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Summary

This thesis investigates how to improve the predictive capabilities of the one-dimensional (1D)
coastline model, ShorelineS. The main challenge explored in this research is the exclusion of
cross-shore sediment redistribution in 1D models like ShorelineS, which affects the model’s
ability to predict coastal evolution accurately, especially in the case of Bacton.

The Bacton Sandscaping project was initiated to address the significant coastal erosion
threatening the Bacton Gas Terminal, which is critical to the UK’s energy supply. Traditional
hard engineering solutions were ruled out due to their potential to increase erosion in adjacent
areas. Instead, a soft engineering approach was chosen, inspired by the Dutch "Zandmotor"
(Sand Engine). This involves placing a large volume of sand along the coastline, which is nat-
urally redistributed by waves and currents to provide long-term coastal protection.

While the Bacton Sandscaping project has proven successful, limitations were identified in
the design and modeling process, particularly in accurately predicting how the coastline would
evolve. The ShorelineS model, used in this thesis to simulate the coastline evolution, only
considers longshore sediment transport and assumes that the cross-shore profile (the slope of
the beach) is in equilibrium. However, in the case of Bacton, the cross-shore profile was not
in equilibrium after construction and redistribution played a significant role in how the shore-
line evolved. Its exclusion from the model leads to inaccuracies. Therefore the main research
question addressed in this thesis is:

How can the predictive capability of a one-dimensional coastline model of the shoreline
evolution of mega nourishment be improved by incorporating cross-shore profile redistribution?

Two supporting questions are posed:

1. How well does ShorelineS predict the coastline evolution of the Bacton Sandscaping
project in its current form?

2. How can cross-shore profile redistribution be incorporated into ShorelineS? and does
this improve its predictive capability on the coastline evolution of a mega nourishment?

The research begins with an assessment of ShorelineS in its current form, evaluating its
performance using data from the Bacton Sandscaping project. The current ShorelineS per-
formance is evaluated by comparing modeled and measured positions in MSL (Mean Sea
Level) contour using absolute, relative distances, and planform area. Additionally, the model-
predicted coastline change is analyzed and compared with the volume-based change. Next,
cross-shore redistribution is integrated into ShorelineS by defining a redistribution factor (R-
factor) based on measured and modeled coastline changes. The modeled coastline change
is calculated using volume balance, and the measured coastline change is determined at a
specific level. The redistribution of sediment within the profile is a time-dependent process
and two relationships are tested, linear and exponential relationships. Finally, the modeled
coastline positions are adjusted to account for redistribution by applying the R-factor to the av-
erage modeled coastline change and calculating the additional coastline change. The adjusted
model is then evaluated using the same metrics as the original model.

The assessment of ShorelineS in its current form shows that the model underestimates
the erosion of the terminal section and overestimates sediment feeding to the villages. This
leads to a continuous increase in both relative and absolute distance between modeled and
measured MSL contours, indicating worsening predictions over time. The model’s imposed
conservation of planform area contributes to this error, as the modeled planform area remains
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relatively constant while the measured area decreases. Analyses show that ShorelineS gen-
erally performs poorly in predicting shoreline changes, with no clear relationship between av-
erage wave power and shoreline changes and little agreement between modeled and volume-
calculated shoreline change. These findings suggest that the 1D coastline model ShorelineS
is not well-suited for predicting the coastline evolution of a mega nourishment.

The results show that incorporating the R-factor slightly enhances the model’s performance
for the terminal section, but conversely, it deteriorates the performance for the village section.
This is due to the model’s imposed conservation of sediment. Applying the R-factor only to
the terminal section slightly improves the overall model performance, but the effect is mini-
mal. The R-factor’s impact is limited by the small average modeled coastline change and the
model’s conservation of sediment. In response to these findings, a new approach is tested.
This approach differs from earlier approach as the adjusted coastline is reintroduced back into
ShorelineS and the R-factor is only applied to the terminal section. The improvement this
makes is little, but it does indicate that there is potential in including cross-shore redistribution
to enhance the performance of 1D coastline models.

The general findings highlight the significant influence of cross-shore redistribution on
coastline change, as observed in the Bacton monitoring data and supported by previous re-
search on other mega nourishments. It is found that the R-factor, while improving predictions
slightly, does not fully address the limitations of ShorelineS, suggesting that other factors may
contribute to its inaccuracies. The limitations of the study include the model’s inherent volume
conservation, the use of the CERC2 transport equation, and the limited frequency of coastline
updates. Additionally, the R-factor’s sensitivity to small values and the assumption of a multi-
plicative relationship are identified as potential limitations. Future research directions include
improving model calibration, testing different transport equations, incorporating more frequent
coastline updates, exploring alternative approaches for cross-shore redistribution, conducting
further research on cross-shore redistribution itself, and conducting a sensitivity study on its
impact on mega nourishment evolution.

The R-factor introduced in this research aimed to address the limitations of ShorelineS in
predicting coastline evolution, particularly the underestimation of erosion in the terminal sec-
tion due to the exclusion of cross-shore redistribution. By multiplying the modeled coastline
change by the R-factor, the model could account for the additional coastline change caused
by sediment redistribution within the profile. While the R-factor did show some improvement in
the predictions, it was not enough to fully overcome the limitations of ShorelineS. The model’'s
inherent tendency to conserve sediment over the nourished area significantly impacted its
accuracy. This means that ShorelineS often overestimated the retention of sediment and un-
derestimated erosion, leading to discrepancies between the model’s predictions and the actual
coastline evolution.
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1 Introduction

1.1 Bacton’s solution to coastal erosion

Numerous factors, including sea level rise, sand mining, and subsidence, contribute to the
erosion of soft and sandy coastlines worldwide. This coastal degradation is particularly worri-
some given that a significant portion of the global population resides in coastal regions, where
beaches and dunes serve as crucial barriers against many waters. North Norfolk’s soft cliff
coast, situated on the west coast of the UK, exemplifies this issue. Research by Hobbs et al.
[12] reveals that between 1880 and 1967, the North Norfolk coast eroded at a rate ranging
from 0.30 to 0.75 meters per year. This relentless erosion not only exposes the hinterland
to increased risks of coastal flooding but also amplifies the impact of rising sea levels, further
increasing the threat to coastal communities. Consequently, storm surge events in 2007, 2013,
and 2017 resulted in severe flooding of coastal roads and properties due to wave overtopping
[12]. In response to this pressing issue of coastal erosion, the Kelling to Lowestoft Ness Shore-
line Management Plan (SMP) was established to provide a blueprint for coastal management
for the next 100 years. This comprehensive management plan delineates four primary policies
for each coastal segment [1].

1. Hold the existing defense line
2. Advance the existing defense line
3. Managed realignment

4. No active intervention

Most of these policies speak for themselves, but the policy of Managed realignment requires
more attention. This policy is selected when protecting the coastline is deemed unsustainable
and unaffordable in the long term. Such is the case for Walcott, a small village along the North
Norfolk coast. Protecting the coastline in its current position is too expensive, which means
that in the future, this village will have to let go of its coastline defenses, allowing the coastline
to erode freely into a more natural shape. It also means that the villagers have to accept that
communities will have to adapt or move away.

Stretching along the North Norfolk coast is the Bacton gas terminal, which is responsible for
the supply of one-third of the UK’s national gas demand. During the storm events in 2007 and
2013, the minimum margin between the cliff edge and terminal boundary fence was halved to
10m [12]. This prompts serious concerns about the buried infrastructure in the cliff and under-
neath the beach. Subsequently, the storm events underscored the necessity for action. Due to
the economic value of the terminal and the related cost of moving the infrastructure, an SMP
policy of 'Holding the existing defense line’ was selected for the gas terminal. Provided that
it would not increase the erosion further along the coast in the neighboring villages of Bacton
and Walcott. For these villages, the SMP states that until the lifetime end of the current sea
defense, which was about 5-15 years in 2015, the defense could be maintained, but after that,
the coastline should be allowed to retreat to a more natural defense line under a Managed
realignment policy [8]. However, due to a lack of policy and funding around coastal adaptation,
the 300 households and businesses are not yet in a position to relocate or otherwise adapt to
coastal change [12].

Because of this requirement of not increasing erosion in the neighboring villages, all hard
solutions such as seawalls, rock revetment, and breakwaters are ruled out, as these solutions



would increase erosion on adjacent coasts. Besides, a hard defense would not deliver enough
benefits to justify investing in such a solution. Hybrid solutions were also considered and found
to be too expensive. Eventually, RHDHV landed on a soft solution named the Bacton Sand-
scaping Scheme, which was inspired by the Dutch so-called 'Zandmotor’. The concept of this
'’Zandmotor’ or sand engine in English, is that the coast is nourished with a substantial amount
of sediment, which is then naturally redistributed along the coast through waves and currents.
Therefore, consequently feeding the adjacent coast with sediment. This was found to be the
most beneficial solution as it would help protect the terminal as well as Bacton and Walcott,
and it would not increase erosion on the adjacent coastline. Plus, it would also offer great
potential for additional benefits such as recreation and tourism.

In 2019, the construction was finished, and after some time, it was concluded that the Bac-
ton Sandscaping works to protect its hinterland. During this period large storms have occurred
and no wave overtopping was measured [8]. In an interview with the BBC a community mem-
ber indicated that he feels a lot safer now [23]. This success of the scheme gives confidence
that these types of solutions work and it raises the question if a sand engine is not widely ap-
plicable to other coastal areas in the UK.

1.2 Problem in the Sandscaping design sequence

Even though the success of the Sandscaping schemes is apparent, there are still challenges
to be addressed, namely in the design sequence. In October 2014, Royal HaskoningDHV was
appointed by Shell, one of the Bacton terminal companies (BTC), to assist with the identifi-
cation of coast protection measures that would meet the wider objectives of the companies
[25].

1. To implement coast protection as soon as possible

2. To stop erosion to the cliff in front of the BTC for at least the next 50 years
3. To prevent an increase in erosion to the cliffs adjacent to the terminal
4

. To ensure a minimum cover of material of 1.2 m over the pipeline for at least the next 50
years

5. To have no significant adverse impact as a result of the work

These objectives boil down to two key features. Namely, during the lifetime of the terminal
structures a minimum profile should be guaranteed so the pipelines are covered with at least
1.2 m material and protected against a storm that occurs once every 10,000 years [12]. Next,
the sand engine should be able to feed the adjacent coast with enough sediment during its en-
tire lifetime, without running out of sand itself. For the design, the team of Royal HaskoningDHV
executed an iterative process approach with three parallel stages: technical analysis (including
modeling), environmental studies, and contractor engagement. In this process, iterations were
done on shape, volume, grain size and configuration. For the technical assessment a so-called
conceptual model was built, which combined the one-dimensional LITLINE model with a two-
dimensional area model [8]. Here, the LITLINE model was the so-called central design engine.
This one-dimensional model only includes longshore sediment transport and is very well suited
to simulate the coastline evolution on large temporal and spatial scale. However, it does not
include cross-shore sediment transport and since RHDHV was under the assumption that a
lot of sediment would be lost offshore they included the cross-shore sediment transport from
the 2D area model as sink and sources in the LITLINE model to account for these possible



offshore losses.

The two-dimensional area model was based on the open-source TELEMAC-MASCARET
modeling system. However, as with most two-dimensional area models, it does not capture
the ongoing and gradual process of beach recovery under normal conditions, making it difficult
to produce good results if the simulation is done over a long time period. Another well-known
drawback of 2D area models is that they require a lot of computational effort. On the contrary, a
1D coastline model, like LITLINE, does not take a lot of computational effort and is well suited
for large space and temporal scales. However, 1D coastline models do not incorporate the
cross-shore evolution of coastlines as these models are only one-dimensional and focus on
the alongshore transport of sediment. 1D models assume that the cross-shore profile is close
to equilibrium, which justifies the absence of cross-shore sediment transport. Most nourished
profiles, however, are constructed under a steeper slope than natural and, therefore, will un-
dergo redistribution of sediment within the profile. In other words, on average, sediment will
move from higher up on the profile downward to flatten the profile. This phenomenon is called
cross-shore redistribution and will increase the reduction in coastline width and beach or plan-
form area. In addition to the expected erosion due to longshore processes. More on how this
works can be found in the next paragraph 1.3. In the case of the Dutch Sand engine, this
phenomenon has a relatively small effect due to its large scale and the relative importance of
longshore processes. Therefore, 1D coastline models perform well in predicting its coastline
evolution. On the contrary, the engineers of RHDHYV found that in the case of Bacton Sand-
scaping, which is of a much smaller scale, this effect does play a role. From analysis of the
monitoring, it became clear that cross-shore redistribution has an important effect on coastline
evolution. Despite the effort to add cross-shore sediment transport as sinks and sources into
the LITLINE model, the results were still not accurate.

1.3 Cross-shore redistribution

The previous section already touched upon the subject of cross-shore redistribution and how
it affects the evolution of the Bacton Sandscaping Scheme. To support understanding the aim
of this research, this section shortly addresses the phenomenon of cross-shore redistribution
and why it is important in the Bacton study case.

To understand this, one must first look at what is an equilibrium profile and Bruun was
one of the first to introduce the theory of a dynamic equilibrium beach profile [9]. Based on
his analysis of the Danish and California coasts Bruun proposed an empirical equation for the
equilibrium beach profile. Later on, Dean supported this equation by reasoning that for a cer-
tain grain size, nature strives towards uniform energy dissipation per unit volume across the
surf zone [14]. The reasoning behind this was that there are 'constructive’ and 'destructive’
forces present that will move sediment on- or offshore, respectively. Automatically this will
mean that if there is a balance in the forces there will be no movement of the sediment particle,
meaning the particle is in equilibrium. Think of a grain particle with a certain size and weight
and on this particle acts gravitational forces. The grain is stable as long as the forces acting
on the grain balance the gravitational forces. Now think of a profile that is constructed under a
steeper slope than natural, altering the energy dissipation of the wave. On a steeper slope, the
dissipation will take place at a shorter distance than on a more gradual slope, so more energy
will dissipate on a certain area. Therefore, the ‘destructive’ forces are not balanced, which will
cause grains to be stirred up and moved downslope. If this same wave condition is maintained
for long enough the profile will be reshaped into an equilibrium profile. Beaches with smaller
grains will be less steep than beaches with coarse grains, as these smaller grains will require



less energy to get moving and the dissipation of energy will have to be more gradual. The
process of reshaping the beach under wave forces is called profile equilibration and during this
process grains get redistributed within the profile.

It is expected that over a certain period the profile will have moved towards an equilibrium.
As a result, there will be a balance between constructive and destructive forces, and the evo-
lution of the coastline will be primarily influenced by longshore sediment transport. Therefore,
profile equilibration is a time-dependent process, but the exact nature of this relationship re-
mains unclear. As well as the time it will take for the profile to reach equilibrium.

Since a natural beach profile is often very gradual it is almost impossible to construct a
nourishment profile under the same slope. As the machines used for nourishment are not very
precise and construction would become very expensive. Therefore nourishment profiles are
almost always steeper than natural and thus will undergo profile equilibration. During this, it will
become increasingly more gradual. The consequence of this is that it goes hand in hand with
shoreline retreat, as sediment higher up on the profile gets transported downward, below water
level, to flatten the profile. This retreat is on top of the shoreline retreat caused by longshore
sediment transport. This redistribution of sediment is not included in a 1D coastline model be-
cause these models assume the cross-shore profile to be in equilibrium and, therefore, assume
a linear relationship between volume loss due to longshore transport gradients and coastline
retreat. This affects the amount of shoreline regression predicted by a 1D coastline model. In
the case of the "Zandmotor’, this effect is not as prominent because the scale of this project is
so massive that this effect is negligibly small. In contrast, this effect can not be neglected in
the case of Bacton, whose scale is much smaller compared to that of the ’Zandmotor’.

1.4 Research question and objectives

The sections above discuss how RHDHV experienced limitations in the predictive capabilities
of shoreline evolution of a 2D area model and a 1D coastline model, as neither was capable
of producing solid output. For the 1D coastline model, this problem is thought to be caused by
the exclusion of cross-shore sediment redistribution in the model. Therefore the main research
question is:

How can the predictive capability of a one-dimensional coastline model of the shoreline
evolution of mega nourishment be improved by incorporating cross-shore profile redistribution?

A mega nourishment is defined as a very large concentrated nourishment that feeds adja-
cent coasts in an alongshore direction through physical forcing conditions. The Bacton Sand-
scaping design will be used as a case study to explore this. An example of a 1D coastline
model is ShorelineS created by Deltares Delft. Since this model is already available for the
study case of the Bacton Sandscaping, it will be selected to answer the research question.

The research question is answered via the following supporting questions:

1. How well does ShorelineS predict the shoreline evolution of the Bacton Sandscaping
project in its current form?

2. How can cross-shore profile redistribution be incorporated into ShorelineS? and does
this improve its predictive capability on the shoreline evolution of a mega nourishment?



The research aims to enhance the predictive capability of a 1D coastline model for mega
nourishments by incorporating cross-shore redistribution. Chapter 2 will discuss what cross-
shore redistribution is and examine the general approach of 1D shoreline models and the
underlying physical principles they use. The next Chapter, Chapter 3, will introduce the case
study of the Bacton Sandscaping. This will be followed by a Chapter (CH 4) describing the
methodology of how cross-shore redistribution is incorporated into ShorelineS and how the
performance of the current ShorelineS and the adjusted ShorelineS will be assessed. Sub-
sequently, this report will address the results of this research in Chapter 5. Followed by a
discussion (CH 6) of the results and finally a conclusion of the findings in Chapter 7.



