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September 2000, een
mooie nazomerdag,
ergens in duinen van
Oostduinkerke...
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doctoraatsthesis van
Valéry Gond te
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werk over het
gebruik van lage
resolutie teledetectie
voor de opvolging
van de Afrikaanse

Savanne. Als logisch vervolg op mijn licentiaataartieling zou ik ook een doctoraat
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rondloop, kan ik niet anders dan erom glimlacheam e vegetatie in Zuidoost-Afrika
naar het strand aan onze Belgische kust. Van de @eoom terug stevig met mijn
voeten op de grond, de grond waar ik als kleinekaalgraag rondliep. Het kan

verkeren...

Eén en ander heb ik te danken aan een aantal mbijs#n Afdeling Kust (Vlaamse

Overheid) in Oostende. Ik denk hierbij in het bijder aan ir. Peter De Wolf, ir. Toon
Verwaest, ir. Stefaan Gysens, en ir. Kevin Delestyydie VITO een aantal jaren
onderzoeksopdrachten toevertrouwden i.v.m. de gpwplvan onze stranden d.m.v.
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plaats aan Dirk Fransaer die ondanks zijn functie afgevaardigd bestuurder steeds
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te volgen. Maar op VITO zijn er nog veel meer mendie ik van harte wil danken en
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schitterende collega’s van de hyperspectrale gidepn, Els, Sindy, lls, Luc, Pieter,
Marcel en Johan. Hun vakkennis heeft mij vaak ddigeoduw in de rug gegeven op
de punten waar ik tekort schoot. Mijn zeer stenigereciatie hiervoor. Ook Walter, die
aan de basis ligt van het hyperspectrale gebeur@fiTO, verdient een bijzonder
woord van dank, net als Jurgen, Gil en Dirk. Staorvstuk steengoede en fijne
collega’s waar ik dagelijks veel van opsteek enilkderg waardeer.
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dankbaar.
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Summary

Recent indications and model predictions leaveelitbom for argument that the sea
level worldwide is rising and that the rising wélbntinue and will even be accelerated
in the next decades. Many factors have been idedtih causing the sea level rise,
with warming of the oceans and melting of land &ethe dominant players. The
anthropogenic influence in this process has regebien confirmed by the
Intergovernmental Panel on Climate Change (IPC@g fising of the sea level goes
hand in hand with climate changes that are expdctehuse more storminess along
the western European coastline, as well as alomy rother coastlines. Even without
an intensified storminess and an accelerated sed tese, the western European
coastline, and more in particular the Belgian sliwee needs permanent attention as
this shoreline is highly prone to erosion. The hsgeo-economic value of the Belgian
shoreline, which asks for a stable and save shmefs not compatible with the
dynamic nature of the system. Therefore man hasgdtto keep the shoreline at its
position for many decades. As a result of all ttis, regular monitoring of the Belgian
shoreline is absolutely necessary. In this thesis, state-of-the-art remote sensing
techniques have been explored to monitor the Belgkeoreline in the period 2000 —
2006. Airborne LIDAR or laserscanning is a well-lkmotechnique that allows making
accurate Digital Terrain Models (DTMs) of the beagtvironment. Successive DTMs
were used to calculate the amount of sedimentthateroded or deposited. As a novel
technique, airborne hyperspectral remote sensingirborne imaging spectroscopy,
was applied to classify the sediment of the beachthe foredunes in seven sand type
classes. Several classification strategies wese tout; a comparison was made
between the non-statistical Spectral Angle Map@&M) and a statistical classifier
based on Linear Discriminant Analysis (LDA), makinge of AISA-Eagle imagery.




The best classification results were obtained apghtDA in combination with a
feature selection based on Sequential Floating &wh&8earch (SFFS). The latter is a
band selection technique that chooses the sub-aptiombination of spectral bands
from the hyperspectral data in order to obtain thest classification accuracy.
Classifications were performed with the originalnda as well as with wavelet
coefficients. The latter significantly enhanced thessification accuracy obtained. The
combination of LDA with SFFS resulted in an over@déssification accuracy of 82%,
using three wavelet coefficients. Replacing the Livth the non-statistical SAM
algorithm reduced the overall classification accyrdao 74%, using all bands or
wavelet coefficients. Tests pointed out that, eesalt of the limited number of training
samples available, using more than two to threelban wavelet coefficients did not
result in higher classification accuracies. HyMagitagl featuring 126 bands in the
Visible till Shortwave Infrared part of the spectruwere used to demonstrate that the
Visible and the Near-Infrared part of the spectrautperform the Shortwave Infrared
part for classification purposes in this applicatio

As a side-step, airborne hyperspectral data aajuineer the Molenplaat in the

Westerschelde, were classified applying the LDA &kd-S algorithms. The aim of
this study was to investigate whether this classifon methodology could be used to
identify sediment habitat types on tidal sand shddigh classification accuracies were
obtained for the water content (88%), the mediaingsize (88%) and the chlorophyll-
a concentration (84%). The organic matter contentesl somewhat lower but still

reached 80% overall accuracy. The four parametessified allowed to define the

general sediment habitat types which could consgtjube used in more detailed
biological or sedimentological studies.

However, the main goal of this thesis was the apptin of the airborne hyperspectral
data and the airborne LIDAR data to map and andahssediment dynamics along the
Belgian shoreline in the period 2000 — 2006. Witike LIDAR data served to calculate
the amount of sediment eroded or deposited (Fidyirehe classified hyperspectral
data served to interpret the sand dynamics and sparefically the sediment transport
directions. The classes were used as tracer fadtienent transport. The methodology
was applied in five distinct units, most of themnitied by harbour dams or harbour
channels, which allowed treating each unit as a&rootess closed system.

In summary, it could be concluded that the beacth@period studied was in most
places stable (i.e., less that 25 cm accretiorrasi@n) or erosive. The beaches which
were most affected by erosion are mainly situaledgathe Middle and East Coast,
among which the beaches of Knokke-Zoute, the Duiksklers, and a large area
around De Haan featured the most severe erosianofly accretional beaches were
found in Zeebrugge, Sint-Laureins and the centriéaifsijde. However, the accretion
on each of these beaches could be linked to humarvéntions. The overall natural
tendency was erosive. The dune area in Figure thicethe foredunes, i.e., the dunes
immediately landward of the beach. Contrary toltbach, they grew in many places or
remained stable. Only along the Middle Coast, betwd#/estende and Oostende, the




Summary

foredunes were erosive. A detailed analysis wafpeed for each unit separately and
particular attention was paid to the sediment partsdirections; hereto all available
data layers originating from the LIDAR and hyperdpgl data were combined in a
GIS and an integrated analysis was made.




beach nourishment + year of execution Evolution over the period 2000-2006

*beach & nearshore nourishment )
**backshore nourishment N erosion no change I accretion

beach scrapings (yearly)
pings (yearly, doos
1992* 1999
2004* 1995% 1996* 1999** 2004
2000

Figure 1: Schematic representation indicating thess with erosion and accretion on the beach anthéforedunes (‘dune’) for the period 2000 — 2006e
major beach nourishments and beach scrapings alieated as well.




Samenvatting

Recent onderzoek laat er geen twijfel over besthanhzeeniveau stijgt wereldwijd en
de snelheid van de stijging neemt toe. De beldtgidj oorzaken hiervoor zijn de
opwarming van de zeeén en oceanen en het smeliesneauw en ijs op het land. De
menselijke invioed op de versnelde klimaatsverandewerd recentelijk bevestigd
door het Intergovernmental Panel on Climate Cha(l®€C). Onderzoek toont
eveneens aan dat het toekomstige klimaat aan dgisBe¢ kust zal gekenmerkt
worden door meer extreme weersverschijnselen wdaraen toename van het aantal
stormen alsook de kracht van de stormen. Maar zeliader toenemende
stormactiviteit, is onze kust sterk dynamisch eedit er op veel plaatsen erosie op. De
vele economische activiteiten langsheen de Belgiskist laten geen natuurlijke
dynamiek toe en ze zijn aldus mede verantwoordeij&r het erosief karakter van
onze kust. Al deze zaken maken dat een regelmatigelging van onze kustlijn
onontbeerlijk is om te kunnen oordelen over de iliimb en veiligheid van onze
zeewering. In deze thesis worden twee vliegtuigagebrde teledetectie technieken
gebruikt om de dynamiek van onze kust in kaartremdpen en te analyseren voor de
periode van 2000 tot 2006. Vliegtuig-gebaseerde ARDof laserscanning is een
bekende techniek die gebruikt wordt om accuratét@eTerrein Modellen (DTMs) te
maken van het strand en de (onbegroeide) duineonr Dpeenvolgende DTMs te
vergelijken kunnen zones met erosie of aangroeelsfgend worden. Vliegtuig-
gebaseerde hyperspectrale teledetectie daarenisgesm recente techniek die toelaat
om d.m.v. analyse van het gereflecteerd zonlichzéed op het strand en in de duinen
in te delen in een aantal zandtype klassen. Kle@mschillen in de samenstelling, het
vochtgehalte of de korrelgrootte laten toe spettaa onderscheid te maken tussen
verschillende zandtypen. Alvorens het zandtransportkaart te brengen en te




analyseren, werden twee classificatietechniekegetgst; de niet-statistische Spectral
Angle Mapper (SAM) en een statistische classifecatiethode gebaseerd op Lineaire
Discriminant Analyse (LDA). De hyperspectrale ddia hiervoor gebruikt werden,
zijn afkomstig van de AISA-Eagle sensor. De bedssdificatieresultaten werden
behaald met LDA, in combinatie met een methode (Setipl Floating Forward
Search of SFFS) die uit het groot aantal specbhatelen de sub-optimale combinatie
voor classificatie kiest. Testen toonden eveneansdat -voor deze applicatie- betere
classificatieresultaten kunnen behaald worden wemde spectrale banden worden
omgezet naar wavelets. De combinatie van LDA enSSRBegepast op wavelet
coéfficiénten, resulteerde in een classificatieuszatheid van 82%. Bij gebruik van
SAM daalde de accuraatheid naar 74%. Door het kepantal trainingssamples kon
slechts een beperkt aantal (twee tot drie) spechahden of wavelets gebruikt worden.
HyMap data werden gebruikt om na te gaan welk spalciomein het best geschikt is
om strandzand te klasseren. Hieruit bleek dat eisea nabij-infrarood licht betere
classificatieresultaten opleveren dan kort-golaigarood licht.

Als nevenstudie, werd dezelfde classificatiemeth@d®A in combinatie met SFFS)
gebruikt om de sedimenten op de Molenplaat in dst&/schelde te klasseren in een
aantal sediment habitat klassen. Vier parameterdaemehiertoe afzonderlijk en met
hoge accuraatheid geklasseerd: het watergehalt#)(88e mediane korrelgrootte
(88%), de chlorofyl-a concentratie (84%) en hetajfehaan organisch materiaal (80%).
Hiermee kon aangetoond worden dat deze methodeenemeschikt is om sediment
habitat klassen af te bakenen hetgeen als basiglikmen voor meer gedetailleerd
biologisch of sedimentair onderzoek.

Het hoofddoel van deze thesis was echter de analysdiet zandtransport langsheen
de Belgische kust in de periode 2000 — 2006. Damarvde LIDAR data gebruikt
werden om het sedimenttransport kwantitatief terdteg, werden de hyperspectrale
data gebruikt om de transportrichtingen te bepal2e. zandtype klassen werden
bijgevolg gebruikt als ‘tracer’ voor het zandtraodpDe methode werd toegepast in 5
ruimtelijke eenheden die meestal begrensd wordew Havengeulen. Deze laatste
vormen immers een barriére voor het langstranspadrdoor elke eenheid kan
beschouwd worden als een quasi gesloten systeem.

Samenvattend kan men stellen dat de Belgischedpusie meeste plaatsen erosief of
stabiel is (stabiel wil zeggen dat er minder darci®berosie of aangroei optrad); zie
Figuur 2. De meest erosieve stranden bevinden a#&oh de Midden- en Oostkust.

Vooral het strand van Knokke-Zoute, het strand @gabuinse Polders en dat rond De
Haan waren sterk erosief. De enige stranden digraenkenden zijn deze van

Zeebrugge, Sint-Laureins en Koksijde. Het moetaercbpgemerkt worden dat al deze
aangroeiende stranden het gevolg zijn van menedligrepen. In tegenstelling tot de
overheersende erosieve trend van de strandendgroedie zeewerende duinen in de
bestudeerde periode op veel plaatsen aan. Enkaledfiddenkust, tussen Westende
en Oostende, waren de zeewerende duinen erosigf. édnheid werd in detail

geanalyseerd waarbij bijzondere aandacht werd éesten de zandtransportrichtingen,




Samenvatting

gebruik makend van alle datalagen die werden dffjelen de LIDAR data en de
hyperspectrale data.




strandsuppletie + jaar van uitvoering ontwikkeling over de periode 2000-2006

*strand- en vooroeversuppletie . . -
**droogs trand- en duinvoets uppletie BN erosie geen verandering [ aangroei

badstrandophogingen (jaarlijks)
phogingen (jaarly 1986
1992* 1999
2004* 1995* 1996* 1999*¢ 2004
2000

Figuur 2: Schematische voorstelling van de zondsenosie en aangroei in de periode 2000 — 2006w&nd een onderscheid gemaakt tussen het strand en d
voorste zeewerende duinen (‘duin’). De belangr§lsippleties en badstrandophogingen worden evenessrgegeven.
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Structure of the thesis

The emphasis of this thesis is on the use of twlmoaie remote sensing techniques,
airborne hyperspectral remote sensing and airdasegscanning, to map and monitor
the sediment dynamics along the Belgian shorelihe. final goal is the classification
of the beach in sand type classes, making use ®f hyperspectral data, and
consequently the analysis of the sediment transport latter is based on the sand
class maps and on differential height maps whietdarived from the laserscan data.

The reader will notice that the topic of the thedialances between coastal
geomorphology and ‘pure’ remote sensing. Remotsisgns used as a tool to analyse
the geomorphology and the dynamic behaviour oftisch, but in some chapters a
more fundamental analysis of the remote sensirgidaierformed. However, the latter

always frames in a thematic end-goal. Hence, tiésis does not fit in the corner of

fundamental remote sensing research, but rathegmote sensing applied to coastal
zone monitoring and in particular the follow-uptbé dynamic behaviour of the sandy
beaches along the Belgian shoreline. The choidhisfstudy area was based on the
possibility to achieve new and repetitive remoteisgey data over this area, the
extensive field knowledge available, the accessibilf the site, and last but not least
the fascination for this highly dynamic area with ¢onflicting activities and interests

(see Chapter 2).
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The thesis is structured as follows:

Chapter 1 — An introductory chapter provides the reader wiith necessary
background knowledge to understand and interpeethbsis. After a general
background and motivation, an introduction is gitemirborne hyperspectral
remote sensing and airborne laserscanning, as allto classification
techniques.

Chapter 2 - This chapter contains an introduction to thedgtarea, starting
with the geological background, followed by the gaet-day
geomorphological characteristics and the man-maderictares and
interventions. Finally, some reference TAW levaiks lésted.

Chapter 3 - The third chapter provides an overview of thailble airborne
and ground truth data. After a brief overview ottbtypes of data, a more
detailed analysis is made of the sedimentologibatacteristics of the beach.
This analysis is based on ground truth data celteict 2001 and 2002.

Chapter 4 till Chapter 7 - Consequently, four peer-reviewed journal papers
are listed. They were modified to avoid overlaphvitie introductory chapters
and to attain consistency throughout the thesis.

X The first paper focuses on the use of the SAM ifleaon algorithm
for the classification of the beach sediments arfidsa attempt was
made to combine hyperspectral data and lasers¢artaanalyse the
sediment transport. This paper, published in Xbernal of Coastal
Researchwas the first paper written in the framework dftthesis
and therefore it is limited to the data captured@00 and 2001.

X The second paper, publishedBstuarine Coastal and Shelf Science
has a somewhat different scope. In this papemeati discriminant
classifier (LDA), in combination with feature sefien, was used to
classify the sandy and muddy sediments on the Nidan
(Westerschelde) into sediment habitat types. Hgpecific attention
was paid to the biological value of the sedimerd &nwas shown
how the technique used is suited to classify sealimabitat types.

X After the small-scale test of the linear discrinminaclassification
algorithm and the feature selection approach onMbé&enplaat, the
same methodology was applied to the entire Belghoreline.
Additionally, tests were performed to investigdie tnfluence on the
classification accuracy of transforming bands inteavelet
coefficients; the SAM algorithm (applied in the sfirpaper) was
compared with LDA, and the influence on the clasaifon accuracy
of the band width and the band range used was satl\Hence, in
contrast with the other papers, this paper is fiogcusn classification

12



Structure of the thesis

technigues rather than on the application itselfs lcurrently under
review (nternational Journal of Remote Senging

X The fourth paper uses all available data from 26002006 to
demonstrate how the combination of airborne hypmatsal remote
sensing and airborne laserscanning can be usedndtyse the
sediment transport along the Belgian shoreline. mathodology was
demonstrated on three sites: Koksijde, locateth@tWVest Coast and
characterised by wide accretional beaches, infleérzy dry berm
replenishment works and the construction of groy@esbrugge, at
the Middle Coast, where a beach nourishment wasuéx@ one year
before the remote sensing acquisitions startedndmaile the dams of
the harbour of Zeebrugge are responsible for thedtion of a large
accretional beach, and Knokke-Heist, located atBhst Coast and
characterised by narrow, locally reflective, beagheneavily
influenced by nourishment activities. This papeadsepted and will
be published ifcarth Surface Processes and Landfarms

Chapter 8 - As the fourth paper was meant as a demonstraifothe
methodology to an international audience, it did allow to describe and
analyse the sediment transport in each coastal Thirefore this chapter
handles in detail the sediment transport alongsboreline between 2000 and
2006. It can be considered as the final thematidyoet of this thesis utilising
all remote sensing (and field) data available. Gapter is divided in 5 parts,
each of them covering a distinct unit of the shoeel

Chapter 9 - In the last major chapter, the results obtaithating the sediment
transport analysis are commented and remarks ortettfenique used and
methodology applied are formulated. Finally, recaanodations are made
regarding future monitoring strategies.

13



To conclude this section, here are the guesticatsaite addressed in this thesis

From a methodological point of view, it was invgated which type of hyperspectral
data is most suited to classify a sandy beach mu $gpe classes. Hereto, several
guestions were tackled:

= Do we need a hyperspectral sensor capturing ba&hWKIR and SWIR
spectrum, or is a VNIR sensor sufficient to obtaiccurate classification
results?

= Do we need many narrow spectral bands to achigsegtial? Or is there a
possibility to use broader and fewer bands (cftispgctral remote sensing)?

= s it useful to transform the original spectral darinto wavelet coefficients;
does this decomposition result in a higher classiifbn accuracy?

» Is a common SAM classifier adequate? Or can be#sults be achieved
applying a parametric classifier?

All these methodological questions frame in tharthtc end-goal of this thesis, i.e.,
the monitoring of the sediment dynamics along tlgin shoreline in the period
2000 — 2006. With respect to this, an answer tdahewing questions was sought:

= Was the Belgian beach and foredune area in thegqueyears erosive, stable
or rather accretional? And which spatial variattam be observed?

» Is it possible to detect on hyperspectral datasavei@ere beach nourishments
have been executed? And which other sand typebecdistinguished?

= Can hyperspectral data be of value in the monigoaiithe sediment transport
directions?

= How can nourished areas be monitored with a cortibmaf hyperspectral
and LIDAR data? And can we derive information op tiie time of beach
nourishments?

= And finally, can the classification methodology bpplied to map certain
parameters indicative for the biological value loé tsediment (cf. sediment
ecotope mapping)?

Note that the aim of this thesis is not to analyseprocesses of sediment dynamics.
Though, existing knowledge on transport processdshaiman interventions provided
necessary background for interpreting the actualctied changes.

14



Chapter 1

Introduction

1.1 Background and motivation

The challenge of this thesis was to apply stattefart remote sensing techniques to
analyse the dynamic behaviour of the Belgian cioestiThe latter is situated at the
southern edge of the North Sea basin and has thleh@5 km from De Panne in the
Southwest till Knokke-Heist in the Northeast. Tlosemomical and social importance of
the Belgian shoreline is hardly to overrate. Balgiand especially Flanders is among
the most densely populated regions in Europe (@d&kitants/km2 in 200k The
65 km long coastline has a major economic valuekhado its attractive beaches (cf.
tourism industry) and the presence of two importaed ports (Zeebrugge and
Oostende). However, this valuable coastline is lgighynamic and this dynamic
behaviour interferes with the economic activitideng the shoreline. Because the
direction of this coastline is almost identicaltte prevailing wind direction, sand
tends to move parallel to the beach instead of ffmersea to the dunes. However, man
has strived, ever since the Middle ages, to keetioreline at its position and even to
move it seaward. The first attempts to limit théural dynamics of the Belgian beach
were, without exception, hard defence structureswalls, reinforced dune bases,
groynes, beach groynes, and Longard tubes. Howswver the 70s, one is convinced
that so-called soft defence structures like beamlrishments and beach scrapings (or
beach replenish works) are to be preferred to Hafeince structures (see Section 2.3).

To follow up the dynamic behaviour of the beach smdvaluate the effects caused by
the artificial interventions, several monitoringaségies can be adopted. A good but
labour-intensive strategy is to measure the beagbgraphy along transects oriented

! http://statbel.fgov.beffigures/dsp_nl.asp
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perpendicular to the coastline (with a theodoliteG®S). This technique can deliver
accurate data in the measured points, but one dhasterpolate to cover the area
between the measurements. To overcome this, resesing techniques can be
applied. Remote sensing is a very powerful tool fmeach monitoring and
investigation, since it allows collecting spatiaigntinuous information over a wide
area in a short time frame. The latter is highhypdmiant in coastal areas as this
environment is subject to fast changes in time. édwer, the technique is not
hampered by the (in)accessibility of the site, wifén is a problem in coastal areas.
The common spaceborne platforms, making use ofsgnohronous satellites, are
limited by their fixed orbit. This implies that aggitions can not be planned in time;
hence, tides and weather are often prohibitingessfal acquisitions. Airborne remote
sensing on the other hand, although often moreresipes is much more flexible. It
allows planning the missions carefully taking irgocount all possible constraints.
Cracknell (1999) and consequently Malthus and Murt#f03) provided an overview
of the capacities of remote sensing for estuarimed @astal zone studies. While the
focus in these review articles is mainly on lowetaon remote sensing, Mumby and
Edwards (2002) investigated the additional value vefy high resolution data
(IKONOS) and hyperspectral data (CASI, see Sectic®). In the Netherlands,
interesting research was conducted by Elewetidal. (2000) who explored the
possibilities of aerial video camera to deriveaklnaps of coastal landscapes and by
Van Zuidam et al. (1998) and Eleveld (1999) who liored remote sensing
techniques, GIS and dynamic modelling for a bettanagement of the coastal zone.

