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Abstract

This thesis presents a study into the effects of retention basins in a convergent tidal
channel. Such measures are currently considered to be implemented in the Ems-Dollard
estuary in order to reduce the tidal range, which has increased dramatically over the

past decades. Therefore, the goal of this study is stated as follows.

To explain the effects of multiple retention basins on the tidal dynamics of a convergent
tidal channel by analysing the underlying physical mechanisms and to explore the effects

of implementing the proposed plans of these basins in the Ems-Dollard estuary.

Model In order to accomplish this, the cross-sectionally averaged linear shallow
water equations are used to develop an idealised model. This model consists of subse-
quent convergent channel sections, while depth is allowed to vary in a stepwise manner
between these sections. Forcing is described by a prescribed elevation at the chan-
nel mouth. Secondary basins are represented as Helmholtz basins, i.e. basins with a

certain area connected to the main channel by a short and narrow linear inlet channel.

Results The effects are presented in terms of the amplitude gain at the channel
head, which may show amplification, reduction, or no change at all. The results show
that for a single basin in a convergent channel, which is placed increasingly farther
away from the channel mouth, more amplitude reduction occurs. Moreover, for basins
in supercritically convergent channels, amplification may only occur if placed near
the channel mouth. In this regime, channel length is not influencing the response any
more. Also in supercritically convergent channels, basins that placed in close proximity

of each other will amplify each other’s response response.

The difference between various basin sizes is independent of channel convergence, a
similar pattern for convergent channels is found as for prismatic channels. However,
in the frictional case, ‘negative’ (supercritically forced) basins can not be observed any

more, while ‘large’ basins shown an amplitude reduction at nearly all locations.
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iv ABSTRACT

Physical mechanism To explain these results, the physical mechanism has been
unravelled. It appears that for convergent channels, the well known quarter wavelength
resonance, as seen in prismatic channels, deforms. For increasing convergence, the
wavelength for which resonance occurs increases as well, until they become infinitely
long for critical convergence. Further increasing convergence will lead to supercritically
convergent channels, where only an oscillatory behaviour can be seen, which is in phase

with the forcing amplitude.

The mechanism that is responsible for the response of basins is overall similar to that
in prismatic channels. Additional waves develop due to a volume transport through
the inlet channel, which may trigger waves at either side of the vertex point. For
supercritically convergent channels this is not the case, since no ‘real’” waves can be

distinguished in this regime.

Ems-Dollard estuary The model has been calibrated according to historical wa-
ter levels in order to test its applicability to real world estuaries. The result of the
calibration shows that the model is overall well capable of predicting these water levels.
However, the analysis of the proposed scenarios shows only some minor changes to the
elevation amplitude. This is in contrast to results of other complex numerical studies,
where significant amplitude reductions were achieved. Since this is an idealised model,
not developed for such detailed predictions, it is likely that other excluded processes

play an important role in the effects of retention basins in tidal channels.

Although there is a large difference between the models, this model proves to be very
useful for exploring possible alternatives to current scenarios. Regarding the Ems
River, the placement of basins more towards the channel head showed a significant

increase in amplitude reduction.
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Chapter 1

Introduction

The Ems-Dollard estuary is part of the 600 km long Wadden Sea, a shallow inter-
tidal sea, protected by several barrier islands. The estuary is located at the border of
Germany and The Netherlands and stretches over almost 500 km?, including a fresh

water zone of ca. 40 km?. An overview map of the estuary can be found in figure 1.1,
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FIGURE 1.1: Map of the Ems estuary, where four areas can be distin-
guished; the lower and middle reaches, the Dollard and the Ems River
(Schuttelaars et al., 2013).

where a subdivision in four main sections can be distinguished; the lower reaches, the
middle reaches, the Dollard and Ems River. The weir at Herbrum, located 65 km

upstream, is the landward boundary of the Ems estuary. The river is convergent,
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with a width of around 1000 m near the river mouth, decreasing down to 150 m at

Papenburg and 60 m at the weir.

1.1. Problem definition

Over the past centuries the Ems has faced many natural and anthropogenic changes.
In the Medieval times, increased storm surges led to the formation of the Dollard, after
which the inhabitants tried to reclaim the lost land until the 20th century. With the
Ems River becoming increasingly important to shipping, channels were developed in
order to maintain navigability. Large amounts of sediments have been dredged from
the estuary and it has been proven that these changes are related to the increased
tidal range. Other important measures that have influenced the dynamics in the es-
tuary are the construction of several hard barriers, namely the weir at Herbrum, the
Geiseleitdamm and the Emssperwerk at Pogum (Talke and de Swart, 2006). With
this increase in ship traffic, harbours have been expanded as well. Although several
harbours are present in the estuary, the driving force behind the mentioned changes
is the Meyerwerft at Papenburg. These docks are producing increasingly larger cruise

ships (figure 1.2), demanding increasingly larger water depths.

As mentioned, due to the changes in the estuary, the tidal range has dramatically
increased over the past decades. The tidal range at Herbrum has more than doubled
since the 1950’s. This is visible in the mean high water (MHW), as well as the mean
low water (MLW). Originally, the MLW in the tidal river was unrelated to the MLW
at the German coast, while nowadays these are fully coupled (Jensen and Mudersbach,
2005). The increased tidal range, combined with an asymmetrical tide has made the
Ems River highly susceptible to sediment trapping. Suspended sediment concentrations
have increased in the whole estuary and the turbidity maximum has shifted into the
fresh water zone of the tidal river (Chernetsky et al., 2010). Fluid mud layers caused
by high sedimentation processes can be observed nowadays, causing a decrease in
hydraulic roughness, which again can be related to the increased tidal range. As a
result of the high turbidity, the Ems River has been marked as highly polluted. This is
for instance reflected in the oxygen concentrations, which have decreased to almost 0
mg/] for major parts of the tidal river. Many species in these areas have almost totally
disappeared (Bioconsult, 2006; Jager and Vorberg, 2008).

Recent studies have shown that the construction of secondary channels along the tidal
river may influence the tidal dynamics; see chapter 2. Currently, it is considered to
construct up to nine retention basins along the Ems River in order to reduce the tidal
range (DHI-WASY, 2012). Various researchers have tried model to the effects of these
retention basins (Alebregtse et al., 2013; Alebregtse and de Swart, 2014; Roos and
Schuttelaars, 2015). In the most recent of these studies, Roos and Schuttelaars (2015)
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FI1GURE 1.2: Cruise ship in the Ems River, transported from the Meyer
Werft towards the Eemshaven (Hallas, 2015).

developed an idealised model in an effort to explain the effects of multiple retention
basins on tidal dynamics in prismatic channels. However, estuaries are usually not
prismatic, but are often convergent in landward direction, as also observed in the
Ems-Dollard estuary. Since bottom friction and channel convergence are theoretically

counteracting each other, these are important factors that should be understood well.

Although Roos and Schuttelaars (2015) successfully explained the effects of retentions
basins in tidal channels, they limited their analysis to prismatic channels and only two
basins. These issues will be addressed in this study, where the focus will be on the
effects of channel convergence, as well as an arbitrary number of basins, in order to

explain the physical mechanism underlying these processes.
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1.2. Research goal and questions

The goal of this study is stated as follows.

To explain the effects of multiple retention basins on the tidal dynamics of a convergent
tidal channel by analysing the underlying physical mechanisms and to explore the effects

of implementing the proposed plans of these basins in the Ems-Dollard estuary.

Based on the problem definition and research goal, the following main research ques-

tions have been formulated.

1. What are the main problems that can be observed in the Ems-Dollard estuary
nowadays and which model studies focus on addressing these problems through

the use of retention basins?

2. What are the effects of multiple retention basins on the hydrodynamics in con-

vergent tidal channels?

3. To what extent can the acquired knowledge be applied to the Ems-Dollard estuary?

To further specify the course of this study, the second research question has been

divided into sub-questions. These are as follows.

2.1. What is the effect of channel convergence on the hydrodynamics of tidal rivers?

2.2. Which hydrodynamic effects can be observed when adding one or more retention

basins along the main channel?

2.8. How does the basin geometry influence the hydrodynamics in convergent chan-

nels?

2.4. To what extent does bottom friction counteract the effects of the channel conver-

gence?
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1.3. Methodology

Background This part of the study will focus on the main events in the estuary
which have led to its current state, as well as the steps that are being taken to address

the problems faced nowadays. Therefore, three subjects are reviewed here:

e As already stated in the problem statement, the events that have led to the
current state of the estuary date back many years. Here, a detailed overview
of these events will be given. In addition, the problems faced nowadays will be

reviewed, with the main focus on hydro- and morphodynamics.

e This part will zoom in on the proposed solutions in the Ems-Dollard estuary,

with a clear focus on retention basins along the tidal river.

e Here, an overview will be given of the most important model studies into the
effects of retention basins on tidal resonance, of which some already have been

mentioned in the problem statement.

Model set-up To simulate the dynamics in estuaries, often extensive 3D numerical
models are applied. These models generally are highly detailed and include many
processes, such that they are computationally expensive. Thus, it becomes difficult to
focus on the magnitude and importance of certain processes and analyse the sensitivity
of the included parameters. This motivates the choice of using idealised models, in
which specific physical processes can be isolated. Therefore, the idealised model by
Roos and Schuttelaars (2015) will be used as a starting point for this study, since it is
detailed enough to describe various important processes in an estuary, while it avoids
high computational processing time. As a result, it allows for an extensive sensitivity

analysis into the model parameters and hence, channel convergence.

Parameter analysis In order to further understand the physics underlying the
system of the tidal channel, an assessment of the parameters is necessary. As a first
step in analysing the parameters, two reference cases will have to be formulated, which
serve as the basis for the remainder of the assessment. The first case will be represented
with a prismatic channel, similar to the one as specified by Roos and Schuttelaars
(2015), the second includes a convergent channel. To assess the different parameters

on their influence, two indicators will be used here:

e The first is the ratio between the tidal range at the mouth and the tidal range
at the channel head, with the purpose of revealing the tidal amplification in the

channel.
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e The second and most important indicator, is the amplitude gain at the channel
head. This is the relative effect of the adjusted case compared to the reference

case.

The following steps will present the remainder of the analysis in which the above

indicators will be used:

e As one of the novelties in this study, width convergence will play an important
role in this sensitivity analysis. As one of the reference cases includes a convergent
channel, this will be the first feature to be analysed. To understand the impact
of a convergent channel, two parameters have to be varied, the length of the

channel and the channel convergence itself.

e Previous studies have shown that the basin geometry is very important for the
way the basins interact with the main channel. To analyse the effects of vary-
ing basin geometry, the responsible parameters will be systematically increased.
Since this has already been addressed by Roos and Schuttelaars (2015) for pris-

matic channels, the main interest here is the effect in convergent channels.

e Another important aspect of this study is the effect of multiple retention basins
on convergent tidal channels. In this part of the analysis, these effects will be
assessed. In previous studies, cases with one or two basins have already been
discussed, a further analysis will be given by systematically increasing the number

of basins in various locations using both reference cases.

e The final part of the analysis will focus on the effects of bottom friction on the sys-
tem. It is effective to discard friction in order to adequately explain the dynamics
in tidal rivers. However, it is interesting to see how bottom friction interacts with
the channel convergence for instance, as these phenomena theoretically counter-
act each other. To analyse this, bottom friction will be systematically varied for

each of the above cases.

Physical mechanism To further extend the analysis of the interaction between
retention basins and the width convergence, the objective in this part is to unravel the
physical mechanism behind convergent channels with and without retention basins.
As Roos and Schuttelaars (2015) successfully explained the mechanisms in prismatic
channels, a similar approach will be used here. Analogous to the parameter analysis,

the role of bottom friction to the physical mechanism will also be discussed here.

Ems Case As the last part of this study, the Ems river will be discussed. This case

will explore the effects of retention basins along the channel. Since the model in this
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study is used in an idealised setting, it is only possible to roughly approximate the
geometry of the Ems. To this end, gometric and bathymetric data will be obtained
from various sources in order to model the estuary as detailed as the idealised model
allows for. Next, the model will be calibrated using historical data of water levels in
the tidal river. As a third step, the effect of the proposed retention basins will be
investigated for their effectiveness and the results will be compared to that of other

studies.

1.3.1. Research overview

Figure 1.3 presents a schematic overview for this study. It gives an indication of the

major steps which are discussed in this section.

Formulation and comparison
reference cases

Background Model extension

Observed ) - 5
problems Mk Depth Prismatic channel onvergen

convergence transition channe
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solutions * *
v

Model studies Physical mechanism Sensitivity analysis
l l Width convergence
‘ Discussion ‘ . .
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‘ Conclusions ‘
T Basin geometry
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Scenario
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FI1GURE 1.3: Study roadmap.
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1.4. Thesis outline

Chapter 2 will go into the background of the problem. Next, chapter 3 will present
the model formulation, where after an overall solution method is presented in chap-
ter 4. Chapter 5 will discuss the main channel convergence. Then, the results of the
parameters analysis are given in chapter 6 and the physical mechanism in the system
will be presented in chapter 7. The application to the Ems-Dollard estuary will be
discussed in chapter 8. Discussion and conclusions will be presented in chapters 9

and 10, respectively.



Chapter 2

Background

Over the last centuries, the Ems-Dollard estuary has experienced major changes of its
shape by both natural dynamics and human intervention. Coastal retreat due to storm
surges and reclaimed land by inhabitants illustrate the course of the last centuries.
The subsequent deepening and streamlining of the shipping lines in the middle and
lower reaches changed the long-term morphodynamical processes, which causes many
problems along the river nowadays. Many studies have linked these changes to the
current state of the estuary and since a few years various plans have been introduced

to deal with these problems.

In the following chapter, an overview will be given of the most important factors which
have contributed to the current state of the estuary, together with an overview of the

latest plans and model studies that are used.

2.1. History of the Ems-Dollard estuary

2.1.1. Origin

The part of the estuary displaying the most visible changes is certainly the Dollard. A
few hundred years ago, during the medieval period, the Dollard was formed as a result
of frequent storm surges and the cultivation of peat layers. At first, only a shallow bay
was formed which was only flooded a few times per year. Due to progressive erosion,
mainly due to the cultivation of peat layers, the bay reached its maximum dimension in
the 16th century (Groenendijk and Béarenfanger, 2008; Stratingh and Venema, 1855).

At the beginning of the 16th century, a period of intensive land reclamation started,

which continued until the 20th century. Sedimentation due to floods, combined with

9
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FIGURE 2.1: The maximum extent of the Dollard at the beginning of
the 16th century and the phases of land reclamation in the centuries
after (Esselink et al., 2012).

the construction of levees, led to the seaward migration of the coastline. Figure 2.1
shows the history of this process. Currently, only 35% of the maximum size of the bay

has remained (Groenendijk and Bérenfanger, 2008; Stratingh and Venema, 1855).

