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1
Introduction

The main objective of this thesis is to investigate physical mechanisms in the
along-estuary direction that result in the trapping of suspended sediment in par-
tially and well mixed tidal estuaries and to analyze the influence of individual
mechanisms on the trapping location. The investigation is conducted using an
idealized model approach. A width-averaged analytical model of a tidal estuary
is developed, which allows to model the velocity distribution, the suspended sed-
iment dynamics and analyze the occurrence of suspended sediment trapping in
morphodynamic equilibrium. The model allows to reproduce hydro- and sedi-
ment dynamic conditions in tidal estuaries via a calibration of model parameters
using field observations. Once the model is calibrated properly and results are val-
idated, the importance of various trapping mechanisms and their sensitivity can be
studied.

The aim of this chapter is to introduce the reader to estuarine systems and
known physical mechanisms that influence the hydrodynamics, suspended sedi-
ment distribution and trapping in estuaries. In Section 1.1, a general definition
of estuaries and an estuarine classification are introduced. In Section 1.3, the
Ems/Dollard estuary is discussed as a prototype example of a partially mixed es-
tuary. In Section 1.4, the modeling techniques and known physical mechanisms
that result in sediment trapping in estuaries are presented. Followed by Section
1.5, where the main research questions and research approach are discussed, and
the outline of this thesis is given.

1
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1.1 Estuarine Systems

According to Perillo (1995), there are over 40 different definitions of estuaries.
The most commonly used definition is the definition of Cameron and Pritchard
(1963): ’An estuary is a semi-enclosed coastal body of water which has free con-
nection to the open sea and within which sea water is measurably diluted with
freshwater derived from land drainage’. However, this definition does not in-
clude the effect of tides, which can be significant in many estuaries. Dyer (1997)
has extended this definition by including the influence of tides: ’An estuary is a
semi-enclosed coastal body of water which has free connection to the open sea,
extending into the river as far as the limit of tidal influence, and within which sea
water is measurable diluted with freshwater derived from land drainage’. In other
words, estuaries are basins where freshwater from rivers interacts with salt water
from the open sea. Estuaries are found in all parts of the world, for example the
Humber estuary (UK), the Amazon estuary (Brazil), the Hudson estuary (USA),
the Ems estuary (the Netherlands/Germany), etc.

Each estuary is unique and is characterized by a number of parameters, such
as tidal range, river discharge, topographical features, etc. To compare different
estuaries and to formulate unified principles of how to understand and predict the
behavior of these complex systems, estuaries have to be classified. Many different
classification schemes are possible, depending on which criteria are considered.
For example, in Valle-Levinson (2010) an estuarine classification is provided on
the basis of water balance in estuaries, geomorphology, hydrodynamics and
vertical structure of salinity.

In this thesis, the research focus is on shallow estuaries, where tides have a
significant influence on mixing processes. Different tidal ranges result in different
circulation patters, density stratification and mixing processes in shallow estuar-
ies. In such estuaries, a good basis for classification would be the salinity distribu-
tion within an estuary and the water stratification. In Pritchard (1955); Cameron
and Pritchard (1963), the following estuarine types are distinguished based on the
vertical salinity structure (see sketches in Fig. 1.1).

• Salt wedge estuaries. These are estuaries with a relatively weak or no
tidal influence and strong river discharge. Under these conditions, the less
dense riverine freshwater flows seawards over the surface of the saline water
with virtually no mixing between the layers. During flood, the sea water
enters into these estuaries in a wedge shape and the system becomes highly
stratified. A typical salinity profile is shown in Fig. 1.1(a).
Examples: Mississippi (USA) and Rio de la Plate (Argentina);
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• Strongly stratified estuaries. These estuaries are characterized by a sig-
nificant river discharge and low or moderate tidal influence. The river in-
fluence is dominant over the tidal influence. This type is similar to the salt
wedge type. The main difference between them is that in strongly stratified
estuaries the stratification stays strong throughout the whole tidal cycle, see
Fig. 1.1(b). Example: Silver Bay (Alaska);

• Partially mixed estuaries. This type of estuaries is significantly influenced
by tides with low or moderate river discharge. The entire volume of the
estuary is mixed during ebb and flood, with the saline water being mixed
upwards and freshwater mixed downwards (Fig. 1.1(c)).
Examples: James River and San Francisco Bay (USA);

• Well mixed estuaries are usually shallow estuaries with strong tidal mixing
and low river discharge. Such combination allows to mix the saline water
from the sea throughout the entire estuary, see Fig. 1.1(d).
Examples: the Delaware Bay (USA) and the Raritan Estuary (USA)

From this classification, it is evident that the estuarine type is substantially
determined by the tidal and riverine influence. Estuarine systems may change
from one type to another on a monthly or seasonal basis, due to variations in the
freshwater discharge (MacCready, 1999) or by spring-neap variations (Jay and
Smith, 1990; Peters, 1997; Ralston and Stacey, 2005). For example, the Columbia
river (USA) changes from a strongly to a weakly stratified estuary within a tidal
month (Jay and Smith, 1990). In this thesis, the main research interest is in the
partially and well mixed estuaries.

1.2 Importance of Estuaries

An estuary is an ideal habitat for various aquatic species due to its fertile waters.
Constant import of nutrients and minerals from the river creates ideal conditions
for algae and phytoplankton primary production, which serves as a food base for
many inhabitants. At the same time, estuaries and adjacent rivers are used as fast
navigation routes between the coastal and inland territories. For these reasons,
estuaries have always been of great interest to people. The area around estuaries
is usually densely populated and the land is extensively used.

The fast industrial development and the subsequent growth of trade have led to
large-scale anthropogenic alterations of estuarine systems. Estuaries are stream-
lined and deepened to ensure a safe navigation for larger ships. Dams are con-
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Figure 1.1: Sketch of a tidally-averaged longitudinal salinity profile in a salt-
wedge (a), strongly stratified (b), weakly stratified (c) and well-mixed estuary (d)

structed to protect the farmland, households and industrial buildings from floods.
Moreover, land reclamation, deforestation and various agricultural activities re-
sult in higher sediment and freshwater input into estuaries. All these activities
lead to fundamental alterations of the hydro- and sediment dynamics, mixing and
circulation processes within estuarine systems.

An estuarine system, taken out of its natural balance, is always trying to re-
store the equilibrium or reach a new steady state. This can result in, for example,
an increased siltation and the estuarine depth has to be constantly maintained via
annual dredging activities. Engineering interventions are expensive and they cre-
ate a substantial load on the local inhabitants, because a biological system cannot
readjust to new conditions within a short period of time. Hence, these activities
pose many problems from both the ecological and economic point of view. A
proper understanding of estuarine processes is essential to minimize the negative
consequences of human influence and to develop a long-term restoration and de-
velopment plan for many problematic estuaries.
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To understand estuarine physical processes, many tools can be used, such as
raw field data, conceptual models or widely used large scale numerical models.
However, 3D numerical models are computationally expensive and include the
sum of many processes (e.g., baroclinic circulation, tidal straining, tidal pump-
ing, flocculation, settling and scour lag, non-linear interactions, etc.), it becomes
difficult to isolate the magnitude and importance of particular processes or inves-
tigate parameter sensitivity. These limitations motivate the development of ide-
alized models in which specific physical mechanisms can be studied in isolation.
The advantage of an idealized model is that it is complex enough to reproduce
the physical behavior of the system well, yet it is relatively simple to construct
analytical solutions using standard mathematical techniques, avoiding high com-
putational costs. Idealized models based on first principles are an important tool
to gain insight into estuarine physical processes and to mitigate the anthropogenic
influence. Idealized models allows us to identify and analyze the importance of
each forcing mechanism separately. In Section 1.3, the Ems/Dollart estuary is
discussed as an example of a heavily engineered system.

1.3 The Ems/Dollart System

The Ems/Dollart estuary belongs to the larger Wadden Sea system, shown in
Fig. 1.2 with a zoomed image of the Ems/Dollart estuary. The Wadden Sea is
a shallow sea and the largest mudflat area in the world of approximately 600 km
long, which consists of a series of tidal basins protected from direct North Sea
influence by a system of barrier islands. These islands are separated by tidal in-
lets. A number of rivers drain into the Wadden Sea, such as the Elbe, Weser and
Ems river. The river Ems has a length of approximately 330 km and its drainage
basin covers approximately 12,650 km2. A long-term average discharge is ap-
proximately 120 m3 s−1, measured near Pogum (Hinrich, 1974).

The part of the Ems river which is affected by the tidal influence is called the
Ems/Dollart estuary, a detailed map is presented in Fig. 1.3 (De Jonge, 2000). The
estuary is located at the border between the Netherlands and Germany and it is an
important navigation route for sea and river vessels from the Netherlands and Ger-
many. There are three important harbors located along the estuary: Eemshaven,
Delfzijl and Emden, and a shipyard located in Papenburg.

The estuary runs for approximately 100 km from the tidal weir, located near
the city of Herbrum, to the system of barrier islands. The tidal weir in Her-
brum was constructed in 1900, thus, splitting the river into the tidally influenced
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Figure 1.2: Satellite image of the Wadden Sea at low tide with a zoom on the
Ems/Dollart estuary. Landsat images from different years combined. Sources:
www.waddensea-secretariat.org and maps.google.com

Ems/Dollart estuary and the river itself. The estuary comprises of three charac-
teristic regions, outlined by dashed red lines in Fig. 1.3. The upper part of the
estuary consists of the Ems river from the city of Herbrum to Pogum and the
shallow Dollart bay. The Dollart bay is separated from the main estuary by a
semiporous dam, called the Geisedamm. This dam goes from the city of Pogum
to Knock. A limited water exchange is possible via numerous perforations in the
dam. The mean natural depth of the Ems estuary was 4− 5 m at the beginning
of the 20th century. Since the late 1950’s, the shipping channel has been stream-
lined, canalized and maintenance dredging of the navigation channel has started.
The current depth of the estuary is maintained by annual dredging activities at
approximately 7− 8 m. Nowadays, the mean water depth of the Dollart bay is
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approximately 1.2 m and approximately 85% of the bay is covered by tidal flats.
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Figure 1.3: Map of the Ems/Dollart estuary

The middle estuary stretches from the Dollart bay to the Eemshaven port,
where it meets the Wadden sea. This section of the estuary has a classic funnel-
shape cross-section and up to 45% of the middle estuary is covered by intertidal
flats. One of these flats divides the estuary into two channels. One of the channel
is a navigation channel and the other one is closing up quickly due to increased
siltation processes. The water depth in the navigation channel increases in the
seaward direction from 7 m to 12 m and the average water depth is 3.5 m.

The lower estuary is located between the Eemshaven port and the barrier
islands Borkum and Rottumeroog. The North sea influences the Ems estuary
via the tidal inlet Huibertgat, located between these islands. The lower estuary
has two deep channels, called Oude Westereems and Ranselgat, separated by a
number of shoals. The Ranselgat channel is used as a navigation channel and its
depth is approximately 14 m (Van Leussen and Cornelisse, 1996). Approximately
44% of this section of the Ems estuary consists of tidal flats.

The morphology of the Ems has been changing gradually over the centuries
due to natural and anthropogenic processes. However, the active human interven-
tion into the Ems system, started at the beginning of the 20th century, has signifi-
cantly changed the natural course of morphological evolution. The current length
of the estuary was fixed in 1900, when a tidal weir had been constructed near the
city of Herbrum. At a later stage, the Ems estuary and some of its tributaries were
canalized sequentially in 1900, 1911, 1925, 1928 and 1959. The fast industrial
development and growth in the region required the transportation of a large-size
cargo by sea and river vessels. Furthermore, the Meyer shipyard (Papenburg, lo-
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cated ∼ 90 km inland from the North Sea), which produced medium-size wooden
ships in the 19th century, switched to the construction of larger gas tankers, cargo
ships and passenger cruise liners with a draft up to 7− 8 m. To ensure the pas-
sage of bigger ships with a larger draft, a significant deepening of the navigation
channels started in the 1960’s. Furthermore, a storm surge barrier was built near
the village of Pogum.

In 1965, 1972 and 1978 a series of extensive dredging campaigns took place
between the village of Pogum and the city of Papenburg. A subsequent dredging
of the navigation channel took place in the following order (V. de Jonge, personal
communication):

• In 1984-1985, the ’Homeric-deepening’ campaign increased the depth to
5.7 m;

• In 1991, the ’Zenith-deepening’ activities increased the depth up to 6.3 m;

• In 1993, the navigation channel has been deepened to 6.8 m;

• In 1994-1995, the ’Oriana-deepening’ campaign increased the depth up to
7.3 m.

Such extreme anthropogenic interventions, enhanced by activities as land rec-
lamation, development of ports and sand mining, have significantly changed the
hydrodynamics and sediment distribution patterns in the estuary (De Jonge, 1983,
1992; Talke et al, 2009a). Since the construction of the weir at Herbrum and the
other anthropogenic interventions, the tidal range has changed significantly in the
entire Ems estuary. The largest increase of the tidal range by 1.5 m was observed
in the upstream reaches near the city of Papenburg. For example in 1980, the
measured tidal range near Knock and Papenburg was 3.1 and 2.3 m, respectively.
Similar observations of 2005 showed a tidal range of 3.2 and 3.8 m at the same
locations (more details can be found in Section 2.4.1).

At the same time, the surface suspended sediment concentration (SSC) in the
Ems estuary has increased by a factor of five between the 1950’s and 2000’s. Mea-
surements of 1954 indicate an average surface SSC of approximately 130 mg/l
with a distinct region of maximum sediment concentration (ETM) of 200 mg/l
near the city of Emden. In 1975, the mean SSC increased to 200 mg/l and the
concentration in the turbidity region, which had advanced upstream by 10 km, in-
creased to 400 mg/l. Observations of 1992 indicate an increase of the average SSC
up to 600 mg/l and the concentration in the turbidity region has risen to 900 mg/l
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(De Jonge, 1983, 1992). Moreover, measurements of 2005-2006 show the aver-
age surface SSC of approximately 1 g/l with no distinct turbidity region between
Papenburg and Emden anymore (Talke et al, 2009a). These levels of suspended
sediment concentration in the water column tremendously affect both the local
ecosystem and the hydrodynamics of the estuary itself.

Another example of rapid morphodynamic changes in the estuary is the in-
tensified closure of channels. In 1976, due to an increased sedimentation, the
navigation channel Oude Westereems in the lower estuary could not be used any-
more and the Ranselgat channel was chosen for navigation purposes. An increased
sedimentation is also observed in other channels.

Such significant examples of changes in the Ems estuary are a good motiva-
tion for an in-depth analysis and understanding of estuarine physical processes
and how they change due to both natural evolution and anthropogenic influence.
The latter can lead to an increase of the suspended sediment concentration and oc-
currence of turbidity regions in estuaries. In the following section, the modeling
approach and known physical mechanisms that result in the suspended sediment
trapping are discussed.

1.4 Modeling estuarine flow and transport of suspended
sediment

To understand and predict geomorphological evolution in estuaries, a model is
required which is able to describe the dynamics of the water motion, sediment
movement and the evolution of the erodible bottom.

In Fig. 1.4, a schematization of this modeling process is shown. At the initial
step, the hydrodynamic equations are solved to obtain the velocity distribution
and water level in the estuary. At the next step, the obtained hydrodynamic vari-
ables are used as input parameters to get the suspended sediment dynamics in the
water column. This is a branching point. If the suspended sediment concentration
is relatively low and does not influence the hydrodynamics the so-called condi-
tion of morphodynamic equilibrium is used to obtain the locations of suspended
sediment trapping within the estuary. Otherwise, the suspended sediment con-
centration affects the water motion by altering the density of the water and the
turbulence characteristics, and a feedback loop is required to recalculate the hy-
drodynamic parameters under these new conditions. At the final step, the locations
of suspended sediment trapping are calculated. In the subsequent subsections, the
modeling approach is briefly described for these three aspects.
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HYDRODYNAMICS
Shallow Water Equations

Velocity
Water level

SEDIMENT DYNAMICS
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Sediment Trapping Locations

High suspended
sediment concentration

Figure 1.4: Interaction between different modeling stages

1.4.1 Water motion

The water motion in tidal estuaries is driven by a complex interaction of differ-
ent physical processes forced by the influence of the sea, the river and th wind.
These include tides, density gradient due to the presence of saline and freshwa-
ter, riverine freshwater discharge, turbidity currents, tidal return flow and various
nonlinear interactions. In this study, we consider estuaries where the typical hor-
izontal length scale is much larger than the typical vertical length scale. The hy-
drodynamics in such estuaries can be described using the shallow water equations
(Csanady, 1982). From the shallow water equations, we can obtain the spatial dis-
tribution and temporal variations of the velocity fields and sea surface elevations
in an estuary.

1.4.2 Sediment transport and trapping

In estuaries, two types of sediment movement are distinguished (Sleath, 1984;
Dyer, 1986; Van Rijn, 1993). A sediment particle can be transported as bed load
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and as suspended load. In the first case, the particle stays in contact with the bed
at all times and its motion is conducted by rolling, sliding, hopping or saltating
over the bed within a thin boundary layer. Suspended sediment transport means
that a sediment particle is picked up from the boundary layer and becomes sus-
pended in the water column. Due to advective and diffusive processes, the particle
is transported away from the initial location, where it settles to the bottom due to
gravity. The latter form of transport accounts for most sediment transport in es-
tuaries, and in this thesis, we assume that sediment is transported as suspended
load.

Sediment particles only start their movement when the bed shear-stress, which
is related to the so-called frictional velocity, exceeds a certain critical threshold.
Therefore, the sediment transport starts to act when the flow velocity in an es-
tuary is equal to a certain critical frictional velocity and the lift force is able to
compensate the gravitational force. This process is called erosion. In general, the
stronger the currents are, the more sediment is eroded. Once an eroded particle
is in suspension, the horizontal motion of the sediment particle is governed by
the advective and diffusive processes. The suspended particles settle down to the
bottom under the influence of the gravitational force. This process is called depo-
sition. However, the deposition location of an individual suspended particle can
be and is usually different from the erosion location due to a horizontal transport
by advection and diffusion. This results in a net sediment transport in estuaries. If
sediment particles are eroded at various locations in an estuary, but are transported
to and deposited mainly at one specific region, this region is called the estuarine
turbidity maxima (ETM) or the trapping region.

Trapping of suspended sediment can occur under various conditions and a
number of different physical processes and their interaction are responsible for
this. Mechanisms, that result in ETM, cover almost the entire spectrum of estu-
arine hydrodynamic processes. One of the most significant physical mechanisms
that results in a net sediment transport is the tidal velocity asymmetry (Festa and
Hansen, 1978). If there is tidal asymmetry, the velocity and duration of flood and
ebb tides are different. Therefore, the amount of suspended sediment during flood
and ebb is not the same, resulting in a net sediment transport, i.e., there is either
an import or export of sediment in the estuarine system. This mechanism and its
influence is explained and analyzed in detail in Chapters 2 and 3 (see also Allen
et al (1980)).

Another relevant mechanism that results in a net sediment transport is settling
lag. Two types of the settling lag are distinguished: the temporal and spatial
settling lag. In general, the settling lag results from the fact that a finite period
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of time is needed for a sediment particle in suspension to settle down through
a water column after the cessation of its transportation (Postma, 1954; Groen,
1967; De Swart and Zimmerman, 2009). The effect of the temporal settling lag is
investigated in Chapter 2.

Other processes resulting in particle trapping are related to the presence of
residual gravitational circulation and so-called tidal mixing asymmetry. The
first mechanism puts emphasis on the convergence of sediment near the bed of
the residual landward-directed gravitational circulation and seaward-directed river
outflow (Hansen and Rattray, 1965). The effect of tidal mixing asymmetry on
ETM dynamics was first described in Jay and Musiak (1996) and later in many
other papers, i.e., (Scully and Friedrichs, 2003; Winterwerp, 2011). In moderately
and highly stratified estuaries the reduction in turbulent mixing due to stratifica-
tion reduces the sediment transport capacity of the flow causing sediment to be
trapped near the landward limit of the salt intrusion. In periodically stratified estu-
aries, this mechanism is called the strain-induced periodic stratification (SIPS)
(Simpson et al (1990)) and it is investigated in Chapter 4. Moreover, other rel-
evant physical processes are tide-topography interaction (Ianniello, 1979) and
wind forcing (Weir and McManus, 1987).

Apart from these mechanisms, Lang et al (1989) included the influence of
sediment availability by prescribing a longitudinally varying erosion coefficient.
Transversal circulations are reported to influence the transport of sediment and
character of ETM (Dyer, 1977; Cáceres et al, 2002; Kim and Voulgaris, 2008;
Scully et al, 2009). In some systems particle aggregation results in an enhanced
trapping of sediment (Van Leussen, 1988).

Recently, it has become increasingly clear that there is a strong interaction
between physical and biological processes in ETM. In the highly turbid water, the
penetration of light into the water is limited. At the same time, due to hydrody-
namic processes high concentrations of nutrients are usually found in the region
of the ETM. Therefore, the turbidity regions are favorable for river organisms if
their growth is nutrient limited, but unfavorable if it is light limited. The occur-
rence of ETM depends on the bed erodibility and other sediment characteristics
(Burchard and Baumert, 1998). The erodibility of cohesive sediment is influenced
by biological and physical processes. Sediment stabilization (an increase of the
erosion critical threshold) is influenced by biota, ranging from benthic algal films
(Sutherland et al, 1998) to mussel beds (Widdows et al, 1998a), as well as sedi-
ment dehydration during a prolonged air exposure. Sediment destabilization (an
increase of the erosion rate) can result from bioturbation, caused by benthos (Wid-
dows et al, 1998b), combined with physical disturbance by tidal currents, storm
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events, river flow and wave action. Furthermore, benthos may directly affect sed-
iment characteristics (Meadows and Tait, 1989).

1.4.3 Condition of morphodynamic equilibrium

In this thesis, the sediment is assumed to be transported as suspended load trans-
port only. Therefore, the evolution of the erodible bed is governed by the erosion
and deposition fluxes. Following Friedrichs et al (1998); Huijts et al (2006), it is
assumed that the estuarine system under investigation is in morphodynamic equi-
librium. This means that there is no evolution of the bed over a tidal period. This
approach is valid when the easily erodible sediment is redistributed on a much
shorter timescale than the typical timescale at which the external forcing changes
significantly. Hence there is a balance between the tidally averaged erosion and
deposition at the bottom. Using this condition, the locations of suspended sedi-
ment trapping can be calculated.

1.5 Outline of the thesis

In this thesis, the following research questions are addressed (all questions apply
to partially and well mixed estuaries)

• Q1: Is it possible to reproduce the hydro- and sediment dynamics, ob-
served in partially mixed tidal estuaries, using an idealized analytical width-
averaged model?

• Q2: What are the dominant physical mechanisms resulting in suspended
sediment trapping? And what physical mechanisms can result in multi-
ple estuarine turbidity maxima? Is it possible to quantify the influence of
natural and anthropogenic processes on the hydrodynamics and suspended
sediment deposition locations.

• Q3: What is the influence of the high turbidity in the water column on the
location of the estuarine turbidity maximum?

• Q4: What is the effect of geometrical characteristics of the estuary and
external forcing on the position of the ETM?

• Q5: How do different vertical eddy viscosity parametrizations affect the
turbidity zone? What is the influence of the SIPS mechanism on the turbid-
ity zone.
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To answer these research questions, an idealized analytical modeling approach
is chosen. This model is aimed to reflect the physical behavior of the velocity
fields distribution, the dynamics of suspended sediment and suspended sediment
trapping locations in tidal estuaries. A similar modeling tactic, with a focus on the
cross-section processes presented by Huijts et al (2006), proved the feasibility of
such an approach. In this thesis, the main emphasis is on the investigation of the
influence of longitudinal processes on the occurrence and behavior of the turbidity
zone. Therefore, a width-averaged model is developed. The hydrodynamic condi-
tions in the tidal basin are modeled by the width-averaged shallow water equations
(derivation is provided in Appendix A1) and the dynamics of suspended sediment
in the water column is governed by the width-averaged advection-diffusion equa-
tion (see Appendix A2). The along-channel distribution of sediment available
for resuspension at the bottom is modeled using the condition of morphodynamic
equilibrium (derivation is provided in Appendix A3).

The estuary is assumed to be partially or well-mixed with a prescribed along-
channel salinity distribution. The bathymetry varies in the longitudinal direction.
The sediment is assumed to be mainly transported as suspended load and consists
of noncohesive particles.

A solution to this problem is constructed by means of a perturbation approach.
As a first step, the importance of different terms in the governing equations is
identified by performing a scaling analysis, i.e., variables in the model equations
are nondimensionalized by their characteristic scales. As a reference estuary, the
Ems-Dollart estuary is considered. Characteristic scales for the Ems estuary can
be found in Table A.1. One of the dimensionless parameters, that appears in the
scaled equations, turns out to be small (its magnitude is much smaller than 1).
Using this information, all physical variables in the governing equations are ex-
panded in power series of this small parameter. By collecting terms of equal order
in this small parameter, a system of hydrodynamic and concentration equations is
constructed at each order. The resulting partial differential equations can be solved
semi-analytically. The systems of equations are given in Chapters 2–4, and details
of the scaling analysis and solution methods are presented in Appendix A4.

The research questions Q1-Q5 are answered in different chapters of this the-
sis. In Chapter 2, the analytical width-averaged hydro- and sediment dynamic
model is introduced to investigate the hydrodynamic processes and determine
main importing/exporting mechanisms that results in (multiple) trapping of sus-
pended sediment in an estuary. The model is calibrated to the Ems estuary, and
the model results are compared to historical observations conducted in 1980 and
2005. This chapter addresses research question Q1 and Q2.
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In Chapter 3, the model of Chapter 2 is developed further to include the
influence of high suspended sediment concentration on the water density. This
component is responsible for the formation of turbidity currents in an estuary that
affect the turbidity region. This study answers research questions Q1 and Q3.
Moreover, we conduct a sensitivity analysis of the suspended sediment trapping
locations to geometrical characteristics and external forcing to answer research
question Q4.

The aim of Chapter 4 is to investigate how different vertical eddy viscosity
parametrization affects the turbidity zone and to answer the final research ques-
tion Q5. This is done by changing the parametrization of vertical mixing using
different vertical eddy viscosity profiles.

Chapter 5 concludes the thesis by summarizing answers to the stated research
questions and giving recommendations for further research.
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2
The effect of tidal asymmetry and
temporal settling lag on sediment

trapping

Over decades and centuries, the mean depth of estuaries changes due to sea-level rise,
land subsidence, infilling and dredging projects. These processes produce changes in
relative roughness (friction) and mixing, resulting in fundamental changes in the char-
acteristics of the horizontal (velocity) and vertical tides (sea surface elevation) and the
dynamics of sediment trapping.

To investigate such changes, a 2DV model is developed. The model equations con-
sist of the width-averaged shallow water equations and a sediment balance equation.
Together with the condition of morphodynamic equilibrium, these equations are solved
analytically by making a regular expansion of the various physical variables in a small
parameter. Using these analytic solutions we are able to gain insight into the fundamen-
tal physical processes resulting in sediment trapping in an estuary by studying various
forcings separately.

As a case study we consider the Ems estuary. Between 1980 and 2005 successive
deepening of the Ems estuary has significantly altered the tidal and sediment dynamics.
The tidal range and the surface sediment concentration has increased and the position of
the turbidity zone has shifted into the freshwater zone. The model is used to determine the
causes of these historical changes. It is found that the increase of the tidal amplitude to-
wards the end of the embayment is the combined effect of the deepening of the estuary and
a 37% and 50% reduction in the vertical eddy viscosity and stress parameter, respectively.

This chapter is based on Chernetsky AS, Schuttelaars HM, Talke SA (2010) The effect of tidal
asymmetry and temporal settling lag on sediment trapping in tidal estuaries, Ocean Dynamics, Vol.
60, No. 5, pp. 1219 - 1241

17
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The physical mechanism resulting in the trapping of sediment, the number of trapping
regions and their sensitivity to grain size are explained by careful analysis of the various
contributions of the residual sediment transport. It is found that sediment is trapped in the
estuary by a delicate balance between the M2 transport and the residual transport for fine
sediment (ws = 0.2 mm s−1) and the residual, M2 and M4 transports for coarser sediment
(ws = 2 mm s−1). The upstream movement of the estuarine turbidity maximum into the
freshwater zone in 2005 is mainly the result of changes in tidal asymmetry. Moreover, the
difference between the sediment distribution for different grain sizes in the same year can
be attributed to changes in the temporal settling lag.

2.1 Introduction

In many estuaries, regions are found with sediment concentrations exceeding
those directly upstream or downstream. The region where the highest sediment
concentration is found is called the estuarine turbidity maximum (ETM). Quite
often multiple peaks of high concentration are found in estuaries (see e.g. Lin
and Kuo (2001) and references therein). This trapping of sediment is the result of
the complex interaction of the water motion (forced by tides, river discharge, den-
sity gradients) and sediment dynamics (availability of sediment, sediment size,
flocculation). At the locations with high sediment concentrations, depleted lev-
els of oxygen (and hence degraded environmental conditions) are often observed
(De Jonge, 1983; Talke et al, 2009a). Since anthropogenic and natural changes
(e.g., sea-level rise, land subsidence, etc.) in estuaries can influence the loca-
tions where sediment is trapped and/or the amount of sediment being trapped, it
is important to understand the physical mechanisms resulting in the trapping of
sediment and how these mechanisms are influenced by changes to the system.

An example of an estuary where major changes took place over the past 25
years is the Ems estuary, located on the border between the Netherlands and Ger-
many. Recent observations on the river Ems document an increase in tidal range
and suspended sediment concentration (SSC) and the development of hypoxic
conditions between 1980 and the present as a response to maintenance dredg-
ing and deepening (Krebs and Weilbeer, 2008; Talke et al, 2009a,b). The tidal
river has also shifted from a sandy bed to a silty bed (Krebs and Weilbeer, 2008).
Further details about the estuary and changes are provided in Section 2.4.1 and
Table 2.1. The ETM has moved upstream, but the physical mechanism produc-
ing this change is still debated. Talke et al (2009a) show that observed changes
can be reproduced with a simple model of gravitational circulation and river dis-
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charge; however, other studies speculate that tidal pumping and tidal asymmetry
are important (Wurpts and Torn, 2005).

