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1. Hoogte is een belangrijke variabele voor de bepaling van de 
uitwisseling van sediment tussen vooroever, strand en duin. Het blijkt 
echter niet eenvoudig om nauwkeurige hoogtewaarden voor de gehele 
zone te krijgen via remote sensing. (Dit proefschrift.) 

2. Uit het simpelweg inventariseren van kennis van kustgedag blijkt dat er 
nog niet veel bekend is op het niveau van de meso-schaal. (Dit 
proefschrift.) 

3. Het concept GIS is, op zijn geografische component na, nog steeds 
slecht gedefinieerd. Dit blijkt onder andere uit de verschillen in visie 
tussen gebruikers, die GIS als een 'tooi' zien, en geoinformatici, die 
GIS zelf of GIS-databases als studie-object hebben. Het zou beter zijn 
om beide visies meer op elkaar aan te laten sluiten. (Dit proefschrift.) 

4. Niet alleen de ontwikkeling van de ebb-tidal delta geschiedt in fasen, 
ook in de ontwikkeling van de strandvlakte komen fasen voor. (Dit 
proefschrift.) 

5. Gezien het belang van waterhoogte voor het sedimenttransport kan men 
beter stormvloeden dan stormen correleren aan het gedrag van 
brandingsbanken. (Dit proefschrift. In aanvulling op: Kroon, A., 1994. 
Sediment transport and morphodynamics of the beach and nearshore zone 
near Egmond, The Netherlands. Ph.D. thesis Utrecht University, Utrecht, 
275 pp.) 

6. De complexiteit van de genese en de ontwikkeling van een washover-
landschap rechtvaardigt een geïntegreerde benadering van doorbraak en 
deflatie. (Ditproefschrift.) 

7. Veldwerk houdt je met beide benen op de grond. 

8. Studies op hogere schaalniveaus genereren vaak tamelijk voor de hand 
liggende resulaten. Deze studies kunnen daarom voor sommige 
onderzoekers minder interessant zijn, maar ze zijn wel direct relevant 
voor het oplossen van management-problemen op deze schaal. 

9. Zand kan gezien worden als een natuurlijke hulpbron. 

10. Het gebruik van het gezond verstand is niet per definitie gebruikelijk in 
de wetenschap. 

11. Het is verstandiger om je verstandskiezen vlak na de verdediging van je 
proefschrift te laten verwijderen dan vlak ervoor. 

l l l l l l l l l l l 
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1. Height is an important variable in the determination of the exchange of 
sediment between nearshore zone, beach and dune. It is, however, not 
an easy task to collect accurate values for this variable covering the 
entire zone with remote sensing. (This thesis.) 

2. Listing existing parameterization of coastal behaviour instantly 
illustrates the lack of knowledge on the meso-scale. (This thesis.) 

3. With the exception of its geographical component, the concept of GIS is 
still poorly defined. This is, amongst other issues, clear from the 
differences in view between users, who see GIS as a tool, and geo-
information scientists, who see GIS itself or GIS-databases as an object 
of study. It would be better, if there were a convergence in views. (This 
thesis.) 

4. Phases do not only occur in the development of the ebb-tidal delta, but 
also in the development of the beachplain. (This thesis.) 

5. Given the importance of water level for sediment transport, it is more 
valid to correlate storm floods rather than storms to the behaviour of 
nearshore bars. (This thesis. In addition to: Kroon, A., 1994. Sediment 
transport and morphodynamics of the beach and nearshore zone near 
Egmond, The Netherlands. Ph.D. thesis Utrecht University, Utrecht, 
275 pp.) 

6. The complexity in genesis and development of a washover landscape 
justifies an integrated approach to the study of foredune breaching and 
deflation. (This thesis.) 

7. Field work keeps your feet on the ground. 

8. Studies on higher scale levels frequently generate obvious results. 
These studies might, therefore, be less attractive to some researchers, 
however, they are directly relevant for solving management problems 
on these higher scale levels. 

9. Sand could be seen as a natural resource. 

10. Common sense is not always concurrent with common science. 

11. It is wiser to have your wisdom-teeth removed just after the defence of 
your Ph.D thesis, rather than just before. 
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In Pieter Bas (Bomans, 1937) worden vrouwen 'Zandbanken der 
wetenschappen' genoemd. Het is aan u om te bepalen in hoeverre het 
proefschrift dit logenstraft. 
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CHAPTER 1 

INTRODUCTION 

Coastal landforms are constantly changing. An understanding of these changes is required for 
proper present-day management and for the prediction of future changes. The main subject of 
this study is morphodynamics. Morphodynamics, the mutual influencing of processes and 
forms, are expressed as changes in spatial and temporal distribution of sediment volumes. 
This thesis indicates how these changes can be detected, monitored and modelled. 
The study area, Ameland, is one of the Dutch coastal barrier islands. These islands exhibit a 
large variation in morphodynamic systems over a relatively short distance; at some sites 
erosion and at other locations accretion dominates. Much data are available for the island of 
Ameland, since it has served as a test area for various remote sensing techniques. 

1 AIMS OF THE STUDY 

This research aims to describe and predict the morphological development of a sandy coast 
under the influence of natural processes (e.g. storms) and human impacts (i.e. beach and dune 
nourishments) on a time scale of months to years. A new approach had to be developed to 
meet this objective. An additional aim is, therefore, to find a method for qualitative and 
quantitative prediction of the morphological development, based on suitable elevation and 
remote sensing data input and on the application of dynamic modelling and GIS techniques. 

2 APPROACH 

Morphodynamics are studied by a process-geomorphological analysis of remote sensing and 
elevation data. The qualitative insights obtained are used in the modelling of coastal 
behaviour with geographical information systems (GISs). The data were also used in 
morphodynamic modelling. The modelling improves quantitative insight into sediment 
volume changes and is also used for quantitative prediction of morphology. In one case, the 
predictions of volumetric change are extended by incorporating scenarios of future changes 
and their environmental consequences. In all cases, the contribution of the results to current 
knowledge on coastal geomorphology is indicated. The procedure is illustrated in Figure 1. 

3 OUTLINE OF THE THESIS 

This thesis has been compiled from several papers and articles that have been presented on 
various occasions. Some of the chapters have been adapted from publications and some have 
yet to'be published. Individual chapters can usually be read independently of the rest of the 
text. 



The thesis consists of four parts, starting with a general introduction. 
Part 2, comprising the Chapters 2 to 6, deals with the development of methods. Chapter 2 
introduces various monitoring techniques. Chapter 3 indicates how remote sensing techniques 
can be used to illustrate coastal dynamics. In addition, it gives an overview of the 
morphologically active parts of Ameland. Chapter 4 shows how remote sensing data can 
provide digital elevation models. 
In the next two chapters, the focus shifts from observing morphological change's to predicting 
them. Chapter 5 defines three morphodynamic systems and illustrates the approach necessary 
to study and predict coastal morphological changes within these systems. Chapter 6 
introduces modelling and GIS tools used in the study of the coastal systems. 
Part 3, comprising the Chapters 7 to 9, describes the three géomorphologie systems of 
Ameland's North Sea coast. Chapter 7 discusses the evolution of the western beachplain in 
relation to the migrating channels and shoals of the ebb-tidal delta. Chapter 8 deals with the 
morphological behaviour of Ameland's central North Sea coast. Chapter 9 shows the use of 
airborne remote sensing data in the modelling of washover landscape development. 
Finally, the major conclusions are integrated in Part 4, Chapter 10. 

Process-
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: 
Qualitative 
Prediction 

Remote sensing 
& Other data 
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""• Data processing 

I 
Morphodynamic 
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Figure 1. Method for the application of remote sensing and dynamic modelling in coastal 
morphodynamics. 
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CHAPTER 2 

MULTISCALE MONITORING TECHNIQUES VERSUS 
MULTISCALE MORPHODYNAMICS 

ABSTRACT 

Ameland has been used as a test area to evaluate the use of various remote 
sensing techniques for coastal zone management. These techniques are 
described, and some selected data were used for a geomorphological scale 
study. Each remote sensing technique has its own characteristics 
concerning, for example, spatial, and temporal resolution of the data. Since 
geomorphological forms and processes also act on different spatial and 
temporal scales, each remote sensing technique will have certain 
advantages in the analysis, mapping and monitoring of a particular 
phenomenon. The data were evaluated for geomorphological purposes. 
This resulted in a table with multiscale monitoring techniques listed versus 
multiscale morphological features. The table shows that some techniques 
are more suitable for monitoring certain features than others. The 1:18,000 
aerial photographs scored best, because they provide an overview with 
sufficient resolution and enable an impression of height of the study area. 

Adapted from MA. Eleveld, 1996. The use of multiscale monitoring 
techniques for the prediction of morphodynamics on Ameland, the Netherlands. 
In: Ehlers, M. & Steiner, D.R. (eds). Proceedings of an International Workshop 
on New Developments in Geographic Information Systems, (International 
Society for Photogrammetry and Remote Sensing), Milan, 6-8 March 1996. 
ERIM, Ann Arbour, pp. 210-221. 



1 INTRODUCTION 

Ameland is a coastal barrier island in the north of the Netherlands (Fig. 1). Major changes 
have always occurred along Ameland's shores. These changes have been induced by several 
geomorphic processes, i.e. erosion, transport and accumulation. Several techniques are used 
to monitor changes of Ameland (Han, 1991; Kloosterman et al, 1993). 
This chapter introduces various remote sensing techniques for the geomorphological 
investigation of coasts. It aims specifically to establish the influence of scale on the suitability 
of remote sensing techniques for these investigations. Another objective is to show how 
remote sensing data can be used for coastal geomorphological research and for delineation of 
coastal systems, as a first step towards prediction. The latter relates to the general objectives 
of this thesis: to use a process-geomorphological study of the remote sensing data for the 
qualitative prediction of future morphology (Eleveld et al, 1995; Chapter 1). 
In this introduction, first an overview of remote sensing techniques will be given and 
subsequently a scale study of selected data will be introduced. 
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Figure 1. The research area. 

1.1 Remote sensing for coastal zone monitoring 

In the following paragraph some imaging sensors and their application in coastal 
geomorphological monitoring of the case study area are mentioned. Overviews can be found 
in Van Zuidam (1993), which evaluates the usefulness of various remote sensing systems for 
studies of the coastal environment in general, and in Kloosterman et al (1993), which looks 
specifically at the usefulness of multiscale remote sensing in ecological studies of Ameland. 
• Aerial photography is one remote sensing technique that can provide information on the 

landscape. Aerial photographs are frequently studied with a stereoscope, which gives a 
perception of height. Photogrammetry makes absolute height extraction from aerial 
photographs possible. 

• Videography is a modern remote sensing tool that is receiving increased attention for 
applications in coastal zone research. The advantages of video images over conventional 
aerial photography are: low cost, real time imagery, high light sensitivity and wide 
spectral response (0.4 um-2.4 urn); capability of in-flight monitoring and exposure 
adjustment; electronic recording format amenable to computer digitalization and 
processing; linking of video data to ground control points; and a high rate of image 



refreshment. The limitations are: low spatial resolution, non-ideal image geometry and the 
addition of electronic noise (Van Zuidam & Mulder, 1994). The relatively low spatial 
resolution of video is not ascribed to the camera but to the standardized video norms. 
Correct timing of the video signal is essential to the geometric and radiometric 
performance of video. In Europe, the PAL (Phase Alternate Line) standard, which uses 
the principle of interlacing, results in a frame (image) consisting of two fields (Bakker et 
al, 1994). Because of its flexibility and processing ease, video imagery has been 
evaluated positively for event-based monitoring of coastal geomorphological processes 
(Eleveld & Jungerius, 1993; Eleveld, 1994). Stereo vision of video images is, la., 
possible with a Desktop Mapping System (DMS). The possibilities of DMS to extract 
absolute height from video data is discussed in Chapter 4 of this thesis. Bakker et al. 
(1994) use photogrammetric Geodelta software, Ground Control Points (GCPs) measured 
with GPS, and video camera parameters to extract height. 
SPOT satellites contain two High Resolution Visible (HRV) sensors that can work either 
in XS-mode or in P-mode, resulting in multispectral or panchromatic data. In 
multispectral mode, SPOT has a range of 0.50-0.89 urn and a 20 m resolution. In 
panchromatic mode, SPOT has a range of 0.51-0.73 (im and a 10 m resolution. No 
accurate small-scale height data can be obtained from the optical satellite imagery, not 
even by stereo vision of SPOT-data. 
Landsat5-TM (Thematic Mapper) registers electro-magnetic radiation in seven wave 
length intervals ranging from 0.45 urn (blue) to 2.35 urn (infrared) and 10.4-12.5 urn 
(thermal infrared). TM produces picture elements (pixels) corresponding to 30 mx30 m 
ground surface (with exception of the thermal band with a spatial resolution of 120 
mxl20 m). The different TM-bands are useful for different applications. The true- and 
false-colour composites are important for comparison and interpretation of objects. 
The use of radar satellites ERS-1 SAR and JERS-1 SAR for coastal research is increasing 
(Readings, 1994; Chapter 3). Their popularity can be ascribed to the fact that the 
microwave data enable monitoring under all weather conditions (the ability of C-band 
electro-magnetic waves to penetrate cloud) and during day and night (Van Zuidam et al, 
1994). Another advantage is the extra information that ERS-1 SAR images can provide 
on the underwater topography. The backscatter of the radar signal from a moving water 
surface is mainly determined by the water surface roughness which is influenced, la., by 
bottom configuration (Wang & Koopmans, 1994). Microwave satellite data can be used 
for quantitative bathymétrie research by using BAS (Bathymetry Assessment System), 
which combines echosounding and ERS Synthetic Aperture Radar (SAR) data 
(Hesselmans et al, 1994). Wang & Koopmans (1994) developed the 'water line method' 
to determine height values of the area between high and low tide. It is based on mapping 
water lines from remote sensing data acquired at different stages of the tidal cycle and 
correlating them with modelled water surfaces for the times of image acquisition. The 
heights obtained along water lines were TIN interpolated, resulting in a digital elevation 
model, WALDEM. The technique of across track radar interferometry using satellite SAR 
data relies upon the measurement of phase differences between pairs of coherent radar 
images acquired on near repeat orbits of the satellite. The phase difference at a given 
point in the image pair can be related via the orbital geometry of the satellite to terrain 



height. A complication with repeat pass interferometry is that it places a requirement on 
the temporal coherence of the scattering surface imaged (Wright et ai, 1995). In the 
coastal zone there are a number of factors which might change the scattering surface in 
time, such as moisture differences and movement of the tops of the vegetation by wind. 

• A new flexible airborne variant of SAR, called PHased ARray Universal SAR 
(PHARUS), is operational in the Netherlands. With this system it is possible to record 
data fully Polarimetrie, choose resolution and strip width, and operate in advanced modes 
to get high resolution in the flight direction. Results from using airborne radar 
interferometry for sediment volume change in coastal research are not yet known. 

• New sensors such as airborne laser altimetry can be of great value. The equipment used 
for laser altimetry consists of an airplane fitted with Global Positioning System (GPS), 
Inertial Navigation System (INS) and a laser. The principle behind laser altimetry is that a 
laser beam, projected by a rotating mirror, is reflected by the surface. The time difference 
between sending and receiving the beam is an indication of the height. The entire island 
of Ameland was measured in this way on 1 May 1995. In this case an infrared laser was 
used to acquire information on the height of the terrain. The use of green lasers would 
have permitted bathymétrie surveys, as they can penetrate the water to some extent 
(though this would be hampered by the high turbidity of the Wadden Sea and North Sea). 

• Lidar (light detection and ranging) uses pulses of laser light to illuminate the terrain. Lidar 
systems can be operated in either a profiling or a scanning mode (Lillesand & Kiefer, 
1995). Lidar can be used for bathymétrie research. It has been used on seaborne vessels 
already, but along the Dutch coast troubled water interferes with the return signal. 
Imaging Lidar is still in an experimental stage. 

• Another data source is the JARKUS data from the DONAR database of Rijkswaterstaat 
(Ministry of Transport, Public Works and Water Management), the authority in charge of 
coastal defence. The DONAR database comprises annual beach and foredune profiles for 
the whole coast that have been derived from stereometric analysis of aerial photographs 
for the dry part of the coastal transect. The transects are 200 to 250 m apart and have a 
record of height every 5 m along their length. The underwater part of the profile is 
measured with echosoundings from ships with automatic position-finding systems. The 
measurements are oriented within the same reference system, approximately 
perpendicular to an imaginary line along the coast, originally situated on the beach, and 
marked by beach posts (De Ruig & Louisse 1991). 

1.2 Scale aspects 

1.2.1 Geomorphological scale aspects 

Morphodynamics can be defined as the mutual influencing of processes and forms. These 
interactions occur on various scales. There are no obviously appropriate or correct scales at 
which geomorphological research should be conducted (Thorn, 1988). Kloosterman et al. 
(1993), Janssen et al. (1995) and Kloosterman et al. (1997) assume that different remote 
sensing techniques (in terms of sensor platform and survey scale) are appropriate for 
monitoring different landscape ecological processes, because not all landscape ecological 
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processes are active at the same level of detail in the landscape. Kalesnik (1961) states that it 
is generally acceptable in landscape science that landforms are a result of the interaction of a 
number of variables. In passing through the scales gradual changes occur in the dominant 
variable. This implies that the dominant variables in the empirical relations detected at a 
certain scale are a precondition for prediction on the other scale (see Chapter 5). 

1.2.2 Scale aspects of remote sensing 

Objects on the earth's surface reflect radiation from a source. A sensor measures the energy 
within a certain range of electro-magnetic radiation. Thus, remote sensing data can provide 
information on an area. It is possible to obtain more information on an area by looking at it in 
various ways, e.g. because the data are gathered on different heights/levels (multistage or 
multiscale), or different times (multitemporal). Other options are the use of different sensor 
systems (multisensor) or different parts of the spectrum (multispectral). In this chapter, 
attention will be paid mainly to practical multiscale effects of data in the optical range for 
geomorphic application. 

A great advantage of remote sensing as a data source is its synoptic characteristics, but the 
data are also used to extract detailed information on a relatively small regional or local level. 
Some of the ideas or methods that were developed to deal with this paradox are discussed 
below. 
• For multiscale research, Lillesand & Kiefer (1994) state that the best result can be reached 

if information from a lower observatory level can be extrapolated to higher levels. This is 
actually an attempt to get a higher resolution by upscaling. 

• Stratification through masking is a long established method for resolution enhancement 
that is used to improve classification. This involves a division of the study scene into 
smaller areas or strata based on a criterion or rule, so that each stratum may be processed 
independently. Statistically, the purpose of stratification is to increase the homogeneity of 
the data sets to be classified (Hutchinson, 1982). Thorn (1988) discusses the importance 
of stratification for sampling in geomorphological studies to identify the different sub-
units present. 

Some new trends in obtaining detailed information imply changing the spatial resolution 
directly: 
• Image fusion can, amongst other things, be used to enhance spatial resolution (image 

sharpening). Based on the method of Pellemans et al. (1993) for merging SPOT-XS and 
SPOT-PAN imagery resulting in a multispectral image at a spatial resolution equal to that 
of the panchromatic image, Hobma (1995) describes how to overcome the limitations of 
unfavourable spatial and spectral resolutions of sensors for landscape-ecological mapping 
of natural coastal landscape elements at a sub-regional scale. 

• Future (higher) resolutions of SPOT-5 will be 10 m in multispectral and 5 m in 
panchromatic mode. In the policy for Landsat also a tendency towards a higher resolution 
can be seen (Lillesand & Kiefer, 1994; Hobma, 1995). The Indian Remote Sensing 
satellite (1RS) is already supplying detailed information; 5.8 m in panchromatic mode. 
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• As a general trend, the number of airborne sensors is increasing, e.g. aerial videography 
CEASAR, Radar, Laser and Lidar (ERIM, 1994). Making mosaics of high resolution, 
narrow view remote sensing data {e.g. video imagery or scanned aerial photographs) 
results in high resolution data with a large coverage. 

New computer technology makes it possible to handle the resulting increase in data volumes. 

2 METHODS 

A data set was composed from remote sensing data that differ in scale. Data that differ in 
other properties, e.g. in remote sensing wavelength, were not incorporated in the scale study. 
The strategy used to study Ameland's changing coast consists of passing information from a 
high to a lower resolution. First aerial photographs were analyzed, then video images and 
finally SPOT and Landsat imagery. Table 1 lists the data analyzed. 

Table 1. Investigated remote sensing data. 

image film / band scale / resolution date, time, tide 
aerial panchromatic 1 : 18,000 25-04-1992, ± 08:00, 1 - 1.5 hr 
photographs before Low Tide 
aerial panchromatic 1 : 18,200 12-02-1995, ± 12:00, 1 - 1.5 hr 
photographs before Low Tide 
video multispectral, 

1,2,3 (colour) 
1 m x 1 m 08-10-1995, ±12:45 

video multispectral, 
1,2,3 (colour) 

± 1 m x 1 m 09-10-1995, ± 14:30 

SPOT-PAN panchromatic 10mx 10m 03-07-1989, 10:59 
Landsat5-TM multispectral, 1-7 30 m x 30 m 15-02-1992, 09:57 

2.1 Field visits 

To ensure understanding of the geomorphology of Ameland, which is a prerequisite for 
visual interpretation and geomorphological classification, repeated field visits were 
conducted. 

2.2 Stereoscopic aerial photo interpretation 

Two sets of photographs from 25 April 1992 and from 12 February 1995, were used for 
aerial photo interpretation (Table 1). In both cases acquisition took place approximately 1-1.5 
hours before low tide (Berkhout, 1995). Stereo-images were created using a stereoscope and 
with aerial photographs with 60 % overlap. These were studied visually using air photo 
interpretation elements. The interpretation was imported into a GIS, ARC/INFO. In digitizing 
the transparencies, a link was made between aerial photo interpretation, digitizer and real 
world coordinates (in the Dutch coordinate system: RD-coordinates) by specifying control 
points recognizable on both the map and the aerial photographs. Digitizing errors were 
corrected in ARCEDIT and labels were assigned. The spatial relations between the 
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geographical locations were established by building topology. Attribute data and look-up 
tables, containing information about the shades and symbols connected to the polygons, were 
added with TABLES. The map layout was created in ARCPLOT (Berkhout, 1995). 

2.3 Classifying video imagery 

The video data consist of a tape, which was acquired by ITC with a hand held camera from a 
light airplane. This resulted in oblique data covering the entire island. The second set of video 
images was acquired by Synoptics for the Survey Department of Rijkswaterstaat. These 
images were obtained vertically and have some metadata (e.g. GPS information) on them, but 
they cover only the eastern-most part of the island. Some frames with interesting geomorphic 
features situated in the eastern part of Ameland were selected for this study (Berkhout, 1995). 
The video images were digitized with a frame grabber using Matra software (VideoPix). The 
files were then imported in Erdas Imagine 8.2 (an image processing package) and classified. 
The intent of the classification process is to categorize all pixels into one of several classes 
(Lillesand & Kiefer, 1994). Several classification methods were tested. In some cases masks 
were used. However, it was not possible to apply stratification with masks on clear transitions 
at the boundaries of interest, such as land-water and land-vegetation interfaces. (If striping 
due to interlacing occurs on the classified image, then a 3'3 low-pass kernel filter technique 
can be applied to enhance the classified image.) 

2.4 Classifying optical satellite data 

2.4.1 SPOT 

A subset of a SPOT-PAN image has been studied because panchromatic aerial photographs 
are also used in this study; this facilitates comparison and supports the interpretation of 
images (Eleveld, 1994). The subset was georeferenced in ERDAS (using a fourth-order 
polynomial and nearest-neighbour resampling) in UTM-coordinates (Van Zuidam et al, 
1994). To change the reference system from UTM to RD-coordinates, a coordinate 
conversion program based on the formulas by Strang van Hees (1993) was used, followed by 
a linear transformation in ERDAS. Then the data were classified using the 'Unsupervised 
classification' in Erdas Imagine 8.2. The computer determines the classes on statistical criteria 
and the interpreter has to interpret the classes and link names to them afterwards. Because 
SPOT-PAN has only one band, this can be seen as a form of density slicing. This resulted in a 
speckled image, so a smoothing filter was applied. 

2.4.2 Landsat 

A subset of a Landsat image had been georeferenced in ERDAS using a second-order 
polynomial and nearest-neighbour resampling to UTM-coordinates. The reference system 
was changed with the same method as applied to the SPOT images. To this subset, an 
unsupervised classification algorithm using all seven bands, and 12 classes, was applied. 
After this classification, smaller subsets were made (with the Erdas Imagine 8.2 "Interpreter") 
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in an attempt to find more information on the region of interest, the North Sea coast and the 
island itself. 

2.5 Evaluation 

The study of morphodynamics requires information on activity in the landscape, and on 
forms and processes. Therefore, the study of the remote sensing data aspired to derive this 
information. An inventory of the extracted geomorphological features (section 3.1 - 3.4.2) 
has been made. This is organized in a table, and 5 classes are introduced ranging from — , 
the feature cannot be seen in the image, to + + ,it is very well visible in the image. 

2.6 Systems approach for prediction 

Prediction of the effects of the complex geomorphological processes and interactions in the 
coastal zone requires a systems approach. Remote sensing data have been used to distinguish 
and describe three systems (section 3.6). This has subsequently been organized in a table. 
And additionally, some fundamental empirical knowledge of morphodynamics within these 
systems was obtained through a study of the geomorphological interpretations of 
multitemporal remote sensing data; empirical relations form the basis for behaviour-oriented 
models. 

3 RESULTS 

3.1 Ground observations 

Fieldwork increased the understanding of the morphodynamics of Ameland. Some forms and 
(indications of) processes could be distinguished; e.g. bars and mass movements. 
Specifically, the vertical differences were more apparent in the field than on remote sensing 
images. This accounted particularly for the extension of a cliff. It is prominent in the field, 
but on the remote sensing imagery it is only a small strip. The vertical extension is an 
important variable for wind erosion studies as its height creates an obstacle for the wind 
profile. 

3.2 Aerial photographs 

From the aerial photographs, a wealth of geomorphological information could be extracted 
and mapped (Figs 2a & 2b). Some of the extracted geomorphological features are described 
below. 
On the 1992 photographs only one breakerzone can be recognized. Some rip currents are 
visible as well. The 1995 photographs show three breakerzones, the most seaward of which is 
the broadest. The wind-speed and direction during acquisition of the 1995 photographs 
probably differ from those for the 1992 photos. On the photo-sets, refraction can be seen as 
well. This is the gradual reorientation of waves propagating at an angle to the bottom slope or 
against a current. 
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Another phenomenon observed is the occurrence of washovers. These forms result from a 
combination of marine erosion and aeolian dune building at the eastern extremes of the 
Wadden islands. The western-most washover had already been initiated in 1992, but was 
bigger in 1995. More to the east, several washovers are visible on the 1992 photographs that 
still existed in 1995. They have been studied further using videography. The beachplain and 
tidal flat area in the most eastern part of Ameland had changed a lot. The peaked east point of 
1992 had a more rounded form in 1995. In 1995 the whole area is wetter and wliat had been a 
rippled zone in 1992 had changed into a flooded zone. These changes could also be partly 
due to different weather conditions at the time of photo acquisition. A north-westerly wind at 
the time of acquisition of the 1995 photographs would have resulted in more inundation of 
the beach through set-up (Berkhout, 1995). 

3.3 Video imagery 

The selected video image, which is presented in Fig. 3, shows a series of washovers near the 
NAM gas station. Some aerial photographs were made simultaneously with the video image 
acquisition of 9 October 1995. These have a better resolution than the video images. Some 
features, of which the classification is debatable on the video images, can be clearly seen on 
the photographs. Fore example, it can be seen that washover gullies are wetter in the middle. 
The result of the unsupervised classification (Fig. 3) with 7 classes shows minor distinction 
between some low reflecting (La. because of shadow effects) vegetation classes and surface 
water. Thus, some vegetated parts are classified as surface water. Two classes in the transition 
zone, and two 'vegetation classes' were merged. Moist sand is situated in the middle of the 
washover gullies, where the gullies are deepest. 

3.4 Optical satellite data 

With satellite data it is possible to investigate changes on the island itself in connection with 
changes in its environment: the ebb-tidal delta, inlets and tidal flat region. 

3.4.1 SPOT-PAN 

Visual inspection of the georeferenced SPOT-PAN image provided information on several 
morphological features of the coast. In the nearshore zone (shallow shoreface), breakers are 
visible. The breakers indicate bars; the lighter coloured zone near the breakers could indicate 
a higher sediment load of the water. A differentiation between dry sand and cliff could not be 
made. In dunes, the active or semi-stabilized areas can be distinguished. Finally, it is possible 
to extract information on the inlet, channels and tidal flat area, where some of the sand is 
stored (Fig. 4). It was not possible to categorize into one of these classes with the standard 
unsupervised classification method used (see 2.4.1). 
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3.4.2 Landsat-TM 

A visual impression of the Landsat image provides less information on the bars. Otherwise, it 
offers the same information as was mentioned above for SPOT-PAN. However, SPOT-PAN 
presents a much clearer image because of its higher spatial resolution. A scale has been 
reached in which much overview and hardly any detailed information on the area is given. 
Fig. 5 shows the result of an unsupervised classification. Several attempts were made to get 
more detailed information (see 2.4.2). Apparently, zooming in (making smaller subsets) does 
not provide much more information. The classes already known from the overview image re
appear in the smaller subsets. Sometimes it is necessary to merge classes because the 
interpreter sees no relevant differences between them, and thus they result in the same legend 
unit. A resampled georeferenced image with 10 m resolution was also studied to see if it 
might provide more information. The result of an unsupervised classification (with 12 
classes) of this image was worse than in the original situation. 

3.5 Comparison of the investigated remote sensing data 

Table 2 shows a comparison of the investigated remote sensing data. As can be seen from this 
table, different remote sensing data provide different information. Because of this, 
geomorphological interpretation of the data will give different results. Aerial photographs 
scored well, video had an intermediate performance, and SPOT & Landsat missed (did nor 
register) a lot of forms and processes, but did register other ones well. This table assists in the 
choice of the optimal remote sensing technique, dependent on the object of study. 

Table 2. Comparison of the remote sensing data (after Eleveld, 1994b). 

field aerial video satellite data 
photos data 

0 
SPOT 
+ + 

Landsat 
state active or stable 0 + + 

data 

0 
SPOT 
+ + + + 

phenomenon/ ebb-tidal delta — + + + + + 
form bars + + + + + + 

rip currents + + + + __ 
beach + + + + 

• cliff + + + + 
blowouts + + + __ 
washover + + + + + + 

process marine accumulation — + — + + + + 
marine erosion ++ + + _ _ _ 
mar. susp. sed. transport - + + + + + + + 
aeolian accumulation + + + 0 0 0 
aeolian erosion + + + 0 _ 
aeolian sed. transport + -
mass movement + + + 0 
stabilisation + + + + + __ 
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3.6 Information for prediction 

Three systems could be distinguished from remote sensing data (Chapter 5). 
In the centre of Ameland, a classical system with a longshore and a cross-shore component is 
found. The longshore component describes the movement of sand from west to east, whereas 
in a cross-shore direction a volume of sediment is shared by the nearshore zone (shallow 
shoreface), beach and foredunes. Prediction requires monitoring of the changes in the 
nearshore zone (shallow shoreface), e.g. the movement of bars. The aerial photographs, video 
images and SPOT-PAN data indicate the presence of two or three bars. Based on comparison 
of the aerial photo interpretations, a clear seaward movement can be seen in the outer east. 
Further outward movement is normally followed by disappearance of the outer bar, which 
would initiate erosion of the beachplain in the future. Aerial photographs can be used to 
discriminate the beach and features on the beach, e.g. ripples, and barchans. The type of 
foredune, which can also be distinguished, can give some information on the local sediment 
distribution: progressive, stable, and regressive foredunes indicate whether there is surplus, 
equilibrium, or shortage of sand, respectively. The central system is characterised by a 
narrow beach with regressive nourished foredunes. 
In addition to the interactions described above, the system in the west is influenced by the 
behaviour of the ebb-tidal delta, characterised by a radial pattern of migrating channels and 
shoals. The effects of these migration processes on the western beachplain be clearly be seen. 
After original expansion of the beachplain due to the fusion of a shoal, the migrating channel 
following the shoal reached the western past of the beachplain, causing erosion (Figs 4 & 5). 
In the eastern part of Ameland, some of the sediment deposited on the salt marshes no longer 
takes part in the cross-shore changes. The areas covered by deposited sand can be 
distinguished on aerial photographs and video data. The satellite data do not allow distinction 
between erosive and accumulative parts of the washovers (Figs 3, 4 & 5). The formation of 
eye-dunes and the occurrence of 'weak spots', where future washovers might occur, could be 
identified with remote sensing. Table 3 indicates which techniques provide the most 
information on which system. 

Table 3. Information from remote sensing data for the three systems. 

field aerial photographs video data satellite data 
Western system — + - + + 
Central system + + + - -
Eastern system + + + + + 
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4 DISCUSSION AND CONCLUSIONS 

4.1 Geomorphological information supplied by the data 

Patterns, expressing state and forms and indicating active processes, can be seen on the 
images. Similar features (state, forms and processes) were found in a previous scale study 
(Eleveld, 1994). The patterns could be enough to allow a geomorphological statement to be 
made about changes in the area, and possibly about its future. However, expressing these 
changes quantitatively in empirical relations is severely hampered by: the fuzzy boundaries 
between units on all levels (e.g. the boundary between the beach and the cliff is rather vague 
on most images), the lack of consistency of what is registered (different conditions during 
image acquisition), and by the frequent lack of additional height information. 
Height impression and overview, both possible with aerial photographs scale 1:18,000, 
mainly determined the scores in Table 2. New technical possibilities for height extraction 
from video imagery will be discussed in Chapter 4, section 4.4. 

As can be seen from Table 2, different remote sensing data provide different information. 
Because of this, the geomorphological interpretation of the data will give different results. 
This supports Thorn's theory (1988) that scale alone is a significant variable and that the 
results of research undertaken at one scale are not necessarily applicable to another scale. 
The table allows for the optimal remote sensing technique to be chosen, dependent on the 
object of study. Woodcock & Strahler (1978) developed another way to evaluate the choice 
of an appropriate scale, or spatial resolution, for several applications of remote sensing: by 
making 'local variance per resolution' graphs. Local variance is extremely high in semi-
natural coastal areas. The method works when a clear objects-definition can be made, which 
is often impossible on any scale in coastal landscapes, as there are many fuzzy boundaries. 
A more complete interpretation can be made either by combining data (and their noise) and 
subsequent interpretation of these combined data, or by combining the interpretations (with 
the GIS option 'overlay'). The former approach will be applied in further research by 
interpreting fused images of Ameland (Chapter 3). 

4.2 Information to establish empirical relations for prediction 

Three sand-sharing systems could be distinguished from the remote sensing data (Chapter 5). 
It has been possible to indicate which techniques would provide most information on which 
system (see Table 3). For the Western system, which incorporates some extended 
phenomena, satellite data are most suitable. The Central and Eastern systems require detailed 
information and height, which can be obtained from aerial photographs. 
The study of remote sensing data also provided information for the description of past and 
present situations and for the prediction of future behaviour of these systems. However, a 
quantification of the changes within these systems into empirical relations is again severely 
hampered by: the fuzzy boundaries between units on all levels, the lack of consistency of 
what is registered by the sensor, and by the frequent lack of additional height information 
(see section 4.1). 
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CHAPTER 3 

MULTITEMPORAL RADAR SATELLITE IMAGERY 
ILLUSTRATES COASTAL DYNAMICS IN THEIR SPATIAL 
CONTEXT 

ABSTRACT 

Coastal geomorphological processes and tides cause continuous changes in the 
appearance of coastal areas. Mapping and monitoring these changes can help to 
understand these processes and can assist in sustainable management of coastal 
zones. Remote sensing data provide an overview of an area without interfering with 
the system itself. C-band radar remote sensing allows continuous data acquisition 
both day and night and is practically independent of weather conditions since it 
penetrates cloud. Therefore, radar imagery is available for analysis whenever a radar 
satellite passes the study area. This is particularly useful for coastal environments, in 
view of their dynamic characteristics. 
This chapter discusses the value of multitemporal and multi-tidal synthetic aperture 
radar (SAR) imagery fused to form an image map. This map is a colour composite 
based on three images acquired at different tidal stages and on different dates. The 
changes, or, actually, the differences between the images, appear as distinctly 
coloured features on the image map. These maps can be of interest to coastal 
managers because they illustrate coastal dynamics: they can show the areal extent of 
tidal influence and of geomorphological processes (erosion and accumulation). The 
images used to construct this particular image map of Ameland were selected 
according to the tidal differences during image acquisition; this selection obscured 
possible geomorphological differences. The large number of images that have 
recently become available will facilitate the analysis because they will allow a 
reduction of variables: it will be possible to focus on either tidal or 
geomorphological changes. 

Submitted in an adapted form. M.A. Eleveld & C. Pohl. Journal of Coastal 
Conservation. 
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1 INTRODUCTION 

Radar satellites are observing the earth. Radar sensors transmit pulses of microwave energy 
to the ground. These pulses are partly backscattered to the receiver, the extent depending on 
the incidence angle and the properties of the terrain. Within the marine context, Synthetic 
Aperture Radar (SAR) data are used for mapping and monitoring of: 
• surface wind waves and swell, 
• the upper ocean, sea ice and oil spill detection, 
• shipping traffic, 
• and processes in the atmospheric boundary layer (Guyenne, 1995). 

Radar data are used for management of the Dutch coast. This is stimulated by the Survey 
Department of Rijkswaterstaat, which develops remote sensing applications for the local, 
regional and national managers of the Ministry of Transport, Public Works and Water 
Management in the Netherlands. 
• Firstly, SAR images are used as a monitoring tool. Examples of this application are, for 

example, the monitoring of ice coverage of the Dutch Wadden Sea, and oil spill detection. 
• Secondly, radar imagery is used for bathymétrie mapping, for which two methods are in 

use. One is the 'water line method' (Wang, 1997), for the determination of height values 
of the intertidal area. Water lines from images acquired at different stages of the tidal 
cycle have been mapped. They were subsequently correlated with modelled water 
surfaces for the times of image acquisition. The heights obtained along water lines were 
TIN interpolated (i.e. interpolation by creating a triangular irregular network), resulting in 
the digital elevation model 'WALDEM'. The other is the 'Bathymetry Assessment System 
(BAS)' (Hesselmans et al, 1994), for quantitative bathymétrie research. Modulations of 
the water surface flow, which result from movement over the bottom topography, can be 
detected on the images and serve as an indicator for bathymetry. Changes in surface 
roughness through wave-current interactions are used by BAS for bathymétrie 
interpolation of echosounding data (Calkoen et al, 1995; Calkoen et al, submitted). 

• In the future, the use of radar interferometry for the detection of deformation (subsidence 
due to gas extraction), and mapping of water flow (measurement of current fields) will 
increase. Radar interferometry is a new technique for the determination of terrain height 
for which technical and application aspects are developing rapidly (Gens & Van 
Genderen, 1996; Massonnet, 1997). Across track radar interferometry from satellite SAR 
data relies upon the measurement of phase differences between pairs of coherent radar 
images acquired on near-repeat orbits of the satellite. The phase difference at a given 
point in the image pair can be related via the orbital geometry of the satellite to terrain 
height. A complication with repeat pass interferometry is that it places a high demands on 
the accuracy of the orbit of the satellite and on the temporal coherence of the scattering 
surface imaged (Wright et al, 1995). In coastal zones there are a number of factors that 
might change the scattering surface in time, like moisture differences on the beach and 
movement of the tops of the vegetation caused by the wind. Therefore the use of radar 
interferometry for the assessment of coastal erosion (in a sandy coastal system) is limited. 
Differences in coherence can be used to distinguish the waterline between relatively 
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coherent land and incoherent water. Recently, airborne SAR interferometry has been used 
to study deformation of dikes. 

Yet another use of radar imagery, related to its usefulness for registration of coastal 
dynamics, is presented in this chapter. A multi-temporal ERS-1 SAR image map of the 
Wadden Sea near Ameland resulted from a study of the geometric aspects of multisensor 
image fusion (Pohl, 1996). The aim of this chapter is to identify the features that can be 
extracted from a multi-temporal radar image map and to evaluate the usefulness of this image 
map for the illustration of coastal dynamics. 
First, some background information is provided on the research area and on the 
characteristics and benefits of radar data for the study of coastal environments. Then, a short 
description of the image fusion process is given. This is followed by a presentation of 
interesting features and aspects offered by the image map. In the analysis of the image map 
attention was paid to tidal dynamics and geomorphological changes. Finally, the advantages 
and disadvantages of radar imagery and the image map as information sources for 
management of coastal zones are discussed. 

1.1 Study area 

Figure 1 shows the Wadden Sea and the barrier islands along the North Sea coast. The image 
map, in Figure 2 (p. 39), shows the study area in more detail. From west to east, the Borndiep 
(or Ameland Inlet), the island of Ameland, the Pinkegat, Engelmansplaat, and the 
Zoutkamperlaag (Frisian Inlet) can be seen. The centre of the map shows the Wadden Sea, a 
shallow tidal sea consisting of tidal flats and channels. The mainland, in particular the 
reclaimed coast of Friesland, forms the southern boundary of the study area. 
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Figure 1. Study area. 

27 



The inlets 

The study area comprises three inlets: Borndiep, west of Ameland, which has a tidal prism of 
478xl06 m3 and an estimated net transport of sediment to the tidal flats of 3.8-5><106 m3 per 
year; and two inlets to the east, Pinkegat and Frisian Inlet, between Ameland and 
Schiermonnikoog. Borndiep is the deepest of the inlets with a maximum depth of about 25 m. 
Pinkegat has a tidal prism of 100* 106 m3 and an estimated net transport of sediment to the 
tidal flats of 2-2.7><106 m3 per year. For the Frisian Inlet these figures are 200><106 m3 and 3-
4.3 xlO6 m3 per year (Louters & Gerritsen, 1994). However, since the reduction of its 
backbarrier channel area due to the damming of the Lauwers Sea in 1969 the configuration of 
the inlet has changed (Biegel & Hoekstra, 1995; Van de Kreeke, 1996). Lauwers Lake is 
located just southeast of the research area. 

Ameland 

The island of Ameland consists of three old dune cores: the Hollum-Ballum complex in the 
west, the Nes-Buren complex in the centre, and Het Oerd in the east. The island's present 
shape is the general result of the old dune cores being connected by stuif-dikes in the 
nineteenth century (Bakker et al, 1979). 

Various geomorphologically active areas on the island of Ameland can be indicated. 
• In the northwest, an actively changing beachplain with an attached swashbar, which is 

due to shoal and/or channel migration on the ebb-tidal delta of the Borndiep. To some 
extent the hard structures on the western end of the island prevent erosion by eastward 
migration of Borndiep to some extent. Beach nourishments were carried out in 1979, 
1994 and 1997 to counteract minor erosion. Furthermore, the foredunes retreated 75 m 
after being managed as 'rolling foredunes' in 1985. In the southwest, accretion formed 
flats and a saltmarsh area (Vrijheidsplaat). 

