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Summary

Over the past century, bed degradation in the Rhine branches has resulted in an average lowering
of the riverbed by 1 to 2 meters, leading to numerous problems across various river functions.
Groundwater levels near the river decrease, the stability of structures, cables, and pipelines on
the riverbed weakens, and navigation is affected due to varying degradation rates along the
river. Additionally, the unequal rates of bed degradation between various Rhine branches have
altered and continue to alter the discharge distribution at the bifurcations. The most severe
degradation occurs in the Boven Waal, which has resulted in a gradual increase in the discharge
partitioning to the Waal over time. This is particularly problematic during low flows, as the
required low discharge partitioning to the Pannerdensch Kanaal is currently not being met.
This is critical, as the Pannerdensch Kanaal is a key supplier of freshwater to the North(-West)
and East of the Netherlands.

Within the Integrated River Management (IRM) programme of Dutch local and national gov-
ernments, they aim to develop an approach that can both stop degradation in the Boven Waal
and restore the low discharge distribution. Bed degradation can be mitigated by reducing the
erosivity of the river flow. One promising intervention is the Multiple Channel Approach (in
Dutch: meerstroomgeulenconcept), which aims to reduce flow erosivity by creating more space
for the river through additional channels. An example of this approach is the use of Longitudinal
Training Dams (LTDs). A significant additional benefit of LTDs is their potential to increase
the low discharge partitioning to the Pannerdensch Kanaal by narrowing the main channel of
the Boven Waal during low flows.

A downside of the LTDs is that by increasing the riverbed capacity during moderate and high
discharges, they draw additional discharge to the Waal. This increases both the flow’s erosivity
and prevents the prescribed discharge partitioning during the design Lobith discharge (in Dutch:
"hoogwaterreferentie”) from being met, posing a threat to flood safety. This suggests the need
for a compensating measure in the Pannerdensch Kanaal when using LTDs.

This study aims to contribute to developing an approach to restore the low discharge distribution
and stop bed degradation in the Boven Waal. This is done by investigating interventions
designed to simultaneously increase low discharge partitioning to the Pannerdensch Kanaal and
reduce bed degradation in the Boven Waal. The following research question is addressed:

”How can varying interventions in the Boven Waal and Pannerdensch Kanaal be
used to increase low discharge partitioning to the Pannerdensch Kanaal and reduce
the bed degradation in the Boven Waal?”

The study uses the new version of the 2D Delft3D-4 ”Duurzame Vaardiepte Rijntakken” (DVR)
model, released in April 2024, to simulate the effect of the proposed interventions. The inter-
ventions are designed using a systematic approach. First, LTDs are implemented in the Boven
Waal. Their configuration is adjusted based on hydraulic simulations to significantly increase
the low discharge partitioning to the Pannerdensch Kanaal. Subsequently, the size of the asso-
ciated riparian channels is adjusted such that the LTDs significantly reduce main channel flow
velocities during moderate to high discharges. The effects are then analyzed through morpho-
logical simulations. Finally, summerdike removal and floodplain lowering are implemented in
the Pannerdensch Kanaal to compensate for the additional discharge drawn to the Waal as a
result of the LTDs. The required level of floodplain lowering is first determined using hydraulic
simulations, followed by morphological simulations to assess the effect on bed degradation.
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It is found that the proposed LTDs significantly increase the initial discharge partitioning to the
Pannerdensch Kanaal by 24 to 42 m®/s during low Lobith discharges ranging from 1020 to 1543
m?/s. Despite a decrease over time, there is still a notably higher low discharge partitioning
to the Pannerdensch Kanaal after a 20-year period compared to the initial observations in the
Reference Scenario (415 to 30 m?/s). This increase is achieved through a main channel width
reduction in the Boven Waal of approximately 65 meters, decreasing the width from 260 meters
to 195 meters. The implementation of the proposed LTDs thus leads to considerable progress
toward achieving the required low discharge partitioning; the required discharge partitioning to
the Pannerdensch Kanaal at a Lobith discharge of 1543 m?3/s is now even met. However, the
findings indicate that this main channel width reduction remains insufficient to fully achieve the
required low discharge partitioning during Lobith discharges below 1543 m?/s. Furthermore,
there is no room to further reduce the main channel width of the Boven Waal, as the proposed
remaining channel width (195 m) already falls below the required width for navigation (230 m).

Additionally, it is found that the proposed LTDs significantly reduce bed degradation in the
Boven Waal. This is mainly due to their high effectiveness throughout the moderate to high
Lobith discharges (1954 to 7009 m?/s), during which they cumulatively result in significant
reach-averaged sedimentation due to the widening of the main channel. This constitutes a sig-
nificant step toward stopping bed degradation in the Boven Waal. However, significant bed
degradation still occurs because this positive effect is counteracted by several negative effects,
predominantly caused by the substantial reduction in the main channel width. This reduction
leads to low discharges becoming highly erosive, effectively shifting the erosion problem from
moderate to high discharges to low discharges in the Boven Waal. Additionally, severe localized
erosion occurs at the transitions between LTDs, where the extreme narrowing due to channel
width reductions on both sides leads to the development of significant erosion pits. Therefore,
the study indicates that using LTDs for increasing low discharge partitioning to the Panner-
densch Kanaal reduces their effectiveness in reducing bed degradation in the Boven Waal.

The results demonstrate that summerdike removal and floodplain lowering in the Pannerdensch
Kanaal cannot simultaneously compensate for the additional discharge drawn to the Waal due
to the LTDs across all moderate to extreme discharge levels. Compensating for the changes in
discharge partitioning during moderate to high discharges requires very extreme floodplain low-
ering of 2 to 3 meters. The findings reveal that these interventions are not effective in reducing
bed degradation in the Boven Waal, while they do result in a significant increase in erosion in
the upstream sections of the Nederrijn and IJssel. On the other hand, the intervention in the
Pannerdensch Kanaal, which includes a 0.5 meter floodplain lowering, effectively compensates
during a design Lobith discharge of 16,000 m?/s. Furthermore, this intervention has minimal
negative effects on bed degradation in downstream reaches, making it an effective measure in
maintaining flood safety when implementing LTDs.

In conclusion, the proposed LTDs lead to substantial improvements toward restoring the low
discharge distribution and stopping the bed degradation in the Boven Waal during moderate to
high discharges. Therefore, LTDs have the potential to play a significant role in the approach
to achieve these objectives. However, the extent of main channel width reduction caused by
the proposed LTDs is not optimal, as it introduces substantial erosion during low discharges
and does not satisfy navigational requirements. For this reason, recommendations are made to
further improve the LTD design and integrate it with other river interventions to guide further
research in identifying an effective approach to restore the low discharge distribution and stop
bed degradation in the Boven Waal.
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1 INTRODUCTION

1 Introduction

Over the past century, bed degradation in the Dutch Rhine branches has led to an average
lowering of the riverbed by 1 to 2 meters (Klijn et al., 2022). Measurements of bed elevation
taken along the Boven Rijn and Waal, illustrated in Figure 1.1, clearly demonstrate the large-
scale degradation of the riverbed. The process of bed degradation still continues, though at a
decreasing pace, and will remain a persistent issue, worsened by the influence of climate change
(Klijn et al., 2022; Ylla Arbds et al., 2023)
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Figure 1.1: Width-averaged bed elevation as measured in the Boven Rijn and Waal between
1950 and 2018. Adapted from Barneveld et al. (2021)

The bed degradation in the Dutch Rhine branches has led to numerous problems across various
river functions. It poses a threat to the stability of structures such as dams, locks, and groynes,
while also reducing the ground cover over cables and pipelines that cross the river (Blom, 2016;
Klijn et al., 2022). Furthermore, the lowering of the riverbed results in decreased water levels,
subsequently leading to a decline in groundwater levels. This decline negatively impacts both
the ecology and agriculture in the vicinity of the river.

Navigation is another river function significantly affected by bed degradation. The bed degra-
dation exhibits a spatially non-uniform pattern, due to which certain sections of the river
experience faster erosion rates than others (Klijn et al., 2022). This variability leads to the
formation of local shallows, thereby creating navigational depth issues (Barneveld et al., 2021).
Such problems particularly occur in areas where fixed layers have been implemented to mitigate
severe erosion in outer bends, such as the fixed layers in the Waal near Nijmegen and the bed
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groynes near Erlecom (Klijn et al., 2022). These fixed layers remain static while the surrounding
bed erodes, making them obstacles to ships.

An important issue related to bed degradation is that it occurs at varying rates among the
Rhine branches, which impacts the distribution of discharge at bifurcation points (Blom, 2016;
Klijn et al., 2022). The most pronounced bed degradation is observed in the Boven Waal (Sloff,
2019), leading to a gradual increase in discharge partitioning to the Waal at the Pannerdensch
bifurcation. This trend is illustrated in Figure 1.2a, which demonstrates that the measured ratio
of discharge partitioning to the Waal relative to the discharge at Lobith has been increasing over
time (Chowdhury et al., 2023). At the same time, this results in a decrease in discharge to the
Pannerdensch Kanaal. This poses a threat to flood safety, as the dikes are designed based on
a prescribed discharge partitioning for a Lobith design discharge of 16,000 m?/s (5835 m?3/s to
Pannerdensch Kanaal and 10165 m?/s to the Waal) (Schropp and Jansen, 2020). Additionally,
the decreased partitioning to the Pannerdensh Kanaal makes it increasingly challenging to
maintain sufficient freshwater supply to the North(-West) and East of the Netherlands during
low flows, as the Pannerdensch Kanaal is a key supplier of freshwater to these regions (Barneveld
et al., 2021).

The minimum required discharge partitioning to the Pannerdensch Kanaal, essential for main-
taining sufficient freshwater supply, is currently not met for Lobith discharges below 1570 m?/s.
This is illustrated by Figure 1.2b in which the measured discharge of 2024 (solid black line) falls
below the minimum required discharge (dashed black line) for Lobith discharges below 1570
m?/s. According to policy guidelines, for Lobith discharges exceeding 1300 m3/s, at least 285
m? /s should be partitioned to the IJssel and 30 m?/s to the Nederrijn, resulting in a required
partitioning of 315 m3 /s to the Pannerdensch Kanaal (Klijn et al., 2022). For Lobith discharges
under 1300 m?/s, no specific partitioning is prescribed. Therefore, this study assumes that for
these discharges the same percentage of Lobith discharge should be allocated to the IJssel as
for a Lobith discharge of 1300 m3/s, which is 22%. Including the required 30 m3/s for the
Nederrijn, this results in the required discharge partitioning to the Pannerdensch Kanaal, as
illustrated by the dashed black line in Figure 1.2b. The current low discharge partitioning to
the Pannerdensch Kanaal needs to increase to meet these standards. For instance, at a Lo-
bith discharge of 1294 m?3/s, an additional 63 m?/s is needed to achieve the required discharge
partitioning to the Pannerdensch Kanaal.

There are three main causes for the bed degradation in the Dutch Rhine branches. The primary
cause has been the extensive Rhine training works implemented since the 17th century. These
interventions, aimed at improving flood safety and navigability, have resulted in a narrower
and shorter river channel. As a consequence, flow velocities have been increased, which in turn
increase sediment transport capacities, ultimately leading to bed degradation (Blom, 2016; Ylla
Arbés et al., 2021; Klijn et al., 2022; Sloff et al., 2023). The mining of large volumes of sand
and gravel from the river bed, alongside intensive dredging operations to improve navigability,
has significantly accelerated the bed degradation process (Blom, 2016; Klijn et al., 2022). The
third cause of the bed degradation in the Dutch Rhine branches is the reduced sediment supply
from the German section of the Rhine (Blom, 2016; Klijn et al., 2022). The canalization of the
Oberrhein through weir construction has led to sediment being trapped, resulting in reduced
sediment transport to downstream river sections (Klijn et al., 2022). As a result, the flow in
the Dutch section of the Rhine is able to pick up more sediment, exacerbating bed degradation.
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Figure 1.2: (a) Ratio of Waal with respect to Lobith discharge as a function of time, based
on measured discharges (Chowdhury et al., 2023). (b) Measured discharge partitioning to the
Pannerdensch Kanaal in 2024. The black dashed line represents the required minimum discharge
partitioning to the Pannerdensch Kanaal.

Within the Integrated River Management (IRM) program, they aim to develop a strategy
that both stops bed degradation in the Boven Waal-where the most severe bed degradation
occurs-and restores the low discharge distribution such that it meets the required discharge
partitioning to the Pannerdensch Kanaal. This program, initiated in 2019 by local and national
governments, aims to enhance the resilience of the Dutch river area to future changes, including
those resulting from bed degradation (Klijn et al., 2022; Sloff et al., 2023; Programma Inte-
graal Riviermanagement, 2023). A crucial aspect of this program is its integrated approach
in enhancing the different river functions, considering the river system holistically, rather than
through isolated sectoral approaches.

Bed degradation can be mitigated by reducing the erosivity of the river flow. One promising
intervention is the Multiple Channel Approach (in Dutch: ”meerstroomgeulenconcept”), which
aims to reduce flow erosivity by creating more space for the river through additional channels.
An example of this approach is the implementation of Longitudinal Training Dams (LTDs),
as shown in Figure 1.3, which can be constructed using cobble stones or designed in a more
nature-friendly manner. They widen the main channel during moderate to high discharges by
the implementation of riparian channels. An additional benefit of LTDs is their potential to
increase the low discharge partitioning to the Pannerdensch Kanaal by narrowing the main
channel of the Boven Waal during low flows.

A downside of LTDs is that by increasing the riverbed capacity during moderate and high dis-
charges, they draw additional discharge to the Waal. This increases both the flow’s erosivity and
prevents the prescribed discharge partitioning during a design Lobith discharge of 16,000 m?/s
from being met, posing a threat to flood safety. This suggests the need for a compensating
measure in the Pannerdensch Kanaal when using LTDs.
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Figure 1.3: Illustration of applications of the Multiple Channel Approach: Longitudinal Train-
ing Dams (LTDs) with a cobblestone design on the left and a more nature-friendly design on
the right. Adapted from Ouwerkerk et al. (2023)

An important complexity regarding the effects of interventions in the Boven Waal and Panner-
densch Kanaal is their proximity to the Pannerdensch bifurcation. The effects of interventions
on morphological development are more complex in bifurcating river systems than in single river
channels (Gao et al., 2024). The morphological response to disturbances in one channel-such
as changes in river discharges, embankment construction, and dredging activities-can lead to
significant morphological responses across all branches of the bifurcating channel network (Van
Maren et al., 2023; Chowdhury et al., 2023; Gao et al., 2024). For instance, when a disturbance,
such as channel deepening due to dredging and sand mining, increases discharge to the affected
branch, this is found to result into sedimentation in the adjacent branch by Gao et al. (2024).
Therefore, gaining a better understanding of how interventions in both Rhine branches influence
each other is crucial for effective management and intervention planning.

1.1 Problem statement

The bed degradation in the Dutch Rhine branches requires action, especially since the effects
of bed degradation become increasingly evident (Klijn et al., 2022). Additionally, if no action
is taken, bed degradation in the Dutch Rhine branches could potentially lower the riverbed by
an additional meter by the year 2100, partly due to the increasing influence of climate change
(Ylla Arbés et al., 2023).

Two pressing issues are the substantial bed degradation occurring in the Boven Waal and the low
discharge distribution that fails to meet the minimum required partitioning to the Pannerdensch
Kanaal. It is essential to implement interventions that reduce bed degradation in the Boven
Waal and increase low discharge partitioning to the Pannerdensch Kanaal.

Numerous studies have explored the effects of various interventions on the bed degradation of
the Rhine branches, including side channels (Rorink, 2022; Ten Brink, 2024; Welsch, 2021),
sediment nourishments (Becker, 2021; De Lange, 2022; Liptiay, 2023), groyne lowering (Ten
Brink, 2024) and LTDs (Pfeijffer, 2023; Sloff et al., 2024; Ten Brink, 2024). While these
interventions have been shown to significantly reduce bed degradation, they have not been able
to fully stop it. Several studies suggest that a combination of interventions is required to achieve
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this goal. Ten Brink (2024) investigated the combined use of LTDs, side channels, and groyne
lowering in the Boven Waal. Although this combination made considerable progress towards
stopping bed degradation, it still exacerbated bed degradation in the downstream section of
the Boven Waal. The aforementioned studies are discussed in greater detail in the theoretical
background (Section 2.1).

Previous studies on interventions in the Dutch Rhine branches have mainly focused on mitigating
bed degradation, with less emphasis on addressing the issue of the low discharge distribution.
As a result, their impact on increasing the low discharge partitioning to the Pannerdensch
Kanaal has been relatively modest. For instance, proposed LTDs are estimated to increase low
discharge partitioning by only about 7 m?/s (Sloff et al., 2024), while sediment nourishments in
studies by Becker (2021) and Liptiay (2023) have shown increases of 3-4 m3/s and 5-10 m3/s,
respectively. These improvements, however, fall significantly short of the required increase in
low discharge partitioning to the Pannerdensch Kanaal, which is around 63 m?/s for a Lobith
discharge of 1294 m3/s.

There is a knowledge gap regarding which interventions are needed to both restore the low dis-
charge distribution and stop bed degradation in the Boven Waal. No research has yet explored
interventions specifically designed to make a significant impact on both objectives simultane-
ously. While the effects of LTDs on bed degradation have been extensively studied, there is
limited understanding of their effects when their design is adjusted to also substantially in-
crease low discharge partitioning to the Pannerdensch Kanaal. Furthermore, there is a lack of
knowledge whether interventions within the Pannerdensch Kanaal could effectively contribute
to achieving these two goals. This study aims to address a part of these knowledge gaps by ex-
amining the effects of varying interventions in both the Boven Waal and Pannerdensch Kanaal
that are designed to make a significant impact regarding both objectives.

1.2 Research aim and questions

This study contributes to finding an approach to restore the low discharge distribution and
stop bed degradation in the Boven Waal. It aims to investigate how interventions in both
the Boven Waal and Pannerdensch Kanaal can be used to significantly improve on two goals
simultaneously: increasing the low discharge partitioning to the Pannerdensch Kanaal and
reducing bed degradation in the Boven Waal. This leads to the following main research question:

”"How can varying interventions in the Boven Waal and Pannerdensch Kanaal be
used to increase low discharge partitioning to the Pannerdensch Kanaal and reduce
the bed degradation in the Boven Waal?”

The main research question will be answered by addressing the two research sub-questions
below.

Research sub-question 1: What is the effect of LTDs in the Boven Waal on the low discharge
distribution at the Pannerdensch bifurcation and the bed degradation in the Boven Waal and
Pannerdensch Kanaal?

Research sub-question 1 focuses specifically on interventions in the Boven Waal. LTDs are
considered because they are regarded as one of the most effective measures for mitigating bed
degradation. Additionally, LTDs have the potential to increase low discharge partitioning to
the Pannerdensch Kanaal by reducing the main channel width of the Boven Waal during low
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discharges. The initial design principle for the LTDs is to narrow the main channel width of the
Boven Waal sufficiently to significantly increase low discharge partitioning to the Pannerdensch
Kanaal. Following this, the riparian channel depths are adjusted to reduce flow velocities in the
main channel during moderate to high discharges. This adjustment is aimed at mitigating bed
degradation, particularly in the Boven Waal.

Research sub-question 2: What is the effect of summerdike removal and varying levels of
floodplain lowering in the Pannerdensch Kanaal in addition to LTDs in the Boven Waal on the
moderate, high and extreme discharge distribution at the Pannerdensch bifurcation and the bed
degradation in both branches?

The LTDs in the Boven Waal lead to additional discharge being drawn to the Waal during
moderate, high, and extreme discharge events, as they increase the riverbed capacity under
these conditions. This effect enhances the erosivity of the flow in the Boven Waal, reducing
the effectivity of the LTDs on reducing bed degradation. Additionally, it causes the prescribed
discharge distribution during the Lobith design discharge of 16,000 m3/s to no longer be met.
Interventions in the Pannerdensch Kanaal could compensate for this effect on the discharge
distribution during moderate to extreme discharge events. Therefore, research sub-question 2
investigates the effects of interventions in the Pannerdensch Kanaal alongside the implementa-
tion of LTDs in the Boven Waal. These interventions include combined summerdike removal
and uniform floodplain lowering, as these are useful interventions for influencing the discharge
distribution during moderate to extreme discharge events.
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2 Theoretical background

This chapter provides an overview of the relevant theoretical background for this research.
Section 2.1 begins by summarizing the current state-of-the-art knowledge on the effects of
interventions in the Dutch Rhine branches on bed degradation and low discharge distribution.
Following that, Section 2.2 explains the theoretical hydrodynamic and morphodynamic response
of a bifurcating river system to LTDs, floodplain lowering and summerdike removal.

2.1 Effects of interventions in Dutch Rhine branches

Numerous studies have already been dedicated to the effects of interventions on bed degradation
in the Dutch Rhine branches. Some of these studies also consider the impact on the low
discharge distribution, though often as a secondary focus. This section provides an overview
of the known effects of interventions, as identified in previous research, to summarize what is
already understood. This overview is based on the studies displayed in Figure 2.1, where the
colors indicate the locations along the Dutch Rhine branches where the interventions have been
implemented.

Side channels have the potential to significantly mitigate bed degradation (Rorink, 2022; Ten
Brink, 2024). They are secondary channels that are connected to the main river channel and
begin to convey a portion of the discharge when the flow in the main channel reaches a cer-
tain threshold. This increases the overall riverbed capacity, which reduces flow velocities and,
consequently, decreases the sediment transport capacity of the main channel, leading to sed-
imentation (Rorink, 2022). For a significant impact on bed degradation, side channels must
be active as frequently as possible (Rorink, 2022). Side channels that are active nearly 100%
of the time (from a Lobith discharge of 1000 m?/s) could reduce bed degradation by 10-15%
in the Waal and 20-25% in the Pannerdensch Kanaal, according to a 1D modeling study by
Rorink (2022). Moreover, the combined implementation of side channels in both the Waal and
Pannerdensch Kanaal could reduce bed degradation in the Pannerdensch Kanaal by 30-35%.
However, the effects of the proposed side channels by Rorink (2022) are still far from sufficient
to stop bed degradation, particularly in the Waal.

The discharge threshold at which side channels become active must be carefully selected. If they
are active too frequently, excessive local sedimentation can occur, potentially causing navigation
issues (Ten Brink, 2024). Conversely, if side channels only become active at higher discharges
(from 2601 m?/s), they can exacerbate erosion significantly. Therefore, it is recommended that
side channels be activated during medium discharges (1543-1954 m?/s), as suggested by the
results of a 2D modeling study conducted by Ten Brink (2024).

Sediment nourishments are another intervention that can be used to mitigate bed degradation.
They can significantly reduce erosion over a much longer length than the original length of
the nourishment itself, as shown in a 1D modeling study performed by De Lange (2022). To
effectively mitigate bed degradation, these nourishments should be strategically distributed
along the river to prevent additional erosion downstream of the nourishments and consist of a
sufficiently large volume of sediment. However, a notable practical limitation is the availability
of sediment for nourishments. The 1D modeling study by Liptiay (2023) indicates that even
with sediment sourced from actual sources, sediment nourishments can still have a notable
positive impact on reducing bed degradation in the Boven Waal. Despite their effectiveness in
decreasing erosion, they are still far from sufficient to completely stop bed degradation in the
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Waal. Implementing repeated nourishments may enhance their overall effectiveness in reducing
bed degradation further (De Lange, 2022; Liptiay, 2023).

mmm Dutch Rhine branches

Side Channels
1 1D modelling (Rorink, 2022)
mmm 2D modelling (Ten Brink, 2024)

Sediment Nourishments
2D modelling (Becker, 2021)
mm= | D modelling (De Lange, 2022)

m== | D modelling (Liptiay, 2023)
LTDs

m=m Measurements (De Jong et al., 2021; Czapiga et al., 2022b)
2D modelling (Paarlberg et al., 2021)

=== 2D modelling (Pfeijffer, 2023; Sloff et al., 2024)
mmm 2D modelling (Ten Brink, 2024)
== 2D modelling (Huthoff et al., 2015)

Groyne Lowering
mmm ) D modelling (Ten Brink, 2024)

Figure 2.1: Overview of studies investigating the effects of interventions addressing bed degra-
dation in the Dutch Rhine branches and the low discharge distribution at the Pannerdensch
bifurcation. The dark blue area represents the majority of the Dutch Rhine branches, including
the Boven Rijn, Boven and Midden Waal, Pannerdensch Kanaal, Nederrijn, and IJssel. Other
colors indicate the specific locations of the implemented interventions of which the effects are
studied.