2 Literature review

This chapter aims to review relevant literature used in this thesis and, by doing so, touches
upon some definitions of the coastal area (2.1). Paragraph 2.3 provides more theory on the
equilibrium beach profile and profile equilibration. The penultimate paragraph covers analytical
methods for predicting nourishment evolution (2.4). Finally, it discusses how the 1D model
ShorelineS predicts coastline evolution (2.5).

2.1 Coastline breakdown

This paragraph introduces relevant coastline definitions. The coastal zone is defined as the
area where the land meets water and it can be divided into four subzones 1:

1. Coast: The coast is the first zone and stretches from an inland boundary that marks
the boundary of the hinterland to the coastline. This location of the coastline marks the
location of maximum storm reach.

2. Shore: The second zone is the shore or beach zone, which extends from the coastline
until the line of MLW (Mean Low Water). Then again a subdivision was made in the
foreshore and backshore. The division of these zones lies at the limit of wave uprush
during high tide or, in other words, the shoreline. Dividing the 'wet’ beach and the dry’
beach.

3. Shoreface: The next zone is the shoreface. This zone has its offshore limit where the
influence of wave action on sediment transport on average is negligible in comparison to
other influences.

4. Continental shelf: The final zone is the continental shelf that extends to the self-break.

shoreline coastline hinterland
1

offshore coastal area

zone

shore or coast

beach

shoreface

1
1
—|
beach face:
or :
foreshore |
1

1

1

1

1

lower shoreface upper shoreface

1
1
1
1
4

Figure 1: Definition coastal zones from Shore protection manual [17].

Figure 1 also shows two important water depths. The first is the inner closure depth h;,,
defined by Hallermeier as the seaward limit of the zone actively affected by waves on a yearly
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basis [18]. Beyond this depth, seabed surveys show minimal sand level change due to sea-
sonal wave climates. Hallermeier suggested calculating this depth using the wave height ex-
ceeded only 12 hours per year. The second depth is the outer or lower closure depth Ay,
which represents the depth below which waves typically do not interact with the seabed un-
der average conditions. Therefore one can assume that sedimentation or erosion is negligibly
small beyond this depth of closure point and thus no sediment flux from or to the coastal shelf.

2.2 Beach nourishments

This paragraph aims to establish a clear definition of beach nourishment. A beach nourishment
involves adding a significant amount of sand to a beach, typically done in areas experiencing
erosion that threatens the safety of the hinterland. Over time, beach nourishment projects
have grown in scale, evolving from localized efforts that strengthen weak spots to large-scale
interventions impacting entire coastlines. A recent development is the "mega nourishment"
a massive, localized sand placement that significantly alters the adjacent coastline. Mega
nourishments create large perturbations in the alongshore coast. Over time the natural system
will try to restore balance by smearing out this perturbation via longshore and cross-shore
sediment transport. In this manner, a mega nourishment is also beneficial for neighboring
coasts.

2.3 Beach profile equilibration

The problem statement, paragraph 1.2, already discussed profile redistribution and equilibrium
profile. The purpose of this paragraph is to further delve into the theory behind these phenom-
ena.

Bruun was one of the first to introduce the theory of a dynamic equilibrium beach profile
[9]. This theory states that if a beach with a specific grain size is exposed to a constant forcing
condition, it will develop a profile shape that is constant in time. Based on his analysis of the
Danish and California coasts Bruun proposed an empirical equation for the equilibrium beach
profile.

h=A(')" (1)
where:
* m is exponent equal to 2/3
+ Ais a shape factor
« 7/ is cross-shore distance
* his water depth

Later on, Dean supported this equation by reasoning that for a certain grain size, nature
strives towards uniform energy dissipation per unit volume across the surf zone [14]. Building
upon the concept of depth of closure and his equilibrium profile research, Dean proposed that
the profile shape is solely determined by the sediment fall velocity.

A = 0.067w"4 2)



w = 14D} (3)

Consequently, he reasoned that for similar grain sizes, the profile form would remain con-
stant during sediment gains or losses. In such scenarios, the entire profile would simply trans-
late horizontally according to the below equation. This translation is displayed in figure 2. In
this formula, k. is closure depth and B is berm height both in meters. The depth of closure
assumed here is the inner depth defined by Hallermeier [18]. Where h. and T, are nearshore
significant wave height and period.

v
Ayg = 4
W=3"g (4)

H2

« = 2.28H, — 68. e
h 8 68 5(9T3) (5)

Figure 2: Profile translation associated with volume change of compatible sand, from [15].

As already discussed in
the introduction 1, when a
beach is nourished, it is gen-
erally constructed on a steeper
slope than natural. Therefore,
over time, the waves will re-
shape and equilibrate the pro-
file. The time the equilibra-
tion process takes is impor-
tant for investors since wide
beaches give a higher level of
protection against waves and
provide more area for recre- ery
ation. Due to seasonality and 0.0 . . : .

. e . . ] 1 2 3 4 5 [}
variability in forces like storm Time After Construction (Years)
forces, the prediction of this
process and its time scale is Figure 3: Proportional volumes and planform area remaining
very difficult, and no known Manateen Country project, from [15].
cross-shore models have suc-
cessfully simulated it. However, Dean stated that for compatible sediments, the divergence
of proportional volume and planform area with time is an indication of the equilibration over
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time. This is visualized in figure 3. The ratio of proportional volume and total planform area
is R, and for time going to infinity, the profile will reach equilibrium and therefore Rrg = h. + B.

R(t) = PZFS&) (6)
R(t) = Rpg + (R(0) — Rpg)e X' (7)

In this equation, Vi and PAp represent proportional volume and planform, respectively,
and R(0) is the equilibration factor for t=0. (K’)~! is the 'folding time’ and represents the time
for which 63% of the equilibration has taken place. The problem with this equation by Dean is
its assumption of uniform sediment size and fall velocity across the entire profile. As in real life,
there will be a range of different grain sizes present on the profile. Therefore the equilibration
process will happen differently and the profile can not be described with one constant A factor.
Not only in the profile but also the fill will contain a range of grain sizes.

2.4 Analytical nourishment evolution models

This paragraph aims to examine existing analytical methods for predicting nourishment evolu-
tion. The application of analytical nourishment evolution models is proven to be very useful for
engineering applications, as they offer a clear picture of how physical forces (waves, tides, etc.)
influence shoreline morphology, providing both qualitative and quantitative understanding. An-
alytical models are built on fundamental physical principles and simplified representations of
beach dynamics. This simplicity offers a key benefit. Compared to complex numerical models,
analytical models reveal the underlying mechanisms of shoreline change more transparently.
Additionally, they provide a rapid estimation tool for assessing the impact of potential shoreline
modifications. However, it’s crucial to recognize that analytical models rely on assumptions and
simplifications. When interpreting results, it is essential to consider these limitations to avoid
drawing inaccurate conclusions. First, the theory of the analytical model will be addressed in
2.4.1, followed by different directions to solving this model in 2.4.2.

2.4.1 Theory

A one-line model is aimed to predict medium to long-term variation of the coastline. The first
one-line model proposed was by Pelnard-Considere [24]. As mentioned in paragraph 2.3, this
model assumes that the cross-shore profile is in equilibrium and, therefore, the entire profile
translates landward or seaward depending on the longshore sediment flux. A conservation of
mass can be established for this sediment flux along the coast and a cross-sectional area of
the beach. See the sketch in figure 4.

0Q oV

FT

Where Q is the longshore sediment transport rate, x is the alongshore location, V is the

volume of sand per unit beach length, and t is time. A general expression of the longshore
sediment transport is:

=0 (8)

Q = Qosin(20p) (9)

Where Q) is the amplitude of the longshore sediment transport and o, is the incident wave
angle with respect to the local coastline.



ag represents the angular orien-
tation of breaking wave crests when
measured in relation to a line drawn
parallel to the coastline. Linearisa-
tion of equation 9 and application of
Taylor series to the first order leads
to:

-]
Water Level
Datum

_ 0y
Both Q¢ and «;, are independent

of space and time. Therefore, a dif-

fusion equation can be derived. In  Figyre 4: Sketch of shoreline change based on the gra-

}his equation, G is a diffusion coef- gient in longshore sediment transport, from [19].
icient.

D.

oy 5%y
5t = Oz (12)
G = Qh—Q (13)

2.4.2 Longshore sediment transport

What follows from the above is that according to Pelnard-Considére the evolution of nourish-
ment in time can be described with a simple diffusion equation including a diffusion coefficient
that is dependent on the longshore sediment transport rate. One well-known and still widely
applied equation of longshore sediment transport is the one constructed by the Coastal Engi-
neering Research Center (CERC). This formula gives the bulk longshore sediment transport
due to action of waves approaching the coast. Hence, only the effect of wave-generated current
is taken into account. The CERC equation in the most general form reads:

K
pg(s —1)(1 —p)

Q= (Enc)pcos(gp)sin(op) (14)
where:

» Kis a transport coefficient [-]

- pis the density of the water [kg/m?]

* s is the relative density of the sediment [-]

p is porosity [-]

» g gravitational accelaration [m?/s]

« E is wave energy [J/m?]

* n ratio between wave group and phase velocity [-]

» ¢ wave phase velocity [m/s]
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* ¢ wave angle of incidence [-]
* b subscript referring to the conditions at the breaker zone

Dean [15] discusses four different solutions for the Pelnard-Considére diffusion equation in
combination with CERC, according to different boundaries: 1) nourishment on the full length
of the barrier island 2) nourishment on the central point of the barrier island 3) nourishment
extending from one end of a long barrier island 4) nourishment starting near one end of a long
barrier island, as shown in figure 5.
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Case a: M=l,(NGl/ §) e @ % ;
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yl==t)=0 ¥{~e,1)=0
Case c: M=/, (VGt& ) i Case d: My=l,(VGI .%)

Figure 5: Four different cases with solutions for Pelnard-Considére equation, from [15].

Another commonly used longshore sediment transport equation is conceived by Kamphuis
[20]. He researched alongshore sediment transport rate based on a three-dimensional model
experiment. Kamphuis measured deep-water wave conditions, wave height through the surf
zone, wave-breaking angles, longshore current velocity distribution, and bed and suspended
sediment load simultaneously, all to come up with an expression that links sediment transport
rates with wave steepness, beach slope, grain size and breaking angle. Kamphuis mentions
that alongshore sediment transport is a function of a combination of wave, fluid, sediment and
beach profile parameters like wave height period and angle, water depth, fluid and sediment
density, fluid viscosity, gravitational acceleration, space coordinates, and many more. Herein
Kamphuis differs from the CERC formula as it includes the influence of the beach shape and
sediment characteristics. Because of this large number of parameters whose effects are inter-
related, Kamphuis suggests simplifying the analysis by making use of the dimensional proper-
ties of various parameters.

Q:f(H)Tua)CLpuMmguxay)zvt,pS)D7m) (15)
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— O = = 5 Sy — = m) (16)

By making a series of assumptions certain terms can be eliminated from the equation,
resulting in the following.
Q H p q

H
= (—)'my(——
(P1;3) (LO b(D50

)" sin®(2ap) (17)

Where q, p, r, and s are exponents, which Kamphuis determined using successive ap-
proximation. In this successive approximation, the exponent with the highest influence gets
determined first, subsequently the second most important exponent, and eventually the inter-
action between the first two. The measure of goodness of the fit used is the standard error of
estimate.

Sy/x — \/(log Qc I;_IQOg Qm)2 (1 8)

Where Q. and Q,, are the calculated and measured values of Q respectively, and k is the
number of data points. According to sensitivity analysis done by Kamphuis on a situation of
irregular waves, the exponents could vary over the following ranges without greatly affecting
the results.

1.15<p<1.30; 06<¢g<0.85 0.15<r<0.30; 0.55<s<0.6 (19)

A new predictive formula for the total longshore sediment transport (LST) rate is presented
by Bayram [4]. He based this new formula on the energetics concept similar to Inmann and
Bagnold’s model [3]. Inmann and Bagnold hypothesized that the fluid acts as a machine ex-
pending energy at a certain efficiency to offset the work done in transporting sediment. Bayram
begins by stating that most existing LST formulas focus solely on wave-induced currents, ne-
glecting the influence of other factors like winds and tides, which is an important addition to his
formula. In the derivation of his equation, Bayram mentions that suspended sediment is the
dominant mode of transport. Breaking waves are required to stir up the sediment in suspen-
sion to obtain a certain concentration in the water column, Whereas any type of current can
transport the sediment. The total amount of work (W) needed to keep the sediment in sus-
pension is given by the product of the concentration and the submerged weight of the particles
with the fall velocity.

Ty 0
W = / / c(x, z)(ps — p)gws dz dx (20)
0 —h(z)

Where x is the cross-shore coordinate originating at the shoreline and taken positive sea-
ward, z is the vertical coordinate originating at the still-water level, and & is water depth. Only
a portion (¢) of the wave energy flux (F') is used to stir up sediment, therefore W = ¢F. Subse-
quently, the product of the suspended concentration and the longshore current velocity gives
the longshore sediment transport rate.
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Ty 0
Qust :/0 /_h(z) c(x,2)V(z,z)dzdz (21)

In addition, assuming a constant or representative current velocity and replacing the in-
tegral with the fraction of the incoming wave energy that is used for keeping the sediment in
suspension yields equation 22. In this equation V is the mean flow velocity and a is the poros-
ity. The transport coefficient e can be derived from field and or laboratory data or theoretical
considerations.

€ _
FV

(ps = p)(1 — a)gws
All these three longshore sediment transport equations, together with the diffusion equation
of Pelnard-Considére, can be used to solve the coastline evolution analytically. Solving these

equations analytically takes a lot of effort and that is why people came up with 1D-coastline
models.

Qust = (22)

2.5 1D coastline models ShorelineS

This paragraph will discuss the functioning of ShorelineS. One-dimensional coastline models
make it easier to investigate the long-term evolution of the coastline. These models focus on
large temporal and spatial scales, which is why they are particularly useful for mega nourish-
ment, as they are very large and meant to have an impact even after many years. Because
it is so suitable for large time and space scales, some assumptions have been made for pro-
cesses happening on smaller time and space scales. One important assumption is that of the
equilibrium profile discussed in paragraph 2.3. And for the computation of shoreline changes a
1D coastline model generally uses bulk longshore sediment transport, like the one mentioned
earlier in subparagraph 2.4.2.

Generally, 1D coastline models are based on the principle of conservation of sediment. The
coastline is represented by grid cells or points, and for each grid cell or point, the longshore
sediment transport is calculated by the model for each timestep. A gradient in longshore trans-
port between cells will mean a shift of coastline at that location.

2.5.1 Introducing ShorelineS

This thesis focuses on the 1D coastline model Shore-
lineS since this model is already available for the
study case of the Bacton Sandscaping. Shore-
lineS is a new coastline model, developed by J.A.
Roelvink (Deltares/Unesco-IHE/TU Delft) and B.J.A.
Huisman. In ShorelineS, the coastline is de-
scribed as a string of grid points that can ex-
pand or shrink freely, depending on the change
of volume. A visualization of this is given in
figure 6. These points represent the move-
ment of the active coastal profile and simulate
the coastline contour. The conservation equa-
tion used in ShorelineS for updating the coastline

Figure 6: Coastline schematization
13 used in ShorelineS, from [13].



on _ 16Qs RSLR
st Dy s tan(B)

Where:

* n is the cross-shore coordin

b Ya @)

ate

* s is the longshore coordinate

* tistime

» D, is the active profile height

Qs is the longshore sediment transport
tan(() is the average profile slope

RSLR is Relative Sea Level Rise

* ¢; are other source or sink terms

In line with other 1D coastline models, ShorelineS also assumes the cross-shore profile
to be in equilibrium, justifying the absence of cross-shore sediment transport. Hence, coast-
line changes are driven by wave-driven longshore transport. Longshore transport equations

available in shorelineS are listed in table 1.
Longshore transport equation | Formula
CERCH1 Qs = bH }*2sin(¢10c)
CERC2 Qs = KoHo " TY5¢05%/% (¢00) sin(Broc)
CERC3 Qs = bH L *25in(b10c)
Kamphuis Qs = 2.23H2 T mY ™ D502 5in%5 (2¢y,.)
Mil-Homens Qs = Gy O- 14915 T) ¥ m) % Dig™ P sin®> (24
van Rijn Qs = mo.OOGsze”pstéﬁ(tan(B)OAD&)O‘GVtOml

Table 1: ShorelineS Longshore transport equation, from [26].

ShorelineS introduces two calibration coefficients for CERC1 and CERC2, b and K> re-
spectively. These are computed as:

Where:
* k is the wave number

« K is the default calibration

kp\/g/k (24)

" 16(ps —p)(1—p)

Ky = (3)0Ky; K 04 (25)

coefficient according to the Shore Protection Manual [17].

14



Most of the equations are defined in terms of the breaking wave angle, indicated with the
subscript b. Only the CERC1 and CERC2 make use of the offshore wave angle. CERC1 is
the simplest formula and is great for giving a broad idea of what happens. While CERC2 is a
direct derivation from the official CERC equation. ShorelineS makes use of two equations that
have not been discussed yet, which will be briefly introduced.

Mil-Homens

In his study, Mil-Homens [22] evaluates the predictive capability of three of the most com-
monly used longshore sediment transport formulas, CERC, Kamphuis and Bayram. For this
he used the largest data set available. In his study Mil-Homens tried to improve the calibration
coefficient in the three formulas. He employed a least-square algorithm which resulted in an
improvement of the predictive capability.

