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SUMMARY

An estuary is often defined as a semi-enclosed coastal body of water, freely connected with the open sea, in
which sea water is measurably diluted by fresh water derived from land drainage (Pritchard, 1967). Some of
the largest ports around the world are located within estuaries. Over the last century, narrowing and deep-
ening operations have taken place to allow bigger ships to reach these ports. In the Loire (France) estuary, a
significant increase in tidal range and a dramatic increase of suspended sediment concentrations have been
observed along with the ongoing narrowing and deepening of the estuary. Suspended sediment concentra-
tions in estuaries often have local maxima, also called estuarine turbidity maxima (ETMs). The dramatic
increase in sediment concentrations in these ETMs is often referred to as a regime shift towards a hypertur-
bid state. While it is generally accepted that the increase in tidal range is a consequence of deepening and
narrowing, it is not clear whether deepening is a potential cause for the hyperturbidity observed in the Loire.

The goal of this research was to investigate the role that deepening of the Loire estuary played in the ob-
served regime shift to a hyperturbid state. To be able to perform a model study, data from many sources and
decades has been brought together into a literature study. Although very little observations of sediment con-
centrations have been reported over the 20th century, literature clearly shows that sediment concentrations
increased drastically over the years. The scarcity of data not only applied for the sediment concentrations over
the years, but also for bathymetry and hydrodynamics, resulting in uncertainty about the historical states of
the estuary. To cope with the large range of uncertainty and variability in the reported observations and model
parameters, an idealised model called iFlow has been used. The strength of the iFlow model for this research
was twofold. Firstly, iFlow allowed to investigate the essential physical processes driving the estuarine sedi-
ment dynamics in isolation, which contributes to actually understand the observed changes. Secondly, iFlow
is computationally efficient, allowing to perform extensive sensitivity studies. This way, we could determine
which processes play a role in the current state of the Loire estuary and how they are affected by deepening.
Furthermore, by mapping the effects of the uncertainty on the different physical processes, robust conclu-
sions could be drawn about the effects of deepening despite the given uncertainty.

The results of this research consist of two parts. At first, an iFlow model was set-up to describe the current
state of the Loire estuary. Regarding the sediment dynamics in the Loire, distinction is made between the
along-channel sediment transport and local resuspension. The transport capacity, the sediment transport
that would occur if there was plenty of sediment on the bed everywhere along the estuary, is used to evalu-
ate the importance of different along-channel processes. The sum of the contributions due to the different
physical processes is called the total transport capacity. The along-channel sediment transport in the Loire
is governed by the importing contributions due to a baroclinic pressure gradient and tidal asymmetry in-
duced by an external M4 tide, an exporting contribution induced by the river and an along-channel varying
contribution due to spatial settling lag. Both importing contributions got amplified once sediment-induced
turbulence damping is of importance, whereas the exporting contributions remain equal. Results have shown
that fine sediments are most likely imported during neap tide. In this research, local resuspension is assumed
sufficiently high to be able to model the observed sediment concentrations.

Secondly, the effects of deepening on the physical processes have been assessed. This was done by only
varying the depth of the model. Although deepening sometimes locally resulted in an increased exporting
contribution due to one of the physical processes, it generally resulted in enhanced sediment import or de-
creased sediment export. Hence, the transport capacity in the Loire became much more favourable for the
import of sediment initiated by deepening. In order to determine the robustness of these findings, an exten-
sive sensitivity study was performed of 14.157 simulations (1287 conditions for 11 bottom profiles over time)
to capture the influence of uncertainties in multiple input parameters. For the bottom profile representing
the bathymetry in the year 1900, none of the conditions resulted in a hyperturbid state, whereas indepen-
dent of the conditions, the likelihood to find a hyperturbid state always increased for increasing depth. From
this we can conclude, that the observed regime shift towards high sediment concentrations, would not have
happened without the deepening of the Loire estuary.

vii





1
INTRODUCTION

Riverine- and coastal areas have been subject to anthropogenic influences since time immemorial (Mays,
2008). The desired effects of human interventions show large variety; from safety against flooding to naviga-
bility and from prevention of coastal erosion to irrigation. Although hydraulic engineering works are suitable
to create economic value or to solve or prevent problematic situations, it often occurs that new problems arise
as a consequence. Construction of a coastal groyne to prevent coastal erosion for example, often results in
erosion on the downstream side (which doesn’t have to be problematic of course) (Bosboom and Stive, 2012).
Another example is a decline of the groundwater table as a consequence of river-deepening, which could
eventually result in the exposure of wooden pile foundations and hence accelerated decay of the foundation
(Klaassen, 2015). In complex systems where multiple mutually interacting physical processes are involved,
such problems are often unforeseen and poorly understood.

An example of this is the effect of deepening on the sediment dynamics in estuaries. An estuary is often de-
fined as a semi-enclosed coastal body of water, freely connected with the open sea, in which sea water is
measurably diluted by fresh water derived from land drainage (Pritchard, 1967). In other words, the estuary
extends landward as far as the salinity reaches. However, according to the definition of Fairbridge (1980), the
estuary extends landward as far as tidal motions are observed. The part of the estuary in which tidal motion is
still present, but where the water is entirely fresh, is often called the tidal river. Figure 1.1 shows an overview
of these definitions. The definition based on tidal motions is used in this thesis, hence the estuary includes
both the brackish zone and the tidal river.

Figure 1.1: Schematic representation of an estuary, freely connected to the sea on one side and enclosed by the river on the other side.
Saline water is presented in blue with the blue lines indicating equal salinity, whereas fresh water is shown in white. Source: Dijkstra
(2019)

Suspended sediment concentrations in estuaries often have local maxima, also called estuarine turbidity
maxima (ETMs). A formal definition of an ETM has been introduced by Burchard et al. (2018), stating that an
ETM is a local maxima of the cross-sectionally and tidally averaged suspended sediment concentration. The
existence of an ETM depends on a combination of horizontal sediment transports and the vertical balance
between resuspension from and deposition to the bed. The magnitude and direction of the along-channel
transport of sediments varies over a tidal cycle. However, when averaged over a tidal cycle, an upstream or
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downstream directed residual transport is found which varies with the along-channel location. Fine sediment
tend to accumulate in zones where this residual transport converges. These zones are called trapping zones.
Next to the accumulation of fine sediment, which governs the availability of fine sediments, an ETM requires
that the sediments are brought and kept suspension. The ability of the flow to keep sediments in suspension
depends on the mixing energy, which is often provided by the tide or wind. In this thesis, the term ETM will
also be used to describe the local maxima in near-bed or near-surface sediment concentrations, which is in
contrast to the definition of Burchard et al. (2018).

According to Ross (1995), 22 of the 32 largest cities around the world are co-located with estuaries. There-
fore, it is not surprising that estuaries have been heavily engineered over the years. Both restricting the flow
area (narrowing) and deepening are common measures to improve the navigability or to control flood safety.
However, estuaries are complex systems with lots of physical processes involved, due to which not all effects
of such measures are foreseen. A study of five European estuaries by Winterwerp and Wang (2013) shows that
tidal ranges increased significantly along with the ongoing narrowing and deepening of these estuaries. Next
to an increase in tidal range, dramatic increase in suspended sediment concentrations has been observed in
the Ems (Germany) and Loire (France) estuaries, often referred to as a regime shift towards hyperturbid state.
While it is generally accepted that the increase in tidal range is a consequence of deepening and narrowing, it
is not generally true that deepening and narrowing leads to a dramatic increase in sediment concentrations.
For example, Dijkstra et al. (2019b) provides proof that deepening plays an important role in the observed
regime shift in the Ems, whereas Dijkstra et al. (2019a) shows that this is not the case in the Scheldt. Whether
deepening is a potential cause for the high sediment concentrations observed in the Loire is still unclear. This
will be investigated in this thesis.

This includes an extensive model study to understand the behaviour of the present-day system, as well as the
behavioural changes over time. One of the main difficulties in understanding the observed regime shift in
the Loire estuary is the lack of observations of depth, tidal range and sediment concentrations. Therefore, to
nevertheless do a robust investigation, sensitivity studies are used capture the effects of this uncertainty in
the data on the processes that govern the sediment dynamics within the Loire estuary. By understanding the
role of the uncertainties on the individual physical mechanisms, insight can be gained in whether deepening
is a potential cause for the observed regime shift, or if unknown developments in the uncertain parameters
might play a role. Before the model study is addressed, an introduction to the Loire estuary, including the
observations that led to this research, is presented in section 1.2. Some general definitions and common
knowledge about sediment dynamics within estuaries are introduced in section 1.3. And finally, this chapter
will be concluded with the actual problem statement, followed by the accompanying research questions and
the approach to investigate these questions throughout this thesis.

1.1. THE IMPORTANCE OF SEDIMENT DYNAMICS IN ESTUARIES

According to the Millennium Ecosystem Assessment (2005), the benefits humans experience from an ecosys-
tem are called ecosystem services. Estuaries provide many ecosystem services, such as food supply, water
supply, regulating of water quality, flood prevention and recreation (Wilson et al., 2005; O’Higgins et al., 2010).
Related to sediment dynamics, two ecosystem services of estuaries are most relevant: primary production
and commercial shipping.

Estuaries provide habitats for all kinds of aquatic flora and fauna. Microalgae (e.g. phytoplankton) and
macrophytes (aquatic plants) are able to produce glucose (food) and oxygen out of carbon-dioxide and wa-
ter using energy from sunlight through photosynthesis (Adams et al., 1999). The consequent accumulation
of inorganic matter (CO2 and H2O) into organic matter is called primary production and forms the basis
of the food web. Since estuaries receive large amount of nutrients and organic carbon from land, they are
characterized as hot spots concerning primary production all around the world (Cloern et al., 2014). Because
few organisms are capable of photosynthesising without the energy from solar radiation, a reduction of light
intensity can have pronounced impacts on the primary production within estuaries. Moderate suspended
sediment concentrations in the order 10-100 mg/l already block enough sunlight to reduce primary produc-
tion (Wofsy, 1983). Observations in the Bristol Channel by Joint and Pomroy (1981) show a decrease of over
a factor 20 in primary production for high sediment concentrations compared to low sediment concentra-
tions. Similar reductions in primary productions due to high turbidity have been observed in the Loire estu-
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ary (Relexans et al., 1988; Abril et al., 2003). Furthermore, increased turbidity often coincides with depletion
of oxygen levels, reducing the livability of estuaries for aquatic fauna. According to Talke et al. (2009a) and
Etcheber et al. (2007), the oxygen is consumed by bacterial degradation of organic matter which is present
within the suspended matter. The reduction of primary production due to turbidity might eventually result
in even further lowering of oxygen levels (Yoshiyama and Sharp, 2006).

Next to the natural value of estuaries, they are also of importance regarding economical aspects. Some of the
largest ports around the world are located within estuaries (e.g. Shanghai Port in the Yangtze estuary, Port of
Rotterdam in the Rhine-Meuse estuary) (Wang and Andutta, 2013). Navigational channels towards ports need
to be maintained at a certain depth. Increased sediment concentrations could result in enhanced deposition
of sediments within ports or shipping channels, and hence increase in dredging costs.

1.2. INTRODUCTION TO THE LOIRE ESTUARY
Although human interventions in the Loire have taken place for centuries, our focus will mainly be on the
20th century. On the one hand, the main channel has been deepened, and on the other hand side channels
have been cut-off and again recreated later (Maquet, 1974; Charrier, 2000). All these changes caused changes
in depth. This section provides a short introduction to the Loire estuary, focusing on these past large-scale
changes in the depth and their effect on the water motion and sediment dynamics.

The Loire River Estuary is located on the West coast of France and mouths into the sea at Saint-Nazaire, see
Figure 1.2. These days (during a spring tide high water and low river discharge), the tidal influence reaches
between 90-110 km from the mouth, whereas the salt-water influence reaches less far and typically stops
around Nantes (50 km inland). A hyperturbid zone may be present up to 70 km inland. The overview de-
picted in Figure 1.2 not only gives the present day situation, but also some historical details. It can be seen
that the Loire estuary has been narrowed (by cutting of side-channels and removing intertidal areas) signifi-
cantly since 1850. In addition to that, the figure clearly shows that the tidal influence, the salt intrusion and
the turbid zone extended further inland over the last decades. To be able to discuss the various human in-
terventions and their effects, distinction is made between five parts of the estuary following Migniot (1993).
These are the exterior, lower(downstream), intermediate, embanked, and upstream sections.

Before the start of the 20th century the navigability of the Loire has been improved mostly by restricting the
flow to one main channel; multiple side channels have been cut-off and embankments have been created to
stabilise the river banks (Moatar and Dupont, 2016). At the end of the 19th century however, the depth of the
Loire river did not suffice any more for ships to reach the commercial ports of Saint-Nazaire and Nantes. For
that reason, multiple deepening operations have been executed since that time, of which the most significant
are summarized below (SAR, 1993; Paape, 1994; Sogreah, 2006; Briere et al., 2011; Artelia, 2013):

• 1890-1899: the exterior channel has been deepened to CM961 -5.6 m and the embanked section to
CM96 -1.2 m.

• 1906-1912: the intermediate channel has been deepened from CM96 +0.9 m to CM96 -2.1 m.
• 1913-1920: a ’Bassin de Marée’2 was created upstream of Nantes.
• 1940: the exterior channel has been deepened to CM96 -8 m and the lower channel to CM96 -6.5 m.
• 1948-1968: the intermediate and embanked sections are deepened from CM96 -2.6 m to CM96 -5.1 m.
• 1969-1973: the exterior channel is deepened to CM96 -9.4 m, the lower channel to CM96 -9.35 m and

the intermediate and embanked channel to CM96 -5.6 m.
• 1978-1980: the exterior and lower channel are deepened to CM96 -12.85 m.
• 1985-1986: the exterior channel has been deepened to CM96 -13.7 m.

As a consequence of these deepening operations, the tidal range has increased significantly since the early
1900s (see Figure 1.3). The maximum amplification of the tidal range can be found around Nantes with an
amplification of over 4 m. Different sources show slightly different tidal ranges during approximately the

1CM96 is an old French reference level, data presented by Jalón-Rojas et al. (2016) shows that present mean sea level at Saint-Nazaire is
4 meters above CM96.

2Tidal basin which has been created by large-scale sand extractions to promote tidal intrusion, which on its turn promoted navigability
(Hubiche, 2002).
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Figure 1.2: Maximum observed intrusion of tide, salt and estuarine turbidity maximum during high water spring tide and low river
discharge over the last 150 years. Furthermore, distinction is made between the exterior, lower (downstream), intermediate, embanked
and upstream section of the estuary. Based on: GIP (2017)

same periods, which is because of daily variations. In France, the amplitude of the tidal oscillation is ex-
pressed with a ’Coefficient de marée’ (EN: tidal coefficient), which is a measure of the actual tidal oscillation
to its mean. For spring tides, this coefficient varies between 90 and 100, whereas values between 40 and 50 are
common for neap tides (Hubiche, 2002). The differences between the two examples of tidal ranges around
the year 2000 in Figure 1.3 are due to a slightly higher tidal coefficient for the 2000 case than for the 2002 case.
The differences between 40-60 km for the cases of 1903 are probably due to difference in river discharge,
which affects the tidal propagation through complex non-linear interactions.

Figure 1.3: Development of tidal range (spring tide), for low river discharge along the Loire estuary. Sources: Migniot (1993), Paape (1994)
and Sogreah (2010)

Besides the amplification of the tidal range, sediment concentrations also changed considerably in the 20th
century. For the first part of the century, hardly any measurements were found regarding turbidity. Probably
the first extensive reports about turbidity in the Loire estuary were by Leopold Berthois in the 1950s (Guilcher,
1988). Berthois and Barbier (1953) and Berthois (1955b) present measurements showing that the turbid zone
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could be found up to Le Pellerin (39 km inland) with its maximum around Cordemais (26 km from the mouth)
during periods with low river discharge and spring tide. Over an entire ebb-flood cycle, maximum concen-
trations in the order of 700 mg/l (surface) and around 3 g/l (bottom) are found during low water (Berthois,
1954, 1955b). Averaged over a tidal cycle, these values can be a factor 2 to 3 smaller. Although most of the
concentrations mentioned by Berthois do not exceed 3 g/l (or 1 g/l when tidally averaged), Berthois (1955b)
mentions maximum turbidity values near Cordemais (26 km inland) of 20 g/l during summer. Unfortunately,
no clarification is provided about the exact moment and position in the water column at which these mea-
surements are taken, but it shows that high sediment concentrations were already observed occasionally in
the 1950s. Based on these sources, a curve has been drawn with typically tidally averaged sediment concen-
trations at the surface along the Loire estuary around 1950 (see Figure 1.4).

After Berthois, several other researchers have reported about the turbidity in the Loire estuary. In the 1970s,
Gallenne (1974a,b) show that although the concentrations remain unchanged, the turbid zone could reach
up to Nantes with its maximum still around Cordemais. Comparable data was found by Saliot et al. (1984) as
presented in Figure 1.4. According to Migniot (1993) and Paape (1994), tidally averaged concentrations near
the surface in the range 0.3-0.7 g/l were still common in the early 1990s. However, the turbid zone did extend
further inland and reached up to 60 km from Saint-Nazaire.

In 2007, six monitoring stations have been installed 1 meter below the surface in the Loire estuary from Saint-
Nazaire up to Bellevue (62 km upsteam), called the SYVEL network. One of the characteristics that has been
monitored with a high frequency (measurements every 10 minutes) by these stations is turbidity. Based on
data gathered between 2007 and 2013, Jalón-Rojas et al. (2016) have been able to track the turbid zone in
the Loire estuary. As was already observed in the 1990s, the turbid zone may reach (more than) 60 km inland.
However, in contrast to the measurements performed before 2000, much higher concentrations are observed.
For low river discharges, the ETM can be found between 25 and 40 km inland, with maximum concentrations
in the order of 5 g/l. An indication of tidally averaged concentrations near the surface for periods of low river
discharge and spring tidal conditions is added to Figure 1.4.

Figure 1.4: Evolution over the last decades of the sediment concentrations near the water surface for low river discharges and spring tidal
conditions. The green curve represents an estimation of tidally averaged concentrations in the 1950s, based on instantaneous measure-
ments of Berthois (1954, 1955b). The shaded area is used to indicate the observed spread. A similar estimation has been presented for
1982 and 1992, based on data presented by Saliot et al. (1984) and Paape (1994). Boxplots (containing minimum,q1,median,q3 and maxi-
mum) are used to describe recent turbidity measurements at the surface, obtained with the SYVEL network and presented by Jalón-Rojas
et al. (2016).

1.3. GENERAL CONCEPTS AND DEFINITIONS
Some general definitions and common knowledge about physical processes governing the sediment dynam-
ics within estuaries should be introduced before going into detail in the upcoming chapters.

1.3.1. WHAT IS HYPERTURBIDITY?
There is no clear general definition of a hyperturbid state. In order to find a useful definition for this thesis, a
classification of sediment concentrations in estuaries is considered following Winterwerp and Van Kesteren
(2004). Firstly, low-concentration mud suspensions (LCMS) are defined as suspensions with sediment con-
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centrations typically in the order of 10 mg/l- 1 g/l. Such concentrations are too low to affects the flow field.
Secondly, high-concentration mud suspensions (HCMS) are defined as suspension with sediment concen-
trations in the order of 100 mg/l or higher. In HCMS, the vertical distribution of sediment becomes stratified
with significantly higher concentrations near the bed than near the surface. This suppresses turbulent mo-
tions, which in turn may have a significant influence on the flow field (Geyer, 1993). For even higher sediment
concentrations (typical order of 10-100 g/l), the presence of one sediment floc reduces the effective settling
velocity of another floc, called hindered settling (Richardson and Zaki, 1954). In the higher end of this con-
centration range, a dense network of sediment particles causes the viscosity of the fluid to increase, limiting
the turbulent character of the flow, which is often referred to as mobile mud (or fluid mud) (Bruens, 2003).
Finally, for concentrations exceeding 100 g/l, the so-called gelling concentration, consolidation starts and the
sediment mixture gradually builds up strength.

The term hyperturbidity was first mentioned by Winterwerp (2011) and although Winterwerp and Wang
(2013) elaborated on the subject, no formal definition is provided. Dijkstra (2019) introduces a qualitative
description stating that an estuary may be called hyperturbid when fluid mud is present over a sufficiently
large stretch of the estuary such that it significantly affects the estuary-scale water motion during a significant
portion of the year. For this research, a combination of the classification by Winterwerp and Van Kesteren
(2004) and the qualitative description of Dijkstra (2019) is used:

"The Loire is considered hyperturbid when concentrations in the order of 100 mg/l to 10 g/l are found near the
surface, and 5-100 g/l near the bottom over a stretch of at least 10 kilometer for a couple of months per year. "

1.3.2. WHAT IS A REGIME SHIFT

A regime can be described as a dynamic equilibrium state of a system. If the external conditions for a system
remain constant for a long time, the system might eventually reach a stationary equilibrium state. However,
systems are often exposed to dynamical forcing, hence the equilibrium state of a system may vary as well.
The transition from one state to another as a consequence of changing conditions is called a regime shift.

According to Scheffer et al. (2001), regime shifts can be classified as smooth, abrupt or discontinuous. When
small changes in the external conditions have relatively small consequences for the state of the system, we
speak about a smooth regime shift. However, it might also be the case that small change in external conditions
results in a large change of the state, which is the case for both abrupt and discontinuous regime shifts. The
difference between these two types of regime shifts is mainly the reversibility of the changed state. While an
abrupt regime shift initiated by a small increase in external forcing could be reversed by an equal decrease
of this forcing, reversing a discontinuous regime shift requires a much larger decrease of the forcing (see
Figure 1.5). This asymmetrical behaviour of the regime shifts between the two states is called hysteresis.

Figure 1.5: Abrubt (in blue) and discontinuous regime shift (in
black) of the system state as a function of external conditions,
based on Scheffer et al. (2001).

Figure 1.6: Conceptual feedback loop that might be the cause for
the hypertyrbid conditions in the Loire estuary these days. From:
Winterwerp and Wang (2013)
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The regime shift investigated in this thesis concerns the shift from low to moderate concentrations of sus-
pended sediment (order of 100-500 mg/l near the bed) towards the hyperturbid state as defined before. Ac-
cording to Winterwerp and Wang (2013) observed regime shifts in sediment concentrations can be explained
by the feedback mechanism depicted in Figure 1.6. Deepening of the estuary to increase navigability may
result in reduced flushing of sediment by the river and amplification of the tidal motions (further introduced
in the next section). As a consequence of the tidal amplification, tidal asymmetry may increase in such a way
that more sediments are pumped into the estuary. Increased sediment concentrations reduce the hydraulic
drag within the estuary, which in turn enhances the tidal amplification, which closes the feedback loop. The
existence of such a feedback loop has been confirmed by Dijkstra et al. (2019b) by showing that deepening
can be held responsible for a regime shift (discontinuous character) in the Ems.

1.3.3. TRANSPORT AND RESUSPENSION OF SEDIMENT

For the formation of an ETM, two conditions should be met. At first, sufficient sediment should be trapped
within the estuary, and secondly, the water motion should be capable of bringing/keeping the sediments in
suspension. A short overview of the general knowledge about both aspects is presented in this section.

SEDIMENT TRAPPING

Estuaries are complex systems in which various flow processes play a role. We can easily imagine that sus-
pended sediments are carried along with the flow, hence the transport of sediments depends on the strength
of the flow and the amount of suspended sediments. However, the interplay of various flow processes re-
sult in complex flow patterns. Consequentially, some of the processes always tend to transport sediments
towards the sea, whereas other processes always contribute to the import of sediments. Furthermore, several
processes can be exporting or importing depending on for example time (variation over a tidal cycle) and/or
location (variation in along-channel direction). On a subtidal scale, the sum of the residual transports of all
processes might result in convergence of sediment transport somewhere along the estuary, where an ETM
will appear. Flow processes that are generally considered to play a significant role in transport of sediments
are introduced below.

• As already mentioned while introducing the positive feedback loop presented by Winterwerp and Wang
(2013), tidal asymmetry could play an important role in the transport of suspended sediments. Tidal
asymmetry is characterized by a difference in maximum velocities during flood and ebb. Due to a
non-linear relation between flow velocities and sediment transport, tidal asymmetry causes a subti-
dal residual transport in the direction in which maximum velocities occur (Wang et al., 1999). Tidal
asymmetry in estuaries can either originate from asymmetrical external forcing, or can be internally
generated due to interactions with bathymetry and river flow e.g. (Guo et al., 2014).

• Next to a temporal asymmetry of the velocity signal, spatial velocity gradients may cause residual trans-
port as well. Due to spatial settling lag, sediments are transported towards locations with minimum
tidal velocity amplitudes (see Postma (1954); Pritchard and Hogg (2003)).

• Another process that plays an important role is the intrusion of salinity. An along-channel density
gradient (induced by decreasing salinity in landward direction) drives an estuarine circulation, called
gravitational circulation, with a landward directed flow near the bed and a seaward flow near the sur-
face. For an increasing sediment concentration from surface to bottom, gravitational circulation causes
a net landward flow, which was first noticed by Postma and Kalle (1955). In case of a highly stratified
flows, turbulent motions are suppressed, and as a consequence sediments are even more concentrated
near the bottom, enhancing the before mentioned net landward transport of sediments (Geyer, 1993).