Sediment nourishments in the Waal can also be utilized to increase low discharge partitioning to
the Pannerdensch Kanaal (Becker, 2021; Liptiay, 2023). The sediment nourishments proposed
by Liptiay (2023) are expected to result in an increase in low discharge partitioning to the
Pannerdensch Kanaal of approximately 3-4 m?/s. This influence on low discharge partitioning
can be further amplified by placing the nourishment closer to the Pannerdensch bifurcation
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(Becker, 2021). Additionally, a larger sediment volume correlates with a greater increase in low
discharge partitioning to the Pannerdensch Kanaal. Specifically, the sediment nourishments
proposed by Becker (2021) are initially projected to result in an increase in low discharge
partitioning to the Pannerdensch Kanaal of about 5-10 m?/s. However, over time, this effect
reduces as the sediment nourishment erodes.

LTDs reduce bed degradation in the main channel by widening it during moderate to high
discharges. Additionally, during low discharges, they narrow the main channel, leading to an
increase in water depth during these discharges, which is beneficial for shipping. LTDs have
been proven to be effective interventions in reducing bed degradation across numerous modeling
studies (Huthoff et al., 2015; Paarlberg et al., 2021; Pfeijffer, 2023; Sloff et al., 2024; Ten Brink,
2024). Measurements at existing LTD locations in the Midden Waal have shown that they also
result in channel bed deposition in practice and have a significant short-term local effect on
reducing bed degradation (De Jong et al., 2021; Czapiga et al., 2022b). However, the riparian
channels associated with the LTDs must be sufficiently large; otherwise, their impact on bed
degradation will be minimal (Huthoff et al., 2015).

Extending the existing LTDs to cover the entire Midden and Boven Waal significantly reduces
bed degradation in the upstream section of the Boven Waal (river kilometers 867.3-882) (Pfeijf-
fer, 2023; Sloff et al., 2024). However, this extension considerably exacerbates bed degradation
more downstream, particularly in the Midden Waal. The upstream LTDs significantly reduce
sediment transport capacities, thereby ’trapping’ sediment and ensuring that the downstream
LTDs are not effective in achieving their goal of reducing bed degradation. Therefore, it is
suggested that the dimensions of the riparian channels of the LTDs should increase in the
downstream direction, thereby establishing a sediment transport gradient that continues to
result in reduced erosion or even sedimentation downstream.

The discussed interventions all have a reducing effect on bed degradation; however, none are
sufficient to completely stop it. This necessitates an approach that combines various interven-
tions, particularly in the Boven Waal, where bed degradation is most severe. Consequently, the
combination of groyne lowering, side channels, and LTDs in the Boven Waal has been investi-
gated by Ten Brink (2024). This approach results in a significant reduction in bed degradation,
particularly in the upstream section of the Boven Waal (river kilometers 867.3-882), where sig-
nificant reach-averaged sedimentation occurs. However, a substantial exacerbation of erosion
is observed in the downstream section of the Boven Waal (river kilometers 882-891), similar to
the findings in the studies by Pfeijffer (2023) and Sloff et al. (2024). The side channels inves-
tigated in the study of Ten Brink (2024) do not significantly mitigate bed degradation in the
Boven Waal because they only become active at a relatively high Lobith discharge of 2601 m?/s.
While groyne lowering does contribute to a reduction in bed degradation, the effect is minor.
The LTDs, which have a similar configuration to those in the studies by Pfeijffer (2023) and
Sloff et al. (2024), are the most effective intervention in this study for reducing bed degradation
in the Boven Waal.

In addition to reducing bed degradation, LTDs in the Boven Waal can also be used to increase
the low discharge partitioning to the Pannerdensch Kanaal. By causing a decrease in the main
channel width during low discharges, the LTDs lead to an increase in water level, which, due to
backwater effects, extends to the Pannerdensch bifurcation. This results in a redistribution of
flow, leading to a higher low discharge partitioning to the Pannerdensch Kanaal. Specifically,
when LTDs decrease the main channel width of the Boven Waal by approximately 20 meters,
as seen in the studies by Pfeijffer (2023), Sloff et al. (2024) and Ten Brink (2024), the discharge
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partitioning to the Pannerdensch Kanaal increases by about 7 m?/s during a Lobith discharge
of 1294 m3/s. However, this increase is still relatively small compared to the 63 m?3/s needed
to meet the required discharge partitioning at this Lobith discharge.

2.2 Initial hydrodynamic and morphodynamic response to interventions in
a bifurcating river

This section qualitatively describes the initial hydrodynamic and morphodynamic response of
the Boven Rijn, Waal, and Pannerdensch Kanaal to the proposed interventions. Given the
mild bed slope of the Dutch Rhine branches, the flow is subcritical, meaning that interventions
not only affect flow at the intervention location but also upstream, due to backwater effects.
The response to LTDs in the Boven Waal is discussed first (Section 2.2.1), followed by their
combined effects with summerdike removal and floodplain lowering in the Pannerdensch Kanaal
(Section 2.2.2).

2.2.1 Effect of LTDs in the Boven Waal

The initial hydrodynamic and morphodynamic response to LTDs differs between low and high
discharges. The following two sections will outline the theoretical response of the Rhine branches
under both of these discharge ranges. The simulation results, presented later in this study, will
clarify which response is most dominant regarding the overall bed level changes.

Effect during low discharges

The LTDs cause the main channel of the Boven Waal to narrow during low discharges, as
illustrated by the schematic overview in Figure 2.2. This narrowing leads to an increase in
initial water levels along the LTD section, compared to the reference situation without LTDs.
Additionally, the main channel discharge now flows through a smaller cross-sectional area. By
conservation of mass, this leads to increased initial flow velocities in the main channel along the
LTD section compared to the reference situation.

Reference With LTDs

N\ / VA

Figure 2.2: Schematic river cross-sections illustrating the initial hydrodynamic response of a
river with (right) and without (left) LTDs during low discharges.

The LTDs cause an increase in upstream water levels during low discharges due to the formation
of backwater curves. This initial hydrodynamic response is illustrated in Figure 2.3. The
increase in water levels propagates to the Pannerdensch bifurcation, resulting in a redistribution
of flow: more flow is directed toward the Pannerdensch Kanaal (indicated by the upward light
blue arrow), while less flow is directed to the Waal (indicated by the downward light blue arrow).

10
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Consequently, this leads to increased water levels in the Pannerdensch Kanaal and decreased
water levels downstream of the LTDs in the Midden Waal.

The initial morphodynamic response to LTDs during low discharges is shown in Figure 2.3.
This response is characterized by the formation of erosion pits and sedimentation humps at
locations where there are abrupt changes in sediment transport capacity. Over time, these
will expand downstream. Additionally, gradual sedimentation and erosion occur along sections
where sediment transport capacity increases or decreases steadily due to backwater effects from
downstream. The subsequent paragraphs will detail this response from an upstream to down-
stream order. The response in the Waal is discussed before the response in the Pannerdensch
Kanaal.

Boven Rijn - Waal Pannerdensch Kanaal

< LTDs . @ ﬁ

Pannerdensch Pannerdensch
Bifurcation Bifurcation

Figure 2.3: Initial hydrodynamic and morphodynamic response to LTDs in the Boven Waal
for both the Boven Rijn and Waal (left) and Pannerdensch Kanaal (right) during low discharges.
The dark blue arrow represents the flow direction. The light blue arrow indicates a decrease
(downward arrow) or an increase (upward arrow) in discharge partitioning to the respective
branch.

Upstream of the Pannerdensch bifurcation (Boven Rijn), initially gradual sedimentation occurs
during low discharges in response to the LTDs (Figure 2.3). The increased water levels mean
that the same discharge flows through a larger cross-sectional area. According to the principle
of conservation of mass, this results in an increase in flow velocity in the downstream direction.
Since flow velocity scales nonlinearly with sediment transport capacity, this leads to a sediment
transport capacity that also increases in downstream direction, leading to gradual sedimentation
in this area.

Directly downstream of the Pannerdensch bifurcation in the Boven Waal, a sedimentation hump
forms in response to the LTDs during low discharges (Figure 2.3). This occurs due to a reduction
in discharge partitioning to the Waal compared to the reference situation. As a result, there is a
sudden decrease in flow velocity and, consequently, sediment transport capacity at this location,
which leads to sedimentation.

Along the LTD section, an erosion pit forms at the upstream end, which will expand downstream
over time (Figure 2.3). This erosion occurs because the LTDs increase the main channel flow
velocities during low discharges compared to the reference situation. This leads to a sudden
increase in sediment transport capacity of the flow at the upstream end of the LTD section,
leading to erosion. Towards the downstream end of the LTD section, gradual erosion occurs

11
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(Figure 2.3). This happens because of the backwater effects from downstream the LTDs. This
causes the cross-sectional flow area to decrease in the downstream direction, which in turn
increases flow velocities by conservation of mass. This leads to a sediment transport capacity
that is increasing in downstream direction, leading to gradual erosion.

Downstream of the LTDs (Midden Waal), the initial morphodynamic response of the main
channel riverbed during low discharges is characterized by the formation of a sedimentation
hump, which will expand downstream over time (Figure 2.3). In this area, the absence of LTDs
means that flow velocities are no longer increased compared to the reference situation. As a
result, there is a sudden decrease in sediment transport capacity directly downstream of the
LTDs, leading to the formation of a sedimentation hump.

In the Pannerdensch Kanaal, an erosion pit develops at the upstream end in response to the
LTDs during low discharges, which will expand downstream over time (Figure 2.3). The in-
creased discharge partitioning during low discharges results in higher flow velocities in the
Pannerdensch Kanaal. Consequently, this leads to a sudden increase in sediment transport
capacity at the upstream end, causing the formation of the erosion pit.

In summary, during low discharges, the LTDs initially cause sedimentation in the Boven Rijn,
erosion along the LTD section in the Boven Waal, sedimentation in the Midden Waal, and
erosion in the Pannerdensch Kanaal.

Effect during high discharges

The LTDs induce a widening of the main channel in the Boven Waal during high discharges,
as illustrated by the schematic overview in Figure 2.4. This widening results in a reduction of
initial water levels along the LTD section compared to the reference scenario without LTDs.
Furthermore, the main channel’s discharge now flows through a larger cross-sectional area com-
pared to the reference situation. According to the principle of conservation of mass, this causes
a decrease in initial flow velocities in the main channel along the LTD section.

Reference With LTDs

Figure 2.4: Schematic river cross-sections illustrating the initial hydrodynamic response of a
river with (right) and without (left) LTDs during high discharges.

The LTDs lead to a reduction in upstream water levels during high discharges due to the
development of backwater curves. This initial hydrodynamic response is illustrated in Figure
2.5. The decline in water levels travels upstream to the Pannerdensch bifurcation, resulting
in a redistribution of flow: less flow is directed toward the Pannerdensch Kanaal (shown by
the downward light blue arrow), while more flow is partitioned to the Waal (indicated by the

12
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upward light blue arrow). As a result, water levels in the Pannerdensch Kanaal decrease, while
they rise downstream of the LTDs in the Midden Waal.

The initial morphodynamic response to LTDs during high discharges is shown in Figure 2.5.
This response is exactly the opposite of the response during low discharges. The explanation
for the morphodynamic response during high discharges follows the same reasoning as outlined
in the previous section regarding the response during low discharges. The only distinction is
that the underlying physical processes are opposite. Therefore, a detailed explanation is not
provided in this section.

Boven Rijn - Waal Pannerdensch Kanaal
LTDs
_________ > ‘Q‘""“““‘:“'ﬁy ~-—-——---—---______-_______________Q

Pannerdensch Pannerdensch
Bifurcation Bifurcation

Figure 2.5: Initial hydrodynamic and morphodynamic response to LTDs in the Boven Waal for
both the Boven Rijn and Waal (left) and Pannerdensch Kanaal (right) during high discharges.
The dark blue arrow represents the flow direction. The light blue arrow indicates a decrease
(downward arrow) or an increase (upward arrow) in discharge partitioning to the respective
branch.

In short, erosion occurs in the Boven Rijn due to backwater effects from the LTDs, which lead
to higher flow velocities. In the Boven Waal, sedimentation takes place along the LTD section
as a consequence of the decreased flow velocities caused by the LTDs. Downstream of the
LTDs (Midden Waal), erosion occurs because the absence of LTDs leads to a sudden increase in
sediment transport capacity. Meanwhile, sedimentation happens in the Pannerdensch Kanaal,
as reduced discharge partitioning to this branch results in lower flow velocities.

2.2.2 Effect of interventions in both the Boven Waal and Pannerdensch Kanaal

Summerdike removal and floodplain lowering are implemented in the Pannerdensch Kanaal to
address the increased discharge partitioning to the Waal during high discharges. They do not
have an impact during low discharges. By enlarging the riverbed capacity in the Pannerdensch
Kanaal, these interventions lead to a significant decrease in initial water levels during high dis-
charges, as illustrated in Figure 2.6. This reduction in water levels propagates upstream to the
Pannerdensch bifurcation as a result of backwater curves (Figure 2.7), resulting in a redistribu-
tion of flow. This section assumes that the intervention is designed to precisely compensate the
additional discharge diverted to the Waal by the LTDs, thereby restoring the high discharge
partitioning to levels comparable to those in the reference situation.

The initial morphodynamic response to the combination of the interventions in the Boven Waal
and Pannerdensch kanaal during high discharges is shown in Figure 2.7. The morphodynamic
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response in the Waal closely resembles the response when only implementing LTDs (Figure 2.5).
The key difference is that erosion no longer occurs due to the increased discharge partitioning
to the Waal.

Including Summerdike Removal &
Floodplain Lowering

A

Figure 2.6: Schematic river cross-sections illustrating the initial hydrodynamic response of a
river with (right) and without (left) summerdike removal and floodplain lowering during high
discharges.

Reference

Boven Rijn - Waal Pannerdensch Kanaal
Summerdike Removal &
. LTDs R Floodplain Lowering
e E—r B =

Pannerdensch Pannerdensch
Bifurcation Bifurcation

Figure 2.7: Initial hydrodynamic and morphodynamic response to LTDs in the Boven Waal
and summerdike removal and floodplain lowering in the Pannerdensch Kanaal for both the
Boven Rijn and Waal (left) and Pannerdensch Kanaal (right) during high discharges. The dark
blue arrow represents the flow direction.

In contrast, the initial erosion upstream of the Pannerdensch bifurcation in the Boven Rijn is
more pronounced compared to the scenario involving only LTDs. This increase is attributed to
the fact that interventions in both Rhine branches lead to reduced water levels in the Boven
Rijn as a result of their backwater effects. Consequently, this results in a greater decrease in the
cross-sectional area for the same flow, which in turn elevates flow velocities and, consequently,
sediment transport capacities.

The initial morphodynamic response in the Pannerdensch Kanaal to the combination of inter-
ventions during high discharges (Figure 2.7) differs significantly from the response when solely
implementing LTDs (Figure 2.5). The summerdike removal and floodplain lowering significantly
increase the cross-sectional area of flow along their section in the Pannerdensch Kanaal (Figure
2.6). Consequently, the same discharge passing through a larger cross-sectional area leads to
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reduced flow velocities because of conservation of mass. This results in a sudden increase in sed-
iment transport capacity at the upstream end of the intervention section, causing the formation
of a sedimentation hump.

Towards the downstream end of the summerdike removal and floodplain lowering section, grad-
ual sedimentation occurs. This is attributed to the increasing water levels in the downstream
direction, which arise from the backwater curve generated by the water levels downstream of
the intervention section. This rise in water levels leads to an increase in the cross-sectional area,
ultimately resulting in a decrease in sediment transport capacity in downstream direction along
the intervention section. This explains the gradual sedimentation that occurs in this area.

Upstream of the summerdike removal and floodplain lowering, there occurs initial erosion due
to backwater effects from the interventions that lead to higher flow velocities. Downstream of
the interventions, an erosion pit develops that expands in downstream direction over time. This
initial morphodynamic response is caused by the absence of an intervention in that area, due
to which a sudden increase in sediment transport capacity occurs.
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3 Methodology

3.1 DVR Model

This study uses the new version of the Delft3D-4 ”"Duurzame Vaardiepte Rijntakken” (DVR)
model (version delft3d_4-rijn-j18-v1, released in April 2024) for simulating the effect of the in-
terventions (Sloff et al., 2024). This is a state-of-the-art 2DH morphological model of the Dutch
Rhine branches, regarded as the most advanced tool available for studying the morphology
of these branches. It was initially developed to evaluate proposed construction and sediment
management interventions in the Rhine delta (Van Vuren et al., 2015). However, in light of
the Integrated River Management (IRM) program, the model was updated in 2024 (Sloff et al.,
2024), as the previous version was outdated and struggled to accurately predict large-scale mor-
phological trends, particularly overestimating erosion in the Waal (Sloff et al., 2023). The new
version significantly improved on predicting these morphological trends. Section 3.1.4 provides
further details on the differences between the old and new version.

A 2D model is selected for this study since there is a strong focus on the development of the
discharge distribution at the bifurcations and how this is impacted by interventions. Unlike 1D
models, which rely on simplified nodal relationships, a 2D model simulates these bifurcations
based on physical processes, including secondary flow. Additionally, 2D models allow for a more
detailed schematization of interventions and include important two-dimensional effects such as
bend sorting and transverse bed slope.

The DVR model is developed for assessing long-term, large-scale morphological development in
the Rhine branches and assessing the effects of interventions on this morphological development
(Sloff et al., 2024). For this purpose, the hydraulics in the model have been optimized specifically
for morphological simulations, with a focus on accurately representing flow velocities and the
discharge distribution at the Pannerdensch and IJssel bifurcation. To achieve this, a constant
Chézy roughness coefficient of 50 m'/2 /s has been applied, which leads to the overestimation of
absolute water levels (up to 20 cm) (Sloff et al., 2024; Ten Brink, 2024).

The DVR model operates on the computational core of Delft3D-FLOW and solves the unsteady
shallow water equations numerically in two dimensions: the longitudinal and transverse direction
of the river. Given that the horizontal length and time scales are significantly larger than the
vertical scales of the Rhine branches, the use of a depth-averaged model is valid (see depth-
averaged equations Equations 1 and 2).

@4_ %‘F @ %__UKUQ—FQ% (1)
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In Equations 1 and 2, u [m/s] is the depth-averaged velocity in the longitudinal direction along
distance x [m]. v [m/s] is the depth-averaged velocity in the transverse direction along distance
y [m]. t [s] is time, g [m/s?] is the gravitational acceleration, z, [m] is the water level, h [m] is
the water depth and C' [m'/2/s] is the Chézy roughness coefficient.

The model couples the hydrodynamics to a morphological module. This module computes the
sediment transport with the MMeyer-Peter and Miiller (1948) (MPM) equation (see Equation
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3). The sediment transport gradients resulting from the MPM equation are then translated
into bed level changes using the Exner equation (Equation 4). The sediment consists of eleven
sediment fractions ranging from 6.3 x 1075 to 0.125 meter. The DVR model applies different
calibration parameter values («) for the MPM equation across the various Rhine branches
(Table 3.1), as this is necessary to accurately replicate the observed large-scale morphological
trends within each branch (Sloff et al., 2024). The MPM equation is originally developed for
coarse bed load transport (Meyer-Peter and Miiller, 1948) but is used in the DVR model to
simulate both bed load and suspended load. The model developers also explored combining the
Engelund and Hansen equation for sand transport (particles <2 mm) with the MPM equation
for gravel (particles >2 mm), but this approach yielded less satisfactory results and did not
perform as effectively (Sloff et al., 2024).

2 3/2
Hu
S = OZBDB/Q\/ gA <02AD — 500r> (3)

S is the sediment transport per unit width (without pores) [m?/s], a [-] represents a calibration
coefficient, B [m] is the alluvial width of the river, D [m] is the grain diameter, A [-] is the
relative density, p [-] is the ripple factor (= 1), u [m/s] is the depth-averaged flow velocity, £
[-] is the hiding and exposure factor, which contains a correction formulated by Parker et al.
(1982) and 6., [-] is the critical Shields stress.

62;,
1—e)—2 . = 4
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€ [-] represents the bed porosity, z, [m] is the bed level and v/¢s is the divergence of the bed-
material load sediment flux (gs [m?/s]) per unit width.

Table 3.1: Calibration coefficients of the Meyer-Peter and Miiller (1948) sediment transport
equation per Rhine branche applied in the DVR model.

Branche Calibration Coefficient « (-)
Niederrhein/Bovenrijn 0.3
Waal 0.25
Pannerdensch Kanaal 0.75
Nederrijn 0.6
[Jssel 0.2

3.1.1 Model domain

The model domain of the DVR model consists of 9 subdomains and has four boundary conditions
(Figure 3.1). The upstream boundary condition at the German Niederrhein is a discharge
hydrograph (see Figure 3.2), while the downstream boundary conditions at the Beneden Waal,
Nederrijn and Beneden IJssel are Q-h relations. The downstream boundary conditions are
determined based on rating curves (in Dutch: ”Betrekkingslijnen”).
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Figure 3.1: The model domain of the DVR model. The different colours illustrate the different
model subdomains. The blue and black lines illustrate the upstream and downstream boundary
conditions. The brown dots represent the bifurcations. The numbers in black are the river
kilometers of the boundary conditions and bifurcations.

3.1.2 Hydrograph and morphological acceleration factor

The DVR model makes use of a schematized hydrograph to increase computational speed (Sloff,
2011) (see Figure 3.2). A Simulation Management Tool (SMT) controls the simulations, en-
suring that the flow fields for each discharge are stored at the end of each discharge step and
reused the next time the same discharge occurs. The SMT manages the computational core
of Delft3D-FLOW for each discharge individually. Before the morphological simulation of each
discharge, a 720-minute hydrodynamic simulation is conducted to allow the hydraulic parame-
ters to spin up to their new equilibrium values. During this spin-up period, no bed level changes
are applied. The hydrodynamic spin-up should be at least 1440 minutes in the initial year when
interventions are implemented (Sloff et al., 2024).

Furthermore, the SMT enhances computational speed by employing morphological acceleration
factors (as shown in Table 3.2) (Sloff et al., 2024). This allows the model to run for a short
period (the hydrodynamic calculation time in Table 3.2), after which the bed level changes are
multiplied by a morphological acceleration factor, estimating what the bed level changes would
be for the full morphological calculation time. The accuracy of this estimation decreases with
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larger bed level developments, as significant changes in the bed impact the flow dynamics over
time, causing the morphological development to change.
higher discharges are assigned relatively low morphological acceleration factors, while lower
discharges, where less bed level development is expected, are assigned higher morphological

acceleration factors (Sloff et al., 2024).
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Figure 3.2: Hydrograph representing the upstream boundary condition of the DVR model.