Not only the Dollard was subject to land reclamation, also in the area around Em-
den levees were constructed contributing to the current topography, as depicted in
figure 2.1. In the outer estuary, north of Delfzijl and along the northern Dutch coast,
similar processes of land reclamation were ongoing (Talke and de Swart, 2006). These
changes may not have had a direct effect on the history of the Dollard itself, but they
do influence the properties of the estuary as a whole. After World War II, the land
reclaiming projects came slowly to an end and only 63 hectares have been reclaimed
from the Dollard basin since. Some additional (small) surface area was lost due to dike

stabilization measures and the growth of forelands in front of the dikes (Steen, 2003).

2.1.2. Recent developments

These final episodes of land reclamation near Emden were carried out for navigation
purposes (Talke and de Swart, 2006). This illustrates the shift from land reclamation
in favour of for instance agriculture, towards a more industrial point of view, where

shipping became the main priority.
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Maintenance of fairways increasingly dominated the activities in the Ems estuary since
the late 19"" century. Several interventions have influenced the physics of the Ems
estuary over the years, amongst others the construction of dams and the straightening

of river bends.

Weir Herbrum The first large interventions to improve navigation in the estuary
were the construction of the Ems — Dortmund canal and the weir at Herbrum (Steen,
2003). This weir constitutes the landward boundary of the estuary nowadays, where
before the construction the tidal wave could propagate further upstream. As suggested
by Habermann (2003), reflection off the weir could have influenced the dynamics of

the tide in the rest of the estuary.

Geiseleitdamm Also in the beginning of the 20th century, the German government
started with the reinforcement of the natural boundary between the Ems and the
Dollard, the Geiseriicken. As a result, flow speeds and depth increased in the fairway
of the Ems. By 1961, the Geiseleitdamm had a total length of 12 km west of Pogum,
constructed at the level of the MHW. Finally, a stretch of 2 km called ‘Leitdamm
Seedeich’ was created in the outer estuary, which was the final expansion of the dam
(Steen, 2003). Since these last activities, the dam has not been maintained anymore.
The result is that the dam has become more and more porous due to ground subsidence
and sea level rise, as well as natural weathering. By 1979 the dam had decayed so much
already, that a clear separation of the Ems and Dollard was not present anymore and
that water and sediment could flow through the dam. The western part of the dam had
settled so much by 2000, that it is now flooded for 4 hours during high tide (Werkgroep
Dollard, 2001).

Channel development To improve navigability, the German government straight-
ened a large number of rivers in the 20th century. Between 1900 and 1928 tributary
channels and river bends were cut off and the course of the riverbed was streamlined.
Together with the construction of other measures, such as groynes and dykes, this led
to a shortening of about 15% of the former length of the lower part of the estuary
(Hopner, 1994). Besides the straightening of the river course, the river was deepened
as well. In the first part of the 20th century, this mainly focused on maintaining the
shipping lines in the outer estuary. According to de Jonge (1983), after the 60s, these
shipping lines were deepened and straightened between Knock and Borkum to ensure
a single channel instead of several coexisting channels, where the depth of the stretch

between Pogum and Knock was already influenced by the Geiseleitdamm.
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Emssperwerk The increased tidal range has made the Ems more prone to storm
surges (Siefert and Lassen, 1986). From 1998 until 2002 the Emssperwerk has been
constructed near Gandersum, a storm barrier which protects against water levels up to
3.7 m when closed (Niemeyer and Kaiser, 2000). Additionally, it is used to temporarily
increase the upstream water levels for the passage of large ships being built in the docks
in Papenburg (see figure 1.2). The barrier is closed about twice a year for several days,
where water from the downstream part is pumped into the river in order to let the
water rise quickly. During this period, it has been shown that due to density driven
currents, saline water can intrude up to 20 km upstream. After reopening the barrier,
the effect on the tides is visible for only a few days (Talke and de Swart, 2006).

Harbours Several harbours exist in the Ems-Dollard estuary, leading to a high den-
sity of shipping traffic. The main harbours in the upper estuary are Emden, Delfzijl
and the Eemshaven. As already illustrated in figure 1.2, a large dock is located along
the tidal river near Papenburg. This Meyerwerft dock is the driving force for the
increased interventions over the past decades. Increasingly large ships are being con-
structed, demanding higher water depths. Jensen et al. (2002) relate these measures
to the changing tidal dynamics and the increase of the tidal range in the Ems River

over the years.

Other impacts Over the years, significant volumes of sediment were dredged in
the estuary to maintain the shipping lines and harbours. Even in the beginning of
the 20th century, parts of the estuary were dredged. However, the volume of dredged
sediment greatly increased after the 1960’s, partly facilitated by the introduction of the
suction dredger (Talke and de Swart, 2006). Already in the 1980’s awareness increased
about the effects of dredging on the estuary. The relation between concentration of
suspended matter and yearly dredging amounts was described by de Jonge (1983).
He showed that with an increasing amount of dredging volume, the concentration of
suspended matter increased as well. The dredging activities in the lower part of the
estuary occurred mainly in the past 30 years. In those years, the Ems River between
Pogum and Papenburg has been deepened several times, to 5.7 m in 1996, to 6.8 m in
1992 and to 7.3 m in 1994 (Jensen et al., 2002).

Europe’s largest natural gas field is located over a large part of the outer estuary. Since
1959, the field has been developed and as a result of the extractions, ground subsidence
has occurred. By 2008, the subsidence was over 20 cm near Delfzijl (NAM, 2010); see
figure 2.2. It is expected that in 2070 the ground will be subsided as much as 38 cm
for the Dutch coast, while for the Dollard this will be 10 cm. However, according to
Cleveringa (2008), strong sediment depositions will counteract the subsidence in the

estuary itself.
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FIGURE 2.2: Illustration of the ground subsidence since the start of the
gas extractions in 1964 (NAM, 2010).

2.1.3. Current problems

The Ems-Dollard estuary has faced major changes in the last century. Nowadays the
river is categorized as highly polluted (NLWKN, 2012). This indicates the poor state
the river currently is in. In the following paragraphs, an overview will be given of
some of the most important problems faced in the estuary, ranging from hydro- and

morphodynamics to ecological problems.

Hydrodynamics Many of the anthropogenic changes to the estuary have caused
the hydrodynamics to change. The tidal rage is increasing in the Ems due to both sea
level rise and channel deepening (Jensen and Mudersbach, 2005). Since the 1960’s, the
mean tidal range increases linearly with 33 c¢cm/century. This trend echoes through
in the Ems-Dollard estuary, where the tidal range is even more amplified than at the
coast. At Emden for instance, tidal range has increased with an average rate of 57
cm/century (Jensen and Mudersbach, 2002).

More upstream in the brackish regions of the river, Jensen et al. (2003) determined
that the tidal range is increasing due to both sea level rise and channel deepening.

These changes are illustrated in figure 2.3, where the tidal range has been plotted over
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F1GURE 2.3: Longitudinal tidal range for over 5 decades between 1950
and 2000 (Schuttelaars et al., 2011). The x-axis ranges from the up-
stream to downstream, where Ems km 0 denotes Papenburg.

the total length of the river. The data show that the changes were already present
before the 1960’s suggesting the relation between the earlier changes to the estuary
(weir at Herbrum) and the changes in hydrodynamics. This is further explained by
Schuttelaars et al. (2011), who showed that the length of the estuary has a large effect

on hydrodynamics.

When analysing the properties of the tide, it becomes clear that the tide in the Ems-
Dollard estuary is clearly asymmetrical. Amongst others, Rollenhagen (2011) studied
the combination of different tidal constituents in the river. Due to the presence of the
M4 and M6 tide, the time between high water and low water is much longer than the

other way around.

Morphodynamics Tidal asymmetry can be related to the changes in morphody-
namics, one of the problems faced in the estuary. Over the past decades, the turbidity
of the Ems-Dollard estuary has significantly increased. It was shown by de Jonge (1983)
that sediment concentration in the turbidity maximum of the river has increased with
almost 400% between the 1960’s and 1980’s. Also, visibility decreased as the turbidity
increased with 5-10 times (Kuehl and Mann, 1973). Currently, near-surface concentra-
tions up to 1 g/l can be observed, which exemplifies the hyperturbid system (Esselink
et al., 2012).

Healthy estuaries have their turbidity maximum around the head of the salinity intru-
sion, while the maximum in the Ems River can be observed far into the fresh water
zone (Winterwerp, 2011). This is further illustrated by Chernetsky et al. (2010), who
modelled sediment concentration in the river in 1980 and 2005 (figure 2.4). Over these

years a clear upstream migration of the turbidity maximum can be seen.
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FIGURE 2.4: Tidally averaged suspended sediment concentration for
1980 and 2005 (Chernetsky et al., 2010). Note the difference x-axis
compared to figure 2.3; it is reversed, while Ems km 0 denotes the
mouth.

In a study by Schrottke and Bartholomé& (2008), it was shown that highly dynamic
fluid mud layers, measuring up to 2 m in thickness around slack water, were present in
the Ems River. Winterwerp (2011) explained that the occurrence of fluid mud layers
is caused by an exceedance of the maximum load of sediment which can be hold in
capacity. As the presence of fluid mud decreases the hydraulic roughness, this will only

lead to more tidal amplification.

Ecology As a result of the increased turbidity, the water quality of the Ems-Dollard
estuary has deteriorated. Over the years, oxygen concentrations depleted and the area
over which this occurred increased. According to van der Welle and Meire (1999), the
oxygen concentration were still 8 mg/1 in 1980, while they decreased to around 0 mg/1
nowadays (Bos et al., 2012).

The decreased water quality has major influences on the habitat of species in the
estuary. The fish population was analysed by Bioconsult (2006) and they showed
a clear relation between the oxygen concentrations and the fish density. Moreover,
migratory species are experiencing barriers in their route from the river towards the
sea (Jager and Vorberg, 2008).

2.2. Proposed solutions in the Ems-Dollard estuary

Several solutions have been proposed to be implemented in the Ems-Dollard estuary
in order to address the distorted tidal dynamics. Amongst those are plans for the
construction of up to nine retention basins along the tidal river (DHI-WASY, 2012;
Donner et al., 2011, 2012). The goal of this project is “to adjust the hydro- and

morphodynamics of the river in order to restore the tidal dynamics and increase the
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sustainability of the estuary”. The next paragraphs will present the different scenarios

in this project, while a detailed description of all the basins can be found in chapter 8.

Scenario A: flattening plus three retention basins This measure consists of
two combined solutions, Al(s) and A2(s). The basis for these solutions is a flattening
of a part of the river, namely the section Leer — Papenburg. As an extension to the Al
scenario, the A2 scenario adds three retentions basins just south of Papenburg with a
total volume of 29 Mm3. Of special interest is the width of the inlet channel, which
is designed to be 30-50% of the local width of the Ems and ranges from 60 meters
at Herbrum, up to 1000 meters at the channel mouth. Additionally, an extension of
this scenario is an adjustment of the bed roughness. The standard scenarios use the
bed roughness of the original model settings, while with the —s extension indicates an

increased roughness.

Scenario B: shift of the weir plus two retention basins The second scenario
focuses on the weir at Herbrum. While the tidal dynamics are influenced by the length
of the channel, an upstream shift of the weir may lead to a dampening of the system.
As an additional measure, two retention basins are added between Gandersum and

Papenburg and have a total volume of 18 Mm?.

Scenario C1: six retention basins This scenario explores the effects of several
retention basins along the Ems between Terborg and Herbrum. Six retention basins
with a total volume of 29 Mm? are designed here, including the areas from the previous
B scenario. The bed roughness and width of the inlet channel is equal to the previous
case seen above, with the exception of the retention basin at Rhede. Here, the width

of the inlet channel is as wide as the river width itself.

Scenario C2: nine retention basins The idea for the C2 scenario is basically
the same as for the C1 scenario. Retention basins are used to store a part of the volume
of the tidal wave, in order to lower the tidal range. Here, nine retention basins are
designed with a total volume of 14 Mm3. The locations of the retention basins are
all upstream of Leer. Bed roughness and inlet channel width are again equal to the
previous scenarios, whereas the most downstream area at Brahe has an inlet channel
width of 100% of the river width.
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2.3. Model studies on retention basins

The Ems-Dollard estuary has been extensively studied over the past 50 years. Several
models have been used to simulate hydro- and morphodynamics in the river, with
the goal of tracing back the changes which occurred in the past as well as testing
proposed solution to the problems faced. A complete overview of these studies is given
by Talke and de Swart (2006). Since then, researchers have tried to keep improving
their understanding of the processes in the estuary and several solutions have been
formulated. Since 6/7 years, many model studies have focused on the tidal response
of the estuary. These studies can be distinguished in complexity, where the complex
models are often focusing on long-term morphological processes, while idealised models
are used to focus on isolated processes in order to improve the understanding of those

processes.

Complex models The idea to use retention basins as a measure to counter the
tidal resonance in the Ems River was introduced by Rollenhagen (2011), who arbitrarily
chose two locations to simulate the effects of those basins in the Delft3D model. Her
findings were that the dominant flood wave would decrease in strength and that the
upstream transport of sediment would decrease as well. In a more extensive study,
DHI-WASY (2012) proposed to construct several basins along the lower and middle
FEms River. Using the complex model MIKE 3 FM, they formulated different scenarios
and they analysed those scenarios for the effects on the hydro- and morphodynamics.
They found similar results as Rollenhagen (2011) did, where almost every scenario
in where they included retention basins showed to be an improvement to the current
system. A comprehensive analysis of this project was given in two follow-up studies
(Donner et al., 2011, 2012).

The results showed that these scenarios only have a low to moderate effect and are
sometimes even aggravating the observed problems. A basin near the mouth of the river
resulted in an increased sediment import in the estuary. However, the basins placed
in the lower part of the Ems exemplified better results, where in all the scenarios
an improvement was visible in the hydro- and morphodynamics. It is notable that
there were reasonable differences between the outcomes of the scenarios, which shows
that arbitrary placement of retention basins may not be an effective solution. This
clearly emphasizes the need for a better understanding of the physical processes behind

secondary basins in estuaries.

Idealised models The idea of retention basins has an analogy in acoustics, where

side branches are used as acoustic filters (Lighthill, 1978), which has inspired more
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researchers to look into this phenomenon. Alebregtse et al. (2013) developed an ide-
alised model, which described the tidal motion using a one-dimensional model. They
found that if a channel was placed between a node and a successive landward located
antinode, the secondary channel would weaken the tide. On the other hand, if it were
placed between a node and a successive seaward located antinode, the tide would be

amplified.