The novel aspect of this thesis is the combinatiofvo techniques of airborne remote
sensing for the monitoring of a sandy shorelindb@ne hyperspectral remote sensing
(or airborne imaging spectroscopy) and airborne ARD(or airborne laserscanning).
The development of LIDAR represented a technolddicaakthrough in topographic
monitoring. A number of studies have demonstratesl dbility of LIDAR data to
accurately measure the topography over large sectib the coastline (Revedt al,
2002; Sallengeet al, 2003; White and Wang, 2003), and sequential LRDg\urveys
have shown that shoreline changes can be monitmerdtime (Stockdoet al, 2002).

In Belgium, LIDAR has been applied since 1999 tqrtize beach topography and to
make differential height maps (from the mid 1970s 11998, stereographic aerial
photographs were used for this purpose). The \adrtaccuracy of the LIDAR
measurements proved to be between 5 and 10 crwjradj@ detailed budgeting of the
volumetric changes between consecutive observatldesce, LIDAR measurements
provide very valuable input data for the studyta toastal morphodynamics. But, as
these data do not provide any information on tipe tgf sand, it is not possible to gain
direct knowledge on the directions of the sedintesmsport. Therefore, LIDAR was
combined with hyperspectral remote sensing. Theerlallowed us to classify the
beach in several sand type classes and theseslzasde used as tracers to monitor
the sediment transport. This technique proved tafg@opriate to map and monitor
areas where beach nourishments or beach scrapaigbden executed. Indeed, the
type of sand used for these soft defence workétés dorrowed from banks offshore
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Introduction

and, due to its different mineralogical compositiamd grain size, it can be

distinguished spectrally from the sand, naturadyrfd on the beach. The combination
of the LIDAR data and the hyperspectral data i®& approach in beach monitoring
and proved to be suited to improve the knowledgéhersediment transport along the
Belgian shoreline.

As stated earlier, the economic importance of tledgiBn shoreline is very high,
resulting in a difficult equilibrium between econiendevelopment and conservation of
the landscape and the ecology. As such, the rdspagsented is linked to the concept
of Integrated Coastal Zone Management (ICZM) (Paxsd Lundin, 1996). This
concept, consistent with principles 1 through 19 tbé 1992 United Nations
Conference on Environment and Development (Rio)lddatiorf and chapter 17 of
Agenda 21, is most concisely defined in the so-called Noadjklguidelines, set out at
the 1993 World Coast Conference:

ICZM involves the comprehensive assessment, settiopjectives, and
planning and management of coastal systems andinessy taking into
account traditional, cultural and historical persgeres and conflicting
interests and uses; it is a continuous and evahatip process for
achieving sustainable development.

The core objective of ICZM is to balance socio-anuit development and ecological
conservation (Post and Lundin, 1996; Kelleher, 1988r a comprehensive overview
of the literature on ICZM, the reader is referredManderstraete (2007). Despite the
dual, and sometimes conflicting interest in the agement of the Belgian shoreline, it
should be noted that the first aim of coastal molgdical monitoring in Belgium is to
determine the safety level of the sea-defence aisteer the measures needed to keep
the safety at this level. The coastal barrier iddetects an up to 20 km wide strip of
coastal lowland from flooding. In the context ofolghl warming, an effective
management of the coastline is increasingly immbrf€OMRISK, 2004). For the
low-lying countries, such as Belgium, an efficienbnitoring is a prerequisite in the
view of an expected sea-level rise of 3-4 mm/y&RaECC, 2001). Moreover, the return
period of heavy storms is expected to reduce dalhti (IPCC, 2001), causing
important economic losses for many coastal natjbtibs, 2005). The combination of
higher sea levels with more extreme weather evegtessitates a regular and detailed
mapping of the affected shorelines, applying thatmsaited techniques. In addition, if
data can be obtained on the state and the dynarhit®e coastal sediment budget, it
can better be estimated how well beach sectionsveecfrom erosive events and
whether there is sufficient sediment availabledpewith sea-level rise.

2 http://www.un.org/documents/ga/confl51/aconfl51a6nex1.htm
® http//www.un.org/esa/sustdev/idocuments/agendaglisafagenda21chapter17.htm
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1.2 Introduction to airborne imaging spectroscopy

1.2.1 Historical development

Remote sensifigs, broadly but logically speaking, the collectiohinformation about
an object without making physical contact with@afmpbell, 1996). This is a simple
definition, but too vague to be really useful, #fere we restrict it to the Earth’'s
surface and atmosphere, viewed from above, usiagtremagnetic radiation. This
narrower definition excludes techniqgues as seisngepmagnetic and sonar
investigations, as well as (for example) medical atanetary imaging, all of which
could otherwise be described as remote sensings(R€€1). Nowadays, the type of
remote sensing we refer to is often described by #fternative nameEarth
Observation

Although significant developments in the theoryaptics began to be made in the
seventeenth century, and glass lenses were knowh parlier than this, the first real
advance towards our modern conception of remotgisgrcame in the first half of the
nineteenth century with the invention of photognapFRor the first time, it became
possible to record an image permanently and obgti Also during the nineteenth
century, forms of electromagnetic radiation wergcdivered beyond the visible part of
the spectrum: infrared radiation by Herschel, vitket by Ritter and radio waves by
Hertz, and in 1863, Maxwell developed the electrpnedic theory on which so much
of our understanding of these phenomena depends.

Aerial photography followed almost immediately e tdiscovery of the photographic
method. The first aerial photograph, unfortunateonger in existence, was probably
made in 1858 by Gaspard Félix Tournachon (knowiNasar’, °Paris 1820 — 1910),
taken from a balloon at an altitude of about 80rhe next step towards what we now
recognise as remote sensing was taken with thdafeaent of practicable airplanes in
the early twentieth century. Again, the potentigplecations were quickly recognised
and aerial photographs were taken recorded fropfaaies from 1909. During the two
World Wars, the techniques developed further aaditht applications in cartography,
geology, agriculture and forestry emerged. By tB&0E, false-colour infrared film,
originally developed for military use, was findiagplications in vegetation mapping,
and high resolution imaging radars were being dpeaxl. As these developments
continued through the 1960s, sensors began to lmecHad in space. This was
originally part of the programme to observe the Mdout the advantages of applying
the same techniques to the observation of the E@&ith soon recognised and the first
multispectral spaceborne image of the Earth wasiieed] from Apollo6 (1968).

4 See Campbell (1996) for a summary of the mainndifns of remote sensing that have been
adopted over the last few decades. The term ‘res@tsing’ itself was first used by the U.S. Office
of Naval Research in the 1960s (Cracknell and Hah@31).
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Although there were earlier unmanned remote sensategllites, the opening of the
modern era of spaceborne remote sensing oughtlgyotmabe dated to July 1972 with
the successful operation of ERTS, the Earth Ressul@chnology Satellite, by the
U.S. National Aeronautics and Space AdministrativASA). The ERTS was
renamedLandsat-1 and after seven satellites (with some variatiorsénsors on the
different satellites) the Landsat programme stiitinues today. In 1999, the first truly
commercial remote sensing satellite was launchedikonos satellite acquires images
with a panchromatic resolution of 1 m and a mudicgpal resolution of 4 m, with a
capacity of acquiring images every 3 to 4 days (Myrand Edwards, 2002). Since
then, several high resolution commercial satellitege been launched, showing clearly
that the commercial sector is focusing on the &sifjam of high resolution, short
response time imagery, suitable for many commereiatl disaster monitoring
purposes.

The most recent and novel development in this tloeds the design of High Altitude
Long Endurance Unmanned Aerial Vehicles (HALE-UAWhich will be able to
acquire almost continuously very high resolutionagery (app. 20-30 m pixel
resolution) at a much lower cost than conventiaadtllites or manned airplanes (see
for instance http://www.pegasus4europe.com). Patess al. (2003) investigated the
possibilities of UAV platforms for coastal zone ritoring.

With the desire to acquire more information frormoge sensing, the interest in the
technique ofimaging spectroscopincreased. Imaging spectroscopy is the acquisition
of image data in many (typically a few tens to & flBundreds) contiguous (i.e.,
adjacent and not overlapping) spectral bands. Riffenames have been given to this
field of remote sensing including ‘imaging spectmsy’, ‘imaging spectrometry’,
‘spectroradiometry’ and hyperspectral remote sensingAlthough they have a
different meaning in the sense of a direct traiatadf the term (i.e., spectroscopy =
seeing, spectrometry = measuring, hyperspectralb=many bands), the significance
and the perception to the remote sensing commimitizge same: “the acquisition of
images in tens to hundreds of registered, contigemectral bands such that for each
picture element of an image it is possible to de@d@vcomplete reflectance spectrum
(Goetz, 1992a).

The first step beyond laboratory and field specatsynwas airborne and spaceborne
profiling in many spectral bands simultaneously.1B76, the Shuttle Multispectral
Infrared Radiometer (SMIRR), a 10-channel spinnfiligr wheel radiometer, was
flown on the second flight of the space shuttlel®81. Data from this instrument
provided the first direct identification of clayadlinite and limestone from the orbit
(Goetzet al, 1982). In the late 1970s an airborne 500-chapradller was developed
by Geophysical Environmental Research and useceveldp mineralogical maps, as
well as to identify trees stressed by excess coppthre soil. This profiler led to the

5 The first was TIROS-1, launched in April 1960.
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discovery of the ‘blue shift’ in the red edge oé tthlorophyll well at 0.68m (Collins
et al, 1983).

In 1981, an imaging spectrometer program was steatethe NASA Jet Propulsion
Laboratory. This program had as its goal two défgrimaging spectrometer systems, a
shuttle experiment, and the free-flying versionwnas the High Resolution Imaging
Spectrometer (HIRIS) (Goetz and Davis, 1991). Unfutely, HIRIS was cancelled
due to funding issues. The first airborne systems whe Airborne Imaging
Spectrometer (AlS) which was in fact a detector besl covering 128 bands in either
the 400 to 1 200 nm or 1 200 to 2 400 nm range $&=tion 1.2.2). The second, and
nowadays still operated, airborne system was AVIRABborne Visible and Infrared
Imaging Spectrometer). This opto-mechanical whiskbr scanner preluded the era of
the modern airborne imaging spectroscopy.

Today, two spaceborne imaging spectrometers areatipmal: the test instrument
CHRIS (the Compact High Resolution Imaging Specat@m) on board the micro-
satellite Proba (the PRoject for On-Board Autononssigned by a consortium led by
Verhaert in Belgium), and the Hyperion satellitetmard EO-1 (Earth Observing-1).
CHRIS captures the reflected light in 18 specteaids covering the visible and near-
infrared part of the spectrum (i.e., 400 — 1 050 atra pixel resolution of 17 m (‘Land
Mode with full swath width’), while Hyperion has @bands from the visible to the
shortwave infrared (400 — 2 400 nm) and a pixebltgmn of 30 m. It is expected that
by 2009 — 2010, a new generation of spacebornerégpetral systems will be
launched, which is strongly hoped for as both CHRH8 Hyperion are advancing in
years. The airborne market is much more coverech vgiéveral commercial
manufacturers delivering state-of-the-art instruteeAmong many others, we mention
the CASI instruments (covering the visual and rieftered part of the spectrum) and
the SASI (covering the short-wave infrared), bothnofactured by ITRES Research
Ltd (based in Calgary, Canada). In Europe, the nimgtortant manufacturer of
commercial hyperspectral sensors is SPECIM Ltd. wheigned the AISA Eagle
(visual and near-infrared range) and the AISA Hdshort-wave infrared range). Last
but not least, we mention the new airborne hypeatspesensor, APEX, which has
been designed and is today being built by a Swalgi8n consortium under the
authority of ESA (http://www.apex-esa.org). Thisiestific instrument will be
operational from 2008 onwards and is expected tahse new standard in airborne
hyperspectral remote sensing.

1.2.2 Fundamental principles

The key of deriving information from spectroscopstal is the understanding of the
interactions between electromagnetic energy, etniiiethe sun, and the surface being
observed. Electromagnetic energy treated as anstodaliscrete particles (photons or
guanta), carries a fixed amount of energy whichseauenergy transfer between
individual atoms or molecules whenever a photoeratts with an atom or molecule
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(Hunt, 1980). All physical bodies, at temperatuabsve absolute zero (0 K or -273°C)
radiate electromagnetic energy. A blackbody is Hepe absorber and emitter of

radiation and will look absolutely black to the rammeye. The energy emitted by the
sun has a spectral distribution similar to thataoblackbody at a temperature of
6 000 K. The temperature at the Earth’s surfacesabut is on average at about 27°C
or 300 K. Hence, according to Wien's law, whichegvthe wavelength of the peak
energy radiated by a body, the peak radiance frbensun is at about 500 nm,

coinciding with the part of the spectrum visiblegle human eye as green light:

A, == Eq1-1

where/, is the peak wavelength in nm aad the constant 2.898 x 46m K.

A comprehensive introduction to the basic laws pridciples of remote sensing is
beyond the scope of this thesis; for this, the eead referred to Rees (2001),
Landgrebe (2003) or McCloy (2006).

When photons enter an absorbing medium, they a@rlaéd according to Beer’s law:
— -k
| =1,e7 Eq1-2

wherel is the observed intensity, is the original light intensityk is an absorption
coefficient andk is the distance travelled through the medium. Egtblds true for a
single wavelength. At other wavelengths, the ablsmmgoefficient is different, and the
observed intensity varies. The absorption coeffices a function of wavelength is a
fundamental parameter describing the interactigphotons with a material. Due to the
absorption of specific wavelengths (i.e., amouffitsnergy) it is possible to distinguish
between different minerals, different plant speciifferent water constituents, etc.
Indeed, the wavelength specific absorption is theidfor any analysis in imaging
spectroscopy.

There are several causes of absorption (Goetz,b)982the level of individual atoms
electronic processetake place, which occur at shorter wavelength40(@ 1.10um,
i.e., in the visible and near-infrared part of #mectrum, see Figure 1-1). Here, the
energy needed to lift an electron into a highergynéevel is high. Absorption bands
can also be caused by charge transfer, or intemegletransition where the absorption
of a photon causes an electron to move betweenaiohstween ions and ligands. Or
the transition can occur between the same metdifferent valence states, such as
between F& and F&". In general, absorption bands caused by chargsfémare
diagnostic of mineralogy. They produce broad akfmmpfeatures that require high
energy levels. For more detailed discussions aftleic processes reference is made
to the review paper of Hunt (1977) or the book ofis (1970).
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Figure 1-1: The electromagnetic spectrum. The diagrshows those parts of the electromagnetic
spectrum that are important in remote sensing, ttogrewith the conventional names of the various
regions of the spectrum.

A second cause of absorption aibrational processesThe bonds in a molecule or
crystal lattice are like springs with attached visesg the whole system can vibrate. The
frequency of vibration depends on the strengthaghespring and their masses. For a
molecule with N atoms, there are 3N-6 normal modds vibrations called
fundamentals Each vibration can also occur at roughly mulplef the original
fundamental frequency. The additional vibrations ealledovertoneswvhen involving
multiples of a single fundamental, acdmbinationsvhen involving different types of
vibrations (Hunt and Salisbury, 1970).
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1.2.3 Applications

It is not the goal of this chapter to provide a ptete overview of the literature on all
applications of hyperspectral remote sensing; hewes brief overview is given with
reference to some of the interesting papers irfigiid.

Through measurement of the solar reflected spectiomaging spectroscopy was
introduced in a wide range of scientific reseanstl applications during the last three
decades. Van der Meer and de Jong (2001) and iTasdlBodechtel (1992) provide a
comprehensive overview of the prospective appliceti Imaging spectroscopy
originated largely in geology (e.g., Clagk al, 1990) and today, the applied geology
(e.g., the mineral industry, lithological and stural mapping) hosts still the main
operational applications of imaging spectroscopygdod example of this was the
development of the Autralian HyMap sensor, an aitbowhiskbroom sensor
(developed by Integrated Spectronics), that wasifpaly designed to meet the needs
of De Beers, a South African mining company. Dursegeral years De Beers used the
HyMap for mineralogical exploration surveys. Therpkeum industry on the other
hand is developing methods for implementation ofaging spectroscopy at a
reconnaissance stage as well. The main targetsydrecarbon seeps and microseeps.
For an overview of the studies conducted in thiel fid (applied) geology reference is
made to Van der Meet al. (2001).

In soil science, much emphasis has been placedemde of spectroscopy for soil
surface properties and soil compositional analisigid in land degradation studies
(e.g., Bowers and Hanks, 1964; Baumgardrieal, 1985; Ben Dor and Banin, 1994;
Ben Doret al, 2002; Goldshlegeet al 2002; Chabrillaet al, 2004; among others).
An important remark that should be made when apglyinaging spectroscopy to soil
science (and beach monitoring) is that this teakmig limited to the upper millimeters
of the soil or the substrate. The reflected optieaiation is either reflected at the top
of the surface or absorbed; the amount of radiatian is reflected by deeper soil or
substrate layers is negligible. Hence, conclusmmshe deeper layers are difficult to
draw; see e.g., Figure 1-2 where the top layerdfree pan is clearly different from the
deeper layers rendering a different reflectancetsym. This is an important element
that had to be taken into account throughout thelaviof this research. Field
knowledge and knowledge of the processes actin@pa@nlonger term are needed to
interpret the top layer and to know whether the lepger contains the same type of
sediment as the deeper layers. The same top laerbe the result of different
processes, e.g., a shell-rich coarse-grained @ ia often found in nourished areas
where the deeper layers contain the same typedifneat, but the same top layer is
also observed as a deflation pavement where #used by beach lowering processes
that result in a concentration of the heavier aparge-grained fractions. There is no
straightforward methodology to judge on the dedggers, but expert field knowledge
helps to extrapolate the observations made atutfiece to the deeper layers.

In a more regional context, imaging spectroscoyldeen used to monitor agricultural
areas, covering both the soil component and thasof@.g., Ben Doet al, 2004). This
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brings us to the vegetation studies wherein spsobmy has been applied to analyse
leaf biochemistry and structure as well as canopctire. Estimates of plant material
and structure and biophysical parameters includgban balance, yield/volume,
nitrogen, cellulose, chlorophyll, etc. Additiongllyhe technique is often used to
distinguish between plant species (or crop specied)to define the vegetation health
status (O'Neill and Ustin, 2000; Okat al, 2001; Armitageet al, 2004; Kempeneers
et al, 2004; among others).

Figure 1-2: Photograph of the top layer of a durenmt the Belgian shoreline. The surface has a
different composition than the deeper layers reimdea different reflectance spectrum.

Another application that should be mentioned isrtfenitoring and analysis of water
bodies, including both the water column and, ifibles the substratum. Unlike
applications focusing on hard substrates (e.gl), sbiis possible to derive certain
information from the water column as electromagnetidiation partly transmits the
water column, is scattered in the water and idypeeflected back into the atmosphere.
Thanks to this, it is possible to derive certairtenajuality parameters like dissolved
organic substances and inorganic suspended parti@le the other hand, if the water
column is sufficiently clear, it is possible to dyuthe substratum. An example of the
latter is the mapping and monitoring of coral rdefg., Mumbyet al, 2001). Imaging
spectroscopy provides a synoptic view of the spdistribution of different biological,
chemical and physical variables. This knowledgessential in environmental water
studies as well as for resource management. Therefecent years have seen
increasing interest and research in remote segiwater quality of inland and coastal
waters. Dekkeet al (2001) and the review papers of Cracknell (199%) Malthus
and Mumby (2003) provide a good overview of theliapgions in this field.
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Finally, some smaller application fields exist imban mapping, archaeological
exploration, atmospheric research and, last bukast, in military survey operations.

1.3 Introduction to LIDAR

In the previous section, @assivetechnique in airborne remote sensing was intradluce
Indeed, airborne imaging spectroscopy depends adetpl on the reflected solar
radiation. LIDAR (LIght Detection And Ranging) otet other hand is aactive
technique which measures properties of scatteggd o find the range and/or other
information of a distant target. The prevalent rodtto determine distance to an object
or surface is to use optical laser pulses. Likesihdlar radar technology, which uses
radio waves instead of light, the range to an dhgdetermined by measuring the time
delay between transmission of a pulse and deteofidime reflected signal. Figure 1-3
illustrates the principle of airborne laserscanning

Other terms for LIDAR include Airborne Laser Swattapping (ALSM), Airborne
Laser Surveying (ALS), Airborne Laser Terrain Mappi (ALTM), and Laser
Altimetry. The acronym LADAR (LAser Detection AndaRging) is often used in
military context.

The advent of laser scanning as a hew method éoditiect, high density measurement
of decimeter accuracy elevation from aircraft haerb enabled by the parallel
development of several incorporated techniques.eidatic differential Global
Positioning Systems (GPS) methods now enable te#igung of aircraft to within
cm precision. Inertial Navigation Systems (INS)ertial Measurement Units (IMU)
can now provide three-dimensional aircraft oriéntatat 50 Hz within 0.01 degree
(after post-processing) (Bufton, 1989; http://wwapplanix.com). Combined within
contemporary airborne laser mapping systems, tfestéy developing technologies
now enable geomorphic surveys at decimetre (and be#er, see Chapter 3) vertical
accuracy and at spatial densities of several et@vateasurements per square meter.