Table 3.2: Morphological calculation time, morphological acceleration factor and hydrody-
namic calculation time for each discharge.

50 100

150 200
Time (days)

250

300 350

. Morphological Morphological Hydrodynamic
Discharge . . . . .
calculation time | acceleration factor | calculation time
(m3/s) .
(days) () (min)
1020 51 1440 51
1294 52 1440 52
1543 53 720 106
1954 111 720 222
2601 52 240 312
3384 23 240 138
4353 14 120 168
5506 6 120 72
7009 3 120 36
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3.1.3 Morphological spin-up

The initial bed composition and level determine the initial morphological reaction of the riverbed.
These initial effects induced by the model can be excluded by including a spin-up period. This
study uses the spin-up method as prescribed by Sloff et al. (2024), which consists of two steps.

The first step of the spin-up method involves a local spin-up for fixed layers located near
Nijmegen (rkm 883-885.2), Erlecom (rkm 873.5-875.5), and St. Andries (rkm 925-927). These
fixed layers do not contain sediment within the model schematization, making them non-
erodible. This results in significant initial downstream erosion, with effects that persist longer
than typical initial riverbed changes. To address this, a two-year localized spin-up is performed
in these areas. After this step, only the sediment thickness and composition at the fixed layers
and the zones directly downstream (1 km) are retained for the next spin-up stage. The bed
level at the start of the second spin-up step is similar to the original bed level.

The second spin-up step is a two-year spin-up for the entire model domain, which simultaneously
spins up both the bed level and bed composition. During the spin-up period, the hydrodynamic
spin-up per discharge step should be set to 1440 minutes to ensure proper stabilization of
flow parameters (Sloff et al., 2024). Although the model uses width-averaged bed composition
values as input, no additional step is incorporated in the prescribed approach to spin up the
bed composition separately before bed level variations are introduced (Sloff et al., 2024). This
choice influences the bed level development, especially in areas where significant sorting effects,
such as bends, occur.

3.1.4 Difference between the old and new version of the DVR Model

Significant improvements have been made to the new version of the DVR model compared to the
previous version (Sloff et al., 2024). First of all, the grid, geometry and grain size distribution
have been updated. Additionally, in the new version, all Rhine branches are modeled with
non-uniform sediment, whereas the previous version utilized uniform sediment for some areas.
Also the fixed layers are more accurately represented by incorporating a local spin-up step, as
described in the previous section.

One of the key improvements in the new version is the more accurate simulation of bed level
trends. The old version failed to simulate these trends accurately, which was one of the main
reasons to update the DVR model. The new version reduces excessive erosion in the Midden
Waal while increasing it in the Boven Waal. This is more realistic based on measured data
(Sloff et al., 2024). Achieving this required the use of distinct calibration parameters in the
Meyer-Peter and Miiller sediment transport equation for each branch (Table 3.1). In contrast,
the old version employed a uniform calibration parameter (0.625) across all branches.

As a result of the improvements, the new version of the DVR model enhances the accuracy of
sediment transport gradient. Unlike the old version, the new model does not produce large, un-
realistic sediment transport gradients. The is due to a combination of improvements, including
the use of an updated geometry, a constant hydraulic roughness, a new bed composition fea-
turing non-uniform sediment across all branches, and the calibrated sediment transport model.

Additionally, the new version features a constant active layer thickness of 1 meter for all domains,
whereas previous studies based this thickness on water depth. According to Sloff et al. (2024),
utilizing a constant active layer thickness simplifies the model without compromising quality.
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3.2 Simulations

This study uses a systematic approach to design interventions in the Boven Waal and Panner-
densch Kanaal aiming to both significantly increase low discharge partitioning to the Panner-
densch Kanaal and reduce bed degradation in the Boven Waal. This approach is illustrated
schematically in Figure 3.3. Table 3.3 provides an overview of the simulations following from
this approach, including a Reference Scenario for comparison with the intervention scenarios.

Research Question 1 focuses on the implementation of LTDs with associated ripraian channels
in the Boven Waal. The first step is to reduce the main channel width of the Boven Waal
during low Lobith discharges (1020 to 1543 m3/s) using LTDs to significantly increase the low
discharge partitioning to the Pannerdensch Kanaal. Subsequently, the riparian channel depths
are adjusted to sufficiently widen the main channel of the Boven Waal during during moderate
to high Lobith discharges (1954 to 7009 m?/s) such that flow velocities during these discharges
are significantly reduced. This adjustment is aimed at reducing bed degradation in the Boven
Waal. These steps are carried out through performing various hydraulic simulations. Three
LTD Scenarios with varying riparian channel depths are designed for which the morphological
development is simulated with the DVR model (see Table 3.3). Section 3.2.1 provides further
details on the choices, assumptions, and development of these scenarios.

1. LTDs in the Boven Waal 2. Additional Summerdike Removal
and Floodplain Lowering
Pannerdensch Kanaal
LTD Scenarios I
I LTD-FL Scenarios |
Adjust main channel -E Adjust level of
width reduction g floodplain lowering
h.
Final LTD Scenarios 2 Goal 2: Compensate for extra discharge
Goal 1.1: Increase low = drawn to the Waal by the LTDs during:
discharge partitioning _
to Pannerdensch 24 2l
Kanaal ) - Lobith design Moderate to high
discharge Lobith discharges
- 16,000 m3 /s) (2601 to 7009 m3/s)
Adjust riparian
channel depths
Final LTD-FL Scenarios
Goal 1.2: Reduce bed ‘= LTD-S-FL-0.5 |
degradation Boven 1
Waal | LTD-S-FL-2 [

Figure 3.3: Systematic approach to designing interventions in the Boven Waal and Panner-
densch Kanaal.

Research Question 2 proceeds with the LTD Scenario that is most effective concerning both
the low discharge distribution and bed degradation. This scenario is identified as Scenario
LTD-S, which will be clarified later in this study. Additionally, interventions are explored in
the Pannerdensch Kanaal to compensate for the increased discharge drawn into the Waal by
the LTDs. First, compensation is needed during the Lobith design discharge (16,000 m?/s) to
maintain the prescribed discharge distribution (5835 m?/s to Pannerdensch Kanaal and 10165
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m? /s to the Waal) (Schropp and Jansen, 2020). The second aim is to also compensate during
moderate to high Lobith discharges (1954 to 7009 m3/s) to further reduce bed degradation in
the Boven Waal, beyond what is achieved with LTDs alone.

The interventions in the Pannerdensch Kanaal are focused on the floodplains, as there is limited
space within the main channel, and to avoid negatively impacting the low discharge distribu-
tion. The objective here is not to design an optimal intervention, but rather to evaluate the
potential effects of these kind of compensatory measures. Therefore, for simplicity, the inter-
ventions involve summerdike removal for all LTD-FL Scenario, along with varying levels of
uniform floodplain lowering. These interventions are implemented over an approximate length
of 7.5 kilometer. To avoid an overly complex design process, one LTD-FL Scenario including a
0.5-meter floodplain lowering is designed to maintain the discharge distribution during the Lo-
bith design discharge. Additionally, two LTD-FL Scenarios with 2-meter and 3-meter floodplain
lowering are designed to address compensation during moderate to high Lobith discharges (see
Table 3.3).

Table 3.3: Overview of Performed Simulations

Scenario Abbreviation | Description
0 Reference Scenario Ref Reference Simulation

RQ1 | LTDs in the Boven Waal

1.1 LTD Scenario Small LTD-S Least deep riparian channels
1.2 LTD Scenario Medium | LTD-M Moderately deep riparian channels
1.3 LTD Scenario Large LTD-L Deepest riparian channels

RQ2 LTDs in the Boven Waal and summerdike removal

and floodplain lowering in the Pannerdensch Kanaal
2.1 LTD-FL Scenario 0.5m | LTD-S-FL-0.5 | 0.5-meter floodplain lowering
2.2 LTD-FL Scenario 2m LTD-S-FL-2 2-meter floodplain lowering
2.3 LTD-FL Scenario 3m LTD-S-FL-3 3-meter floodplain lowering

3.2.1 LTDs in the Boven Waal

The simulations of the LTDs in the Boven Waal involve three LTD Scenarios (see Table 3.3),
each consisting of six LTDs with corresponding riparian channels spanning almost the entire
length of the Boven Waal (Figure 3.4). Their placement is based on the ”Globaal Ontwerp
Langsdammen” (Huthoff et al., 2015), a design which is also used in previous studies of LTDs
in the Boven Waal (Pfeijffer, 2023; Sloff et al., 2024; Ten Brink, 2024). A small interruption
exists between LTDs 4 and 5 to accommodate the outflow point of the Spiegelwaal. The LTDs
are positioned on the inner bend of the river to prevent rapid sedimentation and closure of
the channels, which would occur if they were located at the bend apex or curvature crossover
(Czapiga et al., 2022b). As a result, there is a necessary shift in the downstream direction from
LTDs on the left and right sides of the main channel. This design leads to the need for six
separate LTDs rather than one continuous body.

The LTDs are positioned three grid cells (~65 m) further into the main channel compared to
the ends of the current groynes, thereby reducing the original main channel width of the Boven
Waal (260 meters) by approximately 65 meters. Previous studies regarding LTDs reduced the
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Figure 3.4: The location of the riparian channels for the six LTDs in the Boven Waal (rkm
867.3-891) displayed on top of the DVR model grid and the original riverbed depth before the
introduction of LTDs. Transparent grid cells represent the riparian channels, while darker cells
indicate unchanged areas. The light blue arrow represents the flow direction. The brown dots
represent river kilometers.

main channel width relative to the ends of the groynes by only one grid cell (~20 meters), which
resulted in a minimal increase in low discharge partitioning to the Pannerdensch Kanaal (~7
m?/s) (Pfeijffer, 2023; Sloff et al., 2024; Ten Brink, 2024). Therefore, this study has investigated
the effect of reducing the main channel width by two (~40 m) and three grid cells (~65 m) on the
initial low discharge partitioning to the Pannerdensch Kanaal by doing some hydraulic trial runs.
Due to the coarse resolution of the grid, intermediate reductions could not be modeled. The
three grid cell reduction is selected because it resulted in the highest increase in low discharge
partitioning to the Pannerdensch Kanaal.

The current LTD design results in a main channel width of 195 meters. Although this is below
the policy-required width of 230 meters (comprising 150 meters for navigation, 20 meters for
future expansion, and two 30-meter safety margins) (Klijn et al., 2022), it remains reasonably
close to the required dimensions. Given that the focus of this study is on evaluating the effects
of significant channel reduction rather than achieving a fully realistic design, this difference is
considered acceptable.

At the LTD transition zones, the main channel width narrows to approximately 131 meters due
to the shift in LTD placement from one side of the river to the other. This width is well below
the required 230 meters and, in practice, would necessitate greater spacing between LTDs to
avoid such a drastic reduction. However, the transition zones are left unchanged in this study
for the same reason as mentioned in the previous paragraph.

The total width of the riparian channels is designed to be five grid cells (approximately 125
meters), which includes three cells from the original main channel and two cells from the previous
groyne areas. However, in specific sections, the riparian channel of LTD 1 (rkm 868.1 to 870.4)
and LTD 2 (rkm 873.7 to 874.4) are narrower, spanning only four grid cells (~95 m). For
LTD 1, this narrower section is due to the presence of a summerdike further inland, which
is intentionally left unaffected to preserve the local dynamics of the floodplain. For LTD 2,
the narrower width is a result of buildings in the floodplain, which are also intentionally left
unaffected.
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The LTDs are schematized by removing the groynes and lowering the bed level within the ripar-
ian channels (Figure 3.5). The LTD crest and inlet sill are modeled as a weir. A weir, being a
fixed, non-movable structure, introduces energy losses due to flow constriction. This approach
is necessary because the width of the LTD crest (~2 meters) is considerably smaller than the
grid cell width (~25 meters). Assigning the entire grid cell the height of the LTD would overly
reduce the cross-sectional area. Instead, the outermost grid cell of the riparian channel, closest
to the main channel, is slightly raised relative to the rest of the riparian channel bed level to
compensate for the reduction in cross-sectional area caused by the LTD body (see Figure 3.5¢).
Appendix A provides additional technical details on how the LTD schematization is included
into the DVR model input files.

a b (c)
(a) , . (b) 12 River kilometer 882.3
—_ —Bed Level (Ref)
& 10 —Bed Level (LTD-S)
Z —Crest Weir
+ 8
£
=~ 6
2
o 4
3 2
m
0

15 20 25
Main channel width
(grid cell number)

Figure 3.5: (a) Top view of the original main channel (Reference) in the Boven Waal around
river kilometer 882.3 (blue line). Brown lines represent groynes. (b) Top view of the main
channel after implementation of LTD 4. The black line represents the LTD body. The dark
blue arrow represents the flow direction. (c¢) Schematized cross-sectional bed level of the main
channel at river kilometer 882.3 for the Reference Scenario and Scenario LTD-S. The black line
represents the LTD crest weir.

At the downstream end of the LTD body, the riparian channel extends for an additional two
grid cells (~160 m) to ensure smooth water flow out of the riparian channel without excessive
obstruction from the elevated groyne area (Figure 3.6). Another schematization choice involves
to include no initial sediment in the riparian channels, making them non-erodible at the start
of the simulation. However, sediment deposited during the simulation can be eroded. This
approach aligns with previous studies on LTDs in the Boven Waal (Pfeijffer, 2023; Sloff et al.,
2024; Ten Brink, 2024) and is supported by observations from the LTD pilot project in the
Midden Waal (Eerden, 2022), where no significant erosion occurred in the riparian channels.

The Nikuradse roughness height at the location of the LTD body and riparian channels has been
adjusted to account for the presence of the LTDs and the associated changes in flow resistance.
A value of 0.2 is used for the riparian channels, while the outer riparian channel cells, closest to
the main channel, have a slightly increased roughness value of approximately 0.23. This increase
is because these grid cells are partially covered by the LTD body, which has a roughness height
of 0.4. The roughness for these cells is calculated by averaging the roughness values based on
the proportion of the cell area covered by the LTD body and the riparian channels.
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(b)

Figure 3.6: (a) Top view of the original main channel (Reference) in the Boven Waal around
river kilometer 876.2. Brown lines represent groynes. (b) Top view of the main channel after
implementation of LTDs 3 and 4. The black line represents the LTD crest, the light blue line
represents the LTD inlet, which is at a lower level than the crest. The dark blue arrow represents
the flow direction.

The crest levels of the LTDs are set at OLR + 2 meters, where OLR (" Overeengekomen Lage
Rivierstand”) represents the water level during a Lobith discharge of 1020 m?/s. This approach
aligns with previous LTD studies (Pfeijffer, 2023; Sloff et al., 2024; Ten Brink, 2024). On the
contrary, in this study, the inlet heights of the LTDs (Table 3.4) differ from those in the previous
studies, which used OLR 4 0.5 meters. The higher reduction in main channel width caused
by the LTDs in this study leads to higher water levels during low Lobith discharges (1020 to
1543 m3/s) compared to the other studies. Consequently, higher inlet heights are required to
minimize flow extraction from the main channel during low discharges. This is especially crucial
for the upstream LTDs 1-3, which significantly affect the low discharge distribution due to their
proximity to the Pannerdensch bifurcation. Therefore, the inlet heights are higher relative to
OLR for LTDs closer to the Pannerdensch bifurcation (see Table 3.4). In contrast, the inlet
heights of the downstream LTDs 5 and 6 are set lower relative to OLR, because these LTDs
have a less significant impact on the low discharge distribution. The lower inlet height causes
main channel flow velocities to further reduce during discharges of 1543 and 1954 m3/s along
those LTDs.

The riparian channel depths are varied among the LTD Scenarios because hydraulic trial runs
showed that this parameter has the most significant impact on reducing flow velocities in the
main channel during during moderate to high Lobith discharges (1954 to 7009 m?/s), compared
to the Reference Scenario. Table 3.4 shows the average bed level of the riparian channels in each
of the LTD Scenarios. Deeper riparian channels result in higher flow extraction from the main
channel during these discharges, which leads to a more substantial reduction in main channel
flow velocities. Apart from the width of the riparian channels, which is fixed after the initial
design step, other LTD parameters, such as inlet height, inlet length, and crest height, influence
initial flow velocities only during discharges at which the water levels just exceed the inlet or
crest height, as observed from the trial runs.
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The bed level of the upstream riparian channels is set higher relative to the main channel bed
level than that of the downstream riparian channels (see Table 3.4). As a result, downstream
LTDs cause a more significant reduction in flow velocities relative to the Reference Scenario
during moderate to high discharges (1954 to 7009 m3/s) than upstream LTDs. This approach
aims to create a gradient in sediment transport capacity along the Boven Waal, as recommended
by previous studies (Sloff et al., 2024; Ten Brink, 2024). These studies, which did not include
such a gradient, found that the downstream LTDs were less effective at reducing erosion and
even exacerbated erosion compared to the Reference Scenario.

Table 3.4: Dimensions of the LTDs in the LTD Scenarios: length, inlet heights and average
bed level of the riparian channels. OLR (”Overeengekomen Lage Rivierstand”) represents the
water level during a Lobith discharge of 1020 m?/s (” Overeengekomen Lage Afvoer”).

Length Inlet height Ave.rage: bed level (m + NAP?
Id Rkm (km) (m + NAP) Riparian channel Main
Relative | Absolute | LTD-S | LTD-M | LTD-L | channel

LTD 1 88(,578219_ 4.8 OIE)P; + 7.98 4.81 4.61 4.11 2.50
LTD 2 88772673_ 3.6 OI(J)P; + 7.39 4.02 3.82 3.22 2.27
LTD 3 88;%%’ 6.4 O%i Tl 602 275 | 240 | 205 | 173
LTD 4 88882652_ 3.7 OIG)P; + 6.27 2.65 2.15 1.95 1.60
LTD 5 8826752_ 0.7 01(31?)) + 5.58 0.97 0.35 0.15 1.09
trp 6| S| 4 OI(J)% Tl 54 085 | -0.05 | -005 | 084

3.2.2 Summerdike removal and floodplain lowering in the Pannerdensch Kanaal

This study adopts a relatively simple design involving summerdike removal and floodplain low-
ering in the Pannerdensch Kanaal, as the focus is on assessing the effects of floodplain expansion
rather than identifying an optimal design. For example, this design does not account for areas
that cannot be lowered due to existing structures, such as buildings. Thereby, potential changes
in floodplain roughness values resulting from floodplain lowering have not been considered in
the design.

The summerdike removal consists of the removal of the summerdikes at the locations indicated
by the red lines in Figure 3.7a. This removal is consistent across all three floodplain lowering
scenarios and is essential to allow water to inundate the floodplains. The floodplain lowering
entails a uniform reduction by either 0.5m, 2m, or 3m, depending on the scenario, across the
floodplains of the Pannerdensch Kanaal at the location of the darker areas shown in Figure 3.7a.
These values are determined by the use of hydraulic trial runs. A key decision in the design is
that floodplain lowering cannot reduce the floodplain below 8 m + NAP (Figure 3.7b), as this
would begin to affect the low discharge conditions (1020 to 1543 m?/s), which is not desired.
Additionally, groynes remain unchanged to avoid impacting these discharges.
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The interventions in the Pannerdensch Kanaal are implemented in the DVR model by first
removing the summerdikes. This involves removing the associated weirs from the input files
and lowering the elevation of the summerdikes in the bathymetry file to match the elevation
of the surrounding floodplain. Following this, a uniform floodplain lowering is applied across
the entire floodplain area. As a result, the total floodplain reduction exceeds the uniform level
of lowering at locations where summerdikes have been removed. This is illustrated in Figure
3.7b, where the bed level of Scenario LTD-S-FL-3 (red) is approximately 6.4 meters lower
than that of the Reference Scenario (blue). Note that the summerdike on the right side of
the floodplain has not been removed at this location. Appendix A.2 further elaborates on the
technical implementation of the interventions in the DVR model.

(a) (b)

1 River kilometer 873
N —Ref/LTD-S

LTD-S-FL-0.5
14 LTD-S-FL-2 H
—LTD-S-FL-3

Bed level
(m +NAP)
21

I 22

Bed level (m + NAP)

30 40 50 60
Main channel width
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Figure 3.7: (a) Location of the floodplain lowering (darker areas) and the summerdikes (red
lines) that have been removed in the Pannerdensch Kanaal. The brown dots represent river
kilometers. The light blue arrow indicates the flow direction. The black dotted line shows the
location of the cross-section at river kilometer 873. (b) Schematized cross-sectional bed level of
the Pannerdensch Kanaal at river kilometer 873, viewed in flow direction.

The provided DVR model is not yet capable of simulating the Lobith design discharge of
16,000 m?/s. To enable this, additional boundary conditions must be defined. This study adopts
a similar approach to that used by the model developers for the discharges already incorporated
into the model (Sloff et al., 2024). The upstream boundary condition at the Niederrhein is
set equal to the Lobith discharge (16,000 m?/s). The three downstream boundary conditions
are the corresponding water levels for this Lobith discharge, determined using rating curves (in
Dutch: ”Betrekkingslijnen”) (Sloff et al., 2024). Further details on the technical implementation
of this discharge within the DVR model can be found in Appendix B.
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4 Results

This section presents and analyses the results of the simulations as outlined in the methodology.
Section 4.1 examines the development of the discharge partitioning to the Pannerdensch Kanaal
and the bed level development in the Boven Waal during the Reference Scenario. Section 4.2
then analyses the main effects of the LTDs in the Boven Waal on both the low discharge
partitioning to the Pannerdensch Kanaal and the bed degradation in the Boven Waal, as well
as in other affected reaches. Finally, Section 4.3 discusses the combined effects of LTDs in the
Boven Waal with summerdike removal and floodplain lowering in the Pannerdensch Kanaal,
focusing on the discharge distribution and bed degradation in the Boven Waal and other affected
reaches.

4.1 Analysis of the Reference Scenario

The Reference Scenario (abbreviated as 'Ref’) simulates the morphological development of the
Rhine branches as represented in the DVR model, without any additional interventions. This
scenario serves as a baseline for comparing the intervention scenarios against, enabling the
investigation of the relative effects of those interventions. The following sections discuss the
development of discharge partitioning to the Pannerdensch Kanaal and the bed level changes
in the Boven Waal, as these are the critical focus points of this study.

4.1.1 Development of discharge partitioning to the Pannerdensch Kanaal

The discharge partitioning to the Pannerdensch Kanaal measured in 2024 does not meet the
required values for Lobith discharges below 1570 m3/s. This is evident in Figure 4.1a, where
the black line falls below the black dashed line at these discharges. The simulated low discharge
partitioning to the Pannerdensch Kanaal at the start of the Reference Scenario (blue in Fig-
ure 4.1a) closely aligns with the measured low discharge partitioning. To meet the required
partitioning, the discharge to the Pannerdensch Kanaal must increase by 14 m3/s at a Lobith
discharge of 1543 m3/s, by 61 m3/s at 1020 m?/s, and by 63 m?/s at 1294 m?/s.

The discharge partitioning to the Pannerdensch Kanaal decreases over time due to ongoing
erosion in the Waal, which leads to more discharge being directed towards the Waal. This can
be seen by the negative values of the blue dashed line in Figure 4.1b. This erosion, which is
discussed further in the next section, results in an additional 20 m?/s reduction in discharge
partitioning to the Pannerdensch Kanaal during low discharges (1020 to 1543 m?/s), further
moving the required discharge partitioning out of reach. A significantly larger decrease in
discharge partitioning is noted at a Lobith discharge of 2601 m?/s compared to other discharges.
This likely originates from the behavior of the weir at Driel, which acts as the downstream
boundary of the Nederrijn, as it transitions to free-flowing conditions at this discharge in the
DVR model. The specific cause of this anomaly is not examined further, as it is not essential
to the core focus of this study.