• Although the river induced velocities are always directed seaward, hence causing an export of sedi-
ments, the river contribution is of importance regarding hyperturbidity in estuaries. Firstly, large river-
ine sediment supply increases the availability of sediments in estuaries, e.g. Yangtze River (Wang et al.,
2015). Secondly, an ETM occurs where sediment transport converges. Having the river as one of the
main exporting contributions makes the location of the ETM therefore strongly dependent on the river
discharge. Thirdly, river flow might affect the tidal asymmetry through non-linear interactions, gener-
ally enhancing sediment export (Wang et al., 1999; Guo et al., 2014), and restricting salinity intrusion
(Savenije, 1992).

• There are many other processes that might contribute to an along-channel residual transport, e.g.
gravitational circulation induced by along-channel gradients in sediment concentrations (Talke et al.,
2009b), lateral circulation (e.g. Burchard and Schuttelaars (2012)) and tidal straining (see Simpson et al.
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(1990) and Burchard and Baumert (1998)). No further details are discussed since these processes will
not be treated throughout this thesis.

RESUSPENSION OF SEDIMENTS

In one of the simplest, yet widely used conceptual views of resuspension, the amount of resuspension de-
pends on the strength of the flow versus the strength of the bed. According to Partheniades’ formulation for
resuspension (e.g. Kandiah (1976)), sediments can be eroded when a certain critical shear stress, which can
be seen as a strength parameter of the bed, is exceeded. Some of the main factors influencing the critical
shear stress are cohesion, grain size and the degree of consolidation. The strength of the flow is typically
expressed in a near-bed velocity, which is related to the exerted shear stress on the bed (Winterwerp and
Van Kesteren, 2004). When describing erosion, often an erosion rate coefficient (or erosion parameter) is in-
cluded to parametrize all processes that are not explicitly considered in this simple model. A more detailed
description of the erosion formulation used in this research is provided in chapter 2.

1.4. RESEARCH QUESTIONS AND APPROACH

1.4.1. RESEARCH QUESTIONS
The goal of this thesis is to determine the role that deepening of the Loire estuary played in the observed
regime shift from low to high sediment concentrations. Only limited observations of depth, tidal range and
sediment concentrations are available, resulting in significant uncertainties in the model input. By deter-
mining the effects of these uncertainties on the various processes that govern the sediment dynamics, the
robustness of the model results can be indicated. Consequentially, due to the awareness of the effects of
uncertainty in the model input, the effects of deepening can be investigated, and hence the hypothesis of
Winterwerp and Wang (2013) can be evaluated. The main questions that I would like to answer throughout
this thesis are:

• What are the governing processes regarding sediment dynamics in the Loire estuary?
• How are these processes affected by deepening in the Loire?
• Can these effects be the potential cause for the regime shift in the Loire estuary?
• Does the hypothesis of Winterwerp and Wang (2013) hold for the Loire estuary?

1.4.2. APPROACH
To find an answer to these research questions, a model study is performed. According to Murray (2003),
models can be classified along a spectrum ranging from ’simulation models’ to ’exploratory models’. Simu-
lation models on the one end, also referred to as complex models, are designed to reproduce the behaviour
of a system as detailed as possible. Optimal quantitative similarity between model results and reality can
be achieved by including all the physical processes determining the behaviour of the natural system in the
model. Processes that remain unresolved in complex models need to be accounted for with state-of-the-art
parametrisations. High detailed model results are clearly very useful when small scale phenomena are of in-
terest within the system to be studied. Nevertheless, the high complexity also has its downsides. At first, the
numerical character of such models results in relatively long computation time, which makes it unattractive
to perform extensive sensitivity studies. Secondly, such models are often non-linear, which makes it hard
to identify the importance of individual physical processes and therefore understand which processes are
most important. Exploratory models on the other end, also referred to idealised models, are characterised
by a high degree of simplification. The basic idea behind idealised models is to only include the physical
processes essential for the specific behaviour of the system that is studied. By including only the essential
physical processes, idealised models are complex enough to reproduce the behaviour, but they remain often
simple enough to construct analytical solutions. This makes idealised models perfectly suitable for studying
isolated physical mechanisms. Since these models can often be solved analytically or with simple numerical
procedures, computation time remains relatively short (Chernetsky et al., 2010).

The iFlow modelling framework aims to combine the best of both approaches. On the one hand, several com-
plex physical processes and interactions are included, whereas on the other hand iFlow is computationally
efficient and physical processes can be studied in isolation (Dijkstra et al., 2017). The combination of these
characteristics makes iFlow an attractive model to investigate the research questions, since we are interested
in the effects of uncertainty (need for sensitivity studies) on the governing processes.
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Due to the idealised character of iFlow, the data needed to create a model of the Loire estuary should cor-
respond to the main characteristics of the real Loire estuary in a qualitative manner. To create a model for
the current state of the Loire, data should be collected about the hydrodynamics (water level amplitudes and
phases), salinity and turbidity distributions, the geometry including both width and depth, and the external
forcing (tides and river discharge). Once the model is capable of qualitatively reproducing the hydrodynam-
ics and sediment dynamics, analysing the physical processes separately should provide insight in which pro-
cesses are governing the sediment dynamics within the Loire estuary in the current state. However, some
parameters are prone to large uncertainties (e.g. the erosion parameter) or natural spread (e.g. river dis-
charge). By performing sensitivity studies to the effects of these variabilities, the robustness of the model
results can be investigated (Schuttelaars et al., 2013).

In essence, the only model parameter that has to change to investigate the effect of deepening on the sed-
iment dynamics in the Loire estuary is the depth. For this, we need to know how the depth of the Loire
developed over time, hence bathymetrical profiles capturing the global depth along the estuary (e.g. thalweg
levels) are needed. Single deepening campaigns are of minor importance to describe the global bathymetry,
but they can provide useful information about the depth in certain years. By assuming a gradual transition
between the topography in years for which data was available, a bottom profile can be reconstructed for every
point in time since 1900. When the hypothesis of Winterwerp and Wang (2013) holds for the Loire estuary,
there should be a critical depth profile at which the regime shifts. By combining the findings of the sensitivity
studies concerning the uncertainty in the input and the studies to the effects of deepening, we will be able to
draw robust conclusions, despite the given uncertainty.

1.5. OUTLINE
Some more background, the governing equations and practical implications of the iFlow model for this re-
search are discussed in chapter 2. Subsequently, chapter 3 presents an extensive description of the available
data about the Loire estuary (both actual and historical), necessary for the set-up of an iFlow-model. In
chapter 4, an analysis of the system and the governing processes in the Loire will be discussed based on the
present-day situation. The robustness of the model results will be tested with various sensitivity studies. The
actual effects of deepening activities in the Loire estuary are elaborated in chapter 5, therefore to the main
question whether deepening can be held accountable for the regime shift to the hyperturbid state. Finally,
critical notes to the obtained results and answers to the research questions conclude this report in chapter 6.





2
INTRODUCTION TO IFLOW

iFlow is a width-averaged model describing the hydrodynamics and sediment dynamics within estuaries
and tidal rivers, focussing on the global estuarine processes in the longitudinal direction. The iFlow mod-
elling framework has been based on the idealised model of Chernetsky et al. (2010), which solves the width-
averaged shallow water equations (see subsection 2.2.1) and the width-averaged sediment mass balance
equation (see subsection 2.2.2) using a combination of analytical and numerical solution techniques. One of
the core features of iFlow is that its complexity can be extended easily by adding modules, which are individ-
ual model components to implement certain physical processes or additional tasks (e.g. calibrating, plotting
or initiating sensitivity studies), such that the complexity of the model fits the purpose (Dijkstra et al., 2017).
However, increasing the complexity often means that numerical solutions are necessary, hence increasing
the computational costs. Furthermore, including complex numerical solutions reduces the ability to analyse
results. In this, we recognise the trade-off between the desired degree of detail of the results on the one hand
and comprehensibility of the results on the other hand, as introduced in chapter 1.

2.1. MODEL DOMAIN AND GRID
The two-dimensional width-averaged (2DV) model domain is sketched in Figure 2.1. The x-coordinate is
defined in along-channel direction, starting with x = 0 at the seaward boundary and ending at the landward
boundary x = L, whereas a z-coordinate is used to describe the vertical axis. A river discharge must be de-
fined at the landward boundary, so although the landward boundary can be defined freely, it is convenient to
define the landward boundary at a location where river discharges are known, and for which no confluences
are found in downstream direction. The length of the estuary is the distance between the seaward boundary
(x=0) and the landward boundary (x=L). The bed level, -H, and the width, B, can be defined with any arbitrary

(a) Side view (b) Top view

Figure 2.1: A typical model domain of an iFlow model, in which smoothly variations are allowed for both depth and width in along-
channel direction.
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function varying in x-direction as long as the functions are smooth (see Figure 2.1). The bed level -H is mea-
sured with respect to mean sea level at the seaward boundary (MSL, defined at z=0).

The surface elevation relative to z = 0 consists of the sum of the reference level R and the surface elevation ζ

(see Figure 2.1a). The reference level R can be interpreted as an approximation of the local mean surface level
due to the river set-up. The default value of R is 0, i.e. the local mean surface level can by approximated by
mean sea level at the seaward boundary. However, once the bed level is above MSL, a non-zero reference level
is required such that H+R (estimated mean water depth) remains positive throughout the entire domain. An-
other case in which a non-zero reference level is required to correct the mean water depth, is when the mean
surface elevation ζ and the bed level H are of the same order.

2.2. EQUATIONS
This section provides an overview of the equations and boundary conditions used in iFlow to describe the
hydrodynamics and the sediment dynamics.

2.2.1. HYDRODYNAMICS
The Reynolds-averaged width-averaged momentum- and continuity equation are used to describe the water
motion. By assuming hydrostatic pressure (restricting ourselves to long waves only), neglecting the effects
of wind stress and Coriolis, and assuming that density differences are small compared to the average density
(allowing for the Boussinesq approximation), these equations reduce to the following width-averaged shallow
water equations:

ut +uux +wuz =−g (Rx +ζx )− g
∫ R+ζ

z

ρx

ρ0
d z + (Av uz )z (2.1)

wz + 1

B
(Bu)x = 0 (2.2)

in which the width-averaged water level elevation is denoted with ζ(x, t ), the reference level with R, the width-
averaged horizontal velocity with u(x, z, t ) and the width-averaged vertical velocity with w(x, z, t ). In addi-
tion, time is denoted with t , g is the gravitational acceleration, ρ stands for density, ρ0 is a constant reference
density and Av represents the vertical eddy viscosity coefficient. Partial derivatives in t , x and z-dimension
are denoted with a subscript (.)di mensi on for the respective dimension.

Regarding the width-averaged momentum equation (Equation 2.1), inertia is captured in the first term while
advection is represented by the second and third term. Multiple exerting forces can be recognized on the
right hand side of Equation 2.1: the first term represents a barotropic pressure gradient initiated by a gradi-
ent in the surface level, the second term represents a baroclinic pressure gradient caused by along-channel
differences in density and the last terms represents the internal frictional force due to turbulent motions. In
order to solve Equation 2.1 and Equation 2.2, boundary conditions are needed as well as a definition for the
along-channel density and a turbulence closure.

At the free surface z = R+ζ, the kinematic boundary condition describes that water particles cannot leave the
surface and furthermore the no-stress condition applies, since the wind induced shear stress is neglected.

w = ζt +uζx (2.3)

Av uz = 0 (2.4)

At the bottom z =−H , the kinematic boundary condition describes that water particles cannot pass through
the bottom (impermeable bed) and a partial-slip condition is assumed.

w =−uHx (2.5)

Av uz = s f u (2.6)

The parameter s f is the stress parameter, describing the partial slip condition at the top of the constant stress
layer. This is further explained in Equation 2.2.1.
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In order to derive a differential equation for the water level, the depth averaged continuity equation (pre-
sented in Equation 2.7) is considered as well.

ζt + 1

B

(
B

∫ R+ζ

−H
ud z

)
x
= 0 (2.7)

On the seaside of the estuary, x = 0, the water motion is forced by a tidal signal containing a semi-diurnal M2

and a quarter-diurnal M4 constituent. We would like to express the tidal signal as a sum of the M2 signal with
phase 0 and an M4 signal with relative phase ψ:

ζ(0, t ) = AM2 cos(σt )+ AM4 cos(2σt −φ) (2.8)

in which AM2 and AM4 are the amplitudes, σ is the M2 tidal angular frequency and φ is the relative phase
difference. The derivation of AM2, AM4 and φ from an M2 and an M4 signal, is presented in Appendix A.

At the landward boundary of the estuary, x = L, a constant river discharge Q is imposed. The tidal discharge
is required to vanish so the boundary condition can be written as:

B
∫ R+ζ

−H
ud z =−Q (2.9)

DENSITY GRADIENT ALONG THE ESTUARY

It is assumed that the along-channel density gradient is purely caused by a decreasing salinity in landward
direction, which means that the density gradient induced by suspended sediment concentrations and tem-
perature are neglected. In analogy to Talke et al. (2009b), the estuary is assumed to be well-mixed regarding
salinity. With these assumptions, we can express the along-channel density as

ρ(x) = ρ0
(
1+βs S(x)

)
(2.10)

in which ρ0 is the reference density, βs is a coefficient to convert salinity into density and S(x) is the salinity
along the estuary.

TURBULENCE CLOSURE

To parametrise the turbulent motions (captured by the eddy viscosity) and the roughness, a turbulence clo-
sure is introduced obtained by fitting results to results obtained with a k −ε closure. A dimensionless rough-
ness height z∗

0 is used as a calibration parameter. In this thesis, the value of z∗
0 may vary along the estuary us-

ing a predefined function that varies with x, e.g. a tangent-hyperbolic function to make distinction between
two regions with different roughness characteristics. Expressions for the eddy viscosity and the roughness
read according to Dijkstra et al. (2017)

Av =αU (H +R +ζ) f1(z∗
0 ) (2.11)

s f =βU f2(z∗
0 ) (2.12)

where U is the depth-averaged velocity and α, β, f1(z∗
0 ) and f2(z∗

0 ) are parameters and functions approxi-
mated by fitting results of the k-ε model which are included hard-coded in iFlow (see Dijksta (2017)).

SEDIMENT INDUCED TURBULENCE DAMPING

Nevertheless, within hyperturbid estuaries, the turbulent motions are significantly affected by the high sedi-
ment concentrations (e.g. Geyer (1993); Winterwerp (2001); van Maren et al. (2015); Van Maren et al. (2015)).
Based on the damping functions introduced by Munk and Anderson (1948), which accounted for suppres-
sion of vertical mixing due to a thermocline (large temperature gradient), Dijkstra et al. (2019c) suggested
damping functions based on gradients in sediment concentrations to account for sediment induced turbu-
lence damping. This resulted in parametrisations of the eddy viscosity Av and eddy diffusivity Kv as functions
of the depth-averaged velocity, depth and a damping function times a depth-averaged gradient Richardson
number R̄i :
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Av =
〈

cv,1(z∗
o )U (H +R +ζ)F (Ri)

〉
(2.13)

Kv =
〈

cv,1(z∗
o )

σp
U (H +R +ζ)G(Ri)

〉
(2.14)

in which cv,1(z∗
o ) is a drag coefficient which depends on the dimensionless roughness height z∗

0 , σp is the
Prandtl-Schmidt number (= 1 by default) and F and G are the damping functions as suggested by Dijkstra
et al. (2019c). It can be seen that, without the sediment induced damping of turbulence, the eddy viscosity
and the eddy diffusivity are equal. The damping functions F and G are defined as

F (Ri) =
(
1+10Ri

)−1/2
(2.15)

G(Ri) =
(
1+3.33Ri

)−3/2
(2.16)

in which the gradient Richardson number reads

Ri = gβc

ρ0

cz

u2
z +u2

z,mi n

(2.17)

The gradient Richardson number is a measure for the ratio of the increase of potential energy to the increase
in turbulent energy over depth, hence a higher Ri means relatively less turbulent energy or more potential
energy, thus reduced eddy viscosity and diffusivity. Like for the conversion of salinity to density, a coeffi-
cient, this time βc , is used to convert sediment concentrations to density. Furthermore, uz,mi n accounts for
unresolved flows and turbulence production. It can be interpreted as a certain background shear to avoid
unrealistically large gradient Richardson numbers.

Regarding the bed shear stress, distinction is made in the bed shear stress felt by the water motion τb,w and
the bed shear stress that causes erosion τb . The shear stress felt by the water motion is the shear stress in the
lowest part of the bottom boundary layer. The shear stress that governs the erosion of sediments applies at
the water-bed interface, and is therefore not affected by the sediment stratification in the boundary layer just
above the bed. The bed shear stress felt by the water motion is parametrised as

τb,w = s f ubed (2.18)

in which the partial slip parameter s f is defined as

s f = 〈cv,2(z∗
0 )cDU 〉 (2.19)

The partial slip parameter s f depends on the depth-averaged velocity U, a drag coefficient cv,2 that is a func-
tion of (z∗

0 ) and a reduced drag coefficient CD that accounts for the deformation of the bottom boundary layer
as a consequence of sediment stratification. The reduced drag coefficient used within iFlow has been based
on multiple studies (see Dijkstra et al. (2019c)) and reads

cD = (1+5.5(Rfbed ))−2 (2.20)

with

Rfbed = Kv

Av
Ribed (2.21)

The drag reduction depends on the flux Richardson number near the bed. Within iFlow, this flux Richard-
son number can become unrealistically large, which would result in an overestimation of the drag reduction.
Therefore, based on the ranges of damping typically observed in laboratory experiments, the maximum value
of R fbed is set to R fmax = 2.

As already mentioned before, the bottom shear stress that governs the erosion of fine sediments is not affected
by near-bed stratification. In iFlow, τb is therefore defined as

τb = ss ubed (2.22)

in which ss is defined like s f with the reduced drag coefficient cD = 1.
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2.2.2. SEDIMENT DYNAMICS
The width-averaged sediment concentration c(x, z, t ) throughout the model domain is solved with the width-
averaged sediment mass balance, which according to Chernetsky et al. (2010) reads:

ct +ucx +wcz = ws cz + (Khcx )x + Bx

B
Khcx + (Kv cz )z (2.23)

in which ws describes a constant settling velocity and Kh and Kv are coefficients for the horizontal and verti-
cal eddy diffusivity respectively. On the left hand side of Equation 2.23, we recognize inertia (first term) and
advection (second and third term). The terms on the left hand side represent the settling (first term) and
diffusive fluxes (other terms).

Like for the hydraulic boundary conditions, there is no transport of sediment particles through the water
surface, so the boundary condition at z = R +ζ reads

ws c +Kv cz −Khcxζx = 0 (2.24)

Furthermore, near the bottom, the diffusive flux equals the erosive flux E. So at z =−H , we have the boundary
condition

Kv cz −Khcx Hx = E (2.25)

in which E is the erosion rate, which is based on Partheniades’ formulation, but by excluding the necessity of
a critical shear stress (shear stress that needs to be exceeded before erosion takes place) (e.g. Kandiah (1976)):

E = M |τb(x, t )| f (a(x)) (2.26)

with an erosion parameter M and τb is defined as

τb = ρ0 Av uz = ρ0s f u (2.27)

The function f , referred to as erodibility, describes the relation between the erosion and the availability a of
sediments on the bed. Within iFlow, a tidally averaged erodibility f is computed, hence f does not contain a
time dependency. For small amounts of easily erodible sediment on the bed, the erosion is governed by the
availability and hence the erodibility f is a function of the availability a. However, for increasing availability
the erodibility tends to saturate at a value 1. Therefore, the erodibility becomes independent of the amount
of sediment sediments on the bed. This relation is depicted in Figure 2.2, in which the amount of sediment
on the bed is expressed with a dimensionless sediment stock S̃ following Brouwer et al. (2018).

Figure 2.2: The erodibility f as a function of the amount of sediment available on the bed expressed in a dimensionless sediment stock
S̃. Source: Brouwer et al. (2018)

The availability a(x) is an unknown. A solution can be found when a sediment concentration equilibrium
condition is imposed. Such an equilibrium condition has been based on the morphodynamic equilibrium
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condition of Friedrichs and Aubrey (1988), which states that the amount of sediment in an estuary varies on a
timescale much longer than the timescale at which easy erodible sediments are redistributed over the estuary.
In other words, tidally averaged erosion and deposition balance each other. The sediment concentration
equilibrium condition only requires that the amount of suspended sediment does not change on this time
scale. The amount of sediments on the bed, sometimes called the bottom pool, is allowed to grow assuming
this does not result in significant bed level changes. According to Dijkstra et al. (2019c), the expression for
this this equilibrium reads

fa

〈
B

∫ R+ζ

−H
(uc −Khcx )d z

〉
x
= 0 (2.28)

in which fa is the partial derivative of the erodibility f with respect to the availability a, B is the width, uc
represents the advective sediment transport and Khcx the diffusive transport. From this equation we can see
that equilibrium exists either when the sum of the advective and diffusive transport terms is constant in x-
direction, or when fa equals 0, which is the case for a large bottom pool (see Figure 2.2).

Regarding the boundary conditions for Equation 2.28, a depth averaged concentration must be imposed at
the seaward boundary (x = 0). At the landward boundary, x = L, the amount of sediments carried by the river
can be prescribed.

1

H +R

∫ R+ζ

−H
cd z = csea (2.29)

B
∫ R+ζ

−H
uc −Khcx =−Fr i ver (2.30)

2.3. SOLUTION METHOD
Solutions to the equations presented in section 2.2 have been derived by Dijkstra et al. (2017) using a pertur-
bation approach. This first step in that approach is scaling the equations using typical scales for the variables,
such that the relative importance of different terms in the equations can be determined. For this scaling, it is
assumed that the ratio of a typical water level amplitude ζ over the depth H is much smaller than 1:

ε= ζ

H
¿ 1 (2.31)

The most dominant terms in the equations will be called leading order terms, and are of O (1). After separat-
ing the leading order terms, the remaining terms contributing the most are called first-order terms and these
are typically of O (ε). The higher the order of the term, the less dominant its effects. Higher order terms are
typically of O (εn) (n > 1).

The next step is to write the solutions for u, w , ζ and c as a power series of the small parameter ε like:

u = u0 +u1 +u2 + ...

w = w0 +w1 +w2 + ...

ζ= ζ0 +ζ1 +ζ2 + ...

c = c0 + c1 + c2 + ...

in which u0, w0, ζ0 and c0 are of O (1), u1, w1, ζ1 and c1 of O (ε) and so on. Additionally, the density ρ, set-
tling velocity ws , partial slip parameter s f , eddy viscosity Av and diffusivity Kv , and the forcing by the tide
A and river discharge Q are written as similar series. By substituting these expressions into the scaled equa-
tions, a system of equations can be found in leading order, first order and higher orders. It turns out that
this procedure leads to a system of linear equations at each order, which is much easier to solve than the
original non-linear equations. Hence, by doing so, non-linearities can be approximated by a series of linear
estimates. The linear character of the equations makes it possible to determine the effects of a single forc-
ing mechanism, while the sum of the individual mechanisms is considered as the total solution. In this way,
the relative importance of specific physical mechanisms can be evaluated by iFlow. Only the main results of
the perturbation approach are presented in the next subsections. More detailed derivations are presented in
Appendix A (for the hydrodynamics) and Appendix B (for the sediment dynamics).
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2.3.1. HYDRODYNAMICS
Following the approach of the perturbation method, the different terms in the momentum equation have the
following scales

ut︸︷︷︸
O (1)

+uux︸︷︷︸
O (ε)

+wuz︸︷︷︸
O (ε)

=−g (Rx +ζx )︸ ︷︷ ︸
O (1)

−g
∫ R

z

ρx

ρ0
d z̃︸ ︷︷ ︸

O (ε)

−gζ
ρx (R)

ρ0︸ ︷︷ ︸
O (ε2)

+ (Av uz )z︸ ︷︷ ︸
O (1)

(2.32)

Using Equation 2.32, we find the following expression for the leading order momentum equation

u0
t =−g (R0

x +ζ0
x )+ (Av u0

z )z (2.33)

with boundary conditions

A0
v u0

z = 0 at z = R (2.34)

A0
v u0

z = s0
f u0 at z =−H (2.35)

Scaling the depth-averaged continuity equation results in the following typical scales

ζt︸︷︷︸
O (1)

+ 1

B

(
B

∫ R

−H
ud z

)
x︸ ︷︷ ︸

O (1)

+ (Bζuz=R )x︸ ︷︷ ︸
O (ε)

= 0 (2.36)

from which the leading-order depth-averaged continuity equation can be derived as

ζ0
t +

1

B

(
B

∫ R

−H
u0d z

)
x
= 0 (2.37)

with boundary conditions

ζ0 = A0︸︷︷︸
tide

at x = 0 (2.38)

B
∫ R

−H
u0d z =−Q0︸︷︷︸

river

at x = L (2.39)

A comparison of the leading-order equations (Equation 2.33 and Equation 2.37) with the original equations
(Equation 2.1 and Equation 2.7) teaches us that the non-linear advection terms are not considered (yet). Fur-
thermore, the dependency on ζ is neglected as well as the baroclinic forcing. By omitting these terms, the
leading order equations have become linear and the only forcing terms left are the tidal forcing and river dis-
charge. These forcing terms are denoted by underbraces in the above equations.