To understand this kind of changes in estuarine dynamics, large scale numer-
ical models are often applied (see e.g. Weilbeer (2008) for the Ems estuary). Be-
cause 3D numerical models are computationally expensive and include the sum of
many processes (e.g., baroclinic circulation, tidal straining, tidal pumping, floccu-
lation, settling and scour lag, non-linear interactions, etc.), it becomes difficult to
isolate the magnitude and importance of particular processes or investigate param-
eter sensitivity. These limitations motivate the development of idealized models
in which specific physical mechanisms can be studied in isolation. The advan-
tage of an idealized model is that it is complex enough to reproduce the physical
behavior of the system well, yet it is relatively simple to construct analytical solu-
tions using standard mathematical techniques, avoiding high computational costs.
This allows us to identify and analyze the importance of each forcing mechanism
separately.

Various mechanisms have been identified that can result in the trapping of sed-
iment. For example, using a tidally averaged numerical model, Festa and Hansen
(1978) investigated the convergence zone of sediment due to the balance between
gravitational circulation (Hansen and Rattray, 1965; Officer, 1976) and freshwa-
ter discharge. Recently, the Festa and Hansen approach was extended to include
the influence of longitudinal suspended sediment concentration gradients on the
tidally averaged flows and the trapping of sediment (Talke et al, 2009b). The
importance of tidally varying processes on the formation of residual (tidally aver-
aged) flows and sediment transports is discussed in many publications (Simpson
et al, 1990; Geyer, 1993; Jay and Musiak, 1994; Burchard and Baumert, 1998).
Recently, an idealized model was developed to study the depth-dependent water
motion on the tidal time-scale in an estuarine cross-section (Huijts et al, 2009)
and its interaction with the entrapment of sediment in the lateral direction (Huijts
et al, 2006). However, no such model has been developed that describes these
processes in the longitudinal direction.

The main aim of the present chapter is to develop an analytical model that
simulates the along-channel flows resulting from various forcings such as the
semi-diurnal and first overtide external forcing, the horizontal density gradient
and river discharge (our first longitudinal analytical model for residual hydrody-
namic model was presented presented in Chernetsky et al (2008)). From the water
motion we calculate the sediment concentration in morphodynamic equilibrium in
the estuary. Using the model we are able to investigate the relative importance of
various forcing mechanisms and parameters (e.g. tidal dynamics, sediment grain
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size, residual flows, etc.) on the changes that occurred between 1980 and 2005.
In this chapter we address the following research questions. Why did the tidal
range increase by 1.5 m in the upstream reaches between 1980 and 2005? Which
mechanisms result in the trapping of sediment and in the variation of the trapping
location for sediment with a different grain size under the same hydrodynamic
conditions? Why is there an upstream shift of the turbidity zone in 2005 com-
pared to 1980?

In Section 2.2, we discuss the model equations we use to model the water
motion and sediment dynamics: the width-averaged shallow water and advection-
diffusion equations, respectively. We make a perturbation analysis and provide
analytic solutions of the problem in Section 2.3. Comparison with observations
and results are provided in Section 2.4, followed by a discussion in Section 2.5
and conclusions in Section 2.6.

2.2 Model Formulation

To focus on the water motion and sediment dynamics in the longitudinal direction,
we develop a width-averaged model for an estuary that is constrained by a weir at
the landward side. The seaward boundary of the estuary is located at x = 0, the
weir is found at x = L (see Fig. 2.1). The estuary is assumed to be exponentially
converging, i.e., the width B(x) of the estuary is given by

B(x) = B0e−x/Lb , (2.1)

with B0 the width of the estuary at the seaward side and Lb the exponential con-
vergence length. We assume there are no tidal flats. The bed profile is described
by z = −H(x), z = 0 denotes the undisturbed water level and z = ζ (t,x) denotes
the water surface.

The flow in the longitudinal direction is modeled by the width-averaged shal-
low water equations:

ux +wz −
u
Lb

= 0, (2.2a)

ut +uux +wuz +gζx −
gρx

ρ0
(z−ζ )− (Avuz)z = 0. (2.2b)

Here, x(u) and z(w) denote the along-channel and vertical coordinate (veloc-
ity), respectively. Time is denoted by t, g ∼ 10 m2/s is the gravitational accel-
eration, ρ0 ∼ 1020 kg m−3 is the reference density and Av is the vertical eddy
viscosity function.
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Figure 2.1: Sketch of the model geometry. The left panel depicts the side view of the
estuary and the right one presents the top view. A Cartesian coordinate system is used,
with x the along-channel coordinate directed landwards, y the transverse coordinate
and z the vertical coordinate pointing upwards. Other variable are introduced in the
text.

The along-channel density of the estuarine water is denoted by ρ(x) and varies
in general due the salinity s, suspended sediment concentration c, temperature and
pressure. To simplify, we neglect the density gradients caused by suspended sedi-
ment concentration (SSC), temperature and pressure, and assume that the tempo-
ral variations of the salinity field are small compared to the time-averaged salinity
field. Furthermore, we assume that the salinity is vertically well-mixed. Hence,
the along-channel density ρ is modeled as

ρ(s) = ρ0(1+β < s(x)>), (2.3)

where β ∼ 7.6 × 10−4 psu−1 converts salt to density and the angular brackets
< . > denote a tidal average. Here, < s(x)> is the observed along-channel time-
and depth-averaged salinity profile which describes the gradual decrease of the
salinity from the sea to the river (i.e. the model is diagnostic in salinity). The
salinity profile is prescribed as a hyperbolic tangent profile along the estuary that
depends on the freshwater discharge (see Talke et al (2009a)).

Following Friedrichs and Hamrick (1996), the vertical eddy viscosity function
Av is parameterized as

Av(x) = Av0
H(x)
H0

, (2.4)

with Av0 the eddy viscosity coefficient and H0 the water depth at the entrance of
the estuary.
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At the free surface, z = ζ , the boundary conditions are the no stress condition
and the kinematic boundary condition:

Avuz = 0 and w = ζt +uζx. (2.5)

As boundary condition at the bottom, z = −H(x), we assume the bed to be
impermeable, i.e.,

w =−uHx (2.6)

and prescribe a partial slip condition:

τb ≡ ρ0Avuz = ρ0su at z =−H(x). (2.7)

Note that this condition must be evaluated at the top of the constant stress layer
instead of at the true bed. The bottom stress τb is proportional to friction velocity
squared. By linearizing the quadratic friction law (Zimmerman, 1992) τb can be
related the velocity at the bed and reads τb = ρ0su. Hence, the partial slip condi-
tion can be rewritten as Avuz = su (Schramkowski et al, 2002). Here, the parameter
s is the so-called stress or slip parameter that can still depend on the longitudinal
coordinate. Following Friedrichs and Hamrick (1996) and Schramkowski et al
(2002), this dependency is taken to be linear in the local water depth, i.e.,

s = s0
H(x)
H0

.

The water motion is forced by a prescribed tidal elevation at the seaward side
of the estuary, x = 0, that consists of a semi-diurnal (M2) constituent and its first
overtide (M4)

ζ (t,0) = AM2 cosσt +AM4 cos(2σ t −ϕ),

where σ = 1.4 ·10−4 s−1 is the tidal frequency of the M2 semi-diurnal tidal con-
stituent, and AM2 and AM4 are the amplitude of the M2 and M4 (externally forced)
tidal constituent, respectively. The relative phase ϕ is the phase difference be-
tween the M4 and M2 tidal components, defined by ϕ = ϕζM4

−2ϕζM2
, where ϕζM2

(ϕζM4
) denotes the phase of the M2 (M4) tidal constituent. Apart from the ex-

ternally prescribed M4 overtide, overtides are generated internally by nonlinear
interactions. The combination of the M2 and M4 constituents results in so-called
tidal asymmetry: an estuary is called flood (ebb) dominant if flood currents are
stronger (weaker) than ebb currents.
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At the riverine side, x = L, a constant river discharge Q is prescribed and the
tidal discharge is required to vanish

B(L)

ζ∫
−H

u(L,z)dz = Q. (2.8)

Sediment is assumed to consist of noncohesive fine particles that have a uni-
form grain size (constant settling velocity) and are transported primarily as sus-
pended load. The governing equation for the sediment dynamics is the width-
averaged sediment mass balance equation (for a derivation, see Appendix A2)

ct +ucx +wcz = wscz +(Khcx)x +(Kvcz)z −
1
Lb

Khcx, (2.9)

where c denotes the width-averaged suspended sediment concentration and ws ∼
0.2−5 mm s−1 the settling velocity. The turbulent vertical eddy diffusivity func-
tion Kv is assumed to be equal to Av. The horizontal diffusivity coefficient is
denoted by Kh. Suspended sediment is transported due to diffusive contributions,
temporal (or local) settling lag effects (related to tidal asymmetry and local inertia,
see Groen (1967)), and spatial settling lag effects (which are related to the finite
time for sediment particles to settle, see Postma (1954); De Swart and Zimmerman
(2009)).

At the surface, we require that no sediment particles enter or leave the domain,
i.e., the normal component of the settling and diffusive flux balance

wsc+Kvcz −Khcxζx = 0 at z = ζ . (2.10)

The normal component of the sediment flux at the bottom due to erosion is
given by

Es ≡−Kvcznz −Khcxnx = wsc∗ at z =−H(x). (2.11)

Here, −→n = (nx,nz) is the upward unit normal vector at the bottom with nx and nz

being components along the x and z axes and c∗ is a reference concentration. It is
defined as

c∗(t,x) = ρs
|τb(t,x)|
ρ0g′ds

a(x), (2.12)

where the density of sediment is denoted by ρs, the dimensionless bed shear stress
by τb/(ρ0g′ds) with τb defined in Eq. (2.7) and the erosion coefficient by a(x).
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Furthermore, ds is the grain size of the sediment and g′ = g(ρs − ρ0)/ρ0 is the
reduced gravity. The erosion coefficient a(x) ∼ 10−5 models the along-channel
distribution of easily erodible sediment, available in mud reaches.

Following Friedrichs et al (1998) and Huijts et al (2006), we will consider
our system to be in morphodynamic equilibrium, which means that there is no
evolution of the bed over a tidal period. This approach is valid when the easily
erodible sediment is redistributed on a much shorter timescale than the typical
timescale at which the external forcing changes significantly. Hence there is a
balance between the tidally averaged erosion and deposition at the bottom z =
−H(x). The erosion flux is defined in Eq. (2.11), the depositional sediment flux
D is defined by

D = wscnz at z =−H(x).

Assuming that < E > − < D >= 0, a condition for morphodynamic equi-
librium is obtained by integrating the sediment mass balance equation (Eq. (2.9))
over depth. Using boundary conditions (2.5), (2.6), (2.10) and averaging the result
over a tidal period, the morphodynamic equilibrium condition reads (for details,
see Appendix A3) ⟨ ζ∫

−H

(uc−Khcx)dz

⟩
= 0, (2.13)

where we assumed that there is no residual sediment flux at the weir. Here, angular
brackets ⟨.⟩ indicate an average over the tidal period.

The sediment concentration in the morphodynamic equilibrium still depends
on the unknown erosion coefficient a(x). Since the sediment concentration de-
pends linearly on the erosion coefficient and the water motion is assumed to be
independent of c, the morphodynamic equilibrium condition (2.13) can be rewrit-
ten as a first order linear differential equation for the erosion coefficient a(x)

F
da
dx

+Ta = 0, (2.14)

where F =

⟨ ζ∫
−H

−Kh
c
a

dz

⟩
and T =

⟨ ζ∫
−H

(
u

c
a
−Kh

( c
a

)
x

)
dz

⟩
.

By prescribing the total amount of sediment available at the bottom for resus-
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pension, the integration constant can be determined by requiring

L∫
0

B(x)a(x)dx

L∫
0

B(x)dx

= a∗, (2.15)

where a∗ is the average amount of sediment available for resuspension. Note that
a∗ is an input parameter and the model yields the suspended sediment concentra-
tion up to a specified concentration.

2.3 Perturbation analysis and solutions

In this section we will approximate the system of equations discussed in Section
2.2 to obtain a (semi-) analytic solution. Here, we will only give a short outline
of the procedure used to construct the reduced system of equations, for a detailed
description of this procedure and the solution method used to solve the resulting
reduced system of equations (see Appendix A4).

First, the relative importance of the various terms in the model equations is
established by performing a scaling analysis, using parameter values representa-
tive for the Ems estuary (see Table 2.1, which is discussed in detail in Section
2.4). One of the dimensionless parameters that appears in the scaled equations is
the ratio of the M2 tidal amplitude AM2 and the undisturbed water depth H0. This
ratio, denoted by ε , is much smaller than one, i.e. ε = AM2/H0 ≪ 1. The other
dimensionless parameters are compared to this small parameter ε .

Next, we approximate the solution of the dimensionless equations and the
boundary conditions by expanding the physical variables in power series of the
small parameter ε . This expansion is substituted in the scaled equations and terms
of the zeroth (first) order of ε are collected, resulting in a leading (first order)
system of equations. The leading order system is presented in Section 2.3.1, the
first order system in Section 2.3.2 and the morphodynamic equilibrium condition
is discussed in Section 2.3.3.
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2.3.1 Leading order system of equations

In leading order, i.e. O(ε0), the dimensional system of equations describing the
water motion reads

u02
x +w02

z − u02

Lb
= 0, (2.16a)

u02
t +gζ 02

x − (Avu02
z )z = 0. (2.16b)

The first superscript denotes the order of ε , the second superscript is the index of
the lunar constituent under consideration, i.e. in leading order only an M2 signal
is present in the water motion.

The boundary condition at the riverine side requires the depth-averaged ve-
locity to vanish at the weir. At the entrance the system is forced by an externally
prescribed semi-diurnal tide. These conditions read

ζ 02 = AM2 cos(σ t) at x = 0, (2.17a)
0∫

−H

u02dz = 0 at x = L. (2.17b)

At the free surface z = 0, the boundary conditions are given by

w02 = ζ 02
t and Avu02

z = 0. (2.18)

At the bottom z =−H(x), the boundary conditions read

w02 =−u02Hx and Avu02
z = su02. (2.19)

The solution of Eqs. (2.16)-(2.19) describes the propagation of tidal waves in
a medium with effectively a homogeneous density and a varying depth. It is solved
by reducing the system to a homogeneous ordinary boundary-value problem for
the sea surface elevation ζ 0 (see Ianniello (1977) and Appendix A4.1 for details).

The dynamics of the sediment concentration in leading order is given by

c0
t −wsc0

z = (Kvc0
z )z. (2.20)

Hence, in leading order, the evolution of the sediment concentration is governed
by local inertia, settling and vertical mixing of sediments.
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Boundary conditions at the free surface z = 0, require no flux through the bound-
ary,

wsc0 +Kvc0
z = 0. (2.21)

At the bottom, z =−H(x), the boundary condition reads

−Kvc0
z = wsρs

s|u0(t,x)|
g′ds

a(x). (2.22)

Since the water motion only consists of an M2 tidal signal in leading order, it
follows that the concentration has a residual (tidally averaged) component and all
constituents with frequencies that are an even multiple of the M2 tidal frequency,
hence

c0 = c00 + c04 + . . . . (2.23)

The sediment concentration c0 still depends on the unknown erosion coefficient
a(x).

The solution method and analytical expressions of the semi-diurnal tidal ve-
locity and sediment concentration components are given in Appendix A4.1.

2.3.2 Higher order system of equations

In this section, the first order system of equations is given. The water motion is
discussed in subsection 2.3.2.1 and sediment dynamics in 2.3.2.2.

2.3.2.1 Water motion

The dimensional hydrodynamic equations in first order, i.e. O(ε1), are given by

u1
x +w1

z −
u1

Lb
= 0, (2.24a)

u1
t +u02u02

x +w02u02
z +gζ 1

x −gβ ⟨s⟩x z = (Avu1
z )z, (2.24b)

where the underlines . denote individual forcing terms, which are discussed
later.

At the free surface z = 0, the boundary conditions read

w1 = ζ 1
t −ζ 02w02

z +u02ζ 02
x and Avu1

z +Avζ 02u02
zz = 0, (2.25)

and at the bottom z =−H(x)

w1 =−u1Hx and Avu1
z = su1. (2.26)
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The boundary conditions at the riverine side and entrance are given by

0∫
−H

u1dz = Q/B at x = L, (2.27)

ζ 1 = AM4 cos(2σt −ϕ) at x = 0. (2.28)

Careful inspection of Eqs. (2.24)-(2.28) shows that the order ε velocity fields
u1,w1 and the sea surface elevation ζ 1 consist of the residual contributions (u10,
w10,ζ 10) and contributions (u14,w14,ζ 14) which oscillate with twice the frequency
of the semi-diurnal tide. These contributions are discussed separately in the fol-
lowing paragraphs. The solution method is presented in Appendix A4.2.

Residual flow. By averaging over a tidal period, a forced linear system that
describe the residual flow is obtained:

u10
x +w10

z − u10

Lb
= 0, (2.29a)⟨

u02u02
x +w02u02

z
⟩︸ ︷︷ ︸

TS

+gζ 10
x −gβ ⟨s⟩x z︸ ︷︷ ︸

GC

= (Avu10
z )z. (2.29b)

where the underbraces .︸︷︷︸ denote the individual residual forcing terms. The

semi-diurnal tidal components u02, w02, ζ 02 were obtained in Section 2.3.1.
At the free surface z = 0, the boundary conditions are given by

w10 =−
⟨
ζ 02w02

z −u02ζ 02
x
⟩︸ ︷︷ ︸

SD

and Avu10
z +

⟨
Avζ 02u02

zz
⟩︸ ︷︷ ︸

SC

= 0. (2.30)

At the bottom z =−H(x), the boundary conditions read

w10 =−u10Hx and Avu10
z = su10. (2.31)

The boundary condition at the riverine side is that the depth and tidally aver-
aged velocity equals the river discharge at the weir and at the entrance, the tidally
averaged sea surface elevation in first order is zero. Those conditions read

0∫
−H

u10dz =
Q
B︸︷︷︸
RI

at x = L, (2.32a)

ζ 10 = 0 at x = 0. (2.32b)
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Equations (2.29) together with boundary conditions (2.30)-(2.32) describe the
residual water motion in the estuary which is driven by the residual forcing terms.
First, the water motion is forced by the residual constituent of nonlinear interac-
tions of the leading order M2 tide due to advective contribution (TS). Second,
there is a time-independent forcing (GC) due to the presence of a salinity gradi-
ent ⟨s⟩x (gravitational circulation). Third, there is the tidal return transport (SD),
which is the residual transport that compensates for the correlation between hor-
izontal and vertical water motion (Stokes transport). Fourth, there is the residual
constituent due to the no-stress condition at the surface (SC). Finally, there is a
river discharge prescribed at the weir, resulting in a residual water motion in the
estuary (RI).

Since this system of equations is linear, we can study the importance of each
forcing mechanism separately, i.e. the resulting solution for the residual velocity
fields u10 and w10 and the sea surface elevation ζ 10 reads

χ10 = χ10
TS +χ10

GC +χ10
SD +χ10

SC +χ10
RI , (2.33)

where χ10 = (u10,w10,ζ 10).
First overtide (M4) flow. The M4 constituent of the water motion is described

by the following system of forced equations

u14
x +w14

z − u14

Lb
= 0, (2.34a)

u14
t +

[
u02u02

x +w02u02
z
]︸ ︷︷ ︸

AC

+gζ 14
x = (Avu14

z )z, (2.34b)

where braces [.] denote the M4 contribution and the underbraces .︸︷︷︸ are the indi-

vidual M4 forcing terms.
At the free surface z = 0, the boundary conditions are given by

w14 = ζ 14
t +[u02ζ 02

x −ζ 02w02
z ]︸ ︷︷ ︸

FS

and Avu14
z +Av[ζ 02u02

zz ]︸ ︷︷ ︸
NS

= 0. (2.35)

At the bottom z =−H(x), the boundary conditions read

w14 =−u14Hx and Avu14
z = su14. (2.36)

The boundary conditions at the entrance and riverine side are identical to those
of the leading order conditions, but at the entrance the system is forced by the
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externally prescribed M4 tide. These conditions are

ζ 14 = AM4 cos(2σt −ϕ)︸ ︷︷ ︸
EF

at x = 0, (2.37a)

0∫
−H

u14dz = 0 at x = L. (2.37b)

System (2.34) and boundary conditions (2.35)-(2.37) describe the M4 water
motion in the estuary driven by: the M4 constituent of nonlinear interactions of
the leading order M2 tide due to advective contribution (AC); the M4 transport
(FS) that compensates for the correlation between horizontal and vertical water
motion; and the M4 constituent of no-stress condition at the surface (NS). The
AC,FS and NS constituents are produced within the estuary and are referred to
as the internally generated overtide. Moreover, the water motion is forced by an
externally prescribed overtide (forcing term EF). These four components result in
a M4 tidal motion in the estuary.

As with the residual flow, the solution to Eqs. (2.34) can be decomposed into
different contributions, each induced by an individual forcing mechanism:

χ14 = χ14
AC +χ14

FS +χ14
NS +χ14

EF, (2.38)

where χ = (u14,w14,ζ 14). Thus, we can investigate the influence of each forcing
separately.

2.3.2.2 Sediment dynamics

The sediment mass balance equation (Eq. 2.9) and its boundary conditions at first
order are equivalent to those in leading order, with the first order component of
the bed shear stress given by

|τ1
b |= ρ0su1 u02

|u02|
at z =−H. (2.39)

Based on Eq. (2.39), it can be concluded that the first-order sediment concen-
tration is a result of the leading order and the first order tidal flow interaction.

Applying a Fourier analysis to the bottom boundary condition (2.11) for the
sediment concentration equation, it can be deduced that the higher-order concen-
tration consists of all tidal components

c1 = c10 + c12 + . . . . (2.40)
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Note that, we assume the nonlinear terms ucx +wcz are of O(ε2) and, there-
fore, they do not enter into the first order concentration equation (see Appendix
A4). These terms result in the spatial settling lag effect. Treating these nonlinear
terms as order ε1 quantities will result in additional mean and overtide compo-
nents of the first order. Solving these components will be straightforward, but will
significantly complicate the analysis. Since our goal is to gain understanding of
sediment transport, these nonlinear terms are neglected at a first step.

2.3.3 Morphodynamic equilibrium condition

The leading order morphodynamic equilibrium condition reads (for details, see
Appendix A4.3)

0∫
−H

(u10c00 +
⟨
u02c12⟩+⟨u14c04⟩−Kh

⟨
c00

x
⟩
)dz+

⟨
ζ 0[u02c0]z=0

⟩
= 0. (2.41)

Here, the first contribution models the residual transport of sediment due to in-
teractions of the residual velocity and the time-averaged sediment concentration.
Note that we can decompose this transport even further as we have separate ex-
pressions for the residual flow components due to different forcing agents (see Eq.
(2.33)). The second term describes the semi-diurnal sediment transport which oc-
curs due to the interactions of the semi-diurnal velocity and the M2 concentration.
The third component represents the first overtide transport of sediment and is a re-
sult of the interactions of the first overtide velocity and the M4 concentration. The
horizontal diffusive transport and a transport due to the correlation between the
tidal return flow and concentration are represented by the fourth and fifth terms,
respectively. Note that, as in the case with the residual sediment transport, we can
perform further decomposition of the aforenamed fluxes.

The sediment concentration in the morphodynamic equilibrium condition still
depends linearly on the unknown erosion coefficient a(x), i.e., c00 = a(x)c00a,
c04 = a(x)c04a and c12 = a(x)c12a, where c00a, c04a, and c12a are independent
of a(x). This results in a linear first order ordinary differential equation for the
erosion coefficient a(x)

Fax +Ta = 0, (2.42)

with

F =

⟨ 0∫
−H

−Khc00adz

⟩
,
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T =

0∫
−H

u10c00adz+
⟨

ζ 0 [u02c0a]
z=0

⟩
︸ ︷︷ ︸

Tres

+

0∫
−H

⟨
u02c12a⟩dz

︸ ︷︷ ︸
TM2

+

0∫
−H

⟨
u14c04a⟩dz

︸ ︷︷ ︸
TM4

−
0∫

−H

Kh
⟨
c00a

x
⟩

dz

︸ ︷︷ ︸
Tdiff

.

Here, the underbraces .︸︷︷︸ denote different contributions of the residual sediment
transport T , induced by various interactions between the velocity and concentra-
tion: Tres is the transport, which results from the interaction of the residual velocity
with the residual concentration, TM2 is the transport due to the M2 velocity and M2
concentration interaction, TM4 is the transport due to the M4 velocity and M4 con-
centration interaction and Tdiff is the diffusive transport. These contributions are
discussed in detail in Section 2.5.2.1.

2.4 Results

In this section the model developed in Sections 2.2 and 2.3 is used to gain insight
into both the hydrodynamics and sediment dynamics in the Ems estuary. There
has been a distinct change in both the water motion and sediment dynamics over
the past 30 years in this estuary. These changes and the general characteristics of
the Ems estuary are briefly discussed in Section 2.4.1. Using the observations car-
ried out in 1980 and 2005 on the Ems estuary we will investigate the ability of the
model to reproduce the main characteristics of the hydro- and sediment dynamics
(Section 2.4.2), resulting in a physical explanation for why the dynamics changed
so drastically. The water motion results are discussed in Section 2.4.3, followed
by Section 2.4.4 in which the sediment dynamics and the trapping of sediment in
the estuary are discussed.

2.4.1 Characteristics of the Ems estuary

The Ems estuary is situated on the border between the Netherlands and Germany
and runs from the island of Borkum to the tidal weir in Herbrum. Its length from
the geographical entrance (the barrier islands) to the tidal weir is approximately
100 km. In this chapter, the zero of the along-channel coordinate axis x is lo-
cated at Knock, with x increasing towards the weir at Herbrum (see Fig. 2.2).
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Moreover, in the remainder of the chapter the term entrance denotes the model
entrance, which is km 0 in our coordinate system (Knock), and not the geograph-
ical entrance of the Ems estuary.

The Ems estuary is exponentially converging with a convergence length Lb of
30 km. The system is partially mixed and the landward limit of the salt intrusion
varies with the river discharge and is usually found between 20 and 30 km (Talke
et al, 2009a).

Figure 2.2: Map of the Ems estuary from the barrier island of Borkum in the North
sea up to the tidal weir in Herbrum.

Approximately 90% of the fresh water input comes from the Ems river, the
remaining 10% from other tributaries. The river discharge exhibits seasonal vari-
ations. The discharge is approximately 30 m3/s during low flow conditions (June-
October) while 150 m3/s is observed during high flow conditions (November-
April). The yearly average freshwater discharge is 70 m3/s.

The solid red line in Fig. 2.3 shows the bathymetry of 1980. The depth of the
navigation channel, i.e. the region between Emden and Papenburg, was approx-
imately 4− 5 m. At the entrance the tidal range was 3.1 m and the main tidal
constituent was the M2 tide with an amplitude of 1.43 m. The first overtide had
as amplitude of approximately 0.25 m and a relative phase of −171.9◦. The tidal
range decreased upstream (near Papenburg it was approximately 2.3 m). Surface
measurements registered that average SSC steeply increased from an average of
70 mg/l in Knock (km 0) to a maximum of 400 mg/l in Terborg (approximately
km 25), and decreased sharply further upstream (De Jonge, 1983).

Between 1980 and 2005, shipping channels of the Ems river were deepened
from 4− 5 to 7 m. The solid blue line in Fig. 2.3 depicts the 2005 water depth
(WSA Emden). At the entrance, the mean tidal range is now 3.2 m (the spring-
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Figure 2.3: Bathymetry of the Ems estuary in 1980 and 2005.

neap tidal range is 3.5 and 2.7 m, respectively) and the main tidal constituent
is the M2 tide with an amplitude of 1.35 m. The first overtide has as amplitude
of approximately 0.19 m and a relative phase of −174.6◦. The tidal range in-
creases upstream (near Papenburg it is approximately 3.8 m). Measurements be-
tween Pogum (km 15) and Rhede (km 59) in 2005-2006 found an average SSC of
950 mg/l with no distinct peak (V. de Jonge, personal communication).

A variety of measurements were used to calibrate the model to present condi-
tions (labeled the ’2005’ case for convenience), and historical conditions (labeled
’1980’ for convenience). The variation of M2 and M4 water level at 8 locations
(between kms 0, 13, 19.6, 27.4, 37.1, 44.4, 48, 63.5 in our coordinate system)
along the estuary were obtained from measurements over 24 hours by the Wasser
and Schiffartsamt (WSA), Emden on February 29th, 1980, during median tidal
conditions. Concurrent measurements of water level and velocity from a nearly
14 hour period on April 25th, 1984 are used to estimate the historical phasing of
flow and pressure. Velocity was estimated using hand held instruments every 15
minutes at 0.3− 0.5 m increments in the water column at three locations on two
cross sections located on Ems km 38.5 and 41.1. The phase difference between
water level and flow used in the model is obtained from the average harmonic fit
of near-surface measurements from the four available digitized data sets, and is
approximately 65◦.

Considerably more data was available to calibrate the ’2005’ model condition,
which is subsequently better constrained. Continuous water level measurements
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(5 - 30 minute increments) from 2005 and 2006 were obtained from the Nieder-
saechsicher Landesbetrieb fuer Wasserwirtschaft, Kuesten- und Naturschutz (NL-
WKN) at the same locations as the 1980 data (between the towns of Knock and
Herbrum). Additionally, velocity measurements from surface-moored Aandera
RCM-9 probes deployed by WSA Emden were used to define the phase angle be-
tween surface tidal flows and water level at a total of six along-channel locations
between January-April 2006. Because instruments were serviced occasionally or
moved to different along-channel locations, some data gaps exist and the total data
set spans approximately 2-2.5 months at each site. Bathymetry for the ’2005’ and
’1980’ case were obtained from surveys by WSA Emden in December 2004 and
1984, respectively.

