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Abstract

ABSTRACT

The shoreface, the ‘buffer zone’ between the land and sea, is one of the most important
coastal regions directly influencing the coastal sediment budget through its role as a
sediment sink or source. It therefore has a potentially significant impact upon large-scale
(10 km; decades) shoreline movement. However, knowledge of shoreface activity over the
medium- (1 km; years) and, more particularly, the large-scale remains scarce, primarily as
a consequence of data limitations.

This empirical thesis extends existing knowledge to the large-scale through the observation
of the temporal and spatial characteristics of shoreface morphodynamic behaviour over a
32 year period. It takes a data-orientated approach using the unique JARKUS data set
which is composed of cross-shore bathymetric profiles covering the entire Holland coast to
a maximum offshore distance of 3 km (approximately 16 m depth). The observations
made are also used to i) evaluate the ability of existing models to predict shoreface
morphodynamic behaviour; and ii) examine the evolution of shoreface activity beyond the

data limits.

It is shown that not only is there a cross-shore limit to significant depth change on the
upper shoreface (as previously observed in short-scale studies), but over the longer
temporal periods (> 10 years), the middle and lower shoreface typically undergoes
significant erosion. These observations are forthwith named the ‘shoreward depth of
closure’ and ‘re-opening zone’, respectively. The observed shoreface activity has also
been classified as a function of the cross-shore extent of the activity as either ‘non-’,
‘partially-> or ‘fully-active’. Shoreface activity is strongly spatially- and temporally-
dependant, such that i) the Holland coast can be divided into two longshore provinces of
similar morphodynamic characteristics; and ii) after 100 years, the north Holland shoreface
is predicted to become fully active i.e. there is no cross-shore limit to the activity.
Shoreface processes are under the control of internal dynamics e.g. the nearshore bar
system, and external forcing e.g. hydrodynamics. The relative significance of these
forcings is temporally-dependent; for example the nearshore bar system has a greater
relevance on the upper shoreface activity over the shorter time periods.

Although most readily applicable to wave-dominated coastlines with similar characteristics
to the Holland coast e.g. a nearshore bar system, the fundamental ideas arising from this
work could also be applied to coasts with different environmental conditions e.g. tidally-
dominated. Essentially this study shows that shoreface activity is more widespread in the
cross-shore than previously appreciated. One consequence 1s that there will be a greater
sediment volume in transport than formerly acknowledged and accounted for in, for
example, sediment budgets.
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1) INTRODUCTION

1.1) BACKGROUND TO STUDY

The coastline forms the boundary between the marine and terrestrial environments. It is a highly
dynamic zone within which changes, primarily resulting from interactions between the lithosphere,
atmosphere, hydrosphere and biosphere, can take place over a range of temporal periods. The
dynamic nature of the coast is such that it is vitally important that its changing behaviour', through
time and space, is understood and can be predicted. The changes which do occur within the coastal
system could have a potentially significant impact upon both the ecological and human
environments; for example coastal erosion will lead to land loss and possibly the destruction of
properties. The classic case study of this 1s the cliff erosion at Hallsands,. Devon, UK in 1912 due
to anthropogenic influences. Loss of the feed of shingle to the beach resulted in the removal of
protection to the cliff foot, ultimately causing severe cliff erosion and the collapse of Hallsands
village into the sea. An understanding of the coastal environment and its complexities, as attained

by coastal scientists, should therefore improve the coastal managers and engineers ability (cf.

Environmental Transport Regions, 1998) to install schemes with more confidence and success.

It is that region between the beach and shelf which should be taken to represent the ‘transition
zone’, or ‘buffer zone’ between the land and sea; it is here that the waves have a significant direct
impact upon the sea floor through, for example, shoaling. Seaward of this area there are relatively
few influences which will have an effect upon the coastline. This zone is most commonly referred
to as the shoreface (e.g. Vincent et al, 1983, Stive et al, 1990; Wright et al, 1991; Van Rijn, 1995;
Walstra et al, 1998) and is illustrated in Figure 1.1 using an example of a cross-shore profile from
the Holland coast. Other terms used to describe this region are 1) the inner shelf (e.g. Wright, 1995)
and 11) the offshore (e.g. Komar, 1998). For the purpose of this study the term shoreface is used as
it has been shown (e.g. Van Rijn, 1997) to be practical for the study area; indeed most, if not all,
studies of this coastline (the Holland coast) use the term ‘shoreface’. Hence the terminology of this
study will be in keeping with that of existing ones on the Holland coast. The definition of the
shoreface, as used here, is given in Box 1.1. The shoreface makes an important long-term
contribution to the coastal sediment budget as it will be acting as either a sink or source of sediment
from/to the active zone; for example the dominant onshore transport of the Holland coast (Walstra
et al, 1998) means that this shoreface acts as a sediment source for the active zone. However, the

dominant longshore transport also means that the majority of this sediment is

\ A

' or the morphodynamic result of the interaction between the existing morphology, hydrodynamics and
sediment transport of the coastal system (see Box 1.3)
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transported northwards (Van Rijn, 1995) and so does not act as nourishment for the active zone. It
should be noted that if there was no shoreface feed then it is probable that the active zone (and
beach) would erode at a greater rate than at present. The role of the shoreface also means that it

can potentially act as a control upon the long-term shoreline movement.

) - ) |
upper shoreface middle lower
active zone shoreface shoreface
0 e e e - e e e
? 0.5 1 1.5 2 2.5
E ~
8 . -
g ] _
5
-12 - : : — =
-16 1 seaward distance (km) —)

Figure 1.1. Definition sketch of the shoreface using a cross-shore profile from the Holland coast.

Box 1.1, The definition of the shoreface as used in this study :

‘the fixed offshore zone bound on the landward side by the seaward
slope of the outer breaker bars and bound on the seaward side by

the transition from a concave profile to a nearly horizontal bottom’
(Houwman and Hoekstra, 1994).

It is important that the response of the coastal region, especially the shoreface, to different forcings
can be anticipated over all scales; “in addition to being fundamental to understanding the
morpho@namics of beaches, the spatial and temporal behaviour of the beach profile has direct
application in coastal engineering projects involving beach nourishment and the siting of coastal
structures” (Larson and Kraus, 1994). It is becoming increasingly obvious that information of long-
term coastal behaviour is vital, especially with the increasing pressure placed upon this
environment. An example of such a pressure is-that of climate change which leaves as one of its

signatures rising sea levels; the global rise is predicted to be approximately 0.2 m by 2030
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(regional variations will exist) (Houghton, 1991). However, this does not mean that there is any

less requirement for smaller scale information; upscaling of knowledge over the small- and

medium-scales (Table 1.1) 1.

e. process-knowledge, provides useful details for understanding and

prediction over the large-scale. The interaction between these scales, defined within the Large

Scale Coastal Evolution concept of Stive ef al (1990), 1s given in Figure 1.2.

SCALE MORPHODYNAMIC (LONGSHORE) TIME
DESCRIPTION LENGTH SCALE SCALE
Geological-Scale 100 km centuries

10 km decades

Medium-Scale
Short-Scale

1 km years
100 m storms-seasons

Table 1.1. Description of the three scales adopted from the Large Scale Coastal Evolution concept

of Stive et al (1990) in addition to the geological-scale. These are illustrated in Figure 1.2,

time decades
scale

MSCE
damping and cyclic
years evolutions
|
SSCE
(rhythmic )

LSCE
mean trend
fluctuating and
~ asymptotic evolutions

surf zone inlet coastal cell

———  seaee SeSlE

Figure 1.2. Coastal evolution scales (taken from Stive et al, 1990)

At present there is little information available of coastal behaviour over the medium- and large-

scale. This is primarily the result of a lack of good quality, long-term data sets which are required

not only 1) to allow the observation of coastal behaviour, but also ii) to validate and calibrate
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models which attempt to reproduce and predict this behaviour, Typically, long-term data sets are
derived from maps discovered in archives and used to determine long-term changes in shoreline
position. Though useful in calculating shoreline change, they should be used with caution as the
accuracy of the data source is difficult to determine. Long-term data sets should, ideally, include
high quality bathymetric and hydrodynamic data. In addition, such data sets should be available at
a number of different locations with sufficient resolution in time and space. The number of these
data sets are limited, although expanding (Table 1.2). One of the largest data sets of this kind
exists for the low-lying, densely populated Netherlands coast where a coastal morphodynamic
monitoring system has been in operation since 1963. This extensive data set is called JARKUS, an
acronym for annual soundings (in Dutch ‘JAaRlijkse KUStlodingen’ ( Ruessink, 1998)). The
JARKUS data set was primarily collected for coastal zone management purposes (RIKZ?) but has
also proven useful to coastal scientists investigating coastal behaviour e.g. nearshore bar behaviour
(Wijnberg, 1995). In the former case, analysis of the bathymetric data led 'to the implementation of
the 1990 ‘dynamic preservation policy’ which aimed to fully control erosion until 1995 and
consequently resulted in 10° million cubic meters of sediment being placed on the coast (Louisse

and Kirk, 1990). The most important aspect of this policy was that the shoreline of the Netherlands
be maintained at its 1990 position3 (de Ruig, 1998).

Large-scale coastal behaviour is also poorly understood as significant questions exist regarding the
behaviour beyond that observed in the data i.e. when using predictive techniques. These questions

have arisen from the work of De Vriend (1991 and 1998b, respectively) :

1. 1is the long-term coastal behaviour inherently unpredictable, as suggested by the strong non-
linearity of the natural system;
2. do different forcings have significant impacts over different scales e.g. 1s turbulence more
- important over the smaller scales and climate change over the longer term;
3. what is the interaction between the different forcings e.g. the hydrodynamics and
morphodynamics; and

4. variations in external forcings have and will continue to occur.

These questions are examined in more detail in Chapter 2. The conclusion drawn is that, in

combination with data limitations, they have resulted in a large knowledge gap as it has proven

RIKZ or Rijkswaterstaat, the Dutch National Institute for Marine and Coastal Management
* A review of this coastal defence policy in 1995 showed that it was successful; considerable dune and beach
loss no longer occurs (de Ruig, 1998).
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hard to upscale process knowledge':4 to change on a longer timescale (cf. De Vriend, 1993). This

problem has been concentrated upon over the past 15 years: an example of a recent research project
is the EU MAST-III PACE (Prediction of Aggregated-scale Coastal Evolution) project (De Vriend,

1997a; 1998a).

e

SITE LINCON- JARKUS SYLT
SHIRE | (Netherlands) | (Netherlands) (Poland) ISLAND
UK short extended German
COAST (km
L L Wl
PROFILES
SPACING (m 2000

70

CROSS- intertidal dune & coastal duneto-5m dune to
SHORE (80 m beach (1000 | profile (2.5 to (800 m MLW
DISTANCE | offshore) | m offshore) 5 km offshore)

offshore

'S |

1870 to
1984

5to 10
ears

DATES 1999 to

1963 to 1999 1964 to 1999
1990
TIME 1 year 6 months
INTERVAL

Table 1.2. Examples of the largest-scale profile and bathymetric data sets (taken from Hamm,
1999).

- It is the aim of this coastal science thesis (Box 1.2; 1.3) to expand upon the limited knowledg'e of
medium- and large-scale coastal behaviour by concentrating on the morphodynamic (Box 1.3)

activitys of the Dutch shoreface®. Temporal and spatial resolutions, in combination with

accessibility, led this author to use the JARKUS data set to achieve this aim (Chapter 3). This data
exists for the entire Netherlands coast, covering both tidally- and wave-dominated environments.
However, in order to avoid the complication of inlet processes, and to encourage comparision
between the bulk of research on shoreface morphodyanmics, it is the Holland coast (Figure 1.3)

which is studied here. In particular it is the shoreface between Callantsoog and Schevingen which

* as observed from short-term field experiments
s » a * . - » . . » - 5 -

morphodynamic activity 1s 1dentified by significant depth changes, where ‘significant’ is dependant upon
the criterion selected to identify the depth change
6 it L] » - -

as already stated the shoreface is an extremely important part of the coastal region due to its role i) as a
‘buffer zone’; ii) in sediment budgets; and iii) in shoreline movement.
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constitutes the study area. Hence the large-scale behaviour of a wave-dominated, uniform coast

uninterrupted by tidal inlets can be accurately ascertained; inclusion of more northern and southern

profiles of the Holland coast will include tidal effects from the Marsdiep inlet and the Rotterdam

Waterway (these features are all shown in Figure 1.3). The results from this study can :

1. be compared with the majority of existing research on this topic;

2. be integrated with the short-scale knowledge already available on other, similar, coastlines;
and

3. . act as a ‘bridge’ between the short-/medium- and geological-scale shoreface knowledge which

exists for this environment.

Box 1.2, the aim of this study:

determine the spatial- and temporal-characteristics of shoreface
morphodynamic behaviour over the medium- and large-scales,

paying particular attention to the latter.

In more detail, this investigation of large-scale shoreface behaviour will provide invaluable
information on the different timescales of shoreface response to forcings. At present the general
assumption that the shoreface response is temporally dependent.is based upon medium-term data
sets (e.g. Wright ef al, 1985) and modelling work (e.g. Stive and De Vriend, 1995). By using the
JARKUS data set, this research will either confirm or reject this assumption based upon 32 years
worth of field data. In addition, it is hoped that not only will the results 1) support the output of
existing long-term models e.g. the Advection-Diffusion Model (Niedoroda et al, 1985); but also
provide details of shoreface morphodynamic behaviour for application to generic shoreface studies.
For example not only should the concepts obtained be useful to other coastal researchers who have
limited information on the morphodynamic behaviour of a shoreface of similar characteristics but it
should also prove invaluable to coastal managers who wish to further understand the temporal- and
spatial-development of ‘their’ shoreface (again with similar characteristics to the Holland

shoreface).
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Box 1.3, definitions of the key words used in Box 1.2 :

Shoreface :

the fixed offshore zone bound on the
landward side by the seaward slope of the
outer breaker bars and bound on the seaward
side by the transition from a concave profile

to nearly horizontal bottom (Houwman and

Hoekstra, 1994) (as given in Box 1.1).

Morphodynamic: the form and structure of the coastal

Behaviour:

Medium-scale -

Large-scale :

system

the morphodynamic result of the interaction
between the existing morphology,
hydrodynamics and sediment transport of the
coastal system

temporal period greater than years,
morphodynamic length scale greater than 1

km (Stive et al, 1990)

temporal period greater than 10 years;

morphodynamic length scale greater than 10
km (Stive et al, 1990)

1) Introduction
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Figure 1.3. The study area : the Holland coast (adapted from Wijnberg, 1995). Distance 1s

measured from the north to the south as indicated.
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1.2) THE COASTAL SYSTEM

Coastal behaviour is typically studied by considering the coast as a system which is itself
composed of several parts, or compartments7 (e.g. Ruessink, 1998), each of which have a distinct

temporal and spatial scale. Changes occur within these compartments at a wide range of scales,

from individual grain motions through to development on the geological scale, as shown in Figure

1.4. (This 1s discussed in more detail in Chapter 2.) Within each compartment, a morphodynamic

system exists composed of the sub-systems of hydrodynamics, morphology and sediment transport.