A good introduction to airborne laserscanning, udahg the basic methods and
governing equations, can be found in Baltsavia®42@nd Broclet al (2002). Kidner
et al. (2004) focus on the challenges, problems andligitiehen applying LIDAR to
coastal zone monitoring. Another interesting rafeeeis the work of Su and Bork
(2006); they investigated the influence of vegetatcover, slope and the LIDAR
sampling angle on DEM (Digital Elevation Model) acacy. Lee and Shan (2003)
illustrate how LIDAR-derived DEMs can be used aseapert layer to improve the
classification accuracy of high resolution IKONO&al applied over a coastal area.
Closely in line with our research is the work ofr€set al. (2006) who applied LIDAR
to monitor the topographic and volumetric evolutmfma beach nourishment in North
Carolina (USA).
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Figure 1-3: Principle of Airborne Laserscanning @DAR. An optical pulse is emitted by the
scanner mounted in an aircraft, reflected by théaae and again received by the collector. The time
difference between the emitted and received p@saifs to calculate the distance to the target.

Without going into detail, we briefly mention thedic equations relevant for laser
ranging. The following equations assume that tmerait is perfectly horizontal, in
other words that the aircraft’s roll and pitch asghre zero (Baltsavias, 1999; Wehr
and Lohr, 1999). The travel tinefor an individual laser light pulse is:

R
t = Z'E Eq 1-3

whereR is the distance between the laser transmittettandbject surface, amds the
speed of light in the medium. Given that neither tfansmitted or received pulses are
perfect step functions, the travel time is measusdative to a specific point on the
pulse, typically a threshold amplitude on the puksding edge. From Eq 1-3, the
rangeR to the target is:

R= E .C.tL Eq 1-4

The time resolutionAt, directly controls the range resolutiiR , which is given by:

26



Introduction

AR = % .C.Atl_ Eq 1-5

The minimum detectable separation between reflgdtingets along the pulse path, or
the multiple target range resolutiBqin,

t .
Ruin =C.=0% Eq 1-6

is similarly a function of the minimum time diffaree t., between two received
echoes. In general, very short duration, high aombdi laser pulses with a short pulse
rise-time enhance multiple target discriminatiorthe reflected laser waveform. The

absolute ranging accuracg; depends on the pulse rise timyg. and the overall
system signal-to-noise rat®N(Wehr and Lohr, 1999):

c 1
Oq~—1t

2" 5 g1
N

And, without deriving the equation, the pulse povemreived at the collectaP,e., with
an optical receiving are§., is:

M 2"A\‘ec P

PI’EC:p' ]TRZ T

Eq 1-8

wherep is the target reflectanch] is the atmospheric transmissidhis the range and
Pr is the transmitted power.

For more detailed equations on the minimum detéetabject, the laser footprint

diameter, the across track point spacing and sgamtional aspects like the required
number of strips, the area covered, or the amotirdata collected, the reader is
referred to Baltsavias (1999).

To conclude the sections on airborne imaging spsctipy and airborne LIDAR, it is

important to draw attention to thaission planning Proper mission planning is a
crucial key to success in any research based tworag data. The mission planner
must not only consider all technical aspects ofaieraft and the sensor(s) involved,
but also local weather patterns, solar ephemettis, @end the coordination with the
field campaigns which are often coinciding with thieborne survey. Each technique
and each instrument asks for a customised planhiiggions that are not carefully

planned and executed, result in unusable datarmidortant loss of financial means.
Read and Graham (2002) provide an introductiorhéotechniques and methods of
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aerial survey, while Myers and Miller (2005) focas mission planning for optical
airborne remote sensing in coastal and aquatic@mvients.

1.4 Introduction to classification techniques

Each pixel of an image contains a numerical or jghyvalue that characterises that
pixel. The value of pixels with a similar physicntent will also be similar but, due
to the variety in natural systems, they are seldmmpletely the same. Hence, an
image consists of pixels with many different valugsich represent the true physical
content of each pixel but to interpret the image aghole, a simplification of the pixel
values is needed. To achieve this, the image ssifled into a discrete number of
classes in accordance with specific criteria thatlzased, in part, on the individual
pixel valuesClassificationis the process of using the pixel data valuedlboate each
pixel to one of a discrete number of classes (MgC2006). Classification is related to
pattern recognition(Dudaet al, 2001; Landgrebe, 2003). The patterns that can be
found in the pixel values of the image are represkhy classes.

There are several classification strategies that lma followed; the analyst must
develop a plan or strategy that allows him or leeextract the required information
from the data, and this in the most cost-effecthmanner. Classification can be
conducted by means ofupervised and unsupervised classificatitechniques.
Supervised classification uses training data tenfafass statistics as the basis of the
classification. Hence, one starts with identifyiimjormational classes (each with a
certain label) that are of interest to the usersipervised classification clusters the
image data to create classes that form the badiseo€lassification. Some common
unsupervised classification schemes are: Interafief Organising Data Analysis
Technique (ISODATA, Jensen and Qiu, 2001) and hibieal clustering (Johnson,
1967). In this thesis, two supervised classificatpproaches are applied: the Spectral
Angle Mapper (SAM), which is a non-statistical ddier, and a statistical classifier
based on Linear Discriminant Analysis (LDA). Foretistatistical classifier a
Probability Density Function (PDF) that charackesisthe class distribution is
estimated. In anon-statistical classifierone does not use the training samples to
estimate the PDF for each class. In case of SAkh eael spectrum is considered as
an N-dimensional vector in an N-dimensional spadere N is the number of spectral
bands. Each pixel vector is compared with pre-eéefilibrary spectra/vectors (Krusé

al., 1990; ). The angles between each pixel spectaanoh the library spectra are
calculated and the pixel is assigned to the clasggponding to the smallest angle.

A statistical or parametric classifier estimates form of the underlying density
function that characterises the class distributidre PDF is then represented in terms
of a specific functional form which contains a nienbf adjustable parameters. During
the training of the classifier, the values of tlaegmeters are optimised to give the best
fit to the data (Kempeneers, 2007). In this theaid,inear Discriminant Analysis
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(LDA) is used as statistical or parametric classifit assumes that all classes have
PDFs with a common covariance, specified2yand that the PDFs for all classes are
normally distributed. The classes do not have tmesvariance in all features (or
spectral bands), the features are not necessacbyrrelated, but all classes do have the
same covariance and correlation structure.

Pixel spectrur

r

p1 |
/ Library spectrur

Figure 1-4: Schematic representation of the prifeigf the Spectral Angle Mapper classifier.

In LDA, new features are calculated as a linear ioation of the original spectral
bands. The decision boundary separating the clatesgsnds on the location of the
class mean values as well as bn the common covariance for all the classes. The
linear decision boundary is chosen in such a way ithoptimises class separation.
Note that LDA is also closely related to Princigadmponent Analysis (PCA) and
Factor Analysis (FA) in that both look for lineasrobinations of variables. However,
where PCA seeks directions or decision boundahigsare efficient for representation,
LDA seeks decision boundaries that are efficientfass discrimination (Duda, 2001).

A more sophisticated classifier is a quadraticsifaes; in this case the classes are not
assumed to have the same covariance. The decisiordary in the feature space will
be a second-order hypersurface. In theory and aithunlimited number of training
samples, a quadratic classifier yields better dlaation results than a linear classifier
but due to the class specific covariances, manyenidr+d(d —1)/2, with d the

number of bands) parameters have to be estimateghfdh class (assuming Gaussian
distributions for all classes). In practice, fohgperspectral sensor with a moderate
number of 32 bands, one needs to estimate 528 ptgesrfor each class. For most
practical problems, with a limited number of traigisamples, this is not feasible.

Finally, classifiers can be divided pixel based and object based classifief¢hile
pixel based classifiers base the assignment of giaehto a certain class solely on the
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(spectral) information of that particular pixel,jett based classifiers use contextual
information to segment the image into meaningfdaaror objects, which are then
classified. Due to the evolution in remote sengimgards smaller pixels (i.e., more
detailed spatial information), they have gainedot df attention as the need to
aggregate pixels into meaningful objects increagdemn the pixel size decreases.
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Chapter 2

Study area: the Belgian North Sea Beach

2.1 Geological background

2.1.1 Introduction and literature overview

The Belgian shoreline is situated at the southdgeef the North Sea basin (Figure
2-1). It has a length of 65 km from De Panne inSoathwest till Knokke-Heist in the
Northeast and it forms an almost straight linead#&d 60°E. From a geological point of
view, this coastline is part of the Flemish Coagtilin, a depositional system at the
southern edge of the North Sea Basin which is contyrknown as the southern Bight
(Rottier and Arnoldus, 1984). The first geologisaldies of the coastal plain date back
to the 19" century (Belpaire, 1855; Rutot, 1897). Later pEmwork included the
definition of the former well-known stratigraphimits such as the Calais and the
Dunkerque Formations (Dubois, 1924; Briquet, 19B@let, 1931). However, the
theory of a sequence of regressions and transgnssbias recently been abandoned
(see further). Tavernier (1947) and Tavernier armbivhan (1954) initiated modern
geological and morphological research in the Belgiaastal plain. Verhulst (1959)
started historical research on the Dunkerque trassgns and on the impact of man.
For a summary of their results reference is mad&awernieret al. (1970). An
overview of more recent research can be found inMX®r and Pissart (1992),
Maréchal (1992) and Sommé (1988). In the 80s arg] B@eteman (1981, 1991)
concentrated on the western part of the Belgiarstabglain; while Mostaert (1985)
and De Mooret al. (1992) focused on the eastern part, and De Ceun{i®@35)
studied the dunes. For the first attempt to ingesé the geology offshore Belgium, the
reader is referred to Bastin (1974). The study eHatist and Henriet (1995), of which
some preliminary results have been presented byidiert al (1989a and b) and De
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Batistet al. (1989), represents the first comprehensive ingatn of the stratigraphy
and structural setting of the Belgian ContinentzIf
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Figure 2-1: The Belgian shoreline between De Pammé¢he Southwest and Knokke-Heist in the
Northeast. Inset: situation map of the southernthi@ea. Coordinates are in Belgian Lambert 2005

(x100 m).

2.1.2 Palaeogene Deposits

The substratum of the Belgian shoreline is compadesblid layers of various ages.
The Palaeozoic basement, composed of solid raekeund at a depth of app. 250 m
near the French border to 450 m near the Dutchebond is a relatively stable

continental block called the London-Brabant Magaifch was only flooded since Late
Cretaceous times. During this period, a chalk layas deposited on top of the Massif
with a minimal thickness of 50 m between Nieuwpoand Oostende, increasing
rapidly offshore to a maximum of 220 m in the acéahe Hinder Banks. On top of

this layer, one finds the Palaeogene depbsits

® Note that the conventional naming ‘Tertiary anda@unary’ for the sub-era’s in the era of the
Cenozoic are no longer in use. Because of therluatly ambiguous way in which the boundary
between the Tertiary and Quaternary has been defthese terms have fallen out of favour for
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Laga et al. (2001) summarise the present knowledge of the eBgkne
lithostratigraphy, whilst Le Batt al. (2003) provides a comprehensive overview of the
offshore Palaeogene (as well as the Neogene) deposi

Detailed seismic interpretation following Mitchuet al. (1977), allowed De Batist
(1989) and De Batist and Henriet (1995) to iderglifyeismo-stratigraphical units and a
number of subunits within the Belgian Palaeogemeession, based on geometry and
facies characteristics. Erosional truncation arltyancisions are common features at
the top of the units. Most of the units have a pumted sheet-like shape, with planar
dipping boundaries at their base and top, and sty minor thickness variation
within the unit. Each unit is also characterisedabglistinct seismic facies and/or by
typical facies variations, indicative for the deitiosal environment and its evolution.
The major seismo-stratigraphical units have bedrellad with a character-digit
symbol, indicating their most probable chronosgragphical position: Y1 to Y5 from
Ypresian age, L1 and L2 from Lutetian age, Bl frBartonian age and P1 from
Priabonian age. The characteristics of these oaitshe found in De Batist and Henriet
(1995).

At the Belgian shoreline, the surface which truesahe sequence of the Palaeogene
strata coincides with the base of the Quaternappsles. Hence, the lower Neogene
(Miocene and Pliocene) is not represented.

2.1.3 Quaternary Sediments

The Quaternary deposits are non-cemented sedinfeptat of them is relict, but most
of the surface part is currently mobile under thgom of currents, waves and wind.
The Quaternary in the study area is characterised laterally as well as vertically
complex and heterogeneous facies assemblage. Qateleposits occur in individual
morphological subunits characterised by a veryirdiststratigraphical built-up and
lithological complexity (Bastin, 1974; Eisned al, 1979).

Most of the preserved Quaternary sediments have teposited during the Holocene
flooding of the southern North Sea (the formerlijechFlandrian transgression) which
started app. 10 000 years cal BP. Neverthelesmualh weakly extended, some thick
deposits originate from the Pleistocene period.s Tépoch is characterised by the
succession of glacial and interglacial stages. mgutiie glacial stages, large amounts of
sediments were carried out into the southern N®eth basin by large rivers such as the
Thames, Meuse and the Rhine. On the Belgian CanéiheShelf, most of the

formal scientific use, and the International Consius on Stratigraphy no longer endorses them

(http://www.stratigraphy.org/). Instead, the teffra@aeogene and Neogene, in their modern form, are
the preferred way to subdivide the Cenozoic Eravéi@r, as much of the literature on the geology

of the Belgian shoreline still refers to the Quasey, both the new and the old terminology are used
in this overview.
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Pleistocene sediments originate from the dischafgke Rhine-Meuse system and the
Flemish Valley (Houbolt, 1968). On the continentdlelf only few sediments are
considered of Pleistocene age; however, alonghibeekne they are widespread. The
supposed Pleistocene deposits consist mainly aflingf of scour hollows and
palaeovalleys, burrowed in the top of the Palacegposits (Le Batt al, 2003).

The present-day coastal barrier, whose positionshage were conditioned by the pre-
existing topography, have been shaped in a vergnteand short time, at least
geologically speaking, known as the Holocene (Beeid Van Der Spek, 2000;

Baeteman and Declercq, 2002). The total ticknesheoHolocene sediment body may
locally exceed 50 m, more particularly in the duredt. In most of the coastal plain

however, the top surface of the Holocene is satffiat the relief of the Holocene base
provides a good image of its thickness. Since tiek & the last Ice Age, especially
between 10 000 and 7 800 years cal BP, the gla@mllevel underwent a rapid rise
(Kohn, 1989; Baeteman, 1999). As a result of tifie, gently sloping northern part of
the coastal plain and the incised river mouths Mlemgled. The deceleration in the rate
of the sea-level rise (from 7 800 cal BP onwarda$ wesponsible for the formation of
the first sandy coastal barrier. Landwards frons tharrier, frequent alternations of
mud, peat and gyttjain the sedimentary sequence deposited betweer 830 and

6 000 cal BP. The facies changes are determinedd®dimentological control related
to the tidal channel and creek network, and notség-level fluctuations, as it was
assumed before (Baeteman, 2007). Periods of peattgtasted longer and the lateral
extension became more widespread as deceleratitire afea-level rise and filling of

the plain continued. This was associated with @dgtion of the shoreface from ca.
6 000 cal BP onwards. Tidal conditions returnedthte area from ca. 4 000 cal BP
onwards. This return was accompanied by erosioriaamivard migration of the sandy
shoreface and channel network. The stratigraphyguBiunkerque and Calais as units
has been abandoned in favour of lithological amiinsentological descriptions and age
determinations together with environmental intetatiens (Baeteman, 1999;

Baeteman, 2007).

The sea level rise continues today. Over the petib-2004, the mean high water
level in Oostende increased with 15 cm, i.e., atf@amm/year. However, the increase
is not steady, it is a combination of a linear @age of 18 cm per century and a
sinusoidal cycle with an amplitude of app. 3.5 ard a period of 18.61 year (this is the
Saros cycle which is due to the change in angledssi the sun, moon and Earth). As
a result of both trends, the sea level rises withmin/year when the Saros cycle is in
an upward phase and the sea level lowers with 6yganivhen it is in the downward
phase (Verwaesdt al, 2005). The other causes of the sea level risecamplex and
will not be discussed in this thesis. The main congmts are generally agreed to be the
melting of the Weichselian ice caps and the cooeding increase of seawater
volume, the thermal expansion of sea water duegtoeh temperatures, and, locally in

" Gyttja is a Swedish term for mud rich in organitrer.
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northwestern Europe, a relative subsidence ofdhd kurface to compensate for the
glacio-isostatic rebound of Scandinavia after tmel ®f the glaciation when the
pressure of the ice cap was taken away. Other medso a local relative sea level rise
include compaction of unconsolidated sediments sashclay and peat, and the
continuation of restricted tectonic movements saghhose related to the North Sea —
Rhine graben system. Land movements during the déaly due to tectonics or
glacio-isostatics appear to be negligible in thégB@ coastal plain (De Moor and De
Breuck, 1973). Though the rate of sea-level rissradeses on a geological time scale
(Kéhn, 1989), many scientists nowadays believe tatds may increase again as a
result of the ongoing global warming (see alsoifact.1).

2.2 Present-day geomorphological characteristics

The Belgian coastal barrier is essentially a langyost rectilinear sandbody whose
geomorphological units are the dunes, the beachtrennearshore (Houthuys, 1993).
In cross section, this sandbody is typically a fammdreds of meter to a maximum of
about 2 km wide, while its surface may reach heigift 15 to 25 m TAW (Tweede
Algemene Waterpassing). At irregular distances ctigstal barrier was interrupted by
tidal inlets and river mouths; most of them are adays transformed to harbour access
or drainage channels. Figure 2-2 illustrates tlfferdint morphological coastal units as
they are used throughout this thesis, as well gis thlative position.

The present-day position of the coastal barridhésresult of a dynamic equilibrium
between coast-building and coast-destructing fortésse are supplied by coastal
currents, winds and waves. As explained beforeptigition and shape of the coastal
barrier has changed significantly throughout geiclgand historical time. The main
factor triggering these changes appears to bentieeplay of sand availability with
changes in sea level, i.e., both the Holocene eeal Fise and the changes in tidal
range. Sea level strongly determines the impadhefforces acting directly on the
coast: waves, wave driven currents, tidal currants wind. Most of these factors have
a dual action, i.e., they can be both destructivé @nstructive forces, depending on
their magnitude, frequency, direction, etc.

It is believed that after the last Ice Age (app.000 cal BP), no coastal barrier was
present at the Belgian coast until the rate of lseal rise slowed down around
7 800 cal BP. The reasons for sediment accretisheaBSoutheast side of the southern
North Sea, including the formation of a coastaliearinshore sediment accumulation,
and the development of offshore sand banks, ar@lesmAccording to Eisma (1980),
the following conditions explain the trend of adime during the Holocene:

- the presence of large amounts of unconsolidek@rial, predominantly sand,
deposited on the emerged shelf surface duringcthége low stand,;
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- the continuing supply of sand and mud by thersyBeets and Van Der Spek,
2000);
- the net easterly direction of coastal sedimeartsport

Nearshore

\:~\ (High tide)
Backshore Foreshore\\\ B Nearshore \‘\L\ B Offshore
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Shore Breaker line
Dune Foot < Shorelines Low tide
High Low Breaker line
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Supratidal
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__Intertidal zone

/ High tide

\ Low tide

Beach

Figure 2-2: Coastal terminology, modified from B{2D00).

Today, the sandy beach is up to 600 m wide at thest\Woast in De Panne and
Koksijde. These beaches are characterised by ledignt surf zones across which
spilling breakers dissipate their energy. Accordinghe Beach State Index (BSI) of
McLachlanet al. (1993), which indicates the ability of waves amft$ to move sand,
these beaches can be classified as ultra-dissgpathis means that the tidal range is
large and the wave energy high. Figure 2-3A shopéile of the beach in De Panne
obtained with airborne laserscanning (acquisitiorSept. 2004). The intertidal part of
the beach contains several parallel ridges andetsnmhich pass into the supratidal
beach. The mean slope is between 1 - 1.5%.

The Middle Coast, i.e., the coastal strip betweaddelkerke and Zeebrugge (Figure
2-1), is characterised by less wide beaches; orageebetween 200-400 m. Although
they still qualify as ultra-dissipative beachesgithgeomorphology is completely
different from the geomorphology of the beaches@lihe West Coast. This is mainly
due to the groynes that are present along theedvifuldle Coast, except for the coastal
strip around De Haan. The resulting profile is eattmooth between the low and high
water mark and has an average slope of 1.5 - 2/@8ite the backshore is much
steeper (more than 5%). The beach has a concafile gnound the high water mark
(Figure 2-3B).
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C. Beach profile in Knokke-Zoute (East Coast)
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Figure 2-3: Beach profile in De Panne (A), Middeke (B) and Knokke-Zoute (C). The data are
derived from an airborne LIDAR survey in Septen@94. The upper black line indicates the local
mean high water level (HW), the lower black lindigates the local mean low water level (LW).

The East Coast and especially Knokke-Heist, feattihe most narrow beaches in
Belgium. They are only 100-300 m wide with a medops of 1.5 — 2.5% on the
intertidal part. According to the Beach State Indésey are classified as dissipative,
although local reflective conditions occur arouhd high water mark. The beaches of
the East Coast have, in the last decades, beer fw@evere erosion. Therefore, man
has strived to keep this shoreline at its posiioce the late 70s, making use of large-
scale beach nourishments in combination with grey(the latter were already
constructed before the 70s). The effect of the bhemurishments on the dry beach is
clearly visible in Figure 2-3C as a berm aroundttiggn water mark.

De Moor (2006) provides a comprehensive field guidescribing the present-day
geomorphology and dynamics of the Belgian beachedisas many small-scale notes.

2.3 Man made structures and interventions

The economical and social importance of the Beldfiaach can hardly be overrated.
Belgium, and especially Flanders is among the ndestsely populated regions in
Europe (447 inhabitants/km? in 2005). The 65 knglonastline has a major economic
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value due to its attractive beaches (cf. tourisdustry) and the presence of a few
important sea ports (Zeebrugge and Oostende). finerea ‘laissez-faire’ attitude,
allowing a natural dynamic behaviour of the coastlis not an option.

The first attempts to limit the natural dynamicsté Belgian beach were, without
exception, the hard defence works: seawalls, raiefb dune bases, groynes, beach
groynes, and Longard tubes. However, since the aiks,is convinced that so-called
soft defence structures such as beach nourishnagntsbeach scrapings (or beach
elevation works) are to be preferred to hard defestiuctures. Hard coastal protection
may lead to increased erosion, often at downdrdations rather than where the actual
construction took place (through longshore trartspbthe sediment) (Peterse al,
2000). An example of a higher risk of erosion ie tisappearance of the dry beach
section on many beaches along the East Coastthé@onstruction of seawalls at the
foot of the coastal dunes about a century ago (€haand De Meyer, 1995, 2000).
Beach nourishment gives rise to smaller changethénnatural dynamics of both
sediment and water, favouring a sooner and morne exaslibrium that keeps its effect
for a longer time (Petersaet al, 2000). Negative aspects are the higher costs, as
consequence of the need of replenishment everyéass, the lower applicability on
beaches with high wave energy (Esteves and Fig®I8), and the negative ecological
consequences (Speybroaatkal, 2006). Raudkivi and Dette (2002) discuss sons co
efficiency options.