In a follow up study, Alebregtse and de Swart (2014) used a non-linear model to include
the effects of tidal asymmetry on the influence of retention basins on the tide. Their
findings were in line with those of Alebregtse et al. (2013), confirming that a secondary
channel could lead to a weakening of the tide in the rest of the system when placed
correctly, which was later confirmed again in a study by Kumar et al. (2014). They
used a three-dimensional model to explain the tidal and sediment dynamics in both
longitudinal and lateral direction, in which they considered a prismatic channel with

one retention basin.

In one of the most recent studies on this topic, Roos and Schuttelaars (2015) studied
the effects of multiple basins in a prismatic channel. They used the basin admittance to
describe the basins response, by which they showed that a supercritical basin (positive
basin admittance) has a reversed response compared to a subcritical basin (negative
basin admittance). Moreover, in case of multiple basins, large basins were found to

have stronger interactions than smaller basins.

Another important novelty in the study of Roos and Schuttelaars (2015), compared
to previous studies, is the formulation of the conditions at the mouth of the channel.
The limitations in the formulation of the boundary conditions used by Alebregtse et al.
(2013) and Alebregtse and de Swart (2014) are the fact that they rule out the possibility
of a resonating system as a whole due to the presence of a secondary channel. Since they
treat the channel as infinitely long, no interference is possible at the transition between
the channel and the sea. Analogous to the basin admittance, Roos and Schuttelaars
(2015) used the radiative impedance to represent the effects of the chosen boundary
formulation. They found large differences in amplification, which occur due to different

sea representations.

Although Roos and Schuttelaars (2015) successfully explained the effects of retentions
basins in tidal channels, they limited their analysis to prismatic channels and only two
basins. Estuaries can usually not be depicted as prismatic channels, since they are
often convergent in landward direction. As bottom friction and channel convergence
are theoretically counteracting each other, these are an important factors that should
be understood well. Second, as the proposed plans have shown, up to nine basins are
currently considered to be implemented. Since the previous (idealised) studies have

only analysed up to two basins, more research is needed in this matter.



Chapter 3

Model formulation

To analyse the effects of retention basins on the tide, the model developed by Roos
and Schuttelaars (2015) will be extended to include a variable width, while depth is
allowed to vary in a stepwise manner. The model represents a convergent estuary
which is constrained by a weir at the landward side. The estuary is considered to be a
channel of length [;, width b;(x) and uniform depth h;, with any number of secondary
basins. A Cartesian coordinate system is used, with z the along channel coordinate
directed landwards and gy the cross channel coordinate pointed upwards, as illustrated
in figure 3.1. The model can be divided into multiple channel sections, each with their

own properties, in order to describe the course of the channel as detailed as necessary.

The channel is assumed to be exponentially convergent, so the width of the estuary

can be described as
B(x) = By j exp(—x/Ly ), (3.1)

with By ; the width of the jt" channel section at the seaward side and Ly ; the e-folding

convergence length of that section.

3.1. Main channel

In the main channel, u(x,t) and n(z,t) denote the flow velocity and surface elevation

respectively. The following cross-sectionally averaged linear shallow water equations

19
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F1GURE 3.1: Top and side view of the model with a convergent main
channel of length [;, width b;, uniform depth h; and J secondary basins.
The main channel can be divided into j multiple convergent sections,
this is an example with two sections, with the transition at z = ;.

are used to describe conservation of mass and momentum in the main channel:

o "o T b o
Ou ru_ _ On
ot " h T Yor

On hf)u huab:Q (3.2)

(3.3)

Here, g is the gravitational acceleration, while r denotes a linear bottom friction coeffi-
cient, specified according to Lorentz’s linearisation (Lorentz, 1922; Zimmerman, 1982)
in appendix A. Combining equations (3.1) and (3.2) leads to the following mass balance
for the main channel including width convergence:

on ou  hu

To effectively describe the landward boundary condition in the main channel, it is
required to assume zero flow at the closed end. The elevation at the mouth is required
to match that of the forcing amplitude Z, while the elevation and volume transport at

the transitions is required to match those of the subsequent channel section:

n = Z coswt at ¢ =0, (3.5)
n® =n° and O hu® = b hu® at r = x;j, (3.6)

u=0 at v = [. (3.7)
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Here, the superscripts & and & represent the limits on the left and right hand side of
the transition (z = x;), respectively. Other types of forcing, as described by Roos and

Schuttelaars (2015), are not considered here.

3.2. Secondary basins

As illustrated in figure 3.1, J secondary basins can be located anywhere along the
main channel, where the j** basin is located at x = xj. The basins are represented
as Helmholtz basins, which are characterized by a short inlet channel, with length I, ;,
width by ; and depth hy ; and a basin with surface area A;. The flow velocity in the
channel is denoted by v;(t) and is positive when pointed towards the basin. A linear
slope in the surface elevation in the channel is assumed, making the uniform basin level
(;(t) the other unknown here. The model equations that describe the water motion in

this system are given by the following expressions:

d¢;
Aj?‘; = bb,jhb,jvja (38)
dvj | Tb;0; G =1y
avj gV _ S T 3.9
at "y, e (3.9)

Here, 1y ; is a friction coefficient and 7; is the surface elevation in the main channel at
x = xj. Possible other basin types, as described by Alebregtse et al. (2013), are not

considered here.

At the J vertex points, the connection between the main channel and the secondary
channel, continuity of elevation is guaranteed by the linear slope in the channel, while

continuity of volume will be satisfied as follows:

bjhj {U? — u]e] = bbdhb’jvj at x = Zj. (310)

Here superscripts @ and © represent the limits on the left and right hand side of the

vertex point x = x;, respectively.






Chapter 4

Solution method

We will seek solutions in dynamic equilibrium with the periodic forcing of angular

frequency w. For the main channel, the following can thus be stated:

n(xz,t) = R{N(x) exp (iwt)}, (4.1)
u(z,t) = R{U(x) exp (iwt)}, (4.2)

with complex amplitudes N(z) and U(z). For the secondary channels, V; denotes the
complex amplitude of the inlet channel velocity. In the model, J 41 complex elevation
amplitudes can be defined, where Ny and IN; denote the elevation amplitudes at the
mouth and head respectively. The solution will result from a set of linear equations

for each of these J + 1 unknowns.

4.1. Main channel

As a first step, the solution in the main channel will be obtained. The model equations,
as described in equations (3.2) and (3.3), can be rewritten to the following general
equation for 7:

?n ron  gh On 0n

g ron ., g on 9T, 4
o2 Thot T, 00 Mo =0 (4.3)

Substituting equation (4.1) into equation (4.3) leads to the following single expression
for N(x):

N 2B;  dN
N ﬂkji k2N = 0. (4.4)
dz?  pyy; C dx J
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In here, k; = 7;ko ; is the complex wavenumber in the main channel, v; = /1 — ;thj

the frictional correction factor, kg ; = \/LT the frictionless shallow water wavenumber
gh;

and p; = ko i /kom a coefficient which controls the depth transitions. Subscripts j and
Mg J/Ro, J

m denote the j** channel section and the conditions at the channel mouth, respectively.

Finally, the dimensionless parameter 3; describes the convergence of the main channel,

which is formulated to facilitate solution:

1

=—. 4.5

Bj

Depending on the e-folding convergence length L, four different regimes for 8 can be

distinguished:

No convergence, which can be expressed with Ly = 0o, so that § = 0.

Subcritical convergence, which occurs when i < Ly < o0, s0 that 0 < B < 1.

Critical convergence, this is when L, = i, so that g = 1.

Supercritical convergence, which occurs when Lj < ﬁ, so that g > 1.

For each of these regimes a unique solution can be obtained, which will be discussed
in detail in chapter 5. Here, the focus will be on a general solution which is valid

throughout the whole domain, with any number of basins.

Equation (4.4) can be solved by obtaining fundamental solutions of the form N(z) =

exp(Ax), which results in the following characteristic polynomial equation:

2 .
p(A) = A% — i kil + k= 0. (4.6)
Hi5
} 92
This results in two roots, Ay = k; ,U«fZYj + [%] — 1, so the solution to equa-

tion (4.4) is a superposition of two waves/oscillations travelling in opposite directions,
N(z) = Ajexp(A1z) + Bjexp(Agz), ie. a partially standing wave with coefficients A;

and Bj. It is convenient to write this with wavenumbers

. .72 ) 92
kij=Fkj|i b _ L= [ﬁ]] o ke =k | —i Pi_ _ 1- [5]] . (4.7)
H575 H575 H575 H57j

This results in a new expression for N(z), which can be written as

N(z) = flj exp(—iky jzr) + 3]- exp(ika ;). (4.8)
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In each of the J main channel sections z;_1 < =z < z;, N ;B_l and N j@ represent the
right and left elevation limit in the j%* channel section. Solving for N(z;_1) and N(z;)
gives the following coefficients:

~ Nj,1 eXp(Zlk‘z,jl‘j) — Nj eXp(Z.k'Q,jl’jfl)

A = : : : 4.9
7 expilkyjau; — kyjaj-1]) — exp(ilkejzj—1 — k1 ja;j)) (4.9)

B‘ _ Nj exp(—ikl,jxj_l) - Nj_l eXp(—’L'ij{L‘j) . (4.10)
T exp(ilky iz — kiwja]) — exp(ilka w1 — k)

The velocities follow from substituting equations (4.1) and (4.2) into the momentum
equation (equation (3.3)), which leads to iaw]?U = —gdN/dz, such that

i [g [k g : ik1; ‘ )
Ukx)=—,/— = Biexplike ix] — —= A, exp[—iky ;x| | . 4.11
(@) = L [ (52 By explika ] - LAyl (@)

Here, U ]@ and U je represent the right and left velocity limit at each vertex point z = ;.

From equation (4.11) the following is found:

iwb ’LOékQ i+1 ~ .
bihgally = m( = By expliky, 17 4.12
TR o \Ejipganier k241 (4.12)
iogkijvn 5 .
,—7A4+1 exp[—sz 1T ]> ,
ki1t ’ I
iwb taika i A ] ik i - '
bh:US = m(”B-expsz 2] — I A oxpl—iky -1:->, 413
iUy = o (O By explikaai) — O Ajesplikigas] ) (413

with coefficient a; = bj/by,, which expresses the ratio of the local width to the width
at the mouth.

Next, imposing the boundary condition at the channel head (x; =) implies UJe =0,

which, by using equation (4.13), leads to the following expression:

kig - ko -
LJ Ajexp(—iky jxy) — 2,J Bjexp(iky jxy) = 0. (4.14)
mivJ HiyJ

Further specifying leads to an expression for Nj:

o7
Ny =Nj1—5, (4.15)

J

with factors J? and T? (for arbitrary j), which are defined as

5o = b kigexp(ilke o — kijaj)) + ko exp(ilke, o) — kiiz;)) (4.16)
T kjpyy o exp(ilkajuy — kigajoi]) — exp(ilkjrj 1 — k1jxj])

7_@ _ 1 ij exp(i[kg’jxj_l — /ﬁ,j:l}j]) + k27j exp(i[kg,jxj — klyjl'j_l]) (4 17)
o kipgys o exp(ilkemy — kyjagoa]) — exp(ilky a1 — k1))
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4.2. Retention basins

For the retention basins, we will seek solutions in dynamic equilibrium with the periodic

forcing of angular frequency w:
v(t) = R{V (z)exp (iwt)}, (4.18)

with complex amplitude V(x).

The expressions for conservation of mass and momentum in the basins (equations (3.8)

and (3.9)) can be rewritten as

1 dhy oy 1 odyy o dy

— @ 4.19
G, T e, dt T de (4.19)

where wo; = /by ;hp;9/(A;l;) represents the eigenfrequency. Substituting equa-
tions (4.1) and (4.18) into this expression leads to

2
W
1 (7’” > , (4.20)
wohj
using the frictional correction factor vy ; = /1 — %

Combining equation (4.20) with the vertex condition in equation (3.10) gives the fol-

iOJAj
=V

N.
oo jhb,j

lowing expression:

YiN; = byt Vi = b [BUS = hisaUsy | (4.21)
Here, the proportionality coefficient Y} represents the basin admittance:
1wbyy, ~
y; = S0y, (4.22)
km

with the dimensionless admittance Yj, which is used in order to facilitate interpretation:

2 —1
1- <W> ] . (4.23)
wo,j

Finally, it should be stated that with the result of equation (4.21) continuity of mass at

Ak

Y =
! bO,m

each vertex point is automatically satisfied, which is independent of the main channel

convergence.
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4.3. Forcing

The forcing of the system can be represented as stated below:
N(0) = Ngore- (4.24)

This is similar to the expression for deep sea conditions, as presented by Roos and
Schuttelaars (2015).

4.4. Solution

By combining the vertex transport equations (4.12) and (4.13) and the conditions in
equations (4.15), (4.21) and (4.24), a set of linear equations is found. These can be

presented in matrix form, here for cases with two, three and four vertex points:

L 0| [No| _ | Ngope (4.25)
_0_16 7'1e Ny 0 ’
[ 1 0 0 1 [No Niore |
—of AT —aVi —of| (M| =] 0 |, (4.26)
|0 —o5 5 | N2 0 |
[ 1 0 0 0 | [™]  [MNore
—of T~V —of O My _| 0 (4.27)
0 —029 7'2@ + 7'59 — 042172 —039 Ny 0 ‘ ’
0 0 —og 5 | | N 0

The factors 0]6-9 and 7']@ are specified below. Factors G'je and Tje are as in equations (4.16)

and (4.17), Y; as in equation (4.23).

® i
oy = (4.28)
Kjr1ii417541

k11 exp(ilkzjv125 — k1j125]) + kajy1 exp(ilkej125 — kijvaa;])
exp(ilkejy12501 — k1 jr125]) — exp(ilka 125 — kujiaj41])

I

@ 1
T ki

o B exp(ifka iz — ki) + ko exp(ifka g2 — k1))
exp(ilko,j+12j+1 — k1,j4175]) — exp(i[ke j1125 — k1 jt12541])
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For a constant width in a single channel section (b; = by, and k; = ki .2 = km),
o; =

these factors reduce to the result found by Roos and Schuttelaars (2015), i.e.
1/sin(k[zj4+1 — z;]) and 7';B = 1/tan(klzj11 — xj]).



Chapter 5

Main channel convergence

To understand the mechanism behind convergent channels, this chapter will go into
the physics behind this system. Through the mathematical explanation, the physical
mechanism will be revealed. The focus will be on a single convergent channel, in order
to unravel the specific effect of convergence on the tidal motions. Second, the effects

of friction on this mechanism will be investigated.