The coastal morphodynamic system is complicated involving feedback between these three main

sub-systems. It can be represented simply by Figure 1.5, in which the water motion is induced by

the energy input into the system in the form of waves and currents. This in turn induces sediment

transport and hence morphological change and so spatial and temporal gradients exist linking the

boundary morphology with the hydrodynamics. A close mutual dependence also exists between

the hydrodynamics and the large- and small-scale morphological features of the seabed and shore.

An example of this is the interaction between the sandy seabed and propagating, weakly-dispersive,

weakly non-linear free low-frequency waves. A morphological model developed to describe this

interaction shows that changes in the flat bed to shoreface bars causes changes in the waves, and

vice-versa (Hulscher, 1998). A more detailed diagram illustrating the coastal morphodynamic

system is shown in Figure 1.6. Here, for example, the small-scale influence of the benthic biology

is shown. Burrowing activities and the associated sediment mixing will affect sediment transport

as the altered sediment composition may have a larger or smaller critical threshold of motion

iniation.

As stated in Box 1.2, it is that part (or compartment) of the coastal system known as the shoreface
(Box 1.1; Figure 1.1)) which is studied here. Data restrictions (section 1.1) are such that, whilst
short-scale knowledge is gained from field experiments e.g. Beaver et al (1999), large-scale
information is typically derived from modelling efforts e.g. Buijsman et al (1998b). In the latter,
validation can be made with data of coastal deposits obtained from co;e borings (e.g. Cleveringa
and Spek, 1998). Such data typically shows the coastline development through the position of
coastal deposits within the core. Of the short-scale shoreface studies, the majority have focused

upon differences in wave- and tidal-currents and sediment transport between fair-weather and

" the definition of compartment is a section of the coastal system which has a distinct temporal and spatial
scale e.g. the shoreface, tidal inlets, beach, active zone (see glossary). The concept of the compartment is
adopted in the ASMITA model which consists of three parts; the tidal basin; ebb-tidal delta; and adjacent
coast (Buijsman ef al, 1998b)
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storm conditions (e.g. Vincent et al, 1983; Wright e al, 1986; Snedden et al, 1988; Gracia et al,
1998; Beaver et al, 1999). These have shown that the initiation of sediment transport only occurs
during extreme events i.e. storms. The most significant large-scale modelling efforts have been
made using behaviour-orientated models (BOM) which are able to predict the shoreface and shelf
behaviour over periods from decades to millennia (Cowell er al, 1995; Niedoroda et al, 1995; Stive
and De Vriend, 1995; Buiyjsman and Stive 1998). Validation between model results and field data
generally agree although some discrepancies do still exist. For example the Advection-Diffusion
Model (ADM) of Niedoroda er al (1995) tends to underestimate the Holocene progradation of the
beach at Haarlem, The Netherlands (Buijsman er a/, 1998a). All the models suggest that the
shoreface 1s active over the large-scale. (These results are discussed further in Chapter 2). The
shoreface behaviour of the Holland coast, as observed in this study, was primarily identified using

the morphological concept of ‘depth of closure’ (Box 1.4).

—> 10logTm
I

-1 0 1 2 3 4 S 6 7 8 9 10 11

turbulence
sea
swell
LF-waves
ripple formation
dune erosion
tide
storm
bar formation
seasonal var.
interannual var.
sandwaves
tidal ridges
process- event- eng.- geo.-
scale scale scale | scale

Figure 1.4. Scale range in coastal morphology (De Vriend, 1998).
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external energy input
(waves, currents, wind)

water motion

l

sediment transport

morphological change

Figure 1.5. The coastal morphodynamic system which is found within each of the compartments of
the coastal system (taken from Ruessink et al, 1998). It comprises hydrodynamic processes, the

resulting sediment transport and hence morphological change linked by the feedback changing
morphology has on the hydrodynamic processes.
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Figure 1.6, Flow diagram illustrating the idealised elements and linkages in a coastal

morphodynamic system (tai(en from Wright, 1995).
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Box 1.4, the working definition of depth of closure :

the seaward limit of significant depth change but not the absolute

limit to cross-shore sediment transport (Nicholls et al, 1996).

Here ‘significant’ 1s dependant upon the criterion selected to
identify the depth change; larger change criterion e.g. 0.25 m, allow
a greater margin of change than a smaller change criterion e.g. 0.06

m and so Dc will typically be located at a more shoreward position.

Depth of closure (Figure 1.7) has been previously studied at short- and medium-scales as a result
of data limitations (see section 1.1). It is typically found on the upper shoreface i.e. in water
depths less than 8 m. A specific example is that of the Ebro Delta where Dc is found at 6.5 m
depth over a 4 year period (Garcia et al, 1998). Closure is shown to be temporally-dependant
over these scales i.e. as the time period increases, then the depth of closure also increase. In
addition it has been shown that different forcings, in the form of bar dynamics and wave action,
act as controls upon closure, in which the latter is constrained by the former (e.g. Hinton and

Nicholls, 1998). This study, through the investigation of the large scale morphodynamic

behaviour of the shoreface, also investigates the behaviour of depth of closure over the large-

scale, as 1t 1s an integral characteristic of the shoreface.

Mean sea level

Dc : dependant on
criterion selected

bed envelope

e Y depth change over time ¢

morphodynamically criterion

inactive : morphodynamically active
e  —————————————— et b Aty

Figure 1.7. Zonation of a cross-shore profile over time ¢ where Dc represents the seaward limit of

significant depth change using the depth change criterion shown(after Hallermeier, 1978).
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1.3) RESEARCH OBJECTIVES

As already stated, the aim of this research to expand existing knowledge of coastal behaviour,
especially over the large-scale (Box 1.2). This 1s achieved by focusing on the morphodynamic
behaviour of the Holland shoreface using the large-scale JARKUS data set. Based on the

preceding sections, the following four research objectives have been formulated :

1. Determine the temporal and spatial variability of the morphodynamic behaviour of the Holland

shoreface, over the medium- and large-scales (years to decades).

- Can the depth of closure be 1dentified on the shoreface? If so, what 1s

the nature of its temporal and spatial evolution?

- If the depth of closure is identified, can its working definition (Box 1.4)
be applied to the shoreface over all scales? If not, what is a more

appropriate description for the significant (and insignificant) depth

changes observed on the shoreface?

- Is the middle and lower shoreface a morphodynamically active region?

Over what temporal and spatial scales, if any, can activity be observed?

- How does the morphodynamic activity of the middle and lower
shoreface influence the coastal sediment budget i.e. the relative role of

shoreface erosion versus accretion?

2. Determine the causes and controls upon the shoreface morphodynamic behaviour along the

' Holland coast over the medium- and large-scales.
- What morphodynamic and hydrodynamic controls exist upon the
shoreface behaviour? What is the interaction of these controls over the

scales investigated?

- Do anthropogenic influences act as a control upon the morphodynamic

activity? In particular does the largest engineering intervention, the
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[Jmuiden harbour moles ,(Figure 1.3) influence morphodynamic
activity? If these controls are relevant, how do they influence the

shoreface activity?
3. Evaluate the ability of existing models to predict shoreface morphodynamic behaviour.

- Can the medium- and large-scale depth of closure be predicted using the

time-dependent analytical Hallermeier (1977, 1978) model (Chapter 2)?

What are the limitations, if any, of this model?

- Can a process-based model (UNIBEST-TC; Chapter 5) designed for the
short-term evolution of a cross-shore profile be used to identify

shoreface behaviour over this and larger scales? What are the limitations

of upscaling a short-term model in this way?

4. Examine how the shoreface behaviour may evolve beyond the data limit.

- What timescales are inferred for shoreface evolution using extrapolation

techniques?

These research questions are addressed using a strategy incorporating both data- and model-
orientated approaches, as shown in Figure 1.8. Initially the data was examined for evidence of the
depth of closure and subsequently morphodynamic behaviour over the entire cross-shore profile, to
the data limits (approximately 16 m water depth). Using the observed results as validation, the
models could then be tested for their ability in reproducing specific parts of the shoreface
behaviour. Extrapolation of the trends calculated from the observations were also made. The
details of the data-oriented and model-orientated approaches of this study, based upon the
JARKUS data set, are clearly illustrated in Figure 1.9. Within this thesis three shoreface zones are
identified (Chapter 2), ultimately resulting in the upper shoreface being separated from the middle
and lower for ease of description. It is important to note that the shoreface zones are linked within
feedback systems which interact at different scales and in practise must not be considered as

separate entities.
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validate/calibrate

\

MODEL DATA

process knowledge
extend data/fill in gaps

Figure 1.8. Links between data- and model-approaches within coastal research.

1.4) THESIS OUTLINE

It is intended that this thesis presents a detailed evaluation of the shoreface behaviour of the

Holland coast. The following outlines each of the chapters :

The background to this research is introduced in Chapter 1. This includes not only the importance
of large-scale coastal behaviour in today’s research but also how this thesis aims to expand upon
existing knowledge. Hence the approach that this study takes and the expected outcomes are also

discussed.

Before an investigation can proceed it is vital that all existing research relevant to the study is
known and understood. There are three main topics which are relevant here; i) large-scale coastal
behaviour; i1) morphodynamic shoreface behaviour; and iii) the processes which control this

behaviour. Each are thoroughly discussed in Chapter 2 after introduction in Chapter 1.

Chapter 3 discusses the large-scale bathymetric data set used in this study; the JARKUS data set.
Calculations of the resolution through time and space and measurement accuracy have been made.

Consequently, the methods of measurement used since 1963 are also described.

The Holland coast is particularly uniform, both hydrodynamically and morphodynamically.
Localised morphodynamic features do exist e.g. natural terraces. In addition, due to the coastal
vulnerability to erosion, numerous anthropogenic influences have occurred here e.g. beach

nourishment schemes. All are described in Chapter 4.
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The large temporal and spatial extent of the JARKUS data set, in addition to its resolution means
that a huge amount of bathymetric data is available for analysis. Therefore the methods used here
have been selected due to their ability to i) sufficiently analyse the data; and also ii) adequately
deal with the large quantity of data. These methods are described and critically analysed in

Chapter 5. In addition the selected predictive tools are described along with their approprate

limitations.

Observations of the spatial and temporal variability of the shoreface behaviour derived from the
analysis of the JARKUS data set are discussed in Chapter 6. The observations are sub-divided

into those concerned with i) the depth of closure; and ii) the middle and lower shoreface behaviour.,
All are described as a function of both time and space (alongshore and cross-shore) for the

medium- and large-scale.

The potential causes and controls of the observed shoreface behaviour are investigated in Chapter
7. These take the form of both the hydrodynamics and morphodynamics. Also examined is the

possible influence of the largest anthropogenic feature, the IJmuiden harbour moles.

Predictive techniques are important to provide knowledge beyond data limits (in this instance 32
years") or where data is limited e.g. for a coast where only 2 years of bathymetric data exists.
Therefore predictive techniques are tested which are potentially useful in both circumstances. The

results derived from the use of three methods are described in Chapter 8. The methods used are;
‘i) the analytical Hallermeier (1977, 1978) model; ii) the process-based UNIBEST-TC model; and

111) extrapolation based upon observed trends.

The use of the JARKUS data set, both as a source of observations of shoreface behaviour and as a
predictive tool, has resulted in a wealth of knowledge, the majority of which has not been
previously available. It is important to provide links between the observed feedback and potential
forcings; although some of this has not been possible in a quantitative sense because, for example
long-term near-bed current measurements do not exist for the middle/lower shoreface, hypothesis
can be suggested and tested qualitatively. Comparisons between predictions and observations have

also been made and lead to conclusions concerning the potential of the tested techniques. Both the

observations and predictions, with reference to all relevant studies, are discussed in Chapter 9. In

addition future work is suggested.

® 32 years represents the temporal limit of that section of the JARKUS data set used here; the extended
JARKUS data set (Table 1.2; Chapter 3).

38



Decadal morphodynamic behaviour of the Holland shoreface
1) Introduction

Chapter 10 discusses the conclusions which can be made from this study in addition to the

limitations of this work.
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2) THE SHOREFACE : TIMESCALES; PROCESSES AND
MORPHODYNAMIC BEHAVIOUR

2.1) GENERAL INTRODUCTION

As stated in Chapter 1, this thesis will help fill the knowledge gap between the short- and
geological-scales (Table 1.1) that presently exists for the shoreface (Box 1.1); it is important to
understand the behaviour of this region over all scales due to its direct contribution to the coastal
sediment budget and the potential control upon long-term shoreline movement (section 1.1). This
1S to be achieved by investigating the morphodynamic behaviour of the Holland shc{reface over the
medium- and large-scales (Box 1.2). Hence there are three topics pertinent to this research; i)
large-scale coastal behaviour; i1) the morphodynamic behaviour of the shoreface; and iii) the

processes which control this behaviour. This chapter therefore reviews the existing literature in the

context of this study (section 1.3).

2.2) LARGE-SCALE COASTAL BEHAVIOUR

Coastal behaviour is generally studied by considering the coast as a system in which numerous
compartments exist. Within each compartment there is a morphodynamic system (composed of
hydrodynamics; morphology; and sediment transport) (see section 1.2). The systems’ development
1s temporally- and spatially-dependant and is often positively coupled i.e. the time scale increases

with the spatial scale; a result of the sediment quantities to be displaced and the depths at which

this occurs (Wijnberg, 1995). This is related to the assumption of the ‘primary-scale relationship’
(Figure 2.1.) (De Vriend, 1991):

“a process of a certain scale will be in dynamic interaction with
coastal behaviour within a certain scale”.

¢

Outside this scale, the process is noise for coastal behaviour on a larger scale and is an extrinsic
factor (boundary condition) for coastal behaviour on a smaller scale. Therefore at different scales,
a different energy input becomes significant. When simplified the primary-scale relationship
suggests that, for each scale level, a different morphodynamic system exists. The implications of

this are that different aspects of the hydrodynamics, morphodynamics and sediment transport will
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be important at different scales, suggesting that the morphological development of a system

through time and space is controlled by:

1. the scales of variation in the forcing energy input 1.e. the hydrodynamics; and

2. the scales of variation in the boundary condition, which are in turn controlled by the

morphodynamic system on the larger-scale (Wijnberg, 1995).

| dynamic
I I I N
interaction

I l

process scale

Il

Figure 2.1. Primary scale relationship (De Vriend, 1991).

scale of coastal behaviour —

This relationship is a logical deduction if one considers the forcing and feedback of the coastal
system over the short-, medium- and large-scale. For example profile changes over a small time

period e.g. 1 day, can be explained using hourly hydrodynamic and water level data. Such changes

over a longer period e.g. 5 years, are more likely to result from the overall hydrodynamic climate

than individual waves.

The concept behind the primary-scale relationship forms the basis for the coastal-tract cascade
which also takes as its assumption the idea that coastal processes and behaviour can be separated
on the basis of scale (Cowell et al, 2000). The coastal tract was primarily devised to aid the
modelling of low-order (10* to 10° years) coastal change. It is discussed in more detail in section

2.3.5.