• The central North Sea coast of the island is rapidly eroding. It is characterised by multiple 
nearshore bars, a small beach and steep semi-artificial foredunes. The beach and 
foredunes were replenished along various parts of this coast in 1980, 1990, 1992 and 
1996. The total amount of sand deposited was 6.34* 106 m3. Going eastwards, the 
Kooiduinen cross the island from the foredunes and Buurderduinen in the north to the 
Wadden dike in the south. The Kooiduinen close the sea defence for the western, 
inhabited part of the island. 

• Management measures were reduced at the eastern end of this Wadden island. As a result 
of a more flexible management of the dike to the Wadden Sea, an ecologically interesting 
saltmarsh with a well developed intertidal creek system (the Nieuwlandsreid) has 
developed south of the Kooioerdstuifdijk. Blowouts occur in the stable old dune core Het 
Oerd. Northeast of Het Oerd, an offshore platform in the North Sea and a gas collection 
station on the island are present. It is estimated that the recent gas extraction will cause a 
maximum subsidence of about 18 cm close to this platform (Begeleidingcommissie 
monitoring bodemdaling Ameland, 1995), but it became recently known that this figure 
might be a bit higher. In the outer east, an extensive beachplain gradually passes into a 
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saltmarsh landscape. Here, eyedunes are formed and washing over occurs incidentally. 
This natural area is known as De Hon. 

The Wadden Sea 

The Wadden Sea is a tidal sea with fiats and channels. Virtually all flats are covered by the 
sea at high tide; they are revealed as separate entities, sticking out above the water, at low tide 
(see Fig. 3c & b, respectively). The Wadden Sea has a continuous sediment demand, which is 
primarily satisfied by transport from ebb-tidal deltas and island coasts. Channel migration as 
a result of local erosion and silting up is the most obvious géomorphologie activity occurring 
in the Wadden Sea. A historic relict of a landward migrating channel is the Ballumer Bocht 
on Ameland. The construction of a dike, the 'stroomgeleidedam', in 1847 stopped this process 
(Bakker et al, 1979). Nowadays, dredging for shipping is one of the few management 
activities in the area. There is increased interest in monitoring the flats and salrmarshes as 
possible indicators of climate change (Louters & Gerritsen, 1994). 

The Frisian mainland 

The Frisian mainland has for centuries expanded northwards as a result of land reclamation. 
The land gained was mainly used for agriculture. On the Frisian coast, average siltation rates 
of 18mm/year occur (Louters & Gerritsen, 1994). 

1.2 Coastal setting 

Wind, waves, tides and currents are the main agents influencing sediment transport, and they 
also determine the information content of radar images. 

Average wind speeds on Ameland range from 6 to 7 m/s. Wind speeds are generally higher 
during autumn and winter and winds from westerly directions dominate: 70% of the time the 
winds come from SW-W-NW at speeds of 6-15 m/s (Eisma, 1980). Wave directions 
generally correspond to wind directions (Van Staaten, 1961; Eisma, 1980). In the shallow 
areas the waves are redirected. The waves that influence Ameland's North Sea coast advance 
mostly from the northwest. 

Tides are semi-diurnal and their amplitude is about 2.3 m near Nes. Therefore, tides on 
Ameland can be classified as meso-tidal (Wright & Short, 1984). The incoming tidal current 
from the North Sea moves along the Wadden islands from west to east and enters the 
Wadden Sea through the inlets. The tidal divide south of Ameland is located in the Wadden 
Sea somewhat east of the middle of the island. Eisma (1980) mentions that tidal currents in 
the Wadden Sea are strongly influenced by the wind. 
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1.3 Radar imagery of coastal zones 

The data consist of ERS-1 Synthetic Aperture Radar images. Radar transmits pulses of 
microwave energy to the ground, which are partly backscattered to the receiver, depending 
on the effective incidence angle, the dielectric constant and the roughness of the terrain. Since 
radar provides its own energy source, it can operate both day and night. The C-band 
wavelength (of 5.66 cm) can penetrate cloud. These characteristics make radar ideal for 
coastal zone monitoring. Unfortunately, another characteristic of radar images is its large 
pixel-to-pixel intensity variation (speckle), due to phase interference effects. This poses a 
problem for human and automated interpretation. 

On land, vegetation structure, land use and substrate determine the backscatter received. Flat 
areas, e.g. sandy beaches on the North Sea side of the Wadden islands are dark-toned in the 
C-band radar, due to their high dielectric constant and their smooth surface. Medium tones 
refer to a relatively rough surface e.g. forest canopy. Human settlements are shown as patches 
of bright spots produced by buildings functioning as radar corner reflectors (Dallemand et al, 
1993). Under favourable conditions different dune types, and their active and inactive parts, 
can be discriminated (Blumberg, 1997). 

At sea, radar backscatter is determined by the interference of radar waves and waves on the 
water surface; radar hardly penetrates water. The inherent sea surface structure results from 
tidal waves and low-frequency waves generated by wind, upon which smaller gravity and 
capillary waves, foam and spray are superimposed. Water surface roughness is influenced by 
many additional factors, e.g. current modulation due to the bottom topography, water 
circulation due to density differences, and wave damping effects due to foam, surfactants, oil 
pollution or rain. According to Wang (1997), the local wind is probably the controlling factor 
determining the surface roughness of water for the backscatter in the radar images. 
Radar backscattering from a moving water surface frequently shows striping. Stripes of 
alternating bright and dark tones indicate flow lines in a tidal channel system. The velocities, 
directions, temperature and salinity of the currents in a channel may be different depending 
on whether they are convergent or divergent. The differences in wave-current interactions 
cause differences in roughness of the water surface and thus cause different responses to 
radar waves. Foam lines and slicks are also responsible for these line patterns. 
Ebb-tidal deltas are often visible on radar imagery as an expression of the bottom topography, 
due to changes in subsurface currents and resulting changes in water surface roughness. 
Other factors influencing this change of wave pattern are water depth (related to the tidal 
situation) and energetic wave conditions. 

At the land-sea interface, the amount of land exposed depends on tidal stage and wind. The 
relative dielectric constant of the sediment is related to the water content of the surface 
material. The relative dielectric constant of pure water is 18.6 times higher than that of quartz. 
This determines the proportion of the radar signal that can be backscattered or reflected to the 
part that penetrates the medium. Wet sediments therefore appear lighter in tone then dry 
material, if other conditions are the same. 
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Under ideal conditions, the water surface in SAR imagery is characterised by light greyish 
tones, possibly with wind streaks and channel patterns. Landwards of the water line the radar 
signal penetrates the dry sand. The remainder of the signal will reflect, because the surface 
roughness of drying sandy and muddy flats is much less (the flats are smoother) than the C-
band wavelength. The backscattering to the sensor will, therefore, be minimal; the flats 
appear mainly black and dark grey in tone. An image with a similar high contrast between 
water and land can result from strong wind conditions. In that case the water surface can 
appear uniformly bright due to Bragg resonance of the radar signal from the ripples (with a 
wavelength of about 7.3 cm). 
The situation is not always this simple, however. The sea surface can appear very smooth 
(even locally) if the wind is very weak causing a decreased signal return, thus producing 
dark-toned specular reflection. In addition, the land surface might be moist, and have sandy 
ripples or steeper slopes, which produce high backscatter (Wang, 1997). 
Based on a study of 18 ERS-1 SAR images of the Wadden Sea, Wang (1997) concluded that: 
• Moderate wind speed (>5.7 m/s) is favourable for water line delineation because it 

provides good contrast between light-toned water surfaces and dark-toned dry land 
surfaces on radar images. 

• Low wind speed (<5.7 m/s) seems to favour channel patterns to be shown on SAR 
imagery. The stripes in the channel patterns are mainly formed by water converging with 
high velocity from several directions. The outgoing low tides, when the ebb current 
velocity is highest (1-2 m/s), form the best tidal conditions for discerning channel 
patterns. 

2 MATERIALS AND METHOD 

2.1 Data collection 

Processing and analysis was performed on three processed PRI images. Precision Image 
Products (PRI) are standard images produced from ERS-1 raw data using a SAR processor. 
They are multilook (3 directions), ground range format images, which have been corrected 
for some system errors, such as antenna gain and range spreading loss. The processing 
parameter-settings might influence the image contents in terms of , for example, resolution 
and intensity (Curlander & McDonough, 1991). ERS-1 SAR PRI imagery has 12.5x12.5 m 
pixel spacing (nominal pixel resolution 30 m) and covers 100x100 km. A subset that covers 
the area of interest has been created for this study. 

2.2 Description of the three images and the tidal and weather conditions during their 
acquisition 

In Figure 3 (p.40 & 41), three quicklooks of the subsets of the SAR images are presented. 
The images were originally selected to represent different tidal stages: high, low-outgoing 
and low-incoming tide. The tidal conditions and wind characteristics during acquisition are 
given. The colour assigned to each image in the colour composite is indicated per quicklook. 
Selected maps with mean directions and rates of tidal streams in the layer 0-5 m below the 
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surface, similar to the tidal situations during image acquisition, are presented as well (source: 
Atlas of the Dutch Hydrographie Service, 1992). 
For the interpretation of the image map a few additional quicklooks from March and July 
1993 have been used. Additional meteorological data, on temperature and precipitation were 
used as well (source: Monthly reports of the weather in the Netherlands issued by the Dutch 
Meteorological Institute, 1993). In addition to Figure 3, a short description per image is given 
below. 

The first image (3a) was acquired on 30 March 1993 during an incoming tide (rising water) 
and under moderate wind conditions. Additional meteorological data show that an extremely 
dry and cold period preceded the 30 . Frost occurred from the 27 until the early morning of 
the 30 . On the 30 the cloudiness increased and the temperature rose because of an 
approaching warm front from England. The colour red was assigned to this image. 

The second image (3b) was acquired on 1 June 1993. The wind was moderate in force and 
came from the west. The tide was low in the northwestern part of the study area, and 
outgoing in the Wadden Sea. The weather reports show that the weather was unstable during 
the last few days of May with alternating sunny periods and rain showers. On the 31st of May 
a strong southwesterly wind was blowing. The average temperature was about 15 °C. On the 
first of June, clouds and sunny intervals appeared. An abating west to southwesterly wind 
was blowing. The June image was assigned the colour green. 

The last image (3c) was acquired on 6 July during high tide and under strong wind 
conditions. In general, July 1993 was very wet. On the 5 a cold front passed the Netherlands 
from northwest to southeast. This resulted in much rain and in a decrease in maximum 
temperature from 23 to 17°C. From the 6' till the 10" the weather remained rather unstable. 
This image was assigned the colour blue. 

2.3 Radiometric correction 

For the visual and digital interpretation of SAR images it is often necessary to reduce the 
speckle. In this case PRI products were used, which are 3-look processed images. Therefore, 
the speckle is already reduced by averaging, in comparison with single look complex (SLC) 
data. In addition the images of this example had been speckle-filtered by using an adaptive 
filter called GMAP (gamma maximum a posteriori) with a 3><3 window. This filter proved to 
be very useful for visual interpretation of the features concerned. The data were reduced from 
16 to 8 bits to make them compatible with the display device for visual interpretation. A 
linear scaling was applied to the original data using mean and standard deviation. 

2.4 Geometric correction 

A further pre-processing step prior to image fusion is the co-registration and geometric 
correction of the images. Remote sensing data contain geometric distortions, which are 
introduced due to the sensor acquisition and viewing geometry, in addition to platform 
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movements and the rotation and curvature of the earth. In SAR imagery, additional effects 
introduced by terrain height variations occur due to the side-looking nature of the sensor (i.e. 
foreshortening, layover and shadow). For the Ameland case this aspect did not have to be 
taken into account because the area is very flat. This facilitated the co-registration of the 
images. A second-order polynomial model based on identified tie-points evenly distributed 
over the entire area resolved the transformation problem and resulted in sub-pixel accuracy. 
This level of accuracy is required for pixel-based image fusion to avoid fusing data from 
different objects and creating incorrect information. 

2.5 Image fusion 

Image fusion is a valuable tool in multisensor image manipulation. The possibilities and 
techniques to fuse images are manifold. In this study the multitemporal SAR images were 
used to form a colour composite using the additive colours red, green and blue of a standard 
display. This facilitates the interpretation of multitemporal images and the detection of 
changes because they occur in colour. High digital numbers (white pixels) in an image will 
contribute more colour to the composite than small values. Differences between the images in 
terms of digital numbers will contribute to distinctly coloured features, whilst images with 
similar digital numbers result in black (low backscatter), greyish/brownish and white (high 
backscatter) structures (Pohl, 1996). Further considerations on image fusion techniques can 
be found in Pohl (1997) and Pohl and van Genderen (1998). 

2.6 Image interpretation 

Features can be recognised because they exhibit a certain colour, texture and structure. 
Colour and texture are covered by the presentation of sample areas (cut-outs) in the legend 
boxes. Structure will be used frequently in the descriptions. 
The information given by the image map is described in the next sections. In addition, an 
explanation is given as to why certain features appear. This is not an easy task because of the 
many factors influencing the final radar image, and because of the lack of ground truth at 
acquisition time. Therefore, this exercise should be seen as educated guess-work, and not as 
absolute truth. It does, however, illustrate how to interpret the image map and how to look at 
radar imagery. 

3 RESULTS 

3.1 Features shown in the image map 

The main units that are immediately recognised on the map include: the inlets, the island of 
Ameland, the shallow Wadden Sea and the northern coast of Friesland. Within these larger 
units many different landforms and types of land use can be distinguished. 
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772e inlets 

Streamlines in the inlets are perceived as lineaments. A distinction can be made between the 
Borndiep, west of Ameland, which shows various shades of red, and the Pinkegat and Frisian 
Inlet east of Ameland, which are shaded green. A difference between the western and the 
eastern inlets is that the Borndiep is more deeply incised. An explanation for the difference in 
backscatter observed was explored by reverting to the individual quicklooks with tidal 
information (Figs 3a & b). The red March image was acquired when the tide was incoming; 
water is flowing towards the Wadden Sea in both the western and the eastern inlets. Water 
flows faster in the deeper Borndiep and over the shallow areas of its associated ebb-tidal delta 
than in the other two inlets. This could explain the high backscatter in the Borndiep. During 
the acquisition of the green June image the water level was falling rapidly in the east. The 
low water conditions and the strong tidal current flowing over the gentle slopes of the inlets 
in the east caused water surface rippling in a wavelength that supports a high backscatter. The 
differentiation between reddish colours in the Borndiep and greenish shades in the Frisian 
Inlet also applies to the channels in their respective backbarrier areas. 

Ameland 

The sandy beaches on the North Sea side of the island are mainly dark-toned in the C band 
radar due to their very smooth surface and low dielectric constant. Vegetated natural sand 
dunes are recognisable as a mixed brown/green unit. The elongated features in the dune area 
are stuif-dikes. The polders with pasture appear mixed red/brown. Actually, both dune 
vegetation (consisting of trees, shrub and grassland and herbs) and pasture appear to be 
intermediate backscatterers, but the pasture came out brighter then the dune vegetation in the 
red March image. A check with additional quicklooks from March and July seems to point to 
a seasonal effect. The increase in roughness of the dune vegetation seems to occur later in 
spring and in early summer. In some cases, the radar images would allow a distinction within 
the dune vegetation to be made {e.g. in the classes trees, shrub and grassland and herbs). 

The Wadden Sea 

An indication of flood-tidal deltas with superimposed structures consisting of channels and 
tidal flats can be perceived in the shallow Wadden Sea. Flow lines can be discerned in the 
channels. The area located just southeast of the middle of Ameland, which does not seem to 
be intersected by channels, is the tidal divide. It separates the backbarrier influence of the 
western and eastern inlets. The tidal flats appear red to pink where high backscattering 
occurred at incoming tide. The tidal flats appear dark blue to purple when the land was 
covered by a shallow water layer at high tide. The dark blue to purple colour is caused by the 
high backscatter of the sea in the blue image (under the influence of the relatively high wind 
speed) and the low backscatter in the red and green images. The colours pink and the dark 
blue to purple do not reflect absolute height distinction over the area. In the eastern part of the 
image an area (Engelmansplaat) can be seen where the blue unit is situated higher than the 
pink unit; in the western part the reverse can be seen (Vrijheidsplaat). 
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The Frisian mainland 

The yellow area bordering the north coast of Friesland represents recently reclaimed outer 
dike land. The yellow colour results from an extremely high backscatter in March, 
intermediate in June and low in July. Various factors could explain this result. Firstly, 
seasonal influences could play a role; e.g. an increase in roughness at a certain stage of the 
growing season of the saltmarsh vegetation. Additional quicklooks show that the difference 
in backscatter is not solely related to seasonal influences, but that seasonal influences cannot 
be excluded either. Secondly, a difference in moisture content as a result of tidal influence, or 
recent deposition of mud could be a possible explanation for the backscatter received. These 
processes influence the dielectric constant and the roughness. Inundation and subsequent 
deposition could occur; the mean absolute height of this unit is about 1.4 m and the mean 
high tide reaches about 1.2 m. Thirdly, the differing weather conditions during image 
acquisition could also explain the difference in backscatter received. The weather conditions 
varied from extremely dry and cold, possibly with some remains of frost (in March), to wet 
and warm (in July). 

Agricultural land use differences can be perceived behind the dikes. The higher lands in the 
north, which were silted up for a longer period, are cultivated with crops, whereas 
predominantly pasture can be perceived in the south. The cultivated fields give a higher 
backscatter in the March (and July) image(s) than the pasture. The low backscatter in the red 
March image, which allows the cultivated field to appear clearly in green, might be an 
exception; these fields have a higher backscatter on an additional quicklook of March. 
Dokkum (a town in the SE of the map) is shown as patches of bright spots produced by 
buildings functioning as radar corner reflectors. 

3.2 Coastal dynamics 

The dynamic aspects of the coast are of special importance for its management. The image 
map shows dynamics in various bright colours, whereas areas with a more-or-less constant 
surface roughness and dielectric constant appear in black, greyish/brownish, or white. The 
individual images that construct the image map were obtained during different tidal stages 
and at different dates, and therefore the map might show tidal dynamics as well as 
geomorphological dynamics. 
The relatively gently sloping to flat areas within reach of the sea register the largest 
differences in land or sea covered area. These areal differences determine the coverage of the 
dynamics in the image map. Gently sloping areas within reach of the sea occur in the Wadden 
Sea and on the extensive beachplains at the extremities of the islands. 
The Wadden Sea is a tidal sea, the surface areas of the Borndiep and Pinkegat tidal basins that 
are exposed at mean low water are 165 and 42 km2, respectively (Louters & Gerritsen, 1994). 
Additionally, the tidal currents slowly but continuously remodel the coastal configuration, 
and thereby change the channel systems (which can shift rapidly) and the bottom topography 
of flats. For the purposes of this chapter, however, it has been assumed that the tidal flats of 
the Wadden Sea are mainly influenced by tidal differences within the time scale of this study, 
and that the geomorphologically most active areas develop on the high-energy open North 
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Sea coast. Locally, a retreat of the North Sea coastline of tens to hundreds of metres per year 
has been reported (Louters & Gerritsen, 1994). The following sections show whether these 
geomorphological changes can be perceived in a period of only three and a half months; i.e. 
the maximum difference in acquisition date of the three original SAR images. 

Tidal Dynamics 

A sequence of colours from bright turquoise (sea), to purple, pink and red (flats) can be 
discerned in the Wadden Sea. This sequence can be explained by reverting to the individual 
images. Blue was assigned to the image acquired at high tide with strong wind conditions, 
resulting in a uniform moderately high backscatter from the dissipative sea. The influence of 
the colour green, which is associated with low-outgoing tide, is missing on the flats because 
they give a very low backscatter at low tide. Red is associated with low-incoming tide, and 
shows low backscatter on the beach and at the beachplains, and high backscatter where the 
waves break on the flats. In addition, individual white patches occur on the flats if there is 
high scattering in all three bands; along these shallow areas currents seem to pass at all tidal 
stages, which causes rippling or breaking of waves and results in this high backscatter. 
Under ideal circumstances, the full tidal sequence comprises bright turquoise (sea, a mix of 
blue green and red), purple-pink (flats, a mix of blue, high tide and red, associated with low-
outgoing tide), blue (high tide) and finally black or brown (land)(see Fig. 4, p. 42). The 
absence of the latter stages indicates that the Wadden Sea contains few supra-tidal areas. 

Geomorphological changes 

Ameland's beachplains 
In a landwards direction on the beachplains, at the outer ends of the islands, (parts of) the 
following sequence of colours can be distinguished: bright turquoise (sea), pink, white, pink, 
dark blue, green, yellow, red and black or brown (land). A distinct difference between the 
flats in the tidal Wadden Sea and the geomorphologically active beachplains bordered by the 
North Sea becomes apparent. Green, which is perceived on the beachplains, is practically 
absent on the tidal flats in the Wadden Sea and in the ideal full tidal sequence (Fig. 4), while 
the imaged objects (water and sand) are more-or-less similar. 
Ameland's north-western beachplain 
• Green colours occur, La., where the waves are breaking at low-outgoing tide in June, on 

the outer boundary of Ameland's northwestern beachplain and its attached swashbar. The 
original radar images show that the same area appears as land on the high tide blue image 
of July (see Fig. 3). Therefore the green could indicate some accumulation in this area. 

• The green area present within the beachplain, results from relatively high backscatter 
from the beach. Here, the green colour does not indicate accumulation or erosion 
processes; it might instead be caused by small moist sand ripples on the beachplain. 

Ameland's eastern beachplain 
• The colour green appears also within Ameland's eastern beachplain. Possibly the high 

backscatter there can also be attributed to moist sand ripples (see above). 
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Terschelling's eastern beachplain 
At the eastern end of Terschelling (Ameland's westerly neighbouring island), the colours on 
the image map reflect the backscatter received where channel and saltmarsh meet. 
Landwards, a sequence with bright turquoise (sea), pink, white, pink, purple, green, red and 
finally brown (land) can be seen. The difference between this (actual) sequence and the ideal 
tidal sequence (Fig. 4) does not, however, necessarily ensue from geomorphological changes 
such as channel movement. This difference could also be related to exposition of the 
beachplain; the southern part of the beachplain is sheltered from the north-northwesterly 
wind (which influences the blue colour, Fig. 3). 

4 DISCUSSION AND CONCLUSIONS 

4.1 Features shown on the map 

Since the launch of SEASAT-1 in 1978, the earth is being observed with radar satellites. Ever 
since, there has been an increase in the availability of radar images for coastal applications. 
This article describes the features which have been extracted from a multitemporal radar 
image map. These features vary from main units (such as the Wadden Sea) to smaller units 
(such as stuif-dikes on Ameland). Reasons for their appearance in the image map are given, 
and their appearance is also placed in a geomorphological framework. 
In practice, individual (and combined) radar images are difficult to interpret because the same 
feature can have a different appearance on different images and even within an individual 
image. This became apparent in the distinction between 'red' and 'green inlets'. The feature 
'inlet' is similar; it just appears in different colours, i.e., 'red' or 'green'. On the other hand, the 
construction of an image map also required differences between images; combining the 
differences allowed units to become apparent in the image map. The colour composite (which 
is the image map without the legend) has increased interpretation capabilities compared to 
those for a set of three individual radar images; e.g. for location-bound comparison. 
Nonetheless, the colour composite has to be presented as an image map with a legend to the 
manager, because of the difficulties just mentioned in the interpretation of the image map. 

4.2 Coastal dynamics 

In flat areas within reach of the sea, relatively large surfaces can be present as land at one 
time and are covered by the sea at another. The difference between land and sea could be 
distinguished quite clearly on the individual radar images used in this study. This agrees with 
the reported possibilities of coastline extraction from radar imagery (Mason & Davenport, 
1996; Wang, 1997; Schwäbisch et al., 1997). In this study, however, the radar data were used 
for the determination of coastal dynamics. 
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In the Wadden Sea, a sequence of colours separated areas that were permanently inundated 
(channels) from areas that are occasionally subaerial (tidal flats). The map did not 
convincingly show possible géomorphologie changes along the high energy North Sea coast, 
for the following reasons. 
• First of all, it is not absolutely sure that large-scale geomorphological changes took place 

in the period covered by the acquisition dates of the three images. The areal extent of the 
geomorphological changes is sure to be much smaller than the extent of the tidal dynamic 
illustrated. 

• Second, geomorphological changes at the land-sea interface might be obscured by tidal 
effects. 

• Finally, the image map presents data from all three images acquired during different tidal 
stages and at different dates. The interpretation of such a data set (the combined data) is 
difficult. An alternative approach may be to classify the individual images (in the classes 
land and sea), and then to interpret a presentation of three overlaid classified images. 

The use of the image map has some advantages and some disadvantages for the illustration of 
coastal dynamics. One advantage of the use of multitemporal radar satellite remote sensing 
data is that it provides a spatial overview of coastal dynamics. Moreover, it enables 
highlighting the dynamics of the area in colour. A disadvantage is that both the single radar 
images and the colour composite are difficult to interpret, due to the complex factors 
influencing the radar returns from a dynamic environment. For example, this became 
apparent when the occurrence of the green areas within Ameland's beachplains was related to 
moist ripples (dynamic features) on those beachplains during the acquisition of the green 
June image. This agrees with the reported lack of coherence within coastal environments, 
which was encountered by Wright et al. (1995). 

4.3 Future developments 

The image map contains the data of all three images. Therefore, an overview of the entire 
area from three data sets is available. However, the data have to be selected carefully. 
Nowadays, four radar satellites are available: ERS-1, ERS-2, J-ERS (which is less favourable 
for marine applications) and Radarsat. In addition, Envisat will be launched in 1999. The 
large supply of images will facilitate the analysis because it will allow a reduction of 
variables; it will be possible to focus on either tidal or geomorphological changes. 
Theoretically there is a higher chance of image acquisition under similar tidal conditions and 
water levels, but at different dates. This would allow geomorphological changes to be 
detected. A second option would be to collect the data at (almost) the same date but under 
different tidal conditions so that tidal dynamics can be visualised. 
In conclusion, radar is already being used in coastal zone management for a number of 
applications, varying from oil spill detection to bathymétrie mapping (Guyenne, 1995; 
Calkoen et ai, submitted). This article is an example of opportunities to expand the applied 
use of radar. 
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Tide: Low-incoming, -3.07 hrs (Te) 
Wind: 8.2 m/s 150° SSE (Te) 

6.7 m/s 140° SE (La) 

-
2:39 before HW Terschelling 
3:43 before HW Holwerd 

/ / 
O-

Tide: Low-outgoing, +5.49 hrs (Te) 
Wind: 5.7 m/s 260° W (Te) 

5.1 m/s 260° W (La) 

W ^ \ -7 x — 

5|:21 after HW Terschelling 
4:17 after HW Holwerd 

/ / / 
# 

Tide: High tide, +0.48 hrs (Te) 
Wind: 11.3 m/s 280° W (Te) 

11.8m/s290°NWW(La) 
0:21 after HW Terschelling 
0:43 after HW Holwerd 

With data from meteorological stations of Terschelling (Te) and Lauwersoog (La). 
Tidal stage in hours before (-) or after (+) high tide with respect to the gauging station at 
West Terschelling (Te). 

Figure 3. The individual radar images and the tidal conditions during their acquistion. 
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Figure 3. (continued.) 
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Figure 4. The full tidal sequence under ideal conditions. 
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CHAPTER 4 

THE DERIVATION OF DIGITAL ELEVATION MODELS FROM 
AERIAL VIDEO DATA 

ABSTRACT 

Coastal morphological research benefits from digital elevation models. 
Videography, a cheap, simple and flexible airborne remote sensing 
technique, was used to construct such elevation models. A hand-held Hi 8 
camera and a small airplane were used to collect video data of a 1300x 320 
m strip of beach and foredune area on Ameland. Simultaneously, the 
coordinates of the ground control points (GCPs) were measured with laser 
electronic distance measurement (EDM) equipment. A series of 
overlapping frames was grabbed, contrast-stretched and corrected for 
interlacing effects. The resulting images were processed with software that 
has some photogrammetric capabilities, R-WEL's Desktop Mapping 
System (DMS). The images and the positions of the GCPs enabled 
computing of the camera orientation, and allowed for image rectification 
and stereo correlation. Stereo pairs form the basis for anaglyphs, which 
give a perception of height. In addition, the parallax in the stereo pairs 
allows derivation of quantitative height information. In this case, the 
information comprised semi-quantitative relative terrain heights; the 
absolute height values calculated by DMS are incorrect. This was due to 
inaccuracies in the camera technology and the use of photogrammetric 
software that was not designed principally to process video imagery. 

In press in an adapted form. M.A. Eleveld, S.T. Blok & J.P.G. Bakx, 1999. Deriving relief of 
a coastal landscape with aerial video data. International Journal of Remote Sensing 20. 
© Taylor & Francis, London 

45 



1 INTRODUCTION 

Videography has recently proven its use in coastal zone studies. 
• Video cameras have been placed at fixed positions overlooking the beach. Under these 

conditions, video allows the study of time sequences of bar behaviour and run-up, and 
the measurement of intertidal bathymetry and foreshore topography (Lippmann & 
Holman, 1989; Holman et al, 1991; Walton-Jr, 1993; Holland et al, 1995; Holland & 
Holman, 1997; Plant & Holman, 1997). 

• Aerial videography has been used mainly for monitoring development and decline of 
coastal vegetation (Everitt et al, 1991, 1996; Judd et al, 1997). Eleveld & Jungerius 
(1993) made some initial attempts in using videography for geomorphological mapping 
in a coastal dune area. Recent advances in video applications have been made through 
the creation of digital elevation models (DEMs) of coastal landscapes (Bakker et al, 
1994). 

• Finally, underwater videography from fixed positions and from movable platforms has 
been used for the registration of underwater life for several years (see for examples the 
Journal of Fish Biology and Fisheries Research). 

Within the framework of this thesis, simple interpretations of video images have been made 
to test the usefulness of video data for geomorphological, ecological or engineering purposes. 
Classification of the grabbed 'raw' video data resulted in relevant classes that indicate 
landscape units and the geomorphological differentiation within these units; e.g. the 
differentiation between beach, dune and saltmarsh, and of creeks within the saltmarsh. Video 
data can also give an overview of the bar systems, an estimation of beach width, and an 
indication of erosion of the foredunes (Berkhout, 1995). 
If this practical information is tabulated, then video imagery scores quite well in comparison 
with aerial photographs, and especially if compared with satellite imagery. An advantage is 
its high spatial resolution (compared to satellite imagery); disadvantages are the small 
coverage and the lack of height information (Chapter 2). From this study, it was 
recommended to generate overviews (with mosaic), and '3D vision', which facilitates the 
linking of geomorphological processes to their position in the terrain. An overview from 
mosaicked video imagery is presented in Chapter 9 (Fig. 8). A method for the derivation of 
height information will be described in this chapter. More research on the use of this 
relatively unknown sensor is necessary. An impression of height is required to describe 
coastal landscapes; absolute height is necessary to determine sediment volume changes 
(sediment budgets). 

2 OBJECTIVES 

This study aimed to: 
• Explore the possibilities of video data for height impression, 
• Investigate the use of aerial videography for 2.5D terrain mapping of beach and dune 

areas, 
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• Extract heights from CCD-video imagery as a first step towards volumetric change 
detection. 

To allow high accessibility of the technique, low budget optical instruments, computer 
hardware and public domain software were used. 

3 METHODS 

3.1 The field campaign 

A stretch along the North Sea coast of Ameland was selected as the test area. In this area, the 
breaker zone, the beach and the foredunes are of interest because of their frequent 
morphological changes. This study focuses on the beach and foredunes, since aerial 
videography does not allow proper registration of underwater topography. The beach is a 
fairly level terrain unit with an almost uniform reflectance. The foredunes are the main relief 
features and show the highest contrast due to alternation of bare sand and vegetation. 
The test site was selected between beach posts 14 and 16. The presence of a major relief 
feature on this site improves the accuracy of height measurements by stretching the height 
range; the highest dune top has an elevation of 17.8 m. Artificial structures, such as houses 
and roads, facilitate orientation on the ground and in the air. 

Electronic distance measurement (EDM) equipment was used to collect the local x, y and z 
co-ordinates of the ground control points (GCPs). Twenty-seven markers of 3^2 m orange 
and green plastic sheets were placed in the field at 150 m intervals along three parallel lines. 
The distance between the lines was about 75 m. The sheets in the middle line were shifted 
along the line by 75 m. The 27 markers covered a coastal stretch of about 1.3 km (Blok, 
1996). Orientation in the field was based on aerial photographs and beach posts. To achieve 
maximum contrast, the green markers were placed on bare sand on the seaward side of the 
foredunes; the orange sheets were placed on the vegetated parts of the foredunes and stable 
inner dunes. 

Oblique video data were collected with a hand-held commercially available video camera, a 
SONY TR750-E Hi8 CCD camera, in a light plane. The light top-wing aircraft was flown at 
about 273 m (900 ft). The operator of the camera filmed sideways through an open window, 
while pointing the camera at a downward angle of at least 45° from the horizontal. 

3.2 Data processing 

The EDM data were extracted from the electronic field book memory and processed with 
SDRMAP (Sokkia, 1991; Eleveld & Van der Wal, 1993). This resulted in an ASCII file with 
the RD (state plane) co-ordinates of the GCPs. 

A series of frames with about 66% overlap was grabbed with Matra software, and contrast-
stretched. Each video frame consists of two independently recorded fields which are 
interlaced. Considering the speed of the aircraft, a substantial displacement of the camera 

47 



occurred between the exposures for each of the two fields that make up one frame. The 
frames were corrected for interlacing effects; the extracted uneven fields were doubled, while 
the information in the even fields was discarded. The resulting images were processed in the 
Softcopy Photo Mapper (SPM) module of R-WEL's Desktop Mapping System (DMS) 
version 4.0 (R-WEL, 1995), which has some photogrammetric capabilities (Fig. 1). 

First an ASCII image control point file with the image coordinates of the 'fiducial marks', i.e. 
the image coordinates of the points halfway along each edge of the image, was created. After 
enhancing the contrast with the ENHANCE-GLOBAL procedure, the SPM procedure 
DIGITIZE IMAGE CP'S was used to establish the image co-ordinates of the ground control 
points. Subsequently, the SPM procedure COMPUTE ORIENTATION was run. The 
resulting orientation parameters were used in the SPM procedure STEREO MODEL 
REGISTRATION. This module selects subsets from the left and right image, rectifies the 
subsets and registers them to each other so that a stereo pair can be obtained. One band has to 
be selected for the stereo correlation. The blue band proved to have the highest contrast in the 
sparsely vegetated areas and areas dominated by bare sand. Since these areas (e.g. the 
foredunes and nourished beaches) are the most interesting relief features within the area of 
interest, the blue band was used for further analysis. 
The left and right images (originally one band, displayed as black and white) can be 
converted to monochrome images in such a way that their respective colours are 
complementary (e.g. red and cyan). The shift of cyan with respect to the red features (or vice 
versa) represents the parallax in the resulting anaglyphs. A '3-D' impression of the image 
results from viewing using glasses with a red and cyan (blue or green will usually suffice as 
well) coloured glass. 
The SPM procedure AIR PHOTO STEREOCORRELATION extracts height information 
from stereo images by means of parallax. To establish parallax, DMS uses automatic 
correlation. Corresponding points are identified on the basis of the similarity of then-
respective environments (matrices of digital numbers (DNs)). The software derives height by 
comparing matrices with a maximum size of 17x 17 pixels. In this case the matrix size was set 
to 15. A minimum and maximum anticipated elevation determines the maximum parallax 
that may occur and is used to reduce the matrix correlation search radius. The highest relief 
feature in the test area has an elevation of 17.8 m and the lowest point is a little above sea 
level. The minimum and maximum elevation were set to 0 m and 25 m, respectively, which 
was considered appropriate for the terrain type. The DEM post spacing (grid spacing) was set 
at 5 m. Spikes in the DEM were removed by using a median threshold filter (with the 
procedure ENHANCE-FILTER); the smallest filter matrix of 3X3 was thought to be most 
appropriate. This resulted in several digital elevation models (DEMs). These could be north 
registered, and they could also be used for differential rectification of the image, giving 
georeferenced ortho-video images. (R-WEL, 1995, Blok, 1996). This was, however, outside 
the scope of this study. 
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Figure 1. Data processing scheme (Blok, 1996). 
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4 RESULTS 

The study produced: 
• Anaglyphs, which make height perception possible (when they are studied with a pair of 

special glasses, one red and one green or blue), and 
• Contour maps and DEMs, which show the extracted relative height values. 

Figure 2a is an example of an anaglyph, Figure 2b is an example of a contour map, and 
Figure 2c shows an example of a DEM. 

The series of images produced in this study provides an overview of the beach, foredunes and 
stable inner dunes. For the beach, the anaglyphs show a regularly sloping surface. The 
contour maps show a surface that seems a bit too high, and that is sloping to the left-hand and 
to the right-hand side of the image. The DEMs of the same area have an irregular surface; 
therefore, it is clear that stereo correlation produced erroneous results when applied to the 
beach. 
For the foredunes and inner dunes, the anaglyphs show the large-scale undulations of the 
terrain. The contour maps and the DEMs give a fairly good representation of the relief in this 
area, though peaks do occur in areas with dense vegetation. 

On the anaglyphs, the stereo vision deteriorates towards the horizon, i.e. towards the lower 
side of the image (as the images were rotated 180° during rectification and registration). 
There are two main technical reasons this deterioration: 
• Towards the horizon, viewing angles decrease, causing the data density to decrease. 

Increasingly, objects viewed from the front will be projected onto the areas behind them. 
This caused loss of detail and produced a smearing effect in some anaglyphs. 

• Towards the lower side of the image, the density of the vegetation increases. As a result, 
contrast is much less in this area. Using the blue band proved beneficial to contrast in 
areas with high reflectance, but the performance was slightly less in the more densely 
vegetated parts. Choosing other bands will, however, not improve this situation 
noticeably and will negatively affect the results for the areas of prime interest, the 
foredunes and nourished beaches. 

Stereo vision also deteriorates towards the left-hand and right-hand sides of the images. This 
decrease in parallax is probably related to lens distortions and incomplete inner orientation of 
the CCD video camera. 
In addition, some of the stereo pairs that form the basis for the anaglyphs were not aligned 
parallel to the line of flight. This was due to errors in the calculated camera orientation 
parameters. This imperfect alignment had a negative effect on the stereo correlation and 
stereo vision (Blok, 1996). 

Most of the patterns that are visible in the anaglyphs can also be found in the elevation 
models. These include the smearing effect in the lower part of the images and the decreased 
parallax towards the left-hand and right-hand sides (Figs 2b & c). 

52 



From the contour maps, only major relief characteristics, such as the row of foredunes and 
major stable dunes, can be identified. The main reason for this is that the 5 m grid spacing 
causes a loss of resolution that prevents the recognition of smaller features. The wire frames 
give a better impression of the relief, but are less appreciable. The presence of obvious (i.e. 
large-scale) mis-correlations in most images implies that automatic identification of small 
features is not possible. 
The absolute height values calculated by DMS are not correct. The entire DEM was fitted 
between the user defined maximum and minimum values, regardless of their value. For the 
DEM presented in this chapter these values were 0 m and 25 m, respectively. No relationship 
between the known elevation of each of the GCPs and their respective values as calculated by 
DMS could be established, preventing translation of the DEM to the correct elevation. This 
can be ascribed to parallax effects and to inaccurate correlation (Blok, 1996). 

5 DISCUSSION 

In this study, a number of limitations in the use of a commercially available camera for aerial 
videography were encountered. The relatively high resolution of video imagery could not be 
used optimally because of the poor image quality. A high quality image is needed for a good 
stereocorrelation of (parts of) the images. The dependence of the method on variation in 
reflection on a pixel scale limits its use to certain landscape units; heights in the dune area 
could be determined, but height determination on the beach was incorrect. A high quality 
image is also needed for the construction of a large-scale morphological overview of the 
strip; individual elevation models could not be coupled because of deviations towards the 
sides of the images. In an evaluation of various techniques for topographic measurement, 
Huising et al. (1996) also concluded that video is not suited for accurate topographic 
measurement, even though they used a technically more advanced camera. 

However, the experiment has also shown that it is relatively easy to start a video recording 
campaign, and that it is a flexible and low-cost remote sensing technique. This survey did not 
explore all possibilities offered by videography. Especially the time component, i.e. the 
possibility of recordings over time, can be an important advantage of this technique (see 
Introduction). Mulder (1994) has argued that height derivation may be facilitated by using the 
vast series of snapshots that can be generated with videography. Preliminary results have 
been presented by Spreeuwers & Houkes (1996). 

In some cases, the anaglyph gave better visual results than the DEM. The human eye and 
brain can evaluate the entire scene by adding the perception of shading, and object and 
pattern recognition to the perception of parallax. The automatic correlation identifies 
corresponding points on the basis of the similarity of their respective 'environments', which 
are matrices of DNs. For this reason, automatic stereo correlation is likely to produce 
unreliable results when dealing with areas with uniform reflectance, even though stereo 
vision is still possible. 
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In this study it was technically impossible to create reliable DEMs, because: 
• The moderate spectral quality of the images and the use of fields instead of frames 

reduced the accuracy of stereo correlation, 
• Lens distortion had a significant effect on the images and the DEMs, 
• The DMS software could not produce DEMs with realistic absolute heights. 

However, the use of a professional-quality camera would allow: 
• Exposure to be adjusted manually and images to be recorded in the non-interlaced mode, 
• The zoom lens to be replaced by a lens of fixed focal length. 
The use of advanced photogrammetric software that can process a series of images 
simultaneously would speed up the processing phase considerably. 

5.1 Future developments 
• The use of airborne videography for accurate mapping and monitoring is still in its 

infancy. Further development of the technique requires expertise from various 
disciplines including photogrammetry and computer-vision science. 

• Video is being used for visualisation, although some problems with absolute reflection of 
the data remain (Huising et al., 1996; Huising, 1996). The creation of overviews by 
automatic mosaicking is under investigation (Hartmann & Jordans, 1999). 

• Automatic mosaicking would solve a practical problem inherent to the use of aerial 
CCD-video, namely the small area that is covered in one image. Even for our local 
survey, many GCPs were required. An alternative procedure for obtaining ground 
control or camera orientation, one that can be operated from the plane, needs to be 
developed. 

• Because of its flexibility, video will be increasingly used for the registration of events for 
which its accuracy is of minor importance. 