Figure 2-4 shows the spatial distribution of alit s;d hard defence works along our
coastline. For more information on the differenpdy of beach nourishments, the
reader is referred to Huygens (2001); this auttodisd a beach nourishment at the
Belgian East Coast comparing field measurementysiqdd laboratory tests and

mathematical simulations.

Today, the beaches of the West Coast are the matstral’ beaches along the Belgian
shoreline; they are not influenced by large-scalarishment works although a few

groynes, beach groynes and yearly dry beach regpiemnts influence the profile

locally. The latter is especially the case in Kgesi The Middle Coast has been the
scene for large-scale nourishment works, espe@atiynd De Haan where in the 90s a
classical dry beach nourishment was combined with deposition of a nearshore
feeder berm (De Wolf and Houthuys, 1997). Recemtiythe spring of 2004, a beach

nourishment took place in the centre of Oostenti® (eombined with the deposition

of a nearshore berm). Before the nourishment, thvaeno dry beach anymore in the
centre of the city, which implies that during hitithe the seawall immediately served
as sea-defence. Many places at the Middle Coastismesubject to dry beach elevation
works. The East Coast (Knokke-Heist), featuresntost narrow beaches in Belgium.

These beaches have for many decades been proeeda@ ®rosion. Therefore, man
has strived to keep this shoreline at its posiioce the late 70s, making use of large-
scale dry beach nourishments in combination withyiges. The effect of the beach
nourishments on the dry beach is clearly visibld-igure 2-3 as a berm around the
high water level. Another remarkable feature at Haest Coast is the beach nature
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reserve in the Bay of Heist (for location, see Fége+5). This large beach is mainly the
result of nourishments that were executed to cosgenfor the erosion that was
expected after the construction of the harbour dainZeebrugge. Today, the beach in
the bay is characterised by a shallow, rather mddggon separated from the lower
parts of the beach by a sandy ridge. However, tiitawo openings, the lagoon is
flooded twice daily. In and around the lagoon aophitic salt marsh vegetation
developed with typical species @ambe maritimaSea Kale)Cakile maritima(Sea
Rocket), Honckenya peploideéSea Sandwort), andtriplex littoralis (Grass-leaved
Orache). Less abundant but also presentAgiem graveolengCelery), Triglochin
maritimum (Sea Arrowgrass)Plantago maritima (Sea Plantain) andCrithmum
maritimum (Rock Samphire), while on the embryonic dunelmus farctusg(Sand
Couch-grass) is found. Next to its botanical valdlee bay is also from an
ornithological point of view of high interest: & & breeding place f&@terna albifrons
(Little Terns), while Haematopus ostralegus(Oystercatchers), Charadrius
alexandrinus(Kentish Plover) andCharadrius hiaticula(Great Ringed Plover) like
foraging in this area. In the embryonic dunes, @enanthe oenanthéNorthern
Wheatear) and th@alerida cristata(Crested Lark) are among the regular visitors.
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Figure 2-4: Schematic overview of the man madecsires and interventions (with their corresponditege) along the Belgian shoreline (modified from
Kustatlas, VLIZ, 2005). Coordinates are in Belgiaambert 2005 (X100 m).
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2.4 Reference TAW levels

Figure 2-5: The Bay of Heist; the only beach nature
reserve along the Belgian shoreline. It is a laygel
artificial beach which was created to compensate
for the erosion that was expected after the
construction of the harbour dams of Zeebrugge.
Today, the reserve (outlined by the red polygon in
the lower picture) is a valuable biotope for many
species of halophytic plants and wading birds.
(Pictures from VLIZ)

In the next chapters, altitude with respect toltdwal height datum (TAW = Tweede
Algemene Waterpassing) will often be mentioned. allow the reader to interpret
these numbers, this chapter provides a concisevieverof the most important
reference levels in use along the Belgian shor¢érpressed in TAW).
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Study area: the Belgium North Sea Beach

Classification of tides in Oostende (Middle Coast):

- Mean low water during spring tide: +0.02m

- Mean low water during neap tide: +0.75m

- Mean high water during spring tide: +4.65m

- Mean high water during neap tide: +3.78m

- Mean high water during extreme spring tide: .685m

Storm surge warnings (Oostende):

- High tide: +5.60m

- Dangerous storm surge: +5.90m

- Measured extreme storm surge (1 feb 1953): 66 6

Elements of the beach (defined in the context dfipworks):

- Nearshore front (VO): -4.11m

- Low water level (LW): +1.39m

- High water level (HW): +4.39m

- Dune foot (DV): +6.89m

Height levels of existing infrastructures:

- Seawall in Knokke-Heist: +9.60 m

- Seawall in De Haan: +11.00m/+11.29 m
- Seawall in Oostende: + 8.60 till + 9.60 m
- Seawall in De Panne: +9.60 m

- Harbour quays of Zeebrugge: +7.89m

The tidal wave at the Belgian coast runs from thetlBwvest to the Northeast, it has a
mean cycle of 12 h 27 min and a mean vertical dog#i of 3.90 m (at the West Coast
the amplitude is larger than at the East Coast; 4.0 m in Nieuwpoort compared to
3.68 m in Zeebrugge ). The time difference betweidal level at the French border
and the Dutch border is app. 50 min.
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Chapter 3

Airborne and ground truth data

3.1 Airborne data

Table 3-1 lists the available airborne hyperspéetnal LIDAR datd One will notice

that in some years (2003 and 2005), there werecqoisitions or only one sensor was
deployed (2006). This was due to financial and wiggtional constraints. However,
the gaps in the time series do not prohibit thdyaig at the longer term, although
some more interpretation was needed. Another diffiovas the time lag between the
hyperspectral recordings and the LIDAR campaigsally, they should be performed
simultaneously, but this was not always possildenfan organisational point of view.

Table 3-1: Overview of the available airborne resrggnsing data.

2000 2001 2002 2004 2006
Hyperspectral

Sensor CASI CASI CASI AISA-Eagle
Date of 23/08/2000  27/08/2001  11/10/2002  6/07/2004
acquisition

LIDAR

Sensor ALTM 1225 ALTM 1225 ALTM 1225 ALTM 2050  AL80
Date of 11/09/2000  28/09/2001  18/12/2002  2/09/2004  18/@B20
acquisition

8 All airborne data were acquired and financed urtberauthority of the Agency for Maritime and
Coastal Services (Flemish Government). They allotheduse of these data for this PhD study but
remain the only and full owner of the data anddéeved products.
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The hydro-meteorological conditions were verifiesiiieen the observations to ensure
that no major storms had taken place. As such,assumed that the beach was in the
same morphological state during both acquisitions.

3.2 Ground truth data

Each hyperspectral campaign was accompanied layrfieasurements which served to
train (calibrate) and validate the classificatiohs.the same period as the airborne
acquisitions, samples from the top layer of thechgabout 200 g) were collected and
afterwards analysed in the lab. At the same tilme,geomorphological characteristics
of the area around each sample point were descrlttedsamples were spread over the
entire coastline in order to have a representa@teof training data. This implies that
no systematic sampling was performed as this weoakllt in abundant samples
delivering no extra information. On the other haadsystematic sampling scheme
would omit certain interesting areas on the beael.,( small nourishment areas).
Therefore, a non-systematic sampling was performmsed on existing field
knowledge.

The number of samples used for training and vatidatf the classifications was:

Year Number of samples
2000 36

2001 258

2002 99

2004 100

It should be noted that in some cases the avait@blend truth data was not sufficient

to obtain statistical meaningful classificationués. To overcome this, extra training

and validation points were selected on the imalgethese points, no samples could be
taken, but the class they belong to was knownrasut of the field knowledge.

To validate the LIDAR data, reference sites werevesged terrestrially. The points
measured were not exactly at the same locationtheaTM laser points, but all
reference sites were selected on flat surfaces fapand wide seawall tops). Hence,
by spatial interpolation of the laserscan datayas possible to calculate the height at
the points measured. The validation pointed out titea DTMs have a mean absolute
error of 5 cm (with a standard deviation of 7 criyote that the horizontal or
planimetric accuracy is more difficult than vertiGaccuracy to assess in LIDAR
datasets. This is because the land surface oft&a tiistinct (well defined) topographic
features necessary for such tests or because gbktien of the elevation data is too
coarse for precisely locating distinct surface deed. Nevertheless, a frequently used
rule of thumb is that the planimetric accuracyasighly the double of the footprint
size. In our observations, this results in a hatabaccuracy at nadir of 30-50 cm.
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Taking into account that the point vector data waterised to pixels of 2 by 2 m, it
can be concluded that the horizontal accuracy eflaéiser footprints is sufficient to
obtain accurately located pixels, i.e., a horizbatguracy often better than one pixel.

3.2.1 Sedimentological analysis of the ground truth data

The field samples, collected along the entire dhwrewere used to describe the
sedimentological composition of the beach. Theofwlhg parameters were measured
through lab analysis:

- the total carbonates contebiy adding 300 ml 2N HCI to the sample, the cadtes
are removed according to the reaction (LoeppertSuatez, 1996):

CaCQ + 2 HCl <=> C&'+ CO, + H,0 + 2 Cl Eq 31

- the total organic matter conteatdding 50-100 ml D, removes the organic content.

- the granulometrythe classical dry sieving method (sieves: 50@&, 2D0, 160, 100
and 63um) was applied to retrieve the granulometric charégtics. The main
parameters derived from the granulometric anabasthe median grain size fpand
the sorting (S). As many sediment populations featulog-normal distribution, the
grain size is converted into philY) values according to (Krumbein, 1936):

q):_k)gzD/Do Eq 3-2

WhereD is the diameter of the particle in mm abg is the diameter of a 1 mm
particle (to make the equation dimensionless)

The sorting (S) is a measure for the distributibthe grain sizes around the average; it
is calculated according to (Inman, 1952):

S:(q)84_q)16)/2 Eq 3-3

Where ®,, and ®,, are the grain sizes in the"1énd 84' percentile.

Hence, in a perfect log-normal distribution, thetieg corresponds to the standard
deviation. In general, badly sorted sediments lav& value close to or exceeding 1,
while the S value of very well sorted sedimentsld@se to 0.

Figure 3-1 illustrates that the correlation betwék@ D, and the S is very weak.
Hence, both parameters are complementary and weénddken into account.

- the total iron contentwas determined using the Energy Dispersive X-Ray
Fluorescence (ED-XRF) technique (Jenkins, 1999plyamy an X-LAB 2000
spectrometer of Spectro. This analysis technigdewal determining individual
elements and molecules; however, in our descriptibnthe sedimentological
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composition of the beach sand, only the total tontent was retained because of the
important contribution of Fe-ions to the sedimesibar.

- the microscopic mineral compositiowas obtained by counting a sub-sample of 500
grains under the microscope. The following grairerevdistinguished: bright quartz,
opaque (and coated) quartz, silex, glauconite,| gaet shell fragments), and a rest
class ‘other’ (containing dark minerals, small pieof concrete, sponge spicules). The
proportion of each mineral is expressed as a p&xgerof the counted grains.
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Figure 3-1: Correlation between the median graines{D50) and the sorting (S); obtained with the
samples collected in 2001 (red) and 2002 (black).

To summarise the sedimentological composition eftiteach in the period studied, the
analysis results of the individual samples are doatbin a few graphs illustrating the
spatial variation, both in the longshore and cidssre direction. However, before
looking at these results, it is worthwhile to mentthe work of Depuydt (1972) who
analysed systematically the sedimentological coitiposof the Belgian beach and
dunes in the 60s. Since Depuydt conducted his mesearior to the large-scale
nourishment activities, which started in the 705 $ection 2.3), his results are very
valuable as they witness the original sedimentokdgiharacteristics of our shoreline.
He concluded that the Belgian beach consisted fimerthan 85% of fine sand with a
Dso between 175 and 250n. In De Panne, the grain size varied in the csbsse
direction from ca. 17Qum at the low water mark to ca. 2fifh at the high water mark.
The sorting was very good (often better than 0i3 @hd remained more or less the
same in the cross-shore direction, although thereed was slightly better sorted at
the low water mark. In the longshore direction ba tther hand, the sorting was very
good (0.25 — 0.30 phi) and showed little or no atwn. Also the grain size was the
same along the entire Belgian shoreline (ca.| #2h0at the high water mark) with the
exception of Koksijde-Bad (300m), De Haan (23@im ) and Knokke-Zoute
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(250pm). In the 60s, the beach in Koksijde-Bad featigedkere erosion, probably due
to the strong currents in the Potje, a tidal guitynediately offshore from Koksijde-
Bad. Since the beaches around De Haan and Knokle Xigere also prone to erosion,
it could be concluded that the grain size was lihke the rate of erosion (see the
chapter below for our present-day results) althoDgipuydt's analysis in Knokke-
Zoute was already hampered by the first beach sioments there.

The analysis results mentioned in the next chaf8stion 3.2.2 till Section 3.2.6) are
based on samples collected in 2001 (258 samples2@02 (99 samples).

3.2.2 The spatial variation of the median grain size

Back to our recent observations; Figure 3-2 illasts the longshore variation of the
median grain size for three different positionstlom beach: at the low water level, just
below the high water level, and on the dry beaclgdneral, one can see that there is a
gradient from fine-grained sand at the low watgele¢o coarser sand on the dry beach.
This gradient is observed almost everywhere. lasamhere beach scrapings or beach
nourishments are executed, the grain size tenkde tmarser, not only in the nourished
zones of the beach, but along the entire tran3bet. most coarse sediments (close to
400pm) were found in the nourishment area around DenHaml in Knokke-Zoute.
Note that in the western part of the nourished areand De Haan, coarser sand (376
— 388um) was used than in De Haan-Oost. Despite the mgact of the human
interventions, a gradient from fine-grained sediteeast the West Coast to coarser-
grained sediments at the East Coast can be dighegi Hence, the areas with coarser
sediments correspond to the areas delineated byydesee the section above). The
coarser sand in the nourished areas is both thét refsthe artificial nourishments
where for preference coarse-grained sand is usddofithe natural occurrence of
coarse-grained sand in areas which are known subject to erosion. The reason why
coarse-grained sand (often sea sand dredged ornbsaikd offshore) is preferred for
beach nourishments and beach elevation works,aits dbarse-grained sand is less
subject to erosion than fine-grained sand. As sitdb, possible to construct steeper
slopes with coarse-grained sand.

3.2.3 The spatial variation of the sorting

In contrast with the median grain size, the crdswe and longshore variation of the
sorting is less pronounced. In general, the soliingood (on average between 0.25
and 0.50 phi), but there are some exceptions, offlated to human interventions. The
sand used for nourishments is often poorly sortedyever, after a certain time the

sediment is sorted out by the working of water airtd. Poorly sorted sand was found
around Koksijde, on the dry beach West of the lipading, along the low water level

in Westende and Mariakerke, on the dry beach dfiBan and the Duinse Polders, and
on the entire beach of Knokke-Zoute.
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3.2.4 The spatial variation of the total carbonates contet

The carbonates in the beach sand originate fronshthék in the shells of molluscs. In
the samples collected in 2001 and 2002, the weigttentage of the total carbonates
content was mostly between 5 and 15%. However|ssteaid to concentrate in strips
on the beach; when a sample was collected in ssttipathe carbonates content may
be close to 100% (this explains the very high vatuléoksijde-West). On average, the
carbonates content decreases from the low watel (ea. 11%) to the high water level
(ca. 8%). However, a large variation was obsermdtis pattern. On the dry beach, the
carbonates content is again somewhat higher (c%).1h nourished areas, the
carbonates content is everywhere higher than 13%especially in recently nourished
areas, the carbonates content is often more tHen ROte that in the nourishment area
around De Haan, shell-poor sand was used, ther l&taather exceptional for
nourishment sand.

3.2.5 The spatial variation of the total organic matter ontent

The organic matter content is very low in all sagsptollected; most samples feature
an organic matter content lower than 0.1%. Onlysttal-rich samples show a slightly

higher organic matter content of 0.2 — 0.4%. Alsongles that were collected in

muddy or silty areas (mostly on the lower partshef beach and often in the runnels)
show a somewhat higher organic matter content.dd.846.

3.2.6 The spatial variation of the total iron content

The iron represented in the sand samples is doetrat oxidised iron (Fé); this has
an orange-reddish colour and is found in the shaflisnolluscs as well as in thin
coatings around quartz grains (often orange lin)niin areas where there is no
influence from beach nourishments or beach elewatiorks, the average total iron
content is 3 — 4 g/kg dry matter. The amount iblstian the across-shore direction and
does not vary from the West to the East. Howewandsused for beach nourishments
or beach elevation works shows a higher total @ontent of ca. 5 g/kg. The highest
concentration is found in shell-rich areas, boththie shell strips found along the
topzone of sand banks as in the shell-rich sand f@ebeach nourishments or beach
elevation works; here, the amount is ca 10 g/kg.
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SAM classifier applied to beach sand
classification and combination of imaging
spectroscopy & LIDAR for sediment
transport monitoring

This chapter is based on:

Deronde B., Houthuys R., Debruyn W., Fransaer @n Mancker V. and J.-P. Henriet,
2006, Using airborne hyperspectral data and lasarscdata to study beach
morphodynamics along the Belgian coast. Journata#stal research22(5): 1108-
1118.

4.1 Abstract

This paper addresses the possibilities of the coeabuse of airborne hyperspectral
data and airborne laserscanning data to study dammics on the Belgian backshore
and foreshore. In August 2000, August 2001 and l@t@002 airborne hyperspectral
imagery was acquired with a CASI-2 sensor fromehtre Belgian beach at low tide.
Hyperspectral images contain for each pixel a cedlece spectrum. The characteristics
of this spectrum are influenced by the state, tvaposition and the structure of the
topsoil of the beach. After radiometric, geomettimd atmospheric correction of the
images a normalisation of the spectral signatures wecessary to allow the
comparison of wet and dry pixels. Consequently fitlsé derivative of the normalised
spectra was taken, followed by a Spectral Angle pdalgorithm which was used to
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perform a supervised classification. The beach elassified in eight different sand
classes. Almost simultaneously to the first two CA&mpaigns (in September 2000
and September 2001), a laserscan survey was pedotongenerate digital terrain
models with a mean vertical accuracy of 5 cm. Bifjetencing both digital terrain
models, a map with sedimentation and erosion zooelsl be extracted. The combined
interpretation of the erosion/sedimentation map tiedclassified hyperspectral data
yields an appropriate method for studying the pses of sand transport along the
Belgian coastline. The method was tried out wittcess on the Belgian East coast.

4.2 Introduction

One way of gaining insight in the coastal dynaniéc¢he follow-up of the beach by
airborne multispectral or hyperspectral observatiand by airborne LIDAR (LIght
Detection And Ranging) measurements. Bryant ef18196) and Rainegt al (2000
and 2003) explored the possibilities of the Daexld®68 Airborne Thematic Mapper
(ATM) to map sandy and clayey sediments in the Rildstuary (UK), focussing on
the different grain sizes as influencing parametethe spectral reflectance. Lee and
Shan (2003) combined IKONOS data and LIDAR datzl&ssify a coastal strip in
North Carolina in six classes: road, water, marshf, tree and sand. Thomsehal
(1998) used the CASI scanner in a mode with 14 teglebands to classify the
vegetation and sediments in the Wash bay at the&zesst of England in 10 classes.
In the same study area, Yatdsd. (1993) tried to classify sandy and muddy seditsien
with spaceborne Landsat TM data; the poorer spedsdlution inspired them to try a
sub-pixel classification which was performed witlceess. However, the common
experience is that the fine spectral and spatisblotion of airborne sensors offer
superior capabilities for sediment monitoring. Admhally, several authors analysed
the relationship between the reflected sunlight switl properties like organic matter,
soil moisture, soil salinity and grain size disttion (Bedidiet al, 1992; Ben Doet
al., 2002; among others).

4.3 Methodology

In the presented study two types of data are umieldorne hyperspectral imagery is
applied to classify the sandy beach in 8 differsantd types. LIDAR-derived digital
terrain models (DTMs) are used to calculate erdseghimentation maps. The
combination of the sand classification maps and ehasion/sedimentation maps
provides the material for a semi-quantitative, squalitative method for the regular
monitoring of sandy coastlines. In the next parplgsa the different steps of this
method are explained.
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SAM classifier applied to beach sand classificaiod combination of imaging
spectroscopy & LIDAR for sediment transport moriitgr

On August 23, 2000 a first flight over the enticastline was performed with a CASI-
2 sensor measuring the reflected light in a 545 spectral range (410-955 nm)
configured in the VNIR range. The original spatrasolution of the pixels after
acquisition was 1.0 m by 2.2 m (1 m across-traak 22 m along-track). These were
resampled with a bi-linear resampling algorithm 2o0m by 2 m pixels. The
geometrically corrected and radiometrically calibch data were corrected for
atmospheric influences using ATCOR-4 which is basadthe radiometric transfer
model MODTRAN-4 (Richter and Schlapfer, 2002). Stameously to the flight,
differential GPS measurements, sunphotometer memasmts and reflectance
measurements were performed. The differential GP&éd in combination with the
attitude data (i.e., roll, pitch and yaw) of theceift to georeference the data as
accurately as possible, while the data collecteth whe sunphotometer and the
reflectance measurements of a dark and bright eeder target were used in the
atmospheric correction. On August 27, 2001 a seamgulisition was performed
yielding pixels of 1 m by 4 m, and on October 1202 a third registration took place
with pixels of 2.5 m by 2.5 m. All three datasetsra&vresampled in the same way to
2m by 2m. The positional accuracy after the gddmeorrection varies from
correctly positioned to a misregistration of 2 féxe

During the three acquisitions, the CASI-2 was apunfed in enhanced spectral mode
measuring the reflected light in 96 spectral barise to the absorption by water
vapor, the last 13 bands of the acquisitions habet@liminated. Moreover, in the
datasets of 2000 and 2001 the first 19 bands, ratttei one of 2002 the first 16 bands,
could not be used because of across-track stripimg.effect has a technical cause but
it is reinforced by the limited number of photons the blue range caused by
atmospheric Raleigh scattering. Finally, the analygas performed on 64 bands for
the data of 2000 and 2001 and on 67 bands forataeal 2002.