Large-scale coastal behaviour is both poorly understood and difficult to predict (Chapter 1). The
lack of long-term data sets (Table 1.2) means that the i) observation of long-term trends; and ii)

calibration and validation of long-term models, are difficult to achieve to a high degree of
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accuracy. Additionally, uncertainties exist within the coastal behaviour beyond that observed 1n

the data, such as those shown in Table 2.1. Hence predictability limits exist :

“central to such an effort' is the evaluation of the degree of
uncertainty related with the prediction, and particularly with the
time and space scale of such prediction. When such uncertainty

exceed a certain threshold to be defined with reference to the
specific application, then we can argue that the limit of

predictability has been reached” (Capobianco, 1998).

turbulence # mean flow
grain motion % transport
bedforms # roughness
bars # mean profile

Table 2.1. Examples of inherent uncertainties which could occur in a deterministic sense (De

Vriend, 1998). Taking the example of the sediment motion; grain motion can be used to determine

sediment transport over the small-scale but, because the sediment motion 1is inherently
unpredictable over the large-scale, grain motion cannot be used to predict sediment transport over

this scale. (The predictability limits of these examples are also shown in Figure 2.3; see later)

i

The uncertainties which exist are now discussed in more detail :

1. is the long-term behaviour inherently unpredictable as suggested by the strong, non-linearity of

the system?
- simply, non-linearity is such that a small vanation at ¢ = 1 may grow into a large
variation at ¢ = 100. The non-linearity leads to inherent uncertainties (De Vriend,

1998) as :

' the effort being the prediction of long-term coastal behaviour
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1) inherent unpredictability, or chaotic behaviour. This indicates that
seemingly random behaviour exists in the coastal system, which cannot be
solved from equations. Recent work does suggest that it is possible to
gain information directly from data, which otherwise suggest a chaotic
system, rather than indirectly from modelling. This is done using ‘strange
attractors’ which exist in phase space where the dimensions can have any
physical quality ? (Pool, 1989). (However, for long-term behaviour, this

will obviously require long-term data sets which are, as already stated,

scarce);

11) uncertainty in model parameters. If it is uncertain which processes are
significant over the scale x, then there must be uncertainties concerning

which parameters are required in the model, for example grain size; and

111) uncertainties in the forcing (see points 2) and 3)).

2. do different forcings have significant impacts over different scales (De Vriend, 1991) ?

if confirmed, then forcings which are negligible on the smaller scales may be

significant over the larger scales. Indeed, it has been shown (Wright ez al, 1985)

that the state, profile configuration and sand storage of the beach and surf zone

system results from the time-integration of numerous processes which have

different spatial- and temporal-scales.

3. what is the interaction between external forcings and internal dynamics™?

forcings can be divided into external forcings e.g. hydrodynamics, and internal
dynamics e.g. morphodynamics. It has been suggested (Hinton and Aarninkhof,
1998) that the relative contribution of each not only differs between scales, but
that those which occur on the macro-scale act as global forcing, or boundary
conditions to the meso-scale, as illustrated in Figure 2.2. Non-linear dissipative

systems can be maintained in states far from equilibrium due to self-organisation

? taking the example of Pool (1989), to describe the weather one may look in phase space with the
dimensions of temperature and wind velocity. To represent how weather changes with time, one would draw
a curve in phase space where each point on the curve is indicated by the temperature and wind velocity at a
particular time. It should be noted that there is no restriction on the number of dimensions which the phase
system can have, for example a four-dimensional phase space may encompass temperature, pressure, wind
velocity and humidity.

* see glossary for precise definitions
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i.e. the scales or perturbations which evolve upon the unstable basic state are

controlled by the internal dynamics of the system, rather than the applied forcing
(Swart and Falqués, 1998). The ‘balance’ between external forcing and internal
dynamics has been investigated on short- and medium-scales and the interaction

between them is shown to vary depending on the scenario. For example the

behaviour of the two most inner bars of a three bar nearshore system is controlled
by the internal dynamics of this system, in the form of the outer bar.
Morphological changes in the outer bar are, however, controlled by hydrodynamic
forcings (Hinton and Aarninkhof, 1998).

Macro-scale @ —»
forcing Coastal cell

‘global’

- ? H
constraints? v constraints? Forced response?

| meso
Meso-scale ,  |Surfzone dynamics
forcing Depth of closure Free behaviour?
‘global’ Weak
constraints
Micro-scale
forcing —»  |Bed dynamics

Figure 2.2, Schematised dynamics of a coastal system at various spatial/temporal scales.
On the macro-scale level, the forcing can be, for example, sea-level rise and large-scale
structures i.e. harbour moles. On the meso-scale level, forcings are waves and tides. The

micro-scale forcing represents local, often anthropogenic, effects. Each of these forces can

act as a global force on the lower scale level. (Hinton and Aarminkhof, 1998).

4. variations in external forcings have and will continue to occur
- It has been shown that the non-linearity of the coastal system can lead to difficulty
in understanding long-term coastal behaviour. However, the ‘ease’ with which
observed non-linear trends e.g. exponential trends, can be used to predict
behaviour beyond the data limits is fundamentally dependant upon the variation
within these trends i.e. how much deviation from the mean trend line occurs? An

additional point which needs to be considered here is whether future vanations are
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predictable. The forcings which need to be considered are both natural and

anthropogenic. One example of the former is given in the following :

a key topic in today’s research is climate change and variability.

Work within this field is reviewed by the IPCC? and incorporates many
areas of research which both influence and are affected by the climate
change for example increasing greenhouse gases (Houghton, 1991) and
coastal zone management (Eid and Hulsbergen, 1991). Consideration of
all possible influences has lead to the conclusion that “there is no firm
evidence that the global climate has become more variable over the last
few decades” (Houghton, 1991). However, other studies show that local
variability does occur “what is clear is that the North Sea and northeast
Atlantic region is liable to bigger variation of its climate than have
hitherio been appreciated’” (Lamb, 1985). The difference in opinion
could result not only from the different study areas (and so the different
data bases) but also the techniques used, for example Lamb (1985) uses a
recorded history of sea flood disasters over the last few centuries whilst
the IPCC typically concentrates upon indicators of sea-level chénge e.g.
tidal gauges. Climate variability can be observed through storminess, here
an increase represents an increase in wave intensity. It is shown that over
the last 500 years there has been variations of storminess in the northeast
Atlantic over time periéds from years to decades (Lamb, 1991). However,
it has also been concluded that, although a roughening in the storm
climate has occurred in the last 40 years (cf. Carter and Draper, 1988), the

present intensity of the climate is comparable with that observed at the

beginning of this century (WASA, 1998).

Hence, within the natural coastal system the variation of forcings are shown to be either constant or

changing through time.

One way in which the predictability limits can be extended is to use the idea of a ‘scale cascade’
(De Vriend, 1997). As illustrated in Figure 2.3a each feature of the cascade (as determined by its
scale) has a predictability limit through time and space. Long-term prediction through modelling

could therefore, in theory, be obtained through the aggregation of models through each step i.e.

*IPCC = International Panel for Climate Change
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through upscaling, Figure 2.3b. However, such an approach is still in its infancy and the

predictability limit not yet determined .

spatial scale

deterministic predictability time scale
limit
Figure 2.3a.  Scale cascade Figure 2.3b.  Scale cascade and
(De Vriend, 1997). modelling (De Vriend, 1997).

2.3) MORPHODYNAMIC BEHAVIOUR OF THE SHOREFACE

2.3.1) INTRODUCTION

It is the aim of this section to review all existing literature which 1s important to our understanding
of the shoreface, as it relates to this study. The format taken 1s therefore to discuss not only
existing process-knowledge but also 1) the short- to long-term morphodynamic behaviour of the
shoreface (including the depth of closure concepts); and 11) the geological scale morphodynamic

behaviour of the shoreface.

> see section 1.2 for introduction
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2.3.2) SHOREFACE PROCESSES

The shoreface 1s most commonly divided into three zones (Figure 1;1), the boundaries of which are
distinguished using depth values largely dependent upon the wave climate of the shoreface of

interest (values used in this study relate to the Holland coast). These zones are :

1. the upper shoreface. In this study the upper shoreface has as its seaward boundary the seaward
slope of the outer breaker bars and its seaward boundary at 8 m water depth. Other studies e.g.
Stive et al, 1990, take the first dune row as the shoreward boundary and term this zone the
active zone. This zone is the most dynamic and profile changes can be observed from

bathymetric measurements over a short period,

2. the middle shoreface. This zone extends from the 8 m to 12 m water depth and is where
transports are typically wave-dominated. The morphodynamic changes in this, and the lower
shoreface, are weakly varying i.e. response times are much slower than on the upper shoreface
(cf. Wright et al, 1985); and

3. the lower shoreface. The shoreward boundary is located at 12 m water depth and the seaward
boundary by the transition from a concave profile to a nearly horizontal bottom. The depth of
the seaward boundary is approximately 20 m. The morphodynamic characteristics are similar
to the middle shoreface, though the transports are typically tidally-dominated, particularly at

the seaward boundary.

Cross-shore divisions of the shoreface have also been made according to the dominant processes,
as described in Table 2.2. These divisions (Niedoroda et al, 1985) are illustrated in Figure 2.4 and

are such that the most seaward division, the geostrophic zone, occurs seaward of the Dutch

shoreface.

The sediment transport processes which occur on the shoreface are well-documented, especially on
the short-scale (Niedoroda et al, 1985; Brink, 1987; Wright, 1995). They differ from the three
zones (upper; middle; and lower shoreface) such that wave-related transport is more significant on

the upper shoreface and tide-related transport important on the lower shoreface (Table 2.3). Indeed

“the processes which dominate the sediment transport at different
times and places on the shoreface should be a function of the

relative wave and current action” (Niedoroda et al, 1985).
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ZONE DESCRIPTION

friction-dominated | friction forces are greater than the scale of the |
Coriolis effect. Typically extends from the surf

. zone to 10 m water depth. l
transition IS the gradation zone between the friction and

geostrophic zones. Typically extends from 10

| to 20 m water depth. N
surface and bottom Ekman boundary layers
are separated by a region of unaffected

geostrophic flow. Typically does not extend
shoreward of 20 to 40 m water depths. _‘

geostrophic zone

Table 2.2. Division of the shoreface according to Niedoroda er a/ (1985).

BEACH

FRICTION
DOMINATED TRANSITION GEOSTROPHIC
ZONE ZONE ZONE
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Figure 2.4. Schematic of the major dynamic zones and layers of the coastal boundary layer

(Niedoroda et al, 1985).
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s

REGION OF SHOREFACE DOMINANT PROCESS

Wind-induced currents
Longshore drift
Wave shoaling
Wave asymmetry
Tidal currents
Lower (Wave asymmetry)
Upwelling/downwelling
Tidal currents

Table 2.3. Simplified list of sediment transport processes which occur on the shoreface as a result

of hydrodynamic forcing (adopted from Stive et al, 1990). The processes in brackets are less

significant in the appropriate shoreface region.

The waves typically act as a stirring mechanism to the sediment whilst the mean currents control

the sediment transport direction; Wright et al (1991) examined four factors which were considered
of consequence in the mobilisation and transportation of shoreface sediments during four scenarios;

fair-weather; moderate energy; swell-dominated; and storm. Oscillatory currents were found to be
the primary control upon bed agitation and uni-directional currents of primary importance in the

determination of the direction of sediment transport.

In the shallower water depths i.e. the upper and more shoreward section of the middle shoreface,
transport processes are wave-dominated. Sediment transport is generally concentrated near the bed
and typically occurs as bedload transport. This occurs in close interaction with small bedforms e.g.
ripples, and tends to be dominant where mean currents are relatively weak compared to the wave
motion (Walstra et al, 1998). Suspended transport is to be expected when the turbulence-related
mixing capacity of the tide- and wind-driven mean currents increase and is observed during storms
on the Dutch shoreface (Walstra e al, 1998). Ripple-related vortices can also induce suspended

sediment transport.

In the deeper water depths, transport processes are tidally-dominated. This is because the

symmetrical nature of waves in deeper water means that, in wave-dominated environments, net
. L QJ' . - -

sediment transport by oscillatory motion is small in depths greater than 10 to 15 m (Niedoroda and

Swift, 1981; van Rijn, 1995, 1997). Additional middle and lower transport processes are
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upwelling and downwelling; coast parallel winds cause surface layers to ‘deflect’ away from the

coastline resulting in shore-normal slopes of the mean surface level. Water therefore comes from
below the surface to replace the water deflected away, so satisfying the equation of continuity (cf.

Pond and Pickard, 1983).

It is morphodynamical theory rather than process knowlecige that long- and geological-scale
models take as their basis (see sections 1.2; 2.3.5) e.g. Niedoroda et al (1985). This is due to a lack
of observations over these scales. However, it has been concluded that the long-term sediment
transport is under the greatest influence of fairly large, but not too infrequent, waves, In

combination with tidal currents between mean neap and maximum spring tide (Soulsby, 1987).

2.3.3) SHORT- TO MEDIUM-TERM MORPHODYNAMIC BEHAVIOUR OF THE
SHOREFACE

The shoreface is shown to be an important compartment within the coastal system (see Chapter 1);
for example there is concern that severe erosion of the Holland coast could lead; in the extreme, to
the undermining of the coast. As outlined in Chapter 1, data limits are such that the study of
shoreface behaviour (both as process and form) based upon observations is restricted to the short-

and medium-scales.

There are essentially two techniques used to observed the shoreface behaviour. The first is through
the deployment of instruments®, these are typically used to measure current flow rates and sediment
concentration, and so provide process-knowledge. However the time period of instrument
deployment is typically short due to restrictions ehforced by 1) temporal lengths of recording
equipment; ii) destruction due to severe environmental conditions e.g. storms; and iii) interference
by, for example, fishermen. Hence this method is mainly used for event- and short-term field
experiments. The second technique 1s to compare, or aggregate, bathymetric profiles, this has a
greater potential for understanding behaviour over longer time periods i.e. the large-scale.
However, the number of long-term data sets of this kind are limited (Table 1.2) and so previous
studies remain focused on the short- and medium-scales. It should be noted that the aggregation of

profiles will reveal shoreface behaviour, not the acting processes.

® examples of today’s instrumentation are i) the optical backscatterance (OBS) sediment concentration meters
(Wright et al, 1986); and 11) ENDECO current meters, which are axial-flow-inducted impellor devices
capable of recording mean current speed and direction (Snedden et al, 1988).
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The instrumentation-based experiments show that short-term shoreface activity is only observed

- during high-energy events and not during fair-weather’ periods. The most prominent studies which

have lead to this conclusion are based upon the US Atlantic coasts’ shoreface and are summarised

below :

1.

at 10 m water depth on the Long Island shoreface little sand transport is observed during fair-
weather conditions, whilst during storm conditions the sediment transport is significant and has
a large onshore component (Vincent et al, 1983);

at 8 m water depth on the shoreface at Duck, N.Carolina the range of elevation change
amounted to greater than 15 cm during a 10 day northeaster"; ‘The amplitude of bed response
over the mid shoreface to a typical northeaster maybe appreciable’ (Wright et al, 1986);

at 12, 18, 34, 74 and 140 m water depth on the central Texas shelf, current meters indicated
that the threshold for sand transport was not exceeded during fair-weather periods and during
this time sediment entrainment was limited to water depths less than 10 m (Figure 2.5).
However, the sediment transport threshold was exceeded at 12, 18 and 34 m water depth duﬁng
storm conditions (Snedden et al, 1988); and

instrumentation at 13 m water depth was pushed 2 km to the shore by benthic processes during

a storm at Duck, N.Carolina (Wright, 1993).