In a similar way, first-order equations can be derived for the momentum and depth-averaged continuity
equation. Although Equation 2.32 shows that the non-linear advection terms will return into the first-order
equations, the equations remain linear as a consequence of the power series for the parameters u, w, t and c.
The first order momentum equation becomes

u1
t +u0u0

x +w0w0
z =−gζ1

x − g
∫ 0

z

ρx

ρ0
d z + (A0

v u1
z )z (2.40)

Since the leading order terms already can be solved with the leading-order equations, the only unknowns in
the first-order momentum equation are u1, w1 and ζ1. Rewriting the first order equation such that known
’forcing’ terms are on the right hand side gives:

u1
t + gζ1

x − (A0
v u1

z )z =− (u0u0
x +w0w0

z )︸ ︷︷ ︸
advection

− g
∫ R

z

ρx

ρ0
d z︸ ︷︷ ︸

baroclinic pressure

(2.41)
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in which the forcing terms on the right hand side are recognised as the advection terms and the pressure
gradient due to density gradients in along-channel direction. The following boundary conditions apply

A0
v u1

z =− (A0
v u0

z )zζ
0︸ ︷︷ ︸

vel.-depth asym.

at z = R (2.42)

A0
v u1

z − s0
f u1 = 0 at z =−H (2.43)

Based on the scaling approach, the first-order depth-averaged continuity equation can be formulated as

ζ1
t +

1

B

B
∫ R

−H
u1d z + Bu0

z=Rζ
0︸ ︷︷ ︸

tidal return flow


x

= 0 (2.44)

for which the following boundary conditions apply

ζ1 = A1︸︷︷︸
tide

at x = 0 (2.45)

B
∫ R

−H
u1d z =−Q1︸︷︷︸

river

− Bu0
z=Rζ

0︸ ︷︷ ︸
tidal return flow

at x = L (2.46)

Regarding the first-order boundary conditions for both the width-averaged momentum equation and the
depth-averaged continuity equation, multiple additional contributions due to non-linearities are recognized
of which the advection term already has been mentioned. The velocity-depth asymmetry captures the effect
of different velocity distributions during ebb and flood as a consequence of varying surface elevation, whereas
the tidal return flow accounts for the flow compensating the Stokes drift. A more detailed explanation of the
hinterlying physical processes is presented when first discussed in the results chapter 4 and chapter 5.

As a consequence of the assumption presented in Equation 2.31, the magnitude of higher order contributions
reduces quickly for increasing order. For that reason, it is assumed that the sum of the leading-order and first-
order contributions is a fairly accurate estimate of the total solution, as long as the scaling assumptions are
valid. Higher order contributions are therefore considered out of scope for this research.

2.3.2. SEDIMENT DYNAMICS
Again using the perturbation approach, the typical order of magnitude of the different terms in the width-
averaged sediment mass balance and the sediment concentration equilibrium condition are derived (Dijk-
stra et al., 2017). The most important findings are repeated below, whereas the derivations are presented in
Appendix B.

WIDTH-AVERAGED SEDIMENT MASS BALANCE

The different terms in the dimensional width-averaged sediment balance typically have the following order
of magnitude

ct︸︷︷︸
O (1)

+ucx︸︷︷︸
O (ε)

+wcz︸︷︷︸
O (ε)

= ws cz︸ ︷︷ ︸
(O (1))

+ (Khcx )x︸ ︷︷ ︸
O (ε2)

+ Bx

B
Khcx︸ ︷︷ ︸

O (ε2)

+ (Kv cz )z︸ ︷︷ ︸
O (1)

(2.47)

Therefore, we find the following set of equations at leading order, in which the unknown terms are presented
on the left hand side of the equation

c0
t − (w0

s c0 + (K 0
v c0

z ))z = 0 (2.48)

with boundary conditions (linearised around the reference level R)

w0
s c0 +K 0

v c0
z = 0 at z = R (2.49)

K 0
v c0

z = E 0︸︷︷︸
erosion

at z =−H (2.50)
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At leading order, the erosion E 0 is the only forcing term, hence the leading-order erosion governs the leading-
order sediment concentrations. E 0 depends on the erosion parameter M , the erodibility f (a(x)) and the
leading-order bottom shear stress (which in turn depends on the leading order velocity):

E 0 = M |τ0
b(x, t )| f (a(x)) (2.51)

At first order we find the governing equation

c1
t −w0

s c1
z − (K 0

v c1
z )z =− (u0c0

x +w0c0
z )︸ ︷︷ ︸

sed. advection

+w1
s c0

z (2.52)

with boundary conditions (linearised around the reference level R)

w0
s c1 +K 0

v c1
z =−(w0

s c0 +K 0
v c0

z )zζ
0 at z = R (2.53)

K 0
v c1

z = −E 1︸︷︷︸
erosion

at z =−H (2.54)

It should be noticed that the first-order sediment concentrations are not longer only dependent on the first-
order erosion, but multiple different processes. The terms representing the sediment advection are named in
the equations. Furthermore, we recognise a correction for applying the no-flux boundary condition at z = R
instead of z = ζ. The other processes forcing the first-order sediment concentrations are due to covariances
of the leading order sediment concentration with the surface elevation.

SEDIMENT CONCENTRATION EQUILIBRIUM CONDITION

Using a scaling approach for the sediment concentration equilibrium condition, following typical orders of
magnitude are found for the different terms〈

B
∫ R

−H
( uc︸︷︷︸

O (ε)

−Khcx︸ ︷︷ ︸
O (ε2)

)d z

〉
x

= 0 (2.55)

It can be observed that the equation vanishes at leading-order. The first-order equation reads〈
B

∫ R

−H∗
(u0c0)d z

〉
x
= 0 (2.56)

in which the last term on the left hand side followed from linearisation by a Taylor expansion around the
reference level R.

2.3.3. SOLUTION TECHNIQUES
To obtain maximum accuracy, the functions describing the width and the depth are computed analytically.
However, not all modules included in the iFlow model used in this research can be solved analytically. Once
numerical calculations are used, a computational grid is necessary. Different types of grids can be defined
in iFlow, but only an equidistant grid is used. More accurate solutions are found using a finer computational
grid, but the finer the grid, the longer the computational times. For both analytical and numerical results, an
output grid needs to be defined on which the demanded parameters are saved. Dependent on the purpose
of the output, the grid resolution can be defined, lower resolution limits the size of the output data. When
multiple modules show a mutual dependency, e.g. sediment-induced turbulence damping which depends
on the sediment concentrations which in turn depend on the turbulence, iFlow constructs an iteration loop.
This iteration loop continues until a convergence criterion has been reached, after which the computation
continues with the next step. Inclusion of such a mutual dependency results in a significant increase of the
computational time as a consequence of the iterative character of the solving procedure.

2.4. ANALYSIS FRAMEWORK
The availability of sediments in the estuary depends on the along-channel transport. To reach high concen-
trations of suspended sediment however, available sediment should also be brought and kept in suspension.
According to Dijkstra et al. (2018), sediment concentrations within an estuary can therefore be restricted due
to either limited supply or due to limited erosion. Both aspects will be treated in the upcoming subsections.
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2.4.1. TRANSPORT CAPACITY
By making certain assumptions about the external forcing (tides and river discharge), the solutions of the
before introduced equations become well-analysable. Firstly, we restrict the external forcing to only consist
of a subtidal signal, semi-diurnal and quarterdiurnal signal. As a consequence, the solutions to the set of
equations can be written as a sum of the same components plus overtides. By only having an M2 tidal forcing
at leading-order, the leading-order velocities can be described with an M2 tidal velocity signal. Leading-order
hydrodynamics therefore describe the linear propagation of the M2 tide through the estuary. At first order,
the external forcing contains a subtidal (due to the river) and a quarterdiurnal (M4 tide) velocity signal. Fur-
thermore, the forcing by the baroclinic pressure and advection can be described as the sum of a M0 and a
M4 signal as well (see derivation in section A.4). These first-order contributions are responsible for the tidal
asymmetry.

Likewise, leading- and first-order sediment dynamics can also be described with (sub)tidal components (see
section B.3). We found that the leading order sediment concentration only depends on the leading order ero-
sion. The leading-order erosion is a function of the leading-order bed shear stress, which in turn depends
on the absolute value of the leading-order velocities. The absolute value of the M2 tidal velocities can be
approximated using a Fourier series (see Appendix C). Consequentially, leading-order sediment concentra-
tions contain M0, M4, M8 etc. components. The first-order sediment concentration is not only forced by the
first-order erosion, but also contains contributions due to sediment advection and due to covariances of the
leading order sediment concentration with the surface elevation. All terms contain a similar correlation be-
tween a M2 signal and the sum of a M0 and M4 signal. The first-order erosion can again be approximated by a
Fourier series (see Appendix C). It follows that the first-order sediment concentrations contain M2, M6, M10

etc. components. An overview of the dependencies of the leading- and first order velocities and sediment
concentrations is presented in Table 2.1.

Table 2.1: Components describing the velocities and concentrations at leading- and first order.

O (1) O (ε)
u M2 M0,M4

c M0,M4, etc. M2,M6, etc.

Using the overview of Table 2.1, we can easily see that the sediment concentration equilibrium condition
vanishes at first order (see Equation 2.56), since 〈u0c0〉 = 0. Therefore, the second-order equation is necessary
to calculate the erodibility of sediments, which reads, after integrating with respect to x using the upstream
boundary (assuming Fr i ver = 0)

〈
B

∫ R

−H
(u1c0 +u0c1 −K 0

h c0
x )d z + [ζ0u0c0]z=R

〉
= 0 (2.57)

where c0 and c1 depend on f . According to Brouwer et al. (2018), c0 and c1 can be written as

c0 = c0
f f (2.58)

c1 = c1
f f + c1

fx
fx (2.59)

in which c f is the suspended sediment concentration at capacity conditions (i.e. with an abundance of easy
erodible sediment on the bed), and c fx is the along-channel dispersion at capacity conditions.

From this, f can be solved by rewriting Equation 2.57 into

T f +F fx = 0 (2.60)

in which

T =
〈∫ R

−H
(u1c0

f +u0c1
f −K 0

h (c f )0
x )d z + [ζ0u0(c f )0]z=R

〉
= 0 (2.61)

F =
〈∫ R

−H
u0c1

fx
−Khc0

f d z

〉
= 0 (2.62)
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The equations for T and F both contain advective and diffusive transport terms, in which c f and c fx mean
that the concentration scales linearly with the erodibility f or with its gradient in along-channel direction re-
spectively. Regarding the transport function T, see Equation 2.61, three different terms can be recognised.
We start by discussing 〈∫ R

−H −K 0
h c0

x d z, in which the horizontal eddy diffusivity is recognised. This diffu-
sive transport term describes a horizontal background diffusion, representing flows (e.g. lateral circulation)
which is not solved for. Then there is the term, 〈ζ0u0c0〉, representing the sediment transport due to Stokes
drift, which is counteracted by a tidal return flow. This tidal return flow is included in the remaining terms,
〈∫ R

−H (u1c0 +u0c1)d z〉, mainly describing the transport due to interactions between first-order velocity and
leading-order sediment concentration, and leading-order velocities and first-order sediment concentration.
We have seen that these velocities and concentrations are influenced by multiple contributions of which
an overview is presented in Table 2.2. Since the first-order erosion depends on the first-order velocity, the
first-order erosion contains contributions of all processes that contribute to the velocity at first-order. These
contributions are not presented individually in the overview below, but will be referred to as (c12

er o)contr i buti on

when used in the remainder of this report.

Table 2.2: An overview of the forcing mechanisms and and the frequencies for the leading- and first order velocities and sediment
concentrations.

Velocity u Sediment concentration c
Mechanism Frequency Notation Mechanism Frequency Notation

Leading-order Tide M2 u02 Erosion M0, M4 c00
er o , c04

er o

First-order Baroc. press. M0 u10
bar oc Sed. adv. M2 c12

sed ad v

River M0 u10
r i ver Erosion M2 c12

er o

Advection M0, M4 u10
ad v ,u14

ad v

Vel.-depth asym M0, M4 u10
vel .dep ,u14

vel .dep

Tidal return flow M0, M4 u10
r etur n ,u14

r etur n

Tide M4 u14
t i de

The magnitude of the sediment transport due to the different processes described before depends on the
actual sediment concentrations, which in turn depend on the erodibility f . Using the transport function T ,
called the transport capacity, and assuming that there is an excessive amount of easy erodible sediment on
the bed, this sediment concentration dependency can be excluded. The transport capacity can then be in-
terpreted as the tendency of the system to redistribute sediments over the estuary, which is mainly governed
by the hydrodynamics and sediment parameters (distribution over water column). Sediments tend to accu-
mulate in so called trapping zones; locations where the transport capacity converges. Expressions for the
individual contributions to the transport capacity are found by substituting the terms presented in Table 2.2
into Equation 2.61. An overview of the individual contributions to the transport capacity is presented below:

Tt i de =
∫ R

−H

〈
u02(c12

er o)t i de︸ ︷︷ ︸
external M2 tide

+ u14
t i de c04

er o︸ ︷︷ ︸
external M4 tide

〉
d z (2.63)

Tbar oc =
∫ R

−H
u10

bar oc c00
er o +

〈
u02(c12

er o)bar oc
〉

d z (2.64)

Tsed ad v =
∫ R

−H

〈
u02c12

sed ad v

〉
d z (2.65)

Tr etur n =
∫ R

−H
u10

r etur nc00
er o +

〈
u14

r etur nc04
er o +u02(c12

er o)r etur n − [
ζ02u02c00

er o +ζ02u02c04
er o

]
z=R︸ ︷︷ ︸

Stokes drift

〉
d z (2.66)

Tvel .−depth =
∫ R

−H
u10

vel .dep c00
er o +

〈
u14

vel .dep c04
er o +u02(c12

er o)vel .dep

〉
d z (2.67)

Tr i ver =
∫ R

−H
u10

r i ver c00
er o +

〈
u02(c12

er o)r i ver
〉

d z (2.68)
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Towards the landward boundary of the estuary, the erosion due to the tidal velocities reduces, and the erosion
by the river becomes important. Sediments eroded by the river, are transported downstream by the river.
Although this term is of fourth-order, it is included by the model with the subtidal transport capacity term
which reads

Tr i ver−r i ver =
∫ R

−H

〈
u1

r i ver c2
r i ver−r i ver

〉
d z (2.69)

Note: including only one fourth-order term breaks the consistency of the scaling approach, hence model results must be treated with

care.

To investigate the influence of a spring-neap tidal cycle on the trapping of sediments within estuaries, Bouw-
man (2019) derived expressions for the subtidal dependency of the different contributions to the transport
capacity as a function of the tidal amplitudes at the seaward boundary. Since the difference between spring
and neap tidal conditions is addressed in this research as well, the most important outcomes are repeated in
Table 2.3.

Table 2.3: Overview of the subtidal dependency for the contribution to the total transport capacity of different physical processes. Source:
Bouwman (2019)

Contribution Subtidal dependency
Text .M2−t i de ∝ |AM2 | · |AM4 |e−i (φM4−2φM2 )

Text .M4−t i de ∝ |AM2 | · |AM4 |e i (φM4−2φM2 )

Tbar oc ∝ |AM2 |
Tsed ad v ∝ |AM2 |3
Tvel .−depth ∝ |AM2 |3
Tr etur n ∝ |AM2 |2
Tr i ver ∝ |AM2 |

2.4.2. DIMENSIONLESS EROSION PARAMETER AND HINDERED SETTLING
By only focussing on the vertical processes, the ability of the flow to bring or keep sediments in suspension is
based on a balance between erosive and depositional fluxes. For high sediment concentrations, interaction
between sediment flocs results in hindered settling. Richardson and Zaki (1954) presented a parametrisation
for this hindered settling which reads

ws = ws,0(1−φ)m (2.70)

in which ws,0 is the clear-water settling velocity, φ the volumetric fraction of flocs defined as c/cg el and m
an empirical based value, often chosen m = 5 for fine sediments. The gelling concentration cg el is charac-
terised as the concentration at which the fluid-sediment mixture starts to develop strength, typically around
concentrations of 100 g/l.

By assuming periodic conditions for the flow and concentrations, Dijkstra et al. (2018) has been able to de-
scribe a relation between the tidally averaged near-bed concentration φbed and a dimensionless erosion pa-
rameter Ẽ including the effects of hindered settling.

〈(1−φbed )mφbed 〉 =
〈

M

ws,0cg el
|τb |︸ ︷︷ ︸

Ẽ

〉
(2.71)

The maximum near-bed concentration can be found by taking the derivative of the left hand side and setting
this equal to zero

〈〉((1−φbed )5φbed
)
φ〉 = 0

〈−5(1−φbed )4φbed + (1−φbed )5〉 = 0

→〈φbed 〉 =
1

6
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Likewise, the value of the dimensionless erosion parameter for which such concentration can be found equals(
1− 1

6

)5 1

6
= 0.067

which is referred to as Ẽcr i t . It should be noted that this value only holds when fluctuations on the tidal scale
are not considered.

By assuming an abundance of easy erodible sediment on the bed, for Ẽ < Ẽcr i t the near-bed sediment con-
centration depends on the dimensionless erosion parameter. However, another solution exists within the
same range of values for Ẽ , resulting in much higher near-bed concentrations. Nevertheless, these solutions
do not describe a stable state and the system tends to move towards the earlier described state in which
the near-bed concentration depends on the dimensionless erosion parameter. For Ẽ > Ẽcr i t , the near-bed
concentration becomes theoretically unbounded, which in practice results in supply limited concentrations.
These high sediment concentrations could be reached due to a positive feedback loop caused by the effects
of hindered settling. Increased erosion results in higher sediment concentrations, and accordingly lower de-
position rates due to hindered settling, hence an increasing net erosion rate. This increase in the net erosion
rate further increases the sediment concentrations and therefore increases the effect of hindered settling.





3
DATA ANALYSIS AND MODEL SET-UP

In this chapter, all data necessary for setting up an iFlow model describing the Loire estuary will be discussed.
An overview of the parameters that are actually used in the iFlow model is presented in section 3.3. Regarding
the current state of the estuary, data is necessary which represents the essential hydrodynamics and sediment
dynamics in a qualitative way, i.e. water levels, sediment concentrations, salinity etc. Even coarser data, for
example general trends in tidal range, sediment concentrations and bottom levels suffice for historical states,
since extensive sensitivity studies can be performed to cover the uncertainty (see section 1.4).

The model domain is bounded on the downstream side where the Loire mouths into the sea (Saint-Nazaire),
while the upstream boundary is located at Ponts-de-Cé (147 km from the mouth). An overview with the
important measurement stations/locations throughout the Loire estuary (up to Nantes) is presented in Fig-
ure 3.1. These stations will be mentioned multiple times throughout this chapter.

Figure 3.1: Map of the Loire River estuary up to Nantes, with, in black, measurement stations from the SYVEL network and, in grey, tidal
gauges. From Jalón-Rojas et al. (2016).

Before the data is presented, we should pay some attention to the different reference levels used in France
over the years and how these different reference levels relate to each other. The two most important reference
levels found in the data are IGN69 on the one hand, coming from the terrestrial system, and ’Cote Marine’ on
the other hand, originating from the marine system. Regarding the ’Cote Marine’ reference level, distinction
can be made between CM (before 1996) and CM96 (after 1996) in which the zero-level of CM is 0.4 m above
the zero-level of CM96. According to GIP (2002a), there is a 3.16 m difference between CM96 and IGN69. Data
presented by Jalón-Rojas et al. (2016) shows that the current average water level at Saint-Nazaire, referred to
as mean sea level (MSL), is 3.6 metres above the old CM between 2007 and 2013. This results in a difference
between CM96 and MSL of 4 m and a difference between IGN69 and MSL of approximately 0.8 m. For clarity,
we present all data with respect to MSL.
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3.1. GEOMETRY

All data concerning depth has been gathered by digitalising graphs describing the thalweg of the Loire, mainly
from bulletins presented by the "Groupement d’Intérêt Public (GIP) Loire Estuaire", and converting this to
depths with respect to MSL. The data describing the current depth of the Loire estuary is presented in Fig-
ure 3.2. The orange dots are based on a graph from GIP (2014a,b), the red dots from GIP (2011a) and the
purple dots from GIP (2013). Furthermore, the brown dots correspond to the bathymetry used by Le Hir and
Karlikow (1992). It should be noted that the dates of publication and the dates of measurements presented
in Figure 3.2 do not match. A smooth curve has been fitted through the data as a representative of the depth
for use in iFlow. We have chosen a function that consists of two parts: a fifth-order polynomial and a straight
line. The level and the slope of the two parts are equal at the transition point xl :

H =
{

6.670 ·10−22x5 −1.037 ·10−16x4 +5.402 ·10−12x3 −1.009 ·10−7x2 +1.816 ·10−4x +17.235 x ≤ 57.5 km

−2.462 ·10−4(x −57453)+6.726 x > 57.5 km

(3.1)

Figure 3.2: Actual Thalweg level with respect to mean sea level at Saint-Nazaire, which is approximately at CM96 +4.0 m. Sources: GIP
(2011a), GIP (2013), GIP (2014a,b) and Le Hir and Karlikow (1992).

An overview of the data around the year 1900 is presented in Figure 3.3, in which the orange dots represent a
graph presented in GIP (2011a), the red dots are based on data of GIP (2004) and the purple dots are from a
report of CSEEL (1984). To represent this depth profile in iFlow, we have again fitted a curve consisting of a
fifth-order polynomial and a straight line:

Figure 3.3: Thalweg level around the year 1900 with respect to current mean sea level at Saint-Nazaire, which is approximately at CM96
+4.0 m. Sources: CSEEL (1984), GIP (2004), GIP (2011a)
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H =
{

3.370 ·10−22x5 −5.590 ·10−17x4 +3.118 ·10−12x3 −6.247 ·10−8x2 +9.31 ·10−5x +10.181 x ≤ 60.5 km

1.654 ·10−4(x −60564)+1.850 x > 60.5 km

(3.2)

Only little bathymetrical data is available for the period between 1900 and 2010, and the data which is avail-
able is inaccurate. For example, for the depths of the years 1920, 1949, 1969 and 1976 mentioned in CSEEL
(1984), it is unclear how they relate to the thalweg levels, and the bathymetrical maps of the years 1947, 1957,
1969 and 1982 presented by Sogreah (2006) are to coarse to extract depth profiles from. However, if we as-
sume that the deepening was a gradual process, bottom profiles can be made up for intermediate years by
means of linear interpolation using Equation 3.3 (Dijkstra et al., 2019c).

dyear (x,α) = (1−α)d1900(x)+αd2000(x) (3.3)

As already introduced in section 1.2, different dredging campaigns responsible for the deepening of the Loire
river have been reported. The most important deepening campaigns are repeated in Figure 3.4. These deep-
ening campaigns are not equally distributed over time. To get an indication of the development of the bottom
over the last century, four key years have been selected: 1900, 1949, 1970, 2000. The last four columns of Fig-
ure 3.4 present which measures are taken into account for each of the four key years. By comparing the depths
reported for the deepening campaigns with the bathymetries corresponding to varying α, we find that α=0.5
more or less corresponds to 1949 andα=0.75 to 1971 (see Figure 3.5). Since significant deviations between the
dredging levels and the estimated bathymetries can be observed, this should be interpreted as a first rough
indication of the link between alpha and years. A more detailed analysis will be discussed in chapter 5.

Figure 3.4: Schematic overview of the different deepening campaigns, with in the last four columns a selection which measures are
included in the Loire bottom profiles
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Figure 3.5: Evolution over the last century of the Thalweg level with respect to mean sea level at Saint-Nazaire, which is approximately at
CM96 +4.0 m. The horizontal dashed lines correspond to the depth obtained with the deepening campaigns taken into account for the
bathymetry of each the key years. The vertical dashed lines represent the five sections in which the estuary can be divided, namely the
exterior-, lower-, intermediate-, embanked and upstream section.

The width of the estuary represents the width of the channel, and therefore we do not include intertidal areas
in the width of the estuary. The width has been estimated using satellite images (Google Earth) as presented
in Figure 3.6. The blue dots represent the full width of the river (without side channels), whereas the red dots
resemble the width of the estimated main channel, but without the vast shallow area at the mouth of the
estuary. Furthermore, measurements of Van den Bruweane (2019) are shown in Cyan, which correspond well
to the estimation of the full river width based on Google Earth images. The best fit through the narrow data
set is represented by a third-order polynomial:

B =−1.411 ·10−12x3 +4.002 ·10−7x2 −3.419 ·10−2x +1.178 ·103 (3.4)

Figure 3.6: The width of the Loire estuary based on satellite images (Google Earth) in 2016

The most important human interventions that directly influenced the flow carrying width of the Loire river
date back to before 1915. Measurements presented by Sogreah (2006) show that the river width measured at
mean water level only changed slightly in the first 20 km since 1947. The data collected about the current
width showed the presence of intertidal areas in the same region. Since intertidal areas are vulnerable to
changes in hydraulic conditions, and these hydraulic conditions have changed drastically (recall the large
observed tidal amplification), it is likely to account these minor changes in the river width to changes in the
intertidal areas. Based on this reasoning, and pointing out that intertidal areas were not taken into account
for the river width, it is assumed that the channel width remained more or less constant over the last century.
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3.2. HYDRODYNAMICS
In this section, an overview will be presented of the available data on river discharge, propagation of the tide
throughout the estuary and subtidal set-up, both for the current situation and for historical situations.

3.2.1. RIVER DISCHARGE

River discharge data of 2007 to 2013, measured at the station of Montjean-sur-Loire, have been used to deter-
mine average discharges. This resulted in a long term average discharge of 910 m3/s, a summer(July-October)
discharge of 300 m3/s and a winter discharge of 1300 m3/s. These values correspond quite well to the values
based on a record of discharges that finds its origin in 1863, mentioned by Artelia (2013), with an average of
844 m3/s. The deviation between the two mentioned yearly averages can be ascribed to the large observed
inter annual variability in the data set of 2007 to 2013, which is clearly visible in Table 3.1 and Figure 3.7.
Regarding the measurements performed by DREAL (2019) from 1863 onward, no significant changes in river
discharge are observed over the last century.