5.2 Further research on the Ameland case 
The implication of the results of this study for the research on the Ameland case is that video 
will not be used to obtain absolute height information. For this area, direct elevation 
measurements are available, in the form of laser altimetry and JARKUS data (i.e. data from 
surveying, photogrammetry and loding). These data are used in the rest of the research. 
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CHAPTER 5 

SYSTEMS APPROACH ON COASTAL MORPHOLOGY ALLOWS MODELLING 

ABSTRACT 

Changes in coastal morphology involve many interactions and feedback 
mechanisms. This study focuses on the morphological changes themselves, 
to reduce the complexity involved in modelling them. A new strategy, 
which combines several approaches, has been chosen. Morphodynamics 
are seen as changes in the spatial and temporal distribution of sediment 
volumes. Coastal areas are defined as systems with subsystems and their 
interrelationships, by adopting systems approach. Changes in coastal 
morphology are modelled on an appropriate time and space scale, by using 
model concepts which originate from different scales. This strategy is 
introduced for a geomorphological study. Three meso-scale sand-sharing 
systems have been defined based on differences in geomorphological 
appearance and behaviour. The description of these systems is elaborated 
by a discussion of their system boundaries, scale (cell size) and dynamics. 
The input of morphometric data, natural driving forces and management 
practices in a GIS is specified. The topic (meso-scale behaviour) and the 
possibilities for quantitative description with parameters that describe the 
input of driving forces were elaborated per system. Trends in the evolution 
of sand mass (or volumes) were used for prediction of future morphology. 
The chapter concludes with a summary of the adopted strategy. 

Parts of this chapter have previously been presented as: 

Eleveld, M.A., 1996. Systems approach of coastal processes allows modelling. In: 
Proceedings 28th International Geographical Congress: "Land Sea and Human effort", The 
Hague, 4-10 Aug. 1996. Stichting IGC, Utrecht, pp. 125-126. URL: http://www.minvenw.nl 
/projects/netcoast/igu/igu.html 

Van Zuidam, R.A., Farifteh, J., Eleveld, M.A. & Cheng T., 1998. Developments in remote 
sensing, dynamic modelling and GIS applications for integrated coastal zone management. 
Journal of Coastal Conservation 4(2), pp. 191-202. © European Union for Coastal 
Conservation (EUCC) 
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1 INTRODUCTION 

Coastal management on Ameland requires large investments because of the island's active 
coastline. Knowledge of the changing coastline, on a time scale of months to years, is still 
limited. This justifies research into the morphodynamics. 
In a process-based definition, morphodynamics is the mutual adjustment of topography and 
fluid dynamics involving sediment transport (Wright & Thorn, 1977). Sediment transport 
provides the time-dependent coupling mechanism by which this adjustment occurs (Cowell 
& Thorn, 1994). 
In this study, morphodynamics, the mutual influencing of forms and processes, can be seen 
as changes in the spatial and temporal distribution of sediment volumes (Eleveld et al, 1995, 
see Fig. 1). Important is the intercomponent sediment exchange, i.e. exchange of sediment 
volumes between the landscape units: nearshore zone (shallow shoreface), beach and 
foredunes. The main géomorphologie processes involved are erosion, transport and 
accumulation. They are induced by aerodynamic or hydrodynamic forces. 

Figure 1. Approach of morphodynamics. 

One of the general objectives of this thesis is to find a method for quantitative 
morphodynamic description and prediction of the development of Ameland's North Sea coast 
under the influence of natural processes and human impacts. It focuses on the 
morphodynamics of the area on time scales from several months to several years (Eleveld et 
al, 1995). This chapter relates to this objective. It aims, specifically, to outline the approach 
that was taken to study three complex coastal morphodynamic systems on Ameland. In 
general, there are two ways of approaching these complex systems: an analytical process-
based approach and a more generalistic behaviour-oriented approach. 
This study mainly uses a behaviour-oriented approach and a holistic view is taken. In this 
view, the coastal landscape is formed and changed by the results of various individual 
physical interactions. Similarly, LaValle (1989) and Wijnberg (1995) chose a behaviour-
oriented approach for their study of morphological changes of the coast. Frequently, though, 
the process-based approach is opted for, and throughout the text references to the process-
based approach of the subject are made as well. 
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2 THEORETICAL BACKGROUND 

In the following sections, an overview of theoretical themes is given and for every theme (at 
the end of each section) reference is made to its contribution to this study. 

2.1 Systems approach 

The development of the theory of open, dynamic systems by for example, Von Bertalanffy 
(1950, 1968) was relatively quickly adopted in geomorphological research. By applying a 
'systems approach', Chorley & Kennedy (1971) demonstrated that a study area can be seen as 
a system, with strongly interdependent sub-environments. The systems approach is a useful 
method that is widely applied in coastal research (Cowell and Thom, 1994). It aims at a way 
of thinking about coastal phenomena in terms of wholes, including all parts (components or 
subsystems) and their interrelationships (processes and structures) (Novosad, 1982). 
The coast is a complex system characterised by an interaction of interdependent processes 
and entities acting in a multi-dimensional space (x, y, z) and time domain (Hoekstra, 1995). 
A dynamic coastal system is based on a framework, integrating and arranging a number of 
separate units or subsystems that vary in morphological form, pattern and configuration. This 
study uses the concept of sand-sharing systems that consist of landscape units sharing an 
amount of sediment. The structure of a system determines the spatial and temporal 
arrangement of the various subsystems and components. Processes determine the functioning 
of the system, as they are responsible for the exchange of energy and material; it may cause a 
change in a (sub)system or between (sub)systems from one state to another (Lakhan & 
Trenhaile, 1989). In this study, these processes are marine or aeolian sediment transport; they 
form interrelations between the various landscape units. 

Advantages of the systems approach are that it gives a clear order, and that decomposition in 
subsystems can be an aid to understanding the system as a whole. There are also practical and 
computational benefits. The development of'object oriented programming' can be an impulse 
for modelling morphodynamics, as it supports the simulation of the system with subsystem 
and interrelations (Cremers et al, 1995). 

Systems can be isolated, closed or open, and they can be classified according to several 
different system types. For instance, beach morphological systems could be functionally 
classified as open systems, and structurally as process-response systems (Lakhan & 
Trenhaile, 1989). The attempt to use interpolated coastal profiles (JARKUS data) and remote 
sensing data, with their possibilities for overview, and their limitations on a temporal scale, 
influences the choice of systems and system boundaries. In this way it puts a constraint on the 
phenomena and processes that can be studied and predicted. 
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Properties of morphodynamic processes 

With various examples Lakhan & Trenhaile (1989), Phillips (1992) and Cowell & Thorn 
(1994) argue for the applicability of system theory for coastal morphological systems, but 
also in other geomorphological texts, indications can be found that system theory is important 
for the study of morphodynamics. 

Carter (1988) used elements of system theory (albeit inadvertedly) in his arguments for the 
pursuit of the causes of coastal change. Some examples are given below. 
• Antecedent conditions can exercise strong control over change. 
• Sole reliance upon the indicators of response may understate the overall problem. 
• Environmental reaction may be tempered or buffered by external influences. 
• Reaction may be incremental, or related to thresholds. 

The essential properties of morphodynamic processes comprise (Cowell & Thorn, 1994): 
• self-regulation (equilibrium tendencies); 
• self-forcing (which leads to thresholds, self organisation and regime changes); 
• Markovian inheritance (which introduces uncertainty); 
• hysteresis (which causes different responses to changes in boundary conditions); 
• non-linearity; 
• non-stationarity; 
• non-homogeneity. 

The following principles and assumptions, which are included in or related to system theory 
(Von Bertalanffy, 1950, 1968; Chorley & Kennedy, 1971; Phillips, 1992), underlie these 
properties of morphodynamic processes (Wright & Thom, 1977; Lakhan & Trenhaile, 1989; 
Cowell & Thom, 1994; Phillips, 1992): 
• positive, and negative feedback (self-organisation); 
• equilibrium (steady-state, homeostasis); 
• thresholds (bifurcation); 
• hierarchy; 
• frequency-response principles (response-time effects, relaxation-time hysteresis); 
• magnitude-frequency concept; 
• inheritance (Markovian properties, memory, state dependence); 
• linearity, and non-linearity (chaos, deterministic complexity). 

System theory and the derived systems approach are applied in the present study by defining 
the research areas under investigation as systems. The study reported here uses the principle 
of inheritance in coastal morphodynamics: the coastal morphology at a certain time is to a 
large extent determined by its previous morphology, and, in addition, undergoes continuous 
adjustments. It conforms to the concept of hierarchy, which implies that different processes 
are active at different scales. In addition, the data set analyzed and the approach taken in the 
present study incorporate autonomous behaviour of the system or subsystems; the temporal 
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differences in the studied elevation maps are an expression of variation in the forcing signal 
and changes inherent to the system. 

2.2 Scale 

Coastal environments are among the most dynamic on the earth's surface. Many coastal 
changes are circulatory in space or periodic in time. In studying coastal processes, variables 
need to be selected that are both sensitive and reliable enough to indicate change. It is clear 
that the scale of observations in both space and time is important in this context (Carter, 
1988). 
• Observations over short time scales (with high frequency) might show that the variable 

seems inert when change takes significantly longer than the provoking process; reaction 
and relaxation time are in excess of the time scale of the forcing agent. However, there 
may be a cumulative effect, especially if the forcing agent itself is undergoing change. 

• Measuring at the same time intervals as the period of the process might only indicate slow 
change, while sampling at random time intervals is likely to introduce far greater variation 
into the results. 

• Observations over long time scales (at low frequency) might show that the change is 
significant, but muted or hidden by more dynamic high frequency variations. 

Given these considerations it becomes clear that the observation of coastal phenomena is not 
straightforward. 
The study of coastal changes over the past five to ten years up to the present forms the basis 
for prediction of the morphology in the near future. Yearly coastal profile measurements and 
multitemporal remote sensing data are the main data sources for the research. The prediction 
of future morphology is also in the order of years, because upscaling in coastal 
morphodynamics is very difficult. Morphodynamics may be the result of complex, possibly 
even chaotic, processes and interactions in the coastal zone. Thus, trends on a lower scale 
may be considered as noise on a higher scale level. On the other hand, large-scale 
fluctuations sometimes seem to influence the outcome of smaller scale morphodynamic 
prediction significantly. This is often reflected in changing boundary conditions. Examples 
are the longshore migration of 'sand waves' on the foreshore in relation to cross-shore profile 
development, or the impact of climate change on the same profile development. For the 
prediction of morphodynamics on a certain scale one should have knowledge of processes 
acting on a larger time scale. Fig. 2 shows the theoretical concepts of the different levels of 
coastal behaviour within coastal geomorphic systems. 

A relationship between time scales and spatial scales, and between process scales and scales 
of coastal behaviour is presumed in coastal morphodynamics. The assumed relation between 
time scale and spatial scale is positively correlated to the amounts of sediment involved in the 
coastal change; for a noticeable change in a large stretch of coast more sediment has to be 
redistributed than for a noticeable change in a small stretch of coast (Wijnberg, 1995). 
Recently, ample conceptual overviews (or organisational frameworks) of time and space 
scales associated with behaviour at different scales have been constructed (Stive et al, 1990; 
De Vriend, 1991a; Larson & Kraus, 1993; Terwindt & Kroon, 1993; Cowell & Thom, 1994). 
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In one framework, De Vriend (1996) distinguishes three scale classes in behaviour: a 
(hydrodynamic) process scale, a dynamic scale and a trend scale. Behaviour can be modelled 
from each of these scales. Furthermore, De Vriend (1996) assumes that a different driving 
force is responsible for the main change in sediment budget at each scale level in the coastal 
system. In view of the latter, the primary-scale relationship (De Vriend, 1991a) states that a 
process (driving force) on a certain scale will be in dynamic interaction with coastal 
behaviour on a similar scale; the same process will be an extrinsic condition for coastal 
behaviour on a smaller scale and will be noise for coastal behaviour on a larger scale. 
In this study, a certain scale level was immediately chosen. The data set consisted of annual 
descriptions of morphology, so this was the scale of interest. The data set and the behaviour 
studied act at the same scale level, which reduces the level of complexity which one has to 
deal with. This is in contrast to the more common practice of studying coastal processes using 
different scales. The study of coastal processes using different scales, both spatial and 
temporal, is the usual approach when hydrodynamics (e.g. turbulence, wave, tides, storm 
surges, currents) and morphodynamics (e.g. ripple formation, bar formation cross-shore 
transport, longshore transport) are studied in a non-coupled way, to be subsequently coupled 
in complex hydro-morphodynamic models (De Vriend, 1991a, 1991b; De Vriend et al, 
1993). 

fluctuations discovered during five-yearly observations 
large-scale fluctuations 
prediction based on five or ten-yearly data 

Figure 2. Large-scale sand transport and climate change fluctuations influence prediction of 
morphodynamic phenomena at a smaller scale (after Terwindt & Kroon, 1993). 
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2.3 Morphodynamic models 

Models can serve as a framework or method that can help in understanding processes and 
interactions in our environment. In addition, they can be used to predict what a landscape will 
look like in the future, with or without (further) human influence. Models are used to express 
the essential knowledge about or to analyze the dynamic behaviour of systems subject to 
changes. They are required to: 
• improve understanding, since they can be evaluated against alternative models and 

observed behaviour; 
• integrate knowledge across disciplines; 
• make quantitative predictions for decision making (Jakeman et al, 1995). 

Categories of models 

The present generation of mathematical morphodynamic models can be divided into two 
main categories, depending on the concepts used for describing the actual processes within 
the systems: process-based models and behaviour-oriented models (De Vriend et al, 1993). 
Models that are based on a detailed description of the elementary physics of fluid and 
sediment particle motion are classified as process-based models. The majority of 
morphodynamic models use this classical approach. The use of these models requires detailed 
knowledge of the physics of the many interacting processes (Hoekstra, 1995). Input mainly 
consists of hydrodynamic or aerodynamic data. Hydrodynamics or aerodynamics cause 
changes in sediment transport, resulting in a changed morphology. This type of modelling 
provides much insight into the processes, but in their application for long-term prediction of 
morphology there are still some problems because of the chaotic (stochastic) character of the 
morphodynamics of coastal systems, and the increasing inaccuracy with an increase in scale 
(Fig. 3). 

Behaviour-oriented models are becoming popular, because of their ability to predict 
morphology on a longer term. In these models, the physics of the processes are included at a 
high level of abstraction; the detailed physics of the hydrodynamic processes are no longer 
incorporated in the models. The morphological behaviour of large-scale coastal features is 
represented by relatively simple expressions, combining both process-related information and 
empirical data sets (Hoekstra, 1995). 
This sort of models seem to be more suitable for quantitative prediction of the morphologic 
changes of Ameland's North Sea coast on a time scale of months or years, and for integration 
in a spatio-temporal GIS {i.e. a geographical information system with a spatial and a temporal 
component). 
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inaccuracy 

water movements (seconds, minutes) 
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sediment transport (hours) 

1 
changes in morphology (days, weeks, months, years) 

Figure 3. Increasing inaccuracy with increasing time scale of the process modelled and with 
an increase in the number of loops made (After Kroon, 1994). 

Two important types of process-based coastal models are the coastal profile (2DV) models 
and the coastal area (2DH) models (Hoekstra & Van Rijn, 1995). 
• Coastal profile models have been developed for simulating the short-term evolution of 

beach- and surf zone profiles, particularly during and following a coastal event such as a 
storm. 

• Coastal area models are usually model systems built from wave field, currents, sediment 
transport and seabed change models (or modules). 

Hoekstra & Van Rijn (1995) discuss seven classes of behaviour-oriented morphological 
models. 
• Linear and non-linear extrapolation models extrapolate existing shoreline records in 

order to predict the position of the future shoreline. 
• Descriptive beach-state models calculate variation in breaker power which determines the 

change from one state to another. These models explain and specify important parameters 
that play a role in establishing an equilibrium. The predictive power of these models is 
limited. 

• Equilibrium cross-shore profile models are based on the interaction of constructive forces 
(initiating a landward movement of sediment particles) and destructive forces (initiating 
seaward directed transport). They consist of simple power functions to characterize the 
equilibrium beach profile. Over a time scales of years, there is no real equilibrium. 

• Parametric cross-shore profile evolution models express the behaviour of a certain 
process or the passing of a threshold value in the system in a single parameter, which is 
based on empirical studies. Its relation with specific coastal processes is rather obscure. 

• Empirical cross-shore profile models schematise the beach and nearshore zone by a 
number of representative depth contours; the rate of migration of the depth contours is 
proportional to the deviation of the profile from the equilibrium slope. 
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• Shoreline change models describe the development of the coastline as a function of 
gradients in longshore transport. The method is based on sediment budget calculations for 
control volumes. 

• Empirical equilibrium models for the cross-sectional area of tidal inlets relate tidal 
transport of water masses to these cross-sectional areas of tidal inlets. 

The approaches of the empirical cross-shore profile models and shoreline change models 
based on sediment budget calculations are particularly interesting for the present study, 
because they can predict sediment volume exchanges. 

Inventory of existing models 

Dynamic models used by Rijkswaterstaat 

Dynamic models are characterised by a state which depends on both time and place. Cremers 
et al. (1995) mentioned an inventory of the dynamic models used by Rijkswaterstaat (The 
Ministry of Transport, Public Works and Water Management) the authority in charge of 
coastal zone management in the Netherlands. Only part of these models describe 
morphodynamics. Most of the models describe water movements, hydrodynamics (e.g. 
ZWENDL, WAQUA and TRIWAQ). Sometimes, water quality procedures are linked to 
them (DUFLOW and DELWAQ). 
If morphodynamics are modelled, then this forms a part of the entire model system (built of 
several sub-models or modules) with an integrated approach to hydrodynamics, (water 
quality, salt intrusion), sediment transport and morphology. Examples of such systems are 
SOBEC and SIMONA. Other process-based model systems are UNIBEST and COMOR 
(TAW, 1995). The only exception, a real morphodynamic model in the list, is DUINAF, 
which is a predecessor of DUROSTA, a dynamic model that computes dune retreat given i.a. 
a certain water level and wave height. DUINAF and DUROSTA predict recession under 
extreme conditions. The overview of models by TAW (1995) leads to the same conclusion. 
Another model available at Rijkswaterstaat, which was not presented in the overview of 
Cremers et al. (1995), is MOBIC. MOBIC roughly describes the sand balance in the Wadden 
Sea, and is based on linear trends from soundings. 
Finally Cremers et al. (1995) mention that 70% of the models used by Rijkswaterstaat is 
'physically distributed' and mostly process-based, whereas only 20% of the models is 
empirical (often more behaviour-oriented models); the status of the other 10% of models is 
unknown. 
Many models with different characteristics are available at Rijkswaterstaat; models 
containing concepts that are of special importance for the current study are mentioned below. 
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Sediment budget models 

Sediment budget modelling is an obvious choice when studying the spatial and temporal 
distribution of sediment volumes (see Introduction). An example of a sand budget study 
based on coastal profiles (JARKUS data) is given by De Ruig & Louisse (1991). The trend in 
the sand volume of any arbitrarily chosen area can be considered the result of the equation of 
mass conservation; the volumetric change in an area equals the transport over its boundaries. 
Quantification of these fluxes is difficult, because of the inaccuracies in sediment transport 
measurements (Kroon, 1994). A sediment budget analysis as previously indicated or with a 
multi-line model can be seen as an example of behaviour-oriented research (Van Rijn, 1995), 
and, as such, marine sediment budget modelling of the nearshore zone and beach has been 
applied in various studies. 
The aeolian component is often neglected in coastal research, and there are hardly any 
aeolian sand transport models or aeolian sand budget models available. Yet it was this 
component that formed the Younger Dunes and fed the stuif-dikes, and in so doing built the 
primary sea defence of Ameland. The aeolian influence will be studied especially in the 
Eastern system (see Practical Application), therefore some attention is paid to one of these 
rare models. SAFE, the aeolian sand transport model of Van Dijk et al. (1995) is (partly) a 
process-based cross-shore profile 2DV model, and runs on a time scale of minutes. The 
underlying formulas provide the parameters for any aeolian model. The model describes the 
transport of sand on the beach and over the dunes during onshore winds, and computes the 
patterns of erosion and deposition. The present input for the model primarily consists of field 
measurements of local topography and vegetation cover and height. HILL, a supporting 
model of wind flow patterns, by Van Boxel & Arens (1998), is linked to the SAFE-model. 
HILL is based on the model of Zeman & Jensen (1987). 
The sediment budget modelling approach contains many components which are required for 
the present study of the spatio-temporal distribution of sediment volumes. The actual use of 
sediment budget models for this study is limited because of the lack of knowledge on the 
sediment fluxes that regulate the input and output. 

Long-term behaviour models 

Many geomorphological and coastal engineering models are based on empirical relations that 
describe equilibrium situations. Sometimes they are models of long-term development (over 
tens or hundreds of years), as in the case of equilibria between inlet, backbarrier and ebb-tidal 
delta (see Chapter 7). This is not the time scale aimed at in the current research, but 
information on this scale is important for the meso-scale (see Scale). 
The modelling of Large Scale Coastal Behaviour (LSCB) has been receiving increased 
interest lately (List, 1993). Indications of an increasing rate of sea level rise have stimulated 
this interest. Modelling LSCB aims to integrate empirical (equilibrium or trend) relations 
with transport processes; it uses a theoretical approach of morphodynamics. Cowell & Thom 
(1994) indicate that research into the morphodynamics of LSCB entails scaling up from the 
laws of physics and scaling down from the geological principles of coasts. This pragmatic 
approach combines laws obtained from deterministic studies with geostatistical relationships 
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for coastal geomorphologies and their geological evolution (Terwindt & Battjes, 1990). 
Despite the difficulties related to up- and downscaling, that have already been mentioned (in 
Categories of models), some mathematical solutions are being developed. De Vriend et al. 
(1993) discuss some mathematical aspects of long-term modelling of coastal morphology, 
and in doing so they focus on two key concepts: reduction (data reduction, input reduction, 
model reduction) and knowledge integration (of process and empirical knowledge). Both 
concepts can be elaborated through behaviour-oriented models. 
Geological models also simulate long-term development. Basin filling by sedimentation 
modelling can be performed with SEDSIM (SEDimentary Basin Simulation), which has been 
coupled to WAVE to simulate effects of wave-induced currents in depositional environments 
(Harbaugh & Bonham Carter, 1970; Martinez & Harbaugh, 1989, 1993; Harbaugh, 1994). 
Another example is DELTA2, a 2D response model that simulates the fill of a sedimentary 
basin from the growth of a prograding delta (Syvitski & Daughney, 1992). 
Concepts from long-term modelling are of importance for the present study; long-term 
modelling also deals with the integration of multi-scale information, and it also looks for 
trends. 

New models in GIS 

Literature on coastal behaviour and a case study with remote sensing data and a temporal 
series of elevation maps provide some information on the behaviour of the coastal 
morphodynamics on Ameland. To predict this behaviour (in its spatial dimensions) requires 
the use of a model linked to a GIS. The objective of using models in this study is to increase 
morphological understanding and to make quantitative morphodynamical predictions. The 
main subject is coastal morphodynamics; the main topic is change in morphology through 
processes of marine and aeolian erosion, transport and accumulation, expressed as changes in 
sediment volumes at a specific location (sediment budgets). Model concepts from budget 
modelling and from long-term modelling have been used for this study; trends in the 
evolution of sand mass (or volumes) were used for prediction of the future morphology of 
three coastal systems (see Practical Application and Chapter 6). 

Remote sensing provides the data needed to describe the x, y and z component of sand 
volumes, either directly (laser altimetry) or indirectly (JARKUS data from the DONAR 
database). The approach taken in quantifying the x, y and z components and the changes in 
these components depends on the interests and background of the model developers. If they 
are more interested in the physical explanations of the steering processes on the morphology, 
then a model based on aerodynamic and hydrodynamic transport formulas results. This 
requires knowledge on parameters such as wave height, wave period and wind speed and 
direction. If developers are (just) generally interested in the resulting morphological 
behaviour, then behaviour-oriented modelling might be a better approach for predicting 
morphological changes. In this case empirical behaviour is incorporated in the input 
(elevation maps which are the result of a certain behaviour) and in the equations of the 
model; a basic explanation of the changes is incorporated in the model in advance, whereas 
the process-based modelling tries to explain from model results. A behaviour-oriented 
budget-supported approach was chosen for this study. 
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Given this choice, the role of GIS in this research becomes clear: the final step will be to 
integrate the modelling and the GIS. This will help in the prediction and visualisation of 
coastal zone development for different scenarios (and alternative strategies). GISs seem to 
offer the capability of modelling complicated problems of complex systems. The spatial 
coordinates of the GIS provide the necessary spatial dimension, while historical or rate-
process information in data layers or separate layers associated with different time periods 
provide the temporal dimension (Trovimov & Phillips, 1992). In addition, they 
communicate spatial information effectively, using maps as a well-understood and 
accepted form of spatial data display, generating a widely accepted and familiar format for 
sharing information (Fedra, 1993). Conceptual models will be created and simple dynamic 
models in GIS will be made using the Dynamic Modelling Language (Chapter 6 and Part 
3). 

3 PRACTICAL APPLICATION 

The previous sections indicate that prediction of coastal changes is an important issue in 
geomorphological research and for coastal management. Change in volumes over time at a 
certain location, or in a certain system, is a valuable model concept. This is elaborated for 
three geomorphological systems on Ameland. This chapter illustrates a geomorphological 
approach to a closer formulation of morphodynamic models for three coastal systems: the 
Western, Central and Eastern system on Ameland. These models work on the level of 
landscape units (e.g. nearshore zone, beach and foredunes) and geomorphological forms (e.g. 
bars, cliff and washovers) and meet the needs of realistic morphological prediction. 
Eventually, the ideas should also support modelling in GIS. 

3.1 Description of the systems 

Three systems can be distinguished, based on differences in morphological appearance and 
behaviour (Fig. 4). The Western system comprises the evolution of a beachplain in relation to 
migrating channels and shoals of the ebb-tidal delta. The Central system describes the 
development of a coastal stretch under influence of bar, beach and foredune dynamics. The 
Eastern system incorporates the dynamics in the washovers and eyedunes and their influence 
on the saltmarsh landscape. The three main systems can be defined as meso-scale systems, 
with scale levels intermediate to morphologic micro-scale systems, such as coastal cells, and 
macro-scale systems, such as the Wadden Area system. The description of the three 
morphodynamic systems is elaborated below by their boundaries, scale, and dynamics; the 
input used in the modelling of these systems is also mentioned. 
• System boundaries 

The morphological appearance and the range of the data are factors in the determination 
of the systems. Longshore, A change in beach width indicates the boundary between the 
western beachplain system, and the central coastal stretch. The presence or absence of 
washovers in the foredune area and the change in beach width demarcate the boundary 
between the Central system and the Eastern system. Cross-shore, the coastal profiles 
reach to a certain depth, which is often, but not always, sufficient to describe the active 
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region entirely. Extra boundaries within the systems delineate subsystems; e.g. the mean 
low-water level (MLW at -1.2 m) and the dunefoot (2 m).separate the landscape units of 
nearshore zone (shallow shoreface), beach and foredunes. 
Scale (cell size) 
Large cell sizes have been used to describe phenomena with large areal coverage (e.g. the 
development of the western beachplain), whereas smaller sizes were chosen when more 
detail was required. Their exact values depend more often than not on coincidence (e.g. 
the laser data was provided with a 5 m cell size). 
Dynamics 
The dynamics in the development of the western beachplain are governed by migrating 
channels and shoals of the ebb-tidal delta. The development of the central coastal stretch 
is influenced by migrating bars and eroding beach and foredunes. The development of 
washovers and foredunes, and their influence on the saltmarsh landscape, is associated 
with aeolian and marine sediment transport in an area with a large beachplain and low 
foredunes. 
Input maps 
The input consisted either of interpolated coastal profile data or of laser altimetry data. 
From a process-geomorphological point of view, the elevation maps obtained are the 
result of the action of a number of factors (activities by different processes), the 
combination of which is different and changes from one place to another. Sequential 
pattern analysis of remote sensing data gives additional information on these processes. 

w 
North Sea 

c E 
w 

Ameland 

Wadden Sea 

Figure 4. Systems approach, 'Three sand-sharing systems'. 
The Western system (W): 

The Central system (C): 
The Eastern system (E): 

the evolution of a beachplain in relation to migrating channels and 
shoals of the ebb-tidal delta. 
bar, beach and foredune dynamics. 
the dynamics in washovers and eyedunes and their influence on 
the saltmarsh landscape. 

The Western system comprises the evolution of a beachplain in relation to the migrating 
shoals and channels of the ebb-tidal delta. It is a semi-natural situation because of the 
stabilisation of inlet migration with hard structures just south of the system. 
The remote sensing data did not give detailed information on the channels and shallows in the 
underwater part of the ebb-tidal delta, but the development of the sub-aerial western 
beachplain could be seen. In 1995 an eroding channel reached the western part of the sub-
aerial beachplain (Eleveld, 1996; Chapter 7). 
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• The system boundaries enclose an area from the channel to the inner dunes (as far as the 
coastal profile data reach), and from the eroding western part to the accreting eastern part. 

• The scale was fixed at a cell size of 60x60 m. 
• The dynamics of the western beachplain are caused by erosion due to the migrating 

channels and accretion due to the migrating shoals of the ebb-tidal delta. The inlet 
migration itself is stabilised by hard structures. 

• The input consisted of elevation maps constructed from interpolated coastal profile data 
(JARKUS). 

The Central system is a coastal stretch influenced by bar, beach and foredune dynamics. This 
was originally a long-term eroding coast, but the system is now maintained in a steady state 
by artificial beach and dune nourishment. The system has breaker-bars in the nearshore zone 
and a swash-bar on the beach. Longshore, a net sand movement from west to east occurs. 
Cross-shore activities prevail in an active zone that is delimited by the closure depth (-8 m) 
and the inner dunes. Within this zone, a sediment-volume is shared by the nearshore zone 
(shallow shoreface), the beach and the foredunes. 
Changes in the nearshore zone (e.g. the movement of bars), the beach and the foredunes were 
monitored and used for prediction. On the aerial photographs, video images and SPOT-PAN 
data, the presence of two or three bars was indicated, and their seaward movement was 
perceived as well. According to the 1995 data, aeolian activity on the beach was high, but the 
visible amount of accumulated sand in the foredunes had decreased with respect to 1992 
(Chapter 2; Eleveld, 1996). An overall shortage of sand in the system has occurred several 
times in the past. To counteract this, extra sand was supplied by nourishments. 
• The system boundaries from north to south (cross-shore) enclose an area from -8 m to the 

inner dunes. From west to east (long-shore)there are several coastal cells. 
• The scale was fixed at a raster cell size of 20x20 m. 
• The dynamics comprise the differential outwards moving trends of coastal bars. Erosion 

causes cliff retreat, accompanied by mass-movements and subsequent deposition on the 
beach. The sediment budget was replenished by beach and dune nourishments 

• The input consisted of elevation maps constructed from interpolated coastal profile data. 

The Eastern system comprises the dynamics in the washovers and eyedunes and their 
influence on the saltmarsh landscape. The bulk of the sediment deposited on the salt marshes 
is no longer involved in cross-shore changes. This is a natural lateral accreting system; the 
large beachplain and the low foredunes in the east allow the aeolian and marine sand 
transport to have a great influence on the sand balance. 
• The developments were monitored with several aerial remote sensing techniques, which 

were used also for the prediction (Eleveld, 1996). In this system the main focus is on the 
sub-aerial part of the coast. The northern and southern system boundaries are located on 
the beach and in the saltmarsh area (or Wadden Sea). From east to west various 
washovers occur. 

• The scale of 5x5 m was a minimum for accurate description of the complex morphology. 
• The dynamics accompanied by the main volume change is caused by transport from the 

beach and foredunes to the saltmarshes (deposition in three different forms). 
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• The input of laser altimetry provided accurate digital elevation data for the sub-aerial part 
of the coast. Morphological parameters can be derived from these data. The formation 
and stabilisation of washovers can be extracted from multitemporal airborne videography 
and scanned aerial photographs. Based on all this information, dynamic modelling in a 
GIS has been applied (Chapter 9), which aims to predict the development of the 
washovers and the amount of sediment that will be deposited on the saltmarsh. 

3.2 Modelling morphodynamics 

Fig. 5 shows the approach used for modelling morphodynamics. Trends in volume changes 
were based on a temporal sequence of elevation data. Extrapolation of these trends resulted in 
prediction (Chapters 7 and 8). 
In some cases coastal systems are influenced by management practices (Fig. 5). The Dutch 
coastal management policy is one of 'dynamic preservation of the coastline of 1990'. For 
Ameland this means in practice that sand is added to the system by nourishments at erosive 
parts where the safety of the inhabitants and other (economic) interests are threatened. In the 
eastern part, which is designated to nature, allowance is made for natural dynamics. The 
influence of nourishments is elaborated in Chapter 8. Nourishment design parameters were 
translated into maps, which have been used to evaluate different scenarios in coastal 
development. 
In addition, the input of driving forces in morphological prediction has been assessed (Fig. 5); 
e.g. in Chapter 8 coastal development is linked to stormflood sequences. 
Parameterization is the attempt to describe and predict coastal behaviour with certain 
parameters. So far elevation, z(x,y,t), has been the main parameter. With the input of driving 
forces through the input of process knowledge, other parameters have been included (Chapter 
8). The parameters correlate variables of the steering forces and net morphological responses 
(Terwindt& Kroon, 1993). 

Table 1 lists the topics (behaviour) and their possible parameterization or empirical behaviour 
are listed. (Parameterization and empirical behaviour are presented in italics). The main 
interest in this study was in meso-scale behaviour. Very little is known on this scale: 
parameterization on this time scale is still scarcely available, and empirical knowledge on this 
scale is also limited. Sometimes information from other time scales can be used. Table 1 
shows that parameterization is possible on a micro-scale (or small-scale). On a macro-scale or 
(large-scale) empirical knowledge is available in the form of equilibrium relations. 
The implications of the table for the present study have been elaborated in Part 3, Chapters 7, 
8 and 9. 
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4 CONCLUDING REMARKS 

A new approach has been developed for the study of three sand-sharing systems. Recent 
theoretical developments were found to support this approach. A summary of the adopted 
strategy, which is applied in Part 3, is given below: 
• Formulate topic; 
• Define the system; 
• Choose right scale level; 
• Formalize existing knowledge of interactions in equations; 
• If necessary, shift a scale level and try to use that knowledge; 
• Apply the equations to modelling in GIS (Chapter 6); 
• Predict morphodynamics (Part 3). 
In this research, behaviour-oriented modelling using trends in sediment budgets was opted 
for. Nowadays, the behaviour-oriented approach is being used in research on large-scale 
coastal behaviour (Wijnberg, 1995). In meso-scale studies, which are on a scale of direct 
relevance to present day management, process-oriented research is usually opted for to solve 
any morphological management problems. Studies concerned with these kind of problems 
would benefit from the additional use of the behaviour-oriented approach. Similarly, 
sediment budget modelling can be applied. Although a sediment budget approach is accepted 
in large-scale coastal research (Cowell et ai, 1993), it is hardly being used in meso-scale 
studies. This thesis presents some possibilities of a budget approach for meso-scale modelling 
of coastal morphology, and aims at increasing knowledge of morphodynamics on Ameland. 
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CHAPTER 6 

SPATIO-TEMPORAL MODELLING OF COASTAL MORPHODYNAMICS IN GIS 

ABSTRACT 

Coastal landforms are subjected to change. New tools have been used for 
the study of these morphodynamics. Earth surface forms can be analyzed 
with 3-D impressions generated by 2.5-D GISs. The study of their 
dynamics challenges the possibilities of GIS in fields of change detection, 
storage of temporal attributes and presentation of temporal changes. The 
integration of models and GIS allows spatio-temporal modelling and 
facilitates the prediction of morphological developments. These tools are 
introduced in relation to their use in a geomorphological study of the 
coastal systems reported in Part 3. Two GISs have been applied for the 
phenomenological description of the behaviour of geomorphological 
systems: IEMGA, an object-oriented GIS, and PCRaster, a field-based 
GIS. The morphodynamic models were written in PCRaster. The input 
consists of elevation data and their derivatives. The models have been built 
from mathematical, modelling, and GIS functions, and describe 
geomorphological processes. The output consists of prediction maps. 

79 



1 INTRODUCTION 

The assessment of coastal dynamics is often problematic in coastal management. The ability 
to report spatial change is, therefore, important. A quantitative approach to spatial change can 
lead to new insights into coastal morphological processes and interactions. Examples of the 
latter are given by Ruessink & Kroon (1994) and Wijnberg (1995), who used spreadsheets 
and statistical software for their studies. Other techniques are required for an integrated 
quantitative approach of spatial change, e.g. cellular automata (Engelen et al, 1995) or 
models linked to a geographic information system (GIS) ( Hobma et al., 1996). 
A GIS is a computer system that is specifically designed for managing spatial data (Bonham-
Carter, 1994). It handles spatial data structures, i.e. data with a location, relations (topology) 
and attributes. Geographic information systems (GISs) can be used for advanced digital 
spatial analyses. In this chapter, database design aspects and the analytical properties of two 
GISs will be discussed. The database design is based on the types of data models used. A data 
model determines the constructs for storage, the operations for manipulation, and the integrity 
constraints for controlling the validity of the data to be stored (Nyerges, 1993). 
Notwithstanding the significance of a data model, this study will focus on the analytical 
properties of GIS. The analytical engine is that part of the GIS that is responsible for the 
manipulation and analysis of the spatial data. 

One of the general objectives of this study was to find a method for quantitative description 
and prediction of the morphological development of Ameland's sandy North Sea coast under 
the influence of natural processes and human impacts. The study focuses on 
morphodynamics in the area on time scales that extend from several months to several years 
(Eleveld et al, 1995; Chapter 1). The morphodynamics, i.e. the mutual interaction of forms 
and processes, are expressed as changes in the spatial and temporal distribution of sediment 
volumes. This chapter addresses this objective by outlining how spatio-temporal GISs can be 
applied to study and predict morphodynamics (see Figure 1). 

Figure 1. spatio-temporal GIS as a tool for the study of morphodynamics. 

2 THEORETICAL BACKGROUND 

In the following sections, an overview of theoretical themes will be given and for each theme 
(at the end of each section) reference is made to its contribution to this study. 
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2.1 State of the art in GIS developments 

Coastal applications of GIS are almost unanimous in their use of a simple data model in 
which the coast is represented as a one-dimensional entity (a coastline) (Barlett, 1990). This 
does not suffice for a volumetric assessment of coastal change. Therefore, the analysis of 
morphodynamics with GIS involves new GIS concepts and recent developments in GIS 
science. This chapter gives an overview of these recent developments. 

Perception and representation of spatial data 

Burrough & Frank (1995), Burrough (1996a) and Burrough (1996b) distinguish four 
different views, or ways to study the earth, in which GIS operate. 
• In the static-simple view the world is perceived to be composed of two substantially 

different static representations of space. Therefore GIS was developed from two different 
data models (or representations): the object-based model or entity view was used in 
simple vector GISs, and the field-based model or continuous field resulted in simple raster 
GISs. Shortcomings were noticed i.a. when dealing with complex objects consisting of 
interacting parts, or with variation at various levels of resolution. 

• The static-complex view takes account of these complex entities and continuous fields 
with variation at a range of scales. The entity view uses the object-oriented concept to 
define relationships between objects, which led to the rise of object-oriented GISs. 
Continuous fields are seen as the result of spatial information operating 
contemporaneously over several scales. Fourier analysis and wavelet analysis enable this 
to be studied. Geostatistics and fuzzy logic are also being incorporated in studies. 

• The dynamic-simple view admits the possibility of process-driven change in spatial 
patterns. The entity view uses a topological network of lines. Movement is modelled by 
the change of (thematic) attributes, not by the change of geometry. In the continuous field 
approach use is made of dynamic fields. Vector and tensor fields are obtained by 
differentiating continuous surfaces that represent some form of potential. 

• The dynamic-complex view permits the most complete description of the world. In the 
entity view, object orientation allows geometry and (thematic) attributes to be treated 
separately. In addition, it permits the two components of geometry, i.e. shape and 
location, to be treated both separately and together. Examples can be seen in dynamic 
CAD-CAM and virtual reality technology. The continuous field uses finite elements, or 
regular grids (finite differences) for the operation of complex models. The processes 
driving the movement are defined in terms of physical or empirical 'laws'. 

This study of morphodynamics requires a dynamic view. Morphodynamic complexity is 
caused by the presence of interacting objects {i.e. sub-systems, Chapter 5); this is elaborated 
in Chapter 7. The complexity is accounted for in the use of the GISs either explicitly (when 
the dynamic-simple view is adopted) or implicitly (with the dynamic-complex view). Most of 
the research has been performed with a raster-based GIS using a dynamic-simple view. 
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Multi-dimensional GISs 

With developments in GIS science, the capabilities of GISs to handle data of more 
dimensions has increased. An «-dimensional GIS is a system which can handle objects of 
dimension 0, 1,...«. 
GISs can handle several spatial dimensions, usually at least two (x and y). A 2.5-D GIS can 
handle the full x and y dimension, but it can only deal with those z-values that describe the 
surface; it can handle the surface of the volumes only. A 3-D GIS allows investigations of 
volumes and phenomena inside those volumes. 
Recently, GISs have become available that also permit a time dimension. A 3-D GIS can 
handle x, y and time. A 3.5-D GIS can handle x, y, z-surface and t, and a 4-D GIS is a system 
that can handle the three spatial dimensions plus a time dimension. If the dimensions of the 
spatial parameters are not specified, then the general term spatio-temporal GIS is used. 
Progress made in the development of multi-dimensional GISs mainly lies in the development 
of spatio-temporal data models, the 3-D GIS data model and the temporal data model (Cheng 
et al., 1995). Recent issues of the International Journal of Geographical Information Science, 
Geomatica and the Proceedings of the Symposia on Spatial Data Handling (Waugh & 
Healey, 1994 and Kraak & Molenaar, 1996) give more information about the technical 
background (database aspects) of these GISs. 
In this research, the characterization of morphodynamics requires a 2.5-D spatial component 
describing forms and an additional temporal component to describe their changes: 3.D-GISs 
are suitable. 

2.2 The integration of GIS and environmental modelling 

Environmental modelling and its results can increase our understanding of the dynamics of 
the landscape, because they shed light on how processes can change it. In projects on 
environmental modelling, GIS is seen as a convenient and well-structured database for 
handling large quantities of spatial data. Traditional GIS tools such as 'overlay' and 'buffer' 
are also important for the development of derived data sets. One of the reasons for coupling 
GIS and models is therefore that GIS can be used for the generation or derivation of model 
parameters (Van Deursen, 1995). Extensive overviews of the integration of GIS and 
environmental modelling are given in Goodchild et al. (1993), NCGIA (1993) and Goodchild 
et al. (1996). 

There are many strategies for linking models to GIS. A continuum exists ranging from 
loosely coupled to strongly coupled (Batty & Xie, 1994; Cremers et al, 1995; Van Deursen, 
1995). The level of integration of GIS and models can be summarised according to their 
practical implications for the user. 
• The simplest approach, low-level linkage, is the separate use of GIS and models, and 

mutual exchange of files. This is also known as loose coupling of GIS and model. 
• In a medium-level linkage of GIS and the dynamic model, the exchange of files is 

automated. The model will usually utilize the GIS database, which requires a relatively 
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open GIS database structure. On the other hand, the stronger-coupling benefits from 
adding the functionality of one system to the other. 