Over most of the modeled estuary, bottom sediment consists primarily of silt
(70− 80%), with approximately 20− 25% fine sand and ∼ 5% clay (M. Krebs,
personal communication). The channel bed before deepening was primary sandy
(Krebs and Weilbeer, 2008). Observed flocculation settling velocities in the Ems-
Dollart vary from < 0.0001 to 0.008 m s−1 (Van Leussen and Cornelisse, 1993,
1996; Van der Lee, 2000).

2.4.2 Model setup

Historical bathymetry, digitized from old charts, was only available between Em-
den and Herbrum. To be able to simulate the water motion and sediment dynam-
ics for 1980, we have extended the available bathymetry of 1980 from Emden
downstream to Knock and from Papenburg up to Herbrum by using the 2005
bathymetry. This is a fair assumption, since channel deepening was mainly car-
ried out between Emden and Papenburg. Moreover, because we focus on flow
and sediment pattern on the basin-scale, the bathymetries were smoothed using a
lowpass filter.

Most other model parameters are directly obtained from the observations out-
lined in Section 2.4.1 and are summarized in Table 2.1.

The vertical eddy viscosity coefficient Av0 and the stress coefficient s0, which
are unknown, are obtained by calibrating the model to the measured data. We
minimize the difference between the observed and modeled semi-diurnal tidal
amplitude (ζM2), and the phase difference between the semi-diurnal free surface
elevation and velocity (ϕζM2

− ϕuM2
) in a least square sense. The other observa-

tions, such as the residual and M4 tidal amplitude and velocity at the surface, are
then used to validate the model. The resulting vertical eddy viscosity coefficient
Av0 has decreased from 0.019 m2 s−1 in 1980 to 0.012 m2 s−1 in 2005. Apart from



36 CHAPTER 2. THE EFFECT OF TIDAL ASYMMETRY AND TSL ON SEDIMENT TRAPPING

Table 2.1: Model input parameters representing 1980 and 2005 measurements
carried out along the Ems/Dollard estuary, respectively

Parameter Symbol Dimension 1980 2005

Semi-diurnal angular tidal
frequency

σ s−1 1.4×10−4

Gravitational acceleration g m s−2 9.8
β β psu−1 7.6×10−4

Ref. density ρ0 kg m−3 1020
Sediment density ρs kg m−3 2650
Length of the estuary L km 63.7
Convergence length Lb km 30
Water depth at the en-
trance

H0 m 12.2

M2 tidal amplitude at the
entrance

AM2 m 1.43 1.35

M4 tidal amplitude at the
entrance

AM4 m 0.25 0.19

Relative phase at the en-
trance

ϕ degrees −170.9 −174.6

Vertical eddy viscosity
coefficient∗

Av0 m2 s−1 0.019 0.012

Stress coefficient∗ s0 m s−1 0.098 0.049
River discharge Q m3/s 65
Settling velocity ws m s−1 0.0002 - 0.002
Horizontal eddy diffusiv-
ity

Kh m2 s−1 100

Parameters marked with the asterisk ∗ are obtained in Section 2.4.3.

this decrease of Av0, Av(x) (see Eq. 2.4) decreased everywhere as well compared
to the 1980 case. For the stress coefficient, we found 0.098 m s−1 in 1980 and
0.049 m s−1 in 2005 as best fit.

The river discharge that we use is 65 m3s−1. It is assumed that the turbulent
vertical eddy diffusivity Kv is equal to the vertical mixing Av. The horizontal
diffusivity coefficient Kh is taken to be 100 m2s−1.
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2.4.3 Water motion

Figs. 2.4(a) and 2.4(c) show the comparison of observations and model predic-
tions of the semi-diurnal tidal amplitude, and Figs. 2.4(b) and 2.4(d) represent
the phase difference between the semi-diurnal horizontal and vertical tide in 1980
and 2005, respectively (additional figures with comparison between observations
and model predictions are given in Appendix A7). Unless explicitly stated other-
wise, all velocities are taken at the sea surface. Here, the solid blue line represents
the model results using parameter values given in Table 2.1, the red square marks
the observed values. In dashed lines, we plotted the locations where the mea-
surements were made in 2005. Comparison of these figures and additional model
computations (see Appendix A6) shows that the tidal motion is closer to reso-
nance in 2005 than 1980, as the M2 amplitude increases and the phase difference
between the horizontal velocity and water level is closer to 90◦.

Fig. 2.5(a) shows the ratio of the M4 over M2 horizontal velocity at the sur-
face. The solid blue (black) line represents the model results for the 2005 (1980)
case, using parameter values given in Table 2.1 and the red square (cross) marks
the observed values for 2005 (1980). The ratio of the M4 over M2 velocity am-
plitude has decreased from 1980 to 2005 in the first 20 km from the entrance and
has increased everywhere else. Fig. 2.5(b) depicts the relative phase of the sea
surface elevation, which is defined as ϕζM4

−2ϕζM2
, where ϕζM2

(ϕζM4
) is the phase

of the M2 (M4) tidal elevation. The relative phase defines the duration of the rise
and fall of the tide. Both observations and the model suggest that the duration of
the falling tide is greater than the rising tide everywhere in the estuary, with no
striking quantitative differences observed between 1980 and 2005. In Fig. 2.5(c),
the relative phase of the horizontal velocity (ϕuM4

−2ϕuM2
) is shown. The relative

phase between the semi-diurnal tidal velocity, and its first overtide, i.e. the M4
velocity, determines whether there is flood or ebb dominance (Aubrey and Speer,
1985; Van de Kreeke and Dunsbergen, 2000). If the relative phase is between
−90◦ and 90◦, the estuary is flood dominant; otherwise the estuary is ebb domi-
nant. Model results presented in Fig. 2.5(c) suggest that the ebb/flood dominance
changed between the two years. In 1980 there was only a pronounced flood dom-
inance in the last 30 km of the estuary with a small ebb dominated region at the
entrance. In 2005, however, the estuary was flood dominated everywhere.

In Fig. 2.6 the horizontal component of the residual velocity along the estuary
is shown for 1980 (Fig. 2.6(a)) and 2005 (Fig. 2.6(b)). The maximum velocity
magnitude of 0.4 m s−1 in both cases is located at the weir and results primarily
from river discharge. From the weir towards the entrance the velocity gradu-
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Figure 2.4: Comparison between observations and model predictions of the semi-
diurnal tidal amplitude and phase difference between the semi-diurnal horizontal and
vertical tide. The blue curves represent model predictions; the red squares show mea-
sured data at various measuring locations. The dashed lines depict locations at which
the measurements were made in 2005. The left panels represent tidal amplitude along
the estuary and the right ones depict relative phase shift between the free surface ele-
vation and along-channel velocity component. The upper panels show 1980 case; the
lower panels mimic the 2005 case.

ally decreases. At the entrance there is a region near the bed where the residual
velocity changes direction from down-stream to up-stream (the zero contour is in-
dicated by the black solid line). The model suggests that between 1980 and 2005,
the region with up-stream directed velocity has advanced into the estuary by as
much as 5 km.
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Figure 2.5: The water motion model results. The blue curves represent model pre-
dictions; the red marks show measured data at various locations. Scattered data at
the same location means that measurements were done at various times. The dotted
lines show locations at which the measurements were made in 2005. The upper left
panel depicts the ratio of the M4 over M2 horizontal velocity at the surface and the
upper right one represents the relative phase of the sea surface elevation. The lower
panel shows the relative phase of the horizontal velocity at the surface. Changes from
parameter regions with ebb and flood dominance are indicated by the green solid lines.

2.4.4 Sediment Dynamics

To reflect the observed variation in the grain size distribution, we modeled fine silt
with a settling velocity ws of approximately 0.0005 m s−1 and a coarser silt with
a settling velocity of 0.002 m s−1. All other parameters have their default values
(see Table 2.1).
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(a) (b)

Figure 2.6: The residual velocity model result. The black solid line depicts the zero
contour. The left panel shows the 1980 case and the right one depicts 2005.

Figs. 2.7(a) and 2.7(b) show the tidally averaged SSC for fine silt in morpho-
dynamic equilibrium and Figs. 2.7(c) and 2.7(d) represent coarse silt in 1980 and
2005, respectively. In 1980 for both fine and coarse silt, Figs. 2.7(a) and 2.7(c)
indicate that the trapping region is located near the upward limit of salt intrusion
(from here on we define trapping of sediment at this location as the ETM at the
classical location). For fine silt, this region is shifted upstream by approximately
7 km compared to coarse silt. In 2005 for fine silt, the trapping region has shifted
upstream into the freshwater zone by approximately 19 km compared to the 1980
case. For coarse silt, we observe two ETMs: one near the upward limit of salt
intrusion and the other one further upstream at km 42.5.

Note that the erosion coefficient a(x) in the morphodynamic equilibrium con-
dition is determined up to a constant a∗ (see Eq. (2.15)). Here, we used a∗ = 10−5

to get the SSC at the surface of approximately 300 mg/l for fine sediment in 1980.
An increase (decrease) of the constant a∗ results in higher (lower) SSC. For both
1980 and 2005 we used the same a∗ for consistency.

2.5 Discussion

In this section we will use the analytical model to explain the model results pre-
sented in the previous section. Section 2.5.1 provides an analysis of the hydro-
dynamic conditions in the estuary. In Section 2.5.2, we will study changes of
trapping locations between 1980 and 2005 for fixed settling velocity ws and river
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(a) (b)

(c) (d)

Figure 2.7: Tidally averaged suspended sediment concentration (SSC) in morphody-
namic equilibrium. The upper panels show the SSC for fine silt and the lower ones
depict coarse silt.

discharge Q and compare the difference in grain sizes for the same year. In Sec-
tion 2.5.3, we will discuss the sensitivity of trapping locations to the settling ve-
locity and river discharge.

2.5.1 Hydrodynamics

We start the analysis of the hydrodynamic conditions in the estuary by investigat-
ing the difference of the M2 and M4 tidal characteristics between 1980 and 2005.
As shown in Fig. 2.4, the dimensionless M2 tidal amplitude (the ratio of the M2
tidal amplitude over its value at the entrance) at the landward side increased from
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approximately 0.74 to 1.12 between 1980 and 2005. Furthermore, the relative
phase between the horizontal velocity and water level is closer to 90◦ in 2005
compared to 1980, i.e. the character of wave has become more that of a stand-
ing wave and the estuary is closer to resonance. Spatial variation in phase have
decreased. A similar amplification for the M4 tide is observed.

We investigate the amplification of the M2 tide by considering at two different
scenarios (details are given in Appendix A6). Deepening the estuary to the 2005
depth, but keeping the 1980 Av and s parameter values, results in an increase of
the dimensionless M2 tidal amplitude at the landward boundary to 0.89. Keep-
ing the 1980 depth but using the 2005 parameter values for Av and s results in
the dimensionless M2 tidal amplitude of approximately 0.99 at the landward side.
Hence, we can conclude that, although the reduction of the vertical eddy diffusiv-
ity and stress parameter has more effect on the tidal resonance in the case of the
Ems estuary, the observed amplification of the dimensionless M2 tidal amplitude
to approximately 1.12 in 2005 is a result of both factors acting simultaneously.

Next, we study the observed and modeled ebb and flood dominance in the es-
tuary. The estuary is everywhere flood dominant in 2005, while in 1980 a small
region at the entrance of the estuary was ebb dominated. The M2 velocity phase
curves have a similar trend, and they do not change the flood dominance between
years (see Fig. 2.8(a)). The two contributions to the M4 phase of the horizontal
velocity at the surface are shown in Fig. 2.8(b). The blue line denotes the in-
ternally generated contribution which is caused by nonlinear interactions and the
black line shows the externally forced contribution. Dashed lines depict the 1980
case and solid lines the 2005 case. The externally generated M4 velocity phase
shows qualitatively similar behavior for both years. The character of the inter-
nal M4 velocity phase has changed significantly: in the region where we observe
ebb dominance in 1980, the phase rapidly increases from approximately −250◦

to −100◦, while in 2005 the phase is always about −100◦, resulting in a stronger
flood dominance in 2005 compared to 1980. So we can conclude that the main
changes in ebb/flood dominance, as observed in the Ems, are a result of changes
in the phase of the internally generated overtide.

Next, we focus on changes in the ratio of the modeled M4 over M2 horizontal
velocity at the surface, plotted in Fig. 2.5(a). The M2 and M4 horizontal velocity
at the surface are shown in Fig. 2.9. Fig. 2.9(a) indicates that the behavior of the
M2 velocity component did not change between 1980 and 2005. The only change
is an average 12% amplification of the M2 velocity in 2005 compared to 1980.
In Fig. 2.9(b), we plotted both the externally forced and internally generated M4
velocity amplitude at the surface for both years. In Section 2.4.3 we discriminated
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Figure 2.8: The left panel shows the M2 horizontal velocity phase at the surface and
the right panel depicts the M4 horizontal velocity phase at the surface.

between two distinct regions. In a region within 20 km of the entrance the first
region, located close to the entrance, the M4/M2 ratio has decreased from 1980 to
2005. This is caused by a local decrease of the M4 internally generated velocity in
1980. Everywhere else we observe the opposite: an increase of the M4/M2 ratio
in 2005 compared to 1980. This can be explained by a rapid damping of the M4
externally forced signal towards the end of the estuary in 1980, which is not the
case in 2005. Moreover, the internally generated M4 velocity amplitude is more
amplified in 2005 than in 1980 everywhere in the estuary.

Finally, we analyze the residual flow. The residual flow is the sum of five
separate contributions, each from an individual forcing mechanism: gravitational
circulation, river inflow, tidal return flow, surface contribution and tidal stresses
(see Section 2.3.2). In Fig. 2.10, the three largest residual horizontal velocity
components are presented. The other two components are negligible. The top row
shows the gravitational circulation in 1980 (Fig. 2.10(a)) and 2005 (Fig. 2.10(b)),
respectively. These figures suggest that the gravitation circulation has intensified
over the years. The reason for that is a combination of increased estuarine depth
and a decrease of vertical mixing (Talke et al, 2009a,b). At the same time, the tidal
return flow, depicted in Figs. 2.10(c) and 2.10(d), has decreased between 1980 and
2005. One would expect an increase of this contribution due to a decrease of the
vertical mixing. On the other hand, the increase of water depth and decrease of the
stress parameter s (resulting in a wave with a stronger standing wave character)
result in a decrease of the tidal return flow. In this case, based on additional model
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Figure 2.9: The left panel represents M2 velocity amplitude at the surface and right
one the M4 velocity amplitude at the surface.

computations, the latter effect is stronger. The lower panels, Figs. 2.10(e) and
2.10(f), represent the river velocity in 1980 and 2005, respectively. The river
velocity has decreased by less than 5% in 2005 due to deepening but there are
no significant changes between 1980 and 2005. Therefore, the combination of
the increased gravitational circulation and the decrease of the tidal return flow
resulted in the residual flow changes described in Section 2.4.3.

2.5.2 Analysis of the residual sediment transports

In Fig. 2.7, we observe different sediment trapping regions between different
years and/or grain sizes. For fine silt the trapping region is found at the classic
location in 1980, i.e., near the upward limit of salt intrusion. In 2005, the trap-
ping region has shifted further upstream by 19 km. Coarse silt is trapped at the
classical location in 1980 as well, whereas in 2005 two trapping regions are ob-
served. One ETM is located at the classical location and the other trapping region
is far upstream into the freshwater zone. To understand the physical mechanisms
resulting in these different trapping regions, we analyze the sediment transports
discussed in Section 2.3.3.

To clarify our analysis method, we take as an example the sediment transports
for fine silt in 1980. These transports are shown in Fig. 2.11. In this figure, the
solid red line represents the residual sediment transport due to the transport of
the residual concentration by the residual velocity. If this transport is negative
(i.e., between approximately 15 and 45 km), the sediment is transported in the
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(a) (b)

(c) (d)

(e) (f)

Figure 2.10: The residual velocity constituents, namely, the gravitational circulation
is depicted on the upper panels, the tidal return flow is shown on the middle panels
and the river outflow on the lower panels.

seaward direction. If the transport is positive (from the entrance up to approxi-
mately 15 km), the sediment transport is directed up-stream. Similarly, the solid
green, black and magenta lines denote the residual sediment transport due to the
interaction of the M2 concentration with the M2 velocity, the M4 concentration and
the M4 velocity and diffusion (i.e., aTdiff +axF), respectively. Since the system is
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Figure 2.11: Residual sediment transports in morphodynamic equilibrium in 1980
due to: the residual velocity/residual concentration (solid red line), M2 velocity/M2
concentration (solid green line), M4 velocity/M4 concentration interaction (solid black
line) and diffusion (solid magenta line). Erosion coefficient a(x) that results in mor-
phodynamic equilibrium is shown with dashed blue line. Results are obtained for the
settling velocity of 0.5 mm s−1 and river discharge 65 m3s−1.

in morphodynamic equilibrium these transports balance, i.e., the sum of the dif-
ferent contributions vanishes everywhere in the estuary, resulting in no residual
sediment transport anywhere. The erosion coefficient that results in this morpho-
dynamic equilibrium (and is calculated using Eq. (2.42)) is the dashed blue line
in Fig. 2.11. The location of the maximum corresponds to the location of the
ETM and is at the classical location. In the sediment balance all transports have
a significant contribution. There is no approximate balance between the diffusive
transport a(x)Tdiff +axF and the a(x)Tres transport as used in Talke et al (2009b).

From Eq. (2.42), it follows that a (local) maximum or minimum in sediment
concentration is found in the vicinity of the location where the transport function
T = 0. At these locations da/dx = 0, and, since a(x) itself is non zero, T (x)
has to be zero. Hence, to determine the ETM locations (i.e., a (local) maximum
of sediment concentration) one has to investigate the zeros of T . Differences in
trapping regions, as observed in Fig. 2.7, result from an up- or downstream shift
of the convergence point or the occurrence of a new location with T = 0.

The physical reason for changes in trapping location can be found by study-
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Figure 2.12: Dimensionless transport function T (solid blue line) in 1980. Results are
obtained for the settling velocity of 0.5 mm s−1. Red, green, black and magenta lines
depict contributions of T that result from: the residual velocity/residual concentration,
M2 velocity/M2 concentration, M4 velocity/M4 concentration interaction and diffusion,
respectively. The two arrows show the direction of the residual export and import
of sediment, respectively. The color of the arrows represents the main contribution,
responsible for the sediment transport, i.e., the residual import of sediment is mainly
due to TM2 (represented by the green arrow) and the residual export is primarily caused
by Tres (shown with the red arrow).

ing the different contributions of T (see Eq. (2.42)). As an example of such a
decomposition of the dimensionless transport function T (i.e., T divided by its
maximum absolute value) and its components for 1980 (fine sediment) are shown
in Fig. 2.12. The blue line represents the total residual transport T and its zero
crossing (marked with a blue circle) corresponds to the location of the ETM in
Fig. 2.11. The red, green, black and magenta lines in Fig. 2.12 are the contribu-
tions to the residual transport T , which result from the interaction of the residual
velocity with the residual concentration (Tres), M2 velocity with M2 concentration
(TM2), M4 velocity with M4 concentration (TM4) and diffusion (Tdiff), respectively.
From the seaward boundary up to approximately 18 km, the sediment is trans-
ported up-estuary mainly by TM2 (the arrows in Fig. 2.12 show the direction of
the sediment transport, with its color representing the main transport mechanism.
Here, the green arrow indicates the import of sediment), while from 18 to 63 km
transport is down-estuary mainly by Tres (the export of sediment is indicated by
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the red arrow). Hence, there is a convergence of sediment around 18 km.
By analyzing the sediment transport components and comparing them for dif-

ferent grain sizes and/or years, we can conclude which transports are responsible
for the sediment trapping and the observed differences in the sediment trapping
between the years (Section 2.5.2.1) and for different grain size (Section 2.5.2.2).

2.5.2.1 Changes between 1980 and 2005

From Fig. 2.13, it follows that for fine sediment in both 1980 and 2005 the main
import of sediment into the estuary is due to the M2 transport (TM2) and the major
export is caused by the residual transport (Tres) (see arrows in Figs. 2.13(a) and
2.13(b)). For coarse sediment in 1980 the main import of sediment in the upstream
region is due to TM2 (green arrow in Fig. 2.13(c)) and the export is due to a
combination of Tres, TM2 and TM4 transports (green/red arrow). In 2005, coarse
sediment was primarily imported in the upstream reaches by TM2 and exported by
Tres, whereas sediment to the downstream ETM is imported due to a combined
transport of TM2 and TM4 and exported due to Tres and TM2 (see arrows in Fig.
2.13(d)).

From Figs. 2.13(a) and 2.13(b) we see that for fine silt the global behavior
of the residual transport T changed between 1980 and 2005. Closer inspection
shows this change is mainly due to a change in TM2 . In 1980, TM2 is approximately
constant and positive up until 20 km, after which it starts to decrease. In 2005,
TM2 only starts to decrease after approximately 50 km. Therefore, the transport
function T becomes negative farther upstream in 2005 than in 1980. This results in
a shift of the convergence point between 1980 and 2005 by approximately 19 km.

For coarser silt, we observe one convergence point in the 1980 case and two
convergence points in 2005 (see Figs. 2.13(c) and 2.13(d)). In both cases the first
convergence point is still at the classical location, even though its position has
shifted upstream by approximately 5 km in 2005 compared to 1980. The second
convergence point is well into the freshwater region. The change in the transport
function T is again mainly due to changes in the TM2 contribution. In 1980, TM2

becomes negative at approximately km 18, whereas in 2005 this point is located
closer to the weir at km 52.

It follows that for both fine and coarse silt the TM2 contribution play an im-
portant role in the changes of the sediment trapping location in the Ems estuary
between 1980 and 2005. In the next paragraphs we analyze the TM2 contribution
in more detail. Detailed analysis of the other components of the transport function
are presented in Appendix A8.
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Figure 2.13: Dimensionless transport function T and its components. The upper
panels show fine silt and the lower ones coarse silt. The left panels represent 1980
and the right ones 2005. Arrows show the direction of export and import of sediment,
their color(s) represent(s) the main contribution(s) responsible for transport.

To understand which mechanism is responsible for this significant change of
TM2 , TM2 will be decomposed into different components. The M2 concentration
(see Section 2.3.2.2), is forced by the M2 component of the bed shear stress. From
Eq. (2.39), it follows that the M2 component of the bed shear stress is a result
of the interaction of both the residual and the M4 velocities with the M2 velocity.
Contributions of TM2 that involve the residual velocity components are denoted by
T res

M2
and T M4

M2
denotes the contribution of TM2 due to the overtide velocity compo-

nents (for details, see Appendix A8).
In Fig. 2.14, TM2 and its components T res

M2
, T M4

M2
are shown by the dashed green,

solid red and solid blue lines, respectively. The qualitative change in TM2 is mainly
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Figure 2.14: Dimensionless transport function TM2 and its components.

determined by the T M4
M2

contribution. In 1980, the T M4
M2

transport begins to decrease
at approximately km 20, whereas in 2005 it is elevated over much of the estuary
and begins decreasing only upstream of km 50.

The T M4
M2

contribution can be decomposed further into four contributions as
T M4

M2
= T AC

M2
+T FS

M2
+T NS

M2
+T EF

M2
. Here, the M4 velocity components that contribute

to T M4
M2

are advective contributions, denoted by T AC
M2

; free surface contribution, de-
noted by T FS

M2
; no-stress contribution, denoted by T NS

M2
; and the M4 external forcing,

denoted by T EF
M2

(see Eq. (2.38) and Appendix A8 for details). The T M4
M2

compo-
nents of the transport function TM2 are shown in Fig. 2.15. For both fine silt (Figs.
2.15(a) and 2.15(b)) and coarse silt (Figs. 2.15(c) and 2.15(d)), we see that the
changed behavior of T M4

M2
(the dashed blue line) is primarily determined by the T EF

M2

contribution which results from the externally forced M4 tide (the solid magenta
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Figure 2.15: Dimensionless transport function T M4
M2

and its components.

line). The other three contributions are much smaller. In 1980, the transport due
to the external overtide decreases from km 16, whereas in 2005 an abrupt decrease
starts only at approximately km 40. Hence, the main change between 1980 and
2005 is due to the difference in residual sediment transport by tidal asymmetry,
resulting in less import of sediment in 1980 compared to 2005, both for fine and
coarser silt.

As overall conclusion, it follows that the changes in trapping location between
1980 and 2005, for both years, is a result of changes in the sediment transport due
to tidal asymmetry, i.e. changes of the external overtide.
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2.5.2.2 Grain size sensitivity

In the previous section, our focus was on the changes between 1980 and 2005
for sediment with the same grain sizes. Here, we analyze the difference in the
sediment distribution for different grain sizes for the same year. As shown by
Groen (1967), the temporal settling lag mechanism is quite efficient in transport-
ing suspended sediment in one direction (upstream in our case) when there is tidal
asymmetry.

In Figs. 2.16(a) and 2.16(b), we show the transport function T with (solid
lines) and without (dashed lines) the temporal settling lag (TSL) effects in 1980
and 2005, respectively (see Eq. (2.9)). As we can see from Fig.2.16(a), in 1980,
there is virtually no import of sediment into the estuary in the absence of the tem-
poral settling lag (the dashed lines). Temporal settling lag (the solid lines) results
in an import of sediment upstream and is, as expected, more efficient in transport-
ing fine silt (from the entrance up to approximately 20 km) than coarse silt (up to
approximately 12 km). In the 2005 case shown in Fig. 2.16(b), we observe two
trapping locations for both fine and coarse silt in absence of the temporal settling
lag mechanism (the dashed lines). One ETM is located at the classical location
and the other one further upstream at km 45. For fine silt, the temporal settling
lag (the solid lines in Fig. 2.16(b)) qualitatively changes the trapping locations:
instead of two trapping locations, fine silt is deposited only at one location at ap-
proximately km 37. For coarse silt, temporal settling lag is not as efficient and we
observe an insignificant shift of the trapping locations upstream (the blue dashed
and solid lines in Fig. 2.16(b)).

From Fig. 2.16, we conclude that the difference between the sediment distri-
bution of different grain sizes is a result of the temporal settling lag mechanism.

2.5.3 Parameter sensitivity

The analysis of the specific cases with river discharge Q= 65 m3/s and settling ve-
locity ws of 0.0005 and 0.002 m s−1 (see Section 2.5.2.1) gives a good insight into
processes in the estuary, but only for these specific parameters. To study the sen-
sitivity of the turbidity maxima to river outflow and settling velocity, we analyze
the transport function T for a range of settling velocity ws (0.0002 - 0.002 m s−1)
and river discharge Q (20 - 140 m3 s−1). For each ws and Q, we constructed a plot,
which is similar to Fig. 2.12 and determined the location where an ETM occurs.
We summarize these locations in Fig. 2.17(a) for 1980 and Fig. 2.17(b) 2005. On
the x-axis, the location in the estuary is plotted, on the y-axis the settling velocity.
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Figure 2.16: Dimensionless transport function T for both fine and coarse silt with and
without temporal settling lag (TSL) effect. The blue (red) line represents the coarse
(fine) silt. The dashed lines depict the transport function T in the absence of the
temporal settling lag effect. The left panel shows 1980 and the right one 2005.

If trapping occurs at a certain location for a specific settling velocity, the associ-
ated river outflow is given by the color code. If no trapping occurs for a settling
velocity at a certain location for a river outflow between 20 and 150 m3 s−1, then
this (x,ws) coordinate is left blank.

From Fig. 2.17, we conclude that in 1980 the trapping location of both fine
and coarse silt is found at the upstream limit of salt intrusion (i.e., the classical
location). In 1980, the sediment is found more into the estuary only for very small
river outflow (at most 30 m3 s−1). Furthermore, we observe two trapping locations
only for coarse silt (with settling velocity between 0.001 - 0.002 m s−1) and river
discharge corresponding to low flow conditions (at most 22 m3 s−1). In 2005,
fine silt is either trapped at the classical location (for very high river discharge of
100 - 140 m3 s−1) or in the freshwater zone (river discharge of approximately 30 -
80 m3 s−1), which depends on specific magnitude of river discharge Q and settling
velocity ws. For coarser silt in 2005, two trapping regions are observed even for
relatively high river outflow (40 - 75 m3 s−1). One ETM is found at the classical
location, the other one is located more upstream in the freshwater zone.
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(a) (b)

Figure 2.17: Occurrence of ETMs in the estuary. The horizontal axis is the position in
the estuary, and the vertical axis represents the settling velocity. If trapping occurs at
a certain location for a specific settling velocity, the associated river outflow is given
by the color code; otherwise, this (x,ws) coordinate is left blank. The river outflow is
varied between 20 and 150 m3 s−1.

2.6 Conclusions

This chapter presents a width-averaged analytical model of water and sediment
dynamics in an estuary constrained upstream by a weir. Using the morphody-
namic equilibrium condition, the trapping of sediment can be described in this
estuary. The estuary is assumed to be exponentially converging and vertically
well-mixed. The water motion is modeled by the width-averaged shallow water
equations, the concentration by the width-averaged advection-diffusion equation.
The sediment concentration still depends on a spatially varying erosion coeffi-
cient which models the availability of erodible sediment, and is found using the
condition of morphodynamic equilibrium. Analytic solutions are obtained using
a perturbation approach in which physical variables are expanded in power series
of the ratio of the semi-diurnal tidal amplitude and the undisturbed water depth at
the entrance.

To test the applicability of our model, we consider the Ems estuary. Here,
anthropogenic changes altered the water motion and sediment trapping locations
significantly between 1980 and 2005. Two distinct bathymetries are considered
which represents these two years. Most parameter values are obtained from mea-
surements directly. The vertical eddy viscosity coefficient and stress parameter
are obtained by calibrating the model to measured data by minimizing the dif-
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ference between the observed and modeled semi-diurnal tidal amplitude and the
phase difference between the semi-diurnal horizontal and vertical tide in a least
square sense. Other observations are used to validate the model. Model results
suggest a 50% and 37% reduction in the stress parameter and vertical eddy vis-
cosity coefficient, respectively, in 2005 compared to 1980. The decreased friction
and mixing suggests less hydraulic roughness, possibly because bed forms have
been removed by dredging or because of the fluid mud that currently covers much
of the turbid zone (Talke et al, 2009b).