Table 3.1: Frequency of occurrence per discharge in the Loire river, from DREAL (2019)

Frequency 0.99 0.98 0.95 0.90 0.80 0.70 0.60 0.50 0.40 0.30 0.20 0.10 0.05 0.02 0.01
Discharge m3/s 3850.0 3240.0 2470.0 1870.0 1300.0 975.0 750.0 570.0 445.0 334.0 247.0 177.0 145.0 115.0 100.0

Figure 3.7: River discharge of the Loire between 2007 and 2014 measured at Montjean-sur-Loire, with, in red, the average summer
discharge, in cyan, the average winter discharge, and in green, the long term average. Source: Jalón-Rojas et al. (2016)

3.2.2. TIDE

A tidal analysis has been performed by means complex demodulation, based on water levels at seven stations
between Saint-Nazaire and Nantes obtained in a study by Jalón-Rojas et al. (2016). The method of complex
demodulation as presented by Gasquet and Wootton (1997) provides the possibility to filter out certain tidal
time-scales from a signal, instead of strict tidal frequencies. In this way, we are able to capture the variations
of the semi-diurnal tide over a spring-neap cycle in terms of an approximately semi-diurnal signal that varies
subtidally. In this thesis, we assume that average spring and neap tidal conditions can be approximated by
firstly taking the highest and lowest 40 percent of the semi-diurnal water level amplitudes for spring and neap
tide respectively, and than taking the median of each as a representative value. These values will be referred to
as the M2 tidal amplitudes for spring and neap tide. Next to M2 amplitudes, this method of complex demod-
ulation allows to filter out the subtidal set-up (called M0), and amplitudes and phases of higher harmonics.
In this report the only higher harmonic that is considered is the quarter-diurnal (M4). Based on the highest
and lowest 40 percent of the M2 amplitude, the signals of the M0 and M4 amplitudes as well as those of the
M2 and M4 phases are divided into spring and neap tidal signals. By taking the median of these signals, repre-
sentative values are found for the spring and neap tide amplitudes/phases of the remaining tidal constituents.
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Further investigation of the tidal data reveals a strong relation between the tidal intrusion and the river dis-
charge. As can be seen in Figure 3.8, during winter conditions (i.e. high river discharges, shaded green area),
the low water levels are significant higher than the low water levels during summer conditions (shaded red
area). The high water levels are much more constant over the year. Thus, we observe a strong seasonally
varying tidal range in the upper part of the estuary.

Figure 3.8: The river discharge at Montjean-sur-Loire in m3/s (upper panel) and the water levels (m CM96) and Nantes (52 km, lower
panel) in the period 2007-2011. Summer and winter periods are represented by the red and green shaded areas respectively.

To get a clear image of the seasonal and spring-neap dependency of the tidal intrusion, the tidal analysis has
been repeated for summer and winter, and spring and neap data separately. A comparison of the propagation
of the tide into the estuary for the different situations is presented in Figure 3.9. Regarding the M2 water level
amplitudes (upper panels) this seasonal dependency is can be seen clearly for both spring and neap tide. The
M4 signal on the other hand does only present some slight seasonal dependency for spring tides. Regarding
the phases (lower panels), the M2 phase is relatively constant over the year, whereas the M4 phase depends
on the season in the more upstream part of the estuary.

Figure 3.9: A comparison between winter, summer and yearly tidal data of amplitudes and phases of the M2 and M4 tidal components.
In the horizontal direction, distinction has been made between spring- and neap tidal data. In the upper half of the figure, the water
level amplitudes are presented and in the lower half the water level phases.
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Since this research focuses on relatively lower river discharges, we focus on the tidal analysis based on the
summer data. The results obtained with the method of complex demodulation are presented in Table 3.2.

Table 3.2: Tidal amplitudes and phases along the Loire estuary based on data obtained during summer conditions. Source: Jalón-Rojas
et al. (2016)

St Nazaire Donges Paimboeuf Cordemais Le Pellerin Nantes St Luce
km 0 10 15 26 39 52 62

M0 Amp Spring 0.0 0.02 0.14 0.13 0.20 0.27 0.61
Neap 0.0 0.02 0.15 0.12 0.18 0.23 0.53

M2 Amp Spring 2.30 2.35 2.44 2.43 2.43 2.36 1.75
Neap 1.28 1.24 1.47 1.47 1.54 1.52 1.25

Phase Spring 0 4.5 10 15 26 35 56
Neap 0 3.5 6.5 11 20 28 47

M4 Amp Spring 0.24 0.31 0.36 0.42 0.50 0.51 0.44
Neap 0.20 0.21 0.25 0.27 0.31 0.34 0.30

Phase Spring -148 -132 -105 -82 -54 -33 31
Neap -155 -155 -154 -138 -106 -81 27

WATER LEVELS IN THE NON-TIDAL RIVER

In a bulletin of GIP (2002b), water levels are presented in the more upstream part (riverine part) of the Loire
for multiple conditions in the years 2000-2001. The water levels according to a common summer discharge
and a yearly average discharge are presented in Table 3.3.

Table 3.3: Water levels (m IGN69) along the riverine part of the Loire for different river discharges.

Q (m3/s) Ancenis Saint Ingrandes Montjean- Chalonnes La La Les Ponts-
Florent sur-Loire Possoniere Pointe de-Cé

km 90 103 112 116 122 131 139 147
250 - 6.16 7.55 8.18 10.25 11.33 12.9 15.13
850 5.75 8.29 9.76 10.33 12.1 13.08 14.73 16.39

The water levels in the upstream part of the estuary have decreased significantly over the last century ac-
cording to measurements presented in the same bulletin. Measurements obtained between 1900 and 1998
for a river discharge of 177 m3/s show a drop in water levels which decreases towards Les Ponts-de-Cé. This
decrease water level corresponds quite well to the decrease in bottom levels observed in the upstream part of
the estuary (see Figure 3.4).

Table 3.4: Change (∆) in water level (m) along the riverine part of the Loire for a river discharges of 177 m3/s.

Ancenis Saint Ingrandes Montjean- Chalonnes La La Les Ponts-
Florent sur-Loire Possoniere Pointe de-Cé

km 90 103 112 116 122 131 139 147
∆ (m) -3.1 -2.6 -2.4 -2.1 -1.4 -1.6 -1.6 -0.6

3.2.3. VELOCITY
Although no measurements were found regarding flow velocities in the Loire in the current state, an im-
pression is obtained from 3D model results and historical measurements. The measurements presented by
CSEEL (1984) are flow velocities near the water surface observed in 1976, and the predictions made with the
3D model of Sogreah (2010) are depth averaged velocities obtained for the current bathymetry. Both the mea-
surements as the model results are depicted in Figure 3.10. The predictions of Sogreah (2010) show relatively
high flood velocities between km 10 and 50, whereas the maximum ebb velocities are found in the first 20
km. The measurements of CSEEL (1984) firstly point out the difference in velocities during spring and neap
tides. Secondly, the ebb velocities observed at the surface in 1976 were larger than the flood velocities. For
discharges larger than 2000 m3/s, the velocities are even directed seaward throughout the entire tidal cycle
(not shown).
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Figure 3.10: Maximal velocity measurements and predictions along the Loire estuary for different tidal conditions and locations in the
water column, with positive velocities directed in landward direction. The blue (0.5 m above the bottom) and green (depth averaged)
curves represent maximum and minimum velocities predicted by a 3D model of Sogreah (2010) during spring tide conditions and low
river discharge (Q=189 m3/s). The orange and red curves represent velocity measurements at the surface presented by CSEEL (1984) for
spring and neap tide respectively, with a river discharge of 80 m3/s.

3.2.4. TURBIDITY
As already introduced in section 1.2, a significant increase in turbidity at the surface has been observed in
the 20th century, especially since the 1990s. This section will treat this development of turbidity along the
estuary over time in more detail. Additionally, a certain band width of turbidity values will be provided for
the downstream and upstream boundaries, which are necessary for setting up an iFlow model.

DEVELOPMENT OVER TIME

For the first part of the century, hardly any measurements were found regarding turbidity. Probably the first
investigator of turbidity in the Loire estuary was Leopold Berthois around 1950 (Guilcher, 1988). Measure-
ments of Berthois and Barbier (1953); Berthois (1955b) show that the turbid zone could be found up to Le
Pellerin (39 km inland) with its maximum slightly downstream of Cordemais (26 km inland, see Figure 1.4)
in 1952 during spring tide and low river discharges. During low water, sediment concentrations in the ETM
could reach 0.7 g/l at the surface and 3 g/l near the bottom. Averaged over a complete tidal cycle these values
reduce to approximately 0.25 g/l and 1 g/l, respectively. During winter conditions (high river discharge) the
sediment is distributed much more uniform over the water column, but stays below 0.2 g/l and is expelled
towards Saint Nazaire (Berthois, 1954, 1955b).

According to Berthois (1958) the location of the turbid zone depends on the tidal coefficient (measure for
the tidal range at Saint-Nazaire), the river discharge and the viscosity of the water. Maximal intrusion of the
turbid zone will be found if the river discharge remains low for some time (order of months), accompanied
with a high tidal coefficient (i.e. large tidal range) and high water temperatures (around 20 ◦C). Although
most of the concentrations mentioned by Berthois do not exceed 1 g/l, Berthois (1955b) mentions maximum
turbidity values near Cordemais (26 km inland) of 2.226 g/l during winter and 20.46 g/l during summer. Un-
fortunately, no clarification is provided about the exact moment and position in the water column at which
these measurements are taken, but it is good to note that high sediment concentrations could occur in the
1950s.

In the 1970s, suspended matter in the Loire estuary was extensively studied by Bertrand Gallenne. Measure-
ments presented in his PhD thesis show that the turbid zone could reach up to Nantes with its maximum still
around Cordemais (Gallenne, 1974a). A measurement campaign executed in 1972, presented by Gallenne
(1974b), provides sediment concentrations that are partly in accordance with those of Berthois and Barbier
(1953). On the one hand, concentrations of 0.3 g/l have been recorded at the surface somewhat downstream
of Nantes (40 km inland) during low river discharge and at the start of low water, whereas the turbid water is
expelled towards the open sea for high river discharges resulting in concentrations at the surface up to 0.9 g/l
near Saint Nazaire.



3.2. HYDRODYNAMICS

3

33

In the early 1980s, ecological observations on plankton of the Loire estuary have been made by Rincé et al.
(1989). From their samples, also suspended matter concentrations have been calculated. Their tidally aver-
aged data shows concentrations at the surface between Saint-Nazaire and Cordemais up to 0.7 g/l. When the
river discharge remains low for two consecutive months, the concentrations in the downstream estuary (be-
tween Saint Nazaire and Donges) drop to 0.1 g/l. Comparable data was found by Saliot et al. (1984), which has
been presented in Figure 1.4. According to Migniot (1993) and Paape (1994), tidally averaged concentrations
near the surface in the range 0.3-0.7 g/l were still common in the early 1990s. Nevertheless, the turbid zone
has been extended further inland and reaches up to 60 km from Saint-Nazaire.

In 2007, six monitoring stations have been installed in the Loire estuary distributed from Saint-Nazaire to
Bellevue (62 km upstream), called the SYVEL network. Each station measures salinity, turbidity, temperature
and dissolved oxygen 1 m below the surface. Although not all stations have been operational the entire pe-
riod during 2007-2013, Jalón-Rojas et al. (2016) have been able to track the turbid zone in the Loire estuary
in detail using this long-term and high-frequency (measurements every 10 minutes) monitoring data. The
turbid zone reaches the last station (62 km from the mouth) during periods of low river discharge and flushes
downstream by river floods. To be more precise, Fig 5 in Jalón-Rojas et al. (2016) shows the location of the
turbid zone for low, mean and high tidal ranges as well as for low, medium and high river discharges. For
low discharges (<200 m3/s), the turbid zone is found between 25 and 40 km from the mouth. Remarkable
however is the fact that the turbid zone is found more towards the sea for a larger tidal range. For medium
discharges (500-850 m3/s), the turbid zone is found between 10-25 km (and again more seaward for large tidal
ranges). For high river discharges (1500-4000 m3/s), the turbid zone is found between 0-15 km for both high
and low tidal ranges. In contrast to the concentrations of suspended matter near the surface found before
2000, measurements of the SYVEL network show concentrations up to 5.5 g/l, see Figure 1.4. Model studies
of Normant (2000) and Sogreah (2010) show that concentrations at the surface in the order of 1-5 g/l can be
accompanied by concentrations near the bottom in the order of 10-20 g/l.

In addition to the qualitative description of the previous section, a graphical representation makes the rela-
tion between the ETM and the river discharge even more clear. In Figure 3.11 both the river discharge and
the tidally averaged sediment concentrations near the surface are plotted over time at three locations with
increasing distance from the mouth from top to bottom. It can be seen that around Donges (km 10) high sed-
iment concentrations coincide with high river discharges, whereas around Cordemais and Trentemoult (km
26 and 50 respectively) high sediment concentrations are only found for low river discharge. This research
aims to describe the mechanisms responsible for turning the Loire into a hyperturbid state. It seems like the
landward part of the estuary has much higher concentrations than the mouth of the estuary during times of
low river discharge. Given that we would like to model the development of high concentrations in the estuary
from low concentrations at sea, Figure 3.11 shows that this only makes sense for low river discharge. For high
discharge, the development of concentrations in the mouth area and coastal zone also needs to be modelled.
This is out of the scope of this study. For this reason, we will mainly focus on river discharges around the
average summer discharge of 300 m3/s.

TURBIDITY AT SAINT-NAZAIRE

In order to set a boundary condition for the sediment concentration at the seaward boundary, we look closer
at the turbidity at Saint-Nazaire. Berthois (1955b) shows that the sediment concentrations are in the order of
0.1-0.2 g/l for winter conditions, more or less uniform distributed over the depth. During summer conditions
the surface concentration could reduce with a factor 10 while the concentration near the bottom remained
unchanged. The observations presented by Rincé et al. (1989) show tidally averaged concentrations at the
surface at Saint-Nazaire up to 0.7 g/l during periods of high discharge, and concentrations in the range 0.05
- 0.1 g/l during periods of low river discharge.From remote sensing data, Gernez et al. (2015) also found con-
centrations at the surface in the range 0.05 - 0.1 g/l. Both Rincé et al. (1989) and Gernez et al. (2015) show
that the concentrations at the surface are significant higher during spring tides than during neap tides. Re-
cent measurements near Donges (km 9.5) show sediment concentrations in the range 0.1-1.0 g/l near the
surface during periods of low river discharge (Jalón-Rojas et al., 2016). Based on these measurements, a
depth-averaged concentration of 0.1 g/l will be used as a starting point in the iFlow model throughout the
20th century.
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Figure 3.11: Tidally averaged turbidity near the surface at Donges (km 10), Cordemais (km 26) and Trentemoult (km 52) versus the river
discharge at Montjean-sur-Loire. Source: Jalón-Rojas et al. (2016)

TURBIDITY AT LES PONTS-DE-CÉ

Where the sea acts as a source of sediments at the downstream side of the domain, the river brings sediments
into the domain at the upsteam boundary (at Les Ponts-de-Cé). The concentration of suspended matter car-
ried with the river depends on the river discharge according to Hamm and Walther (2009). For discharges
below 500 m3/s, a concentration has been found of 10 mg/l. During floods this concentration can reach up to
200 mg/l. It should be noted that the measurements they used (e.g. Berthois (1955a) and Manickam and Bar-
baroux (1987)) are mainly taken at Montjean-sur-Loire and not at Les Ponts-de-Cé. Although the Maine river
confluences with the Loire river in between these points, this is not considered important since the Maine
river hardly carries sediments.

Due to sand mining activities, some minor fluctuations in the sediment concentrations carried by the river
have been observed. Nonetheless, the trapping effects of these sand minings disappeared with the ongoing
regulation of the river profile (Lefort, 2010). Since we focus on relatively low river discharges, sediment input
at the upstream boundary is expected to be of minor importance.

3.2.5. SALINITY
The SYVEL network also recorded salinity. Using the measurements of this dataset presented in GIP (2011b),
we have been able to derive simple subtidal constant salinity fields. Though strong stratification can be ob-
served, especially for higher discharges (GIP, 2011b), we assume the salinity to be well mixed throughout the
water column. Because we are mainly interested in the summer season, this assumption seems reasonable.
A summary of the mean values of salinity for the spring-neap cycle is presented in Table 3.5.

Table 3.5: Salinity values (g/l) along the Loire estuary

Donges Paimboeuf Cordemais Le Pellerin Trentemoult Bellevue
km 10 15 26 39 52 62

Winter Spring 10 5 0.2 0.2 0.2 0.1
Neap 5 3 0.2 0.2 0.2 0.1

Summer Spring 30 25 10 2 0.4 0.2
Neap 20 15 5 1 0.2 0.2
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Based on the data mentioned in Table 3.5, curves have been fitted describing the salinity along the estuary
following a tangent-hyperbolic function which has the form:

s = 1

2
ssea

(
1− tanh

(
x −xc

xl

))
(3.5)

The mean values of salinity at the measurement stations of the SYVEL network are plotted in Figure 3.12 to-
gether with the tangent-hyperbolic fits to this data. An overview of the fitted parameters is listed in Table 3.6.

Figure 3.12: Subtidal constant salinity fields for different conditions, based on data presented in GIP (2011b)

Table 3.6: Fitted parameters of tangent-hyperbolic profiles describing the salinity along the estuary

ssea xc xl

Winter Spring 13.1 13,560 6,021
Neap 6.2 14,781 6,701

Summer Spring 36.7 19,776 12,943
Neap 29.3 15,305 13,703

3.2.6. SEDIMENT CHARACTERISTICS

The most important sediment characteristic required for the model is the settling velocity ws . This settling
velocity depends on the size and the shape of sediment flocs. Due to the process of flocculation, a large
spread of floc diameters is found in the Loire estuary, leading to a large spread in the fall velocities. How-
ever, since flocculation is not explicitly accounted for within iFlow, we will use a representative value for ws .
Multiple measurements have carried out, both in situ with an Owen tube as well as in the laboratory, which
related fall velocities to sediment concentrations near the bottom. All measurements as presented by Walther
et al. (2012) are presented in Figure 3.13. The in situ measurements provided insight in the fall velocities in a
flocculated environment, whereas the laboratory experiments were intended to capture the fall velocities in
a deflocculated environment. The figure shows that the settling velocity increases for sediment concentra-
tions < 2g/l due to flocculation and decreases for concentrations > 2 g/l due to hindered settling. Based on
all different measurements, Walther et al. (2012) came up with two laws: one describing the fall velocity in a
flocculated environment and one that describes the fall velocity in a deflocculated environment.
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Figure 3.13: Measurements of settling velocity of the Loire, both in situ (with an Owen tube) and laboratory measurements. Two laws
have been established for the settling velocity in the Loire. The field measurements resulted in the law of the fall velocity in a floccu-
lated environment, whereas the laboratory experiments were used to establish a law that describes the fall velocity in a deflocculated
environment. Source: Walther et al. (2012)

The different measurements already show quite a large spread. Since the sediment concentrations have
changed drastically over the last decades, it is likely that the average settling velocities have changed as well
during this period. Within iFlow, a settling velocity needs to be defined which would occur without the in-
fluence of hindered settling, called clear water settling velocity. We already noticed that hindered settling
starts playing a role for near-bed sediment concentrations in the order of 1-2 g/l, and that the settling veloc-
ity around that point can be approximated by 2 mm/s. Near-bed sediment concentrations in the order of 1
g/l have been recorded throughout the 20th century, hence a clear water settling velocity of 2 mm/s seems
reasonable for both historical and current scenarios.

3.3. MODEL SET-UP
To summarise this chapter we provide an overview of the default model parameters in Table 3.7. Some of the
turbulence and sediment parameters were already introduced in chapter 2, but are included in the table as
well.

Table 3.7: Default model parameters for the Loire in the current state

Parameter Spring Neap
Hydrodynamics A0 M2 water level amplitude at x=0 2.30 m 1.28 m

A1 M4 water level amplitude at x=0 0.24 m 0.20 m
φ0 M2 water level phase at x=0 0 0
φ1 M4 water level phase at x=0 -148 deg -155 deg
Q River discharge <300 m3/s

Salinity ssea Seaward salinity 36.7 g/l 29.3 g/l
xc Translation 19,776 m 12,943 m
xl Intrusion length scale 15,305 m 13,703 m

Sediment csea Depth-averaged sub-tidal concentration at x=0 0.1 g/l
Kh Horizontal eddy diffusivity 100
M Erosion parameter 0.01 s/m
ws,0 Clear water settling velocity 0.002 m/s
cg el Gelling concentration 100 g/l

Turbulence R fmax Maximum flux Richardson number to avoid too
large drag reduction

2.

uz,mi n Velocity gradient for background turbulence
production

0.03 m/s



4
RESULTS AND SENSITIVITY

4.1. MODEL CALIBRATION
Based on the dominant flow processes, the Loire estuary can be subdivided into two sections: a tide- and a
river dominated section. Following Hamm and Walther (2009), a spatially varying bottom roughness is used
to match the modelled hydrodynamics to the observed water level data (presented in chapter 3) in both of
these sections. The parameter used in iFlow to describe the bottom roughness is the dimensionless roughness
parameter z∗

0 . By calibrating this dimensionless roughness parameter, first for the river dominated part and
then for the tide dominated section, an optimal fit can be found to the data. This results in a roughness profile
along the estuary as depicted in Figure 4.1, in which z∗

0,1 refers to the dimensionless roughness parameter for
the tide dominated part and z∗

0,2 for the river dominated part. The model calibration will be based on the

current geometry of the estuary, considering an average neap tide and a low river discharge (=250 m3/s) as
the boundary conditions. An explanation why neap tidal conditions are used for the calibration will follow in
a later section.

Figure 4.1: Tangent-hyperbolic profile for the roughness parameter z∗0

4.1.1. HYDRODYNAMICS

RIVER DOMINATED PART

For the river dominated part, water level data are available for various discharges. According to Hamm and
Walther (2009), roughness values highly depend on the river discharge. Since this research focusses on low
river discharges, the model calibration will only be done for a low river discharge. The subtidal water level
in iFlow consist of two parts: a reference level and a subtidal set-up. The reference level, best described as a
quick estimate of the mean surface level, consists of the mean sea level (at x=0) plus a backwater curve due
to the river discharge. The subtidal set-up, ζM0, consists of contributions due to nonlinearities. In order to
model the correct depths in the river dominated part, the roughness parameter is adjusted such that the ref-
erence level fits well to the measurements, as depicted in Figure 4.2. The subtidal set-up due to nonlinearities
is assumed to be small and is therefore ignored in the calibration. This results in a dimensionless roughness
parameter z∗

0,2 of 0.11.

37
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Figure 4.2: Best fit of the reference level (solid line) to measurements (dots), found for a roughness value z∗0 of 0.11

TIDE DOMINATED PART

The calibration for the tide dominated part of the estuary is based on the observed M2 water level amplitudes
and phases as presented in Table 3.2. In a similar way as is done for the river dominated part of the estuary, a
calibration is performed for neap tidal conditions. The best fit of the model to the data is found for a dimen-
sionless roughness parameter z∗

0,1 of 0.01. The resulting water level amplitudes and phases of the different
tidal constituents are plotted in Figure 4.3. Both for the tidal amplitudes and the tidal phases the observed
patterns are reproduced well. However, it should be noted that the M4 tidal amplitude is overestimated lo-
cally up to a factor 1.5.

(a) Water level amplitude

(b) Water level phase

Figure 4.3: Modelled (solid lines) and observed (dots) water level amplitude and phase of the subtidal M0 (blue), M2 tide (green) and M4
tide (orange) for neap tide conditions.
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4.1.2. SEDIMENT DYNAMICS
The model parameters ws,0 (clear water settling velocity), M (erosion parameter) and ccea (subtidal depth av-
eraged sediment concentration at x=0) are important parameters regarding sediment dynamics within iFlow.
Significant variability has been reported in observations for all of these input parameters. Therefore, instead
of calibrating the model using (one of) these parameters, they are set to default values within the range of
the observations (see Table 3.7). The effects of variations of the parameter values on the model will be in-
vestigated by sensitivity analyses in the upcoming sections. Here it is verified whether the proposed values
yield reasonable results for the sediment dynamics; modelled tidally averaged sediment concentrations at
the surface are compared with the observed sediment concentrations collected with the SYVEL network. It is
important to note that for the type of model used in this research, we more focus on a qualitative reproduc-
tion than on exact numbers. With other words, the sediment dynamics are captured well if the ETM occurs
around the expected location with sediment concentrations in the same order as the observed concentra-
tions.

4.2. ANALYSIS OF NEAP TIDE
The previous section showed that iFlow is able to reasonably reproduce the hydrodynamics. This section
provides a closer look at the sediment dynamics and the physical processes important in the Loire estuary.
First, modelled sediment concentrations are presented in subsection 4.2.1. Next, considering the underlying
physical processes, two different aspects will be discussed. In the first place, sediments should be transported
towards and/or be contained within the estuary. Locations at which sediments tend to accumulate are called
trapping zones (subsection 4.2.2). Secondly, to obtain high suspended sediment concentrations in those
trapping zones, local resuspension should be sufficiently high to bring or keep the sediments in suspension
(subsection 4.2.3). Both aspects will be treated first for a neap tide scenario. Finally, the role of sediment-
induced damping of turbulence on both aspects is investigated in subsection 4.2.4.

