
EFFECT OF AN ARTIFICIAL OYSTER REEF ON WAVE
ATTENUATION

LUIS SIGEL



ii

EFFECT OF AN ARTIFICIAL OYSTER REEF ON WAVE
ATTENUATION

LUIS SIGEL

by

Luis Sigel

to obtain the degree of

Master of Science
in Civil Engineering

at the TU Delft University of Technology
to be defended publicly on the 26.08.2021

Student Nr: 5159148
Project duration Dec 2020 - Aug 2021
Thesis committee Dr. ir. B.C. van Prooijen TU Delft

Dr. M.F.S. Tissier TU Delft
Dr. ir. P.L.M. de Vet TU Delft
Dr. ir. M.A de Schipper TU Delft

An electronic version of this thesis is available at http://repository.tudelft.nl/.





ABSTRACT

An increasing amount of the worlds coastal regions suffer from structural erosion due to
anthropogenic influences. A prime example of this phenomenon is the Oosterschelde,
Netherlands, where the partial closure of an estuary lead to a decline of the local inter-
tidal flats, threatening the valuable functions they provide as an ecosystem and for shore
protection. A sustainable measure to slow down the decline is the usage of wave dis-
rupting oyster reefs, which reduce the wave energy on the flat, thus reducing erosion.
As of now, the conditionality and extend of the wave attenuation effect of such reefs is
still widely unknown. This is thwarting a more extensive usage of oyster reefs for erosion
management since the actual effects of such a reef are highly uncertain prior to con-
struction.

This thesis was designed to investigate and quantify wave attenuation capabilities of an
artificial oyster reef in a macrotidal environment, improving the understanding of the
impact of such structures on their physical environment. A wave analysis was carried
out on a reef using field data, allowing for the quantification of attenuation, the identifi-
cation of processes, a parameterization of the results and an insight on the predictability
of attenuation.

Extensive field data was acquired on seven locations on a transect over the investigated
reef, including pressure and velocity data. The reef was built using shell filled wire gabions
and is orientated perpendicular to the main wind direction. It has dimensions of approx-
imately 120 m length, 8 m width and 0.8 m height. The reef crest is located 0.5 m above
mean low water level and 2.3 m below mean high water level, being emerged approx-
imately 30 % of the time. Incoming waves are characterized by maximum significant
wave heights of 0.8 m and maximum mean periods of 3 seconds.

Wave attenuation was quantified by comparing the energy flux in front of (seaward)
and behind (shoreward) the reef under different hydrodynamic conditions. The con-
ditionality of attenuation was found to be best represented by the relative submergence
ds /Hm0,i , which represents the ratio of the freeboard on top of the reef and the incoming
wave height. Attenuation was found until a ds /Hm0,i ratio of approximately 4. Compared
to the bare tidal flat in front of the reef, the reef attenuated energy on average 18 times
more effectively per distance. The spatial footprint of the reef was found to vary strongly
with different ds /Hm0,i ratios, but being roughly of the same order of magnitude as the
reef length.

Reflection, overtopping, wave breaking and friction were identified as the main mech-
anisms behind energy attenuation. An attempt to parameterize these was done using
dimensionless numbers, which can be used to predict attenuation by using incoming
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wave, and reef characteristics. The determined processes were best represented by the
parameters ds /Hm0,i and L01/ds .

Three empirical relations describing wave attenuation over breakwaters were used to
investigate whether existing formulas can predict wave attenuation over the observed
oyster reef. The measured and calculated results show a strong correlation of R ∼ 0.9 but
need to be tuned to reach reasonable root mean square errors. This implies that such
existing formulas can be adjusted to represent oyster reefs, making them a possible tool
to predict oyster reef performance in the future.

The findings show that the present oyster reef is effective in attenuating waves and con-
tribute to the overall understanding of how oyster reefs can reduce erosion. A better
insight on the quantity of attenuation and the spatial footprint of the reef’s effects was
achieved. The footprint of the reef’s effect is hereby limited to an area close to it, mean-
ing that the reefs impact on erosion should not be overestimated. Such a reef should
thus rather be seen as a complementary measure against erosion, stabilising the local
area. As a next step, setting up a numerical model is recommended, where the wave at-
tenuation can be linked to actual erosion quantities. Quantitative research on additional
oyster gabions can further be used to refine existing empirical relations, creating some
predictability of transmission values over oyster reefs.
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1
INTRODUCTION

Coastal zones play an important role in today’s civilization with a growing population
located close to the ocean (Neumann et al. 2015, Hallegatte et al. 2013) and an immense
importance for the world’s economy (WorldBank 2021). At the same time, coastal re-
gions have enormous ecological value and contribute to an estimated 38 % of the worlds
ecosystem services (Costanza et al. 1998). However, increasing human-induced pres-
sure on coastal regions and poor local governance structures have led to a decline of
coastal ecosystems as well as of their attributed ecosystem services (Aguilera et al. 2020).
Additionally, Climate change and Sea level rise put further strain on the world’s coastal
regions (Gornitz 1991). As a result, an increasing amount of the world’s coasts are cur-
rently affected or threatened by coastal erosion (Zhu et al. 2010, Ysebaert et al. 2019), ex-
pecting to reach unmanageable conditions in the near future (Shi and Kasperson 2015).
The usual response to combat these problems is the implementation of conventional
structures such as breakwaters, sea walls or revetments, characterised as hard structures.
Such structures have received increasing criticism in the past decade, however, due to
their expensive and laborious maintenance requirements (Temmerman et al. 2013) and
their negative impacts on the adjacent ecosystem such as loss of habitat, reduction of
water quality and increased scour (Currin 2019). Furthermore, hardened structures can
reduce the capability of shorelines to naturally keep up with sea-level rise, leading to
the drowning of the low lying intertidal ecosystems (Currin 2019, Temmerman et al.
2013). As a response to these drawbacks of conventional solutions, new, ecosystem-
based strategies have been brought into practice in recent years.
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2 1. INTRODUCTION

An ecosystem-based coastal defence approach aims to create, restore or maintain a coastal
ecosystem that delivers ecosystem services like flood or erosion protection (Salvador
de Paiva et al. 2018). Additionally, an ecosystem-based flood and erosion defence of-
fers many other benefits compared to conventional approaches, such as water filtra-
tion, carbon sequestration, fishing nurseries and recreational space (Temmerman et
al. 2013). Typically the approach is introducing one or several ecosystem engineering
species, which are capable of modulating the availability of resources in its surroundings
by changing the physical state of biotic or abiotic material (Jones et al. 1994). Interesting
for coastal defence are hereby species whose temporal and spatial scale of influence are
much larger than the temporal and spatial scale they occupy themselves, examples be-
ing oyster reefs, seagrass or salt marshes (Borsje et al. 2011). Such species can contribute
to coastal defence by trapping sediment and attenuating waves (Borsje et al. 2011, Tem-
merman et al. 2013). The basic principle is hereby visualised in figure 1.1. In comparison
to conventional methods, an ecosystem-based defence can offer an equal or superior so-
lution considering sustainability, adaptability to climate change and cost-effectiveness,
if certain conditions are met (Borsje et al. 2011, Temmerman et al. 2013, Vriend et al.
2014).

Figure 1.1: Principle of ecosystem services provided by reef structures. Taken from Ysebaert et al. 2019

1.1. RESEARCH AIM
Many of the intertidal flats located in the Netherlands suffer from structural erosion due
to human interventions. As part of a prevention scheme, the Dutch government wants
to implement ecosystem-based solutions to protect its coastal areas. A focus is hereby
set on the reduction of the wave energy on top of the reef, which can be directly linked
to erosion due to waves ability to stir up sediment. Fitting to the dutch coastal ecosys-
tem, the restoration of previously lost oyster populations is envisaged, bringing back the
wave disrupting ecosystem service they provide. As part of this strategy, several artificial
oyster reefs were built for research purposes in the Oosterschelde, Netherlands, using
wire gabions as a recruitment base (see figure 1.2). The research aim of this thesis is to
increase the knowledge of the processes involved in wave attenuation over such reefs,
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thus creating some predictability of the impacts on the environment. This can then give
further insights into the potential usages of oyster reefs at other locations.

Figure 1.2: Artificial oyster reef built on an intertidal flat. Photo taken during emergence at low tide.

1.2. PROBLEM STATEMENT
The effectiveness of oyster reefs in reducing coastal erosion was observed in many stud-
ies (Scyphers et al. 2011, Ysebaert et al. 2019, Wiberg et al. 2018 ). However, literature is
having difficulties in quantifying the effects of oyster reefs, with observations often vary-
ing significantly at different sites. This makes decision makers reluctant to push oyster
reef projects forward, since the conditions required for a successful implementation are
still widely unknown. This can be traced back to a lack of knowledge of the wave atten-
uation processes over oyster reefs. The existing research approaching this lack of knowl-
edge, was predominantly done in scaled laboratory experiments. Field experiments on
the other hand are scarce and are mainly conducted in the microtidal environment of
the US coasts in the Gulf of Mexico. Additionally, the research is distributed among many
oyster reef structure types, whose geometry can vary substantially. For the structure type
observed in this study, oysters recruited on a shell filled gabion, as well as for the present
macrotidal environment, no extensive field or laboratory data was collected so far.

At the study tidal flat, reduced erosion has been observed (Walles, Salvador de Paiva,
et al. 2014). However, no formal link to wave attenuation by the present oyster reef has
been drawn yet. An attempt to quantify wave attenuation has been made after construc-
tion in 2010 (cite) but is lacking validity because of a lack of oyster recruitment, a short
measurement period and faulty data.
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To quantify wave attenuation over the reef, wave data in the form of pressure measure-
ments has to be collected. However, the study site is characterised by a macrotidal and
low energy environment. In such conditions, it can prove difficult to obtain reliable wave
data from pressure measurements. Thus steps have to be taken to ensure an adequate
data quality

1.3. RESEARCH QUESTION AND OBJECTIVES
In concordance with the research aim, the following research question is explored in this
thesis.

• How effectively can an artificial gabion oyster reef contribute to erosion preven-
tion on a macrotidal flat by attenuating waves?

In the process of answering this question, several research objectives are explored. Ob-
jectives 1, 2 and 3 discuss the main objective of this thesis, regarding the quantifica-
tion and predictability of the reef’s effects. Additionally, two sub-questions are explored
which cover important information needed to fulfil the objectives. These two questions
are presented in section 1.4, which indicates the approach. The research objectives are:

1. Obtain a comprehensive and extensive data set with measurements of wave char-
acteristics at the observed oyster reef.

2. Quantify the wave attenuation and identify the processes which govern the modi-
fication of waves over the observed oyster reef.

3. Parameterize the effect of the modification of the wave field by the oyster reef and
investigate potential predictability.

1.4. APPROACH
The aforementioned objectives are approached by conducting extensive field measure-
ments at the study site in the Oosterschelde, Netherlands. The resulting data is pro-
cessed using the Matlab environment. Wave data is derived using spectral analysis,
which is then used to describe wave attenuation over the oyster reef. The results are then
conceptualised and compared to literature. Finally, an attempt to predict the results us-
ing existing empirical formulations is made. Apart from the three mentioned objectives,
two side questions are covered in detail. These were deemed necessary as background
knowledge on the research site and the measurement method.

A What are the insights on the morphological and hydrodynamic conditions at the
research site?

a What are the erosional trends on the tidal flat and what is the cause of this?

b What hydrodynamic forcing can be expected around the research site?

B How do pressure sensors cope in the present macrotidal, low energy environment?
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a How can the collected data set be filtered to avoid unrealistic amplifications
of short waves in the high frequency range?

b During what conditions can the instruments be expected to deliver reliable
results?

The thesis outline is summarized in figure 1.3
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Figure 1.3: Thesis structure



2
BACKGROUND

To understand the background of the usage of oyster reefs for coastal protection, a liter-
ature review is presented. First a brief overview about oysters as ecosystem engineers is
given, highlighting the advantages of healthy oyster populations in coastal regions. Then
the principle of wave attenuation by structures is explained, showing how oyster reefs
can reduce wave energy. Third, existing empirical relations describing wave attenuation
over submerged breakwaters are laid out. These can be used to investigate if empirical
breakwater relations can produce reliable predictions for oyster reefs as well. And lastly,
the current literature on wave attenuation over oyster reefs is summarised.

2.1. OYSTERS AS ECOSYSTEM ENGINEERS

Oysters used to be a widely common species in many of the world’s estuaries, supporting
local economies and dominating local ecology (Kirby 2004). Anthropogenic influence
however lead to an estimated global loss of 85 % of oyster reef ecosystems compared
to historic conditions, with coastal regions in Europe struck especially hard (Beck et al.
2011). This decline led to negative impacts on the local ecosystem and communities,
because of the many ecosystem services that oyster reefs provide. Oyster reefs act as an
important habitat for many species, increasing biodiversity and leading to positive ef-
fects on recreational fisheries (Fisheries 2020, Scyphers et al. 2011, Borsje et al. 2011).
Oysters are furthermore filter feeders that extract phytoplankton, algae, and both or-
ganic and anorganic particles, reducing turbidity in the process ( Coen et al. 2007) and
actively combating eutrophication (Wall et al. 2011). Located on intertidal areas Oyster
reefs can also effectively reduce erosion and facilitate sedimentation (Borsje et al. 2011,
Scyphers et al. 2011, Walles, Salvador de Paiva, et al. 2014). They do this by building three
dimensional, complex structures, making them natural submerged breakwaters, which
potentially attenuate waves and lead to less wave attack on their lee side(Wiberg et al.
2018). Another valuable characteristic of oyster reefs is their capability of responding to
changes in abiotic conditions. This enables them to naturally grow with sea-level rise,
resist drowning due to subsidence and self-repair after storm events(Walles, Mann, et al.
2015, Rodriguez et al. 2014).
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2.2. WAVE TRANSMISSION OVER SUBMERGED BREAKWATERS
Oyster reefs are inhomogeneous and constantly changing systems. Yet their base geom-
etry does resemble that of a classical breakwater. In literature, oyster reefs are thus often
characterised as low crested, or submerged breakwaters (Ysebaert et al. 2019). Conse-
quently, the theory regarding wave transmission over breakwaters is expected to have
some relevance for the wave disrupting effects of oyster reefs. Some well known empir-
ical relations regarding wave transmission are thus presented in this chapter. Later on,
these formulations will be used in an attempt to predict the reef wave transmission.

2.2.1. TRANSMISSION
Breakwaters are an effective way of protecting coastal regions against severe wave at-
tacks. The classical breakwater known from ports and marinas is hereby emerged, aim-
ing for a near-complete removal of wave energy. But when some wave transmission is
allowed or even desired, submerged breakwaters can be employed, removing only part
of the wave energy. The amount of transmitted energy is hereby most often presented in
the form of the transmission coefficient Kt , which is calculated using the incident, and
the transmitted wave height, Hi and Ht respectively:

Kt = Ht

Hi
(2.1)

This transmission coefficient can be written as the function of a variety of incident wave
and structure variables (Seabrook and Hall 1998):

Ht = f (ρ, g ,µ,d50,n, Hi ,L,ds ,α,B ,hs ,d) (2.2)

Where ρ is the water density, g the gravitational acceleration, µ the dynamic fluid viscos-
ity and n the porosity. The other parameters are defined in figure 2.1, which also shows
the typical geometry of a submerged breakwater.