Overall, the discharge partitioning to the Pannerdensch Kanaal, as initially simulated by the
DVR model, closely resembles the measured discharge partitioning (Figure 4.1a). The largest
deviation is observed at a Lobith discharge of 7009 m?/s, at which the DVR model overesti-
mates the discharge partitioning to the Pannerdensch Kanaal by approximately 48 m?/s. This
indicates that the model is less accurate in simulating discharge distribution during high dis-
charges.
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Figure 4.1: Discharge partitioning to the Pannerdensch Kanaal in the Reference Scenario at
the start (t = 0), the measured discharge in 2024 and the minimum required discharge to the
Pannerdensch Kanaal. (b) Difference in discharge partitioning to the Pannerdensch Kanaal
between year 20 and year 0 in the Reference Scenario. Negative values mean a decrease in
discharge partitioning.

4.1.2 Bed level development in the Boven Waal

Significant erosion occurs in the main channel of the Boven Waal over a 20-year period during
the Reference Scenario. This is evident from the extensive red areas in the main channel shown
in Figure 4.2 and the width-averaged bed level development of the main channel of the Boven
Waal over time illustrated in Figure 4.3a. Remarkably, substantial erosion takes place in the
inner bends alongside the fixed layers at Nijmegen and Erlecom, while the bed level at the
fixed layers themselves does not change significantly. This is illustrated by the red areas on the
inner side of the bends around x-coordinates 195,000 m (Erlecom) and 188,000 m (Nijmegen) in
Figure 4.2, as well as by the change in cross-sectional bed level at river kilometer 884, which is
in the bend containing the fixed layer at Nijmegen (see Figure 4.3b). This phenomenon can be
primarily attributed to limited sediment availability over the fixed layer and the differing Chézy
coefficients—40 m'/2 /s for the fixed layer compared to 50 m'/2/s for the rest of the riverbed,
including the inner bends alongside the fixed layers. A higher Chézy coefficient leads to higher
flow velocities, creating a sediment transport gradient between the fixed layer and the inner
bend, which leads to erosion in the inner bend.
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Figure 4.2: Bed level change in the Boven Waal over 20 years of morphological development
during the Reference Scenario. Blue areas indicate sedimentation, while red areas indicate
erosion. The black line represents the boundary between the upstream (rkm 867.3-882) and
downstream section (rkm 882-891) of the Boven Waal. The black arrow shows the flow direction.
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Figure 4.3: (a) Width-averaged bed level development of the main channel in the Boven Waal
during the Reference Scenario for every year of the simulation. The grey areas represent the
fixed layers. The dashed line at river kilometer 882 marks the boundary between the upstream
(BW-1; rkm 867.3-882) and downstream section (BW-2; rkm 882-891) of the Boven Waal. (b)
Cross-sectional bed level for the Reference Scenario at the start (t = 0) and end (t = 20) of the
simulation at river kilometer 884, viewed in the flow direction.

Significantly more erosion occurs in the downstream section of the Boven Waal (BW-2; rkm
882-891) compared to the upstream section (BW-1; rkm 867.3-882). This is illustrated by the
significant difference in reach-averaged bed level change shown in Figure 4.4a. Until year 3, the
reach-averaged bed level changes in both sections remain relatively similar; however, a change
in trend occurs afterward. This moment corresponds to the start of erosion in the Boven Rijn
after an initial period of sedimentation (discussed in the later results section 4.2.4), leading to
increased sediment transport to the Boven Waal. As a result, the bed level in the upstream
section of the Boven Waal experiences less erosion compared to the downstream section.

FErosion in the main channel of the Boven Waal primarily occurs during Lobith discharges rang-
ing from 3384 to 7009 m?/s. This is demonstrated by the negative accumulated bed level change
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over a 20-year period during these discharges, shown in Figure 4.4b. It highlights the need to
reduce the erosivity of the flow during these discharges. Conversely, reach-averaged sedimen-
tation takes place during Lobith discharges between 1020 and 2601 m?/s, which mitigates the
bed degradation in the Boven Waal.
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Figure 4.4: (a) Reach-averaged bed level change in the main channel of the Boven Waal over
time relative to t = 0 for the Reference Scenario. A distinction is made between the entire Boven
Waal (BW; rkm 867.3-891), and the upstream (BW-1; rkm 867.3-882) and downstream section
(BW-2; rkm 882-891) of the Boven Waal. (b) Accumulated reach-averaged bed level change (m)
per Lobith discharge during 20 years of morphological development for the Reference Scenario.

31



4 RESULTS

4.2 Effects of the LTDs

This section presents the main effects of the LTDs in the Boven Waal regarding the low discharge
distribution at the Pannerdensch bifurcation and bed degradation in the Boven Waal. Addi-
tionally, the impact on bed degradation in other significantly affected branches is also discussed.
This follows from the simulation of the three LTD Scenarios, described in Section 3.2, which
are referred to as LTD-S (small), LTD-M (medium) and LTD-L (large). The primary difference
between these scenarios lies in the depth of the riparian channels, with Scenario LTD-L having
the deepest riparian channels. The riparian channels become active at a Lobith discharge of
1294 m3 /s; however, significant flow extraction that reduces main channel flow velocities relative
to the Reference Scenario begins to occur from a discharge of 1954 m?3/s.

The physical processes underlying the effects of the LTDs have been qualitatively explained
in detail in the theoretical background (Section 2.2). This section will primarily concentrate
on discussing the most significant quantitative effects of the LTDs regarding the discharge
distribution and bed degradation.

4.2.1 Effect on the discharge distribution

The implementation of the LTDs initially results in a significantly increased discharge partition-
ing to the Pannerdensch Kanaal during low Lobith discharges (1020 to 1543 m?/s), compared
to the Reference Scenario (+24-42 m3/s) (Figure 4.5). This represents substantial progress in
achieving the minimum required discharge towards the Pannerdensch Kanaal, with the target
discharge at a Lobith discharge of 1543 m?3 /s now being met (required: 315 m?/s, achieved: 325
m?/s). The increase in discharge partitioning is attributed to the reduction in main channel
width in the Boven Waal caused by the LTDs during these low discharge conditions, which leads
to increased water levels compared to the Reference Scenario. The resulting backwater effects
propagate upstream to the Pannerdensch bifurcation, leading to a redistribution of flow due to
which more discharge is directed towards the Pannerdensch Kanaal.

Over time, the LTD Scenarios lead to a smaller decrease in low discharge partitioning to the
Pannerdensch Kanaal than the Reference Scenario (Figure 4.5b). The decrease in discharge
partitioning can be attributed to bed degradation in the Boven Waal. As the bed level of the
Boven Waal declines, the water levels in this section also decrease. The resulting backwater
effects lead to an increased discharge partitioning to the Waal and a corresponding reduction in
flow to the Pannerdensch Kanaal. The LTDs cause reduced erosion in the Boven Waal (to be
discussed in more detail in the next section), resulting in a less pronounced decrease in discharge
partitioning to the Pannerdensch Kanaal over time in the LTD Scenarios.

The reduction in low discharge partitioning to the Pannerdensch Kanaal over a 20-year period
during the LTD Scenarios is less significant than the initial increase in low discharge partitioning
to the Pannerdensch Kanaal resulting from the LTDs (Figure 4.5a). Consequently, after 20
years, there remains a significantly higher level of low discharge partitioning to the Pannerdensch
Kanaal than what was initially observed in the Reference Scenario (+15-30 m?/s; see Figure
4.5a).

During Lobith discharges ranging from 2601 to 7009 m3/s, the LTDs result in a significant
reduction in discharge partitioning towards the Pannerdensch Kanaal compared to the Reference
Scenario (Figure 4.5). This reduction occurs because, at these discharge levels, the riparian
channels extract a significant volume of flow from the main channel, effectively widening it
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compared to the Reference Scenario. As a result, the water levels decrease, and consequently,
the flow at the Pannerdensch bifurcation is redistributed through backwater effects, leading to
a greater discharge partitioning to the Waal and a reduced flow to the Pannerdensch Kanaal.
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Figure 4.5: (a) Discharge partitioning to the Pannerdensch Kanaal at t = 0. The dashed black
line represents the minimum required discharge to the Pannerdensch Kanaal. (b) Difference in
discharge partitioning to the Pannerdensch Kanaal with respect to the discharge distribution
of the Reference Scenario at t = 0. The solid lines represent the discharge partitioning at t =
0, the dashed lines represent the discharge partitioning at t = 20.

To conclude, the LTDs significantly enhance low discharge partitioning to the Pannerdensch
Kanaal compared to the Reference Scenario. Initially, they increase low discharge partitioning
by 24 to 42 m3/s, and after 20 years, the low discharge partitioning to the Pannerdensch
Kanaal remains higher than initially observed in the Reference Scenario, with an increase of
15-30 m3/s. As a result, the required discharge partitioning to the Pannerdensch Kanaal at a
Lobith discharge of 1543 m3/s is achieved both at the beginning and the end of the 20-year
period.
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4.2.2 Effect on the bed degradation in the Boven Waal

The LTDs lead to a significant reduction in bed degradation in the main channel of the Boven
Waal (Figure 4.6a). In this figure, it can be seen that the bed level change is less for all the
LTD scenarios compared to the Reference Scenario starting from year 9, indicating a reduction
in bed degradation from that point onward. The reach-averaged bed level of the main channel
in the Boven Waal declines by approximately 8 cm over a 20-year period in the LTD Scenarios,
compared to a decline of approximately 15 cm in the Reference Scenario.

Significant erosion persists in the LTD Scenarios, predominantly occurring in the downstream
section of the Boven Waal (BW-2), ranging from river kilometers 882 to 891 (Figure 4.6b). This
figure illustrates that the bed level change caused by the LTDs in the downstream section of
the Boven Waal is greater than in the Reference Scenario right from the beginning, meaning
an increase in bed degradation in this section. In contrast, the upstream section of the Boven
Waal (rkm 867.3 to 882) exhibits overall sedimentation in the LTD scenarios, indicated by the
positive bed level change in Figure 4.6b.
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Figure 4.6: Reach-averaged bed level change of the main channel over time relative to t = 0
for the Reference Scenario and LTD Scenarios. (a) the reach-averaged bed level change for the
entire Boven Waal (rkm 867.3-891), and (b) for the upstream part (BW-1; rkm 867.3-882) and
the downstream part (BW-2; rkm 882-891km) of the Boven Waal.

The differing trend in bed level change between the upstream and downstream section of the
Boven Waal is also evident in the map of bed level changes in the Boven Waal during Scenario
LTD-S (Figure 4.7). This figure illustrates predominantly sedimentation (blue) in the upstream
section and primarily erosion (red) in the downstream section. Additional impacts of the LTDs
apparent in this map include substantial erosion at the LTD transition zones and sedimentation
within the riparian channels, particularly in the downstream section. The bed level change
during Scenarios LTD-M and LTD-L shows similar effects.
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Figure 4.7: Bed level change in the Boven Waal over 20 years of morphological development
during Scenario LTD-S. Blue areas indicate sedimentation, while red areas indicate erosion.
Solid green lines depict LTD bodies, whereas the combination of solid and dotted green lines
outlines the boundaries of the riparian channels. The black line marks the boundary between
the upstream (rkm 867.3-882) and downstream section (rkm 882-891) of the Boven Waal. The
black arrow shows the flow direction.

The LTDs result in an overall reduction in bed degradation in the main channel of the Boven
Waal compared to the Reference Scenario. This overall impact is primarily attributable to four
specific effects of the LTDs. Figure 4.8 provides a schematic overview of how these specific
effects contribute to the overall impact on bed degradation. The significantly reduced erosion
during moderate and high Lobith discharges (1954 to 7009 m?/s) is the main intended effect
of the LTDs on reducing bed degradation in the Boven Waal (Effect 1). However, this positive
effect is counteracted by three unintended effects of the LTDs (Figure 4.8). The subsequent
sections will discuss the four effects in detail, one by one.

Effect 1: Reduced
erosion during moderate
and high discharges
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Figure 4.8: Schematic overview of how specific effects of the LTDs contribute to overall reduced
bed degradation in the Boven Waal.
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Reduced erosion during moderate and high discharges

The LTDs significantly reduce erosion during moderate and high Lobith discharges (1954 to
7009 m? /s). From a reach-averaged perspective, significant sedimentation even occurs during
these discharges in the main channel of the Boven Waal (Figure 4.9a). The reach-averaged
accumulated sedimentation during these discharges is approximately 0.46 meters, whereas the
Reference Scenario exhibits overall erosion of approximately 0.29 meters during the same dis-
charge conditions. This contrast can be attributed to the fact that the LTDs significantly
decrease flow velocities during moderate to high discharges compared to the Reference Sce-
nario, as illustrated by the initial flow velocity differences shown in Figure 4.10b. A reduction
in flow velocities results in reduced sediment transport capacities, thereby creating a less erosive
flow.

The influence of the LTDs on bed level development during moderate to high Lobith discharges
(1954 to 7009 m?3/s) is less pronounced in the downstream section of the Boven Waal (BW-
2) compared to the upstream section (BW-1) (Figures 4.9b and 4.9¢). This phenomenon is
primarily due to two processes. The first process is that the LTDs in the upstream section
significantly reduce sediment transport capacities during these discharges. The design of the
LTDs creates a velocity gradient in the upstream section of the Boven Waal (Figure 4.10a),
causing the flow to gradually lose its erosivity in the downstream direction. However, the LTDs
in the downstream section are less effective in reducing flow velocity beyond the influence of
LTD 3 (Figure 4.10), thereby limiting sedimentation potential in the downstream section and
even resulting in significant erosion during the high discharges (4353 to 7009 m?/s; see Figure
4.9¢). Second, significantly more sedimentation occurs in the downstream riparian channels
compared to the upstream riparian channels, which reduces the availability of sediment for
deposition in the main channel of the downstream section. This phenomenon will be discussed
in greater detail in the section concerning sedimentation in the riparian channels (Effect 4).

(a) (b) (c)

Boven Waal BW-1 BW-2

Il Ref
EELTD-S

°
[N

o
=

Accumulated Bed Level Change (m)
o

Accumulated Bed Level Change (m)

Accumulated Bed Level Change (m)

S
w

o
w

N 5 © O RN
P TS oo 5O S P S oo S
\&\W@Q’r@@b“«?’@ \Q{’)’\q’@ %,gbb‘(ga,@

Lobith Discharge (m Is) Lobith Dlscharge (m Is) Lobith Discharge (m Is)
Figure 4.9: Accumulated reach-averaged bed level change (m) per Lobith discharge during 20
years of morphological development for the Reference Scenario and the LTD Scenarios. For (a)

the entire Boven Waal (rkm 867.3-891), (b) the upstream part of the Boven Waal (BW-1; rkm
867.3-882), and (c) the downstream part of the Boven Waal (BW-2; rkm 882-891).
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It is important to note that Figure 4.9 presents the total accumulated bed level changes over a
20-year period for each Lobith discharge separately. Consequently, the duration of the discharges
during a model simulation year plays a significant role in the amount of accumulated bed level
change they induce. For instance, this mainly explains why the accumulated bed level change
during a discharge of 2601 m?/s (which occurs 52 days per year) is significantly greater than
that induced by higher discharges, which occur much shorter (e.g., 7009 m?/s occurs for only 3
days per year).
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Figure 4.10: (a) Width-averaged flow velocities in the main channel of the Boven Waal for
three representative Lobith discharges at the start of Scenario LTD-S (t=0). (b) Percentage
difference in width-averaged flow velocities between Scenario LTD-S and the Reference Scenario.
The grey areas represent the fixed layers at Nijmegen and Erlecom, the black arrows represent
the LTDs. The dashed black line marks the boundary between the upstream section (BW-1;
rkm 867.3-882) and the downstream section of the Boven Waal (BW-2; rkm 882-891).
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Erosion during low discharges

The LTDs induce significant erosion in the Boven Waal during low Lobith discharges (1020 to
1543 m3/s) (Figure 4.9). Cumulatively, these discharges result in approximately 0.54 meters
of reach-averaged erosion in the LTD Scenarios, which exceeds the positive effects observed
during moderate to high discharges (~0.46 m sedimentation; Figure 4.9a). This presents an
opposite pattern compared to the Reference Scenario, where low discharges lead to a cumulative
sedimentation of 0.14 meters. Although unintended, this effect of the LTDs counteracts the
objective of reducing bed degradation in the Boven Waal. The cause of this effect lies in the
significant reduction of the main channel width induced by the LTDs during low discharges
(Figure 4.12a). As a result, the flow must pass through a smaller cross-sectional area, and,
by the principle of mass conservation, this leads to increased flow velocities compared to the
Reference Scenario, as illustrated by the initial flow velocity differences in Figure 4.10b. Higher
flow velocities increase sediment transport capacity, consequently leading to enhanced erosion.

Development of erosion pits at LTD transitions in year 1

The erosion pits that develop in the LTD Scenarios at the upstream end of LTD 1 and at the
transitions between the various LTDs account for a large part of the erosion observed in the
longitudinal bed level change of the Boven Waal (Figures 4.11a and 4.11b). These erosion pits
rapidly form within the first year of the simulation (Figure 4.11c) due to localized increases in
sediment transport capacity resulting from significantly enhanced flow velocities in the main
channel at these locations, particularly during low discharges (1020 to 1543 m3/s; Figure 4.10).
Most erosion pits occur at the transitions between successive LTDs on opposite sides of the main
channel, where a substantially narrower passage occurs (see Figures 4.7 and 4.12b). According
to the principle of mass conservation, this narrowing leads to a significant increase in flow
velocity. There are three erosion pits that do not occur at such transitions; the increase in
sediment transport capacity at these locations, which leads to erosion, is explained by a different
mechanism, as outlined in Table 4.1.

Table 4.1: Explanation for the local increase in sediment transport capacity occurring at three
particular erosion pits.

Erosion pit Explanation for local increase in sediment transport capacity

The local cross-sectional geometry results in the LTDs reducing the

main channel’s cross-sectional area more than they expand it

(across all discharges) (Figure 4.12a), thereby significantly increasing flow
velocities compared to upstream (Figure 4.10).

Start of LTD 1

No LTD is present here to reduce flow velocities during moderate
Section between | to high discharges, because of the outflow point of the Spiegelwaal. This
LTD 4 and 5 leads to a significant increase in flow velocities during these discharges
compared to upstream (Figure 4.10).

This LTD does not extract sufficient flow from the main channel to

significantly reduce flow velocities during moderate to high discharges
compared to the Reference Scenario. At the same time, the LTD does cause
a significant increase in flow velocity during low discharges (Figure 4.10).

Along LTD 5
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Figure 4.11: (a) Width-averaged bed level of the main channel in the Boven Waal after 20
years of bed level development, and (b) the difference compared to the Reference Scenario. (c)
Width-averaged bed level development of the main channel during Scenario LTD-S for every
year of the simulation. The grey areas represent the fixed layers, the black arrows represent the
LTDs. The dashed line at rkm 882 marks the boundary between the upstream and downstream
section of the Boven Waal.
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The bed level of the main channel in the Boven Waal responds to the sharp increase in sed-
iment transport capacity at the LTD transitions by experiencing significant erosion, which
subsequently creates additional cross-sectional space for the flow (Figures 4.12a and 4.12b).
As water levels remain relatively stable during the first year, flow velocities at these locations
significantly decrease (conservation of mass). Consequently, the erosion pits do not expand
significantly beyond the first year.

From a reach-averaged perspective, the development of the erosion pits significantly contributes
to overall erosion in the Boven Waal (approximately 4 cm; Figure 4.6a). However, this impact
is relatively minor compared to the substantial effects of the LTDs during low (Effect 2) and
moderate to high Lobith discharges (Effect 1) (Figure 4.9a). This limited impact is because
a significant portion of the eroded sediment is subsequently deposited downstream within the
Boven Waal, reducing the net effect on bed degradation from a reach-averaged perspective.
This is particularly evident for the sediment eroded from the pits at the upstream ends of LTDs
1 to 3, due to which substantial sedimentation occurs in the main channel along these LTDs in
the first year (Figure 4.11c).
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Figure 4.12: Cross-sectional bed level for the Reference Scenario (t = 0) and Scenario LTD-S
(t = 0 and t = 20) at river kilometers (a) 868.3 and (b) 887.1, viewed in the flow direction.

The development of the erosion pits during the first year influences the reach-averaged bed
level of the Boven Waal because, in the downstream section (BW-2), a large portion of the
eroded sediment from the erosion pits is deposited in the riparian channels (Figure 4.13c).
Consequently, less sediment remains available for deposition downstream along the LTDs within
the main channel, due to which reach-averaged erosion occurs in this section of the Boven
Waal in year 1 (Figures 4.6b and 4.14c). Therefore, the impact of the development of the
erosion pits (Effect 3) on reduced bed degradation in the Boven Waal cannot be considered
independently from the sedimentation occurring in the riparian channels (Effect 4). Without
significant sedimentation in the riparian channels, the development of the erosion pits would
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not have a significant impact on the reach-averaged erosion, which is the case for the upstream
section of the Boven Waal (Figure 4.14b).

In conclusion, the development of the erosion pits at the LTD transitions (Effect 3) particu-
larly exerts a substantial influence on local bed degradation within the main channel of the
Boven Waal. It also affects reach-averaged bed degradation when considered together with the
associated sedimentation occurring in the riparian channels. Nevertheless, this reach-averaged
effect is considerably less pronounced compared to the reduced erosion during moderate to high
discharges (Effect 1) and the erosion during low discharges (Effect 2).
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Figure 4.13: Sediment balance for year 1 during the LTD Scenarios for (a) the entire Boven
Waal (rkm 867.3-891), (b) the upstream section of the Boven Waal (BW-1; rkm 867.3-882),
and (c) the downstream section of the Boven Waal (BW-2; rkm 882-891). Parameters: total
sediment volume going in (Qsn), total sediment volume going out (Qscut), total storage in
main channel (S,.), total storage in riparian channels (S,;,), and total storage in other areas
such as groynal areas and floodplains (Syiher)-

Sedimentation in riparian channels

The total volume of sediment entering the Boven Waal in the LTD Scenarios exceeds the sed-
iment volume leaving the system (Figure 4.14a). However, significant reach-averaged erosion
still occurs in the main channel due to a considerable amount of sediment being deposited in the
riparian channels. In total, a greater volume of sediment is deposited in the riparian channels
of the Boven Waal than is eroded from the main channel (Figure 4.14a). Approximately 25% of
the sedimentation in the riparian channels occurs within the first year of the simulation (Figure
4.13a), associated with the development of the erosion pits. Significant sedimentation continues
to occur throughout the remaining 20-year period. The total sedimentation in the riparian
channels ranges from 435,182 m?® (LTD-S) to 795,069 m® (LTD-L) (Figure 4.14a), which would
translate to an increase in the reach-averaged bed level of the main channel of approximately
0.14 to 0.22 m if this sediment is deposited in the main channel. This highlights the importance
of Effect 4, which counteracts the reduced bed degradation in the Boven Waal.
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Figure 4.14: Sediment balance for years 1-20 during the LTD Scenarios for (a) the entire
Boven Waal (rkm 867.3-891), (b) the upstream section of the Boven Waal (BW-1; rkm 867.3-
882), and (c) the downstream section of the Boven Waal (BW-2; rkm 882-891). Parameters:
total sediment volume going in (Qsn), total sediment volume going out (Qs out), total storage
in main channel (Sy,.), total storage in riparian channels (S,;,), and total storage in other areas
such as groynal areas and floodplains (Syper)-

The sedimentation in the riparian channels occurs because flow entering these channels experi-
ences a sharp reduction in sediment transport capacity due to much lower flow velocities in the
riparian channels compared to the main channel. This reduction in flow velocity is primarily
caused by the inlet weirs, which induce a substantial momentum loss in the flow. A contributing
factor to the significant sedimentation observed in the riparian channels is that the LTDs result
in relatively high initial flow velocities at the inlet locations (Figure 4.10). These velocities
are even significantly increased compared to the Reference Scenario for Lobith discharges up
to 2601 m3/s. Consequently, the main channel flow at the inlet locations is capable of trans-
porting significantly more sediment, as sediment transport capacity scales nonlinearly with flow
velocity. As a result, the flow entering the riparian channels at the inlet experiences a sharper
decrease in sediment transport capacity, leading to increased sedimentation. The sedimentation
in the riparian channels is most pronounced during the initial phase of the simulation, when
sediment transport capacity at these inlet locations is highest. Over time, as erosion occurs at
the inlet locations (Figure 4.11c¢), flow velocities—and, consequently, sediment transport capac-
ity—decline (as explained in the previous section concerning Effect 3). This decline causes the
difference in sediment transport capacity between the main channel and the riparian channels
at the inlet location to decrease, leading to less sedimentation in the riparian channels.