4.2.1. SEDIMENT CONCENTRATIONS
The performance of the model regarding sediment concentrations is evaluated in Figure 4.4. Figure 4.4a
clearly shows that the tidally averaged modelled sediment concentrations near the surface are in the same or-
der as the observed concentrations, especially when considering median values. The analysis of Jalón-Rojas
et al. (2016) reported that the ETM was found around 40 km from Saint-Nazaire during neap tide conditions,
which is also the case in the model. The sediment distribution over depth as presented in Figure 4.4b shows
concentrations near the bottom in the order of 10 g/l. Concentrations like this seem reasonable, since Jalón-
Rojas et al. (2016) report that concentrations near the bottom may be up to 8 times higher than at the surface.
Interesting to note is that the location of the ETM at the surface is not the same as the ETM near the bot-
tom. For the presented case, we can state that iFlow was able to reproduce the observed hydrodynamic and
sediment dynamics.

(a) Sediment concentration (g/l) at the surface (b) Sediment concentration (g/l) over depth

Figure 4.4: Suspended sediment concentrations for neap tide obtained with the dimensionless roughness parameters that followed from
model calibration. Figure 4.4a compares measurements (in orange) with modelled values (in blue), in which the measurements are
presented as boxplots (containing minimum,q1,median,q3 and maximum).
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4.2.2. SEDIMENT TRAPPING
To investigate which processes are responsible for the sediment trapping, individual contributions to the sed-
iment transport need to be known. As presented in the chapter about iFlow (chapter 2), the total suspended
sediment transport is defined as the cross-section integrated sum of the advective and diffusive transport.
Using the perturbation method, we have been able to develop expressions for sediment transport due to indi-
vidual processes. Since the suspended sediment transport directly depends on the sediment concentrations,
which we found to have changed significantly over time, a comparison of suspended sediment transport be-
tween different years will not provide much insight. Instead of looking at the sediment transports, we will
therefore look at the sediment transport capacity (Dijkstra et al., 2019c). The transport capacity is the sedi-
ment transport that would occur if there was plenty of sediment on the bed everywhere along the estuary. As
a result, the transport capacity is mainly determined by the hydrodynamics and sediment parameters, not
the actual sediment concentrations. Moreover, when the transport capacity equals zero, the sediment trans-
port equals zero as well. This means that we either have a location where the sediment transport diverges
(zero up-crossing), or a location where the sediment transport converges (zero down-crossing). The latter is
called a trapping zone.

A selection of the five most important physical mechanisms contributing to the transport capacity in the neap
tidal case (Table 3.7) has been plotted in Figure 4.5. The total transport capacity (black dashed line) shows
a trapping zone (downward zero-crossing) around 35 km from the mouth. In Figure 4.4b we can see that
this trapping zone is in accordance with the depth-averaged ETM. The physical meaning of the individual
contributions to the transport capacity and its importance in the Loire estuary is discussed below:

• Sediment transport due to the baroclinic contribution is caused by horizontal density gradients follow-
ing from a prescribed salinity gradient. These horizontal gradients result in gravitational circulation,
which is characterised by a landward directed flow near the bottom and a seaward directed flow near
the surface. With a non-uniform sediment distribution over the water column, i.e. higher concentra-
tions near the bottom than at the surface, this results in a net import of sediments. The blue curve in
Figure 4.5 shows that this is an important mechanism in the Loire, causing sediment import in the first
50 km.

• The contribution to the transport capacity due to the external M4 tide reveals another importing mech-
anism in the Loire estuary. The phase difference between the M2 and M4 tide at that propagates into the
estuary from the mouth results in tidal asymmetry. The asymmetry of the tidal wave results in different
velocities during ebb and flood, which in turn cause a net sediment transport. In the Loire estuary,
this asymmetry causes sediment import in the first approximately 65 km, whereas it is an exporting
mechanism between km 65-90.

• The river contribution to the transport capacity contains two physical mechanisms. At first, we have
river-induced flushing which can be described by the river flow (always seaward directed) pushing out
sediments that are resuspended by the tidal motion (mainly the M2 tidal motion). Secondly, the river
flow enhances ebb flows and reduces flood flows resulting in tidal asymmetry, resulting in enhanced
sediment export (or reduced import). The green curve in Figure 4.5 shows that the river contribution is
the most important exporting mechanism in the Loire estuary.

• The river-river contribution is only present after 60 km from the mouth. This term describes the trans-
port capacity of river-induced flushing of sediments that are resuspended by the river flow itself. Since
most of the sediments are present in the first 60 km of the Loire estuary, this contribution will not have
a major contribution to suspended sediment transports.

• Last important mechanism in the Loire estuary is the sediment advection contribution, which repre-
sents the transport due to spatial settling lag. To explain this, consider a situation where the tidal ve-
locity amplitude decreases in landward direction. During flood, a sediment particle is carried some
distance landward and settles. When during ebb the particle is re-entrained, the velocity of the fluid
particle carrying the sediment is lower than during flood, hence for equal settling velocities and depth
the particle settles landward from its starting position (Pritchard and Hogg, 2003). In other words, spa-
tially varying velocities result in net sediment transport towards locations with minimum tidal velocity
amplitude. The red curve in Figure 4.5 shows that the contribution of sediment advection is charac-
terised by transport roughly toward the trapping zone.
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Figure 4.5: Overview of the five most important (coloured lines) contributions to the depth integrated sediment transport capacity per
meter width for neap tide conditions and a river discharge of 250 m3/s. The downward sloping zero-crossing of the total transport
capacity (black dashed line) indicates a trapping zone.

4.2.3. LOCAL RESUSPENSION
Another mechanism governing the sediment dynamics within an estuary is the potential local resuspension,
i.e. the potency of the flow to bring or keep sediments in suspension. Whether maximum sediment concen-
trations are actually bounded due to limited resuspension can be derived from the erodibility f , which is a
measure of the amount of sediment available for resuspension. Either we have an erodibility f < 1, indicating
that availability of sediment is restricting the sediment concentrations, also referred to as supply limited, or
f = 1, indicating that local resuspension is limiting, which is referred to as erosion limited.

(a) Erodibility f , indicating the amount of sediment available on the bottom
for erosion. If f equals 1, easily erodible sediment is available at the bottom
so maximum concentrations are erosion limited, whereas all values smaller
than 1 indicate that sediment supply is limiting.

(b) Dimensionless erosion parameter Ẽ , which indicates whether maximum
sediment concentrations can be limited by local resuspension. If Ẽ exceeds
the treshhold value of 0.067, this is not the case.

Figure 4.6: Erodibility f and dimensionless erosion parameter Ẽ along the estuary for neap tidal conditions and an average summer
discharge of 250 m3/s.

Figure 4.6a presents the erodibility along the estuary for the neap tidal case. In the trapping zone, which we
found to be around km 35, f = 1. With other words, we expect the maximum concentrations at that very
point to be bounded by local resuspension. At locations where f = 1, sediments are deposited on the bed
forming a growing bottom pool. This bottom pool acts as a sediment sink and therefore restricts the amount
of sediments available in the rest of the estuary, which can be recognized in the figure since f < 1 indicates
supply limited state.

Another way to look at local resuspension is by investigating the dimensionless erosion parameter Ẽ (see
Equation 2.71). Dijkstra et al. (2018) derived that resuspension cannot be restricting the sediment concentra-
tions if Ẽ > 0.067 within the context of the iFlow model. Figure 4.6b shows that sediment concentrations in
the ETM are indeed limited by local resuspension since 〈Ẽ〉 drops below Ẽcr i t near km 35. However, this is
only just, so that ta small change of parameter values could lead to supply limited conditions.
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4.2.4. ROLE OF SEDIMENT-INDUCED TURBULENCE DAMPING
As introduced in chapter 2, vertical stratification due to high sediment concentrations has a strong influence
on the turbulent motions which influences the hydrodynamics and sediment dynamics. These indirect ef-
fects of sediment-induced turbulence damping are hard to capture in a specific contribution to the transport
capacity, because it affects all of the sediment transport contributions. By turning off the sediment-induced
damping and comparing the contributions to the transport capacity with and without damping, insight is
gained in the strength of this effect. This can be done by setting the damping functions Equation 2.15, Equa-
tion 2.16 and Equation 2.20 equal to 1. The occurring suspended sediment concentrations along the estuary
for the cases with and without sediment-induced turbulence damping are depicted in Figure 4.7a and Fig-
ure 4.7b respectively. We find that the role of sediment-induced damping is crucial in obtaining high sed-
iment concentrations around km 35. Without the damping of turbulence, sediment concentrations up to
0.2 g/l are found in the first 25 km of the estuary distributed fairly uniform over the water column. When
sediment-induced turbulence damping is taken into account, near-bed concentrations of approximately 14
g/l are found in the ETM around km 35. In addition to that, the sediment distribution over the water column
shows a strong stratification.

(a) With sediment-induced turbulence damping (b) Without sediment-induced turbulence damping

Figure 4.7: Suspended sediment concentrations (g/l) for neap tidal conditions and an average summer discharge of 250 m3/s, obtained
with (a) and without (b) sediment-induced turbulence damping.

In Figure 4.8, the comparison of contributions to the total transport capacity is provided for neap tidal con-
ditions. The solid lines represent the contributions including sediment-induced damping and the dashed
lines represent the contributions without sediment-induced damping of turbulence. We see that especially
the import of sediments increases due to turbulence damping, while the export remains roughly the same.
The contribution due to the external M4-tide has been amplified by over a factor 2 and the baroclinic trans-
port has increased even more. The exporting contribution due to the river even got slightly damped in the
trapping zone near km 35 in the case with damping. Also the contribution due to sediment advection shows

Figure 4.8: A comparison of the various contributions to the total transport capacity (in black) for neap tidal conditions with(solid lines)
and without (dashed lines) sediment-induced turbulence damping.
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significant variations with and without sediment-induced damping, mostly favouring import. This indicates
that the flow velocities are affected as well. These changes in flow velocities can be explained using the partial
slip parameter s f , which is a measure of the friction felt by the water motion, and the eddy viscosity Av . In
Figure 4.9, the partial slip parameter is presented for the cases with and without sediment-induced turbu-
lence damping. It can be clearly seen that this damping significantly reduces the bed friction. Like s f , the
eddy viscosity is reduced between 0 and 50 km when accounting for sediment-induced turbulence damping.
A reduction in bed friction results in enhanced sediment import by amplification of the external M4-tidal
contribution, which in combination with a reduced eddy viscosity (reduced turbulent motions, and hence
enhanced sediment stratification) even causes further reduction of the bed friction. In other words, when
sediment-induced turbulence damping starts playing a role, a positive feedback loop causes the sediment
import to increase. This partly confirms the hypothesis of Winterwerp and Wang (2013) (see Figure 1.6).

Figure 4.9: Partial slip parameters along the estuary in (m/s). S f is a measure for the friction felt by the water motion (flow). Near-bed
stratification clearly reduces the bed friction, and therefore flow velocities are affected as well.

4.3. ANALYSIS OF SPRING TIDE
Since the tidal forcing on the Loire estuary varies over a bi-weekly spring-neap cycle, we are also interested in
the performance of the model for spring tidal conditions. This section elaborates on the results obtained for
spring tidal conditions, especially focussing on the different contributions to the total transport capacity.

In comparison with neap tidal conditions, the model forcing for spring tidal conditions exists of a larger semi-
diurnal and quarter-diurnal amplitude at the seaward boundary. Furthermore, a more pronounced salt intru-
sion is observed during spring conditions, and therefore a different subtidal constant salinity field has been
prescribed (see Table 3.7 for parameter settings). All other input parameters are kept constant, including the
dimensionless roughness parameters that followed from the calibration for neap tidal conditions. The re-

(a) Water level amplitude

Figure 4.10: Modelled (solid lines) and observed (dots) water level amplitude and phase of the subtidal M0 (blue), M2 tide (green) and
M4 tide (orange) for spring tide conditions.
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(b) Water level phase

Figure 4.10: Modelled (solid lines) and observed (dots) water level amplitude and phase of the subtidal M0 (blue), M2 tide (green) and
M4 tide (orange) for spring tide conditions.

sulting water level amplitudes and phases are plotted against measurements in Figure 4.10. The M2 and M4

water level amplitudes are significantly underestimated between 20 and 60 km from the mouth. The general
pattern of water level phases is reproduced quite well, although we could argue that both the M2 and the M4

tidal phase increase slightly too fast, indicating too slow wave propagation.

Next to an underestimation of the tidal water level amplitudes, modelled suspended sediment concentrations
are underestimated as well. Figure 4.11a presents a comparison of modelled and observed suspended sed-
iment concentrations during spring tide at the surface. The modelled suspended sediment concentrations
along the estuary are plotted in Figure 4.11b. Both figures clearly show that the sediment concentrations are
underestimated by approximately a factor 100.

(a) Sediment concentration (g/l) at the surface (b) Sediment concentration (g/l) over depth

Figure 4.11: Suspended sediment concentrations for spring tide obtained with the dimensionless roughness parameters that followed
from model calibration for neap tide. Figure 4.11a compares measurements (in orange) with modelled values (in blue), in which the
measurements are presented as boxplots containing (minimum,q1,median,q3 and maximum)

In the previous section we saw that suspended sediment concentrations can be bounded due to either a
lack of supply or a limited resuspension. Using the erodibility parameter f , we can deduce which of the
two is the case for spring tidal conditions. Figure 4.12a clearly shows that f ¿ 1 along the entire estuary,
indicating a supply limited state. Additionally, Figure 4.12b shows that the dimensionless erosion parameter
exceeds the threshold of 0.067 confirming that local resuspension during spring tidal conditions is capable of
producing high sediment concentrations. Hence, sediment trapping is the limiting factor for high sediment
concentrations to occur, suggesting we should look at the contributions to the transport capacity.
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(a) Erodibility f , indicating the amount of sediment available on the bottom
for erosion.

(b) Dimensionless erosion parameter Ẽ , which indicates whether maximum
sediment concentrations are limited by local resuspension.

Figure 4.12: Erodibility f and dimensionless erosion parameter Ẽ along the estuary for spring tidal conditions and an average summer
discharge of 250 m3/s. With the erodibility f < 1 along the entire estuary, and Ẽ > 0.067, suspended sediment concentrations are found
to be supply limited.

To be able to compare the transport capacity contributions for spring and neap tide, we plotted the same 5
contributions for spring tidal conditions in Figure 4.13 as we did for neap tidal conditions in Figure 4.5. The
total transport capacity shows trapping zones around km 5 and 35 which corresponds to the locations where
the graph of f shows a maximum. Unlike for neap tidal conditions, the presence of the trapping zone around
km 35 does not coincide with hyperturbid conditions regarding spring tidal conditions. The question that
arises is which processes are responsible for the large differences between the results for spring and neap tide
conditions? An analysis of the differences in the individual contributions to the total transport capacity for
spring and neap tidal conditions is presented below:

• Considering the transport capacity due to the baroclinic contribution, its contribution during spring
tidal conditions is both absolutely and relatively much smaller than during neap tidal conditions. At
first instance this might be surprising, since we stated earlier that the baroclinic contribution scales
linearly with the M2 tidal amplitude (see Table 2.3). Nevertheless, the transport capacity does take
into account the distribution of the sediments over the water column, which is much more stratified
during neap tide due to the high sediment concentrations. Combining this stratification due to high
sediment concentrations and the gravitational circulation explains the significant larger contribution
during neap tidal conditions.

• The transport capacity due to the river contribution scales linearly with the M2 tidal amplitude. As this
amplitude increased by almost a factor 2, we expected this contribution to increase with a factor 2 as
well. This expectation is confirmed by the green curve in Figure 4.13, indicating that the river induced
export is almost twice as large during spring than than during neap tide.

Figure 4.13: Overview of the five most important (coloured lines) contributions to the depth integrated sediment transport capacity per
meter width for spring tide conditions and a river discharge of 250 m3/s. The downward sloping zero-crossing of the total transport
capacity (black dashed line) indicates a trapping zone.
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• A change in tidal forcing should not directly affect the river-river contribution to the transport capacity.
Comparing its magnitude during spring and neap tide shows that this is indeed the case.

• According to Table 2.3, we expect the contribution due to sediment advection to increase with |M2|3.
This expectation is roughly confirmed by the red curve in Figure 4.13, which shows that sediment ad-
vection becomes equally important as the river considering sediment export in the first 20 km, and
even more important than the external M4-tide considering sediment import from km 20 onwards.

• The contribution of the external M4 tide to the total transport capacity depends on the amplitudes of
both the semidiurnal and the quarterdiurnal component, as well as their phase difference. The phase
difference does not differ much between spring and neap tidal conditions, whereas both amplitudes in-
crease during spring tide. However, as was the case for the contribution due to baroclinic transport, we
do not observe an increase in transport capacity due to the external M4-tide for spring tide conditions.
A more detailed look in the role of the sediment concentrations on this behaviour will be presented in
the next section.

4.3.1. COMPARISON SPRING AND NEAP
The role of sediment-induced turbulence damping made it hard to compare the contributions due to bar-
colinic transport and the external M4-tide in the previous section. By again turning off the damping, a more
clear comparison is possible of which the results are shown in Figure 4.14. Without the damping of turbu-
lence, it is clearly visible that the proportionality of the specific contributions to the tidal forcing as derived in
chapter 2 do hold this time. The total transport capacities show an ETM around km 5 for neap tide and two
ETMs around km 2.5 and 35 for spring tide.

Figure 4.14: A comparison of the various contributions to the total transport capacity (in black) without the influence of sediment-
induced turbulence damping between neap- (solid lines) and spring tidal conditions (dashed lines).

The most striking difference between spring and neap tide along the first 30 km of the estuary is the much
stronger tidally averaged export during spring tidal conditions. Though iFlow does not include a certain
timescale (equilibrium states ar calculated instead), the iterative way in which the sediment-induced turbu-
lence damping is taken into account can be used to come up with a possible explanation how the estuary
becomes hyperturbid during neap tidal conditions when turning turbulence damping back on. Low con-
centrations of sediment (O (10−1g /l )) already have minor influence on the eddy viscosity, eddy diffusivity
and bed friction. These effects can be found both during neap and spring tide. The reduced forcing during
neap tide however results in lower bed friction (because of the lower velocities) and less turbulence (so more
vertical stratification) than the spring tidal forcing. Each loop in the iteration, sediment concentrations and
turbulence are calculated. It is easy to imagine that once the bed friction is reduced, the import of sediments
in the first five kilometres is enhanced, resulting in higher sediment concentrations and a landward shift of
the ETM. In iFlow, this feedback loop continues until equilibrium state has been reached. Apparently, during
neap tide the conditions are such that this process continues until sediments can be brought 35 km inland,
whereas the strong exporting capacity during spring tide does not allow for tidally averaged sediment import
into the estuary. Therefore, the sediment-induced turbulence damping remains low for spring tidal condi-
tions. Nevertheless, based on the findings for neap tidal conditions, we could argue that if we can increase
the sediment import during spring tidal conditions there might be a tipping point at which sediment-induced
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turbulence damping becomes large enough, and high sediment concentrations could be found. In the up-
coming sections, this hypothesis is tested with multiple sensitivity studies.

4.4. SENSITIVITY STUDIES

The parameters M , csea and ws,0 are important parameters regarding sediment dynamics, but may display
large variability. Also the river discharge, playing an important role in exporting sediment from the estuary,
shows large variability over the year. By varying the values of these parameters in sensitivity studies, we try
to explore the robustness of the results so far and verify the hypotheses that hyperturbid conditions during
spring tide may occur.

4.4.1. SENSITIVITY TO RIVER DISCHARGE

To gain insight in the sensitivity of the model results to the river discharge, Q1 has been varied between 50
m3/s (close to the minimum discharge ever recorded) and 450 m3/s (high summer discharge). For each ex-
periment, a constant but different river discharge is defined keeping all other parameters constant. The sus-
pended sediment concentrations near the bottom and near the surface along the estuary resulting from all
experiments considering neap tide are plotted in Figure 4.15a and Figure 4.15b, respectively. Both near the
bottom and near the surface, an increasing discharge results in a seaward shift of the ETM (represented by
the grey line). This holds for river discharges up to approximately 300 m3/s, after which a sudden decrease in
sediment concentrations along the estuary can be observed.

(a) Subtidal near-bed concentration in (kg/m3) (b) Subtidal surface concentration in (kg/m3)

Figure 4.15: Subtidal sediment concentrations in (kg/m3) for neap tidal conditions near the bed (a) and at the surface (b). The ETM has
been indicated by the grey line.

This sudden drop in suspended sediment concentrations asks for some more detailed investigation. Fig-
ure 4.16 shows the same results of the maximum near-bed concentration but now by both starting from a
low discharge and increasing it and starting from a high discharge and decreasing it. Coming from the hy-
perturbid state, so starting with low river discharges, sediment concentrations larger than 5 g/l are found up
to discharges of 320 m3/s, whereas such concentrations are only found for discharges below 260 m3/s when
starting in the low concentration state (high river discharge). We thus see hysteresis, indicating that the state
of a system depends on its history. As a consequence of the hysteresis, two equilibrium states exist in a certain
range of discharges. Considering a discharge of 274 m3/s, it can be clearly seen in Figure 4.16 that two equi-
librium states exist. A comparison of the various contributions to the transport capacity for the two different
states has been presented in Figure 4.17. The contributions leading to the low concentrations look much like
the concentrations without turbulence damping from Figure 4.8, while the contributions leading to the high
concentration are highly similar to those with turbulence damping from Figure 4.8. The contributions due to
the external M4-tide and the baroclinic transport are significantly amplified over the first 40-50 km, whereas
a slight dampening of the exporting river contribution can be observed. Based on these findings, we can ar-
gue that although the estuary is in supply limited state during spring tide, the initial state of the sediment
concentrations in the estuary might be important as well.
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Figure 4.16: Maximum sediment concentrations near the bottom that can be found in the estuary for increasing (green) and decreasing
(blue) discharges. The transition from low to high concentrations and vice verse are found to happen for different discharges, so for in a
certain range of discharges two equilibrium states can be found (e.g. at Q1 = 274 m3/s.)

Figure 4.17: Comparison of the various contributions to the total transport capacity considering neap tidal conditions and a discharge
of 274 m3/s for increasing discharge (solid line) and decreasing discharge (dashed line).

A similar sensitivity study has been performed for spring tidal conditions of which the results are presented
in Figure 4.18. We already found that for a discharge of 250 m3/s, sediment concentrations were in the order
of 0.1 g/l with its maximum around 2.5 km from the mouth. For discharges larger than 250 m3/s, the ETM got
pushed towards the sea even more. For discharges below 150 m3/s, a significant landward shift of the ETM
can be noticed. Nevertheless, only gradual increase of sediment concentrations (still in the order of 0.1 g/l)
were found for further decreasing river discharges. Also for spring tidal conditions, simulations are executed
in reverse order, but equal results were found. This strokes with our expectations, since hysteresis is only
expected to occur once sediment-induced turbulence damping becomes important.

(a) Subtidal near-bed concentration in (kg/m3) (b) Subtidal surface concentration in (kg/m3)

Figure 4.18: Subtidal sediment concentrations in (kg/m3) for spring tidal conditions near the bed (a) and at the surface (b). The ETM has
been indicated by the grey line.
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4.4.2. SENSITIVTY TO THE DEPTH AVERAGED SEDIMENT CONCENTRATION AT X=0
Another input parameter that shows quite some spread over the year is the depth averaged sediment con-
centration at Saint-Nazaire (x=0). The sensitivity of the model results to the sediment concentration at the
seaward boundary is investigated by varying the concentration between 0.01 kg/m3 and 0.60 kg/m3. The re-
sulting near-bed concentrations along the estuary are plotted for neap and spring tide in Figure 4.19a and
Figure 4.19b, respectively. While increasing the sediment concentrations at the seaward boundary from 0.01
g/l onwards, both cases show a sudden jump in sediment concentrations along the estuary at some point.
However, this transition from low to high concentrations is found for a seaward sediment concentration of
approximately 0.1 g/l for neap tidal conditions and only at 0.5 g/l for spring tidal conditions.

(a) Neap tide (b) Spring tide

Figure 4.19: Subtidal near-bed concentrations in (kg/m3) for (a) neap tidal conditions and (b) spring tidal conditions found for varying
depth averaged concentrations at the seaward boundary. Note: these results are found by increasing the sediment concentrations.

Like the sensitivity study for river discharge, the sensitivity study for the seaward concentrations has been
performed for increasing as well as decreasing concentrations. Considering neap tidal conditions, high sed-
iment concentrations could even be found for a seaward concentration of 0.07 g/l while coming from the
hyperturbid state. This influence of the ’history’ of the estuary is even more pronounced when we consider
spring tidal conditions. In Figure 4.20, the maximum sediment concentration in the ETM has been shown
for increasing and decreasing concentrations at the seaward boundary. While increasing the concentrations,
sediment concentrations remain low up to 0.5 g/l, whereas the system remains hyperturbid while decreasing
the concentrations down to 0.3 g/l.

Figure 4.20: Maximum near-bed sediment concentrations that can be found for increasing (green) and decreasing (blue) csea , consider-
ing spring tidal conditions.

If we take a closer look at the sediment concentrations along the estuary for neap tide right after the transi-
tion to high concentrations (so for csea > 0.1), sediment concentrations tend to increase accompanied by a
seaward shift of the ETM until csea reaches a value of approximately 0.3 g/l, after which it remains constant.
This increase in concentrations might be surprising, since we stated that the sediment concentration in the
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ETM was erosion limited ( f =1). It should therefore depend on the erosive capacity of the flow, not the con-
centration at the mouth of the estuary. The key for explaining this phenomenon is the small seaward shift of
the ETM for csea between 0.1 and 0.3. Although the erodibility f equals 1 at the location of the bottom pool,
an increasing sediment concentration at the seaward boundary results in an increasing availability in the
rest of the estuary. The combination of the erodibility and the potential erosion governs the sediment con-
centrations, hence it might be possible that an erodibility slightly less than 1, combined with a much higher
potential erosion results in higher concentrations than an erodibility of 1 and a limited potential erosion.
These thoughts are confirmed by Figure 4.21a and Figure 4.21b, in which the erodibility and the potential
erosion along the estuary for increasing csea are presented respectively. In both figures, the location of the
ETM found for neap tidal conditions is presented with a thin grey line. It can be clearly seen that the ETM
shifts towards a region with slightly lower erodibility and higher potential erosion.