Observations of storm-induced morphodynamic activity also exist for the shelf environment; Smith

and Hopkins (1972) placed current meters at 3 m above the bed in water depths of 50 m and 80 m

for a 1 year period. It was found that significant sediment transport only occurred during storms;

current speeds up to 60 cm s

' were observed to transport approximately 6 m>hr 'm” of the shelf

length during these times.

” fair-weather is the term used to describe low energy conditions.
® northeaster distinguishes the extra-tropical storm from the hurricane
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Figure 2.5. Boundary shear stress induced by wave-orbital motion versus water depth for four
different wave conditions. Case A represents the significant deep-water wave height and period
typical of fair-weather conditions; Case B is the measured wave parameters for the Septe'mber 1984
storm; Case C 1s Hurricane Allen (1980); Case D is Hurricane Carla (1961). The dashed line is the
threshold of motion for 68-micron sand. The intersection of the dashed line and the stress curve
represents the maximum water depth where waves of a particular event are capable of eniraining

the 68-micron sand (taken from Snedden et al, 1988).

Studies based upon the aggregation of bathymetric profiles suggest that, over the small- and
medium-scales, no significant’ activity occurs on the middle or lower shoreface (e.g. Garcia et al,
1998; Hinton and Nicholls, 1998; Hinton et al, 1999). For example, Garcia et al (1998) observed
that significant'® depth changes are restricted to a maximum depth of 6.5 m over a 4 year period at
the Ebro Delta, Spain. These depth values are typical of those at which activity has been observed
during the experiments previously described. Indeed the two conclusions at first appear to
contradict each other; the event-dependant cross-shore limit to significant depth change is observed
at 4 m NGVD'' at Duck, N.Carolina using surveyed bathymetric profiles before and after
Hurricane Felix (August, 1995). However, sonar altimetry recorded 11 + 2 ¢cm of accretion at 8 m

over the same period (Beaver et al, 1999). This can be deemed the result of differing techniques;

i accordmg to the change criterion selected
accordmg to the change criterion of 0.1 m

"' NGVD = National Geodetic Vertical Datum = 8 cm below Mean Sea Level (MSL) (Nicholls et al, 1998a).
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the first set of experiments described are point-experiments i.e. they have a stationary space but
moving time window whilst the bathymetric ones are stationary in both time and space i.e. they are
a snapshot of the cross-shore profile. The point-experiments may purely indicate a bedform
moving through the view-frame, or could represent instrumentation displacement due to, for
example, scour. However, if they do show significant sediment transport it is clear that the
resulting bed elevation change is not observed through the comparison of bathymetric plots.

Hence, individual events i.e. irregular storms, whilst iniating sediment transport are not frequent
enough to induce significant bathymetric change over the small- and medium-scales. This suggests
that cumulative regular events may be of more importance. Indeed, Soulsby (1987) concluded that

it 1s regular events rather than extreme conditions, such as the infrequent storm, are relatively

unimportant contributions to long-term sediment transport. This is due to the fact that, although

the transport potential is high during extreme events, the frequency.is too low to result in

significant bathymetric changes.

The cross-shore limit to the significant depth change, as observed using bathymetric profiles, is
known as the depth of closure (Dc) (Figure 1.4). It does not represent the absolute boundary to
cross-shore sediment transport and is a morphological not a sedimentological concept. This point

is to be remembered when considering the meaning and implications of Dc. For example if one
was to assume that closure represents the absolute limit to cross-shore sediment transport, as in the
case of Pilkey et al (1993) “the depth beyond which no net offshore or onshore transportation of
sediment occurs”, one could expect to observe D¢ on the shelf and not the upper shoreface (over
the short-scales). However, the observation made in existing studies that the short-term Dc is on

the upper shoreface (< 8 m depth), coupled with the idea of Pilkey et al (1993), could lead to doubt
in the validity of the concept :

“there is indisputable evidence against the existence of closure
depth” (Pilkey et al, 1993).
The above conclusion of Pilkey et al (1993) only holds in light of the corresponding Dc definition,
which is itself more alike to definitions of the geological concept of wave base (Table 2.4).
Evidence exists which shows Dc (as defined in Box 1.4) to be a valid concept over the short- and

medium-scales, as discussed more thoroughly in the next section.
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2.3.4) THE MORPHODYNAMIC CROSS-SHORE LIMIT TO SIGNIFICANT DEPTH CHANGE
ON THE SHOREFACE :SHORT- TO MEDIUM-TERM

2.3.4.1) INTRODUCTION
The Dc concept was primarily introduced by Bruun.(1962) where it was used as the seaward

boundary in a shoreline change model in response to rising sea level. Since 1962, closure has been

1) calculated as a function of that wave height exceeded 12 hours per annum
(therefore defining Dc on an annual basis) (Hallermeier, 1977; 1978);

11) 1dentified from bathymetric profiles over different scales (e.g. Everts, 1978;
Birkemeier, 1985; Nicholls et al, 1996; Rozynski, 1998);

111) further used as a seaward boundary in coastal models (e.g. Edelman, 1968; Willis
and Price, 1975; per comm. Blanco, 1999); and

iv) adapted for sediment budgets and associated coastal engineering applications

(e.g. Hands and Allison, 1991; Davison et al, 1992).

This section will discuss the Dc concept including not only its evolution but also 1ts characteristics

and the controls which act upon it.

2.3.4.2) DEPTH OF CLOSURE DEFINITIONS

Dc has evolved from the geological concept (Table 1.1) of wave base which represents the
maximum depth of wave action over this scale (Table 2.4). Closure is used in preference to wave
base in today’s coastal research and management because of its greater relevance i.e. it is more

useful to know the cross-shore limit of significant depth change over medium- and large-scales

(coastal management scales) than over geological scales.

The first definition of Dc, as used by Bruun (1962) was :

limiting depth between predominant nearshore and offshore

material and littoral drift characteristics’

This definition has been refined since this as a result of increased knowledge of the concept i.e.

concerning its characteristics and the controls which act upon it. Dc definitions, used since 1962 to

the present, are given in Table 2.5. It can be seen that, with one exception, they all are
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essentially based upon the same idea. This exception is that of Pilkey et al (1993), here is the one

case where an absolute limit to the cross-shore sediment transport is included in the definition.
This definition can be seen to be on par with the wave base concept and as shown in section 2.3.3

suggests that closure is located in great depths e.g. on the shelf. It is also apparent from more
recent work on the time-dependence of Dc that values associated with these definitions must be

accompanied by a corresponding time-period (this 1s discussed in the following section).

AUTHOR | DATE DEFINITION

abrasion’
stir the sediments’
‘greatest depth to which the bottom is
stirred by waves during storms’
Dietz and ‘downward limit to which waves can
move bottom particles’

Table 2.4. Early definitions of ‘wave base’.

2.3.4.3) CONTROLS UPON DEPTH OF CLOSURE
The most significant contribution to understanding, and predicting, Dc was by Hallermeier (1977,
1978). This method of prediction has been adopted in studies of micro-tidal, wave-dominated sites,

for example Duck, N. Carolina, US.
Hallermeier (1977, 1978) defined two cross-shore zones:

1. the littoral zone, characterised by increasing bed stresses and sediment transport, caused by
waves near breaking and induced fluid circulations; and

2. the offshore zone in which wave shoaling i1s the dominant process and bed agitation Iis

relatively moderate.
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___Edelman | 1968 |  ‘depth of effective motion”
Willis and Price | 1975 ‘the depth below which beach
changes resulting from alongshore
transport are negligible’
Hallermeier 1977 | 'maximum water depth for nearshore
erosion by extreme waves
-. conditions, as exceeded 12 hours
Der annum’
I Ml M- il
offshore adjustment’
‘minimum water depth at which no
measurable change in bottom
elevation occurs’
‘the asymptotic merging of summer
and winter profiles’
‘the depth beyond which no net
offshore or onshore transportation of
| sediment occurs’
Table 2.5. Definitions of the ‘depth of closure’ concept through time.

The boundary between the two zones marks the seaward limit of intense bed agitation by shoaling
wave action, d;, (Dc) and can be described by a critical sediment entrainment factor (¢.) in the

form of a Froude number, Eq. 2.1 :

2

U
dc = ——
y ged

(Eq.2.1)

where Ub = maximum horizontal fluid velocity at water depth d according to linear
wave theory;
d = water depth;
y* = ratio of density difference between sediment and fluid to fluid density;
g = acceleration due to gravity; and

¢ = number less than unity.
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The assumptions that € = 0.03 and ¢, = 1 for the onset of intense wave agitation for fine sands are

taken. Therefore Eq.2.1 becomes Eq.2.2:

2
@ .= z,lb = (0.03 (Eq.2.2)

y gd

The critical value makes the assumption that d; generally lies seaward of the surf zone implying
that the peak near bottom fluid kinetic energy per unit sediment grain volume is sufficient to raise
an immersed grain a distance 0.015d above the bed. Taking the above assumptions and the linear
theory for shoaling waves, Eq.2.2 can be analytically approximated. This produces an expression

for the calculation of D¢, Eq.2.3.

HZ
d, = 2.28H, - 68.5[ T“") (Eq.2.3)
g

3
where d; = maximum water depth for nearshore erosion by extreme (12 hrs per annum)
wave conditions, or Dc;
H, = the non-breaking (significant) wave height that is exceeded 12 hrs per annum;

T, = associated wave period; and

g = acceleration due to gravity.

Results from Eq.2.3 were tested against laboratory measurements of water depth at an erosive wave
cut into ‘beach slopes’. The correlation coefficient showed a linear relationship between D¢ and
the wave cut at the 99.9% confidence level, Figure 2.6. Eq.2.3 was also tested through comparison

with observed values of Dc from three published field studies; the Gold Coast, Australia; Torrey
Pines, California, USA; and Avondale, Florida, USA (Table 2.6).
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Figure 2.6. Measured profile cut depth, dc, versus the calculated limit depth, ds (takeh from
Hallermeier, 1978).

Hallermeier’s (1977, 1978) model of the cross-shore profile was extended through division into

three shore-parallel zones (Hallermeier, 1981), Figure 2.7;

1. the littoral zone, extending to the seaward limit of intense bed activity caused by extreme near-
breaking waves and breaker-related currents;

2. shoal zone, a buffer zone where surface wave effects have an immediate effect (sand transport
processes result in the deposition of sand from flanking zones); and

3. offshore zone, which has relatively deep water with respect to surface wave effects on the bed.
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Unlike the model of 1977 and 1978, this model has not been completely validated with laboratory
or field results. Although the boundary between the littoral and shoal zone, represented by Dc, has
been tested (as already discussed) the boundary between the shoal and offshore zone remains
untested. It can be suggested that this boundary, representing the maximum water depth for motion

iniation by median wave conditions, is similar to the depth known as wave base (Table 2.4).

LOCATION/ OBSERVED CALCULATED
PROFILE LINE Dc (m) Dc (m) |
Gold Coast, Australia:
Letitia 8.7
Greenmount >7.8
Thigan 7.8 8
Palm | 9
Broadbeach | 10.5
The Spit 9.3
Avondale, Florida, USA: |
The Pier 4.5 4.1 .
Torrey Pines, California, USA:
North 6.9
Indian 7.6 .3
South 76 - B

Table 2.6. Observed vs. calculated Dc for three field sites (adopted from Hallermeier, 1978)

fidal Ronge @ “easonol
iRy Ronge of
— Mean Sea Level - - = = BT < Loyl
di o
' |
—Mean Sand Level | ~ |
| |
OFFSHORE < SHOAL SETN T I— LITTORAL
JONE [ONE /ONE

Figure 2.7. Proposed annual zonation of seasonal beach profile; di is the maximum water depth for
motion iniation by median wave conditions and dl i1s the maximum water depth for nearshore

erosion by extreme (12 hrs per annum) wave conditions (taken from Hallermeier, 1981).
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This work clearly shows that wave characteristics are the major control upon depth of closure;
wave height and wave period have long been recognised as the dominant forces in beach processes
(King, 1951; Hallermeier, 1977; Sunamura and Kraus, 1983). In developing the relationship
between wave height and period and Dc (Eq.2.3), several variables were not found to be important
In acting as controls; grain size; beach slope; tank water depth; Stokes number; wave non-linearity;
and wave number. Additional field testing of selected variables from this list was performed in
recent investigations; slope control was shown to have no effect upon Dc at Duck, N.Carolina
(Nicholls and Birkemeier, 1998). However the slope at Duck is relatively low (0.006 to 0.01) and
it may be that on profiles with steeper slopes this variable does act as a control. Indeed, doubt is

placed upon rejecting the local controls of beach slope and grain size (Capiobianco et al, 1998).

The control of volume change upon Dc has also been examined over the annual period at Duck,
N.Carolina (Nicholls and Birkemeier, 1997). Here all observed annual residual'” closure values'’
greater than 3 m (relative to MLW”) were compared with the corresponding annual volume
changes. A significant negative relationshipgse confidencey WaS found between the two variables
suggesting that on eroding profiles Eq.2.3 overestimates Dc whilst on accreting profiles it
underestimates closure. However this control has only been investigated for 1) two cross-shore

3 -l

profiles; i1) a maximum volume change of <+ 300 m™m™'; and over an annual period. Increases in

spatial and temporal scale in addition to investigation on a more/less active coast may produce

different results.

Studies on micro-tidal, wave-dominated coasts over the small- and medium-scales' show that the
waves are not the only control upon De. Though it does act as the primary control, the response of
Dc to this variable is ‘regulated’ by the morphodynamics of the nearshore bar system (Hinton and
Aarninkhof, 1998; Hinton and Nicholls, 1998; Marsh et al, 1998; Nicholls and Birkemeier, 1997:

Nicholls et al, 1998b). The controls upon closure therefore take the form of external forcings and

internal dynamics (section 2.2), as shown in Figure 2.8, such that :

“the response to the wave forcing is constrained by the internal

dynamics of the morphological system” (Nicholls et al, 1998b)

2 re31dual closure = calculated closure (using Eq.2.3) - observed closure
when using change criteria of 6 cm and 30 cm

s " MLW (Mean Low Water) = 0.42 m below NGVD
* scale restriction results from data limitations, as previously discussed
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Figure 2.5. A conceptual model showing the major controls on closure at short- and medium-

scales (adopted from Nicholls et al, 1998).

As already discussed, these controls have been determined for micro-tidal, wave-dominated, sandy
coastlines. Although these coasts do compose the majority of the worlds coasts (cf. Davis, 1984),

coasts with different environmental settings do exist e.g. southern England has a tidally-dominated,

shingle coastline. Application of these results to such sites should be carried out with caution.

2.3.4.4) EVALUATION OF THE HALLERMEIER (1977, 1978) MODEL
In order that Eq. 2.3 can be used with confidence, agreement must exist between calculated and

observed values. Much research has been performed into this on small- and medium-scales and the

results are reviewed here.