The model results indicate that the water motion of the estuary is more am-
plified in 2005. This occurs both due to the deepening of the estuary and to the
decreased vertical eddy viscosity and stress parameter. The shift towards greater
flood dominance in 2005 is a result of changes in the internally generated over-
tides. The increased depth and decreased vertical mixing and stress parameter
have intensified the gravitational circulation and weakened the tidal return flow in
2005 compared to 1980.

The modeled concentration profiles show that in 1980 both fine and coarse silt
is trapped near the upward limit of salt intrusion, with the ETM moving further
upstream only for small river outflow (less than 35 m3 s−1). In 2005, fine silt is
either trapped near the upward limit of salt intrusion or in the freshwater zone,
depending on the specific magnitude of river discharge and settling velocity. The
main import of fine sediment into the estuary is due to the M2 transport and the
major export is caused by the residual transport in both 1980 and 2005. For coarser
silt, two trapping regions are observed even for relatively high river outflow (40 -
75 m3 s−1). One is found at the classical location, the other one upstream in the
freshwater zone. In 1980, the main import of coarse sediment to the ETM is due to
the M2 transport and the export is due to a combination of the residual, M2 and M4
transports. In 2005, coarse sediment was primarily imported to the upstream ETM
by the M2 transport and exported by the residual transport, whereas sediment is
imported to the downstream ETM due to a combined transport of M2 and M4 and
exported due to the residual and M2 transport.

Based on presented model, the upstream shift of the estuarine turbidity maxi-
mum between 1980 and 2005 and the trapping of sediment in the fresh water zone
is primarily a result of changes in tidal asymmetry (the external overtide). The
amplification and change of behavior of the externally forced M4 tide results in a
shift of the estuarine turbidity maximum into the freshwater zone in 2005. The
difference between the sediment distribution of different grain sizes under the
same hydrodynamic conditions (i.e., for the same year) is a result of the temporal
settling lag mechanism.



56 CHAPTER 2. THE EFFECT OF TIDAL ASYMMETRY AND TSL ON SEDIMENT TRAPPING

A number of processes that might be important for the trapping of sediment
are not taken into account: spatial settling lag, the high sediment concentration,
wind waves, flocculation, tidal flats and the SIPS mechanism (strain-induced peri-
odic stratification) discussed for example by Burchard and Baumert (1998). Note
that this kind of model does not allow us to explain an increase of the SSC from
400 to 950 mg/l observed between 1980 and 2005. Furthermore, in our model
the SSC is not found close to the weir. Preliminary results show that the spatial
settling lag effect, for example, is important in a region of approximately 20 km
down-stream from the weir and is negligible in the rest of the estuary. Hence,
it probably will enhance the shift of the ETM that is located in the freshwater
zone up-stream, whereas the ETMs that occur at the classical location will not be
affected by this effect.



3
Influence of high concentration

and geometrical characteristics on
the estuarine turbidity maxima

In many estuaries such as the Ems and Humber, high sediment concentrations up to tens
of grams per liter are found in the turbidity zone. Earlier studies have shown that the
location of the turbidity maximum in the Ems could be understood by a detailed study
of the residual sediment transports in the morphodynamic equilibrium. However, the
influence of high sediment concentration on the density distribution was not considered.
Moreover, the sensitivity of the turbidity zone to various geometrical characteristics and
external forcing was not investigated.

To investigate these issues, an idealized model is developed in which density depends
on both salinity and suspended sediment concentration. The latter component results in
turbidity currents, which produce an additional transport in the morphodynamic balance
resulting in a wider spread and enhanced asymmetry of the turbidity region. Further-
more, we demonstrate that there is a competition between two trapping mechanisms: one
mechanism that traps suspended sediment at the entrance of the estuary, and the other re-
sulting in trapping near the end of the embayment. The dominant mechanism determines
the position of the ETM in the estuary.

If the estuarine length is shorter than the resonance length of the M4 tidal constituent,
the ETM is located in the freshwater region. For longer estuaries, the ETM is found near
the upward limit of salt intrusion. For estuaries close to resonance, two ETMs are found.
By altering geometrical characteristics and/or external forcing, the dominant mechanism
can change and a qualitative change in trapping location can occur.

This chapter is based on Chernetsky AS, Schuttelaars HM Influence of high sediment concentra-
tion and geometrical characteristics on the position of estuarine turbidity maxima in tidal estuaries,
Journal of Geophysical Research, submitted
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3.1 Introduction

Many estuaries are characterized by the presence of turbidity regions. In these
zones, the suspended sediment concentration (SSC) in the water column can vary
from a few mg/l up to 50 g/l (Uncles et al, 2002). These variations in SSC are ob-
served between different estuaries and within the same estuary at different times.
Uncles et al (2002); Uncles and Smith (2005) show that tidal range and tidal in-
trusion length strongly influence the turbidity, either directly or as surrogates for
other physical variables.

Tidal range and intrusion length can vary by natural processes (e.g., the spring-
neap cycle, time-dependent river runoff, etc) or as a result of human interferences
(e.g., construction of weirs, the streamlining of waterways, deepening or mainte-
nance dredging in estuaries, etc). For example, Garrett (1974); Greenberg (1975)
discuss the influence of length of the bay of Fundy on the tidal amplitude. Using
empirical data Greenberg (1975); Shaw et al (2010) argue that a natural barrier
across the eastern end of Minas Channel, and its natural breakdown (thus chang-
ing the length of the system) had a profound influence on mean high water. An
example of an estuary where changes in both water motion and SSC due to hu-
man interference are observed, is the Ems estuary. The Ems river has sustained
human interference since the sixteenth century. However, the major changes were
introduced into the Ems system over the course of the twentieth century. In 1900,
a tidal weir was constructed near the city of Herbrum (100 km from the North
Sea), thus, splitting the river into the tidally influenced Ems/Dollard estuary and
the river itself. Since the late 1950’s, the shipping channel in the estuary has been
streamlined and maintenance dredging of the navigation channels has started. Fur-
thermore, in 1980’s, successive deepening of the Ems estuary has begun. These
changes have significantly influenced the tidal and sediment dynamics. The tidal
range in the upstream reaches has increased by 1.5 m (Talke et al, 2009a), and
the surface sediment concentration has increased from approximately 400 mg/l
in 1980 (De Jonge, 1983) up to approximately 1 g/l in 2006. Furthermore, the
position of the turbidity zone has broadened into the freshwater zone.

When the suspended sediment concentration in the water column becomes
large (a few g/l), the water density is affected by both the salinity and suspended
sediment concentration (see for example Talke et al (2009b)), and the SSC is not
passive anymore. Talke et al (2009b) show that turbidity currents can strongly in-
fluence the ETM dynamics. The idealized model, used in (Talke et al, 2009b), is
a tidally averaged model, i.e., processes taking place on the tidal time-scale were
not taken into account explicitly. Recent literature (Simpson et al, 1990; Geyer,
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1993; Jay and Musiak, 1994; Burchard and Baumert, 1998) strongly suggests that
these processes are important to get a good description of the residual sediment
transports. Indeed, Chernetsky et al (2010) showed that processes on the tidal
timescale are essential in modeling and understanding the ETM dynamics in the
Ems estuary: tidal asymmetry and temporal settling lag have a significant effect
on the sediment trapping in this estuary. However, in Chapter 2 (Chernetsky et al,
2010) the effect of turbidity currents was not taken into account. First results
that include the influence of high sediment concentration on the hydrodynamics,
presented in Chernetsky and Schuttelaars (2010), showed the importance of this
mechanism. Therefore, the first aim of this chapter is to investigate the influ-
ence of high sediment concentration on the water motion, sediment concentration
and location of sediment trapping in a model that resolves processes on the tidal
timescale. The proposed model is an extension of the model, discussed in Cher-
netsky et al (2010), in which the influence of suspended sediment concentration
on density is taken into account, resulting in turbidity currents. By varying the
total amount of SSC in the estuary, we are able to investigate the influence of
turbidity currents on the position, shape and width of estuarine turbidity maxima
(ETM) in morphodynamic equilibrium.

This extension is not a simple linear superposition of the results published in
Chernetsky et al (2010) and Talke et al (2009a). In Talke et al (2009a), the in-
fluence of tidally averaged high sediment concentration resulted in an additional
velocity contribution. Multiplying this turbidity current with the tidally averaged
concentration profile, resulted in a tidally averaged sediment flux that contributed
to the trapping of sediment. When taking the presence of high sediment concen-
tration into account in a tide–resolving model, both a tidally averaged and M4
velocity component will be induced. Furthermore, these turbidity currents will
results in enhanced shear stresses, resulting in an extra contribution to the M2
suspended sediment concentration. Apart from these contributions, there are new
contributions to the suspended sediment transport (compared to the tidally aver-
aged model presented in Talke et al (2009b)), which are due to spatial dependen-
cies in the along–channel velocities. The relative importance of these transports
and the physical processes involved in them will be investigated in detail. Note
that we assume density variations in the vertical to be small. This implies that we
neglect suspended sediment transport due to internal tidal asymmetry, which is
motivated as a first step by the results of Winterwerp (2011) that suggest that this
transport mechanism was neither in the ’80s nor at present the dominant transport
mechanism.

As discussed above, the influence of geometrical parameters, bathymetry, and
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tidal forcing on the turbidity zone is evident from observations, but their influence
on the location of trapping of sediment has not been systematically investigated.
The sensitivity study to the estuarine length, presented in Schuttelaars et al (2012),
is a good motivation for a more detailed study of the effect of geometrical param-
eters on the ETM. Therefore, the second aim of this chapter is to investigate the
influence of these parameters on the location of the turbidity zone.

In Section 3.2, we discuss the governing equations which are used to construct
the model. A perturbation analysis of these equations and an analytical solution
scheme are outlined in Section 3.3. The results and discussion are given in Section
3.4, followed by conclusions in Section 3.5.

3.2 Model

We consider an exponentially converging estuary with the width prescribed by
B(x) = B0e−x/Lb . B0 is the width of the estuary at the seaward side and Lb is
the exponential convergence length. A Cartesian coordinate system (x, z) is used,
where x is the along-channel coordinate, and z is the vertical coordinate. The
embayment is constrained by a weir at the landward side at x = L. The bathymetry
is prescribed with the depth at the entrance denoted by Hent, and the depth at the
weir by Hend. The estuary is forced at the seaward side by a prescribed external
tide and at the landward side by a river discharge. The model geometry is sketched
in Fig. 3.1.
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Figure 3.1: Sketch of the model geometry. A Cartesian coordinate system is used,
with x the along-channel coordinate directed landwards and z the vertical coordinate
pointing upwards. The depth at the entrance is Hent and Hend is the depth at the weir.
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The water motion in the longitudinal direction is modeled by the width-aver-
aged shallow water equations

ux +wz −
u
Lb

= 0, (3.1a)

ut +uux +wuz +gζx −
gρx

ρ0
(z−ζ )− (Avuz)z = 0, (3.1b)

where u, w are the along-channel and vertical velocity, and ζ is the sea surface
elevation and subscripts x, z and t denote the derivative with respect to coordi-
nates x, z and time t. The along-channel water density is denoted by ρ(x,z, t). The
difference with the hydrodynamic equations used in Chernetsky et al (2010), is
that the water density depends on both the salinity and suspended sediment con-
centration (SSC). The temporal variations of the salinity field are assumed to be
small compared to the time-averaged salinity field and the salinity is vertically
well-mixed. Hence, the along-channel density ρ is modeled as

ρ(s,c, t) = ρ0(1+β < s(x)>︸ ︷︷ ︸
Salinity term

+γc(t,x,z)/ρ0︸ ︷︷ ︸
SSC term

), (3.2)

where c(t,x,z) is the width-averaged suspended sediment concentration and <
s(x) > is the observed along-channel time- and depth-averaged salinity profile
(Talke et al, 2009a; Chernetsky et al, 2010). In the remainder of this chapter, the
angular brackets < .> denote a tidal average. Furthermore, β ∼ 7.6×10−4 psu−1

is the haline contraction coefficient and γ = (ρs − ρ0)/ρs ∼ 0.62 is the relative
density of the suspended sediment ρs to water density ρ0.

The vertical eddy viscosity function Av is modeled following (Friedrichs and
Aubrey, 1996)

Av(x) = Av0
H(x)
Hent

, (3.3)

where Hent is the local water depth at the entrance of the estuary and Av0 is the
reference eddy viscosity coefficient.

At the free surface, z= ζ , we impose the no stress condition and the kinematic
boundary condition:

Avuz = 0 and w = ζt +uζx. (3.4)

We assume that the bed is impermeable at z =−H(x),

w =−uHx, (3.5)
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and a partial slip condition is prescribed,

Avuz = s(x)u at z =−H(x), (3.6)

where the stress parameter s(x) is parametrized as (for details, see Chernetsky et al
(2010)),

s(x) = s0
H(x)
H0

. (3.7)

At the seaward side, x = 0, the estuary is forced by a prescribed tidal elevation

ζ (t,0) = AM2 cosσt +AM4 cos(2σ t −ϕ). (3.8)

The prescribed tide consists of a semi-diurnal (M2) tidal constituent and its first
overtide (M4). The amplitudes of these constituents are denoted by AM2 and AM4 ,
respectively. Moreover, σ = 1.4 · 10−4 s−1 is the tidal frequency of the M2 tidal
constituent and ϕ is the M4 phase. In this study, we will distinguish between the
externally prescribed M4 tidal constituent, resulting from the M4 forcing in Eq.
(3.8), and the internally generated M4 tide, which is produced within the estuary
due to nonlinear interactions.

At the riverine side, x = L, the estuary is forced only by a constant river dis-
charge Q and the depth integrated tidal velocity is required to vanish, i.e.,

B(L)

ζ∫
−H

u(L,z)dz = Q. (3.9)

The sediment is assumed to be mainly transported as suspended load and con-
sists of noncohesive fine particles. The sediment dynamics is governed by the
width-averaged advection-diffusion equation

ct +ucx +wcz = wscz +(Khcx)x +(Kvcz)z −
1
Lb

Khcx, (3.10)

where ws is the settling velocity, and Kh and Kv are the horizontal and vertical
diffusivity, respectively. For simplicity, the vertical diffusivity is assumed to be
equal to Av.

We assume that no particles can enter or leave the domain through the free
surface, z = ζ ,

wsc+Kvcz −Khcxζx = 0. (3.11)
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At the bottom, z =−H(x), the boundary condition is given by

−Kvcznz −Khcxnx =
wsρss
g′ds

|u(t,x)|a(x), (3.12)

where nx and nz are the components of the unit normal vector at the bottom, ρs is
the density of sediment, ds is the grain size of the sediment and g′ is the reduced
gravity. Moreover, a(x) is the erosion coefficient that models the along-channel
distribution of easily erodible sediment at the bottom, which has to be determined
yet.

To obtain the along-channel spatial distribution of the erosion coefficient, we
require the estuarine system to be in morphodynamic equilibrium, i.e., there is
no evolution of the bed over a tidal period. This means a balance between the
tidally averaged erosion < E > and deposition < D > (defined in Section 2.2),
resulting in a morphodynamic equilibrium condition (see Friedrichs et al (1998);
Chernetsky et al (2010)) ⟨ ζ∫

−H

(uc−Khcx)dz

⟩
= 0. (3.13)

The suspended sediment concentration c(t,x,z) in Eq. (3.13) depends on the
erosion coefficient, and the morphodynamic equilibrium condition can be rewrit-
ten as a first order differential equation (ODE) for a(x). The main difference with
Chernetsky et al (2010) is that the condition (3.13) depends in a nonlinear way
on a(x), resulting in a nonlinear ODE with respect to the erosion coefficient a(x).
This equation is derived and explained in Section 3.3.

3.3 Solution Method

The aim of this section is to illustrate the procedure used to construct a (semi-)
analytic solution for the system of equations given in Section 3.2. This section will
only give a brief overview of this procedure, details can be found in Chernetsky
et al (2010).

The solution is constructed using a perturbation approach. First, we perform a
scaling analysis of the equations to estimate the relative importance of the various
contributions. This is done by ordering different terms with respect to a small
dimensionless parameter ε , which is the ratio of the M2 tidal amplitude AM2 and
the local water depth at the entrance Hent, i.e., ε =AM2/Hent ≪ 1. Next, we expand
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the physical variables in power series of this small parameter, i.e.,

ψ = ψ0 + ε1ψ1 + ε2ψ2 + . . . , (3.14)

with ψ = (u,w,ζ ,c).
Finally, we substitute expansion (3.14) into the scaled equations and boundary

conditions, and collect terms of equal order of ε . This results in a system of
hydrodynamic and concentration equations, together with appropriate boundary
conditions, at each order. In this study, we consider the zeroth (leading) and first
order system of equations.

The leading order system
(
O(ε0)

)
of the hydrodynamic and concentration

equations and its solution method is identical to the one discussed in Chernetsky
et al (2010) and, hence, is not repeated here. The first order system of equations
has changed. The hydrodynamic equations are discussed in Section 3.3.1 and the
concentration equation is provided in Section 3.3.2. The resulting condition of
morphodynamic equilibrium is presented in Section 3.3.3.

3.3.1 First Order Hydrodynamics

The first order velocity field and free surface elevation consist of a residual and M4
contribution. For example, the horizontal first order velocity reads u1 = u10+u14.
Here the first superscript denotes the order of ε and the second one represents
the corresponding tidal constituent (u10 and u14 are the first order residual and
M4 horizontal velocity field, respectively). Due to linearity of the hydrodynamic
equations, these contributions can be studied separately. Therefore, we will dis-
cuss the first order systems of hydrodynamics equations for the residual and M4
flow separately.

Residual flow. The forced linear system of equations that describes the resid-
ual water motion reads

u10
x +w10

z − u10

Lb
= 0, (3.15a)⟨

u02u02
x +w02u02

z
⟩︸ ︷︷ ︸

TS

+gζ 10
x −gβ ⟨s⟩x z︸ ︷︷ ︸

GC

−gγc00
x z︸ ︷︷ ︸

HC

= (Avu10
z )z (3.15b)

with the underbrace .︸︷︷︸ denoting individual forcing terms, which are known

expressions that will be discussed later. At this order the leading order residual
sediment concentration c00 enters the momentum equation (3.15b). The residual



3.3. SOLUTION METHOD 65

sediment concentration has a linear dependence on the erosion coefficient a(x)
(see Chernetsky et al (2010)),

c00 = a(x)c00a, (3.16)

where c00a is independent of a(x).
At the free surface, z = 0, the boundary conditions read

w10 =−
⟨
ζ 02w02

z −u02ζ 02
x
⟩︸ ︷︷ ︸

SD

and Avu10
z =−

⟨
Avζ 02u02

zz
⟩︸ ︷︷ ︸

SC

, (3.17)

and at the bottom, z =−H(x),

w10 =−u10Hx and Avu10
z = su10. (3.18)

The boundary conditions at the entrance and riverine side are given by

ζ 10 = 0 at x = 0, (3.19)
0∫

−H

u10dz =
Q
B︸︷︷︸
RI

at x = L. (3.20)

The system of equations (3.15) and boundary conditions are linear, which
allows us to construct a solution for each forcing term separately. This results in
6 different contributions to χ10:

χ10 = χ10
TS +χ10

GC +χ10
SD +χ10

SC +χ10
RI +χ10

HC, (3.21)

where χ10 = (u10,w10,ζ 10). The subscript TS denotes the contribution due to
the tidally averaged advective contribution of the leading order velocity fields,
the GC term is the contribution due to the along-channel salinity gradient. The
contribution denoted by SD is the tidal return transport (Stokes drift), the SC
contribution is a result of the no-stress condition at the surface and a prescribed
river discharge at the weir results in a residual contribution RI. The contribution
HC is due to the influence of SSC on the water density. All contributions, except
for HC, are discussed in detail in Chernetsky et al (2010). Hence, we will only
focus on the solution for the forcing contribution HC, which follows from solving
the system of equations

u10
x +w10

z − u10

Lb
= 0, (3.22a)

gζ 10
x −gγ(a(x)c00a)xz = (Avu10

z )z, (3.22b)
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with the boundary conditions

w10 = 0 at z = 0, (3.23a)

Avu10
z = 0 at z = 0, (3.23b)

w10 =−u10Hx at z =−H(x), (3.23c)

Avu10
z = su10 at z =−H(x), (3.23d)

0∫
−H

u10dz = 0 at x = L, (3.23e)

ζ 10 = 0 at x = 0. (3.23f)

Note that Eq. (3.16) was used in Eq. (3.22b).
Integration of the momentum equation (3.22b) over z, using the known ex-

pression for c00a and boundary conditions (3.23b) and (3.23c), yields a solution
for the along-channel residual velocity u10

HC. This solution still depends on the un-
known erosion coefficient a(x) and gradient of the sea surface elevation ζ 10

x . The
sea surface gradient and the vertical velocity w10 are determined from the con-
tinuity equation (3.22a) together with boundary conditions (3.23a) and (3.23c).
Finally, using boundary conditions (3.23e) and (3.23f), we obtain the expression
for the sea surface elevation, which depends on a(x). Back-substitution of this
expression into the along-channel residual velocity u10

HC yields

u10
HC = u10a

HC a(x)+u10ax
HC ax(x), (3.24)

where u10a
HC (x,z) and u10ax

HC (x,z) are known functions independent of a(x). The
function u10a

HC , proportional to the erosion coefficient, is due to the influence of
the along-channel variations of the bottom velocity. Note that this contribution
was not considered in Talke et al (2009b), as c00a was independent of the along-
channel coordinate in that paper. The second function u10ax

HC , proportional to the
gradient of the erosion coefficient, is the result of the dependence of the sediment
availability on the position in the estuary.

Based on Eqs. (3.21) and (3.24), the first order residual along-channel velocity
can be written as

u10 = u10aa(x)+u10axax(x)+u10∗, (3.25)
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where a(x) is the unknown erosion coefficient and

u10a = u10a
HC ,

u10ax = u10ax
HC ,

u10∗ = u10
TS +u10

GC +u10
SD +u10

SC +u10
RI.

M4 flow. Using a similar method as described above, the M4 velocities and
sea surface elevation are constructed. Apart from the contributions described in
Section 3.2.1 in Chernetsky et al (2010), there is an extra contribution due to high
sediment concentration. Taking this into account, the resulting solution for the M4
velocity fields and free surface elevation can be written similar to Eq. (3.21) as

χ14 = χ14
AC +χ14

FS +χ14
NS +χ14

EF +χ14
HC1

, (3.26)

where χ14 = (u14,w14,ζ 14). The contribution AC is the M4 constituent of the
advective contribution of the leading order velocity fields, the FS term is due
to a compensation for the correlation between the horizontal and vertical water
motion, the NS contribution is a result of the no-stress condition and the term
HC1 is due to the influence of high suspended sediment concentration on the water
density. These four components are produced within the estuary due to nonlinear
interactions of the leading order M2 tide or the leading order concentration, and
they are referred to as the internally generated overtide. The forcing term EF is a
result of an externally prescribed overtide.

The solution for the forcing terms AC, FS, NS and EF is discussed in detail in
Chernetsky et al (2010) and is not duplicated here. In the remainder, we will only
illustrate the solution for the high sediment concentration constituent HC1. The
M4 water motion, forced by the HC1 term, is governed by

u14
x +w14

z − u14

Lb
= 0, (3.27a)

u14
t +gζ 14

x −gγ(a(x)c04a)xz︸ ︷︷ ︸
HC1

= (Avu14
z )z, (3.27b)

with the appropriate boundary conditions. Here c04a is the known leading order
M4 concentration independent of the erosion coefficient.

To derive a solution, first, we substitute

(u14,w14,ζ 14) = ℜ
{(

û14(x,z), ŵ14(x,z), ζ̂ 14(x)
)

e2iσt
}

(3.28)
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into (3.27) and the corresponding boundary conditions, where ℜ{.} denotes the
real part of the expression. The resulting time independent problem has to be
solved following the solution scheme, used for the residual problem. This yields a
solution for the spatial along-channel velocity û14

HC1(x,z) of the following structure

û14
HC1 = û14a

HC1a(x)+ û14ax
HC1ax(x). (3.29)

This solution still depends on the erosion coefficient a(x), which has to be deter-
mined yet.

Based on Eqs. (3.26) and (3.29), the M4 along-channel velocity u14 can be
written as

u14 = ℜ
{[

û14aa(x)+ û14axax(x)+ û14∗]e2iσt} , (3.30)

where a(x) is the unknown erosion coefficient and the spatial velocity components
are

û14a = û14a
HC1,

û14ax = u14ax
HC1 ,

û14∗ = û14
AC + û10

FS + û14
NS + û14

EF.

3.3.2 First Order Sediment Dynamics

The first order, i.e. O(ε1), concentration equation reads

c1
t −wsc1

z = (Kvc1
z )z. (3.31)

with boundary conditions given by

wsc1 +Kvc1
z = 0 at z = 0, (3.32)

and

−Kvc1
z =

wsρss
g′ds

u1 u02

|u02|
a(x) at z =−H(x). (3.33)

Note that, similar to Chapter 2, we assume the nonlinear terms ucx+wcz, resulting
in the spatial settling lag effect, are of O(ε2) and they do not enter into the first
order concentration equation.

From Eq. (3.33), it follows that the first order concentration c1 is a result
of the interaction of the leading (u02) and first order (u1) flows. A Fourier anal-
ysis of the right hand side of bottom boundary condition (3.33) shows that c1

consists of all tidal components, i.e., c1 = c10 + c12 + c14 + · · · . However, to get
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the morphodynamic equilibrium condition in leading order, we only need the M2
component c12 (see Section 3.3.3). This component is obtained by substituting
c12 = ℜ{ĉ12(x,z)eiσt} into Eqs. (3.31) - (3.33) and approximating boundary con-
dition (3.33) by its Fourier series, retaining only the contribution that oscillates at
the M2 frequency σ . The resulting spatial problem is solved using the appropriate
boundary conditions yielding a solution, which has the following structure

c12 = ℜ
{(

c12aa(x)+ c12aaa2(x)+ c12aaxa(x)ax(x)
)

eiσt
}
. (3.34)

Here, a(x) is the undetermined erosion coefficient and c12a, c12aa and c12aax are
known functions that are obtained analytically. The first M2 contribution is linear
in a(x) and is described in Chernetsky et al (2010). The other two terms enter this
equation due to the influence of SSC on the horizontal velocity u1 (see Eqs. (3.24),
(3.29) and (3.33)). The term c12aa, proportional to the squared erosion coefficient,
is due to the presence of the first order horizontal velocity constituent proportional
to a(x), and the c12aax term (proportional to the product of the erosion coefficient
and its gradient) is the result of the u1 constituent proportional to the gradient of
the erosion coefficient. Due the last two terms, Eq. (3.34) is nonlinear in a(x).

3.3.3 Morphodynamic equilibrium condition

Following Chernetsky et al (2010), the leading order morphodynamic equilibrium
condition reads

0∫
−H

(
u10c00 +

⟨
u02c12⟩+⟨u14c04⟩−Kh

⟨
c00

x
⟩)

dz+
⟨
ζ 0[u02c0]z=0

⟩
= 0. (3.35)

Using Eqs. (3.16), (3.25), (3.30) and (3.34), Eq. (3.35) transforms into a non-
linear ordinary differential equation for the unknown erosion coefficient a(x)

F(x)ax +T (x)a+T1(x)a2 +T2(x)aax︸ ︷︷ ︸
TCM

= 0, (3.36)



70 CHAPTER 3. INFLUENCE OF HIGH CONCENTRATION ON THE POSITION OF ETM

where

F =−
0∫

−H

Khc00adz,

T =

0∫
−H

c00au10∗dz+
⟨

ζ 0[u02c0a]z=0

⟩
︸ ︷︷ ︸

Tres

+

0∫
−H

⟨
c12au02⟩dz

︸ ︷︷ ︸
TM2

+

0∫
−H

⟨
c04au14∗⟩dz

︸ ︷︷ ︸
TM4

−
0∫

−H

Kh
⟨
c00a

x
⟩

dz

︸ ︷︷ ︸
Tdiff

T1 =

0∫
−H

(
c00au10a +

⟨
c12aau02⟩︸ ︷︷ ︸

T M2
1

+
⟨
c04au14a⟩)dz,

T2 =

0∫
−H

(
c00au10ax +

⟨
c12aaxu02⟩︸ ︷︷ ︸

T M2
2

+
⟨
c04au14ax⟩)dz.

Here, the underbraces .︸︷︷︸ denote different contributions to the residual trans-
port T , induced by various interactions between the velocity field and suspended
sediment concentration: Tres is the transport, which results from the interaction of
the residual velocity with the residual concentration, TM2 is the residual transport
due to the M2 velocity and M2 concentration interaction, TM4 is the transport due
to the M4 velocity and M4 concentration interaction. The behavior of the diffu-
sion in the domain is described by a linear combination of a diffusive transport
Tdiff and the transport F (i.e., the diffusive transport equals aTdiff + axF). These
transport functions are discussed in detail in Chernetsky et al (2010). The trans-
port function TCM is a result of the influence of high SSC on the water density
and it comprises of two transports, denoted by T1 and T2. The T1 transport, pro-
portional to the squared erosion coefficient and the T2 transport, proportional to
the product of the erosion coefficient and its gradient. In the residual model of
Talke et al (2009b), the counterpart of the TCM transport consists only of the first
contribution of the T2 transport, the T1 transport equals zero.

From Eq. (3.36) the erosion coefficient is determined up to a constant, which
governs the total amount of sediment available in the estuary. In this study, we use
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a boundary condition at the seaward side a(0) = a∗, to prescribe the total amount
of sediment available for resuspension in the domain. The constant a∗ is chosen
in such a way, that a prescribed maximum concentration at the surface is reached,
i.e., we can vary between low and high SSC conditions in the estuary.

3.4 Results

As a reference estuary we take the Ems/Dollart estuary. Most parameter values,
used in this chapter, are derived directly from measurements, carried out in the
Ems estuary between 2005 and 2006 and are summarized in Table 3.1. For more
information on the Ems estuary, see De Jonge (1983, 1992); Talke et al (2009b);
Chernetsky et al (2010). Following Chernetsky et al (2010), the model bathymetry
is prescribed by the measured bathymetry, smoothed using a lowpass filter.