(a) Erodibility f along the estuary for varying csea (b) Potential erosion Ẽ along the estuary for varying csea

Figure 4.21: Erodibility and potential erosion along the estuary for different csea , considering neap tidal conditions. For increasing csea ,
the ETM (grey line) shifts towards a region with higher potential erosion and lower erodibility.

4.4.3. SENSITIVITY TO THE CLEAR WATER SETTLING VELOCITY ws,0
One of the parameters that captures the sediment characteristics in the model is the clear water settling ve-
locity ws,0. In reality, the clear water settling velocity might be different for each individual floc and changes
over time and space due to flocculation, so if we define it as a single parameter for all sediment in the estuary,
it is important to investigate the sensitivity of the model regarding this value. The model sensitivity has been
tested for settling velocities between 0.1 and 4.0 mm/s. The resulting near-bed suspended sediment concen-
trations along the estuary for neap and spring tidal conditions are presented in Figure 4.22a and Figure 4.22b,
respectively.

(a) Neap tide (b) Spring tide

Figure 4.22: Subtidal near-bed concentration in (kg/m3) along the estuary for (a) neap tidal conditions and (b) spring tidal conditions,
considering an increasing clear water settling velocity ws,0
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For settling velocities below 1 mm/s, both for neap and spring tidal conditions sediment concentrations are
low and the ETM is located at or close the seaward boundary. Increasing the settling velocity hardly has
any influence for spring tidal conditions, except a slight increase in the sediment concentrations near the
bottom (and, although not presented here, decreasing concentrations at the surface). This finding can be
explained with the Rouse-number which describes the ratio between the downward (settling velocity) and
upward velocity (product of the van Karman constant and shear velocity) of a sediment floc (Rouse, 1938).
As long as sediment-induced turbulence damping only is of minor importance, which is the case for spring
tide, the hydrodynamic forcing remains more or less constant, and hence the shear velocity remains more
or less constant. As a consequence of increasing the settling velocity, the rouse number goes up, indicating
a more stratified sediment distribution over the water column. For neap tidal conditions, increasing the
settling velocity results in a landward shift accompanied by increasing near-bed concentrations. Once the
clear bed settling velocity becomes 2 mm/s, a sudden jump in the sediment concentrations along the estuary
can be observed. As we have observed before, this sudden increase in sediment concentrations is found
once sediment-induced turbulence damping starts playing a significant role. Further increasing the settling
velocity causes a seaward shift of the ETM and a reduction of the maximum concentrations.

4.4.4. SENSITIVITY TO THE EROSION PARAMETER M
The last parameter for which a sensitivity study has been performed is the erosion parameter M , which has a
proportional influence on the potential erosion Ẽ . The initial value of 0.01 was based on research considering
hyperturbidity in the Ems (van Maren et al. (2015), Dijkstra et al. (2019c)), but was mainly chosen such that
high concentrations could occur. To quantify the influence of the erosion parameter, its value has been varied
within the range of 10−4 - 10−1. The resulting near-bed sediment concentrations along the estuary for neap
and spring tidal conditions are presented in Figure 4.23, with the ETM indicated with a thin grey line.

Looking at the results for neap tidal conditions in Figure 4.23a, we can observe three phases. Starting with an
erodibility M =O (10−4), the ETM can be found around 10 km from the mouth. For an erodibility M =O (10−3),
a landward shift of the ETM towards km 30 can be observed. Though hard to see in the figure, near-bed
concentrations already exceed 1 g/l for M = 10−3, so that sediment-induced turbulence damping is respon-
sible for the shift of the ETM. Increasing the erodibility up to 2 ·10−2 results in proportionally growing sed-
iment concentrations. This is a clear indication that the sediment concentrations were erosion limited for
M < 2 ·10−2 . For values of M larger than 2 ·10−2, sediment concentrations along the estuary remain constant
although the potential increases, the sediment concentrations are supply limited.

Considering the results for spring tidal conditions, the influence of M is limited. If we remember the analysis
of the spring tidal case in section 4.3, this is not surprising. The sediment concentrations were found to be
supply limited, so increasing the potential erosion by increasing M should not have any effects. Nevertheless,
it can be seen that for values of M around 10−4, much lower than the initial value of 0.01, the sediment
concentrations become erosion limited.

(a) Neap tide (b) Spring tide

Figure 4.23: Subtidal near-bed concentration in (kg/m3) along the estuary for (a) neap tidal conditions and (b) spring tidal conditions,
considering an increasing erosion parameter M
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4.4.5. REMARKS CONCERNING SENSITIVITY STUDIES
In the previous subsections, the results of multiple sensitivity studies were presented to discuss the robust-
ness of the results found in section 4.2 and subsection 4.3.1. In this section, some remarks will be made to
wrap-up the findings of the different sensitivity studies for neap and spring tide separately.

NEAP TIDE

For neap tidal conditions, the transitions from low to high sediment concentrations are strikingly close to
the default values of csea , ws,0 and M , which are used for calibration. The fact that all transitions happen
exactly at or close to the default chosen values raised the question whether this is a coincidence, since these
observations create the impression that the choice of the default values is governing for the behaviour of the
system. Combined sensitivity studies are used to investigate the role of these default choices in the results
discussed so far. Each time, two parameters are varied while keeping all other parameters constant. Only the
most eye-catching findings are presented below.

(a) ETM location (km) (b) Maximum near-bed concentration (kg/m3)

Figure 4.24: Location of the ETM in km from the mouth (a) and the maximum near-bed concentration in kg/m3 (b) for varying csea and
ws,0, with in black contour lines for 20 km (a) and 5 kg/m3 (b) and the black dot representing initial values.

In Figure 4.24, the location of the ETM and the maximal near-bed concentration in the ETM are plotted for
varying csea and ws,0 (for constant z∗

0 ). The black contour lines, representing 20 km in Figure 4.24a and 5
g/l (values often mentioned in literature while discussing hyperturbidity in the Loire estuary, see chapter 1)
in Figure 4.24b, are used as a distinction between the low sediment concentration state and the hyperturbid
state. As expected from the single parameter sensitivity analyses, the black dot representing default values is
located at the transition from low to high concentrations. However, it can also be seen that there are much
more combinations of these two parameters that result, for an equal value of the dimensionless roughness
parameter z∗

0 , in hyperturbid conditions.

Comparable results are found, amongst others, for combinations of the seaward sediment concentration
with the river discharge and erosion parameter as presented in Appendix D, and river discharge and settling
velocity (not shown). These combined sensitivity studies show that although the default chosen conditions
resulted in a roughness value such that the M2 water level amplitude and phase were reproduced optimally,
multiple other combinations of default values would have resulted in qualitatively similar results, and hence
this coincidence does not affect the robustness of the results.

SPRING TIDE

In subsection 4.3.1 it was suggested that also for spring tidal conditions a tipping point could exist at which
the sediment supply became large enough for the system to turn hyperturbid. Such a tipping point was in-
deed found in the sensitivity analysis for csea once the depth averaged sediment concentration at the seaward
boundary increased 0.5 g/l. Once hyperturbid, csea could decrease down to 0.3 g/l before the sediment con-
centrations became low again. As a consequence of this hysteresis, two equilibrium states exist for values of
csea between 0.3 and 0.5 g/l as can be seen in Figure 4.20. For the low concentration state, we stated that
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the M2- and M4 water level amplitudes were underestimated by the model, whereas the phases were slightly
overestimated (i.e. underestimation of the propagation of the tidal waves). In Figure 4.25, water level ampli-
tudes and phases are presented for the estuary in hyperturbid state (csea=0.39 while decreasing). It can be
seen that both the M2- and the M4 water level amplitudes got amplified in the hyperturbid state, though this
amplification is slightly overestimated. Although the general patterns of the tidal phases are captured well,
especially the M4 tidal phase is underestimated significantly.

(a) Water level amplitude

(b) Water level phase

Figure 4.25: Modelled (solid lines) and observed (dots) water level amplitude and phase of the subtidal M0 (blue), M2 tide (green) and
M4 tide (orange) for spring tide, in case of hyperturbid conditions.

In Figure 4.26, the individual contributions to the transport capacity are compared between the cases with
low- and high sediment concentrations for spring tidal conditions. A comparison was made for a value for
csea of 0.39 kg/m3 at which the system has two equilibrium states (see Figure 4.20). Like we found for neap
tidal conditions, contributions due to the external M4 tide and the baroclinic pressure gradients got ampli-
fied. However, unlike we found for neap tidal conditions, contributions due to sediment advection and river
flow are amplified significantly as well. As a consequence, the total transport capacity still shows importing
and exporting regions in the first 50 km of the estuary, resulting in a restricted supply of sediments towards
the ETM. With other words, even for hyperturbid conditions the Loire estuary remains supply limited ( f < 1
in the ETM, not shown) for spring tidal conditions.

In this chapter, we have seen that the Loire estuary in hyperturbid state tends to import fine sediments during
neap tide. During spring tide however, the Loire still has a strong tendency to export sediments in the first
part of the estuary, even when the estuary is in hyperturbid state. In this research, the supply limitation of the
sediment concentrations during spring tide has been overcome by increasing the depth averaged sediment
concentration at the seaward boundary to 0.5 g/l. Though this concentrations is measured from time to time,
it is uncommon during periods of low river discharge. In reality, high concentrations of suspended sediment
are especially measured during spring tide. Therefore, based on the findings of this chapter, we hypothesize
that sufficient easy fine sediment is imported during neap tide to reach high sediment concentrations in the
ETM during spring tide.
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Figure 4.26: A comparison of the various contributions to the total transport capacity (in black) considering spring tidal conditions for
low- (dashed lines) and high concentrations (solid lines)



5
CONSEQUENCES OF DEEPENING

Human interventions in the Loire estuary have taken place for centuries. Focussing on the 20th century, these
interventions mainly comprised deepening campaigns. Alongside these deepening campaigns, significant
amplification of the tidal range and sediment concentrations in the Loire observations are observed. Main
question that will be answered in this chapter is whether these deepening activities can be held responsible
for these observed changes in tidal range and sediment concentrations.

5.1. RESPONSE TO DEEPENING
To investigate the response of the Loire estuary to deepening activities, model simulations have been per-
formed in which only the depth has been varied. Starting with the 1900 bathymetry (α=0) and increasing the
depth towards the current bathymetry (α=1, see Equation 3.3) keeping all other model parameters constant.

5.1.1. TIDAL RANGE
A first indication of the relation of the depth-parameter α to the corresponding year has been given in chap-
ter 3, based on deepening campaigns. Another way to link the value of the depth-parameter α to intermedi-
ate years between 1900 and 2010, is to compare observed and modelled tidal ranges. As tidal ranges for low
discharges are mainly reported for spring conditions, this comparison is done for spring conditions. How-
ever, since the hyperturbid conditions are not captured by the model while using the default settings (see
Table 3.7), the model results obtained for csea = 0.5 g/l are used instead. In addition to that, the tidal coeffi-
cient (i.e. the amplitudes of the tidal constituents at the boundary) occurring during measurements and used
for model computations do not entirely match. Therefore, the observed tidal ranges are corrected by multi-
plying with the ratio of the modelled tidal range divided by the observed tidal range at the boundary, such
that the tidal ranges at the boundary match for observations and model results. In Figure 5.1 both observed
(corrected) and modelled spring tidal ranges along the estuary are plotted. Though the bathymetry around
1900 is represented by α=0, the observed tidal range in 1903 lies somewhere in between the modelled tidal
ranges for α=0 and α=0.25. The shapes of the observed tidal ranges of 1938, 1978 and 1998-2011 are repro-
duced quite well for α-values of 0.7, 0.9 and 1.00 respectively. The overestimation of the tidal range between
km 30 and 60 was already presented in subsection 4.4.5, and was caused by the amplification of the tides due
to high sediment concentrations.

Figure 5.2 shows the link between the depth-parameterα and the corresponding year between 1900 and 2010,
based on two different approaches. In chapter 3, it was already mentioned that significant deviations are ob-
served between the intermediate bathymetries and the depth obtained by dredging campaigns. If we look
back at that approach (see Figure 3.5), these deviations are especially found near km 20 and km 40. The cur-
rent depth around km 20 was already reached around 1970 (see Figure 3.4. The depth of the estuary reaches
its minimum around km 20, which makes the depth at that location important for correct modelling the tidal
propagation. Apparently, a larger depth around km 20 is necessary to better capture the tidal motions. This
explains why we find a faster increase of the α-value when we look at the tidal ranges. Since this approach
better captures the hydrodynamics within the first part of the estuary, the link between α and years found
with this approach is preferred.

55
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Figure 5.1: Modelled (solid lines) and observed(dashed lines) tidal ranges along the Loire estuary considering spring tidal conditions and
an average summer discharge of 250 m3/s.

Figure 5.2: Estimation of the link between the depth-parameter α and the corresponding year, based on depths obtained by dredging
campaigns (blue) or based on a comparison of observed and modelled tidal ranges (green).

5.1.2. SEDIMENT CONCENTRATIONS

The resulting subtidal near-bed concentrations along the estuary for neap and spring tidal conditions as pre-
sented in Figure 5.3. Regarding neap tidal conditions (Figure 5.3a), it can be seen that the ETM starts to shift
landward for alpha values larger than 0.5. However, for α-values larger than 0.9, this landward shift is ac-
celerated, followed by a sudden jump in sediment concentrations for α ≈ 0.95. From this, we can already
state that deepening activities were important for the Loire estuary to turn hyperturbid. In chapter 4, we
have already seen that such a strong jump in sediment concentrations was found once sediment-induced
turbulence damping became important. Based on the data presented in chapter 3, this jump in sediment
concentrations was expected for lower α-values. At first, this may be the case because the bathymetry be-
tween 1900 and now is approximated by linear interpolation between two bathymetrical profiles, but this
doesn’t necessarily imply that the relation between alpha and years has to be linear as well (see Figure 5.2).
Secondly, we have seen that the history of the estuary has a large influence on the actual state due to the
hysteresis phenomenon. And at last, we should be aware of the uncertainties of the model input.

For spring tidal conditions the jump to the hyperturbid regime is not captured by increasing the α-value,
but a landward shift of the ETM can be observed accompanied by widening of the ETM (see Figure 5.3b).
Simulation results show that further deepening of the Loire estuary might eventually result in hyperturbid
conditions, though only in the case of extreme deepening (approximated by extrapolating α to a value of 2.5
(not shown)). In subsection 4.4.2, we have seen that while considering spring tidal forcing for the current
bathymetry, hyperturbid conditions could be found for depth averaged sediment concentrations at the sea-
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ward boundary exceeding 0.5 g/l. Based on that finding, a sensitivity study has been performed for spring
tidal condition with csea equalling 0.5 g/l. For that case, a sudden jump in sediment concentrations could be
observed for α-values larger than 0.95 (like for neap tidal conditions, not shown).

(a) Neap tide (b) Spring tide

Figure 5.3: Subtidal near-bed sediment concentrations in (kg/m3) considering neap and spring tidal conditions and an average summer
discharge of 250 m3/s for increasing depth (α), with the location of the ETM represented with a thin grey line. The bathymetry in the
year 1900 is represented by α=0, and the bathymetry around the year 2000 by α=1.

Figure 5.4 shows the maximal sediment concentrations in the estuary considering both deepening and un-
deepening (increasing- and decreasing α respectively) for the neap tidal case. Coming from the hyperturbid
state, we can see that hyperturbid conditions can be found until alpha drops below 0.7. We have already seen
that the history of the estuary plays an important role in the actual state of the estuary. So when conditions
exist for which high sediment concentrations already occur for lower alpha values, we see that for the default
settings (average summer conditions) the estuary could remain hyperturbid for α larger than 0.7. Whether it
is likely that such conditions exist will be investigated more thoroughly in section 5.3.

Figure 5.4: Maximum near-bed sediment concentrations that can be found for increasing (green) and decreasing (blue) α considering
neap tidal conditions.

5.2. ANALYSIS OF PHYSICAL MECHANISMS
In Figure 5.5 the total transport capacities for increasing α-values considering neap tidal conditions are de-
picted. For α-values increasing from 0 to 0.97, an increasing sediment import can be observed along the first
5 km of the estuary, whereas the exporting transport capacity between km 5 and 40 reduces significantly. For
α > 0.98, the transport capacity of the Loire estuary becomes importing along the first 35 km. We already
know that this sudden jump in the total transport capacity coincides with the sudden jump from low to high
sediment concentrations. A closer look to the various contributions to the total transport capacity and their
development over time should provide some more insight in the actual causes of this transition.
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Figure 5.5: The total transport capacity considering neap tidal conditions and an average summer discharge of 250 m3/s for an increasing
depth, with α= 0 representing the bathymetry in 1900 and α= 1 representing the Thalweg levels in the year 2000.

For the 6 most important mechanisms in the year 1900, their contribution to the total transport capacity
is shown in Figure 5.6 for the 4 key-years as mentioned in Figure 3.5. To visually capture the effect of the
high sediment concentrations, the transport contributions for an alpha-value of 0.95 are plotted as well. Fur-
thermore, in contrast to the analysis of the current state of the estuary presented in chapter 4, the contri-
butions due to tidal return flow and velocity-depth asymmetry are considered in this analysis as well (ex-
plained below). Regarding development over time, especially these two contributions were subject to signif-
icant changes. For each of the six contributions to the total transport, the changes over time are discussed
below:

• At first we look at the baroclinic contribution to the transport capacity (Figure 5.6a). While increasing
the depth, the transport capacity caused by density driven flows increases as well. The increase in
transport capacity is gradual up toα = 0.95, after which the contribution got amplified significantly. The
gradual increase is caused by the strengthening of the gravitational circulation due to deepening, while
the sudden amplification is due to the strong sediment stratification once the estuary is hyperturbid.

• If we look at the contribution of the transport capacity due to the external M4-tide (Figure 5.6b) deep-
ening has had pronounced effects. Starting with α = 0, the tidal asymmetry caused sediment import
in the first 10 km, but export of sediments in the rest of the estuary. This exporting character tends to
shift to an importing character for increasing alpha. For alpha-values exceeding 0.3, the external M4

tide causes import of sediments in the first 50 km of the estuary. Once the estuary turns hyperturbid, a
strong amplification of this contribution can be observed along the entire first 60 km.

• Changes in depth only had limited effects on the contribution due to sediment advection (Figure 5.6c).
Its tendency to move sediments towards the location with minimal tidal velocities results in equally
shaped transport capacity curves. As a consequence of the increasing depth, tidal velocities increased,
which in turn caused the contribution to sediment advection to increase gradually. Once high sedi-
ment concentrations are found, the velocity profile along the estuary changes resulting in a shifted, but
similarly shaped transport capacity curve.

• The exporting contribution due to the river (Figure 5.6d) remained fairly constant over the years. As
a consequence of deepening, river induced velocities are reduced for equal river discharge. However,
as long as the sediments stirred up by the tidal motion are distributed fairly uniformly over the water
column, the integral of the velocities over depth times the uniform distributed sediment profile remains
equal. This explains why the contribution to the transport capacity due to the river remains constant.
Nevertheless, once the sediment distribution over the water column gets more stratified, changes in
the velocity profile got important as well. This is why the exporting contribution slightly decreases
once high sediment concentrations are found.

• Within iFlow, the contribution due to Stokes drift and a corresponding return flow is captured by the
tidal return flow contribution (Figure 5.6e). Stokes drift, firstly described by Stokes (1847), is the residual
motion of a water particle in the direction of the wave caused by the difference in velocities in its or-
bital motion. Water particles moving slightly faster under the crest of the wave than under the through
causing a net mass transport, accompanied by import of sediment. This net mass transport is com-
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pensated by the tidal return flow, which typically causes export of sediments (Longuet-Higgins, 1969).
Figure 5.6e shows that this tidal return flow is dominating the transport capacity for α < 0.95. However,
the exporting capacity reduces significantly for increasing depth over the first 30 km. For α = 1, the
contribution due to the Stokes drift becomes dominating, hence sediments import can be observed.

(a) Baroclinic (b) External M4 tide

(c) Sediment advection (d) River

(e) Tidal return flow (f) Velocity-depth asymmetry

Figure 5.6: The development over time of the various contributions to the total transport capacity indicated withα-values corresponding
to the key-years from Figure 3.5. In each sub figure, the transport capacity corresponding toα= 0 is depicted in blue, forα= 0.25 in green,
for α= 0.60 in orange and for α= 1.00 in red.

• The water level varies over a ebb-flood cycle, and hence the depth changes. Due to this depth variation,
the velocity profile varies. This is captured in the transport capacity by the velocity-depth asymmetry
(Figure 5.6f). For all values of alpha, the contribution to the transport capacity has an exporting char-
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acter between km 0 and 15. From km 15 onwards, the transport capacity due to the velocity-depth
asymmetry becomes importing as long as sediment concentrations remain low. For α = 1, its contri-
bution becomes exporting along the entire first 50 km. With respect to the other contributions to the
total transport capacity, the contribution due to velocity-depth asymmetry is only important for small
α-values.

To conclude this section, we stepwise summarize the effects of deepening on the different physical processes
in the Loire estuary. At first we restrict ourselves to the first 20 km of the estuary and only look at cases with
low sediment concentrations (α≤ 0.95). All described changes, except sediment advection, have a positive or
neutral effect on the import of sediments. If we look at the section of the estuary between km 20 and 50, only
the changing velocity-depth asymmetry acts unfavourable regarding sediment import. These changes in the
different contributions explain the changes in the total transport capacity as presented before in Figure 5.5.
At some point, the sediment supply becomes large enough for the estuary to turn hyperturbid. At that point,
the importing contributions due to the baroclinic transport and the external M4 tide got amplified, the export
by the river got dampened and the contributions to the total transport capacity due to the tidal return flow
and the velocity-depth asymmetry got reversed.

5.3. SENSITIVITY STUDY
We have seen that the estuary had a strong exporting character before the deepening activities took place.
This exporting character decreased gradually for increasing depth, and at some point the estuary turned hy-
perturbid. When this transition happened in reality is hard to determine from the data. In addition to that,
we have seen that different model settings may make the modelled system more susceptible to high sediment
concentrations.

To investigate for whichα hyperturbid conditions could be found in the estuary, an extensive sensitivity study
has been performed for neap tidal conditions by varying multiple input parameters. Besides the depth α ,the
other parameters that have been varied are the clear water settling velocity ws,0, the seaward depth aver-
aged sediment concentration csea and the river discharge Q1. The ranges between which these parameters
have been varied are chosen in the same way to the single-parameter sensitivity studies discussed in sec-
tion 4.4. For every experiment, with a total number of experiments equal to 14.157 (1287 different conditions
for 11 depth-profiles), we are interested in the location and the magnitude of the ETM. For stability reasons
of the iFlow model, the α values are run from high to low, hence starting with a recent bathymetry towards
a historical bathymetry. As a consequence of the hysteresis which we observed before (see Figure 5.4), when
hyperturbid conditions are found for α= 1, these hyperturbid are more likely to be found for lower values of
α as well. Therefore, results should be treated with care.

The maximum near-bed sediment concentrations along the estuary for all single experiments have been col-
lected in a 2D histogram which is presented in Figure 5.7. The darker the colour of the bin, the more exper-
iments fell in that bin, hence the higher the probability of occurrence of that near-bed suspended sediment
concentration. Distinction can be made between several zones. At first, the first bin in the vertical (0-1 kg/m3)
represents most of the experiments. From left to right, so for increasing depth, the intensity of the colour de-
creases. This means that a deeper estuary is less likely to have a low maximum concentration. Another typical
zone is 1-5 kg/m3. Sediment concentrations within this range are likely to occur for low values of alpha, and
the likelihood to find such concentrations decreases while alpha increases. Further analysis shows that exper-
iments within this band corresponds to experiments with an ETM between 0-20 km (not shown). Apparently
for certain input parameters and low alpha-values, sediment concentrations in this range could occur with-
out initiating the sediment-induced turbulence damping, and therefore without shifting to the hyperturbid
state. The third typical zone covers maximum concentrations larger than 5 kg/m3. We can see that for low
values of alpha, there are no experiments that resulted in sediment concentrations larger than 5 kg/m3. For
increasing alpha, starting at α = 0.2, we can observe a gradual increase in colour intensity, indicating that it
becomes more likely to find sediment concentrations in this range. Though the colour is not so intense, in-
dicating a low probability of occurrence, sediment concentrations up to 50 kg/m3 are found for certain input
parameters.
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Figure 5.7: 2D histogram indicating for every value of alpha (0, 0.1, 0.2 and so on) the number of experiments for which the maximum
near-bed sediment fell in a certain range. The bins on the y-axis have a size of 1 g/l.