Figure 2.1: Definition plot for submerged breakwaters

These parameters can then be brought into a large variety of dimensionless forms, ex-
amples being:
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Kt = f (
ds

Hi
,

B

Hi
,

L

Hi
,

hs

Hi
,

d50

Hi
) (2.3)

Such dimensionless numbers are used to describe the different relevant processes in
wave transmission over breakwaters and are found in most empirical relations.

2.2.2. EMPIRICAL RELATIONS
A variety of empirical relations describing wave transmission over submerged breakwa-
ters exist. Some of the most relevant and recent are: Van der Meer et al. 2005, Seabrook
and Hall 1998 and Srineash and Murali 2019, which are presented in this section. All au-
thors hereby use dimensionless numbers to parameterize the relevant processes in wave
attenuation over a breakwater. Seabrook and Hall 1998 extensively describes this process
and explains his usage of dimensionless numbers and which processes they represent.
Before presenting all three formulations, Seabrook and Hall 1998s description of dimen-
sionless parameters is briefly summarized since it can serve as a base understanding of
parameterization of wave attenuation processes over a submerged structure.

Seabrook and Hall 1998 identified four processes as relevant for wave attenuation over
breakwaters. The processes and the dimensionless parameters he linked to these are
described as follows:

• ds /Hm0,i is described as the most important parameter regarding wave transmis-
sion. It describes the relative submergence of the structure and represents structure-
induced wave breaking. Low values of this parameter come with low transmis-
sion coefficients since most or all waves break over the structure. At increasing
ds /Hm0,i values, the influence of this parameter on Kt decreases, since a lower
portion of the incident waves breaks over the structure.

• For a very low relative submergence, under wave breaking conditions, overtopping
is expected to become an important process. The transmission hereby depends on
the potential of waves overtopping the structure. As a representative parameter
describing this, the relative crest width, Hi ,m0/B is used.

• Because of the typically rough surface, some energy is expected to dissipate due
to friction. Seabrook and Hall 1998 relates this process to the Darcy-Weisbach
expression for head loss, resulting in a representative dimensionless number of
(ds ∗Hm0)/(B ∗D50a), where D50a is the nominal diameter of the armor rock.

• Lastly, flow within the structure leads to energy dissipation. This is related to the
porosity of the armour layer, the wavelength reaching the structure crest and the
geometry of the structure. The dimensionless parameter representing this is given
as (B ∗ds )/(L∗D50a).

SEABROK AND HALL FORMULATIONS

Seabrook and Hall 1998 conducted extensive 2D and 3D measurements in a laboratory
on submerged rubble mound structures. The experiment consisted of a multitude of
tests, with varying crest width, relative submergence and wave characteristics.



2

10 2. BACKGROUND

The suggested formula for wave attenuation reads:

Kt = 1− (e
−0.65∗ ds

Hm0,i
−1.09∗ Hm0,i

B +0.047∗ (
B

L
∗ ds

D50a
)−0.067∗ (

ds

B
∗ Hm0,i

D50a
)) (2.4)

Where the interpretation of the used dimensionless numbers was already given. The
formula is not applicable in the case of an unusually wide, or narrow structure width B,
where the equation does become unbound, resulting in unrealistic values of the trans-
mission coefficient. Seabrook and Hall 1998 thus recommends only to apply the equa-
tion within the following bounds:

0 ≤ B ∗ds

L∗D50a
≤ 7.08 0 ≤ ds ∗Hm0,i

B ∗D50a
≤ 2.14 (2.5)

The authors identified that the transmission coefficient is most sensitive to changes in
the depth of submergence ds , incident wave height Hm0,i and structure crest width B. In
terms of dimensionless numbers, they name ds /Hm0,i , representing wave breaking, as
most important. The conducted 3D tests concluded that incident wave angle plays little
to no role and is thus not included in the formula. It should be noted that contrary to the
Van der Meer et al. 2005 relations the Seabrook and Hall 1998 formulas can only be used
for fully submerged rubble mound breakwaters.

VAN DER MEER FORMULATIONS

Van der Meer et al. 2005 developed several well known empirical relations for low crested
structures. His work is a continuation on Van der Meer and Daemen 1994 and d’Angremond
et al. 1996 and is based on using an extensive database collected about rubble mound
structures. Structure crest width is determined as the most crucial parameter for accu-
racy in the developed relation. Ultimately two formulas for different relative crest widths
(B/Hs,i ) are proposed (Van der Meer et al. 2005).

For B/Hs,i < 8 Kt =−0.4∗ ds

Hs,i
+0.64∗ (

B

Hs,i
)−0.31 ∗ (1−e−0.5∗ξop ) (2.6)

For B/Hs,i > 12 Kt =−0.35∗ ds

Hs,i
+0.51∗ (

B

Hs,i
)−0.65 ∗ (1−e−0.41∗ξop ) (2.7)

Where ds is defined positive downward from the breakwater crest and ξop is defined as
the breaker parameter, which indicates wave breaking and is defined using the slope an-
gle α and the wave steepness:

ξop = t an(α)√
2∗π∗ Hi ,m0

g∗T 2
p

(2.8)

In between the range of 8 < B/Hs,i < 12 the Van der Meer et al. 2005 formulas are not
defined and it is suggested to linearly interpolate for this region. As limits for the appli-
cability of the formulas, Van der Meer et al. 2005 suggests a constant value of Kt = 0.05 for
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the lower limit, while describing the upper limit with a linear dependency on the relative
crest width B/Hs,i :

Ktu =−0.006∗ B

Hs,i
+0.93 (2.9)

Van der Meer et al. 2005 also looked at 3D experimental data, where he found no signif-
icant differences between waves approaching the breakwater obliquely or normal inci-
dent. Thus he concluded that the angle of incidence is of no importance for wave trans-
mission.

SRINEASH AND MURALI FORMULATIONS

A rather recently developed relation regarding porous submerged breakwaters is de-
scribed in Srineash and Murali 2019. In this study, empirical relations for transmission
coefficient (Kt ) and reflection coefficient (Kr ) were designed via scaled physical mod-
elling in a wave flume. The set-up was varied in crest width, depth of submergence and
wave forcing (Srineash and Murali 2019). The authors proposed both relations for regu-
lar and irregular waves. The formula for irregular waves are given below:

Kt ,m0 = 8.6∗ (0.71∗ B
Lp ,i ∗ ds

Hm0,i
)0.109 −0.1∗ (0.71∗ ds

Hm0,i
)1.04 −3.5( d

Lp,i
)0.8−

4.45∗ (0.71∗ B
Hm0,i

)0.1 +1.17(1− ds
d )4.43 −1.5( B

Lp,i
)0.46 (2.10)

Kr,m0 = 3.4∗(0.71∗ B

Lp,i
∗ ds

Hm0,i
)−0.024−4.3∗(

d

Lp,i
)0.05+0.29∗(

B

Lp,i
)0.85+0.44∗(

ds

Hm0,i
)1.04

(2.11)
The applicability of the equations is suggested to be within a d/L range of 0.06–0.20 and
a ds /H range of 0.3–5.2, where d is defined as the water depth at the toe of the structure.
The paper only mentions the bounds for regular waves, not for random waves. The re-
lation for wave attenuation was compared to Van der Meer et al. 2005 and Seabrook and
Hall 1998 and shows close proximity for conditions with smaller relative crest width but
deviates for higher relative crest widths.

COMPARISON FORMULATIONS

All formulations were developed on typical trapezoidal breakwaters in flume experi-
ments with random waves. Van der Meer et al. 2005 included the largest database by
using data from more than 2300 tests. His formulation thus includes a larger variety of
test setups. Both Van der Meer et al. 2005 and Seabrook and Hall 1998 based their for-
mulations on tests including a wide sandy foreshore, leading to breaking not just on top,
but also in front of the structure. Srineash and Murali 2019 does not mention if breaking
occurs before the structure.

Only Seabrook and Hall 1998 gives a detailed description of how the processes of wave
attenuation are represented in the used dimensionless numbers. The only parameter
clearly defined in all formulations is ds /Hm0,i , representing wave breaking and defined
as the most important parameters by all authors. Using the Seabrook and Hall 1998 def-
inition of the representation of dimensionless numbers, also the process of overtopping
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is represented in all formulations due to the parameter Hi ,m0/B , or an inverse of it. The
nominal diameter of the the armor rock Dn50,a , which Seabrook and Hall 1998 uses to
represent friction and flow within the structure are not present in the Van der Meer et
al. 2005 or Srineash and Murali 2019 formulations. This means that their results are in-
dependent of the surface roughness and porosity of the structure. Van der Meer et al.
2005 incorporates the Iribarren number ξ, including information about the wave steep-
ness and the breakwater angle α. This allows further information about the breaking
capabilities of the incoming waves. Srineash and Murali 2019 incorporates several other
dimensionless parameters, such as a different form of the relative width B/Lp . However,
the processes which the author attributes to the used dimensionless numbers are not
apparent from the paper.
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2.3. WAVE ATTENUATION BY OYSTER REEFS
Oyster reefs offer a multitude of ecosystem services. Of special interest for coastal engi-
neers are hereby their wave attenuation capabilities in coastal regions. To use this prop-
erty, oysters have to be recruited at the location of interest. The conditions required for
a healthy oyster reef to develop are out of the scope of this thesis but are described e.g.
in Walles, Troost, et al. 2016. The used recruitment structures or substrate, however, are
of interest since the existing shapes vary significantly which influences the performance
of the oyster reefs in wave attenuation. Fundamental is hereby the provision of a hard
substrate on which the oyster larvae can settle, and grow on. Often used techniques are
the usage of concrete blocks, called oyster castles, or steel wire gabions, which are filled
with substrate like shells. It should be noted that the used structures themselves already
resemble breakwaters. The recruitment of oysters however can lead to an increase in
surface roughness, and both vertical and horizontal growth, changing the geometry of
the structure. Some used methods are visualised in figure 2.2.

Figure 2.2: Different artificial oyster reef structures in practice. tl: shell gabions used in the Nether-
lands (ecoshape.org), tr: OysterBreak™ (Wayfarer Environmental Technologies), bl: The Oyster Cas-
tle®(alliedconcrete.com), br: Oyster Reef Ball (reefinnovations.com)

The performance of such artificial oyster reefs in attenuating waves and reducing erosion
was investigated in many field or laboratory tests, mainly in the USA. Most field studies
focus hereby on the quantification of the erosion, with only a few studies investigating
wave attenuation directly. The most relevant results found in literature are summarised
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below.

Webb and Allen 2015 conducted scaled laboratory experiments using two types of ar-
tificial reef structures, namely triangular oyster gabions (ReefBLK) and concrete wave
transmission frustums (WTFs), which are lines of pyramid-shaped oyster castles, inves-
tigating their wave attenuation capabilities. The tests were done with the structures only,
having no oyster cover. Both structure types had a height of 0.3 m in the test, with a test
scale of 1:5 for the WTFs and a scale of 1:2 for the Reef BLK. The results show a strong
inverse relationship between the transmission coefficient Kt and the dimensionless pa-
rameter hs /d , representing relative submergence or emergence, for both types. Addi-
tionally, the non-dimensionless length B/Li is shown to play a secondary role. However,
the influence of the wavelength on the wave transmission was found to be opposite for
the two structure types, with a positive correlation between Kt and B/Li for ReefBLK and
a negative correlation for WTFs. An explanation was not given for this phenomenon. Kt

values of lower than 0.5 only appear if the structure crest is above still water level, of
which the conclusion was drawn that such structures are little effective if built-in sub-
tidal environments. The authors compared the measurement results to the empirical
formulations of Van der Meer et al. 2005, showing poor concordance. They attribute this
to the shapes of the used oyster castles, which do not resemble a classical breakwater,
which the Van der Meer et al. 2005 formulations are based on.

Wiberg et al. 2018 examined wave dissipation over four restored intertidal oyster reefs,
constructed using different reef structure types in Ramshorn Bay, Virginia, USA. Three
of the observed oyster reefs were constructed using a type of oyster castle, but one reef
resembles the structure observed in this thesis. This reef was built with crushed whelk
shells, showing gently sloping sides, a mean crest height of 0.7 m and a reef width of 3-
5m. The reef is emerged 25 % of the time and the mean tidal range in the bay is 1.2-1.3
m. Mean incident wave height was recorded as Hs = 0.03 m while the maximum mea-
sured incident wave height was Hs = 0.38 m. The study quantified wave attenuation for
this reef; for water depths between 0.5-1.0 m, waves attenuated by 48 ± 7 % , between
1.0-1.5 m by 20 ± 4% and for water depths higher 1.5 by 8 ± 4%. The authors concluded
that the oyster reef proved effective in reducing wave energy in smaller, more frequent
storms when the freeboard was below 0.75m. During larger storm events, however, when
a storm surge increases the water depth, the reef proved less effective.

Chauvin 2018 conducted field experiments at 4 different locations with different con-
crete oyster castle types in Eloi Bay, Lousiana USA. The smallest observed structure had
dimensions of 0.32 m in height and 2.6 m in width, while the largest structure had di-
mensions of 0.59 m in height and 4 m in width. The study area is characterised by a
microtidal, and low energy environment, with a mean tidal range of 0.3 m and maxi-
mum recorded wave heights of 0.45 m. All four structure crests are located above mean
sea level (MSL), with two structure crests located higher than mean higher high wa-
ter (MHHW), only being fully submerged during some spring tides and extreme storm
events. At the time of the study, all structures showed medium to no oyster recruitment.
Chauvin 2018 quantified the wave attenuation by grouping the wave conditions into wa-
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ter elevation ranges of 0.5 ft and relating the incident and transmitted wave heights with
linear regression. He found significant wave height reductions for all four reefs during
all observed conditions. Maximum mean transmission coefficients at the highest wa-
ter elevation group were about Kt = 0.6 for the lower two reefs which had a maximum
freeboard of 15 cm. For the highest reef with near-permanent emergence, the maximum
transmission coefficient was Kt = 0.4.

Other researches did not measure wave dissipation directly, but rather an oyster reef’s
effect on erosion on adjacent tidal flats or marshes. Scyphers et al. 2011 found reduced
shoreline retreat of up to 40 % for artificial constructed oyster breakwater reefs. La Peyre
2017 analysed marsh retreat at seven independent oyster reef restoration projects and
found a lower retreat at all locations compared to reference transects. Moody et al. 2013
assessed shoreline loss at three different locations between 2009 and 2011. Artificial oys-
ter reefs were established at each site and the adjacent marsh erosion compared to con-
trol sites. The authors found a significant reduction in shoreline loss for all three sites.
They furthermore suggest that the effect of oyster reefs increases until it reaches matu-
rity. Walles, Salvador de Paiva, et al. 2014 measured flat elevations around eleven natural
oyster reefs to assess their effect on erosion. Behind all reefs, an elevation of >5 cm com-
pared to adjacent areas could be measured. The affected area was determined to be of
the same order of magnitude as the area of the oyster reef itself.

2.3.1. REFLECTION ON LITERATURE AND RELEVANCE FOR STUDY
In general, literature seems to show that oyster reefs are effective in reducing erosion,
but can only stop retreat in few cases. This means that next to oyster reefs also other
mitigation strategies have to be considered if structural erosion is to be halted. It should
however be noted that most field research about oyster reefs is conducted in the US part
of the Gulf of Mexico, where the tidal range is typically low (as in experiments of Chauvin
2018, Scyphers et al. 2011 and La Peyre 2017). Furthermore, concrete oyster castles seem
to be the preferred recruitment structure in most studies. These often exhibit an irregular
shape with gaps in between (see Oyster reef ball in figure 2.2), showing less resemblance
to typical breakwaters than e.g. gabion oyster breakwaters which are used in this study.
For these reasons, a comparison of the existing literature with oyster reef effects in a
macrotidal environment and with different reef-building mechanisms should be made
with care.
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The oyster reef of interest is located in the Oosterschelde, Netherlands. In the following,
a quick overview of the study area, present oyster populations and known tidal and wave
forcing is given. Furthermore, information on the erosional trend, including newly ac-
quired transect data is presented. Overall this section will answer question A defined in
section 1.4.