After the radiometric calibration and the geometiitd atmospheric correction, the
hyperspectral data were smoothed with a weightedagaing algorithm developed by
Bertels (2005).

Consequently, the smoothed data were normaliseddier to be able to compare wet
to dry spectra. The reflectance of wet samplesushriower than the one from dry

samples and since the flight was performed at Ide; 2 nhormalisation was necessary
to be able to compare all reflectance curves. Eigl illustrates that the spectral
reflectance curves of two different samples, relgaedwhether they are in dry or wet
state, are more similar than the wet and dry statees of one sample.

In Figure 4-2 the principle of normalisation isudtrated. For each wavelength a factor
F is calculated which gives the ratio between tlwving average through a smooth
curve with high reflectanceR{s) and the smoothed original curvig§. The original
curves are smoothed with a moving average overabies (bands). The number of
bands used in the smoothing is high to retain tmygeneral shape of the curve, not
the absorption features. The ‘smooth curve witthhigflectance’ is the spectrum with
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the highest overall reflectance present in the escaised with 10% reflectance. This
curve is also smoothed over 35 values.

For each wavelengtlk; is multiplied by the difference between the origicarve )
and the moving average through the original cuR®g);(R,, the resulting normalised
reflectance, is obtained as follows:

R,(A) = (Ry(A) = Ry (A))* F(A) + Ry (1) Eq 41
with F(4) = (R4 (4)/ Ry, (4))

Note that this method preserves the shape of #etrspwhile the absolute value of the
reflectance is lost; all spectra are raised till thflectance level of the chosen high
spectrum. Hence, it is assumed that soil moistasedhhomothetic effect on the soil
spectral properties. This assumption can be made wiorking with soils which have
guasi-featureless reflectance spectra, i.e., witblmar absorption bands (Bedgti al.
1992).
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Figure 4-1: Spectral reflectance measured betwesh éhd 2 500 nm with an ASD (Fieldspec Pro
Fr) spectroradiometer. The dashed curves are tleetsp for wet, saturated samples and the full lines
for dry spectra. Black and grey represent the gpeot two arbitrary samples.
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Figure 4-2: The dotted grey curve is the originpéstral signal (R recorded by the CASI-2 sensor.
The full grey curve () is the normalised spectrum ‘lifted’ to the leeélthe full black curve (R
which is a predefined spectrum. The dashed blaokeq{R,s) is a moving average through the dotted
grey curve.

After the normalisation, the first derivative ofetlspectra was calculated in order to
accentuate the subtle absorption features presemeidata. Finally, a supervised SAM
(Spectral Angle Mapper) algorithm was applied tasslfy the pixels. SAM considers
each spectrum as an N-dimensional vector in anniedsional space, where N is the
number of bands, and compares this vector withdpfered library spectra (Kruset
al., 1990). In this case the library spectra werdeedd from the CASI data; they are
the mean spectra calculated from points and polygamasured on the ground with d-
GPS. More precisely, during a field trip, in thargaperiod as the flight, positions
where specific sand types occur were recorded.tyfdogy was worked out prior to
the classifications, based on almost 20 years @fl fknowledge. The positions
measured on the ground were retrieved in the geenefed images what allowed to
calculate the mean spectra for each sand typefidldenvork and the calculation of the
reference spectra (or library spectra) was perfdrfoe each image set (i.e., once for
the imagery of 2000, once for 2001 and once fo2200

The result of this processing chain is a classifiegh showing 8 different sand classes.

Secondly, the LIDAR data were analysed. In aedaéiscanning, the scanner deflects
a laser beam across the flight line and detecteiltsction, so that a swath of ground
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along the flight line is sampled. The distancehe Earth’'s surface is determined by
measuring the pulse return time. The position dtithde of the sensor is calculated
from d-GPS and INS (Inertial Navigation System)addh combination with the scan
angle, the 3D position of each laser beam spohestrface can be determined. In this
case, an ALTM 1225, designed by Optech Inc., wasl.uhis is an infrared laser
operating at the wavelength of 1047 nm with a pditeguency of 25 000 Hz. The
point density of the raw data is 1 point every 4 Ti#e elements which do not belong
to the Earth’s surface, e.g., beach cabins, wémgrglted using a morphological filter
(developed by Terraimaging B.V., http://www.terraigmg.nl). After the filtering, the
point density is reduced to 1 point every 16 m2 vEoify the accuracy of the laser
DTM, 10 reference sites were terrestrially surveyBde individual points were not
exactly at the same locations as the DTM points,aiureference sites were selected
on flat surfaces, e.g., flat and wide seawall tbfence, by spatial interpolation of the
laserscan data, it was possible to calculate tighhat the points that were measured
by the surveyor. This validation pointed out thae DTMs have a mean absolute
height accuracy of 5 cm (with a standard deviatibri cm).

The first laserscanning was performed on Septenider 2000, the second on
September 28, 2001. Analoguous to the CASI campaigrthird laserscanning took
place in 2002 but these data could not be inclydtdBYy subtracting the 2000 DTM
from the 2001 DTM, a map with erosion and sedimtioriaor accretion) zones was
derived. To resume, the laserscan data give qatiwéit information on the

morphological changes while the hyperspectral dadécate the type of sand which
was transported.

4.4 Results of hyperspectral data analysis

Applying the SAM algorithm, different numbers ofaskes can be obtained. It was
found that the sand occurring along the Belgiarstoan —for this purpose— optimally

be divided in 8 classes according to their physigapearance in the field. The

supervised classification is based on library speehich were defined after extensive
field work. Along the entire coast, the positiorfsspots with a specific type of sand

were recorded so that they could be retrieved erhiiperspectral images. The mean
spectral signatures for these regions were usébrasy spectra (see above).

Figure 4-3 illustrates a classification of the Heawar Zeebrugge; in the West the
image is bounded by the Pier of Blankenberge, & Hast by the harbour of

Zeebrugge. eastward of the Pier of Blankenberpeaah nourishment zone stands out.
Between October 1998 and April 1999, nearly 500 0@®f sea sand were put on the
backshore. The sea sand is coarser grained thaaritieal sand, contains a large
amount of shells and even some gravel. Becausts dfifferent composition, it can

spectrally be distinguished from other types ofdsablasses 7 and 8 correspond to
relatively coarse-grained sand containing a losleéll fragments. Both classes are
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mostly found in the beach nourishment zone of tlhnge Polders but they are also
present in patches East of the nourished area.igtas indication of erosion at the
nourishment site and eastward longshore transfiod. the same transport that has
caused the very wide beach at Zeebrugge, immeglidlekt of the harbour dam. The
beach started to grow after the completion of tagdbbur dam (late 1970s), but the
sand accumulation goes on to the present day. lassresponds to fine-grained and
even slightly muddy sand; it is present on the kiwmarts of the beach in the swales.
At the eastern lee of the Pier of Blankenbergestirae type of sand is found. Classes 3
and 4 represent fine sand types on the intertidel gf the beach. On the highest parts
of the beach, one finds a fine sand type which pvabably transported and deposited
by the wind (class 9). Class 6 is typically foundaismall strip at the high water mark;
along this line there is a steep slope betweeintkeidal part of the beach and the dry
beach. Class 5 is omnipresent on the dry partebtach. It can be considered as the
original sand of the dry beach, which in some aseprone to erosion. If the dunes
behind the dry beach are not wide and high enaihgherosion can be a real danger for
the low polders behind the dune wall; therefore marforms beach nourishments on
some parts of the dry beach, e.g., in the ‘Duirddd?s’.

During the third CASI campaign, 99 field samplegeaveollected from the upper soil
layer (by scraping off the upper millimeters of darirhey were located using d-GPS
so that, after classifying the 2002 images, theesmonding class could be found for
each of the 99 analysed samples. This allows tioelef physical identity card for each
class. The following parameters have been derivedhe samples: percentage of
organic matter, percentage of carbonates, mediin gize, sorting, total content of
iron oxides and percentage of grains of glaucosilex, quartz, and shell fragments
(See Table 4-1). The effect of these different soihstituents on soil reflectance is
very well explained by Baumgardnet al. (1985). The work of Leu (1977) provides
some specific spectral analysis on beach sandsifagon the effect of soil moisture,
iron content and grain size.

The lowest row in Table 4-1 indicates the “numbksamples”. However, the sum of
the row exceeds the number of samples (99). Thiaused by the following rule: if all
pixels in a 3x3 window around a certain sample tiocaare assigned to the same
sediment class, then this sample is linked with ¢hess. However, it often occurs that
the pixel coinciding with the GPS position of tlergple belongs to a certain class, but
that the surrounding pixels belong to another classhis case it would be wrong to
link only that class to this sample since we haveake the positional error of the
images into account. As explained before, thereften a mismatch of 0-2 pixels.
Therefore, it was decided to look also at the elssyd the pixels in a 3x3 window
around the central pixel. The class that is assigimethe classified images of 2002) to
the pixel coinciding with the GPS position counisays and if there are other classes
in the 3x3 window, then the class which is mostuodng also counts for that sample
(hence, the sample can be assigned to one or talasses). Therefore the number of
“samples” in Table 4-1 is higher than the real namiif analysed samples. This is not
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a standardised procedure but since it would be gvran consider the images as
perfectly located it is a justified way of working.

Zeebrugge
harbour

I BT

Muddy sand
(class N° 2)

Fine sand
Pier of (class N° 9)

Blankerberge

Nourishment sand
(orange),

transported eastward
7 T - 'Original’ dry beach | | (class N* 7)
P AT Beach nourishment | L(class N” 5)
A 'Duinse polders'
il (class N° 7)

Figure 4-3: Classified image (2000 Survey) of tleadh between Blankenberge and Zeebrugge,
derived by SAM classification. Eight different saygles could be distinguished (labelled 2 — 9 & th
legend; class 1 is water and class 10 is vegetation

The mean grain size on the Belgian beach variegeast 170 and 250m (Hillen and
Verhagen, 1993). In general, the grain size in@gdéom the low water mark to the
high water mark which is a typical pattern for adtie characterised by accretion. In
erosive areas, the grain size is coarser due tfatiie¢hat fine grains tend to be eroded
first. Moreover, since the 1980s, large-scale besehishments have been carried out
using coarser grains than those present in theatatavironment in order to allow
steeper beach slopes in the transition area ofother pre-existing profile and the
upper nourished berm. Classes 2 to 8 represertcassion from a fine-grained, well
sorted facies to a coarser-grained, poorly somtet$. In general the % of carbonates
and iron increases in the same order. Classes2répresent the sediments which
constituted the ‘original’ beach; they contain oalysmall amount of carbonates and
iron. Classes 6 and 7 on the other hand contaid wéich was borrowed from banks
offshore; they are coarse-grained, poorly sorted, they contain few glauconite and
silex particles but high amounts of iron and shalgments. Class 9 is the best sorted
class and contains the lowest percentage of iron.

The small amount of samples and the inherent lamaecuracy of the measuring
procedures result in an over-estimation of the stamdard deviation, which results in
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a large concentration of extreme values for sonth@parameters (including negative
values); e.g., %CAR for class 6. An arbitrary pixell be assigned to a certain class
with a probability determined by the statisticadtdbution of the parameters in Table

4-1.

For each class the following definition can be \deai

- Class 2: Sand mixed with silt and clay

- Class 3: Fine sand from the intertidal beach

- Class 4: Fine-Medium sand from the intertidadie

- Class 5: Sand from the supratidal beach

- Class 6: Sand from the man-made beach barrier

-Class 7: Sand used in artificial beach nourigttme

- Class 8: Sand with a large amount of shell fragis

- Class 9: Fine sand which was deposited aftdraaewansport

Table 4-1 summarises the measured parametersef@shnd classes.

Table 4-1: Means and standard deviations (betwaacKets) for the percentage of carbonates (%
CAR), the percentage of organic matter (% ORG),ntleglian grain size (D50), the sorting (S), the
total content of iron oxides (Fe) and the contenglauconite (% gl), silex (% sil) and shells (%9.sh
Class numbers 2 to 9 represent the 8 sand cla$&eslowest row provides the ‘number of samples’
assigned to each class. The analysis is basedroplea collected in 2002.

Fe
(ma/kg
Sand % % D50 S dry % % No. of
Class CAR ORG (mm) (phi) matter) Gl Sil % Sh samples

8.4 0.22 230.7 040 44457 09 39 0.4

2 (1.3) (0.2) (21.6) (0.01) (302.0) (0.2) (1.4) (0.6) 3
11.3 0.02 1874 042 43566 06 20 1.6

3 (3.4) (0.0 (27.2) (0.08) (696.0) (0.6) (1.4) (1.3 23
13.5 0.05 239.00 043 40243 06 20 6.1

4 (15.2) (0.1) (146.4) (0.11) (1505.5) (0.5) (1.6) (15.8) 38
13.3 0.04 2464 048 44006 05 24 2.2

5 (12.7) (0.13) (71.3) (0.26) (1702.4) (0.6) (1.4) (2.4) 61
16.1 0.05 2284 053 5266.1 05 25 25

6 (16.7) (0.1) (54.3) (0.40) (2017.9) (0.6) (1.1) (2.3 23
15.6 0.03 3278 057 49839 02 13 4.0

7 (11.7) (0.0) (70.9) (0.24) (1964.3) (0.4) (1.1) (3.3 16
26.0 0.12 7155 089 63499 02 138 19.4

8 (28.8) (0.2) (1054.4) (0.92) (4791.2) (0.4) (1.4) (34.9) 17
5.7 0.01 2809 037 31815 06 22 0.2

9 (0.3) (0.0) (133.0) (0.05) (450.4) (0.8) (0.4) (0.3) 2
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4.5 Results of LIDAR data analysis

Figure 4-4 is a 3D-elevation map of the 2000 DTWamehe seaside resort of
Oostduinkerke. One can see clearly the ridges andets on the foreshore (between
the high and low water level). The red rectangslaapes are high buildings in the
seaside resort of Oostduinkerke. The undulatingspaordering the beach and
occurring in some inland areas are mainly dunesg. fighest dunes in this area are
approximately 20 m TAW.

Seaside resort of
Oostduinkerke

Ridges and
runnels on the
intertidal
beach

Figure 4-4: 3D representation of a DTM recorded $eptember 11, 2000 near the seaside resort of
Oostduinkerke. HW and LW indicate resp. the higthlaw water mark.

When subtracting the 2000 DTM from the 2001 DTM openerates a height
difference map where elevation loss correspondsrésion and positive elevation
changes indicate sedimentation or accretion. Simeeertical and horizontal accuracy
of the DTM is very high, it is possible to calc@atith high precision the amounts of
sand transported. Figure 4-5 shows the erosiorgticormap of Knokke-Heist. The
dark (black) zones were subject to erosion, thghbrfwhite) zones are characterised
by accretion, while in the grey zones no importnaision or accretion was measured.
In front of the urban area of Knokke-Zoute a beagtirishment has been carried out in
1999. It is clear that the major erosion took platéhe seaward side of the nourished
area (indicated by the polygon on the left of thepjn 41 500 m? sand was eroded in
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one year. More to the East, erosion is seen almadigh water mark, while just below

the high water mark, an accretion or depositiorezetands out (+ 16 300 m3); see the
polygon on the right of the map. The numbers inufég4-5 label beach survey

sections. To be able to link the erosion and aicereto the different sand classes
present in this area, Figure 4-6 shows the classifin result.

4.6 Combination of LIDAR data and hyperspectral data

The erosion/accretion maps can be better intergbiEtbey are combined with the sand
type maps, established using the hyperspectratdiegs (See Figure 4-7 and Figure
4-8; Figure 4-7 is made from the left part of Figgd-5 and Figure 4-6, while Figure
4-8 focuses on the right part).

The combination of the erosion/accretion maps &edctassified image results in a
map with 6 types of areas:
- area without significant (< 25 cm) height diffece and without class change
- area without significant (< 25 cm) height diffece but with class difference
- area with significant (> 25 cm) erosion but withclass change
- area with significant (> 25 cm) erosion and valiss change
- area with significant (> 25 cm) accumulation tithout class change
- area with significant (> 25 cm) accumulation avith class change

Figure 4-7 illustrates the difference map for theokke-Zoute area (beach sections
233 till 243 on Figure 4-5 and Figure 4-6). Betwédarch and May 1999 a beach
nourishment with sea sand was performed from se@R8 till section 243; the total
amount of sand put on the backshore was 486 41®m3the seaward side of the
nourishment area, there is an important erosiore o681 800 m? (area 17); the mean
height difference is -49 cm (in only one year). Hoer, the type of sand remains the
same which means that the erosion is still limiedhe nourished volume. However,
in area 16, class 7 is replaced by class 5 indigathat the erosion reached the
underlying sand type. Class 5 is the most widelyntbtype of sand on the dry part of
the beach. In area 18, a small erosion strip reglatass 7 by classes 3 and 4; these are
typical sand types of the wet beach which meansttiexe is probably a landward
regression of the nourishment area. Also the wadt gfathe beach is mainly prone to
erosion; in zone 20 an erosion of 20 600 m® (-16rraverage) was measured but
without class change (classes 3 and 4 occur h&le)g the low water level a small
area with class 7 can be seen; this is probabdyrgarary stock of nourishment sand.
The arrows F indicate the resulting sand transmbrections: erosion of the
nourishment area especially at the seaward side$zb6, 17 and 18), erosion of the
wet beach (zone 20) and accumulation of a shalsywerl of nourishment sand along
the low water level. The thickness of the arrowansndication of the amount of sand
transported: thick arrows indicate more sand tramsthan fine arrows. Arrow G
stands for the longshore transport of nourishmantigo the East (see also Figure 4-8
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which is situated eastward from Figure 4-7). Indhea of Figure 4-7 it is necessary to
take an important transport of 40 000 to 50 00Ganid to the nearshore into account,
i.e., sand which has been eroded but not depositivhere on the backshore or
foreshore.

[Jo7s- 10
Height Difference
in fres

Erosion - Accretion
2001 - 2000

¥
- 41 500 m? 1\ £00 m

Figure 4-5: Erosion-accretion map of the area bedweKnokke-Heist and the Dutch border. The

black zones were subject to erosion, the whitez@mege characterized by sedimentation, while in

the grey zones no important erosion or accretiors weeasured. Note that the major erosion took

place at the seaward side of the beach nourishmemé (polygon on the left side of the scene). The
numbers ranging from 235 till 248 are beach sursegtions.

Figure 4-8 shows the sand transport map in the érddk area which is situated
eastward from Knokke-Zoute. Between 2000 and 2881%dtal volume of sand in this
area remained the same. However, some internaégges can be detected. Along the
dune foot, a long narrow erosion zone can be semme(21); seawards from this zone
there is an accumulation zone (zone 22). The ergdkone is almost the same as the
accumulated volume (16 800 m?), which gives therasgpion that there is a transport
as indicated by arrow H. However, a lot of pixelmmrged from class, especially in
zone 22 there is a change to class 7 which is theishment sand. This means that
most probably there is transport from nourishmemdsfrom Knokke-Zoute to the
Lekkerbek (arrow G). A second indication of thismdae found in zone 23 where a
small accumulation of class 7 was measured. Inae261 there is a zone (24) where
an erosion of -28 cm was measured in combinatidh wiclass change from 7 to 5.
Probably, class 7 was an earlier sedimentationoafishment sand originating from
Knokke-Zoute which has been eroded between 200@@04.
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Nourishment sand
transported east-
ward(class N° 7) |
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Figure 4-6: Classified image (2001 survey) of theadh near Knokke-Zoute derived by SAM
classification. 8 different sand types can be dgtished (labelled 2 — 9 in the legend; class 1 is
water and class 10 is vegetation). Classes 3, 8, Amre the most dominant classes in this area.
Therefore each of them was highlighted separaféig. numbers ranging from 235 till 247 are beach
survey sections.

The processes seen in the Lekkerbek area showhibadrea is subject to transport of
sand from the West to the East. The accumulatiosoime parts of the beach is
temporarily. It is possible that the total cumuthteansport is higher than the volume
differences calculated from the two acquisitionscsi they represent only two
morphological snapshots.

These two examples illustrate that the combinat@nboth data types opens
possibilities for experts to gain a better undewitag of the transport processes along
the beach. The erosion maps as such are not suffiti understand the nature of the
transport. Successive recordings in the years tweowill reveal more of the complex
dynamics of the beach environment. If the nourightrg&and in Knokke-Heist is
progressively transported towards the East, asriemes put forward, new surveys
will unambiguously show this process, and will allto quantify it.
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Figure 4-7: Schematical representation of the stradsport directions and volumes between 2000 &l 2n Knokke-Zoute. The thickness of the arrows is
an indication of the amount of sand transportedcktarrows indicate more sand transport than fimeoas.
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Figure 4-8: Schematical representation of the sadsport directions and volumes between 2000 &84 2n the Lekkerbek area. The thickness of thewar
is an indication of the amount of sand transportitk arrows indicate more sand transport tharefarrows.
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4.7 Discussion

Geological and pedological studies using imagingcspscopy often focus on
reflectance data in the Short Wave InfraRed or S\WW4&on (i.e., 1 000-2 500 nm),
since several minerals show well expressed absorggatures in this wavelength
range. In this paper, only VNIR data were usechtntatically map the beach into 8
classes, which were previously defined in the fibltked on physical appearance.
However, the potential of employing hyperspectathdn the SWIR range should not
be overlooked. A new flight with a HyMap sensor edrg the entire range between
450 and 2 500 nm was performed in the summer oft.20Bese data will be used to
study the possibilities of the reflectance in th&/IR range for classifying sandy
beaches. Additionally, attention will be paid tondaor feature selection since,
according to the Hughes phenomenon, it is not adwagommended to use as many
bands or features as possible, especially wher tisea limited number of training
samples (Landgrebe, 2003).