Figure 5.8 shows a similar 2D histogram for the location of the ETM. Like we found for the maximum sedi-
ment concentration, the highest colour intensity is found in the lowest bin (0-1 km). When the location of
the ETM is found in the first km of the estuary, the ETM is washed out of the estuary entirely. For increasing
values of alpha, distinction can be made between two bands. The first band ranges between 1-20 km, while
the second can be found between 25-40 km. Both bands have an increasing colour intensity for increasing
values of alpha, which means that a deeper estuary is more likely to have an ETM more landward. Regarding
the lower band, we see that increasing the depth results in a landward shift of the ETM. Similar results have
been found in Figure 5.3a, where we observed a gradual landward shift of the ETM followed by an accelerated
shift around α = 0.95. The higher band captures the simulations for which the ETM was located between
km 25 and 40. Using the default settings, we have seen that once the estuary turned hyperturbid, the ETM
shifted towards this region. Nevertheless, for increasing alpha, a gradual seaward shift of the ETM can be
observed. The seaward shift for larger depth follows from the balance between the importing contribution
due to the external M4-tide and the exporting contribution due to the river. For a highly stratified estuary, a
larger depth reduces the exporting contribution due to the river, since the river-induced velocities near the
bottom are reduced. Nevertheless, the importing contribution due to the external M4 tide got damped even
more, resulting in a net seaward shift of the ETM.

Figure 5.8: Number of experiments per value of alpha for which the ETM is located at a certain location. The bins on the y-axis have a
size of 1km.

When hyperturbidity in the Loire is discussed in literature, the location of the ETM is always considered to be
around Cordemais (km 26) or further landward. For that reason, we will investigate the experiments causing
an ETM in the upper band in more detail. By restricting the experiments of interest even more while only
focussing at the experiments that actually resulted in hyperturbid conditions (max cbed > 5 g/l), some insight
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could be obtained in the importance of the different input parameters.

For the alpha-values 0, 0.3, 0.6, 0.9 and 1, the model input (Q1,csea and ws,0) has been analysed of the ex-
periments that resulted in near-bed concentrations larger than 5 g/l between 25 and 40 km from the mouth.
For each value that these three input parameters could obtain, the number of experiments fulfilling these
restrictions has been plotted in Figure 5.9. Starting with the river discharge, it can be seen that for discharges
below 200 m3/s, hyperturbid conditions already could occur for α = 0.3. However, for discharges larger than
200 m3/s, hyperturbidity is not found any more for α = 0.3, and the number of experiments resulting in hy-
perturbidity for larger values of alpha also reduces significantly. For a river discharge of 450 m3/s, only for α
= 0.9 and α = 1.0, very limited experiments with high sediment concentrations are found.

The same analysis has been done for the depth-averaged sediment concentration at the seaward boundary.
The larger this concentration, the more simulations resulted in high sediment concentrations between km
25 and 40. Besides that, we can clearly see that the likelihood that the system is hyperturbid increases for
increasing alpha. Even for simulations with csea = 0.01, high sediment concentrations could be found for
sufficiently large depth (α> 0.9).

The last input parameter that has been analysed is the clear-water settling velocity ws,0. For very small set-
tling velocities, no high sediment concentrations are found. However, where we found the shift towards high
sediment concentrations in the single-parameter sensitivity study of section 4.4 exactly at 0.002 m/s, this
study shows that this regime shift could also be obtained with smaller settling velocities.

In this section, we have seen that an increasing depth always leads to an increased likelihood to find high
sediment concentrations, independent of the conditions. A similar sensitivity study is performed for spring
tidal conditions. Since qualitatively similar results are found, these are not treated in detail here. The main
result that followed from the spring tidal analysis is that also for spring tidal conditions no hyperturbid state
could be found for low values of α, and for α > 0.5, the likelihood to find hyperturbid conditions increased
with increasing α, accompanied by a landward shift of the ETM. Detailed results can be found in Appendix E.
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Figure 5.9: Number of simulations that have a near-bed sediment concentration larger than 5 g/l between km 25 and 40, sorted for 5
different values of alpha and 3 different input parameters.





6
DISCUSSION AND CONCLUSIONS

6.1. DISCUSSION
The goal of this research was to investigate the role deepening played in the observed regime shift to high sed-
iment concentrations in the Loire estuary. Drawing robust conclusions despite the large range of uncertainty
and variability in reported observations and model parameters asked for an innovative approach. Extensive
sensitivity studies are used to map the influence of these uncertainties on the sediment dynamics on a global
scale in a qualitative way (i.e. location and the order of magnitude of the ETM). The large amount of simu-
lations that needed to be performed and the interest in processes on a global scale justify the choice for an
idealised model. Nevertheless, idealised models are characterised by a high degree of simplification with ac-
companying inadequacies. This section discusses the robustness of the results by considering the effects of
several of these simplifications.

6.1.1. SIMPLIFIED GEOMETRY
The first simplification that is considered is the use of a simplified geometry. In reality, the Loire is a river with
multiple bends that turns into an estuary (while approaching the sea) which includes a main channel, shallow
zones and several intertidal areas. In this research, the Loire has been schematised as a straight channel with
a rectangular cross-section of which the depth and width may smoothly vary in along-channel direction. As a
consequence, bend-induced spiral motions and small-scale turbulence near sharp transitions in the bottom
and/or width are not accounted for. The model formally averages over small scales, parametrizing the effect
on the small scales (e.g. the horizontal eddy diffusivity). So although such processes certainly play a role on a
local scale, the scaling approach used to derive the governing equations as presented in chapter 2 only holds
on a global scale. Hence, the results can be used to describe global patterns in a qualitative way, but a more
detailed modelling approach is desired when detailed local processes are of interest.

Furthermore, a width-averaged approach has been applied, i.e. processes and variations in the lateral di-
rection are not considered. Since water levels are reproduced well, one might think, based on continuity,
that velocities should be reproduced too. However, though not presented in the results, a comparison of
reported velocity observations (probably taken in the main channel) and model results showed an underes-
timation of the velocities in the model. This is likely caused by the width-averaging of the flow, resulting in
an underestimation of the flow velocities in the main channel and an overestimation of the flow velocity in
the shallow parts. Consequentially, flow induced shear-stresses and turbulence (both measures of local re-
suspension) are likely to be underestimated in the main channel and overestimated in the shallow parts as
well. A more precise description of the geometry may result in a better reproduction of local velocities (e.g.
Friedrichs and Hamrick (1996)), and a different distribution of the sediment in the lateral direction. Using a
self-developed semi-idealised 3D model for estuarine turbidity, Kumar et al. (2017) showed that easy erodible
sediment tends to accumulate at the sides as a consequence of lateral processes. Nevertheless, the highest
concentrations of suspended sediment were still found in the middle of the channel and the location of the
ETM hardly changed. On the one hand, since we have seen that sediment concentrations are important for
the tipping point of the regime shift, we could argue that a better representation might provide more insight.
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On the other hand, the large amount of experiments treated in this research all show, despite the large range
of uncertainty, the same global tendency towards a more importing system as a consequence of deepening.
Therefore, to predict the exact tipping point, a more detailed approach might be desired, but for investigating
the potential role of deepening, I would argue that the approach used in this research already suffices.

6.1.2. SIMPLIFIED SALINITY
Within this thesis, a subtidally constant, well-mixed salinity field is assumed. Observations by the SYVEL net-
work (GIP (2011b)) confirm that the Loire estuary is well-mixed during spring tide and low river discharge.
During neap tide conditions however, already some stratification can be observed. This stratification be-
comes much stronger for high river discharges. Salinity induced stratification could result in damping of
turbulence in a similar way as sediment induced stratification, which was found the be of crucial importance
for the system to turn hyperturbid. From this, we could argue that if salinity stratification contributes to the
turbulence damping, a regime shift possible could be found in an earlier stage for default settings. However,
this hypothesis should be investigated in further research.

Furthermore, while investigating the effects of deepening, the prescribed salinity field remained constant.
However, although there is hardly any quantitative data about historical salinity, multiple sources (e.g. CSEEL
(1984); Paape (1994); GIP (2017)) qualitatively describe enhanced saline intrusion over the 20th century. Using
the present-day salinity field for the historical depths probably results in an overestimation of the sediment
import due to the baroclinic contribution, hence an overestimation of the historical likelihood of hypertur-
bidity. Therefore, it is safe to say that this simplification does not affect the main conclusions of this research.

6.1.3. TRANSITION TO HYPERTURBIDITY
The set of equations as presented in chapter 2 holds for the low concentration regime and the transition to-
wards the hyperturbid regime. However, certain assumptions become debatable once the system turns to the
state with high sediment concentrations. For example, we neglected the influence of suspended sediment on
the density, whereas the contribution to the density of salinity and hyperturbid sediment concentrations are
approximately of the same order. Besides that, iFlow lacks some essential processes to capture the sediment
dynamics within the ETM in the hyperturbid regime (Dijkstra et al., 2019c). Therefore, conclusions should be
restricted to the low-concentrations regime and the transition towards the hyperturbid regime, whereas the
results within the hyperturbid conditions should be considered with care.

6.1.4. DYNAMIC FORCING
In this research, the sediment concentration equilibrium condition is modelled with a constant tidal forcing
and constant river discharge. In reality however, the river discharge varies on a seasonal timescale and the
tide shows a spring-neap variation on a bi-monthly timescale. Though not considered in this research, iFlow
has been extended to include such dynamical forcing on a seasonal timescale (Brouwer et al., 2018) and to
include spring-neap tidal variations (Bouwman, 2019).

Considering spring tidal conditions, we have seen that although the estuary tends to form an inland ETM,
sediment concentrations in the Loire estuary are limited by supply of sediments from the sea. We have also
seen that in the present day situation, the estuary tends to import sediment during neap tidal conditions.
By including a spring-neap tidal variation of the tidal forcing, we could argue that sediments are imported
during neap tide, and resuspended during spring tide, resulting in the high sediment concentrations near
the surface as observed during spring tide. Although strong indications are found for this hypothesis, it still
needs to be further investigated.
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6.2. CONCLUSIONS
According to the hypothesis of Winterwerp and Wang (2013), channel deepening in the Loire estuary would
have led to a regime shift towards a hyperturbid state in the Loire estuary. Three research questions were
posed in chapter 1, together providing a systematic approach of understanding the mechanisms in the Loire
estuary, and verifying the hypothesis of Winterwerp and Wang (2013). The answers to these research ques-
tions are discussed below.

"What are the governing processes regarding sediment dynamics in the current state of the Loire estuary?"
In chapter 4, we have identified the governing processes in the Loire estuary using an iFlow model. By defin-
ing a sufficiently high erosion parameter, the model is capable of qualitatively reproducing observed water
levels and sediment concentrations for neap tidal conditions. The contributions of different physical pro-
cesses varied significantly for spring and neap tide, as well as for high and low sediment concentrations.

- At first, we consider the regime with low concentrations of suspended sediment. The contributions
to the transport capacity forced by the tidal asymmetry induced by the river and external M4 tide are
important exporting and importing contributions respectively. In the first 10 km of the estuary, they
balance each other, which makes the transport contribution due to spatial settling lag governing the
total transport capacity. Consequentially, an ETM is found around km 5 for both spring and neap tide.
From 10 km onwards, the exporting river contribution dominates the import due to the external M4

tide for both spring and neap tide. This results in an exporting transport capacity in the rest of the
estuary for neap tidal conditions. The total transport capacity for spring tidal conditions however is
governed by the contribution due to spatial settling lag. As a consequence, an ETM is found around km
35, but also a strong exporting capacity is found in the first 20 km of the estuary. From km 50 onwards,
the exporting river contribution is dominating for both spring and neap tide.

- Secondly, the hyperturbid state of the estuary is considered. As a consequence of the sediment induced
turbulence damping, the contributions due to a baroclinic pressure gradient and the ext. M4 tide are
amplified, whereas the other contributions remained more or less equal for neap tide. Consequen-
tially, the total transport capacity shows an importing tendency in the first 35 km resulting in an ETM
around km 35. A similar amplification of the baroclinic and ext. M4 tide is found for spring tide, but
in contrast to neap tide, the other contributions are amplified as well. Consequentially, for spring tide
similar processes are found to govern the distribution of sediments with and without high concentra-
tions of suspended sediment. Whether hyperturbid conditions are found depends on the amount of
easy erodible sediment near the ETM at km 35, which is probably governed by the import during neap
tidal conditions (topic for further research, see subsection 6.1.4).

"How are these processes affected by deepening in the Loire?"
The effects of deepening on the physical processes are investigated using a sensitivity study in which only
the depth is varied (see chapter 5). Regarding the transport capacity for the 1900 state, next to the baroclinic,
ext. M4 tide, sediment advection and the river contributions, the contributions due to the tidal return flow
and velocity-depth asymmetry played a role as well. Within the first 20 km of the estuary, deepening either
increased the import, reduced the export or had no effects for all specific contributions to the total transport
capacity, except for the exporting contribution due to sediment advection which increased. In the second part
of the estuary (km 20-50), deepening only decreased the import caused by velocity-depth asymmetry, where
the effects on the other contributions either enhanced sediment import or were neutral regarding sediment
import. Once the estuary turns hyperturbid, the import by the baroclinic and ext. M4 tide are dominant as
stated before. Although deepening sometimes locally resulted in an increased exporting contribution due
to one of the physical processes, it generally resulted in enhanced sediment import or decreased sediment
export.

"Can these effects be held responsible for the regime shift in the Loire estuary?"
In the previous sub-question, we concluded that, as a consequence of deepening, the transport capacity in
the Loire became much more favourable for the import of sediment. In order to determine the robustness
of these findings, an extensive sensitivity study is presented in section 5.3, which contained 14.157 simula-
tions (1287 conditions for 11 bottom profiles over time) to capture the influence of uncertainties in multiple
input parameters (clear-water settling velocity, river discharge and seaward sediment concentration). For
bathymetrical profiles representing the 1900 state, no hyperturbid concentrations are found, whereas the
likelihood to find hyperturbidity clearly increases for increasing depth, independent of the 1287 different
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conditions. From this we can conclude, that the observed regime shift towards high sediment concentra-
tions, would not have happened without the deepening of the Loire estuary.

"Does the hypothesis of Winterwerp and Wang (2013) hold for the Loire estuary?"
According to the hypothesis of Winterwerp and Wang (2013), deepening of the estuary reduces river flushing
and enhances tidal amplification which could initiate a positive feedback loop. Although a slight dampening
of the river flushing is observed for the hyperturbid state of the Loire estuary, river flushing remained more or
less equal for different depth profiles as long as the sediment concentrations remained low. Hence, reduced
river flushing played a minor role in the regime shift towards a hyperturbid state. Nevertheless, deepening
clearly resulted in amplification of the tide. An amplification of the M4 tidal velocities enhanced sediment
import, due to an increased tidal asymmetry. The combination of the increased sediment concentrations
and the sediment induced turbulence damping results in a positive feedback loop, which further enhances
the sediment import. Eventually, hyperturbid conditions are found. This confirms the existence of a positive
feedback loop as suggested by Winterwerp and Wang (2013).
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A
HYDRODYNAMICS

This model will be used to evaluate the hydrodynamics within the Loire estuary. The governing equations are
already presented in chapter 2. At first, a short derivation for the relative phase difference between the M2

and M4 water level elevations is discussed. The remainder of this appendix elaborates on the perturbation
approach. Firstly, the scaling of the equations is presented. Secondly, leading-order and first-order equations
are derived. And finally, derivations regarding the typical forcing of the sediment dynamics are discussed.
This appendix provides additional information to chapter 2, and should not be read on its own.

A.1. EQUATIONS

A.1.1. HORIZONTAL BOUNDARY CONDITIONS
The relative phase difference can be expressed in terms of the distinct phases of the M2 and M4 components.
At first, the observed tidal motion at the seaward boundary is considered as the sum of a semi-diurnal and a
quarter-diurnal signal, each with their own phases φ:

ζ= ζM2 +ζM4 (A.1)

with:

ζM2 = AM2 cos(σt −ϕM2) = AM2 ·e iσt− ϕM2
σ (A.2)

ζM4 = AM4 cos(2σt −ϕM4) = AM4 ·e2iσt− ϕM4
2σ (A.3)

In order to achieve a zero phase of the semi-diurnal signal at the seaward boundary, the M2 signal should be

shifted with ϕM2/σ (multiplying with e
ϕM2
σ ). However, to keep the result of Equation A.1 equal, the M4 signal

should be shifted equally:

ζM2 → AM2 ·e iσt− ϕM2
σ ·e

ϕM2
σ = AM2 ·e iσt (A.4)

ζM4 → AM4 ·e2iσt− ϕM4
2σ ·e

ϕM2
σ = AM4 ·e2iσt e−

ϕM4
2σ + ϕM2

σ (A.5)

Substituting Equation A.4 and Equation A.5 into equation Equation A.1 and rewriting in the traditional cosine
form gives us:

ζ= AM2 cos(σt )+ AM4 cos(2σt − (ϕM4 −2ϕM2)) (A.6)

→φ=ϕM4 −2ϕM2 (A.7)
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A.2. SCALING

A.2.1. OVERVIEW OF PARAMETERS

A mathematical scaling analysis, a perturbation approach, will be used to identify the importance of the
individual terms in the equations. For this purpose, the equations need to be transformed to a dimensionless
system which can be done using scaling arguments. Typical scales (of parameters present in the equations)
are presented in Table A.1

Table A.1: Typical scales of individual parameters

Scale Dimensionless quantity
TM2 M2 tidal period t = TM2t∗
AM2 M2 tidal amplitude at the seaward side ζ= AM2ζ

∗
H0 Average depth at seaward side z = H0z∗ and R = AM2R∗
Lt i de Tidal wave length x = Lt i de x∗ for ux , wx ,ζx

Lconv Convergence length x = Lconv x∗ for Hx ,Bx

Rx Typical density gradient ρx =Rxρ
∗
x∗

To get a feeling about the magnitude of the different parameters, a list with typical values for the Loire estuary
is presented in Table A.2.

Table A.2: Typical values of physical parameters in the Loire Estuary

Parameter Typical value Typical Order
TM2 44712 s O (104)
σM2 = 2π

TM2
(1/44712) s−1 O (10−4)

Lt i de 100km = 105m O (105)
AM2 1 m O (1)
H0 10-20 m O (10)
g 9.81 m/s2 O (10)

With these typical scales, scales of other parameters can be derived. This is done below for the horizontal and
vertical velocities (U and W respectively). At first, the depth averaged continuity equation (Equation 2.7) is
made dimensionless:

AM2

T
ζ∗t∗︸︷︷︸
=1

+ (H0 + AM2)U

Lt i de

1

B∗

(
B∗

∫ R∗+ζ∗

−z∗
u∗d z∗

)
x∗︸ ︷︷ ︸

=1

= 0 (A.8)

So:

AM2

T
∼ (H0 + AM2)U

Lt i de
(A.9)

→U ∼ AM2L

T (H0 + AM2)
(A.10)

Deriving an expression for W using the continuity equation Equation 2.2:

wz + 1

B
(Bu)x = 0 (A.11)

W

H0
w∗

z∗ +
BU

BLt i de
(B∗u∗)x∗ = 0 (A.12)

→W ∼ U H

Lt i de
= AM2H0

T (H0 + AM2)
(A.13)
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Table A.3: Derived scales for parameters in momentum equation

Derived Scale Dimensionless quantity
U Typical horizontal velocity of the M2 tide u =U u∗
W Typical vertical velocity of the M2 tide w =W w∗
N Typical eddy viscosity Av =N A∗

v

Table A.4: Typical values of physical parameters in the Loire Estuary

Parameter Typical Order

U ∼ AM2L
T (H0+AM2) O (1)

W ∼ U H
Lt i de

O (10−4)

N
H 2

0
TM2

O (105)

To compare the order of magnitude of different terms, the order of magnitude ε is defined

ε= AM2

H0
¿ 1 (A.14)

Furthermore, it is assumed that the typical length scales of tidal waves and bathymetrical changes are of the
same order. As a consequence, non-linear advection terms become of O (ε), and hence all leading order terms
become linear. Moreover, the horizontal density gradient is assumed to be small, resulting in a baroclinic
pressure term of O (ε). Finally, it is assumed that the horizontal diffusion term is of O (ε2).

A.2.2. MOMENTUM EQUATION
The next step in the perturbation approach is rewriting the equations in a dimensionless form using the
dimensionless quantitities from Table A.1 and Table A.3, starting with the width-averaged momentum equa-
tion:

U

T
u∗

t∗ +
UU

L
u∗u∗

x∗ + W U

H
w∗u∗

z∗ =−g
A

L
ζ∗x∗ − gRx (H0 + AM2)

ρ0

∫ R+εζ∗

−z∗
ρ∗

x∗ + N U

H 2 (A∗
v u∗

z∗ )z∗ (A.15)

Secondly, the whole equation is divided by U
T

u∗
t∗ +

TU

L
u∗u∗

x∗ + W T

H
w∗u∗

z∗ =−g
AT

U L
ζ∗x∗ − gRx (H0 + AM2)T

ρ0U

∫ R+εζ∗

−z∗
ρ∗

x∗ + N T

H 2 (A∗
v u∗

z∗ )z∗ (A.16)

Substituting the expressions for U and W (presented in Equation A.10 & Equation A.13) into Equation A.16,
results in:

u∗
t∗︸︷︷︸

O (1)

+ A

H + A︸ ︷︷ ︸
O (ε)

u∗u∗
x∗︸ ︷︷ ︸

O (1)

+ A

H + A︸ ︷︷ ︸
O (ε)

w∗u∗
z∗︸ ︷︷ ︸

O (1)

=−g (H + A)
T 2

L2︸ ︷︷ ︸
O (?)

ζ∗x∗︸︷︷︸
O (1)

− gRx (H0 + AM2)T

ρ0U︸ ︷︷ ︸
O (?)

∫ R+εζ∗

−z∗
ρ∗

x∗︸ ︷︷ ︸
O (1)

+

+ N T

H 2︸ ︷︷ ︸
O (?)

(A∗
v u∗

z∗ )z∗︸ ︷︷ ︸
O (1)

(A.17)

Further investigation of the unknown terms in Equation A.17 is presented below:

g (H + A)
T 2

L2 = g (H + A)
1√
g H

2 ≈ g H

g H
→O (1) (A.18)

N [m2/s] ∼ H 2

T
→ N T

H 2 =O (1) (A.19)
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The last remaining term is a bit harder to estimate. For this we need to remember that the wave celerity
cE can be estimated with cE = L

TM2
as well as cE = √

g H0. Moreover, the internal wave celerity cI can be

approximated with cI = cE · Rx L
ρ0

. With this, and replacing U by Equation A.10 and neglecting the amplitude
AM2 with respect to the water depth H0, the unknown term can be rewritten as:

=c2
E︷︸︸︷

g H0 Rx

=L/cE︷︸︸︷
T

ρ0 U︸︷︷︸
= AM2L

T H0

= cE Rx

=L/cE︷︸︸︷
T

ρ0

H0

AM2
= Rx L

ρ0

H0

AM2︸ ︷︷ ︸
O (ε−1)

= cI

U
(A.20)

The term cI
U is also known as the internal Froude number and is estimated to be of order ε. Knowing this, an

order of magnitude for the density gradient Rx can be estimated with

Rx L

ρ0
=O (ε2) (A.21)

However, the integration boundaries in this term contain the water surface elevation ζwhich is of order ε. The
integral boundary should therefore be linearised around ζ= R by use of a Taylor expansion. This is presented
below:

∫ R∗+εζ∗

z∗
ρ∗x∗d z̃ =

∫ R∗

z∗
ρ∗x∗d z̃ +ερ∗x∗ (R∗)ζ∗+ ... (A.22)

Now the magnitude of all the terms of the momentum equation are known, the dimensional momentum
equation can be written as:

ut︸︷︷︸
O (1)

+uux︸︷︷︸
O (ε)

+wuz︸︷︷︸
O (ε)

=−g (Rx +ζx )︸ ︷︷ ︸
O (1)

−g
∫ R

z

ρx

ρ0
d z̃︸ ︷︷ ︸

O (ε)

−gζ
ρx (R)

ρ0︸ ︷︷ ︸
O (ε2)

+ (Av uz )z︸ ︷︷ ︸
O (1)

(A.23)

BOUNDARY CONDITIONS

The boundary conditions for the width-averaged momentum equation are presented by Equation 2.3-Equation 2.6.
The dimensionless boundary conditions at the surface z̃ = R∗+εζ∗, are found using again a Taylor expansion
around z̃ = R∗ for u and w :

w∗+εζ∗w∗
z = ζ∗t∗ +ε

(
u∗+εζ∗u∗

z

)
ζ∗x∗ (A.24)

A∗
v u∗

z +εA∗
v u∗

z∗z∗ζ
∗ = 0 (A.25)

Resulting in the dimensional form of the boundary conditions with the following typical order of magnitude

w︸︷︷︸
O (1)

= ζt︸︷︷︸
O (1)

+uζx −ζwz︸ ︷︷ ︸
O (ε)

+ uzζ︸︷︷︸
O (ε2)

(A.26)

Av uz︸ ︷︷ ︸
O (1)

=− Av uzzζ︸ ︷︷ ︸
O (ε)

(A.27)

Since the boundary equations near the bed only contain two terms, we now up front that these terms are of
equal order of magnitude:

w︸︷︷︸
O (1)

=−uHx︸︷︷︸
O (1)

(A.28)

Av uz︸ ︷︷ ︸
O (1)

= s f u︸︷︷︸
O (1)

(A.29)
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A.2.3. DEPTH AVERAGED CONTINUITY EQUATION
The dimensionless form of the depth-averaged continuity equations already has been presented in Equa-
tion A.8. To derive an expression for the typical horizontal velocity, we already used that all terms are of
the same order. However, the integration boundary εζ∗ forms an exception, and should therefore again be
linearised using a Taylor expansion around ζ= R:

∫ R∗+εζ∗

z∗
u∗d z̃ =

∫ R∗

z∗
u∗d z̃ +εζ∗u∗(R∗)+ ... (A.30)

Using this linearisation, the terms in the depth-averaged continuity equation typical scale like

ζt︸︷︷︸
O (1)

+ 1

B

(
B

∫ R

−H
ud z

)
x︸ ︷︷ ︸

O (1)

+ (Bζuz=R )x︸ ︷︷ ︸
O (ε)

= 0 (A.31)

BOUNDARY CONDITIONS

The horizontal boundary conditions corresponding to the depth-averaged continuity equation can also be
written in a dimensionless form. At first, the tidal forcing on the seaward boundary is considered (i.e. x∗ = 0):

ζ∗ = cos t∗+ AM4

AM2
cos(t∗−φ) (A.32)

in which AM4/AM2 is assumed to be of order ε, such that the terms in the seaward boundary condition typi-
cally have the following order of magnitude

ζ(0, t ) = AM2 cos t︸ ︷︷ ︸
O (1)

+ AM4 cos(t −φ)︸ ︷︷ ︸
O (ε)

(A.33)

The boundary condition at the landward side, x∗ = 1, written in a dimensionless form reads

B∗H0U
∫ R∗+εζ∗

−H∗
u∗d z̃ =−Q (A.34)

Again using a Taylor expansion around z = R∗ to linearise the upper bound of the integral, and rewriting the
equation results in ∫ R∗

−H∗
u∗d z̃ +εζ∗u∗

z=R∗ =− Q

B∗H0U
(A.35)

in which can be seen that the ratio of the river discharge to the typical tidally induced horizontal discharge
determines whether the river discharge is a leading-order or first-order forcing mechanism to the system.
The dimensional expression with typical order of magnitudes per term becomes∫ R

−H
ud z︸ ︷︷ ︸

O (1)

+ζuz=R︸ ︷︷ ︸
O (ε)

=− Q

B︸︷︷︸
O (1) or O (ε)

(A.36)

A.3. ORDERING
The solutions u, w and ζ are written as a power series of the small parameter ε

u = u0 +u1 +u2 + ...

w = w0 +w1 +w2 + ...