• Strategies for high-level linkage or strong-coupling might range from embedding models 
within GIS to embedding GIS within models. This involves a database that supports both 
GIS operations and model runs. In the case of dynamic modelling this database should 
not only support the spatial distribution of geographic data, but in addition the storage of 
temporal (and spatial) distributed input and control parameters. The system should 
integrate support for dynamic variables, and allow for the use of time series describing 
changes in these variables over time. 

In this study, software was used that conforms with the latter strategy, high-level linkage or 
strong-coupling between the GIS and the model. With the high-level linkage, the distinction 
between model and GIS becomes vague, and a dynamic model becomes just one of the 
applications that can be constructed using the generic functionality of the GIS toolbox. The 
source code of the model resides on the comprehensible abstraction level of one or two lines 
of source code, a GIS command, per process. Such a high level of abstraction simplifies 
model modification, maintenance and reusability of parts of the model in other models (De 
Roo et al, 1996a). Another practical advantage is that these software packages are readily 
available. 

3 PRACTICAL APPLICATION 

3.1 The spatio-temporal GISs used 

Studying and modelling the morphodynamics of Ameland's North Sea coast requires 
software that reflects the previously mentioned rapid developments in GIS science. The 
spatio-temporal GISs used were: IEMGA (Integrated Environmental Modelling and GIS 
Application) an object-oriented spatio-temporal GIS that is being developed by Cheng at ITC 
(Cheng, in prep.); and the PCRaster Early Adapters Version, which is an early version of a 
field based spatio-temporal GIS developed by the PCRaster Team of Utrecht University 
(Karssenberg, 1996; Wesseling et al, 1996a, 1996b). The following sections introduce these 
two spatio-temporal GISs and give more information on the input, the spatio-temporal 
modelling and its output. 

IEMGA 

Initially, the applications of GIS seemed almost inexhaustible, but most traditional GISs had 
some shortcomings in their representation and analytical possibilities regarding spatial and 
temporal phenomena in the coastal zone. Therefore, the development of an 4-D GIS working 
platform for coastal environmental monitoring and management was considered (Cheng et 
al, 1995). A 4-D GIS environment makes dynamic 3-D modelling possible, enabling, for 
example, the calculation of volume changes of coastal dunes and their water contents over 
time. These changes may influence other landscape forming factors including, for example, 
the fresh water stock, and consequently the ground water table, vegetation and fauna. This 
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could have resulted in the identification of scenarios of future changes and environmental 
consequences (Eleveld et al, 1995). However, the development of such a 4-D GIS was not 
feasible, and, also, it was not necessary because the research concentrated on 
morphodynamics (which only requires description of the surface of the sand volume in time) 
and not on their eco-hydrological consequences (which would require 4-D). 
An object-oriented spatio-temporal GIS shell called IEMGA (Integrated Environmental 
Modelling GIS Application) has been developed instead. It can display the different states of 
an object in time, and it can analyze the evolution of spatial objects. The latter can be 
visualized through the presentation of changes of natural phenomena with a set of dynamic 
processes (e.g. move and split) (see Cheng & Molenaar, 1997 or Chapter 7). 'Processes' have 
been used before in the development of GIS data models (see Raper & Livingstone, 1995). 
However, none of them can precisely or effectively model transition, mutation, and 
movement of processes. 
The IEMGA GIS shell works under Windows95, and the graphical user interface of the 
prototype allows users to click on several functions. The modules of IEMGA are summarized 
below. 
• The data explorer module provides tools to browse and choose the most suitable data for 

further analysis. 
• The feature definition module defines and extracts the features of interest from temporal 

data. 
• In the feature identification module features are compared to identify changes and to 

build historic links between them. 
• The dynamic modelling module allows the changes of features to be mapped and 

modelled, when the historic links between features are built. 
Once the models are created, predictions can be made on the basis of existing data. The 
success of the modelling process depends to a large extent on the accuracy of the identified 
changes, because many uncertainties are associated with the process, such as errors in the 
original (coastal profile) data and fuzziness in the object definition (Cheng & Molenaar, 
1997). 
The thesis of Cheng, which will i.a. describe the prototype GIS shell, will be available as ITC 
publication in 1999 (Cheng, in prep.). 

PCRaster 

Most current GIS command languages permit the user to carry out logical and mathematical 
modelling in the GIS itself, providing the aims of the model are not at odds with the basic 
assumptions and spatial structures of both GIS and data. However, standard GISs do not 
explicitly allow dynamic phenomena to be stored and analyzed, nor do they provide efficient 
facilities for iteration through time. 
Therefore, an integrated, executable mathematical modelling language for environmental and 
ecological applications has been developed to create and run dynamic models in a GIS. The 
modelling language is embedded in the GIS and provides the ability to model complex 
space-time systems free from the technical burdens of database management and algorithm 
optimization. The PCRaster spatial modelling language is an extension of the ideas behind 
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Map Algebra, in which entire maps are treated as variables (Berry, 1987), and Cartographic 
Modelling Language, which allows cartographic modelling in a 'natural language' (Tomlin, 
1990). In addition, PCRaster includes new ideas on iterations used in dynamic modelling, and 
it contains tools to query and report time series. 
The syntax of the language is based on mathematical equations, which means that the 
operators can be used and combined the same way as in mathematical equations. Each 
equation assigns the value of an expression to a single output, which can be a single variable 
or a whole map (overlay). The spatial modelling language uses a structured script. A dynamic 
modelling script consists of separate sections, each of which has a specific function. These 
sections are described below. 
• The binding section regulates the database management of the files throughout the 

program. 
• The areamap section defines the geographical attributes of the model area and the spatial 

resolution (grid size). 
• The timer section regulates the duration and time interval of the model; the number of 

time steps is the duration divided by the time interval. 
• The initial section sets the initial conditions of the model, including maps and non-spatial 

attributes. 
• The dynamic section defines the operations for each time step i that result in a map of 

values for that time step. 
It is possible to build and run an iterative model interactively; model results can immediately 
be visualized, without the burden of data exchange. By changing the model or the model 
parameters in the script, different scenarios can be computed and compared. The results of 
these scenarios could be the start of hypothesis generation or testing (Wesseling et ai, 
1996a). Examples of a script can be found in the annexes of Chapters 7, 8 and 9. 
PCRaster is operational on both UNIX and MS-DOS (80486 or better) platforms, with the 
graphical modules working under XI1 and SuperVGA respectively. An 'evaluation version' 
limited to raster maps not exceeding 100^100 cells is available on the Internet URL: 
http://www.frw.ruu.nl/pcraster.html (PCRaster Team, 1998). 

3.2 Phenomenological description and modelling in GIS 

Descriptions of morphological phenomena were performed in IEMGA and PCRaster. 
Reference is made to Chapter 7 for an evaluation of both phenomenological descriptions in a 
real morphodynamic problem. The morphodynamic models in this thesis were written in 
PCRaster. 

Input 

The data consist of multi-temporal elevation maps. These were obtained by interpolating 
coastal profile data (JARKUS) for the Western and Central system, and by using laser-
altimetry data for the Eastern system. All data were imported in ASCII-format and 
subsequently converted to PCRaster format. 
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A number of maps in the PCRaster format are required to run the models , but all of these 
maps can be derived from maps containing height, z(x,y,t). The following groups can be 
discerned: 
• A group of maps that describe the morphology. These maps contain height, and 

sometimes its derivatives are used as well, e.g. slope was used to select areas where 
accumulative or erosive processes in the washover landscape could occur. 

• A group of maps that show landscape units. These units can be defined by expressing 
their borders in heights; e.g. the nearshore zone below the mean low waterline is the area 
below -1.2 m NAP (Dutch Ordnance Level = Mean Sea Level), the beach between the 
mean low waterline and the dunefoot is the area between -1.2 and 2 m, and the foredunes 
above the sudden increase in slope of the terrain that indicates the position dunefoot is the 
area higher then 2m. The maps with the landscape units were used when processes were 
confined by these units; e.g. longshore drift does not occur in the foredunes. 

• A group of maps that describe the sediment flow. The direction and pattern of transport of 
material through the map is given by the local drain direction (ldd): the ldd for each cell 
defines the cell's upstream neighbour cells from which material is transported, and the 
cell's downstream neighbours to which material is transported. This GIS neighbourhood 
operation has been used, for example, to indicate the directions of longshore movement. 

Modelling 

Modelling was based on multi-temporal comparison of elevation maps and on 
phenomenological description of the changes that occurred. Additionally, background 
knowledge from literature study and from the study of remote sensing images was used (Fig. 
2). The elevation changes in time were analyzed and explained in the form of empirical 
relations or behaviour of the system. Trends in morphological development were derived and 
expressed in PCRaster commands. The future morphology can be predicted under the 
assumption that the géomorphologie behaviour is understood. Validation was performed by 
comparing actual maps to predicted maps. The date of the prediction and the number of 
validation years can be changed by varying the dates of the input maps and by altering the 
number of timesteps in the model (optimalisation of At): modelling in PCRaster is an 
interactive process. 

The models consist of ASCII-scripts that contain common mathematical operations, 
modelling statements and functions, and GIS commands. Chapters (7, 8 and 9) contain 
models for the three geomorphological systems. Hard-copies of the actual ASCII-scripts are 
attached in the annexes. Some examples extracted from the scripts in the annexes of Chapters 
7, 8 and 9 are given below; these are the components from my morphodynamic models. 

Mathematical operations 
• arithmetic operators, i.a. +,- ,*,/ 
• trigonometric operators, i.a. atan 
• comparison operators, i.a. < =, > 
• logical (boolean) operators, i.a. and, or 
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GIS concepts used 
• data management, La. input of maps, areamap (setting location attributes), report (writing 

to the database) 
• neighbourhood spread operations, La. spread (buffer) 
• neighbourhood window operations, La. windowaverage 
• derivatives of elevation maps, operations with local drain direction maps, La. slope, 

aspect, ldd, lddcreate, pit, catchment, upstream, height derivatives 
• operations to segment and assemble maps, La. mask (can be created with logical 

operators), cover (overlay) 

Model concepts and functions used 
• data management, La. binding (declaration of variables), initial (setting of initial values) 
• logical operators, La. if... then ... else) 
• time operations, La. timer (counter), timeseries (array), timeinput (accessing the array 

timeseries) 
• operations in the dynamic part of the script, La. the use of loops (using the option 

timeinput) to simulate fluxes 

The models comprise the following geomorphologicalprocesses: 
• channel migration and migration of the western beachplain, 
• longshore transport, cross-shore transport, beach erosion and subsequent deposition on 

the beach (and foreshore), dune cliff erosion and subsequent deposition on the beach of 
Ameland's central North Sea coast, 

• erosion and deposition in the eastern washover-eyedune and saltmarsh landscape. 
• Examples of the scripts can be found as annexes to Chapters 7, 8 and 9. 

t1 t2 t3 = future 
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Figure 2. Multi-temporal comparison of elevation maps and remote sensing images for 
prediction of future morphology. 
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Output 

Chapters 7, 8 and 9 also present the modelling results, which give increased insight into 
sediment balances and are used to produce maps with predicted morphology (terrain heights). 
Sensitivity analyses and validations are reported in the same chapters. 

4 CONCLUDING REMARKS 

Recent developments in GIS science make it possible to study coastal morphodynamics with 
spatio-temporal GISs. This chapter lists la. some coastal geomorphological processes that 
can be simulated in a spatio-temporal GIS. The use of these processes in actual models can be 
found in Part 3 of this thesis. 

4.1 IEMGA versus PCRaster 

Two different GISs, IEMGA and PCRaster, have been used. They differ in their data 
structures, but also in their stage of development. The object-oriented IEMGA is more in a 
conceptual phase than the field-based PCRaster, which is already fully operational and tested. 
In addition, a difference in focus seems to have occurred during their construction. IEMGA 
focuses on the object definition and on the tracking of the changes of these objects, whereas 
PCRaster is primarily a dynamic modelling language. This difference in focus and in stage of 
development determines their practical use more than differences in the data model; both 
GISs are used for phenomenological description (see Chapter 7), but only PCRaster was used 
for (predictive) modelling. 
In this study, frequently something in-between objects and cells was used in the analysis. The 
object definition in the object-oriented GIS is purely based on imposing boundaries in the 
continuous field, while classification of landscape units by masking introduces an object-like 
approach to the field-based GIS (see group of maps that show landscape units, section 3.2). 
Therefore, one could say that the potentials of neither data models are optimally used. The 
use of imperfect data models is, however, rather common for many uses, and therefore 
Albrecht (1996) proposed to store objects and processes as attributes, to perform analyses on 
those attribute values, and to involve formal object definition only at the latest stage of a GIS 
project. 
In the analysis, the objects and cells have certain relations with their surroundings. The 
relations between objects are used for tracking changes in IEMGA (Fig. 9, Chapter 7). The 
relations between neighbouring cells are used for the streaming of sediments in PCRaster 
(group of maps that describe sediment flow, section 3.2). 

4.2 PCRaster for modelling coastal morphodynamics 

Nowadays, spatio-temporal GISs (in this case PCRaster) are being used for catchment 
analysis, and in particular for water balance modelling, soil erosion modelling for drainage 
basins, and for hydrological runoff modelling (e.g. RHINEFLOW, Van Deursen & Kwadijk, 
1993; LISEM, De Roo et al., 1994; De Roo et al., 1996a and De Roo et al., 1996b; and 



CATSOP, Karssenberg et al, 1997). However, these models use predefined stream 
directions. Dynamic fields (vector and tensor fields) are obtained by differentiating 
continuous surfaces that represent some form of potential. Vortex fields in fluids are sets of 
directed vectors derived from differences in energy potential. Drainage nets on digital 
elevation models are directed vectors indicating potential hydrological flow paths. By 
analogy, similar kinds of directed vectors can be derived for other kinds of potential surfaces 
(Burrough, 1996a). 
In coastal morphodynamical research, one is confronted with several gradients that determine 
sediment transport gradients (e.g. hydraulic gradients). In addition, the three investigated 
sand-sharing systems have open boundaries, so several sand suppliers, currents and driving 
forces from outside of these systems also influence the sediment transport gradients. As a 
consequence, the resultant sediment transport gradients cannot automatically be derived 
from, for example, a DEM, but they have to be enforced upon this system by an expert. In 
this respect, the interactivity in the use of PCRaster (interactive programming) is an 
advantage. Various practical questions arise when working with PCRaster in a behaviour-
oriented sediment-budget approach (Chapter 5), for example, questions concerning the 
location of the sediment. 

4.3 Decision support Systems 

Future developments in the integration of GIS and models have been foreseen by Steyeart 
(1993), who predicted a continuation of the integration along at least two major themes -
database issues and analysis and modelling issues; and by Fedra (1993), who saw possibilities 
for the integration of models and GIS in a spatial decision support system. In the latter 
approach, the modelling tool and the GIS are important components or modules within a 
system that can generate a certain number of alternative solutions for a spatial problem. 
Additional research to the current state of the art of these developments might be interesting 
for coastal researchers, especially when these decision support systems could assist in 
evaluating coastal behaviour and its consequences for coastal management. 
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PART 3 

GEOMORPHOLOGICAL INVESTIGATION 





CHAPTER 7 

THE EVOLUTION OF THE NORTHWESTERN BEACHPLAIN 
AS A RESULT OF THE MIGRATION OF CHANNELS AND 
SHOALS OF THE EBB-TIDAL DELTA 

ABSTRACT 

The Wadden islands are partly protected by ebb-tidal deltas. The spatial 
pattern of channels and shoals on these deltas is important for the coastal 
morphological development of the extremes of these islands. An extensive 
beachplain with a large swashbar occurs at the head of Ameland. Recent 
changes of Ameland's northwestern beachplain are cause for concern for 
management. Yearly elevation data for the past 11 years (1985-1996) were 
interpolated to create elevation maps. Two spatio-temporal GISs have been 
used to describe the long-term development of this beachplain: a field-
based GIS and an object-oriented GIS. The description resulted in the 
differentiation of three phases in the morphological development of the 
beachplain. The beachplain shows a regular development within these 
three phases, although it is irregularly cyclic in the long-run. Prediction 
based on long-term historical trends is therefore difficult. However, in the 
last phase a decrease in activity was noted, because of a lack of erodible 
sand; in the past, Ameland's west coast has been stabilized with groynes. 
This state of inactivity might come to an end when a new phase begins, 
e.g. by the amalgamation of a shoal to the beachplain. A sequence of storm 
floods could change the stable situation for the swashbar; causing the 
landward migration of the swashbar and the filling of the lagoon. 

Submitted in an adapted form. M.A. Eleveld. The evolution of a beachplain related to the 
migration of channels and shoals on the ebb-tidal delta. Journal of Coastal Research. 
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1 INTRODUCTION 

Beachplains are present on Ameland's westerly and easterly extremes. These beachplains can be 
seen as extensions (or as the outer lobes) of the ebb-tidal deltas. Presently, many changes with 
severe consequences for management can be perceived on Ameland's northwestern beachplain 
(Waterloopkundig Laboratorium & Rijksinstituut voor Kust en Zee, 1996). These changes of the 
beachplain are related to processes in the ebb-tidal delta. 
The research objectives described in this chapter are, to describe and to predict the evolution of 
the northwestern beachplain based on a geomorphological survey and on an automated 
approach. This chapter focuses on the behaviour of the beachplain. Much is already known 
about the relationship between the beachplain and the behaviour of the ebb-tidal delta, its shoals 
and its channels. This will be covered by two short literature reviews, which are presented in 
sections 1.1 and 1.2. Parametrisation (the attempt to describe and predict coastal behaviour with 
certain parameters) and the use of empirical knowledge are only possible when the link between 
the beachplain and ebb-tidal delta is also made. Section 1.3 introduces the behaviour of the 
beachplain itself. The present study mainly focuses on the use of the description of the 
beachplain itself as a basis for prediction, while the precise physical interpretation and 
explanation remains to be resolved. 

1.1 Ebb-tidal deltas, inlets and backbarrier area 

Tidal inlets play an important role in nearshore processes; they provide the link between the 
open sea and the protected embayments behind the barrier islands, exchanging water and 
sediments. Inlets play a major role in sediment budgets and shoreline erosion, because they 
interrupt the continuity of shoreline processes. Tidal inlets have been scrutinized for many 
years. Early work by O'Brien (1931), Escoffier (1940), Bruun and Gerritsen (1959) and others 
has paved the way for a better understanding of tidal inlet performance and behaviour. As with 
many coastal systems, however, tidal inlet behaviour is complex and hence poorly predictable 
from first principles (in a deterministic way), relying heavily on empirism instead (Aubrey & 
Weishar, 1988). 
Some of the empirical mathematical equilibrium equations describe the size of the entire ebb-
tidal delta (the ebb-tidal delta as an entity) in relation to the inlet and back-barrier area. Important 
hydrodynamic parameters in these geometric relations are: ebb and flood volumes, tidal prism 
and sinusoidal discharge and, mean and maximum current velocity (Biegel, 1991; Lambeek, 
1993). These parameters reflect the influence of tidal forces on inlet geometry; the wave-driven 
component is ignored. 
Walton and Adams (1976) found that the volume of the ebb-tidal delta can be related to the tidal 
volume. The multiplication factor in the relation differs for different classes of mean wave 
height and mean wave period. The volume of the ebb-tidal delta depends on both the tidal 
volume and the wave intensity. 
Others see the inlet system as an interplay of forces trying to close (fill in) the inlet (e.g. littoral 
drift), and those which keep the inlet open (e.g. tidal current amplitude) (Van de Kreeke, 1996). 
The wave-driven component is acknowledged with the incorporation of littoral drift. 
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The significance of the large-scale behaviour of the Ameland's ebb-tidal delta is recognised; 
the total volume of the ebb-tidal delta will correlate somehow to the total volume of the 
beachplain, but the behaviour of forms in the delta (channels and shoals) is also of importance 
for the evolution of the beachplain. This will be discussed below. 

1.2 Channels and shoals of the ebb-tidal delta 

The following sediment transport processes are quantitatively important as driving forces behind 
the behaviour of channels on the ebb-tidal delta: 
• sediment transport by tidal currents in the channels; 
• wave-driven longshore transport; 
• wave-driven cross-shore transport; 
• sediment transport by tidal currents over the shoals (Allersma, 1993). 
The interactions can be simplified even further to tidal action perpendicular to the coast, and 
wave driven sediment transport parallel to the coast. 
However, both Allersma (1993) and Huijs (1993) pose that channel displacement on the ebb-
tidal delta can also be an autonomous phenomenon; a channel can change because of the spatial 
association of channels and shoals by the internal dynamics of the system, without a change in 
external process parameters. 
The behaviour of forms in the delta can be approached from two points of view: the migration 
of channels, and the migration of shoals. Allersma (1993) questions whether the channels 
migrate (by water movement in the channel) or the shoals migrate (by wave driven currents). 

The channels move by: 
• meandering; 
• widening and narrowing; 
• shifting sideways (sediment bypassing); 
• rotating; 
• changing in length. 

Some empirical relations are known concerning channel geometry and water movement (flow) 
and their connection to sediment transport: 
• tidal volume can be related to channel cross-section; 
• sediment transport can be related to current velocity and to depth; 
• the radius of the meander bend can be related to the width of the channel; 
• secondary processes have physical relations with sediment transport. The water movement 

differs both along and perpendicular to the current. Also the sediment movement differs 
from a simple translation along the axes of the channel suggested by working with the mean 
velocity. In addition the tidal movement is not purely symmetrical. Thus secondary 
processes occur along the channel, perpendicular it and as a result of asymmetrical residual 
currents (Allersma, 1993). 
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Systems analysis of channel migration on the ebb-tidal delta allows geometric information to be 
combined with knowledge of the local water movements. The influence of several physical 
processes within this system can be discriminated: 
• the 'tidal drive' (original term is 'motorisch vermogen', by Van Veen, 1936) 

A tidal channel will adopt a position so that the maximum hydraulic gradient in the slope of 
tidal water levels will be achieved. 

• jet-effect (original term is 'dynamic diversion', by Todd, 1968) 
The displacement of the shore parallel currents due to the outflow jet; the ebb jet is a 
hydrodynamic obstacle for the longshore transport and causes sediment accumulation 
upstream of the channel outlet. 

• sediment bypassing (Bruun & Gerritsen, 1959; FitzGerald, 1988) 
The longshore transport of sediment over the ebb-tidal delta and across the inlet channels 
caused by wave-driven sediment fluxes and by tidal currents. 

• secondary flow 
A hydraulic gradient towards the inner bend of a channel perpendicular to the main current, 
which forms in reaction to the centrifugal force (directed towards the outer bend). The 
Coriolis force can be an important component in secondary flow, but changes with the 
direction of flow (Berben, 1986). 

For the latter two processes, empirical formulas have been developed by Bruun and Gerritsen 
(1959) and by Van Rijn (1990), respectively. Huijs (1993) made a conceptual model which 
describes the development of some main channels in relation to these physical processes with 
observed long-term channel migration data. 

Shoals move as a result of erosion and sedimentation by: 
• a channel; 
• transport over the surface and along the boundaries of the shoal itself. 

Shoals are more than just a fill-up between channels. Indeed, the shift in channels due to 
sediment bypassing indicates an active role of the shoals in the morphological interaction of the 
forces. Various processes play a role in water movements and the transport of sand over the 
shoals. Tidal currents (currents as a result of a hydraulic gradient) dominate in deep water. In 
shallow water, however, these currents play a role together with the orbital movement and the 
residual currents of waves. Drift currents only play a role during strong winds and when other 
factors are weak. 

Allersma (1993) concludes that there is a need to describe morphological units, such as channels 
and shoals, in their association and movement with characteristic parameters. Furthermore, he 
states that modelling is only feasible at a high aggregation level; if possible without simulation 
of detailed sediment transport. One of the options mentioned is extrapolation of historic 
development, possibly supported by knowledge of the movement of water and sediments. In the 
present study, a prediction based on sequential analysis of digital elevation models (DEMs) will 
take place. 
Finally, Allersma (1993) showed the limited capacity of combinations of models in trying to 
predict step-by-step what does not behave 'unambiguously' in nature. The natural processes are 
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steered by relatively weak resultant forces and are therefore sensitive to disturbances. Reactions 
of the system to human influences are more forceful (forced behaviour) and are therefore more 
suitable for modelling. Existing models can show initial morphological tendencies after 
interference (e.g. Van de Kreeke, 1996). These models used are not per se suitable for 
simulating natural processes in the long run. Ribberink & De Vriend (1995) acknowledge that 
the formation, migration and extinction of channels and shoals are not forced by any boundary 
condition or human interference: it is a manifestation of the system's inherent behaviour, which 
is the result of a subtle interaction between the constituent processes and bed topography. 
Modelling this behaviour is therefore not the same as modelling the impact of man-made works. 
However, process-based concepts can be used to reproduce channel/shoal dynamics; it might be 
possible to design a behaviour-oriented network model that includes channel migration, but this 
is still far from realisation. 

For the current study, the following limitations must be acknowledged: 
• Most of the channel data available are concerned with main flood channels between the 

islands. 
• The migration of channels and/or shoals can be seen as the resultant driving force behind the 

change of the northwestern beachplain. However, no consistent theory has been formed for 
either resultant driving force, although some mathematical empirical relations for individual 
sub-processes are known. Therefore, the use of resultant driving forces for qualitative 
prediction of the evolution of the beachplain is hampered. 

Fig. 1. shows the research location. Fig. 2. gives an overview of processes acting on an ebb-tidal 
delta, and Fig. 3. shows the actual changes that occurred in the Borndiep area from 1980 to 
1990. In 1980 the ebb-tidal delta was directed to the NE. The delta was characterized by the 
presence of two major channels: Westgat (north of Terschelling), and Akkepollegat (in the 
elongation of the inlet), separated by Korfmansbult. East of Akkepollegat a triangular swash 
platform (Bornrif) was located at average depths of-1.2 to -5 m below NAP. Closer to the island 
this swash platform undergoes transition into Ameland's northwestern beachplain (-1.2 to 2 m). 
In comparison, in 1990 the ebb-tidal delta was oriented north. On the delta one clear channel, 
Westgat, and two less prominent channels, Akkepollegat and a new flood channel (or flood 
platform), were present. Korfmansbult had become less distinct. The new flood channel divided 
Bornrif into two parts. A smaller northwestern beachplain was still present in the NW of 
Ameland. 

Figure 3 shows the morphological changes over the period 1980 - 1990 (dif9080), i.e. erosion of 
the eastern part of the ebb-tidal delta, and accumulation on the western part. A reorientation of 
the inlet channel and of the channels on the ebb-tidal delta had occurred. Westgat and 
Akkepollegat had been filled and Korfmansbult eroded. Erosion had divided Bornrif, creating a 
new flood channel. The northwestern beachplain had eroded in the northwest and extended 
eastwards. (Although outside the focus of this chapter, changes occur in the flood-tidal delta, as 
well.) 
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Figure 1. Location and configuration of the ebb-tidal delta, 1990. 
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Figure 2. Processes acting on the ebb-tidal delta (Hoekstra, 1995). 

100 



-5.2 
-9.3 

-13.5 

-21.7 

r'3 
17.5 

13.4 

Figure 3. Changes in the Borndiep area (1980-1990). (Values in m + NAP.) 
The contour lines of topographical maps with data from 1980 and 1990, respectively were 
digitized, between the RD-coordinates X: 160.000-178.000 and Y:600.000-615.000. The digitized 
contour lines were converted to DEM's by inverse distance interpolation (Van der Linden, 1997). 
The 1980-DEM was subtracted from the 1990-DEM to derive the geomorphological changes. 

1.3 Beachplain 

The beachplain is influenced by the behaviour of the ebb-tidal delta, which is characterised by a 
radial pattern of migrating channels and shallows. Fig. 4 shows the effects of these migration 
processes and longshore transport on the western beachplain. The beachplain, once created by 
the fusion of a shoal (shallow) is being eroded by the migrating channel that has reached the 
western part of the beachplain. The beachplain is being extended eastwards (Eleveld, 1996). 
The beachplain consists of a swashbar (sometimes also called a 'spit') with a lagoon (locally also 
known as 'binnenmeer' or 'zwin') behind it. The borders of the lagoon and the small channel 
between the end of the swashbar and the beach erode the beach and dunes. 
During high tide, the beachplain is flooded. The (relatively high) swashbar protects the inner 
beach. The waves dissipate on the swashbar, so the sediment can settle and there is accumulation 
on the inner beach. During low tide, the water of the lagoon flows out through a small opening. 
The concentrated flow erodes the beachplain. Meanwhile the end of the swashbar continues to 
migrate with the longshore current and to extend eastwards. Since 1996, two channels can be 
distinguished between the end of the swashbar and the beach: one for inflow (flood channel) and 
one for outflow ( ebb channel). 
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A literature study of similar features was conducted in order to predict future behaviour. 
A sand spit is defined as a form constructed by littoral drift of sand into the open water of a bay 
(Pethic, 1984; Carter, 1988), where sudden changes in wave energy occur (Pethic, 1984). Spits 
develop under a certain hydrological regime; they are coastal landforms related to meso- to 
micro-tidal conditions. In case of diminishing sediment supply spits may be breached or become 
beheaded (Carter, 1988). 
For Ameland's easterly neighbour, Schiermonnikoog, Biegel and Hoekstra (1995) pointed out 
that the sandy appendix of the beachplain has to be generated by typical spit-forming processes, 
i.e. longshore drift, in order to be able to call it a spit. As this is not the main process in the 
Ameland case (see below), the term swashbar is preferred. Some theories on the development 
spits, e.g. their reaction to diminishing sediment supply, may be useful when considering the 
swashbar, because of the close similarities between spits and swashbars. 
Wave-induced sediment transport in the wake of the beachplain created a lagoon. Hoekstra et al. 
(1996) have shown how a positive gradient in longshore transport in the wave shadow of the 
ebb-tidal delta may be responsible for structural erosion of the coast. In the deeper areas of the 
transects close to the ebb-tidal delta, longshore sediment transport is significantly larger than in 
the more remote (easterly) profiles, due to the effect of breaking waves on the ebb-tidal delta 
shoals. Consequently, less energetic waves will enter the nearshore zone; the longshore sediment 
transport in this part is smaller. Therefore, sediment transport decreases from west to east in the 
deeper areas, but it increases from west to east in the nearshore zone. This causes accumulation 
offshore, and erosion in the nearshore zone, which stimulated the formation of a lagoon. 

The behaviour of the beachplain can be described in several ways: geomorphologically by 
interpreting the multi-temporal remote sensing imagery (see above) or elevation maps; but also 
mathematically by assigning 'processes' (changes) such as shift, split, merge and expand to 
landscape units (Cheng et ai, 1997). 
For wise management of the coast, there is also a need for prediction. In the past, hard structures 
and nourishments were used southwest of the beachplain to prevent further inlet migration. In 
1980, sand from the beachplain near RSP 3 (PR 3 in Fig. 4a) was extracted for nourishment of 
Ameland's Central North Sea coast. This created a pit in the beachplain that could be perceived 
for many years afterwards. For several years (1989-1995) rapid erosion occurred near RSP 3. 
The foredunes in this region are quite broad. The most seaward row of dunes comprises a 'stuif-
dike' with two 'carves'. There was a chance that the dune valley 'Lange Duinen' would be 
inundated by the sea. This is however an ecologically important area as it is. Therefore the 
management was in a dilemma: to allow the natural coastal processes and thereby destroying the 
existing nature, or to stop the natural coastal processes. Then, the erosion had slowed down. In 
1996, the beach was nourished from RSP 7 (PR 7 in Fig. 4a) to 11 (4 km to the east of post 7). 
At the moment (1998), the management is confronted with questions concerning the future of 
the lagoon behind the swashbar in relation to touristic activities. Will the area be safe for 
swimming the next summer? There have been small interventions in the present situation by 
digging through the end of the spit, and by relocating a beach-cafe near RSP 7. The research 
question is therefore: is it possible to predict the behaviour of the beachplain from the 
descriptions? 
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Figure 4. Changes of the northwestern beachplain (1989-1995). (a) Horizontal changes on 
a backdrop rectified SPOT-PAN image of 1989. (b) Vertical changes along two transects. 
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2 METHOD 

2.1 Data 

JARKUS data from 1985 to 1996 were used for analysis of the behaviour of the beachplain. 
JARKUS data are elevation data and are measured each year by Rijkswaterstaat, Department 
of Transport, Public Works and Water Management. Every 200 m along the coast, the 
elevation is measured at 5 m intervals along a cross-shore line starting at about 800 m 
seawards to 200 m landwards from the first ridge of dunes. See Fig. 4 for examples of some 
profiles. Digital elevation models (DEMs) with a cell size of 60 m><60 m are created by 
inverse distance interpolation of the elevation data with the computer program Surfer. These 
DEMs were imported in two spatio-temporal GISs. 

2.2 Description and modelling 

Two spatio-temporal GISs were used to describe and predict the evolution of the beachplain: 
PCRaster, a field-based GIS, and IEMGA, an object-oriented GIS (Chapter 6). 
In PCRaster, the DEMs were analyzed by visual comparison, supported by manipulations 
such as subtraction of the maps of subsequent years to illustrate the changes between the 
maps. 
In addition to this raster-based approach, an analysis based on landscape units was 
performed. The higher aggregation level simplifies analysis, because it eliminates some of the 
noise. Based on elevation, several landscape units were defined. The beachplain (unit) was 
selected for each map (i.e. each year), and a temporal volumetric analysis was performed. 
The landscape units can also be treated as objects in IEMGA, an object-oriented GIS. This 
allows changes in objects (i.e. landscape units) to be determined. 

The information gathered was subsequently used for prediction, firstly in a raster structure 
and then in an object structure. 
PCRaster has a dynamic modelling component (Van Deursen, 1995; Karssenberg, 1996; 
Chapter 6). Models have been developed in PCRaster for the prediction of changes along the 
coast as a result of coastal processes. The DEMs are used as input maps. 
• Several runs of a preliminary model for short-term prediction (five years maximum) were 

made (See Annex 1 for an example of the computer code of one simple model). After an 
examination of the data from 1993 to 1995, the active parts of the landscape, i.e. the 
shallow shoreface and the beach, were separated from the relatively inactive landscape 
unit, the foredunes in 1993. It was observed that the sediment had moved in westerly 
direction between 1993 and 1995. Subsequently the dynamic westerly sediment 
movement was simulated. The actual 1993 elevation map served as input for the model. 
The model was run with a varying number of timesteps (run duration). Following this, the 
model results were compared with the actual maps of 1993 to 1995 and an extrapolation 
to 1996 was made. 

• Then several approaches for long-term prediction were tested (e.g. by Van der Linden, 
1997) by making models that simulate changes in sediment budget by exclusively altering 
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the heights of cells (changes in a vertical direction only), and with a model that includes 
the overall flow pattern of the currents. 

Cheng et al. (1997) and Cheng and Molenaar (1997) have developed a spatio-temporal GIS 
shell to support coastal environmental modelling. The database of a prototype system, 
IEMGA (Integrated Environmental Modelling and GIS Application) allows tracking of 
objects and their processes. Figure 9 presents a diagram of these changes and the suitability 
of the method for prediction is described in section 3.2. 

3 RESULTS 

3.1 Description of the changes 

A compilation of elevation maps (Fig. 5) shows the evolution of the northwestern beachplain 
from 1985 to 1996. Three stages (phases) in the evolution can be distinguished: 
• The redistributing phase (1985-1989) 

In 1985, the beachplain was relatively large and was connected to Bornrif in the 
northwest. Higher and lower areas exchanged sediment over this platform (Fig. 5 & Fig. 
3). On the western side, the tidal inlet was present; its maximum depth was 25 m. 

• The curving phase (1989-1995) 
On the outer edge of the beachplain, a swashbar was formed. In following years, the 
swashbar rotated clockwise until, in 1990, it became aligned with the beach. From then 
on, the spit has been moving to the east and it is approaching the beach: the western part 
of beachplain erodes and the sediment is deposited in the east. 

• The compacting phase (1995-1996) 
The western part of the beachplain was eroded because the tidal inlet moved to the east, 
due to a shift in the position of the main flood channel (see Fig. 2). The tidal inlet was 
unable to erode the beachplain much further, because this area is stabilized with groynes. 

A series of'change maps' (Fig. 6), viz. maps of the morphological changes that have occurred 
in subsequent years, shows the spatial redistribution of sediment over the years. Therefore it 
provides insight into the evolution of the beachplain. From 1985 to 1989 much activity 
occurred in the east. However, major changes were alleviated in the next period; e.g. areas 
which had accumulated between 1985 and 1986 were eroded in the next period (1986-1987). 
For 1989 to 1992 accumulation can be seen in the northeast. From 1992 to 1995 erosion 
occurred from the southwest to the centre of the maps (along the beachplain). The main 
erosion between 1991 and 1992, 1992 and 1993, and 1994 and 1995 results from bar 
movement (see Fig. 7, transects) that accompanied the migration of the channel. From 1995 
to 1996 the area was relatively stable. 
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The changes have also been studied on a landscape-unit level. The following boundaries are 
proposed relative to the Dutch Ordnance Level (NAP): 
-10 m = the boundary of the ebb-tidal delta (see also Sha & Van den Berg, 1993), 
-5 m = channel boundary, the boundary between the channel and the shoal/foreshore, (It is 
common practice to define the channel boundary at -5 m. However the boundary could also 
be chosen at -3 m for shallow water, near the head of the island (Huijs, 1993)), 
-1.2 m = MLW. (mean low water level), the boundary between the shallow shoreface and the 
beach, 
2 m = dunefoot, the boundary between the beach and the foredunes. 
The proposed criteria are based on height. Other factors can also be of importance. Position 
can be important on a landscape-unit level; e.g. it depends on position whether a certain area 
is a shoal or a beachplain. 
The development of the beachplain is of primary interest. Fig. 8 shows a decreasing trend in 
the volume of the beachplain from 1985 to 1988. This trend changed suddenly in 1989, 
possibly because of the addition of sediment by amalgamation of a small marginal shoal (see 
section 4, Discussion and conclusions). From 1989 to 1992 beachplain volume was high. 
After 1992 the volume decreased rapidly, slowing down in 1995. At the end of the data 
range, in 1996, the minimum value over the whole period was observed. However, this does 
not necessarily mean that the total volume of the beachplain actually decreased, as a part of 
the beachplain, the spit, had moved out of the mapping region. The volumetric changes also 
reflect the shift of the beachplain through the mapping region; maximum volumes occur 
when the beachplain was located in the middle of the mapping region. 
Following Claramunt and Theriault (1996), in their semantic description of processes, Cheng 
et al. (1997) and Cheng and Molenaar (1997) used landscape units to describe spatio-
temporal processes from an object-oriented approach (Raper & Livingstone, 1995). In map 
format, information is not always needed at pixel level to track coastal changes. Fig. 9 shows 
changes (e.g. shift, split and merge) that can be perceived at this higher aggregation level, in 
which the landscape units are treated as objects. Five objects (channel/shallow shoreface, 
beachplain, foredunes, dune valley and lagoon), which occupy certain regions, were present 
over the period 1989 to 1993. It were mainly the first three objects (channel/shallow 
shoreface, beachplain and foredunes) that shifted. In 1990 a new Object 4 (dune valley) 
appeared. It had split from Object 3 (foredunes). In 1991 it disappeared again by merging 
into Object 3. In 1992 Object 5 (lagoon) appeared (within the spatial extent of Region 3); it 
had split from Object 1 (beachplain) and it had expanded between 1992 and 1993. 
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3.2 Prediction of the changes 

Prediction with PCRaster 
• The runs with the preliminary model showed that short term prediction of morphology 

within one of the phases was possible (Fig. 10). When the example of a model for short-
term prediction (Annex 1) was run with the data of 1993 as input, then the actual situation 
in 1994 agreed with the modelling result of 3 timesteps; 1995 agreed with 5 timesteps. 
Based on this trend, the morphology in 1996 could be predicted by taking 6 or 7 
timesteps. In reality, 5 timesteps would, again, have given the best approximation. Errors 
occurred in the prediction of 1996, because of the compaction effect (in 1996 the 
compacting phase had already started). Furthermore, over this period the effect of a small 
southern displacement, in addition to the prominent western displacement, became 
apparent. 
Several approaches for long-term prediction were tested (e.g. by Van der Linden, 1997). 
Models that simulate changes in sediment budget by changes in the vertical direction 
only; horizontal movements are not incorporated in the models. However, no overall 
pattern of loss or gain of sediment was found in parts of the area; the measured elevations 
in one area changed, for example, from a high sediment loss in one year to a large gain in 
the next year, followed by a small loss in the following year. Therefore, a model that uses 
the average annual change in the area was thought to be best. This is produced by 
calculating the differences between the real elevation maps from 1985 to 1996. The 
'change maps' are then averaged. The 'average change map' shows the mean annual 
changes in the area. With this map, the elevation for each year is calculated by adding the 
average change map (several times) to the elevation map of, for example, 1985. This gave 
unrealistic results, especially when maps for years after 1989 were used as the input map. 
Finally, a model that included the overall flow pattern of the currents was made. In the 
northeastern part of the study area, an east-southeasterly current was flowing alongshore 
(Fig. 2). In the southwestern part, a southerly or southwesterly current was present 
resulting from the flood stream in the tidal inlet. Hence a diverging flow pattern appeared 
in the northeast. The sediment from this area will, therefore, also diverge. In the flow-
patterns model, a number of problems arose. 

• First, in the area of diverging flow patterns, a large area with 'missing values' 
(i.e. a total depletion of sediment) developed. 

• Secondly, as a result of sediment replacement, the flow patterns changed from 
year to year. The PCRaster modelling module cannot automatically adjust the 
flow pattern if it is not based upon flow as a result of elevation differences. 

• Finally, the morphology and the processes changed over the years. For example, 
in 1985 the spit on the northern corner moved to the NNE. Since 1989, this spit 
has been bending to the east and moving parallel to the coast. These changes and 
the change in processes could not be included in the model. Thus, a model made 
in PCRaster that includes flow patterns could not be used for long-term 
prediction of elevation in this area. 
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Figure 10. Result from the preliminary model: (a) actual situation in 1995, (b) predicted 
situation in 1995 and (c) the predicted situation in 1996. (Values in m + NAP.) 

Therefore, although it is possible to extrapolate a trend, long-term prediction is arduous, 
because it is not known when the inflexion point in the trend occurs. A particular problem in 
using PCRaster to model horizontal movements of sediment is the creation of 'missing 
values'. This was also a problem when flow patterns were used. The alternative, i.e. exclusion 
of the horizontal component, by modelling budget changes in vertical direction only, also did 
not work. 

Possibilities for automated prediction with IEMGA 
The description of the processes (Fig. 9) has been evaluated according to its usefulness for 
prediction. Shifting was registered for the channel/shallow shoreface, beachplain and the 
foredunes. This is in contradiction with the previous approach (prediction with PCRaster), in 
which the latter object was taken as relatively stable (for the prediction). In IEMGA, 
relatively small changes in region are recorded as shifting. 
Between 1989 to 1993, two objects split off. The dune valley (Object 4) split off in 1990 and 
merged into the foredunes again the year after. In reality the valley is relatively stable; it has 
not become much deeper; a measurement or interpolation error will have caused a slight 
change in height. Although they are included in the database, processes for this object should 
not be used for prediction. 
The second object that split off was the lagoon. The splitting off and expanding of the lagoon 
was registered and can be used for prediction. Actually, a continuation in the trend of 
expansion occurred and coastal managers are waiting for this unit to merge into Object 1 (the 
beachplain) again. 