Van Rijn

The above equations are only suitable for sandy beaches with relatively smaller grains and
in addition, some equations are only valid for larger grains like the one from Soulsby and
Damgaard [28]. Van Rijn [29] acknowledges this gap of knowledge and tries to invent a for-
mula that is applicable to both sandy, gravel, and shingle beaches. In this equation of van Rijn,
he introduces two new parameters Kg,.;; and Viq;- The first parameter is the swell factor. The
influence of wave period is more significant for swell waves than for wind waves and to account
for this the swell factor is introduced.

szell = 0~015pswell + (1 - O'Olpswell> (26)

Here psuen is the percentage of swell waves, ranging from 1, where there are no swell
waves to 1.5 where there are only swell waves. If the amount of swell wave increases the
amount of sediment transport also increases. The second parameter is there to account for
additional currents, like tide or wind-driven currents.

Viotal = Vawave + 0.01p1 V1 + 0.01p2 Vo (27)

With V; and V5 the representative velocity due to tide and wind in positive and negative
direction, respectively. p; and p, are the percentages in time where it is positive and negative.
The wave-induced longshore current is given in the following formula.

Vwave = O-B(QHsb)Oﬁs'L'n(Qleoc) (28)

2.5.2 Numerical implementation

The aim of this subparagraph is to address the numerical implementation of ShorelineS. Shore-
lineS schematizes the coastline by two column vectors z.,,, and y.,, and these coordinates may
be in any Cartesian system. Each set of coordinates represents one point along the coastline,
see figure 6. During the simulation, ShorelineS uses a trick to prevent grid sizes from becom-
ing too small or too big. When the simulation continues, and the grid size expands, a new
grind point is introduced when the grid size exceeds twice the initial prescribed grid size. The
opposite will happen if the grid size becomes half of the original. Then, a grid point will be
removed. To avoid large variations in the grid size a smoothing factor is applied, see equation
29. In this equation, f is the smoothing factor.
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Si,smooth — fs,ifl + (1 - 2f)s,i + fs,z'Jrl (29)
In ShorelineS the offshore wave climate can be specified in three ways [13]:

+ By means of wave direction and a spreading sector. A uniform distribution is assumed
between the mean wave direction and plus or minus half the spreading sector. For time
step a random wave direction will be chosen from this sector.

» By means of a wave climate considering a number of wave conditions. A condition will
be chosen randomly for every timestep.

» By means of a time series of wave conditions.

For the transformation of deep water wave angle to nearshore or local wave angle, Shore-
lineS uses Snell’'s law of refraction, and for the transformation from the nearshore to the breaker
line it uses the equations of van Rijn [29]. The refraction from deep water to the toe of the dy-
namic profile can be done based on the assumption of parallel offshore depth contours or using
a 2D refraction model to provide alongshore-varying wave conditions.

2.5.3 Coastline evolution

In this paragraph it is explained how ShorelineS handles coastline evolution. In figure 6, one
can see that the local direction of the coastline is determined by the two adjacent points. Be-
tween each coastline point the longshore sediment transport is calculated, and if there is a
gradient from point to point, it will either build out or shrink accordingly. The mass-conservation
equation 23 is solved using a staggered forward time-central space explicit scheme.

And — _i2(Qi,i B i,i—l)
‘ Dc Lz
In this scheme j is the time step index and At the size of the time step, i indicate the
point index and L; is the length of the considered grid element computed as follows: L; =
vV (@is1 — 2i—1)2 + (yir1 — vi—1)2- Again, = and y here are Cartesian coordinates. In the case
of normal displacement, the change in coastline position is:

At (30)

Azl = —n!(yit1 — yi-1)/Li

Ayl = —nl(zis1 — 1)/ L;

x{“ = xf + A:Eg

vl =yl + Ay

Since an explicit scheme is used the time step is limited for stability according to the follow-

ing criteria: ZASE < % Here, ¢, the diffusivity, is related to the maximum gradient of sediment

transport concerning the wave angle relative to the coast. Which can be approximated by:

€mar = 2Qmaz/De. Here, Qmaq. is the maximum transport rate in the model. From this, it
follows that the limit for the time step is:

D.As?

At
< 4Qmax

(32)
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2.5.4 High-angle wave instability

This subparagraph discusses how ShorelineS deals with high-angle incident waves. High-
angle incident waves, waves with a higher angle than the maximum transport angle, will en-
hance small perturbations leading to instabilities like spit formation. To overcome this problem,
a special treatment is selected in ShorelineS [2]. In cases where the local angle exceeds the
maximum transport angle on one side and is less than the maximum transport angle at the
updrift side, the transport at the downdrift point is set to the maximum transport, or the angle
is set to the maximum transport angle.

A | B

— Oyl' [ — Oyr
— yr - — lyr
2yt
m—3yr
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Figure 7: A comparison of coastline evolution using a high-angle unstable central scheme (left)
and ShorelineS’ upwind scheme (right), from [13].

This chapter has provided a review of the key literature underpinning this thesis. It starts
with some essential terminology, followed by more theory of equilibrium beach profiles and
profile equilibration. Afterward, it discusses the existing analytical method of predicting the
nourishment evolution of Pelnard-Considere and introduces key longshore sediment transport
equations that can be used to solve this equation. Finally, it introduces ShorelineS, the 1D
coastline model used in this research. Presenting how ShorelineS handles the evolution of a
coastline based on longshore sediment transport.
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3 Study case: The Bacton Sandscaping Scheme

This chapter introduces the Bacton Sandscaping Scheme, which will be used as a study case
throughout this thesis. First, the location and design will be discussed (3.1 and 3.2), followed
by an overview of available data and wave conditions (3.3 and 3.4). Furthermore, this chap-
ter delves into the observed behavior of the Bacton Sandscaping over time, looking into the
changes in volume (3.5), planform area (3.6), and cross-shore profile (3.7). The general find-
ings from this analysis are given in 3.8.

3.1 The Bacton site

This paragraph introduces the Bacton site. The Bacton Gas terminal is located to the north of
the village of Bacton within the district of North Norfolk. A location plan is provided in figure
8. The terminal is surrounded by fields and to the south of the so-called Seagulls field lies
Castaway Holiday Park, a caravan park. A total of 15 pipelines extend from offshore, passing
beneath the beach to reach the terminal via vertical shafts constructed inland behind the cliff.
These cliffs are made of soft deposits and have a long history of erosion. Analysis of historic
cliff profiles shows that, on average, there has been a loss of volume of approximately 5, 000m?
per year, and these cliffs have likely been eroding at this present rate for about the last 5,000
years. Applying the same analytical methods to historical beach profiles indicates an average
volume loss of around 18,000m>. Current longshore transport is estimated at 300, 000m? per
year [25]. Several attempts have been made to stem coastal erosion. For example, running
along the entire length of the terminal frontage lies timber breastwork from Mundesley to Cast-
away Holiday Park. Seaward of these breastworks lie groynes, spaced 180 m apart and having
a length of 90 m. More efforts have been made, like an artificial sand berm and rock armoring,
but non were deemed to be very effective.
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Figure 8: Location Bacton Sandscaping, from [25].
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3.2 Final designh Bacton Sandscaping

In this paragraph, the final design of the Bacton Sandscaping Scheme is discussed. The final
design comprises two distinct elements. The first aims to deliver the necessary protection for
the Bacton Gas terminal, while the second provides supplementary protection for the villages
of Bacton, Walcott, and Ostend. The design documents talk about chainages, and those come
from the LITLINE model and indicate longshore distance. In total, there are 4000 chainages
with a distance of 50 m from each other.

ELEMENT 1 - TERMINAL

This first element extends from the northern end of the terminal at chainage 9100, where it
ties into the existing beach, down to chainage 10800 at the northern end of the Castaways
Holiday Park. The total volume of sediment for this element is approximately 1 million m3. This
element is characterized by a berm crest at +7m AOD and a berm width between 5 and 80 me-
ters, whilst maintaining the minimum protection profile of a 20-meter-wide berm at +7m AOD
directly in front of the terminal. In a seaward direction, the scheme slopes down towards the
existing sea bed firstly at a 1 in 5 slope (top 1 meter) and then a 1 in 15 slope until it meets the
existing seabed [11]. A cross-section of the scheme is given in figure 9a and this cross-section
is located around the middle of the terminal.

ELEMENT 2 - VILLAGES

This element extends from chainage 10800 at Castaways Holiday Park down to the end of the
scheme at chainage 14100 at Ostend. The total volume of sediment for this element is approx-
imately 0.5 million m3. This element is characterized by a berm crest at +5m AOD at the start
of the seawall at the southern end of the Castaways Holiday Park, sloping down to +4m AOD
just to the south of Mill Lane, Bacton, and then continuing at +4m AOD for the remainder of
the length. Until Walcott, where it begins to slope down to +3.0m AOD and later ties into the
existing beach level at chainage 14400. The width of the crest is between 5 and 27 meters.
In a seaward direction, the scheme slopes down towards the existing seabed firstly ata 1 in 5
slope (top 1 meter) and then a 1 in 15 slope until it meets the existing seabed [11]. Figure 9b
displays a design cross-section located at the villages.
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Figure 9: Design cross-section terminal section (above) and village section (below), from [11].

In total, this is a volume of approximately 1.5 million m?. The sediment was extracted from
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an existing licensed aggregate extraction and it matched the grading of the native sediment
currently present on the beach. This placement will protect the terminal coast for around 21
years, according to the modeling.

3.3 Data overview

The data utilized for analyzing the behavior of the Bacton Sandscaping scheme is examined
in this paragraph. The data is derived from two primary sources. Initially, the post-construction
survey (T0) was conducted by the contractor immediately after construction was completed.
Additionally, surveys (T1-T7) are conducted by Shore Monitoring & Research, from now on
referred to as Shore, who were tasked with conducting periodic assessments. The post-
construction survey done by the contractor has some limitations as the period over which the
survey was conducted spans approximately two weeks, and sediment has time to move from
place to place within these weeks. On top of that, the extent of the survey is limited. Generally,
it only extends until -2.5 to -3.0 m AOD. Therefore, it is combined with the pre-construction
survey to make it complete. However, this also introduces some errors, as works might have
influenced areas below -2.5 m AOD, and in certain sections these two surveys do not connect.
The surveys done by Shore combined LiDAR topography and single-beam jet ski surveys at
transects space 100 m in an alongshore direction. This survey results in a 2.0m x 2.0m DTM’s
(Digital Terrain Model). The accuracy of this measurement is of the order 5-10cm.

To characterize nearshore wave conditions two methods are applied both utilizing ERA5
data as input. For the first 5 periods (T0-T5) the wave data was introduced to MIKE21 Spectral
Wave model. This model generated hourly wave data at a depth of -10m AOD. For the last
two periods between surveys, the ERA5 wave data is transformed to nearshore using SWAN
instead of MIKE21 to a depth of -12m AOD. More information about this is given later on in
Chapter 4. This makes it possible to assess the coastal response to prevailing wave conditions.

The post-construction measurement and the first five Shore measurements were made
available at the beginning of this thesis research. The first six measurements (TO-T5) have
been fully documented by RHDHV. These rapports will be used for the analysis of the Bacton
Sandscaping. Later, Shore measurements T6 and T7 became available, and where possi-
ble, these measurements were included in the analysis. However, this was not possible for
all the analyses, and therefore, these analyses do not cover the full range of measurements.
Ultimately, a total of eight measurements were conducted, spanning a period of 26-08-2019
to 02-05-2023. Due to COVID-19, the period between measurements was not constant and
varied from interval. The conclusion date and interval of all measurements are listed in table
4,

3.4 Hydrodynamic conditions

This paragraph delves into the hydrodynamic conditions that prevailed during the time of inter-
est. Conditions discussed include water levels and wave characteristics. Table 2 displays all
the different tidal levels and extreme water levels with different occurrence frequencies. This
table is produced by HR Wallingford on behalf of RHDHV [11]. The tidal abbreviations stand
for the following:

» LAT: Lowest Astronomical Tide

* MLWS: Mean Low Water Spring
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MLWN: Mean Low Water Neaps

MSL: Mean Sea Level

MHWN: Mean High Water Neaps

MHWS: Mean High Water Spring

HAT: Highest Astronomical Tide

Tide (m AOD) | Water level (m AOD) | Future water level (m AOD)

LAT -2.55 | 1/1 year 2.86 | 1/1 years 3.28
MLWS | -1.58 | 1/ 10 years 3.28 | 1/10 years 3.70
MLWN | -0.75 | 1/50 years 3.64 | 1/50 years 4.06

MSL 0.11 | 1/100 years 3.79 | 1/100 years 4.21
MHWN | 1.05 | 1/200 years 3.96 | 1/200 years 4.38
MHWS | 1.88 | 1/1,000 years | 4.39 | 1/1,000 years | 4.81
HAT 2.71 | 1/10,000 years | 5.08 | 1/10,000 years | 5.50

Table 2: Water level and tide at Bacton (base year of 2009), from [11].

The table 2 presents two columns of water levels: one reflecting current conditions and
the other projecting future water levels for 2065 to accommodate sea level rise, derived from
the Environment Agency’s coastal flood boundary conditions for the UK mainland and Islands
(2011) [10]. Specifically for Bacton, RHDHV has considered a sea level rise of 0.42 meters,
based on scenarios published in the UK Climate Projections 2009 [10].

A beach sediment sampling campaign and laboratory analysis were undertaken as part of
the detailed design phase. The results of this are provided in table 3. The Bacton shoreface
median grain size mainly varies from 0.25-0.39mm.

. Median particle size (mm) % Sand

Morphological feature — : . : -
Minimum | Maximum very fine | fine medium | coarse | very coarse

Bacton dunes 0.2 0.3 0-1 30-61 | 38-67 0-3 0
Bacton upper beach face | 0.3 0.4 0-1 18-32 | 53-63 6-22 0-4
Bacton lower beach face | 0.25 0.65 0 14-51 | 29-40 8-30 5-36
Bacton shoreface 0.25 0.35 0-1 22-54 | 32-56 5-19 2-7
Walcott shoreface 0.25 0.25 0 24-31 | 51-58 13-15 | 4-6

Table 3: Particle size summary from sampling campaign , from [11].

A total of eight measurements were collected, spanning seven distinct measurement peri-
ods. Table 4 summarizes the average significant wave height, period, and direction relative to
the coast for each measurement period. For a detailed time series of the hydrodynamic condi-
tions during each individual period and the combined dataset, refer to Appendix A. Additionally,
Appendix A includes wave roses illustrating the wave climate between survey periods.
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Period Shore surveys Timespan | Hs (m) | Tp (s) | Dir (deg) | Hs,max (m) | Tmax (s)

T0 - 26 Aug 2019
T Ociaoig | B4days | 062 | 623 |4078 | 241 18.2

. T1-19 Oct 2019
Period 1 T5-51 Feb 2020 125 days | 0.69 710 | 39.76 3.21 20.0

. T2 - 21 Feb 2020
Period 2 T3-30 Oct 2020 252 days | 0.66 6.61 34.86 5.01 28.6

. T3 - 30 Oct 2020
Period 3 T4-9 Juni 2021 222 days 0.72 711 38.66 3.29 28.6
. T4 - 9 Juni 2021
Period 4 T5-17 Sep 2021 100 days 0.60 5.84 37.09 2.25 25.0
T5-17 Sep 2021
T6 - 12 Oct 2022
. T6 - 12 Oct 2022
Period 6 T7-02 May 2023 202 days 0.67 7.40 42.38 3.09 20.0

TO - 26 Aug 2019

period 0

Period 5 390 days | 0.66 6.88 | 32.81 3.36 25.0

Total T7-02 May 2023 1345 days | 0.67 6.86 | 36.89 5.01 28.6
Table 4: Summary of wave conditions during every measurement period.
Period 1:

The first period was a relatively short period, with a low maximum significant wave height if
compared to other periods. The angle of incidence of the wave is relatively high in comparison
to the average of the entire period. The spread, however, in all these values is not very large.
The period covers the end of summer and the first weeks of fall.

Period 2:
Between October 2019 and February 2020, the wave climate is bimodal, with waves primar-
ily coming from two directions, east and north-northeast (NNE). The somewhat higher waves
originate from the NNE direction, and these waves generally have a larger period. Extreme
conditions are therefore likely to be caused by storms further up the North Sea, resulting in
swell waves coming in at the North Norfolk coast. This period covers a time when it is winter.

Period 3:
The second period runs from February 2020 to November 2020, covering spring, summer and
fall seasons. During this period the dominant wave direction was North-Northeast. Again, the
extreme waves with larger wave periods are expected to be caused by storms in the North
Sea. It was expected to see some summer recovery after the winter period between T2 and
T3, but the influence of two significant storm events on 28/08/2020 and 25/09/2020 nullified
this.

Period 4 & 5:
Both the third (winter and spring) and fourth periods exhibit a predominant NNE wave direction.
While the fourth period, occurring in summer, displays a similar wave direction, it is character-
ized by generally lower wave heights.

Period 6:
This period encompasses the largest time span, with little more than over a year. As expected
the average wave height and period are almost equal to that of the entire measured period, but
interestingly, the angle with respect to the coast is low in comparison to the other periods.

Period 7:
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The final period covers the winter months, and therefore, it is thought to be characterized by
relatively high significant wave height. However, this does not show up in the data. During this
period, the waves have a generally high angle of incidence to the coast and a relatively large
wave period.

3.5 Nourishment volume change

This paragraph discusses to what extent sand has been transported along the coast, and what
kind of volumetric changes took place within the surveys. To calculate the volume changes
between measurements, RHDHV subtracted the older survey from the newer survey to deter-
mine the change elevation. Subsequently, this elevation change is multiplied by the resolution
of the survey (2x2 m) to obtain a volume change. The total volume change is calculated by
summating all these 2x2 m cells. The cross-shore boundaries for this analysis were taken to be
the cliff toe/apron and -8m AOD. This -8m AOD boundary was selected cause it was thought
that beyond this point minimal bed level changes occurred. To understand how the shoreface
readjusts over time the cross-shore profile is divided into the following sections, see table 5.