3.1. OOSTERSCHELDE
The Oosterschelde is a macro tidal, semi-diurnal estuary located in the region of Zee-
land, south of the Netherlands (see figure 3.2). In 1986 the estuary was semi-closed off
as part of the Delta Plan, which was established after severe flooding in 1953. This turned
the Oosterschelde into a 351 km2 large tidal basin including 118 km2 of tidal flats (Nien-
huis and Smaal 1994). Under normal, low energy conditions, the barrier only semi closes
off the basin, allowing for tidal flow through it. Only during storm conditions do the
gates shut and create a fully closed basin (Bosboom and Stive 2015). The structure it-
self, however, permanently reduced the cross-sectional area at the mouth of the basin,
changing the hydrodynamics by decreasing the tidal prism, the tidal range and the tidal
currents(Bosboom and Stive 2015, Walles, Salvador de Paiva, et al. 2014). An overview of
the current tidal range and flow velocities is given in figure 3.1.

Figure 3.1: Tidal range (MHW-MLW) and depth averaged flow velocities in the Oosterschelde and Wester-
schelde. Derived from 1 month Deflt3D models. Study site is marked with a red circle. (Figure taken from: de
Vet et al. 2017)
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There is little freshwater inflow into the estuary, leading to high salinity of generally >
30 PSU (Troost 2009). Because of the reduced tidal prism and flow, the Oosterschelde is
currently not in morphological equilibrium (Walles, Salvador de Paiva, et al. 2014). The
channels are too deep and wide for the present flow characteristics and are consequently
filling up with sediment eroding from the adjacent tidal flats (Walles, Salvador de Paiva,
et al. 2014, Vriend et al. 2014). This has lead to structural erosion of the tidal flats with
average erosion rates of 1 cm/y in height and a predicted 50 % area loss till 2100 (Yse-
baert et al. 2019). With the disappearance of the tidal flats, also valuable services like
wave dissipation or habitat function are at risk. As a response, the dutch directorate for
public works and water management, Rijkwaterstaat, is investigating the usage of oyster
reefs and sediment nourishments to conserve the tidal flats.

Figure 3.2: Map of Zeeland and the Oosterschelde. (Google Earth Pro 7.3.3 2020)

Originally, the native European flat oyster Ostrea Edulis was the dominant oyster species
in the Oosterschelde. However, this changed in the aftermath of a mass mortality event
in 1963 (Drinkward 1998). To find more robust alternatives, the local fishers introduced
a new species in 1964, the Crassostrea gigas (or pacific oyster), originating from British
Columbia (Drinkward 1998). Soon after, also natural recruitment was recorded (Drinkward
1998), after which C. giga spread rapidly throughout the estuary (Walles, Salvador de
Paiva, et al. 2014), quickly making it the dominant species in the region. The unexpected
success of the invasive species in naturally spreading across the coast can be traced back
to a lack of natural predators and low vulnerability to disease and parasites compared to
the native counterpart (Troost 2009). Most of the new, naturally built reefs, are further-
more not fished and are largely left undisturbed (Kater and Baars 2004), leading to the
existence of stable reefs with well over 30 years of lifetime (Walles, Mann, et al. 2015).
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As of 2005 close to 7 % ( 8 km2) of intertidal areas were covered by oysters, showing an
increasing trend (Smaal et al. 2009, Kater and Baars 2004).

3.2. REEF AT THE VIANE TIDAL FLAT
Within the framework of the ’Biobouwers project’ and the ’Building with Nature’ pro-
gram, the concept of artificial shellfish reefs for erosion management was first researched
in the Netherlands (ecoshape 2021). After some small scale pilots in 2009, 3 large scale
artificial oyster reefs were constructed on eroding intertidal flats, using C. gigas in the
Oosterschelde in 2010, two at the intertidal flat of Viane (VianeEast and VianeWest) and
one at De Val (Walles, Troost, et al. 2016). The reefs were constructed using 25 cm high
steel wire gabions, which were filled with dead oyster shells on which oyster spat could
attach (Ysebaert et al. 2019). Of the three reefs, only the reef VianeWest developed into
a fully self-sustaining and growing reef, while VianeEast is showing no live oysters and
De Val is suffering from low recruitment, which is likely the result of a too long immer-
sion time (Walles, Troost, et al. 2016). To capture the effect of live oysters, the measure-
ments for this thesis were thus only conducted at the reef VianeWest, which is located at
51°36’38.64"N, 4° 1’26.44"E, as shown in figure 3.3.

Figure 3.3: Study-area in the Oosterschelde basin, Netherlands: VianeWest. (Google Earth Pro 7.3.3 2020)

After construction, the reef dimensions were initially defined by the used shell filled
gabions. These built a reef measuring 204 m in length, 8 m in width and 0.25 m in height
(Walles, Troost, et al. 2016). However, oyster growth changed the width and the height
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of the structure, with the new dimensions determined in a reef survey, laid out in sec-
tion 3.2.2. The orientation of the reef was defined in WNW / ESE direction, with a 20
° tilt compared to WE direction (see figure 3.3) (Walles, Troost, et al. 2016). This orien-
tates the reef perpendicular to the dominant wind direction, which approaches the reef
from SSW. In relation to the mean sea level (MSL) the reef is located at 0.96 ± 0.03 m MSL,
leading to an average emersion time per low tide of 23 ± 1.5 % (Walles, Troost, et al. 2016).

The reef can generally be characterised as healthy, with sufficient oyster recruitment to
self sustain it (Walles, Troost, et al. 2016). The oysters on the reef have lengths of ∼ 10 cm
(Walles, Troost, et al. 2016, own observations), with large specimens reaching over 20 cm
of length (own observations). The density of the oyster population varies over the width
of the reef. At the front of the reef, on a width of about 4 meters, the oyster population
is built very densely. After 4 meters, areas with no oyster growth exist at some parts
of the reef. At some locations, the reef furthermore expanded its width considerably
landwards. These locations are generally characterised by a lower elevation than the
front part of the reef and by a less dense oyster population (see figure 3.4).

Figure 3.4: Oyster reef Viane West. Visible is continuous dense oyster growth on the first 4 meters and areas
with no growth behind. (Picture taken on 03.02.2021)

Statistical wind data was obtained from the station at Stavenisee. Wind direction is com-
ing predominately from SW direction (figure3.5). Since the flat is in an enclosed bay, only
locally generated wind waves are to be expected, which is why the wind likely aligns with
the dominant wave direction. The fetch in this direction is relatively small at 2.5 km.
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Figure 3.5: Windrose at Stavinesse Climate Stavenisse 2021
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3.2.1. EROSIONAL TREND
After the Delta Plan changed the hydrodynamics of the Oosterschelde, the adjacent in-
tertidal flats in the basin started to erode. To keep track of the erosion quantities, the
dutch Directorate for Public Works and Water Management, Rijkwaterstaat, started col-
lecting elevation data of the intertidal flats. Such data is important to assess the cur-
rent erosional trend of the flat, which can be used to indicate the effect of counter mea-
surements and the potential necessity of further action. For the present intertidal flat
Viane, such transect measurement were collected from 1988 to 2021 (see figure 3.6).
These show elevation losses of up to one meter since 1988. While erosion can still be
observed on the entirety of the transect, erosion did slow down, currently reaching val-
ues of around 1 to 3 cm/y on the shown transect.

Figure 3.6: Transect Data intertidal flat at Viane. The oyster reef is located at x = 0 m (see circle). Transect data
was collected yearly with gaps only in between 2003 -2008 and 2017-2021. ((l)de Vet et al. 2017, Rijkwaterstaat
2021, (r) Google Earth Pro 7.3.3 2020)

Only the elevation data in between x = -50-200 m is directly influenced by the oyster reef
since this section is located directly behind the reef. After the construction of the reef in
2010, a reduction of the erosional trend in this area can be seen compared to the area at x
= 200 - 350 m, which showed equal erosion rates prior to 2010. This indicates a reducing
effect of the oyster reef directly behind it. However, also other effects may play a role and
further investigation of the actual contribution of the reef to this effect is not within the
scope of this thesis.
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3.2.2. REEF SURVEY
To get a better idea of the current dimensions of the reef, new GPS measurements on
several transects were conducted (see figure 3.7). These transects capture the variabil-
ity of the reef crest height over its length and width differences due to irregular oyster
growth.

Figure 3.7: Reef-transects taken during measurement campaign.(tl) location of taken transects,(tr) reef-normal
transects, (b) longitudinal elevation

On the measurement transect, the reef exhibits a width of approximately 20 m and a
crest height hs of 0.8 m compared to the bed in front of the reef. The crest height is
hereby measured until the tip of the oysters which covers the structure. However, the
transects show that the spacial reef dimensions are quite inhomogeneous and change
substantially. Crest height differences can reach up to 0.2 meters over the reef length,
while the reef width varies from about 8 m, which was the original oyster gabion width,
to 20m. Wave approaching the reef on an angle might thus experience different reef
dimensions. It is furthermore visible, that the elevation of the reef varies significantly
over its width, with the highest crest elevation only present over a small width at the
front of the reef. Towards the back of the reef, the elevation reduces quickly, reaching
about only half of the highest crest elevation.
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3.2.3. PAST DATA SETS
Within the context of the Emergo 2021 project, long term pressure data was collected in
front of the reef in 2017. Wave characteristics are thus known in front of the reef and
summarized in figure 3.8. Since the tidal flat is located in an enclosed area no swell
energy is measurable as shown in the sample 10 minute spectrum above. Furthermore,
a maximum Hs /d ratio of approximately 0.42 can be estimated from the data, which can
likely be lead back to wave breaking. Significant wave heights do not exceed 1 m and
maximum peak periods are around 5.5 s.

Figure 3.8: Past wave data set at Viane. Collected at at 51.61073, 4.02300: (tl) Hs /d ratio; (tr)typical 10 minute
spectrum at energetic conditions (Hs = 53 cm / Tp = 3.4 s); (bl) typical tidal characteristic; (br) wave character-
istics de Vet 2020

Shortly after the oyster reefs at Viane were constructed in 2010 and before oysters could
settle an intensive measurement campaign including pressure sensors, ADCPs, OBSs
and LISST instruments was conducted by Deltares. The resulting data was analysed and
processed within a master thesis (Dorsch 2012). For the reef at Viane west, a regime plot
was created showing the conditionality of wave attenuation over the reef (figure 3.9)
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Figure 3.9: Conditionality of wave attenuation. Measured over the oyster gabion VianeWest as a function of
water depth and wave height Dorsch 2012

The findings in figure 3.9 should be treated with care though since the measurement
period only consisted of one day, with no captured storm conditions. Furthermore, the
measurement campaign had to deal with instrument problems and incomplete data sets
which is why a reanalysis of the data for this thesis was not successful. Nevertheless, the
above results could prove sufficient for the analysis of the added value of live oysters on
the gabion structure.





4
FIELDPLAN

To fulfil the first research objective, a field campaign was conducted at the research site.
In the following first the general outline of the field plan is given. Then the used mea-
surement systems and their employment is described. The collected data set is freely
available via DOI: 10.4121/14916612.

4.1. OUTLINE OF FIELD PLAN
A variety of pressure sensors, acoustic doppler velocimeters (ADVs) and acoustic doppler
current profilers (ADCPs) was used to collect the necessary pressure and velocity data at
7 locations (ML1-ML7) at and around the reef. The focus lies hereby on the pressure
measurements, with which a detailed wave analysis can be conducted. The first cam-
paign, where instruments were deployed, was conducted on the 16.12.2020. ADVs and
ADCPs were then retrieved 1.5 months later on the 03.02.2021. On the 12.02.2021 the
remaining OSSIs were retrieved, earlier than planned because of cold temperature. In
figure 4.1 and figure 4.2 the outline of the measurement plan with measuring heights
and locations are laid out. In case of the OSSIs, the depicted heights give the distance
between bed and sensor point, for the ADCP the height until the centre of the first cell
and for the ADVs the height until the measurement point (15 cm from the probe). Fur-
thermore, the elevation of the reef at the different measurement locations is given. In
table 4.1 the used numeration for the instruments is listed next to other relevant infor-
mation. Specs and settings for each used measurement device as well as the reasoning
for the outline are summarised in the following sections.
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Figure 4.1: Location of the deployed measurement systems on the intertidal flat

Figure 4.2: Detailed outline of measurement plan. Depicted are measurement height, flat elevation (NAP),
distances between measurement locations and mean high water (MHW) as well as mean low water (MLW).
Distances and elevations are not depicted to scale.
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Measurement device sample rate [Hz] flat elevation [m NAP] measuring length [days] Location [°]
OSSI _ML1,top - - faulty data 51.60932, 4.02306
OSSI _ML2,top 10 -1.54 41 51.61057, 4.02371
OSSI _ML2,bot tom 10 -1.54 57 51.61057, 4.02364
OSSI _ML3 10 -0.90 42 51.61074, 4.02384
OSSI _ML4 10 -1.15 49 51.61082, 4.02385
OSSI _ML5 10 -1.33 57 51.61100, 4.02390
OSSI _ML6 10 -1.15 57 51.61184, 4.02392
OSSI _ML7 10 -1.02 41 51.61372, 4.02416
ADC P_ML1 8* -1.7 47 51.60932, 4.02309
ADV _ML2 8* -1.54 33 51.61057, 4.02365
ADV _ML5 8* -1.33 33 51.61100, 4.02393

Table 4.1: List of measurement devices and deployment length. Measurement length depends on battery life.
* ADVs and ADCP measured in 15 minute bursts every 30 minutes at 8 Hz.

4.2. PRESSURE MEASUREMENTS

GENERAL INFORMATION

Pressure measurements can be used to obtain wave statistics at point locations. Thus
these measurements were conducted at all measurement locations (ML1-ML7), which
form a transect in the dominant wave direction perpendicular to the reef. This allows the
monitoring of the wave trajectory over the flat and reef. Measurement location 1 (ML1)
is located at the fringe of the tidal flat where incoming waves are largely unchanged from
bottom interactions. This data point thus represents the incoming forcing at the bound-
ary of the system. The point can furthermore be used to quantify bottom effects on the
waves up until the reef. The devices at ML2 and ML5 are located 22m and 21m in front
and behind the reef respectively, and their measurements can be used to determine dis-
sipation by the entire reef geometry. Dissipation right on top of the reef can be measured
by the pressure gauges set up at locations ML3 and ML4, just on the edges of the reef.
These can be used to measure the effect of friction if no breaking occurs. ML6 and ML7

were set up to quantify dissipation behind the reef. At all locations pressure was mea-
sured close to the bed, to have maximum submergence, and thus measurement time.
Some higher located OSSIs were placed to get more reliable data at high water depths
and high-frequency waves, but their usage was ultimately discarded because of instru-
ment failure.