4 DISCUSSION AND CONCLUSIONS 

Recently, Ameland's northwestern beachplain has changed drastically. Literature study 
revealed that the behaviour of this beachplain is related to the migration of shoals and 
channels in the ebb-tidal delta, and that it is associated with the behaviour of this delta. This 
section indicates how the results of the present study are linked to this larger framework. 

112 



4.1 Description and prediction of the beachplain 

This chapter shows that three phases of development of the beachplain, each with its own 
behaviour, can be identified. 
• The behaviour of Phase 1, Redistributing, 1985-1989, can be explained by looking further 

back in history. A marginal flood channel ('kortsluitgeul'), which was formed on the 
swash platform, close to the island, has been closing since 1977. In 1980, sand was 
extracted from the channel. The influence of this pit on the patterns on the beachplain can 
be seen until 1989. On the undulating terrain, higher and lower areas exchanged sediment 
over a northwest-oriented swash platform that is connected to Bornrif. 

• The sudden change in behaviour in 1989 that resulted in Phase 2, Curving, 1989-1995, 
can be explained by the behaviour of a shoal on the ebb-tidal delta. In 1989, a large 
amount of sediment was suddenly added to the beachplain (see Fig. 5). This was caused 
by the amalgamation of a small marginal shoal with the beachplain (Noordstra & Van den 
Boogaart, pers. comm.; Israël, pers. comm). In following years the swashbar rotated 
clockwise until, in 1990, it was aligned with the beach. From then on the swashbar has 
been expanding eastwards and it is approaching the beach. Where the sediment necessary 
for this expansion came from will be explained in the following sub-section 'The 
swashbar and the lagoon'. 

• The behaviour of Phase 3, Compacting (compressing), 1995-1996 can be explained by 
coastal protection measures. The western part of the beachplain was eroded because the 
tidal inlet and the main flood channel shifted eastwards (see Fig. 3). The tidal inlet cannot 
erode this part of beachplain much further, because this area is stabilized with groynes. 

This chapter demonstrates that it is possible to predict coastal development within a certain 
phase. Longer term prediction, covering several phases, is more difficult because of the non-
linearity of the processes. Around tidal inlets, sediment bypassing and shoal migration 
commonly lead to periodical inputs of sediment into the coastal system and -logically- to a 
seaward displacement of the coastline (Figs. 11a & lib). In this study, the influence of the 
addition of sediment by amalgamation of a small marginal shoal can be seen on the elevation 
maps of 1989 and later. 
External factors can cause a change in these long-term trends, so their influence also has to be 
assessed when these trends are used for long-term prediction (decadal). Factors which have 
been considered in the Ameland case are: sea-level rise, coastal management, subsidence as a 
result of gas extraction, and silting up of the Wadden Sea by sedimentation (Klomp, 1997). 
Perhaps, the geometry of the ebb-tidal delta changed, e.g. as a result of eastwards 
displacement of the eastern tidal divide (Elorche, 1983). 
In addition to this geomorphological interpretation, an automated approach of tracking 
processes was studied. The IEMGA database registered not only coastal change, but also 
processes that were not considered important for the coastal development, e.g. the splitting 
off of the dune valley. The automated object-oriented registration of processes (changes) also 
offers possibilities for prediction. 
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Figure 11. Long-term trends, (a) Historical shoreline records of Schiermonnikoog (Hoekstra, 
1995). (b) Historical shoreline records of Ameland's northwestern beachplain (after Klomp, 
1997). 

The swashbar and the lagoon 
Erosion of the western part of the research area and eastwards extension of the swashbar have 
been observed in this study. So far, the discussion has mainly focused on erosion of the 
western part of the beachplain; the specific behaviour of the swashbar has not yet been 
described. In this subsection the behaviour of the swashbar is discussed in a broader 
perspective. 
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In the Introduction to this chapter, it was reported that a flood channel (flood platform) 
approached the research area in 1990. This caused the eroded sediment to be washed into the 
Wadden Sea, where it accumulates on shoals and tidal flats. In addition, the Introduction 
reported that longshore transport is relatively small in this region. Nevertheless there has been 
an expansion of the swashbar. Noordstra and Van den Boogaart (pers. comm.) interpolated 
'vaklodingen', i.e. soundings covering the entire ebb-tidal delta, inlet and most of the 
backbarrier area, to create elevation maps for the KUST*2000 project. The maps for 1993 
show the expansion of a large supra-tidal shoal that is located halfway between Terschelling 
and Ameland (see Fig. 1). It was almost connected with Korfmansbult in 1993 (a -5 m limit 
was used to delineate the shoal). The supra-tidal shoal became part of the drainage divide. 
Therefore, the inlet was actually divided into two smaller systems. These inlet systems 
comprised Boschgat, connected to Westgat in the west; and the larger Borndiep, connected to 
Akkepollegat and the flood channel in the east. Thus, ebb-transport also occurred through this 
formerly flood-dominated channel. The ebb transport in a seawards direction makes sediment 
available for longshore transport and sedimentation along the swashbar. This is in accordance 
with Steijn's (1991) theoretical considerations of the influence of tide and waves in the 
transport of sand on tide dominated delta's. 

In the mean time, coastal managers are waiting for the swashbar to migrate landward by 
reduction of the arch of the swashbar, and for the lagoon to close. Ameland has not 
experienced a period with many severe storm surges since 1992. This could be a reason for 
the regularity in the development of the swashbar. 
In 1997, the swashbar became connected to the beach. A -1.2 m (MLW) limit was used as 
lower boundary to delineate the beach. The attachment point migrated westwards between 
1996 and 1997. At present, the situation is relatively stable. Nevertheless, the sea is still 
filling the lagoon through a small channel during flood tide, and the lagoon is drained 
through another small channel at ebb tide. These channels, which are located at the 
attachment point, close to the foredunes, still erode the beach. The lagoon functions as a 
(temporary) retention reservoir. Larger developments, however, seem to favour stabilisation. 
From 1996 onwards, Borndiep seems to have chosen a western outflow. The shoals of the 
delta are migrating westerly. Extra sediment will flow in the direction of the attachment 
point. Therefore, in the long-run the lagoon might silt up. This will cause the channels to 
close as well. In the end, the vast beachplain will migrate westwards. The resulting accretion 
will be preceded by some erosion as a result of the wave shadow of the ebb-tidal delta 
(Hoekstraetal., 1996). 

When looking at Ameland in its spatial context as one of the Wadden islands, it appears that a 
similar beachplain with a differently oriented swashbar occurs on Schiermonnikoog (Biegel 
& Hoekstra, 1995). That similar features occur, can be expected because of a similar 
hydrological regime and coastal setting (large-scale morphological system). The difference in 
direction of the swashbar might be explained by the difference in tidal dominance of the 
channel bordering the swashbar and by the direction of longshore drift. The swashbar on 
Schiermonnikoog is influenced by a southerly-directed flood-dominated channel and by a 
southwesterly-directed longshore drift (Biegel & Hoekstra, 1995). The swashbar on Ameland 
is influenced by northwesterly directed ebb channel; the longshore drift is relatively weak. 
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This implies that a differently-oriented swashbar could cause Ameland's beachplain to 
expand (again) in another direction in future. 

4.2 Recommendations for further research 

Data 
This discussion illustrates that a large amount of data is needed to explain coastal dynamic 
features related to ebb-tidal delta behaviour. Remote sensing is an ideal tool for the study of 
these large systems, because of the large coverage it offers. In addition to this areal 
information, information on height is needed. JARKUS data have a limited spatial range, and 
the 'vaklodingen' (soundings) have large temporal and spatial sampling distances between 
them. In some cases height can be extracted from remote sensing imagery. Hesselmans 
(1997) used the Bathymetry Assessment System (BAS) to extract height from ERS SAR 
imagery. More research on this particular application of remote sensing data is still necessary. 
(See Chapter 2, for more information on the use of remote sensing data). 

Description and prediction 
Allersma (1993) indicated that there is a need for formalisation, to be able to recognise 
characteristic parameters of the movement of morphological units. As a first step, some 
possible boundaries have been indicated in this chapter. Furthermore, it has been shown that 
temporal changes (processes) can be tracked with a prototype GIS shell (Cheng et ai, 1997), 
and the relevance of the registered changes, and their use for prediction have been evaluated 
in this thesis. Further research on using an automated approach is recommended, since 
formalisation is the solution for consistent evaluation of coastal dynamics. 
To get to know more about the steering forces causing morphological changes, a combination 
of a large-scale descriptive and a detailed quantitative process analysis, as proposed by Huijs 
(1993), seems to be the solution. The description can be used to indicate which process 
parameters have to be measured and at which locations. In addition, both process-based 
modelling and behaviour-oriented modelling can give further insights into the complex 
mechanisms (Ribberink & De Vriend, 1993). An analysis with both types of models, based 
on the presented descriptions, deserves further attention. 

ACKNOWLEDGEMENTS 

I gratefully acknowledge Dr. P. Hoekstra of Utrecht University for his scientific advice. 
During my studies, Bornrif became a KUST*2000 project site, Ir. P. Noordstra, J.M. van den 
Boogert, Drs. D. Timmer, Dr. D.W. Dunsbergen, and Ir.ing. CG. Israel of Rijkswaterstaat 
are thanked for their interest and support. Prof.dr. P.D. Jungerius of the University of 
Amsterdam, Dr. A. Kroon of Utrecht University and Dr.ir. E.J. Huising of Rijkswaterstaat 
reviewed this chapter. 

116 



REFERENCES 

Allersma, E., 1993. Geulmigratie in buitendelta's. Verslag van een bureaustudie. Rapport H 
840.55, Delft Hydraulics (WL), Delft, 113 pp. [In Dutch] 

Aubrey, D.G. & Weishar, L. (eds), 1988. Hydrodynamics and sediment dynamics of tidal 
inlets. Lecture notes on coastal and estuarine studies 29, Springer-Verlag, New York, 454 
pp. 

Berben, F., 1986. Meandergeometrie en morfodynamisch gedrag van estuarium geulen. 
Onderzoek aan de hand van literatuur en andere ducumentatie. GEOMOR 86-2 
(Deltadienst), Dienst Getijdewateren, The Hague, 133 pp. Cited in: Huijs, S.W.E., 1993. 
Geulmigratie op de Buitendelta. Het Friesche Zeegat en het Amelander Gat. Rapport 
R93-1, Instituut voor Marien en Atmosferisch onderzoek Utrecht (IMAU), Utrecht 
University, Utrecht, 58 pp. + annexes. [In Dutch] 

Biegel, E.J., 1991. Equilibrium relations in the ebb tidal delta, inlet and backbarrier area of 
the Frisian inlet system. Coastal Genesis. Report GEOPRO 1991.08/GWAO-91.016. 
Dept. of Physical geography, Utrecht University & Dienst Getij dewateren, 
Rijkswaterstaat, Den Haag, 79 pp. + appendices. 

Biegel, E. & Hoekstra, P. 1995. Morphological response characteristics of the 
Zoutkamperlaag, Frisian Inlet (The Netherlands), to a sudden reduction in basin area. In: 
Flemming, B.W. & Bartholoma, A. (eds). Special Publications International Association 
of Sedimentologists 24. Blackwell, Oxford, pp. 85-99. 

Bruun, P. & Gerritsen, F., 1959. Natural bypassing of sand at coastal inlets. Journal of 
Waterways and Harbour Division 85, pp. 75-107. Cited in: Huijs, S.W.E., 1993. 
Geulmigratie op de Buitendelta. Het Friesche Zeegat en het Amelander Gat. Rapport 
R93-1, Instituut voor Marien en Atmosferisch onderzoek Utrecht (IMAU), Utrecht 
University, Utrecht, 58 pp. + annexes. 

Carter, R.W.G., 1988. Coastal environments. An introduction to the physical, ecological and 
cultural systems of coastlines. Academic Press, London, 617 pp. 

Cheng, T., Molenaar, M. & Bouloucos, T., 1997. Identification of fuzzy objects from field 
observation data. In: Hirtle, S.C. & Frank, A.V. (eds). Spatial information theory: A 
theoretical basis for GIS. Lecture notes in computer sciences 1329, Springer-Verlag, 
Berlin, pp. 241-259. 

Cheng, T. & Molenaar, M., 1997. Dynamics of fuzzy objects. Lee, Y.C. & Li, Z. (eds). 
Proceedings of the International Workshop on Dynamic and Multi-dimensional GIS, 
Hong Kong, 25-26 Aug. 1997. Hong Kong Polytechnic University, Hong Kong, pp. 49-
63. 

Claramunt, C & Theriault, M., 1996. Toward semantics for modelling spatio-temporal 
processes within GIS. In: Kraak, M.J. & Molenaar, M. (eds). 7* International Symposium 
on Spatial Data Handling, SDH'96. Advances in GIS researches II. Proceedings, Vol. I. 
Taylor & Frances, London, pp. 2.27-2.43. 

Eleveld, M.A., 1996. Remote sensing for process orientated geomorphological mapping of 
Ameland, a coastal barrier island in the North of the Netherlands. In: Taussik, J., & 
Mitchell, J. (eds). Partnership in coastal zone management. Samara Publ., Cardigan, pp. 
491-498. 

117 



Elorche, M., 1983. Morfologische ontwikkeling van het Zeegat van Ameland. 
Rijkswaterstaat. Nota WWKZ-83.H010, Adviesdienst Hoorn, Hoorn, 13 pp + 4 
appendices. Cited in: Klomp, W.H.G., 1997. Cyclische ontwikkeling van het Zeegat van 
Ameland. Voorspelling maximale erosie. Report M0664.01.001, DHV Milieu en 
Infrastructuur BV, Amersfoort, 47 pp. + appendices. [In Dutch] 

Escoffier, F.F., 1940. The stability of tidal inlets. Shore and beach 8(4), pp. 114-115. Cited 
in: Huijs, S.W.E., 1993. Geulmigratie op de Buitendelta. Het Friesche Zeegat en het 
Amelander Gat. Report R93-1, Instituut voor Marien en Atmosferisch onderzoek Utrecht 
(IMAU), Utrecht University, Utrecht, 58 pp. + annexes. 

FitzGerald, D.M., 1988. Shoreline erosional-depositional processes associated with tidal 
inlets. In: Aubrey, D.G. & Weishar, L. (eds). Hydrodynamics and sediment dynamics of 
tidal inlets. Lecture notes on coastal and estuarine studies 29. Springer-Verlag, New York, 
pp. 186-225. 

Hoekstra, P., 1995. The systems approach and morphological modelling. Chapter 1. In: 
Hoekstra, P. & Van Rijn, L.C., 1995. Morphological modelling of coastal and fluvial 
systems. An introduction to morphological models. Workshop on mathematical 
modelling of coasts and rivers (KIKM), Dept. of Physical Geography, Institute for Marine 
and Atmospheric sciences Utrecht (IMAU), Utrecht University, Utrecht, 1-45. 

Hoeksta, P., Houwman, K.T., Kroon, A. & Ruessink, B.G., 1996. Morphodynamic behaviour 
of the Terschelling shoreface nourishment. Morphological changes in response to 
hydrodynamical and sediment transport processes and sediment characteristics. 
NOURTEC. Report R96-14, Institute for Marine and Atmospheric Research Utrecht 
(IMAU), Utrecht University, Utrecht, 64 pp. + figures. 

Hesselmans, G.H.F.M., 1997. Update SAR survey Zeegat van Ameland. Kust*2000. Report 
A81, Advisory and Research Group on Geo Observation Systems and Services 
(ARGOSS), National Institute for Coastal and Marine Management (RIKZ), The Hague, 
39 pp. + appendices. 

Huijs, S.W.E., 1993. Geulmigratie op de Buitendelta. Het Friesche Zeegat en het Amelander 
Gat. Rapport R93-1, Instituut voor Marien en Atmosferisch onderzoek Utrecht (IMAU), 
Utrecht University, Utrecht, 58 pp. + appendices. [In Dutch] 

Karssenberg, D., 1996. PCRaster manual. Version 2. (Software by Van Deursen, W.P.A. & 
Wesseling, CG.) PCRaster Team & Dept. of Physical Geography, Utrecht University, 
Utrecht, 383 pp. 

Klomp, W.H.G., 1997. Cyclische ontwikkeling van het Zeegat van Ameland. Voorspelling 
maximale erosie. Report M0664.01.001, DHV Milieu en Infrastructuur BV, Amersfoort, 
47 pp. + appendices. [In Dutch] 

Lambeek, J.J.P., 1993. Literatuurstudie empirische relaties. In: Huijs, S.W.E., 1993. 
Geulmigratie op de Buitendelta. Het Friesche Zeegat en het Amelander Gat. Report R93-
1, Instituut voor Marien en Atmosferisch onderzoek Utrecht (IMAU), Utrecht University, 
Utrecht, pp. 3-19. [In Dutch] 

O'Brian, M.P., 1931. Estuary tidal prism related to entrance areas. Trans. Am. Soc. Cnf. Eng., 
738-739. Cited in: Huijs, S.W.E, 1993. Geulmigratie op de Buitendelta. Het Friesche 
Zeegat en het Amelander Gat. Report R93-1, Instituut voor Marien en Atmosferisch 
onderzoek Utrecht (IMAU), Utrecht University, Utrecht, 58 pp. + annexes. 

118 



Pethic, J., 1984. An introduction to coastal geomorphology. Arnold, London & Wiley, New 
York, 260 pp. 

Raper, J. & Livingstone, D., 1995. Development of a géomorphologie spatial data model 
using object-oriented design. International Journal of Geographical Information Science 
9(4), pp. 359-383. 

Ribberink, J.S. & De Vriend, HJ., 1995. Morphodynamics of a meso-tidal barrier-island 
coast. Coastal genesis project. Report H2129, Delft Hydraulics, Delft, 30 pp. 

Sha, L.P. & Van den Berg, 1993. Variation in ebb-tidal delta geometry along the coast of the 
Netherlands and the German Bight. Journal of Coastal Research 9(3), pp. 730-746. 

Steijn, R.C., 1991. Some considerations on tidal inlets. A literature survey on hydrodynamic 
and morphodynamic characteristics of tidal inlets with special attention to "Het Friesche 
Zeegat". Coastal genesis project. Literature survey report H 840.45, Delft Hydraulics, 
Delft, 109 pp. 

Steyaert, F., 1997. Kustontwikkelingen Ameland-West. Lineaire verplaatsing versus 
cyclische ontwikkeling. Kust*2000. Werkdocument RIKZ/AB-97.612. National Institute 
for Coastal and Marine Management (RIKZ), Rijkswaterstaat, The Hague, 8 pp. [In 
Dutch] 

Todd, T.W., 1968. Dynamic diversion-Influence of longshore current-tidal flow interaction 
on chenier and barrier island plains. Journal of Sedimentary Petrology, 38, pp. 734-746. 
Cited in: Huijs, S.W.E., 1993. Geulmigratie op de Buitendelta. Het Friesche Zeegat en het 
Amelander Gat. Report R93-1, Instituut voor Marien en Atmosferisch onderzoek Utrecht 
(IMAU), Utrecht University, Utrecht, 58 pp. + appendices 

Van de Kreeke, J. 1996. Morphological changes of the Frisian Inlet as a result of the closure 
of the Lauwers Sea. Report prepared for RWS-RIKZ. Hydrest, Inc., Miami, 17 pp. + 
figures. 

Van der Linden, S., 1997. Coastal behaviour of nourished shores on Ameland, The 
Netherlands. Evaluation of a modelling approach. ITC Report, ITC, Enschede, 29 pp. + 
appendices. 

Van Deursen, W.P.A., 1995. Geographical Information Systems and dynamic models. 
Development and application of a prototype spatial modelling language. Ph.D. thesis 
Utrecht University, Utrecht, 198 pp. 

Van Rijn, L.C., 1990. Principles of fluid flow and surface waves in rivers, estuaries, seas and 
oceans. Aqua Publications, Oldemarkt, 335 pp. 

Van Veen, J., 1936. Onderzoekingen in de hoofden in verband met de gesteldheid der 
Nederlandse kust. Ph.D. thesis Leiden University. Algemene Landsdrukkerij, The Hague, 
252 pp. [In Dutch] 

Walton, T.L. & Adams, W.D., 1976. Capacity of inlet outer bars to store sand. Proceedings 
15th Coastal Engineering Conference. ASCE, Vol. 2, Ch. 112. Cited in: Allersma, E., 
1993. Geulmigratie in buitendelta's. Verslag van een bureaustudie. H 840.55, 
Waterloopkundig Laboratorium (WL), 113 pp. 

Waterloopkundig laboratorium & Rijksinstituut voor Kust en Zee (WL/RIKZ), 1996. 
Kust*2000. Definitiestudie: Bornrif (no. 6). Report H2482.10, Delft Hydraulics, Delft, 34 
pp + appendices. [In Dutch] 

119 



Annex 1. Program pilot study. 

# modlwlc, a coastal elevation simulation model 
# by Marieke A. Eleveld 
# May 1996 

binding 
W93=w93.map; 
Ldd6=ldd6.map; 

Mask93=mask93.map; 
Elevation=elev; 

Lupst=lupstm; 

Composit=composit; 

# elevation map of 1993 
# local drain direction accoring to longshore current and main 
# wind direction 
# mask over active part 
# elevation map input, first w93.map, then result upstream 
# operation 
# maps with longshore transported sediment with regards to the 
# situation in 1993 
# Iupst0.003 shows the longshore transported sediment over 3 
#timesteps, predicting the situation in 1994. 
# Iupst0.005 shows the longshore transported sediment over 5 
#timesteps, predicting the situation in 1995. 
# Iupst0.007 possibly predicts the situation in 1996. 

# map with the overlay of the part affected by the longshore 
# transport and the stable dune area. 

areamap 
clone60.map; 

timer 
1 7 1; 

initial 
Idd6.map=ldd(6); # constant sediment transport direction 
mask93.map=if(lsc93.map It 2 then w93.map); # active part 
Elevation=w93.map; # initial elevation 

dynamic 
report Lupst=upstream(Ldd6,Elevation); 
Elevation=timeinput(Lupst); 

report Composit=cover(Lupst,w93.map); 

# assigns the value of the upstream cell 
# second and third elevations, for the 
# upstream operation 
# overlay of the active and the inactive part 
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CHAPTER 8 

MORPHOLOGICAL BEHAVIOUR OF CENTRAL AMELAND'S NORTH SEA 
COAST 

ABSTRACT 

The development of a continuous sandy shoreline under the influence of 
natural processes (e.g. storms) and human impacts (i.e. nourishments) is 
described and predicted, based on remote sensing data and the application 
of dynamic modelling and GIS techniques. On time scales ranging from 
several months to several years, major changes were observed on the 
boundary between beach and dunes, as well as within the nearshore zone. 
The actively changing interdependent landscape units, the nearshore zone, 
beach and foredunes were studied by volumetric analysis of sediment 
budgets. The changes observed in the nearshore zone as a result of the 
behaviour of bars were also described. Storm floods and nourishments are 
related to sediment exchange between landscape units, but not to the 
behaviour of bars. Breaker bars seem to display autonomous behaviour and 
their influence on the cross-shore sediment exchange is mainly limited to 
the nearshore zone. These results were used to construct a model for 
predicting future topography with and without nourishments. According to 
the model, without nourishment the dunefoot will display retreat in 2000, 
and the beach will be lower when compared to the morphology in 1996. 
Had nourishments been applied in 1996, then these effects would have 
been compensated for. 

Submitted in an adapted form. M.A. Eleveld. Journal of Coastal Research. 
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1 INTRODUCTION 

Understanding and anticipating the dynamic behaviour of the coastal system is a challenge 
for scientists and coastal zone managers. Central Ameland's North Sea coast is a continuous, 
sandy coastal stretch (Fig. 1). Its shoreline, which is erosive by nature, is maintained in 
dynamic equilibrium by nourishment. Information on the changes in this equilibrium is 
important because of the cost involved in nourishment. 

Wadden Sea 

'Three sand-sharing systems' 
West Ebb-tidal delta 
Centre Continuous coastal stretch 
East Eyedunes/washovers 

Figure 1. Ameland's coastal systems. 

The aim of this study was to monitor and predict the development of this coastal stretch, 
which was studied on two levels, landscape units and forms. The actively changing 
interdependent landscape units, the nearshore zone, beach and foredunes were studied by 
volumetric analysis of sediment budgets. In addition, some actively changing forms, the 
coastal bars and the erosion cliff (dune face), were analyzed. The study focused on the 
géomorphologie processes that describe the main volumetric changes, i.e. on erosion of the 
beach and foredunes and on migration of bars. The scope of this study is limited to time 
scales in the order of months to years. This is also the scale used for planning by coastal 
management. On a larger time scale, gradual erosion by steepening of the nearshore zone is 
acknowledged. This study aimed specifically to understand coastal behaviour, to gain insight 
into changes in the distribution of total sand volumes within a geomorphological open 
system, and subsequently, based on this understanding, to quantitatively predict future 
volume changes. To achieve this the method used remote sensing data and basic image 
processing techniques for qualitative assessment of géomorphologie change, and elevation 
data in a spatio-temporal GIS, i.e. PCRaster (Karssenberg, 1996), for (semi-)quantitatively 
assessment of the change. 
The study relates to earlier work that has been done on cliff erosion in relation to sediment 
budgets, and to research on the behaviour of bars. These are covered in a literature review in 
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section 2. The conditions of the study area are dealt with in section 3; in particular 
morphologic development, the occurrence of storm floods and nourishments. The number of 
storm floods per year could be important for of Ameland's morphodynamics. In addition, it is 
still unclear where eroded sediment, including nourishment sand, remains. Therefore extra 
attention is given to these topics in the analysis and interpretation of the results. In contrast to 
earlier work, this study combines a remote-sensing based qualitative approach and a model-
based (semi-)quantitative approach for the geomorphological study of volumetric changes on 
a high aggregation level. This allows statements to be made on the development of the entire 
coastal stretch. 

2 THEORETICAL BACKGROUND 

2.1 Coastal settings 

This study focuses on the meso-scale behaviour of a coastal stretch. The focus was on the 
nearshore zone with coastal bars, the beach and the dunes with an erosion cliff. 
A coastal stretch consists of multiple coastal cells. These are smaller morphological units, 
which are of importance for the hydrodynamics along a coastal stretch. Increasing horizontal 
movement of water particles by waves at decreasing water depth causes steady onshore mass 
transport, which is returned to sea by spatially intermittent flows known as rip-currents. In the 
research area, a coastal cell consists of one or more rip cells. The rip channels interrupt the 
longshore bars. A barred bottom topography is related to coastal cells, because it influences 
the movement of water particles by waves, and regulates the sideward movement of water 
and sediment along the troughs. Rips are an inherent, characteristic feature of the 
intermediate beach domain and they are a common feature along coasts associated with all 
bar systems. The nature, size, persistence and frequency of rips may, however, vary 
considerably between the bars, and in time and in space (Short, 1991). Permanent rip currents 
are known to transport significant quantities of sediment seawards especially in storm 
conditions, when seaward flows may be significant (Wright et al, 1980). 
The morphodynamics of the beach-bar system can be explained in temporal and spatial terms 
by examining the impact of the wave climate on the shoreface. Temporal variation is 
controlled by seasonal variation in wave height and storm frequency and by inter-storm 
recovery. The spatial variation in bar number, bar spacing and rip spacing is related to 
infragravity standing and edge waves (Short, 1991), or to bottom slope. Ruessink (1998) 
showed that the relationship between barred morphology and infragravity waves is 
disputable. 

System boundaries 

The study area is a system with strongly interdependent sub-environments or landscape-units 
that share an amount of sediment. In the definition of the open system boundaries of the sand-
sharing system, the area with the highest exchange of sediment has to be delimited. This 
sediment exchange is controlled by geomorphological processes and is expressed as changes 
of the forms. 
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Cross-shore, the boundary between foredunes and inner dunes was seen as the landward limit 
of the sand-sharing system. The erosion cliff is therefore present in the system. This is not 
strictly the boundary if aeolian processes were to be considered as well; Arens (1994) showed 
that aeolian cross-shore transport of sand from beach to dunes reaches the inner dunes. 
The seaward outer limit of the system was determined by a study of coastal profiles. The 
envelope of beach change, which shows significant transport, deposition and erosion, has a 
certain closure depth. This is the practical limit of the zone of wave-induced sediment 
transport. The limit can be found at about -8 m depth. The lower profile, however, may still 
reflect change. Thus, while it cannot be stated that sediment is not transported beyond -8 m, 
significant transport, deposition and erosion occurs inshore of-8 m. 
Longshore, the central coast of this barrier island is bounded by two other systems: the 
Western ebb-tidal delta/beachplain system and the Eastern washover/eyedune system (Fig. 1 ; 
Chapters 7 & 9). The area of study was chosen well within this Central system and comprised 
several coastal cells. The easterly-directed longshore drift, the variable longshore migration 
of bar attachment points and the frequently occurring westerly winds (Kruyt, 1995) 
determine the longshore exchange of sediment. Three landscape units were defined within 
this system (Fig. 2): 
• the foreshore, extending from -8 m to -1.2 m (mean low water level); 
• the beach, extending from -1.2 to 2 m (dune foot); 
• the foredunes, comprising the area above 2 m. 
In the following paragraphs of this literature review, beach-(fore)dune interactions and 
beach-nearshore interactions will be discussed separately. A distinction between beach-dune 
and beach-nearshore zone has traditionally been made, even though the definition of these 
landscape units is rather inconsistent (De Graaff, 1977). 

2.2 Beach-dune and beach-nearshore interactions 

Beach-dune interactions 

Erosional landforms constitute a significant portion of many dune systems, and they form an 
integral part of many postulated dune morphological cycles (Sokolow, 1894; Aufrère, 1931; 
Melton, 1940; Davies, 1972). Marine erosion is caused by basal undercutting due to periodic 
wave attack, although inherent slope stability factors may also play a part. Water in the 
sediment interstices, or the high shell content in the Ameland nourishments (Van der Wal, 
1998), usually provide sufficient cohesion to allow a scarp to form (Carter et ai, 1990). Two 
types of erosion can be distinguished: storm erosion and structural erosion. These two types 
of coastal erosion apply to central Ameland's North Sea coast: coastal and dune erosion 
during severe storm surges, and continuous structural (or gradual) coastal erosion. 
Nourishments are used to restore the basal coastline after storm erosion and to counteract 
structural erosion. 
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Nearshore zone 

l~ 

Figure 2. The Central system. 

Storm erosion of dunes 

Storm velocity is often the key factor in predicting the amount of erosion at any point on the 
shore (Edelman, 1972; Hughes & Chui, 1981). During storm conditions, wave height and still 
water level increase (storm surge). The rate of water-level increase depends on wind 
direction, severity of the storm and on the morphology of the area. The shape of the existing 
'equilibrium' profile just prior to the storm is out of balance with the boundary conditions, 
which are associated with the storm. Because of increased water level, the pre-storm profile is 
too steep, so that significant cross-shore sediment transports will be generated (Steetzel, 
1993). With sand from the upper part of the profile, and especially from the dunes or 
mainland, the pre-storm profile will be flattened towards a shape which better agrees with the 
severe boundary conditions. In the beginning, developments are fast (far from equilibrium); 
later on developments slow down (closer to equilibrium) (Van de Graaff, 1994). The rate of 
erosion decays exponentially throughout a storm as the dune-to-beach sediment-exchange re
establishes a certain equilibrium to the changed conditions; 70 to 90 % of dune erosion is 
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accomplished before the surge peak (Hughes & Chui, 1981). Even excessive erosion due to 
very extreme storm surge is only temporarily (Steetzel, 1993). 
In two-dimensional laborator»' tests, and in many cases in the field, it has been observed that 
essentially the same volume of sand eroded from the dunes or the mainland is deposited on 
beaches and along the nearshore zone. Essentially, a closed sediment balance is found. A 
redistribution of the volumes of sand within the cross-shore profile has taken place, a typical 
cross-shore sediment transport process (Steetzel, 1993). The actual mechanism of this mode 
of sediment transport is not clear yet. At the beginning of a storm, when the profile is rather 
steep, the breaking process of the (high) incoming waves is very pronounced. The incoming 
wave energy is dissipated over a short distance, yielding a strong undertow and a large 
offshore-directed cross-shore transport. At the end of a storm, the profile is flattened and the 
wave breaking process is less fierce; the return flow is smaller, as is the sediment transport. 

The critical parameters leading to erosion of dunes by waves include morphology (beach 
slope, dune height), and sediment texture (grain size, shape and packing), as well as 
hydrostatic (water level) and hydrodynamic (wave height, period and type) factors. Van de 
Graaff (1986) found the following factors from his laboratory tests (mentioned of decreasing 
order of importance): 
• surge height; 
• particle size; 
• surge duration; 
• initial profile. 

The rate of dune erosion during a storm surge depends on the number of parameters with a 
stochastic character. The relevant parameters can only be described in a statistical sense. The 
maximum storm surge level reached during an arbitrary surge is, for example, the result of 
two stochastically independent phenomena, viz. astronomical tide and wind set-up during the 
storm. Van de Graaff (1986) found the following six parameters: 
• maximum surge level; 
• significant wave height during (the maximum of) the surge; 
• particle diameter of the dune material; 
• shape of the initial profile (including the height of the initial dunes); 
• storm surge duration; 
• occurrence of squall oscillations and gust bumps during the storm. 

Based on these studies one would emphasize hydrostatic and hydrodynamic factors. Bray and 
Hooke (1997), however, focus on the influence of beach width and volume, since these 
variables directly affect cliff-toe erosion and thus recession of the cliff. On Ameland, a wide 
beach is necessary for dissipating wave energy and longer term cliff-toe protection, because 
of the high susceptibility of sands to cross-shore transport induced by seasonal storms 
(compared to coarser materials). Fucella and Dolan (1996) found that wave height and 
steepness and the pre-storm beach configuration (reflective, linear or dissipative profiles) 
determined the extent of the vertical erosion. 

126 



Structural erosion 

Long-term, progressive steepening of the nearshore zone forms the preconditions for a large 
impact of short-term storm erosion. Structural erosion ultimately leads to retreat of the entire 
cross-section. The physical processes that cause loss of sand from the cross-section often 
induce a gradient in longshore sediment transport and they occur regularly from day to day. 
Under these conditions the upper part of the beach profile and the dunes do not share in the 
processes. During a storm, the entire profile is active. Redistributing cross-shore sediment 
transport takes place along with increased longshore sediment transport, moving sand from 
the upper part of the profile to deeper water. The sand from the upper part refills the 'gap' in 
the lower part of the profile that results from gradual erosion. 
Several reasons can be found for a long-term trend of erosion in of the Ameland's central 
North Sea coast. 
• There is a tendency to migrate to the south due to erosion of the central coasts of the 

Wadden islands as a result of the sediment demand for silting up of the Wadden Sea 
(Louters & Gerritsen, 1994). 

• The closure of inlets due to the connection of individual dune cores by stuif-dikes 
(Chapter 3) causes the disappearance of the protective ebb-deltas (Klijn, 1981), giving 
erosion a chance. Furthermore, the frequency of tidal inlets and the configuration of the 
ebb and flood tidal deltas are related to the tidal range. If the barrier island became too 
long as a result of human influence, a steep longshore hydraulic gradient may result in a 
tendency to breach the island {i.e. erosion) and to develop of a new tidal inlet separating 
it. 

Beach-nearshore interactions 

Storms seem an important factor in the seaward exchange of sediment by rip cells (section 
2.1), in retreat of the erosion cliff (section 2.2), and in the seaward migration and 
degeneration of the outer bar (section 2.3). There is an important temporal dissimilarity 
between storm erosion and post-storm recovery. Hesp and Hilton (1996) reported a case in 
which sediment was rapidly transported into deeper nearshore waters, whereas it took 8-16 
years to be transported back onto the sub-aerial beach. The dominant processes during the 
four stages of recovery are: 
• rapid forebeach accretion (in present definition nearshore zone) 
• backbeach aggradation (in present definition beach) 
• embrio dune formation, and 
• dune expansion and vegetation recolonization (Morton et al., 1994). 
The central Ameland beach reaches Stage 2, but additional recovery is prevented because 
beach progradation is limited, so that the sea washes small initial dunes away after a few 
days. 

Nearshore bars mitigate storm-induced coastal erosion by acting as natural breakwaters. In 
addition, their volumes are important for the natural recovery of the beach and nearshore 
zone after periods of coastal erosion (Wolf, 1997). The beach, shoreline and inner nearshore 
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bar do not respond identically to every storm because their response is influenced by 
sediment eroded from a berm. Sediment from this berm, eroded during the successive storms, 
is deposited near the shoreline, causing a prograding shoreline. After the berm is completely 
eroded by the first few storms, successive storms result in a retreat of the shoreline. An inter-
tidal bar may act as a temporary barrier to the exchange of sediments between the beach and 
the inner nearshore bar. However, eroded beach sediments are eventually also transported 
farther offshore and contribute to the development of the inner nearshore bar. During storms, 
the inner bar mostly migrates offshore but onshore migration during non-stormy periods and 
the larger number of days with non-storm conditions result in net onshore migration after 
several weeks. 

Morton et al. (1995) acknowledge longshore aspects of storm erosion. Beach volume 
histories at profile sites show the interdependence of sand exchange between adjacent sites 
and the spatial autocorrelation of sand movement. Beach volume histories also indicate 
periods when either longshore or cross-shore transport processes predominate. 

2.3 Bar behaviour 

Much knowledge on coastal bars has become available through recent studies on temporal 
changes in nearshore morphology. Within the Netherlands, this topic got much attention, 
possibly as a result of the large, rather unique database of coastal profiles for the Dutch coast, 
i.e. the JARKUS data. The overview focuses on previous Dutch research, because of the 
location of the study area and the data used. Similar research has, however, been reported at 
an early stage by, for example, Short and Hesp (1982), Wright et al. (1985), and Lippmann 
and Holman (1989, 1990). 

Morphological characterisation 

The bar concept has been formalised by morphological characterisation. A bar can be defined 
as that part of the measured profile above a fitted exponential profile (Kroon, 1994; Ruessink 
& Kroon, 1994). Wijnberg (1995) took its spatial context into account by considering 
'morphologic behaviour' as profile behaviour that exhibits alongshore coherence. The change 
in the shape of the profile was described by three empirical eigenfunctions. These 
eigenfunctions describe the mean profile shape and the most pronounced deviations from the 
mean profile. These deviations are generally related to bar topography. 

Causal relations 

An inner nearshore bar changes more frequently than an outer nearshore bar, but their 
behaviour is related. In the seaward migrational phases of an outer nearshore bar, the inner 
nearshore bar will follow the outer bar and the crest spacing is quite constant. In addition, 
cyclic behaviour has been observed (Kroon, 1994). Based on the morphological 
characterisation, and bearing similarities in behaviour and cyclicity in mind, Ruessink and 
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Kroon (1994) defined the three stages a bar passes during its existence: 
• generation of bars in the inner nearshore zone; 
• net seaward migration of the inner and outer nearshore bars; 
• degeneration of the outer bar. 

The behaviour of inner bars is controlled by the crest depth of an outer bar. There is a 
dynamic equilibrium between processes in the inner nearshore zone that induce shoreward 
and seaward migration on a time scale of years in the inner nearshore zone, as long as the 
crest depth of the outer bar is less than a certain threshold (about 5.5 m for central 
Terschelling). During the decline of an outer bar, its crest depth increases and less short wave 
energy is therefore dissipated over the outer bar. Higher short waves are admitted to the inner 
parts of the nearshore zone, resulting in stronger currents. As a consequence, an inner bar 
may migrate offshore (Ruessink & Kroon, 1994). 
Storms could trigger the outward movement and degeneration of an outer bar. The systematic 
degeneration of an outer bar is due to a changing balance in the occurrence of waves that 
degenerate the bar (very asymmetric waves, with a great height in relation to width) and those 
that maintain the bar morphology (breaking waves). The balance changes due to the offshore 
migration of the bar, and its subsequent deeper position (Wijnberg, 1995). 
The seaward movement of bars is probably not solely influenced by storms, wave asymmetry 
and wave breaking. Gravity also stimulates transport down the slope. Additionally, seawards 
directed undertow, infragravity waves, and swash-backwash during ebb at spring tide are 
possibly responsible for bar migration on the beach. 

Finally, cross-shore migrational trends of bars are influenced by their longshore migration of 
the bars (Ruessink & Kroon, 1994). The longshore differences in bar behaviour are ascribed 
to the position of a low-tide terrace (a point of attachment between an inner nearshore bar and 
the beach) (Kroon, 1994). 

Parametrization 

Most of the sediment transport processes are supposed to occur during the passage of storms. 
Therefore, the behaviour of the outer nearshore bar is hypothesized to be induced by storm 
events. Kroon (1994) defined a dimensionless storm parameter (S), which is equal to the 
duration of the storm period divided by the sum of the duration of the storm and the duration 
of the interval between the storm and the preceding storm event. This storm parameter is able 
to indicate extreme conditions, when the bar morphology of the outer zone may undergo 
some major changes. 
However, the rate of morphological change is difficult to describe by the coastal parameter 
alone. Rate of morphological change differs along the coast and seems to be induced by the 
characteristics of the overall morphology, such as the mean slope of the nearshore zone. 
None the less, the outer nearshore bar is almost constantly migrating seaward. This is 
supposed to be the net result of all storm events. In addition, major changes in the 
configuration of the outer nearshore bar, such as the final decay of the outer nearshore bar, 
corresponds with high values of the proposed storm parameter (S > 0.7) (Kroon, 1994). 
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Net sediment transport 

There appears to be a cross-shore change in the temporal nature of onshore and offshore 
directed transport. The temporal structure of medium-scale onshore and offshore directed 
suspended sediment transport changes from an hourly balance just outside the bar zone to an 
almost entirely seasonal balance on the beach. The bar zone can be considered as an 
intermediate area: there is certainly onshore directed transport under non-breaking conditions, 
but of a smaller annual importance than on the beach. Under surf conditions offshore directed 
transport dominates despite opposition from shoreward transport (Ruessink, 1998). 
The previous suggestion, coupled to the observation (Wijnberg, 1995) that the bar cycle itself 
does not result in net loss or gain of sand from the bar zone, nor in a net change in position of 
sand on the time scale of the bar cycle, results in the (preliminar)conclusion that the 
movement of bars does not cause a net loss or gain of sand in the nearshore zone (Ruessink, 
1998). 

3 STUDY AREA 

Several coastal cells along the North Sea coast situated north of Nes (transect 11.200 to 
12.400) were studied. Expansion of the area was required for monitoring long-term longshore 
effects. The final study area (Fig. 6) was chosen from transect 11.200 (RD 178.700, west of 
Nes) to 17.000 (RD 184.700, east of Buren). It is an area of 6 km alongshore and it extends 
about 3 km cross-shore. The shoreline is oriented West-East. 