An altered version of Bruun’s (1962) shoreline change model was used to investigate processes of
shore erosion at the Great Lakes (Hands, 1983). It was found that the ultimate shore erosion was

equivalent to Dc, which was determined from accurate repetitive profiling over 7 years. Eq.2.3
was also applied to the Great Lakes and the calculated values found to act as a offshore limit to the

observed Dc. The overprediction of Dc for erosive cases has been observed elsewhere e.g.

Nicholls and Birkemeier (1997) (this section).

Birkemeier (1985) also tested Hallermeier’s (1978) work using data collected at Duck, N. Carolina,

US over a 2 year period. Here it was found that Eq.2.3 overestimated the observed D¢

61



Decadal morphodynamic behaviour of the Holland shoreface
2) The shoreface ; timescales, processes and morphodynamic behaviour

by, on average, 1.4 m. As a result, an alternative exprcséion derived empirically (Eq.2.4) was
produced through linear approximation. As would be expected from such an approach, Eq.2.4

yielded a higher degree of accuracy between observations and predictions; on average 0.4 m.

HZ
d =175H —57.9) — (Eq.2.4)
! € gTZ

where H, = nearshore storm wave height exceeded 12 hrs per annum;
T, = associated wave period; and

g = acceleration due to gravity.

By adopting the same approach, Eq.2.4 was further simplified to Eq.2.5. Using only H,, an average

difference of 0.5 m between observations and predictions was yielded.
d =157H, (Eq.2.5)

It should be noted here that Birkemeier’s (1985) equations (Eq.2.4 and Eq.2.5) are simply the result
of site specific adjustment of Hallermeier’s (1977, 1978) (Eq.2.3) and so should be used with

caution for sites other than Duck, N.Carolina, US.

In the majority of cases, calculated values from the Hallermeier (1977, 1978) model prove to act as
an offshore limit to the observed value, Table 2.7. The exception is for the event-scale accretional
cases when Eq.2.3 tends to underpredict closure as a result of the domination of onshore transport

and accretion in the active zone (Nicholls et al, 1998a). However, it can be argued that this i1s not a

significant problem as accretional cases result in a positive sediment budget in the nearshore

region.

The method of prediction, as described here, does have one major limitation (Nicholls et al, 1996,
1998a); it has been derived for wave-dominated study sites e.g. Duck, N.Carolina, USA. It can
therefore be hypothesised that, in those situations e.g. the UK coastline, where factors other than
waves e.g. tides, are the dominant physical process, the Hallermeier (1977, 1978) model will not be
applicable. It would be expected that terms describing the threshold of sediment movement under
tidally-induced currents will need to be incorporated in such predictive expressions for those tidally

dominated shorelines, whilst in other instances wave-current interactions will need to be accounted

for.
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Dc (m Dc (m PERIOD
event - erosional USA/
Birkemeier (1985

event - accretional
event - erosional
1yr

Duck, N.Carolina,
USA/

Nicholls et al
(1998a)

Terschelling, The
9.3 1yr Netherlands/Marsh
et al (1998

Table 2.7. Examples of observed and calculated values of Dc for different time periods from three

locations clearly showing that the Hallermeier (1977, 1978) model overpredicts closure observed
using a variety of change criterion; for example the Dc at Duck is observed using a 0.06 m change

criterion whilst that at Terschelling, The Netherlands a 0.25 m change criterion. The values

represent the mean value of all published values for the appropriate temporal period.

2.3.4.5) ALTERNATIVE METHODS TO DETERMINE DEPTH OF CLOSURE

The Hallermeier (1977, 1978) model remains, to date, the most frequently used predictor of Dc.
Alternative methods have been proposed (Hallermeier, 1981) which enable the prediction of
closure through the observation of other features of coastal behaviour. However the testing of
these methods with field observations typically produce uncertainties regarding their reliability. It

therefore appears that Eq.2.3 remains the most accurate predictor of Dc. The alternative methods

are .

1. Geometric limits:

The transition from irregular to regular bathymetric contours could be expected to
mark the depth of closure. Here the transition would be the result of the depth limit to the effective
action of waves on the bed. This method was proposed by Dietz (1963) and tested by Everts
(1978) using 49 different profiles from the Atlantic and Gulf coasts. However, problems arose; for
example 14 % of profiles had contours shore-parallel at the cross-shore limit (30.5 km).

An additional geometric limit is the junction between two characteristic cross-

shore profile sections; the curved shoreface and the plane ramp (Figure 2.9). This junction is taken

to represent the cut-off region of significant active modification of the profile by the
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hydrodynamic climate. As with the previous geometric limit problems do exist; the main

complication is that the two sections join asymptotically and on a very gradual slope (Everts,

1978). Comparison between results from the two methods show that the depth values do not agree.

Everts (1978) concluded that the shoreface-ramp transition is the more consistent method; depths

are in the range of 5 to 20 metres.

xz0

Upper
Shoreface
Lower
Shorefoce

SHOREFACE RAMP

Y

4

Figure 2.9.. Definition sketch of an idealised linear continental shelf profile showing the planar,

seaward dipping ramp sector and concave-up shoreward sector (taken from Everts, 1978)

2. Sediment characternistics:

Cross-shore variation in grain size is apparent (Komar, 1999). Generally, the
coarser grain sizes are located in the zone of most intense wave activity and the finer towards
deeper water and shoreward across the active zone. Distinct breaks in grain characteristic could
therefore be used as an indicator of the importance of wave-dominated transport. Studies have
shown that this is the case; Pilkey and Frankenburg (1964) reported a boundary between recent and
relict sediments at a depth of approximately 11 m on the Georgia Continental Shelf, USA; similarly
Gordon and Roy (1977) report a relict-recent boundary at a depth of approximately 18 metres in
the Newcastle Bight, Australia.

An additional sediment characteristic is that of heavy mineral concentration. It has
been shown (Koomans et al, 1998) that on the shoreface of the Dutch Island Ameland a maximum

concentration of heavy minerals is located at 7.5 m water depth, decreasing to a depth of 11 m and

remaining constant towards deeper water (Figure 2.10). This coincides with the long-
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term range of Dc from 7.5 to 10.5 m, as calculated using Eq.2.3 for the adjacent island of

Terschelling (Marsh, 1998).
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Figure 2.10. Heavy mineral concentration over water depth of measurements before the coast of

the Dutch Island Ameland. The line represents a running average through the data points (adopted

from Koomans, 1998).

3. Null-point hypothesis.
Another proposed alternative approach is to combine wave and sediment processes

in the form of wave energy, grain size and beach slope. These are combined 1n the null-point
hypothesis (Cornaglia, 1977); each grain size has a position ot dynamic equilibrium at which the
forces acting upon it (waves causing onshore motion and gravity causing offshore motion) are
balanced. It 1s argued that the null-point will be located in deeper water for larger wave energy,

bottom slope or smaller sediment density and size (Cornagha, 1977). However, many other

predictions of this model have been proven to be incorrect (for example the prediction that coarser

grains move offshore and finer grains onshore) and so 1t should be used with much care (Komar,

1998).
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2.3.4.6) SCALE DEPENDENCE OF DEPTH OF CLOSURE

Data set limitations (Chapter 1) clearly influence the spatial and temporal scales of an investigation.
Spatial scales are typically more restricted than the temporal; for example four cross-shore profile
lines are measured at Duck, N.Carolina over the medium-term (Lee et al, 1995). The study of D¢
through time at any site, however limited, will nevertheless give insight into its behaviour.
Prominent investigations are those which study event-dependant closure (as erosional and
accretional cases) and time-interval closure (as periods of ¢ years) using data from Duck,

N.Carolina, USA (Larson and Kraus, 1994; Nicholls et al, 1996; Nicholls and Birkemeier, 1997;
Nicholls et al, 1998a; Nicholls et al, 1998D).

Studies which have coﬁcentrated upon closure on the event-scale have shown that, of those
measurable cases, Dc is generally deeper during erosive periods (here the profile change is
classified as erosional when the nearshore bars moved offshore) (Nicholls et al, 1998a). During
these periods it was also concluded that the deepest Dc 1s observed during the most energetic wave

events'® in addition to profile translation. The range of observed Dc values and the corresponding

controls are :

1. erosive cases show Dc to be in the range 2.7m to 7.8m below NGVD (using a 6 cm criterion)

and under the control of pre-storm morphology;

2. accretional Dc is in the range 2.1m to 5.2m below MLW"’ (using a 6 cm criterion) and is under

the primary control of shoaling, rather than breaking, waves; and

3. annual closure has a range of 5 m to 8 m below MLW and represents an integration of

accretional and erosional processes.

It has been found that the temporal-dependence of closure is such that as the temporal period
increases, Dc increases. This is illustrated in Table 2.8 which shows that percentage of cases which
close over a time period of ¢ years (within the cross-shore data limits); a decrease in the closing

cases suggests that fewer cases exhibit Dc within the data limits 1.e. it moves offshore.

as would be expected from the Hallermeier (1977, 1978) model
' MLW = Mean Low Water = 42 cm below NGVD
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TIME % CASES CLOSING
PERIOD using 6 cm criterion

Table 2.8. Percentage of time-interval Dc at less than 8 m water depth, for two cross-shore profiles

located at Duck, N.Carolina, USA, as a function of time interval (from Nicholls et al, 1998).

It is therefore shown that Dc is temporally-dependent. To allow calculation of Dc over ¢ years

Eq.2.3 has been developed, producing an analytical expression, Eq.2.6 (Stive et al, 1992) :

He
d, = 2.28H,,— 63. 5[ ) (Eq.2.6)
gT X

where d,, = the Dc over ¢ years;

H,,= the non-breaking significant wave height that is exceeded 12 hours per ¢
years, (100/730t)% of the time;

T, , = the associated wave period; and

g = the acceleration due to gravity.

/

Our understanding of the Dc concept has therefore evolved substantially in the last decade; it 1s

now apparent that the time-dependence of Dc cannot be 1gnored and values are worthless unless

accompanied by a corresponding time period.

2.3.4.7) PRACTICAL APPLICATIONS OF THE DEPTH OF CLOSURE CONCEPT
There are numerous applications of Dc in the field. The four main ones are discussed below :

pr—

1. Beach nourishment projects.
This is perhaps the most common the use of Dc. One of the major considerations to be
taken when designing such a project is the determination of the required volume of material;

sufficient volume must be placed to nourish both the sub-aerial and sub-aqueous beach (Davison et
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al, 1992). It is therefore necessary to know the depth to which the profile will develop after the fill
material is deposited. The lower limit of the active profile is given by De, and it is important that
the depth is as accurate as possible as subtle differences will result in large differences in fill
material volume; for every Im difference in Dc there is approximately a 9 to 12% variation in the

beach fill estimate (Hansen and Lillycrop, 1988). Dc 1s incorporated in a translation method in
which the volume of material required 1s calculated by ‘translating’ the entire representative profile
seaward by a dimension equal to the desired berm width. The seaward boundary of the translation
1s given as Dc. The minimum fill material volume is therefore the volumetric difference between
the original and translated profile. When using the translation method over the standard design an
approximate increase of 60% in fill material is required, hence showing the importance of the
incorporation of an accurate value of Dc in such projects (Hansen and Lillycrop ,1988). It should

also be noted that the development of the profile in the seaward direction will slow down with time,

though it is not yet possible to accurately predict when the process will stop.

Beach nourishment is also carried out by the construction of mounds at depth. It has been
found that there are two positions at which they can be placed; active and stable. Placement in the

active zone provides material for onshore feed. The use of Hallermeiers (1981) zonation of the

sub-aqueous profile has enabled a conservative estimate of these two positions to be determined,
allowing coastal protection schemes which use mounds to have a more beneficial effect than has

been the case in previous years (Hands and Allison, 1991).

2. Coastal models.

As previously mentioned, the determination of shore response to changing sea-level can be
performed using a model based on the Bruun model (1962). Hands (1981) predicted a response of
the profiles to the changing water levels of the Great Lakes where Dc was shown to represent the
depth to which the profile no longer responded to these changes; at Lake Michigan profile response
was evident to a depth of 9m over a 6 year period (Hands, 1977). An estimation of the height of
the profile response was obtained through the summation of D¢ and the average backshore height.

Other examples of the inclusion of Dc in coastal models are :

1. the small-scale beach response model of Edleman (1968). This model is based on pre- and
post-storm profiles from the Holland coast and equated D¢ (see Table 2.5) to the breaking
depth; and

2. the medium-scale beach plan shape model of Willis and Price (1975). Dc (see Table 2.5) was

found, from wave basin studies, to be approximately equal to twice the breaking depth.
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. . | . .
However, Dc was shown to be constant 1n practise ® and so was assumed to be constant in this

model i.e. independent of wave height.

It is important that the Dc value used in the model is as accurate as possible, so requiring precise
bathymetric surveying/ prediction techniques. If the Dc in such a model as used on the Great Lakes

was to be inaccurate then the profile response of the shoreface to changing water levels would be

over/under-estimated.

3. Extraction of marine aggregates.
Extraction of marine aggregates is a growing industry, in addition its reverse, marine

disposal, could be seen to increase in intensity as land fill sites are used up. It is therefore
important that any activities of this kind are conducted sufficiently seaward of Dc so that the

natural processes which act within the coastal system are unaffected. Examples of the processes

which could be affected are:

1. sediment transport, both on- and offshore. The removal of marine aggregates within the active

littoral zone could result in a reduction of natural feed for the shore which in turn will result in

coastal retreat;

7 wave refraction. This would result in a wave shadow shoreward of a hole and wave
concentration at elevated regions; and
3. wave reflection. This would tend to shelter the shore contained in the wave shadow of either a

hole or mound.

All these effects will act not only upon the immediate shore but also that surrounding it; a well-

known example of the effect of the reduction of natural marine feed to the coast line is that of

Hallsands, South England, in which the whole village fell to the sea (see section 1.1). The effect of

these two industries can be minimised by restricting the activity to areas seaward of Dc.

Field surveys of the inactive/active zone

The application of Dc also extends to the location of nearshore wave gauges and similar equipment.

It would be advisable to place the gauge seaward of Dc as almost all surface waves will be

'* e.g. experiments performed at Worthing Beach, UK revealed that shingle movement did not occur seaward

of the 10 m water depth during winter periods (short-scale). The authors took the assumption that if
sediment was not moved during these high-energy periods, then this depth limit could be used over all
scales. As the results of this study and work after 1975 indicate such an assumption is dangerous and
invalid.

69



Decadal morphodynamic behaviour of the Holland shoreface
2) The shoreface : timescales, processes and morphodynamic behaviour

unbroken here and so waves incident to the littoral zone will be accurately measured, in addition
the equipment will not be influenced by significant changes in bottom elevation. The concept also
becomes important when planning hydrographic surveys, both near- and off-shore. For those
nearshore, the survey should extend out to D¢ so that complete coverage of the active zone is
obtained, whilst for those offshore, equipment should be sufficiently sensitive to detect small

changes in the bathymetry so that the survey data is of high enough accuracy.