Table 3.1: Set up model parameters which represent the Ems estuary
(based on 2005-2006 measurements)

Parameter Symbol Dimension Magnitude

Semi-diurnal angular tidal fre-
quency

σ s−1 1.4×10−4

Gravitational acceleration g m s−2 9.8
β β psu−1 7.6×10−4

Ref. density ρ0 kg m−3 1020
Sediment density ρs kg m−3 2650
Length of the estuary L km 63.7
Convergence length Lb km 30
M2 tidal amplitude at the en-
trance

AM2 m 1.35

M4 tidal amplitude at the en-
trance

AM4 m 0.19

Relative phase at the entrance ϕ degrees −174.6
Vertical eddy viscosity coeffi-
cient

Av0 m2 s−1 0.012

Stress coefficient s0 m s−1 0.049
River discharge Q m3/s 53
Settling velocity ws m s−1 0.0002 - 0.002
Horizontal eddy diffusivity Kh m2 s−1 100
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In Section 3.4.1, we analyze the influence of turbidity currents on the position
and shape of the ETM in the Ems estuary. Next, in Section 3.4.2, we investigate
the sensitivity of model results to different bathymetric profiles and influence of
the estuarine length on the position of the ETMs. In Section 3.4.3, the effect of
the externally prescribed M4 tide on the ETM is discussed.

3.4.1 Turbidity currents

Using parameters representative for the Ems estuary, the along-channel distribu-
tion of SSC in morphodynamic equilibrium is obtained by solving the equations
given in Section 3.3. Figs. 3.2a and 3.2c show the SSC distribution for fine and
coarse silt for parameter values representative for 1980 (given in Chernetsky et al
(2010)), and Figs. 3.2b and 3.2d for 2005, respectively. The amount of sediment
in the estuary available for resuspension is prescribed in such a way, that the mod-
eled maximum surface SSC is approximately equal to the surface SSC observed
in 1980 (0.4 g/l) and 2005 (2 g/l). For fine silt (Fig. 3.2a and 3.2b) in both 1980
and 2005, there is one ETM which is located at the upward limit of salt intrusion.
For coarse silt in 1980, the single ETM is located at the entrance of the estuary
(Fig. 3.2c), whereas there are two ETMs in 2005. These results are consistent
with those obtained in Chernetsky et al (2010), in which turbidity currents were
neglected. We may thus conclude that the turbidity current mechanism (TCM)
does not change the location where sediment is deposited qualitatively, it rather
modifies the spatial distribution of the SSC. To demonstrate this, we consider the
coarse silt case in 2005 and compare the SSC in morphodynamic equilibrium with
and without the effect of turbidity currents (see Fig. 3.3).

The blue contour lines in Fig. 3.3 show the turbidity zone in the absence of
the TCM and the black contour lines in case turbidity currents are considered.
The concentration is plotted in g/l and in both cases, the maximum surface SSC is
taken to be 2 g/l. The dashed lines depict local maxima of SSC. We can see that
the turbidity currents result in a slight downstream shift of the ETM by approxi-
mately 2 km and a more asymmetric shape of the ETMs. Moreover, we observe
a turbidity zone rather than two distinct ETMs. To understand and explain these
changes, we analyze individual sediment transports in morphodynamic equilib-
rium (see Eq. (3.36) and Chernetsky et al (2010)).

In Fig. 3.4, the residual sediment transports in morphodynamic equilibrium
are depicted. Fig. 3.4a shows the results when the water density is affected by
the salinity only, and Fig. 3.4b when the influence of the SSC on the density
is accounted for. In both figures, the red line represents the residual sediment
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(a) (b)

(c) (d)

Figure 3.2: Tidally averaged SSC in morphodynamic equilibrium accounting the tur-
bidity currents mechanism. The left panels represent the 1980 case with the maximum
SSC at the surface of 0.4 g/l and the right panels show the 2005 case with the maxi-
mum SSC of 2 g/l. The upper panels depict fine silt and the lower ones coarse silt

transport due to the residual velocity/residual concentration interaction, the green
line depicts the residual sediment transport due to the M2 velocity/M2 concentra-
tion interaction, the black line shows the residual sediment transport due to the
M4 velocity/M4 concentration interaction, and the diffusive transport is depicted
by the magenta line. Because we consider morphodynamic equilibrium, these
transports must balance, i.e., their sum vanishes everywhere in the estuary. If
the transport is positive, the sediment is transported upstream. If it is negative,
the transport is directed seawards. The arrows in Figs. 3.4a and 3.4b show the
direction of the sediment transport and their color represents the corresponding
transports. For example, the green arrow shows the residual import of sediment
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Figure 3.3: The tidally averaged SSC (in g/l) with and without the turbidity current
mechanism (TCM). The blue contour lines show the turbidity zone in the absence of the
TCM and the black contour lines represent the influence of high suspended sediment
concentration. The dashed blue and black lines depict the maximum SSC of the ETMs

by the M2 sediment transport. From Fig. 3.4a, we may conclude that the M2
sediment transport is primarily responsible for the import of sediment, while the
residual sediment transport transports the sediment out of the system. The M4
sediment transport is exporting near the entrance and importing farther upstream.
The diffusive transport balances the other sediment transports.

The turbidity currents generate an additional sediment transport (the nonlinear
terms TCM in Eq. (3.36)), which is referred to as the TCM transport and repre-
sented by the cyan line in Fig. 3.4b. Cyan arrows show the direction of transport.
At the locations of maximum concentration (km 12 and 47 in Fig. 3.3), this trans-
port the sediment in opposite directions, thus, acting like a diffusive transport.
This results in a wider spread of the ETMs and their downstream shift. More-
over, the ETM asymmetry seems to be slightly enhanced. In the remainder of this
section, we will focus on the analysis and physical interpretation of this transport.

The TCM sediment transport consists of two contributions. One transport,
denoted by T1 is proportional to the squared erosion coefficient and depicted by
the solid green line in Fig. 3.5. The other one, denoted by T2 is proportional
to a(x)ax(x) and is represented by the solid red line. These transports result
from three residual contributions, induced by the residual, M2 and M4 veloc-
ity/concentration interactions (see the expressions for T1 and T2 in Eq. (3.36)).
The T M2

1 and T M2
2 constituents, shown by the dashed lines in Fig. 3.5, are the ma-
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Figure 3.4: Residual sediment transports in morphodynamic equilibrium. The density
is affected by the salinity only (left panel) and by both the salinity and SSC (right
panel). The red line represents the residual sediment transport due to the residual
velocity/residual concentration interaction, the green line depicts the M2 sediment
transport due to the M2 velocity/M2 concentration interaction, the black line shows
the M4 sediment transport due to the M4 velocity/M4 concentration interaction, and
the diffusive transport is depicted by the magenta line. The cian line in the right panel
represents the sediment transport generated by the nonlinear terms. Results represent
the 2005 case and are obtained for the settling velocity of 0.002 m s−1

jor contributors to the T1 and T2 transports. Therefore, the physical explanation
of the influence of turbidity currents on the ETM formation can be achieved by
investigating these transports.

The residual sediment transports T M2
1 and T M2

2 are due to the transport of the
M2 concentration constituents c12aa and c12aax by the M2 velocity u02, respectively
(see Sections 3.3.2 and 3.3.3). The M2 velocity field is the leading order compo-
nent and is not influenced by the turbidity currents. On the contrary, the first order
M2 concentrations c12aa and c12aax, forced by the bed-shear stress, are induced by
the nonlinear interaction between the leading order (u02) and first order velocity
field (u1 = u10 +u14), which contains contributions due to turbidity currents (see
Eqs. (3.25), (3.30) and Section 3.3.1). Focusing on the contributions to the bed-
shear stress due to the velocity components that are proportional to the erosion
coefficient, it is found that the M4 velocity contributions u14a and u14ax have a
negligible influence on c12aa and c12aax. These contributions are mainly due to the
interaction of the residual velocities u10a and u10ax and the M2 velocity field u02.
Therefore, the T M2

1 transport (and thus T1) is primarily governed by the contribu-
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Figure 3.5: Constituents of the TCM transport. The red solid line depicts the T1 con-
stituent, which is proportional to the squared erosion coefficient, and the solid green
line represents the T2 transport, proportional to the product of the erosion coefficient
and its gradient. The dashed lines shows the major (M2) contribution to the T1 and T2
transports

tions proportional to the residual velocity constituent u10a
HC and T M2

2 (and thus T2)
by contributions proportional to u10ax

HC (see Eq. (3.24)). These velocity compo-
nents are shown in Fig. 3.6, where the left panel shows u10a

HC which is proportional
to the erosion coefficient a(x), and the right one depicts u10ax

HC , proportional to the
gradient of a(x).

Using these figures, the influence of high sediment concentration on the trap-
ping locations can be understood. First, we focus on the influence of the velocity
u10a

HC , proportional to the erosion coefficient. During the ebb tide, the M2 velocity
at the bottom in the first 20 km region near the entrance is enhanced by the resid-
ual velocity u10a

HC (left panel in Fig. 3.6) resulting in a higher shear stress, thus,
inducing higher sediment concentrations in the water column. This sediment is
transported seawards by the M2 tide. During the flood, the bed-shear stress is
smaller, which results in lower concentrations and, hence, less transport into the
estuary. Averaging over a tidal period, sediment is exported, resulting in a neg-
ative T1 transport (see Fig. 3.5), which pushes the ETM slightly to the seaward
side. A similar mechanism determines the behavior of the T2 transport. During
the ebb (flood) tide, the M2 velocity at the bottom is enhanced by the residual ve-
locity constituent u10ax

HC at the left (right) hand side of the ETMs. During the flood
(ebb), the M2 velocity is reduced at the left (right) hand side of the ETM resulting
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(a) (b)

Figure 3.6: Constituents of the residual velocity u10
HC, induced by turbidity currents.

The left panel shows the constituent proportional to the erosion coefficient, and the
right one depicts the component proportional to its gradient

in downstream (upstream) direction of the T2 transport. Hence, averaged over a
tidal cycle, this transport acts like a diffusive transport, resulting in a wider ETM
profile.
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Figure 3.7: Residual sediment transports in morphodynamic equilibrium for fine sed-
iment with the settling velocity of 0.0002 m s−1

In case of fine sediment, shown in Fig. 3.7, the sediment transport generated
by the turbidity currents is negligible. Compared to coarse sediment, it requires
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less fine sediment to reach the same surface concentration. Thus, the concentra-
tion in the water column is much lower and does not significantly affect the water
density.

3.4.2 Sensitivity to bathymetry

In this section, we investigate the effect of the bathymetry on the occurrence
and location of the estuarine turbidity maxima. This is done by substituting the
Ems bottom profiles of 1980 and 2005 with a linear fit of these bathymetries.
Figs. 3.8a and 3.8b show the tidally averaged SSC for fine silt (the settling ve-
locity is 0.0002 m s−1), whereas coarse silt (the settling velocity is 0.002 m s−1)
is depicted in Figs. 3.8c and 3.8d for 1980 and 2005, respectively. For the 1980
case, the bathymetry is prescribed by Hent = 10.2 m and Hend = 3.1 m, and in
2005, Hent = 10.2 m and Hend = 4.2 m. The amount of sediment is prescribed
such, that the maximum SSC at the surface is approximately 0.4 and 2 g/l in 1980
and 2005, respectively.

By comparing the locations of sediment trapping in corresponding cases for
the linear (Fig. 3.8) and varying bathymetry (Fig. 3.2), we can see that the ob-
tained results are qualitatively similar. The substitution of a smoothed historical
bathymetry by its linear fit results in an insignificant up- or downstream shift of
the ETM by 3.5 km at most. Hence, the presence of the bed formations has a mi-
nor effect on the location of the turbidity region and the linearly fitted bathymetry
can be used as a sound initial approximation.

The assumption of linear bathymetry allows to investigate the influence of the
embayment length and various deepening scenarios on the position of the ETM in
the embayment. Fig. 3.9 depicts the along-channel suspended sediment concen-
tration at the bottom as a function of estuarine length (y-axis). On the x-axis the
location in the estuary is shown (with 0 the seaward entrance), and the color code
indicates the magnitude of the suspended sediment concentration shown in g/l,
with warmer (cooler) colors being higher (lower) suspended sediment concen-
tration. The trapping locations are the locations where the suspended sediment
concentration has its maximum (the dark red patch in Fig. 3.9). The sediment is
assumed to be coarse with a settling velocity of 0.002 m s−1.

To clarify Fig. 3.9 further, consider the Ems estuary with a length of approxi-
mately 63.7 km, i.e., this corresponds to the value of 63.7 on the y-axis. The color
code between 0 and 63.7 in x-direction indicate the suspended sediment concen-
tration at the bottom (see Fig. 3.8d) between the entrance (km 0) and the tidal
weir (km 63.7).
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(a) (b)

(c) (d)

Figure 3.8: Tidally averaged suspended sediment concentration (SSC) in morphody-
namic equilibrium. The upper panels show the SSC for fine silt and the lower ones
depict coarse silt. The bottom profile at the left panels is prescribed by Hent = 10.2 m
and Hend = 3.1 m, and at the right panels is Hent = 10.2 m and Hend = 4.2 m. The
maximum SSC at the surface is prescribed to 0.4 g/l in 1980 and 2 g/l in 2005

For short embayments, i.e., the estuarine length between approximately 20
and 60 km, a single ETM is observed which is located near the tidal weir. For a
length between 60 and 66 km, two ETMs occur: one at the entrance and the other
one close to the weir. The Ems estuary, with length of approximately 63.7 km,
falls into this range. When the estuary becomes longer than 66 km, a single trap-
ping region is found which is located downstream near the entrance of the embay-
ment.

These changes in sediment trapping can be again explained by analyzing in-



80 CHAPTER 3. INFLUENCE OF HIGH CONCENTRATION ON THE POSITION OF ETM

Figure 3.9: Trapping locations of the suspended sediment concentration as a function
of estuarine length. The color code indicates the magnitude of the suspended sediment
concentration shown in g/l. Coarse sediment is considered with settling velocity of
0.002 m s−1

dividual sediment transports in morphodynamic equilibrium for every estuarine
length. In Chernetsky et al (2010), we showed two primary mechanisms result-
ing in trapping of suspended sediment. The ETM at the entrance results from
the interaction of the various contributions of the TM2 and Tres transports (in the
remainder of this chapter, this is called mechanism I), whereas the one upstream
is due to the import resulting from tidal asymmetry and the export due to river
outflow. The suspended sediment is primarily trapped by the strongest mecha-
nism and multiple trapping locations occur when both mechanism are of equal
strength. From a detailed analysis of sediment transports for various estuarine
lengths, it follows that the transition from one mechanism to the other happens
mainly due to a strong decrease of the tidal asymmetry for an estuarine length
between approximately km 60 and 66. To understand this transition, we have to
analyze the changes in tidal asymmetry.

The M2 and M4 tidal amplitude of the sea surface elevation are shown as a
function of estuarine length in Fig. 3.10a and 3.10b, respectively. The plotting
procedure is similar to Fig. 3.9, the y-axis represents the length of the estuary and
the x-axis shows the position within the embayment. The color code in x-direction
indicate the magnitude of the tidal amplitude between the entrance (km 0) and the
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Figure 3.10: The amplitude of the sea surface elevation in the estuary as a function of
estuarine length. The left panel depicts the M2 tidal constituent and the left one shows
the externally prescribed M4 constituent. The amplitude is shown in meters

tidal weir in meters. If the amplitude towards the end of the estuary increases
(decreases), this is reflected by warmer (cooler) colors at the tidal weir.

From Fig. 3.10, it is seen that the tidal amplitude in estuaries with a length
between 20 and 60 km is amplified: both the M2 and M4 amplitude of the sea
surface elevation is maximum at the landward side for these lengths of the es-
tuary. The resonance for the M2 and M4 tides occurs for an embayment length
of approximately 53 and 41 km, respectively, i.e., the magnitude of the M2 and
M4 amplitude at the landward side is maximum for these estuarine lengths. This
length of the estuary is called the resonance length (see also Appendix A6). Note
that the M2 resonance length is larger than that of the M4.

In Chernetsky et al (2010), it was shown that the sediment trapping resulting
from the tidal asymmetry is mainly determined by the behavior of the residual
transport of the M2 concentration by the M2 velocity, forced by the externally
prescribed M4 velocity (see the T EF

M2
transport constituent). For short embayments

(the length shorter than the M4 resonance length of 41 km), the M4 tidal amplitude
is enhanced and the tidal wave has mainly the character of a standing wave, i.e.,
the relative phase difference between the M2 tidal velocity and the M2 sea surface
elevation is approximately 90◦. Therefore, for short estuaries, the influence of the
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tidal asymmetry is strong, and suspended sediment is trapped near the end of the
estuary. For an embayment length between 41 and 60 km, the M4 tidal amplitude
near the weir starts to decrease gradually and the character of the tidal wave be-
gins to change more towards that of a traveling wave. The tidal asymmetry starts
to get weaker, however, it is still strong enough to be the dominant trapping mech-
anism. In the transition region (the estuarine length is between 60 and 66 km), the
strength of the tidal asymmetry trapping mechanism is of the same order as the
mechanism I. This results in two trapping regions: one at the entrance and the
other one at the tidal weir. For embayments longer than 66 km, the tidal wave
behaves in a large part of the estuary as a traveling wave and the tidal asymmetry
is not strong enough to trap suspended sediment at the end of the estuary. It is
worth mentioning that the natural length of the Ems estuary (∼ 63.7 km) is close
to the resonance length and falls into the transition region, thus, both trapping
mechanisms are active, which results in two trapping regions.
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Figure 3.11: Trapping locations of the suspended sediment concentration as a func-
tion of depth at the tidal weir. The color code indicates the magnitude of the suspended
sediment concentration shown in g/l. The depth at the entrance Hent = 10.2 m and
coarse sediment is considered with settling velocity of 0.002 m s−1. The length of the
estuary is 63.7 km

A similar competition between the trapping mechanisms is also observed for
various deepening scenarios of the embayment. Figs. 3.11 and 3.12 depict the
trapping locations of the suspended sediment concentration as a function of depth



3.4. RESULTS 83

at the tidal weir and at the entrance, respectively. In the first case, the depth at
the entrance is kept constant, Hent = 10.2 m, and in the other case, the depth
at the entrance and the weir is increased by the same increment. We consider
coarse sediment with a settling velocity of 0.002 m s−1 and the length of the
basin corresponds to the Ems length of 63.7 km. It is seen that for deep basins,
the water motion has the character of a standing wave and the tidal asymmetry
is the dominant trapping mechanism. Note, that the resonance length changes
with depth and is different for all these embayments. For shallow estuaries, the
tidal wave behaves more as a traveling wave, the tidal asymmetry gets weaker and
sediment is trapped near the upward limit of salt intrusion. In both scenarios, a
transition region is observed.
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Figure 3.12: Trapping locations of the suspended sediment concentration as a func-
tion of depth at the entrance. The color code indicates the magnitude of the suspended
sediment concentration shown in g/l. Coarse sediment is considered with settling ve-
locity of 0.002 m s−1. The length of the estuary is 63.7 km

The influence of high sediment concentration can be demonstrated using a
plot, similar to Fig. 3.9. Fig. 3.13 depicts the trapping region, outlined by the
solid lines, as a function of the estuarine length (y-axis). The black curves show
the location of the ETM in case the TCM is taken into account, with the black
dashed line being the location of maximum suspended sediment concentration.
The red curves represent the trapping locations when the influence of high sedi-
ment concentration on the water column is neglected. The sediment is assumed to
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be coarse and the settling velocity is prescribed to 0.002 m s−1.
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Figure 3.13: Trapping locations of the suspended sediment concentration as a func-
tion of estuarine length for high (black lines) and low (red lines) suspended sediment
concentration. The dashed lines represent the maximum concentration for a given
estuarine length and the solid lines depicts the associated turbidity region. Coarse
sediment is considered with settling velocity of 0.002 m s−1

Fig. 3.13 shows that the location and occurrence of the turbidity zone is not
very sensitive to the presence of turbidity currents, there is a small shift towards
the entrance of the estuary. However, comparing the width of the ETM between
a situation when high sediment concentration is taken into account (the black
solid lines) and neglected (the red solid lines), it is clear that the TCM widens
the trapping region towards the seaward side and enhances the asymmetry: the
distance between the black solid lines is larger than for the red solid lines (indi-
cating a wider ETM), and the seaward black solid line has shifted more towards
the entrance of the estuary than the other black solid line has shifted landwards,
resulting in a slight increase of the asymmetry of the turbidity region.

3.4.3 Sensitivity to the external forcing

As discussed above, suspended sediment is mainly trapped by two mechanisms.
The mechanism due to the tidal asymmetry, resulting in an ETM in the fresh
water zone, is driven predominantly by the presence of an M4 external tidal com-
ponent. Therefore, the occurrence of an ETM near the tidal weir is quite sensi-
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tive to changes of this tidal constituent. In this section, we present a sensitivity
analysis of trapping locations in the estuary to the M4 externally prescribed tidal
constituent.

Fig. 3.14 shows the trapping locations of the suspended sediment concentra-
tion (x-axis) as a function of the prescribed M4 tidal amplitude at the entrance
(y-axis), i.e., AM4 in Eq. (3.8). The color code indicates the magnitude of the
suspended sediment concentration, shown in g/l. The trapping locations are the
locations where the suspended sediment concentration is maximum (the dark red
patch in the figure). The sediment is assumed to be coarse and the settling veloc-
ity is prescribed to 0.002 m s−1. The length of the embayment corresponds to the
Ems estuary and is 63.7 km.

Figure 3.14: Trapping locations of the suspended sediment concentration as a func-
tion of the prescribed M4 tidal amplitude at the entrance. The color code indicates
the magnitude of the suspended sediment concentration at the bottom shown in g/l.
Coarse sediment is considered with settling velocity of 0.002 m s−1. The length of the
estuary is 63.7 km

From Fig. 3.14, it is seen that when the amplitude of the externally prescribed
M4 tide is low, i.e, between approximately 0.05 and 0.18 m, there is only one ETM
located near the entrance of the estuary resulting from the classical mechanism.
For this amplitude range, the tidal asymmetry is insignificant and not effective
enough to capture sediment at the end of the estuary. As the amplitude increases,
the tidal asymmetry gets stronger and becomes the dominant trapping mechanism
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in the estuary. Similar to the cases discussed in Section 3.4.2, we observe a tran-
sition region (AM4 is between 0.18−0.21 m), where both mechanisms are of the
same order. This results in two trapping locations, one near the entrance and the
other one close to the end of the embayment. The M4 tidal amplitude for the Ems
estuary, measured in 2005, was approximately 0.19 m. For this magnitude, both
mechanisms are effective and two trapping regions occur. An increase (decrease)
of the M4 tidal amplitude will result in an upstream (downstream) shift of the
suspended sediment trapping region.

Apart from the tidal amplitude, the M4 external tide is characterized by the
phase shift relative to the M2 tidal constituents, i.e., ϕ in Eq. (3.8). The sensitiv-
ity of the trapping locations to the M4 tidal phase is presented in Fig. 3.15. The
prescribed M4 tidal phase is shown in degrees on the y-axis of the plot. The cor-
responding relative phase between the M4 and M2 surface velocity at the entrance
(ϕuM4

− 2ϕuM2
), (Van de Kreeke and Dunsbergen, 2000)) is depicted on the right

y-axis. The relative phase allows to determine the ebb/flood dominance at the en-
trance. If the relative phase is between −90◦ and 90◦, the water motion near the
entrance of the estuary is flood dominated; otherwise, the water motion near the
entrance is ebb dominated (see also Aubrey and Speer (1985); Chernetsky et al
(2010)).

For the M4 tidal phase between 155◦ and 173◦, the water motion is flood
dominated. This phase is a good indication for the relative phase, related to the
externally forced M4 tide everywhere in the estuary, only if the tidal wave behaves
as a standing wave. Since this is the case for the parameter values we consider
here, it can be inferred that the trapping region is located upstream near the tidal
weir. During the flood, the suspended sediment is transported upstream, the ebb
velocities are smaller and less sediment is transported out of the estuary. This
results in a residual import of sediment. When the water motion near the entrance
of the estuary is ebb dominated, i.e., the M4 tidal phase is more than 177◦, the
suspended sediment is trapped near the entrance, i.e., the ebb velocity is larger
than the flood velocity. During ebb, the sediment from the upper reaches is eroded
and transported downstream, where it is trapped by the mechanism I. There is a
transition region where the M4 phase is between 173◦ and 177◦. In this case, two
ETMs are observed. This region is located close to the relative phase of −90◦, the
point where the ebb and flood dominance at the entrance of the estuary change.
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Figure 3.15: Trapping locations of the suspended sediment concentration as a func-
tion of the prescribed M4 tidal phase at the entrance (shown on the left y-axis). The
right y-axis represents the modeled relative phase between the M4 and M2 surface
velocity at the entrance. The color code indicates the magnitude of the suspended sed-
iment concentration at the bottom shown in g/l. Coarse sediment is considered with
settling velocity of 0.002 m s−1. The length of the estuary is 63.7 km.

3.5 Conclusions

The influence of high sediment concentration on the sediment trapping in tidal es-
tuaries is investigated using an analytical 2DV model. The presented hydro- and
sediment dynamic model is an extension of the model introduced in Chernetsky
et al (2010). The hydrodynamic conditions in the estuary are modeled using the
width-averaged shallow water equations, and the suspended sediment concentra-
tion in the water column is governed by the width-averaged advection-diffusion
equation. In these equations, the water density depends on both the salinity and
variations of the density due to nonhomogeneous distribution of the suspended
sediment concentration in the estuary. The condition of morphodynamic equilib-
rium is assumed, which allows to obtain the spatial distribution of the sediment
availability at the bottom. The model equations are solved analytically by making
a regular expansion of the various physical variables in a small parameter, which
is the ratio of the tidal amplitude over the water depth at the entrance. As a refer-
ence estuary, we use the Ems/Dollart estuary and measurements which represent
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2005.
We have showed that turbidity currents, resulting from high sediment concen-

tration, produce an additional transport in the morphodynamic balance. This addi-
tional transport does not change the balance between the other fluxes significantly,
but rather modifies it: this flux results in a wider spread of the turbidity zone, a
slight asymmetry enhancement and an insignificant up- or downstream shift of the
ETM. The flux consists of six different contributions. In a tidally averaged model,
e.g., Talke et al (2009a), only one of these contributions can be taken into account,
the contribution due to the transport of tidally averaged suspended sediment con-
centration by the residual turbidity current. It turns out that this contribution is of
minor importance in a tide–resolving model. In such a model, the contribution of
the tidally–averaged turbidity current to the M2 suspended sediment concentration
results in the dominant suspended sediment transport contribution by its correla-
tion with the M2 velocity field. This contribution consists of two parts, one part,
related to the spatial variation of the residual concentration field itself, results in
the slight shift of the location of the ETM. The second contribution, related to the
longitudinal dependency of the sediment availability function results in the wider
spread of the turbidity zone.

Furthermore, we have shown that bed formations have a minor effect on the
location of the ETMs and a linear fit of an observed bathymetry can be used as
a sound first approximation. Based on this approximation, we have made a sen-
sitivity analysis of the suspended sediment trapping locations to the length of the
embayment and depth at the entrance and the weir. It was shown that there is a
competition between two trapping mechanisms: the mechanism I (defined in Sec-
tion 3.4.2), which traps suspended sediment at the entrance of the estuary, and the
trapping mechanism due to the import of sediment by tidal asymmetry and export
due to river outflow, resulting in trapping near the end of the embayment. The
dominant mechanism, which can change when either geometrical characteristics
or external forcing is altered in the estuary, determines the position of the ETM in
the estuary. Two ETMs are observed when both mechanisms are of equal strength.
Moreover, we have showed the influence of tidal resonance on the position of the
suspended sediment trapping in the Ems estuary. When the M4 resonance length is
close or coincides with the estuarine length, the water motion is enhanced towards
the end of the estuary, the character of the wave is of a standing type and the tidal
asymmetry trapping mechanism becomes active. It either becomes a dominant
mechanism in the estuary (sediment is trapped at the end of the embayment) or is
of the same order as the mechanism I (i.e., two ETMs are produced). Therefore,
by changing the resonance characteristics of the basin (e.g., depth or the length of
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the embayment), the trapping mechanism and, thus, the trapping location within
the estuary changes as well. Note that a newly chosen length or depth of the
embayment may result in either enhancement/weakening of the existing ETM or
shift of the ETM to a new location: at the entrance or at the end of the estuary.

A similar sensitivity analysis has been conducted for the externally prescribed
M4 tidal constituent. It revealed that for small M4 tidal amplitude, the trapping of
sediment occurs near the entrance of the embayment because the tidal asymmetry
is too weak to transport sediment into the estuary. Moreover, it was shown that the
ebb/flood dominance at the entrance of the estuary, governed by the phase between
the M2 and M4 tidal constituent, also affects the sediment trapping locations.

All results given in this chapter are based on the presented model. The model
is constructed based on several assumptions. That there are no tidal flats, the
model is diagnostic in salinity and the straining of concentration is included, how-
ever, straining of salinity is not. A number of processes, which might be impor-
tant, are not included in the model: spatial settling lag, flocculation, wind waves
and lateral advection.
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4
Influence of viscosity

parametrization and strain-induced
periodic stratification on the ETM

In this chapter, we present an analysis of the influence of different vertical eddy viscosity
formulations on the trapping locations in a tidal estuary. The vertical mixing is rep-
resented by four different horizontally and vertically varying eddy viscosity functions:
horizontally and vertically constant; longitudinally varying, constant in the vertical; lon-
gitudinally varying, parabolic in vertical; and time- and longitudinally varying, parabolic
in vertical.

Moreover, we investigate the influence of time-variation of the vertical mixing on the
location of the turbidity zone. The structure of the water column changes from well-mixed
during flood to stratified during ebb, resulting in the so-called strain-induced periodic
stratifications (SIPS). The SIPS mechanism is responsible for an additional import of
suspended sediment in the estuary and can be as efficient as the gravitational circulation:
it will be shown that suspended sediment import can be enhanced due to the presence of
asymmetric mixing.

Representative parameters for these different vertical viscosity profiles are obtained
by calibrating the model predictions to the measured data. The Ems estuary is considered
as a reference case. The along-channel suspended sediment distribution for these eddy
viscosity formulations is studied. The physical reason for changes in suspended sediment
deposition locations is investigated by analyzing contributions of the transport function.