The sedimentation in the riparian channels is considerably more substantial in the downstream
section of the Boven Waal (BW-2) than in the upstream section (BW-1), despite the downstream
section being significantly shorter (9 km compared to 14.7 km) (Figures 4.14b and 4.14c).
Moreover, most sedimentation in the riparian channels occurs in Scenario LTD-L and least in
Scenario LTD-S. Both of these differences are attributable to the depth of the riparian channels.
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The riparian channels in the downstream section of the Boven Waal are significantly deeper
than those in the upstream section, and the channels in Scenario LTD-L are deeper compared
to those in Scenario LTD-S. Deeper riparian channels extract more flow from the main channel.
This flow experiences a sharp decrease in sediment transport capacity upon entering the riparian
channels. The higher the volume of flow extracted, the greater the sediment load carried, thereby
resulting in increased sedimentation in the deeper riparian channels. This effect particularly
counteracts the reduced erosion observed during moderate to high Lobith discharges in the
downstream section of the Boven Waal (Effect 1; Figure 4.9c), with the counteracting effect
being most pronounced in Scenario LTD-L. In this section, the total volume of sedimentation
in the riparian channels is even of similar order of magnitude compared to the total volume of
erosion (Figure 4.14c).

Summary

The LTDs lead to a significant reduction in bed degradation in the main channel of the Boven
Waal compared to the Reference Scenario. This reduction is primarily because the LTDs cause
a substantial decrease in erosion in the main channel of the Boven Waal during moderate to
high discharges (1954 to 7009 m3/s). From a reach-averaged perspective, this results in ap-
proximately 0.54m of accumulated sedimentation over a 20-year period during these discharges.
Despite this positive effect, overall reach-averaged bed degradation still occurs. This is largely
attributed to the significant erosion that is caused by the LTDs during low discharges (1020 to
1543 m?3/s), which leads to approximately 0.46 m of accumulated reach-averaged erosion over a
20-year period during these discharges. Additionally, though less pronounced, sedimentation in
the riparian channels further contributes to bed degradation, by reducing the sediment avail-
ability for the main channel. A key factor in local bed degradation is the development of erosion
pits at the LTD transition zones, which exacerbates degradation at these locations. The impact
of the erosion pits on reach-averaged bed degradation, however, is minimal in comparison to
the contribution of the other effects.

4.2.3 Effect on the bed degradation in the Pannerdensch Kanaal

The LTD Scenarios significantly reduce bed degradation in the Pannerdensch Kanaal compared
to the Reference Scenario, ultimately resulting in considerable overall sedimentation (~0.06-
0.11m; Figure 4.16a). Initially, flow conditions in the Pannerdensch Kanaal cause reach-averaged
erosion. However, as a response to the erosion that begins in the Boven Rijn from year 3 onward
(as discussed in the following section), the erosion trend in the Pannerdensch Kanaal shifts
toward aggradation. This aggrading trend is further amplified by the influence of the LTDs in
the Boven Waal.

The reducing impact of LTDs on bed degradation in the Pannerdensch Kanaal is mainly driven
by two opposing effects caused by changes in the discharge distribution as a result of the
backwater effects from the LTDs. This is shown by the schematic overview in Figure 4.15. The
physical processes behind these effects are explained in more detail in the theoretical background
(Section 2.2).

The LTDs reduce erosion during moderate to high Lobith discharges (1954 to 7009 m3/s)
in the Pannerdensch Kanaal compared to the Reference Scenario (Effect 1), even resulting
in increased sedimentation during Lobith discharges of 2601 and 5506 m3/s (Figure 4.16b).
The only exception is observed at a discharge of 1954 m?/s, during which the LTDs lead to
reduced sedimentation in the Pannerdensch Kanaal—an effect that will be discussed later in this
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section. However, the effect of the LTDs in reducing bed degradation during moderate to high
discharges is partially counteracted by a reduction in sedimentation during low discharges (1020
to 1543 m3/s) compared to the Reference Scenario (Effect 2) (Figure 4.16b). Nevertheless, the
effect during moderate to high discharges (Effect 1) is more pronounced than the effect during
low discharges (Effect 2), since the LTDs cause increased reach-averaged sedimentation in the
Pannerdensch Kanaal compared to the Reference Scenario.

Pannerdensch Kanaal
Legend
Effect 1 Reduced Overall impact
Underlying physical | » erosion during moderate

process: and high discharges Reduced bed Specific effects:
Backwater effects from d dati PG e acuon

LTDs change the discharge egradation overall impact

distribution N Effect 2: Reduced _

sedimentation during Negative .effect on

low discharges overall impact

Figure 4.15: Conceptual overview of how the LTDs lead to reduced bed degradation in the
Pannerdensch Kanaal.

Scenario LTD-L results in the largest increase in reach-averaged sedimentation in the Panner-
densch Kanaal compared to the other LTD Scenarios (Figure 4.16a). This is due to the fact
that Scenario LTD-L features the largest riparian channels, thereby drawing the most discharge
to the Waal during moderate to high discharges, resulting in the least discharge directed to the
Pannerdensch Kanaal. Consequently, Effect 1 is most pronounced in Scenario LTD-L, leading
to greater reach-averaged sedimentation relative to the other scenarios. Effect 2 is relatively
consistent across all LTD Scenarios since they have a similar impact on the low discharge dis-
tribution.
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Figure 4.16: (a) Reach-averaged bed level change in the main channel of the Pannerdensch
Kanaal (rkm 867.3 - 878.3) over time relative to t = 0 for the Reference Scenario and LTD
Scenarios. (b) The accumulated bed level change (m) in the main channel of the Pannerdensch
Kanaal during each Lobith discharge over 20 years of morphological development. (c) Cross-
sectional bed level initially and after 20 years for each of the scenarios at river kilometer 867.8
in the Pannerdensch Kanaal, viewed in flow direction.
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The accumulated bed level change in the Pannerdensch Kanaal during a Lobith discharge of
1954 m3 /s is relatively high (Figure 4.16b), as this discharge has by far the longest duration in
the model compared to other discharges (111 days). This extended duration allows significantly
more time for bed level adjustments compared to other discharges. Strikingly, there is less
reach-averaged sedimentation occurring in the LTD Scenarios during this discharge than in the
Reference Scenario (Figure 4.16b), despite the fact that the LTDs cause less discharge to be
directed towards the Pannerdensch Kanaal during this Lobith discharge (~10 m?/s; see Figure
4.5b). This discrepancy can be explained by the reduced erosion observed during the higher
discharges in the LTD Scenarios. In the Reference Scenario, significant erosion of the bed level
in the Pannerdensch Kanaal occurs during the higher discharges, leading to larger water depths
during the subsequent 1954 m?/s discharge. The increased water depth results in reduced flow
velocities, due to conservation of mass, thereby allowing for significant sedimentation during
this discharge. In contrast, during the LTD Scenarios, the bed level in the Pannerdensch Kanaal
has decreased substantially less during the higher discharges, resulting in smaller water depths
during the subsequent 1954 m? /s discharge than in the Reference Scenario. Consequently, there
is less sedimentation compared to the Reference Scenario. The minor reduction in discharge
directed to the Pannerdensch Kanaal in the LTD Scenarios is insufficient to counteract this
effect.

4.2.4 Effect on the bed degradation in upstream and downstream reaches

The bed degradation in the Boven Rijn and Midden Waal is significantly influenced by the
LTDs, due to the physical processes described in the theoretical background (Section 2.2). In
short, the bed degradation in the Boven Rijn is impacted by the backwater effects of the LTDs,
whereas the bed degradation in the Midden Waal is primarily affected by changes in sediment
transport capacity induced by the LTDs within the Boven Waal. Similar to the Pannerdensch
Kanaal, the effects on these reaches are opposite across the low and moderate to high Lobith
discharge ranges, with the effects during moderate to high discharges being the most dominant
in determining the overall impact on bed degradation.

The LTDs lead to increased reach-averaged bed degradation in the Boven Rijn compared to the
Reference Scenario (Figure 4.17a). This is mainly driven by increased erosion during moderate
to high discharges (2601 to 7009 m?/s) (Figure 4.17b), as the backwater effects of the LTDs cause
flow velocities to rise during these discharges relative to the Reference Scenario. This increased
erosion is somewhat mitigated by increased sedimentation throughout the low discharge range
(1020 to 1543 m3/s) (Figure 4.17b), during which the LTDs cause a reduction in flow velocities
in the Boven Rijn.

Scenario LTD-L leads to the most pronounced increase in reach-averaged erosion in the Boven
Rijn (Figure 4.17a) due to the higher increase in erosion throughout the moderate to high
discharge range (2601 to 7009 m?/s) than the other LTD Scenarios (Figure 4.17b). The larger
riparian channels in this scenario result in lower water levels in the Boven Waal during these
discharge conditions compared to the other LTD Scenarios, leading to a stronger backwater
effect on the Boven Rijn. In contrast, the effects on water levels during low discharges are
similar across all LTD Scenarios.

A remarkable pattern in the reach-averaged bed level development of the Boven Rijn is the
initial aggrading trend, which subsequently transitions into a degrading trend (Figure 4.17a).
Initially, the flow conditions in the Boven Rijn lead to reach-averaged sedimentation. However,
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this trend is reversed as upstream sedimentation starts to occur leading to decreased sediment
transport to the Boven Rijn.
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Figure 4.17: (a) Reach-averaged bed level change in the main channel of the Boven Rijn (rkm
857.7 - 867.3) over time relative to t = 0 for the Reference Scenario and LTD Scenarios. (b) The
accumulated bed level change (m) in the main channel of the Boven Rijn during each Lobith
discharge over 20 years of morphological development. (c) Cross-sectional bed level initially
and after 20 years for each of the scenarios at river kilometer 867.3 in the Boven Rijn, viewed
in flow direction.

The LTDs cause bed degradation in the Midden Waal to worsen significantly compared to the
Reference Scenario (Figure 4.18a). This decline is mainly driven by a significant increase in
erosion during moderate to high discharges (1954 to 7009 m3/s) (Figure 4.18b), attributed to a
large jump in sediment transport capacity at the downstream end of the Boven Waal towards the
Midden Waal. The LTDs considerably reduce flow velocities during these discharge conditions
in the Boven Waal relative to the Reference Scenario, while there are no additional LTDs
implemented in the Midden Waal to reduce flow velocities there. The effect is most pronounced
for a Lobith discharge of 1954 m3/s, as this discharge lasts the longest (111 days). The increased
erosion is slightly counteracted by reduced erosion during low discharges (1020 to 1543 m?/s)
compared to the Reference Scenario (Figure 4.18b). During these discharge conditions, there is
a decrease in sediment transport capacity in the longitudinal direction at the downstream end
of the Boven Waal, as the LTDs cause a significant increase in flow velocities relative to the
Reference Scenario.

Scenario LTD-L leads to the most significant increase in bed degradation compared to the other
LTD Scenarios, because the large riparian channels cause the greatest reduction in flow velocity
in the Boven Waal during moderate to high discharges. This reduction results in a higher
increase in sediment transport capacity directed towards the Midden Waal. As a consequence,
there is more erosion during moderate to high discharges in this scenario compared to the other
LTD Scenarios (Figure 4.18b).
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Figure 4.18: (a) Reach-averaged bed level change in the main channel of the Midden Waal
(rkm 891 - 911.5) over time relative to t = 0 for the Reference Scenario and LTD Scenarios.
(b) The accumulated bed level change (m) in the main channel of the Midden Waal during
each Lobith discharge over 20 years of morphological development. (c¢) Cross-sectional bed level
initially and after 20 years for each of the scenarios at river kilometer 892 in the Midden Waal,
viewed in flow direction.
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4.3 Effects of the summerdike removal and floodplain lowering

This section presents the main effects of the summerdike removal and floodplain lowering in the
Pannerdensch Kanaal, in addition to the effects of the LTDs in the Boven Waal. The focus is
on how these interventions influence the discharge distribution at the Pannerdensch bifurcation
and bed degradation in the Boven Waal, with further discussion on the bed degradation in other
affected reaches.

Building upon the structure of the previous research question, this analysis uses the most
effective LTD configuration. Since none of the LTD Scenarios clearly stands out in terms of
significantly increasing the low discharge partitioning to the Pannerdensch Kanaal and reducing
bed degradation in the Boven Waal, their effects on bed degradation in other reaches offer
insights for selection. Scenario LTD-S is used because it leads to the least additional erosion
in the Midden Waal and Boven Rijn. Additionally, it also results in the smallest increase in
discharge drawn to the Waal during high Lobith discharges. This minimizes the changes in
discharge partitioning that the interventions in the Pannerdensch Kanaal need to compensate
for.

The effects of combined interventions in the Boven Waal and Pannerdensch Kanaal are derived
from the simulation of three LTD-FL Scenarios, described in Section 3.2. These are referred
to as LTD-S-FL-0.5, LTD-S-FL-2, and LTD-S-FL-3, where the number indicates the level of
uniform floodplain lowering in the Pannerdensch Kanaal. The physical processes underlying
the effects of the interventions have been qualitatively explained in detail in the theoretical
background (Section 2.2). This section will primarily concentrate on discussing the most sig-
nificant quantitative effects of the interventions regarding the discharge distribution and bed
degradation.

4.3.1 Effect on the discharge distribution

One of the primary objectives of implementing summerdike removal and floodplain lowering in
the Pannerdensch Kanaal is to compensate for the additional discharge directed to the Waal by
the LTDs during the Lobith design discharge of 16,000 m? /s, thereby meeting the prescribed
discharge partitioning. However, the DVR model predicts a substantially different discharge
partitioning to the Pannerdensch Kanaal in the Reference Scenario (6167 m?3/s; see Table 4.2)
compared to the policy guidelines (5835 m3/s) (Schropp and Jansen, 2020). This significant
discrepancy arises because the DVR model has not been calibrated for these extreme events.
Consequently, the focus has been placed on restoring the original extreme discharge distribution
as observed in the Reference Scenario.

The LTDs in Scenario LTD-S initially reduce the discharge partitioning to the Pannerdensch
Kanaal by 209 m3/s during a Lobith discharge of 16,000 m?/s (Table 4.2). This reduction is
effectively compensated by the removal of summerdikes and a 0.5-meter floodplain lowering, as
Scenario LTD-S-FL-0.5 results in an initial discharge partitioning to the Pannerdensch Kanaal
that is approximately equivalent to that in the Reference Scenario. Over time, erosion in the
Waal causes a gradual decrease in discharge partitioning to the Pannerdensch Kanaal in Scenario
LTD-S-FL-0.5 (37 m3/s), which results in the extreme discharge partitioning no longer being
satisfied. Even so, this decrease is also observed in both the Reference Scenario and Scenario
LTD-S. Importantly, this gradual decrease is significantly smaller than the initial reduction (209
m?/s) that was compensated by the 0.5-meter floodplain lowering.
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Table 4.2: Discharge partitioning to the Pannerdensch Kanaal during a Lobith discharge of
16,000 m?3 /s for each of the scenarios at the start (t = 0) and end (t = 20) of the simulation.

Scenario Discharge partitioning to the Pannerdensch Kanaal (m?/s)
Initial (t = 0) After 20 years (t = 20)

Ref 6167 6128

LTD-S 5958 5920

LTD-S-FL-0.5 6172 6135

LTD-S-FL-2 6386 6344

LTD-S-FL-3 6474 6421

The second primary objective of the interventions in the Pannerdensch Kanaal is to compen-
sate for the additional discharge directed to the Waal by the LTDs during moderate to high
Lobith discharges (1954 to 7009 m3/s) (Figure 4.19), with the aim of further reducing erosion
in the Boven Waal. Scenario LTD-S-FL-0.5 does not fully achieve this objective, as it results
in only a limited increase in discharge partitioning during Lobith discharges of 5506 and 7009
m? /s relative to Scenario LTD-S (Figure 4.19b). This outcome indicates that a relatively sim-
ple intervention involving summerdike removal and limited floodplain lowering is insufficient to
meet both high discharge distribution objectives simultaneously. The two more extreme scenar-
ios, incorporating 2- and 3-meter floodplain lowering, lead to significantly increased discharge
directed towards the Pannerdensch Kanaal during moderate to high discharges compared to
Scenario LTD-S (Figure 4.19b). Nevertheless, these scenarios also result in an excessively high
discharge partitioning to the Pannerdensch Kanaal during a Lobith discharge of 16,000 m?/s
(Table 4.2). Therefore, these two scenarios will be used to evaluate the impacts of summerdike
removal and floodplain lowering in the Pannerdensch Kanaal concerning the second objective.

The LTD-FL scenarios do not exhibit a significantly different impact on discharge distribution
during low discharges (1020 to 1543 m3/s) compared to Scenario LTD-S (Figure 4.19b). Initially,
the floodplain lowering in the Pannerdensch Kanaal does not influence these low discharges, as
the floodplains do not inundate under such conditions. Furthermore, even after 20 years, no
significant difference in discharge partitioning is observed, suggesting that the effect of floodplain
lowering on bed level development does not substantially influence the low discharge distribution
either.
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Figure 4.19: (a) Discharge partitioning to the Pannerdensch Kanaal at t = 0. The dashed black
line represents the minimum required discharge to the Pannerdensch Kanaal. (b) Difference in
discharge partitioning to the Pannerdensch Kanaal with respect to the discharge distribution
of the Reference Scenario at t = 0. The solid lines represent the discharge partitioning at t =
0, the dashed lines represent the discharge partitioning at t = 20.
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4.3.2 Effect on the bed degradation in the Boven Waal

The implementation of floodplain lowering and summerdike removal in the Pannerdensch Kanaal,
in addition to the LTDs in the Boven Waal, does not result in a significant reduction in reach-
averaged erosion in the Boven Waal (Figure 4.20a). Specifically, Scenario LTD-S-FL-3 achieves
only an additional reduction of approximately 0.4 cm in reach-averaged erosion, on top of the
6.3 cm reduction observed in Scenario LTD-S when compared to the Reference Scenario. The
backwater effects of the floodplain lowering on erosion in the Boven Waal are minimal because
the reduction in discharge partitioning to the Waal, compared to Scenario LTD-S, is very small
relative to the total discharge diverted to the Waal during Lobith discharges 3384 to 7009 m? /s
(order of magnitude of 2%). Furthermore, the LTDs shift the erosion issue in the Boven Waal
towards low discharges (1020 to 1543 m?/s), whereas the floodplain lowering only influences
discharge partitioning for Lobith discharges of 3384 m?/s and above.

The main difference in bed level after 20 years between Scenario LTD-S-FL-3 and Scenario
LTD-S is observed at the upstream end of the Boven Waal (river kilometer 867.3 to 868.3),
as illustrated in Figure 4.20b. The backwater effect induced by the floodplain lowering lead
to decreased flow velocities in the Boven Waal during Lobith discharges ranging from 3384 to
7009 m?3/s. This results in a reduced sediment transport capacity, as it scales nonlinearly with
flow velocity. Consequently, the sediment transport capacity gradient at the transition from the
Boven Rijn to the Boven Waal is changed, ultimately resulting in a higher bed level in Scenario
LTD-S-FL-0.5 after 20 years compared to Scenario LTD-S at the upstream end of the Boven
Waal (Figure 4.20Db).
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Figure 4.20: (a) Reach-averaged bed level change of the main channel of the Boven Waal
(rkm 867.3-891) over time relative to t = 0. (b) the bed level change map between Scenario
LTD-S-FL-3 and LTD-S after 20 years of morphological development at the upstream end of
the Boven Waal (rkm 867.4 to 868.6). Blue colours indicate a higher bed level in Scenario
LTD-S-FL-3. Solid black lines depict the body of LTD 1, whereas the combination of solid and
dotted black lines outlines the boundaries of the riparian channel of LTD 1. The black arrow
shows the flow direction.
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4.3.3 Effect on the bed degradation in the Pannerdensch Kanaal

The implementation of summerdike removal and floodplain lowering in the Pannerdensch Kanaal,
in combination with LTDs in the Boven Waal, leads to significantly different bed levels in the
Pannerdensch Kanaal after 20 years than observed in the Reference Scenario (Figure 4.21). The
bed levels along the intervention section (rkm 869.2-876.7) are generally higher in the LTD-FL
Scenarios than in the Reference Scenario. This is evidenced by the predominantly positive values
of bed level changes in these Scenarios along this section illustrated by Figure 4.21. In general,
Scenario LTD-S-FL-3 shows the largest bed level changes relative to the Reference Scenario,
while Scenario LTD-S exhibits the smallest changes. This is because in Scenario LTD-S-FL-3
the highest changes in sediment transport capacity occur compared to the Reference Scenario
as a result of its extensive 3-meter floodplain lowering.

Significant sedimentation is observed along the section where floodplain lowering is implemented
on both sides of the river (rkm 869.2-873). Particularly in Scenario LTD-S-FL-3, a substantial
sediment hump forms, leading to sedimentation of up to 1.4 meters over the 20-year period.
This is illustrated by Figure 4.22, which shows a substantial increase in bed levels over time
along this section. This occurs because the 3-meter floodplain lowering in this scenario leads
to the largest reduction in flow velocities along the intervention section, resulting in the most
significant decrease in sediment transport capacity.

Upstream of the floodplain lowering (rkm 867.3-869.2), the bed levels in the LTD-FL Scenarios
are lower than those in Scenario LTD-S after 20 years (Figure 4.21). This is because of the
backwater effects generated by the floodplain lowering. Downstream of the floodplain lowering
(rkm 876.7-878.7), bed levels after 20 years are significantly lower compared to the Reference
Scenario, as demonstrated by the negative values in Figure 4.21. Scenario LTD-S-FL-3, in
particular, exhibits substantial erosion in this region (Figure 4.22). The erosion is caused by an
increase in sediment transport capacity at the downstream end of the floodplain lowering. The
underlying physical processes responsible for this response have been explained in the theoretical
background (Section 2.2.2).
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Figure 4.21: Width-averaged bed level difference of the main channel in the Pannerdensch
Kanaal with respect to the Reference Scenario after 20 years of bed level development. The
black arrows represent the location of the floodplain lowering at the left and right side of the
channel.
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Figure 4.22: Width-averaged bed level development of the main channel during Scenario
LTD-S-FL-3 for every year of the simulation. The black arrows represent the location of the
floodplain lowering at the left and right side of the channel.