Beach processes are characterised by significansfars of sand between the beach
and the nearshore. Because of this, it can becdliffto understand the processes of
sand dynamics since the thematic information ofpidne of the system which is below
the low water level is lacking. A new ambitious eggeh in which the monitoring of
the sediment type on the seabed and in the wal@mnads performed in combination
with the airborne hyperspectral measurements dvedty beach is being considered.
Tests to determine the sediment concentration gpd in the water column with
hyperspectral measurements have been undertakey. make clear that this is not
straightforward; in the case of very high sedin@aricentrations it is possible to detect
the presence of sediment in the water column ireggnbut it appears to be very
difficult to define accurately the concentratiordesediment type. More research on
this topic is needed and will be performed in tlreamfuture. On the other hand,
monitoring of the seabed sediment type should lssiple without too many problems
with an acoustic mapping technique such as side-sgaar. For the Belgian near- to
foreshore, Van Lanckeet al (2003) could discriminate the variation from fib@
medium sands from a detailed acoustic facies aisalyidhe combination of this
information with the results from airborne hyperspal surveys would allow to study
sand transport processes over the continuum ofluhes, back- and foreshore to the
nearshore. However, an innovative strategy wilhbeded to minimise the difference
in time needed to carry out the shipborne acoistid the airborne hyperspectral
measurements.
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4.8 Conclusions

A combined method to study beach morphodynamics pvasented. The method
consists of performing (quasi) simultaneous airbdngperspectral and laserscanning
recordings of the beach at low tide. After the oatktric, geometric and atmospheric
corrections, and a few processing steps, the hgeersl images could be classified
into eight meaningful sand type classes. Laboratmglyses indicated that these
classes contain sand with a different median gg&i@, different grain size sorting and
different amount of shells. It is possible to assag arbitrary sample to a class with a
probability determined by the statistical distribuat of the parameters in Table 4-1.
The laserscan data were used to make DTMs withitecakaccuracy of approximately
5 cm. When subtracting the DTM of September 20@Dtha one of September 2001 a
map indicating the erosion and accretion zonesgeagrated. The combination of the
erosion/accretion map and the classifications derivom the hyperspectral data from
2000 and 2001, generated a product which is welteduto study beach
morphodynamics. It was found that on the BelgiastEzoast the major erosion took
place at the seaward side of the beach nourishaamt of Knokke-Heist. Small
guantities of the nourishment sand were found atbeghigh water mark eastward of
this zone, and in a small strip at the low waterknAnother important conclusion is
that not all eroded sand is deposited elsewhetbebeach (in the same limited area).
It was calculated that the beach strip of KnokkéstHghowed a net loss of 40 000 to
50 000 m3 sand to the nearshore.
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Chapter 5

Linear discriminant classifier and feature
selection in support of sediment ecotope

mapping

This chapter is based on:

Deronde B., Kempeneers P., Forster R.M. and W. Dghr 2006, Imaging
spectroscopy as a tool to study sediment charastiesion a tidal sand bank in the
Westerschelde. Estuarine Coastal and Shelf Sci€&9¢8-4): 580-590.

5.1 Abstract

This paper focuses on the use of imaging spectpystar the mapping of sediment
characteristics on a tidal sandbank in the Wedtetde, called the Molenplaat. On
June 8, 2004, during low tide, a HyMap scannernaxb the Molenplaat at 4 m pixel
resolution. The hyperspectral data were radionalyiccalibrated, geometrically
corrected, and atmospherically corrected to giyeaegnt surface reflectance data. On
the calibrated and corrected dataset, a superbisedy classification was performed,
based on linear discriminant analysis. Simultangoube flight, 25 sediment samples
were collected in the field and analysed in thettabefine the median grain size, the
water content, the total organic matter content tred chlorophyll-a concentration.
These four parameters play a crucial role in sedirstbility and macrofaunal habitat
definition. Prior to the classification, a featgelection, based on sequential floating
forward search (SFFS), was performed. For eactheffdur parameters two to three
bands were retained for the classification. Thes®lb were most frequently selected
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in the visible and near infrared parts of the speat except for the organic matter
content where also SWIR bands were used. The dw®aakification accuracy was
highest for the water content (88%), the mediaingsie (88%) and the chlorophyll-a
concentration (84%). The organic matter contemtwfaich three instead of two classes
were distinguished, scored somewhat lower but ritdched 80%. The classifications
were limited to a small number of classes in otdeobtain reliable statistics with a
small number of training samples. The spatial pattein the classified images
indicated that the four parameters under studyhighly correlated. In most cases
coarse sediment coincided with dry conditions, l@mnganic matter and low
concentrations of chlorophyll-a. The wet and mugdyts of the Molenplaat were in
general characterised by a notably higher amountgidnic matter and chlorophyll-a.
The individual classification results for the madgrain size, the water content and the
chlorophyll-a concentration were combined to getgeeasediment ecotope map. The
presented study illustrates how airborne hyperspledata can be used to achieve
accurate classified maps of intertidal sedimentaeotypes, applying feature selection
and a binary classification approach.

5.2 Introduction

The Westerschelde is unique among the larger Earopstuaries. It is home for one of
the largest wading bird populations in western Barand contains several rare habitat
types such as freshwater tidal marshes. Thesethergeith a variety of other brackish
and marine habitats, make the Scheldt estuaryeao§itnternational recognition and
importance for nature. But the estuary is alsote @i heavy industry, as well as an
important commercial shipping transport route. €fane, coastal zone managers must
constantly balance the demands of many conflictiigrest groups when making
planning decisions which affect this complex syst@feire et al, 2005). Decision
making can be improved if better knowledge of egimlal processes is available. Some
of the most important bio-geochemical processeldrestuary occur on the large areas
of soft sediments which are exposed at low tideygesting that these intertidal
sandbanks and mudflats require detailed study.dBfinthesis by benthic micro-algae
at the sediment surface fuels primary productiappsrting many grazing animals and
birds. Accumulations of algal cells in a surfacefiin also cause the sediment to
become more stable, slowing down the rate of enpgiad allowing the deposition of
fine sediments (Coles, 1979). In contrast, graaing bioturbation of macro-fauna may
enhance the erosion rate (de Declaral, 2000).

However, obtaining accurate data on the basic tickh chemical and physical
processes in sediments is expensive and diffiédtess to the sites is limited, and
estuaries are characterised by a wide spatial dgeeeity, especially in intertidal
areas. If used correctly, remote sensing methodspoaduce detailed information on
habitats and ecological functioning in a cost-dffec manner (Wuldeet al, 2004).
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Hyperspectral airborne scanners such as HyMap eaosbkd to identify important
groups of inorganic and organic materials at a hghtial and spectral resolution
(Kruseet al, 2000; Thiemann and Kaufman, 2002). Intertidad aaltmarsh habitats
have previously been investigated by Thomsbral (1998), who used the airborne
CASI scanner in a mode with 14 spectral bands &ssifly the vegetation and
sediments in the Wash embayment on the East Cb&stgtand in 6 vegetation and 4
sediment classes. In the same study area, ¥atds(1993) tried to classify sandy and
muddy sediments with spaceborne Landsat TM dat;ptborer spatial resolution
inspired them to try a sub-pixel classification @hiwas performed with success.
Bryantet al (1996) and Rainegt al (2000 and 2003) explored the possibilities of
sediment classification further by using the Daesldl268 Airborne Thematic Mapper
(ATM) to map sandy and clayey sediments in the Rildstuary (UK), focussing on
the different grain sizes as one of the main patarseinfluencing the spectral
reflectance. Finally, the work of Smi#t al (2003) should be mentioned; in this study
the sediments on the Molenplaat were classifiegniuinsupervised way using DAIS-
7915 data.

The work described in this paper builds on thesdiegastudies by using high-
resolution, visible (VIS), near infrared (NIR) asHortwave infrared (SWIR) imaging
spectroscopy for the mapping of sediment charatiesiin the intertidal zone of the
Molenplaat. A supervised classification approacéelzon linear discriminant analysis
is adopted to classify not only the median gramesbut also the water content, the
total organic matter content and the chlorophydbacentration. These four parameters
provide a good basis for sediment stability studiss well as for the study of
microphytobenthos and macrofaunal biotopes. Finallyecotope map of the intertidal
site is made, as part of a sustained effort to gaire insight in the biological role of
the intertidal sandbanks and mudflats of the Westaide.

5.3 Study area

The Westerschelde estuary in the Netherlands idewes€urope's largest natural
estuary. It has a special protected status acaptdi€ouncil Directive 92/43/EEC: "on
the conservation of natural habitat and of wildnia@and flora", also large parts of the
Scheldt estuary are designated as special pratedi®as or special areas of
conservation under the European Bird (79/409/EE@H eHabitat Directive
(92/43/EEC). From an ecological point of view theestérschelde estuary is unique
due to its high tidal range (up to 6 m), the congpleansition from saline to fresh
water environments and a freshwater tidal area €tlfd® km long. However, due to
human interventions the deep water areas are exppatl the expense of intertidal
areas. Nevertheless, the latter are very importudtypes for a more natural
functioning of the estuary.
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Figure 5-1: Location of the Molenplaat study arésource: Ministerie van Verkeer en Waterstaat,
The Netherlands).Coordinates are in the DutchdRijlehoeksnet system (m).

The Westerschelde estuary (Figure 5-1) was fornyedipid landward expansion of a
tidal channel in the early Middle ages, after whichecame the major mouth of the
river Scheldt. The estuary reached its largestngitethe 17th century after which it
partly silted up. The tidal marshes along the egtimve been reduced strongly in
surface area since then (Metee al, 2005). Simultaneously, the tidal range and the
tidal celerity in the estuary have increased. Thélling of the estuary with
predominantly sand is the consequence of the N&ethtide which rises faster than it
falls, causing higher landward current velocitiesl @onsequently landward sediment
transport. The large particles, i.e., sand, amespiarted during the rising tide but the
current velocities during falling tide are too sltsransport the sand particles back to
the open sea. However, recent studies pointedhatitthis process has reversed for
unknown reasons; the estuary has now become a amd-exporting system
(Nederbragt and Liek, 2004). Hence, quantificatibrihe relative amounts of muddy
and sandy sediments in intertidal areas, and ctaisettion of the main intertidal
ecotope types were among the aims of this study.
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5.4 Methodology

5.4.1 Instrumentation and data collection

On June 8, 2004 between 12.41 and 13.22 local éirkyMap scanner on board a
Dornier 228 recorded the Molenplaat in the Westekte. Prosperpolder, situated
25 km upstream from the Molenplaat, reported |ae tat 14.42 local time. Hence, the
acquisitions were performed approximately one atdlé hour before low tide. The

level of low tide was - 1.97 m NAP (the highest Itide in June 2004 was

-1.75 m NAP and the lowest was -2.63 m NAP). Theeommlogical conditions were

very good; the nearby station of Vlissingen recdrdedaily maximum temperature of
30.2°C with a mean wind speed of 2 Bft from SSWerEhwere a few cirrus clouds (0-
2 octas) and the mean daily relative humidity w2%7

The operations were carried out by the Deutschedrdim fur Luft- und Raumfahrt

(DLR) in cooperation with VITO. The instrument wealibrated before the beginning
of the flight campaign at DLR’s home base in Obaffgihhofen using HyVista

calibration gear. The HyMap, developed by HyVistarit, is a whiskbroom scanner
utilising diffraction gratings and four 32-elemedetector arrays (1 Si, 3 liquid-

nitrogen-cooled InSh) to provide 126 spectral clesovering the 0.45 — 2.50 um
range over a 512-pixel swath (Kruseal, 2000). To minimise the image distortion
caused by aircraft pitch, roll and yaw motions, thegMap is mounted in a gyro-

stabilised platform. While the platform minimisd®teffects of aircraft motion, small
image distortions remain. These residual motioesmaonitored with a 3 axis gyro, 3
axis accelerometer system (IMU — Inertial Measunanténit). The system currently

used with the HyMap is a Boeing C-MIGITS II.

Figure 5-1 summarises the spectral characterisfithe HyMap sensor system. The
reflected light is dispersed into 126 spectral lsaB@ for the VIS, SWIR1 and SWIR2
spectrometers and 30 for the NIR, (in the VNIR mtite bands are contiguous).

The flight was conducted at 6 300 ft AGL (Above @nd Level), resulting in pixels of
4x4 m. The raw data were geometrically corrected georeferenced using the
software ORTHO (Mdulleret al, 2002) while the radiometric calibration was
performed with the standard software of HyVista ¢k et al, 1998). The
geometrically corrected and radiometrically calibch data were corrected for
atmospheric influences using ATCOR-4 which is basadthe radiometric transfer
model MODTRAN-4 (Richter and Schlapfer, 2002). Stameously to the flight,
sunphotometer measurements (with a SOLAR Microtpswere performed to
estimate the amount of water vapour and the aemmutentration, needed for the
atmospheric correction. The DTM illustrated in Figu5-4 was not used in the
atmospheric correction since the slopes presenthensandbank are too weak (in
general 0-2°) to influence the reflectance sigatffitty.
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Table 5-1: Spectral configuration of the HyMap sersystem.

Spectral Configuration of HyMap

Module Spectral range Bandwidth across Average spectral
(um) module sampling interval
(nm) (nm)
VIS 0.45-0.89 15-16 15
NIR 0.89-1.35 15-16 15
SWIR1 1.40-1.80 15-16 13
SWIR2 1.95-2.48 18 — 20 17

5.4.2 Image Analysis

The supervised classifier used is based on Lineacriininant Analysis (LDA)
(Fischer, 1936; Dudat al, 2001). For C classes, LDA projects the N-dimemnai
input vector onto a (C-1) dimensional vector wititimal class discrimination in mind.
It minimises the ratio of the within class over thetween class scatter matrices. For a
two-class problem, the feature space is project#d a 1-dimensional space, and the
LDA technique immediately serves as a linear dissiFor this study, in which for
each parameter 2 to 3 classes were to be distimegji® multiple-binary approach was
applied. This means that the outputs of severarpiolassifications were combined to
obtain the final classification. Mostly, one-ag&iai or one-against-one approaches
are used. With the one-against-all strategy, eldsifier is trained to differentiate one
class from all the others, which requires a nundfelassifiers equal to the number of
classes. In the one-against-one approach, allljespairs of classes are compared
requiring

C(C-1)/2 classifiers. Generally, good results aptaimed using the one-against-one
approach with a maximum voting technique, as was fdund by Kempeneers al
(2004) using an AISA-Eagle dataset. Therefore the-against-one approach was
followed.

The multidimensional hyperspectral data showed uieet] autocorrelation between
adjacent bands in most parts of the spectrum. Tréonmance of classifiers can
therefore be improved by selecting a subset of fagsbecially when dealing with a
limited number of training samples (Kalayeh al, 1983; Landgrebe, 2003). The
selection procedure requires a criterion to evaltia obtained subset of features. This
criterion is a measure of separability of the @dassand can e.g., be the result of a
classifier. In this work, we applied the overalcakcy of the LDA-classifier as the
criterion. The search strategy followed was theusatjal floating forward search
(SFFS) (Pudil, 1994): one selects the best singihelbthen adds a second band to have
the best combination of two bands, adds a thirdlharhave the best combination of
three bands and so on. But, after each forward, S&FS performs one or more
backward steps, i.e., it removes a previously setefeature to investigate if the score
can be improved using another band. This floatisigeat was used to minimise the
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chance that one ends up in a so-called local mimimite., a good combination of
bands but not the best one, due to previously chibaads which cannot be changed if
one does not perform backward steps. After theufeaselection procedure, a
combination of n bands which are (sub)optimal flarssification was obtained. The
SFFS was run on the 120 quality-controlled HyMapdsa(see Section 5.5 for bad
band removal). The validation was performed with ave-one-out method, i.e., all
samples were used for training except one which keas for validation (Landgrebe,
2003). This was repeated until every sample wasldfonce, after which the average
classification accuracy was calculated. This cradidation procedure generally gives
good estimates of the classification accuracy, hewat is known that leave-one-out
generates in general higher accuracy predictioas for instance a 50%—-50% cross-
validation procedure (Dudet al, 2001). The predicted accuracy of a classifiebas
proportional to the size of the training datasetyaje, 2003).

The number of bands that has to be used in thsifitation was defined after testing
the classification accuracy on the training sampligg 1, 2, 3 and 4 bands. Using too
many bands in relation to the number of trainingles resulted in saturation and
even a slight decrease of the classification acguthis effect is known as the Hughes
phenomenon (Landgrebe, 2003). For each parameteselected the smallest number
of bands within 1% of the maximum overall accuracy.

Accuracy was defined as the weighted overall aocgufevhich takes into account the
number of pixels used in the analysis), calculatsitig a confusion matrix (Kohavi
and Provost, 1998).

5.4.3 Ground truthing

Field sampling took place on June 8, 2004, durmgstame low tide as the overflight.
A grid of 25 stations with node intervals of 200was established using d-GPS (See
Figure 5-6a). To account for geometric mismatchebta reduce variability, a square
of 3x3 pixels was drawn around each sample poiattmat each ground point
corresponded to 9 image pixels. The spectra oBtieage pixels were averaged so
that each sample point corresponded to one avesugatrum.

In order to control the accuracy of the airbornBectance measurements, spectral
reflectance of the sediment surface was measuredcit grid node. A series of 9
spectra were recorded with portable diode-arragtspediometers (a USB-2 000 from
Ocean Optics, USA and a Ramses ARC from TRIOS, @eyjrwithin a radius of 3 m
around the GPS position: on a straight line thet §pectrum was taken at 1 m from the
centre, the second at 2 m from the centre andhing &t 3 m from the centre; then
moved round 120° and took another 3, then anotB6f furn for the last 3 spectra.
Spectra from all instruments were converted toemtfince and resampled to 1 nm
intervals. In addition, the main surface featuresevdescribed and also recorded by
digital photography. Surface sediment samples vemitected for analysis with a
contact corer (Ford and Honeywill, 2002) from ekathe same position as the third,
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sixth and ninth spectra (located at the end oftlinee converging lines). The contact
corer freezes a layer of 2 mm, which includes httpsynthetically-active algal cells,
as well as the bulk of sediment chlorophyll (Farstied Kromkamp, 2004). Thus, three
samples were taken at each site to reduce the effaon-representative samples.

Samples were stored in liquid nitrogen during tpams to the laboratory, and then
freeze-dried for 48 hours. The difference in weibbtore and after freeze-drying was
used to calculate the water content. Algal biomeas estimated from measurement of
chlorophyll-a (chl-a). Pigments were extracted frivseeze-dried contact core samples
with 95% methanol (Zapatat al, 2004). Methanol extracts were quantified using
HPLC (High-Performance Liquid Chromatography) (Witiget al, 1991) to give
chlorophyll concentration in units of mg/m2. Gradize distribution was determined
using a Coulter Counter LS100. The median graie sias prefered above the mean to
minimise the effect of outliers in the grain sizistdbution. Samples were classified
into 5 fractions according to the grain size disttion of Udden-Wentworth
(Wentworth, 1922):

<63 um = mud (clay & silt)

63 — 125 um = very fine sand

125 — 250 pm = fine sand

250 — 500 pm = medium sand

500 — 2 000 um = coarse and very coarse sand

The percentage of organic matter was calculateddiffgrence in weight after
combustion at 550° C. The complete data set wagygoantrolled and assembled in a
relational database to enable correlations to bdemath the remotely-sensed imagery.
The three analytical results obtained for the thsaenples in each position were
averaged for each parameter to give the average y&r parameter for each position.

5.5 Results

Hyperspectral reflectance spectra collected fradividual pixels of the image showed
good agreement with spectra measured from the spwneling positions on the
ground, indicating that geometric and atmosphencrections were accurate. As
expected, the individual reflectance spectra showeldrge amount of variability
depending on the nature of the sediment surfadected spectra from different sites
varying in sediment composition, wetness and algeér are shown in Figure 5-2. The
spectral resolution is sufficiently detailed to skmatures like the characteristic
absorption band of chlorophyll-a at 676 nm in thofethe spectra. However, there
were also some anomalies in the spectra that hdxk toorrected. First of all, the
reflectance in the first blue band (band centré4& nm) was too low, probably due to
a poor radiometric calibration of this band. Therefthe first band was excluded from
further analysis. The last five bands of the SWigghsor (2 420-2 482 nm) also
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contained a lot of noise caused by the absorptigshotons by water vapour between
2400 and 2 500 nm. Moreover, the type of sensed us the SWIR (InSb) is less

sensitive than the Si sensor used in the VIS raRgese five bands were also excluded
from analysis, resulting in 120 bands that couldused in the feature selection
procedure. Note that there were no bands betw&d2-1L 405 nm and between 1 806-
1 953 nm since these wavelengths are highly infledrby water vapour absorption.
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Figure 5-2: Four reflectance spectra measured witiMap. The 1st blue band had to be eliminated
because of poor radiometric calibration while thestt 5 SWIR bands were too noisy because of
absorption by water vapour.

5.5.1 Median grain size

Sediment grain size is a good predictor variable tfee composition of benthic
macrofauna (Ysebaedt al, 2002), which in turn are among the most widebgdi
indicators in ecological monitoring programmes. A#stébgram of the grain size
distribution for the Molenplaat showes that twacfrans appear to be dominant: a fine
sand fraction and a silt & clay dominated fractf{bigure 5-3). Medium and especially
coarse sand was almost absent, while very fine sactred in variable fractions of 0-
35%.
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Figure 5-3: Grain size distribution of the 25 saegptaken over the Molenplaat.
In order to label two ecologically relevant clasgbs following rules were adopted:
If clay&silt > 30%, then the class is labelled asid’

If clay&silt < 30%, then the class is labelled aand'. This class is usually dominated
by the fine fraction, followed by very fine then daem, with coarser fractions almost

absent.

The overall accuracies, after LDA classificationtlué training samples, for each band
set are shown in Table 5-2. Using more than 2 balisot result in an important

increase in the classification accuracy. Note dlat with only one band a high

accuracy could be obtained. The bands which wdeeteel most are listed in Table
5-3. Bands in the VIS and NIR range gave the higtlessification accuracies, which
can be explained by the influence of particle sipethe general brightness of the
surface.

Table 5-2: Overall weighted accuracies after LDAgdification for different band sets.

Grain size  Water content  Chlorophyll-a  Organic mater

1 band 80 68 64 48
2 bands 88 84 84 76
3 bands 88 88 76 80
4 bands 84 88 68 80
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Figure 5-4: DTM of the Molenplaat, recorded by mea airborne laserscanning on April 25, 2004.