3.1 Morphology 

Morphodynamic beach states can be dissipative, intermediate or reflective (Short & Hesp, 
1982; Wright & Short, 1984). Central Ameland's coast ranges within the intermediate beach 
type. The nearshore zone contains at least 2 bars. The overall nearshore slope is about 1:175. 
The average beach width is about 200 m. With shore-parallel winds, barchans were observed 
on the beach; they form within hours and disappear within several days. The area contains an 
uninterrupted row of foredunes of 7 to 10 m height. Its seaward slope forms a continuous and 
regular dunefront, due to nourishments. Native beach sand, which could be found a few 
hundred metres to the west of the study area, was composed of fine-grained, very well sorted 
quartz sand (Van der Wal, 1998). 

3.2 Hydrodynamics 

The study site can be characterised as a mixed tide-wave dominated coast with a meso-tidal 
range and a high-energy, sea-dominated wave climate. The mean annual wave height is about 
1.2 m, and the mean tidal range is 2.4 m. Currents form the main dynamic features of this 
coastal stretch. The easterly directed longshore currents induce longshore drift. The tidal 
currents in the deeper zones along this beach, can be directed in either a mean easterly or 
westerly direction, dependent on the tidal stage (Chapter 3). Wind-driven currents are 
important in the study area, because the coastline is oriented parallel to the frequently 
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occurring westerly winds (Ruessink & Kroon, 1994). They can suppress the ebb-flow and 
enhance easterly directed flood-flow. In addition to these common conditions, anomalous 
weather or sea conditions, such as storm floods, occur. Storm floods, also known as storm 
tides or storm surges, are high waters as a result of storms, that are raised by favourable tidal 
conditions. The number of storm floods per year could be important for Ameland's 
morphodynamics, because wave attack at the dunefoot or cliff toe is generally infrequent and 
related to combined incidence of high tidal levels and strong wave action. With the raised 
water levels, little energy dissipation occurs and thus more energy is available to erode the 
cliff (Bray & Hooke, 1997). For the behaviour of nearshore bars, Kroon (1994) has already 
remarked the importance of storms. 

3.3 Artificial impacts: nourishments 

Artificial impacts are limited to beach and dune nourishments, the profiling of marine cliffs, 
the construction of sand fences at the dunefoot and the planting of marram grass on 
foredunes. There are no groynes or harbour moles present in the area. 
Central Ameland's coast is erosive. To maintain its 1990 coastline position, this coast is 
frequently nourished; the beach is raised and foredunes are protected by dunefront 
nourishments, which erode during the autumn and winter storms. 

4 METHODS 

The method comprised the use of remote sensing data and basic image-processing techniques 
for qualitative assessment of géomorphologie change, and the use of (mainly) elevation data 
in a spatio-temporal GIS, i.e. PCRaster (Karssenberg, 1996), to assess it (semi-)quantitatively. 
The factors existing morphology, storm floods and nourishments were related to coastal 
behaviour in the (semi-)quantitative study. 

4.1 Review of existing methods of analysis 

A review of previous research with remote sensing data and dynamic modelling follows, so 
that the method applied in the current study can be placed in perspective. 

Monitoring beach-dune and beach-nearshore interactions 

Remote sensing data can be used to integrate elevation data. To obtain information on the 
sediment budget, profile data along transects have been collected in various monitoring 
programmes (e.g. Larson & Kraus, 1994). Detailed surveys of profiles are, however, time 
consuming and often site specific, so that accurate determination of the sediment yield is 
difficult. Soundings of nearshore topography cannot be used for detailed process-based 
sediment budget analysis because the alongshore spatial interval between the cross-shore 
profiles is too large to detect morphological features like rip channels. These features can be 
distinguished on aerial photographs, and in this sense their synergistic use can contribute to 
the research (Hesp & Hilton, 1996). Remote sensing data can provide a full spatial coverage 

131 



of the sub-aerial part of the coast; different sensors allow data collection of the under water 
part as well. 

Remote sensing images can generate elevation data when they are studied with 
photogrammetrical techniques. These techniques allow extraction of detailed height 
information for determination of sediment budgets. The erosion cliff is often an easily 
detectable object from remote sensing data; e.g. by the clear differentiation between the 
eroded sandy dunefront and the vegetated top of the dune. The scale of the changes favours 
the use of airborne remote sensing data (e.g. aerial photographs or airborne videography). 
Therefore, aerial remote sensing data is frequently used to monitor coastal erosion by means 
of cliff retreat. 
• Balson et al. (1996) used scanned aerial photographs in Intergraph's Image Station to 

produce a digital terrain model (DTM) of the Holderness coast. 
• Moore et al. (in prep.) used several sets of photographs, softcopy photogrammetry (Erdas 

Imagine OrthoMAX) and geographic information system technology (Arclnfo) to 
determine and predict shoreline erosion maps of Santa Cruz County and San Diego 
County. 

• Blok (1996) used aerial CCD-video imagery and R-Wei's Desktop Mapping System to 
derive information on the relief of Ameland (see Chapter 4, this thesis). 

• Jansen (pers. comm.) reports how airborne laser altimetry (or LIDAR mapping) allows 
direct height measurements. This is being tested in Germany, the Netherlands (see 
Chapter 9), the United Kingdom, and the United States of America. 

Remote sensing techniques can collect data during unfavourable weather conditions. Chapter 
3 shows that radar satellites can collect data (ERS SAR data) under many different tidal and 
weather conditions; this includes storms and storm floods. 

Remote sensing data can monitor the (subaqueous) evolution of nourishments. Frequently the 
supra- and intertidal parts of the beach are monitored by levelling, whereas the subtidal part 
of nourishments are surveyed by echo sounders (Hoekstra et al, 1996). 

Modelling beach-dune and beach-nearshore interactions 

Many models have been made for the prediction of (the impact of) beach and dune erosion. 
They are based on concepts of equilibrium profiles, and as far as shoreline position concerns, 
on the extrapolation of trends. 
Bruun (1954) introduced the equilibrium profiles concept by relating water depth to offshore 
distance. The equilibrium profile is based on the interaction of constructive forces, which 
initiate a landward movement of sediment particles, and destructive forces, which are related 
to seaward directed transport. A critical view of the validity of the use of the concept of 
equilibrium is given by Pilkey et al. (1993). Overviews of cross-shore models have been 
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given by Steetzel (1993), Van de Graaff (1994), and Schoonees and Theron (1995); some 
extracted examples will be given below. 
• The computational model to assess the safety of dunes as a sea defence is meant for 

events with a very small chance of occurrence. The parameters used are based on 
experiments by Vellinga (1983, 1986). The model describes the dune erosion profile after 
storm conditions (TAW, 1984, 1990). By combining this erosion profile with the initial 
pre-storm profile, the erosion quantity can be computed using the idea of a closed 
sediment balance (Steetzel, 1993). 

• Daily profile developments and the effects of modest storm surges can be predicted with 
the model of time dependent beach and dune erosion of Kriebel and Dean (1985). 

Steetzel (1993) differentiates between equilibrium profiles and quasi-equilibrium profiles; the 
first describe an equilibrium after a storm, the latter describe a quasi-equilibrium during a 
storm. Some examples of quasi-equilibrium profile models are presented below. 
• Swart (1974) proposed a D-profile, in which D is the difference between the equilibrium 

form and the actual form. The offshore transport at any location in this D-profile at any 
time is proportional to D. 

• The SBEACH-model (Larson et al., 1990) includes options to predict recovery of the 
profile after storm. Based on an analysis of wave-tank experiments, semi-empirical 
transport rate relations have been developed for different regions of the cross-shore 
profile. The model simulates macro-scale profile change, such as growth and movement 
ofbarsandberms. 

• Another example is the DUIN-model by Roelvink (Steetzel, 1993). 

For the assessment of the effects of arbitrary hydraulic conditions on a cross-shore profile 
Steetzel (1993) developed a cross-shore transport model that is based on the physics of the 
erosion process involved, namely transport of sediment during extreme hydraulic conditions. 
Starting with an initial pre-storm profile and a description of the storm surge (water level and 
wave heights), the model computes the development of a cross-shore profile during the 
storm. 
Schoonees and Theron (1995) evaluated 10 mathematical cross-shore transport models 
according to their theoretical basis (mainly sediment transport) and the associated verification 
data (mainly beach-nearshore morphodynamics). The models of Bailard, Steetzel and 
LIPACK (of the Danish Hydraulic Institute) belonged to the best group. 

The prediction of shoreline change uses extrapolation of trends at certain points in the beach 
profile. Historical trends may be extrapolated to produce estimates of future retreat. Linear 
extrapolations that assume a constant trend were generally preferable because of their 
simplicity (Dolan et ai, 1991; Fenster et al, 1993). Disadvantages of this approach are that 
factors on other scales are excluded, and that it assumes that all influencing factors will 
remain constant. The linear prediction method has been applied in an automated GIS analysis 
of shoreline change of the Massachusetts coastline (Van Dusen, 1997). 
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Mathematical modelling of the general properties of the spatial and temporal behaviour of 
fills under average longshore sand transport conditions has been implemented by the use of 
simple closed-form solutions of the sediment continuity equation. Subsequently, eroded 
volume and contour movement can evaluated as a function of storm type, fill cross-section, 
grain size and time (Larson & Kraus, 1991). 

Monitoring bar behaviour 

A video technique based on wave dissipation was used to estimate the spatial and temporal 
variability of nearshore sand-bar morphology (Lippmann & Holman, 1990). The data consist 
of daily time-exposure images of incident waves breaking on an open coast sandy beach, 
which may be used to infer bar morphology (Lippmann & Holman, 1989). Moreover, an 
automated technique for the detection of small- and large-scale variations in nearshore zone 
topography was tested. This technique utilizes trinocular stereogrammetry to recover 
topographic information from a set of synchronous, overlapping video images. The foreshore 
topography is mapped by following the movement of the sharply defined foamy run-up edge 
that visibly contrasts with the darker, underlying, saturated beachface (Holland & Holman, 
1997). 

Modelling bar behaviour 

Several models for the prediction of bar behaviour have been developed lately. 
• Wijnberg (1995) hypothesised the systematic degeneration of outer bars to occur due to 

changing balance in the occurrence of very asymmetric waves (that degenerate the bar), 
and the occurrence of conditions with breaking waves (that maintain the bar topography). 
To obtain these parameters from the offshore wave climate data, a probabilistic model has 
been developed: the WAVIS model (WAVes In the Surf-zone) (Van Rijn & Wijnberg, 
1994). The results of the calculations support the proposed mechanism for the 
degeneration of the outer bar. 

• Another modelling attempt with respect to bar behaviour was reported by Larson and 
Kraus (1989). SBEACH, a two-dimensional numerical model for calculating dune and 
beach erosion produced by storm waves and water levels that aims to reproduce macro-
scale features of the beach profile, which focus on the formation and movement of 
longshore bars (section 2.2). 

Nourishment has also been studied in relation to bar behaviour. Houwman and Ruessink 
(1996) used the Bailard and the adapted Van Rijn/Ribberink model to calculate the long-term 
bedload and suspended load transport in the surfzone to determine the actual fate of a feeder 
berm in Terschelling. 
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4.2 Data 

The data used to study the central part of Ameland consisted of remote sensing data, 
JARKUS data, storm flood lists and nourishment project descriptions. 
• Remote sensing data were used to monitor the change of géomorphologie units. SPOT-

PAN data of 1989 and scanned aerial photographs of 1992 and 1995 were rectified and 
compared. The JARKUS profiles for these years were also compared in order to monitor 
migration of the erosion cliff in the dunefront nourishment and the movement of bars. 

• Yearly coastal profiles, i.e. the JARKUS data, were used to construct elevation maps of 
the study area. JARKUS data from 1985 to 1996 were converted to lists of x-, y-, z-
values. They were interpolated to form a 20 x 20 m grid using inverse distance 
interpolation with anisotropy in Surfer. The produced ASCII-files could be imported into 
PCRaster to form elevation maps. They have been plotted as 1 m interval maps, and were 
used to extract additional morphological information for the study area. 

• Reports of Rijkswaterstaat (DGW/RIZA, 1992, 1993; RIZA, 1994; RIKZ/RIZA, 1994, 
1996, 1997) were consulted to derive storm floods (also known as storm tides or storm 
surges). These are high waters as a result of a storm enhanced by favourable tidal 
conditions. The yearly number of storm flood days are listed in Table 1. The succession 
of these storm flood days was related to morphological developments that were derived 
from the elevation maps. 

• Nourishment project descriptions (Table 2) were used to construct nourishment maps. 
Nourishments were regarded as additions of certain sediment volumes to the coast. These 
sediment volumes have been subtracted from and added to the elevation maps. 

Table 1. The number of storm flood days per year. 

date nr of storm flood days date nr of storm flood days 
1984 4 1990 6 
1985 0 1991 1 
1986 2 1992 1 
1987 0 1993 7 
1988 1 1994 3 
1989 1 1995 3 

Table 2. Overview of the design dimensions of the nourishments. 

date location type volume (106m3) 
1980 10.000-16.000 dune 2.20 
1990 12.400-17.000 dune 

13.800-15.200 inner dunes total 0.97 
1992 11.500-19.600 beach 1.44 

11.500-12.800 dune 0.23 total 1.67 
1996 07.200-11.200 beach 1.56 
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An assessment of the data now follows. 
• Chapter 2 (of this thesis) assesses the remote sensing data to be used for description of the 

development of various units of central Ameland's North Sea coast. Relevant features can 
best be observed with various airborne remote sensing techniques. 

• The JARKUS database contains inaccuracies. The exact magnitude of these is unclear, 
but as a rule of thumb an error of 0.3 m can be assumed. A full profile of one single year 
thus contains inaccuracies because of the data collection method. It is common at 
Rijkswaterstaat to incorporate the full JARKUS data in their analysis; this was done in 
this study too. The data for one year is, however, usually collected at two different 
instances; the under water part and subaerial part of the profile are not usually collected 
on the same date. Another problem is that the profiles do not always reach the system 
boundaries that delineate the area where the main sediment exchange occurs. Concerning 
the use of profile data, Kroon (1994) remarked that the soundings of the nearshore 
topography cannot be used for accurate sediment budget analysis because the alongshore 
spatial interval between the cross-shore profiles is too large to detect all morphological 
features, for example rip channels. In addition the landward, seaward and longshore 
boundaries of the budget area are open. Finally, the data consist of profiles. These were 
interpolated to several regular grids which constituted elevation maps. The interpolation 
introduced extra inaccuracies. 

• A storm flood is defined as the condition in which a critical water level is exceeded. The 
critical water level is related to the difference between the actual high water level and the 
astronomically predicted high water level, taking into account storm-induced differences 
in times of high and low water (DGW/RIZA, 1993; RIKZ/RIZA, 1997). Additional 
inaccuracy is incorporated in defining storm floods in the number of storm flood days, 
because their duration is probably related to their impact. Storm floods of a few hours and 
storm floods of a full day (two high-tides) counted both for one occurrence. 

• Nourishments were evaluated by adding sediment volumes to and subtracting sediment 
volumes from the elevation maps. Some locational inaccuracies might be incorporated in 
the subtraction of nourishments. 

With regard to the inaccuracies mentioned above, it should be remembered that this is a semi
quantitative study, in which the focus is on long-term (i.e. longer then yearly) trends. 
Actually, this is the way in which these data are commonly used (e.g. Westlake, 1995). 

Relationships between the data 

The influence of storm floods and nourishments are often registered in the JARKUS data of 
the following year (Fig. 3). 
• A series of storm floods occurred in the spring of 1990, and then the JARKUS data were 

collected in August 1990. 
• The area was nourished in 1990 and subsequently the JARKUS data of 1991 were 

collected. The on-land JARKUS data for 1992 were collected. 
• The area was nourished again, while the subaqueous JARKUS data collection of 1992 

took place. 
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• Several storm floods occurred in the spring of 1993, which was followed by the 1993 
JARKUS data collection. 

• Several storm floods occurred in the winter of 1993 and in the spring of 1994, and 
subsequently the 1994 data were collected. 

1989 

1990 

JARKUS data collection 
— storm floods 

1991 -| 

1992 

JARKUS data collection 
nourishment 

— JARKUS data collection 

1993 

— JARKUS data coll. (land) 
— nourishment 
— JARKUS data coll. (sea) 

storm floods 

— JARKUS data collection 
storm floods 

1994-1 
— JARKUS data collection 

Figure 3. Temporal relationships between the data. 

4.3 Method of analysis 

Image processing in this study was kept to a minimum and the focus is on the practical 
geomorphological information that could be provided by remote sensing. Besides, volumetric 
modelling stimulates thinking about the location where eroded sediment remains. This is in 
contrast to most models, which focus on causal relations between wave conditions and 
erosion (section 4.1). These choices lead to a new method of analysis, which will be 
described in the following sections. 

4.3.1 Volumetric studies of landscape units 

With the elevation maps shown in Fig. 6, an inventory was made of the overall volumetric 
behaviour of the study area and of the exchange of sediment between the landscape units. 
The map totals of the area shared by all maps (the total volumes per year), and the area totals 
for the landscape units, nearshore zone, beach and foredunes (the volumes per landscape 
unit) were listed. In accordance with the ideas presented in Fig. 4, it was attempted to link this 
behaviour to natural driving forces and management practices, because it was assumed that 
these factors could influence the sand volumes. To study these influences, the map totals of 
the area shared by all maps (the total volumes per year), and the area totals for the landscape 
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units (the volumes per landscape unit), were compared to the data on these natural forces and 
management practices (section 4.2; Fig. 3). 

u OJ 

-*-• X I 

o vi 
a O 
D. U. <u 

a 
T3 
C 

c 

H) 

T3 
C 

3 

E co 
C 

<IJ 
ÖJJ ,~ 
"-, 

E s c 
es 

o - o 
c 

CO 

3 t /^ 3 

CL cfl 3 

£ S É 

C 
O 

- — CO 

S °-
ra ca 

> Ë 
ju 

CD § 
+ j '-Ç 
3 cd 
CL S 

i -
3 _̂» O c 
> 
en 

CU 

- C CU 
CU 00 

- O cd 
C 

cd cd 
CO £ 
cd 

o 
>-. 

O _o 
<+- T3 
O CU 
C/3 o 

c CU CU 

-n 3 
o G 
S _c 

CO 

1) 
M 
C 
co 

-C 
en <-> 

•— o 
CO c 

cd E -O 3 

.2 > 

E 'S E 'S 
o g o g 
CU -z \ M>£ 
cd o 
<- S 
s o O •-m JS 

T : O 
JU o-T 3 co 

o b 
2 w 

tz 

c 
8 
> c 
CD 

w 
o 
o 
Q. 

E 
Cl) 

co 
Q . 
CO 
CO 

3 
O 
> 
co 

. n 
cü 

XI 

co 
co 
o 
o 
O) 

"33 
- a 
o 

8 
3 
O) 
Ü. 

138 



4.3.2 Analysis of nearshore bar behaviour 

Subsequently, the elevation maps were used for description of the longshore behaviour of the 
nearshore bars. The bars are those long stretches on the 1 m interval maps that belong to a 
certain class and are surrounded by a lower class (Fig. 6). Movements of bar attachment 
points were extracted from these maps by registering the x-coordinates of the beginning of 
the wedges between the inner nearshore bar and the beach. A possible relation between the 
longshore behaviour and the number of storm flood days or the occurrence of nourishments 
was examined. 
For cross-shore analysis, the elevations in the maps were assigned to eight height classes (see 
Table 3), which resulted in maps with height classes ('Hohenschichten Karten'). A bar was 
defined as an area in a higher class surrounded by a lower class. As a result of the classes 
chosen, only bars with crests that differed more than 2 m from the base of the adjacent 
troughs at a 20 x 20 m pixel size could be detected. These classes were used in a profile 
analysis. Five cross-shore transects, which were 50 m apart, were selected from the time 
series of classified maps for the cross-shore description of the behaviour of the bars. 
Subsequently the bar movement per transect and the movement per bar were analyzed and 
the mean bar movement rate was derived. Finally, the potential relation between the cross-
shore behaviour and the number of storm flood days or nourishments was tested. 

Table 3. Classes used in the cross-shore analysis of bars. 

intervals (m) assigned class average (m) 
>2 5.0 

1 - 0 0.5 
0 - - 1 -0.5 

-1 - - 2 -1.5 
- 2 - - 3 -2.5 
- 3 - - 4 -3.5 
-4 - -5 -4.5 

<-5 -7.0 

4.3.3 Modelling of overall behaviour 

A model describing the morphological development of the landscape was made to predict the 
future morphology of central Ameland's North Sea coast (Eleveld, 1996; Van der Linden, 
1997). This model requires certain assumptions to be made about the volumetric 
development of the study area and about bar behaviour, which were studied using the 
previously mentioned methods. 
The model was formulated in PCRaster and was based on the overall sediment transport. To 
predict the mean longshore sediment transport, (the values of) all cells in the area prone to the 
daily influence of the sea were moved to the east (right). The mean northerly cross-shore 
transport was predicted in a similar way. Additionally, a module was made for the retreat of 
the erosion cliff in the nourished foredunes and for subsequent deposition of sand on the 
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beach. The assumptions are indicated below. The program is given in Annex 1. 
The preliminary conceptual model is based on the following assumptions: 
• the inner dunes are stable, 
• the foredunes erode and subsequently the sand accumulates at the dunefoot and on the 

beach, 
• the beach erodes, 
• the mean foreshore profile steepens; nearshore bars migrate. 

To validate the model, the maps generated by the model were related to the actual maps for 
several data series. The model was tested by making predictions for 1986 to 1990 with the 
elevation map of 1985 as input. Predictions for the following years are not useful for this test 
because the area was nourished in 1990. Further testing was performed by predicting the 
elevation in 1992 (in 1992 another nourishment had been carried out) with the elevation map 
of 1991 and by predicting the elevations from 1994 to 1996 with the elevation map of 1993. 
These predicted elevation maps were compared with real elevations on maps of the 
corresponding years (Van der Linden, 1997). 
Some maps were created to predict the propagation of errors and perform sensitivity analysis. 
An error (of 10 cm) was both added to and subtracted from the elevation maps. The 
predictions with these maps were compared to predictions with the regular elevation maps 
and to the actual elevation maps (Van der Linden, 1997). 
The model could be used to predict the morphological development under the influence of 
storm floods and nourishment (Fig. 4). However, in practice it has only been used in a 
volumetric evaluation of nourishment practices (Van der Linden, 1997). 
The model was used to predict the future morphology. Predictions were made with the 
elevation map of 1996 as input. Additionally, nourishments were added to this map and 
predictions with these nourishments were carried out. Finally, the results of these predictions 
were compared. 

5 RESULTS 

Figures 5 and 6 allow general characteristics of the area to be discriminated. Figure 5 gives an 
overview of the North Sea coast north of Nes (transect 11.200-12.400, in the western part of 
the study area) by a combination of remote sensing data with JARKUS data. The active 
features, i.e. the erosion cliff and the nearshore bars, were derived from the occurrence of 
shadows and breaking waves on the remote sensing data and were indicated in the profile 
data. Both the horizontal overview offered by the remote sensing data and the vertical look 
from profile data indicate absence or presence of nourishment, and the outward moving trend 
of the bars. 
Figure 6 displays the elevation maps of the study area from 1985 to 1996. The overview of 
the study area shows an undulating dune area, a relatively small but elongated beach, and an 
extensive nearshore zone. The most active part of the study area is in the centre of the maps, 
which primarily depict the bars, but also offer information on cliff retreat and beach width. 
Although over the study period profound differences between the maps occur, they still 
feature a regular development; their yearly order is clear. 
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a backdrop scanned and rectified aerial photograph, (b) Vertical changes along a transect. 
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Figure 6. Elevation maps of the study area. (Values in m.) 
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5.1 Budgets of landscape units 

Table 4 presents the total volumes for the maximum area shared by all maps. The list of 
sorted total sediment volumes shows that the maximum amount of sand was encountered in 
1985 and the minimum in 1993 without nourishment (the 1992-nourishment was subtracted 
from the map). There was no clear historical order in the range of yearly total volumes. 
Then, the list was related to driving forces and management practices. The total volume after 
the storms in 1990 was low. The total volumes of the maps of 1991 and 1993 from which the 
nourishments were subtracted (1991s and 1993s) were low as well. With the nourishments 
they end up in the middle range (1993) or in a high volume contents (1991). So far, the total 
volumes seem to reflect the influence of storm floods and nourishments. The total volume of 
1994, which should also reflect much storm activity, is high. This is in contrast to what would 
be expected, but it might be related to the poor quality of the 1994 map, which seems to 
contain data errors. 

Table 4. Sorted total sediment volumes. 

year volume (106m3) year volume 106m3) 
1985 -26.52 1992 -27.20 
1988 -26.60 1993 -27.30 
1991 -26.76 1996 -27.34 
1987 -26.94 1986 -27.78 
1994 -27.03 1991s -28.05 
1989 -27.04 1990 -28.18 
1995 -27.13 1993s -28.63 

Figure 7 presents a comparison of landscape units. 
• A trend of a decreasing volume of the foredunes can be seen from 1987 to 1989. An 

absolute minimum in the foredune volume occurred in 1990. From 1991 to 1996 the 
volume increased again. Two extreme increments in 1991 and 1993 were the result of 
human interference in the form of beach and dune nourishments. 

• On average the volume of beach has increased over the last 11 years. A maximum beach 
width was present in 1994, almost two years after the autumn 1992 nourishment. 
(However, prudence is called for when interpreting the information of 1994, because of 
an error in the data.) 

• The volume of the nearshore zone accounts for the largest volume in the active region, 
and in this data set. On average, the nearshore zone seems to have steepened somewhat 
over the last 11 years. The second highest nearshore zone was found after the 1990 
storms. 

The exchange of sand volumes between landscape units relative to a -10 m plane can be 
correlated to storm floods and nourishment practices. Storms at the beginning of 1990 eroded 
the foredunes and deposited material on the beach and on the nearshore zone (see 1990). The 
influence of dune nourishment in autumn 1990 can be seen on the maps of 1991. The volume 
of foredunes increases, at the expense of the volume of beach. The nearshore zone volume is 
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also small. The beach and dune nourishment in 1992 can be perceived as an increase in the 
volume of the foredunes. The volume of beach is high at the expense of the nearshore zone 
volume. The nourishment was eroded heavily in 1992 and in 1994, which resulted in a large 
increase in beach volume in 1994 (the latter could also be due to an error in the 1994 data ). 
The nearshore zone volume slightly increases in 1995 and 1996. 
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Figure 7. Evolution of sediment volumes per landscape unit relative to -10 m NAP level, (a) 
Sediment volume in the nearshore zone; (b) beach volume; (c) foredune volume. 
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5.2 Bar behaviour 

Longshore trends 

Figure 6 shows the nearshore bars from 1985 to 1996. There are four bars in the system, 
which have been numbered 1 to 4. 
• In 1985, three bars can be discriminated. These are an outer bar (1) with a crest at a depth 

of -3.5 m, an inner nearshore bar (2), and a swashbar (3). The trough between the outer 
bar (1) and the inner nearshore bar (2) is large. 

• In 1986 the outer bar (1) degenerates at a crest-depth of-4.5. The inner nearshore bar (2) 
migrates seaward and becomes deeper. The swashbar (3) detaches from the beach and 
evolves into a second inner nearshore bar. A start is made with the formation of a new 
swashbar (4). 

• In 1987 the outer bar (1) disintegrates further. Bar 2 is starting to separate from the beach. 
The former swashbar (3) continues to build; a trough is forming, and the bar can be 
defined as an inner bar. The new swashbar (4) develops. 

• In 1988 the outer bar (1) is gone. In the west, the inner nearshore bar (2) becomes an 
outer bar. It is still connected to the beach by bar attachment points. The second inner bar 
(3) migrates seawards. The new swashbar (4) can just be distinguished. 

• In 1989 only bars 2 and 3 can be distinguished. From 1988 onwards, bar 2 is connected in 
the west and it is growing outward in the east. The trough between bar 2 and the present 
inner bar (3) is growing. 

• In 1990 the new outer bar (2) is already degenerating. The bar attachment point is moving 
east. The current first inner bar (3) is the main mover. The present second inner bar (4) is 
growing. 

• In 1991 the degeneration of the outer bar (2) continues. Bar 3 is still present. 
• In 1992 the outer bar (2) moves out of the system in the east. An obvious trough forms 

between the inner bar (3) and the beach. 
• In 1993 the outer bar (2) is gone. An extended elongated trough exists between bar 3 and 

the beach. Bar 3 remains attached to the beach in the west. Bar 4 is forming. 
• In 1994 bar 3 and 4 are the dominant bars. The map of 1994 consists of two parts, 

possibly due to an error in the JARKUS data. 
• In 1995 the eastern part of the outer bar (3) has moved outward. The bar attachment point 

has moved east. Bar 4 is becoming more apparent. The trough between bar 3 and the 
beach increases. 

• In 1996 the bars (3 and 4) are at an angle to each other. 

In summary, the number of distinct bar features that can be distinguished varies from 4 (in 
1986 and 1993) to 2 (in 1995 and 1996). In general, 3 bars, an outer bar and two inner 
nearshore bars, can be seen. The swashbar is not always visible. The outer bars seem to 
degenerate when the crest depth is -4.5 m. After 1989, rhythmicity occurs. The crescentic 
pattern of the inner nearshore bar can be ascribed to the presence of a low-tide terrace, which 
is a point of attachment between the inner nearshore bar and the beach (section 2.3). 
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Figure 8 shows that movement of bar attachment points has been perceived for the last nine 
out often years. The bar attachment points move fast and fluctuate greatly. There is a main 
westerly direction of movement. The maximum movement that occurred was 1.64 km/year. 
Migrating bar attachment points influence the (cross-shore) behaviour of the bars. 

Finally, longshore trends were related to driving forces and management practices. Fig. 6 
seems to indicate that coastal development was quite regular over the whole period (1985-
1996). The movement of the bar attachment points (Fig. 8) was studied to see if any 
irregularities occurred, which could indicate a relationships between storm floods or 
nourishments and the morphological changes. First, the focus was on the period of 1989-
1990 (which comprises the spring 1990 storm floods). A westerly movement of the bar 
attachment point of 1020 m/year is high but not unusual when compared to movements of the 
attachment point associated with bar 3 (Fig. 8). Therefore, this movement also does not 
necessarily support the idea of a major influence of storm floods on longshore trends. Then, 
the influence of nourishment practices on bar movements also could not be found. 

.attachment point bar 2 

.attachment point bar 3 
-500 

(b) Movement of bar attachment points (m/yr) 

bar 2 bar 3 all bars 

sum 480 3260 3740 
number 5 4 9 
mean 96 815 416 

max 1020 1640 1640 
min -460 160 -460 + westerly, - easterly 

Figure 8. Longshore bar migration rates, (a) Movement of bar attachment points, (b) 
Statistics. 
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Cross-shore trends 

Figure 9 shows the movement of bars per transect. 
• In Transect 50, bar 1 is rapidly moving seaward followed by bar 2. After 1986 bar 1 

degenerates and bar 2 moves seaward more slowly. It speeds up (in the period 1987-
1988) and slows down and degenerates between 1989 and 1990. After that period, bars 
were absent, or occurred for only one period (bars 3 and 4). 

• In Transect 100, bars 1 and 2 occur simultaneously at first. Bar 2 moves faster seaward 
then bar 1. The seaward movement of bar 2 slowed down after bar 1 has degenerated. 
Then this speed increases again until 1988-1989. From then onwards seaward movement 
becomes minimal and even shifts into landward movement until the bar disappears after 
1990-1991. Then a new seaward-moving bar (3) forms, however. Its seaward-directed 
movement temporarily slows down between 1993 and 1994. 

• In Transect 150, bar 1 and 2 occur simultaneously at first. Bar 1 moves landward and 
degenerates. Bar 2 speeds up and then slows down. Since 1989-1990, bars 2 and 3 occur 
simultaneously; bar 3 closely follows bar 2. Then bar 2 disintegrates and bar 3 accelerates 
landward. Between 1994 and 1995 the bar moves seaward. 

• In Transect 200, a bar is almost continuously present. Bar 1 disintegrates in 1987 and bar 
2 degenerates in 1992. In these instances, bar 1 is moving just landward and bar 2 is 
moving just seaward. Bar 3 is moving seaward at an almost continuous speed of about 50 
m/year. 

• In Transect 250, bar 1 disappears. Bar 2 appears and first accelerates and then decelerates. 
Between 1989 and 1990, bar 3 appears and moves simultaneously with bar 2. Then bar 2 
disappears, followed a few years later by the disappearance of bar 3. From 1992-1993, a 
dominant bar is lacking. 

An overview of the movement along all transects facilitates the comparison of the five 
transects. In time, bar 1 and 2 have been replaced by bar 3 and 4. The bars move on average 
about 50 m/year. The statistics for bar movements along all these 5 transects will be given 
after a discussion of the movement per bar. 

Figure 10 shows the movement per bar. 
• Bar 1 shows a large seaward moving trend in the first period and a slightly landward 

moving trend in the second period, before disappearing. 
• Bar 2 shows two peaks in seaward movement; between 1985 and 1986 and between 1988 

and 89. Its degeneration is preceded by either a slow seaward movement (for the most 
easterly profiles) or a slight landward movement (for the most westerly profiles). This 
position-based difference in behaviour is related to the migrating bar attachment points 
(see longshore behaviour). 

• Bar 3 is moving seawards at a regular pace, with the exception of one landward moving 
event. 

In comparison, bar 1 and bar 2 display similar behaviour over the entire 4 km between 
Transect 50 and Transect 250. Along the coast, the movement of bar 3 has shifted and 
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different behaviour occurs under the influence of the relatively fast migrating bar attachment 
points in the later stages (Fig. 8). 

Transect 50 Transect 100 
200 

_bar1 

.bar 2 

_bar3 

.bar 4 

_bar 1 

.bar 2 

.bar 3 

Transect 150 Transect 200 

.bar 1 

.bar 2 

.bar 3 

200 

.bar 1 

.bar 2 

.bar 3 

Transect 250 All data along 5 transects, 1985-1996 
200 200 

150 

100 

50 

bar1 
0 

bar 2 -50 

bar 3 
-100 

Transect, RD-coord: 50=179600; 100=180600; 150=181600; 200=182600; 250=183600 
y-axes: + seaward, - landward 
x-axes, period: 1 = 85-86; 2 = 86-87; 3 = 87-88; 4 = 88-89; 5 = 89-90; 6 = 90-91 ; 

7 = 91-92; 8 = 92-93; 9 = 93-94;10= 94-95;11= 95-96 

Figure 9. Cross-shore bar migration rates per transect. 
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Movement of bar 1 
between 1985-1996 

Movement of bar 2 
between 1985-1996 

Movement of bar 3 
between 1985-1996 

Movement of bar 4 
between 1985-1996 

Transect, RD-Coord: 50=179600; 100=180600; 150=181600; 200=182600; 250=183600 
y-axes: velocities (m/year) + seaward, - landward 
x-axes, period: 1 = 85-86; 2 = 86-87; 3 = 87-88; 4 = 88-89; 5 = 89-90; 6 = 90-91 ; 

7 = 91-92; 8 = 92-93; 9 = 93-94; 10= 94-95; 11= 95-96. 

Figure 10. Cross-shore bar migration rates for four bars. 

Figure 11 summarises cross-shore bar migration rates. The mean bar movement is 57 m per 
year in a seawards direction. The frequency distribution of bar movement velocities in classes 
of 40 m/year appears to be normal. Cross-shore, the bars move relatively slowly and fluctuate 
little compared to the magnitude of the long-shore movement of bar attachment points. 

Finally, the cross-shore trends were related to driving forces and management practices. Fig. 
6 seems to indicate that coastal development is quite regular over the whole period (1985-
1996). The cross-shore profile analyses (Figs 9 & 10) were studied to see if any irregularities 
occurred that could indicate a relationships between storm floods and morphological changes. 
The focus was on the period of 1989-1990 (which comprises the spring 1990 storm floods). 
Storms are generally associated with a degeneration of the outer bars and subsequent outward 
movement of the inner bars (Ruessink & Kroon, 1994). When considering the movement per 
bar (Fig. 10, Movement of bar 3 1985-1996), no evidence was found of degeneration. 
Actually, the creation of bar 3 has been perceived instead. Furthermore, in contrast to what 
was expected, seaward movement between 1989 and 1990 (a period characterised by many 
storm floods) was rather slow compared to activity that could be perceived between 1988 and 
1989 (Fig 9). 
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(a) Migration rates (m/yr) 

bar1 bar 2 bar 3 bar 4 all bars 

sum 560 1580 1270 10 3420 

number (n) 8 26 25 1 60 

mean 70 61 51 10 57 

max 170 180 110 10 180 

min -30 -60 -80 10 -80 

Distribution of velocities of bar movement 

-80 20 60 100 
\<m/yr) 

180 

+ seaward, - landward 

Figure 11. Cross-shore bar migration rates, (a) General statistics, (b) Distribution. 

5.3 Prediction 

The previously presented results on the volumetric exchange of sand between the landscape 
units and on bar behaviour were used in a simple model, based on long-shore and cross-shore 
transport, and on retreat of the erosion cliff. Additional values for parameters in the model 
were derived by testing predicted elevations against measured elevations. 

In the model, the inner dunes are presumed to be stable (Annex 1). On the seaward slope of 
the foredunes, 1.5 m sand is eroded per year. This sand is transported to a downstream pixel, 
which results in accumulation of the sand at the dunefoot and on the beach. The beach erodes 
1 m/year. The foreshore steepens, and on the foreshore the bars migrate seaward at an 
average rate of 60 m/year (results from statistics of cross-shore bar movement). Bar 
generation and degeneration are not incorporated in this model. 
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Testing was performed la. by predicting elevations from 1994 to 1996 with the elevation 
map of 1993. These predicted elevation maps were compared with maps of corresponding 
years with measured elevation values. The elevation in the dune complex in the predicted 
maps is similar to the elevation in the real maps. In 1994 and 1995, the predicted elevation 
and location of the dunefoot are good. In 1996, the dunefoot is located too far landwards in 
the predicted maps. In all predicted maps, the beach is about 20 (to 50) cm too low. The 
location of the bars in 1994 is comparable to the bar location on the real maps. In 1995 and 
1996, the bars are situated 50-70 m too far seawards compared to the real bars. The outer 
foreshore gives an elevation that deviates only with a maximum of 20 cm. 

Elevation maps with an added and subtracted error (of 10 cm) were used in predictions, 
which were compared to predictions from original elevation maps (without the error), as well 
as to actual elevation maps. The comparisons show that errors in elevation data have a minor 
impact on predictions. Frequently predicted elevations are similar, but either 10 cm lower or 
higher. Only at the water line and the dunefoot does a difference of up to 90 cm (for a 
prediction of five years) exist. This difference results from the fact that the pixels are 
classified as another landscape unit, due to the 10 cm higher or lower elevation, so that 
different processes prevail. 

Predictions of the topography in 2000 were made from the elevation map of 1996. Firstly, a 
prediction was made of future elevations if no further nourishments were carried out. 
Compared to the map of 1996, without nourishments the foredunes and the beach retreat 20 
to 40 m and are 0.5 m lower in 2000 (Figure 12). Then, the influence of nourishments was 
investigated. With a nourishment of 0.5 m, the dune ridge retreats about 10 m, and the beach 
is about 40 cm lower. With a nourishment of 2 m, the beach is 1 m higher than in 1996. A 
nourishment of 1 m results in 2000 in a profile that is similar to the elevation profile in 1996, 
so that, according to the model, the retreat of the dunefoot and the reduction of beach height 
would be compensated for. 

6 DISCUSSION AND CONCLUSIONS 

This research resulted in a description and prediction of a continuous sandy shoreline under 
influence of natural processes (e.g. storm floods) and human impacts (i.e. nourishments). 
Both remote sensing data and elevation data showed patterns that indicate an erosion cliff in 
the dune front and bars. The position of the erosion cliff changes irregularly, whilst the bars 
exhibit a more-or-less regular development. 
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6.1 Budget analysis 

Storm floods and nourishments are related to sediment exchange between landscape units. 
Storm floods lead to increased foredune erosion and to deposition of material on the beach 
and the nearshore zone. The dune-front and beach nourishments increase the volume of 
foredunes and the beach, respectively. Transport of sand to the beach and the nearshore zone 
was perceived when nourishments are eroded (especially after the 1992 nourishment). This is 
in accordance with Short's (1991) observations of the evolution of the central Netherlands 
coast. In his studies, nourishment resulted in shoreline progradation and erosion of 
nourishments induced lower nearshore gradients. The net result was a wider low-gradient 
beach, fronted by a wide low-gradient surf-nearshore zone. 

Modelling 

The results of the volumetric trend analysis of landscape units and of the behaviour of bars 
were used in the construction of a model in GIS. The model gives good predictions of the 
elevation of central Ameland's North Sea coast. This means that this coast behaves regularly 
on a time scale of years. 
The model could be used to predict morphological development under the influence of storm 
floods and nourishment (Fig. 4). 
• The morphological influence of a nourishment in a certain year can be estimated by 

comparing predictions from pre-nourishment elevation maps with the measured post-
nourishment elevation maps. Another method involves the use of a map constructed by 
subtracting the nourishment map from measured post-nourishment elevation maps. 
Predictions with this map can be compared with predictions from measured post-
nourishment elevation maps. 

• In principle, a similar approach can be followed for the storm floods. The model would 
then allow a volumetric assessment of the possible consequences of recurrent of high 
storm-flood activity {e.g. such as in 1990). Changes that occur in a period with many 
storm floods (between 1989 and 1990) can be determined by subtracting maps. These 
changes could be combined with other maps and be used in simulations. Such simulations 
were, however, not performed because the reaction of the morphology to storm floods is 
thought to be strongly dependent on existing morphology (Chapter 5), so that the change 
map for 1990 cannot be valid for simulation with other years. 

6.2 Bar behaviour 

The bars show a regular cyclic cross-shore behaviour with an important longshore 
component. This study suggests that storm floods are not related to the behaviour of bars; the 
breaker bars display autonomous regular behaviour. However, the JARKUS data used in the 
present study are usually collected in spring, whilst the storm floods typically occur in 
autumn and winter. Therefore, much of the morphologic response might have been obscured 
by the data set. Similar problems with the intervals of the JARKUS data were mentioned by 
Ruessink and Kroon (1994). 
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The regular behaviour of the bars, even after nourishment, was contrary to the hypothesis that 
nourishment sand would be redistributed by the bars. Hoekstra et al. (1996) also found that 
the influence of (a nearshore) nourishment on cross-shore bar behaviour was not as straight 
forward as expected; they found a dominantly longshore transport of sediment from the 
nourishment. The results also suggest that there is no relation between the volume of the 
nearshore zone (Fig. 7) and the cross-shore bar behaviour (Fig. 10); the influence of bars on 
the cross-shore sediment exchange is mainly limited to the nearshore zone itself. This is, 
however, in contradiction with the behaviour on a decadal scale, in which oscillatory 
duneface evolution is correlated with the recurrence frequency of a migratory bar system 
(Stive et al, 1996). 