From a reach-averaged perspective, the LTD-FL scenarios lead to significant sedimentation in
the Pannerdensch Kanaal after 20 years. This is clearly evident in the substantial positive bed
level changes observed in these scenarios shown in Figure 4.23a. In particular, Scenarios LTD-
S-FL-2 and LTD-S-FL-3 result in significant reach-averaged sedimentation of 0.19 m and 0.24
m, respectively, compared to Scenario LTD-S, where only 0.07 m of reach-averaged sedimen-
tation is observed. It is important to note that, initially, reach-averaged erosion occurs in the
Pannerdensch Kanaal. This pattern is similar to the Reference Scenario and follows the trend
observed in the Boven Rijn, where initial sedimentation is followed by erosion. A more detailed
explanation of this phenomenon has been provided earlier in the results (Section 4.2.4).

The increased reach-averaged sedimentation occurring in the Pannerdensch Kanaal as a result
of the summerdike removal and floodplain lowering is primarily because there is less erosion
during Lobith discharges between 3384 and 7009 m®/s (Figure 4.23b). In Scenario LTD-S-
FL-3, reach-averaged sedimentation occurs in the main channel of the Pannerdensch Kanaal
over a 20-year period across all these Lobith discharges. This is demonstrated by the positive
accumulated bed level change for Lobith discharges between 3384 and 7009 m? /s, shown in red
in Figure 4.23b. During lower discharges, the influence of the implemented summerdike removal
and floodplain lowering on the reach-averaged bed level change in the Pannerdensch Kanaal are
limited. While some variations between the scenarios exist, these are not discussed as they are
not relevant to the main message.

In conclusion, the implementation of summerdike removal and floodplain lowering within the
Pannerdensch Kanaal leads to a significant increase in reach-averaged sedimentation in the
main channel of this branch. This increase is especially pronounced in Scenarios LTD-S-FL-2
and LTD-S-FL-3, which show reach-averaged sedimentation of 0.19 and 0.27 m over a 20-year
period, compared to just 0.07 m in Scenario LTD-S. The most sedimentation occurs along the
section where floodplain lowering is implemented on both sides of the Pannerdensch Kanaal
(rkm 869.2-873), leading to the formation of sedimentation humps that locally reach up to 1.4
m for Scenario LTD-S-FL-3.

93



4 RESULTS

03 (a) (b)
’ —Ref 0.15¢
—LTD-S
LTD-S-FL-0.5 0.1
02} LTD-S-FL-2 i
—LTD-S-FL-3

o
o
3

o
o
o

o

HEELTD-S-FL-0.5
[ILTD-S-FL-2
-LTD S FL-3

<)
o

Accumulated Bed Level Change (m)
o

O
—
o

Reach-averaged bed level change (m)
o

o
—

3 b‘ "b
| ! : ‘1/ °.> <0 Q o) <o Q
5 10 15 20 Nt WP “Q

Time (years) Lobith Discharge (m3ls)

o

Figure 4.23: (a) Reach-averaged bed level change in the main channel of the Pannerdensch
Kanaal (rkm 867.3 - 878.3) over time relative to t = 0. (b) The accumulated reach-averaged
bed level change (m) in the main channel of the Pannerdensch Kanaal during each Lobith
discharge over 20 years of morphological development. Positive values indicate sedimentation,
while negative values indicate erosion.

4.3.4 Effect on the bed degradation in upstream and downstream reaches

The interventions in the Boven Waal and Pannerdensch Kanaal also influence bed degradation
in the upstream and downstream reaches. This section focuses on the primary effects of these
interventions on bed degradation in the Boven Rijn, Boven Nederrijn, and Boven IJssel, which
are the reaches most significantly impacted by the summerdike removal and floodplain lowering
in the Pannerdensch Kanaal.

The implementation of summerdike removal and floodplain lowering in the Pannerdensch Kanaal,
alongside LTDs in the Boven Waal, results in increased reach-averaged erosion over a 20-year
period in the main channel of the Boven Rijn compared to Scenario LTD-S (Figure 4.24a).
Both interventions lead to higher flow velocities in the Boven Rijn during high discharges due
to backwater effects, which in turn increases erosion during these discharges, as detailed in the
theoretical background (Section 2.2.2). In the Reference Scenario, reach-averaged erosion in the
Boven Waal is 4.5 cm over a 20-year period (Figure 4.24a). This increases to 7.2 cm in Scenario
LTD-S due to the influence of the LTDs, and further rises to 8.2 cm with the additional sum-
merdike removal and 3-meter floodplain lowering in Scenario LTD-S-FL-3. Therefore, while the
interventions in the Pannerdensch Kanaal contribute to an increase in reach-averaged erosion
in the Boven Rijn, this effect is relatively modest compared to the more significant increase
already induced by the LTDs in Scenario LTD-S compared to the Reference Scenario.

Erosion in the Boven Rijn is not consistently uniform across the transverse profile of the main
channel. Although there are sections that exhibit a more uniform pattern, variability is typically
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observed in bends. For instance, as illustrated by the cross-sectional bed level at river kilometer
863.5 in Figure 4.24b, erosion occurs on the outer side of the bend (grid cells 42-51) in both
Scenario LTD-S (green) and Scenario LTD-S-FL-3 (red) over a 20-year period. This is indicated
by lower bed levels in these scenarios compared to the initial bed level (black). In contrast,
sedimentation takes place on the inner bend (grid cells 53-60) within the same scenarios. This
pattern arises because flow velocities are generally higher in the outer bends, leading to erosion,
while they are lower in the inner bends, resulting in sedimentation. The cross-sectional bed
level change just upstream of the Pannerdensch bifurcation does not exhibit such clear patterns
(Figure 4.24c). Additionally, the relatively small bed level changes in this area suggest that
flow and sediment partitioning at the bifurcation is not significantly affected.
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Figure 4.24: (a) Reach-averaged bed level change in the main channel of the Boven Rijn (rkm
853.2-967.3) over time relative to t = 0. (b-c) Cross-sectional bed level initially (black) and
after 20 years for the Reference Scenario and Scenarios LTD-S and LTD-S-FL-3 at (b) river
kilometer 863.5 and (c) 867.2 in the Boven Rijn, viewed in flow direction.

The implementation of summerdike removal and floodplain lowering in the Pannerdensch Kanaal,
in addition to LTDs in the Boven Waal, results in increased reach-averaged erosion over a 20-
year period in downstream reaches. This is evident from Figure ... where the LTD-FL scenarios
(light blue, yellow and red) lead to higher negative bed level changes than the Reference Sce-
nario (dark blue) and Scenario LTD-S (green). This is because the summerdike removal and
floodplain lowering cause an increase in sediment transport capacity downstream of them. The
increased reach-averaged erosion for Scenario LTD-S-FL-0.5 valt nog mee, because it impacts
the sediment transport capacities within the floodplain lowering section the least, maar the
inreased reach-averaged erosion in Scenarios LTD-S-FL-2 and LTD-S-FL-3 is really significant.

The relatively high difference in reach-averaged bed level change between the Boven Nederrijn
and Boven IJssel, as shown in Figure 4.25, can be attributed to the shorter length of the
Boven Nederrijn, which covers only 13.2 km compared to the 46.7 km of the Boven IJssel.
The increased erosion resulting from the summerdike removal and floodplain lowering primarily
occurs in the upstream section of these reaches. Consequently, the impact of this erosion on the
reach-averaged bed level change is logically greater in the shorter reach.
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Figure 4.25: Reach-averaged bed level change over time relative to t = 0 in the main channel
of (a) the Boven Nederrijn (rkm 878.3 - 891.5) and (b) the Boven IJssel (rkm 878.3 - 925).

In conclusion, the summerdike removal and floodplain lowering in the Pannerdensch Kanaal
exacerbate bed degradation in both the upstream and downstream reaches, in addition to
the effects of the LTDs. The scenarios involving 2- and 3-meter floodplain lowering have a
particularly significant impact, while the scenario with 0.5-meter floodplain lowering has a more
moderate effect. Although the impact of these interventions on increasing bed degradation in the
Boven Rijn is relatively modest compared to the exacerbation already caused by the LTDs, their
influence on increasing bed degradation in the Boven Nederrijn and Boven [Jssel is considerable.
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5 Discussion

This chapter provides a discussion on the study’s findings. First, Section 5.1 reflects on the
model’s limitations and reliability. After that, Section 5.2 reflects on the effects of the interven-
tions and discusses the effects of the interventions in relation to other studies. Finally, Section
5.3 reflects on the potential role of the proposed interventions in restoring the low discharge
distribution and stopping bed degradation in the Boven Waal.

5.1 Reflection on the model’s limitations and reliability

This study employs the latest version of the DVR model (Sloff et al., 2024), which is recognized
as a state-of-the-art 2D morphological model for the Dutch Rhine branches. It is considered the
most advanced tool currently available for investigating the morphological dynamics of these
branches. The use of a 2D model allows for the inclusion of complex flow behaviors, such as spi-
ral flow and sorting effects, which influence the distinct development of inner and outer bends.
This is particularly relevant for the Boven Waal, as there are some significant bends located
here. Additionally, the model has been significantly enhanced in terms of accurately capturing
sediment transport gradients and large-scale bed level trends compared to earlier versions (Sloff
et al., 2024). However, despite these improvements, the model remains a simplified representa-
tion of reality, which introduces inherent differences between the simulated outcomes and actual
river behavior. The following paragraphs highlight key model limitations and their potential
impact on the study’s results.

5.1.1 Spin-up method

The initial bed composition in the DVR model consists of width-averaged values, but the pre-
scribed spin-up method for the DVR model does not include a separate spin-up step for the bed
composition (Sloff et al., 2024). Instead, the method employs a local spin-up for fixed layers
and a simultaneous spin-up for both the bed composition and bed level across the entire do-
main. Typically, sediment composition is coarser in outer bends and finer in inner bends due to
bend sorting. Consequently, the current spin-up method tends to overestimate erosion in outer
bends until bend sorting is established. As a result, the bed level after the spin-up may not
be fully accurate. However, since this initial bed level is used consistently across all scenarios,
the impact of this initial inaccuracy on the study’s results is limited as relative changes among
scenarios are examined.

5.1.2 Upstream boundary condition

The DVR model uses a discharge hydrograph as an upstream boundary condition, based on
a long-term average of measured discharges at Lobith from 2011 to 2020 (Sloff et al., 2024).
However, this discharge hydrograph inherently introduces significant uncertainty, which directly
translates into uncertainty regarding the model’s predictions of morphological development. If
higher average discharges occur in reality than those used in the model, this will automatically
lead to greater sediment transport. For example, in the near future, discharges could increase
significantly due to climate change, which would result in increased bed degradation, as demon-
strated by Pfeijffer (2023). Additionally, the model’s discharge hydrograph does not account
for peak discharges above 10,000 m?3 /s, while these could have a significant and complex impact
on the morphological development of the Rhine branches, as suggested by Chowdhury et al.
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(2023). However, it remains uncertain whether the DVR model could accurately simulate the
morphological effects of these peak flows, as it likely does not account for all relevant processes.
This uncertainty arises from the fact that these processes are not fully understood in reality
either.

5.1.3 Modelling of sediment transport

The DVR model is primarily designed to predict large-scale morphological trends rather than
small-scale processes (Sloff et al., 2024). One limitation is that it models all sediment transport,
including both bed load and suspended load, as bed load transport using the Meyer-Peter and
Miiller (1948) sediment transport equation (Sloff et al., 2024). Typically, suspended load should
be modeled through an advection-diffusion equation, which accounts for its transport over longer
distances. In the DVR model, however, suspended load is modelled as bed load, leading to earlier
deposition than would occur in reality. While this limitation affects small-scale morphological
developments, it does not significantly alter the large-scale trends examined in this study. A
process where uncertainty is introduced as a result of this limitation is the sediment transport
over the inlet sill into the riparian channels associated with the LTDs, as will be discussed in
more detail in Section 5.2.2 of the discussion.

Furthermore, the new version of the DVR model applies different calibration coefficients («)
for the Meyer-Peter and Miiller (1948) sediment transport equation across the various branches
of the Rhine to improve the accuracy of large-scale morphological predictions (Sloff et al.,
2024). This leads to a particularly significant difference in calibration coefficients between the
Boven Rijn (v = 0.3) and the Pannerdensch Kanaal (o« = 0.75). This abrupt change may
cause some localized morphological effects at the transition between these two branches, such
as some overestimated erosion at the upstream end of the Pannerdensch Kanaal. However, these
small-scale processes do not significantly impact the broader morphological trends studied here.

The need for different calibration coefficients per Rhine branch for the Meyer-Peter and Miiller
(1948) sediment transport equation likely originates from an unknown limitation of the DVR
model, due to which the model fails to adequately capture the relevant physical processes that
cause these variations between branches. Although the model developers do not know the exact
nature of this limitation, it indicates that some underlying physical mechanisms influencing
sediment transport and morphological development are not fully represented in the model.
The calibration coefficients in the DVR model are specifically calibrated to match the large-
scale morphological trends observed in the Reference Scenario. However, when interventions are
implemented, they introduce new conditions in which the physical mechanisms that are not fully
captured by the model could lead to a different morphological response than what the model
predicts with the current calibration coefficients. The DVR model appears to particularly
miss a key process in the Pannerdensch Kanaal, as indicated by the significantly different
calibration coefficient required for this branch. However, the model results show that the bed
level development in the Pannerdensch Kanaal does not have a significant impact on the bed
degradation in the Boven Waal and the low discharge distribution. Therefore, the overall effect
on the main study’s results is presumably limited.

An important limitation in the modeling of sediment transport is the use of the active layer
concept. The active layer refers to the portion of the sediment bed that interacts with the
flow and is available for transport (Chavarrias et al., 2019). However, the thickness of this
active layer is highly uncertain (Sloff et al., 2024), as its optimal value cannot be physically
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determined, making it a modeling artefact rather than a physically grounded parameter. An
important process where the active layer concept introduces uncertainty is the development of
the erosion pits at the LTD transitions, as the erosion occurring at these locations is of similar
magnitude as the height of the active layer (1m). This is discussed in more detail in Section
5.2.3 of the discussion.

5.1.4 Use of a morphological acceleration factor

The DVR model uses significantly higher morphological acceleration factors for lower Lobith
discharges compared to higher discharges (Sloff et al., 2024). For example, a morphological
acceleration factor of 1440 is applied to low Lobith discharges, such as 1020 and 1294 m?3/s,
while a factor of 120 is used for moderate to high discharges between 4353 and 7009 m?/s. This
is done because bed level changes generally tend to be significantly lower during low flows (Sloff
et al., 2024). However, in this study, low flows become highly morphologically active due to the
substantial main channel narrowing caused by the LTDs. Especially at the transitions between
LTDs where individual grid cells experience erosion of up to 100cm within one low discharge
step in the first year of the simulation. In reality, this erosion increases the cross-sectional area,
reducing flow velocities and, consequently, sediment transport capacities over time. This natural
feedback limits further erosion. However, the use of high morphological acceleration factors in
the model does not fully account for this reduction in erosion over time. For instance, at a
Lobith discharge of 1020 m?3/s, the model simulates only 51 minutes, after which the bed level
changes are multiplied by an acceleration factor of 1440, representing a morphological period of
51 days. During those 51 minutes, the cross-sectional area has not increased significantly yet,
meaning local sediment transport capacities are still high. Nevertheless, the erosion occurring
in that short period is extrapolated over the entire 51 days, leading to an overestimation of
erosion.
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5.2 Reflection on the effects of the interventions

This section reflects on the effects of the interventions implemented in this study. First, Section
5.2.1 compares the effects of the LTDs with findings from prior research, focusing on their
effect on bed degradation and the low discharge distribution. Subsequently, Sections 5.2.2 and
5.2.3 focus on two specific effects of the LTDs: the sedimentation within the riparian channels
and the formation of erosion pits at the transitions between the LTDs. These phenomena are
analyzed in comparison to previous studies, with a particular emphasis on reflecting upon the
accuracy of these observed effects in light of the model’s limitations. Finally, the effects of the
proposed interventions are evaluated within a broader context, focusing on their implications
for the morphological development of a bifurcating river system, with comparisons drawn to
findings from other relevant studies.

5.2.1 Comparison of effects with previous LTD studies

This section compares the effects of the proposed LTDs on low discharge partitioning and bed
degradation with findings from earlier studies concerning LTDs in the Boven Waal (Pfeijffer,
2023; Sloff et al., 2024; Ten Brink, 2024). While the LTD configurations in those studies
are largely similar, the configuration proposed in this study introduces significant differences,
particularly the use of larger riparian channels and a greater main channel with reduction. It
is also essential to keep in mind that most of these earlier studies utilized older versions of the
DVR model, with the exception of the work by Sloff et al. (2024).

The LTD configuration proposed in this study leads to a significantly greater increase in low dis-
charge partitioning to the Pannerdensch Kanaal compared to the LTD configurations presented
in previous studies (Pfeijffer, 2023; Sloff et al., 2024; Ten Brink, 2024). This is particularly
evident when comparing the findings of Sloff et al. (2024), which report an increase in low
discharge partitioning to the Pannerdensch Kanaal of approximately 7 m?/s. In contrast, this
study observes an initial increase ranging from 24 to 43 m?/s caused by the LTDs, which slightly
decreases to 16 to 31 m?3/s after 20 years. This difference is explained by the much larger main
channel width reduction of 65 meters caused by the LTDs in this study, as opposed to the
20-meter reduction in the previous studies (Pfeijffer, 2023; Sloff et al., 2024; Ten Brink, 2024).

Both this study and previous research on LTDs (Pfeijffer, 2023; Sloff et al., 2024; Ten Brink,
2024) demonstrate that the LTDs are effective in mitigating bed degradation in the Boven Waal.
While the overall effects appear relatively similar across the studies, there are differences in the
underlying causes. In this study, the significantly larger riparian channels lead to increased
sedimentation during moderate to high discharges, whereas the greater main channel width
reduction contributes to more pronounced erosion during low discharges. The effectiveness
of the LTDs in the previous studies regarding bed degradation in the Boven Waal is not as
significantly counteracted by erosion during low discharges as in this study. The LTDs in the
study by Ten Brink (2024) even result in substantial reach-averaged sedimentation in the Boven
Waal, indicating that the configuration in that study is more effective than the one proposed
here. However, this difference also largely originates from differences in the model versions used.
Ten Brink (2024) employed an intermediate version of the DVR model, which already predicts
less erosion in the Reference Scenario (-0.73 cm/yr) compared to the new version used in this
study (-1.05 cm/yr).

The LTDs in this study lead to an opposite pattern of reach-averaged sedimentation in the
upstream section (rkm 867.3-882) and significantly increased reach-averaged erosion in the
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downstream section (rkm 882-891) of the Boven Waal. This pattern aligns with findings from
previous research (Sloff et al., 2024; Ten Brink, 2024), which recommended enlarging the down-
stream riparian channels to establish a sediment transport gradient, aiming to also effectively
mitigate bed degradation in the downstream section. In this study, efforts were made to estab-
lish such a gradient, which has resulted in a significant reduction of erosion during moderate
to high discharges in the downstream section. However, despite this improvement, considerable
increased erosion persists in this section, suggesting that the riparian channels may still be
insufficiently large to fully address this problem. Moreover, two other key differences between
the effects of LTDs in this study and those observed in the studies by Sloff et al. (2024) and
Ten Brink (2024) contribute to the significantly increased erosion in the downstream section
of the Boven Waal as a result of the LTDs in this study. First, as discussed in the previous
paragraph, the much greater erosion during lower discharges in this study exacerbates the over-
all degradation. Second, the larger riparian channels proposed in this study result in increased
sedimentation within the riparian channels themselves. This means that a substantial portion
of the eroded sediment becomes trapped within the riparian channels and does not re-enter the
main channel, unable to contribute to the reduction of erosion in the main channel.

5.2.2 Reflection on the accuracy of predicted sedimentation in riparian channels

The model results in this study show significant sedimentation occurring in the riparian channels
associated with the LTDs. This trend aligns with real-world observations, as sedimentation is
observed in the riparian channels of the existing LTDs in the Waal (De Jong et al., 2021).
Furthermore, these existing riparian channels also exhibit considerable sedimentation within
the DVR model, as discussed in the study by Paarlberg et al. (2021), which concludes that
riparian channels are morphologically more active than typical side channels. This phenomenon
of sedimentation in riparian channels can be physically explained by the significantly lower flow
velocities in these channels compared to those in the main channel. As a result, the flow entering
the riparian channels experiences a substantial reduction in sediment transport capacity, which
leads to significant sediment deposition.

Remarkably, the riparian channels in this study show significantly more sedimentation than the
existing LTDs in the Waal. This can be attributed to the fact that the riparian channels of the
proposed LTDs are much larger, allowing for increased flow and, consequently, more sediment to
enter the riparian channels, which leads to increased sedimentation. This trend is also observed
in this study, where more sedimentation occurs in the larger riparian channels compared to the
smaller ones. However, it is important to note that an increase in flow entering riparian channels
does not necessarily imply that the volume of sediment entering these channels will increase
proportionally (Jammers, 2017). A critical consideration is how accurately the sedimentation
in the relatively large riparian channels of this study is predicted by the DVR model.

The process of sediment transport over the inlet sills of the riparian channels is highly complex
and not fully understood, nor is it completely captured by the DVR model (Paarlberg et al.,
2021). Significant uncertainties related to accurate predictions originate from the division of
flow between the main channel and the riparian channel, as well as the local grid resolution.
Additionally, the DVR model treats all sediment transport as bed load transport, while the
suspended component of sediment transport plays a crucial role in the distribution of sediment
between the riparian and main channels.
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In the DVR model, bed level changes are determined using the Exner equation based on the
sediment transport capacity gradient over a grid cell (Sloff et al., 2024). The model is depth-
averaged, which means that it assumes that the depth-averaged sediment transport capacity
accurately represents the amount of sediment (both suspended and bed load) entering the ri-
parian channels over the inlet sill. However, in reality, sediment concentration is non-uniform
across the water column, being higher near the riverbed and lower near the water surface. Since
only the flow above the inlet sill enters the riparian channels, the proportion of suspended sedi-
ment to flow entering these channels is likely lower in reality than suggested by a depth-averaged
approach. Because of this discrepancy, the DVR model presumably overestimates the volume of
sediment entering the riparian channels and, consequently, the observed sedimentation. More-
over, the bed load transport over the inlet sill is significantly influenced by the geometry of
the sill (Jammers, 2017). This geometry is not included in the model, due to which additional
uncertainty is introduced regarding the predicted sediment transport over the inlet sills of the
riparian channels.

5.2.3 Reflection on development of erosion pits at the LTD transitions

The development of the erosion pits at the transitions of the LTDs in this study has not been
significantly observed in previous studies (Pfeijffer, 2023; Sloff et al., 2024; Ten Brink, 2024).
This is because the flow at the transitions between the LTDs in this study passes through a
much narrower passage. The reduction in main channel width caused by LTDs on one side
of the channel is already much greater in this study compared to earlier ones. However, at
the transitions, this reduction occurs on both sides of the channel, leading to the formation of
significant erosion pits. This is largely explained by physical processes as already discussed in
the results section, but a model artefact introduces uncertainty regarding the development of
these erosion pits.