TYPE OF INSTRUMENT, SETTINGS AND MOUNTING

For the pressure measurements, mostly instruments of the type OSSI-010-003C-03, pro-
duced by Ocean Sensor Systems (ocean sensors 2021) were used. This is a submersible,
self logging and self-powering pressure sensor, which can detect a pressure range of up
to 3 bar. In addition, the Aquadopp Profiler (further described below) measured pressure
at ML1. For the deployment, the OSSIs were mounted on metal poles which were driven
into the ground (see figure 4.3). During deployment, all OSSIs measured continuously
with a sample rate of 10 Hz. The ADCP collected pressure data with a sample rate of 8
Hz and 15-minute bursts every 30 minutes. For the nomenclature, simply the position of
the devices is used (OSSI _ML1 etc.). The location of the instruments and measurement
height with respect to bed level was measured with a portable GPS system. The technical
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sheet and used instrument settings can be found in appendix A.1.

Figure 4.3: Mounting of high OSSIs (l) and low OSSIs (r), taken on 03.02.2021

4.3. ACOUSTIC DOPPLER CURRENT PROFILER

GENERAL INFORMATION

An acoustic Doppler current profiler or ADCP can measure velocity profiles over a water
column. The instrument operates by sending out acoustic waves in specific frequen-
cies. These waves reflect from suspended particles and are detected again by the in-
strument. The hereby measured travel-time can be used to calculate distance, while fre-
quency shifts, called Doppler shifts, are proportional to the particle velocity. An ADCP
was placed on the fringe of the reef at ML1 to get a detailed idea about the undisturbed
incoming wave characteristics. For this thesis mainly the wave direction and pressure
measurements are relevant. However, the full data can provide accurate boundary data
needed for a numerical model, which is planned to be developed in the future.

TYPE OF INSTRUMENT, SETTINGS AND MOUNTING

The used ADCP is a 1 MHz Aquadopp profiler from Nortek (Nortek 2021). The instru-
ment was pointed upward and mounted to a stiff metal frame as shown in figure 4.4.
Velocity was measured in 7 cells of 10 cm each. The blanking distance from the instru-
ment head is 10.4 cm. Measurements were taken with a sampling frequency of 8 Hz in
15 minutes intervals every 30 minutes. The battery life was extended using an additional
external battery that was strapped to the frame. This enabled a measurement time of
47 full days. The technical sheet and a file with all detailed user-defined settings can be
found in appendix A.1.
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Figure 4.4: ADCP frame with external battery canister. Taken on 03.02.2021

4.4. ACOUSTIC DOPPLER VELOCIMETER

GENERAL INFORMATION

An Acoustic Doppler Velocimeter or ADV measures velocities at a single point, typically
in relatively high frequency. It does so using the Doppler shift, scanning for frequency
changes in an acoustic signal. The device sends out an acoustic wave with a specific
frequency from a transmitter. This wave is then reflected from moving particles in the
water. The reflected signal is measured by three receivers and analysed for frequency
changes, which can then be used to calculate velocities in X, Y and Z directions. Typ-
ically the instrument has an indicated main axis, from which the retrieved X, Y, Z data
can be transformed to an ENU fram

ADVs were used in front and behind the reef at ML2 and ML5 to get an idea about the
directional spectrum of the waves. The aim is to find out if incident wave direction in-
fluences attenuation. Furthermore, the presence of currents and the extend of reflection
can be studied.

TYPE OF INSTRUMENT, SETTINGS AND MOUNTING

Vector - 300 instruments manufactured by Nortek were used (Nortek 2021). The instru-
ments were mounted to metal frames using two vertical and two horizontal poles (see
figure 4.5). Special care was taken to build the frames as stiff as possible to prevent vibra-
tion and swinging during wave action. The frames were furthermore built perpendicular
to the dominant wave direction, ensuring that the measured velocities were disturbed as
little as possible by them. The measurements were conducted in 15-minute bursts ev-
ery 30 minutes with a sampling frequency of 8 Hz. The sampling volume is located 15
cm away from the probe. To increase the possible deployment length additional battery
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canisters were used. This enabled measurements for 33 full days. The technical sheet
and a generated file showing all user-defined settings are attached in appendix A.1.

Figure 4.5: ADV frame and additional external battery canister. Taken on 03.02.2021
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WAVE ANALYSIS

To obtain information about the attenuation capabilities of the observed oyster reef a
wave analysis had to be performed. This was done using a spectral analysis on the
collected pressure data at the seven measurement locations on the measurement tran-
sect. The steps taken to perform such an analysis are laid out below on the example
of the OSSI _ML2,bot tom pressure measurements. All other pressure measurements are
processed similarly. The wave direction was calculated from the acoustic doppler ve-
locimeters. Wave asymmetry was calculated using the detrended pressure measure-
ments. Lastly, the filter criteria for spectral quality and wave direction are explained,
which ensure a high-quality data set. The quality of the raw data is validated in appendix
A.4.

5.1. SPECTRAL WAVE PARAMETERS

5.1.1. DATA PREPARATION
The measured pressure readings were corrected for atmospheric pressure so that read-
ings during instrument emergence have a constant value of zero bar. Additionally, the
internal clock readings were compared to account for individual clock offsets. These
practices are described in detail in appendix A.2. The resulting pressure readings can be
transformed into uncorrected water depths above the sensor point using the equation:

d = P

g ∗ρ (5.1)

where d is the uncorrected water depth above the sensor [m], P the pressure [Pa], g the
gravitational acceleration m/s2 and rho the water density [kg /m3]. It should be noted
that the uncorrected water depths neglect non-hydrostatic effects such as wave-induced
pressure attenuation. Thus real water depths can only be obtained by averaging over a
period of time. The water density was chosen as 1025 kg /m3, considering the salinity
of > 30 PSU and a water temperature of mostly around 5 °C (Engineering ToolBox 2005).
Finally, the data sets were divided into 15-minute time series of 9000 data points each.
To account for tidal changes the time series were detrended. For OSSI _ML5,bot tom this
results in 5568 time-series to be analysed. These 15 minute time series of uncorrected
water depths serve as the input for the spectral analysis which is explained in the chapter

33



5

34 5. WAVE ANALYSIS

below. The output parameters used in the analysis for this thesis thus always correspond
to a 15 minute time period.

5.1.2. SPECTRAL ANALYSIS
The resulting uncorrected 15 minute water depth time series were processed using a
MATLAB (MATLAB 2015) toolbox from Neumeir (Neumeir, Urs 2006). This toolbox is
capable of computing the standard non-dimensional wave parameters using the spec-
tral analysis or zero-crossing method, under the assumption of the linear wave theory.
The application of these methods is extensively explained in literature, for example in
(Karimpour and Chen 2017). In shallow water, the zero-crossing method can lead to
errors due to low-frequency motions (Mouragues et al. 2019) which is why spectral anal-
ysis was used for the present data set. This method uses a Fast Fourier Transformation
(FFT) to transform the 15 minute pressure time series into the frequency domain. A wave
energy spectrum can then be estimated from the measured dynamic pressure power
spectral density (SPP ) or the uncorrected water surface elevation power spectral den-
sity Sηuncor r ηuncor r , depending on if the FFT was performed on the pressure readings or
the derived uncorrected water depths (Karimpour and Chen 2017):

Sηη = 1

K 2
p
∗Sηuncor r ηuncor r =

1

K 2
p
∗ SPP

ρ2 ∗ g 2 (5.2)

Kp ( f ) = cosh(k ∗hp )

cosh(k ∗d)
(5.3)

Where Sηη(Karimpour and Chen 2017) is the water surface elevation power spectral den-
sity from which the standard wave properties can be obtained, Kp is the pressure re-
sponse factor, k the wavenumber, hp the sensor height above the bed and d the mean
water depth. The pressure response factor Kp is used to account for the attenuation
of the wave-induced dynamic pressure with depth in the water column and is derived
from linear wave theory. Without this correction the spectral density would be calcu-
lated with the attenuated dynamic pressure readings, leading to an underestimation of
the wave energy. As shown in equation 5.1, this attenuation, and thus the correction, is
dependent on the wavelength and the elevation of the measurement point in the water
column.

From the derived corrected spectrum Sηη the the spectral wave properties can be calcu-
lated as:

m0 =
∫ ∞

0
Sηη( f )d f (5.4)

Hm0 = 4 2
p

m0 (5.5)

Tp = 1/ fp (5.6)

Where m0 is the zeroth moment of the energy spectrum, Hm0 the spectral wave height,
fp the peak frequency and Tp the peak period.
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5.2. WAVE DIRECTION
The incident wave directions were calculated using the ADV at measurement location
ML2. Furthermore, wind data collected at the weather station Stavenisse, which is lo-
cated across the channel, was used to estimate wave direction, since the ADV’s measured
during only part of the campaign. Wind data can be used to estimate wave direction
since no swell waves are to be expected at the measurement location.

The ADV velocity data was first filtered for quality using the correlation and Signal-to-
Noise-Ratio (SNR) given by the instrument. Low correlation values hereby mean that
the three beams measure very different velocities, leading to unreliable averages. Low
signal to noise ratios on the other hand means that the recorded velocity is of a similar
magnitude as the instrument noise. As thresholds for the correlation values of > 80, with
correlations between the three beams not differing for more than three, were used. For
the SNR the threshold for usage was SNR > 10.

To calculate the wave direction the filtered ADV data set was split into 15-minute time se-
ries. Then the energy-weighted mean angle and the energy-weighted directional spread
were calculated for each time series using the (u,v) velocity covariance matrix. This pro-
cess is described in Herbers et al. 1999 and Henderson et al. 2006. Finally, the angles
were translated to refer to a northeast reference system.

5.3. WAVE ASYMMETRY
Wave asymmetry was calculated using the detrended 15 minute pressure time series.
This was done using a Hilbert transformation to return the analytical signal of the data.
The used Matlab code is given in appendix A.3.

5.4. DATA FILTERING
The macrotidal environment of the study site can lead to quality problems of the data,
when the wave-induced pressure attenuates too much before reaching the pressure sen-
sors, especially during high water levels and low energy waves. Furthermore, it has to be
ensured that only waves which crossed the reef are part of the analysis. The root of these
problems and how they were treated in this theses are explained in the following. Hereby
the side question B, mentioned in section 1.4 is answered.

5.4.1. SPECTRA QUALITY
The method using Kp to account for the attenuation of the wave-induced dynamic pres-
sure can lead to an overestimation of the energy contained in the high-frequency part
of the spectrum. This is indicated in figure 5.1 which shows the evolution of Kp with
increasing water depths.
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Figure 5.1: Schematic evolution of the correction factor 1/K p2 at different water depths. hp is assumed to be
0 (waves measured at bed).

From figure 5.1 it is clear that the correction factor 1/K 2
p increases exponentially in the

high-frequency range, with the increase happening at lower frequencies if the water
depth is high. This is not a problem if the main body of the spectra and the exponen-
tial increase can be easily distinguished, meaning that the exponential increase affects
the spectra only well behind the peak frequency. For high water depths and short waves,
however, the exponential increase can start close to the peak of the spectrum, severely al-
tering its shape (see figure 5.2). This phenomena and prevention methods are explained
extensively in literature, for example in Karimpour and Chen 2017.

The Neumeir, Urs 2006 tool includes two measures to deal with this exponential increase.
Firstly, to limit the maximum value of 1/K 2

p a high cut off frequency fc can be chosen,
above which the spectra are removed and replaced with an estimated empirical diag-
nostic tail. This fc has to be chosen with care, since the derived wave characteristics can
react very sensitive to this choice of fc , especially with waves in high-frequency range
where substantial wave energy is located close to fc . Yet no widely accepted method is
available to determine the cut off frequency. In field applications, the range of fc is typ-
ically between 0.25 and 0.6 Hz, but otherwise values observed in literature often seem
arbitrarily chosen and poorly motivated (Mouragues et al. 2019). For this study, a maxi-
mum value of fc = 0.6H z is not feasible, since the study site is in a macrotidal, low energy
environment with low fetch and no swell energy, leading to a large variety of spectra with
some peak frequencies at or above 0.6 Hz. To be able to also analyse the spectra located
in this high-frequency range, a cutoff frequency of 1.2 Hz was chosen. After this value
the correction factor 1/K 2

p decreases linearly (Neumeir, Urs 2006).

However, this high cut off frequency allows for an exponential increase at frequencies
smaller than 1.2, which inevitably happen for high water levels during high tide. To pre-
vent this, a second measure is applied, restricting 1/Kp to a maximum value of 10. This
suppresses the exponential increase and ensures a smooth looking spectra tail.

Both these measures ensure smooth looking spectra. However, these can still contain
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inaccuracies if one of the following conditions apply:

• The exponential increase might happen before the condition 1/Kp = 10 is applied,
leading to an overestimation of the wave energy.

• The condition 1/Kp = 10 could apply before the peak frequency of the spectra,
leading to a suppression of the actual energy and a shift of the peak frequency to
lower frequencies, resulting in an underestimation of the wave energy.

The presence of neither of these cases can be determined directly since the applied con-
ditions ensure a correct looking, yet faulty spectrum. Much of the data during low en-
ergy and simultaneous high water conditions is likely to fall in one of these cases, which
is why it is desirable to discard these spectra. This was done by comparing the spectra
calculated as described above, with the two measures preventing exponential growth,
and the spectra calculated without such measures, allowing for exponential growth. If
the exponential growth starts close to the peak frequency of the spectrum, it should not
be used without adaptation.

All spectra were run through an automatic screening process to see if this is the case. A
simple condition was applied, comparing the spectral density at the peak frequency and
the spectral density at the initiation point of the exponential increase, which is indicated
by the minimum spectral density found between the peak frequency fp and fc = 1.2.
To reduce the impact of peaks on this process the spectra were smoothed out with a
weighted average between 10 consecutive values. With this comparison, the spectra can
then be sorted into quality groups.

The first group contains spectra with little confidence in accuracy and are directly dis-
carded, the second group contains spectra with high confidence until the peak period,
but low confidence in the high-frequency tail and the third group contains spectra that
have high confidence overall. The conditions are explained in table 5.1. Furthermore,
another condition was set regarding the water level. Even if the still water level is above
the measurement point, the wave motion can still lead to some emergence time in wave
troughs. This results in faulty spectra. To ensure that the devices are fully inundated at
all times only spectra during water levels higher than 0.5∗Hs above measurement height
hm are considered.

Group: condition: result: Nr of time series:
1 mi n(Specno f c ) >0.5Spec f c ( fp ) spectra discarded 825
3 0.25Spec f c ( fp ) <mi n(Specno f c∗) <0.5Spec f c ( fp ) spectra used until fp 783
4 mi n(Specno f c∗) <0.25Spec f c ( fp ) spectra fully used 2540
2 d <hm +0.5Hs spectra discarded 1420

Table 5.1: applied conditions to filter the used spectras

The application of this conditional separation is visualised for further understanding in
figure 5.2. These two spectra show how the confidence of the used spectra changes for
similar wave heights Hm0,i but varying water levels.
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Figure 5.2: Visualization of criteria to filter spectra. Uncorrected spectra (red), corrected spectra with applied
cut of frequency and Kp limit (black), corrected spectra with no applied cut of frequency and Kp limit (pink).
Blue circles indicate the points where the conditions are checked. left: wave heigth Hs = 0.24 m, water elevation
d = 1.35 m; right: wave heigth Hs = 0.24 m, water elevation d = 2.40 m

As shown in table 5.1 2540 spectra taken at ML2, representing 45 % of all spectra fulfil
the condition to be fully used under the given cut off frequency while 783 spectra repre-
senting 14 % of all spectra can be used up until the peak frequency fp .

