the Lower Ems
of the horizontal circulation due to buoyancy e ects. river, will provide progressive insight in the interaction
Baroclinic forcings are less dominant in the study area between the mechanisms driving high turbidities and the
considered in this Msc thesis. This as density driven large required dredging maintenance volumes. Having
ow by dierences in fresh and saline water becomes better insight in the hydrodynamics of the Estuary and
less pronounced upstream of the salinity front which the role of the Geiseleit Dam can be used in follow up
is located just downstream of the Geiseleit dam. In studies to better quantify long term sediment transport
contrast to Van Maren et al. [2021], the study of Pein patterns.

et al. [2014] only indicates lateral residual circulation

cells to be present in the Lower Ems Estuary, and so, 1.4 Ocean topography,
it does not indicate a clear residual circulation pattern
over the Geiseleit dam. Furthermore, Van Maren et al.
[2021] suggests that the hydrodynamics that drive Asymmetry
sediment transport over the dam have an episodic
character. The question still remains to what extent the
circulation over the Geiseleit dam is actually present,
and furthermore, what barotropic mechanisms control
the episodic character of the ow in this circulation cell.

Eulerian residual
return ows, Stokes drift, and tidal

This section provides background theory on the link be-
tween residual ows, tidal asymmetry and ocean topog-
raphy. The term 'ocean topography' is used throughout
this thesis to indicate the long-term mean sea water level
(MSL). Integrating mass transport over a spring neap cy-
cle at a xed point in space does not always add up to
zero. The residual that remains after integrating over
The hypotheses about the mechanisms driving the time is what we refer to as residual transport. However,
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the term 'residual transport' stands for the ux that is drift. When vectors are aligned but the ocean topogra-

not directly related to forcings by the tidal wave (through phy does not seem altered, residual ow process other
ood-ebb asymmetry). The residual transport comes than stokes drift are at play. At the Geiseleit dam such

from the total of processes like wind driven ow, river a process could the currents driven by radiation stress
discharge, density driven estuarine circulation and hori- such as presented in Tarya et al. [2010].

zontal barotropically driven circulation [Dronkers, 2005].

Surface gravity waves add an excess momentum to theq1 5 Research objectives & research

mean ow. This excess momentum is called radiation

stress. Radiation stress can lead to an additional mass

transport of the water surface layer which is referred to The objective for this research is to establish which
as Stokes' drift [Longuet-Higgins and Stewart, 1962]. In parotropic tidal mechanisms drive a residual ow cir-

other words, stokes drift is the depth integrated mass culation at the interface of the Ems estuary and Ems

transport due to the presence of gravity waves. river, and understand to what extent these mechanisms
The excess momentum, and associated Stokes' drift, is are in uenced by the presence of the Geiseleit dam. A
dependent on the direction of the wave propagation. process-based numerical model (Delft3D-FM) will be im-
Stokes drift also depends on tidal asymmetry. As men- proved and subsequently applied to study the ow pat-

tioned before, tidal asymmetry results from a di erence terns around the Geisesteert.

in propagation speed of the trough and crest of the tidal To achieve the research objective, the main research

wave, which is inuenced by a dierence between the question will be approached through the following sub-
depth of the crest and trough of a tidal wave. When research questions:

a tidal wave is asymmetric, the ratio between the time
integrated velocities of the crest with respect to the in-
tegrated velocity of the through changes. This means
that time integrated surface transport due to the gravity

waves (Stokes' drift) also changes [Dronkers, 2005].

questions

1. To what extent is the model capable of reliably re-
producing local depth averaged current measure-
ments, gathered at the interface of the Ems Estuary
and Ems river?

2. How do tidal barotropic mechanisms drive a residual

The tidal waves induce Stokes drift, which relates .
ow in the estuary?

to the slow non-zero mass transport resulting from the
exertion of gravity waves on the mean ow velocity. 3. Whatis the e ect of the Geiseleit Dam on the resid-
Stokes' transport partly contributes to the residual trans- ual ows?

port which results in a radiation stress gradient. This The terms 'residual ow' and '(sub-)tidal mecha-
radiation stress gradient results in a water set-up that nisms' are de ned in Section 2.2.1. In short, residual
can then be counterbalanced by an opposing (residual) ow resembles a non net zero mass ow over a certain
Eulerian counter current [Longuet-Higgins and Stewart, time period at any given point in space.