5.1. Four regimes

In this section the physical mechanism in a frictionless convergent channel will be
discussed. Revisiting chapter 4 gives the following differential problem, which describes

the elevation amplitude in the channel:

EN 2, AN

- _ k2N = 0. 5.1
dz? gy ) dax + (5.1)

J

For the application here, it is convenient to describe the channel by only one (friction-
less) section, such that v; = 1, u; = 1. These terms will be left out of the equations
from now on to facilitate the solution. Equation (5.1) can be solved by finding funda-

mental solutions of the form N(z) = exp(Az), which results in:
p(A) = A% — 28kA + k2 =0, (5.2)

with two roots Aq 2, given by

Ay =k(B+VB—1), Ay=k(B-Vp>-1) (5.3)
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Resonance properties of a convergent channel
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FIGURE 5.1: Dimensionless elevation amplitude at the channel head
}Nhead /Nforc| for increasing channel lengths (scaled against the shallow
water wavelength A) and increasing convergence. The black dashed
line represents critical convergence, the white dashed lines represent the
locations at which resonance occurs, while the solid black lines represent
an approximation of the resonance locations around § = 1.

Depending on the dimensionless parameter 3, four different regimes can be distin-
guished. The overall solution used in chapter 4 is valid throughout the whole domain
and allows for both real and complex amplitudes in all of these regimes. To further
analyse the behaviour of the free surface elevation in these regimes, four different so-

lutions will be used.

No convergence This regime can be expressed with L, = 0o, so that 5 = 0, which
can be characterised as a prismatic channel. The resulting waves in the channel will
display resonance at [/\ = %, %, ..., the well known quarter wavelength resonance. This

situation can be seen in figure 5.1.

Subcritical convergence This situation occurs when i < Ly < oo, so that 0 <
B < 1. This solution is associated with two complex conjugate roots Aj o = A, £ iA;,
consisting of a positive real part A, = 8k and an imaginary part A; = k/1 — 32.
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The general solution to this problem reads N (z) = exp(A,x) [121 cos(Ajz) + Bsin(Az)|,
with possible complex constants A and B. Applying the boundary conditions N(0) =

Ny and %S) = 0 results in the following solution:

_N A; exp(A,l)
~ 0N cos(Agl) + Ay sin(Aql)

N(I) (5.4)
From this equation the channel length can be found for which resonance occurs. If the
denominator is zero, the surface elevation will go to infinity, i.e. resonance:

V152

l nm — arctan 3
- = withn=0,1,2,.... (5.5)

A 2m/1 — (2

This result is represented by the white dashed lines in figure 5.1.

To further describe the behaviour of the resonance peaks, the situation is analysed
when ( is approaching one. A striking property of the tangents is that around zero,
tan(z) ~ x. Since this is valid for every channel length, equation (5.5) simplifies as:

V1-p32

l nm — B
A with n =0,1,2, .... (5.6)

A 211 -2

In case n = 0, this can further be simplified to % =

_ 1
2737

tion does not occur, since negative S-values indicate channel divergence. Furthermore,

which means that this situa-

n

24/1-32

in figure 5.1 represent the situation where 3 approaches one for n = 1.

n #% 0 simplifies to % = . This situation does occur, where the solid black lines

For resonance in combination with subcritical values for (§, this is described by a
combination of the cosine and the sine in the denominator of equation (5.4). It can be
seen that when § approaches zero, the roots become A, = 0 and A; = k. The result
of this is that the cosine becomes increasingly important with a decreasing 3, which

thus eventually leads to a prismatic channel, for which the familiar result reads:

No
cos kl

N(l) = (5.7)

Critical convergence At the boundary between sub- and supercritical conver-
gence, critical convergence occurs. This boundary represent a transition for which no
resonance peaks are visible any more. This is when L; = ﬁ, so that 8 = 1. From
equation (5.3) now two double real valued roots are found at A = k. The general
solution for this problem reads N(z) = (A + Bx)exp(Ax). Applying the boundary

conditions gives the following expression:

N(z) = No (1 - IT’]{:Z) exp(kz). (5.8)
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It directly follows that resonance occurs when

l 1

L 5.9

A 27 (59)
And since the interest here is only in positive values for the channel length, no resonance

is observed in figure 5.1.

Supercritical convergence Finally, supercritical convergence occurs when Lj <
lev so that 8 > 1. This situation is associated with two roots which are both real, as
found in equation (5.3). The general solution reads N(z) = Aexp(A1x)+ Bexp(Aaz),
with constants A and B. By applying the boundary conditions it follows that

Agexp[Ai1z] — Ay exp(l[A1 — As]) exp[Aaz]

N(z) = No Ay — Ay exp({[A1 — As))

. (5.10)

Again, resonance occurs when the denominator is zero, which leads to the following

expression:

In (B=VEL
Lo \wvi) (5.11)
A An/B2—1 '
And analogous to the previous case, resonance only occurs for negative values of the
channel length. Hence, no resonance is observed in figure 5.1 to the right of the black

dashed line.

Furthermore, it can be observed that in the limit 8 — oo the roots simplify to A =
k(8 + B), so that equation (5.10) becomes N(x) = Ny. The physical interpretation for
this is that the channel elevation is moving uniformly with the forcing amplitude. This

can be observed in figure 5.1, where the blue area increases linearly with an increasing

B.

5.2. Velocities

To determine what happens to the oscillations around the landward boundary, the
velocities will be analysed. Therefore, the reflected and incoming wave are described

separately and can be written as
N(z) = ALei exp(Ar [z —1]) + Ajpc exp(Asfz —1]), (5.12)

with roots A1 = A, £iA; and A, = Bk, A; = k/1— 2 for the subcritical part
and Aj 2 = k(8 £ /8% — 1) for the supercritical part. Now, the velocities around the
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FIGURE 5.2: Ratio between the elevation amplitudes of the incoming
and outgoing oscillations at the closed boundary.

=g dN —N-
iw dx x:l_o'

boundary are found through

Up) = Z_—j [AreﬂAl exp(Ai[z —1]) + AjpA2 exp(Aafz — lm

= AreﬂAl + AinCAQ =0. (5.13)

z=l"’

This leads to the following expressions for the ratio between the elevation amplitudes:

A fl A2 _AT+;L'Ai - Ai—;AT if 0 < B < 17
v VB -1 (5.14)
4; A o it 8> 1.

inc T/l

This ratio is plotted in figure 5.2, where four distinctive cases can be recognized.

e The first is for a prismatic channel, i.e. 8 = 0, such that A, = 0. This leads to

the situation that A..q = Ajj ¢, so that the amplitude ratio is 1.

e The second is at 8 = @, such that A,..q/Ajne = 0+ 14, which implies a phase
shift of 90°.

e Next, if 8 — 1 in the situation with critical convergence, A oq — —Ajpc- This
can be seen in figure 5.2, where the ratio is -1, which implies a phase shift of
180°. This can be interpreted in such a way that the reflected wave acts similar

to the incoming wave, so that their velocities have the same direction. The result
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of this is that the wavelength for which resonance occurs approaches infinity, as

already shown in figure 5.1.

e Finally, the fourth case that can be distinguished is for strong supercritical con-
vergence (3 — 00), where the amplitude ratio is approaching zero. This is caused
by the amplitude of the reflected oscillation, which is zero for infinite 3, such that
the elevation amplitude at the channel head is only caused by the incoming os-

cillation. This corresponds to what was found in the previous section.

5.3. Friction

This section will discuss the changes to the physical mechanism of a channel without
secondary basin, due to the presence of bottom friction. In order to do this, the results
shown in figure 5.1 will be compared to the frictional case, while the ratio between the

two cases, |Ng./Nyofl, will reveal the amplitude gain in this situation.

Figure 5.3 presents these cases, where panel b presents the frictional case. The dif-
ference that can be noticed between the cases, is that for subcritical convergence the
resonance pattern damps out for increasing channel length. This is caused by wave
dissipation, where tidal energy is lost due the influence of friction, so that the eleva-
tion amplitudes decreases. This is also visible in panel ¢, where for short channels
almost no change in amplitude gain is shown (green areas). However, the effect of fric-
tion increases for increasing channel length. The second thing that can be mentioned

is that opposed to weak convergence, less effects are visible for stronger convergent

(a) No friction (ref) (b) Friction: ¢4 = 5.0 x 10~ (¢) |Ngp/Npet]

FIGURE 5.3: Effect of friction on the physical mechanism. (a) presents
the frictionless case, (b) the case with normal friction conditions, while
(c) presents the ratio | Ng./Nqfl-
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channels. Where the resonance pattern diminishes, the area of exponential increase
remains high. This is best observed in supercritically convergent channels, where only
for very large channel lengths, some amplitude reduction is noticeable in panel c. In
the limit 8 — oo, the wavenumber k does not influence the elevation amplitude any
more (|Ng./Nyofl = 1), while this is the parameter through which friction enters the
system. As a result, no friction can be observed. This is again corresponds to the fact

that in this limit, the channel elevation moves uniformly with the forcing amplitude.

The final remark that can be made from this case is that under the influence of bottom
friction wavelengths tend to shorten slightly, which is easily mentioned when realising
that figure 5.3a has only four resonance lines, while figure 5.3b displays five. This effect

is larger for increasing friction.






Chapter 6

Parameter analysis

This chapter will present the results which are found through the analysis of the model
parameters. As explained in chapter 1, the focus will be on the elevation amplitude
at the channel head. In each of the following sections, one or more parameters will be
varied to get a complete overview of the properties of the system, whereas the reference
cases will be used as a starting point for each analysis. In order to keep this chapter
as transparent as possible, several figures will be displayed in the appendices, which

will be indicated accordingly.

6.1. Reference cases

The following section describes the cases that will be used as a reference throughout
this chapter. Two cases will be discussed, one for a prismatic channel and one for a

convergent channel.

6.1.1. Approach and parameters

Te determine the water levels in the channel, the complex amplitude N is defined.
Since the interest here is in the effects of the different parameters, the amplification

factor

f
A= Nyead/Miead (6.1)

represents the ratio between the reference case and the case under research. Here, the

value |A| gives the amplitude gain, while arg(A) shows the phase shift.

37
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TABLE 6.1: Overview of the model parameters, their reference values
and secondary values. Capitals S, L and N denote ‘small’, ‘large’ and
‘negative’ basins, respectively.

Description Symbol Reference values Alternative values
Forcing amplitude Niore 0.5 m

Angular frequency M2-tide w 1.404 x 10~* rad s *

Main channel: length lmax 700 km

Main channel: depth h 10 m

Convergence 8 0, 0.25 0.1 -2

Width channel mouth By 1000 m

Friction Cq 2.5 x 1073

Basin: area A; 20 km? S: 10 km?, L: 100 km?
Basin: channel length Iy 1 km N: 2 km

Basin: channel depth hy ; 5 m N:1m

Basin: channel width by ; 100 m N: 50 m

Basin: eigenfrequency wo,; 4.95 x 107* rad s7* S:7.00 x 1074 rad s !

L: 221 x 1074 rad s !
N: 0.50 x 1074 rad s~ !

In order to expose the response of the basins as much as possible, the channel length
will be varied in the range 0 < | < Imax, while the basins position will be varied
between 0 < x1 < [. The parameter values can be found in table 6.1. Furthermore,

friction will not be considered in the reference cases, but will be analysed in section 6.6.

In both reference cases the basin characteristics will be kept fixed, so that the basin
admittance Y is similar in each case. The chosen parameter values for the basins are
equal to that in the study of Roos and Schuttelaars (2015). The secondary values for

the basins parameters will be used for the analysis of the basins characteristics.

6.1.2. Prismatic channel

The first reference case is that for a prismatic channel, which is represented by 5 = 0.
Overall, this reference case is similar to the reference case described by Roos and
Schuttelaars (2015), with the exception of the forcing.

For a constant width in a channel with one single section (b; = by, and k; = k1 j2j =

km), equation (4.25) can be solved to obtain the following result.

N.
ref _ Vforc
Nhead = cos ki (6.2)

While equation (4.26) can be solved to obtain the result for one secondary basin.

_ NfOI'C (63)
coskl — Yy sin(klx; — z;j-1]) cos(k[zj41 — ;])

Nhead =
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(a) No basins, 5 =0 (b) One basin, Y= 0.31

0 0.5 1 15 0 0.5 1 1.5 0 0.5 1 1.5
Z’l/)\ l‘l/)\ xl/)\

-:--:--:-

FIGURE 6.1: Reference case for prismatic channels, with the dimen-
sionless elevation at the channel head }Nhead /Nforc| for a situation (a)
without and (b) with one secondary basin at = x1. Panel (c) shows
the amplitude gain |A|, where the black lines denote the unit contour
lines. Channel length ! and basin position x; have been scaled against
the shallow water wavelength A\ ~ 443 km.

Such that the amplification factor can be written as follows, which is similar to what
was found by Roos and Schuttelaars (2015).

Y, sin(k[z; — xj_1]) cos(k[zj41 — x4]) -

A=|1- (6.4)

cos kl

Figure 6.1 presents this reference case, where panels ¢ and b present the dimensionless
elevation at the channel head for a situation with and without a secondary basin,
respectively. Panel ¢ shows the amplitude gain. To improve the interpretation of the
results, the axis have been scaled against the frictionless shallow water wavelength
A =27 /kg ~ 443 km.

The panel without a basin shows large amplification around [/ = 4, i, ..., the familiar

quarter wavelength resonance. The effect of adding one basin becomes clear in the
second panel, where a wavy resonance pattern can be observed. Eventually this leads
to the pattern where locations for amplification and reduction appear, as shown in the

third panel.

Compared to the reference case by Roos and Schuttelaars (2015), it should be noted
that the pattern for amplification and reduction is slightly adjusted due to the absence

of wave radiation.
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(a) No basins, 8 = 0.25 (b) One basin, Y= 0.31

LA (=)

0 0.5 1 15 0 0.5 1 1.5 0 0.5 1 1.5
Z’l/)\ l‘l/)\ Z’l/)\
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FIGURE 6.2: Similar to figure 6.1, but now for the convergent reference
case (8 = 0.25).

6.1.3. Convergent channel

The second reference case presents the effects of a single secondary basin in a convergent
channel. To expose the changes which occur due to channel convergence as clear as
possible, this case is characterised by a convergence factor of 8 = 0.25. As discussed

in chapter 5, this is equivalent to a mildly convergent channel.

Opposed to the prismatic case, it is not possible to solve equations (4.25) to (4.27)
by applying trigonometric identities, in order to obtain a ‘simple’ expression for the
amplification factor. This is due to the fact that the oscillations in the channel do not
behave like ‘normal’ sinusoidal waves. Therefore, the matrices are solved in MATLAB®

using standard techniques.