Reference level | Coastal zone
MHWS +1.88m AOD Subaerial beach

Higher intertidal zone

MSL +0.11m AOD

MLWS -1.58m AOD Lower intertidal zone
LAT -2.55m AOD

-5m AOD | -5m AOD Shoreface

-8m AOD | -8m AOD

Nearshore zone

Table 5: Definition beach zones.

Period 0 & 1: As previously mentioned, during this period, the wave climate exhibits a
bimodal pattern, with waves predominantly originating from two directions: East and North-
Northeast. However, the high energy waves originate from NNE. Therefore sediment is ex-
pected to move southward. Interestingly, to see is that higher up in the profile volume is lost
while from the lower intertidal zone and further downwards, the areas experience a net increase
in volume. This means that after construction the profile is readjusting to a more natural profile
shape. As expected since the constructed profile lies far from equilibrium. The terminal has
a net loss of volume within this period while the village frontage has a net gain of volume,
indicating the feeding capability of the terminal frontage. Overall the entire nourishment gains
in volume over this period, which was not expected. It is thought that this increase can be
explained by the change in coastline orientation from west to east that creates a reduction of
sediment transport capacity between updrift and downdrift, but this can not be proven.
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Aug19 - Feb 20 | Terminal [m?] | Villages [m?] | Combined [m?]
Sub-Aerial beach | -145,000 -51,000 -201,000
Intertidal zone -15,000 -52,000 -67,000

Upper intertidal -31,000 -67,000 -98,000

Lower intertidal +16,000 +16,000 +32,000
Shoreface +104,000 +217,000 +321,000

Net -56,000 +114,000 +54,000

Table 6: Volume change between Aug 19 - Oct 20, from [7].

Period 2: During this 9-month period, the dominant wave direction was NNE. At the end of
this period, two storm events took place which largely influenced the November 2020 survey.
When comparing the volume changes of table 6 and table 7, it can be seen that within this
second period, the erosion is significantly larger than during the previous period. This is un-
expected, as summer typically brings calmer conditions that normally lead to beach growth. It
can be explained by the storm events on 28/08/2020 and 25/09/2020. Additionally, the second
period spans three months longer than the first. Similar to the first period, a redistribution of
sediment within the profile is observed. Throughout this period a subtidal bar forms, as sedi-
ment is transported from higher up the profile toward the offshore area. During this period both
the terminal frontage as well as the village frontage experienced a net loss of sediment and
overall the sandscaping lost 171,000 m3, resulting in a total loss of 120,000 m? from construc-
tion.

Feb 20 - Nov 20 | Terminal [m?] | Villages [?] | Combined [m?]
Sub-Aerial beach | -71,000 -83,000 -154,000
Intertidal zone -269,000 -437,000 -707,000
Upper intertidal -53,000 -10,000 -64,000

Lower intertidal -216,000 -428,000 -644,000
Shoreface +196,000 +494,000 +690,000

Net -145,000 -26,000 -171,000

Table 7: Volume change between Feb20 - Nov20, from [7].

Period 3: The third period covers a winter and spring season, during which the dominant
wave direction is NNE and the climate is unimodal instead of bimodal. Again, the same trend of
redistribution of the sediment within the shore profile can be seen, with sediment eroding from
higher up in the profile and depositing on the shoreface. The total loss of volume throughout
this period of the terminal and village front combined is 118,000 m? and of the same order
magnitude as the previous period. The majority of this sediment originates from the terminal,
with a slight volume increase observed at the villages, suggesting a potential feeding capacity
of the terminal frontage towards the downdrift.

Nov 20 - Jun 21 | Terminal [m?] | Villages [m?] | Combined [m?]
Sub-Aerial beach | -62,000 -2,000 -64,000
Intertidal zone -64,000 -27,000 -91,000

Upper intertidal -13,000 +3,000 -10,000

Lower intertidal -51,000 -30,000 -81,000
Shoreface +5,000 +31,000 +36,000

Net -120,000 +2,000 -118,000

Table 8: Volume change between Nov 20 - Jun 21, from [6].
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Period 4: During the fourth period the dominant wave direction was again NNE with a
maximum significant wave height of 2.25m and a corresponding wave period of 7.1 seconds.
Similar to the previous period, there is a net sediment loss in the area, and for the first time
since the completion the shoreface has lost sediment. This could be explained by the shore-
ward movement of the subtidal bar, which is indicated by the increase of volume in the lower
intertidal area. This behavior is expected during summertime with periods of low energy waves
and is also seen in measurement data as shown below in figure 10. This transect is located at
the village frontage.

Change of shoreface profile between survey 3-5 of transect 35

—— survey 3 - Nov 20
survey 4 - jun 21
—— survey 5 - Sep 21

Elevation [m AOD]
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Distance offshore
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Figure 10: Onshore bar migration

Jun 21 -Sep 21 | Terminal [m?] | Villages [m?] | Combined [m?]
Sub-Aerial beach | -10,000 -21,000 -31,000
Intertidal zone -21,000 +19,000 -2,000

Upper intertidal -18,000 -6,000 -24,00

Lower intertidal -3,000 +25,000 +22,000
Shoreface -17,000 -20,000 -37,000

Net -48,000 -22,000 -70,000

Table 9: Volume changes between Jun 21- Sep 21, from [6].

Over the entire period (TO-T5), it can be observed that the nourishment lost 301,000 m? of
the initially placed 1.8M m3. In other words, approximately 17% of the initially placed material in
the project area eroded over a brief span of two years. Due to either offshore and or alongshore
transport. The village frontage gained a net volume of 68,000 m3, most of this deposited
between the first two measurements. The terminal frontage, on the other hand, lost a volume of
369,000 m?. From the tables, it becomes evident that a large part of sediment gets redistributed
within the profile. The sub-aerial beach and intertidal zones lost about half a million and a
million cubic meters, respectively, while the shoreface gained a million.
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Aug 19 - Sep 21 | Termianl [m?] | Villages [m?] | Combined [m?]
Sub-Aerial beach | -288,000 -157,000 -445,000
Intertidal zone -369,000 -497,000 -866,000
Upper intertidal -115,000 -80,000 -195,000
Lower intertidal -254,000 -417,000 -671,000
Shoreface +288,000 +722,000 +1,010,000
Net -369,000 +68,000 -301,000

Table 10: Total volume change Aug 19- Sep 21, from [6].

3.6 Contour movement

This paragraph aims to review the contour movement of the Bacton area over time. There-
fore, contour lines of different elevations were plotted relative to the cliff line/apron to study the
change in the nourishment’s planform area. This approach allows for tracking contour move-
ment over time, providing crucial information about their behavior. The specific contours of
interest are detailed in table 5. The alongshore distance in the plots is shown in chainages in
meters. The terminal frontage extends from chainage 9100 to 10800, followed by the village
frontage, which continues to chainage 14100. In the figures, these locations are depicted by
the dashed vertical gray lines. These two frontages will be examined separately.

Period 0: The analysis done by RHDHV on the contour movement in the first couple of
periods did not extend beyond the -8m AOD contour as RHDHV did not deem this necessary
since they did not expect activities beyond this point. Later on, they came back on this decision
as they did see activity beyond -5m AOD and expanded their analysis to the depth of -8m AOD.
During the first period the -5m AOD contour seems to maintain its position during these months.
Both the contours LAT, MLWS and to a lesser extent MSL, shift seaward, while MHWS moves
landward. Showing that the cross-shore profile moves to a more natural state. The villages
section and the terminal section show similar behavior during this period.

—— Aug 2019
Oct 2019

Distance from CIiff / Apron [m]

9100 10100 11100 12100 13100 14100
CH [m]

Figure 11: Contour movement Aug 19 - Oct 19, from [5].

Period 1: In front of the terminal, the two contours of MLWS and MSL do not seem to
move that much, but the contours of MHWS (the figure displays MWHS, and this is a mistake)
and LAT do show movement. The MHWS contour in February 2020 has propagated shore-
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ward, meaning that the shoreline has retreated. On the contrary, the LAT contour has moved
seaward. The combination of these two indicates sediment redistribution within the profile,
with sediment lying higher up on the profile moved downwards. In front of the villages, all the
contours show movement. The MWHS contour moves seaward, while MSL and MLWS move
shoreward causing the shoreface profile to steepen in this region. Similar to the terminal the
LAT contour shifts seaward, indicating accretion in this area.

Oct 2019
—— Feb 2020

™ -5 ABD

Distance from CIiff / Apron [m]

|
) ]
:_/ /\\\/‘ ~ \\" ,”P\\____.‘ _,"'“—\__ MSL
v V2 u N MWiS

I
]
1

! 1

9100 10100 11100 12100 13100 14100

Figure 12: Contour movement Oct 19 - Feb 20, from [5].

Period 2: Immediately one notices a shift in the position of the -5m AOD contour from
figure 13 and therefore justifying the inclusion of the -8m AOD contour. Almost all the contours
have moved shoreward, except the -5m AOD contour. This contour moved seaward and in
combination with the onshore movement of the LAT contour it indicates the formation of a
subtidal bar. At the terminal, the MHWS and MSL move shorewards. Therefore the coastline
retreats further during this period. The width between these two contours along the entire
nourishment does not change, thus not altering the beach slope. Both the MLWS and LAT
contours have moved landward quite significantly and the widths between MSL-MLWS and
MLWS-LAT are rather uniform, suggesting a relatively uniform profile shape for both frontages.
This could be caused by the severe storm events that took place during this period. At the
terminal and especially at the transition between the two frontages the slope between MSL
and MLWS has steepened.
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Figure 13: Contour movement Feb 20 - Nov 20, from [7].

Period 3-4: Between June 21 and September 21 no significant changes took place. This
fourth period is relatively short compared to the others, and the energy of the waves was low
during the summer season. Beach levels in front of the seawall have generally increased
slightly along the villages, but the shape of the intertidal zone remains largely unchanged.
Along the terminal, it can be observed that the contours LAT, MLWS, MSL, and MHWS shift
landward slightly. These first two contours’ movement hints at the onshore movement of the
subtidal bar, which was already seen in paragraph 4.3.
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Figure 14: Contour movement Nov 20 - Sep 21, from [6].

Period 5: The plots will look a little different from this moment onwards, as the data for
these periods came later and the analysis was done separately. In the figure red indicates
measurement T5 and blue indicates measurement T6. It has become a little difficult to see
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what happened between these two measurements especially the shift in contours LAT and
MLWS. The shift covers a time of a little more than a year. What is interesting is that within this
year, the lower two contours roughly maintain their positions, and so does the MSL contour.
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Figure 15: Contour movement Sep 21 - Oct 22.

Period 6: Similar to the plot of period 5, T6 is indicated with blue and T7 with green.
Likewise, to period T5-T6, the lower contours pretty much remain in the same place. Noticeable
from this plot is the chunk taken out of the beach or MSL contour. This also translates back to
the loss of planform area observed in table 3.6.
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Figure 16: Contour movement Oct 22 - May 23.

Since the scheme’s construction, the development has been dominated by the ongoing
erosion of the sacrificial body at the terminal and the formation of a subtidal bar. The profile
at the terminal has adjusted towards a natural beach profile, which has resulted in a large ero-
sional zone in front of the terminal. The same can be observed for the village frontage but less

profound.

All these plots together show a decrease in the beach area over time. An analysis was done
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to quantify how much surface area the beach has lost. Regarding this, the MSL contour was
subtracted from the cliff toe/apron line, thus assuming that the width of the beach is the dis-
tance from the cliff toe/apron to the MSL. The planform area is then calculated relatively easily
by integrating this distance over the length of the nourishment. The two sections, terminal and
villages, were separately inspected and the results of the calculation are shown in table 11. All
the areas in the table are presented in m?2. One can see that most of the planform area was
lost in the period between TO and T2, but interestingly, the nourishment overall gained volume
during this time. Therefore, the loss in planform area is not caused by loss of volume. This
is due to the redistribution of sediment within the profile. One can argue that there is some
sort of up-and-down trend in the decline of the planform area, the first period lot of activity
the second period somewhat less and then the third period again a bit more active and so on.
The reason for this can be that the first and third contain the winter season, during which the
beaches generally tend to become smaller and less steep. Whereas during summer, beaches
tend to become wider with steeper slopes. Contrary to the period between T0-T2, the decline
of planform area in the following periods is much less. Even during the period T2-T3, which
is known to be the period with the largest erosion, the decline in the planform area is not half
as much as in the first period. Therefore it seems like the profile has moved toward a natural
beach profile.

Remarkable from this analysis is that between the last two measurements, the decline in
planform area is quite high in comparison to the preceding periods, especially in front of the
terminal. This prompted a closer examination of volume changes during this timeframe. This
volume change is calculated in a different way than before, namely 100 transects are drawn
each with a spacing of 50 meters and for both measurements, these transects are subtracted
from each other and multiplied by the spacing. The results from these calculations are that
the terminal loses 25, 366m? and the villages 25, 148m?, therefore in total the nourishment lost
50, 515m3. However, this still does not explain the relatively large loss of planform area, since
no particularly large volume was lost during this time if compared to other periods. Nonethe-
less, the calculation of volume change is done differently and therefore one should be careful
in interpreting them.

Survey | Terminal | Diff Daily diff | Village | Diff Daily diff | Combined | Total diff | Daily diff
TO 229,491 | - - 255,298 | - - 484,789 - -

T1 213,221 | -16,270 | -307.0 256,419 | 1,121 21.2 458,640 -15,149 | -285.8
T2 213,958 | 737 5.9 208,224 | -48,195 | -388.7 422,182 -47,458 | -382.7
T3 187,475 | -26,483 | -105.5 205,657 | -2,567 | -10.2 393,132 -29,050 | -115.7
T4 172,139 | -15,336 | -69.4 198,649 | -7,008 | -31.7 370,788 -22,344 | -101.1
T5 172,635 | 496 5.0 197,588 | -1,061 | -10.7 370,223 -565 -5.7

T6 167,368 | -5,267 | -13.5 188,362 | -9,226 | -23.7 355,730 -14,493 | -37.3

T7 152,222 | -15,146 | -75.4 181,825 | -6,537 | -32.5 334,047 -21,683 | -107.9
Total -77,269 -73,473 -150,742

Table 11: Change in planform area.

3.7 Cross-shore adaptation

From the paragraphs 3.5 and 3.6, it became clear that a lot of activity happens on the cross-
shore. To further examine this, in this paragraph, some transects are inspected to see how
individual profiles readjust over time. Transects that are of interest in this analysis are CH9100,
CH9950, CH10800, CH12450, and CH14100. CH9100 is the point where the terminal frontage
starts, CH10800 is at the end of the terminal frontage and 9950 is right in the middle. The same
holds for CH12450, which is in the middle of the village frontage.
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In all the transects it becomes clear that a sandbar appears between Shore surveys 2 and
3. Later on one can also see it moving back landwards. The first plot 17a shows that the beach
gains volume in the first period, which subsequently disappears. This gain is probably due to
the diffusion of the terminal frontage. Over time this profile lost most of its volume between
1470m and 1600m and gained between 1600m and 1750m. The second plot 17b, the one
in the middle of the terminal frontage, shows a lot of activity. Immediately after construction,
the formation of a scarp can be observed. Almost all contours (MHWS, MSL, MLWS and LAT)
move landward over the entire survey period, except the -5m AOD contour. Interestingly, the
-8m AOD contour in this profile also moves offshore, but only from November 20, which means
that there is activity beyond this point. The shift is very slight but present. The volume lost
left of the 1600m line in this profile does not equal the gained right of this line, indicating an
overall volume loss consistent with findings from previous paragraphs. Transect 10800 very
nicely shows the onshore bar migration between November 20 and September 21. The fourth
profile, located in the villages, shows very little shift in the MHWS contour seaward, indicating a
gain of beach area. Again, the -8m AOD contour shows a slight shift offshore, showing activity
beyond this point.
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Figure 18: Cross-shore profile adjustment for 5 transects (CH9100, CH9950, CH10800,
CH12450 and CH14100).

3.8 General observations

Since the completion of the scheme until the last Shore measurement, the nourishment has
lost approximately 20% of its original volume and about 30% of its planform area. All this
volume was lost in about three and a half years. This erosion was not uniform over the nour-
ishment. Looking at both sections individually, one can see that most of this volume was lost
from the terminal section, whereas the villages actually gained a little. This development sug-
gests that the terminal section is feeding the villages as was intended. The sedimentation is
not uniform over the depth either. In table 10, it becomes clear that the sub-areal and inter-
tidal zones lose volume while the lower shoreface gains sediment. This indicates that within
the profile, redistribution of sediment takes place, consequently flattening the shoreface. The
same phenomenon can be observed in the plots of the contours and cross-shore profiles. In
the plots of the cross-shore profiles, one clearly sees the development of the subtidal bar and
in the later stage the onshore movement of it. Therefore, it can be concluded that over time the
profile has adjusted to a more natural profile.
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4 Methodology

This chapter outlines the methodology for addressing the subquestions and, consequently, the
research question. It demonstrates the anticipated form of the results. First, it explains how the
current performance of ShorelineS in predicting coastline evolution is evaluated (4.1). Second,
it describes how cross-shore redistribution will be included in ShorelineS (4.2) and finally, how
the performance of this adjusted ShorelineS model is tested (4.3).