2.3.5) LONG- AND GEOLOGICAL TERM MORPHODYNAMIC BEHAVIOUR OF THE
SHOREFACE

It has been shown using modelling techniques (Stive and De Vriend, 1995; cf. Wright, 1995) that
over scales equal to and greater than the large-scale, the entire shoreface profile is active. However
the response of the dynamic profile will take place at different temporal scales; the lower shoreface
has a longer response time than the upper. This implies (Cowell and Roy, 1998) that the lower
shoreface controls macro-scale problems which are important to coastal management issues e.g.
shoreline position. It is therefore important that knowledge of the large- and geological-scale
shoreface behaviour exists. However, bathymetric and process-based data sets are such that
shoreface characteristics over these scales can not be observed. Rather, they can be inferred from
existing knowledge used in conjunction with geological measurements e.g. core borings, and large-

scale modelling efforts.

The most promising models for this task (cf. Buijsman et al, 1998a) are the behaviour-orientated

models (BOM) listed below :

1. the Advection Diffusion Model (ADM) of Niedoroda et al (1995);

2. the Panel model of Stive and De Vriend (1995);
3. the Aggregated Scale Morphological Interaction between a Tidal inlet system and the Adjacent

coast model (ASMITA) of Stive et al, 1997); and
4. the Shoreface Translation Model (STM) of Cowell et al (1995).

The characteristics of these models both differ, for example the STM is a continuum model whilst
the ASMITA a box model, and correlate, for example the ADM and ASMITA have the same three

transport terms (advection; diffusion; slope-dependent). These long-term models take different

3tob6

assumptions when calculating the coastal evolution over 10 to 10°°° years. For example Stive and

De Vriend (1995) take the assumption that the shoreface zones respond to the forcings at different
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rates, as inferred by Wright (1995). Meanwhile the ASMITA (Stive et al, 1997) takes the

assumption that each of the morphological elements within it have a beginning equilibrium state

which after disturbance (by, for example, sea-level rise) will subsequently be re-attained.

Although comparisons between observed evolutions'~ and that computed are not in 100%
agreement, these models add invaluable knowledge to our understanding of the long-term

shoreface behaviour as they provide confidence in the processes which are used to predict the

observed behaviour. Examples of the differences which exist are :

1. the ADM underestimates the Holocene beach progradation at Haarlem, The Netherlands; and

2. the Panel model overestimates the middlé shoreface slope of the Subboreal/Subatlantic

evolution.

In order to further improve the model results it is important that the parameters, if changed, are
done so to a realistic setting and are based upon sensible assumptions. This i1s because, although
final results may be correlate more closely with observations, the new parameters may not be valid
in practise. Indeed, any model can be improvéd by changing its values and relative importance of
dynamics and inputs; for example a study validating four coastal dynamic models found that all the
results agreed well with the chosen’® observed shoreline behaviour after the values of model
settings were changed (cf. Symytkiewicz et al, 1997). This danger has been avoided in at least one
of the models; although the Panel model (Stive and De Vriend, 1995) did not agree 100% with
observed evolutions (see earlier), changes to the model dynamics and inputs were not made

because the authors were concerned about the lack of relevant data.

All the models show that the shoreface is active over the long- and geological-scales in response to

various forcings. For example the ADM shows that the cross-shore profile 1) straightens with an
increasing rate of sea-level rise and hydrodynamic forcing; and 11) exhibits more curvature with an

increase in sediment input and grain size.

The use of these models to predict the long-term morphodynamic behaviour of the shoreface has a
potential impact upon the understanding of Dc. As already discussed (section 2.3.3 and 2.3.4)
knowledge of this morphodynamic concept is concentrated upon the short- and medium-scales as a

result of data limitations. This understanding could be extended to the long- and geological-scales

' as determined from, for example, historical waterline position data and '*C gradients (Stive and De Vriend,
1995)
*0 the two harbours of Kolobrzeg and Wladyslawowo, Poland.
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not only through the analysis of long-term data sets (e.g. the JARKUS data set) but also through the
use of models such as the ADM. Indeed, preliminary investigations have been performed on the
evolution of Dc from time scales of 1 year to 10 000 years (Nicholls et al, 1998c). Three
environmental inputs (sea-level rise; hydrodynamic intensity; sediment input) have been changed

over this time period and the resulting effects upon the Dc of an equilibrium profile analysed. It 1s
shown that for all three scenarios, as the time period increases then so does Dc such that, after 100

years, the profile is active to, at a minimum, the lower shoreface, as illustrated in Figure 2.11.
After 10 000 years the profile is active to the shelf. This reinforces the previous conclusions that

Dc is a time-dependent concept (see section 2.3.4).

A new approach to the problem of long-term coastal modelling has been derived taking as its basis
the concept behind the primary-scale relationship (De Vriend, 1991) (section 2.2). It 1s termed the
‘coastal tract cascade’ and provides a “framework for the aggregation of process and .;'patz'al
dimensions in modelling low-order (102 to 10° years) coastal change” (Cowell et al, 2000). The
aim of the cascade is to enable the correct application of existing BOM (see earlier) by
distinguishing those processes significant to the modelling of coastal change and those which act as
boundary conditions or noise. The coupling of the knowledge of the important processes and the
models characteristics will potentially result in the more widespread, correct application of BOMs.
Although the cascade does not significantly aid towards the extension of existing predictability
limits the comprehensive combination of spatial- and temporal-concepts has produced a protocol

for model application to site-specific coastal problems.
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Figure 2.11. Closure evolution’s following changes in three environmental inputs of the ADM
model. The inputs are; sea-level rise (SLR); hydrodynamic intensity (HYD); and sediment supply
(SED) (taken from Nicholls et al, 1998c).
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3) THE DATA SET : JARKUS

3.1) INTRODUCTION

As stated in Box 1.2, it is the aim of this thesis to determine the medium- and large-scale
characteristics of the shoreface morphodynamic behaviour through time and space. In order to
achieve this, a large-scale data set, with sufficient temporal and spatial resolution was required.
Accessibility and resolution details led to the use of the large-scale JARKUS data set (Table 1.2)
which contains cross-shore bathymetric profiles for the entire Netherlands coast. The JARKUS
data set was initially collected by RIKZ for coastal zone monitoring and management purposes, so
ensuring adequate coastal defence policies were implemented e.g. the 1990 ‘dynamic preservation
policy’ (de Ruig, 1998; section 1.1). The qualities of this data set e.g. measurement accuracy, has
subsequently resulted in its incorporation in many coastal research projects (e.g. Wijnberg, 1995;

van Rijn, 1995; 1997; Marsh et al, 1998). All the details of the JARKUS data set are now

discussed.

3.2) TEMPORAL AND SPATIAL RESOLUTION

3.2.1)INTRODUCTION

The spatial and temporal resolution of a data set is one of its most important characteristics and
could pose a problem over all scales. For example poor temporal resolution represents few
measurements through time within the measurement period and will result in an inadequate data
set. Similarly a poor spatial resolution could also incur problems; two measurements across a cross-
shore profile at for example, the shoreline and 1 km offshore over a time period ¢, will,. whilst
providing information about the evolution of these two points, not enable details to be derived

concerning the characteristics across the entire shoreface.

The JARKUS data set is one of the few available long-term data sets (Table 1.2) which, for the
purpose required in this study, has a good spatial and temporal resolution. This data set has two
sections, both of which have a shoreward cross-shore boundary represented by the fore-dune. The
difference between them is a result of the cross-shore distance from the shoreward to seaward

boundary and the spatial and temporal resolution. Details of both sections are given in Table 3.1.
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Examples of the two sections are given in Figure 3.1, where the difference in the seaward boundary
1s clearly shown. It should be noted that preliminary investigations within this study, focusing
upon the identification of the depth of closure (Dc; Box 1.4) led to the dominant use of the
extended profiles. These investigations found that the short profiles did not extend sufficiently

seaward to identify Dc'.

TEMPORAL SPATIAL

EXTENT { RESOLUTION | EXTENT® CROSS-SHORE/
LONGSHORE
RESOLUTION*?

5 m near waterline
20 m remaining

PROFILES minimum

(JARKUS;) 0.8 km
offshore

shoreface/
0.25 km

EXTENDED 5 years to dune to 5 m near waterline
(‘(DOORLODINGEN"’) 1990 minimum 20 m upper/mid

PROFILES 3 years to 2.5 km shoreface

(JARKUSE) 1997 offshore | 40 m lower shoreface/

1 km

*1 The details of the spatial extent give the minimum distance offshore. The more recent
profiles extend beyond this for example measurements of the extended profiles do occur up to 4 km

offshore.

*2 The resolution details are for the majority of profiles. There is however a general trend
that the more recent profiles have a greater cross-shore resolution over the shoreface e.g. 10 to 20

m cross-shore spacing.

Table 3.1. Details of the JARKUS data set.

' when using the sddc self-selecting tail method; Chapter 5
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Figure 3.1. Examples of the two sections of the JARKUS data set for profile km 77; a) the short
data; and b) the extended (doorlodingen) data. Data is from 1970.

3.2.2) TEMPORAL RESOLUTION

The temporal resolution of the JARKUS data set ranges from 1 to 5 years; annually for the short
profiles and 3 to 5 yearly for the extended profiles (Table 3.1).. As this research focuses upon the
medium- and large-scale, the lack of short-scale resolution does not pose a problem. Indeed, such
information regarding the morphodynamic beha\}iour of a wave-dominated shoreface can be
obtained from existing short-scale studies (e.g. Snedden et al, 1998; Chapter 2). However, a
preliminary investigation into the short-scale morphodynamic behaviour of the Holland shoreface

was undertaken using a process-based model (Chapter 5 and 8).

The cross-shore bathymetric profiles are typically surveyed (relative to NAPz) in the spring and
summer months, as illustrated in Figure 3.2. This implies that there is a potential for seasonal bias
as it is generally accepted that, in wave-dominated environments, the spring and summer months

are typically less stormy than the autumn and winter months. (Komar, 1998; Lee et al, 1998). This

 NAP = Normal Amsterdams Peil which is approximately equal to Mean Sea Level.
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is shown in Figure 3.3 which gives the significant wave height for a mean year between 1979 and
1991, as recorded at one of the wave stations off the Holland coast. Additionally profiles which
have been surveyed in a more than average stormy spring could resemble those surveyed in a less
than average stormy winter. However, as the focus of this work is on the medium- and large-
scales, seasonal bias should not play a role in the trends observed over these scales; the
morphodynamic behaviour investigated occurs over temporal periods greater than seasonal
changes. In addition, preliminary investigations showed that the profiles undergo steady
morphodynamic changes over these time periods, rather than abrupt ones indicating that there is no
seasonal effects. Even if seasonal bias were to be a factor the methods chosen to analysis the data

(Chapter 5) will remove it.

3.2.3) SPATIAL RESOLUTION

The spatial resolution of JARKUSS+E3 (Table 3.1) needs to consider both longshore and cross-shore
spacing. The longshore spacing of the cross-shore profiles is marked by a permanent base of beach
poles known as the RSP (‘Rijks Strand Palen lijn’) reference line. The poles are numbered relative
to their distance from Den Helder (Figure 1.4) and within this study each profile 1s labelled
according to this distance. For example km 81 represents the profile located 81 km south of Den
Helder at Noordwijk aan Zee. JARKUS; profiles longshore spacing of 1 km 1s sufficiently
adequate to investigate the shoreface morphodynamic behaviour of the Holland coast between

Callantsoog (km 16) and Schevingen (km 97) (see Chapter 1 and 4).

As shown in Table 3.1, the cross-shore resolution varies from the waterline (5 m) to the seaward
boundary (40 m) of the profile. In order that all profiles have the same cross-shore spacing,
selected at 20 m, between consecutive measurements, the interpolation method of cubic splining
has been used. The cross-shore spacing has proven to be adequate for identifying the shoreface

behaviour, particularly on the middle and lower shoreface where a horizontal change of 20 m

typically represents a vertical change of no more than 0.1 m.

? JARKUS;,, = short and extended data sets
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Figure 3.2. The month of surveying for each profile for the period 1965 to 1997. The shadings are
made according to the season of surveying. It can be observed that the majority of measurements

are taken in the spring and summer months.
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Figure 3.3. The mean annual significant wave height for the period 1979 to 1991. Taken from

station YM6 (see Section 4.3). It is clear that the spring and summer months are generally least

stormy and the winter is highly stormy.

3.3) MEASURING TECHNIQUES AND MEASUREMENT ACCURACY

The cross-shore bathymetric profiles of JARKUSq,; are composed of both sub-aerial and sub-
aqueous parts. The former covers the dune and beach whilst the latter the active zone and
shoreface (this study only uses the sub-aqueous parts). Details of the measurement techniques and
the resulting measurement accuracy have been taken from discussion with users of the data set

(Winberg, 1999) and in the case of the latter from translated Dutch reports and the summaries of
Wijnberg and Terwindt (1995).

3.3.1) MEASUREMENT TECHNIQUES

The nature of the sub-aerial and sub-aqueous environments demands that different techniques are
used to measure the bathymetry. These methods have evolved since 1963 in step with

technological advances. The techniques used in the two cross-shore parts are :

1. Sub-aerial. Levelling was initially used until 1977. Since this time, until very recently,
photogrammetry was employed. Laser altimetry is now used after tests and evaluation proved

successful; and
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2. Sub-aqueous. Ship-based echo-sounding has been used since 1963. However the original

DECCA? positioning system has been replaced with GPS’.

It should be noted that a new measurement technique is currently being tested at Egmond aan Zee
(km 42) as part of the KUST 2000 projcctﬁ. This technique is capable of measuring both the sub-
aerial (from the dune foot) and the sub-aqueous (to a maximum depth of approximately 6 m’). Itis
known as the WESP (‘Water En Strand Profiler’) (Plate 3.1) and has the potential of producing
highly accurate bathymetric measurements (approximately 0.02 m). The WESP can be regarded as
the European sister of the American CRAB (Coastal Research Amphibious Buggy) (Birkemeier

and Mason, 1984).

3.3.2) DATA SET ACCURACY

It is important that the measurement accuracy of the JARKUS data set is known so that not only

can one be sure that the correct analysis is being used, but also so that one can be confident that a

real bathymetric change has occurred.

The measurement accuracy of JARKUSg,; is documented to be 0.25 m. This has been derived
from both analysis of the JARKUS data set and the stochastic and systematic errors which arise
from the measurement techniques. These errors (Table 3.2) were used in the study of Nanninga
(1985) to calculate a measurement accuracy of 0.25 m. It has also been shown that the sounding
accuracy of the depth values is approximately 0.15 m which increases to 0.25 m when ship-
dependant errors are taken into account, for example errors such as those which arise when

determining the sea surface elevation relative to NAP (Wijnberg and Terwindt, 1995).

The measurement accuracy has also been calculated within this study (Chapter 5) using a different
approach; the standard deviation value of all the bathymetric measurements of one cross-shore
profile i.e. 1965 to 1997, was calculated. This was repeated for all longshore profiles. The
resulting standard deviation value was less than, or equal to, 0.25 m, and consistent with a vertical
measurement accuracy of 0.25 m; bathymetric changes of this value represent a 66 % confidence

that a real change has occurred in the bathymetry.