1962]. When stokes drift is counter balanced it at-

tens the ocean topography [van den Bremer and Breivik,

2018]. Both time integrated Eulerian currents and stokes

drift shape the ocean topography. Looking at the agree-

ment in direction of stokes and Eulerian vectors, and

comparing this to the ocean topography tells us to what

extent the observed time integrated Eulerian vectors are

behaving as a residual counter current. An example

of this reasoning can be found in Tarya et al. [2010],

where time-integrated Eulerian currents where identi ed

as residual counter currents, because stokes and Eulerian

vectors were found to oppose each other. Alignment of

the vectors would mean that found time integrated Eu-

lerian vectors do not or only marginally counteract water

set-up by stokes' drift. In this case the variation in the

time averaged ocean topography is enhanced by stokes
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2 Methods

2.1 The Ems-Dollard Measurements
Campaign (EDoM)

This study used the ow velocity data from a campaign
that is carried out in the Dollard and Ems Fairway
near Emden. The measurement campaign consisted
of two separate measurement periods. The rst
period lasted from the 8th of August to the 5th of
September 2018. The second measurement period
continued from the 9th of January till the 7th of
February. Ten locations of stationary ow observations
were selected for the purpose of model-data comparison.

At these locations ow velocity proles were
measured with acoustic Doppler current pro lers
(ADCP), mounted on either mooring chains, bottom
mounts, or bottom frames. The mooring chains and
bottom mounts were installed by Wasserstrayen- und
Schi fahrtsamt Ems-Nordsee (WSA), which is the local
German waterway and shipping authority near Emden.
Mooring chains were equipped with three Aanderaa
Seaguard RCM Multiparameter instruments placed at
1.5 below the water level, 3.5 m above the bottom,
and 1.5 meter above the bottom (see Figure 2.1).
The multi-parameter instruments all had an ADCP
instrument installed. Furthermore, the Bottom frames
and bottom mounts were both equipped with upward
facing ADCPs.

Figure 2.1 shows the di erent measurement loca-
tions of the mooring chains (MC), bottom mounts of
WSA Emden (BM) and the bottom frames of Rijkswa-
terstaat (RS).

The di erence between a bottom mount and bot-
tom frame is that the bottom mounts were placed by
WSA Emden and bottom frames by Rijkswaterstaat.
Each of these installations were equiped with a ADCP,
either a TRDI WHSC 1200 or Nortek Signature 1000
ADCPs was mounted on the bottom mounts. The type
was not explicitly documented per measurement loca-
tion.

Figure 2.1: A schematic view of a Aanderaa Seaguard
RCM attached to a mooring chain. This instrument was
used in the EDOM campaign by the German Waterway
and Shipping Authority (WSA).

The data of each instrument was averaged over
depth as this thesis focuses primarily on identifying resid-
ual ows driven by barotropic mechanisms. Each set
of instruments had a di erent amount of depth-bins in
which the ADCP data was recorded. Mooring chains had
3 bins according to the three mentioned depths. Bot-
tom mounts had 53 to 66 bins depending the depth that
varied with the progression of the tide. Likewise bot-
tom frame data had 20 to 31 data bins. Furthermore,
the taken ADCP observations were averaged over 10-
minutes, this way they matched the temporal resolution
of the model.
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Figure 2.2:Locations of the EDoM 2018-2019 campaign that were selected for the purpose of data-model comparison.
Data is collected at mooring chains (MC), bottom mounts (BC) and bottom frames (RS). The Geiseleit Dam is located
between the Dollard and the Emden FahrWasser marked with a coloured line in the center of the map. The red,
green, and orange line demarcate the West, Mid, and East dam section respectively.

2.2 Model setup and scenarios 2.2.1 De ning residual ow and (sub-)tidal
mechanisms

Numerical hydrodynamic modelling was used to improve
the insight in spatial patterns of residual ow. The term
'residual ow' is used throughout this thesis, hence it is