4.1 Current ShorelineS performance

This paragraph discusses how the predictive capability of the current ShorelineS model is
evaluated. It is done by comparing Shore Monitoring and Research measurements with the
ShorelineS model results.

First, the model setup is elaborated on, clarifying the required input for ShorelineS like the
initial and boundary conditions (4.1.1). This is followed by an explanation of how the perfor-
mance of ShorelineS is compared to the measurements of Shore Monitoring and Research
(4.1.2).

4.1.1 ShorelineS model setup

ShorelineS was used for this analysis, as this was already available from RHDHV. The model
was acquired from Max Leummens from RHDHV under its existing conditions. Max calibrated
the model as part of a TKI program. The calibration consisted of comparing modeled coastline
changes with and without nourishment. The goodness of the model was based on the location
and magnitude of the peaks and troughs in coastline change. This is a different than normal.
Normally, one would calibrate the model based on measured data, but because this is scarce,
it was chosen to do it this way.

Initial conditions

ShorelineS requires a couple of input parameters, the first of which is an initial coastline. This
can be acquired from the post-construction measurement by extracting the coastline contour
from the data using QGIS. The initial coastline is visualized in figure 19 as the black line.
ShorelineS assumes the given coastline to be around mean sea level so the contour extracted
from the post-construction measurement is the +0.11m AOD MSL contour, see table 2. The
boundaries of the domain automatically lie on the borders of the initial coastline. The post-
construction measurement was concluded on 26 August 2019. This is also the starting point
of the simulation or Tj,.

Boundary conditions
Also, a set of boundary conditions need to be defined, one for every boundary. For this,
ShorelineS has four options: a closed boundary, a fixed coastline position, a fixed coastline
orientation, and a periodic boundary. The latter means that at the boundary, the transport at
the start is averaged with that at the end of the grid. A closed boundary can mean zero trans-
port at the edges of the domain, but it can also be a predefined constant flux. In the case of a
fixed coastline position, the coastline at the edges of the domain will maintain its position and
there is no sedimentation or erosion in this boundary cell. In contrast, this is not the case with
a fixed coastline orientation. Here, the boundary cells can translate, but the orientation or the
angle will remain constant. For the simulations, a constant coastline orientation is selected for
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both boundaries.

Foreshore orientation
ShorelineS also requires the orientation of the foreshore. This area is defined as the region
just outside of the longshore current and does not react instantaneously to changes at the wa-
terline. In many cases, the disturbance at the coastline is not present at the foreshore, which
means that defining the foreshore orientation can have a large influence on the transformed
nearshore wave. The orientation of the foreshore is fixed based on the original coastline posi-
tion before nourishment.

Mue icasley,

Figure 19: Location of the 13 nearshore wave data points and the initial coastline.

Profile parameters and wave definition
Next, ShorelineS also requires three profile parameters: ddeep, dnearshore and d. The latter
refers to the active profile height ranging from inner closure depth to the toe of the dunes. In
the case of Bacton, the beach in front of the terminal was constructed at a level of +7m AOD.
In all the monitoring reports RHDHV assumes the depth of closure to lie on a level of -8m AQOD.
However, as mentioned in paragraph 3.7, it follows that from measurement results, it can be
concluded that the inner depth of closure lies deeper. Looking at the transects it is likely that
beyond the -10m AOD point there is no change in bed level visible between measurements.
Therefore, this is a sound assumption for the inner closure depth dnearshore. The final param-
eter is the deep water depth ddeep and always corresponds to the point at which the wave data
is derived. This wave data, as mentioned in subparagraph 2.5.2, can be defined in three ways:
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+ Using wave direction and a spreading sector. A uniform distribution is assumed between
the mean wave direction and plus or minus half the spreading sector. For every time step
a random wave direction will be chosen from this sector.

+ Using a wave climate considering a number of wave conditions, where one condition will
be selected at random.

» Using a time series of wave conditions

The performance of ShorelineS is assessed based on past measurements. A time series
of wave conditions is used to closely mimic the forces that influenced the coast. For the time
series a ERAS dataset was downloaded from a location offshore and transformed to nearshore
using a SWAN simulation. This SWAN simulation returned the wave data for 13 locations near
the Bacton sandscaping. The location of these points is shown in figure 19. The water depth
of this nearshore location is 12m (ddeep). The SWAN simulation also required water level data,
and this was obtained from a measurement station at Cromer, approximately 14 km from Bac-
ton.

ShorelineS defines the cross-shore profile as a constant, predefined slope. This slope is
assumed for the entire coastline and is determined based on the average slope of an average
transect located at the terminal. This resulted in a mean bed slope of 0.0594.

Transport equations

The next input parameter required is the selection of transport formulation and the different
possibilities are listed in paragraph 2.5 and repeated here for readability: CERC1, CERC2,
CERCS, Kamphuis, Mil-Homens and van Rijn. An explanation of all these individual transport
formulations can be found in paragraph 2.5. The purpose of this research is to investigate if
the inclusion of cross-shore redistribution improves the performance of ShorelineS in predict-
ing the coastline evolution of a mega nourishment. For this, it is desirable if the equation is
easy to interpret. CERC is the simplest longshore sediment transport equation as it contains
the least amount of variables. CERC2 is a direct derivation from the official CERC equation,
and therefore, this is the one selected for the simulation. This formulation implicitly refracts the
offshore wave conditions supplied in the model. The formulation requires the following input
parameters:

- porosity p = 0.4
- Depth induced breaker parameter gamma ~ = 0.78

- water and sediment density p,, = 1025, ps; = 2650

Space and time step
The final parameters that need to be defined are the time and space step for the simulation.
A typical grid cell size is of the order 50-100m. Coarse grid cells are suitable for large-scale
problems, but smaller grid cells need to be accompanied by a small timestep. According to
the user manual grid cell sizes around the 10 meters pose stability problems [27]. Since mega
nourishment is of a large scale, a grid cell size of 100m was chosen. Two options are avail-
able for timesteps: variable timestep and fixed timestep. The variable timestep is automatically
computed based on the transport rate. When this is used, the timestep will always be the
minimum of this computed timestep and the timestep of the wave data. To ensure comprehen-
sive analysis, a variable timestep is used, allowing for the inclusion of all input wave conditions.
This approach is preferred over a fixed timestep to more accurately replicate coastline changes.
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4.1.2 Evaluating current ShorelineS performance

To evaluate the performance of ShorelineS in predicting the evolution of the Bacton Sand-
scaping, a comparison is made with Shore measurements. The ShorelineS model returns
coordinate positions of the MSL contour at a given predefined time interval. All these points
together represent the modeled coastline. The measured coastline is obtained by extracting
the MSL contour from the data using QGIS. If these coastlines are subtracted from a reference
line or the cliff line it results in a beach width.

The comparison of both modeled and measured results is done in several ways. First, the
general shape of the MSL contour is assessed qualitatively. Then performance is assessed
qualitatively using the following three metrics: Absolute distance, Relative distance, and Plan-
form area. These distances are calculated with the formulas below, where dist is the distance
the modeled or measured coastline has to the reference cliff line. The last metric, planform
area, represents the total area of the beach. The next analysis compares the modeled coast-
line change to the coastline change that would follow from volume change. Since the model
simulates coastline change based on a volume balance this analysis could provide valuable in-
tel on the performance of the model. The final analysis is on the modeled coastline change for
each period. In this analysis, the model gets re-initialized after each period. Where the mea-
sured MSL contour at that instant is used as the initial coastline to simulate the next period.
For instance, the measured MSL contour at T2 is used as the initial coastline for the simulation
running from T2 to T3. This analysis aims to provide more insight into where the errors are the
largest.

|distmeasured — iStmodeled| Absolute distance (33)
disty measured — A4Sty modeled Relative distance (34)
y7 y?

4.2 Integrating cross-shore redistribution in ShorelineS

This paragraph explains how the coastline redistribution is integrated into ShorelineS. To do so
it first touches upon how cross-shore redistribution can be defined (4.2.1). Then it discussed
how this redistribution can be derived from measurement data (4.2.2 and 4.2.3.).

4.2.1 Defining the redistribution of the sediment

Figure 20 shows a sketch of profile equilibration. The top profile change is typically one that
would be a result of a 1D coastline model, like ShorelineS. Visible here is that the translation of
the profile is uniform over the entire profile and how much the profile regresses is dependent
on how much volume was lost during a certain period of time. The bottom figure represents
results from measurements. In this case, it can be observed that the shift in coastline is not
uniform over the profile. The top half retreats while the lower half extends. This is because of
the redistribution of sediment within the profile. From this figure 20, it becomes clear that the
measured coastline retreat around water level is bigger than the one resulting from the model,
and this difference can be expressed as a factor.

Aymeasm‘ed > Aymodeled (35)
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Aymeasured = Rx Aymodeled
AYmeasured (36)

R pu—
Aymodeled

Here, R is the factor of equilibration and a function of time. This factor expresses the ratio
between measured and modeled coastline change at a certain level. As time progresses, the
equilibration will have fully taken place and the profile will have moved to an equilibrium profile.
In this case, the translation of the profile becomes uniform and the regression of the coastline
that comes from the model will be the same as the one measured. Hence, over time R will be-
come equal to one. From the definition of the R-factor, it emerges that two metrics are required
to calculate it, Aymodeiea @aNd AYmeasured- BOth these metrics will be derived from measured
data and the details of their calculation are presented in the following subparagraphs.

AYmodel

AYmodel

Aymoder = AV /Ds

AYmeasurea

/7]

Aymeasure

Figure 20: Sketch modeled profile translation (above) and measured profile translation (below).

4.2.2 Modeled coastline change Avy.,.0dcicd

Following the equilibrium profile theory of Dean [15] it can be said that the profile shape is only
dependent on the fall velocity of the grain and therefore it is reasonable to assume that, in case
of sediment gains or losses with a compatible grain, the profile form will remain the same and
the profile will just shift land or seaward. Consequently, the coastline shift is only dependent on
how much volume comes in or goes out. In 1D coastline models, it works the same as Dean
described. The model predicts a volume change and this volume change is evenly distributed
over the active cross-shore profile, resulting in a uniform translation of the profile. This fact
together with the fact that the nourishment was done with compatible sediment makes it that
it can be assumed that the calculated change in volume of a cross-shore profile between the
measurements (Aycqcuiated) €aN be used to represent the shift in coastline position that a 1D
coastline model would predict (Ay.oqeieq). However, this only holds under the assumption that
there is no sediment flux in or out of the active profile, so beyond the depth of closure. Because
of this the volume change over a cross-shore transect between measurements is only calcu-
lated within the active profile. In conclusion, the calculated volume change of the active section
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of the profile of a cross-shore transect can be used to mimic the shift in coastline position that
would follow from a ShorelineS simulation and it is defined as follows:

Aymodeled ~ Aycalculated
AV (37)
B+ hy

Aycalculateal =
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Figure 21: Transects located at the nourishment, purple ones indicate transects located at the
terminal and red ones indicate transects located at the villages.

For the calculation of Aycqicuiated Predefined transects are used. For the evaluation of the
nourishment, RHDHV drew up 4000 transects with a spacing of 50m. One hundred of these
transects are located at the nourishment itself. See figure 21. For each measurement, coastal
elevation profiles were collected along each transect. In this way, it becomes possible to cal-
culate the loss of volume AV in all these transects between measurements.

4.2.3 Measured coastline change Ay,,.casured

These same coastal elevation profiles from the measurements can be used to determine
Aymeasured- BY measuring the location of the coastline at a certain level between two measure-
ments one can determine how much the coastline has shifted. Since the signal of coastline
change can be disturbed by seasonal changes, it is desirable to measure coastline change at
a level less affected by these. In paragraph 2.1, it is mentioned that the position of the coastline
marks the location of the maximum storm level surge. Table 2 gives the extreme water level
for different return periods. From this table, the +2.86m AOD 1/1 return period water level is
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selected as this level is not influenced by seasonality .

The total nourishment project encompasses 100 transects. Not every transect is usable for
the analysis described above. The two separate elements have different purposes, the termi-
nal frontage is meant to feed the village frontage with sediment over time. The objective of this
research is to investigate whether a 1D shoreline model can be improved for a mega nourish-
ment by adding cross-shore redistribution. According to the literature, a mega nourishment is
defined as a large, localized sand placement that creates a disturbance in the longshore direc-
tion, see paragraph 2.2. The purpose of a mega nourishment is to nourish neighboring coastal
areas, and the terminal section meets this definition of a mega nourishment, but the village
section does not. This is more of a classic beach nourishment. As a result, the transects lo-
cated at the villages are excluded from the analysis. The transition zones are also not suitable
for the analysis, since these transects are also very distorted in their signal. The remaining
transects are transects 4 to 30.

The preceding established the time-dependency of the equilibration factor, but the exact
nature of this relationship remains unclear. It is expected that sediment redistribution within
the profile will be complete after a certain period, causing the factor to equal one. Two different
relationships are tested: a linear relation and an exponential relation. Figure 22 shows how
these would look like. The linear relationship demonstrates that, after a certain period, R will
reach one and stay at that value. How long this will take is still unknown and will follow from
the results. As will the required parameters of both relationships.

R=a-bt R = ae Pt +1

Time Time

Figure 22: Relationship R with time, linear on the right and exponential on the left.

4.3 Adjusting modeled coastline positions for equilibration

This paragraph aims to explain how the predictive capability of the adjusted modeled coastline
position for equilibration is evaluated. First, it elaborates on how cross-shore redistribution is
integrated into ShorelineS results through the R-factor. Then, it is explained which metrics are
used to quantify the performance of the adjusted ShorelineS model.

The simulations of the coastline in ShorelineS over time will be similar to the original sim-
ulations described earlier. There is one key difference: the added shift in the coastline due to
profile redistribution. Imagine the simulation will run till a certain time Ty which corresponds to
one of the measurement instances. ShorelineS will return a coastline that is shifted from the
initial coastline, and the average modeled coastline change in this period is Ay,g modeied- TO
include cross-shore redistribution, the average modeled coastline change (Ayug,modetea) Will
be multiplied with the average equilibration factor R, r obtained from the data over the same
period (To— > Tx). To avoid double-counting the average coastline change predicted by the
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model, it is subtracted from the total to arrive at the additional coastline change Ayqaa, 7,7y - ItiS
this additional coastline change that is subtracted from the original model results to obtain the
position of the coastline if cross-shore redistribution is included or, in other words, the adjusted
coastline. See equation 38. An overview of all these steps is given in the flowchart.

Ayadd,ToTN = Ayavg,ToTN,modeled * (Ravg,TOTN - 1) (38)

Step1: Run ShorelineS simulation ————————> Step2: Calculate Ay mogeiiea — > Step3: Calculate Royg 1o 7y ]

Simulate the coastline evolution Subtract the resulting coastline Obtain the average equilibration
for every measurement period from the previous coastline and factor over the simulated period:
calculate the average coastline
To =Ty change over the egriod' Ravg.TDTN
Where: N = [l,...,7J 8 p :

Ayavg,ToTN,madelled

L Step4: Compute Aygqa 1, ———> Step5: Adjust coastline

. - Subtract the additional coastline
Multiply A with
Py yar)g,modelleﬂ! change from the model results to

Ravg,TaTN and subtract obtain the adjusted coastline

Ayavg,modelied to obtain
the additional change

Figure 23: Methodology flowchart.

Given the distinct designs of the two elements, they will be examined individually and col-
lectively. So, this sequence above will be executed for only the terminal section, the village
section, and both sections combined. The impact of the R-factor on the simulated coastline
will be assessed using the same performance metrics as described in subparagraph 4.1.2,
using the metrics planform area, relative distance, and absolute distance.
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5 Results

This chapter presents the findings from the various analyses conducted throughout this re-
search. Building upon the methodologies outlined in Chapter 4, it first showcases the perfor-
mance of the current ShorelineS model (5.1). Following this, the results of the equilibration
factor calculations based on measurement data are presented in paragraph 5.2. In paragraph
5.3, the outcomes of the adjusted ShorelineS model runs are explored. In response to the
obtained results, a new approach was developed and subsequently tested. An explanation of
this approach and its results can be found in 5.4.

5.1 Current ShorelineS performance

This paragraph displays the results from the ShorelineS model as it is today, showing its pre-
dictive capabilities. First, a qualitative assessment is done (5.1.1). Then, in subparagraphs
5.1.2 and 5.1.3 the absolute and relative distance from the modeled and measured coastline
are discussed respectively. The difference in planform area becomes apparent in 5.1.4. The
results of an analysis done on modeled coastline change are presented in 5.1.5 and 5.1.6,
where in 5.1.6 the simulation is re-initialized at every measurement instance. The paragraph
finds its conclusion in 5.1.7.

5.1.1 AQualitative assessment

To give an overview of the general shape of the measured and modeled coast, Figure 24
presents the modeled and measured MSL contour and their distance to the cliff. In here the
alongshore distance is displayed in chainages.
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Figure 24: ShorelineS results indicated in orange and Shore measurements indicated in green
and blue, where the blue one presents the preceding measurement. All lines indicate a MSL
contour.

In the beginning, the difference between measured and modeled is not very big, they
seem to display roughly the same coastline. Only after a while one start to see a difference.
What stands out is that the widest part of the nourishment, or the top, disperses to the right
(southwest wards), but roughly maintains its width. Between CH9100 and CH9800, the model
performs well, but around halfway to the terminal at CH10000, the lines separate. Around
CH11000 and CH13000 there are two features in the model that continue to grow as time pro-
gresses. This development is not as expected but might be explained by background effects
that are in the model. To check this a simulation is run with the same waves for the same
period (TO-T7), but for a coast without the nourishment. The results of this are shown in figure
25 with the red line and display coastline change that is caused by background effects like the
curvature of the original coast. Here, it becomes clear that around CH11000 and CH13000,
the coastline is building out and this might explain the observed growth of the nourishment.