91
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4.1 Introduction

The hydrodynamics in a tidal basin depends on the formulation of vertical mixing
in the water column. A similar observation holds for the sediment dynamics. This
implies that the estuarine turbidity maxima location may change with changes in
viscosity parametrization. Therefore, a thorough analysis is required to determine
the influence of different vertical eddy viscosity models on the trapping locations
in a tidal estuary.

Another significant aspect, related to the vertical mixing, is a concept that the
vertical mixing (eddy viscosity) does not remain constant throughout the tidal cy-
cle and is different during ebb and flood. During flood conditions, an enhanced
mixing occurs, i.e., higher vertical eddy viscosity and diffusivity. Increased mix-
ing results in additional erosion of suspended sediment higher into the water col-
umn than during ebb. The water column structure changes from well-mixed dur-
ing flood to stratified during ebb. Hence, during flood more sediment is trans-
ported upstream into the estuary than exported out of the estuary during ebb. This
mechanism is called the internal tidal asymmetry (tidal mixing asymmetry) and
its significant effect on the transport of sediment has been acknowledged by a
number or researchers. Burchard and Baumert (1998) demonstrated that the tidal
mixing asymmetry results in an additional importing transport of suspended sedi-
ment upstream. Moreover, Winterwerp (2011) shows that for the Ems estuary the
internal tidal asymmetry plays a major role in suspended sediment transport and
its effect is larger than the influence of the gravitational circulation.

In this chapter, the vertical mixing is modeled by four different horizontally
and vertically varying eddy viscosity functions. We consider the following eddy
viscosity profiles: horizontally and vertically constant; longitudinally varying,
constant in the vertical; longitudinally varying, parabolic in vertical; and time-
and longitudinally varying, parabolic in vertical. The latter vertical eddy viscosity
formulation takes into account the effect of asymmetry in tidal mixing during ebb
and flood tidal cycle. Representative parameters for these different vertical viscos-
ity profiles are obtained by calibrating the model predictions to the measured data
using a least square method. The Ems estuary is considered as a reference case.
The along-channel suspended sediment distribution in morphodynamic equilib-
rium for these eddy viscosity formulations is studied. The physical reason for
changes in suspended sediment deposition locations is investigated by analyzing
different contributions of the transport function.

In this chapter, we focus on along-channel processes and, extend the 2DV
model discussed in previous chapters. The hydrodynamic conditions in a tidal
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basin are modeled by the width-averaged shallow water equations, the sediment
dynamics is governed by the width-averaged sediment mass balance equation.
The condition of morphodynamic equilibrium is assumed to obtain the along-
channel erosion coefficient. The (semi-) analytic solutions are derived using a
perturbation approach. Using these analytic solutions, we compare the sediment
distribution along the estuary for various formulations of the vertical eddy viscos-
ity.

4.2 Modeling Approach

The model estuary is assumed to be partially or well-mixed with exponentially
converging width. A Cartesian coordinate system is used, where x is the along-
channel coordinate and z is the vertical coordinate with z = 0 being the undis-
turbed water level. The local width of the estuary at location x is given by B(x) =
B0e−x/Lb , where Lb is the exponential convergence length, B0 is the width at the
entrance of the basin. The seaward side of the basin is located at x = 0 and is
forced by a prescribed external tide. At the landward side, x = L, the estuary is
separated from the river by a tidal weir and we assume a constant river discharge.
The bottom profile is prescribed by an arbitrary function z =−H(x).

The water motion in the basin is governed by the width-averaged shallow
water equations

ux +wz −
u
Lb

= 0, (4.1a)

ut +uux +wuz +gζx −
gρx

ρ0
(z−ζ )− (Av(t,x,z)uz)z = 0, (4.1b)

where u and w are the along-channel and vertical velocities, respectively, ζ is
the sea surface elevation, and ρ(x) is the along-channel density. In general, the
density depends on both the salinity and suspended sediment concentration (SSC)
in the water column. In this chapter, we assume that the influence of SSC is
negligible, thus, the density is prescribed as

ρ(s,c, t) = ρ0(1+β < s(x)>), (4.2)

where density varies due to the influence of the prescribed time- and width-aver-
aged salinity gradient < s(x) > only (see Talke et al (2009a); Chernetsky and
Schuttelaars (2012)). Here ρ0 = 1020 kg m−3 is the water density, β ∼ 7.6×
10−4 psu−1 is the haline contraction coefficient, and the angular brackets < . >
denote a tidal average.
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Figure 4.1: Sketch of the vertical eddy viscosity Av parametrization.

The vertical mixing term in Eq. (4.1b) depends on the vertical eddy viscosity
Av(t,x,z). Following Bowden (1965); Ianniello (1977) and Friedrichs and Aubrey
(1996), the vertical eddy viscosity is parametrized by a longitudinally varying
function, which is either constant in the vertical (Eq. (4.3a)) or has a parabolic
profile (Eq. (4.3b)), i.e.,

Av(x) = Av0

(
H(x)
H0

)n

, (4.3a)

Av(x,z) = Apar
v0 (zs − z)(H(x)+ z+ zb), (4.3b)

where H0 is the depth at the entrance and n is an exponential coefficient. These
vertical eddy viscosity profiles are shown in Fig. 4.1. Moreover, Av0 and Apar

v0 are
the eddy viscosity coefficients, and zs, zb are geometrical characteristics (see Fig.
4.1), which are obtained from a model calibration (for details, see Section 2.4.2).
In Chernetsky et al (2010); Chernetsky and Schuttelaars (2012), the constant ver-
tical eddy viscosity formulation (4.3a) was used, with n = 1.

Apart from stationary formulations, we also consider a time-varying formu-
lation of the vertical eddy viscosity. This is motivated by the observation that
towards the end of flood, the water column is usually more mixed that during
ebb (see Simpson et al (1990); Stacey et al (2001, 2008)). Hence, the water col-
umn structure changes from stratified during ebb to well-mixed during the end
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of flood (estuarine stratification is explained in Section 1.1). This effect is called
the strain-induced periodic stratification (SIPS) (see Nunes and Simpson (1985);
Simpson et al (1990); Sharples and Simpson (1995)). This interaction between the
tide and horizontal density gradient results in a temporary varying eddy viscosity
and diffusivity, driving additional velocity components (Jay and Musiak, 1994)
and sediment fluxes in tidal estuaries. In Burchard and Baumert (1998), it was
argued that this mechanism played an important role in the formation of an ETM.
Following Cheng et al (2010), we prescribe the vertical eddy viscosity function as

Av(t,x,z) = Apar
v0 (zs − z)(H(x)+ z+ zb)

(
1+η

⟨
ds
dx

⟩
ei(σt−µ)

)
, (4.4)

where η is a coefficient, which is calibrated in such a way that the resulting mag-
nitude of residual flow due to the SIPS mechanism is of the same order as the
magnitude of the gravitation circulation for a periodically stratifying estuary (Bur-
chard and Hetland, 2010; Cheng et al, 2011). If tidal straining is not that efficient,
this coefficient is much smaller. Inspired by Simpson et al (1990); Stacey et al
(2001), the phase µ is chosen such that maximum mixing occurs near the end of
flood.

The no-stress and kinematic boundary condition are imposed at the free sur-
face, z = ζ ,

Av(t,x,z)uz = 0 and w = ζt +uζx. (4.5)

At the bottom, z =−H(x), the impermeability of the bed is imposed

w =−uHx. (4.6)

The second boundary condition at the bed depends on the vertical viscosity profile
used. If the eddy viscosity is assumed to be constant in the vertical, i.e., boundary
condition (4.3a), a partial slip condition (4.7a) is prescribed, otherwise, a no slip
condition (4.7b) is used,

Av(t,x,z)uz = s(x)u at z =−H(x), (4.7a)

u = 0 at z =−H(x). (4.7b)

Here, s(x) is the stress parameter, parametrized by

s(x) = s0

(
H(x)
H0

)n

, (4.8)

where s0 is the stress coefficient (see Chernetsky et al (2010)).
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A tidal elevation consisting of the M2 and M4 tidal constituents is prescribed
at the seaward side of the estuary, i.e.,

ζ (t,0) = AM2 cosσ t +AM4 cos(2σt −ϕ) at x = 0, (4.9)

where AM2 and AM4 are the M2 and M4 tidal amplitudes, respectively, σ = 1.4 ·
10−4 s−1 is the M2 tidal frequency and ϕ is the relative phase.

The estuary is forced by a constant river discharge Q at the riverine side which
is given by

B(L)

ζ∫
−H

udz = Q at x = L. (4.10)

The sediment is assumed to consist of noncohesive fine particles, which are
mainly transported as suspended load. The suspended sediment concentration is
described by the width-averaged concentration equation which reads

ct +ucx +wcz = wscz +(Khcx)x +(Kv(t,x,z)cz)z −
1
Lb

Khcx, (4.11)

where ws is the settling velocity, Kh is a constant horizontal diffusivity coeffi-
cient and Kv(t,x,z) is the vertical diffusivity function. Following Winterwerp et al
(2009), we take the vertical diffusivity a factor two smaller than the vertical eddy
viscosity, i.e., the Prandtl-Schmidt number is set to two (Kv(t,x,z) = Av(t,x,z)/2).

At the free surface, it is assumed that no particles can enter or leave the domain

wsc+Kv(t,x,z)cz −Khcxζx = 0 at z = ζ , (4.12)

and at the bottom, z =−H(x), the boundary condition is given by

−Kv(t,x,z)cznz −Khcxnx =
wsρss(x)

g′ds
|u(t,x,z)|a(x), (4.13)

where nx and nz are the components of the unit normal vector at the bottom, ρs is
the density of sediment, ds is the grain size of the sediment and g′ is the reduced
gravity. Moreover, a(x) is the erosion coefficient that models the along-channel
distribution of easily erodible sediment at the bottom, which has to be determined
yet.

The longitudinal distribution of the erosion coefficient is obtained using the
condition of morphodynamic equilibrium. When the estuarine system is in the



4.3. SOLUTION METHOD 97

morphodynamic equilibrium, there is no evolution of the bed over a tidal period.
This condition reads (see Friedrichs et al (1998) and Chapters 3 and 4)

⟨ ζ∫
−H

(uc−Khcx)dz

⟩
= 0. (4.14)

The suspended sediment concentration c(t,x,z) in Eq. (4.14) depends on the
erosion coefficient, and the morphodynamic equilibrium condition can be rewrit-
ten as a linear first order differential equation (ODE) for a(x). This method is
explained in detail in Chernetsky et al (2010).

4.3 Solution Method

A (semi-) analytic solution of the hydrodynamic and concentration equations, pre-
sented in Section 4.3, is derived using a perturbation technique. As an initial step,
a scaling analysis of Eqs. (4.1), (4.11) and the appropriate boundary conditions
is performed. The scaling analysis allows to estimate the relative contribution of
various terms with respect to a small dimensionless parameter, denoted by ε . In
this chapter, the small parameter is the ratio of the M2 tidal amplitude AM2 and
the the local water depth H0 at the entrance, i.e., ε = AM2/H0 ≪ 1 (for the Ems
estuary ε = 0.1). As a next step, the physical variables (the horizontal and vertical
velocity, the sea surface elevation and the concentration) are expanded in power
series of this small parameter

ψ = ψ0 + ε1ψ1 + ε2ψ2 + . . . , (4.15)

where ψ = (u,w,ζ ,c).
By collecting terms of equal order of ε , we obtain a system of hydrodynamic

and concentration equations at each order. In this analysis, we retain the com-
ponents up to the first order of ε . The resulting leading and first order systems
of equations and boundary conditions are identical to the equations discussed in
Chernetsky et al (2010), with the vertical eddy viscosity Av(x,z) prescribed by
either Eq. (4.3a), (4.3b). These equations and corresponding boundary condi-
tions are not repeated here. If the eddy viscosity profile is chosen to be parabolic
(formulation (4.3b)), unlike equations in Chapter 2, the obtained equations are or-
dinary differential equations of a hypergeometric type and an analytic solution is
found in terms of hypergeometric functions.
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For the time-varying eddy viscosity formulation (4.4), the perturbation anal-
ysis (see Section 2.3) shows that the time-varying term enters the equations as a
first order term (O(ε1)). Therefore, it does not enter into the leading order system
of hydro- and sediment dynamic equations and they are identical to Eqs. (2.16)
and (2.20) and not repeated here. However, the first order system of hydrody-
namic equations has an additional term due to the time-varying eddy viscosity
formulation and reads

u1
x +w1

z −
u1

Lb
= 0, (4.16a)

u1
t +u02u02

x +w02u02
z︸ ︷︷ ︸

AC + TS

+gζ 1
x −gβ ⟨s⟩x z︸ ︷︷ ︸

GC

= (Apar
v0 (zt − z)(H + z+ zb)u1

z )z (4.16b)

+(Apar
v0 (zs − z)(H + z+ zb)η < s >x ei(σt−µ)u02

z )z︸ ︷︷ ︸
SIPS

.

Here the underbraces .︸︷︷︸ denote individual forcing terms. Detailed inspection of
the SIPS term in Eq. (4.16b) shows that it consists of a residual and M4 contribu-
tion (i.e., SIPS = SIPSres + SIPSM4). Due to linearity, these contributions can be
studied separately and the system of equations (4.16) breaks into two separate sys-
tems of equations for the residual velocity fields u10, w10 and sea surface elevation
ζ 10 and the M4 counterparts u14, w14 and ζ 14 (for more details, see Chapter 2.3.2,
where a similar technique was used). Here, we will only focus on the residual
contributions due to the time variations in eddy viscosity.

The boundary conditions for the residual flow are identical to (3.17) - (3.20)
and the general solution can be written as

χ10 = χ10
TS +χ10

GC +χ10
SIPSres

+χ10
SD +χ10

SC +χ10
RI , (4.17)

where χ10 = (u10,w10,ζ 10). Comparing to the residual solutions in Chapters 2
and 3, here we have an additional residual contribution due to the SIPS χ10

SIPSres
.

The first order concentration equation in the case of time-varying vertical dif-
fusion is given by

c1
t −wsc1

z = (Kpar
v0 (zt − z)(H + z+ zb)c1

z )z (4.18)

+((Kpar
v0 (zs − z)(H + z+ zb)η < s >x ei(σt−µ)(c00 + c04)z)z︸ ︷︷ ︸

SIPSc

,
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where c00 and c04 are the residual and M4 leading order concentrations. Note that
terms resulting the spatial settling lag effect are considered of the order O(ε2) and
does not enter the equation (see Section 2.3.2.2).

The boundary condition at the surface reads

wsc1
z +Kpar

v0 zs(H + zb)c1
z = 0, (4.19)

and at the bottom are

−Kpar
v0 c1

z =
wsρsA

par
v0

g′ds
u1

z
u02

z

|u02
z |

a(x). (4.20)

Note that the first order residual velocity field u10
SIPSres

enters the first order concen-
tration via the bottom boundary condition (4.20). Hence the M2 SIPS component
of the concentration consists of 3 contributions, one from the perturbed bottom
velocity, and two contributions related to c00 and c04.

The solution method for these additional constituents is similar to the one
described in Sections 3.3.1 and 3.3.2, and is not repeated here.

4.4 Results

As a case study, we consider the upper Ems estuary between the cities of Herbrum
and Knock (see Fig. 1.3). The general description of the Ems system is given in
Sections 1.3 and 2.4.1. The bathymetry of the system and most parameter values
are obtained directly from observations, conducted in 2005. They are summarized
in Tables 2.1 and 3.1. The eddy viscosity coefficients Av0, Apar

v0 , stress coefficient
s0 and geometrical parameters zs, zb are obtained from a model calibration to the
measured data. We minimize the difference between the observed and modeled
semi-diurnal tidal amplitude (ζM2), and the phase difference between the semi-
diurnal free surface elevation and velocity (ϕζM2

− ϕuM2
) in a least square sense.

Note that if the formulation of eddy viscosity (4.3a) is used, every magnitude of
n and m corresponds to a different set of Av0 and s0 coefficients. Hence, a new
model calibration has to be made, if n and m are altered. More details about the
model calibration procedure can be found in Section 2.4.2. In this chapter, we
consider the following eddy viscosity profiles:

(a) Horizontally and vertically constant,

(b) Longitudinally varying, constant in vertical,
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(c) Longitudinally varying, parabolic in vertical,

(d) Time- and longitudinally varying, parabolic in vertical.

For simplicity, we assume that m = n. Corresponding parameters, obtained
from the model calibration, are summarized in Table 4.1.

Table 4.1: Parameters, obtained from model calibrations, representing
a constant, longitudinally varying and parabolic eddy viscosity profile

Viscosity profile m, n Av0, s0, zb, zs,
[m2 s−1] [m s−1] [m] [m]

Constant 0 0.009 0.031 - -
Longitudinally varying 1 0.012 0.049 - -
Parabolic - 0.003 - 0.004 0.01

Using these parameter values, the resulting longitudinal distribution of sus-
pended sediment in morphodynamic equilibrium is obtained based on the so-
lutions in Section 4.2. The tidally averaged suspended sediment concentration
(SSC) for a constant, longitudinally varying, parabolic and time-varying eddy
viscosity profile are shown in Fig. 4.2. The maximum SSC at the surface is
prescribed to 0.4 g/l. Coarse silt with a settling velocity of 0.002 m s−1 is mod-
eled.

From Fig. 4.2, it is immediately seen that the model for different eddy viscos-
ity parametrization, calibrated to the same observations, results in different spatial
distribution and trapping locations of suspended sediment. For the vertically and
horizontally constant eddy viscosity profile, presented in Fig. 4.2(a), one turbidity
zone is observed near the entrance of the estuary at km 13.5. For the longitudi-
nally varying but constant in vertical eddy viscosity profile, shown in Fig. 4.2(b),
two ETMs are produced. One ETM is located near the entrance at km 14.2 and
the other one is located in the freshwater region near the tidal weir at km 47. This
eddy viscosity parametrization was used in Chapters 2 and 3 and the obtained re-
sults are qualitatively consistent (see Figs. 2.7(d) and 3.2(d), however, note that
different SSC at the surface is prescribed in these cases). Fig. 4.2(c) depicts the
along-channel SSC distribution for the longitudinally varying, parabolic vertical
eddy viscosity profile. For this parametrization, we observe one ETM, located
in the freshwater zone at km 41.8. If the time-varying vertical eddy viscosity
parametrization is used, see Fig. 4.2(d), a single ETM is observed at km 44.4.
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(a) (b)

(c) (d)

Figure 4.2: Along-channel distribution of suspended sediment concentration in mor-
phodynamic equilibrium for a constant (a), longitudinally varying (b), parabolic eddy
viscosity (c) and time-varying profile (d) are shown. The maximum SSC at the surface
is prescribed to 0.4 g/l. Coarse silt with a settling velocity of 0.002 m s−1 is modeled

To investigate the changes in suspended sediment trapping, we analyze the
behavior of residual sediment transports in morphodynamic equilibrium. This
technique was applied in Chapters 2 and 3, and detailed explanation can be found
in Section 2.5.2. In Fig. 4.3, the dimensionless residual transport T and its com-
ponents are presented (for definition, see Section 3.3.3). The red line represents
the residual sediment transport due to the residual velocity/residual concentration
interaction, the green line shows the residual sediment transport due to the M2
velocity/M2 concentration interaction, the black line shows the residual sediment
transport due to the M4 velocity/M4 concentration interaction. The diffusive resid-
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Figure 4.3: Dimensionless residual transport T , depicted by the solid blue line, and
its components for a constant (a), longitudinally varying (b), parabolic eddy viscos-
ity (c) and time-varying profile (d). The circle marker indicates a point of sediment
convergence in the estuary

ual transport is shown by the magenta line. As it was explained in Section 2.5.2,
a point T = 0 corresponds to a local maximum or minimum of the suspended
sediment concentration. The points of local maxima are shown with blue marks.

Closer inspection of Fig. 4.3 shows that the behavior of all transport function
is different for various vertical eddy viscosity formulations. However, the main
qualitative change occurs due to a change in TM2. To deeper understand which
mechanism is the most sensitive to the vertical eddy viscosity formulation, this
transport will be decomposed further into different components (for detailed ex-
planation in Section 2.5.2.1, where transports are decomposed into separate com-
ponents). The major components of the transport TM2 are presented in Fig. 4.4.
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Figure 4.4: Dimensionless residual transport TM2 , depicted by the green dashed line,
and its components for a constant (a), longitudinally varying (b), parabolic eddy vis-
cosity (c) and time-varying profile (d)

From Fig. 4.4, we can distinguish two regions where the TM2 transport func-
tion changes significantly: one is located at the entrance of the estuary and the
other one near the tidal weir. For the constant, longitudinally varying and parabo-
lic viscosity profiles (Figs. 4.4(a)-4.4(c), respectively) different transport behav-
ior near the entrance is attributed to changes of the transport T GC

M2 , forced by the
gravitational circulation, and T EF

M2 , induced by the externally prescribed M4 tidal
constituent. Note that these velocity components enter the first order concentra-
tion indirectly via the boundary conditions for the M2 concentration (for details,
see Section 3.3.2).

Amplification and change of behavior of the M2 residual transport due to the
externally prescribed M4 tide is a known mechanism, referred to as tidal asym-
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metry. This mechanism, which is responsible for a shift of the estuarine turbidity
maximum into the freshwater zone, was observed and investigated in Chapters 2
and 3. It is evident that for a constant eddy viscosity profile this transport mecha-
nism is not strong enough, resulting in no trapping of sediment near the landward
end. For the parabolic and time-varying eddy viscosity formulations this mecha-
nism turns out to be very efficient.

The residual velocity field, induced by the gravitational circulation, for a con-
stant, longitudinally varying and parabolic viscosity is presented in Figs. 4.6(d),
4.6(e) and 4.6(f), respectively. By comparing corresponding transport function
T GC

M2 , induced by the gravitational circulation, with the gravitational circulation
velocity for different eddy viscosity formulations, we see that a stronger residual
velocity field results in a stronger transport. The total residual velocity for var-
ious eddy viscosity formulation and its significant constituents are presented in
Fig. 4.6. For other residual velocity constituents, we observe similar qualitative
behaviour: a stronger residual flow results in a stronger transport.

Figure 4.5: The residual SIPS velocity constituent for the time-varying eddy viscosity
profile

For the time-varying eddy viscosity profile, presented in Fig. 4.4(d), two ad-
ditional transport constituents are produced. These transports are T SIPSc

M2 , induced
by the forcing term SIPSc in Eq. 4.18, and a transport function T SIPSres

M2 , which is
due to the forcing terms u10

SIPSres
(see Eq. (4.17)). The latter first order velocity

field enters the first order concentration indirectly via the bottom boundary con-
dition (4.20). It appears that the behavior of the T SIPSres

M2 transport is similar to the
T GC

M2 transport. The residual velocity field, which induce the T SIPSres
M2 transport is

shown in Fig. 4.5. It has the same pattern as the gravitational circulation shown in
Fig. 4.6(f), and is of the order of magnitude of the gravitational circulation where
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< sx > is minimal (see Eq. (4.4), where the choice of the SIPS coefficient is
discussed). However, the dominant transport for the time-varying viscosity near
the entrance is the new transport T SIPSc

M2 , which is not present in other viscosity
formulations. It is responsible for a strong import of sediment into the estuary.
This importing residual transport is due to the enhanced mixing of sediment dur-
ing flood conditions. This results in more sediment higher in the water column
than during ebb. Hence, during flood, more sediment is transported upstream than
during ebb exported downstream, resulting in an efficient tidally-averaged trans-
port of suspended sediment into the estuary. This residual transport, combined
with a strong import flux due to the externally prescribed M4 tide determines the
behaviour of the TM2 transport.

Near the weir, the change of the transport function TM2 is driven by the change
of the M2 residual transport induced by the river discharge. The correspondent
velocity fields are presented in Figs. 4.6(g), 4.6(h) and 4.6(i). It is seen that for
a parabolic eddy viscosity, the velocity magnitude of the river discharge is lower
than for a constant or longitudinally varying viscosity formulation. Thus near the
weir, the net sediment transport by this contribution is also smaller.

4.5 Conclusions

In this chapter, we investigated how different vertical eddy viscosity parametriza-
tion affects the ETM locations in tidal estuaries. As a reference estuary we consid-
ered the Ems estuary. The following vertical eddy viscosity profiles were studied:

(a) Horizontally and vertically constant,

(b) Longitudinally varying, constant in vertical,

(c) Longitudinally varying, parabolic in vertical,

(d) Time- and longitudinally varying, parabolic in vertical.

We have shown that different viscosity formulations result in slightly differ-
ent location(s) of suspended sediment deposition in the estuary and even different
number of ETMs. However, observed trapping patterns are similar. For the verti-
cally and horizontally constant eddy viscosity, there is one turbidity zone near the
entrance of the estuary at km 13.5. For the longitudinally varying but constant in
vertical eddy viscosity, we observe two ETMs: one is located near the entrance at
km 14.2 and the other one is located in the freshwater region near the tidal weir
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at km 47. The longitudinally varying, parabolic vertical eddy viscosity results in
one ETM, located in the freshwater zone at km 41.8. For the time-varying vertical
eddy viscosity parametrization, a single ETM is observed at km 44.4.

To investigate the changes between the viscosity formulation, we have ana-
lyzed the difference between the transport functions, their constituents and forcing
velocity fields. It was shown that the M2 residual transport has the most signifi-
cant contribution to the overall changes between the viscosity profiles. There are
two characteristic regions where this transport function changes significantly: one
near the entrance of the estuary and the other one upstream near the tidal weir.
We have shown that the change of the M2 transport behaviour near the entrance is
mainly results from changes of transport due to the gravitational circulation and
externally prescribed M4 tidal constituent. Close to the weir, the change of the M2
transport is mainly attributed to changes due to the river discharge.

For the time-varying vertical eddy viscosity formulation, two additional M2
transport constituents are produced: T SIPSc

M2 and T SIPSres
M2 . The transport constituent

T SIPSc
M2 , which is not present for other eddy viscosity formulations, becomes dom-

inant near the entrance of the estuary and is responsible for a strong import of
sediment upstream. This landward (importing) transport is due to the enhanced
mixing of suspended sediment during flood. This leads to higher concentration
of suspended sediment in the water column and more sediment is transported up-
stream during flood than transported downstream during ebb. This is a so-called
strain-induced periodic stratification (SIPS) mechanism. The SIPS transport is an
important mechanism which significantly affects the suspended sediment distri-
bution and the location of ETM near the entrance of the estuary.



4.5. CONCLUSIONS 107

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)

Figure 4.6: The residual velocity and its major constituents for a constant (Figs. a, d,
g, j), longitudinally varying (Figs. b, e, h, k) and parabolic eddy viscosity parametriza-
tion (Figs. c, f, i, l). The residual velocity is shown in the upper panels, the gravita-
tion circulation constituent and river discharge are depicted in the upper- and lower-
middle panels, respectively, and the tidal (Stokes) return flow is presented in the lower
panels



108 CHAPTER 4. INFLUENCE OF VISCOSITY PARAMETRIZATION AND SIPS ON THE ETM



5
Conclusions

5.1 Main conclusions

The main aim of this thesis was to investigate longitudinal estuarine processes
and determine the main mechanisms that result in suspended sediment trapping
in tidal estuaries using an idealized analytical model. Major conclusions of the
conducted research and answers to the research questions, stated in Section 1.5,
are summarized below in a question/answer form.

• Q1: Is it possible to reproduce the hydro- and sediment dynamics, ob-
served in partially mixed tidal estuaries, using an idealized analytical width-
averaged model?

A 1. This question was addressed in all chapters of this thesis. As a reference es-
tuary, the Ems/Dollart system has been considered. In Chapters 2-4, most param-
eter values and bathymetry for the model were directly taken from observations of
1980 and/or 2005. However, unknown parameters (e.g., the vertical eddy viscos-
ity coefficient, stress parameter, zb, etc.) were obtained indirectly by calibrating
the model to the measured data: the M2 horizontal and vertical tide (see details
in Section 2.4.2). Other observations, such as the residual and M4 tidal amplitude
and the velocity at the surface, were used to validate the model. The compari-
son of the model results and observations showed a qualitatively good agreement
between model results and observations, see Appendix A7. Therefore, we may
conclude that an idealized analytical model is able to qualitatively reproduce the
dynamics of a real tidal estuary.

• Q2: What are the dominant physical mechanisms resulting in suspended

109
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sediment trapping? And what physical mechanisms can result in multiple
estuarine turbidity maxima?

A 2. The occurrence of ETM and its location are determined by a complex inter-
action between various components of exporting and importing suspended sedi-
ment contributions. Multiple ETMs are observed when certain components (dif-
ferent for various vertical eddy viscosity formulations) of downstream and up-
stream directed (exporting and importing) residual transport balance each other at
different locations in the estuary (see Sections 2.4.4, 3.4.1 and 4.4). It was ob-
served that an ETM at the entrance of the estuary results from an interaction of
various contributions of the residual and M2 transport, and an ETM near the end
of the estuary results from the import of sediment by tidal asymmetry and export
due to river outflow. Therefore, based on the results of the presented model, there
is no single dominant physical mechanism that solely controls the formation of a
turbidity region in an estuary.

• Q3: What is the influence of the high turbidity in the water column on the
location of the estuarine turbidity maximum?

A 3. In Chapter 3, we have shown that high sediment concentration results in the
formation of turbidity currents, which produce an additional flux in the morpho-
dynamic equilibrium. This flux does not significantly change the existing balance
between other fluxes, but modifies it: high suspended sediment concentration re-
sults in a wider spread of the turbidity zone, a slightly enhanced asymmetry and
an insignificant shift of the ETM.

• Q4: What is the effect of geometrical characteristics of the estuary and
external forcing on the position of the ETM?