* DECCA = positioning system based upon the triangulation of long-wave radio signals
: GPS = Global Positioning System based upon satellite technology
KUST 2000 = the research project of RIKZ which aims to improve morphodynamic knowledge of the
Dutch coast
" depending on the wave height at the time of measurement
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ERROR EXPLANATION

water level measured and calculated from ordnance level to the
water surface at the ship position

¢ result of falling water around a movinag shic

zero line difference between transducer and sea bottom

waves and swell

incorrect positioning | - 000000000000

Table 3.2. Stochastic and systematic errors, as included in the study of Nanninga (1985).

3.4) SUMMARY

The spatial and temporal resolution and extent of the accurate (0.25 m) JARKUS data set has
meant that it is particularly suitable for this study. The analysis of 81 km of cross-shore
bathymetric profiles has enabled the shoreface morphodynamic behaviour (to a depth of

approximately 15 m) of the Holland coast to be investigated over a 32 year period.
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Plate 3.1. The “WESP’ (Water En Strand Profiler)
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4) THE STUDY AREA : THE HOLLAND COAST

4.1) GENERAL INTRODUCTION

One of the few large-scale data sets in existence is the JARKUS data set (Table 1.2; Chapter 3).
The accessibility of this data, in combination with its temporal and spatial resolutions and extent,
led to its selection for use in this study. The JARKUS data set covers the entire Netherlands coast
which is essentially divided into three sub-systems (Figure 4.1) each of which has distinct

characteristics

1. the northern Dutch Wadden Sea coast which is made up of a series of barner islands, large

inlets and active tidal delta regions;
2. the central ‘closed’ (i.e. uninterrupted by tidal inlets) Holland coast; and

3. the southern Delta Region coast which is made up of large active and inactive tidal delta

regions due to the natural and anthropogenic opening and closing of the coast.

Figure 4.1. The Netherlands coast (taken from Dijkman et al, 1990).
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It 1s the second sub-system, the closed Holland coast (Figure 1.3) which is studied here (section
1.1). It is bound in the north by the Marsdiep, a tidal inlet which has considerable influence on
coastal behaviour due to the presence of a large ebb tidal shoal, from km 0 to, approximately, km

12, as observed from bathymetric profiles. In the south, the Rotterdam Waterway acts as a
boundary between the closed coast and Delta Region; the Waterway causes the deposition of

sediment directly to the north in the dune, breaker and active zones due its interruption to longshore
drift (De Ruig and Louisse, 1991; Van Rijn, 1995a, 1995b). This concave coast faces the southern
part of the North Sea. At present the Holland coast is prograding in the centre and retreatiné in the
north and south. The progradation is interpreted to be the result of onshore sediment exchange

from the shelf and shoreface to the surf zone (Wiersma and Van Alphen, 1988; Stive, 1987, 1989,
1990). Regradation in the north is due to sediment loss through the Marsdiep Inlet to the Wadden

Sea and in the south due to net northward longshore losses enhanced by the Rotterdam Waterway
(Dijkman et al, 1990; Stive et al, 1990; Van Rijn, 1995a, 1995b).

More specifically it is the shoreface between Callantsoog (km 16) and Schevingen (km 97) which
is taken as the study area (Chapter 1). Hence the shoreface of a wave-dominated, uniform

coastline backed by dunes and uninterrupted by tidal inlets (e.g. the Marsdiep Tidal Inlet) is
investigated. Major morphologic characteristics are; i) multiple bars located along the coastline
obliquely to the shore and; ii) shoreface-connected ridges found in the centre of the coastline (km
35 - 65). Anthropogenic features are the Hondsbossche and Pettermer seawall (km 20 - 26) and
~ IJmuiden harbour moles (km 55/56), in addition to relatively minor beach nourishment’s. This

chapter aims to describe all relevant characteristics of the study area, as outlined above.

4.2) GEOLOGICAL HISTORY : HOLOCENE EVOLUTION

o,

The Holocene evolution of the Holland coast, as summarised in Figure 4.2, is described below.

At the end of the last ice age, the melting of the ice sheets induced the rapid sea-level rise which
ultimately resulted in the fast transgression of the coastal barrier. The North Sea began to flood
reaching the Dutch coastline around 7500 BP'. The coastline at this time was located
approximately 25 km west of its present position (Zitman et al, 1990). Subsequently, east- and
south-ward migrating back-barrier lagoons were established which were separated from both i) the

precursor of the present Wadden Sea by a Pleistocene high (the Texel High) and 11) the southern

' BP = Before Present

83



Decadal morphodynamic behaviour of the Holland shoreface
4) The Study Area

Delta Region by the Rhine-Meuse Delta (de Boer et al, 1997). These features are assumed to have
acted as sediment divergence points upon which longshore transport was superimposed (Stive et al,

1999b). During this sea-level rise the coastline retreated.

Around 5000 BP the rate of sea-level rise gradually decreased, reaching its present value. At the
same time the rate of sediment supply became constant resulting in the sedimentation of the tidal
basin. Tidal inlets progressively closed from north to south, until 3200 BP when the last major inlet
(the Bergen Inlet) closed, ending the east-west directed tidal flow. At this time, the sediment
supply to the back-barrier lagoons ceased and the barrier began to prograde into an 8 km wide
‘closed’ (see 4.1) system upon which the Older Dunes were formed. These changes caused
shoreface steepening (Beets et al, 1992); a process argued to still be continuing today (Stive et al,
1990) (Figure 4.3). Simultaneously to barrier progradation was the retreat of the two headlands by
erosion; since 2000 BP the Rhine-Meuse no longer acted as a sediment source. In addition,
washovers and breakthroughs caused the Texel High to develop into a sink for the south and a ,

source for the Wadden Sea (Stive et al, 1999a). From 1000 to 400 BP (Zitman et al, 1990) the

Younger Dunes, which today back the present coastline, were formed on top of the Older Dunes.

‘The main events in the late Holocene evolution were therefore;

1. the transformation from an open, tidally-dominated coast to a closed, wave-dominated coast in
the Subboreal; and

2. the change in the barrier movement from transgressive to regressive in the late Atlantic/early
Subboreal (Beets et al, 1992).

This evolution was controlled by the interaction of i) hydrodynamics, which determined rate and
direction of sediment transport; ii) rate of sea-level rise; and iii) the morphology of the
transgressional surface. The combination of ii) and in) primarily determined the location of

sediment sources and sinks (Beets et al, 1992).
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GEOLOGICAL TIME YEARS YEARS SEA- EVENTIN COASTAL
BP AD LEVEL EVOLUTION

PLEISTOCENE

10 000

PREBOREAL

9 000 "25M | 8700 BP: S. North Sea
formed
8300 BP: connection
H BOREAL between S & N North Sea

-15m
8 000 5500

O BC 7800 BP: coastline

approx. 25 km west of
present location

7 000
on average,

L coastline retreats

ATLANTIC & barrier isles
6 000 ' formed in east of

| coun
O * try

C 5 000 -4.om 5000 BP: interconnection
3850 of barrier i1sles in east;
BC formation of old dunes;
mouth of Rhine active;
E coastline 8 km east of
4 000 -3.0m present location &

SUBBOREAL advancing

N 3200 BP: closure of
Bergen Inlet

3 000
1 100 -1.7m coastal advance
£ BC to end & retreat
begins; Rhine
2 000 mouth inactive

5 -1.0m
A + 500 AD: breakthrough

of dunes in south
SUBATLANTIC 1 000 + 1100 AD: breakthrough

of dunes in north-west
+ 1000 - 1600 AD:

) 1987 |NAP formation younger dunes

Figure 4.2. Time table with the main events in the development of the Dutch Coast
(Z1itman et al, 1990)

85



Decadal morphodynamic behaviour of the Holland shoreface
4) The Study Area

\\

Figure 4.3. Typical behaviour of the shoreface showing the processes of shoreface steepening

(taken from Stive et al, 1990).

4.3) PRESENT HYDRODYNAMIC CHARACTERISTICS

4.3.1) BACKGROUND

The hydrodynamic climate of the Netherlands (from the Wadden Sea to the Delta Region) has been

monitored since 1979:

. wind direction and speed have been measured at hourly intervals and are available for the

period 1979 to 1995; and

2. wave parameters (direction; height; period) have been measured at 3-hourly intervals and are

available for the period 1979 to 1991.

There are three stations which are relevant to this study; 1) ELD (Eierland); 2) MPN (Meetpost
Noordwijk); and 3) YM6 (IJmuiden-06). Their positions along the Holland coast are shown in
Figure 4.4. The second station originally used wave poles (which measure water level fluctuations
using an array of vertical sensors) whilst ELD and YM6 used latter wave-rider buoys; all were
replaced by directional wavec buoys between 1985 and 1989. Wind data is only available for YM6

and 1s measured at a land station. The details of the three stations are given in Table 4.1.
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Figure 4.4. Position of the three measurement stations used in this study (as shown by the stars).
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B il .
ELD YMG NOORDWIK (MPN
DEVICE wavec wavec wavec

 WATERDEPTH |  26m | 21m [ ~—  18m |
RECORD 1979 - 1979 - 1979 -
CLIMATE
RECORD 1979 - 1979 - 1979 -

LENGTH WIND 1995 - 1995 | 1995
CLIMATE
WIND STATION | De Kooy/Den lJmuiden MPN
- Helder (land | .semaphore (offshore
station land station station

Table 4.1. Some properties of the data sources of the presented wave and wind climate (after
Wijnberg, 1995).

4.3.2) WIND CLIMATE

The mean speed (1979 to 1995) suggests that the wind speed is greatest in the winter season
(November to February) (Figure 4.5) and the dominant wind direction 1s from the south-west
(Figure 4.6). The analysis of wind data (1905 to 1980) from three Dutch light vessels revealed that
the 1) annual wind climate (direction; velocity) has changed slightly; ii) wind direction has changed
by a few degrees to the north and; iii) wind velocity has increased by approximately 1 ms™. In
addition, the frequency of occurrence of onshore winds has decreased by a few degrees, whilst the

highest percentage of occurrence of the Beaufort Scale has increased from 3 to 4 (Hoozemans,
1990).

~ 120 1

é -

S 80 1

O ]

Q -

a 40 1

o :

-§ 0 ']_v——v_v-———v——‘———v v —r— r S - ' . S
0 20 time (weeks) 40 60

Figure 4.5. Mean annual wind speed for the period 1965 to 1995, taken from station YM6. It can

be seen that the wind speed is greatest in the autumn and winter months.
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Figure 4.6. Wind direction for the station YM6 a) for the period 1979 to 1995; and b) the mean of

the period 1979 to 1995. The dominant wind direction can be seen to be from the south-west.

4.3.3) WAVE CLIMATE

The wave environment is mainly controlled by the wind climate (Figure 4.7). The annual mean
wave height is 1.2 m (associated wave period 5 sec.) whilst the extreme annual wave height 1s 5.3
m (associated wave period 7.7 sec.) (Roskam, 1988). The wave climate 1s similar alongshore:;
deviations in wave height from north to south are in the order of 0.2 m (Figure 4.8). Waves mainly
approach the coast from the south-west and north-north-west (Figure 4.9a); this directional

spectrum 1s similar alongshore (Figure 4.9 b and c).

3 —{}— w ave height 100
—— W ind Speed | 80 '::;
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Figure 4.7. The relation between the mean annual wave height and wind speed for the period 1979
to 1990/5, taken from the station YM6. It can be seen that the wave climate is mainly controlled by

the wave climate .
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Figure 4.8. The mean annual wave height for the period 1979 to 1991 taken for all three stations:

ELD; YM6; and MPN.

Seasonal variation is apparent in the wave

climate; wave height 1s greatest in the winter months

(November to February) than in the summer (April to August); 1.63 m and 0.87 m respectively

(station YMO).

Swell is present in the wave climate as energy found in the low-frequency part of the spectrum

(0.03 to 0.10 Hz) and forms approximately 20% of the wave energy spectrum. In addition, the

contribution of swell to the wave climate 1s

a little greater in the north (Figure 4.10) and there 1s a

decrease in swell conditions to the south (per. comm. Roskam, 1998).
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Figure 4.9a. Directional wave spectrum for station YMG6 for a) all years in the period 1979 to

1991; and b) the mean of the years 1979 to

coast from the south-west and north-north-w

1991. It can be seen that waves mainly approach the

esl.
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Figure 4.9b. Directional wave spectrum for station ELD for a) all years in the period 1979 to 1991

and b) the mean of the years 1979 to 1991. It can be seen that waves mainly approach the coast

from the south-west and north-north-west.
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Figure 4.9¢c. Directional wave spectrum for station MPN for a) all years in the period 1979 to

1991; and b) the mean of the years 1979 to 1991. It can be seen that waves mainly approach the

coast from the south-west and north-north-west.
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Figure 4.10. Mean annual low-frequency wave height (swell) for the period 1979 to 1990 taken
from the stations ELD, YM6 and MPN. It can be seen that the largest waves are observed in the

autumn and winter months. In addition, the contribution of swell to the overall wave climate is

greatest in the north of Holland, decreasing to the south.

4.3.4) TIDES

The Holland coast is micro-tidal; the tidal range varies alongshore decreasing from 1.7 m in the
south to 1.4 m in the north. Tidal currents are generally orientated parallel to the coastline

(Wiersma and Van Alphen, 1988). Flood currents in the north dominate slightly over the ebb

]

currents in the south; approximately 0.8 ms" and 0.7 ms~ respectively resulting in residual

velocities of the order of 0.1 ms™ directed to the north (Van Rijn, 1997). Tidal currents are
asymmetric alongshore, although the character of the asymmetry does vary (Figure 4.11).

4.3.5) SEA-LEVEL CHANGE

It is shown that there is currently a sea-level rise at a rate of 0.20 m per century. Predicted
scenarios give an expected rise of 0.60 m per century and a pessimistic rise of 0.85 m per century

(Louisse and Kirk, 1990).
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Figure 4.11. Tidal curves along the Holland coast for the stations of MPN and YM6 (taken from

Wijnberg, 1995).

4.4) PRESENT MORPHOLOGICAL AND SEDIMENTARY CHARACTERISTICS

4.4.1) INTRODUCTION

As described in Section 4.3, the Holland coast has a particularly uniform hydrodynamic

environment in the longshore. Similarly it has a uniform morphodynamic and, to a smaller extent,
sedimentological environment., This environment consists of a sand barrier system which is fronted
by the beach and active zone which contains a nearshore bar system composed of 2 to 3 bars
(Short, 1992). However, unlike the hydrodynamic environment, localised features do exist. This

section will discuss all features, taking the most shoreward first.
4.4.2) THE SUB-AERIAL SYSTEM

4.4.2.1) DUNES

The most dominant feature of this part of the Holland coast is the dune system which acts as a

barrier between the sea and low-lying land. With the exception of the coastal stretch dominated by
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the Hondsbossche and Pettermer seawall (km 20 - 26), the entire Holland coast is backed by dunes.

The dune system width varies from 0.1 km to more than § km and a mean maximum height of 20
to 30 m (although an extreme height of 50 m has been recorded). It has been shown (Stive et al,
1996) that the decadal behaviour of the dune/beach interface is correlated with both the

reoccurrence frequency of the migratory nearshore bar system (see section 4.4.3) and the

cumulative effects of the episodic wave events.