The elevation is expressed in cm NAP. At the d#yedflyMap flight the low water level was -1,97 m
NAP.

The image classification was performed with twodsrand all samples were used for
training. However, before describing the classtfmaresult, it is interesting to have a
look at a DTM of the Molenplaat. On April 25, 2064DTM was acquired with an
airborne laserscanner (Figure 5-4). Although it was acquired at the same time as
the HyMap data it provides valuable informatiorinterpret the classification results.
The highest parts of the bank are situated in tlthern and western part of the bank
(region I). The highest points are nearly 3,5 mvabitve low water level at the day of
the flight = -1,97 m NAP. The central part of thank runs off via channels to the
North and to the South (region Il and 1ll). In thastern part, one can see some mega-
ripple structures (regions IV). In general, theafebf the bank is very flat with only in
the Southwest a short steep slope.

The classified map is shown in Figure 5-5a. Thedsdass was found across a large
area in the western part of the site (region I)thm elevated southwestern tip of the
bank (region 1), and in large areas in the eagparh of the bank (region Ill). The finer
class, mud, was found in the large central padidrelV) and in an area near the
western edge (region V). In the eastern part, anel &nd mud class often occur mixed,
in contrast with the western part where they foangé more or less homogenous areas.
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Note the mega-ripples or sandwaves in the easttnopthe scene (VI). The ripples
are approximately 20 m apart and 50 cm high, Withtop of the ripples characterised
by sand while muddy sediments occurred in the ieu@he sand class was also found
in the bed of small run-off channels in the Northtlee image (VII), while mud
occurred around the channels. This can be expldigetthe higher current velocities
and shear stress within the run-off channels. Tuthern part of the image shows the
northern part of the neighbouring Ossenisse bank)(\lthough this area was not
part of the ground survey, it appears to contaiowavalley with mud surrounded by
coarser sandy sediments. The overall classificaticturacy (88%) as well as the
confusion matrix can be found in Table 5-4a. Bddsses were classified with high
accuracy.

5.5.2 Water content

The water content in the sediment database of thiemlaat was highly correlated to
sediment grain size and topography (Figure 5-4FRagdre 5-5a). This is mainly due to
the better drainage capacity of coarse sedimehpuwdh areas of dry, muddy sediment
were also detected. The weather on the samplirgvaas hot, with weak drying winds
which could have evaporated surface water durieglohv tide period. The highest
points of the sandbank were for 3 to 4 hours expdsesun and wind before the
overpass. The sediment samples were assigned twfotie two following water
content classes (weight percentage):

0-30 % ‘low’
>30 % ‘high

When applying the SFFS feature selection procediimese bands proved to be
necessary to produce the highest accuracy (TaB)e Bable 5-3 lists the bands which
were most often selected, they are centred aro@8ch&, 619 nm and 1069 nm. The
classification of the Molenplaat into two water tamt classes is shown in Figure 5-5b.
In general, areas covered by the sand class tehd tivier (see for instance points |
and Il) than the ones with muddy sediment (poihafid 1V). However, there are some
exceptions where the muddy sand class appears tatler dry (point V on Figure
5-5b). The opposite case, sand which was wateresgatl) was seldom found. The
confusion matrix for the water content classifioatis shown in Table 5-4b. The
overall weighted accuracy was 88% with a classiipgroducer accuracy of 77% for
the low water content class and a perfect (100%gsdiication result for the high water
content class.

5.5.3 Chlorophyll-a concentration

The presence of microphytobenthos at the sedimerfibce was detectable by the
presence of the characteristic dip in reflectancaraund 675 nm, as well as low
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reflectance throughout the 400-550 nm region wiplictosynthetic pigments result in

strong absorption. An overview of absorption feasucaused by the main pigments in
microphytobenthos is given by Stepheisal. (2003). Chlorophyll-a (chl-a) was the
most abundant pigment in the Molenplaat sampled,i@npresence caused reflection
of green light and absorption of red light. Thesamce of fucoxanthin as the most
abundant accessory pigment indicated that the lentttroflora was dominated by

diatoms. The chl-a concentration is expressed ifmaglnitially, three classes were

distinguished (low, medium and high chl-a). Howevbe middle class showed very
high confusion with the two other classes. Theeefitre classification was limited to

two classes:

0 —40mg/m?  ‘low’
> 40 mg/m? ‘high’
Table 5-3: List of bands which were most frequenslgd in the classifications. Note that the number

of bands listed depends not only on the numbead®that results in the highest accuracy but also
on the number of classes (cf. binary classificat)on

Bands selected for classification (nm of central
wavelength)

Grain size 619, 862

Water content 528, 619, 1069
Chlorophyll-a 680, 1342

Organic Matter 604, 846, 1038, 1517, 1806, 2088822205

Two bands were needed to obtain the highest dieest$ifin accuracy; as can be seen in
Table 5-2; using more than two bands significaitdlyers the accuracies. The bands
which were by far most often selected are situate®B0 nm and 1 342 nm; See Table
5-3. These results show that the spectral caliaif the sensor was very good since
the theoretical absorption maximum of chl-a is @ 6m (the bandwidth was 15 nm).
The classified image (Figure 5-5¢) shows that irstndaces high chl-a concentration
coincides with muddy sediment and wet conditioree (for instance points | and II).
However, there are again some exceptions. In thehSaf the bank, a sand area with
high chl-a was observed (Point Ill), while the eéhéoncentration at the northern shore
around point IV was low despite wet conditions amaddy sand. For both classes a
high user and producer accuracy was obtained (a8l with an overall accuracy of
84%.
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Table 5-4: Confusion matrix and derived accuracwasuees for each parameter. The
total amount of pixels available for training analigation is shown next to the class
name. All pixels have been used for training, aimgya leave-one-out method.

(a: Median grain size)

Mud Sand
Mud (15 samples) 14 1
Sand (10 samples) 2 8
User acc. 87,5 88,9
Producer acc. 93,3 80
Kappa 0,75
(b: Water content)
Low High
Low (13 samples) 10 3
High (12 samples) 0 12
User acc. 100 80
Producer acc. 76,9 100
Kappa 0,76
(c: Chlorophyll-a)
Low High
Low (18 samples) 10 2
High (7 samples) 2 11
User acc. 83,3 84,6
Producer acc. 83,3 84,6
Kappa 0,68
(d: Organic matter)
Low Medium High
Low (11 samples) 8 3 0
Medium (8 samples) 1 6 1
High (6 samples) 0 0 6
User acc. 88,9 66,7 85,7
Producer acc. 72,7 75 100
Kappa 0,69

5.5.4 Total organic matter content

The total organic matter (OM) was expressed asightvpercentage. In order to have
more or less equal numbers of training samplesaich eclass, the following three
classes were distinguished:

0-2% 'low
2 — 4% ’'medium’
>4% high’
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Grain size classification

I Mud
|:| Sand
(a: median grain size)
[ ] Low Water content classification

(b: water content)
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[ Low Chlorophyll-a classification
Bl High

I(c: chlorophyll-a colncentration)
[ ] Low Total organic matter classification

I Medium
Il High

7

( : drgénic matter content)

Figure 5-5: Classification results for the mediaraig size (a), water content (b), chlorophyll-a
concentration (c) and organic matter content (d).
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The amount and composition of organic matter cameha strong influence on
terrestrial soil reflectance, especially when th®l @ontent exceeds 2%. Several
authors (see Baumgardretral, 1985 for a good overview) have concluded that OM
correlates most highly with reflectance in the 8.5.2 um range. This was only partly
confirmed by the SFFS band selection procedurewéitected as many bands in the
VNIR part of the spectrum as in the SWIR part (€abt3). Since 604 nm was the
most selected band, and living microphytobenthaodbweakly at this wavelength,
this OM was possibly derived from green plant desti As in the case of water
content, three bands were needed to obtain thes$iigitassification accuracy (Table
5-2). The classified image (Figure 5-5d) showedtiapgatterns which are highly
similar to those that were obtained with the thotleer parameters (Figure 5-5a-c).
Even small details often coincided; for instanceuad the run-off channels in the
North of the image (point I). The large sand area#ained few OM (point II), while
the finer-grained sediments contained in genegidii amounts of OM (points Il and
IV). An exception can be found at the northern shof the bank where wet muddy
sediments contain few organic matter (and few ¢Hpaint V). The overall weighted
accuracy for organic matter reached 80%; the dpssific accuracies can be found in
Table 5-4d.

5.5.5 Ecotope map

The main goal of the HyMap campaign was to procea@ope maps of the intertidal
sediments. Ecotopes can be defined as small, ecallygdistinct features that support
similar populations of flora and fauna (Hoeg al, 2004). Both abiotic and biotic
factors can be recognised in the construction ofope maps, and one of the main uses
of these maps has been in the selection of marioteqied areas. However, maps
based on abiotic factors alone (e.g., current spgethulometry) have recently been
criticised as inaccurate in their relationship tenthic macrofaunal distribution
(Stevens and Connoly, 2004). Individual sedimenapeeters derived from the HyMap
dataset were selected in order to create a mac@facotope map of the site. The
layers featured in the map were chlorophyll — ddgjical parameter which indicates
(from a faunal point of view) the potential abundarf a food source, grain size — an
abiotic parameter of prime importance for macroéwolonisation, and water content
— a sediment parameter which can be consideredbesxg for one of the main stress
elements in the intertidal environment. Water cohig closely related to the elevation;
sites with higher elevation are exposed to longeersion times, greater changes in
salinity and temperature stress, and in the cakesffeeders, reduced access to food.
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Figure 5-6:

(@) True colour map of
the Molenplaat
(R=680 nm, G=573 nm,
B=482 nm). In red the
points where sediment
samples were taken.The
black dashed line
indicates the border
between the two parts of
the bank. The image
was linearly stretched.

(b) Map indicating the
main sediment ecotope
types. The black dashed
line indicates the
border between the two
parts of the bank. This
RGB composite was
made of the median
grain size in red, the
chl-a concentration in
green and the water
content in blue.

Both maps are in UTM-
WGS84 coordinates.
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The resulting map (Figure 5-6b) shows that the evasand central parts have a series
of North-South oriented broad bands of differenttepe classes, whereas the eastern
end had a more complex mosaic of small classes. Jdttern is also reflected in the
topography of the bank (Figure 5-4): in the Weshady ridge stretches more or less
North-South with finer sediments occurring on bsities. While in the eastern part,
there is no distinct topography but rather a ftebawith mega ripples in the South and
the North. The large cyan area (see number 1 amé&g-6b), indicates wet areas with
a high chl-a concentration and muddy sediment vasedark purple (N° 2) represents
wet, fine-grained sediment but with few chl-a. Title cyan dot at N° 3 is an artefact
caused by the boat which was used to reach the Béekother large entity is formed
by the pale red (N° 4) and yellow areas (N° 5)ytbensist of sandy dry sediment with
respectively few and high chl-a concentration. Ehesotope types are found on the
higher parts in the Southwest, on the large Nodbt$ oriented sand belt and on the
eastern tip of the bank (N° 6). At location N° 7radher exceptional ecotope type is
detected: muddy, dry sediment with few chl-a (goejour). Note also the patterns
formed by the mega ripples at N° 8; they consistdigf sediment with high chl-a
concentration, muddy in the valleys and sandyeatdp.

5.6 Discussion

As can be seen in Figure 5-5a-d the four classifina showed broadly similar
spatial patterns. This is not surprising since ftw parameters under study are,
from an environmental point of view, closely coteth The erosion and deposition
of sediments of different grain sizes is control®d local hydrographic factors.
High current speeds and exposure to waves durinmersion erode fine-grained
sediments, leaving a bed of coarse-grained sedirtrenbntrast, fine-grained mud
and clay deposits in areas of lower hydrodynamargyn Sandy areas tend to dry
faster than muddy areas, due to the differenc@impactness of the sediment, and
they are often characterised by a smaller amouatgzinic matter and chlorophyll.
Muddy areas have in general higher organic matntents and higher
concentrations of chlorophyll. This can partiallg bxplained by higher growth
rates of benthic algae due to better nutrient aldily and wetter conditions. In
addition, resuspension of algal cells during flasdess likely, thus loss rates of
benthic microalgae in muddy areas are lower. Tlghdri algal concentration in
muddy sediments supports in turn a greater coretgonrof other microorganisms
such as bacteria, as well as a higher standing sfomacrofauna. There is also an
interplay of biology with physics at the sedimerdter interface, in that the
presence of a microphytobenthic cell layer maylitate the retention of fine
sediments (Tolhurgdt al, 2003). Also, the production of mucus-like substby
bacteria, animals and algae in the sediment mainaehding fine particles. Thus,
the amount of living and dead organic materialighast in muddy sediments.
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Hence, when training the classifier with a certparameter it should be kept in
mind that it is possible that the classificatiomet solely a classification based on
that particular training parameter but also on petars which are physically

linked with this parameter. In extreme cases, mld¢dbe more influenced by

another parameter than the one considered in igaitiowever, since in nature
these parameters are interrelated, it is not wtorigke them into account, but one
should be aware of it.

A very remarkable feature on the ecotope map (EighH6b) as well as on the
classification results (Figure 5-5a-d) is the difece between the eastern and western
part of the Molenplaat. The black dashed line iatis the border between both
entities. eastwards of this border, one can sewlglenega-ripple structures (N° 10);
the top of the ripples is formed by sandy dry sedtithwhile the troughs are covered
with muddy, wet sediment. The amount of chloroplayl quite high in both cases.
The sedimentological differences make it likelytttiee current Molenplaat originated
from two separate banks. This assumption is sthemgid by the fact that recent
shipping maps refer to the Brouwersplaat for thetem part and to the Molenplaat for
the eastern part of the current Molenplaat. Theohical maps of the hydrographical
unit of the “Agentschap voor Maritieme Dienstveitenen Kust” show clearly that
between 1930 and 1935 the old Molenplaat and tleemBersplaat merged into the
current Molenplaat, although at that time there wtl a tidal gully between both
banks. In the forties the gully disappeared anch Hminks were joined. It is an
remarkable finding that recent remote sensing imafp@w signs of this history, even
in this highly dynamic environment.

5.7 Conclusions

25 Samples, spread according to a regular grid,eweaken over most of the
Molenplaat. The sediment cores were analysed idahdo define the median grain
size, the water content, the total organic mattentent and the chlorophyll-a
concentration. By means of differential GPS measargs the samples could be
accurately located on the HyMap images which caetil20 bands after bad bands
removal. For each position, 9 image pixels (3x3dein) were averaged and used as
input for the feature selection procedure and thassification algorithm. To calculate
the accuracy of the different classifications, akone-out approach was adopted on
the samples. The images were classified with atipba spectra available. The number
of bands needed to obtain the highest classificatitruracy was defined after testing
the accuracy for different numbers of bands. Aelias two to three bands were
required to classify each of the four parameterth whe highest possible accuracy.
Except for the organic matter parameter, these amde most frequently selected in
the VNIR part of the spectrum. The SWIR bands vieenely used in the classification
implying that for this application it is probablyfficient to use a more common VNIR
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sensor. The overall weighted accuracy was higtasthie water content (88%), the
median grain size (88%) and the chlorophyll-a caire¢ion (84%). The organic

matter content scored somewhat lower with 80% buhis case three instead of two
classes were retained.

The spatial patterns in the classified images atdidchat the four parameters under
study are highly correlated. In most cases, coaesiments coincide with dry
conditions, low organic matter and low chloroptgllThe wet and muddy parts of the
Molenplaat are often characterised by a significamount of organic matter and
chlorophyll-a. However, there are exceptions whéoe instance chlorophyll-a
coincides with rather dry and coarse sediments.s@hexceptions deserve some
specific interest and will be investigated in a rawject wherein the results presented
here will serve as prior knowledge to guide th&dfierk. It was demonstrated that the
classification of sediment parameters can revesdjin into the history of sandbanks.
The spatial patterns in the classified images sHowmt the current Molenplaat
resulted from two separate banks, the old Molenptaml the Brouwersplaat. The
results obtained provide valuable information fediment stability studies since the
parameters investigated play a key role in deténgirihe erosion risk. Airborne
hyperspectral remote sensing proves to be suitedetermine certain parameters
related to sediment stability. It is a valuablehtd@que in remote and difficult to access
tidal areas. The recent plans to deepen the Wektdde place this kind of research in
the spotlight; deepening will influence the beddggaphy, the sediment composition
and the current velocities. With airborne hypersaécremote sensing it will be
possible to follow up the effects of the intervent planned.
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Chapter 6

Sediment facies classification of a sandy
shoreline by means of airborne imaging
spectroscopy

This chapter is based on:

Deronde B., Kempeneers P., Houthuys R., HenriBt dnd V. Van Lancker, in press,
Classification of a sandy shoreline by means obaine imaging spectroscopy.
International Journal of Remote Sensing

6.1 Abstract

Airborne imaging spectroscopy (AISA Eagle and HyMiga) was applied to classify
the sediments of a sandy beach in 7 sand typeesla®s the AISA-Eagle data several
classification methodologies were tried out and jparad with each other. The best
classification results were obtained applying @dindiscriminant analysis (LDA) in

combination with feature selection based on sedpldidating forward search (SFFS).
The statistical LDA was used in a multiple binamgpeoach. In the first step, the
original bands were used in the classification, tsahsformation of the bands to
wavelet coefficients enhanced the accuracy obtaifilbd combination of LDA with

95



Chapter 6

SFFS resulted in an overall accuracy of 82% (uSingavelets). Replacing the LDA
with the non-statistical SAM algorithm reduces twerall accuracy to 74% (using all
bands or wavelets). When applying LDA, the optinmaimber of bands/wavelet
coefficients to be used was defined: using mora thhands or 3 wavelet coefficients
did not result in a higher classification accura€inally, the HyMap data, featuring
126 bands in the VNIR-SWIR range, were used to detnate that the VNIR range
outperforms the SWIR range for this application.

6.2 Airborne datasets

6.2.1 AISA-Eagle

On July 8" 2004, during low tide, an AISA-Eagle scanner wasvfi over the entire
Belgian coast. This pushbroom sensor, develope8&dgcim Ltd., covers the VNIR
range between 400-900 nm and captured the refldggbtin 32 contiguous bands
with a spatial resolution of 1 m. However, sincest data are also used to study dune
vegetation, it was decided to apply narrow bandwd®.1 — 2.3 nm) in the green and
red parts of the spectrum, at the cost of broadedWidths in the blue and near
infrared part of the spectrum. The absence of maatosorption features in the spectral
reflectance curve of beach sand (with the exceptibmed absorption in muddy
sediments) allows for this band setting. Moreouke broader bands in the blue
compensate for the lower signal to noise ratiohis part of the spectrum. Table 6-1
summarises the band setting used for the AISA-Eagle

Table 6-1: Band setting of the AISA-Eagle.

Spectral range (nm) Band width (nm)  Number of bands
400 - 500 23.0-25.0 4
506 - 756 2.1-23 24
766 - 882 27.0-30.0 4

All images were corrected for atmospheric influenasing ATCOR-4 (Richteet al,
2002), based on the radiometric transfer model MRBN-4 by Berket al. (1989). In
support of this, sunphotometer measurements (withCdAR Microtops II) were
performed to estimate the amount of water vapodrtha aerosol concentration. For
the geometric correction, an integrated GPS/IN$esygApplanix POS-AV 510) was
used, measuring the aircraft's position and attitudhlithough state-of-the-art
equipment was used, the geometric accuracy obtaaecot very good. Errors of 2-5
pixels were common. Luckily the pixels were ratisenall (1 m) compared to the
sediment patterns on the beach, and the ground {sg#te Section 6.3) had been
collected in such a way that the points were Iatatethe middle of homogenous
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areas. On top of that, squares of 3x3 pixels wesed uo derive the ground truth
signatures.

6.2.2 HyMap

About one month before the AISA flight, on Jurld 04 during low tide, the East
Coast of Belgium (between the harbour of Zeebrugnée the Dutch border) was
mapped with a HyMap sensor. The instrument wasbredéd before the flight
campaign using HyVista calibration gear. The HyMapa whiskbroom scanner
utilising diffraction gratings and four 32-elemedetector arrays to provide 126
spectral channels covering the 438 - 2491 nm réikgeseet al.,2000). However, the
guality of the first blue band and the 5 last SWH&1ds was too poor for further
analysis; therefore the HyMap dataset was limitedl20 bands with a bandwidth
(defined as the full width at half maximum) of 12% nm between 445 and 2414 nm.
The spatial resolution of the pixels was 5x5 m #mel raw data were geometrically
corrected using the software ORTHO (Mdller al., 2002) while the radiometric
calibration was performed with the standard sofeaair HyVista (Cocket al., 1998).
The geometrically corrected and radiometricallylrated data were, in the same way
as the AISA data, corrected for atmospheric infigsnusing ATCOR-4.

The acquisition area during the HyMap campaign livaed to the East Coast since

the aim was to study the optimal spectral range skediment mapping of sandy

shorelines: “Is the VNIR range sufficient, or isbietter to use the SWIR range or
both?” The East Coast is characterised by quiteomabeaches (100-300 m wide at
low tide) which are heavily prone to erosion. Tonpensate for the erosion, beach
nourishments have been carried out since the 1@6fshey continue up to the present
day. The beach nourishments are the reason whigdbeCoast was selected for the
HyMap flight, since this allowed to focus on thasdification of the type of sand used
for these soft defence works. The follow-up of tlmurished areas is one of the most
interesting applications of shoreline classificati®he characteristic type of sand used
for the nourishment can serve as a tracer in tiaysif the coastal dynamics (Deronde
et al.,2006a).

6.3 Ground truthing

In the same period as the airborne acquisitions,estiensive field survey was
conducted to collect the necessary ground truth ftatthe supervised classifications.
At well spread locations, 135 samples of the tgedaf the beach were collected and
their position was measured with differential GR&ulting in a planimetric accuracy
better than one pixel. After the data acquisitioe saw that some ground truth
locations were covered by water at the time of dbquisitions what forced us to
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exclude these locations from further analysis. Bngensate for this and to have
enough training samples in each class a few additimcations were chosen on the
images. These points were carefully located at-lwedhwn and stable areas (but no
sample could be taken in these points). Finallgcdy 100 samples were used for
training and validation of the classifications bétAISA data, while 48 samples were
used during the HyMap classifications.