A 4. In this research, we have observed the formation of the either one or two
ETMs in the estuary. The first turbidity region is located at the entrance of the
estuary and the second one near the weir. The sensitivity analysis, conducted
in Sections 3.4.2 and 3.4.3, reveals that there is a competition between trapping
mechanisms that results in these ETMs. The dominant mechanism determines the
position of the ETM. Two ETMs are observed when both mechanisms are of equal
strength (also see Q3/A 3). The dominance of both mechanisms can change when
either geometrical characteristics of the estuary or external forcing is altered. This
means that any change of the geometrical characteristics or/and external forcing
will influence either the position or the occurrence of an ETM in the estuary.
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• Q5: How do different vertical eddy viscosity parametrizations affect the
turbidity zone? What is the influence of the SIPS mechanism on the turbid-
ity zone.

A 5. In Chapter 4, it was shown that various vertical eddy viscosity formulations
result in slightly different deposition location(s) of suspended sediment. Based on
the viscosity formulation, the number of EMT(s) can range between 1 and 2. The
main changes in deposition locations occur due to changes of the M2 transport.

We have shown that the strain-induced periodic stratification (SIPS) is a very
important mechanism which is responsible for the import of suspended sediment
into the estuary upstream. The effect of the SIPS mechanism on the location(s) of
the turbidity zone is of the same order or can exceed the influence of the gravita-
tional circulation.

5.2 Recommendations

The presented modeling approach and the results described in this research give
a clear insight into the longitudinal estuarine processes and provide an essential
framework for a better understanding of trapping mechanisms of suspended sedi-
ment in tidal estuaries. Nonetheless, there are many directions for further exten-
sion and development of the presented model. Possible extension directions and
research questions are listed below.

• An idealized analytical 3D model. This research is focused on the in-
vestigation of longitudinal exporting/importing mechanisms that results in
the along-channel suspended sediment trapping. It would be of great inter-
est to investigate the influence of cross-sectional trapping mechanisms on
the turbidity region and trapping locations, obtained with the along-channel
model. This can be done by coupling the presented model with an idealized
transversal model into a 3D idealized analytical model. For example, the
transversal model presented in Huijts et al (2006, 2011).

• Go from the morphodynamic equilibrium to time-development. A con-
dition of morphodynamic equilibrium, used to obtain the along-channel dis-
tribution of the erosion coefficient, allows to observe an estuarine system
only in an initial (prescribed) state and a final state, when the system has
reached the morphodynamic equilibrium. However, the time development
of the system towards the equilibrium state remains unknown. The under-
standing of the system time-development towards its equilibrium state can



112 CHAPTER 5. CONCLUSIONS

provide additional insight into physical processes that results in suspended
sediment trapping.

• Comparison of idealized and numerical model results. In derivation of
the presented model, a number of assumptions have been used. A compar-
ison of model results with historical observations in the Ems estuary has
proved the applicability of the model (the research question Q1). However,
a comparison of the analytical model with a numerical model is necessary
to accurately estimate the influence of these assumption. Moreover, it will
allow to determine additional mechanisms which might be important for
further extension of the model.

• Analyze the influence of other estuarine processes. The presented model
does not take into account some physical processes which might have some
influence on the trapping of suspended sediment. These processes are spa-
tial settling lag, wind waves, flocculation, tidal flats, fluid mud, etc. The
extension of the model and the sensitivity analysis to these processes will
enable to gain a deeper understanding of complex estuarine processes.



A
Appendix

A1 Derivation of Width-Averaged Shallow Water Equa-
tions

A1.1 Continuity equation

Continuity equation is derived from from the fundamental requirement of mass
conservation of a system. The most general form of continuity equation can be
written as follows

Dρ
Dt

+ρ
−→
∇ ·−→U = 0.

Here,
Dρ
Dt

is the total derivative of density,
−→
U is a three-dimensional velocity

vector and
−→
∇ is the nabla operator.

Using the Boussinesq approximation, which assumes that the density in the
oceans is nearly constant, the continuity equation can be simplified to

−→
∇ ·−→U = 0.

With respect to a Cartesian coordinate system
−→
U has components u,v,w in the

x,y,z-direction and
−→
∇ has the components

∂
∂x

,
∂
∂y

,
∂
∂ z

. Hence,

ux + vy +wz = 0.

The width-averaged form of the latter equation is derived by integrating from
−B/2 to B/2, where B(x) is the width of the estuary (see sketch of the estuary in
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Figure A.1: Sketch of the model geometry. The left panel depicts the side view of
the estuary and the right one presents the top view. A Cartesian coordinate system is
used, the x axis is along-channel coordinate directed landwards, y axis is transverse
coordinate points upwards and z is the vertical coordinate.

Fig. A.1(b))

B(x)/2∫
−B(x)/2

∂u
∂x

dy+

B(x)/2∫
−B(x)/2

∂v
∂y

dy+

B(x)/2∫
−B(x)/2

∂w
∂ z

dy = 0.

The Leibnitz integral rule yields

∂
∂x

B(x)/2∫
−B(x)/2

udy− 1
2

u|y=−B/2
dB(x)

dx
− 1

2
u|y=B/2

dB(x)
dx

+

v|y=B/2 − v|y=−B/2 +
∂
∂ z

B(x)/2∫
−B(x)/2

wdy = 0. (A.1)

There is no flow through the side boundaries −→n ·−→U = 0. This condition can
be written for the both banks as follows:

n1 =

(
−1

2
dB(x)

dx
,1
)

− 1
2

u|y=B/2
dB(x)

dx
+ v|y=B/2 = 0

n2 =

(
1
2

dB(x)
dx

,1
)

1
2

u|y=−B/2
dB(x)

dx
+ v|y=−B/2 = 0
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Eq. (A.1), taking into account the expressions above, reads

∂
∂x

B(x)/2∫
−B(x)/2

udy+
∂
∂ z

B(x)/2∫
−B(x)/2

wdy = 0.

The width-averaged velocities (∼) are defined as follows

ũ =
1

B(x)

B(x)/2∫
−B(x)/2

udy, w̃ =
1

B(x)

B(x)/2∫
−B(x)/2

wdy.

The width of the estuary is prescribed as

B(x) = B0e−x/Lb .

Eventually, the width-averaged continuity equation reads

∂
∂x

ũ+
∂
∂ z

w̃− ũ
Lb

= 0. (A.2)

A1.2 Momentum equation

This equation is obtained from momentum balance. The equation has the follow-
ing form

ρ

(
D
−→
U

Dt
+ f−→e z ×

−→
U

)
=
−→
∇ ·σ +ρ−→g . (A.3)

Here,
D
−→
U

Dt
is the total time derivative, f is the Coriolis parameter (Coriolis effects

are left out due to the width of the estuary is small compared to the Rossby defor-
mation radius),−→e z is a unity vector in the vertical direction, σ is the stress tensor,
given by

σ =−Pδ + τ ,

with P the pressure, δ unity tensor and τ the shear stress tensor. The elements
of the latter tensor are are called the Reynolds stresses. To close the system the
turbulent Reynolds stresses must be expressed in terms of the state variables. A
simple closure scheme, which is commonly used, is to relate the turbulent shear
stresses to velocity gradients (Pedlodsky, 1987).
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The differential form of hydrostatic balance of the fluid reads

∂P
∂ z

=−ρg.

At the water surface, z = ζ (see Fig. A.1(a)), the pressure equals to the atmo-
spheric pressure Pa. Hence, the solution of hydrostatic balance can be written
as

P = Pa +ρg(ζ − z).

Using the Boussinesq approximation, the density ρ is replaced by its constant
reference value ρ∗ and the pressure gradient reads

Px = Pax +ρ∗gζx +gPx(ζ − z) = Pax +ρ∗gζx +g

ζ∫
z

ρxdz. (A.4)

It consist of three parts: a contribution due to spatial variations of the atmospheric
pressure; a barotropic part, independent of depth, related to variations of the free
surface; and baroclinic part, depth-dependent, due to density gradients.

By expanding the total derivative in Eq. (A.3) and writing the components in
a Cartesian coordinate system using Eq. (A.4) and corresponding elements of the
Reynolds stress tensor, we obtain

ut +uux + vuy +wuz +gζx +
g
ρ∗

ζ∫
z

ρxdz− (Avuz)z = 0,

and the width-averaged form of the momentum equation is given by

ũt + ũũx + w̃ũz +gζx +
g
ρ∗

ζ∫
z

ρxdz− (Avũz)z = 0.

A2 The Width-Averaged Sediment Concentration Equa-
tion

Conservation of mass for the sediment is given by

∂c
∂ t

+
−→
∇ ·−→F = 0. (A.5)
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Here, c is the 3D concentration,
−→
F is the total sediment flux which consists of an

advective
−→
F a, settling

−→
F s and diffusive

−→
F d flux. They are given by

−→
F a = c−→u + cw−→e z,
−→
F s =−cws

−→e z,

−→
F d =−Kh

−→
∇ c−Kv

∂c
∂ z

−→e z.

where −→u is the horizontal velocity field, w the vertical velocity component, −→e z

the unit vector in the z direction. Finally, Kh and Kv the horizontal and vertical
eddy diffusivity coefficient, respectively.

Eq. (A.5) yields the sediment concentration equation

ct +(uc)x +(vc)y +(c(w−ws))z = (Khcx)x +(Khcy)y +(Kvcz)z. (A.6)

The width-integrated sediment concentration equation is obtained by integrat-
ing Eq. (A.6) over the width and using the Leibniz integral rule. It yields

∂
∂ t

B1∫
B2

cdy+
∂
∂x

B1∫
B2

ucdy+
∂
∂ z

B1∫
B2

c(w−ws)dy− ∂
∂x

B1∫
B2

Khcxdy

− ∂
∂ z

B1∫
B2

Kvczdy− [ucB1x − vc−KhcxB1x +Khcy]y=B1︸ ︷︷ ︸
1

(A.7)

+[ucB2x − vc−KhcxB2x +Khcy]y=B2︸ ︷︷ ︸
2

= 0.

Next, we use the boundary conditions at the transversal sides of the estuary.
The estuary sketch is shown in Fig. A.1. There is no flux through the side bound-
aries, i.e.

−→n ·
(

c−→u −Kh
−→
∇ c
)
= 0 at y = B1(x) and B2(x), (A.8)

where −→n 1 = (−B1x,1) is a normal outward pointing vector at y = B1, and −→n 2 =
−(−B2x,1) the normal vector at y = B2.

Using the boundary condition (A.8), terms 1 and 2 in Eq. (A.7) drop out and
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the equation reduces to

∂
∂ t

B1∫
B2

cdy+
∂
∂x

B1∫
B2

ucdy+
∂
∂ z

B1∫
B2

c(w−ws)dy− (A.9)

∂
∂x

B1∫
B2

Khcxdy− ∂
∂ z

B1∫
B2

Kvczdy = 0.

Next, we assume that the concentration c = c̃+ c′, with c̃ the width-averaged
concentration, defined as

c̃ =
1

B(x)

B1∫
B2

cdy,

and c′ are fluctuations in the y-direction, defined as c′= c− c̃. Here B(x)=B1(x)−
B2(x) is the width of the estuary. Similarly write u = ũ+ u′. Using the Leibniz
integral rule, the width-integrated sediment concentration equation (A.9) reads

(Bc̃)t +(Bũc̃)x +(Bc̃(w̃−ws))z − (KhBc̃x)x − (KvBc̃z)z = 0, (A.10)

where we assumed that the sediment concentration at the transversal boundaries
equals the width-averaged concentration, i.e. c

∣∣
y=B1

= c
∣∣
y=B2

= c̃. Moreover, we

assume that correlations
∂
∂x

B1∫
B2

u′c′dy can be modeled as a dispersive contribution.

Finally, using continuity equation (A.2) and assuming that the width of the
estuary is exponentially converging (i.e., B(x) = B0e−x/Lb), the width-averaged
concentration equation (A.10) becomes

c̃t + ũc̃x + c̃z(w̃−ws) = (Khc̃x)x +(Kvc̃z)z −
1
Lb

Khc̃x. (A.11)

A3 Morphodynamic Equilibrium Condition

The time evolution equation for the bed (Van Rijn, 1993) reads

ρs(1− p)
∂ zb

∂ t
= D−Es, (A.12)
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with ρs the density and p the porosity of the sediment. The depositional sediment
flux D normal to the bottom is given by

D ≡ wscnz at z =−H,

or the width-averaged expression

BD̃ = Bwsc̃nz. (A.13)

The erosional sediment flux reads Es = −Kh
−→
∇ c−Kv

∂c
∂ z

−→n z. By integrating

this equation over the width, neglecting the transversal bottom variations and
assuming that the concentration at the transversal boundaries equals the width-
averaged concentration, i.e. c

∣∣
y=B1

= c
∣∣
y=B2

= c̃, we obtain the width-averaged
erosional sediment flux

Ẽs =−Khc̃xnx −Kvc̃znz at z =−H. (A.14)

Note that here, nx = Hx/|−→n | and nz = 1/|−→n | denote the components (not deriva-
tives) of the unit normal vector −→n at the bottom.

A relation between deposition and erosion is derived from the sediment con-
centration equation (A.10) by integrating it over the depth and using the Leibniz
integral rule

∂
∂ t

ζ∫
−H

Bc̃dz+
∂
∂x

ζ∫
−H

Bũc̃dz− ∂
∂x

ζ∫
−H

KhBc̃xdz =

−B(wsc̃+Khc̃xHx +Kvc̃z)z=−H︸ ︷︷ ︸
I

+Bc̃(ζt + ũ− w̃)z=ζ︸ ︷︷ ︸
II

+

Bc̃(ũHx + w̃)z=−H︸ ︷︷ ︸
III

+B(wsc̃−Khc̃xζx +Kvc̃z)z=ζ︸ ︷︷ ︸
IV

(A.15)

Terms II, III, IV are eliminated due to boundary conditions, i.e.,

w̃ = ζt + ũζx at z = ζ , (A.16a)

w̃ =−ũHx at z =−H, (A.16b)

−wsc̃−Kvc̃z +Khc̃xζx = 0 at z = ζ , (A.16c)

and term I, according to Eqs. (A.13) and (A.14), can be expressed as −B(D̃− Ẽs).
Therefore, Eq. (A.15) reduces to

∂
∂ t

ζ∫
−H

Bc̃dz+
∂
∂x

ζ∫
−H

Bũc̃dz− ∂
∂x

ζ∫
−H

BKhc̃xdz = B(−D̃+ Ẽs). (A.17)
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Next, we average the result over a tidal period and require that the bed does
not change over a tidal period. This means that there is a tidally averaged balance
between erosion and deposition, i.e.

⟨
D̃
⟩
−
⟨
Ẽs
⟩
= 0. Using this in Eq. (A.17)

gives that ⟨
∂
∂x

ζ∫
−H

Bũc̃dz

⟩
−

⟨
∂
∂x

ζ∫
−H

BKhc̃xdz

⟩
= 0. (A.18)

The condition of morphodynamic equilibrium can be obtained by integrating
Eq. (A.18) with respect to x:

⟨ ζ∫
−H

(ũc̃−Khc̃x)dz

⟩
= 0. (A.19)

Note that the width B dropped out of the equation. The integration constant is set
to zero as we require no mean sediment transport at the weir.

A4 Perturbation Analysis and Solutions

As a first step in perturbation analysis, the variables are scaled by their typical
order with dimensionless variables denoted by a tilde (∼), see Table A.1.

Apart from the velocity scale U = σAM2ℓ/H0 (variables are explained in Table
A.1), a second along-channel velocity scale in the model is the typical velocity
scale for the density driven residual circulation Ud = gH0βSx/σ . Substituting
the scaled variables into the width-averaged shallow water equations yields the
dimensionless shallow water equations

ũx̃+w̃z̃ −
ℓ

Lb
ũ = 0, (A.20a)

ũt̃+
U
σℓ

(ũũx̃ + w̃ũz̃)+λ−2ζ̃x̃−

Ud

U
<̃ s >x

(
z̃− AM2

H0
ζ̃
)
=

(
Av

σH2
0

ũz̃

)
z̃
, (A.20b)

where λ = ℓ/Lw is the ratio of the convergence length or embayment length (de-
pending on which one is smaller) and the frictionless tidal wavelength Lw. The
along-channel density expression has been used to obtain Eq. (A.20b).
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Table A.1: Typical scales of various physical variables

Scaling
Physical Quantity Typical Scale Symbol Variable
Time M2 tidal frequency σ t = σ−1t̃
Sea surface eleva-
tion

M2 tidal amplitude AM2 ζ = AM2 ζ̃

Vertical coordinate Water depth at the
entrance

H0
z = H0z̃

Local water depth H = H0H̃
Horizontal coordi-
nate

Minimum of the estu-
ary length or convergence
length

ℓ x = ℓx̃

Horizontal velocity ∗ U =
σAM2ℓ

H0
u =Uũ

Vertical velocity ∗∗ W =
H0

ℓ
U w =Ww̃

Sediment concen-
tration

Typical magnitude
of the quantity
under
consideration

C =
ρsAvUa∗
H0g′ds

c =Cc̃

Salinity gradient Sx < s >x=
Sx<̃ s >x

Erosion coefficient a∗ a = a∗ã
∗Follows from the integration of the continuity equation over depth and
requiring an approximate balance between the resulting contributions
∗∗Obtained from the continuity equation by requiring an approximate
balance between the first and second term

The dimensionless boundary condition at the entrance is given by

ζ̃ = cos t̃ +
AM4

AM2

cos(2t̃ −ϕ) at x̃ = 0,

where AM4 is the amplitude of the M4 tidal constituent. At the riverine side we
impose that

εζ̃∫
−H̃

ũdz̃ =
Q

UH0B
at x̃ = L/ℓ,

with Q being the river discharge.
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At the free surface z̃ = εζ̃ the boundary conditions read

Avũz̃ = 0 and w̃ = ζ̃t̃ +
AM2

H0
ũζ̃x̃,

at the bottom z̃ =−H̃ they are given by

w̃ =−ũH̃x̃ and ũz̃ =
sH0

Av
ũ.

The dimensionless sediment mass balance equation, which is obtained from
Eq. (A.11), reads

c̃t̃ +
U
σℓ

(ũc̃x̃ + w̃c̃z̃)−
ws

σH0
c̃z̃ −

Kh

σℓ2 c̃x̃x̃ −
Kv

σH2
0

c̃z̃z̃ −
Kh

σℓLb
c̃x̃ = 0. (A.21)

The dimensionless boundary conditions for the suspended sediment concen-
tration are given by

ws

σH0
c̃+

Kv

σH2
0

c̃z̃ −
KhAM2

σℓ2H0
c̃x̃ζ̃x̃ at z̃ = εζ̃ ,

and

− Kv

σH2
0

c̃z̃ −
Kh

σℓ2 c̃x̃H̃x̃ =
ws

σH0
|ũz̃|ã at z̃ =−H̃.

The dimensionless morphodynamic equilibrium condition and integral condi-
tion read

⟨ εζ̃∫
−H̃

(ũc̃− Kh

ℓU
c̃x̃)dz̃

⟩
= 0 and

1∫
0

ãe−
ℓ

Lb
x̃dx̃

1∫
0

e−
ℓ

Lb
x̃dx̃

= 1 (A.22)

From observations, it usually follows that the ratio of the M2 tidal amplitude
AM2 and undisturbed water depth H0 is a small parameter, i.e. ε = AM2/H0 ≪ 1.
In order to construct a solution of the system of equations as a perturbation series,
we have to relate the order of magnitude of most non dimensional coefficients in
the equations above to ε . These parameters, their order and actual magnitude are
provided in Table A.2.
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Table A.2: Order of magnitude of dimensionless
parameters and their actual values

Nondimentional parameter Order Value
1980 2005

ε ≡ AM2/H O(ε) 0.14 0.13
U/σℓ O(ε) 0.14 0.13
ℓ/Lb O(1) 1
Ud/U O(ε) 0.27 0.29
Av/σH2

0 = Kv/σH2
0 O(1) 1.57 0.86

ws/σH0 O(1) 0.14−3.57
Kh/σℓ2 O(ε3) 7.9×10−4

Kh/σℓLb O(ε3) 7.9×10−4

AM4/AM2 O(ε) 0.17 0.14
Kh/ℓU O(ε2) 0.006
AM2Kh/σℓ2H0 O(ε4) 1.1×10−4

The dimensionless slip parameter sH0/Av is allowed to vary from zero (free
slip) to a large value (no slip) in the model, its actual value is derived from obser-
vations. Moreover, we assume that Q/UH0B is at most of order ε .

We approximate the solution of the dimensionless Eqs. (A.20), (A.21) and
(A.22) together with the appropriate boundary conditions by expanding the phys-
ical variables in power series of the small parameter ε

ũ = ũ0 + ε1ũ1 + ε2ũ2 + . . .
w̃ = w̃0 + ε1w̃1 + ε2w̃2 + . . .

ζ̃ = ζ̃ 0 + ε1ζ̃ 1 + ε2ζ̃ 2 + . . .
c̃ = c̃0 + ε1c̃1 + ε2c̃2 + . . .

where superscripts denote the order of ε . After substitution of these expansions
in the equations and boundary conditions and collecting terms of equal powers
of ε , one can investigate the dynamics of the system at different orders. The
resulting reduced systems of the water motion and concentration equations and
the morphodynamic equilibrium condition are given in Sections A4.1, A4.2 and
A4.3, respectively.
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A4.1 Leading order system of equations

From here on, the first superscript of a physical variable denotes the order of ε and
the second superscript indicates the frequency of the constituent under considera-
tion, by using the index of the lunar frequency. An analysis of the leading order
system of equations revealed that the system is perturbed only by the M2 tidal
forcing, therefore, ũ02 denotes the dimensionless leading order velocity forced by
the M2 forcing.

Using the typical scales given in Table A.1, the dimensional variables can
be obtained. In leading order, i.e. O(ε0), the dimensional system of equations
describing the water motion reads

u02
x +w02

z − u02

Lb
= 0, (A.23a)

u02
t +gζ 02

x − (Avu02
z )z = 0, (A.23b)

where the first superscript denotes the order of ε .
The boundary condition at the riverine side requires the depth-averaged veloc-

ity to be zero at the weir and, at the entrance, the system is forced by the externally
prescribed semi-diurnal tide. These conditions read

ζ 02 = AM2 cos(σ t) at x = 0, (A.24a)
0∫

−H

u02dz = 0 at x = L. (A.24b)

At the free surface, z = 0, the boundary conditions are given by

w02 = ζ 02
t and Avu02

z = 0. (A.25)

At the bottom z =−H(x) the boundary conditions read

w02 =−u02Hx, (A.26a)

Avu02
z = su02. (A.26b)

The dynamics of the sediment concentration in leading order is given by

c0
t −wsc0

z = (Kvc0
z )z. (A.27)

Hence, in leading order the evolution of the sediment concentration is governed
by the local inertia, settling and vertical mixing of sediments.
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The boundary condition at the free surface, z = 0, imposes a no flux condition
through the boundary,

wsc0 +Kvc0
z = 0. (A.28)

At the bottom, z =−H(x), the boundary condition reads

−Kvc0
z = wsρs

s|u02(t,x)|
g′ds

a(x). (A.29)

Since the water motion only consists of an M2 tidal signal in leading order, it
follows that the concentration has a residual component and all constituents with
frequencies that are an even multiple of the M2 tidal frequency, hence,

c0 = c00 + c04 + . . . . (A.30)

The sediment concentration c0 still depends on the unknown erosion coefficient
a(x).

Solution. The leading order equations for the water motion (A.23) and sediment
concentration (A.27) allow solutions of the following form:

(u02,w02,ζ 02) = ℜ
{(

û02(x,z), ŵ02(x,z), ζ̂ 02(x)
)

eiσt
}
, (A.31)

c0 = c00(x,z)+ℜ
{

ĉ04(x,z)e2iσt + . . .
}
, (A.32)

where ℜ{.} denotes the real part of the expression in braces and i is the imaginary
unit.

By substituting (A.31) into Eqs. (A.23), the time-dependent system of equa-
tions is transformed into a a system of ordinary differential equations for the spa-
tial variables û02(x,z), ŵ02(x,z) and ζ̂ 02(x):

û02
x + ŵ02

z − û02

Lb
= 0, (A.33a)

iσ û02 +gζ̂ 02
x − (Avû02

z )z = 0. (A.33b)

First, momentum equation (A.33b) is solved using the corresponding bound-
ary conditions for û02 at z = 0 and z = −H(x). The resulting expression for û02

still depends on the unknown sea surface elevation ζ̂ 02 and reads

û02 =−gζ̂ 02
x

iσ
(1−α(x)cosh(β (x)z)) , (A.34)
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where α = s/(Avβ sinh(βH)+ scosh(βH)) and β =
√

iσ/Av.
Next, the continuity equation (A.33a) is used to solve for ŵ02. The boundary

condition for ŵ02 at z = 0 is satisfied using the integration constant. This results
in

w02 =
g
iσ

(
ζ 02

x

Lb
−ζ 02

xx

)(
z− α

β
sinh(β z)

)
+

gsinh(β z)ζ 02
x

iσβ

(
αx +αβx

(
zcoth(β z)− 1

β

))
+ iσζ 02.

To satisfy the other boundary condition (A.26a), an ordinary differential equa-
tion for ζ̂ 02 has to be solved, usually numerically. This equation reads

T1ζ̂ 02
xx −T2ζ̂ 02

x −T3ζ̂ 02 = 0,

with

T1 =
α sinh(βH)

β
−H,

T2 =
T1

Lb
− αx sinh(βH)

β
+Hx(1−α cosh(βH))+

αβx(sinh(βH)−βH cosh(βH)

β 2 ,

T3 =−σ2

g
.

By back-substituting ζ̂ 02, we obtain the spatial velocities û02 and ŵ02.
Next, the sediment concentration equation (A.27) is solved using substitution

(A.32). Because Eq. (A.32) is linear, we can construct and solve an ordinary
differential equation with respect to each spatial component (i.e. c00, ĉ04, etc) of
the leading order concentration c0 separately. As follows from Section A4.3, we
only require the spatial variables c00 and ĉ04 to calculate the equilibrium sediment
distribution. The solution for these components reads

c00 =
a(x)ρssa0

g′ds
e

−ws(H+z)
Kv ,

ĉ04 = a(x)
(

A1e
(λ−ws)z

2Kv +A2e
−(λ+ws)z

2Kv

)
, (A.35)
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with λ =
√

w2
s +8iσKv, A1 and A2 are integration constants, obtained from boun-

dary conditions (A.28) and (A.29)

A2 =
−2wsρss(a2 − ib2)(ws +λ )

g′ds

(
(λ −ws)2e

(ws−λ )H
2Kv − (ws +λ )2e

(ws+λ )H
2Kv

) ,
A1 =−A2(ws −λ )

ws +λ
.

and a0, a2 and b2 are coefficients of the Fourier series of the absolute value of the
M2 tidal velocity at the bed

|û02(x,−H)|= a0 +a1 cos(σt)+b1 sin(σt)+a2 cos(2σ t)+b2 sin(2σt)+ · · ·

Here, a1 and b1 equal to zero due to orthogonality.

A4.2 First order system of equations

In this section the first order system of equations is discussed. The water motion
is discussed in subsection A4.2.1 and sediment dynamics in A4.2.2.

A4.2.1 Water motion

The first order dimensional hydrodynamic equations, i.e. O(ε1) is given by

u1
x +w1

z −
u1

Lb
= 0, (A.36a)

u1
t +u02u02

x +w02u02
z +gζ 1

x −gβ ⟨s⟩x z = (Avu1
z )z, (A.36b)

at this order the advective contributions enter the momentum equation (A.36b).
At the free surface, z = 0, the boundary conditions read

w1 = ζ 1
t −ζ 02w02

z +u02ζ 02
x and Avu1

z +Avζ 02u02
zz = 0, (A.37)

and at the bottom, z =−H(x),

w1 =−u1Hx and Avu1
z = su1. (A.38)

The boundary conditions at the riverine side and entrance are given by

ζ 1 = AM4 cos(2σt −ϕ) at x = 0, (A.39)
0∫

−H

u1dz+
H0

AM2

u02
∣∣∣∣
z=0

ζ 02 =
Q
B

at x = L. (A.40)
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From Eq. (A.34) and boundary condition (A.24b), we can conclude that u02 = 0
at x = L. Therefore, boundary condition (A.40) reduces to

0∫
−H

u1dz =
Q
B

at x = L.

Careful inspection of the higher-order system of equations and the boundary
conditions shows that the order ε velocity fields u1,w1 and the sea surface el-
evation ζ 1 consist of the residual contributions (u10,w10,ζ 10) and contributions
(u14,w14,ζ 14) with twice the frequency of the semi-diurnal tide. Hence, the solu-
tion of the first order water motion can be expressed as, e.g. u1 = u10 +u14.

Residual flow. By averaging over a tidal period, a forced linear system that
describe the residual flow is obtained

u10
x +w10

z − u10

Lb
= 0, (A.41a)⟨

u02u02
x +w02u02

z
⟩
+gζ 10

x −gβ ⟨s⟩x z = (Avu10
z )z, (A.41b)

where the angular brackets < . > denote a tidal average.
At the free surface, z = 0, the boundary conditions are given by

w10 =−
⟨
ζ 02w02

z −u02ζ 02
x
⟩

and Avu10
z +

⟨
Avζ 02u02

zz
⟩
= 0. (A.42)

At the bottom z =−H(x) the boundary conditions read

w10 =−u10 ∂H
∂x

and Avu10
z = su10. (A.43)

The boundary condition at the riverine side is that the depth- and tidally-
averaged velocity is related to the river discharge at the weir by

0∫
−H

u10dzdt =
Q
B

at x = L. (A.44)

Furthermore, the residual sea surface elevation is zero at the entrance

ζ 10 = 0 at x = 0. (A.45)

First overtide (M4) flow. The M4 constituent of the water motion is described
by the following system of forced equations

u14
x +w14

z − u14

Lb
= 0, (A.46a)

u14
t +

[
u02u02

x +w02u02
z
]
+gζ 14

x = (Avu14
z )z, (A.46b)
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where braces [.] denote the M4 contribution.
At the free surface, z = 0, the boundary conditions are given by

w14 = ζ 14
t +[u02ζ 02

x −ζ 02w02
z ], (A.47a)

Avu14
z +Av[ζ 02u02

zz ] = 0. (A.47b)

At the bottom the boundary conditions read

w14 =−u14 ∂H
∂x

and Avu14
z = su14 at z =−H(x). (A.48)

The first overtide boundary conditions at the entrance and riverine side are
identical to those of the leading order conditions, with a difference that the system
is forced by the externally prescribed M4 tide at the entrance. These conditions
are

ζ 14 = AM4 cos(2σt −ϕ) at x = 0, (A.49a)
0∫

−H

u14dz = 0 at x = L. (A.49b)

The first order system of equations for the water motion consists of residual
contributions, given by Eqs. (A.41)-(A.45), and M4 contributions (Eqs. (A.46)-
(A.49)). The residual and M4 water motion is forced by various contributions, see
the main text for a detailed description of these forcing terms.