The model introduces uncertainty regarding the development of the erosion pits in this study
by not accounting for armoring effects in the sediment transport processes. In reality, finer
sediments are typically eroded from the riverbed, while coarser sediments remain, forming a
protective armoring layer over the finer material beneath. This armoring layer reduces the
erodibility of the bed and prevents further erosion until a strong enough flood event occurs to
displace the coarse sediments. This typically occurs in gravel bed rivers, but the bimodal sedi-
ment grain size distribution in the Boven Waal suggests that armoring could play a significant
role in the natural erosion processes at the LTD transitions (Figure 5.1). However, the DVR
model uses an active layer, representing the sediment of the upper 1 meter of the bed, which
is available for sediment transport. After each time step, the model mixes the sediment in this
active layer and, after erosion, includes sediment from a deeper sediment layer. As a result,
although the composition of the active layer becomes coarser over time, new fine sediments are
available for erosion (Figure 5.1). This active layer approach thus prevents the formation of an
armoring layer. Given that the erosion at the LTD transitions is of comparable order of magni-
tude to the height of the active layer, this model artefact is significant and may exacerbate the
development of erosion pits, assuming armoring is indeed occurring in the Boven Waal.
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Figure 5.1: Grain size distribution in the main channel of the Boven Waal during Scenario
LTD-S at (a) river kilometer 872.9 (transition between LTD 1 and LTD 2) and (b) river kilometer

887.2 (transition between LTD 5 and 6) at the start of the simulation (solid line) and after year
1 (dashed line).

5.2.4 Effects of interventions in a bifurcating river system

Limited research have been done yet that focuses on analyzing the effects of interventions in a
bifurcating river system. This section discusses the implications of this study’s findings for the
morphological development of a bifurcating river system as a response to interventions.

The LTDs in the Boven Waal have opposing effects on discharge distribution across two Lo-
bith discharge ranges (low versus moderate and high discharges). However, moderate and high
discharges (ranging from 1954 to 7009 m?/s) appear to be more dominant in relation to mor-
phological development. These conditions lead to increased discharge partitioning towards the
Waal, resulting in significant sedimentation in the Pannerdensch Kanaal. This finding aligns
with the idealized modeling study of two similar bifurcating branches by Gao et al. (2024),
which indicates that channel deepening in one branch causes more discharge to flow to that
branch, subsequently leading to significant sedimentation in the adjacent branch.

Summerdike removal and floodplain lowering in the Pannerdensch Kanaal increases discharge
partitioning to that branch, with a comparable magnitude to the effect of the LTDs. However,
this change does not lead to sedimentation or significantly reduced erosion in the Waal compared
to the LTDs, which contrasts with the findings of Gao et al. (2024). This discrepancy arises
because the branches in this study are not equal in size. The change in discharge partitioning is
more significant relative to the total discharge of the Pannerdensch Kanaal, than it is to the total
discharge in the Boven Waal. Consequently, this study’s findings suggest that an intervention
in the larger branch of a bifurcating river system leads to a more substantial morphological
response in the opposing branch than an intervention in the smaller branch does.
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5.3 The potential of using proposed interventions to restore the low dis-
charge distribution and stop bed degradation in the Boven Waal

The interventions analyzed in this study demonstrate significant improvement in terms of in-
creasing low discharge partitioning to the Pannerdensch Kanaal and reducing bed degradation
in the Boven Waal. However, these improvements are not sufficient to fully achieve the ul-
timate goals of restoring the low discharge distribution and stopping bed degradation in the
Boven Waal. This section reflects on the potential role that the proposed interventions can play
as a part of a broader approach to meeting these ultimate objectives.

First, the feasibility of implementing the proposed interventions is evaluated. Following that,
potential improvements regarding the current interventions are evaluated that could further
increase low discharge partitioning to the Pannerdensch Kanaal and reduce bed degradation in
the Boven Waal. Finally, there is discussed what additional interventions could potentially be
part of the overall approach to restore the low discharge distribution and stop bed degradation
in the Boven Waal.

5.3.1 Evaluating the feasibility of proposed interventions

The main issue concerning the feasibility of implementing the LTDs is their significant negative
impact on the navigation width in the Boven Waal. They reduce the main channel width
from 260 meters to 195 meters, which is already below the required width of 230 meters for
shipping (Klijn et al., 2022). However, at the transitions between the LTDs, the remaining
main channel width is even smaller, approximately 130 meters, which is far below the required
width for shipping. This design has been maintained in this study due to the focus on effect
assessment rather than analyzing an optimal design; however, with such a substantial reduction
in main channel width, there should definitely be considerable space between subsequent LTDs
in practice. Otherwise, it would not be feasible for navigation, especially considering that the
Boven Waal is already challenging to navigate due to its bends.

The interventions in the Pannerdensch Kanaal, particularly those involving a 2- and 3-meter
lowering of the floodplain, are quite extreme and likely not feasible from a practical point of
view. It requires substantial excavation of large areas, including agricultural land, and results
in these areas being inundated much more frequently than before, making certain land uses,
such as agriculture, in these areas no longer feasible. These types of interventions have been
adopted in this study because they provide a relatively straightforward way to assess the effect
of compensating for the additional discharge directed to the Waal by the LTDs during moderate
to high discharges. However, in practice, the use of side channels could be more advantageous,
as they can achieve similar effects to floodplain lowering while impacting a smaller floodplain
area.

5.3.2 Potential of improving current interventions

The greatest potential for further increasing low discharge partitioning to the Pannerdensch
Kanaal with the current interventions lies in narrowing the main channel width of the Boven
Waal even more. However, this is not feasible from a navigation perspective and would ex-
acerbate the erosion during low discharges, thereby counteracting the goal of reducing bed
degradation in the Boven Waal.
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The potential of using LTDs to reduce bed degradation in the Boven Waal would be large if
an effective solution could be found to mitigate their negative effects on bed erosion. A major
improvement could be achieved by implementing a less drastic reduction in the main channel
width, as this would substantially reduce the erosion occurring during low discharges and the
formation of erosion pits. This, however, comes at the cost of a smaller increase in low discharge
partitioning to the Pannerdensch Kanaal. Nevertheless, over time, the stabilizing or even rising
bed level in the Boven Waal also could have a positive impact on low discharge partitioning, by
preventing further declines in low discharge partitioning to the Pannerdensch Kanaal (currently
at 9-12 m?/s) or potentially increasing it.

To improve the LTD design in a way that further reduces bed degradation in the Boven Waal
while still maintaining its positive effect on low discharge partitioning to the Pannerdensch
Kanaal, a different design is needed. This could possibly be achieved by only implementing a
more moderate reduction in main channel width for the LTDs in the downstream section (rkm
882-891). The LTDs in the upstream section (rkm 867.3-882), close to the bifurcation, keep
their current design to maintain the desired impact on the low discharge partitioning to the
Pannerdensch Kanaal. In the downstream section, where the impact on discharge partitioning
is less pronounced, a more moderate reduction in main channel width could significantly reduce
the erosion that occurs during low discharges, as well as limit the formation of erosion pits. This
approach would effectively decrease bed degradation in the downstream section, where erosion
is most severe under the current LTD design. However, it remains to be seen to what extent
this change in the downstream LTD design would affect the low discharge partitioning.

The current LTD design at the transitions between the LTDs does not suffice from both a bed
degradation and navigation perspective. Implementing a more moderate reduction in channel
width could help decrease the formation of erosion pits while simultaneously increasing navi-
gational width at these critical points. However, unless the width reduction is relatively small,
these transitions are likely to remain problematic. To explore other potential improvements,
sediment nourishment could be considered at the transitions to mitigate the erosion pits. How-
ever, this approach does not address the underlying causes of their formation, meaning that
the pits will reemerge over time. Furthermore, this solution does not effectively resolve the
navigation challenges associated with the current design, necessitating a more comprehensive
strategy.

A potential improvement to the current LTD design at the transitions between them would be to
increase the spacing between subsequent LTDs. This modification could help prevent severely
increased local flow velocities caused by the extremely narrowed passages. Additionally, it
prevents these points becoming bottlenecks for navigation. However, this approach also means
that the flow does not experience channel widening during moderate to high discharges between
subsequent LTDs, while this occurs upstream and downstream along the LTDs. Consequently,
this could still lead to the formation of erosion pits, similar to what is currently observed at
the outflow point from the Spiegelwaal between LTDs 4 and 5 (rkm 886-886.5). To mitigate
this issue, it may be beneficial to implement main channel widening between subsequent LTDs.
This strategy would likely prevent the significant erosion pits from developing.

With the current LTD design, significant sedimentation occurs in the riparian channels asso-
ciated with the LTDs leaving less sediment available for the main channel. Decreasing this
sedimentation would present an important improvement of the current LTD design concerning
bed degradation in the Boven Waal. One potential modification would be to implement higher
inlet heights. By increasing the inlet height, the portion of the water column that enters the
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riparian channels would decrease, as it would only allow the upper segment of the water column
to flow into these channels. This upper portion typically has lower sediment concentrations
than the lower segments, thereby reducing the overall sediment inflow to the riparian channels.
Additionally, using a steeper sill could reduce the amount of bed load transport entering the ri-
parian channel (Jammers, 2017). However, these processes are not well represented in the DVR,
model, complicating the assessment of their effects. Furthermore, increasing the inlet height
would result in reduced flow extraction during moderate discharges, which is a process that
enhances erosion. Therefore, it remains uncertain whether these adjustments have significant
potential in reducing bed degradation.

Another potential improvement to reduce sedimentation in the riparian channels of the LTDs is
to decrease the inlet height. This contrasts with the previous suggestion of increasing the inlet
height; however, it ensures that the sediment deposited in the riparian channels during lower
flows is largely eroded during high flows (De Ruijsscher et al., 2019). This process would not
only reduce maintenance but, more importantly, also results in sediment re-entering the main
channel. Alternatively, this process could be done by human interference, involving dredging
the sediment from the riparian channels and depositing it as nourishment in the main channel.
However, this latter approach significantly disturbs the riparian channels, which serve as favor-
able environments for ecosystems due to their relatively low flow velocities. Therefore, if such
interventions are deemed necessary, they should only be done on a very infrequent basis to limit
ecological disruption.

Further potential improvements to the current interventions aimed at reducing bed degradation
in the Boven Waal could involve a more extensive level of floodplain lowering in the Panner-
densch Kanaal (>3m). However, the proposed 3-meter floodplain lowering has demonstrated
minimal impact on bed degradation in the Boven Waal. While increasing the extent of flood-
plain lowering may lead to some further reduction in bed degradation, this effect is relatively
minor compared to the magnitude of the intervention required. Consequently, this approach
lacks significant potential to substantially enhance the reduction of bed degradation in the
Boven Waal.

To conclude, there is considerable potential to improve the design of the L'TDs to further reduce
bed degradation in the Boven Waal. On the contrary, there is little potential for enhancing
the LTD design to increase low discharge partitioning to the Pannerdensch Kanaal. Moreover,
the improvements aimed at reducing bed degradation in the Boven Waal may even reduce
the increased low discharge partitioning to the Pannerdensch Kanaal. LTDs can thus play
a significant role within the overall approach of restoring the low discharge distribution and
stopping bed degradation in the Boven Waal, but additional river interventions are needed.

5.3.3 Potential of additional interventions

Additional interventions are needed to complement the proposed interventions in developing
an effective approach to restore the low discharge distribution and stop bed degradation in
the Boven Waal. Therefore, this section reflects on the potential for combining the proposed
interventions with other river interventions.

A potential additional intervention to further reduce bed degradation in the Boven Waal could
be the lowering of groynes. This intervention has been shown to enhance the effectiveness of
reducing bed degradation when combined with LTDs (Ten Brink, 2024). However, the impact of
groyne lowering is significantly smaller compared to that of the LTDs. It thus has the potential
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to be combined with LTDs and be part of the overall approach to restore the low discharge
distribution and stop bed degradation in the Boven Waal, but it is unlikely to play a major role
in achieving these objectives.

Another potential additional intervention could be sediment nourishments, which has been
shown to be effective in reducing bed degradation (Czapiga et al., 2022a; De Lange, 2022; Lip-
tiay, 2023). Although the combination of sediment nourishment with LTDs has not yet been
investigated, it could serve as a valuable addition to reduce downstream bed degradation. This
is particularly important because bed degradation in downstream sections is exacerbated by
the upstream decrease in sediment transport capacity caused by the LTDs. Sediment nourish-
ment could be implemented both within the LTD section, particularly at the beginning of the
downstream section in the Boven Waal (rkm 882-891), where significant erosion is occurring,
and downstream of the LTDs to help mitigate the increased bed degradation in the Midden
Waal. When sediment nourishments are applied within the section of the LTDs, it is essential
to ensure that they are not placed too close to the inlet of a riparian channel from an upstream
perspective. Doing so could lead to significant sedimentation in the riparian channels.

Apart from sediment nourishments, the increased bed degradation in the Midden Waal result-
ing from the LTDs can be mitigated by extending the LTDs along the Midden Waal. However,
it is crucial to implement increasingly larger riparian channels in the downstream direction to
effectively reduce sediment transport capacities in this longitudinal direction. Without this
adjustment, significantly increased bed degradation in the Midden Waal will still occur (Sloff
et al., 2023; Pfeijffer, 2023). Regardless of the feasibility of constructing such large riparian
channels, there will always be a downstream end of the LTDs beyond which a significant in-
crease in sediment transport capacity occurs, leading to substantial erosion. Thus, it seems
more promising to implement sediment nourishments at the downstream end of the LTDs to
compensate for the decreased sediment transport caused by the LTDs.

Sediment nourishments applied in the most upstream part of the Boven Waal, close to the Pan-
nerdensch bifurcation, could potentially further enhance the low discharge partitioning to the
Pannerdensch Kanaal. The increase in water level resulting from these sediment nourishments
leads to a greater discharge directed toward the Pannerdensch Kanaal through backwater ef-
fects. However, it is crucial that the sediment nourishment is sufficiently long and high to create
such a significant backwater effect. A potential downside is that it could result in a significant
decrease in water depth which obstructs navigation. Additionally, the sediment nourishment
erodes over time, which would result in a decreasing partitioning to the Pannerdensch Kanaal.
This scenario would necessitate repetitive nourishments to maintain effectiveness.

Another intervention that could further enhance low discharge partitioning to the Pannerdensch
Kanaal, in addition to the effects of the LTDs, is the widening of the main channel of the Pan-
nerdensch Kanaal during low discharges. The low discharge partitioning at the Pannerdensch
bifurcation is primarily determined by the ratio between the dimensions of the main channel of
the Pannerdensch Kanaal and the Waal. While the LTDs narrow the main channel of the Waal,
widening the main channel of the Pannerdensch Kanaal could increase the ratio of low discharge
directed to the Pannerdensch Kanaal. However, a potential downside is that water depth in the
Pannerdensch Kanaal during low flows could be reduced due to this widening, although this
would be partially offset by the increased discharge to the Pannerdensch Kanaal. Nevertheless,
this type of intervention holds significant potential, and it is definitely worth investigating how
combining it with the LTDs in the Boven Waal could lead to further increases in low discharge
partitioning to the Pannerdensch Kanaal.
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A more ambitious and far-reaching measure to increase low discharge partitioning to the Pan-
nerdensch Kanaal would be to construct a barrier-like arm at the Pannerdensch bifurcation.
This barrier should would aim to widen the opening towards the Pannerdensch Kanaal while
narrowing the opening towards the Boven Waal. The barrier would remain lowered during low
flows, directing more flow to the Pannerdensch Kanaal. Conversely, during moderate to high
flows, the barrier would be raised, thereby having no impact on discharge distribution. How-
ever, such a rigorous intervention at a bifurcation is inherently risky. Very little is understood
about the precise functioning of the bifurcation and why it remains relatively stable despite
substantial differences in flow partitioning between both branches. Therefore, predicting the
morphological effects of such an intervention and assessing its potential applicability is quite
challenging.

To summarize, other river interventions are necessary in addition to the proposed interventions
in order to restore the low discharge distribution and stop bed degradation in the Boven Waal.
Additional interventions with significant potential include sediment nourishments and groyne
lowering in the Boven Waal, and main channel widening in the Pannerdensch Kanaal.
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6 Conclusions & Recommendations

6.1 Conclusions

This study aims to increase low discharge partitioning to the Pannerdensch Kanaal and reduce
the bed degradation in the Boven Waal by implementing interventions in both the Boven Waal
and the Pannerdensch Kanaal. It investigates the effects of LTDs in the Boven Waal, as well as
additional summerdike removal and uniform floodplain lowering in the Pannerdensch Kanaal,
in relation to these two objectives. The following sections provide answers to the two research
sub-questions (Sections 6.1.1 and 6.1.2) and the main research question of this study (Section
6.1.3).

6.1.1 Conclusion research sub-question 1

The effects of the implementation of LTDs in the Boven Waal are analyzed in order to answer
research sub-question 1:

”What is the effect of LTDs in the Boven Waal on the low discharge distribution
at the Pannerdensch bifurcation and the bed degradation in the Boven Waal and
Pannerdensch Kanaal?”

It is found that the LTDs significantly increase the low discharge partitioning to the Panner-
densch Kanaal, as a result of the substantial reduction in main channel width they cause in
the Boven Waal during low Lobith discharges (1020 to 1543 m?/s), decreasing the width from
approximately 260 meters to 195 meters. Initially, the low discharge partitioning to the Panner-
densch Kanaal rises by 24 to 42 m3/s relative to the Reference Scenario. The reduced erosion
in the Boven Waal caused by the LTDs then ensures that the decrease in low discharge par-
titioning over a 20-year period is much smaller (-9 to -12 m?/s) compared to the Reference
Scenario (approximately -20 m3/s). As a result, after 20 years, there is still significantly more
low discharge partitioning to the Pannerdensch Kanaal than there was initially observed in the
Reference Scenario (+15 to 30 m3/s).

The LTDs ensure that the required discharge partitioning to the Pannerdensch Kanaal at a
Lobith discharge of 1543 m3/s (required: 315 m3/s; (Klijn et al., 2022)) is met both at the
beginning and the end of the 20-year period. However, during Lobith discharges of 1020 and
1294 m3/s, there remains a shortfall, with at least an additional 23 m3/s needed to meet the
required discharge partitioning. In conclusion, while the LTDs in this study are effective in
increasing low discharge partitioning to the Pannerdensch Kanaal, their impact still falls short
of fully achieving the required low discharge partitioning criteria.

The implementation of the LTDs leads to a significant reduction in bed degradation in the
main channel of the Boven Waal, even resulting in significant reach-averaged sedimentation of
approximately 9 to 10 cm in the upstream section (river kilometers 867.3-882). This positive
outcome is primarily attributed to the LTDs’ effectiveness in substantially mitigating erosion
during moderate to high Lobith discharges (ranging from 1954 to 7009 m?/s), which cumula-
tively produce an impressive 46 cm of reach-averaged sedimentation in the Boven Waal over a
20-year period. This constitutes a major step in stopping the bed degradation in the Boven
Waal during moderate to high discharges. Nonetheless, the analysis reveals that the LTDs do
not perform as effectively as anticipated, still leading to approximately 8 cm of reach-averaged
erosion in the Boven Waal, compared to the 15 cm of erosion observed in the Reference Scenario.
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It is found that the substantial reach-averaged sedimentation occurring during moderate to high
Lobith discharges, caused by the LTDs in the Boven Waal, is counteracted by three negative
effects associated with the LTDs. The most significant effect is that the LTDs, due to their
substantial reduction in main channel width, result in low Lobith discharges becoming highly
erosive in the Boven Waal. Cumulatively, this leads to approximately 54 c¢m of reach-averaged
erosion in the main channel of the Boven Waal over a 20-year period. Additionally, local bed
degradation is significantly exacerbated by the development of erosion pits at the transitions of
the LTDs during the first year, resulting in local erosion of up to 1 meter. This phenomenon also
contributes to the reach-averaged erosion in the Boven Waal (4 cm in year 1), particularly in
the downstream section (river kilometers 882 to 891), as a large portion of the eroded sediment
is deposited in the riparian channels. The third negative effect of the LTDs is that significant
sedimentation occurs within the riparian channels over the 20-year period, with a total volume
ranging from 435,182 m? to 795,069 m®. The most sedimentation is observed in the scenario
with the deepest riparian channels. If this sediment were to be deposited in the main channel,
it would translate into an increase in reach-averaged bed level of approximately 0.14 to 0.22 m.

In addition to the effects on low discharge distribution and bed degradation in the Boven Waal,
the LTDs also significantly impact bed degradation in the Pannerdensch Kanaal, Boven Rijn,
and Midden Waal. Specifically, the LTDs exacerbate erosion in the Midden Waal, resulting in
reach-averaged erosion of 0.55 to 0.61 m over a 20-year period, compared to 0.32 m observed
in the Reference Scenario. Similarly, increased erosion is noted in the Boven Rijn, but less pro-
nounced as in the Midden Waal. Conversely, the Pannerdensch Kanaal experiences significantly
greater reach-averaged sedimentation compared to the Reference Scenario. The effects of the
LTDs are opposite across the low and moderate to high Lobith discharge ranges. It is found that
the effect of the LTDs during moderate to high Lobith discharges are dominant regarding their
impact on the bed degradation of the adjacent branches. Additionally, it is found that larger
riparian channels in an LTD Scenario amplify the effects on bed degradation in the adjacent
river branches.

6.1.2 Conclusion research sub-question 2

The combined effects of implementing summerdike removal and floodplain lowering in the Pan-
nerdensch Kanaal, along with LTDs in the Boven Waal, have been analyzed to answer research
sub-question 2:

”What is the effect of summerdike removal and varying levels of floodplain low-
ering in the Pannerdensch Kanaal in addition to LTDs in the Boven Waal on the
moderate, high and extreme discharge distribution at the Pannerdensch bifurcation
and the bed degradation in both branches?”

The analysis reveals that the combination of summerdike removal and uniform floodplain lower-
ing in the Pannerdensch Kanaal cannot simultaneously compensate for the additional discharge
directed to the Waal by the LT Ds across the full range of moderate to extreme Lobith discharges.
The intervention with 0.5-meter floodplain lowering (Scenario LTD-S-FL-0.5) effectively com-
pensates for the additional discharge drawn to the Waal during an extreme Lobith discharge of
16,000 m3/s, by increasing discharge partitioning to the Pannerdensch Kanaal with 214 m3/s
compared to a scenario with only LTDs (LTD-S). While erosion in the Waal leads to a gradual
decrease in discharge partitioning to the Pannerdensch Kanaal over time, this reduction (~38
m?/s) is similar in both the Reference Scenario and Scenario LTD-S-FL-0.5. On the other hand,
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interventions with 2- to 3-meter floodplain lowering are needed to significantly compensate for
the additional discharge directed to the Waal as a result of the LTDs during moderate to high
Lobith discharges (1954 to 7009 m®/s). However, these more extreme interventions result in
an excessive increase in discharge partitioning to the Pannerdensch Kanaal during a Lobith
discharge of 16,000 m3/s (+428 to 516 m3/s).

One of the primary objectives of implementing interventions in the Pannerdensch Kanaal is to
further reduce bed degradation in the Boven Waal, beyond the reductions already achieved by
the LTDs. This is approached by compensating for the additional discharge directed to the Waal
during moderate to high Lobith discharges, which occurs as a result of the implementation of
LTDs. The 2- and 3-meter floodplain lowering in the Pannerdensch Kanaal aims to counteract
this by decreasing the discharge partitioning to the Waal compared to a scenario involving only
LTDs. However, the analysis reveals that these interventions are not effective in significantly
reducing bed degradation in the Boven Waal beyond what the LTDs already achieve. The
scenario involving 3-meters floodplain lowering only achieves a marginal additional reduction of
about 0.4 cm in reach-averaged erosion in the main channel of the Boven Waal over a 20-year
period, on top of the 6.3 cm reduction achieved by the LTDs.