The plots may reveal irregularities in the measured MSL contour, particularly for T3. This is
likely due to how QGIS interprets the contour data during import. Additionally, the sudden drop
to zero in the T7 MSL contour is caused by gaps within the measurements. Please consider
these limitations when interpreting the following results.

5.1.2 Absolute distance

Absolute distance shows how much the modeled coastline and measured MSL contour vary.
It is an indication of the error the model makes. Table 12 shows the average absolute distance
between the modeled and measured results per measurement instance. Notice how, over time,
the error increases.
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Survey | Terminal Avg. [m] | Village Avg.[m] | Combined Avg. [m]
T1 8.74 6.88 7.49
T2 7.98 15.42 12.9
T3 17.22 18.89 18.3
T4 20.63 24.01 22.9
T5 20.32 25.05 23.4
T6 17.38 30.52 26.1
T7 26.75 37.26 33.7

Table 12: Average absolute distance between modeled and measured results

5.1.3 Relative distance

Relative distance will show if the model is under or over-predicting the erosion of the coastline.
If the relative distance is negative this means that the beach width measured at MSL is less
than the one resulting from the model. Table 13 shows the average relative distance between
measured and modeled coastlines. The table reveals that the model consistently underesti-
mates the regression at MSL, and this underestimation becomes more pronounced over time.

Survey | Terminal [m] | Village [m] | Combined [m]
T1 -8.57 -0.01 -3.34

T2 -6.27 -15.30 -12.31

T3 -16.51 -18.79 -18.01

T4 -19.95 -23.91 -22.57

15 -18.79 -24.89 -22.81

T6 -15.79 -30.30 -25.37

T7 -24.52 -34.35 -31.01

Table 13: Relative distance between modeled and measured results

5.1.4 Planform area

The planform area is the total area of the beach. Table 14 shows the planform area of both
terminal and village sections and both sections combined, for every measurement instance.
Measured results show a consistent decrease in the beach area for both the villages and
the terminal sections with each following measurement, as already observed in the previous
paragraph 3.6. The modeled planform area at the terminal is also decreasing, however at
a much slower rate. In contrast, the planform area in the villages is gradually increasing.
Again the background effects might be a possible explanation for the village area’s growth.
Consequently, the combined platform area remains relatively stable.

43



Measurement | Terminal | Villages | Combined | Modeled Terminal | villages | Combined
planform area | [m?] [m?] [m?] planform area | [m?] [m?] [m?]

TO 229,491 | 255,298 | 484,789 TO - - -

T1 213,221 | 256,419 | 469,640 T1 227,797 | 256,458 | 484,225
T2 213,958 | 208,224 | 422,182 T2 224,621 | 258,737 | 483,358
T3 187,475 | 205,657 | 393,132 T3 215,536 | 267,669 | 483,205
T4 172,139 | 198,649 | 370,788 T4 206,058 | 277,562 | 483,620
T5 172,635 | 197,588 | 370,233 T5 204,572 | 279,734 | 484,306
T6 167,368 | 188,362 | 355,730 T6 194,213 | 288,364 | 482,577
T7 152,222 | 181,825 | 334,047 T7 193,907 | 295,180 | 489,087

Table 14: Measured and modeled planform area

5.1.5 Assessment of coastline change

This subparagraph assesses the modeled coastline change and compares it to the measured
shift in MSL contour and the coastline change based on measured volume change. As previ-
ously mentioned in Chapter 2, the model assumes a volume balance and modulates a change
in coastline position based on the change in volume. Therefore, it is useful to also compare
the performance of ShorelineS with a calculated coastline change based on the measured
change in volume. The modeled coastline change and the shift in MSL contour can directly be
derived from the planform area as the change in planform area represents the total change of
the coastline. The modeled coastline change together with the shift in MSL contour and the
calculated coastline change based on volume change for the entire measured period (T0-T7)
is plotted in figure 25. Also in this figure is the modeled coastline change for a coast without
nourishment. For the plots presenting the coastline change between every survey see ap-
pendix B.

—— Modelled Coastline change TO-T7 [m]
Coastline change based on volume change TO-T7 [m]
—— Change in measured MSL contour TO-T7 [m]
40 + —— Modelled Coastline change TO-T7 without nourishment [m]

60

20 A

Coastline change [m]
(=]

—40 4

—60 4

10000 11000 12000 13000 14000
CH [m]

Figure 25: Coastline change modeled, measured and calculated based on volume change.

What can be observed from figure 25 is that over almost the entire nourishment the change
in MSL contour is negative and larger than both the modeled change and the change calculated
based on volume change. The first observation about the difference between MSL change
and modeled change proves the hypothesis that the coastline change that one would measure
around the waterline is larger than the one that would come from the model, Aymeasured >
Aymodeled- The second observation indicates that cross-shore redistribution is taking place as
seen in Chapter 3. The retreat of the coastline around water level is bigger than what can be
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expected based on volume change.

To better illustrate the difference between the modulated coastline change and the calcu-
lated coastline change, the sums of the coastline changes over each period over the entire
nourishment are presented in a table 15, together with the daily change. What becomes clear
from this table is that the model shifts between erosion and deposition. It begins with predict-
ing erosion in the first three periods, then deposition in the next two. Noticeable is the large
modeled deposition in the last period (T6-T7). Overall, the model simulates a net accretion. In
contrast, the coastline change based on volume change begins with one period of accretion
and then transitions to erosion, which is in line with the analysis conducted in paragraph 3.5.
Generally, the coastline section loses sediment therefore the calculated change is negative.
However, this decrease in coastal area is much smaller than the one following from the MSL
contour. In summary, the model predicts slight accretion where volume loss is measured.

. Modeled coastline | Calculated coastline | Shiftin MSL

Survey period
change [m] change [m] contour [m]

TO-T1 -564 | -10.4 10,232 | 189.5 -15,149 | -280.5
T1-T2 -867 | -6.9 -2798 -22.4 -47,458 | -379.6
T2-T3 -153 | -0.6 -5535 -22.0 -29,050 | -111.3
T3-T4 415 1.9 -2705 -12.2 -22,344 | -110.6
T4-T5 686 6.86 -3189 -31.9 -555 -5.6
T5-T6 -1729 | -4.4 -7314 -18.8 -14,503 | -37.2
T6-T7 6510 | 32.2 -2581 -12.8 -21,683 | -107.3
TO-T7 4298 | 3.2 -13,890 | -10.3 -150,742 | -112.1

Table 15: Sum of Modeled, measured and calculated coastline change between surveys.

5.1.6 Analysis on ShorelineS performance per survey period

This analysis discusses the change in coastlines for each period. It aims to provide more in-
sight into where the errors between the model and the measurements are the largest. The
figures presenting the resulting MSL contours from this analysis together with the plots dis-
playing the different coastline changes can be found in appendix C. The sum of the change in
coastline between every survey is presented in table 16, together with the average wave power
of that period. Wave power is a measure of the rate at which energy is carried by waves.

. Modeled coastline | Calculated coastline | Average wave

Survey period
change [m] change [m] power [J/ms]

TO-T1 -564 -10.4 10,232 | 189.5 951.6
T1-T2 -48 -0.4 -2798 -22.4 1153.5
T2-T3 827 3.3 -5535 -22.0 1159.3
T3-T4 8390 37.8 -2705 -12.2 795.6
T4-T5 2120 21.2 -3189 -31.9 1435.0
T5-T6 -19,478 | -49.9 -7314 -18.8 1172.1
T6-T7 11,312 | 56.0 -2581 -12.8 1162.0
TO-T7 2558 1.9 -13,890 | -10.3 1173.2

Table 16: Sum of modeled coastline change for re-initialized ShorelineS simulations
Again the model predicts a positive coastline change while there is a measured volume
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loss. If the results in this table are compared to the results in table 15, it becomes clear that
the changes the model simulates in the later periods are almost an order of magnitude larger
in the re-initialized simulations. Similar to the results above, the modeled coastline change
alternates in sign. It begins with two periods of slight erosion, followed by three periods of
accretion, and then in T5-T6 a period with relatively high erosion followed by another period
with relatively high accretion. This is unexpected. It was anticipated that, since the perturba-
tion of the coastline in the alongshore direction would decrease over time as nature attempts
to smooth out this perturbation, the coastline change would decrease over time. This behav-
ior can be observed in the calculated coastline change. The analysis reveals that in period
T2-T3, where the average wave power is approximately 1160 J/ms, a daily coastline change
of 22.0 meters is found, while in period T6-T7 the average wave power is similar but the daily
coastline change is only 12.8 meters. Period T4-T5 is an exception but can be explained by
the relatively high average wave power. Something else that stands out is the difference in
modeled erosion between periods T3-T4 and T4-T5 in both analyses, the daily coastline ero-
sion during T3-T4 is larger than between T4-T5, while the average wave power during T4-T5 is
almost twice the average wave power during T3-T4. This indicates that there is no clear rela-
tionship between the modeled coastline change and the average wave power in both analyses.

5.1.7 Conclusion

The model underpredicts the terminal’s erosion and overestimates the feeding to the villages.
Both the relative and absolute distance continuously grow, meaning that over time, the model’s
prediction on the MSL contour worsens. Also, the difference between the modeled and mea-
sured planform area becomes continuously larger. This growing mistake of the model is due
to the model’s imposed conservation of planform area. Looking at table 14, it can be observed
that the modeled planform area stays relatively constant in comparison to the measured plan-
form area. Indicating that the model conserves sediment in the system. If one looks at the sum
of the modeled coastline change in table 15 it presents even a slight increase, meaning that
the model predicts a small deposition of sediment in the area.

Results from the analyses in subparagraphs 5.1.5 and 5.1.6 indicate that the model gen-
erally does not perform well in predicting shoreline changes. For instance, no relationship
can be found between average wave power and shoreline changes. Additionally, there is little
agreement between the modeled shoreline change and the shoreline change calculated using
volume change. From all these observations it can be concluded that the 1D coastline model
ShorelineS does not do well in predicting the coastline evolution of the Bacton Sandscaping.

5.2 Equilibration factor

This paragraph presents the results from the calculations of the equilibration factor. The factor
is defined as the measured coastline change divided by the calculated coastline change that is
based on volume change in the active profile, see paragraph 4.2.1. The expression is given in
36 and repeated below for readability. Given that the measurements are not done continuously
but on a random interval it is not possible to calculate the equilibration factor continuously over
time. Therefore the result will give the calculated factor for every period between the measure-
ments.
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Aymeasured = R* Aycalculated
Aymeasured (39)

R pu—
Aycalculated

5.2.1 Results of Equilibration factor

Every line in figure 26 represents the calculation of the equilibration factor for every transect for
all seven measurement periods. The color of the line shows the index of the transect plotted,
starting with darker blue and ending with deep red. So the darkest blue line is the first transect
number 4 and the deepest red line is the last transect number 30. A table with all the individual
results is given in appendix D. The black line shows the median of all the transects and is given
in the top row of table 17. The dashed blue line in the figure equals one.

If the equilibration factor is bigger than one, the measured coastline change is larger than
the coastline change derived from volume loss. If the equilibration factor is equal to one, then
that means that the measured coastline change is equal to the coastline change based on
volume change. An equilibration factor smaller than one but still positive means the opposite
and the measured coastline change is smaller than the coastline change based on volume
change. These above-mentioned scenarios can be in either case where both values are posi-
tive or both values are negative. The last possibility is if the equilibrium factor is negative, this
indicates opposite signs between measured and calculated coastline change. The latter case
is undesirable for the purpose of this study since it focuses on how much larger the change in
coastline positions should be due to equilibration of the profile, and an opposite sign between
measured and modeled coastline change does not indicate anything about this.

Measurement period | TO-T1 | T1-T2 | T2-T3 | T3-T4 | T4-T5 | T5-T6 | T6-T7
Median Equilibration | 5.77 717 1.29 1.47 0.47 1.80 0.06

[ Median Equilibration [4.79 [ 6.02 [1.29 [1.47 [0.47 [1.80 [0.06 |

Table 17: Median equilibrium factor
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Figure 26: Calculated equilibrium factor per transect per period

The plot of figure 26 is cropped. This is done so because the equilibration factor shows a
lot of large outliers. The presence of these outliers may be attributed to the division of one or
two very small values during the calculation of these points. An example of such an outlier is
in transect 5. The measured coastline retreat at +2.86m AOD over the period Oct 19 - Feb 20
was -14.5m and the one that would follow from the volume change is -0.045m. Hence the fac-
tor that would be calculated for this period is +300. Limiting the R-factor to positive and setting
an upper bound slightly changes the median value, as is shown in the bottom row of table 17.
In measurement period 2, between Feb 20 and Nov 20, the equilibration factor becomes close
to one for the first time. Afterward, the line of the median sort of wiggles up and down around
this value one. The deviation in the data remains quite large though.

The methodology proposes testing two different relationships between the equilibration fac-
tor R and time, each containing two parameters, a and b. To obtain these parameters and the
associated relationship a curve fit is applied to the median regression factor. This curve fitting
resulted in the following relations, where ¢ is in days.

R(t)iinear = 7.74 — 0.014¢ (40)

R<t)exponential = 714€$p(—00036t) +1 (41)
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R(t)_exp = 7.14 exp(-0.0036t) + 1
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Figure 27: Relations equilibration factor and time

Figure 27 shows the two relationships of R over time, together with the calculated R-factor
from the data and the median. All calculated R-factors are reported on the day the measure-
ment is completed. The R-factor begins with a high mean of 7-8 and a broad distribution.
Subsequently, it converges towards 1, with a decreasing range. Both relations seem to follow
this same behavior. Note that the figure is cropped and the outliers fall out of the plot. From the
formulation, it becomes clear that for the linear relationship, the equilibration factor becomes
equal to one after 498 days, indicated by the vertical dashed red line. After day 498 the equili-
bration factor will remain equal to one for the linear approximation. In case of the exponential
relation the R-factor will never really equal one since it is an exponential relation. However,
after 1193 days the R-factor equals 1.1. The average R-factor over every simulated period
is listed below in table 18. Table 19 shows the absolute error the curve fitted relations make
to the median equilibration factor. The RMSE of the linear relationship is 0.919, and for the
exponential relationship, this is 1.094.

Relationship | TO-T1 | TO-T2 | TO-T3 | TO-T4 | TO-T5 | TO-T6 | TO-T7
Linear 7.385 | 6.537 | 4.829 | 3.574 | 3.232 | 2.470 | 2.250
Exponential | 7.505 | 6.282 | 4.646 | 3.765 | 3.475 | 2.720 | 2.474

Table 18: Average equilibration factor for different relations

Relationship TO-T1 | T1-T2 | T2-T3 | T3-T4 | T4-T5 | T5-T6 | T6-T7 | Average
Median R-factor | 5.774 | 7.169 | 1.287 | 1.470 | 0.474 | 1.797 | 0.062 | -

Linear error -1.237 | 1.852 | -0.614 | 0.470 | -0.525 | 0.797 | -0.938 | -0.028
Exponential error | -1.111 | 2.406 | -1.240 | -0.220 | -1.008 | 0.677 | -0.996 | -0.213

Table 19: Error between curve fitted relations and median R-factor

5.2.2 Conclusion

Both the linear and exponential relationships seem to follow the decreasing trend of the mea-
sured equilibration factors, ultimately converging towards one. Linear and exponential models
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demonstrate similar RMSE and total error when compared to the median R-factor. However,
the linear model exhibits slightly better performance in both metrics. Looking at the average
equilibration factor over the modeled period, both relations give similar values. Because of
this similarity and the slightly better performance in RMSE and absolute error, only the linear
relation is further considered in this study. Consequently, this also means that equilibration of
the profile will take about 500 days or around 1 year and 4 months.

5.3 Performance of the adjusted ShorelineS results

This paragraph presents the results of the adjusted ShorelineS simulations. Following the
methodology outlined in Chapter 4, each section will be analyzed separately before combining
them, starting with the terminal section (5.3.1), followed by the villages (5.3.2). In 5.3.3, both
sections are combined. Again, the metrics used to evaluate the performance of the model are
absolute distance, relative distance and resulting planform area.

5.3.1 Terminal only

This subparagraph shows the results of the adjusted ShorelineS results for the terminal area.
By comparing the planform area of the terminal section between the initial post-construction
measurement and subsequent model results, the average shift of the coastline along the ter-
minal can be determined. The results are listed below and presented in meters. They are
all negative, meaning that the beach width decreased during that period. In the second pe-
riod (TO-T2), on average, over the entire length of the terminal section, the coastline shifted
landward with —2.865m. When this average modeled coastline change is multiplied by the
average equilibration factor over the same period and subsequently subtracted with itself, fol-
lowing equation 38. One arrives at an additional coastline retreat of —15.863m. So over the
entire period TO-T2 the model predicted a coastline retreat of —2.865m but according to the
adjusted model results including profile equilibration, it should have been —18.728m.