The majority of the dunes are under the influence of anthropogenic controls which act to stabilise
and so decrease sediment loss (cf. de Ruig, 1998). One example of dune stabilisation is that of the

planting of dune grass. In addition, schemes have been implemented where inlets are created within

the dunes and a lagoon formed (Helmer et al, 1996; Waterman et al, 1998); such an experimental

scheme has been introduced at km 31.

4.4.2.2) BEACH
The beach system is typically-defined as including both the sub-aerial beach and the active zone
(Short, 1992). The latter contains the nearshore bar system, which'is the most significant

morphodynamic feature of the beach system and is described in Section 4.4.3. The state of the sub-

aerial beach is, as with the active zone, controlled by the wind waves generated in the North Sea. It
" is typically 43 m wide and has a mean slope of 1:15 (Stive et al, 1996). Sediment budget studies
(see section 4.4.4) have shown that the beach acts as a sediment source in Noord-Holland and a

sediment sink in Zuid-Holland.

4.4.3) THE SUB-AQUEOUS SYSTEM

4.4.3.1) THE ACTIVE ZONE : THE NEARSHORE BAR SYSTEM

Multiple bars are present along the entire alongshore distance of the Holland coast (with the
exception seaward of the IJmuiden harbour moles (km 55/56)) and extend to a maximum depth of
approximately 8 m (Figure 4.12). The shape and number (two to five) of bars vary alongshore; it
appears that a gentle beach slope results 1in a greater number of bars (De Vroeg et al, 1998). It has
been suggested (Bakker et al, 1998) that the relative distance between the breaker bars is regulated

by the resonance systems of long-periodic waves; surf beat” (Symonds et al, 1982).

2 Breaking of alternating high and low waves results in a shoreward directed pulse of varying strength. The
surf zone water reacts by an oscillation of the wave group period resulting in the generation of standing
waves whose amplitude increases shoreward. The oscillation amplitude depends on whether the surf beat
period agrees with the resonance frequency to which the breaker bar system is tuned.
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Hence the breaker bars react more to the wave climate than the instantaneous wave characteristics.
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Figure 4.12. Bathymetry of active zone showing breaker bars.
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The bar system passes through a three stage cycle during its existence which has also been

observed at other locations e.g. Terschelling, The Netherlands (Ruessink, 199%):
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1. generation close to the shoreline, during which the bar may remain within the inner 0.3 km of

the nearshore bar system for several years;

)

net seaward propagation through the active zone up to 1.3 km offshore. The seaward
propagation of the bar results in the cross-shore redistribution of sediment, and is orientated
obliquely to the shoreline at a small angle (De Vroeg, 1987). Mathematical analysis of coastal
behaviour, which takes the breaker bars to be seaward propagating sandwaves with straight
crests, has enabled the derivation of some characteristic values for breaker bars as shown in

Table 4.2 (Bakker and De Vroeg, 1988); and

degeneration at the secaward boundary of the active zone. Degeneration is an irreversible

Ll

process and can be observed through the lowering of the bar crest rather than the infilling of
the landward located trough. This stage of the cycle appears to act as the iniation of a new
cycle i.e. experiments at Terschelling show that when the mean water depth over the crest of

the outer bar is greater than approximately 5.5 m, the most inner bar enters Stage 2 of the cycle.

PROPAGATION
VELOCITY

(m/yr)
(angle)

PERIOD MEAN
(yrs) DISTANCE

DISTANCE
MAX. AMPL.
FROM
COASTLINE

COASTAL MAX
AREA AMPL

(m)

BETWEEN
CRESTS

0°‘
Zandvoort-
Noordwuk-

': measured perpendicular to the crest (seaward 1s positive)

* 1 positive angle = opening to the south

L.

Table 4.2. Average calculated characteristic values for breaker bars for some coastal areas (from

Bakker et al, 1998)

Morphologic analysis of available cross-shore profile data (JARKUS) has also revealed
alongshore differences in the decadal morphologic behaviour of the bars; five regions were
distinguished bound by anthropogenic structures (Wijnberg, 1995). The investigation, performed

using the data-reduction technique of eigenfunction analysis, showed i) different time scales of bar
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migration; and 11) the along- and cross-shore migratory patterns. The two main multiple bar

regions observed in the study area of this research (km 5 - 55 and km 57 - 100) (Figure 4.13) both
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Figure 4.13. The two main multiple bar regions along the Holland coast observed using

eigenfunction analysis (taken from Winberg, 1995).
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undergo the three stage cycle described earlier, however they do migrate offshore at different rates.
The morphological cycle repeats every 15 years in Noord-Holland (km 5 - 55) and every 4 years in
Zuid-Holland (km 57 - 100). This three stage behaviour over these time scales has also been
observed 1n the nearshore bar zone of Terschelling, The Netherlands (Ruessink and Kroon, 1994).
The mechanism of the cyclic behaviour contains a strong morphologic feedback indicating that no
cyclic external forcing is required; it is hypothesised that the cyclic behaviour is governed by the
outer bar. This has been observed in model simulations of coastal behaviour investigating the

differing influences of forcing induced behaviour and internal dynamics (Aarninkhof et al, 1998;
Hinton and Aarninkhof, 1998).

4.4.3.2) THE SHOREFACE : CHARACTERISTICS

The shoreface (Box 1.1; Figure 1.1) is an important section of the coast (Chapter 1). The sediment
transport processes which occur upon it are wave-dominated at the shoreward boundary and
tidally-dominated at the seaward boundary (see section 2.3.2). The position of the shelf/shoreface
boundary dictates the shoreface slope and varies alongshore, decreasing from approximately 10
km offshore in the north and south to 2.5 km in the centre. Therefore, the mean shoreface slope 1s
steepest in the central Holland coast; gradients are of the order of 1:200 as compared to those of

1:700 in the north and south (Van Alphen and Damoiseaux, 1989). Long-term studies (e.g. Stive et

al, 1990) have inferred that the shoreface slope is increasing and this has led to concern that this
could ultimately result in the undermining of the Holland coast. Sediment budget studies (see

section 4.4.4) have shown that the shoreface acts as a sediment source for the Holland coast;

however the net longshore transport means that this sediment is ultimately transported northwards.

4.4.3.3) THE SHOREFACE : THE SHOREFACE-CONNECTED RIDGES

Shoreface-connected ridges are located offshore from the central Holland coast (Appendix 4.1).
The ridges are located at the transition between the inner shelf and shoreface in water depths
typically from 14 to 15 m (NAP). The height of the ridges varies between 1 and 6 m, the
wavelength between 1 and 4 km and ridges are typically between 10 and 35 km long.

The shoreface-connected ridges slowly migrate in the direction of the flood current (northwards) at

a rate of approximately 1 myr"l (Van de Meene, 1984), and are associated with the large-scale (see
Table 1.1). It has been suggested, from studies based upon other, similar, shorefaces, that the
individual ridges have a direct effect on shoreline behaviour in the vicinity of the intersection of the
ridge with the shoreface over the long-term (Everts, 1985; Rine and Ginnsburg, 1985). It has been

shown, through observational and modelling techniques, that the ridges are of a sufficient
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morphodynamic scale to influence the flow around them. Over the large-scale, the residual pattern

1s dominated by the northwards directed dominant flood current and a persistent density-driven,

shoreward directed residual current flow close to the bed (Van de Meene, 1984).

4.4.3.4) THE SHOREFACE : THE NATURAL TERRACES

A localised shoreface characteristic is that of two natural terraces’ located at km 15 approximately
0.6 km seaward and extending to 3 km offshore (Figure 4.14). The terraces are found at water
depths of 10 and 13 m (NAP), the shallowest of which is called the ‘Pettermer Polder’. It is
suggested that they are produced by a 4000 year old erosion- resistant clay and peat layer deposited
during the Holocene evolution of the Holland coast (Bakker et al, 1998). Surface sediment

samples show the terrace to be covered by relatively coarse sand (Eisma, 1968; Wiersma and Van

Alphen, 1988). Strong currents (> 20 cms™ ) are required to erode both these sediment classes

(Graf, 1971).

4.4.4)SEDIMENT CHARACTERISTICS AND BUDGET

4.4.4.1) SEDIMENT CHARACTERISTICS

The shoreface sediments are non-cohesive, medium- to well-sorted and have a median grain size of
0.150 to 0.300 mm (Eisma, 1968; Van Alphen et al, 1990; RGD, 1998). The upper 1 m of
sediment is generally finer to the north of IJmuiden (0.150 to 0.210 mm) than to the south (0.210 to
0.300 mm) (RGD, 1998), as shown in Appendix 4.2 which shows the upper 1 m of sediment along

the Holland coast. This main grain size boundary coincides with 1) a general change 1n grain size
in the sands on the shelf seaward of the shoreface; ii) a decrease in beach gradient to the north; and

iii) the presence of the harbour moles. Points i) and ii) suggest that south of IJmuiden only small
amounts of reworked sands are present, with most sands coming from the sea (Eisma, 1968). An

area of relatively coarse sands (0.5 to 2 mm) 1s found seaward of Petten; the Pettermer Polder

(Wiersma and Van Alphen, 1983).

* Here a terrace is defined as an almost flat area attached to the shoreface, with a minimum surface area of 1
km and standing proud of the adjoining slope on its seaward side by more than several metres (Van Alphen
and Damoiseaux, 1989).
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Within the two sub-sections of the Holland coast (north and south of IJmuiden) there appears to be
no distinct alongshore trend of sediment characteristics, as observed in previous studies e.g. Short
(1992). Detailed analysis of cross-shore transects at six locations (km 23; 45; 53; 66; 81; 100)
from 1964 indicate that there is a cross-shore trend. The grain size decreases from the surf zone to
decper water until at a depth of 10 to 13 m (NAP). Here a zone of bimodal, finer sands exist
parallel to'the coastline. Below 15 m (NAP) the bottom sands becomé coarser (Wiersma and Van
Alphen, 1988). This grain size pattern has been explained using two hypothesis; 1) as a result of
the eroding shoreface (Wiersma and Van Alphen, 1988), and 1i) as a result of the winnowing effect
in the breaker zone and intense tidal currents concentrating the coarser material on the upper and

lower parts respectively, and rip-current ‘fall-out’ concentrating the finer material in the middle

parts (Eisma, 1968; Swift, 1976).

Comparison of samples taken from the same location at different times clearly show- seasonal
variation in grain size (Figure 4.15). This could also go some way to explaining the differing
sediment characteristics north and south of IJmuiden; the detailed grain size distribution map of the
RGD is composed of cores ranging over the last 40 years (per. comm. RGD). The relatively large
variation in grain size could also be related to the fact that the analysed samples are surface samples

which are largely influenced by the local hydrodynamic climate.

® October
O Marcl'g

median grain size (um)

O 0.2 0.4 0.6 0.8 1 1.2
distance cross-shore (km)

Figure 4.15. Temporal vanation of the median grain size in the cross-shore direction (taken from

Wijnberg, 1995). o T

4.4.4.2) SEDIMENT TRANSPORT AND ASSOCIATED BUDGET
The studies discussed 1n the following are those relevant to this study as the); focus on the

mediuny/large-scale shoreface behaviour. It should be noted that the majority of these studies are
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written in Dutch, and so where translation has not been possible summaries are taken from the

reports of Van Rijn (1995) and Wijnberg (1995).

Sediment transport and the associated sediment budget of the Holland coast, has been the subject of

much research over the last decade. These investigations based upon the sediment transport of the
closed coast have shown that the dominant cross-shore transport is onshore-directed and the
dominant long-shore transport is northwards-directed (Roelvink et al, 1990; Van Rijn, 1995;
Walstra et al, 1998). An important conclusion which can be drawn from such work is that the
shoreface acts as a significant source of sediment to the active zone in which the majority of the
longshore transport occurs. It should also be noted that the northward longshbre transport also
occurs in deeper water resulting from tidal currents, for example net annual rates at depths of
approximately 20 m vary in the range 25 to 73 m3m"yr" (depending on the location along the
coast) (Walstra et al, 1998). Transport rates are greater in shallower waters; there is a sharp
Increase in cross-shore transport towards the 8 m depth contour as a result of increasing wave-

induced streaming and short-wave asymmetry. The longshore transport also increases here,

resulting from wave-domination in the form of breaking waves (Roelvink ez al, 1990).

A number of studies have been carried out on the sediment budget and associated changes along
the Holland coast, as shown in Table 4.3. It is not possible to compare the detailed results of these
studies, only the general ones; for example the erosive/accretionary behaviour of different sections
along the coast. This is the result of different along- and cross-shore boundaries being used to
identify the control volume; for example Ruig and Louisse (1991) divided the cross-shore into

three zones (dune and beach, breaker and shoreface) whilst Van Vessem and Stolk (1990)

considered the cross-shore profile as a single unit.

The general trends which are drawn from past studies are summarised below :

1. the dune region is generally gaining sediment, through entrapment by dune management
activities, although north of IJmuiden they also undergo erosion over short distances;

2. the beach region undergoes accretion south of IJmuiden and erosion in the Noord- Holland;
3. the active zone exhibits alternating accretory/erosive behaviour along the coast (a result of it

being the most active zone); and

4. the shoreface undergoes net erosion along the entire Holland coast.
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STUDY BASIS CORREC LONG- CROSS-SHORE RESULTS
-TION*? | SHORE ZONES
AREA®

kmO-118. km 0 - 118 =balance
calculation dune & beach accretion

surf (0-0.8 km erosion
offshore)

(*)

shoreface (0.8 - * erosion'”
2.5 km offshore) (( ) accretion km 50 -
60

De Ruig | JARKUS yes
(1989) database'"
| 1963-86 :km
0-102
1975-86 :km
102-118 .
Van JARKUS

kmO-118 | upper boundary = km O - 118 = balance
Vessem | database!” divided maximum km 0 - 55 = erosion
& Stolk | 1965 - 1984 into measured height | km 56 - 118 = accretion
(1990) kmO-3535 In year
km 56 - lower boundary =
118 maximum

measured depth in
ear

upper boundary =

km O - 118 = balance

most landward km O - 40 = erosion
measurement km 40 - 90 = accretion
lower boundary= | km 90 - 118 = erosion
most seaward
measurement
also :

accretion
erosion
erosion

dune & beach
breaker
lower shoreface

De Ruig | JARKUS yes kmO-118
& database!' %
Louisse | 1963 - 1990
(1991)

Van JARKUS yes kmO-118 | beach & surf (+3 - | kmO-118 forbeach &
Rijn database" -3 m) surf = erosion
(1997) | 1964 - 1992 middle shoreface km 0 - 50 = erosion
. _ (-3--8m) km 50 - 60 = accretion
lower shoreface (- | km 60 - 108 = erosion
‘ 8 --20 m) km108-118=
accretion

km 16 - 97 = erosion
accretion

erosion

Hinton JARKUS yes km 16 - 97
(1998) database!®- dune (1st dune to
1970 - 1990 +3 m)
beach (+3 - -1m)
surf (-1 - -8 m)
middle shoreface
(-8 - -12m)
. lower shoreface (-

Key : (1) = annual data set; (2) = five-yearly data set; * = correction for beach nourishment

Table 4.3. Summary of sediment budget studies of the Holland coast.
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Considerable accretion has also been shown to be occurring immediately north 