Within the Boven Waal, the interventions in the Pannerdensch Kanaal have minimal positive
impact on mitigating bed degradation. However, the interventions involving 2- and 3-meter
floodplain lowering significantly exacerbate bed degradation in the Boven Rijn, Boven Nederrijn,
and Boven [Jssel, particularly leading to a substantial increase in reach-averaged erosion in the
downstream reaches compared to a scenario with only LTDs. In contrast, the scenario with a
0.5-meter floodplain lowering does not exhibit such a pronounced increase in erosion in these
reaches.

The removal of summerdikes and the implementation of floodplain lowering within the Panner-
densch Kanaal lead to a significant increase in sedimentation in this branch. Particularly the
scenarios involving 2- and 3-meter floodplain lowering which result in reach-averaged sedimen-
tation of 0.19 and 0.27 m over a 20-year period in comparison to 0.07 m in a scenario with only
LTDs. It is found that the 2- and 3-meter floodplain lowering have a much greater effect on bed
level development in the Pannerdensch Kanaal, in addition to the impact of the LTDs, than
the LTDs have on their own. The reach-averaged sedimentation is mainly occurring along the
first part of the floodplain lowering (river kilometer 869.2 to 873.2), where the 2- and 3-meter
floodplain lowering results in large sedimentation humps, locally reaching up to 1.4 meters.

6.1.3 Conclusion to main research question

The following main research question is answered based on the answers to the two research
sub-questions:

”"How can varying interventions in the Boven Waal and Pannerdensch Kanaal be
used to increase low discharge partitioning to the Pannerdensch Kanaal and reduce
the bed degradation in the Boven Waal?”

The study shows that LTDs are effective in significantly increasing low discharge partitioning to
the Pannerdensch Kanaal by substantially reducing the main channel width of the Boven Waal.
The implementation of the proposed LTDs leads to considerable progress toward achieving the
required low discharge partitioning. However, the findings show that this remains insufficient to
fully meet the required low discharge partitioning. This shortfall persists despite a substantial
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reduction in the main channel width from 260 to 195 meters, which is already below the current
navigational requirement of a minimum width of 230 meters. Therefore, additional interventions
are necessary in addition to reducing the main channel width in the Boven Waal.

The research demonstrates that LTDs are effective in mitigating bed degradation in the Boven
Waal, particularly during moderate to high Lobith discharges (1954 to 7009 m?®/s), during
which they cumulatively result into reach-averaged sedimentation due to the widening of the
main channel. This constitutes a significant step toward stopping bed degradation in the Boven
Waal. However, this positive effect is counteracted by several negative effects, predominantly
caused by the substantial reduction in the main channel width. This reduction leads to low
discharges becoming highly erosive, effectively shifting the erosion problem from moderate to
high discharges to low discharges. Additionally, severe localized erosion occurs at the transitions
between LTDs, where the extreme narrowing due to channel width reductions on both sides leads
to the development of significant erosion pits. Therefore, the study indicates that using LTDs
for increasing low discharge partitioning to the Pannerdensch Kanaal significantly counteracts
the goal of reducing bed degradation in the Boven Waal.

The additional interventions in the Pannerdensch Kanaal do not significantly reduce bed degra-
dation in the Boven Waal. It was presumed that these interventions could mitigate erosion in
the Boven Waal by compensating for the extra discharge drawn to the Waal due to the LTDs
during moderate to high discharges. The study, however, reveals no significant potential for
such interventions in the Pannerdensch Kanaal, which aim to increase riverbed capacity during
moderate to high discharges, to effectively reduce bed degradation in the Boven Waal. In fact,
the interventions including 2- and 3-meter floodplain lowering significantly worsen bed degra-
dation in upstream and downstream branches, including the Boven Rijn, Boven Nederrijn, and
Boven IJssel. A more modest intervention in the Pannerdensch Kanaal, including a 0.5-meter
floodplain lowering, appears to be useful in maintaining the required discharge distribution dur-
ing extreme Lobith discharges (16,000 m3/s) for flood safety, without significantly worsening
bed degradation in the other branches.

In conclusion, LTDs should be included in the strategy to increase low discharge partitioning to
the Pannerdensch Kanaal and to reduce bed degradation in the Boven Waal, as they demonstrate
strong potential in addressing both objectives. However, the extent of main channel width
reduction proposed in this study is not optimal, as it introduces significant erosion during low
discharges and does not meet navigational requirements. A more balanced approach, including
the combination with other river interventions, is needed to meet the required low discharge
partitioning to the Pannerdensch Kanaal and stop bed degradation in the Boven Waal.
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6.2 Recommendations

The proposed interventions are not sufficient to restore the low discharge distribution and stop
bed degradation in the Boven Waal. Therefore, various recommendations are made for further
research to contribute to finding an overall approach with which these ultimate goals can be
achieved.

6.2.1 Model improvements

It is recommended to investigate the effect of using a three-step spin-up method instead of the
current two-step method on the initial bed level with which the simulations are performed. The
additional step would involve spinning up the bed composition separately, before allowing bed
level changes to occur. The current spin-up method lacks this step, even though the model
input relies on width-averaged bed composition values. As a result, the initial bed level used in
the model may be less accurate. Investigating the significance of this difference between both
approaches could determine if the three-step approach leads to more reliable model results.

As for the upstream boundary condition, it is recommended to explore the effects of using differ-
ent hydrographs when examining the effects of interventions on bed degradation. The upstream
hydrograph introduces considerable uncertainties regarding bed level development, especially
since river discharges could change significantly in the future due to climate change. Addition-
ally, it is advised to investigate the influence of peak flows on bed degradation and discharge
distribution, as these potentially cause substantial changes in both processes (Chowdhury et al.,
2023). In order to model these effects, the DVR model would need to be improved to better
capture hydrodynamics during such extreme discharges.

Another recommendation to improve the model would be to reconsider the high morphological
acceleration factors applied to low discharges, particularly when implementing LTDs that cause
significant main channel width reductions in the Boven Waal, as seen in this study. Due to
the considerable narrowing of the main channel, low discharges become highly morphologically
active, challenging the assumption that these discharges result in less morphological change.
Therefore, the use of high morphological acceleration factors for low discharges may no longer
be accurate under these conditions.

To more accurately simulate sedimentation in the riparian channels, it is recommended to
incorporate the suspended load component into the model. Additionally, improvements are
needed to better represent the bed load transport over the inlet sill, which could be achieved by
local grid refinement and including the effects of varying sill geometries, among other factors.
These enhancements would lead to more accurate estimations of the amount of sediment entering
the riparian channels.

6.2.2 Improving the proposed LTD design

Although the proposed LTDs already contribute significantly to reducing bed degradation in
the Boven Waal, there remains substantial potential for enhancing the LTD design to further
reduce bed degradation. In general, it is recommended to use a more modest main channel
width reduction than proposed in this study, where the main channel width in the Boven Waal
is reduced from 260 to 195 meters. This is needed to more effectively mitigate bed degradation,
as the current main channel width reduction results into severe erosion during low discharges.
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To maintain the effectiveness of the proposed LTDs on the low discharge partitioning to the
Pannerdensch Kanaal, while also further reducing bed degradation in the Boven Waal, it is rec-
ommended to explore the impact of varying main channel width reductions in different sections
of the Boven Waal. In the upstream section (rkm 867.3-882), the LTDs should still signifi-
cantly reduce the main channel width (e.g., by 40-65 meters) to substantially increase the low
discharge partitioning to the Pannerdensch Kanaal. In contrast, the LTDs in the downstream
section (rkm 882-891) should induce a smaller width reduction (e.g., 20 meters) to more ef-
fectively mitigate erosion, as most erosion occurs in this section. It is advised to investigate
how this smaller reduction in main channel width in the downstream section influences the low
discharge partitioning to the Pannerdensch Kanaal. Additionally, it is recommended to examine
at which distance from the Pannerdensch bifurcation a smaller main channel width reduction
no longer significantly impacts the increase in low discharge partitioning to the Pannerdensch
Kanaal. This would help in identifying the point from which the LTDs can reduce the main
channel width less drastically without affecting the desired outcomes for discharge partitioning.

To prevent the formation of substantial erosion pits at the transitions between the LTDs and
to avoid creating bottlenecks for shipping, it is recommended to maintain sufficient spacing
between successive LTDs. This spacing will help ensure that flow velocities do not become
excessively high due to the very narrow passages created at the current transitions between
LTDs. Additionally, it is recommended to slightly widen the main channel along the suggested
spacing between the LTDs to prevent the development of erosion pits in these areas during
moderate to high discharges. This widening is essential because, without it, a significant increase
in sediment transport capacity occurs at the upstream end of these areas, since the main channel
upstream of these spacing does experience expansion during moderate to high discharges due
to the riparian channels,

To reduce the amount of sedimentation in riparian channels, it is recommended to investigate
the effects of different inlet sill heights and possibly geometries. A higher and steeper inlet sill
could decrease the amount of sediment entering the riparian channels, while a lower inlet sill
might allow for the sediment deposited in the riparian channel during lower flows to be eroded
again during higher flows, causing it to re-enter the main channel. It would be interesting to
examine how much this affects sedimentation in the riparian channels and how that, in turn,
impacts bed degradation in the Boven Waal. It is important to note that, in order to accurately
assess the effects of a higher and steeper inlet sill on sediment transport over the sill, model
improvements are needed, as discussed in the previous section.

6.2.3 Exploring the combination with additional river interventions

It is recommended to investigate the combined effects of LTDs and sediment nourishments on
bed degradation in the Boven Waal. This combination could be effective, as sediment nourish-
ments may compensate for increased downstream erosion resulting from the reduced sediment
transport capacities caused by the upstream LTDs. For instance, sediment nourishments could
be applied at the upstream end of the downstream section of the Boven Waal (rkm 882-891),
where significantly increased erosion occurs, as well as at the downstream end of the LTDs to
mitigate increased erosion in the Midden Waal. However, when combining both interventions,
it is crucial that the sediment nourishment is not placed too close to the inlet of a riparian chan-
nel from an upstream perspective, as this could lead to excessive sedimentation in the riparian
channels.
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Another recommendation regarding the combination with sediment nourishments is to explore
their potential as a (short-term) measure to further enhance low discharge partitioning to the
Pannerdensch Kanaal. This would require significant sediment nourishment at the upstream
end of the Boven Waal, which would need to be repeated over time due to erosion. It should be
investigated how long and high this sediment nourishment needs to be in order to significantly
increase low discharge partitioning to the Pannerdensch Kanaal in conjunction with the LTDs.
Based on the findings regarding the required dimensions, a decision could be made on the
feasibility of this approach.

It is recommended to combine multiple interventions that increase low discharge partitioning
to the Pannerdensch Kanaal, as this helps to avoid the need for a single intervention to be
excessively extreme. Therefore, in addition to interventions in the Boven Waal that increase
the low discharge partitioning to the Pannerdensch Kanaal, it is recommended to explore inter-
ventions in the Pannerdensch Kanaal that could achieve a similar effect. Specifically, the effect
of widening the main channel in the Pannerdensch Kanaal should be investigated alongside
the implementation of LTDs in the Boven Waal. Research should focus on determining the
necessary increase in main channel width in the Pannerdensch Kanaal to significantly enhance
low discharge partitioning to this branch. Furthermore, considering navigation, it is essential
to assess the effects of this channel widening on water depths during low discharges.
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A ELABORATION ON THE TECHNICAL IMPLEMENTATION OF THE
INTERVENTIONS IN THE DVR MODEL

A Elaboration on the technical implementation of the interven-
tions in the DVR model

To implement the interventions in the DVR model, various input files need to be adjusted. For
the LTDs in the Boven Waal, this has been largely done using the Baseline tool, specifically
Baseline version 5.3.4 in ArcMap version 10.6. The Baseline database ’baseline-rijn-j18_5_v2’,
corresponding to the latest DVR model version, is used for this purpose. The LTDs in the Boven
Waal are schematized within this existing GIS schematization according to the Baseline protocol
associated with the DVR model. This GIS schematization is then converted into Delft3D input
files using Baseline, which averages data over grid cells and snaps it to grid cell edges. As a
result, the bathymetry, weir, and roughness files (U- and V-direction) are modified.

For the implementation of summerdike removal and floodplain lowering in the Pannerdensch
Kanaal, input files have been directly modified without the use of Baseline. This approach is
chosen because the modifications required for these interventions are simpler. Additionally, the
author’s understanding of the input files significantly improved during the process of imple-
menting the LTDs, making direct modification more feasible.

The types of input files modified in the DVR model for the LTDs are listed in Table A.1 For
the summerdike removal and floodplain lowering interventions, only the bathymetry and weir
files are changed (Table A.1). The following two sub-sections explain in more detail how the
input files are modified for both interventions. These sections only describe how the input files
of the DVR model are changed to implement the interventions. The exact dimensions and
schematization choices have already been explained in Methodology Section 3.2

Table A.1: Overview of the types of input files modified in the DVR model for the implemen-
tation of the interventions. The x’s in the 3rd and 4th column indicate whether a specific type
of input file has been modified for a particular intervention.

Type of input file File extension | LTDs Su];;l;zz;c}:;z %s;n;Zilg&
Bathymetry .dep X X
Sediment layer thickness .thk X
Sediment fractions fre X
Weirs WT b X
Roughness in the U-direction .aru X
Roughness in the V-direction .arv b

A.1 LTDs in the Boven Waal

The grid cells that have been modified for the LTD implementation are highlighted as trans-
parent in Figure A.1, while the darker cells indicate areas that are left unchanged.

First, the groynes that are present at the location of the riparian channels in the Reference
Scenario (brown lines in Figure A.1) have been removed from the weir file of the Boven Waal.
Following this, new weirs are added to represent the inlet and crest of the LTDs. Specifically,
weirs in the V-direction are implemented to reflect the inlet height across the upstream grid
cells of the riparian channels (Figure A.1). Additionally, weirs in U-direction have been added
along the main channel side of the riparian channels (Figure A.1). The weirs at the upstream
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two grid cells consist of the inlet height, while those further downstream along the riparian
channel represent the crest height.
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Figure A.1: The location of the riparian channels for the six LTDs in the Boven Waal (rkm
867.3-891) displayed on top of the DVR model grid and the original riverbed depth before the
introduction of LTDs. Transparent grid cells represent the riparian channels, while darker cells
indicate unchanged areas. The light blue arrow represents the flow direction. The brown dots
represent river kilometers.

The bathymetry file of the Boven Waal has been changed in order to schematize the depth of
the riparian channels. The bed level values present at the riparian channels have been replaced
by the bed level of the riparian channels as described in Section 3.2. The bed level of the
grid cells upon which the inlet sill and crest is located is made slightly higher in comparison
to the bed level of the rest of the riparian channel in order to compensate for the decrease in
cross-sectional area that the LTD bodies cause. This increase is determined based on the inlet
and crest height, the slope of the LTD body (1:2.5) and the width of the body at the crest level
(2 meters).

The roughness values at the location of the LTDs and associated riparian channels have been
modified for both the U- and V-direction to reflect the presence of this intervention. For the
grid cells that only cover the riparian channel, the Nikuradse roughness height is set to 0.2. The
grid cells partially covered by the LTD body are assigned a slightly higher Nikuradse roughness
height, as the LTD bodies have a roughness height of 0.4. Baseline automatically calculated the
resulting roughness for these mixed cells, based on the proportion of the cell area covered by
the LTD body and the riparian channel, leading to an approximate Nikuradse roughness height
of 0.23 for these cells.

The sediment input files of the Boven Waal have been adjusted to ensure that the riparian
channels do not contain sediment at the start of the simulation. This was achieved by setting
the sediment layer thickness and sediment fractions in the corresponding grid cells to zero.
Specifically, 7 sediment layer thickness files were modified, along with a total of 77 sediment
fraction files, as there are 11 defined sediment fractions for each of the 7 sediment layers.
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(@) (b)

Figure A.2: (a) Top view of the original main channel (Reference) in the Boven Waal around
river kilometer 876.2. Brown lines represent groynes. (b) Top view of the main channel after
implementation of LTDs 3 and 4. The black line represents the LTD crest, the blue line
represents the LTD inlet.

A.2 Summerdike lowering and floodplain lowering in the Pannerdensch Kanaal

The grid cells that have been modified for the implementation of floodplain lowering are high-
lighted as transparent in Figure A.3, while the darker cells represent areas that remain un-
changed. The summerdikes that have been removed are indicated by the red lines in Figure

A3

The weirs associated with the removed summerdikes are deleted from the weir file of the Pan-
nerdensch Kanaal. Following that, the bathymetry file of the Pannerdensch Kanaal is adjusted.
First, the bed levels of the grid cells at the locations of the summerdikes are decreased such
that they match the level of the surrounding grid cells. After that, the uniform floodplain low-
ering is schematized by decreasing the bed level of the corresponding grid cells by the specified
floodplain lowering height. It is important to note that grid cells with bed levels below 8.0 m +
NAP have not been modified. Additionally, if the bed levels after lowering dropped below this
threshold, they were reset to 8.0 m + NAP, ensuring that the intervention does not affect low
discharge conditions.
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Figure A.3: Location of the floodplain lowering (darker areas) and the summer dikes (red
lines) that have been removed in the Pannerdensch Kanaal. The brown dots represent river
kilometers. The light blue arrow indicates the flow direction.

82



B MODEL INPUT FOR SIMULATING THE LOBITH DESIGN DISCHARGE

B Model input for simulating the Lobith design discharge

The provided DVR model is not yet capable of simulating the Lobith design discharge of 16,000
m?/s. To enable this, the model has been expanded. First, files are added that represent the
boundary conditions during such a discharge. An overview of these files is given in Table B.1.
The boundary conditions are determined using a similar methodology as applied by the original
model creators for other discharges in the DVR model (Sloff et al., 2024).

The upstream boundary condition is set to the Lobith discharge, which is 16,000 m?/s. This
discharge is divided across 58 grid cells. However, this division is non-uniform because the
main channel grid cells convey more discharge than the floodplain grid cells. To determine an
appropriate division, the available discharge division used for a Lobith discharge of 7009 m? /s
in the DVR model is used. During this discharge, all river grid cells convey discharge. The
additional 8991 m3/s during a Lobith discharge of 16,000 m3/s is assumed to be uniformly
distributed over the grid cells, added on top of the division used for the 7009 m?/s Lobith
discharge.

The downstream boundary conditions are determined using rating curves (in Dutch:
”Betrekkingslijnen”) along the river. These curves provide water levels corresponding to each
river kilometer for various Lobith discharges. For the simulation of a Lobith discharge of 16,000
m?/s, the water levels at the downstream boundaries of the Waal and IJssel are determined
using the ”Betrekkingslijnen 2022”. The water level at the Nederrijn is based on ” Betrekkingsli-
jnen 2018”. This is in line with the approach for the other discharges in the DVR model (Sloff
et al., 2024).

Table B.1: Overview of the boundary condition files that have been added to the DVR model
to represent the boundary conditions during a Lobith design discharge of 16,000 m?3/s.

Type of boundary condition Branch Filename Value
Boven Rijn | br0Q16000.bct 16,000 m?3 /s

Waal wl2¢Q16000.bct | 5.488 m + NAP
1Jssel yac3Q16000.bct | 0.629 m + NAP
Nederrijn | nr1aQ16000.bct | 12.325 m + NAP

Upstream boundary condition
(discharge)

Downstream boundary conditions
(water level)

Three lateral flow files need to be added to represent the lateral flows that are present in the
DVR model during a Lobith discharge of 16,000 m3/s. An overview is provided in Table B.2.
The lateral inflow from the Oude IJssel and Twentekanaal during this discharge is provided
by Sloff et al. (2024). However, there is no specific data available for the flow extraction by
the culvert of the Spiegelwaal. In the model, this flow extraction is set to zero during high
discharges, as significant flow extraction occurs through weir overflow under these conditions.
Therefore, this lateral flow is also set to zero during a Lobith discharge of 16,000 m?/s.
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Table B.2: Overview of lateral flow files that have been added to the DVR model to represent
the lateral flows during a Lobith design discharge of 16,000 m?/s.

Type of lateral flow Filename Discharge (m?/s)
Flow extraction by culvert Spiegelwaal | wl2aQ16000.dis 0

Inflow from Oude IJssel yac12Q16000.dis 65.58

Inflow from Twentekanaal yac3Q16000.dis 54.25

Other files that need to be added to simulate a Lobith discharge of 16,000 m?/s include the
location of the downstream boundary condition in the Nederrijn (nr1a@Q16000.bnd) and files
containing morphology parameters for each of the nine reaches (*Q16000.mor). Since these
parameters remain consistent across all Lobith discharges, they can be just duplicated and
renamed to correspond with the new discharge scenario.
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C Additional simulation results

C.1 Initial hydraulics

C.1.1 Initial water levels in the Boven Waal during Scenario LTD-S
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Figure C.1: Initial width-averaged water levels in the Boven Waal for the different Lobith
discharges in the Reference Scenario (dashed lines) and in Scenario LTD-S (solid lines). The
red dots represent the inlet height of the different LTDs. The grey areas represent the fixed
layer at Nijmegen and the bed groynes at Erlecom. The black arrows represent the LTDs.

C.1.2 Initial flow velocities in the Boven Waal
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Figure C.2: Initial width-averaged flow velocities in the main channel of the Boven Waal
across the various Lobith discharges in the Reference Scenario. The grey areas represent the
fixed layer at Nijmegen and the bed groynes at Erlecom. The black arrows represent the LTDs.
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Figure C.3: Percentage difference in initial width-averaged flow velocities in the main channel
of the Boven Waal between the LTD Scenarios and the Reference Scenario. The grey areas
represent the fixed layer at Nijmegen and the bed groynes at Erlecom. The black arrows
represent the LTDs.
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C.1.3 Initial flow velocities in the Pannerdensch Kanaal
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Figure C.4: Initial width-averaged flow velocities in the main channel of the Pannerdensch
Kanaal across the various Lobith discharges in the Reference Scenario.
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Figure C.5: Percentage difference in initial width-averaged flow velocities in the main channel
of the Pannerdensch Kanaal between Scenario LTD-S and the Reference Scenario.
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Figure C.6: Percentage difference in initial width-averaged flow velocities in the main channel
of the Pannerdensch Kanaal between the LTD-FL Scenarios and Scenario LTD-S. Negative
values indicate lower flow velocities in the LTD-FL Scenarios compared to Scenario LTD-S. The
black arrows represent the location of the floodplain lowering at the left and right side of the
channel.
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C.2 Bed level development in the Boven Waal and Pannerdensch Kanaal
after 20 years

C.2.1 Bed level change in the Boven Waal

In the following figures, red areas indicate erosion, while blue areas represent sedimentation.
Solid green lines depict LTD bodies, and the combination of solid and dotted green lines out-
lines the boundaries of the riparian channels. The black line marks the boundary between the
upstream (rkm 867.3-882) and downstream section (rkm 882-891) of the Boven Waal. The black
arrow indicates the flow direction.
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Figure C.7: Bed level change in the Boven Waal over 20 years of morphological development
during the Reference Scenario.
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Figure C.8: Bed level change in the Boven Waal over 20 years of morphological development
during Scenario LTD-S.
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Figure C.9: Bed level change in the Boven Waal over 20 years of morphological development
during Scenario LTD-M.
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Figure C.10: Bed level change in the Boven Waal over 20 years of morphological development
during Scenario LTD-L.
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C.2.2 Bed level change in the Pannerdensch Kanaal
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Figure C.11: Bed level change in the Pannerdensch Kanaal over 20 years of morphological
development during (a) the Reference Scenario, (b) Scenario LTD-S, (c¢) Scenario LTD-S-FL-
2, and (d) Scenario LTD-S-FL-3. Blue areas indicate sedimentation, while red areas indicate
erosion. The black arrow represents the flow direction.
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