Figure 5.3 shows the conditionality of the sorting process with respect to water depth
and peak period at ML2. Visible is that the discarded data plotted in green falls in the
region of low peak periods and high water depths. This was to be expected since in this
range only little wave energy reaches the sensors due to pressure attenuation, making it
difficult to differentiate between the wave signal and noise. If only little energy reaches
the sensor, of course even less energy reaches the bed, making the discarded data of little
value for this analysis, since ultimately the effect of the waves on flat erosion is of inter-
est. The data discarded because of water level plotted in blue corresponds to conditions
with water elevations below the oyster reef crest elevation. During these conditions, a
transmission coefficient of nearly zero can be expected which is why this data is of mi-
nor interest for this analysis too. The data of group 3, considered as fully usable and
plotted in black covers the entire spectrum of present wave conditions in a sufficient
sample size. This group furthermore contains the majority of high energy spectra, which
are of special interest for this study. Because of the large quantity of spectra that can be
fully used, no use was made of the spectra in group 2.
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Figure 5.3: Conditionality of sorting process with respect to water depth and peak period at ML2

5.4.2. INCIDENT WAVE DIRECTION
A wide range of wave angles was found during the measurement period. For the upcom-
ing analysis, only waves that approached the reef from the seaside, and passed both the
reef and the observed measurement devices, are relevant. This ensures that the mea-
surement devices landward of the reef actually measure waves that were attenuated by
the reef. The further away a measurement location, the narrower the range of usable
wave direction hereby is. Thus, different criteria were used for the devices at ML1−ML5
and ML6. No criteria are given for ML7 since the directional spread of the waves will
make waves that passed, or bypassed the reef indistinguishable. The criteria are given
in table 5.2. It should be noted that wind direction is typically defined as the direction
where the wind is coming from while wave direction is typically defined as the direction
in which the waves propagate.

ML available data wind criteria wave criteria
ML1 to ML5 wind and wave 90°-300° 300°-80°

wind 130°-260° -
ML6 wind and wave 90°-300° 335°-35°

wind 155°-215° -

Table 5.2: Applied conditions for wave and wind angle. During time where ADV data is not available only
conditions for wind were used
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The wind conditions during the measurement period and the final distribution of the
used wave directions at measurement locations ML1 to ML5 is given in figure 5.4. This
figure makes it clear that the dominant wave direction is approximately 20 ° off of the
dominant wind direction. Since the reef was built perpendicular to the dominant wind
direction, most waves thus approach the reef at an angle. If this difference in wind and
wave direction is due to refraction or other causes was not resolved.

Figure 5.4: wind and wave conditions. left: wind direction and strength during measurement campaign (Ri-
jkwaterstaat 2021); right: filtered wave directions during measurement campaign for ML 5; Wind/Wave rose
generation: Pereira 2021

5.5. TRANSMISSION
With the derived spectral wave properties the transmission coefficient Kt can be calcu-
lated. In literature, this coefficient is typically calculated by comparing an incident wave
height Hi with a transmitted wave height Ht , as already explained in section 2. This is
feasible if the bed elevation difference between the two measurement points is so small
that only little changes in group velocity occur, meaning that shoaling effects on the wave
can be neglected. For this case, however, bed elevation differences at the different mea-
surement locations are substantial because of the long transect which was observed (see
figure 4.1). To avoid inaccuracies due to the expected shoaling effects, the energy flux F
was used instead to calculate a transmission coefficient:

Kt ,e = Ft

Fi
(5.7)

Where Kt ,e is the energy flux transmission coefficient, Ft is the transmitted energy flux
and Fi is the incident energy flux. The energy flux of spectral wave data can be calcu-
lated using linear wave theory. Because of the spectral wave analysis, a representative
value of the energy flux had to be found for each spectrum. This was done by calculating
the energy flux for each frequency band in the spectrum and then integrating over the
results:

F =
i∑
1

Sηη,i ∗∆ f ∗ρ∗ g ∗ cg ,i (5.8)
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where i is the number of frequency bands, ∆f the width of the frequency bands [Hz],
Sηη,i the spectral density in frequency band i, m2s and cg ,i the group velocity in fre-
quency band i. It should be noted that the resulting transmission coefficient Kt ,e cannot
be directly compared to the wave height transmission coefficient Kt , which is usually
used in literature. From the squared relationship between wave height and energy, an
approximation between Kt ,e and Kt can be found as:

Kt ≈
√

Kt ,e (5.9)

5.6. UNCERTAINTIES AND SIMPLIFICATIONS
Several simplifications and assumptions were made in the process of calculating the
wave parameters and the subsequent analysis. The environment and the instruments
themselves further lead to uncertainties. These are treated in more detail in appendix
A.6 but quickly summarised below.

Not taken into account is wind-wave input in between the measurement devices, wave
reflection from the reef and currents present on the tidal flat.

The instruments themselves have accuracies of ± 0.05 % for the pressure measurements
of the OSSIs and accuracies of ± 0.5 % for the velocity measurements of the ADV’s and
ADCP. However, since temperatures below the recommended range were present during
the campaign, higher values might be possible. Furthermore, noise in the measurements
due to swinging of the measurement poles can lead to inaccuracies.

Lastly, the applicability of linear wave theory is assumed to represent the present condi-
tions sufficiently enough.





6
RESULTS

With the resulting energy flux data, representing the measured wave data in the obtained
data set, objectives two and three were approached. First, a quick overview of the hy-
draulic forcing over the measurement period is given. Then the wave attenuation is
quantified and an attempt to identify the processes involved is made. Finally, the results
are parameterized and compared to existing empirical relations.

6.1. HYDRAULIC FORCING

6.1.1. WATER LEVEL DATA
The tidal reference data for the measurement period was retrieved from the Stavenisse
weather monitoring site, which is located across from the tidal flat on the opposite side of
the channel (figure 6.1 ). These readings coincide with the water elevation data retrieved
from the pressure measurements (see appendix A.4). Visible is a diurnal tide with tidal
ranges varying between 2 and 4 m. Additionally, the elevation of the tidal flat at the
various measurement locations and the highest reef point (reef crest) are given. For the
reef, an immersion time of on average 30 % can be identified.

Figure 6.1: Tidal and ML elevation. Tidal data retrieved from the stavenisse weather station located at
51.595576, 4.006483 across the channel of the tidal flat(Rijkwaterstaat 2021).
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6.1.2. WAVE CHARACTERISTICS

The wave forcing approaching the tidal flat was measured at ML1 with the ADCP (see
figure 4.2) and is summarized in figure 6.2. At ML1, the instrument is located close to
the edge of the tidal flat and waves are expected to not have changed substantially yet.
The maximum observed wave heights Hm0 are 0.8 m with mean periods reaching up to 3
seconds. Mean wave lengths reached up to 14 m, and are thus of a similar or lower length
as the reef width. The maximum peak period was recorded as 4.5 s, but the time series
showed strong fluctuations which is why mean wave periods and lengths are shown in-
stead. Curious is the fluctuation of the mean period and wavelength with the tide. This
is likely due to tidal induced currents but was not investigated further. During the mea-
surement period four distinctive high energy events at t = 4 days, t = 10 days, t = 27 days
and t = 35 days (E1-E4 respectively) with wave heights > 0.5 m can be identified.

Figure 6.2: Hydrodynamic conditions at ML1 and wind direction. Incoming wave data Hm0,i , T01 and L01
retrieved at ML1 (ADCP), measured in period of December 17th 2020 to February 2nd 2021. Wind direction
retrieved from the station Stavenisse Rijkwaterstaat 2021 used to estimate wave direction.
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6.2. USAGE OF THE ENERGY FLUX INSTEAD OF WAVE HEIGHT
In this thesis, the transmission coefficient Kt was calculated using the energy flux con-
trary to the in literature usually used wave height. This makes it possible to account
for expected shoaling effects due to the sloping tidal flat. How this choice affects the
end-results is shown in figure 6.3. The red curve shows the relation between the wave
height transmission coefficient Kt , calculated as Ht /Hi , and the estimated wave height
transmission coefficient Kt∗ = sqr t (Kt ,e ), calculated using the energy flux. The concor-
dance is high for Kt values approaching 1 but deviates up to 10 % for lower values, with
the mean Kt generally overestimating the transmission compared to the mean Kt∗. This
was to be expected since shoaling leads to an increasing wave height in propagation di-
rection and only occurs when the waves ’feel’ the bottom, i.e. waves are attenuating. In
conclusion, it can be said that the usage of the energy flux compared to the wave height
to calculate the transmission coefficient leads to improved results if shoaling is to be
expected.

Figure 6.3: Relations between calculated transmission coefficients with: Kt ,e = energy flux transmission co-
efficient, Kt = wave height transmission coefficient, Kt∗ = sqr t (Kt ,e ) = estimated wave height transmission
coefficient
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6.3. QUANTIFICATION OF ENERGY ATTENUATION
Before a focus is set on isolating certain processes responsible for the energy attenu-
ation, the total attenuation for all conditions is quantified. This is visualised in figure
6.4, where the relation between incoming, and transmitted energy flux is shown for the
different stretches along the measurement transect. The data points are furthermore
grouped into seven water depth ranges in steps of 0.5 m. The grouping for all stretches
was done in reference to the water depth at ML2, ensuring that per group the same waves
are depicted in all stretches. This means that the further landward stretches do not show
any values for the lower groups, like d < 1m, since the flat elevation is higher at these
points and the measurement devices are not submerged. For each group and stretch
then the best fit was found using linear regression. With this linear model, a simple re-
lation between incoming and transmitted energy flux attenuation is found for different
water levels using the slope of the line. ML5ML6 and ML6ML7 have a lower amount of
data since the wave direction criteria for ML6, explained in section 5.4.2 was applied.
Data for all other stretches were filtered for the less strict wave direction criteria regard-
ing ML5 to make sure only waves propagating landward are resolved.

Visible is that the attenuation is most effective over the reef itself, showcased by the
stretches ML2ML5 and ML3ML4, which represent the total attenuation by the reef and
the attenuation on top of the reef respectively. ML2ML5 shows that for water levels <
1m the reef attenuates nearly all energy. With increasing water levels the attenuation re-
duces, as expected. Generally, the reef seems to be effective up until a water level of 2 m
with only minimal reduction for higher water depths. The stretch ML3ML4 shows a sim-
ilar picture. This stretch represents attenuation only on top of the reef, meaning that in
the case of no breaking waves this stretch represents attenuation due to oyster induced
friction. Consequently, it also shows attenuation up until a water depth of 2 m, but to a
lesser extent. No attenuation was measured on the stretch ML5ML6 for all water levels.
This sector represents the 93 m stretch between ML5 and ML6 behind the reef. At this
stretch thus no wave energy reaches the bed. Further landward, at the stretch ML6ML7,
attenuation can be detected again. This stretch is difficult to interpret though since the
directional spread of the incoming waves will always lead to waves being measured at
ML7 that did not pass the reef. It does indicate though that in-between ML6ML7 wave
energy again reaches the bed.
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Figure 6.4: Quantification of attenuation by means of water depth. Incident and transmitted energy flux are
compared over different measurement transect stretches. The results are grouped into water depth ranges with
water depth being in relation to ML2. These groups are indicated with different colors. The legends express
the linear relation between incoming and transmitted energy flux. Linear regression was used to find the linear
relations.
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It should be noted that the observed transects exhibit different lengths, e.g. the dissipa-
tion measured in front of the reef, visualised by ML1ML2, is achieved over a stretch of
145 m, while the dissipation over ML2ML5 is achieved over 53 m. Comparing the total
attenuation of energy as shown in figure 6.4 can thus lead to misconceptions regarding
the effectiveness of the dissipation. A more appropriate way to compare the dissipation
by the reef to the dissipation on the bare tidal flat is by showcasing the dissipation rate
calculated as:

di ssi pati onr ate = ∆F

∆d
(6.1)

Where ∆F is the Energy flux difference between two measurement locations and ∆d is
the distance between two measurement locations. Figure 6.5 thus shows the dissipation
rate in between the stretches ML1ML2 and ML3ML4. The dissipation rate at ML1ML2
hereby represents the dissipation rate by the bare tidal flat, while ML3ML4 represents
the dissipation rate on top of the reef. It can be seen that the dissipation over the reef at
ML3ML4 is on average ∼ 18 times more effective than the dissipation in front of the reef
measured at ML1ML2.

Figure 6.5: Dissipation rate in W m−1/m for ML1ML2 and ML4ML5. Only time series where both stretches
experience energy dissipation are plotted. Black line indicates equal dissipation rate, red line indicates mean
relation between the two dissipation rates using linear regression.
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Furthermore of interest is the total amount of attenuated energy flux, since this gives
context to the contained energy of the incident waves. This is shown in figure 6.6, with
each line representing the change in energy flux in front of and behind the reef at ML2
and ML5 respectively. Lines coloured with the color-code indicate wave attenuation
while dashed pink lines indicate energy growth. The area where continuous attenuation
can be seen is indicated in red. Interesting is hereby that the highest energy waves for
a certain water depth, indicated by the corresponding line being close to the lower red
border, all show similar total values of energy flux attenuation, namely 150 to 200 W /m2.
This holds up until a water depth of approximately 2.4 m, above which total attenuation
decreases rapidly, also for high energy waves. The figure thus shows that the attenuation
capabilities of the reef during high energy events in terms of total energy attenuated are
roughly constant up until a certain water depth.

Figure 6.6: Total dissipation. Energy flux difference over the reef at different water depths. Each line represents
the change in Energy flux between ML2 and ML5 at a certain time interval. Lines in the color-code indicate
energy attenuation, while dashed, pink lines represent energy growth. Water depth is given in relation to ML2,
the black line represents the reef crest.
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6.4. ATTENUATION MECHANISMS
Several mechanisms lead to wave attenuation over submerged structures. Some impor-
tant ones are wave breaking, friction and overtopping, with wave breaking generally be-
ing considered as the most important one (Seabrook and Hall 1998). All these attenuate
energy by inducing turbulent motions, which ultimately convert the energy to heat. Ad-
ditionally, reflection can reduce wave energy leeward of the structure. Contrary to the
other mechanisms this does not directly attenuate wave energy but rather redirects it
back seaward. Quantifying each of these mechanisms at different conditions is out of
the scope of this thesis. In the following rather an analysis of the relative importance of
these mechanisms under different conditions of the relative submergence ds /Hm0,i was
made.

6.4.1. ATTENUATION EVOLUTION OVER ONE STORM EVENT
In order to draw some first understanding of what mechanisms govern the attenuation
process, we first focus on only one storm event. For this, the storm event E2 (see fig-
ure 6.2) was chosen, which lasted for approximately 36 hours on the 26th and 27th of
December, including three tidal cycles. Wave heights varied between 20 cm and 77 cm
while mean periods were all between 1 and 3 seconds. Wave directions varied between
40 ° and 60°, leading to incident wave angles between 20 ° and 40 ° in relation to the reef.
To evaluate the attenuation of the waves the transmission coefficients for the energy flux
Kt ,e were calculated for certain stretches of the measurement transect: ML1ML2 rep-
resenting the attenuation in front of the reef, ML2ML5 the attenuation over the entire
reef, ML3ML4 the attenuation right on top of the reef and ML5ML6 the attenuation be-
hind the reef (See figure 6.4 for instrument locations). Additionally, the relative submer-
gence Hm0,i /ds is plotted, since this is a measure for reef induced wave breaking. Hm0,i

is hereby the incoming wave height measured at ML2 and ds is the reef freeboard. The
results are visualized in figure 6.7.