ζ= ζ0 +ζ1 +ζ2 + ...

in which u0, w0 and ζ0 are of O (1), u1, w1 and ζ1 of O (ε) and so on. Additionally, partial slip parameter s f , eddy
viscosity Av and the forcing by the tide A and river discharge Q are written as similar series. By substituting
these expressions into the momentum equation (Equation A.23), a system of equations is found in leading
order
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O (1) : u0
t =−g (Rx +ζ0

x )+ (Av u0
z )z (A.37)

with boundary conditions

A0
v u0

z = 0 at z = R (A.38)

A0
v u0

z = s0
f u0 at z =−H (A.39)

And first order:

O (ε) : u1
t +u0u0

x +w0w0
z =−gζ1

x − g
∫ 0

z

ρx

ρ0
d z + (Av u1

z )z (A.40)

with boundary conditions

A0
v u1

z =−(A0
v u0

z )zζ
0 at z = R (A.41)

A0
v u1

z = s0
f u1 at z =−H (A.42)

Since the leading order terms already can be solved with the leading order equations, the only unknowns in
the first order equation are u1, w1 and ζ1. Rewriting the first order equation such that known ’forcing’ terms
are on the right hand side gives:

u1
t + gζ1

x − (Av u1
z )z =−(u0u0

x +w0w0
z )− g

∫ R

z

ρx

ρ0
d z (A.43)

By substituting the power series into Equation 2.7, the leading-order depth-averaged continuity equation
reads

ζ0
t +

1

B

(
B

∫ R

−H
u0d z

)
x
= 0 (A.44)

with boundary conditions

ζ0 = A0 at x = 0 (A.45)

B
∫ R

−H
u0d z =−Q0 at x = L (A.46)

Using the same approach, the first-order depth-averaged continuity equation can be formulated as

ζ1
t +

1

B

(
B

∫ R

−H
u1d z +Bu0

z=Rζ
0
)

x
= 0 (A.47)

for which the following boundary conditions apply

ζ1 = A1 at x = 0 (A.48)

B
∫ R

−H
u1d z =−Q1 −Bu0

z=Rζ
0 at x = L (A.49)

A.4. TYPICAL FORCING
By making certain assumptions about the external forcing (tides and river discharge), the solutions of these
equations become well-analysable. At first we restrict the external forcing to only consist of a subtidal sig-
nal and a semi-diurnal signal plus corresponding overtimes. Secondly, we assume that the only forcing at
leading-order is an M2 tidal constituent. Thirdly, the first-order hydrodyanmics forced by an M4 tidal con-
stituent (approximated to be of O (ε)). And finally, the river discharge is assumed to only appear at first-order
as well.
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Due to these assumptions, the leading-order velocity can be described with the M2 velocity component,
which can be written as:

u0 = û0 cos(σt ) (A.50)

with σ= 2π
T

Furthermore, we assumed that the external forcing for the first-order hydrodynamics are described by the
river discharge and an M4 tidal constituent. The rewritten form of the first-order equation (see Equation A.43)
however shows that the first-order hydrodynamics also depend on the leading-order advection and a baro-
clinic pressure. By substituting the known leading-order velocity u0 into this first- order solution, the advec-
tion part can be written as

u0 ·u0 = (
û0)2

cos2(σt ) (A.51)

Which can be rewritten by making use of the trigonometric identities as

(
û0)2

cos2(σt ) = (
û0)2 1

2
( 1︸︷︷︸

M0

+cos(2σt )︸ ︷︷ ︸
M4

) (A.52)

Now it can be seen, that once the leading order velocity only depends on the M2 tidal signal, the advection
term contains a subtidal (M0) and a M4 dependency, hence the entire first-order hydrodynamics can be de-
scribed with a subtidal (M0) and a M4 signal. This analysis can be extended for second, third and higher
orders in the same way, but that is out of the scope of this report and is therefore not presented here.





B
SEDIMENT DYNAMICS

Since the model will be used to evaluate sediment concentrations within the Loire estuary, the sediment
dynamic equations will be elaborated as well. The governing equations are already presented in chapter 2.
This appendix elaborates on the perturbation approach. At first, the scaling of the equations is presented.
Secondly, leading-order and first-order equations are derived. And finally, derivations regarding the typical
forcing of the sediment dynamics are discussed. This appendix provides additional information to chapter 2,
and should not be read on its own.

B.1. SCALING

B.1.1. OVERVIEW OF PARAMETERS
A mathematical scaling analysis will be used to identify the importance of the individual terms in the equa-
tions. For this purpose, the equations need to be transformed to a dimensionless system which can be done
using scaling arguments. Typical scales (of parameters present in the equations) are presented in Table B.1

Table B.1: Typical scales of individual parameters

Scale Dimensionless quantity
TM2 M2 tidal period t = TM2t∗
AM2 M2 tidal amplitude at the seaward side ζ= AM2ζ

∗
H0 Average depth at seaward side z = H0z∗ and R = AM2R∗
Lt i de Tidal wave length x = Lt i de x∗ for ux , wx ,ζx

Lconv Convergence length x = Lconv x∗ for Hx ,Bx

Rx Typical density gradient ρx =Rxρ
∗
x∗

To get a feeling about the magnitude of the different parameters, a list with typical values for the Loire estuary
is presented in Table B.2.

Table B.2: Typical values of physical parameters in the Loire Estuary. Typical value for ws has been based on Walther et al. (2012).

Parameter Typical value Typical Order
TM2 44712 s O (104)
σM2 (1/44712) s−1 O (10−4)
Lt i de 100km = 105m O (105)
AM2 1 m O (1)
H0 10-20 m O (10)
ρ 1000-1030 kg/m3 O (103)
ρs 2650 kg/m3 O (103)
ws 2 · 10−3m/s O (10−3)
g 9.81 m/s2 O (10)
U ∼ AM2L

T (H0+AM2) 1 m/s O (1)
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With these typical scales, scales of other parameters can be derived.

Table B.3: Derived scales for parameters in sediment equation

Derived Scale Dimensionless quantity

C = ρsAvUa?
H0g ′ds

Typical sediment concentration c =C c∗

a? Typical amount of available sediment a = a?a∗

Kv =Av = σH 2
0

λ2 Typical vertical eddy diffusivity Kv =Kv K ∗
v

Kh =σL2
(

AM2
H0

)2
Typical horizontal eddy diffusivity Kh =KhK ∗

h

B.1.2. WIDTH-AVERAGED SEDIMENT MASS BALANCE
Making dimensionless in a similar way as is done for the momentum equation:

C

T
c∗t∗ +

UC

Lt i de
u∗c∗x∗ + W C

H
w∗c∗z∗ =

C

H
ws c∗z∗ +

KhC

L2
t i de

(K ∗
h c∗x∗ )x∗ + KhC

L2
t i de

B∗
x∗

B∗ K ∗
h c∗x∗ + KvC

H 2 (K ∗
v c∗z∗ )z∗ (B.1)

Divide by C
T

c∗t∗ +
U T

Lt i de
u∗c∗x∗ + W T

H
w∗c∗z∗ =

T

H
ws c∗z∗ +

KhT

L2
t i de

(K ∗
h c∗x∗ )x∗ + KhT

L2
t i de

B∗
x∗

B∗ K ∗
h c∗x∗ + Kv T

H 2 (K ∗
v c∗z∗ )z∗ (B.2)

Substituting the expressions for U and W (presented in Equation A.10 & Equation A.13) into Equation B.2 and
using σ= 1

T results in:

c∗t∗ +
AM2

H0
(u∗c∗x∗ +w∗c∗z∗ ) = wsσ

H
c∗z∗ +

KhT

L2
t i de

(K ∗
h c∗x∗ )x∗ + KhT

L2
t i de

B∗
x∗

B∗ K ∗
h c∗x∗ + Kv T

H 2 (K ∗
v c∗z∗ )z∗ (B.3)

Substituting the expressions for Kv and Kh presented in Table B.3 into Equation B.3 results in the next equa-
tion in which the order of most of the terms can be easily recognised:

c∗t∗︸︷︷︸
O (1)

+ AM2

H0
(u∗c∗x∗ +w∗c∗z∗ )︸ ︷︷ ︸

O (ε)

= wsσ

H
c∗z∗︸ ︷︷ ︸

O (?)

+
(

AM2

H0

)2

(K ∗
h c∗x∗ )x∗︸ ︷︷ ︸

O (ε2)

+
(

AM2

H0

)2 B∗
x∗

B∗ K ∗
h c∗x∗︸ ︷︷ ︸

O (ε2)

+ 1

λ2 (K ∗
v c∗z∗ )z∗︸ ︷︷ ︸

O (?)

(B.4)

Using the typical orders of magnitude of the physical parameters governing in the Loire estuary, a rough
estimate of the order can be made for the term ws

σH0
as is done below:

ws

σH0
∼ O (10−3)

O (10−4)O (10)
=O (1) (B.5)

The same procedure can be repeated for the last unknown term:

λ≈ σL√
g H0

∼ cE

cE
=O (1) (B.6)

The latter is logical, since σ ·L is an expression for the tidal wave velocity. The term in the numerator (
√

g H0)
is also recognised as an expression for the tidal velocity in shallow water, so in shallow water λ is approxi-
mately 1.

Now the order of all terms is known, the equation for the sediment concentration can be written as

ct︸︷︷︸
O (1)

+ucx︸︷︷︸
O (ε)

+wcz︸︷︷︸
O (ε)

= ws cz︸ ︷︷ ︸
(O (1))

+ (Khcx )x︸ ︷︷ ︸
O (ε2)

+ Bx

B
Khcx︸ ︷︷ ︸

O (ε2)

+ (Kv cz )z︸ ︷︷ ︸
O (1)

(B.7)
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BOUNDARY CONDITIONS

The boundary conditions, which are presented by Equation 2.24 and Equation 2.25, can be written in a di-
mensionless form. At first, the dimensionless boundary condition at the surface z = R +ζ is derived

C ws c∗+ CKv

H0
K ∗

v c∗z∗ −
KhC AM2

L2
t i de

K ∗
h c∗x∗ζ∗x∗ = 0 (B.8)

If we then substitute the expressions for Kv and Kh from Table B.3 into the equation, we end up with:

C ws c∗+ CσM2H 2
0

λ2H0
K ∗

v c∗z∗ −
σM2L2

t i de

(
AM2
H0

)2
C AM2

L2
t i de

K ∗
h c∗x∗ζ∗x∗ = 0 (B.9)

And by dividing all terms by CσM2H0, the dimensionless boundary condition after simplifying reads

ws

σM2H0︸ ︷︷ ︸
O (1)

c∗+ 1

λ2︸︷︷︸
O (1)

K ∗
v c∗z∗ −

(
AM2

H0

)3

︸ ︷︷ ︸
O (ε3)

K ∗
h c∗x∗ζ∗x∗ = 0 (B.10)

in which the typical orders of magnitudes are found using Equation B.5 and Equation B.6.

The same can be done for the boundary condition near the bed, but first some assumptions about the scaling
of the erosion term should be introduced. By combining Equation 2.26 and Equation 2.27, the erosion term
can be expressed as

E = M |ρ0 Av uz | f (a(x)) (B.11)

in which the erosion parameter M is assumed to be of O (10−4) and the erodibility is approximated by:

f (a(x)) ∼
∫ 0

−H
cd z ∼ H0C z∗c∗ (B.12)

Using these expression for the erosion term, the boundary condition near the bed can be rewritten into a
dimensionless form

KvC

H0
K ∗

v c∗z∗ −
KhC H0

L2
t i de

K ∗
h c∗x∗ H∗

x∗ = Mρ0AvUC H0

H0
M∗∗ A∗

v u∗
z∗ f ∗ (B.13)

By dividing by KvC /H0 and substituting the expressions for Kv and Kh from Table B.3, the following typical
orders of magnitude are found for the terms in the sediment concentration equilibrium condition

K ∗
v z∗

z∗︸ ︷︷ ︸
O (1)

−
(

AM2

H0

)
λ2K ∗

h c∗x∗ H∗
x∗︸ ︷︷ ︸

O (ε2)

= ρ0MU H0M∗ρ∗0 A∗
v u∗

z∗ f ∗︸ ︷︷ ︸
O (1)

(B.14)

B.1.3. CONCENTRATION EQUILIBRIUM CONDITION
In subsection 2.3.2, we already concluded that either fa should equal zero, or the sum of the tidally averaged
advective and diffusive transport is divergence free with respect to x near the landward boundary. The deriva-
tive of f with respect to a equals zero for relatively large sediment stock (see Figure 2.2), which is unlikely to
happen at the landward boundary, hence the other condition is governing and the terms outside the angle
brackets can be omitted. If we then assume that the sediment influx from the river equals zero, which is the
reasonable for this research, we know that not only the derivative of the total transport equals zero in x direc-
tion, but the transport itself as well. By leaving out the derivative to x, and omitting the constants outside the
angle brackets, the sediment concentration equilibrium condition in a non-dimensional form reads

〈∫ R∗+εζ∗

−H∗
( U︸︷︷︸

O (ε)

u∗c∗− Kh

Lt i de︸ ︷︷ ︸
O (ε2)

K ∗
h c∗x∗ )d z̃

〉
= 0 (B.15)

Note that B has been left out the equation as well, which can be done since b 6= 0 and hence the integral should equal zero.
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B.2. ORDERING
By substituting the power series for u, w,ζ and c in the equations derived before as well, sets of equations at
leading-order and first order are found using the typical orders of magnitude of the different terms:

c0
t −w0

s c0
z − (K 0

v c0
z )z = 0 (B.16)

with boundary conditions (linearised around the reference level R)

w0
s c0 +K 0

v c0
z = 0 at z = R (B.17)

K 0
v c0

z = E 0 at z =−H (B.18)

At first order we find the governing equation

c1
t −w0

s c1
z − (K 0

v c1
z )z =−(u0c0

x +w0c0
z )+w1

s c0
z (B.19)

with boundary conditions (linearised around the reference level R)

w0
s c1 +K 0

v c1
z =−(w0

s c0 +K 0
v c0

z )zζ
0 at z = R (B.20)

K 0
v c1

z =−E 1 at z =−H (B.21)

B.3. TYPICAL FORCING
Both the leading-order and first-order sediment concentrations are forced by an erosive term. The erosion in
turn depends on the bottom shear stress, of which the magnitude can be approximated using a power series
for u (restricted to first order)

|τb | = ρ0s f |u| = ρ0s f

√
(u0 +u1)2

= ρ0s f

√√√√(u0)2 +2u0u1 + (u1)2︸ ︷︷ ︸
=Oε2

≈ ρ0s f

√
(u0)2 +2u0u1

= ρ0s f |u0|
√

1+2
u1

u0

≈ ρ0s f |u0|+ρ0s f
|u0|
u0 u1 = ρ0s f |u0|︸ ︷︷ ︸

O (1)

+ρ0s f sg(u0)u1︸ ︷︷ ︸
O (ε)

in which the last approximation was obtained using a Taylor expansion. So, we can rewrite the expression for
the leading- and first-order erosion as

E 0 = M |u0| f (a(x)) (B.22)

E 1 = M sg (u0)u1 f (a(x)) (B.23)

in which the unknown terms in the expressions are |u0| and sg(u0)u1. These terms can be approximated with
a Fouries series, which is done in Appendix C.
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FOURIER SERIES

Each periodic signal can be represented by a weighted sum of simple sines and cosines. This way of repre-
sentation is called a Fourier series. A general formulation of such a Fourier series for an arbitrary function f(t)
on the interval [−π,π] is given below

f (t ) ∼ 1

2
a0 +

N∑
n=1

[an cos(nt )+bn sin(nt )] (C.1)

with

a0 = 1

π

∫ π

−π
f (t )d t (C.2)

an = 1

π

∫ π

−π
f (t )cos(nt )d t (C.3)

bn = 1

π

∫ π

−π
f (t )sin(nt )d t (C.4)

Now, we would like to evaluate |u02| and sg(u02), since the M2 tidal velocity is dominating the leading order
velocities. The tidal velocity belonging to the M2 component can be written as u02 = û02 cos(σt ). In terms
of the general formulation of the Fourier series mentioned before, f (t ) becomes either |u02| or sg(u02). Both
expressions will be evaluated in the following sections.

C.1. |u02|
A Fourier series will be determined for the absolute value of the M2 tidal velocity component, with other
words

f (t ) = |u02| = |û02 cos(σt )| = |û02||cos(σt )| (C.5)

Since the cosine function is an even function, the coefficient bn is zero. The coefficients a0 and an are calcu-
lated as follows

a0 = 1

π

∫ π

−π
|û02 cos(t )|d t (C.6)

an = 1

π

∫ π

−π
|û02 cos(t )|cos(nt )d t (C.7)

Note: σt is replaced by t only, for the sake of simplicity.

Making use of the fact that the cosine is symmetric around the y-axis (even function) and the fact that the
sign of the cosine changes at π/2 as described in Equation C.8, makes it possible to rewrite these expressions.

|cos(x)| =
{

cos(x) for 0 ≤ x ≤π/2

−cos(x) for π/2 ≤ x ≤π (C.8)
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a0 = 2

π

∫ π/2

0
|û02|cos(t )d t − 2

π

∫ π

π/2
|û02|cos(t )d t = 0 (C.9)

an = 2

π

∫ π/2

0
|û02|cos(t )cos(nt )d t − 2

π

∫ π

π/2
|û02|cos(t )cos(nt )d t (C.10)

Equation C.10 can be evaluated by making use of the trigonometric identity given in Equation C.11

cos(u) ·cos(v) = 1

2
[cos(u − v)+cos(u + v)] (C.11)

Resulting in (after rewriting (t-nt) as ((1-n)t) and (t+nt) as ((1+n)t))

an = 2

π
|û02|

(∫ π/2

0

1

2
[cos((1−n)t )+cos((1+n)t )]d t −

∫ π

π/2

1

2
[cos((1−n)t )+cos((1+n)t )]d t

)
(C.12)

Integrating results in

an = 1

π
|û02|

([
sin((1−n)t )

(1−n)
+ sin((1+n)t )

(1+n)

]π/2

0
−

[
sin((1−n)t )

(1−n)
+ sin((1+n)t )

(1+n)

]π
π/2

)
(C.13)

Working out the integration results in

an = 1

π
|û02|

([(
sin((1−n)π2 )

(1−n)
+ sin((1+n)π2 )

(1+n)

)
− (0)

]
−

[
(0)−

(
sin((1−n)π2 )

(1−n)
+ sin((1+n)π2 )

(1+n)

)])
(C.14)

Rewriting the equation gives

an = 1

π
|û02|

([(
sin(π2 − πn

2 )

(1−n)
+ sin(π2 + πn

2 )

(1+n)

)]
−

[
−

(
sin(π2 − πn

2 )

(1−n)
+ sin(π2 + πn

2 )

(1+n)

)])
(C.15)

Again rewriting and making use of the fact that si n(π2 − t ) = cos(t ) makes this equation already much easier

an = 1

π
|û02|

([
(1+n)cos(−πn

2 )+ (1−n)cos(πn
2 )

(1−n2)

]
+

[
(1+n)cos(−πn

2 )+ (1−n)cos(πn
2 )

(1−n2)

])
(C.16)

Final step is making use of the symmetry of the cosine around the y-axis and adding equal terms together

an = 1

π
|û02|

(
4

(1−n2)
cos(

πn

2
)

)
(C.17)

For n=1,3,5 ... we find that the expression for an is zero, whereas the expression is nonzero for n=0,2,4 and so
on. Since we are trying to write the absolute value of the M2 tidal velocity as a sum of other cosines, we are
only interested in the multiples of the M2 tide. From this we can conclude, that for the leading order erosion
Ê 0, the residual M0 (n=0) and M4 (n=2) are the relevant forcings.

C.2. SIGN(u02)
A Fourier series is used to estimate the sign function of the M2 tidal velocity component:

f (t ) = sg(u02) = |u02|
u02 = |û cos(σt )|

û cos(σt )
(C.18)

In a similar way as is done in the preceding section, this term can be estimated using a harmonic decomposi-
tion with a Fourier series on the interval [−π,π]. It can be easily seen that a0 equals zero for the sign function
of the cosine. For the coefficient bn , a graphical analysis has been done of which the result has been depicted
in Figure C.1.
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Figure C.1: A graphical analysis of the bn parameter

A graphical representation of the multiplication of a sine function with the sign function of the cosine is given
in Figure C.1. The green areas have a positive contribution to the result whereas the red areas have a negative
contribution to the result. It can be easily seen that these areas balance each other, so the parameter bn

becomes zero again. The parameter an will be estimated in a similar way as is done in the preceding section.

an = 1

π

∫ π

−π
sg(û02 cos(t ))cos(nt )d t (C.19)

Note: σt is replaced by t only, for the sake of simplicity.

Over the interval [-π, π], the sign-function of the cosine(x) has the following values:

sg(cos(x)) =
{

1 for 0 ≤ x ≤π/2

−1 for π/2 ≤ x ≤π (C.20)

Using these typical values, and the symmetry of the sign-function of the cosine(t) around the y-axis the ex-
pression for an can be rewritten as follows:

an = 2

π

∫ π/2

0
sg(cos(t ))cos(nt )d t − 2

π

∫ π

π/2
sg(cos(t ))cos(nt )d t (C.21)

an = 2

π

∫ π/2

0
cos(nt )d t − 2

π

∫ π

π/2
cos(nt )d t (C.22)

This expression can be easily integrated:

an = 2

π

([
1

n
sin(nt )

]π/2

0
−

[
1

n
sin(nt )

]π
π/2

)
(C.23)

Substituting the integration boundaries into the equation gives

an = 2

π


 1

n
sin

(nπ

2

)
− 1

n
sin(0)︸ ︷︷ ︸
=0

−

 1

n
sin(nπ)︸ ︷︷ ︸
=0

− 1

n
sin

(nπ

2

)
 (C.24)

So,

an = 4

nπ
sin

(nπ

2

)
(C.25)

From which we recognize that for n=0,2,4 ... this expression equals zero, whereas the expression is non-zero
for n=1,3,5 and so on. Since we are trying to write the sign-function of the M2 tidal velocity as a sum of
other cosines, we are only interested in the multiples of the M2 tide. From this we can conclude, that for the
first-order erosion Ê 1, the M2 (n=1) and M6 (n=3) are the relevant forcings.





D
COMBINED SENSITIVITY STUDIES

(a) ETM location (km) (b) Maximum near-bed concentration (kg/m3)

Figure D.1: Location of the ETM in km from the mouth (a) and the maximum near-bed concentration in kg/m3 (b) for varying csea and
Q1, with in black contour lines for 20 km (a) and 5 kg/m3 (b) and the black dot representing initial values.

(a) ETM location (km) (b) Maximum near-bed concentration (kg/m3)

Figure D.2: Location of the ETM in km from the mouth (a) and the maximum near-bed concentration in kg/m3 (b) for varying csea and
M , with in black contour lines for 20 km (a) and 5 kg/m3 (b) and the black dot representing initial values.
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DEEPENING

Like for neap tidal conditions, an extensive sensitivity study has been performed for spring tidal conditions
for decreasing α-values from 1 to 0, and including uncertainty in river discharge, settling velocity and sea-
ward sediment concentration. The results are presented below. Also for spring tide, it can be seen that for
every set of parameters, the likelihood to find high sediment concentrations in the Loire estuary increases for
increasing depth.

Figure E.1: 2D histogram indicating for every value of alpha (0, 0.1, 0.2 and so on) the number of experiments for which the maximum
near-bed sediment fell in a certain range. The bins on the y-axis have a size of 1 g/l.

Figure E.2: Number of experiments per value of alpha for which the ETM is located at a certain location. The bins on the y-axis have a
size of 1km.
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Figure E.3: Number of simulations that have a near-bed sediment concentration larger than 5 g/l between km 25 and 40, sorted for 5
different values of alpha and 3 different input parameters.
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