Since the Eqs. (A.41) and boundary conditions (A.42)-(A.45) are linear, we
can solve the equations for each forcing term separately. The solution method for
each forcing term is similar to the method described in Section A4.1.

Similar to (A.31), the M4 water motion equations (A.46) allow the solution of
the following form(

u14,w14,ζ 14)= ℜ
{(

ũ14(x,z), w̃14(x,z), ζ̃ 14(x)
)

e2iσt
}
, (A.50)

here, ℜ{.} stands for the real part of an expression in braces and i the imaginary
unit. Substitution (A.50) in Eqs. (A.46) results in a system of ODEs with respect
to the spatial variables ũ14(x,z), w̃14(x,z) and ζ̃ 14(x). The resulting system of
equations is linear. Analogous to the method which was employed for the resid-
ual water motion, we decompose the system and boundary conditions into three



130 APPENDIX A.

systems of ODEs with appropriate boundary conditions each induced by the in-
dividual forcing. Next, we obtain the solution for each system and construct the
final solution as a superposition, i.e.,

(ũ14, w̃14, ζ̃ 14) =
3

∑
i=1

(ũ14
i , w̃14

i , ζ̃ 14
i ).

A4.2.2 Sediment dynamics

In deriving the sediment equation at first order, we assume that the nonlinear terms
in Eq. (A.21) are negligible in the dynamics of the suspended sediment concentra-
tion, even though they give an order epsilon contribution according to the scaling.
The motivation for this choice is that treating these nonlinear terms as order ε
quantities will result in additional mean and overtide components of the first or-
der. Solving these components will be straightforward, but will also complicate
the analysis. Since our goal is to gain understanding of sediment transport, these
nonlinear terms are neglected at a first step. Hence, the dynamics of the sediment
concentration is governed by

c1
t −wsc1

z = (Kvc1
z )z. (A.51)

The first order boundary conditions for the sediment concentration are equivalent
to those in leading order, with the first order component of the absolute value of
the bed shear stress

|τ1
b |= ρ0su1 u02

|u02|
at z =−H. (A.52)

The boundary conditions read

wsc1 +Kvc1
z = 0 at z = 0, (A.53)

−Kvc1
z = wsρssu1 u02

|u02|g′ds
a(x) at z =−H. (A.54)

Hence, the first-order sediment concentration is a result of the leading order and
the first order tidal flow interaction. Applying the Fourier analysis to bottom
boundary condition (A.54), it can be deducted that the first order concentration
consist of all tidal components

c1 = c10 + c12 + . . . . (A.55)
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The semi-diurnal component of the first order sediment concentration c12 is
obtained by substituting

c12 = ℜ
{

ĉ12(x,z)eiσt} (A.56)

in concentration equation (A.51). This results in an ordinary differential equation
for the spatial coefficient ĉ12(x,z). Using the appropriate boundary conditions
(A.53) and (A.54) the solution to this equation reads

ĉ12 = a(x)
(

B1e
(λ−ws)z

2Kv +B2e
−(λ+ws)z

2Kv

)
, (A.57)

with λ =
√

w2
s +4iσKv, B1 and B2 are the integration constants, obtained from

boundary conditions (A.28) and (A.29)

B2 =
−2wsρss(p1 − id1)(ws +λ )

g′ds

(
(λ −ws)2e

(ws−λ )H
2Kv − (ws +λ )2e

(ws+λ )H
2Kv

) ,
B1 =−B2(ws −λ )

ws +λ
.

and p1 and d1 are coefficients of the Fourier series of the absolute value of the bed
shear stress given by Eq. (A.52)

û1(x,−H)
û02(x,−H)

|û02(x,−H)|
= p0 + p1 cos(σt)+d1 sin(σt)+

p2 cos(2σt)+d2 sin(2σ t)+ · · ·

A4.3 Morphodynamic equilibrium condition

From the scaled morphodynamic equilibrium condition (A.22) and the fact that in
leading order the concentration consists of a residual component and a component
with a frequency that is multiple of M4 (A.30) and velocity only of an M2, it is
evident that there is no residual sediment transport in order ε . Only in order ε2 a
residual sediment transport is found, due to the interaction of the residual and M4
O(1) sediment concentration with the residual and M4 O(ε) velocity components,
and the M2 O(ε) sediment concentration with the M2 O(1) velocity component.
The morphodynamic equilibrium condition reads

0∫
−H

(u10c00 +
⟨
u02c12⟩+⟨u14c04⟩−Kh

⟨
c00

x
⟩
)dz+

⟨
ζ 0[u0c0]z=0

⟩︸ ︷︷ ︸
E

= 0. (A.58)
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Note that in Eq. (A.58) the last contribution (E) is a result of Taylor expansion
the upper integration boundary in Eq. (A.22) around z = 0.

The spatial and temporal structure of the width-averaged sediment concentra-
tion c is known but it still depends on the unknown erosion coefficient a(x), i.e.
c00 = a(x)c00a, c04 = a(x)c04a and c12 = a(x)c12a. Here, c00a, c04a and c12a are
independent of a(x). The spatial and temporal structure of the width-averaged
velocity fields is known. Substituting these expressions in the morphodynamic
equilibrium condition (A.58) results in a linear first order ODE with respect to the
unknown erosion coefficient a(x)

F
da
dx

+Ta = 0, (A.59)

where

F =

⟨ 0∫
−H

−Khc00adz

⟩
,

T =

0∫
−H

(
u10c00a +

⟨
u02c12a⟩+⟨u14c04a⟩−Kh

⟨
c00a

x
⟩)

dz+
⟨

ζ 0 [u02c0a]
z=0

⟩
.

Eq. (A.59) is solved by the method of separation of variables and the solution
reads

a(x) = a0 exp
(∫

−T/Fdx
)
≡ a0I(x). (A.60)

The integration constant, denoted by a0, is determined from condition the bound-
ary condition as

a0 =

a∗

L∫
0

B(x)dx

L∫
0

B(x)I(x)dx

. (A.61)

A5 Confidence Intervals for the Best Fit

The vertical eddy viscosity function Av and stress parameter s are difficult to get
from measurements. Therefore we obtain these parameters by calibrating the
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model to observations. This is done by minimizing the difference between the
observed and modeled semi-diurnal tidal amplitude (ζM2), and phase difference
between the semi-diurnal free surface elevation and velocity tide (ϕζM2

−ϕuM2
) in

a least square sense. The other observations, such as the residual and M4 tidal
amplitude and velocity at the surface, are then used to validate the model. The re-
sulting vertical eddy viscosity coefficient Av0 for 1980 is 0.019 m2s−1 and 0.012
m2s−1 in 2005. For the stress coefficient we found 0.098 ms−1 in 1980 and 0.049
ms−1 in 2005. We also introduce a so-called reasonable fit, which we define as
a 1% deviation from the best fit in the least square error. This deviation gives us
confidence intervals for the vertical eddy viscosity coefficient and stress param-
eter, so that any value in this interval provides a reasonable comparison between
the model predictions and the observations. The confidence intervals are outlined
in Fig. (A.2) by the black solid line. The minimal error value is shown with the
red square.

0.02 0.04 0.06 0.08

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

A
v
, [m2s−1]

s,
 [m

s−
1 ]

 

 

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

(a)

0.02 0.04 0.06 0.08

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

A
v
, [m2s−1]

s,
 [m

s−
1 ]

 

 

0.2

0.4

0.6

0.8

1

1.2

(b)

Figure A.2: Least square error. The left panel represents 1980 and the right one
depicts 2005. The black line outlines the reasonable fit. The red square is the minimal
error.

The confidence interval for the vertical eddy viscosity coefficient is 0.016−
0.0196 m2s−1 in 1980 and 0.0123− 0.0125 m2s−1 in 2005. The lower (upper)
boundary of the s0 confidence interval for 1980 is 0.08 (no upper boundary) ms−1

and 0.038 (0.074) ms−1 for 2005.
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A6 Parameter Sensitivity

In this supplement, we investigate the physical mechanisms which are responsible
for the amplification of the semi-diurnal tidal amplitude between 1980 and 2005.
The M2 tidal amplitude and relative phase between the horizontal velocity and
water level are shown in Fig. A.3 by the solid blue and green lines, respectively.
Comparison of these lines suggests that the tidal motion is more resonant in 2005
than 1980: in 1980 the dimensionless M2 sea surface elevation amplitude at the
weir (the ratio of the M2 sea surface elevation amplitude over its value at the
entrance) was approximately 0.74, in 2005 1.12. Moreover, the relative phase
(see Fig. A.3(b)) suggests more of a standing wave character in 2005 than in
1980.
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Figure A.3: The semi-diurnal tidal amplitude and phase difference between the semi-
diurnal horizontal velocity and water level. The left panels represent tidal amplitude
along the estuary and the right ones depict relative phase shift between the free surface
elevation and along-channel velocity component

The two main differences in the model input between 1980 and 2005 are the
depth of the embayment and the change of the vertical eddy viscosity parameter
Av and stress parameter s. As a first step, we want to understand whether these
changes result from a combination of those two factors or are primarily caused by
one of the factors, for example, deepening. Therefore, we consider deepening and
change of parameters Av and s separately and compare these results with those
which are obtained for the 1980 and 2005 experiments. As a first experiment,
we take the model setup for 1980 with a deepened bathymetry, but keeping the
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parameters of Av and s unchanged. The resulting M2 amplitude is shown by the
black solid line in Fig. A.3(a), in Fig. A.3(b) the relative phase is shown. It is
clear that the system has became more resonant as both the amplitude increases
towards the end of the embayment and the relative phase has became closer to
90◦. Next, we use the 1980 model setup with reduced values of Av and s, but
keeping the 1980 bathymetry. The M2 amplitude is depicted by the black dashed
line in Fig. A.3(a) and the relative phase is shown in Fig. A.3(b). This model
input makes the M2 amplitude increase even faster and gives higher value of the
relative phase, compared to the previous model setup. Hence makes the system
more resonant than by only deepening itself. However, we can conclude that it
is the combination of deepening and reduced vertical eddy viscosity and stress
parameter that makes the M2 tide amplify towards the end of the estuary.

The M4 tidal amplitude significantly amplifies towards the end of the embay-
ment in 2005, the dimensionless M2 sea surface elevation amplitude at the weir is
2.39, whereas in 1980 it is only 0.98 (the green and blue solid lines in Fig. A.4(a),
respectively). The relative phase, shown in Fig. A.4(b), suggests more of a stand-
ing wave character in 2005. Repeating the above experiments, it turns out that for
the M4 tidal motion, it is mainly the reduction of the vertical viscosity and stress
parameter (by the black dashed line in Fig. A.4(a)) that results in the amplification
of the M4 tidal amplitude. For the M4 relative phase both the deepening and the
reduction of the vertical viscosity and stress parameter are essential to reproduce
the 2005 model results.

Because we use an analytical approach, we can split the M4 tidal signal into
a part generated due to nonlinear interactions in the model and a contribution due
to the external overtide forcing. The amplitude and relative phase of the internally
generated M4 tide is shown in Fig. A.5 and for the externally forced M4 tide in
Fig. A.6. Based on Fig. A.5(a), we observe that the amplification of the internally
generated M4 tide is mainly achieved by a reduction of the bottom friction and
vertical eddy viscosity parameters. The externally forced M4 tide exhibits similar
behavior as the M2 tide.

To get more insight in the effect of the bottom friction and deepening on the
resonance characteristics of the tidal embayment, we develop a simple analytical
model of an estuary with a flat bed constrained by a weir. To this end we choose
a representative water depth (7.7 m, 8.7 m) for 1980 and 2005, respectively, such
that the tidal character for the M2 water motion is well-reproduced in the simpli-
fied model (compare Figs. A.3(a) and A.7(a)). We see that in both cases the M2
tide shows similar behavior. Therefore, we can assume that the flat bed resonance
characteristics are similar to model with varying bathymetry.
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Figure A.4: The M4 tidal amplitude and phase difference between the M4 horizontal
and vertical tide. The left panels represent tidal amplitude along the estuary and the
right ones depict relative phase shift between the free surface elevation and along-
channel velocity component.
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Figure A.5: The M4 internally generated tidal amplitude and phase difference be-
tween the M4 horizontal and vertical tide internally generated. The left panels rep-
resent tidal amplitude along the estuary and the right ones depict relative phase shift
between the free surface elevation and along-channel velocity component.

The dimensionless M2 tidal amplitude at the weir is plotted as a function of the
embayment length scaled with a quarter wavelength of the frictionless tidal wave
Lg =

√
gH/σ in Fig. A.7(b). The vertical red dashed line represents the length of
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Figure A.6: The M4 externally forced tidal amplitude and phase difference between
the M4 horizontal and vertical tide externally forced. The left panels represent tidal
amplitude along the estuary and the right ones depict relative phase shift between the
free surface elevation and along-channel velocity component.
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Figure A.7: Flat bed model output. The left panel represent the M2 tidal amplitude
along the estuary and the right one depict the effect of bottom friction and deepening
on the resonance characteristics.

the embayment of L = 63.7 km, which is the length of the Ems estuary, with depth
8.7 m and the cyan dashed line 7.7 m. In 1980 the estuary is far from resonance,
by either deepening or reducing the bottom friction and vertical eddy viscosity the
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embayment becomes more resonant. Decreasing the vertical eddy viscosity and
friction parameter is slightly more efficient in pushing the embayment towards
resonance than deepening. But, as it was already shown above, both deepening
and decrease of the vertical eddy viscosity and stress parameter are necessary
to reproduce the 2005 amplification. Hence, the combination of these factors
enhances the resonance so that the M2 tide, as well as M4, amplifies even further
towards the end of the estuary.

A7 Water Motion Components

In this appendix, any left panel of each figure represent 1980 and the right one
2005. In Figs. A.8 - A.10 phase of the M2 sea surface elevation, the M2 velocity
amplitude and phase at the surface are plotted, respectively. The squares show
measurements and the solid lines represent model predictions.
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Figure A.8: The M2 sea surface elevation phase. The left panels represent 1980 and
the right ones 2005.
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Figure A.9: The M2 velocity amplitude at the surface. The left panels represent 1980
and the right ones 2005.
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Figure A.10: The M2 velocity phase at the surface. The left panels represent 1980
and the right ones 2005.

A8 Transport components

In the following paragraphs we provide a detailed analysis of the transport func-
tion components Tres, TM2 and TM4 .

TM2 transport function. The TM2 contribution plays an important role in the
changes of the sediment trapping location in the Ems estuary between 1980 and
2005. To understand which mechanism is responsible for this significant change
of TM2 , TM2 will be decomposed into different components. The M2 concentration
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Figure A.11: The M4 sea surface elevation amplitude. The left panels represent 1980
and the right ones 2005.
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Figure A.12: The M4 sea surface elevation phase. The left panels represent 1980 and
the right ones 2005.

(see Section 2.3.2.2), is forced by the M2 component of the bed shear stress. From
Eq. (2.39) it follows that the M2 component of the bed shear stress is a result
of the interaction of both the residual and the M4 velocities with the M2 velocity.
Using Section 2.3.2.1, we can distinguish 5 contributions to the M2 concentration
due to the residual flow (see Eq. (2.33)) and 4 due to the M4 flow (see Eq. (2.38)),
each resulting in a contribution to TM2 , that can be studied separately.

The residual contribution to TM2 driven by the gravitational circulation is de-
noted by T GC

M2
, for river discharge by T RI

M2
, T SD

M2
denotes the contribution due to
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Figure A.13: The M4 velocity amplitude at the surface. The left panels represent 1980
and the right ones 2005.
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Figure A.14: The M4 velocity phase at the surface. The left panels represent 1980
and the right ones 2005.

tidal (Stokes) return flow, T SC
M2

due to surface contribution and T TS
M2

due to tidal
stresses. The M4 velocity components that contribute to TM2 are advective con-
tributions, denoted by T AC

M2
, free surface contribution, denoted by T FS

M2
, no-stress

contribution, denoted by T NS
M2

, and the M4 external forcing, denoted by T EF
M2

(see
Section 2.3.2.2). The sum of the residual and M4 contributions is denoted by T res

M2
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and T M4
M2

, respectively. Hence,

TM2 = T GC
M2

+T RI
M2

+T SD
M2

+T SC
M2

+T TS
M2︸ ︷︷ ︸

T res
M2

+T AC
M2

+T FS
M2

+T NS
M2

+T EF
M2︸ ︷︷ ︸

T M4
M2

.
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Figure A.15: Dimensionless transport function TM2 and its components.

In Fig. A.15 TM2 and its components T res
M2

, T M4
M2

are shown by the dashed green,
solid red and solid blue lines, respectively. For fine silt we can observe no sig-
nificant change of the T res

M2
contribution between 1980 and 2005. Therefore, the

change in TM2 is determined by the T M4
M2

contribution. The T M4
M2

transport starts to
decrease at approximately km 20 in 1980, whereas in 2005 it stays constant up to
approximately km 50 and only then starts to decrease. For coarse silt we observe
a similar behavior of the T M4

M2
transport: a smooth decrease from the entrance in
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1980 and in 2005 the decrease starts at 50 km. For coarse silt, the magnitude of
the T res

M2
transport has decreased between 1980 and 2005. However, the general

behavior did not change. Hence, the change of TM2 is again mainly caused by the
change of its M4 contribution. Therefore, further decomposition is needed to find
the dominant difference between 1980 and 2005.
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Figure A.16: Dimensionless transport function T M4
M2

and its components.

The M4 components of the transport function TM2 are shown in Fig. A.16.
For both fine silt (Figs. A.16(a) and A.16(b)) and coarse silt (Figs. A.16(c) and
A.16(d)), we see that the behavior of T M4

M2
(the dashed blue line) is primarily de-

termined by the contribution which results from the externally forced M4 tide (the
solid magenta line). The other three contributions are much smaller. It follows
that for both years and grain sizes the main contribution to T M4

M2
is the externally

prescribed M4 overtide. In 1980 this contribution decreases from the entrance,
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whereas in 2005 an abrupt decrease starts only at approximately km 40. Hence
the main change between 1980 and 2005 is due to the difference in residual sed-
iment transport by tidal asymmetry: there was less import of sediment in 1980
compared to 2005. This is true for both fine and coarser silt.
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Figure A.17: Dimensionless transport function T res
M2

and its components.

In Fig. A.17 a decomposition of T res
M2

(the dashed red line) is shown. Three
residual constituents (T GC

M2
, the solid blue line, T RI

M2
, the solid green line and T SD

M2
,

the solid black line, respectively) are shown. The two remaining contributions
(T SC

M2
,T TS

M2
) are insignificant and therefore not shown. For fine silt (Figs. A.17(a)

and A.17(b)) we observe that a decrease of the T SD
M2

contribution between 1980
and 2005. Close inspection of Figs. A.17(c) and A.17(d) shows that, for coarse
silt, the T res

M2
flux has changed due to the increase of the T GC

M2
contribution and the

decrease of the T SD
M2

contribution between 1980 and 2005. This is caused by an
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increase of the gravitational circulation and weakening of the tidal return flow in
2005 (see discussion in Section 2.5.1).

TM4 transport function. The TM4 flux is the result of the M4 velocity and M4
concentration interaction. The M4 velocity consists of four constituents (see Eq.
(2.38)) and hence, the TM4 flux has four different contributions, i.e.,

TM4 = T AC
M4

+T FS
M4

+T NS
M4

+T EF
M4

.

The TM4 flux (the dashed black line) and its components are shown in Fig.
A.18. For fine and coarse silt (Figs.A.18(a), A.18(b) and Figs.A.18(c), A.18(d),
respectively) the main balance is between the T NS

M4
contribution (the solid blue

line) and the T EF
M4

transport (the solid magenta line). For fine silt, none of the
components shows more than a 5 % change of behavior between 1980 and 2005.
For coarse silt we see that changes of the TM4 transport are primarily caused by
changes in the advective contribution T AC

M4
(the solid green line) and the T EF

M4
trans-

port functions.
Tres transport function. The Tres flux is a result of interactions of the resid-

ual velocity and residual concentration. The residual velocity consists of 5 con-
stituents (see Eq. (32)). Hence, similar to the TM2 transport, the Tres transport can
be decomposed in contributions forced by: the gravitational circulation T GC

res , river
inflow T RI

res , tidal return flow T SD
res , surface contribution T SC

res , tidal stresses T TS
res and

contribution T ζ uc
res resulting from a correlation between the tidal return flow and

concentration:

Tres = T GC
res +T RI

res +T SD
res +T SC

res +T TS
res +T ζ uc

res .

Fig. A.19 shows the Tres flux (the dashed red line) and its 4 components: T GC
res

(the solid blue line), T RI
res (the solid green line), T SD

res (the solid black line), T ζ uc
res

(the solid magenta line). The other two contributions are not shown as they are
negligible.

We can see that for both fine (Figs. A.19(a) and A.19(b)) and coarse silt (Figs.
A.19(c) and A.19(d)) tidal (Stokes) return flow T SD

res is approximately balanced
by the T ζ uc

res transport. Therefore, the behavior of the Tres transport is mainly de-
termined by the river inflow transport T RI

res everywhere in the estuary, except in
a region at the entrance. In this region we see the influence of the gravitation
circulation transport T GC

res .
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Figure A.18: Dimensionless M4 transport function in components.
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Figure A.19: Dimensionless Tres transport function and its components.
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Summary

The fast industrial development and the subsequent growth of cities and trade
have led to large-scale anthropogenic alterations of estuarine systems. Estuaries
are streamlined and deepened to ensure a safe navigation for larger ships. Dams
are constructed to protect the farmland, households and industrial buildings from
floods. Moreover, land reclamation, deforestation and various agricultural activi-
ties result in higher sediment and freshwater input into estuaries. All these activi-
ties lead to fundamental alterations of the hydro- and sediment dynamics, mixing
and circulation processes within estuarine systems.

An estuarine system, taken out of its natural balance, is always trying to re-
store this equilibrium or reach a new balance. This can result in, for example, an
increased siltation such that the estuarine depth has to be constantly maintained
via annual dredging activities. Engineering interventions are expensive and they
create a substantial load on the local ecosystem, because a biological system can-
not readjust to new conditions within a short period of time. Hence, these activ-
ities pose many problems from both the ecological and economic point of view.
A proper understanding of estuarine processes is essential to minimize the nega-
tive consequences of human influence and to develop a long-term restoration and
development plan for many problematic estuaries.

The main objective of this thesis is to investigate physical mechanisms in the
along-estuary direction that result in the trapping of suspended sediment in par-
tially and well mixed tidal estuaries and to analyze the influence of individual
mechanisms on the trapping location. The investigation is conducted using an
idealized model approach. A width-averaged analytical model of a tidal estuary
is developed, which allows to model the velocity distribution, the suspended sed-
iment dynamics and analyze the occurrence of suspended sediment trapping in
morphodynamic equilibrium, i.e., a situation in which there is no tidally averaged
sediment transport. The model allows to reproduce hydro- and sediment dynamic
conditions in tidal estuaries via a calibration of model parameters using field ob-
servations. Once the model is properly calibrated and results are validated, the
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importance of various trapping mechanisms and their sensitivity can be studied.
As a case study, the formation of ETMs in the Ems estuary was investigated.

It was shown that the occurrence of an estuarine turbidity maximum and its lo-
cation are determined by a complex interaction between various components of
exporting and importing (upstream and downstream) suspended sediment trans-
ports. It was shown that the main import of sediment into the estuary is due to
the correlation of the M2 tidal velocity and M2 suspended sediment concentration
(’M2 transport’), and the major export is caused by the residual transport. There is
no single dominant physical mechanism that controls the formation of a turbidity
region in an estuary.

Multiple ETMs are observed when constituents of exporting and importing
transport balance each other at several locations in the estuary. We have observed
(modeled) the formation of either one or two ETMs in the Ems estuary. The first
turbidity region was located at the entrance of the estuary and the second one near
the tidal weir. It was shown that an ETM at the entrance results from an interaction
of various contributions of the residual and ’M2 transport’, and an ETM near the
end of the estuary results from the import of sediment by a specific component of
the ’M2 transport’, the so-called tidal asymmetry, and export due to river outflow.
The sensitivity analysis reveals that there is a competition between these trapping
mechanisms. The dominant mechanism determines the position of the ETM. Two
ETMs are observed when both mechanisms are of equal strength. The dominance
of both mechanisms can change when either geometrical characteristics of the es-
tuary or external forcing is altered. This means that any change of the geometrical
characteristics or/and the external forcing will influence either the position or the
occurrence of an ETM in the estuary.

Furthermore, it was shown that the time-dependency of the vertical eddy vis-
cosity produces an important contribution that can result in a strong importing
sediment transport into the estuary upstream. The effect of this mechanism on the
location(s) of the turbidity zone is of the order or can exceed the influence of the
gravitational circulation.



Samenvatting

Snelle industriële ontwikkeling en de daaruit voortvloeiende groei van steden en
handel hebben geleid tot grootschalige antropogene ingrepen in estuariene sys-
temen. Estuaria zijn gestroomlijnd en verdiept om een veilige navigatie voor
schepen te garanderen. Er zijn dammen gebouwd om landbouwgronden, huis-
houdens en industrie te beschermen tegen overstromingen. Landaanwinning, ont-
bossing en diverse agrarische activiteiten hebben geresulteerd in hogere sediment
en zoetwater toevoer. Al deze activiteiten leiden tot fundamentele veranderingen
in de hydro– en sediment dynamiek, menging en circulatie processen binnen es-
tuariene systemen.

Als het natuurlijk evenwicht van een estuarien systeem verstoord is, zal zo’n
systeem in het algemeen proberen om dit evenwicht te herstellen of een nieuw
evenwicht te bereiken. Dit kan leiden tot bijvoorbeeld een verhoogde aanslibbing,
waardoor het estuarium constant moet worden verdiept door baggerwerkzaam-
heden om de gewenste diepte te behouden. Antropogene interventies (zoals bi-
jvoorbeeld het verdiepen van de vaargeul) en de daaruit voortvloeiende maa-
tregelen (onderhoudsbaggerwerk) zijn in het algemeen duur. Verder vormen ze
een aanzienlijke belasting van het ecosysteem, een biologisch systeem kan zich
immers niet op korte termijn aanpassen aan deze nieuwe omstandigheden. Dit
soort activiteiten resulteert dus in veel problemen vanuit zowel ecologisch als
economisch oogpunt. Een goed begrip van estuariene processen is dus essen-
tieel om de negatieve gevolgen van menselijke invloed te minimaliseren en om
een lange termijn herstel– en ontwikkelingsplan voor estuaria te ontwikkelen.

Het belangrijkste doel van dit proefschrift is om systematisch de fysische
mechanismen in de langsrichting te onderzoeken die resulteren in het invangen
van gesuspendeerd sediment in gedeeltelijk en goed gemengde estuaria. De in-
vloed van de afzonderlijke mechanismen op het invangen van gesuspendeerd sed-
iment en de resulterende plaats waar de sedimentconcentratie het hoogst is worden
geanalyseerd. Hiertoe wordt een geidealiseerd model ontwikkeld, dat de breedte-
gemiddelde waterbeweging en dynamica van gesuspendeerd sediment beschrijft.
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Hiermee wordt de ruimtelijke verdeling van de concentratie van opgelost sediment
in morfodynamisch evenwicht bestudeerd, dat wil zeggen een situatie waarin er
geen getij–gemiddeld sedimenttransport is. Het model maakt het mogelijk om
hydro– en sediment dynamica in estuaria te reproduceren na kalibratie van mod-
elparameters met behulp van veldwaarnemingen. Als het model correct is gekali-
breerd, kan het relatieve belang van de verschillende mechanismen die leiden tot
het invangen van gesuspendeerd sediment en hun gevoeligheid voor parameter-
waarden worden bestudeerd.

Als case study is de vorming van estuariene troebelheidsmaxima (ETM’s) in
het Eems estuarium onderzocht. Het optreden van een ETM en de locatie er-
van worden bepaald door een complexe interactie tussen de diverse componenten
van de exporterende en importerende sedimenttransport. De belangrijkste bij-
drage aan de import van sediment in het estuarium is het gevolg van het residueel
transport ten gevolge van correlaties tussen M2 getijde–snelheden en M2 zw-
evende sediment concentraties (’M2 transport’), de grootste exportbijdrage is het
gevolg van getijgemiddelde concentraties die door residuele snelheden worden
getransporteerd (’residueel transport’). Meerdere ETM’s worden waargenomen
wanneer verschillende exporterende en importerende sedimentfluxen met elkaar
balanceren op verschillende locaties in het estuarium. We hebben de vorming
van zowel één als twee ETM’s in het Eems-estuarium gemodelleerd. Het eerste
troebelheidsmaximum wordt aan de zeewaartse kant van het estuarium gevonden,
de tweede aan de landwaartse kant (bij de stuw). Het ETM aan de zeewaartse
kant is het resultaat de interactie tussen verschillende bijdragen van de residuele
en M2 transport, het ETM aan de landwaartse zijde wordt gevormd door een bal-
ans tussen import ten gevolge van de zogenaamde getijde–asymmetrie, en export
als gevolg van de rivier uitstroom. Op welke plek een ETM wordt waargenomen
hangt af van de efficiëntie van de verschillende mechanismen, wat weer afhangt
van de parameterwaarden gebruikt in het model. Twee ETM’s worden gevormd
wanneer beide mechanismen van gelijke sterkte zijn. De dominantie van beide
mechanismen kan veranderen als geometrische kenmerken van het estuarium of
externe forceringen worden gewijzigd. Dit betekent dat elke wijziging van de ge-
ometrische kenmerken en/of de externe forcering de positie en het aantal ETM’s
in een estuarium kan beı̈nvloeden.
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