Figure 6.7 visualises how the attenuation of waves varies at different locations within
a tidal cycle during a storm event. The ML2− ML5 curve shows clearly that even the
highest waves are unaffected by the reef during high tide, indicated by a transmission
coefficient of Kt ,e = 1. The length of the period where waves are unaffected depends on
the wave height, as seen by the high energy waves during the second tidal cycle being
unaffected for only 3 hours while the low energy waves during the first tidal cycle being
unaffected for roughly 6 hours. The attenuation values measured in between (ML3-ML4)
are quite consistent with the attenuation over (ML2-ML5), showing only slightly higher
values at decreasing water depths. This indicates, that at least up until the water depth
where (ML3-ML4) could be resolved, the attenuation is mainly occurring on top of the
reef.
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Figure 6.7: Analysis of waves over one storm event. top: tidal elevation(blue), Hm0 at ML1 (red) and reef crest
elevation (black); mid: transmission coefficient in between two measurement points. ML1ML2 attenuation
in front of the reef, ML2ML5 the attenuation over the entire reef, ML3ML4 the attenuation on top of the reef,
ML5ML6 the attenuation behind the reef; bottom: relative submergence Hm0,i /ds (blue), with Hm0,i being
the incoming wave height measured at ML2 and initiation point for attenuation (red); Green lines indicate
start of attenuation for stretches ML2ML5 and ML3ML4. Only data with submergence of instruments > 20 cm
was used, white areas in between data points indicate lower water levels where no data was measured.

Focusing on the attenuation over (ML2-ML5) only, it can be seen that with decreasing
water level, waves start to attenuate rapidly at a certain Hm0,i /ds ratio. For high energy
waves, seen during t = 15-33 hr, this ratio seems to constantly be Hm0,i /ds = 0.48, while
for smaller waves this ratio is lower. The average point where attenuation processes start
will be further investigated in the next section. At low tide, when the water level sinks be-
low the reef crest, transmission coefficients reach values below 0.1. The incoming wave
energy is reflected back seaward or attenuated on top of the reef due to overtopping.

When looking at the wave attenuation away from the reef, it is visible that both in front
(ML1-ML2) and behind the reef (ML5-ML6) transmission coefficients are consistently
depicted as around 1. However, especially in front of the reef at ML1-ML2, depth in-
duced breaking is expected to be initiated during lower water depths, meaning that in
the blank, not resolved areas, the transmission coefficient will decrease in reality. Yet
this figure is showing that wave attenuation is predominately happening on the reef.

Curious are the spikes showcasing transmission values of Kt ,e > 1, indicating an increase
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in energy flux. These seem to predominantly happen in between ML1ML2 and ML5ML6,
where wind input could be responsible for this energy gain because of the larger dis-
tances (see figure 4.2). The scatter furthermore seems to be stronger at low Hm0,i /ds ra-
tios during high tide. During such conditions the spectral analysis is more error-prone,
giving a possible explanation for the fluctuations when Kt ,e is around 1.

6.4.2. WAVE BREAKING
In the previous section, the evolution of the transmission coefficient was analysed over
one storm event. An assumption that wave breaking governs the start of attenuation
was made. To see under what conditions wave breaking is actually likely to occur, the
asymmetry of waves was calculated on the entire measurement transect. The asymme-
try hereby indicates the relative steepness of the wavefront and can thus be used as a
measure for wave breaking. A high negative value hereby represents a large asymmetry.
Since an irregular wave field is analysed, the magnitude of the asymmetry indicates the
amount of waves in that wavefield that break. E.g. if the asymmetry is 0 no waves in the
wave field break and for increasing negative values an increasing amount of waves in the
wave field break.

A strong relation between relative submergence ds /Hm0,i and asymmetry was found (see
figure 6.8). The asymmetry clearly increases for smaller relative submergence and trans-
mission coefficients. This effect is approximately visible until relative submergence of
ds /Hm0,i = 2, indicating that wave breaking only occurs until this value. Looking back
at figure 6.7, this is also roughly the value where attenuation starts during the observed
storm event.

The asymmetry was furthermore calculated for all other measurement locations (see ap-
pendix A.7). At ML2, ML5, ML6 and ML 7 asymmetry values showed no trends, with all
values scattered around an asymmetry of 0. It can thus be said that on the measure-
ment transect little to no wave breaking occurs away from the reef. Energy is thus likely
dissipating mainly by bottom friction and white capping.
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Figure 6.8: Asymmetry plotted vs the relative submergence ds /Hm0,i . Hm0,i is the incoming wave height at
ML2 and ds is the reef freeboard. Asymmetry was measured on top of the reef at ML3. Asymmetry is increasing
with negative values, a value of 0 indicates zero asymmetry. The asymmetry was only calculated for ds /Hm0,i
values lower than 5. The color-code indicates the transmission coefficient over the reef

6.4.3. OTHER MECHANISMS
Other relevant mechanisms are reflection, overtopping and friction. Reflection and over-
topping are dominant during conditions of ds /Hm0,i < 0, where the water line is at or
below reef crest. At such water levels the transmission is close to 0 (figure 6.4) and nearly
all energy is reflected back offshore or dissipated on top of the reef by overtopping. At
ds /Hm0,i > 0 the effect of overtopping and reflection will reduce. A quantitative analy-
sis of the conditionality of reflection regarding ds /Hm0,i using the velocity data was not
done. At ds /Hm0,i > 2, no dissipation by wave breaking can be expected (figure 6.8).
However, noteworthy dissipation is still visible up to ds /Hm0,i = 4. Thus it can be said
that friction contributes significantly to dissipation over a large range of ds /Hm0,i . A
schematic of the range of the importance of the different mechanisms is given in figure
6.9.
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Figure 6.9: Range where attenuation mechanisms are dominant in relevance to ds /Hm0,i . ds /Hm0,i is the
relative submergence, Kt ,e is the transmission coefficient between ML2ML5. The color-code indicates the
water depth at ML2.

6.5. CONCEPTUALIZATION OF THE FINDINGS
The above analysis quantified the wave attenuation and showed which processes govern
it. However, ultimately not only the quantification of the attenuation but also the spatial
footprint of the reef where reduced wave energy can be expected is of interest. This was
not quantified per se but conceptualised using the collected data.

Figure 6.10 shows the evolution of the energy flux over the measurement transect under
different conditions of ds /Hm0,i . Visible is that for high ds /Hm0,i values, no wave energy
is attenuated both in front of (ML1-ML2) or behind the reef (ML5-ML7). Since the little
attenuated energy by the reef is furthermore regained quickly, the footprint of the reef
can thus be seen as 0 for such ds /Hm0,i values.

For lower values of the relative submergence such as ds /Hm0,i = 1.5 and 2.6, a footprint
can be identified. This is indicated by wave energy being attenuated in areas where the
reef has little or no influence (ML1ML2 and ML6ML7), while directly behind the reef
(ML5ML6) no attenuation was measured. This can be attributed to the reef attenuating
a significantly higher percentage of the incoming wave energy than during high ds /Hm0,i

values, leading to the transmitted wave energy not reaching the bed at ML5ML6. Wind
input does furthermore not lead to complete recovery of the wave energy, meaning that
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reduced energy fluxes can be expected until well behind ML6.

The footprint of the reef for ds /Hm0,i values of 1.5 and 2.6 is further visualised in fig-
ure 6.10 by estimating a ’no reef’ scenario, where the energy attenuation rate measured
on the stretch ML1ML2 is transferred to the entire measurement transect ML1ML7 (see
dashed lines). A comparison between the measured and the ’no reef’ scenario shows
that for a ds /Hm0,i value of 1.5 the measured energy flux at ML7 is likely to be lower than
in a no reef scenario, while for higher ds /Hm0,i ratios little effect can be expected by the
reef at ML7. This indicates that the footprint of the reef is time-dependent and varies
with different ds /Hm0,i values.

Figure 6.10: Evolution of the energy flux over the measurement transect. Dashed lines: estimated Energy flux
by using the attenuation rate of ML1ML2. Note that the x axis is not to scale.

The above findings of the footprint of the reef and the quantification of attenuation are
conceptualised in 6.11. Three main lessons are incorporated in the figure which are in-
dicated by the enumeration a.), b.) and c.).

(a) Three distinctive ranges of the freeboard ds /Hm0,i were identified to describe con-
ditions of wave attenuation. In range 1, ds /Hm0,i < 0, the water level is below the
reef crest and waves are attenuated by nearly 100 %. In range 2, 0 < ds /Hm0,i < 4,
the reef is submerged, and the attenuation reduces with increasing ds /Hm0,i . In
range 3, ds /Hm0,i > 4, the waves cross the reef nearly undisturbed, and little to no
energy is attenuated.

(b) Wind input leads to the attenuated waves growing again after they passed the reef.
High ds /Hm0,i values hereby lead to a quick and complete recovery of the wave
height. For low ds /Hm0,i on the other hand the wind will take a long time until the
lost wave energy is recovered. The distance until which the reef has an impact is
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thus time-dependent on ds /Hm0,i . This has implications for the footprint which is
covered in c.)

(c) How strong and how often the reef reduced wave energy at certain distances is
described by the footprint. Behind the reef, a strong reduction was measured with
no wave energy reaching the bed over some distance for all ds /Hm0,i conditions.
Further away from the reef, effects such as wind input and the directional spread of
waves become important and reduce the impact of the reef, both in its magnitude
and duration wise. Here reduced wave energy was thus measured for only some
ds /Hm0,i ratios. Even further away from the reef, no impact of the reef on wave
height can be expected for all ds /Hm0,i values.

Figure 6.11: Conceptualisation of the conditionality of wave attenuation and the footprint of the reef under
different ds /Hm0,i ratios. a.) reflects on the magnitude of attenuation in relation to the relative submergence,
the pictured ds /Hm0,i values are exemplary for this case but may vary b.) reflects on how quickly the influence
of wind on the transmitted waves restores the waves to their incoming height, c.) reflects on the footprint of the
reef where, and how strong reduced energy can be measured behind it. The color-code indicates the strength
of the different characteristics at certain relative submergence or distance from reef.

6.6. PARAMETERIZATION OF THE RESULTS
In chapter 6.3 some predictability for the wave attenuation was already achieved by us-
ing the water depth. The resulting figure 6.4 however, is only valid for the observed oys-
ter reef. To achieve a more general tool to predict attenuation, which also holds validity
for other reefs, the results need to be parameterized. Such a parameterization can ul-
timately be used to develop an empirical relation describing the attenuation. The aim
of this chapter is not yet to develop such a relation, but rather to investigate the relative
importance of certain parameters.

This was done by linking dimensionless numbers to the measured distribution of wave
transmission. Ideally, the dimensionless numbers further represent the main mech-
anisms that were found responsible for the attenuation over the reef: wave breaking,
overtopping, reef friction and reflection. One dimensionless number may represent the
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attenuation by one, or several of the mechanisms involved, while the attenuation is rep-
resented by the transmission coefficient Kt ,e measured between ML2ML5. As a base for
this analysis, the empirical relations regarding submerged breakwaters, which were cov-
ered in chapter 2.2.2 are used.

The dimensionless numbers are typically composed of 2 to 4 parameters, with at least
one describing a reef, and one describing an incoming wave characteristic, e.g. B/h, Hs /B .
However, since in this analysis only one reef was observed, the reef characteristics used
in the dimensionless numbers, such as B or hs are constant. Thus only single parame-
ters of the incoming wave characteristics can be responsible for the distribution of the
transmission coefficients. One exception is the dimensionless number ds /Hm0,i , whose
reef parameter is the freeboard, which changes with the tide. The validity of other typi-
cal dimensionless numbers such as used in Seabrook and Hall 1998 could however not
directly be investigated.

Wave breaking is considered as the most important mechanism in energy attenuation
over submerged structures and can be represented by the dimensionless number ds /Hm0,i .
This parameter describes the relative submergence of the reef crest and is typically used
as the main parameter to describe the transmission coefficient over submerged struc-
tures (Seabrook and Hall 1998, Van der Meer et al. 2005). How the relative submergence
relates to the transmission coefficient Kt ,e for the observed reef is shown in figure 6.12.
A strong dependence is visible, with the overall shape of the relation being quite similar
to the one collected for breakwaters in Van der Meer et al. 2005.

For negative or small ds /Hm0,i values, the relation is well defined and shows little scatter.
With increasing ds /Hm0,i values, however, the scatter in the data increases continuously
and the relation becomes less clear. Part of this scatter is likely caused by other mech-
anisms becoming more relevant, meaning that additional wave and reef characteristics
than ds and Hm0,i play a role. However, it should be noted that also the data quality of
the instruments decreases with higher ds /Hm0,i , which likely also contributes to some
of the scatter.
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Figure 6.12: Relative submergence vs Kt ,e : The transmission factor was captured in between ML2ML5. ds is
defined as the water depth above the highest reef point and Hm0,i is the incoming water height measured at
ML2. The color-code indicates the water depth in front of the reef at ML2.

Figure 6.12 shows that the factor ds /Hm0,i defines the transmission coefficient Kt ,e very
well for low Kt ,e values, and other parameters only become important for higher Kt ,e

values. Which parameters play a role in the spread was investigated in the following by
imposing different parameters as a color-code on 6.12.

In the formulas discussed in chapter 2.2.2, the incident wave height appears not only
in the dimensionless number ds /Hm0,i , but also in the dimensionless number Hm0,i /B .
The wave height hereby plays a different role in these factors, with a increased wave
height in ds /Hm0,i leading to a decrease in transmission, while in Hm0,i /B a increas-
ing wave height leads to an increase in transmission. The same effect was also found
in the measured data (see figure 6.13 top left), where at a specific relative submergence
ds /Hm0,i a high incident wave height Hm0,i leads to an increase in transmission. This
leads to the conclusion that the effect of an increase in ds dominates the effect of an
increase in Hm0,i , e.g. in a situation where ds = 1 m and Hm0,i = 1 m, more energy is
attenuated than in a situation where ds = 1.5 m and Hm0,i = 1.5 m, even though both
situations have the same dimensionless freeboard, ds /Hm0,i = 1.

The wavelength plays an important role in the attenuation, since the depth until wave
energy penetrates into the water column is largely determined by the wavelength. All
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formulas discussed in chapter 2.2.2 thus use dimensionless numbers such as L/B or
Hm0,i /L01,i . In figure 6.13 top right, the wave steepness Hm0,i /L01,i of the incoming
waves was imposed on figure 6.12, showing a strong relation between the factors. A large
steepness hereby leads to more transmission, with this effect rising for larger ds /Hm0,i

values. This is likely due to less attenuation by friction. For ds /Hm0,i values around or
below 0, the effect reverts, with a large steepness leading to less transmission. This is
likely due to long waves with smaller wave heights being more likely to roll over the reef
while being less likely to break.

The incoming wave direction was imposed in figure 6.13 bottom. It can be seen that the
angle at which waves approach the reef generally have no impact on the transmission.
This confirms the research made in Van der Meer et al. 2005 and Seabrook and Hall 1998.