Figure 6.2 presents this reference case, with a similar structure as in the prismatic case.
Again, the quarter wavelength resonance can be observed, though, another process is
visible here which is responsible for large amplification, which can be related to the
channel convergence. This leads to a different response of a secondary basin as well
(figure 6.2b), where large variations for the elevation amplitude can be seen. Although
these reference cases differ much, the amplitude gain shows a fairly similar pattern
of amplification and reduction. The main difference is that for basins placed further
towards the channel head, the locations for which reduction occurs are increasing in

area.
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(a) small basin (b) reference basin (c) large basin (d) negative basin
T T . - - T 2
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FIGURE 6.3: Responses of the amplitude gain | A| to various basin sizes,
here for a prismatic channel. The result is similar as that of Roos and
Schuttelaars (2015), here slightly modified due to the absence of wave
radiation. Black lines denote the unit contours, while the basin positions
x1 and x2 have been scaled against the shallow water wavelength A.

6.2. Basin characteristics

This section presents the effects of different basin dimensions on the elevation am-
plitude. The basin geometry is captured by the dimensionless basin admittance Y.
The dimensionless parameter a;; = b; /by, controls the relative size of the basins to the
width at the mouth, in such a way that the channel convergence has no effect on the
basin admittance, as can be seen in the matrices on page 27. Thus, the dimensionless
basin admittance involves the local channel width, however, by including parameter «,

all basins are ‘normalised’ according to the width at the channel mouth.

Figures 6.3 and 6.4 show the results of implementing different basin geometries in
both reference cases. For a prismatic channel, this result is similar to what has already
been found by Roos and Schuttelaars (2015), here slightly modified due to a different
sea representation. It can be seen that small basins have less effect on the amplitude

change, while large basins show an intensified response. For certain configurations of

(a) small basin (b) reference basin (c) large basin (d) negative basin
I 1
~<
~ 05
' 8=0.25 G ¥
Y1=0.15 ¥1=0.31 Y1=-0.47
0
0 0.5 1 150 0.5 1 150 0.5 1 150 0.5 1 1.5
z1 /A (=) /A (=) z1/A (=) z1 /A (=)

FIGURE 6.4: Similar to figure 6.3, but here for 8 = 0.25.
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the basin, the system would shift from subecritically forced (Y > 0, ‘positive’ basin)
to supercritically forced (17 < 0, ‘negative’ basin), which leads to a reversed pattern
of amplification and reduction. ‘Negative’ basins may have long and shallow inlet

channels for instance, but can also be found through other basin configurations.

In case of a convergent main channel, overall similar results are obtained. Small basins
show a less intensive response, while larger basins are reacting more intensely. Also,
in case of a ‘negative’ basin, the pattern of amplification and reduction reverses. Fur-
thermore, it is evident that the magnitude of the response is stronger for ‘negative’

basins than for ‘positive’ basins.

6.2.1. Channel convergence

Now, it is interesting to see how these effects develop for increasing convergence. Ap-
pendix B gives an overview of the responses for other types of basins and for ‘positive’
basins the areas of amplification decay with increasing convergence, until there is only
a distinction between basins close to the channel mouth and basins farther away. More-
over, this is also what can be seen for a ‘negative’ basin, only this leads to a rather
interesting situation for supercritically convergent channels. Because the pattern of
amplification and reduction reverses, in combination with an exponential oscillatory
behaviour, supercritical channels combined with ‘negative’ basins will lead to a weak-
ening of the elevation amplitude all throughout the domain. However, there is a clear
difference in the intensity of the effect, with again the weakest reduction for a basin in

the vicinity of the channel mouth.

6.3. Two basins

In the following section the effects will be discussed of two separate basins along the
main channel. As an extension on the reference cases, a second basin is placed at
an arbitrary point along the main channel. Since it is not possible to present more
than two variable parameters in one figure, in this case the basin locations x1 and xo,

channel length is chosen fixed, other than the presentation of the reference cases.

This can be seen in figures 6.5 and 6.6, where the effect of two basins, in combination
with an increasing channel length, is given. The figures only differ for the conver-
gence parameter 3. The upper row (a-d) presents the amplitude gain |Aj9| of both
basins combined, while the bottom row (e-h) presents the ratio @), which represents

the interaction between the basins:

Q = |A142/(A147)]. (6.5)
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FIGURE 6.5: The top row represents the amplitude gain |A| at the
channel head in case of two similar basins for different channel lengths.
The bottom row shows the ratio Q = |A142/(A1A2)|, which represents
the interaction between the basins. Note that red (blue) areas in the
bottom row do not denote amplification (weakening) of the amplitude
(as in the top row), but an amplified (weakened) response compared to
the separate effects.

Here, @ > 1 indicates an amplified response (red areas) due to interaction between the
basins, compared to the response of two non-interacting basins. Conversely, if Q < 1

the interaction between the basins leads to a weakened response (blue areas).

Prismatic channel Figure 6.5 presents the result for a prismatic channel, as al-
ready found by Roos and Schuttelaars (2015). The differences with their findings is
explained due to the use of a different sea representation and different channel lengths.
In general, similar results can be observed, with combinations for the basin locations
where the elevation amplitude can be amplified or weakened. An overall pattern is
visible where amplification occurs mainly around multiples of a half shallow water
wavelength, and weakening is visible at a quarter shallow water wavelength and odd
multiples of this. For the response of the subbasins separately, it is observed that the
interaction between the basins leads to an amplified response in most of the domain.
Figure 6.5d,h show a rather unique situation, where the channel length is chosen such
that maximum resonance occurs in the channel. It can be seen that in the whole
domain, the interaction between the basins leads to an amplified response. Other sim-

ulations, which are presented in figure C.1, show that for channel lengths near the
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FIGURE 6.6: Similar to figure 6.5, but now for the convergent case

(8 = 0.25).

resonance length, both basins may bring the channel closer to resonance, as opposed

to what was shown for the exact resonance length.

Convergent channel The result for a subcritically convergent channel can be
observed in figure 6.6. Again, combinations of locations for which amplification or
reduction occur are visible, while the transition between these situations is much less
smooth than in a prismatic channel. Also, the pattern for which amplification or reduc-
tion occurs seems much less apparent. This result is the consequence of the deformed
wavelengths in a convergent channel. For increasing convergence the wavelengths are
increasing as well, which leads to different results in case of the same channel lengths.
To adequately compare a convergent channel with a prismatic channel, different lengths

have to be analysed.

This is done in figure 6.7, where the channel lengths have been chosen according to
the same relative distance from the resonance peaks as in figure 6.5. Here, a similar
result is obtained for where the channel length is equal to a resonance length. Both the
individual basins, as well as the basins together lead to a weakening of the amplitude.

For the remainder of the figures, no clear similarities can be observed.
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FIGURE 6.7: Similar to figure 6.6, but here adjusted for an increased
wavelength due to convergence. The basin positions z;2 have been
scaled against the shallow water wavelength A\ in case of a prismatic
channel. The axes tick marks denote the deformed wavelength in a
convergent channel.

Stronger convergence In case of more strongly convergent channels, basins tend
to have an overall dampening effect, while for supercritical convergence only basins
placed near the channel mouth will lead to an amplification of the tide. This is shown
in figures C.2 and C.3, where for an increasing (-value the effects of two basins are
shown. Analogous to the response of a single basin in strongly convergent channels,
two basins show a similar response, where this effect is even more increasing with

increasing convergence.

Furthermore, it can be seen that for supercritically convergent channels, almost no in-
teraction between the basins is observed (@) = 1). Only basins which are placed in close
proximity to each other will lead to an amplified response, while a weakened response
is not observed in supercritically convergent channels. The interaction between basins
is even further decreasing for increasing convergence, until eventually no interaction is

visible any more.
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6.4. Three basins

For a situation with more than two basins, the visual representation is slightly different.
For the same reason that the channel length was fixed in the previous section, also the
location of the third basin will be fixed in each panel. Besides, since the third parameter
to be varied along the sub-figures is here the location of the third basin, the channel
length is kept constant. The location of the third basin will be systematically increased

in eight steps until it reaches twice the shallow water wavelength .

The results for this analysis can be found in figures 6.8 and 6.10 and in appendix D.
The panels in the sub-figures present the amplitude gain ‘Nall /Nref\, which means
that it is the total effect of the three basins together.

Prismatic channel Figure 6.8 shows the result for three basins in a prismatic
channel, with an arbitrarily chosen channel length. Analogous to the results of one
and two basins, we can distinguish locations for which the basins will bring the channel
closer to resonance or vice versa. Furthermore, a pattern is visible in the figures. If the

third basin is placed between a node and a landward located anti-node of the elevation,
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FIGURE 6.8: Amplitude gain |N,/Nyof for the situation with three
identical basins. Red areas indicate amplification of the amplitude, blue
indicate dampening. The black dot represents the position of the third
basin, where the first two are varied on the axes (scaled against the
shallow water wavelength \). Black lines represent the unit contours.
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FIGURE 6.9: Separate effect of the third basin |N,j/Nyj_1| for the
situation with three identical basins in a prismatic channel. The red
dot represents the third basin.

On the other hand, if the third basin is placed

between an anti-node and a landward located node, the amplitude will be weakened

amplification of the tide may occur.

throughout nearly the whole domain.

However, when this analysis is extended to different values for the channel length,
this pattern is distorted. It is only visible in this way when the channel length is
chosen to be between an anti-node and a landward located node. Conversely, when
the channel length lies between a node and a landward located anti-node, all basins
together will lead to an amplification of the tide almost on all locations. Only when
the third basin is placed on a location in the above described pattern, some locations
for which amplitude reduction occurs arise. This result can be found in figure D.1 in

the appendix.

Particularly, it is interesting to analyse the separate effect of a third basin on the el-
evation amplitude. Figure 6.9 shows the separate amplitude gain of the third basin
INa11/Nal-1l> here for the same channel length as in the prior situation with ampli-
fication. Red areas indicate amplification of the amplitude, blue indicate dampening.
The results clearly corroborate with the earlier findings, where large amplification is
found when the third basin is placed between a node and a landward located anti-node.
Furthermore, figure D.2 shows that reduction of the tide may occur when a basin is

placed at the opposite locations of the channel, but only if the channel itself has a
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TABLE 6.2: Summary of the results for three basins in a prismatic
channel. Elevation nodes and anti-nodes are based on the length of the
frictionless shallow water wave \. For further explanation of these cases,
see text.

Channel length
Node <l < Anti-node  Anti-node < | < Node

Basin location

Node < x3 < Anti-node Large amplification Minor amplification

Anti-node < x3 < Node Minor reduction Average reduction

length between an anti-node and a landward placed node. To summarize these find-
ings, table 6.2 gives an overview of the situations for which amplification and reduction

occur.

Convergent channel The pattern of amplification and reduction found in pris-
matic channels is not visible any more in convergent channels. Figure 6.10 shows the
amplitude gain of all the basins together and it can be clearly observed that an overall

reduction of the tidal amplitude is present, although small areas of amplification still

a) [Nan/Nyef] |Nall/ ref| (c) | all/Nyet| d) |Nap/Nyeg|
— 108
5 052 5=0.25 ¢ B=0.25 5=0.25 £=0.25
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e) [ Nan/Nyet| £) [Nan/Nyef] 2) [Nan/Nyef] h) |Napp /Nyt
— 108
= > .
5 0.52 3=025 5=025 5=025 5=025
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. ¥,=031 V=031 ¥,=031 ¥,=0.31
0 052 103 0 052 103 0 052 103 0 052 103
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FIGURE 6.10: Amplitude gain |N,j)/N,efl for the situation with three
identical basins in a subcritical channel. The black dot represents the
third basin, where the other two are represented by x1 2. Black lines
represent the unit contours. The increased tick marks on the axes indi-
cate half multiples of the increased wavelength due to the convergence.
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FIGURE 6.11: Separate effect of the third basin |N,j;/N,j.1| for the
situation with three identical basins in a supercritical channel. The red
dot represents the third basin. The axes tick marks are not adjusted to
the increased wavelength any more, since no distinct waves are present
in supercritical channels.

occur. Note that this situation is only valid for one specific length of the main channel.
When this analysis is extended to various other values for this parameter, the opposite

may happen as well, see appendix D.

When analysing the separate effect of one basin (figure D.3) the above findings are
confirmed, nevertheless there is an indication that more amplification may occur when
placing a basin near the mouth of the channel. So, no clear pattern can be found to
predict the response, although there is one specific situation which can be observed. In
panels d and h of figure D.3, it can be seen that when a basin is placed exactly on an
elevation node, it has no upstream influence on the elevation amplitude. Revisiting the
previous paragraph, the same situation exists for a prismatic channel (see figures 6.9
and D.2). This property can be explained through the physical mechanism, which will

be discussed in detail in chapter 7.

Stronger convergence For supercritically convergent channels the effect of the
third basin is rather evident, which directly follows from the understanding of the
physical mechanism. Placing an extra basin at any place away from the channel mouth

leads to a weakening of the tide. Only when the basin is placed in close vicinity of the
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mouth, amplification occurs. This is demonstrated in figure 6.11, where the factor for
the effect of a separate basin [N,))/N,yj_1| is shown. This result is also valid for other

values of the channel length, which follows from other simulations not shown here.

6.5. More than three basins

When adding even more basins to the channel, the parameter space is increasing even
more. In order to keep this chapter concise, the analysis is presented in appendix E.
Overall, the results show that in convergent channels basins near the channel mouth
might lead to an amplification of the tide, while basins placed further away tend to
have a more dampening effect to the resonance. For increasing convergence, this effects

becomes more apparent.

These result are in line with that of the situations with less basins. Moreover, it
becomes clear that although a certain combination of basins shows an amplitude re-
duction, one of those basins might counteract this effect. Therefore, for practical

application, it is important to analyse the effect of each basin separately.

6.6. Bottom friction

So far, all simulations have been carried out without bottom friction in order to expose
the effects of channel convergence. This section repeats some of the more noticeable
results from the previous sections, but now including friction. In the following simu-
lations, friction is set to one-tenth of the values presented in appendix A, in order to

optimally reveal the effects of bottom friction.