Period TO-T1 [ TO-T2 | TO-T3 | TO-T4 [ TO-T5 | TO-T6 | TO-T7
AYavg [m] | -0.998 | -2.865 | -8.209 | -13.784 | -14.658 | -20.751 | -20.931
Riimear 7.385 | 6.537 | 4.829 | 3574 | 3.232 | 2.470 | 2.250
Ayaqq [m] | -6.372 | -15.863 | -31.432 | -35.480 | -32.717 | -30.504 | -26.163

Table 20: Modeled average coastline change over the terminal

The shape of the adjusted coastline remained the same as the modeled one but shifted
landward with the extra coastline retreat. This means that in terms of the general shape of
the coastline nothing changes to previous model results. Therefore the results again display
a dispersion of the top of the nourishment. One difference is that, while the original modeled
coastline closely follows the measurements for the northern part (left part) of the nourishment,
the adjusted coastline now lies below it. In contrast, the adjusted coastline follows the southern
part of the measured MSL contour better than the original modeled coastline. What can also
be observed from the results is that for the earlier measurements, the adjusted and original
modeled coastlines lie quite close to each other, but when time progresses this distance in-
creases due to the increasing average modeled coastline change (Ayq.4). Also interesting to
see is that after the model simulation TO-T4 the distance between the two coastline decreases
again. This aligns with the expectations and can be explained by a decreasing average equi-
libration factor over time. Besides, the average change in coastline over the terminal between
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measurements becomes less. As one can see in table 20 the average coastline change mod-
eled between the simulation that ran from TO-T6 and TO-T7 is approximately the same.

Period | Planform area [m?] | Relative distance [m] | Absolute distance [m)]
T0 - - -

T1 217,133 -2.30 4.72

T2 198,114 9.32 10.27

T3 162,581 14.64 18.57

T4 146,282 15.21 20.34

T5 149,431 13.65 21.86

6 142,771 14.45 18.34

T7 149,786 1.14 20.76

Table 21: Results adjusted model runs terminal only

Table 21 presents the results for the adjusted model run focusing solely on the terminal
section. It details the resulting platform area (m?2), the average relative distance (m) between
the adjusted and measured MSL contour, and the average absolute distance (m) between
them, all calculated along the entire terminal length. When looking at the relative distance one
can see that the adjusted model results begin with a slight under-prediction. The planform
area resulting from the adjusted model results is larger than reality. Afterward, the adjusted
model results are over-predicting the coastline retreat and the planform area resulting from the
adjusted coastline is increasingly smaller than measured. From T3 to T6 the relative distance
is quite constant. Interestingly the measured and adjusted planform area at instance T7 are
almost equal. The absolute distance showing the error between the adjusted coastline and the
measured coastline shows an increase from T1-T3. Afterward, it remains relatively constant at
around 20 m of average distance between one another.
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Figure 28: ShorelineS results vs Adjusted model runs terminal only

5.3.2 Village only & Whole nourishment

This subparagraph shows the results of the adjusted ShorelineS simulations for the village
section and both sections combined.

Village only: The average modeled coastline change over the village section for every
measurement period together with the additional coastline change are listed in table 22. The
unusual finding of these results is that, on average, the coastline expands seaward. This same
behavior is already observed in paragraph 5.1 and it is thought to be caused by background
effects. Therefore, when the coastline is adjusted with an equilibration factor R, it will only
expand seaward even further. The plots of the measured, modeled and adjusted coastline
of the village section and entire nourishment can be found in appendix E. The plots clearly
indicate that the measured MSL contour lies below the modeled coastline, and the adjusted
coastline lies even further seaward. Similar to the results of only the terminal section after T4,
the extra coastline change decreases a bit due to the decreasing R-factor. However, it is not
as much.

Period TO-T1 | TO-T2 | TO-T3 | TO-T4 | TO-T5 | TO-T6é | TO-T7
AYang [m] | 0.351 | 1.042 | 3.749 | 6.746 | 7.404 | 10.020 | 12.085
Riinear 7.385 | 6.537 | 4.829 | 3.574 | 3.232 | 2470 | 2.250

AYaaq [m] | 2.211 | 5.769 | 14.355 | 17.364 | 16.526 | 14.729 | 15.106

Table 22: Modeled average coastline change over the village

Considering this expanding coast, it is logical to see that the planform area resulting from
the adjusted coastline is also continuously increasing, and so is the average relative and aver-
age absolute distance. As can be seen in table 23.
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Period | Planform area [m?] | Relative distance [m] | Absolute distance [m]
T0 - - -

T1 263,858 -2.625 6.89

T2 277,749 -21.07 21.14

T3 314,895 -33.10 33.25

T4 334,712 -41.23 41.38

T5 334,132 -41.38 41.58

T6 336,844 -44.99 45.25

T7 344,892 -49.41 49.22

Table 23: Results adjusted model runs village only

Entire nourishment: Previously observed in paragraph 5.1, the modeled planform area of
the entire nourishment does not change over time. What the terminal section loses in area,
the village section gains. Hence the average coastline change over the entire length of the
nourishment is almost nil. Therefore the extra coastline change coming from the equilibration
factor is also very small, as illustrated in table 24. Note how the extra coastline change slowly
becomes smaller and smaller and then changes sign.

Period TO-T1 | TO-T2 | TO-T3 | TO-T4 | TO-T5 | TO-T6 | TO-T7
AYavg [m] | -0.490 | -0.626 | -0.707 | -0.616 | -0.479 | -0.818 | 0.485
Riinear 7.385 | 6.537 | 4.829 | 3.574 | 3.232 | 2.470 | 2.250
AYaaq [m] | -3.129 | -3.466 | -2.707 | -1.586 | -1.069 | -1.202 | 0.606

Table 24: Modeled average coastline change over the entire nourishment

Ultimately one can see that the relative and absolute distance from the measurements to
the adjusted coastlines increases with time. This is because the model simulates an approx-
imately constant planform area, while in reality, this is not true. The adjusted planform area
seems to increase over time, this is not due to an increase in the modeled planform area but
caused by the decreasing extra coastline change Ayestra-

Period | Planform area [m?] | Relative distance [m] | Absolute distance [m)]
TO - - -

T 468,589 -0.24 7.15

T2 466,215 -8.86 10.24

T3 469,642 -14.06 16.00

T4 475,669 -21.02 21.44

T5 478,926 -21.47 22.62

T6 476,554 -24.28 25.02

T7 492,084 -31.68 34.19

Table 25: Results adjusted model runs whole nourishment

5.3.3 Conclusion

When the equilibration factor is only applied to the terminal section, the model results go from
under-predicting to overpredicting the retreat of the MSL contour, especially the northern top
part of the nourishment, where the current ShorelineS simulation nicely follows this section of
the nourishment. On the contrary, the bottom or south part, is better followed by the adjusted
ShorelineS results.
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The absolute error between current ShorelineS simulations and adjusted ShorenlineS sim-
ulations are similar. However, the adjusted ShorelineS results outperform the non-adjusted
ShorelineS results in terms of metric relative distance. Consequently, the planform area result-
ing from the adjusted ShorelineS results comes closer to reality than the one resulting from
the non-adjusted ShorelineS results. For these reasons, it can be concluded that the corrected
coastlines perform slightly better than the original ShorelineS runs that do not incorporate
cross-shore redistribution. But solely if the adjustment is applied to the terminal section only.
Because when looking at the effect of the equilibration factor on the entire nourishment, the
story changes. In this case, the change induced by the R-factor is almost negligible and the
inclusion of the R-factor does not improve the model performance. This is caused by the fact
that the average modeled coastline change (Aya.4) between measurement instances is very
little. Consequently, the R-factor is multiplied by a small number, and automatically, the cor-
rection is also small. The results change again when the R-factor is applied only to the village
section. The R-factor increases the model’s error, as the model predicts coastline expansion
in this section and the R-factor increases this. Thus, in this case, the incorporation of the equi-
librium factor only worsened the results.

The difference in results between both sections can be explained by the model’s imposed
conservation. In the model, the sediment lost from the terminal section moves to the village
section. Because of this, the village section continuously grows, and the R-factor amplifies
this. Looking at the entire nourishment, the change in coastline is almost zero, due to this
conservation. Therefore, the R-factor has almost no effect.

The results indicate that including cross-shore redistribution slightly improves the model
performance on the terminal section, but on the contrary, it only worsens the performance of
the village section. The effect of the R factor on both sections combined is almost nil. Because
of these findings a new approach is suggested. One that would only apply the R-factor to the
terminal section and leave the village unchanged. This new approach will be discussed in the
following paragraph.

5.4 New approach

In response to the obtained results, a new approach was set up and tested. In this paragraph,
this approach is explained (5.4.1) and its results are presented (5.4.2). In 5.4.3 a conclusion is
drawn.

5.4.1 Methodology new approach

This new approach differs from the earlier approach in two ways. The R-factor is only ap-
plied to the terminal section, and the adjusted ShorelineS results are reintroduced back into
ShorelineS. In comparison to earlier, the simulation is done until a certain moment T, where
N =0, ...,6]. After this, the coastline is adjusted with the R-factor, and these adjusted Shore-
lineS results are inserted into ShorelineS to simulate the next period. In this way, the coastline
is corrected during the simulation. More on how new coastline adjustment works is given
below. The updated flowchart is shown below in figure 29.
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Figure 29: Updated flowchart

In the previous approach, incorporating the equilibrium factor in the village section led to
unsatisfactory results. Namely, the model predicted coastline expansion and the R-factor am-
plified this. Hence, with this new approach, the coastline adjustment is done differently. At the
terminal, the adjustment will happen the same as last time, but for the villages, no adjustment
will take place. To avoid jumps in the coast, interpolation is applied to a transition region. A
visualization of this is given in figure 30. Here, the black line is a classical result that would
follow from a ShorelineS simulation, and the blue line is the adjusted coastline. The dashed
red line indicates the border between the terminal section and the village section. As said the
terminal coastline will be adjusted with the additional coastline change just as before. Just right
from the dashed line, one can see the transition zone. In this zone, the adjustment linearly de-
creases to zero over a length of 300 m. The blue line will be reintroduced back into ShorelineS
as input coastline. An important detail is that the average coastline change over the period is
only calculated for the terminal section since only this section is adjusted.
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Figure 30: Coastline adjustment
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5.4.2 Results new approach

This subparagraph presents the results of the new approach. The new method requires recal-
culating the average equilibration factor per period, as the periods now run from TO-T1, T1-T2,
T2-T3, etc. The results are given in table 26. It can be observed that for the linear relationship
after period T2-T3 the correction almost becomes zero as the R-factor is one or close to one.
For the exponential relation holds the same, the R-factor becomes close to one. However, this
point is reached later on. Again only the linear relationship is further considered. The resulting
additional coastline change for every modeled period are presented in table 27. In total, the
coastline at the terminal is shifted 27.3 m.

Relationship | TO-T1 | T1-T2 | T2-T3 | T3-T4 | T4-T5 | T5-T6 | T6-T7
Linear 7.385 | 6.171 | 3.616 | 1.137 | 1.000 | 1.000 | 1.000
Exponential | 7.505 | 5.754 | 3.484 | 2.055 | 1.581 | 1.260 | 1.085

Table 26: Average equilibration factor for different relations, new approach

Period TO-T1 [ T1-T2 [ T2-13 [ 13-T4 [ T4-T5 | 15-16 | 16-17
Ayavg [m] | -0.998 | -1.756 | -4.307 | -4.063 | -0.625 | -4.91 | 0.877
Riinear 7.385 | 6.171 | 3616 | 1.137 | 1.000 | 1.000 | 1.000
Aestra [m] | 6.372 | -9.080 | -11.267 | -0.557 | 0 0 0

Table 27: Modeled average coastline change, new approach

Plots of the resulting coastlines are presented in appendix F. These figures present the
measured, modeled, and adjusted coastlines for all seven measurement periods. The coastline
extension around chainages 11000 and 13500 is clear in these plots, which is likely due to the
underlying background factors. Note that the adjusted coastline lies landward of the actual
coastline to the left of chainage 10300, while it generally lies seaward of the actual coastline to
the right of this point. Comparing the average relative distance and absolute distance in table
28 with the ones from table 25, it can be said that the new approach performs slightly better, in
the sense that it scores better in both metrics. Also, the calculated total planform area comes
closer to reality but is still far off.

Period | Planform area [m?] | Relative distance [m] | Absolute distance [m)]
T0 - - -

T1 472,484 -1.01 5.98

T2 456,013 -6.82 13.17

T3 439,952 -8.12 18.30

T4 444,628 -14.81 22.77

T5 446,321 -14.95 24.46

T6 449,400 -18.85 27.18

T7 459,059 -25.07 33.87

Table 28: Results adjusted model runs new approach

Figure 31 shows the resulting coastline at instance T7 for both methods. The resulting
shape of the coastline looks similar only two key differences between the new and old ap-
proaches are apparent. Firstly, the nourishment along the terminal is displaced approximately
25 meters landward. Which compares to the total adjustment applied. Because of this correc-
tion, the top of the nourishment is closer to the actual top of the nourishment in comparison
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to the earlier results, and the ShorelineS results without correction. Secondly, the coastline
extension around chainage 14000 is more pronounced in the new approach compared to
the previous. Part of this volume probably originates from the area between CH11000 and
CH12300. This part has not been corrected by the R-factor but has experienced more erosion
than before. Nevertheless, this is not enough volume to explain the total expansion. Figure 31
also shows the measured coastline at T7. The figure illustrates that the adjusted model over-
predicts coastline retreat between chainages 9100 and 9800. Where the original ShorelineS
lies close to reality.

180

160
140
120
100 +

60

Distance from cliff \ apron [m]

40 -
Results new approach T7
20 A — Results old approach T7
—— Measured coastline T7

0

T T T T T
10000 11000 12000 13000 14000
CH [m]

Figure 31: Comparison old and new approach

The coastline transformation between TO and T7 is depicted in Figure 32. The orange line
displays the coastline change without nourishment and is similar to the one in figure ??. The
green line indicates the measured coastline change, while red and blue indicate the modeled
coastline change. Red is the result from the old approach, which is almost identical to the
non-adjusted ShorelineS result, and blue is the new adjusted coastline result. Here again, it
can be observed that the newly adjusted coastline generally follows the measured coastline
more closely, except to the south of chainage 12300. This graph also shows that the peaks
and troughs in the coastline changes for both the simulations with nourishment coincide with
those of the simulation without nourishment. Especially, around the villages section (CH10800-
CH14100). In this section, it can also be observed that these so-called background effects
govern the coastline changes of the model run with nourishment. For the reason that the
inclusion of the nourishment in the model does not alter the change in coastline much. The
areas where the simulated coastline differs most from the measured coastline correspond to
areas where the model would predict coastline accretion in the case of no nourishment. So
between CH10200-CH11700 and CH12600-CH14100 the distance between measured and
modeled coastline is largest. Please keep in mind that between CH13500 and CH13900 there
is an error in the measurement.
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Figure 32: Coastline change between TO-T7

5.4.3 Conclusion

The model imposes a conservation of planform area across the entire domain, contrary to re-
ality. Planform area loss within the model is solely determined by the R-factor. As can be seen
in the results of ShorelineS simulations without the addition of the R-factor in table 14, there is
only a 1% change in planform area over the entire measured period, while in reality 31% is lost.
Therefore it can be concluded that the error made by the model is not only due to the neglect of
cross-shore redistribution but also caused by the conservation of sediment in the model. This
has a significant impact on the resulting outcomes. When looking at the orange line in figure
32, which represents the coastline change in the case without nourishment, it can be seen that
there are areas of accretion between CH10200-CH11700 and CH12600-CH14100. However,
when looking at the measured coastline change, there is erosion over the entire nourished
area. Logically, these two areas are also exactly the locations where the model has the largest
error relative to reality. In other words, the resulting coastline from ShorelineS has the greatest
cross-shore distance from the actual coastline in these areas. This is also easily explained
because, in this area, there is not only a neglect of cross-shore redistribution but also modeled
accretion. In the terminal section, where the model is corrected for cross-shore redistribution,
the measured and modeled coastlines are already much closer together. Consequently, draw-
ing conclusions based on these results is challenging due to the significant model errors.

As concluded in paragraph 5.3, the adjusted coastline (according to the old approach) and
the original non-adjusted ShorelineS results are almost identical. Consequently, these can be
considered equal when assessing the new approach’s performance against the old approach.
The difference observed between the old approach and the new approach around the ter-
minal section is due to the adjustment applied in this section. It can be said that, generally
speaking, between CH9800 and CH12100, the new approach performs better than the old
method. But outside this region, the previously obtained coastline lies closer to the measure-
ments. When looking at the metrics: Absolute distance, relative distance and planform area.
The new approach scores better in comparison to no adjustment or the old approach, and this
improvement comes from including cross-shore redistribution. Although the improvement is
little, it does indicate that there is potential to include cross-shore redistribution to enhance the
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predictive performance of 1D coastline models.

To conclude, despite the model’s inherent conservation of planform area, the inclusion of
cross-shore redistribution with the R-factor in ShorelineS slightly enhances the model’s predic-
tive capabilities. This indicates that there is potential for the inclusion of cross-shore redistribu-
tion in 1D coastline models, but it still needs a lot of research.
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6 Discussion

The aim of this thesis is to investigate whether the inclusion of cross-shore redistribution could
improve the predictive capabilities of the ShorelineS model on the Bacton Sandscaping study
case. This chapter entails the discussion. In 6.1, the general research findings are discussed.
In 6.2, limitations are identified. Some attention is paid in 6.3 to the limitations of the model
used. Suggestions for future research are made in 6.4.