Figure 6.13: Transmission factor captured in between ML2ML5 against the dimensionless freeboard. The
color-code indicates a third parameter. Reef parameter were not used since they are constant. Color-code
indicates: top left Hm0,i ; top right Hm0,i /L01,i ; bottom wave direction. All wave parameters were measured at
ML2

In figure 6.13 top right, a strong dependence between the incoming wave steepness, the
relative submergence and the transmission coefficient was found. The wave height be-
ing present in both Hm0,i /L01,i and ds /Hm0,i , indicates that the parameters L01,i and ds

in combination also have a strong dependence with the transmission factor. Thus the
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transmission was plotted against the dimensionless number ds /L01,i . The resulting fig-
ure shows a similar structure as in figure 6.12, but with less spread in the higher Kt ,e

parts. This spread could not be explained with the influence of any other parameters.
Generally the results are intuitive with a higher ds or a lower L01,i leading to an increase
in transmission.

Figure 6.14: Transmission factor captured in between ML2ML5 against ds /L01,i . L01,i is the incoming wave
length measured at ML2. The color-code indicates the water depth at ML2.

The above results show which parameters dominate the wave attenuation over the ob-
served oyster reef. Generally, it was found that the dimensionless numbers used in
the three empirical relations for submerged breakwaters work similarly for the oyster
reef, indicating that these formulations could be used as a base to predict attenuation
over oyster reefs. However, the best performing dimensionless number was found to be
ds /L01,i , which only plays a minor role in the submerged breakwater equations.
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6.7. PREDICTABILITY OF RESULTS WITH EXISTING EMPIRICAL

RELATIONS
It was shown that the parameters used in the empirical relations of Van der Meer et al.
2005, Seabrook and Hall 1998 and Srineash and Murali 2019 (see chapter 2.2.2) capture
similar effects for the oyster reef as for submerged breakwaters. The performance of
these empirical relations in predicting the measured wave transmission between ML2ML5
was thus examined in the following.

To set up the equations, several reef characteristics such as structure width B, structure
slope α or armour layer grain size D50,a need to be determined. Considering the inho-
mogeneous nature of the oyster reef, it is difficult to find representative values of these
for the entire reef. As shown in figure 3.7 the width of the reef can vary by several me-
ters. Also, the definition of ds is not clear because of a varying structure height hs , oyster
density and flat elevation. Assigning the oysters a D50,a is also problematic considering
the varying oyster size and population density. All this is in contrast to the well defined,
trapezoidal-shaped breakwater structures, used to develop the formulas.

For a first assessment, the reef characteristics on the measurement transect were used as
summarized in chapter 3.2. For a reef width B, 4 m was chosen to account for the quickly
falling reef height over the width. The highest reef height hs , which defines ds was cho-
sen as 0.78 m. For the slope in front of the reef α, 20° was chosen and for the grain size,
D50a , 0.1 m. For the wave parameters, the incoming wave characteristics measured at
ML2 were used. It should be noted that the chosen reef parameters not only impact the
results of the equations but also play a role in determining the bounds of the used equa-
tions, limiting the data which can be compared.

The transmission coefficients calculated by the equations can not be directly compared
to the measured transmission coefficients, since the equations calculate the wave height
transmission coefficient Kt , while the measured transmission is presented as the energy
flux transmission coefficient Kt ,e . Thus the measured Kt ,e was converted to an estimated
Kt using equation 5.9.

The resulting comparison of the calculated and the measured transmissions coefficients
are shown in 6.15. For the chosen reef parameters the equations underestimate the
transmission coefficient, with root mean square errors (RMSE) of around 0.2. However,
a high correlation factor R of 0.8 to 0.9 was found. This indicates that the formulas cor-
rectly represent the processes happening over the oyster reef and can be tuned to better
present the measured data.

The Van der Meer et al. 2005 equations seem to be best suited to represent the mea-
sured data. The Srineash and Murali 2019 results show similar RMSE and R values but
seem to perform poorly for low transmission coefficients. The Seabrook and Hall 1998
results contain the most data points, especially for larger transmission coefficients, but
also show a larger spread.
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Figure 6.15: Results of the comparison of the calculated transmission coefficients and the measured transmis-
sion coefficient for B = 4 m, hs = 0.78 m, α = 20 ° and D50a = 0.1 m

As explained above it is unclear how to find representative reef input values for the equa-
tions because of the inhomogeneity of the reef. Thus it was examined what change in the
input values leads to better results than in 6.15.

The equations are most sensible to changes in the reef height hs (via ds ) and the reef
width B . Both a decrease in the reef width B and a decrease in the reef height hs hereby
lead to an increase in the calculated transmission and thus better results. Other reef
parameters only have a minor influence. Optimization of the input parameters of the
Van der Meer et al. 2005 equation is shown in figure 6.16. By changing the reef width B
to 3.7 m and the reef height hs to 0.66 m a RMSE of 0.087 was obtained. Optimization for
the other equations can be found in the appendix (A.8).
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Figure 6.16: Van der Meer transmission compared to measured transmission. VdM calculated with B = 3.6 m
and hs = 0.66 m

It can be concluded that the equations can reproduce the measured transmission rea-
sonable well. However, the values of hs and B needed to get the best results, deviate
from the originally measured values collected on the measurement transect. It can be
said though, that the used values to reach the best results, e.g. hs = 0,66m and B = 3.6
m for the Van der Meer et al. 2005 equations, can still be motivated due to the inhomo-
geneity of the reef. The hs = 0.78 m used so far is e.g. defined as the reef height from
the bed elevation to the tip of the highest oysters, while a hs = 0.66, used in 6.16 could be
defined as the reef height from the bed to the base of the oysters, where they are attached
to the reef structure. The smaller reef with B which is used can be motivated by the reef
elevation being substantially below the highest reef elevation hs for a large part of the
reef width. However, it is not clear how and if these definitions could be transferred to
other cases.
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DISCUSSION

In the following, the interpretation of the found results is discussed. First, an overview
of the fulfilment of the research objectives and their implications for the current litera-
ture is given. Secondly, an evaluation of the applicability of the results to other cases is
given. Third, the limitations and uncertainties of the research are discussed. Finally, the
implications of the findings for the dutch erosion prevention program is discussed.

7.1. ADDITION TO LITERATURE
DATA COLLECTION

In the process of this thesis, the most extensive wave data set as of known was collected
on top of an artificial large scale oyster reef in the field. Instead of the typically just two
pressure gauges allocated per reef (as in Chauvin 2018, Wiberg et al. 2018 etc.), mea-
surements were done at seven locations along a transect, including pressure gauges at
each location, two ADVs and one ADCP. This setup allows for a far more detailed anal-
ysis than usual practised: The long and dense measurement transect enables to follow
the wave trajectory more closely, giving insight about where waves are attenuated. The
velocity data gives insight into currents around the reef and wave directions. The long
measurement period of nearly three months during the winter period enabled the cap-
ture of several storm events, containing a large variety of wave characteristics. Thus the
data set holds large potential for additional future research, especially regarding the ve-
locity data, of which only basic elements were used.

The raw collected data is made freely available on the 4TU.ResearchData repository and
can be found via the DOI 10.4121/14916612 .

QUANTIFICATION OF RESULTS

The wave attenuation was quantified on several sections of the measurement transect.
Generally, attenuation over the reef was found until a water depth of 2 m (measured
from the reef) and a ds /Hm0,i ratio of 4. Comparing the attenuation of the reef to the
attenuation of the tidal flat a dissipation rate of on average 18 times higher was found.
Comparing these values to literature, the reef showed similar, or slightly higher attenua-
tion values than the crushed whelk shell reef observed in Wiberg et al. 2018 which shows
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comparable reef dimensions to the present case. The oyster castles observed in Chauvin
2018, on the other hand, attenuated waves much less effective than the observed oyster
reef.

The footprint of the reef, where reduced wave energy was measured, reached up to 300
m leeward of the reef. At this distance, the effect of the reef is limited though. The stretch
where no wave energy reaching the bed was detected reaches until approximately 110 m
behind the reef. Generally, the distance until which reduced wave heights were mea-
sured is approximately of the same order of magnitude as the reef length. Such a relation
was also found by Walles, Salvador de Paiva, et al. 2014, where reef length was identified
as the dominating factor determining the area of reduced erosion.

Overtopping, reflection, wave breaking and reef friction were found to dominate the at-
tenuation over the reef. Most important was hereby wave breaking, which was present
until a ds /Hm0,i value of approximately 2. Above ds /Hm0,i > 2, friction dominates the
wave attenuation. This indicates that the reef width B and the surface roughness play an
important role in how much energy is attenuated. At ds /Hm0,i < 0 reflection and overtop-
ping becomes dominant. The reflection hereby may lead to increased erosion in front of
the reef. An indication of this erosion was found in the reef transects (figure 3.7).

CONCEPTUALISATION

The findings regarding the footprint of the reef and the conditionality of attenuation
were conceptualised in figure 6.11. This figure gives an insight on the attenuation pro-
cess at different ds /Hm0,i ratios, and the implications on the footprint. This conceptu-
alisation is mainly valid for wind waves in a macrotidal environment. The presence of
only swell waves would simplify the concept. Swell waves are a lot more unidirectional
and no or only little wind input can be expected. The footprint of the reef would thus in-
crease. The concept furthermore assumes that behind the reef the tidal flat extends for
at least a couple hundred of meters before the marsh edge begins. If the reef is located
closer to the coast or marsh, such as < 100 m, the influence of wind input or the concept
of a footprint is less important.

PARAMETERIZATION

A parameterization is the first step to develop relations that are valid for a variety of
cases. This was done by using dimensionless numbers which describe the distribution
of transmission coefficients. The factor ds /Hm0,i is the typical used dimensionless num-
ber in literature to best describe attenuation over a structure (Van der Meer et al. 2005,
Seabrook and Hall 1998). These authors furthermore link ds /Hm0,i to the attenuation
process wave attenuation. This could be confirmed by the strong dependence found be-
tween ds /Hm0,i and the wave asymmetry (figure 6.8).

In figure 6.12 it was shown that ds /Hm0,i describes the transmission well for ds /Hm0,i

values around 0 but leads to an increasing spread with higher ds /Hm0,i values. Thus
this factor represents overtopping, reflection and wave breaking reasonably well. The
spread for higher ds /Hm0,i values could partly be parameterized by using the incident
wave height (independently of the freeboard) and the wave steepness. The usage of the
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wavelength L present in the steepness is likely capable of representing the reef friction,
which becomes dominant for ds /Hm0,i > 2. However, somehow the reef width B will
need to be included to properly represent friction. The exact relevance of the width B
of the reef could not be quantified since measurements were only done on one reef and
reference data is missing. To reduce such uncertainties it would be desirable to collect a
larger data set, including several similar oyster reef structures with different dimensions.

In literature the relative submergence ds /Hm0,i is predominantly used as the main pa-
rameter relating the transmission coefficient to structure and wave parameters (see Seabrook
and Hall 1998, Van der Meer and Daemen 1994). In this thesis, however, the dimension-
less parameter ds /L01,i performed better in describing transmission. This parameter
thus might be better suited than the relative submergence in empirical relations. Should
a new relation regarding oyster reefs be developed, it is thus suggested that the perfor-
mance of ds /L01,i in combination with other parameters is explored.

PERFORMANCE OF EMPIRICAL RELATIONS

As of now the quantitative impacts of an artificial oyster reef on its surroundings are un-
known prior to construction. Finding a relation that can represent wave attenuation over
oyster reefs would fill this knowledge gap, making oyster reefs a more attractive option
for erosion prevention programs.

The examined oyster reef has similarities to classical breakwaters. Thus several existing
relations for submerged breakwaters were used in an attempt to reproduce the results
of the measurement campaign. Without any tuning all three relations resulted in large
root mean square errors (RMSE), meaning poor predictability. However, generally high
correlation factors of around 0.9 were found. This indicates that the processes governing
attenuation over the oyster reef are similar to the processes in submerged breakwaters. It
was possible to achieve significantly lower RMSE values by changing the definition of the
reef width B and the reef height hs . However, it is unclear if the same definition would
be valid for other cases.

Generally, the equations react quite sensitive to a change in the reef height hs . This is
because of the very low structure height of the oyster reef, where small deviations in the
order of cm lead to large relative differences. A change of hs = 10 cm can e.g. lead to a
change of the RMSE of 0.1 in the prediction of the transmission coefficient. This compli-
cates the evaluation of the attenuation capabilities of an oyster reef prior to construction
since the reef may grow or degrade, leading to the reef height varying significantly both
in space and in time.

With a larger data set it is likely that the existing empirical relations can be modified to
represent gabion oyster reefs. This is in contrast to findings about oyster castles, where
Webb and Allen 2015 concludes that existing empirical relations do not sufficiently rep-
resent the observed oyster reefs. However, regarding the uncertainty of where the growth
ceiling of the oyster reef is and the inhomogeneity of the structure dimensions, both in
space and in time, a precise prediction of attenuation will be difficult to achieve.
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APPLICABILITY TO OTHER CASES

As of known, this study is the only one researching wave dissipation over an oyster reef
in a macrotidal low energy environment. Thus, many effects not present in existing lit-
erature could be observed, especially regarding the fluctuating water depths due to the
large tidal range. The conditionality of the wave attenuation due to this large water depth
range was schematized. This schematization is likely applicable to all cases in macroti-
dal systems and can give insight into the basic processes. However, results regarding the
quantification of attenuation should be transferred to other cases with care. Especially
to oyster castles, the found results show little concordance. This can likely be traced
back to a much larger relative reef width B/L of the gabion reef and fragmentary build-
ing styles in many oyster castle structures. In what sense the quantification of the results
is applicable to other oyster gabions, has still to be researched. Additional data on other
reefs with a similar building structure are required to identify the impact of different reef
dimensions and biotic factors such as oyster sizes and oyster density. Recommended
is also a comparison to data on natural oyster reefs. These are typically much wider
and can provide insight on the importance of the reef width B. Since friction was found
to be important for dissipation in this thesis, especially for higher water depths, such
an increased width is likely gonna increase both the general dissipation and the spatial
footprint of the reef.

LIMITATIONS OF THE RESULTS REGARDING EROSION EVALUATION

The results give a deep insight into the wave attenuation processes over the oyster reef.
However, no direct quantification of the erosion reduction was done. Consequently,
some processes induced by the reef which are not directly relevant for wave attenua-
tion but might alter erosion quantities were not covered.

One of these processes is reef induced currents. During flood and ebb, when the water
level is at around reef height, the reef strongly obstructs the natural flow of the water
onto, or away from the reef. This might lead to currents alongside the reef which can
lead to erosion.

The reef can furthermore decrease the period of waves that propagate over it due to har-
monic release. Since smaller periods are linked to smaller wavelengths, wave energy may
penetrate less deep into the water column. Such an effect was observed in the measure-
ment data (see A.9) but not discussed further.

IMPLICATIONS FOR THE DUTCH EROSION PREVENTION SCHEME

The results show that the reef is successful in disrupting the incoming waves and pro-
tecting the area leeward of the reef. However, the area of influence of the reef is lim-
ited. Much of the tidal flat further inland experiences no reduced wave energy and thus
also no reduced erosion. This is in concordance with the findings in Walles, Salvador de
Paiva, et al. 2014. Furthermore, some erosion in direct proximity behind the reef could
still be measured, although with slowed down rates. Generally, the applicability of con-
structing artificial oyster reefs on tidal flats is limited due to strict requirements in biotic
and abiotic factors which are only met on parts of tidal flats. The usage of oyster reefs
can thus only be seen as a local, complementary measure for erosion reduction, which
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in most cases can only delay, but not prevent more disruptive measures such as nour-
ishments.





8
CONCLUSION

Within this thesis work, an extensive data set was collected to research the attenuation
capabilities of an artificial gabion oyster reef. Using the data set wave attenuation was
quantified and relevant processes were identified. It was then investigated how and if
empirical relations could predict attenuation quantities over such a structure. The con-
clusion regarding the three objectives and the main research question is addressed be-
low.