6.6.1. Reference cases

Th effect of friction can be well recognised in the reference cases, where the effect on
a prismatic channel has already been shown by Roos and Schuttelaars (2015). They
stated that due to dissipation of wave energy, the amplitude damps and the pattern
resulting from the presence of a secondary basin changes. For convergent channels, a
similar result can be observed. Figure 6.12 shows the effect of bottom friction on the
second reference case, where corresponding results are visible. The wave dissipation
is most noticeable in figure 6.12b, where the areas of high amplitudes are damping
out, compared to the result in figure 6.2b. Furthermore, the effects to the amplitude
gain are similar for convergent channels as for prismatic channels, where the pattern

of amplification and reduction is distorted, more strongly for longer channels.
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v

FIGURE 6.12: The effect of friction on the convergent reference case
(figure 6.2). Black lines denote unit contours.

6.6.2. Basin characteristics

By including friction, not only the wave in the main channel will be subjected to
dissipation of energy, also the water that flows through the inlet channel will feel the
effects of friction. Figures 6.13 and 6.14 confirm this effect, where it can be seen that the
basin admittance Y changes due to the bottom friction (all other parameters are kept
constant). The effect of bottom friction on the reference basin in a prismatic channel
(figure 6.13b) has already been studied by Roos and Schuttelaars (2015), where they
found that the amplitude gain weakens, while the observed pattern changes. This is
also visible in this situation, where the differences are again the result of the choice for

the sea representation. For larger basins, the pattern for amplification and reduction

small basin reference basin large basin negative basin
Calaly | e :
b e ** #5 ’ g
_ 4 r
- > - ’ 1
g o5 (— ~ _—“—
' 8=0 8=0 & 8=0 B=0
Y1=0.15-0.001 Y1=0.31-0.021 Y1=0.10-0.481 Y1=-0.00-0.00i
0 0
0 0.5 1 150 0.5 1 150 0.5 1 150 0.5 1 1.5
z1/A (=) z1/A(-) z1/A (=) z1/A (=)

FIGURE 6.13: Responses of the amplitude gain to various basin sizes,
here for a prismatic channel including moderate friction. Note that the
admittance for the ‘negative’ basin has changed severely in comparison
with the frictionless case (figure 6.3).
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FIGURE 6.14: Effect of bottom friction to the response of basin of
various sizes, here for § = 0.25.

changes severely, where almost everywhere in the domain the amplitude is weakened.

This effect increases with increasing convergence, as can be seen in the convergent case.

Another interesting result here is that of the ‘negative’ basin, for which the amplitude
gain is damped out throughout almost the whole domain. This follows from the basin
admittance, which is close to zero. Figure 6.14 shows a similar behaviour, despite some
small areas of reduction. Only for strong subcritical and supercritical convergence (see
figure B.4) larger areas of elevation reduction arise, although the basin admittance

remains nearly zero.

The response to all other basin configurations is in line with the earlier results, where

the pattern for a frictionless channel is distorted.

6.6.3. Two basins

Although the previous revealed the effects of friction on retention basins, it is yet un-
clear which effect could be expected in a situation with more than one basin. Therefore
this section will recall the cases in section 6.3, now including friction. Figures 6.15 (con-
vergent channel) and C.4 (prismatic channel) present these cases, with the distinction
between the overall amplitude gain (top row) and the interaction between the basins

(bottom row).

For both cases it can be seen that due to wave dissipation the magnitude of the
amplitude gain is less than in the frictionless cases, where the red and blue areas are
less distinctive. Also the pattern of amplification and reduction is slightly adjusted,

which is more apparent for the convergent case.

Regarding the interaction between the basins, the case with a prismatic channel (fig-
ure C.4) shows almost no interaction any more. Only for channel lengths close to the

resonance lengths, the interaction becomes slightly more visible, which follows from
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FIGURE 6.15: Effect of bottom friction on two basins along a conver-
gent main channel with 8 = 0.25. The top row shows the amplitude
gain, while the bottom row presents the quantity @, which denotes the
separate effect of both basins. Black lines show the unit contours. Axes
have been scaled against the shallow water wavelength .

simulations not reported here. This effect does not appear in the convergent case,
where the interaction between the basins is overall similar to that in the frictionless
reference case. Areas of increased and decreased interaction may still occur, albeit less

pronounced.

6.7. Summary

Appendix F gives a summary of results found in the previous sections. It presents the
most noticeable outcomes of the performed simulations. Besides, it gives a compre-
hensive overview of the current knowledge of hydrodynamical effects in a convergent

tidal channel with multiple secondary basins.






Chapter 7

Physical mechanism of retention

basins

To understand the mechanism behind convergent channels with retention basins, this
chapter will go into the physics behind these systems. Chapter 5 already showed the
mechanism in a convergent channel without basins. For clarity, first the mechanism in a
prismatic channel will be described, as already been discussed by Roos and Schuttelaars
(2015).

7.1. Prismatic channel

The physical mechanism behind retention basins in a prismatic channel has been de-
scribed by Roos and Schuttelaars (2015). Figure 7.1 shows this mechanism, where the
left panel represents the reference case. It shows a standing wave in a main channel,

which results in an amplitude Nlref somewhere along the channel (z = z1).

Due to the presence of a secondary basin, additional waves are being triggered in the
channel (Roos and Schuttelaars, 2015). This is caused by oscillations inside the basin
as well as a volume transport through the inlet channel. The resulting waves in the
main channel may develop in both directions of the inlet channel. The additional
waves also have their own (unknown) elevation amplitude at © = x1, here denoted as
N{. This is shown in the right panel of figure 7.1, where the responding wave for deep
sea conditions has been sketched. Since the conditions at the vertex point still have

to be respected, the volume transport equation (4.21) can be rewritten to obtain the

55
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e T
standing wave ' standing standing
wave wave

FIGURE 7.1: Physical mechanism in a prismatic channel (Roos and
Schuttelaars, 2015). The left figure represents the reference wave, while
the right figure shows the response of a single basin.

following expression:
(Yow = Vi) N = i (NFF 4+ ). (7.1)

Here, landward (Y}y,) and seaward (Ygw) admittances have been introduced, which
represent the admittances of the additional waves. Here, a positive fflw—value means
inflow towards the landward side of the vertex point. Equation (7.1) can be solved to
obtain

/

Nret (Yaw — Vi) /Y1 — 1

(7.2)

expressed in terms of dimensionless admittances. Amplification occurs if | NT ef | v 1| >
Nlref, reduction if \N{ef+ Ny| < Nlref_

7.1.1. Cases without amplitude change

Furthermore, Roos and Schuttelaars (2015) describe three cases for which no amplitude

change occurs, i.e. |N1ref + N{| = Nlref’ and are explained below.

e (Case I: At the position of the basin x = x1, the reference wave displays a node,
such that NTf = 0. The result is that the secondary basin does not encounter
any forcing and no additional waves develop. This case develops in both deep

sea conditions, as the channel extension case.

e (lase II: The additional waves triggered by the secondary basin only lead to a
phase shift at x = x1. For deep sea condition, this is a phase shift of 180°.
Besides, small basins lead again to the quarter wavelength resonance. Further,
for the channel extension condition, this situation leads to the following resonance
pattern, [l — z1]/A = § with n = 1,2, ..., which was already found by Alebregtse
et al. (2013).
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e Case III: This case only develops for deep sea conditions (which is the case in
this study), where the additional waves are only present at the seaward side of
the basin. This seaward wave displays a node at x = x1, such that Ni = 0.

Resonance now occurs if 21 /A = § with n = 1,2, ....

7.2. Convergent channel

In this section the physical mechanism in convergent channels will be discussed. Similar
to the situation for prismatic channel, this will be done for a single channel with and

without basins.

In chapter 5 the response of the system to channel convergence has been shown, while
here the focus will be on the response to a single secondary basin. Roos and Schutte-
laars (2015) explained the physical mechanism responsible for the changes in elevation

amplitude for a prismatic channel, which has been discussed in section 7.1.

7.2.1. Channel admittances

This paragraph describes the admittances for convergent channels. Since the reference
standing wave only occurs for subcritical convergence, the focus here will be on this

part of the domain.

The additional waves which are triggered by the secondary basins are of the form
N(z) = exp(Ayx) [fl cos(Ajz) + Bsin(A;z) |, with constants A and B. The roots read

A, = Bk and A; = k+/1 — 2.

The additional wave at the landward side of the vertex point is a standing wave, with

an elevation anti-node at the boundary. Applying the landward boundary conditions

N(z1) = N, and d%l) = 0 gives an expression for N{W(x) and Ullw(a:):

B Ny exp[Aq(z —1)] A cos[Ai(z —1)] — A, sin[A;(z — 1)]

Ny (z) = :
1w (@) exp[A(x1 — )] A;cos[Ai(xq —1)] — Ay sin[A;(zq1 — 1))’ (7:3)
/ —iN, [g exp[Aq(z —1)] ksin[A;(z —1)]
= - . '4
Uy () 0 \/;exp[AT(xl — )] Aj cos[A;(z1 — )] — Ay sin[A; (a1 —1)] (74)
The dimensionless landward admittance f/lw now follows from equation (7.4):
Vo — ! (7.5)
W ot — 21—+ B '
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FIGURE 7.2: Physical mechanism for a convergent channel including
one secondary basin. The figures show cases without amplitude change,
where the blue lines denote Case I, the green lines Case I1I, while Case
1T is represented by the pink contour lines. Axes are scaled against the
frictionless shallow water wavelength .

For the seaward wave, applying the boundary conditions N(z;) = N; and N(0) = 0

gives an expression for Ngy (z) and Ugy (2):

/ B Ny exp(A,z) sin(Agz)
Now (@) = exp(A,xy1) sin(Ajzy) (7.6)
/ B % g (exp(Arz) [A; sin(Az) + A cos(Az)]
Usw() = vy \/;( exp(Ayz1)k sin(A;xq) ' (7.7)
This leads to the dimensionless seaward admittance
i VI— B
sw = m + . (7.8)

7.2.2. Cases without elevation change

Analogous to the situation for a prismatic channel, cases for which no elevation change

occurs are present. These will be discussed in this paragraph.
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o If the reference standing wave has a node at x = z1, the secondary basins will be
left unforced (Case I'). No volume transport will be triggered, hence no additional
waves will develop. This case occurs when fflw — 00, i.e. Ajcos[A;(z1 —1)] —
A, sin[A;(x1 — )] = 0, which leads to

V1-82

| — mn — arctan
o S with n = 0,1,2, ..., (7.9)

A 2m4/1 — B2

denoted by the blue lines in figure 7.2.

e Another case can be distinguished when the additional waves will only lead to a
phase shift at x = 1 and the channel head (Case II). For the deep sea limit in a
prismatic channel, this occurs if N; /Nlref =2 ie N, =— 1ref’ which implies
an 180° phase shift. It can be seen that this case does appear for convergent
channels, but since the magnitude of the phase shift is unknown, no analytical
solution can be found here. The pink lines in figure 7.2 denote this case, which

are the unit contour lines.

e The third case for which no change occurs is when the additional seaward wave
has a node at x = x1, with the result that the volume transport triggered by
the basins is fully accommodated by this wave and no additional wave at the
landward boundary will be triggered (Case III). This situation occurs when

Yaw — 00, L.e. sin(Ajz1) = 0, so that

no_ " withn = 1,2, ..., (7.10)

A 2/1 — 32
which is shown by the green lines in figure 7.2. This situation only occurs in the

deep sea limit, as already shown by Roos and Schuttelaars (2015).

Supercritical convergence From figure 7.2f it can be seen that the first two cases
are not present any more. This supports the statement that in supercritical channels
only an oscillatory movement will develop. Since oscillations do not display nodes and
anti-nodes, the first two cases (blue and green lines) can simply not develop. The third
case, which includes an unknown phase shift, does occur. Furthermore, it can be seen
that in supercritical channels the channel length is not influencing the basins response

any more.






Chapter 8

Application to the Ems River

Until now, only the theoretical part of the topic has been considered, which is of course
the main application of such an idealised model. However, it is interesting to see to
what extent this model can simulate the water motions in a real estuary, such as the
Ems River. The data collection is described in the next paragraph, after which the

model is calibrated based on historical observations.

8.1. Data collection and bathymetry

Since the model has the option to describe both the converging width as depth (through
steps), this has been implemented in the model. In table 8.1 the bathymetry of the
Ems River can be found. The data for the width convergence has been described by
Chernetsky et al. (2010); Winterwerp (2013), whereas the depth data is described by
Schuttelaars et al. (2011); Kumar et al. (2015). Figure 8.1 presents the geometry of

the Ems River, based on these data.

TABLE 8.1: Sections in the Ems River (Chernetsky et al., 2010; Schut-
telaars et al., 2011; Winterwerp, 2013; Kumar et al., 2015).

Width Depth

T Ly By T h T h
# [km] [km] [km] # [km]  [m] # [km]  [m]
1 35 32 1088 1 05 10.5 8 3540 5.5
2 50 27 2 5-10 10 9 4045 5.2
3 64 33 3 10-15 8 10 4550 4.8
4 1520 7.5 11 50-55 3
5 20-25 7.2 12 55-60 2.5
6 25-30 7 13 6064 2

7 30-35 6.5

61
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TABLE 8.2: Retention basins to be implemented along the Ems River,
as presented by DHI-WASY (2012); Donner et al. (2011, 2012).

x Area  Depth Width Length Scenario
#  Location [km] [km?] [m] [m] [km] A B C1 C2
1 Sautelertief L 25.2  3.00 2 136 0.4 *
2 Sautelertief S 25.2  2.00 2 136 0.4 *
3  Ledamundung 34.7  0.50 2 132 0.4 *
4 Weekeborg 36.7 4.00 2 122 0.4 *oK
5  Westoverledingen 37.7 1.40 2 117 0.4
6  Hornhusen L 39.7 0.80 2 108 0.4
7  Hornhusen S 39.7 050 2 108 04 *
8 Grotegaste 40.2  0.50 2 105 0.4
9  Mittingen 44.7 0.50 2 105 0.4
10 Nesseburg 46.2  1.50 2 99 0.4
11 Tunxdorf 50.7  2.50 2 82 0.4
12 Stapelmoor 50.7  5.00 2 82 0.4
13 Papenburg 51.2  1.50 2 81 04
14 Brual 52.2  1.00 2 84 0.4
15 Brahe 54.2  0.75 2 83 0.4
16  Rhede L 55.7 250 2 78 0.4 *
17 Rhede S 55.7 0.50 2 78 0.4 *

Table 8.2 presents the dimensions of all the proposed secondary channels in the Ems-
Dollard estuary, as described by DHI-WASY (2012); Donner et al. (2011, 2012). The
depth of the inlet channels has been kept constant for all basins and is estimated on the
basis of the presented data. The width of the inlet channels is between 50-80% of the
channel width, depending on the location along the channel. The length of the channel

is reported to be several hundreds of meters long, so this is set to be 0.4 km. All other
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FIGURE 8.1: Schematic representation of the Ems River, based on the
values provided in table 8.1.
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parameters are directly described in the sources and have been adopted accordingly.