This study further addresses the hypothesis about the Important to de ne it well. Residual ow is de ned as
existence of long-term circularly (residual) ow patterns, the non-zero depth average water mass transport over
Numerical modelling is used in combination with the & given time period at any given point in space. The
EDoM ow velocity data to: (1) spatially quantify time period used to calculate residual transport in this
the residual water circulation over the Geisedam and thesis is 58 M2 cycles. This period is used to capture
back from the Lower Ems river to the Dollard, (2) the non-zero transport induced processes that take place
identify the main mechanism that drives this resid- On the time scale of both single tidal waves, and (two)
ual circulation, (3), provide a better time-integrated SPring neap cycles.
estimate of the net residual ow patterns and wa- To put the above in perspective, one can imag-
ter mass uxes, and (4), identify the hydrodynamic ine that a water parcel is transported back and forth
e ect of the Geiseleit dam on this net residual transport. throughout the period of a tidal cycle, then the same
mass is transported forward and backward. However,
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this is not always the case, for example when there isenters the Dollard at its South-East boundary side. Fur-
a horizontal water circulation cell. When the depth av- thermore, a no- ow boundary condition was included at
erage ow is rotational over a tidal cycle, the forward the land border. All boundary conditions above were ob-
and backward tidal mass transport do not cancel each tained from Schrijvershof et al. [2022]. This study cali-
other out, resulting net mass transport. Mechanisms brated the water levels in the model with the Manning
that drive such non-net zero mass transport over time roughness. From the Dollard to the western sea bound-
can for example be a result of the local asymmetry of ary a Manning Roughness Coe cient of 0.019=m'=3
the tidal wave. Other mechanisms are: wind driven was used. In the upstream direction, onward from the lo-
ow, river discharge, estuarine circulation and horizontal cation where the Ems river enters the fairway at Pogum,
barotropic circulation. the Manning roughness was linearly interpolated to a

In this thesis residual mass transport is approxi- value of 0.011s=m'*® at Rhede.
mated by calculating velocities. These velocities need As mentioned, this study solely focuses barotropic mech-
to be multiplied with the density of water to get to a anisms. For this purpose the model is set up with one
one dimensional mass transport. In this thesis, conclu- vertical cell layer producing depth average velocity out-
sions made about the residual mass transport ignoresput.
density di erence over space.

Furthemore, this thesis mainly focusses on 'tidal 223 Model calibration scenarios
mechanisms' This term referrers to mechanisms that
are directly induced by to the astronomic forcing of the Before using the model to gain insight in the hydro-
tide. Such as the Stokes drift based on the tidal wave dynamics, it was rst calibrated. This was done by
of the M2 constituent. In this thesis a mechanism is comparing the model output with the ADCP eld data.
called sub-tidal if it is not based on the direct in uence The model was adjusted in an successive fashion adding
of the astronomical tide. So Stokes drift based on wind @ new parameter continuing with the best performing
induced waves would still be considered as a 'sub-tidalmodel. In case the model was not improved by the con-
mechanism’. cerning adjustment no adjustment was made. The cal-
ibration was performed on depth-averaged ow veloci-
ties, adjusting the model by (1) altering the mesh grid
resolution around the Geiseleit dam, (2) adjusting the
The Delft3D-FM model of the Ems estuary was devel- bed roughness, and (3) adding surface advection due to
oped by Schrijvershof et al. [2022], and calibrated to wind. In addition to adjustment three, the model was
realistically simulate tidal wave propagation throughout run with and without the ntr component in the sea-
the estuary. The model was initially set up with the fol- side boundary conditions. This was done to analyse to
lowing boundary conditions. At the Western sea side of what extent meteorological driven ocean surge a ects
the model domain, a time-dependent boundary condi- the model performance. The model con gurations sim-
tion for the water level was implemented. These bound- ulated for the calibration are summarised in the Table
ary conditions at the sea side exist of two summed forc- 2.1 shown below.
ings, an astronomic component based on 56 tidal con- Wind advection data was obtained from the KNMI
stituents, and a non tidal residual (ntr). A separate im- High Resolution Limited Area Model (HIRLAM), which
plementation of these forcings enables the model to sim- was available at the KNMI data platform [Institute].
ulate with and without the ntr. The ntr is the water level The various Manning roughness values from Table
variation that is left after subtraction of the astronomi- 2.1 were implemented as uniform value across the es-
cal component. The ntr, also known as 'surge’, primarily tuary, from the Dollard to the sea. In the Ems river,
consists of the meteorologic contribution to the water the roughness was interpolated from the uniform value
level [Pugh and Vassie, 1978]. The sea-side boundaryof the Dollard to the same initially used upstream value
conditions were imposed far away from the study area of 0.019s=m'=3. For the Local grid re nements the ac-
to reduce its direct in uence on the model results. companying Delft3d software 'RGFGRID' was used. The

Other implemented time-varying Dirichlet boundary initial size of the exible mesh grid cells was about 65 by
conditions were the river discharges from Westerwolde A 180 meters. The st re nement scenario halves the cells
and the Ems river. The Westerwolde is a channel that longer longitudinal cell sides. The second re nement

2.2.2 Boundary conditions
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