OBTAIN A COMPREHENSIVE AND EXTENSIVE DATA SET WITH MEASUREMENTS OF WAVE CHAR-
ACTERISTICS AT THE OBSERVED OYSTER REEF.
Despite the challenging environment at the research site due to a large tidal range, an
extensive and high-quality data set could be collected. The obtained velocity and pres-
sure data were sufficient to execute a complete and extensive analysis of wave attenua-
tion. The data set was further not fully exploited and leaves much room for additional
research in the future.

QUANTIFY THE WAVE ATTENUATION AND IDENTIFY THE PROCESSES WHICH GOVERN THE

MODIFICATION OF WAVES OVER THE OBSERVED OYSTER REEF.
The attenuation process over the oyster reef was successfully quantified for different
conditions. Compared to the bare tidal flat the reef featured a dissipation rate of on av-
erage 18 times higher. The usage of the energy flux instead of the wave height to define
the transmission hereby enabled more accurate results than common in research.

For attenuation, the mechanisms of reflection, overtopping, wave breaking and reef fric-
tion were identified to be most relevant. By investigating the relative significance of
these mechanisms for different conditions, implications on the importance of certain
reef characteristics under different conditions could be made.

PARAMETERIZE THE EFFECT OF THE MODIFICATION OF THE WAVE FIELD BY THE OYSTER

REEF AND INVESTIGATE POTENTIAL PREDICTABILITY.
The attenuation process was parameterized using dimensionless numbers. The gen-
eral results hereby show strong resemblance to parameterizations of submerged rubble
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mound breakwaters, indicating similarity of these two structure types. The best param-
eters to represent attenuation over the oyster reef were found to be the freeboard in re-
lation to the incoming wave height, and the freeboard in relation to the incoming wave-
length.

Existing empirical relations describing submerged rubble mound breakwaters were found
to reasonably well represent attenuation over the oyster reef. However, quantitative data
for calibration is still missing. The small reef height in regards to the tidal range, further
makes the equations extremely sensitive to the reef height. Because of the inhomogene-
ity of oyster reefs, there will thus always be a limit to the accuracy of predictions.

HOW EFFECTIVE CAN AN ARTIFICIAL OYSTER REEF GABION CONTRIBUTE TO EROSION PRE-
VENTION ON A MACROTIDAL FLAT BY ATTENUATING WAVES?
The results prove that oyster reef gabions in a macrotidal and low energy environment
can be effective in reducing wave energy leeward of the reef. However, the efficacy of the
reef in attenuating waves varies greatly with tidal elevation, showing full transmission for
water depths > 2m. Furthermore, the footprint of the reef where reduced wave energy
was measured was limited to a maximum of about 300 m behind the reef.

These limitations were generalized in a concept figure, where the conditionality of at-
tenuation for different forcing and the implications for the reef footprint are visualised.

Overall the oyster reef showed a strong local effect on its surroundings. However, de-
pending on the size of the intertidal area behind the reef, only a fraction of the lee-side
flat may be influenced by the reef. On large intertidal areas, oyster reefs should thus not
be considered as an adequate general solution for erosion prevention, but rather as a
spatially limited instrument to locally reduce erosion.
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RECOMMENDATIONS FOR FUTURE

RESEARCH

Based on the findings several actions are recommended to further research:

• Much of the available velocity data was not used, or only used briefly. Analysing
the ADV and ADCP data could give insights into the tidal currents on the flat and
how the reef obstructs these. Furthermore, the reflected wave energy could be
quantified. These processes could possibly be linked to added erosion around the
reef which is not covered in the attenuation analysis made in this thesis.

• In this thesis only the capability of the observed oyster reef to attenuate waves was
verified. To construct a formal link to the actual reduced erosion quantities, the
set-up and calibration of a numerical model is recommended with the collected
data. Going further, a numerical model could explore the effect of a more extensive
usage of oyster reefs on the tidal flat, investigating the limit to which oyster reefs
can reduce erosion.

• In order to develop a simple tool to estimate the effect of such oyster reefs the col-
lection of a quantitative data set including transmission data of a variety of oyster
gabion reefs with different dimensions and hydraulic forcing is recommended. As
shown in this thesis, such a data set could likely be used to develop, or transform
a existing empirical relation to estimate attenuation quantities

• The oyster reef has been shown to reduce the wave forcing and locally stabilize
the surrounding flat. It is thus recommended to extend the research project and
build further oyster reefs at strategical relevant locations. To increase the impact of
such projects oyster reefs could be investigated alongside other erosion mitigation
measures.
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A.1. INSTRUMENTS

A.1.1. OSSIS

Below the most important technical data of the used OSSI pressure gauges is laid out.
The full information can be found on ocean sensors 2021

Figure A.1: General information OSSI wave gauge. ocean sensors 2021
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Figure A.2: Electrical Characteristics OSSI wave gauge. ocean sensors 2021
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Figure A.3: Data Characteristics, Pressure, OSSI. ocean sensors 2021
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A.1.2. ADV

The used User setup is given in A.4.

Figure A.4: Used configurations for the ADVs

Below the most important technical data of the used ADVs is laid out. The full infor-
mation can be found on Nortek 2021



A.1. INSTRUMENTS

A

85

Figure A.5: Technical data ADV 1. Nortek 2021
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Figure A.6: Technical data ADV 2. Nortek 2021
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Figure A.7: Technical data ADV 3. Nortek 2021
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Figure A.8: Technical data ADV 4. Nortek 2021
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A.1.3. ADCP

The used User setup is given in A.13.

Figure A.9: Used configuration for the ADCP

Below the most important technical data of the used ADVs is laid out. The full infor-
mation can be found on Nortek 2021
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Figure A.10: Technical data ADCP 1. Nortek 2021
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Figure A.11: Technical data ADCP 2. Nortek 2021
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Figure A.12: Technical data ADCP 3. Nortek 2021
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Figure A.13: Technical data ADCP 4. Nortek 2021
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A.2. PRESSURE DATA PREPARATION
The core of the data analysis used to determine wave attenuation was done with the
pressure measurements of the OSSI devices. These produce data files in .csv format with
a burst interval of 24 hours after which a new csv file is created. This ensures that a
corrupted file does not lead to full data loss. Each file is closed approximately 10 seconds
before the end of the 24 hour burst. The resulting missing data is filled up with NaN
values so that all files have the same length of 864 000 data points (at 10 Hz in one day).
The resulting files present raw pressure readings in respect to 1 bar. These have to be
corrected for atmospheric (atm) pressure variations and individual calibration errors.
To measure atm pressure at the measuring location a CTD sensor was placed at a point
of high elevation on a close salt marsh. This device later showed no measurements due
to a set up error. Thus atm pressure data of the Lichteiland Goeree station offshore of
the Oosterschelde had to be used. After the atm correction the pressure time series was
adjusted for calibration errors so that pressure readings equal zero during emergence.
The above explained process is visualised in figure XX below. (still changes axes of this
figure)

Figure A.14: correction of raw pressure data. Blue: raw data, red: atm corrected, pink: atm and calibration
corrected

In order to measure at the set frequency rate, each measurement device is equipped with
an internal clock. These can be reset at the start of the campaign but will still lead to indi-
vidual clock offsets for each instrument. If the offset differences are large the time series
have to be corrected to ensure comparability between the devices. Possible differences
were determined by dipping the OSSI devices into Water at the end of the campaign,
leading to a distinctive pressure signal in the time records. Unfortunately, 4 out of the 8
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Ossis ran out of battery during the campaign, making it impossible to determine possi-
ble clock differences for those. For the remaining 4 Ossis, which still had battery left, the
maximum time difference was determined as 2 minutes. This seems acceptable consid-
ering 15 minute time series and the rate at which storm conditions change.

A.3. CALCULATION WAVE ASYMMETRY
Matlab code used to calculate the wave asymmetry.

Hi = i mag (hi lber t (et a))
As = nanmean((Hi .3))/(nanmean(et a.2).(3/2))

(A.1)

Where eta is the detrended pressure time series and As indicates the asymmetry. In-
creasing negative As values hereby mean an increased asymmetry while As = 0 means no
asymmetry.

A.4. DATA VALIDATION
Raw pressure measurements at ML2 are shown in A.15. The fluctuation with the passing
waves is visible as well as the tidal trend.

Figure A.15: measured raw pressure at ML2
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Raw velocity measurements for all three beams of the ADV at ML2 are shown in A.16. THe
fluctuation of the three beams with the orbital velocity are visible as well as a current.

Figure A.16: measured raw velocity of three beams at ML2

To get an idea about the accuracy of the determined instrument elevation, the water
depth time series derived from all instruments were converted into water elevations in
respect to NAP and compared to the stations tidal data. Two tidal cycles are plotted in
figure A.17 below, showing good agreement between all instruments and the reference
station with deviations in the order of 2 cm. The inaccuracy only slightly increases to 4
cm during high energy events, meaning that no significant set up was recorded on top
of the tidal flat. The horizontal lines at low tide indicate the elevation until which the
devices are submerged and can record data.
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Figure A.17: Tidal data retreived from Stavenisse (Rijkwaterstaat 2021) compared to water elevation data from
OSSI and ADCP measurement devices on the 17th of December 2020.
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A.5. SPECTRA EVOLUTION

Figure A.18: Spectral evolution of ML2ML5 under different conditions

A.6. UNCERTAINTIES AND SIMPLIFICATIONS

A.6.1. EMPIRICAL MODELLING FETCH RELATED WAVE GROWTH
It is assumed that there is no further wind energy input into the waves after the waves
pass ML1. This is reasonable if the two considered measurement locations are close to-
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gether but can become a problem if large distances lie in between the considered mea-
surement locations. The focus in this thesis lies in waves during storm conditions be-
tween the measurement locations of ML2 and ML5. With a distance of 50 m in between
only little wind input is to be expected. For longer distances however, such as the 200
m in between ML6 and ML7 wind input can become significant. This effect of wind
input was addressed in Kala 2016, where wave height loss due to a nourishment hook
in the Oosterschelde was recovered within only 300 m. To give some insight about the
expected wave growth due to wind at storm conditions some simple empirical relations
are explored in the following(Holthuijsen 2009). These show wave growth in the order of
1 cm for distances of about 50 m and wave growth in the order of 10 cm for distances of
several hundreds of meters, confirming the above assumption.

F̃ = F ∗ g

U 2
10

(A.2)

H̃ = H̃∞(t anh(k1 ∗�F m1))p (A.3)

H̃ = H ∗ g

U 2
10

(A.4)

The results for some choices of the Fetch and the wind speed are given in the table
below.

wave heigth [m]
Fetch [m]

50 100 500 2000 2050 2500

U10[m/s]
10 0.06 0.08 0.17 0.31 0.31 0.34
15 0.09 0.12 0.26 0.48 0.49 0.53
20 0.12 0.17 0.35 0.66 0.67 0.73

Table A.1: empirical wave heights estimated with fetch and wind speed

A.6.2. OTHER SIMPLIFICATIONS
Wave reflection is neglected. Part of the energy transported in the wave is not going to
be attenuated or transmitted, but reflected from the reef. This reflected energy is trans-
ported back offshore, where it can have an impact on the measurements at ML2. This
impact is highest when the water level is below the reef crest, and a nearly all wave en-
ergy is reflected.

Also not taken into account are the wind or tidal induced currents which can be found
on the tidal flat. Biofouling on the instruments can often lead to a degradation of the
data quality in marine settings, when algae or other marine live start covering the instru-
ments. For this campaign however, no biofouling was observed.

Furthermore, the instruments themselves and and their installation lead to inaccura-
cies. The accuracy for the used OSSI pressure measurements is given as ±0.05% at tem-
peratures between 10 and 40 °C (ocean sensors 2021). Since temperatures reached up to
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−10°C during the measurement campaign, the maximum inaccuracy can be expected
to be higher. The ADCP has an accuracy of ±0.5% and a precision of ±0.005% for the
pressure readings and an accuracy of ±1% or ±0.5cm/s for the velocity readings (Nortek
2021). The velocity readings of the Vector ADVs have an accuracy of ±0.5% or ±1mm/s
(Nortek 2021). Additionally the stiffness of the measurement frames can lead to inaccu-
racies. While the frames for the ADV and ADCP could be build reasonably stiff, the poles
on which the OSSIs were mounted experienced some freedom of movement. This was
relatively small for the lower OSSIs but in the order of several centimeters for the higher
mounted OSSIs. During high energy events the resulting swinging of the poles can then
lead to additional noise in the measured time series.

Lastly the assumption of the applicability of linear wave theory will lead to inaccuracies
in the results. The observed waves are expected to have some non linear characteristics,
since the conditions on the tidal flat are mostly shallow, or intermediate water condi-
tions. Some methods exist to introduce non linear terms to the wave analysis, but these
add another level of complexity. Since linear wave theory is generally seen as sufficient
for most practical applications in the field (Karimpour and Chen 2017), linear wave the-
ory was thus chosen.

A.7. ASYMMETRY MEASUREMENT LOCATIONS

Figure A.19: Asymmetry plotted vs the relative submergence ds /Hm0,i . Hm0,i is the incoming wave height at
ML2 and ds is the reef freeboard. Asymmetry was measured at ML2. Asymmetry is increasing with negative
values, a value of 0 indicates zero asymmetry. The asymmetry was only calculated for ds /Hm0,i values lower
than 5.
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Figure A.20: Asymmetry plotted vs the relative submergence ds /Hm0,i . Hm0,i is the incoming wave height at
ML2 and ds is the reef freeboard. Asymmetry was measured at ML4. Asymmetry is increasing with negative
values, a value of 0 indicates zero asymmetry. The asymmetry was only calculated for ds /Hm0,i values lower
than 5.

Figure A.21: Asymmetry plotted vs the relative submergence ds /Hm0,i . Hm0,i is the incoming wave height at
ML2 and ds is the reef freeboard. Asymmetry was measured at ML5. Asymmetry is increasing with negative
values, a value of 0 indicates zero asymmetry. The asymmetry was only calculated for ds /Hm0,i values lower
than 5.
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Figure A.22: Asymmetry plotted vs the relative submergence ds /Hm0,i . Hm0,i is the incoming wave height at
ML2 and ds is the reef freeboard. Asymmetry was measured at ML6. Asymmetry is increasing with negative
values, a value of 0 indicates zero asymmetry. The asymmetry was only calculated for ds /Hm0,i values lower
than 5.

Figure A.23: Asymmetry plotted vs the relative submergence ds /Hm0,i . Hm0,i is the incoming wave height at
ML2 and ds is the reef freeboard. Asymmetry was measured at ML7. Asymmetry is increasing with negative
values, a value of 0 indicates zero asymmetry. The asymmetry was only calculated for ds /Hm0,i values lower
than 5.
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A.8. PREDICTABILITY OF RESULTS WITH EMPIRICAL RELATIONS

Figure A.24: Seabrook fitted with B = 1 m, D50a = 0.1 m

Figure A.25: Srineahs fitted with B = 3.5 m and hs = 0.66 m
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Figure A.26: Van der meer: Change of results for a ds change of 1 cm

A.9. PERIOD DIFFERENCES IN BETWEEN ML2ML5

Figure A.27: Change in mean period between ML2 and ML5 indicated by lines. Lines colored in the color-code
indicate a period decrease. Dashed lines in pink indicate a period increase
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