Finally, the last column indicates which basin is present in which scenario.

8.2. Calibration

8.2.1. Method

For the calibration of the model, water levels from 2001/2005 have been used (Talke
and de Swart, 2006). The parameter for bottom friction is the only ‘unknown’ in the
model and therefore this parameter has been adjusted in such a way that the model

approaches the observed water levels (figure 8.2) as close as possible.

To this end, friction may vary in three different sections of the channel, a downstream
section (0 — 25 km), a middle section (25 — 50 km) and an upstream section (50 — 64
km). This last section is chosen in such a way that it coincides with the part of the
river which is upstream of Papenburg. Here, large floodplains are present along the

river, which may influence friction.

To determine the best ’fit’ for the model, standard regression analysis is used, where
the goal is to minimise the sum of the squared errors. The R?-value denotes this 'fit’,
with values between 0 (bad) and 1 (good). Through an iterative process, the best

combination of friction values have been found, which are presented hereafter.
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FiGURE 8.2: Observed water levels in the Ems-Dollard estuary in
2001/2005 (Talke and de Swart, 2006).
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Calibration of the Ems-Dollard estuary, R?: 0.9969
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FIGURE 8.3: Calibration results. Friction parameters are c4; = 1.1 X
1073, cq2 = 0.8 x 1073 and Cq3 = 2.8 x 1073 for the downstream,

middle and upstream section respectively. Note that the x-axis has
been mirrored compared to figure 8.2.

8.2.2. Result

The result of the calibration is presented in figure 8.3 and it can be seen that the model
predicts the water levels in the channel fairly well, showing an R?-value of almost 1.
Note that this is based on only 7 measurements along a river of 64 km, so that this
result does not necessarily describe the water levels in the Ems in a ‘perfect’ way.
The friction parameters for the three sections are cq; = 1.1 x 1073, Cg2 = 0.8 x 1073
and cg3 = 2.8 x 1073. Especially in the first two sections, relatively low friction
can be observed. This corresponds to what has been found in literature, where high
sediment concentrations were related to fluid mud layers (Schrottke and Bartholoma,
2008; Winterwerp, 2011). As already shown in figure 2.4, the highest concentrations

of sediment in the Ems River can be measured in the middle section.

It has to be noted that the model produces only elevation amplitudes and that the
observations are based on high and low water levels. As can be seen in figure 8.2, the

difference in between high and low water is not symmetrical, while this is obviously

the case for the model.
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TABLE 8.3: Dimensionless admittances for the proposed basins.

Eigenfrequency FEigenperiod Y

#  Location [rad/s] [h] -]

1 Sautelertief L 0.002 0.87 0.036 - 0.0088i
2 Sautelertief S 0.0011 1.59 0.025 - 0.0027i
3  Ledamundung 0.002 0.87 0.006 - 0.0000i
4 Weekeborg 0.002 0.87 0.040 - 0.0215i1
5  Westoverledingen 0.0014 1.25 0.018 - 0.0012i
6 Hornhusen L 0.0009 1.94 0.010 - 0.0003i
7  Hornhusen S 0.0012 1.45 0.006 - 0.0001i
8  Grotegaste 0.0016 1.09 0.006 - 0.0001i
9  Mittingen 0.0023 0.76 0.006 - 0.0001i
10 Nesseburg 0.0023 0.76 0.019 - 0.0021i
11 Tunxdorf 0.0023 0.76 0.027 - 0.0123i
12 Stapelmoor 0.0023 0.76 0.014 - 0.0269i
13 Papenburg 0.0024 0.73 0.019 - 0.0034i
14 Brual 0.0012 1.45 0.013 - 0.0012i
15 Brahe 0.0025 0.7 0.010 - 0.0005i
16 Rhede L 0.0018 0.97 0.019 - 0.0158i
17  Rhede S 0.0015 1.16 0.006 - 0.0002i

8.3. Effect of scenarios

Four different scenarios have been presented by DHI-WASY (2012); Donner et al. (2011,
2012), which include several retention basins along the Ems River. The dimensions
of these basins are given in table 8.2, including the mentioned scenarios. For each
basin, the admittance has been calculated (see table 8.3) from where it follows that
in comparison to the basins used in the analysis, these basins can best be classified as
small’. As shown in section 6.2, these types of basins tend to have only a small effect
on the elevation amplitude. This appears in the results as well, which can be observed
in figure 8.4. The response of the basins to the reference situation is only in the order
of a few mm, where the scenarios (with the exception of scenario A) show an undesired

effect on the elevation amplitude, which is increasing.

A possible cause for this can be the location of the basins. Table 8.2 shows that the
basins in scenario A are placed farther towards the channel head than (most) of the
other basins. Since the total sum of the retention areas is fairly similar among the
scenarios, it appears that basins more upstream have a more favourable effect on the

water levels.

Another explanation may be found in table 8.3, where it can be noticed that each
of the basins is subcritically forced. From the analysis it was clear that ‘positive’
basins in a supercritically convergent estuary can only weaken the response if they

are not placed in the vicinity of the channel mouth. Since the results show that the
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Ems is indeed supercritically convergent, this channel appears too short for basins to

effectively decrease the elevation amplitude.

To explain the fact that the scenario A does show a decrease of the elevation amplitude,
the local convergence factor can be defined.

;B
5]':/72

(8.1)
This factor takes the depth transitions into account, which may lead to a different local
convergence. The analysis shows that, especially towards the end of the channel, the
local convergence is decreasing (8" = 0.5 at the channel head), such that the channel
here can best be described as a mildly convergent channel. From the analysis it was
clear that for these types of channels only an indication can be given for the expected
response, opposed to supercritically convergent channels. Areas of amplification and
reduction may occur everywhere along the channel, although areas of reduction are
more likely to be present towards the channel mouth. Thus, it is possible that some of

the proposed basins are located in an area of amplification.

8.4. Alternative scenarios

In order to accomplish a reasonable reduction of the amplitude, different options can
be explored. Based on the understanding of the mechanism, three alternatives will be
considered. The first is the creation of ‘negative’ basins, since the analysis showed that

these types of basins may lead to a reduction of the amplitude in strongly convergent

Effect of the four scenarios
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FIGURE 8.4: Responses of channel elevation to the four scenarios.
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FI1GURE 8.5: Effect of different basin areas on the elevation amplitude.
For clarity, only the upstream part of the channel is shown, since here
the effects are most apparent.

channels. The second alternative includes ‘large’ basins, as they may also lead to
amplitude reduction, while the third alternative focusses on the locations of the basins.
Additionally, a fourth alternative will be considered, which is the adjustment of the

friction parameter of the inlet channels.

8.4.1. ‘Negative’ basins

The idea here is to implement ‘negative’ basins, since these are more likely to result in
a positive effect for short channels. Though, this only holds for basins in supercritically

convergent channels due to the influence of friction (figure B.4).

Now, the analysis shows that for the basin admittance to become ‘negative’, unrealistic
dimensions would have to be used. For instance, the length of the inlet channel would
have to be increased up to 4 km. Regarding the practical applicability, it can thus be

concluded that this alternative is not viable.

8.4.2. ‘Large’ basins

Roos and Schuttelaars (2011) already showed that ‘large’ basins may show significant
reduction in elevation amplitude and from chapter 6 it follows that under the influence

of friction, these types of basins show a favourable result almost for every location.
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FIGURE 8.6: Similar to figure 8.5, but now for different locations of the
basins. (Note the changed scale of the y-axis.)

Figure 8.5 shows the result for these alternative basin areas, where indeed larger am-
plitude reduction is visible for larger basin areas, which is most apparent for scenario
C2. From other simulations, it turns out that this is not a continuing process. If
basins areas are increased even more, the effects tend to weaken again. Although the
amplitude reduction at the channel head is increasing with the basin area, this effect

is much less present for other locations along the channel.

8.4.3. Locations

Another alternative is to relocate the basins in the proposed scenarios. The locations
in the current plans are selected from a practical point of view, but these locations
may not be the most effective in the sense of reducing the elevation amplitude. To
this end, the basins have been grouped (100 m apart) and are placed at four locations
along the channel; near the mouth (1 — 2.6 km), near Terborg (20 — 21.6 km), near
Papenburg (48 — 49.6 km) and near the channel head (62 — 63.6).

Figure 8.6 shows the resulting elevation amplitude for these alternatives, where the
result in panel d is the most distinctive. For basins placed near the channel head,
significant amplitude reduction is visible. For basins at other locations along the
channel almost no change appears. Furthermore, the reduction as seen in figure 8.6d

is not visible further downstream, so this is only a local effect.
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FIGURE 8.7: Similar to figure 8.5, but now for different friction values
of the inlet channels.

8.4.4. Friction

The final alternative that is considered here, is the adjustment of bottom friction in
the inlet channel. Through the friction parameter c; this can be adjusted, while three
scenarios will be reviewed. For those scenarios, friction is set to %0, é and 5 times the

reference value.

From figure 8.7 it appears that friction in the inlet channel has only a minor influence
on the elevation amplitude in the main channel. Especially for larger friction values,
almost no effects can be noticed any more. Moreover, the largest reduction is realised

in the reference case.

8.5. Combined alternatives

The result presented in figure 8.8 shows the combined alternative where basins with
an area of 5 km? are placed between km 55 and the channel head, all 0.5 km apart.
It can be seen that these measures together lead to an amplitude reduction of more
than 40 cm (for scenario C2) at the channel head. For other locations along the
channel, amplitude reduction is also visible, albeit less magnified. Although the model
including the original basins does not show significant decrease of the tidal amplitude,

these measures give a good indication of possible improvements of the current plans.
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FI1GURE 8.8: Response to the favoured alternative, with basins with an
area of 5 km? located 0.5 km apart between km 55 and 64 . All other
dimensions are equal to the original scenarios.

8.6. Other models

Compared to the results in DHI-WASY (2012); Donner et al. (2011, 2012), the proposed
scenarios in this model show a different effect. In the mentioned studies most of the
scenarios were found to lead to a significant improvement of the present situation.
Figure 8.9 shows this result for scenario C'1 and C2, where a reduction of the tidal

range (which is twice the elevation amplitude) of around 1,5 meter is visible.

To some extent these differences may be related to the design of the scenarios. As
discussed in chapter 2, the measures which are included in the scenarios are not only
retentions basins, but do include other implementations as well. These other adjust-
ments to the main channel are properties which can not be included in this idealised

model.

Although this model is unable to reproduce the results obtained by the more complex
3D models, it does show some interesting ideas which could be considered in the design
of such retention basins. For instance, relocating the basins towards the channel head

may improve the results significantly.
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Chapter 9

Discussion

This chapter will discuss the findings from the earlier chapters. First it will go into the
role of main channel, followed by the role of the basins characteristics in the system.

Finally, the practical applicability of the model will be discussed.

9.1. Main channel geometry

The main objective of the study was to unravel the effect of a convergence on the
elevation amplitude in a tidal channel. It appears that convergence has a large in-
fluence on the observed elevations amplitudes, as it causes an exponential increase in
water levels towards the channel head. Besides, wavelengths tend to increase, until no
real waves can be seen any more. This is where the channel is called supercritically
convergent. The convergence parameter [ represents this, where § = 1 stands for
the boundary between subcritical and supercritical convergence. Due to the increase
in wavelengths, the familiar quarter wavelength resonance is not visible any more for
stronger convergent channels, which only holds for prismatic channels, as seen in Roos

and Schuttelaars (2015) for instance.

Although this idealised model includes a converging width, the channel follows a
straight line from mouth to head. Many tidal rivers show some sort of meandering
pattern, which leads to different flow patterns which can not occur in cross-sectionally
averaged models. A more advanced approach would be to allow for a three-dimensional
water motion, so that the effects of an arbitrary geometry can be investigated. Such
an approach would also allow to effectively expose the behaviour of bottom friction
throughout the channel, as this parameter was found to be of large influence. Win-

terwerp (2011) already explained that, due to fluid mud layers, bottom friction may
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decrease in the channel, which again could have a large influence on the vertical flow
structure. Another option is to include a different method for determining bottom

friction, such as the approach presented by Roos and Schuttelaars (2011).

Since idealised modelling is not very suitable to describe a three-dimensional water
motion including many different processes, complex numerical models are used for
this purpose. It should be clear that this does not allow for an extensive parameter
analysis, so that processes like convergence can not be understood well. To bridge this
gap between idealised and numerical modelling, Kumar et al. (2015) have developed
a semi-idealised model to investigate the influence of an arbitrary geometry. They
found that by using a more realistic geometry, results were more favourable than by
using solely an exponential function, as used in this study. However, even when a
semi-idealised model is used, it is not possible to analyse the processes in such detail

as it has been done in this study.

9.2. Secondary basins

The influence of the secondary basins in the model is described by the basin admit-
tance f/j It controls the response of the elevation amplitude to the dimensions of the
basin. Already shown by Roos and Schuttelaars (2015), the admittance depends on the
geometry of the basin and inlet channel, relative to that of the main channel. For fric-
tionless prismatic channels, they also showed that a distinction can be made between
super- (‘negative’) and subcritically (‘positive’) forced basins. This study has shown
that by including bottom friction, this pattern is distorted. Especially for ‘negative’
basins, it was found that their response was greatly weakened and for some dimensions

they even shifted to the subcritical regime.

From the analysis, it appears that in order to create such negative basins under the
influence of bottom friction, highly unlikely dimensions would have to be used. In
fact, ‘negative’ basins are not reported to occur in nature, so that the creation of such
a basin would be totally man-made. Moreover, the Ems case showed that the due
to the small basin admittances the observed effects were small as well. Alternatively,
the basin admittance ¥ could also be derived from a model that allows for a more
complex geometry, though this model has to be linear due to the linear relationship in
equation (4.21). Such a complex model could reveal realistic dimensions for which the

basins would be more effective and possibly even supercritically forced.
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9.3. Practical application

For the practical application of this model, the case of the Ems-Dollard estuary has
been considered. Currently, plans to construct retention basins along the tidal river
are in an advanced state. Complex 3D models have simulated the hydro- and mor-
phodynamics in the system, revealing several scenarios that will reduce tidal range
and sediment concentration in the estuary. However, these models do not allow for an

extensive parameter analysis. To this end, this idealised model has been developed.

Although this model has a simplified geometry, it performs quite well in simulating the
water levels in the Ems River. However, the model only shows some minor effects due
to the implementation of retention basins. Therefore, it seems that this model, in its
current idealised setting, is unable to reproduce the effects of retention basins obtained
by the more complex 3D models. On the other hand, the model did reveal that placing
the secondary basins further towards the channel head leads to more favourable results.
Naturally, these results will have to be confirmed by complex numerical models, but
this outcome may have important implications for the further development of these

scenarios in the Ems River.