Modelling 

The current model (Annex 1) includes the movement of bars, even though the results suggest 
that bar movement could be left out of the model if one is only interested in volumes. 
Incorporation of their movement in the model is, however, justified by the general lack of 
knowledge on the behaviour of bars. Recently Wijnberg (1995) and Ruessink (1998) have 
attempted to model various aspects of their cyclic behaviour. In the following sections, 
further possibilities of the current modelling approach are explored. 

Longshore, two situations in bar behaviour occurred: one without bar attachment points, or 
with bar attachment points outside the research area (1985-1986), and the other with bar 
attachment points (1987-1996). If bar attachment points occur, then their movement seems to 
be irregular. Therefore it would be very hard to model their behaviour. 

Cross-shore, there is at least one bar present and, frequently, another two smaller bars also 
exist. 
• A mean bar movement of 57 m/year to seaward was found for Ameland's Central system 

(Fig. 11) and, consequently, a seawards directed bar movement of 60 m/year has been 
modelled (with the PCRaster option upstream, Annex 1). 

• From Figure 6 it can be concluded that the outer bar degenerates at about the -4.5 m level. 
The degeneration could be modelled with the option speadldd (Karssenberg, 1996). 
Therefore, the movement and degeneration of bars can be modelled. 

• The growth of bars, however, would have to be modelled by sediment redistribution 
within the nearshore system. This sediment redistribution could be modelled in PCRaster 
with spreadldd, upstream, to distribute sediment from bars to troughs. The option 
areatotal could be used to monitor the sediment budgets. It is not clear, however, how the 
accumulation of sediment in bars at certain spaces could be modelled. 

• On the inner foreshore, bars should be initiated, but this process, also, could not be 
modelled in PCRaster. Furthermore, the current model (Annex 1) predicts the annual 
elevation of the coastal zone, while on Ameland, a new nearshore bar is only formed once 
every four or five years. Thus, no bars are initiated in the model and the mean profile is 
given instead (Van der Linden, 1997). 
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Conclusions 

In conclusion, the monitoring and modelling of the Central system gives the following 
results. 
• The budgets of the landscape units reflect the influence of storm floods and nourishments. 
• The bars show cyclic cross-shore behaviour with an important longshore component. 
• The exchange of budgets between the landscape units can be modelled. 
• The present model in a GIS could simulate the offshore movement of the bars, but it 

cannot simulate the full cyclic development. 
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Annex 1. Program. 

# A model that predicts the sediment changes along the North Sea coast in the central part 
# of Ameland. 
# Sandra van der Linden and Marieke Eleveld 
# May 1997 

binding 
lniHeight=height.map; 
TransSedLandUnit=trsedlu; 

# Initial elevation map; input map. 
# Reported maps with different sediment transport for 
# different landunits (near shore zone/foreshore, 
# beach, foredunes, dunes). 

areamap 
clone20.map; 

timer 
1 5 1 ; 

initial 
Ldd6=ldd(6); # Sediment transport eastward. 
Ldd9=ldd(9); # Sediment transport to the northeast. 
Ldd8=ldd(8); # Sediment transport to the north. 
Elevation=lniHeight; # The initial elevation is assigned to the variable 

# elevation. 
Elev=if(Elevation<0.5 then Elevation else 0); 
Profile=windowaverage(Elev,600);# The mean underwater profile is calculated. 

dynamic 
#The elevation map is split up in three landunits (foreshore<-1 m (landunit=0); beach>-1 
# and <2 (landunit=1); dunes>2 (landunit=2)). 
LandUnit=scalar(Elevation>-1)+scalar(Elevation>2); 

# Inner dunes are stable. Distance to the beach is more than 61 m and landunit is 2. 
# The distance to the beach 
# is calculated. 

Afstand=spread(LandUnit eq 1,0,1); 

Buffer=if(Afstand<61 and LandUnit>1 then scalar(1) else 0); 

Dunes=if(LandUnit>1 and Buffer eq 0 then IniHeight else 0); 

# Buffer separating the 
# beach from the stable 
# inner dunes. 
#The initial height is 
# assigned to the inner 
# dunes. 

# Outer dunes are unstable, erode and accumulate downstream. 
ForeDunes=if(Buffer eq 1 then Elevation-1.5 else 0); # The dunefront is eroded 

# with 1.5 m. 
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ErodedForeDunes=if(Buffer eq 1 then scalar(0.7) else 0); 
DepForeDunes=if(Afstand<61 then upstream(Ldd8,ErodedForeDunes) else 0); 

# Part of the sediment is deposited 
# on the dunefront and beach. 

DuneEdge=if(Buffer eq 1 and DepForeDunes eq 0 then scalar(0.9) else 0); 
# The edge of the dunefront and the 
# inner dunes are filled with part of 
#the sediment. 

DepositionForeDunes=DepForeDunes+DuneEdge; # Total deposited sediment. 

# Beach erodes. 
Beach=if(LandUnit eq 1 then Elevation-1 else 0); # Beach erodes with 1 m. 
ErodedBeach=if(LandUnit eq 1 then 0.8 else 0); 
DepBeach=if(Afstand<61 then upstream(Ldd8,0.8*ErodedBeach)+upstream(Ldd8, 
upstream(Ldd8,0.2* ErodedBeach)) else 0); # Eroded sediment is transported 

# and spread on the beach and 
# foreshore. 

DepBeach1=if(LandUnit eq 1 then DepBeach else 0);# Deposition on beach. 
DepShore=if(LandUnit eq 0 then DepBeach else 0); # Deposition on foreshore (not 

# used). 
BeachEdge=if(LandUnit eq 1 and DepBeach eq 0 then scalar(0.2) else 0); 

# Deposition on edge beach and 
# dunefront. 

DepositionBeach=BeachEdge+DepBeach1 ; # Total deposited sediment. 

# On the foreshore bar migration takes place. 
NewProf=if(Landl)nit<2 then Profile*1.02 else 0); # The mean profile is lowered 

# every year. 
ElevBar=if(LandUnit eq 0 then Elevation-Profile else 0); # The bar profile is separated 

# from the mean profile. 
TransBar=if(LandUnit eq 0 then upstream(Ldd6,upstream(Ldd6,upstream(Ldd6,ElevBar))) 
else 0); 
TransBari =if(LandUnit eq 0 then upstream(Ldd9,upstream(Ldd9,upstream(Ldd9, 
TransBar))) else 0); # Transport of the bar profile eastward and seaward 

# with 120 m/year and 60 m/year respectively. 
NewProf1=if(LandUnit eq 0 then NewProf else 0); 
NewProfile=NewProf1+TransBar1; # The new total profile. 
ForeShore=NewProfile; 
Profile=NewProf; 

report TransSedLandUnit=ForeShore+Beach+DepositionBeach+ForeDunes+ 
DepositionForeDunes+Dunes; # Calculation of total transport in the entire area. 
Elevation=TransSedLandUnit; #New elevation for the next timestep. 
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CHAPTER 9 

MODELLING WASHOVER LANDSCAPE DEVELOPMENT 
WITH AIRBORNE REMOTE SENSING DATA 

ABSTRACT 

An important and genetically controversial geomorphological phenomenon 
observed on the eastern ends of the Wadden islands is the occurrence of 
washovers. Through their present geomorphological function in aeolian 
and marine sand transport from the beach and foredunes to the saltmarsh 
and tidal flats, washovers also have a major ecological impact. They 
influence, La., the species composition of the saltmarsh. The study aims to 
describe and predict the development of a washover landscape. Several 
airborne sensors were used to monitor the washovers. Information on 
developments in the formation and stabilisation of the washovers by 
vegetation was extracted from multitemporal airborne videography and 
aerial photographs. Based on the trends derived from these sequential 
images, digital elevation data, and morphological parameters derived from 
laser altimetry, dynamic modelling in a GIS environment was applied. This 
resulted in the prediction of a (future) washover and saltmarsh landscape. 
The approach taken and the results produced were tested in several ways. 
The approach seems to be promising, but some of the assumptions in the 
model should be rejected, which means that the model could still be 
refined. Both sea and wind are active agents in the formation and the 
development of the eastern washover and saltmarsh landscapes. The 
presence of washovers causes environmental heterogeneity, resulting in 
high species diversity. Multitemporal airborne remote sensing data are not 
only useful for monitoring the landscape but these data also support spatio-
temporal modelling. 

Adapted from MA. Eleve Id, 1996. Prediction of a future washover landscape based 
on airborne remote sensing techniques. Proceedings of The Fourth Thematic 
Conference on Remote Sensing for Marine and Coastal Environments. Technology 
and Applications, Orlando, 18-20 March 1997, pp. I-572-I-581 
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1 INTRODUCTION 

This chapter elaborates influence of washovers (Photo 1) on a saltmarsh (Photo 2) at the 
eastern point of one of the Dutch Wadden islands (Fig. 1). 

1.1 Research objectives 

The research objectives were: 
• to use airborne remote sensing data for monitoring the input of sand as an abiotic 

influence on a saltmarsh landscape; 
• to use these data as input for dynamic modelling to predict a future washover and 

saltmarsh landscape. 

1.2 The Wadden area, a wetland 

Since its inception in 1971, the Ramsar Convention has provided the principal inter
governmental platform for the promotion of international cooperation for wetland 
conservation (Clark, 1996). The Wadden area is a main Ramsar site in the north of Europe. 
The Wadden area comprises three main units: the North Sea, the barrier islands and the 
Wadden Sea (see Fig. 1). The North Sea is an arm of the northeastern Atlantic Ocean. The 
Wadden Sea is a shallow coastal sea, which extends along the northern coasts of The 
Netherlands and Germany and the western coast of Denmark. The Wadden islands, which 
separate the two seas, represent the central part of a barrier dune coast, extending from 
Sangatte in northern France to Cape Skagen in northern Denmark. This is one of the most 
extensive and ecologically varied dune areas in the world. Most plant communities develop 
under relatively undisturbed conditions, and they form outstanding and interesting landscape 
complexes in relation to the geomorphological development of the islands (Dijkema et al., 
1993). Together with their saltmarshes, the islands measure about 1000 km . No less than 
32% of the island area has the status of nature reserve (Dankelman, 1983). 

1.3 Washovers at De Hon 

The case study reported here comprises the monitoring and prediction of washovers at the 
eastern, natural part of Ameland, a coastal barrier island in the north of The Netherlands. This 
part of Ameland, known as 'De Hon' has developed more or less naturally, although the input 
of sand increased and the formation of dunes was stimulated by the construction of a sand-
dike up to transect 'kilometre 23.000' (see Fig. 9) in 1962. Together with the adjacent 
saltmarsh area, it has had the status of 'Beschermd Natuurmonument' (protected nature 
reserve) since 1981 and it has been recognised as a 'Wetland' since 1984 (Abrahamse et al., 
1986 in Sanderse, 1994b). The long-term development of the area might be effected by gas 
extraction at the seaward end of transect 23.000, which causes subsidence. The management 
of the island of Ameland is a typical example of the Dutch policy of dynamic preservation, 
adopted by the Ministry of Transport, Public Works and Water Management in 1990: 'coastal 
defence if it is necessary (in the inhabited central part of Ameland), let nature take its course 
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if possible (on the eastern natural part of the island)'. Therefore, management supports the 
natural development of the east and actively pursues monitoring research. 
Landscape units along a transect from north to south are: shallow shoreface, beach, horse
shoe-shaped natural foredunes mainly inhabited by marram grass (Ammophila arenaria), and 
saltmarsh with, for example,. Elymus pycnanthus, Festuca rubra, Sueda maritima and 
Salicomia, which gradually merges into the tidal flats of the Wadden Sea. 

1.4 Genesis 

A combination of three mechanisms related to sand supply could be responsible for the 
genesis of the washover landscape: 
• the evolution of the beachplain, related to ebb-tidal delta development and inlet sediment 

bypassing mechanisms (see Fig. 2 & 3); 
• morphologic evolution of the foredune, as a function of beach sediment budgets and 

foredune sediment budgets on barrier islands (see Fig. 4); 
• primary development of circular dunes (eyedunes and horse-shoe-shaped dunes), by 

aeolian sand transport from various directions on a beachplain (see Fig. 5). 
(Please note that the presented figures only serve to illustrate the concept.) 

Both sea and wind are active agents in the formation and the development of the eastern 
washover and saltmarsh landscape (see Photo 3). Aeolian influence on the washover 
landscape is acknowledged in Mader (1995); the term 'deflation channels or washover fans' is 
used consistently. 
The occurrence of circular dune forms is a special feature of the landscape on the eastern 
parts of the Dutch Wadden islands. These features can be seen even better on Terschelling 
and Schiermonnikoog than on Ameland. In his literature review, Mader (1995) argues that 
areas which are specified as washover landscapes not only result from sudden fierce erosion 
and the breaking through of linear features during storms, but that the washovers are actually 
preserved regions between developed circular eye-dunes. 'In the eastern parts of various East 
and West Frisian Islands, the typical features of the deflation channels of washover fans are 
characterised by primary division or secondary intersection of the dune belts. Many deflation 
channels and washover fans do not incorporate secondary perforations, but are established in 
primary gaps between isolated dune patches or within more extensive dune ridges. Accretion 
and growth of dunes on the flat sand plates leads in many cases only to discrete dune cores 
that are separated by flat bands and wedges. They cause successively increasing obstruction 
of the washover plain of the original sand plate to the residual invasion passages of flood 
surges between the dune cores, which are also deflation streets. The dunes are discrete 
elliptical dune cores (eyedune complexes), interrupted and separated by washover passages 
or intertidal to supratidal creeks'. Similar views were expressed by Klijn (1981) and Sanderse 
(1994a). 
In the most of the literature studied, washovers are seen as a result of marine processes. The 
features encountered on the Wadden islands are not washovers if this definition is used. 
However, the washover throats are under marine influence now. During fierce storms the 
entire beachplain and the washover throats disappear under water. For want of a better term, 
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the name 'washover' is maintained in this chapter. However, both marine and aeolian 
influences on washover landscape development will be studied. 

1.5 Ecological relevance 

Studies on abiotic influences on saltmarshes frequently focus on inundation, moisture 
conditions of the soil, upward growth (e.g., Wiegert, 1979) and chloride content of the soil 
(Beeftink, 1977). Surface relief can also result from other mechanisms than from upward 
growth by sedimentation. A study of the sedimentary record of a coastal bar marsh on 
Schiermonnikoog (a neighbouring island of Ameland) showed that its surface relief was 
mainly determined by the relief of the sandy subsoil and less by upward growth as a result of 
sediment trapping by the vegetation during inundation (De Leeuw et al, 1993). The 
importance of washovers in creating a habitat for the saltmarsh vegetation has only recently 
been acknowledged (Oertel & Woo, 1994). The following, traditional general view on 
washovers illustrates their influence on topography. Washovers consist of flat, broad 
expanses of sand formed during storm tides that are actively put into or on top of a saltmarsh 
system, thus affecting the surface relief. Washovers are common on barrier islands. The 
vegetation of this zone is similar to that of the foredune on the elevated portion of the 
washovers. Stalter (1993) mentions elevation, soil moisture and soil salinity as factors that 
influence species distribution in this zone. The presence of saltmarsh species indicates that 
soils of washovers may be saline, especially in depressions. The properties of the sand are 
another aspect of the input of sand by washovers (mentioned by Leatherman & Zaremba, 
1987). The fresh sand will be sterile (without nematodes), which stimulates the vitality and 
fertility of Ammophila arenaria (De Rooij-Van der Goes, 1996). 

Washovers are associated with dynamics and landscape diversity, which are nowadays highly 
valued by scientists and coastal managers. Sherman & Nordstrom (1994) give an overview of 
the causes and results of the new perception of migrating sand areas. 
• Ecological concern for mobile dune systems reflects a shift in scientific interest from 

vegetation classification to population dynamics and the effects of disturbance (De Raeve, 
1989). 

• Scientists call for abiotic diversity in dune reserves to ensure the ecological value and 
richness of dune areas (Tinley, 1985 in Sherman & Nordstrom, 1994; Westhoff, 1989). 

• Migrating sand areas are recognised for their recreational and ecological value (Wanders, 
1989; Nordstrom & Lotstein, 1989 in Sherman & Nordstrom, 1994). 

• Stabilisation measures are viewed as large-scale disruptions of ecosystems, and as spatial 
and temporal dislocations of sand accumulations (Sherman & Nordstrom, 1994). 

Geomorphological processes result in an input of fresh sand, thereby creating new patterns in 
the landscape: diversity increases; the xeroseries (with i.a. Ammophila) penetrates into the 
halophytic vegetation. 
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Photo 1. Beach-dune interactions: Eyedunes and washovers. Washovers: the forms 
associated with cross-barrier sediment transport. Viewed from the North Sea beach. 
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Photo 2. The interwoven washover and saltmarsh landscapes. In the foreground Sueda 
maritima and Elymus pycnanthus, on the dune slopes in the background Ammophila arenaria. 
View towards the North Sea. 
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Figure 2. Inlet sediment bypassing mechanisms (Hoekstra, 1995). 
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Figure 4. Morphologic evolution of the foredune. (a) As a function of the beach sediment 
budget and the foredune sediment budget, (b) Spatial association of foredune 
morphologies on a barrier island (Psuty, 1992). 
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Photo 3. Carved foredunes in the washover landscape show the influence of the wind. On the 
foreground sand is being trapped by marram grass. View towards the North Sea beach. 
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1 1.6 Geomorphology of the washover landscape 

The study of the washover landscape will be approached from a geomorphological point of 
view; it focuses on geomorphological processes in relation to sediment budgets, and on the 
development of forms on a time scale of years. In accordance with the philosophy behind this 
thesis, the focus will be on géomorphologie processes at a landscape scale; the driving forces 
behind these géomorphologie processes will not be discussed in detail (see Chapter 5). 
Fig. 6 shows the factors influencing the washover-landscape development by 
géomorphologie processes at a landscape level. The géomorphologie processes are 
influenced by existing morphology and vegetation. In the background, the driving forces 
(hydro- and aerodynamics) and the availability of sand are mentioned. 
The morphology of a certain location influences geomorphological processes through its 
relative height, slope and aspect, and concavity or convexity and curvature. These 
mathematical expressions of position are all interrelated; they can be described by derivations 
of x, y, z (except for the height itself). Under field conditions it is hardly possible to isolate 
the influence of one of these factors on the geomorphological processes or their driving 
forces. 
The relations between the existing morphology and géomorphologie processes and their 
driving forces, are formally known under simplified circumstances (Bagnold, 1954; Iversen 
and Rasmussen, 1994). The complex morphology in the field makes quantitative prediction 
of landscape development with such a process-based approach a precarious assignment. 
The theoretical maximum angle of repose for dry loose sand grains (33°) could be considered 
as a threshold value, but in reality the maximum value deviates because of variations in 
cohesiveness of the sediment. For example, the presence of roots increases cohesion, 
allowing steeper (40° to 43°) stable slopes (Carter, 1980, Greenway, 1987). 
The mere presence or absence of vegetation influences géomorphologie processes as well. 
Parts of vegetation above the surface modify windflow and intercept sand whereas, the 
binding capacity of the roots protects the underlying sand against aeolian or marine erosion. 
Parameterizations of these interactions have been proposed by, for example, Wasson & 
Nanninga (1986) and Hagen & Armbrust (1994). The distribution of the vegetation has to be 
considered for application of their formulas in an actual field situation. The assessment of this 
variable per location is difficult, in contrast to above-ground biomass and the percentage of 
cover, which can be derived from false colour photography (Van der Putten & Kloosterman, 
1991). 
Conversely, the reaction of vegetation to the input of sand can also be diverse; vegetation 
growth can be stimulated, growth can remain unaffected, or there could be a decline of the 
vegetation. The reaction of vegetation has in its turn implications for the effectiveness of the 
vegetation as a sandtrap (Hesp, 1989). These feedbacks will, however, not be elaborated on 
in this study. 
In Fig. 7 some relations between the vegetation and géomorphologie processes are elaborated 
for aeolian processes. Recently, efforts have been made to quantify the influence of 
(distribution of the) vegetation on the geomorphological processes under field conditions 
(Sarre, 1989; Wiggs etal, 1994; Wiggs etal, 1995). 
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The driving forces on the sediment transport in the background of Fig. 6 are the 
aerodynamics (windflow over a surface) and, on an event basis, the hydrodynamics (water 
motion when the washover landscape is inundated during stormy conditions). Another 
requirement for the géomorphologie processes (in the background) is the availability of sand 
for transport. It can originate from within the system or it can be externally supplied. 

Information on the relief can be provided by laser altimetry and coastal profile data. 
Information on the presence of vegetation can be retrieved from aerial photographs and video 
images. This has been elaborated in Chapter 2. 

2 METHOD 

The method aimed at behaviour-related modelling gives conceptual insights into geomorphic 
changes (Eleveld, 1996b) and provides information necessary to assess future ecological 
consequences. To develop this method, starting from the remote sensing data input and 
ending with a prediction, two stages were completed consecutively. First, inventories of past 
and present geomorphological states of the terrain were made. Then a conceptual model was 
formulated and incorporated in dynamic modelling in a GIS environment. 

2.1 Geomorphological survey 

In a search for geometric factors and geomorphological processes that might influence the 
development and formation of a washover landscape, inventories were made of present and 
past geomorphological states of eastern Ameland (see Table 1). Data collected by airborne 
sensors, height profile data and field checks were employed for this purpose. 

2.1.1 Aerial photographs and aerial video data 

Airborne remote sensing data give an indication of geomorphological activity; sometimes it is 
even possible to distinguish between erosion and accumulation (Eleveld, 1996a). In addition, 
Janssen et al. (1995) have been monitoring the vegetation on Ameland from an ecological 
point of view, with various types of remote sensing data (e.g. aerial photographs and 
CEASAR). 
In this study two sets of aerial photographs scale 1:18 000, one from April 1992 and the 
other from February 1995, were used. Additional information was derived from airborne 
video imagery from October 1995 and May 1996. A visit to the Topographical Survey (the 
Netherlands) allowed a historical perspective to be developed. The landscape was studied at 
three levels of scale with these data. In addition, multitemporal comparison was performed. 

178 



erosion transport accumulation 

\ 1 / geomorphological 
processes 

Figure 6. Factors influencing the washover landscape development: existing relief, 
vegetation and geomorphological processes. The driving forces (hydro- and 
aerodynamics) and the availability of sand act in the background. 

vegetated 

erosion 

transport bare 

accumulation + stimulates 
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1. Vegetated spots impede erosion, so that the vegetation can persist. If there is 
erosion, then the vegetation will be negatively affected. 

2. Vegetation inhibits sand transport, this causes sand to accumulate. 
3. The presence of vegetation stimulates accumulation, and accumulation can 

stimulate the prevailing dune pioneer vegetation. 
4. Bare spots can erode more easily than the vegetated ones, the erosion itself 

causes them to remain bare at first. (Later they can be stabilised by algae.) 
5. Bare stretches allow transport, and the sand blasting would impede colonisation. 
6. Bare surfaces (as such) do not stimulate accumulation and therefore do not 

stimulate the colonisation by pioneer vegetation. 

Figure 7. Interactions between geomorphological processes and vegetation. 
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2.1.2 Laser altimetry and profile data 

Airborne laser scanning technology for topographie terrain mapping is emerging as an 
attractive alternative to traditional survey techniques (Flood & Gutelius, 1997). Pre-processed 
laser altimetry data from 1996 were used in the software package Surfer to create a laser 
Digital Terrain Model (DTM) with a 5 x 5 m grid. These data were plotted as a contour map, 
which functioned as a base map for the analysis. The corresponding topographical map, scale 
1 : 25 000 (edition of the Topographical Survey, the Netherlands), provides no information 
on this part of Ameland. 
For morphometric analysis of the laser altimetry data, the grid values were exported to an 
ASCII text file, which was imported into PCRaster (a spatio-temporal modelling package). 
Cartographic modelling is a geographic data processing method (Tomlin, 1990), that allows, 
La, the following morphological parameters to be derived from the laser altimetry DTM: 
• height; 
• slope; 
• aspect; 
• concavity/convexity, 
• profile curvature (i.e. curvature in the direction of the slope) and planform curvature (i.e. 

curvature transverse to the slope). 

For temporal comparison, coastal transects with a special orientation and reference system 
were used. The data originate from two sources: photogrammetry and traditional surveying 
on land, and loding and echo-sounding at sea. The transects were rectified to the Dutch 
Coordinate System, La. by programming in Turbo Pascal. Their calculated location was 
plotted on the contour map of the laser altimetry DTM with Surfer (see Fig. 9). Profiles of 
three transects that were perpendicular to the protruding foredunes and four transects in the 
washovers were studied with respect to: 
• bar amplitude; 
• beach width; 
• slope of the beach and shallow shoreface; 
• curvature of the beach and shallow shoreface; 
• number of foredune ridges, and width and height of the foredunes. 

2.2 Modelling 

Knowledge obtained in the field, the results of the inventory made and additional information 
obtained by data processing have been combined to formulate a conceptual model. On the 
time-scale of the study (years, with a maximum of ten years), the washover landscape was 
reshaped by various agents: erosion and accumulation by the North Sea and the Wadden Sea; 
and wind and rain, which results in relocation of sand volumes. This was accounted for in the 
classification of the landscape with conditional statements (see also section 3.2). 
The conceptual model is based on the following assumptions: 
• there is a net growth of the beach; the beach is influenced by the sea and the wind; 
• there is a small net aeolian sand flux from the beach to the foredunes; 
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• (vegetated) areas higher than 2 m are influenced mainly by aeolian accumulation 
processes; 

• steep slopes are (partly) bare and therefore prone to some aeolian erosion; 
• the bare surfaces allow a net transport of sand to the saltmarsh. 

In PCRaster, a model can be built by using the laser altimetry DTM (section 2.1.2) in raster 
format, and the assumptions as formulated in the conceptual model. Subsequently, erosion 
and accumulation are simulated to derive a new topography. For the next time step, the new 
topography is classified, and so on. The time steps in the model represent half a year each. 
For each time step the same equations are used. The morphological consequences of the 
stormy season (from November to January) and of quieter periods, have therefore, to be 
averaged for these equations. 
This dynamic modelling in a GIS (spatio-temporal modelling) aims at predicting the future 
washover landscape (see Annex 1 'Program'). More information on the structure of PCRaster 
programs is given in Chapter 6 and in Karssenberg ( 1996). 

3 RESULTS 

Two kinds of results were produced: a mainly qualitative and descriptive result, giving 
insight into the past and present geomorphological situation; and a semi-quantitative result, 
which is a map obtained by dynamic modelling. 

3.1 Insight into past and present geomorphology 

First, the landscape was classified on several spatial levels. Then, changes detected on aerial 
photographs were described. This was followed by a temporal comparison of profile changes 
along some transects. For further spatial analysis, cartographic modelling with the laser 
altimetry DTM was performed. 

3.1.1 Aerial photographs and aerial video data 

The landscape can be described at various levels of detail. 

On Level 1 the aerial photos provide an overview of the eastern end of Ameland. (For 
reference: some of the features described in this section can also be distinguished in Fig. 8 
and 9 which more or less cover the same area). From west to east (going towards the outer 
end of the island), the following stretches are encountered: 
• a sand dike; 
• four washovers; 
• a foredune area; 
• four washovers; 
• another foredune area, and 
• the easternmost three washovers at the end of the foredunes, where they pass into the 

beachplain. 

182 



The beach in front of the protruding foredune areas is narrow. The aspect of these areas is 
north-northeast. Their appearance varies from carved natural foredunes to distinctive horse
shoe-shaped dunes. Horse-shoe shaped dunes are erosion rests with sand input form several 
directions (Sanderse, 1994a). The horse-shoe shaped dunes might be a stable (or equilibrium) 
form in this washover environment, with much sand input from the beachplain and some 
from the washovers, which is stabilised by natural vegetation. 

On Level 2, individual washovers within the series of washovers and foredunes can be 
distinguished. Three distinct types of washovers can be distinguished from west to east: 
• Washovers with a clear accumulation zone immediately behind the washover throat (and 

flat), in this chapter referred to as 'Fan-type washovers'; 
• Washovers where the sand might be transported to the lower saltmarsh and tidal flats by 

creeks, i.e. 'Creek-type washovers'; 
• Washovers with throats (in this case almost gullies) intersecting the island, allowing sand 

transport from north to south (and back), at the eastern outer end where the foredune ridge 
is enclosed by the beachplain, 'Plain-type washovers'. 

The differences in deposition on the saltmarsh mentioned above were probably determined 
by the situation before 'overwash': the elevation of the area and extensions of the saltmarsh 
zone. From west to east, the height of the foredunes and the extensions of the saltmarsh zone 
decrease. 
The orientation of the washovers varies from northwest to northeast, in accordance with the 
direction of the strong winds on Ameland's North Sea coast. In the saltmarsh area, the creeks 
are oriented southeast - northwest, perpendicular to the frequent, moderate southwesterly 
winds which supply the Wadden sediment. In some cases this topography might influence the 
form of the washovers; e.g. the place of accumulation normally follows the orientation of the 
throat of the washovers, but is sometimes overruled by creek directions. 

On Level 3, a more detailed look at the washovers allows a differentiation of forms within the 
washovers: 
• a throat; 
• a flat; 
• a fan. 

The following changes were detected on the aerial photographs when the photographs of 
1992 and 1995 were compared. The accumulation zones of the washovers located in the 
foredune area were most rapidly stabilised, probably because on that side the vegetation is 
adapted to respond to incoming sand fluxes. A sheet of sand is visible in the foredunes on the 
photos of 1992. This sand came mainly from the beach, not from the washovers. The 
landscape matured after deposition of the sand sheet; aeolian processes formed steep slopes 
and differences in accumulation and deflation became more prominent. The throat of the 
washovers will in general remain an active (aeolian and/or marine) barren area for years, 
although in one of the 'Fan-type washovers' a lag in the form of a shell pavement, hindering 
aeolian activity, was found. In 1995, the bare sand bordering the marsh creeks extended 
further south than in 1992, indicating active southerly transport of sand. Washovers 
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connected to marsh creeks in the south (Creek-type washovers), and washovers located at the 
most easterly end of the foredunes (Plain-type washovers) can function as a conveyer-belt for 
sediment, transporting sand from north to south. In the latter case the sediment possibly 
reaches the Wadden Sea. The sand does not reach the tidal flats in the case of washovers with 
fans behind them (Fan-type washovers). 

3.1.2 Laser altimetry and profile data 

Fig. 9 illustrates the cartographic potential of laser altimetry data; the frame indicates the 
modelling area. Cartographic modelling allows a different view of the same data; after 
processing, often features can be found that were not apparent before (see Fig. 10). However, 
it must be realized that all information presented is derived from 5 x 5 m rasters, and that a 
different cell size could give slightly dissimilar results. 
• The pattern of aspects reflects the creek systems. Furthermore, the aspect map can 

provide information on the fronts of the foredunes, which can be attacked by the 
northwesterly winds to which they are exposed. 

• The steepest slope observed is 14.5°. This is less than the expected angle of repose of dry 
sand of 33°, and less than slope angles encountered in the field. A smaller cell-size might 
lead to higher values for this parameter. 

• The concavity / convexity changes at the dunefoot: at a height of about 2 m, a transition 
from concave to convex occurs . This phenomenon, which shows up especially well on 
the profile curvature map, could be interpreted as an obstacle dune ('Gegendüne', Van 
Dieren, 1934). The transition from foredune to a washover throat ('a washover foot') 
would be at a height of approximately 2.7 m. Obstacle dunes are sometimes also present 
at this washover foot. Finally, the maps show that the valley bottoms formed by the 
washover throats are relatively flat. 

• The profile and planform curvature, which are closely related to concavity/convexity, 
support the information described under concavity/convexity. 

Some relevant morphometric differences established by comparing ten annual profiles of 
three transects perpendicular to the resistant foredunes and four transects in the washovers 
were obtained. From these ten profiles, two representative transects, 23.800 (resistant) and 
24.000 (washover) were selected to illustrate the developments (see Fig. 11). An analysis of a 
time series of differences between the corresponding profiles was made. The older profiles in 
the washovers had large variations in beach height. These are stepped, steep profiles. 
Probably steep beach profiles induce the formation of washovers. The average slope angle of 
the profiles decreases gradually over time. Washing over implies much activity on the beach. 
Washovers tend to fill up the foreshore part of the initially convex mean beach profiles. 
During the studied period foredunes in a washover area were comparatively smaller and 
wider (the height/width ratio is lower) than in stable areas. 

Fig. 12 shows the situation before (1986), during (1989, 1990) and after (1991) formation of 
the washover. Temporal comparison demonstrates a change in beach slope when the 
washover was formed. The original foredunes in the washover area were located more 
seawards than the foredunes of the stable part, but as a result of washing over this situation 
was reversed. 
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Figure 10. Cartographic modelling with laser altimetry data, (a) Elevation (m); (b) aspect 
(degrees); (c) slope (degrees); (d) concavity / convexity (m/m2); (e) profile curvature 
(m/m2); (f) planform curvature (m/m2). 
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Figure 11. Comparison of various profiles from two representative transects through a 
foredune area (23.800) and a washover area (24.000). For the washover area, the profiles of 
beach and foreshore were initially very steep (convex) and stepped; the foredunes were 
relatively low and wide. Washovers tend to fill up the initially convex profiles. 
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Figure 12. A washover is formed. Comparison of profiles from two representative transects 
through a foredune area (23.800) and a washover area (24.000). 
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3.2 Results of modelling 

Fig. 13 shows a map of the actual situation in 1996, and a map with the predicted topography 
for 1998. Visual comparison of the two maps shows that the height of the saltmarsh will 
locally increase more. This is generated by the model as follows. Through the addition or 
removal of a certain sediment budget a cell can become a member of a different class. To this 
class, a different sediment budget will be allocated, thus altering the differences. 
A minor error in the model causes the flat valley to broaden on the inland side of the 
washover throats. This is caused by assigning erosion to some of the slopes flanking the 
washover throat, and the filling in of some of the lower areas within the washover throat. 

Figure 13. Original topography (of 1996) and the predicted situation in 1998. (Values in m + 
NAP). 

4 VALIDATION 

In this section the quantitative results (i.e. the predicted situation in Fig. 13) reported in 
section 3 are verified. The approach taken is verified by testing whether temporal trends in 
sediment budgets actually occurred. Then the prediction itself has been verified. Finally, GIS 
and geostatistical tools are used for verification of the statement that the outcome of the 
model shows an increase in morphometric diversity of the washover landscape. 

4.1 The modelling approach 

The inherent assumption behind the dynamic model is that some trends can be perceived (see 
section 2.2). Another possible approach to modelling would be to assume complete random 
behaviour of sediment volume changes (stochastic modelling). Trends are present in the 
model as an addition or subtraction per time step. Negative feedback loops are included in the 
model as well. This can be explained as follows. After one to a few time steps in the model, a 
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cell can be assigned to a different class. For this class a new rule, in which a different sign (-
/+) occurs, can be imposed. The rest of this section serves to test if the initial trend approach 
was justified. 

The laser data, which cover the entire area of investigation, were originally only available for 
one year, so that possible trends in volumetric change in time could not be determined. 
Substantial multitemporal data are nevertheless available for various transects within in the 
washover/saltmarsh landscape. Therefore, the validity of the model has been verified by a 
study on trends in volume change along several transects. 

To show these trends, 'maps' were created with a matrix filling procedure in Turbo Pascal. 
Then, the differences per landscape unit (foreshore, beach and foredunes) were calculated 
and visualised in PCRaster. On the x-axes, 14 individual transects (from 22.400 to 25.000) 
are shown. These discrete transects are 200 m apart. To increase the visibility of the 
individual transects, 5 cells in the x-direction were used, for every transect. The y-axis is 
perpendicular to the basal coast line. In the y-direction the measurements are 5 m apart. The 
result consists of a collection of individual transects depicted on a scale 1:50. The shades of 
grey of the raster cells represent the absolute z-values (above and below NAP, Dutch 
Ordnance Level). 

Fig. 14a shows the significant differences in topography between 1995 and 1987, '89, '91 and 
'93, respectively, per landscape unit. The minimum and maximum values occurring in the 
'maps' were studied. There is a trend (in time) in maximum changes on the beach; the 
reported maxima (see legends) decrease as the difference in years becomes less. For the 
minimum values this trend is not apparent. In the foredunes a similar trend in maxima and 
lack of trend in minima can be perceived. 
The shades of grey in the 'maps' indicate how these maxima and minima relate to (the 
distribution) of the other values in the 'map'. This has been presented in graphs of the 
significant differences in topography as well (see Fig. 14b). If the interval in years becomes 
less, then the number of measurements and the range of the measurements tends to decrease 
(for both the beach and the foredunes). From the above, it can be concluded that there is a 
(weak) basis for the assumption of a trend in the behaviour of the eastern system. 

The 'maps' of the shallow shoreface (or foreshore) show relatively much activity as a result of 
the movement of coastal bars, possibly due to a trend in bar behaviour (See chapter 8). The 
shallow shoreface was not included in the modelled area (see Fig. 13) because there were no 
laser data available for this unit; the laser beam (wavelength 1047 mm) cannot penetrate 
turbid water. 
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Figure 14a. Volume changes along transects for validation of the model. Significant 
differences in surface height between 1995 and 1987, 1989, 1991 and 1993 per landscape 
unit (m). 
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4.2 Prediction for 1997 

In the course of this study, new pre-processed laser altimetry data (for 1997) became 
available, which offered new opportunities for validation of the prediction. Fig. 15 shows a 
comparison of the actual situation in 1997 with the predicted situation of 1997 on a cell by 
cell bases. The differences shown in this map are, however, not solely related to 
geomorphological processes (e.g. Fig. 15, value 6.20). The comparison of these data is 
hampered because: 
• The data were collected with different point densities, and they were interpolated (to 

different raster sizes) and filtered (to remove backscatter from the vegetation) by different 
companies, which possibly use different algorithms; 

• There are inaccuracies in both z-values and position (x, y-coordinates) of the data 
(Vaessen et al., 1998). 

Therefore, the prediction will also be evaluated in another way. 

Figure 15. Comparison of (a) the actual and (b) the predicted topography of 1997. The 
lower map (c) equals the actual topography minus the predicted topography. (Values in 
m.) 
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Fig. 16 shows how laser altimetry and overlay operations can be used to study a system in 
which geomorphological processes, vegetation and existing morphology are the main 
components. A similar strategy will be used to evaluate the model employed. 
In the model (see Annex 1) certain geomorphological processes (e.g. 20 cm accumulation, 10 
cm erosion) have been assigned per class (e.g. dune, steep dune slope or throat in a 
washover). Overlaying the maps of these classes with a map of the geomorphological 
processes (created by subtracting the laser data of 1996 from the data of 1997) makes 
evaluation per class possible. 
In Table 2 the changes produced by the modelling are compared to the modi of the 
distributions of the actual changes. For three classes (dune, steep slope/washover throat, and 
marsh to dune) it has been proven with 95% confidence that the difference between the 
changes produced by modelling and the actual changes is too large. For these classes the 
model performed badly. For the other five classes the numerical differences were between 
0.51 and +0.51 m with 95% confidence. Therefore, the hypothesis of this test that the 
numerical differences could be zero would have to be accepted for these five classes. 
However, this confidence interval of [-0.51 m,0.51 m] is large with respect to the changes 
produced by the model [0.00 m,0.40 m]. This situation persists when a lower confidence 
(80%) is chosen, resulting in an interval of [-0.33 m,0.33 m]. For the reason mentioned, no 
final statement regarding model performance will be made for these five cases, although the 
results of this test are positive for them. 

4.3 Increase in landscape diversity 

Visual comparison of the actual map of the original topography of 1996, with the map of the 
predicted situation for 1998, indicated that morphometric diversity is increasing (section 3.2., 
Fig. 13). Two ways were used to express qualitatively the observed increase in morphometric 
landscape diversity or heterogeneity: a window operation (in GIS) and a geostatistical 
approach. A third way to express heterogeneity could be to use fractal dimensions: the larger 
the fractal dimension, the more irregular is the object under study (In Pachepsky et ai, 1997). 
This was not further explored, however. 

4.3.1 Diversity within a specified square neighbourhood 

First, use was made of the option 'windowdiversity' in PCRaster. With this option the number 
of unique values within a specified square neighbourhood (moving window) are counted and 
assigned to the cell in the centre of the window (Karssenberg, 1996). Different window 
lengths were tried for the two data sets, the map of 1996 (map96) and the prediction for 1998 
(pred98). Then the sum of all cell values, i.e. the 'maptotals', were calculated to see in which 
map the total diversity was the greatest. The results have been expressed in Fig. 17 and Table 
3. 

194 



(a) 
geomorphological 
processes 

height 

slope 

aspect 

concavity/ 
convexity 

pianform 
curvature 

profile 
curvature 

existing 
relief 

vegetation 

(b) Sources and associated errors: 
• Geomorphological processes 

Source: morphological differences between laser altimetry data of 1996 and 1997. 
Max. error in the data V(a2 + a2) = 20 cm + interpolation error. 

• Existing relief 
Source: cartographic modelling (based on the laser altimetry data of 1996). 
Max. error in the data a 2 =15 cm + interpolation error. 

• Vegetation 
Source: airborne videography. 
Error after georeferencing and resampling >1m? 

Figure 16. GIS-based strategy for model validation, (a) Assessing the influences of existing 
relief and vegetation on the geomorphological processes by overlaying, (b) Assessing the 
associated errors. 
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Table 2. Evaluation of model performance. 

Classes Changes produced by modelling Actual changes 
after 2 process standard mode process standard 
steps (m ) error3 (m) error3'b (m) 

dune 0.40 ace 0.15 -0.50 ero 0.21 
steep slope/throat -0.20 ero 0.15 0.50 ace 0.21 
beach 0.05 ace 0.15 0.05 ace 0.21 
marsh 0.04 ace 0.15 -0.25 ero 0.21 

stable 0.00 stable 0.15 -0.05 ero 0.21 
beach to dune 0.25 ace 0.15 0.05 ace 0.21 
dune to st.slope/throat 0.10 ace 0.15 -0.05 ero 0.21 
marsh to dune 0.22 ace 0.15 -0.35 ero 0.21 

Classes Differences between modelled and actual changes 
num. process standard c i . 3 0 c i . a e perform. 
diff.(m) error3 c (m) 95% (m ) 80% (m) 

dune. 0.90 ace vs ero 0.26 0.51 0.33 reject 

steep slope/throat -0.70 ero vs ace 0.26 0.51 0.33 reject 
beach 0.00 ace 0.26 0.51 0.33 
marsh 0.29 ace vs ero 0.26 0.51 0.33 
stable 0.05 sta vs ero 0.26 0.51 0.33 
beach to dune 0.20 ace 0.26 0.51 0.33 
dune to st.slope/throat 0.15 ace vs ero 0.26 0.51 0.33 
marsh to dune 0.57 ace vs ero 0.26 0.51 0.33 reject 

aThe overall error deviation (a=0.15) given by the data providers for the two entire maps 
(map96 and map97) has been used for this analysis. The errors in laser scanning data 
values per class (Huising & Vaessen, 1998) were higher (a=[0.24-0.76] ) than the ones 
used in this study. The errors increased with augmenting relief and increasing vegetation 
coverage. 