6.1 General findings

Observations from the Bacton monitoring data, discussed in Chapter 3, indicate that the redis-
tribution of sediment within the profile significantly influences the coastline change of Bacton.
Dean [15] also mentions the importance of this cross-shore sediment redistribution in coastline
evolution, highlighting that the timescale of such redistribution is crucial as broader beaches
offer greater storm protection. De Schipper et al. [16] and Kroon et al. [21] did research
on the evolution of two other mega nourishments, the Sand Engine and the Hondsbossche
dunes respectively. De Schipper found that it took 18 months for the constructed profile with
a 1:32 slope to move to a 1:53 natural slope that was present before construction. So it took
the cross-shore profile of the Sand Engine approximately 550 days to move to an equilibrium.
For the timescale of redistribution on the Hondsbossche dunes, Kroon found that it took two
winters for the steeper constructed profile to transform into a naturally occurring profile slope
found in adjacent coastal sections. It is estimated from the found linear equation in paragraph
5.2 that the profile will reach equilibrium in approximately 500 days. This is fairly consistent
with the findings of Kroon and de Schipper for the Sand Engine and the Hondsbossche dunes,
but it is somewhat faster. This difference may be related to the difference in size between the
Bacton Sandscaping and the other two mega nourishments. The Bacton Sandscaping is an
order of magnitude smaller in volume than the other two nourishments.

The results presented in paragraph 5.1 reveal that the 1D coastline model falls short in ac-
curately predicting coastline change. As suggested in the introduction 1 this limitation comes
from the model’'s neglect of cross-shore sediment redistribution. Results from including cross-
shore redistribution with the R-factor indicate a slight improvement in the prediction of Shore-
lineS. Nevertheless, the model still makes a large error with the measurements and the inher-
ent conservation of planform area causes this. Therefore, the results challenge the assumption
that ShorelineS’s inaccuracies are primarily caused by the exclusion of cross-shore redistribu-
tion. While cross-shore sediment redistribution undoubtedly plays a role in coastline evolution,
its impact on ShorelineS’s performance in this particular case is not as pronounced as initially
expected. Other limitations of the model, which will be explained in paragraph 6.2, might have
a bigger effect on its performance. Still, the results show that there is potential for the inclusion
of cross-shore redistribution to improve 1D coastline models.

6.2 Model limitation

The model likely contains multiple limitations that contribute to its deviation from reality. There-
fore, it may have been premature to assume that the model’s error is solely due to the neglect
of redistribution. As the results clearly show, ShorelineS modulates volume conservation over
the nourishment, causing significant differences between the modeled coastline and the actual
coastline. It is this conservation of sediment that has a large influence on the obtained results.
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For the simulation in ShorelineS, the CERC2 was selected to estimate longshore sediment
transport. This is a direct derivation of the official CERC equation. The CERC formula is rel-
atively simple, which makes it easy to interpret, and that is why it is still widely applied. What
makes the formula so simple is the exclusion of various parameters such as grain size, bed
slope, and wind- or tide-driven currents. Consequently, CERC is a significant simplification of
reality. In contrast, other transport equations do include these parameters, thus offering a more
complete representation.

A final limitation of the study is the limited amount of updating done on the coastline. Fully
integrating the R-factor into ShorelineS was difficult as ShorelineS is a very extensive Matlab
code. Therefore, it was decided to apply its effects to the results subsequently. This updating
is done only seven times, corresponding to the measurements. However, it might have been
better to update the profile more frequently and on a set interval. In this way there will be more
interaction with the model.

6.3 Limitations and implications of the R-factor

One limitation of the R-factor is that the +2.83 m AOD contour is used for calculating the R-
factor, while the +0.11 m AOD MSL contour is used as the input coastline for ShorelineS. This
decision was made because the equilibrium factor must be calculated using the measured
coastline change, and since the coastline is located at +2.83 m AOD, this was the contour
selected. Meanwhile, ShorelineS assumes the coastline is located around MSL. In essence,
two different locations are compared, which leads to an overestimation of the position change
around MSL. To illustrate this, take a look at figure 33. In this figure, the black line represents
a post-nourishment initial profile, and the blue line shows a profile translation typical for a 1D
coastline model. Orange represents a profile that would naturally arise. As outlined in the
methodology, the R-factor is determined by dividing the measured coastline change at level
+2.86 m AOD by the calculated coastline change based on volume loss. These two coastline
changes are indicated by the two black arrows in the figure. The figure clearly illustrates how
the result differs when the R-factor is calculated around Mean Sea Level (+0.11m AOD), indi-
cated by the two green arrows. In this case, it is significantly smaller. This is entirely due to
the redistribution of sediment within the profile. From higher up in the profile, more sediment
is transported downwards compared to lower sections. To resolve this issue and accurately
compare locations, the following approach is necessary. Initially, the model should be run as
is to obtain coastline position 1, as indicated in Figure 33. Subsequently, the vertical distance
between the +0.11m AOD contour and the +2.86m AOD contour should be subtracted from
coastline position 1. This results in coastline position 2. The final step involves subtracting
the additional coastline change from coastline position 2 to arrive at the adjusted coastline at
+2.86 m AOD.
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Another limitation is that this research chose to include cross-shore redistribution with a
factor. The results show that this factor is highly sensitive to small values, which could dra-
matically increase it, leading to significant outliers in the data. To overcome this problem in the
future an addition could be tried:

Yactual = Ymodeled T Yadditional (42)

The proposed addition, represented by y.qditionat, Offers an interesting potential solution
to the sensitivity issue with cross-shore redistribution. This addition, which is possibly influ-
enced by factors such as initial profile, equilibrium profile, median grain size, wave climate,
and time, is significantly less sensitive to small numbers. If implemented, this addition could
potentially provide a more suitable and robust method for including cross-shore redistribution
in a 1D coastline model, opening up new possibilities for research and development in the field.

The final limitation was the restricted data availability for calculating the R-factor. Only
seven measurements, taken at irregular intervals, were accessible, hindering the identification
of temporal trends. Moreover, due to differing design objectives between the village and ter-
minal sections, with the latter intended for accretion, data from the village section could not be
utilized in the R-factor calculation.

6.4 Future research

Based on the model’s limitations, it can be advised to execute more model calibration on Bac-
ton Sandscaping to ensure that the model will perform better in predicting the nourishment’s
evolution. Testing the different available longshore sediment transport formulas could be part
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of this calibration to see which transport formula works best in this case. Additionally, the im-
pact of more frequent coastline updates using the R-factor could be explored. Currently, the
coastline is adjusted only seven times, coinciding with the measurement points. It would be
interesting to investigate the consequences of monthly or weekly coastline updates.

The limitations of the R-factor have revealed an underlying issue with the assumption that
it is a multiplicative factor. It suggests that it could also be an addition. Nevertheless, alterna-
tive approaches for incorporating cross-shore redistribution within a 1D shoreline model might
exist. These possibilities could be analyzed further.

More research is required on cross-shore redistribution to overcome the limitations of the
R-factor in the future. Conducting measurements on multiple mega nourishments will give a
broader picture of how the constructed profile will form into an equilibrium profile. Doing these
measurements at fixed intervals will also make it possible to detect time trends. It might also
be useful to conduct some physical testing to find which parameters influence the equilibra-
tion of the profile. This method allows for a clearer visualization of the relationships between
cross-shore profile redistribution and the forces acting upon it. All this will enable a better
understanding of cross-shore redistribution and the effect it has on the coastline evolution of
mega nourishments. All these suggestions will collectively enhance the incorporation of cross-
shore redistribution within a 1D shoreline mode.

In addition, a sensitivity study can be done on cross-shore redistribution to see how much
of an effect it has on the evolution of the Bacton Sandscaping.
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7 Conclusion

The Bacton Sandscaping was designed to protect the gas terminal against flooding and prevent
the buried infrastructure of the gas terminal from being exposed. Simultaneously, the design
also required not to increase erosion to the neighboring villages as these were already under
serious threat of coastal erosion. Approximately four years have passed since its completion,
and several severe storms have occurred, but none have caused overtopping at the villages or
damaged the buried pipelines. This success of the Bacton Sandscaping gives confidence that
this type of solution works, and it raises the question of whether it is not widely applicable in
other coastal areas in the UK.

For the design, Royal HaskoningDHV developed a conceptual model based on the 1D
LITLINE model and the 2D TELEMAC-MASCARET area model. In this conceptual model, LIT-
LINE was the central design engine. LINTLINE only includes longshore sediment transport,
but it was thought there would be a lot of offshore sediment loss, and to account for this, the
cross-shore sediment movement resulting from the 2D area model was added as sink and
sources into the LITLINE model. Analyses following construction revealed that cross-shore
sediment redistribution significantly influences the evolution of nourishment. Despite including
cross-shore transport through sinks and sources, LITLINE still did not produce satisfactory re-
sults as it did not account for this redistribution. This is why this thesis researched how the
predictive capabilities of a 1D coastline model, like LITLINE, on the evolution of mega nour-
ishments can be improved by including cross-shore redistribution. The Bacton Sandscaping
case study was selected for this research, and the ShorelineS model was utilized as the 1D
coastline model as it was readily available.

This research first touches upon cross-shore redistribution and then delves into how 1D
coastline models generally predict coastline evolution. Followed by an analysis of the current
performance of ShorelineS in predicting the evolution of the Bacton Sandscaping. After this,
the thesis introduces the new equilibration factor or R-factor that adjusts ShorelineS results to
a coastline that includes cross-shore redistribution. Finally, these newly adjusted coastlines
are compared to measurements to see how the prediction of ShorelineS is altered after the
inclusion of cross-shore redistribution.

7.1 Key findings

Following the result of the simulations done in ShorelineS in its current state, it can be con-
cluded that it falls short in predicting the coastline evolution of the Bacton Sandscaping. Shore-
lineS underestimates the erosion of the terminal section, as one expects, due to the exclusion
of cross-shore redistribution. A notable finding was that the model retained sediment over
the entire nourished area. Over the entire measured period, the model simulates almost no
change in planform area while, in reality, the nourishment lost 31%. According to the model,
almost all the sediment that is eroded from the terminal is deposited in front of the villages.
Hereby overestimating the feeding of the terminal to the villages. Another notable finding was
that the model struggles to accurately predict shoreline changes. Specifically, there’s no cor-
relation between wave power and shoreline changes, and the modeled shoreline change often
differs significantly from the volume-based calculation.

A new R-factor was introduced to include cross-shore redistribution. This factor is defined

as a factor that is multiplied with the modeled coastline change to obtain the coastline change
that includes cross-shore redistribution. Data from the Bacton Sandscaping was used to ap-
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proximate the R-factor. Here, volume change between measurements of the active profile was
used to simulate the coastline change a model would predict. These same measurements
were used to obtain the actual coastline change. Then, dividing the actual coastline change
with the one based on volume change in the profile would result in the R-factor of that profile
during this time period.

Ayme(zsured
R=—"—"=/—/"— 43
Aymodeled ( )

Over time, it is expected that redistribution will have fully taken place, and therefore, the
R-factor should go to one. Two different relationships for the R-factor were tested: a linear
relationship and an exponential relationship. A curve fit is applied to both relationships using
the median of the resulting data point. This gave the formulas 44 and 45. Both seem to follow
the decreasing median R-factor, ultimately converging towards one. The linear relation takes
approximately 500 days to converge to one and this is in line with found literature. Additionally,
the linear relationship has a smaller RMSE and total error to the median R-factor and is further
considered in the study.

R(t)tinear = 7.74 — 0.014¢ (44)

R(t)ea:ponential = 7~146$p(_0-0036t) +1 (45)

The analysis of the adjusted ShorelineS results is done as follows. Since the nourishment
consists of two distinct elements, the terminal section and the village section, both differ in de-
sign requirements. Therefore, the inclusion of cross-shore redistribution is analyzed separately
for both sections and combined. The results showed that including the R-factor in ShorelineS
improved the prediction for the terminal section but worsened the results for the village sec-
tion. This difference in results between both sections can be explained by the model’s imposed
conservation of sediment. Sediment eroded in front of the terminal gets deposited in front of
the villages. Because of this, the village section continuously grows, and the R-factor ampli-
fies this. Looking at the entire nourishment, the change in coastline is almost zero due to this
conservation. Therefore, the R-factor has almost no effect. These results provide a reason to
try a new approach. This approach differs from the earlier approach in two ways. The R-factor
is only applied to the terminal section, and the adjusted coastline is reintroduced back into
ShorelineS. These new results indicate that the inclusion of cross-shore redistribution slightly
improves the performance of ShorelineS, especially in front of the terminal. However, the con-
servation of sediment from the model still largely influences the results.

To conclude, measurement of Bacton Sandscaping revealed that cross-shore redistribution
has a big effect on the evolution of mega nourishment. However, the assumption that the error
in ShorelineS is solely due to the neglect of cross-shore redistribution might be premature.
Given that the model results show sediment retention, the model likely contains additional
limitations that contribute to its inaccuracy in representing reality. Nonetheless, despite the
retention of sediment by the model, the results do indicate that a slight improvement can be
made when including cross-shore redistribution using the R-factor.

7.2 Recommendations

The following recommendations can be made based on the key findings from the research.
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. To better understand what drives cross-shore redistribution, one could conduct more
research. Investigating multiple nourishments with different profiles could contribute to
finding a good relationship between forcing and equilibration. It is advised that should
one take measurements of nourishment on redistribution, to do this on a set interval. So,
it becomes possible to discover trends.

. One could also conduct some physical testing to find which parameters influence the
equilibration of the profile. This will all contribute to a wider understanding of the equili-
bration of a cross-shore profile.

. Future research should focus on alternative formulations of including cross-shore redis-
tribution into 1D coastline models. The discussion already mentions an additive relation-
ship, but more relationships could be possible

. A big limitation in this research was the inherent sediment retention of ShorelineS. To
overcome this problem, one could conduct more calibration of the model on the Bacton
sandscaping.

. Future research can be done on the effect of including cross-shore redistribution on the
results of ShorelineS or other 1D coastline models. As concluded, the assumption that
the error ShorelineS made with reality was due to the exclusion of cross-shore redistribu-
tion was premature. Therefore, it is interesting to see how big of an effect this inclusion
has on ShorelineS’s results.
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A Appendix: Hydrodynamic conditions

Hydrodynamic conditions between every measurement period.

Period 0
From 26 August 2019 (T0) to 19 October 2019 (T1).
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Figure 34: Time series of the hydrodynamic conditions Aug19-Oct19
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From 19 October 2019 (T1) to 21 February 2020 (T2).
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Figure 35: Time series of the hydrodynamic conditions Oct10-Feb20
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Period 2
From 21 February 2020 (T2) to 30 October 2020 (T3).
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Figure 36: Time series of the hydrodynamic conditions Feb20-Oct20

Period 3
From 30 October 2020 (T3) to 9 June 2021 (T4).
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Figure 37: Time series of the hydrodynamic conditions Oct20-Jun21
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Period 4

From 9 June 2021 to 17 (T4) 17 September 2021 (T5).
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Figure 38: Time series of the hydrodynamic conditions Jun21-Sep21

Period 5

From 17 September 2021 (T5) to 12 October 2022 (T6).
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Figure 39: Time series of the hydrodynamic conditions Sep21-Oct22
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Period 6
From 12 October 2022 (T6) to 2 May 2023 (T7).
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Figure 40: Time series of the hydrodynamic conditions Oct22-May23

Entire measurement period
From 26 August (T0) to 2 May 2023 (T7).
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Figure 41: Time series of the hydrodynamic conditions from Aug19-May23
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For the study of the morphological response of nourishment, RHDHV created wave roses
to visualize the wave climate in between survey periods. Not every period is present here since
this study did not cover the last two surveys. The wave roses are displaced in figure 42. In
a wave rose diagram, the solid black line depicts the coastline, while the dashed black line
represents a line perpendicular to the coast. Consequently, waves arriving at the coast at a
45-degree angle come almost directly from the north. The figure shows six wave roses, and
the first wave rose in the top left corner shows the wave climate between the period just after
construction and the first Shore survey (TO-T1). The last rose in the bottom right corner covers
the whole period between the completion and the fifth Shore survey (TO-T5).

Aug 2019 - Oct 2019 Oct 2019 - Feb 2020 Feb 2020 - Nov 2020
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Figure 42: Wave climate in the periods between surveys TO-T5 displayed as wave rose, from
[6]

Wave rose of visualizing the wave climate in the last two survey periods.
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Figure 43: Wave rose period 5 and 6
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B Appendix: Assessment of the coastline change

Plots showing the modeled coastline change (blue) together with the coastline change calcu-
lated based on volume change (orange) and change in the MSL contour measured (green).
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Figure 44: Modeled, Calculated and measured coastline change for every period
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C Appendix: ShorelineS simulations per survey period

This appendix presents the resulting MSL contours and simulated coastline changes from
ShorelineS runs where the model has been re-initialized at every survey instant, which means
that after the measurement instant, the measured MSL contour is used as initial coastline input
for the next simulated period. The first figure presents the resulting MSL contours from every
simulation, it visualizes what the starting point of the model is and how it is changed over this
period. Simultaneously, is present how the MSL contour changed according to measurements.
The second figure depicts the modeled coastline change, observed MSL contour shifts, and

calculated coastline change derived from volume variations across each period.
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Figure 46: Resulting MSL contours from the re-initialized ShorelineS simulations
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—— Modeled Coastline change T6-T7 [m]
—— Coastline change based on volume change T6-T7 [m]
—— Change in measured MSL contour T6-T7 [m]
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Figure 48: Resulting Modeled, Calculated and measured coastline change for every period for
the re-initialized ShorelineS simulations
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D Appendix: Calculation results equilibrium factor

These tables present the results for the calculations of the R-factor.
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E Appendix: Results for the adjusted coastline

This appendix displays the measured, modeled and adjusted coastlines in front of the village
and the entire nourishment for all seven instances.
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Figure 49: ShorelineS results vs Adjusted model runs village only
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Entire nourishment
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Figure 50: ShorelineS results vs Adjusted model runs village only
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F Appendix: Resulting coastline new approach

This appendix displays the measured, modeled and adjusted coastlines for the entire nourish-
ment for all seven instances according to the new approach.
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Figure 51: ShorelineS results of new approach
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