An important advantage of this model is that it is ready to be implemented in other
estuaries. For instance, the Loire in France is also subject to distorted tidal dynamics.
Since this estuary can also be characterised as a (strongly) convergent channel, the
possible implementation of retention basins could be analysed by this model as a first
step. Furthermore, in the (convergent) Western Scheldt there are currently plans
for de-poldering the Hedwigepolder to compensate nature for the deepening of the
estuary. Such plans could also be quickly reviewed using this idealised model, giving

an indication of the expected outcomes.






Chapter 10

Conclusions and

Recommendations

This thesis presents a study into the tidal dynamics in convergent estuaries. Through
the use of a developed idealised model, the effects of retention basins and channel
convergence have been studied. The first section will present the conclusions that
can be drawn from this study, where each of the research questions will be answered
separately. Next, an overview of the recommendations which follow from this study

will be given.

10.1. Conclusions

Q1. What are the main problems that can be observed in the Ems-Dollard estuary nowadays
and which model studies focus on addressing these problems through the use of retention

basins?

Over the past centuries the Ems has faced many natural and anthropogenic changes.
Due to the changes, the tidal range has dramatically increased over the past decades,
while suspended sediment concentrations have increased in the whole estuary. Nowa-
days, the estuary is marked as highly polluted, with large ‘dead’ parts throughout the
river. To address these problems, recently four scenarios have been developed which

consist of the construction of several retention basins along the tidal river.

Many researchers have tried to explain the effects of retention basins on tidal dynamics.
Recently, Roos and Schuttelaars (2015) developed an idealised model and they showed

that the effect of retention basins depends on geometries of the sea and main channel,

"
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as well as the basin characteristics and bottom friction. However, they limited their
study to prismatic channels, which marks the main interest of this study; convergent

tidal channels.

Q2. What are the effects of multiple retention basins on hydrodynamics in convergent tidal

channels?

To analyse the effect of channel convergence in combination with retention basins,
an idealised model has been developed. The interest is in the amplitude gain at the

channel head, which may imply amplification, reduction, or no change at all.

2.1. What is the effect of channel convergence on the hydrodynamics of tidal rivers?

Convergent channels can be distinguished in their degree of convergence through the
parameter 3, ranging from prismatic, to subcritically, critically and supercritically con-
vergent channels. Starting with prismatic channels (5 = 0), the (quarter) wavelength
for which resonance occurs increases with increasing (subcritical) convergence, until
these wavelengths are infinitely long when approaching the critical boundary (5 = 1).
In a supercritically convergent channel, no waves can be distinguished any more. Here,
the elevation amplitude is oscillating in phase with the forcing amplitude and is ex-
ponentially increasing towards the channel head. In the limit 8 — oo, the elevation

amplitude at the channel head is moving uniformly with the forcing amplitude.

2.2. Which effects can be observed when adding one or more retention basins along the main

channel?

Adding a single basin along a convergent channel will trigger additional waves in the
main channel, which can lead to amplitude reduction and amplification. For prismatic
channels, this is an evenly distributed pattern, but in convergent channels this pat-
tern is distorted. In convergent channels the basins tend to have stronger effects on
the amplitude gain, whereas the areas of amplitude reduction increase in size. For
increasing convergence, the areas of amplitude reduction continue to grow until in the
supercritical regime. In this regime, only basins placed in the vicinity of the mouth will

lead to amplification; all other locations show a reduction of the elevation amplitude.

This striking property can be observed for channels with more secondary basins as well,
where basins in supercritically convergent channels will always lead to a reduction of
the amplitude when placed away from the channel mouth. In this regime, channel
length has no influence on the amplitude gain any more. Furthermore, interaction
between basins in supercritically convergent channels is found to lead to an even more
favourable result. Basins placed in close proximity of each other strengthen each other’s

individual response.
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2.3. How does the basin geometry interact with channel convergence?

From the definition of the dimensionless basin admittance 17, Roos and Schuttelaars
(2015), already showed that ‘large’ basins may significantly weaken the elevation am-
plitude, where this study confirms this effect for convergent channels as well. They
also explained that ‘negative’ basins display a reversed response. Together with the
mentioned response in the supercritical regime this leads to an interesting result; all

throughout the domain amplitude reduction can be observed.

2.4. To what extent does bottom friction counteract the effects of the channel convergence?

Bottom friction affects each of the processes in the system. Regarding the physical
mechanism, it is found that due to friction, wavelengths shorten slightly. Furthermore it
can be seen that bottom friction leads to an overall decrease of the elevation amplitude.
This is the opposite of the effect of convergence, so for some extent these parameters
are indeed counteracting each other. Furthermore, it can be seen that for strong
supercritically convergent channels, bottom friction does not influence the elevation

amplitude any more.

Another effect of bottom friction is that the response of ‘negative’ basins almost de-
creases to zero. Moreover, ‘large’ basins are now the preferably basins, showing ampli-
tude reduction all throughout the domain. Again, this effect increases with increasing

convergence.

Q3. To what extent can the acquired knowledge be applied to the Ems-Dollard estuary?

In order to explore the practical applicability, the model has been calibrated according
to historical water levels in the Ems-Dollard estuary. This calibration shows that the

model is able to predict the water levels in the convergent channel in a fairly good way.

To study the effect of the retention basins on the elevation amplitude in the estuary,
the proposed scenarios have been implemented in the model. It appears that all the
basins can be characterised as ‘small’, such that the expected effect is minor. This
follows from the results as well, where the response of the basins only leads to an effect
in the order of a few mm. This opposed to complex numerical studies into this matter,
which showed an amplitude decrease of 50 — 100 cm. It is likely that other processes
play an important role in the effects of retention basins in tidal channels, which are

excluded in this idealised model.

However, this model proved suitable for exploring new alternatives and adjustments

to the current scenarios. For the Ems case, the placement of basins more towards the
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channel head showed some promising results. This exemplifies the usefulness of this

idealised model, where its most important application is to expose the processes that

play a vital part in the understanding of the system.

10.2. Recommendations

10.2.1. Model development

e Complex basin geometry

The retention basins in this study are represented as Helmholtz basins. This
is convenient because these are simple to implement, but effective in simulating
the effects of secondary channels. However, it appears that, especially in the
practical application, the basin admittance is much smaller than what could be
expected from numerical models. Therefore, the advice is to develop a separate
model to determine the basin admittance in a more realistic way, provided that

this model is linear.

Friction determination

This study has exposed the physical mechanism for convergent channels, with and
without retention basins. To this end, friction has been discarded for most of the
analysis. However, by including friction all the processes were affected, which had
a significant influence on the results. Therefore, the recommendation is to further
look into the behaviour of friction in the model. For this, a different approach
could be used, as for instance the method discussed by Roos and Schuttelaars
(2011).

10.2.2. Retention basins in the Ems River

Basins close to the channel head

For the practical application of the model to the Ems case, it has been shown
that basins close to the channel head lead to more amplitude reduction than
basins that are not. This could have major implications for the design of the
considered basins. Since this is found in an idealised setting, the advice is to

implement these changes into numerical models to confirm these results.

Basins in close proximity

Similar to basins placed farther towards the end of the channel, this study has
shown that (in strongly convergent channels) basins in close proximity of each
other tend to strengthen each other’s response. Also these findings should be

implemented into numerical models for confirmation of the results.
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Appendixz A

Model formulation: friction

In all the parts of the model friction is specified to Lorentz’ linearisation (Lorentz,
1922; Zimmerman, 1982). The friction coefficients in equations (3.3) and (3.9) can be
determined as follows.

SCdﬂ SCdﬁj
r= Ty = —F—
3T

3

(A1)

Where ¢g = 2.5 x 1073 is a drag coefficient and 1, 7 and ¥; are typical scales for the

velocities in the system, which are further specified below.

For the main channel and the sea, the velocity scale is equal to the velocity amplitude
of a frictionless shallow water wave with an elevation amplitude of Ng,... For the
Helmholtz basins this is the channel velocity amplitude as it were frictionless and

forced by an elevation amplitude Ng...

L . gwiV,
0 = 15 = NigreV/ 9/h 0 = forc) (A.2)

22
l; )w wp,

With eigenfrequency wo ; = 1/gbjh;/A;l;.
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Appendix B

Results: basin characteristics

Frictionless channel

This section presents the additional results for the basin characteristics in a frictionless

channel.
(a) [4] (b) |A] (d) |A]
1.5 ) 7 i 4
_—
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=~ —
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F1GURE B.1: Responses of channel elevation to the presence of a ‘small’

basin, here for various convergence lengths.

Axes are scaled against

the frictionless shallow water wavelength X, black lines denote the unit

contours.
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Appendix B Results: basin characteristics
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F1GURE B.2: Similar to figure B.1, but now for ‘large’ basins.
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F1GURE B.3: Similar to figure B.1, but now for ‘negative’ basins.
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Friction

This section presents the additional results for the basin characteristics, here combined

with bottom friction.
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FIGURE B.4: Responses of channel elevation to the presence of a ‘neg-
ative’ retention basin under the influence of bottom friction, here for
various convergence lengths. Axes are scaled against the frictionless
shallow water wavelength A.






Appendix C

Results: two basins

This appendix presents the additional results for cases with two basins.

(a) |A1+2|
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Ficure C.1:

Amplitude gain for the situation with two basins in a

prismatic channel, with channel lengths such that they approach maxi-
mum resonance. The top row represents the amplitude gain |A| at the
channel head in case of two similar basins for different channel lengths.
The bottom row shows the ratio @, which represents the interaction
between the basins. Black lines represent the unit contours.
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F1Gure C.2: Amplitude gain for the situation with two basins in a
supercritical channel (8 = 1.01). The top row represents the amplitude
gain |A| at the channel head in case of two similar basins for different

channel lengths.

The bottom row shows the ratio ), which represents

the interaction between the basins. Basin position x; and x5 have been
scaled against the shallow water wavelength.
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FiGURE C.3: Similar to figure C.2, but now for stronger convergence

(8=2).
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Friction

This section shows the result for the frictional case.
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F1GURE C.4: Amplitude gain for the situation with two basins in a pris-
matic channel, here including friction and for various channel lengths.
The top row represents the amplitude gain |A| at the channel head in
case of two similar basins for different channel lengths. The bottom row
shows the ratio ), which represents the interaction between the basins.



Appendix D

Results: three basins

This appendix presents the additional results for cases with three basins.
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FiGure D.1:

Amplitude gain for the situation with three identical
basins. The black dot represents the third basin, where the first two are
varied on the axes. Channel length is chosen to lie between a node and
a landward located anti-node.
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FIGURE D.2: Separate effect of the third basin |

situation with three identical basins.
basin, where the first two are varied along the axes, which are scaled
against the shallow water wavelength A. Channel length lies between
an anti-node and a landward located node, while it can be seen that
reduction occurs when a basin also lies between an anti-node and a

landward located node.

Nau /Nall— 1 | for the

The red dot represents the third
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FIGURE D.3: Separate effect of the third basin (red dot) for the situ-
ation with three identical basins, while the position of the third basin
has been adjusted for increasing convergence. A basin located exactly
on a node does not trigger a wave at the landward side (d and h).






Appendix E

Results: multiple basins

This appendix presents the result for the case with multiple basins. Similar to the
situation with three basins, the channel length is chosen to be constant, while any
basins more than the two variable ones, will be on a fixed position. This analysis is
further characterised by an arbitrarily chosen location for the fixed basin, in opposition

to the previous section.

To analyse the effect of the basins on the amplitude the factor for the amplitude gain
of a separate basin |N,1;/N,j1.1| will be used solely. It is less relevant to consider the
total effect of all the basins together, since it would be unclear which additional basin
is responsible for the observed effects. By using only this indicator, the focus is on one

specific basin in every simulation.

E.1. Four basins

The following presents the result for the situation with four identical basins along the
main channel, here with 5 = 0.4. Since this implies that the channel convergence is
becoming more important, it can be expected that there should be a clear difference
between basins near the mouth and basins near the head. The results in figure E.1
corroborate this, where it can be seen that the effect of the fourth basin is considerably

dependent on the location along the channel.
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FIGURE E.1: Separate effect of adding a fourth basin [Nyy/N,y1-1l
for a channel with § = 0.4. The red dot represents the basin under
consideration, while the black dot represents the third basin. The axes
tick marks are adjusted to the increased wavelength due to convergence.

When analysing the same situation in channels with other convergence properties (see
figures E.2 to E.4), it is evident that this feature is even more obvious for increasing
convergence, which is in line with the other results. For a prismatic channel, no clear
pattern is visible, which is probably the result of the interaction with the other fixed
basin. Though, it is clear that the magnitude of the effects are stronger in convergent

channels than in prismatic channels.
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FIGURE E.2: Effect of a fourth basin (red dot) on the amplitude gain,
where while the black dot represents the third basin. Axes are scaled
against the frictionless shallow water wavelength A.
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FiGURE E.3: Similar to figure E.1, but now for 8 = 0.8.
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E.2. Eight basins

FicURE E.4: Similar to figure E.2, but now in a supercritically conver-
gent channel.

It is particularly interesting to find out if the effects found in the previous sections

can still be distinguished for a situation with even more basins. Therefore, the results

for a channel with eight retention basins are presented here, where each basin has the

exact same dimensions.

For the effect of adding an eighth basin along a convergent

channel with 8 = 0.4, see figure E.5. Again, it is clearly visible that basins near the

channel mouth might lead to an amplification of the tide, while basins placed further

away tend to have a more dampening effect to the resonance.
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FicURE E.5: Similar to figure E.1, but now for eight basins. Some
basins might seem to overlap each other, but for to modelling purposes
these are always more than 0.5 km apart.

Figures E.6 to E.8 show these results for other convergence configurations. Again,
similar results are obtained as for the previous simulations. Similar to the situation
with 8 = 0.4, the magnitude of the effects is less evident as well for a prismatic channel,

in comparison to convergent channels.
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FIGURE E.6: Similar to figure E.5, but now for a prismatic channel.
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FiGure E.7: Similar to figure E.5, but now for 5 = 0.8.
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FicURE E.8: Similar to figure E.5, but now in a supercritically conver-
gent channel.






Appendix F

Overview of current knowledge

On page 108 the results found in this study have been summarised. It presents the
most noticeable outcomes of the performed simulations and the analysis of the physical
mechanism. Besides, it gives a comprehensive overview of the current knowledge of
hydrodynamical effects triggered due to the placement of retention basins along a tidal

channel.
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