"standard error: V(0.152+0.152)= 
c standard error: V(0.152+0.212)= 

0.21 m 
. : 0.26 m 

d 95% confidence interval: 0+1.960x0.26=±0.51 m 
e 80% confidence interval: 0±1.282*0.26=+0.33 m 
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In all cases the total diversity of the predicted map (pred98) is smaller then that of the actual 
map (map96). According to this method there is no indication that diversity will increase. 
From this result, the hypothesis that diversity increases would have to be rejected. If the 
actual map is subtracted from the predicted map then the resulting map expresses where 
diversity decreases and increases (Fig. 17). Smoothening of the steep regions and inland 
expansion of the flat throat causes the decrease. There is an increase in diversity in the dune 
and high saltmarsh areas. 

Table 3. Diversity of the original map of 1996 and the predicted map of 1998 

scale level window length total window diversity total window diversity 
(cm/dm) (m, pixels) in map96 in pred98 
cm 15,3 78,950 78,690 
dm 15,3 45,100 44,660 
cm 25,5 192,800 190,700 
dm 25,5 78,310 76,640 

4.3.2 Geostatistical analysis 

Surface elevation is a regionalised variable describing a natural phenomenon that has a 
geographic distribution (Davis, 1986). Semivariance is one of the basic statistical tools of 
geostatistics. It is used to express the degree of spatial dependence between samples 
(measurements of the regionalised variable) as a function of distance. The variograms for the 
measured topography of 1996 (map96) and the predicted topography of 1998 (pred98) were 
compared to see if geostatistical analysis would point to a difference in spatial variability. 
For this, a randomly sampled map was created with the PCRaster option 'uniform'. This 
option assigns a value, taken from a uniform distribution between 0 and 1, to all (true) cells 
of the map (Karssenberg, 1996). This map was used in conditional statements for random 
extraction of z values, and their corresponding x and y coordinates, for the actual map of 
1996 (map96) and for the predicted map of 1998 (pred98). These values were used in the 
construction of the input files for VARIOWIN, a freeware program for exploratory 
variography and variogram modelling (Pannatier, 1994). Two types of variograms are 
shown: experimental variograms, which show the means of combined point pairs, are 
displayed in Fig. 18; variogram surfaces, which show variograms in the X and the Y direction 
are displayed in Fig. 19. 

The experimental variogram of the predicted map (pred98) is slightly higher then of the 
actual map of 1996. There is no nugget effect, which indicates that there is a good correlation 
of height at a small distance. Therefore, the 5 m grid was not too coarse to describe the 
washover/saltmarsh system. The sill increased, without an increase in range. The higher sill 
of the predicted map confirms that this map has a higher spatial variability. 
The variogram surface shows in both cases a lower variability in the x-direction, parallel to 
the coastline, than perpendicular to it. This conforms with the predominantly E-W orientation 
of the foredunes and the shore-normal position of the washovers (see Fig. 13). 
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5 DISCUSSION AND CONCLUSIONS 

A washover landscape is composed of spatio-temporally changing topography with dune and 
saltmarsh vegetation. This chapter shows the attempt at predicting the future topography of a 
washover area with a geomorphological approach. 

Method 
The method was tested extensively and seems promising. It is different from the traditional 
research methods that have been used on washovers because it is not based on the 
extrapolation of process measurements at a limited number of points in the field {e.g. 
Leatherman & Zaremba, 1987). Compared to the traditional method of surveying sediment 
budgets by weekly measurements of surface changes along erosion pins (e.g. Sarre, 1989; 
Jungerius et al, 1981; Wiggs et al, 1995 and Davidson-Arnott & Law, 1996), which is very 
labour intensive and can barely be continued for several years, laser altimetry seems a good 
alternative - despite problems with accuracy (Vaessen et al, 1998). 
A remark frequently made about spatio-temporal modelling is that there is a lack of accurate 
data to test the model. This paper shows that airborne remote sensing data can be used as 
input for spatio-temporal models. 

Results 
The study resulted in the prediction of a (future) washover and saltmarsh landscape. The 
results were tested in various ways. The prediction of the situation in 1997 was, La., verified 
with new laser data of 1997. Based on this comparison, some of the assumptions in the model 
should be rejected. This means that the model still needs to be refined. 
Both sea and wind are active agents in the formation and development of the eastern 
washover and saltmarsh landscapes. An elaboration of their influences could be made if 
results from the multitemporal study of the profiles and the cartographic modelling 
(subsections 3.1.1 and 3.1.2 respectively) are related to process research. The presence of 
washovers causes a environmental heterogeneity that could result in high species diversity. A 
next step would have to be an assessment of the vegetative response to changing topography. 
For a longer-term prediction it must be realized that, the new vegetation will in its turn 
influence the geomorphological processes that form the landscape. 

Genesis 
A prediction of the evolution of a washover and saltmarsh landscape has been made (see Fig. 
13). To predict the formation of washovers, studies should focus on the long-term sediment 
dynamics, because they form the preconditions for the development of the foredunes and 
their intervening lower parts, and their roles during storm conditions (see section 1.4). 
Furthermore, the presence of trends is assumed in the dynamic modelling of the evolution of 
a washover landscape (section 4.1). This assumes that the influencing factors will remain 
more or less constant. Event-based influences can, however, not be excluded in the formation 
of washovers. 
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Ecology 
For managers and ecologists it is important to note that input of sand is an important abiotic 
factor in the genesis and evolution of a saltmarsh. 
• Washovers are major sources of sand transfer on barrier islands. Cross-island transfer is 

the main process, providing platforms (e.g. washover fans) suitable for marsh 
colonisation (Oertel & Woo, 1994). That is why the understanding of washovers is very 
important for those studying these marshes. 

• An active landscape with washovers increases landscape diversity. 
• Wind is a factor that is frequently underestimated in the creation of a washover landscape. 

Geomorphology 
Within the saltmarsh/washover landscape, aeolian and marine geomorphological processes 
that occur are: erosion (deflation), sand transport and deposition (accumulation). Erosion and 
accumulation can easily be modelled by subtraction and addition. Simulation of sand 
transport, which forms the spatio-temporal connection between the two, is more difficult, 
however. PCRaster software was initially intended for the study of river flow in catchments, 
therefore the operators available are limited (Karssenberg, 1996). The use of cellular 
automata may provide more means for expressing transport (Chapter 6). 
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Annex 1. Main program and auxiliary programs. 

# wol , parameters of future wo landscape 
# by Marieke A. Eleveld 
#13-12-1996 

binding 
Topo.map=topo.map; # elevation map of 1996 
Slopedeg.map=slopedeg.map; # slope map 
Catchms.map=catchms.map; # catchments 

areamap 
clonept5.map; 

timer 
1 1 1; 

initial 
isdunx.map=(topo.map eq 2) or (topo.map gt 2); 
stslox.map=(scalar(slopedeg.map) eq 10) or (scalar(slopedeg.map) gt 10); 
isdu27.map=(topo.map eq 2.7) or (topo.map gt 2.7); 
isthrox.map=((catchms.map eq 22) and (isdu27.map) or (catchms.map eq 25) and 
(isdu27.map)); 
islox.map=(topo.map It 2); # dummy 
beachcx.map=clump(islox.map); # dummy 
isbeacx.map=(beachcx.map eq 3); 
ismarsh.map=(beachcx.map eq 42); 

hidunx.map=if(isdunx.map then topo.map); 
hislox.map=if(stslox.map then topo.map); 
hithrox.map=if(isthrox.map then topo.map); 
hithroxx.map=if(hithrox.map It 6 then topo.map); 
hibeacx.map=if(isbeacx.map then topo.map); 
himarsh.map=if(ismarsh.map then topo.map); 

aeolacc.map=hidunx.map+0.20; 
erosio1.map=hislox.map-0.10; 
erosio2.map=hithroxx.map-0.10; 
marbeac.map=hibeacx.map+0.05; 
strooi.map=himarsh.map+0.02; 

erosios.map=if(erosio1.map> 0 and erosio2.map>0 then erosiol.map); #dummy 
erosiod.map=(erosio1 .map-erosios.map); # dummy 
erosioh.map=cover(erosiod.map,erosio1 .map); # dummy 

erosior.map=cover(erosios.map,erosioh.map,erosio2.map); 

206 



topotus.map=cover(marbeac.map,erosior.map,aeolacc.map); 
report topocnl .map=cover(topotus.map,strooi.map.topo.map); 

dynamic 

# moslopel, aux. program 
# by Marieke A. Eleveld 
#10-12-1996 

binding 
Topocnl ,map=topocnn.map; # elevation map of 1996 
Slopedl.map=sloped1 .map; # slopes in deg. 

areamap 
clonept5.map; 

timer 
1 1 1; 

initial 
slopel ,map=slope(topocn1 .map); 
slopedl .map=atan(slope1 .map); 

dynamic 

# catchments, aux. program 
# by Marieke A. Eleveld 
#10-12-1996 

binding 
Topocnl.map=topocn1.map; # elevation map of 1996 
Catchml .map=catchm1 .map; # catchments 

areamap 
cloneptö.map; 

timer 
1 1 1; 

initial 
lddch1.map=lddcreate(topocn1.map,1e31,1e31,1e31,1e31); 
outpchl .map=pit(lddch1 .map); 
catchml .map=catchment(lddch1 .map,outpchl .map); 

dynamic 
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CHAPTER 10 

SYNTHESIS 

Coasts are constantly changing. An understanding of these changes is required for proper 
present-day management and for prediction of future changes. Morphodynamics, the mutual 
influencing of processes and forms, have been expressed as change in the spatial and 
temporal distribution of sediment volumes. These changes can be detected, monitored and 
modelled. 
The aim of this research has been to describe and predict the morphologic development of a 
sandy coast under the influence of natural processes (e.g. storms) and human impacts (i.e. 
nourishments) on a time-scale of months to years. An additional aim was to find a method for 
qualitative and quantitative prediction of the morphologic development, based on input of 
suitable elevation and remote sensing data and on the application of dynamic modelling and 
GIS techniques. 
The purpose of this chapter is to integrate the methodological and geomorphological results 
of the research while taking account of the concepts of morphodynamics. Advantages and 
limitations of the study are identified with respect to the method development and the 
geomorphological investigation. 

DEVELOPMENT OF METHODS 

Remote sensing and elevation data were used for the detection and monitoring, and spatio-
temporal GIS tools for the description and prediction, of meso-scale morphodynamics. 

These studies have contributed to method development for coastal research. It has been 
demonstrated that these new tools and techniques are operational. Remote sensing data and 
elevation data allowed monitoring of the present and previous morphodynamics, so that they 
are useful for the study and management of coastal areas. Models in GIS allowed coastal 
behaviour to be predicted, so that management decisions can be made in time. Remote 
sensing and other geographical data studied with image processing and GIS techniques are 
very suitable for studying changes in the coastal zone. Maps communicate the spatial 
information effectively as they are a well-understood and accepted form of spatial data 
display, generating a widely-accepted and familiar format for shared information (Fedra, 
1993). The geomorphological changes on the meso-scale can also easily be related to 
practical experiences of coastal managers. This is in contrast to graphs that show the changes 
of a certain process variable, from which the implications cannot be overseen. 
The innovative data and tools allow patterns familiar from coastal process studies to be 
recognised. In this way the research could also contribute to these studies. 

The approach also has some limitations. The study has shown that many remote sensing 
images present only part of the required information on geomorphological features on a 
certain scale. Therefore, this research assesses the suitability of various data for the study of 
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various morphological features. It appeared that careful data selection was necessary to 
express coastal morphodynamics, and that information about elevation was required, because 
height is an important parameter for the description of forms of the earth. A study of height 
extraction from video images showed limitations in the use of video data and 
photogrammetric software. It is not economic to derive heights from remote sensing data for 
this research area; relative height can be extracted from the video data for the foredune area; 
for the beach the result is unreliable. Therefore, measured heights from an existing database 
'JARKUS' (comprising photogrammetrical and echosounding data) and laser altimetry have 
been used for quantitative prediction. 
The research revealed which parameters are needed for qualitative and quantitative 
prediction. For qualitative prediction, the morphological units of the process-
geomorphological interpretations are the variables to be considered. For quantitative 
prediction, the variable height is sufficient to describe coastal morphological changes. 
The understanding of the meso-scale coastal systems is still very limited. Little quantitative 
information is available. Therefore it was attempted to link studies on this scale to process 
studies on a micro-scale. Some of the parameters for the meso-scale study were derived from 
the causal links known from the process method. Modelling in a spatio-temporal GIS can 
meet some limitations, because it requires spatial data. In this case spatial elevation data was 
available. 

GEOMORPHOLOGICAL INVESTIGATION 

Three sand-sharing systems on Ameland were studied. They are open systems that are 
governed by many feedback mechanisms and show dynamics on many temporal and spatial 
scales. These systems were analyzed geomorphologically. Trends in the evolution of sand 
mass (or volumes) were used for the formulation of conceptual models and for predictions of 
the future morphology of the three systems. 

The results obtained by these studies contribute to the existing insights into coastal 
geomorphology. The concept of morphodynamics (Wright & Thorn, 1977) has been 
redefined for a meso-scale. The factors which determine meso-scale morphodynamics of 
three different sand-volume sharing systems were identified. The knowledge of the 
interaction of the morphology and the geomorphological processes in relation to other 
parameters has been indicated in conceptual models and has been formalised and elaborated 
by interactive modelling in GIS. 

Some of the knowledge gaps on the meso-scale could not be bridged by this study. Because 
of limited knowledge available on this scale level, certain systems were just described, and 
their prediction was subsequently based on this description. As far as possible, the variables 
that came from process research were used in the description. 
There are still gaps in knowledge of the Western system. Although this study illustrates the 
importance of channel and shoal behaviour for Ameland's northwestern beachplain, no long-
term trend could be derived from the description of the behaviour of the northwestern 
beachplain. 
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There remains also a hiatus in the knowledge on the functioning of the Central system. The 
research has shown that stormfloods and nourishments are related to the sediment exchange 
between landscape units. The sediment balance on the level of forms is, however, not fully 
understood, particularly for the behaviour of bars and the influence of rip currents on 
sediment volume changes. 
There are still problems in quantifying the interactions in the Eastern system. Although the 
approach seems promising, the quantification of the influence of morphometric and 
vegetation parameters on the geomorphological processes could not be proven. 
It was found that coastal geomorphology can be studied on a meso-scale level, but only 
limited causal relations are found on this level. The multi-scale approach described in this 
thesis implicitly acknowledged the relationships on each scale level, without focusing on 
knowledge transfer from meso-scale to process-scale. The possibities for such a transfer after 
further analysis should not just be discarded though. 

FURTHER PERSPECTIVES 

The morphological development of a sandy coast under the influence of natural processes 
(e.g. storms) and human impacts (i.e. nourishments) on a time scale of months to years has 
been examined. The results and insights may be used for management of the coast. 
Various questions arise when working on this landscape scale. Often, they can be answered 
by process geomorphologists or coastal engineers. The changes that can be perceived can be 
linked back to process measurements. Sometimes, a lack in knowledge appears. By offering 
this meso-scale perspective on coastal morphodynamics, perhaps these studies can promote a 
better understanding of coastal changes. It is clear, however, that this is still an open field and 
that more research is necessary. 

Certain aspects of the approach can be applied to other fields or disciplines. Most of the 
individual methods used were developed in other fields, or are already being used in different 
fields. The use of remote sensing data instead of field measurements is common in 
environmental sciences, earth sciences, agricultural sciences and even social sciences (e.g. 
urban planning). The approach adopted for modelling is to a large extent related to system 
theory, which originates in different disciplines, and has been used in e.g. biological and soil 
sciences (Von Bertalanffy, 1968; Phillips & Renwick, 1992). The volumetric change 
approach, in which certain units share a certain amount of sediment, has probably been used 
in other (water) erosion studies as well. The integration of behaviour and process modelling 
is strongly influenced by river and coastal engineering research (De Vriend et ai, 1993). 
Modelling with GIS was originally developed for catchment areas (Van Deursen & Kwadijk, 
1993). The combination of these individual methods or techniques to one method or 
approach is new, however, and could be useful for all the disciplines mentioned. 
This study benefited from the practical answers given by process geomorphological scientists 
and coastal engineers on practical questions, and the approach taken in the study encouraged 
the participation of people from different disciplines. The approach adopted in this study 
could be extended for decision making, because it incorporates many of the steps needed for 
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a decision support system (DSS) and uses methods that could be components of a DSS 
(Schiereck & Van der Weide, 1995). 

The method will be directly or indirectly applicable to other coastal regions. Some parts of 
the method apply specifically to the Dutch situation, where nourishments are being used for 
coastline management, making trend analysis of sediment budgets possible. 
The prediction of yearly morphological changes of coastal stretches requires meso-scale 
research (in time and space) that focuses on these morphological changes themselves. 
Therefore, there is a need for studies on a landscape scale, which could be performed with the 
data and method mentioned in this thesis. The data and method facilitate a quick and efficient 
monitoring of more inaccessible areas, and allow for the prediction of their near-future 
changes. The coastal community can benefit from research on different coastal systems on a 
similar scale. 

It is clear that the micro-scale process method and the meso-scale morphological method can 
complement each other. Further integration is therefore logical. There are several approaches 
to linking the methods. Formal, mathematical integration methods have been proposed by De 
Vriend et al. (1993). This thesis is the product of a less formal approach, but the feedback 
from meso-scale information to process-scale knowledge has not yet been fully explored. 
Because of the large amount of process research that has been performed on the Dutch coast, 
there are ample opportunities to link this work to process research, La. to the aeolian research 
of Van der Wal (1999) on Ameland, of Arens (1994) on Schiermonnikoog and to the marine 
studies of Hoekstra et ai (1996) on Terschelling. 
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SUMMARY 

PART 1 Introduction 

Introduction 
Coastal landforms are constantly changing. An understanding of these changes is required for 
proper present-day management and for the prediction of future changes. This research aims 
to describe and predict the morphological development of a sandy coast under the influence 
of natural processes and human impacts on a time scale of months to years, the meso-scale. 
There are no suitable methods available for such a study. A new approach had to be 
developed to meet this objective. An additional aim is therefore, to develop a method for 
qualitative and quantitative prediction of the morphodynamics, based on suitable elevation 
and remote sensing data input and on the application of dynamic modelling and GIS 
techniques. Ameland was chosen as the study area. It is one of the Dutch coastal barrier 
islands. These islands exhibit a large variation in morphodynamic systems over a relatively 
short distance; at some sites erosion and at other locations accretion dominates. 

PART 2 Development of methods 

Surveying with remote sensing 

Multiscale monitoring techniques versus multiscale morphodynamics 
Ameland has been used as a test area to evaluate the use of various remote sensing techniques 
for coastal zone management. These techniques are discussed, and some selected data were 
used for a geomorphological scale study. Each remote sensing technique has its own 
characteristics concerning, for example, spatial and temporal resolution of the data. Since 
geomorphological forms and processes also act on different spatial and temporal scales, each 
remote sensing technique will have certain advantages in the analysis, mapping and 
monitoring of a particular phenomenon. The data were evaluated for geomorphological 
purposes. This resulted in a table with multiscale monitoring techniques listed versus 
multiscale morphological features. The table shows that different techniques produce 
different information. The 1: 18,000 aerial photographs scored best, because they provide an 
overview and a perception of height of the study area. 

Multitemporal radar satellite imagery illustrates coastal dynamics in their spatial context 
The study of coastal morphodynamics requires an expression of dynamics. Recently, several 
techniques have been developed to express dynamics. Attention was paid to one of these 
techniques, pixel based image fusion, and to the resulting image map. Remote sensing data 
provide an overview of dynamic coastal areas without interfering with the system, and allow 
the mapping and monitoring of changes. C-band radar remote sensing allows continuous data 
acquisition both day and night and is practically independent of weather conditions since it 
penetrates cloud. Three images, collected during different tidal stages and at different dates, 
formed a colour composite. The changes, or actually, the differences between the images, 
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appear as colourful features on the image map. Such maps can be of interest to coastal 
managers because they illustrate coastal dynamics: they can show the areal extent of tidal 
influence and of geomorphological processes (erosion and accumulation). The images used 
to construct this particular image map of Ameland were selected according to the tidal 
differences during image acquisition; this selection obscured possible geomorphological 
differences. The large number of images that has recently become available will facilitate the 
analysis because it allows a reduction of variables: it will be possible to focus on either tidal 
or geomorphological changes. 

The derivation of digital elevation models from aerial video data 
Coastal morphological research benefits from digital elevation models. Videography, a 
cheap, simple and flexible airborne remote sensing technique, was used to extract such 
elevation models. A hand-held Hi 8 camera and a small airplane were used to collect video 
data of a 1300x320 m strip of beach and foredune area on Ameland. Simultaneously, the 
coordinates of the ground control points (GCPs) were collected with laser electronic distance 
measurement (EDM) equipment. A series of overlapping frames was grabbed, contrast-
stretched and corrected for interlacing effects. The resulting images were processed with 
software that has some photogrammetric options, R-WEL's Desktop Mapping System 
(DMS). The images and the positions of the GCPs enabled computing of the camera 
orientation, and allowed for image rectification and stereo correlation. Stereo pairs form the 
basis for anaglyphs, which give a perception of height. In addition, the parallax in the stereo 
pairs allows derivation of quantitative height information. In this case, the information 
comprised semi-quantitative relative terrain heights; the absolute height values calculated by 
DMS are incorrect. This was due to inaccuracies in the camera technology and the use of 
photogrammetric software that was not principally designed for the use of video imagery. 

Modelling with GIS 

Systems approach on coastal morphology allows modelling 
Models are formulated based on perception and understanding of the real system. The 
approach necessary to study and predict coastal morphological changes is described. Many 
efforts are directed towards disentangling of the driving forces behind morphological 
changes. Models that are based on a detailed description of the elementary physics of fluid 
and sediment particle motion require detailed knowledge of the physics of many interacting 
processes. This approach has increased knowledge on to short-term hydrodynamics, 
aerodynamics and sediment transport processes. It has provided insight into the role of these 
processes in geomorphological change. There are still some problems, though, in their 
application to long-term prediction of morphology because of the chaotic (stochastic) 
character of the morphodynamics of coastal systems, and the increasing inaccuracy of the 
prediction with scale. Therefore, there is an awareness that prediction of yearly 
morphological changes of coastal stretches would benefit from additional large-scale research 
(in time and space) that focuses on these morphological changes themselves. Modelling of 
the complex geomorphological processes and interactions involved in geomorphological 
change in the coastal zone requires a systems approach. Three sand-sharing systems have 
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been defined on Ameland. Trends in the evolution of sand mass (or volumes) were used for 
prediction of the future morphology of the three systems. 

Spatio-temporal modelling of coastal morphodynamics in GIS 
In addition to a new approach, new tools have been used for the study of morphodynamics. 
Earth-surface forms can be analyzed with 3-D impressions generated by 2.5-D GISs. The 
study of their dynamics challenges the new possibilities of GIS in fields of change detection, 
storage of temporal attributes and presentation of temporal changes. The integration of 
models and GIS allows spatio-temporal modelling and facilitates the prediction of 
morphological developments. These tools are introduced in relation to their use in a 
geomorphological study of the coastal systems reported in the part 3. Two GISs have been 
applied for the phenomenological description of the behaviour of geomorphological systems, 
IEMGA, an object-oriented GIS, and PCRaster, a field-based GIS. The morphodynamic 
models were written in PCRaster. The input consists of elevation data and their derivatives. 
The models have been built from mathematical, modelling, and GIS functions, and describe 
geomorphological processes. The output consists of prediction maps. 

PART 3 Geomorphological investigation 

The evolution of the northwestern beachplain as a result of the migration of channels and 
shoals of the ebb-tidal delta 
The Wadden islands are partly protected by ebb-tidal deltas. The spatial pattern of channels 
and shoals of these deltas is important for the coastal morphological development of the 
extremes of the islands. An extensive beachplain with a large swashbar occurs at the head of 
Ameland. Recent changes of Ameland's northwestern beachplain are cause for concern for 
management. Yearly elevation data for the past 11 years (1985-1996) were interpolated to 
create elevation maps. Two spatio-temporal GISs have been used to describe the long-term 
development of this beachplain: a field-based GIS and an object-oriented GIS. The 
description resulted in the differentiation of three phases in the morphological development 
of the beachplain. The beachplain shows a regular development within these three phases, 
although it is irregularly cyclic in the long-run. Prediction based on long-term historical 
trends is therefore difficult. However, in the last phase a decrease in activity was noted, 
because of a lack of erodible sand; in the past, Ameland's west coast has been stabilised with 
groynes. This state of inactivity might come to an end when a new phase begins, e.g. by the 
amalgamation of a shoal to the beachplain. A sequence of storm floods could change the 
stable situation for the swashbar; causing the landward migration of the swashbar and the 
filling of the lagoon. 

Morphological behaviour of central Ameland's North Sea coast 
The development of a continuous sandy shoreline under the influence of natural processes 
(e.g. storms) and human impacts {i.e. nourishments) is described and predicted, based on 
suitable remote sensing data input and the application of dynamic modelling and GIS 
techniques. On time scales ranging from several months to several years, major changes can 
be observed on the boundary between beach and dunes, as well as within the nearshore zone. 
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The actively changing interdependent landscape units, the foreshore, beach and foredunes 
were studied by volumetric analysis of sediment budgets. The changes observed in the 
nearshore zone as a result of the behaviour of bars have also been described. Storm floods 
and nourishments are related to sediment exchange between landscape units, but not to the 
behaviour of bars. Breaker bars seem to display autonomous behaviour and their influence on 
the cross-shore sediment exchange is mainly limited to the nearshore zone. These results 
were used to construct a model for predicting future topography with and without 
nourishments. According to the model, without nourishment the dunefoot will display retreat 
in 2000, and the beach will be lower compared to the morphology in 1996. Had nourishments 
been applied in 1996, then these effects would have been compensated for. 

Modelling washover landscape development with airborne remote sensing data 
An important and genetically controversial geomorphological phenomenon observed on the 
eastern ends of the Wadden islands is the occurrence of washovers. Through their present 
geomorphological function in aeolian and marine sand transport from the beach and 
foredunes to the saltmarsh and tidal flats, washovers also have a major ecological impact. 
They influence, la, the species composition of the saltmarsh. The study aims to describe and 
predict the development of a washover landscape. Several airborne sensors were used to 
monitor the washovers. Information on developments in the formation and stabilisation of the 
washovers by vegetation was extracted from multitemporal airborne videography and aerial 
photographs. Based on the trends derived from these sequential images, digital elevation data 
and morphological parameters derived from laser altimetry, dynamic modelling in a GIS 
environment was applied. This resulted in the prediction of a (future) washover and saltmarsh 
landscape. The approach taken and the results produced were tested in several ways. The 
approach seems to be promising, but some of the assumptions in the model should be 
rejected. This means that the model could still be refined. Both sea and wind are active agents 
in the formation and the development of the eastern washover and saltmarsh landscapes. The 
presence of washovers causes environmental heterogeneity, resulting in high species 
diversity. Multitemporal airborne remote sensing data are not only useful for monitoring the 
landscape but these data also support spatio-temporal modelling. 

PART 4 Synthesis 

Synthesis 
Remote sensing data and elevation data can be useful for the study and management of 
coastal areas. Present and previous morphodynamics can be monitored. Models in GIS can be 
used to make a prediction of coastal behaviour so that, if required, management decisions can 
be made in time. The importance of this study for process-geomorphology is, the 
identification of the factors that are important for the understanding and prediction of the 
meso-scale morphodynamics of three different sand-volume sharing systems. The knowledge 
of interaction of forms and geomorphological processes in relation to other parameters is 
presented in conceptual models and is elaborated by interactive modelling in GIS. 
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SAMENVATTING 

DEEL 1 Introductie 

Introductie 
Kustvormen veranderen voortdurend. Ten behoeve van het kustbeheer en voor het 
voorspellen van morfologische ontwikkelingen is inzicht in deze veranderingen nodig. Dit 
onderzoek heeft tot doel om de morfologische ontwikkeling van een zandige kust onder 
invloed van natuurlijke processen en de mens te beschrijven en te voorspellen op een 
tijdsschaal van maanden tot jaren (de zgn. meso-schaal). Hiervoor diende een nieuwe 
benadering ontwikkeld te worden. Een additionele doelstelling is daarom, het vinden van een 
methode voor de kwalitatieve en kwantitatieve voorspelling van de morfologische 
ontwikkeling, gebaseerd op het gebruik van geschikte remote sensing data (dat zijn data 
verkregen door middel van teledetectie) en op de toepassing van dynamische modellen en 
GIS technieken. Het Nederlandse waddeneiland Ameland is als studiegebied gekozen. De 
waddeneilanden vertonen een grote variatie in morfologische systemen over een relatief korte 
afstand; op sommige plekken komt extreme erosie voor en op andere lokaties domineert 
sterke aanwas. 

DEEL 2 Methode-ontwikkeling 

Inventariseren met remote sensing 

Multiscale monitoring technieken versus multiscale morfodynamiek 
Ameland is een testgebied voor remote sensing monitoring technieken ten behoeve van het 
kustbeheer. Verscheidene remote sensing technieken worden genoemd, en enkele remote 
sensing beelden zijn gebruikt in een geomorfologische studie. Elke remote sensing techniek 
heeft specifieke eigenschappen met betrekking tot de ruimtelijke en spectrale resolutie van de 
data en de hoeveelheid beelden die beschikbaar komen in een bepaalde tijd. 
Geomorfologische vormen en processen werken (ook) op verschillende schalen in ruimte en 
tijd. De data werden geëvalueerd op hun bruikbaarheid voor geomorfologische studie, wat 
resulteerde in een tabel waarin remote sensing technieken tegen geomorfologische vormen en 
processen werden uitgezet. De tabel laat zien dat de remote sensing technieken verschillende 
geomorfologische informatie verschaffen. De 1:18.000 luchtfoto's scoorden het best, omdat 
zij zowel een overzicht bieden als een impressie van hoogte geven. 

Multitemporeel radar satelliet beeldmateriaal illustreert kustdynamiek in zijn ruimtelijke 
context 
De studie van morfodynamiek vereist een expressie van veranderingen in de tijd. Recentelijk 
zijn er verscheidene technieken ontwikkeld om dynamiek uit te beelden. Aan één van deze 
technieken, nl. pixel based image fusion, en aan de resulterende beeldkaart wordt aandacht 
besteed. Remote sensing data geven een overzicht van dynamische kustgebieden zonder dat 
het systeem wordt verstoord en maken karteren en monitoren van veranderingen mogelijk. C-
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band radar remote sensing genereert continu, gedurende dag en nacht, data en is vrijwel 
onafhankelijk van de weerscondities aangezien de C-band radar golflengte door de wolken 
dringt. Gebaseerd op drie beelden, die tijdens verschillende getijde-stadia en op verschillende 
dagen verzameld zijn, is een kleurcomposiet samengesteld. De veranderingen, of eigenlijk de 
verschillen tussen de beelden, verschijnen als kleurrijke elementen in de beeldkaart. Zulke 
kaarten kunnen van belang zijn voor kustbeheerders omdat zij kustdynamiek illustreren; ze 
kunnen de ruimtelijke omvang van de getijde-invloed en van de geomorfologische processen 
(erosie en accumulatie) tonen. De afzonderlijke beelden die deze beeldkaart van Ameland 
vormen, zijn echter geselecteerd op getijverschil tijdens beeld-acquisitie; dit versluiert 
mogelijke geomorfologische verschillen. De recentelijk toegenomen aanvoer van beelden 
maakt een reductie van variabelen mogelijk; het zal mogelijk zijn om óf getijde-invloed óf 
geomorfologische veranderingen te onderzoeken. 

De extractie van digitale hoogte-modellen uit video-data vanuit de lucht 
Kustgeomorfologisch onderzoek is gebaat bij de beschikbaarheid van digitale hoogte-
modellen. Videografie is een goedkope, simpele en flexibele techniek om dergelijke hoogte-
modellen uit af te leiden. Vanuit een klein vliegtuig werd m.b.v. een in de hand gehouden Hi 
8 camera video-data verzameld over een strook strand en zeereep van 1300x320 m. 
Tegelijkertijd zijn de coördinaten van 27 paspunten gemeten met een tachymeter. Een serie 
frames (samengestelde beelden) met overlap is geselecteerd. Het contrast werd verbeterd en 
de frames zijn gecorrigeerd voor interlacing effecten; de oneven velden zijn verdubbeld, 
terwijl informatie uit de even beelden werd verworpen. De resulterende beelden werden 
verwerkt in software met enkele fotogrammetrische opties, het Desktop Mapping System 
(DMS). De beelden en de positie van de paspunten dienden om de camera-oriëntatie te 
bepalen en maakten beeld-rectificatie en stereocorrelatie mogelijk. Stereoparen vormen de 
basis voor anaglyfen, die een perceptie van hoogte geven. Bovendien maakt de parallax in de 
stereoparen de extractie van kwantitatieve hoogte-informatie mogelijk. In dit geval bestond 
de informatie uit semi-kwantitatieve relatieve terreinhoogten; de absolute hoogte-waarden die 
berekend zijn met DMS zijn incorrect. Dit werd veroorzaakt door onnauwkeurigheden in de 
camera-technologie en door het gebruik van fotogrammetrische software die niet ontworpen 
was voor het gebruik van video-beelden. De semi-kwantitatieve hoogte-data voor de zeereep 
geven een goede indruk van de werkelijke situatie, de strand-data zijn echter onbetrouwbaar. 
Aangezien er gemeten hoogte-data voor Ameland beschikbaar zijn, is het niet rendabel om 
hoogten af te leiden van video-data. 

Modelleren met GIS 

Een systeembenadering van kustmorfologie maakt modelleren mogelijk 
Modellen zijn gebaseerd op de perceptie en het begrip van het werkelijke systeem. Daarom 
wordt de benadering die nodig is om de kustgeomorfologische veranderingen te bestuderen 
en voorspellen beschreven. In de morfodynamica wordt veel aandacht besteed aan het 
gedetailleerd ontwarren van de drijvende krachten achter de morfologische ontwikkelingen. 
Modellen die gebaseerd zijn op een gedetailleerde fysische beschrijving van de 
vloeistofmechanica en sediment-beweging vereisen een gedetailleerde kennis van de op 
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elkaar inwerkende processen. Deze benadering heeft de kennis van de korte termijn 
hydrodynamica, aërodynamica en sediment-transport processen vergroot en verschaft inzicht 
in de rol van deze processen in geomorfologische veranderingen. Bij de lange termijn 
voorspelling van de morfologie worden echter nog problemen ondervonden door het 
chaotische (stochastische) karakter van de morfodynamiek van kustsystemen en door de 
toenemende onnauwkeurigheid van de voorspelling met toenemende schaal. De voorspelling 
van jaarlijkse morfologische veranderingen van coastal stretches (kustgedeelten) is daarom 
gebaat bij additioneel grootschalig onderzoek (in ruimte en tijd) geconcentreerd op deze 
morfologische veranderingen zelf. Het modelleren van de complexe geomorfologische 
processen en interacties die betrokken zijn bij geomorfologische veranderingen van de kust 
vereist een systeem-benadering. Drie zand-volume delende systemen worden gedefinieerd. 
Trends in de ontwikkeling van zandmassa's (of volumes) zullen gebruikt worden voor de 
voorspelling van de toekomstige morfologie van de drie systemen. 

Het modelleren van kustdynamiek in ruimte en tijd met GIS 
Naast een nieuwe benadering zijn er ook innovatieve technieken gebruikt bij de studie van 
morfodynamiek. Vormen aan het aardoppervlak kunnen worden geanalyseerd met behulp 
van 3D impressies gegenereerd door 2.5D GISsen. De studie van hun dynamiek is een 
uitdaging voor de nieuwe mogelijkheden van GIS met betrekking tot de detectie van 
veranderingen, het opslaan van tijdsattributen en het presenteren van veranderingen in de tijd. 
De integratie van modellen en GIS maakt modelleren in tijd en ruimte mogelijk en 
vergemakkelijkt de voorspelling van geomorfologische ontwikkelingen. Deze technieken 
worden geïntroduceerd in relatie tot hun gebruik in een geomorfologische studie van de 
kustsystemen, waarvan in deel 3 verslag wordt gedaan. Ten behoeve van de 
fenomenologische beschrijving van het gedrag van de geomorfologische systemen zijn twee 
spatio-temporele GISsen toegepast: IEMGA, een object-georiënteerd GIS en PCRaster, een 
field-based GIS. De morfodynamische modellen zijn geschreven in PCRaster. De invoer 
bestaat uit hoogtegegevens en afgeleiden. De modellen zijn opgebouwd uit wiskundige, 
model- en GIS-functies, en beschrijven geomorfologische processen. De uitvoer bestaat uit 
kaarten die de geomorfologische ontwikkeling voorspellen. 

DEEL 3 Geomorfologische studies 

De evolutie van de westelijke strandvlakte ten gevolge van de migrerende geulen en platen 
van de buitendelta's 
De waddeneilanden worden gedeeltelijk beschermd door buitendelta's. Het ruimtelijke 
patroon van geulen en platen op deze delta's is van belang voor de morfologische 
ontwikkeling van de uiteinden van deze eilanden. Een uitgestrekte strandvlakte met een grote 
swashbar (bank op de ebb-delta) komt voor op de kop van Ameland. Recente veranderingen 
op de noordwestelijke strandvlakte veroorzaken problemen voor het management. Jaarlijkse 
hoogte-data voor de laatste 11 jaar (1985-1996) zijn geïnterpoleerd tot hoogtekaarten. Twee 
spatio-temporele GISsen zijn gebruikt om de lange termijn ontwikkeling van deze 
strandvlakte te beschrijven: een field-based GIS en een object-georiënteerd GIS. Als gevolg 
hiervan kunnen drie fasen in de morfologische ontwikkeling van de strandvlakte 
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onderscheiden worden. De strandvlakte vertoont een regelmatige ontwikkeling binnen deze 
drie fasen. De ontwikkeling is onregelmatig cyclisch op de lange termijn. Een voorspelling 
op basis van de lange termijn trends is daarom moeilijk. De laatste fase vertoont echter een 
afname in activiteit, vanwege het gebrek aan erodeerbaar zand als gevolg van de stabilisatie 
van Amelands westkust in het verleden. Deze inactieve status zal mogelijk beëindigd worden 
wanneer een nieuwe fase intreedt, bijv. door het versmelten van een plaat met de 
strandvlakte. Een stormvloed-sequentie zou de stabiele situatie van de swashbar kunnen 
veranderen; zij zou de landwaartse migratie van de swashbar en het opvullen van de lagune 
in gang kunnen zetten. 

Het morfologisch gedrag van Amelands centrale Noordzee kust 
De ontwikkeling van een continue zandige kust, die beïnvloed wordt door natuurlijke 
processen (o.a. stormvloeden) en de mens (zandsuppleties), wordt beschreven en voorspeld. 
Hiertoe wordt gebruik gemaakt van geschikte remote sensing data en van dynamische 
modelleer- en GIS-technieken. De belangrijkste veranderingen, die worden waargenomen op 
een tijdsschaal die varieert van enkele maanden tot jaren, komen voor op de grens van strand 
en duin en binnen de kustnabije zone. De onderling van elkaar afhankelijke 
landschapseenheden, de kustnabije zone, het strand en de zeereep werden bestudeerd d.m.v. 
een volumetrische studie van de sediment-budgetten. De in de kustnabije zone geobserveerde 
veranderingen ten gevolge van het gedrag van banken zijn eveneens beschreven. Het bleek 
dat stormvloeden en suppleties wel gerelateerd zijn aan de uitwisseling van sediment tussen 
de landschapseenheden, maar niet aan het gedrag van de banken. Waarschijnlijk vertonen de 
brandingsbanken autonoom gedrag en blijft hun invloed op de kustdwarse sediment
uitwisseling grotendeels beperkt tot de kustnabije zone. Aan de hand van deze resultaten 
werd een model gemaakt om de toekomstige topografie met en zonder suppleties te 
voorspellen. Het model volgend zou de duinvoet zonder suppletie in 2000 teruggeschreden 
zijn en zou het strand verlaagd zijn t.o.v van de morfologie in 1996. Als in 1996 een suppletie 
toegepast zou zijn dan zouden deze effecten gecompenseerd worden. 

Het modelleren van de ontwikkeling van het washover landschap met airborne remote 
sensing data 
Op de oostpunt van de waddeneilanden wordt een belangrijk en genetisch controversieel 
geomorfologisch fenomeen geobserveerd, washovers. Door hun huidige geomorfologische 
functie in het eolisch en marien zandtransport van het strand en de zeereep naar de kwelders 
en wadplaten hebben zij een grote ecologische invloed. Ze beïnvloeden ni. de soorten
samenstelling van de kwelder. Het doel van studie is het bestuderen en voorspellen van de 
ontwikkeling van het washover landschap. Een aantal airborne sensoren is gebruikt om de 
washovers te monitoren. Multitemporele airborne videografie en luchtfoto's gaven informatie 
over ontwikkelingen in de vorming en stabilisatie van de washovers door de vegetatie. De 
trends die uit deze sequentiële beelden zijn afgeleid, de digitale hoogte-data, en de 
morfologische parameters uit laser altimetrie, maakten dynamisch modelleren in een GIS 
omgeving mogelijk. Dit resulteerde in de voorspelling van de ontwikkeling van een washover 
en kwelder landschap. De gekozen benadering en de gepresenteerde resultaten zijn op 
verschillende manieren getoetst. De benadering lijkt veelbelovend. De voorspelling van de 

224 



situatie in 1997 is o.a. geverifieerd met nieuwe laser altimetrie data van 1997. Gebaseerd op 
deze vergelijking moeten enkele aannamen in het model verworpen worden. Dit betekent dat 
het model nog verfijnd kan worden. De zee en de wind zijn actieve agentia in de vorming en 
ontwikkeling van de achtergelegen washover en kwelder landschappen. De aanwezigheid 
van washovers veroorzaakt landschappelijke heterogeniteit die resulteert in een grote soorten
diversiteit. Multitemporele airborne remote sensing data zijn niet alleen nuttig voor het 
monitoren van het landschap, maar zijn ondersteunen ook het modelleren in ruimte en tijd. 

DEEL 4 Synthese 

Synthese 
Het gebruik van remote sensing en hoogte-data kan van belang zijn voor de studie en het 
beheer van kustgebieden. De morfodynamiek kan worden gevolgd. Met behulp van modellen 
in GIS kan ook een voorspelling van het kustgedrag gemaakt worden, zodat indien gewenst, 
tijdig de nodige beheersmaatregelen genomen kunnen worden. Het belang van deze studie 
voor de proces-geomorfologie is, dat de factoren worden aangegeven die van belang zijn 
voor het begrip en voorspellen van de meso-schaal morfodynamiek van drie verschillende 
zand-volume delende systemen. De kennis van de interactie van de morfologie en de 
geomorfologische processen in relatie tot andere parameters is weergegeven in conceptuele 
modellen en is verdiept door interactief te modelleren in GIS. 
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