The field samples were analysed in the lab to ob&aphysical description of each
class (see Table 6-2). The following parametereweeasured: grain size distribution
(described by the median grain size = D50, andstitéing), organic matter content,
carbonates content, total content of iron and peage of shell fragments. The
carbonates were removed with HCI, the organic mates removed by heating the
sample up to 300°C, and after these two steps thén gsize distribution was

determined by means of dry sieving. The iron canteas determined using X-ray
diffraction analysis (ED-XR% and the percentage of shell fragments was detiyed
manually counting a sub-sample under the microscope

The classes were defined in order to obtain meé&ulirantities with respect to the
monitoring of the morphological changes of the Ihede., changes in the spatial
pattern of the classes help to gain insight indyramics of the system.

The classes ‘Fine sand from the intertidal beaol ‘€oarser sand from the intertidal
beach’ are mainly found between the low and highewanark; they contain a fine-
grained sand type which is well sorted and contémsshell fragments and iron. The
‘Sand from the supratidal beach’ is the class wiiatiesponds to the type of sand that
could be found above the high water mark beforeldingescale beach nourishment
works took place. It is somewhat coarser, less salled, but it contains also few shell
fragments and iron. The ‘Sand used for beach nomests’ and the ‘Sand with a lot
of shells’ are coarse-grained, poorly sorted aeg ttontain a lot of shells and iron. As
a result, the carbonates content is also signifigdmgher in these classes. The ‘Fine
dune sand’ contains fine sand that is mainly trarted by aeolian processes; hence, it
is well sorted and contains few shell fragmentse @fganic matter content was low for
all classes, except for the ‘Muddy sand’ class. By, it should be noted that the
samples used to define this class were purelyrsill/ samples, as can be seen from the
results in Table 6-2. Finally, one can see thantlim@ber of samples in Table 6-2 does
not sum to 100, which is explained by the fact tietre are 7 samples for ‘Mixed
vegetation and sand’, 8 for ‘Vegetation’ and 6 ftiater’.

® Energy Dispersive X-Ray Fluorescence (Jenkins91.99
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Table 6-2: Physical description of the 7 sand tgf@sses that could be distinguished on the AISA
data (W% = weight percentage, c% = a percentagenivied after counting a sub-sample of 500
grains).

Organic Shell Number of
D50 Sorting Carbonates 9 training
. matter fragments
(um) (phi) (W%) (WO%) (W%) (c%) samples for
° >’ AISA data
Muddy sand /
pure mud <63 n/a 52.05 7.300 2.201 0.00 8
Fine sand fror
the intertidal
beach 189 0.366 11.51 0.071 0.419 2.82 8
Medium sand
from the
intertidal
beach 239 0.394 10.54 0.020 0.408 4.53 12
Original sand
from the
supratidal
beach 244 0.428 10.22 0.076 0.432 4.56 20
Sand used for
beach
nourishments 300 0.573 20.43 0.055 0.618 5.31 18
Sand with a Ic
of shells 381 0.838 42.97 0.100 0.847 7.68 6
Fine dune sand 217 0.341 7.14 0.000 0.400 2.85 7

The effect of these different sediment componentshe spectral reflectance is very
well explained by Baumgardnet al. (1985). The work of Leu (1977) provides some
specific spectral analysis of beach sands, focusimghe influence of soil water
content, iron content and grain size. Table 6-2slithe 7 sand type classes
distinguished on the AISA data. On the HyMap datly & classes were distinguished
due to the limited number of training samples ane @ the coarser resolution of these
data what makes it more difficult to distinguishivibeen certain classes (see Section
6.4).

6.4 Methodology

Two classification algorithms were tried out: a tistical Linear Discriminant
Classifier and a non-statistical Spectral Angle ptapclassifier. The first is applied in
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combination with a feature selection approach. filewing sections explain briefly
the classification methodology adopted.

6.4.1 Linear Discriminant Analysis (LDA)

The first classification algorithm used is based.orear Discriminant Analysis (LDA)
(Fischer, 1936; Dudat al., 2001). Briefly described, this algorithm perforras
follows: for C classes and N bands, LDA projects frdimensional input vector onto
a (C-1) dimensional vector with optimal class distmation in mind. It minimises the
ratio of the within class over the between clasdtec matrices. Hence, for a two-class
problem, the feature space is projected onto amkwional space, and the LDA
technigue immediately serves as a linear classkier this study, in which 7 classes
were to be distinguished, a multiple-binary apphoaas adopted. This means that the
outputs of several binary classifications were ciomth to come to a final class
decision. Several studies pointed out that multipleary classifiers outperform
multiclass classifiers who consider all classeome step (e.g., Kempeneegs al.,
2005a; among others). Mostly, one-against-all @-against-one approaches are used.
With the one-against-all strategy, each classifietrained to differentiate one class
from all the others, which requires a number ofsilgers equal to the number of
classes. In the one-against-one approach, alllpjespairs of classes are compared
requiring C(C-1)/2 classifiers. Generally, good results are iobth using the one-
against-one approach in combination with a maxinuating technique to come to a
final class decision (i.e., the class winning maghe binary classifications is the one
finally assigned). Therefore the one-against-ongr@gch was followed in this study.
The validation was performed with the leave-onesmathod, which implies that all
100 AISA samples and all 48 HyMap samples couldd®s for training.

6.4.2 SAM classifier

The second classification algorithm used is SAMe®@al Angle Mapper). SAM
considers each spectrum as an N-dimensional vector N-dimensional space, where
N is the number of bands, and compares this vewitbr pre-defined library spectra
(Kruseet al., 1990). The angles between each pixel spectrumtandibrary spectra
are calculated and the pixel is assigned to thesaarresponding to the smallest angle.

6.4.3 Feature selection by means of sequential floating faard
search (SFFS)
The multidimensional hyperspectral data cubes sHodequent autocorrelation

between adjacent bands in most parts of the spacffbis means that a lot of bands
can be omitted without losing a lot of informatidioreover, the Hughes phenomenon
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tells us that the accuracy decreases when too mangs are trained with a small
amount of training samples, due to over-traininghef classifier (Kalayeht al., 1983;
Landgrebe, 2003). Therefore, LDA was combined wifleature selection approach, in
this case a Sequential Floating Forward Search $FFudil, 1994). SFFS performs
as follows: one selects the best single band, #luels a second band to have the best
combination of two bands, adds a third band to haeebest combination of three
bands and so on. But, after each forward step, $feFf6rms one or more backward
steps, i.e., it removes a previously selected featw investigate if the score can be
increased using another band. This floating aspastused to minimise the possibility
to end up in a local minimum. After the featureesébn procedure a combination of n
bands which are (sub)optimal for classification whtained.

Note that in the case of the SAM algorithm it wat necessary to apply a feature
selection since SAM reduces all bands to one simggge.

6.5 Results

6.5.1 Linear Discriminant Classifier in combination with SFFS

In a first attempt, the original AISA bands wereedisfor classification. Figure 6-1
shows clearly that one does not need a large nurobdrsands to obtain high
classification accuracy. Using only one band resulh a Kappa of 0.51. The Kappa
statistic was used as a measure for the accuramye $his statistic excludes the
accuracy due to chance. Note that for each bingsification, the ideal band was
chosen. If the algorithm is allowed to choose ta@ads for each binary classification, a
Kappa of 0.66 was obtained (corresponding to amadlvaccuracy of 70%). Using
more than two bands did not improve the accuraeythe contrary, a small decrease in
accuracy was observed (cf. the Hughes phenomenntiamed above).

The 95% confidence interval on the Kappa statigtis calculated as follows:

95%int erval = +/— 1.96\/ Kappa(l- Kappg Eq 6-1

S

with S = number of samples used for training

Inspired by the work of Kempeneeet al (2005a) and Brucet al (2002), we
transformed the original bands to wavelet coeffitse The wavelet coefficients were
obtained using discrete Haar type wavelets (Ch@92)l. Using the wavelet
coefficients, the accuracy raised significantlye($égure 6-1). For only one wavelet
coefficient a Kappa of 0.77 was obtained. The hégjlaecuracy (Kappa of 0.80 or 82%
overall accuracy) could be reached using three lwaeeefficients; however, the 95%
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confidence interval shows that there was no sicgnifi difference between the Kappas
obtained with different amounts of wavelet coefitis. At least for this application,
where we have rather featureless spectra, wavptetge to be a powerful tool to
reorganise the information available within thegoral bands over a new subset of
features. Using one new feature or wavelet coefficis in this case already sufficient
to obtain a good accuracy. When the spectral irdition would be divided over many
different bands, one probably would have to useenvaavelet coefficients to obtain
the same accuracy.
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Figure 6-1: Kappa values and 95% confidence intleradtained when using 1 to 5 bands (thin line
with square markers) or wavelet coefficients (blih@ with triangle markers). The classification
algorithm used is a Linear Discriminant Classifier.

6.5.2 SAM classifier

In the methodology applied in Section 6.5.1. theALIvas replaced by the SAM
algorithm. Since SAM uses one scalar value (anegrigl compare two bands, it was
not necessary to apply a feature selection. Moredbe use of all bands makes it
unnecessary to transform the original bands inteeleds since all spectral information
available in the data is used when applying aldsaiihe rest of the methodology, i.e.,
the multiple binary approach and the maximum votigmgained the same. Hence, this
test can be considered as a comparison of the ltDabimbination with SFFS and the
SAM classifier.
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The Kappa was 0.71 and the overall accuracy 74%mpaced to the best accuracy
obtained using LDA and a selection of 3 waveletafpa: 0.80 or 82% overall
accuracy), it is clear that LDA in this case pemierbetter than SAM. However, when
LDA is applied to the original bands, SAM perforisigghtly better. The results for
LDA with an optimal subset of three wavelets ando tihands, and SAM are
summarised in Table 6-3.

Table 6-3: Kappa (with 95% confidence interval besw brackets) and overall accuracy when
applying the LDA algorithm with 2 bands or 3 wawgleand when applying SAM on all original
bands.

LDA with 2 LDA with 3 SAM with all bands
bands wavelets
Kappa 0.66 0.80 0.71
Overall accuracy 70% 82% 74%

6.5.3 Impact of the band width on the classification accuray

Taking into account the featureless nature of tih®AAspectra of the studied beach
sands, the question arises whether we need thewnaandwidth of the original data
(see Table 6-1). This test was applied on the Pfrakebands (range = 506 — 756 nm),
all having an original FWHM (Full Width at Half dilaximum) of 2.2 nm. The
bandwidths were stepwise widened starting with aHMVof 22 nm, which is the
double of the original sampling interval, and addin each step 11 nm to the FWHM.
To remove redundancy between adjacent bands, tharuof bands was reduced
accordingly: i.e., if the FWHM is twice the sampgiinterval, the number of bands
retained is divided by two; if the FWHM is 4 tim#ee sampling interval, the number
of bands retained is divided by 4 etc. The larg&HM used was 110 nm. The filter
applied is a Gaussian filter. Figure 6-2 illusteatiee principle of the Gaussian filter. In
the first step the Gaussian is widened from 2.2m22 nm, hence integrating (part of)
the reflectance in three neighbouring bands. Nwethe filtering creates an artefact at
the beginning and at the end of the spectrum cabgethe position of the broad
Gaussian (see Figure 6-2). To compensate forttiésspectral signature was mirrored
around the first and last band. Since this artefactirs in all spectra and in all classes,
it has a negligible influence on the classificatémturacy.

The results illustrated in Figure 6-3, show that #tcuracy decreases when broader
bands are used; after applying LDA in combinatidthveFFS. Roughly spoken, the
Kappa decreases from 0.7 to 0.6 when the FWHM lemm@drom 2.2 nm to 110 nm.
Hence, even with broad bands the accuracy remagis This test proves clearly that
for this application it is possible to configureetBensor with less and broader bands;
bands of 30 — 50 nm seem to be sufficient to okdalmgh classification accuracy. In
the Section 6.6 we come back to this topic.
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Figure 6-2: Schematic representation of the filbgriof the original bands by a Gaussian filter. The
original bands have a FWHM of 2.2 nm. The Gaus§igrs have a FWHM of 22 till 110 nm. The
response of the original bands and the respongleeoGaussian with a FWHM of 22 nm are plotted.
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Figure 6-3: Kappa and 95% confidence interval wiising bands with an increasing FWHM

6.5.4 Impact of the spectral range on the classification aziracy

In the last methodological section we considergibectral range that is best suited to
classify sandy shorelines. Since the AISA data cawdy the VNIR part of the
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spectrum, the HyMap dataset, covering the East tCbatwveen the harbour of
Zeebrugge and the Dutch border, was used for thipgse. However, the spatial
resolution of the HyMap data is much lower (5 ngrthhat of the AISA data (1 m). As
a consequence of this and because less trainiagndaie available for the coastal strip
covered by the HyMap data, a smaller number ofelgould be distinguished. Table
6-4 lists the classes that were retained. Theifitzegfon algorithm used is the LDA in
combination with SFFS, applied on the wavelet goieffits.

Table 6-4: Classes used in the classification eflfyMap data (with their corresponding number of
samples).

Class Number of samples

Sand from the supratidal beach 9
Fine sand from the intertidal beach 7
Fine-medium sand from the intertidal beach 8
Sand used for beach nourishments 8
Vegetation
Water 8

oo
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[~ VNR+SWR — VNIR —— SWR|

Figure 6-4: Kappa obtained when using only the ViiRge, only the SWIR range, or the full range.
The X-axis shows the number of wavelet coefficidrs was used in the Linear Discriminant
Classifier.

The VNIR range covered the bands between 400 &@Dhm (i.e., bands 2 > 38),
while the SWIR range ran from 1 000 up till 2 508 fi.e., bands 39 > 121). Figure
6-4 shows the Kappa obtained when only the VNIRyeawas used, when only the
SWIR range was used and when the full range wat 0$& X-axis shows the number
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of wavelet coefficients that was used. Taking @toount the 95% confidence interval,
calculated according to Eq 6-1, it can be conclutiad both the VNIR range and the
SWIR range result in high classification accurackes 2 or 3 wavelet coefficients the
VNIR range scored the best results (Kappa of 018&)the differences are negligible.
Hence, for this application and with a limited ambaf training samples one could use
both a VNIR or a SWIR sensor, but seen the slighidyrer Kappas obtained with few
(N° 2 or 3) wavelet coefficients and the logistigwment that VNIR sensors are much
more common and less expensive, a VNIR sensor stebwsthe best choice for this
application.

6.6 Discussion

The methodological sections show that airborne tsgaetral remote sensing is a
suited tool to classify sandy shorelines. Not ldssn 7 sand type classes could
spectrally be distinguished with high accuracy. Téehnique proves also suited to
map areas where artificial beach nourishment wtwkk place and to follow up their
dynamic behaviour. Figure 6-5 shows on top an R@&ge (R=634 nm, G=545 nm,
B=463 nm) and below the classification result fonokKke-Zoute; being the most
easterly part of the Belgian coastline. As thisadras always been prone to erosion, it
is the scene of repeated large-scale nourishmemswb977-1979, 1986, 1999, 2004).
The sand used for these defence works is borroveed 6ffshore banks. The coarser
grain size, the bad sorting, and the high contéshell fragments and iron (see Table
6-2) allow to distinguish this type of sand spdbtritom the original sand. In Deronde
et al (2006a) it is explained and demonstrated how tiitinique can be combined
with airborne LIDAR data to study the morphodynasro€ the shoreline.

The class with beach nourishment sand is mainlypwdoan the higher parts of the
beach, where it was originally deposited (N° 1)aBa&rds of these areas (N° 2),
between the low and high water level, shell-richdss found. This indicates that the
nourished sand has been reworked and that the fedigthents were washed out and
temporarily stocked on the intertidal part of theabh. This could be explained by the
high wave energy in the swash zone, leading toufitake of coarse sediments and
shells in the uprushing water flow. During the baakh (i.e., the flow of water
seawards) the wave energy disappears and the bhally are deposited (Short, 2001).
eastwards, less nourishment sand and more origigahtidal beach sand was found
on the dry part of the beach (N° 3), while the shibecome sparser on the intertidal
part of the beach (N° 4).

The muddy sand along the low water level (N°5) ncayrespond to a temporary
veneer of mud deposited on the lower part of thecheunder quiet meteorological
conditions (the offshore part of these beach sestis largely muddy). Although this
could be a logical explanation, this class seentsetoverestimated in this area. In the
fore dunes, the class with fine dune sand is widesp (N° 6); this fraction is
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transported by aeolian forces and deposited betweevegetation and the artificial
fences on the fore dunes. In the extreme Eastseee the channel of the Zwin nature
reserve (N° 7), being the last remnant of a tidkdti Indeed, the ancient shoreline was
constituted of a discontinuous sandy beach baariera shallow lagoon between the
land and the beach barrier. The Zwin was formed essult of a heavy storm in 1134
(the ‘Elisabethstorn’), causing a break-troughhaf harrow beach barrier.

Without denying the possibilities of airborne inagjispectroscopy, the above sections
showed that a high amount of small bands is notleeeo obtain good classification
accuracies. A few broad bands or wavelet coeffisieproved to be sufficient.
However, in the SFFS algorithm used, a featurec8eleis performed for each binary
classification. Hence, in total more than 2 or 3dsare used to obtain these good
accuracies. However, it was observed that the bsgldsted are often the same bands,
and on top of that it does not matter if a bansluisstituted for its neighbouring band,
due to the high correlation between the bands. Wike elements in mind, we would
advise to use for this type of application a hypecsral VNIR sensor, configured with
only 10-20 bands, in favour of the spatial resolutilt is our conclusion that more
useful and accurate beach sand classificationdbeasbtained with 10 bands and 1 m
ground resolution than with 100 bands and 5 m giaesolution.
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Figure 6-5: Classification of the shoreline in KikekHeist. 7 sand type classes could be distingdjstygplying a Linear Discriminant Classifier andafare
selection on wavelet transformed bands.
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6.7 Conclusions

Airborne imaging spectroscopy data (AISA and HyMamre used to classify the
sandy sediments along the Belgian shoreline. Ti@AAdata, featuring 32 bands and
1 m ground resolution, were used to test diffecdansification strategies and to obtain
classified maps that can be (and are) used by dhengstration responsible for the
management of the coastal zone. Due to the tymamd used to perform the beach
nourishment works, the technique proved to be éalbecsuited to map beach
nourishment areas and to follow-up their dynamibaw&our. The best classification
results were obtained applying Linear Discriminamalysis (LDA) in combination
with feature selection by means of Sequential HigatForward Search.
Transformation of the original bands into wavelegfticients significantly improved
the accuracy. Using wavelet coefficients, a Kapp@.80 could be obtained for 7 sand
type classes. The non-statistical SAM algorithmredosomewhat lower (Kappa of
0.71) than LDA. The LDA algorithm was also run atifecially broadened bands; this
test showed that for this application narrow baads not needed to obtain good
classification accuracies: it was possible to bepathe bands from 2.2 nm up to
55.0 nm without losing classification accuracy.dfyy the HyMap data were used to
test the hypothesis that a VNIR sensor is sufficierclassify sandy shorelines. It was
shown that nearly the same classification accucacyd be obtained using the VNIR
range than the SWIR range or the whole VNIR+SWIRgea To conclude, it is
suggested to use for this application a hypersple®tNIR sensor configured with a
limited number of bands (10 to 20) but with a higpatial resolution. The trade-off
between spectral and spatial information, due ® limited storage capacity of
airborne systems, should in this case be handlé&/our of the spatial resolution.
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Chapter 7

Monitoring of the sediment dynamics along
a sandy shoreline by means of airborne
hyperspectral remote sensing and LIDAR, a
case study in Belgium

This chapter is based on:

Deronde B., Houthuys R., Henriet J.-P. and V. Vandker, in press, Monitoring of
the sediment dynamics along a sandy shoreline lansnef airborne hyperspectral
remote sensing and LIDAR, a case study in Belglkanth Surface Processes and
Landforms

7.1 Abstract

Airborne hyperspectral data and airborne laserszabhlDAR data were applied to
analyse the sediment transport and the beach ndyphmics along the Belgian
shoreline. Between 2000 and 2004, four airborneviaitipns were performed with
both types of sensors. The hyperspectral data el@ssified in seven sand type classes
following a supervised classification approach ihick feature selection served to
reduce the number of bands in the hyperspectral. ddte seven classes allowed to
analyse the spatial dynamics of specific sedimehtinges. The technique made it
possible to distinguish the sand used for bermeréghment works or for beach
nourishments from the sand naturally found on thekbhore and the foreshore.
Subtracting sequential DTMs (Digital Terrain Modetesulted in height difference
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maps indicating the erosion and accretion zones. cimbination of both data types,
hyperspectral data and LIDAR data, provides a pfuve¢ool, suited to analyse the
dynamics of sandy shorelines. The techniqgue wa®dstrated on three sites along the
Belgian shoreline: Koksijde, located at the West&oand characterised by wide
accretional beaches, influenced by dry berm reghenéents and the construction of
groynes. Zeebrugge, at the Middle Coast, whereaalbrourishment was executed one
year before the acquisitions started and wheredéimes of the harbour of Zeebrugge
are responsible for the formation of a large atmnal beach. The third site, Knokke-
Heist, is located at the East Coast and is charseteby narrow, locally reflective,
beaches, heavily influenced by nourishment actisitiThe methodology applied
allowed retrieving the main sediment transport dioms as well as the amount of
sediment transported. It proved to be specificailliged to follow up the redistribution
and the resorting of the fill in beach nourishmematas.

7.2 Methodology

Table 7-1 summarises the dates and sensors ofrtfeeree hyperspectral and LIDAR
acquisitions. Due to organisational constraintsrexordings could be performed in
2003 and the LIDAR and hyperspectral acquisitiomsld not always be synchronised
in time. In 2000 and 2001, both acquisitions wesgfgrmed within one month, but in
2002 and in 2004 more time elapsed between the RRAd hyperspectral recordings.
In 2000, 2001 and 2002 a hyperspectral CASI scam@er used. This instrument,
developed by ITRES Ltd., measures the reflectetighirin a 545 nm spectral range
configured in the Visual and Near-InfraRed (VNIRhge. The 96 spectral bands were
radiometrically calibrated, atmospherically coregti{Berket al., 1989; Richter and
Schlapfer, 2002) and geometrically corrected.

Table 7-1: Sensors and dates of the airborne hyeetsal and LIDAR acquisitions in the period
2000 — 2004.

2000 2001 2002 2004
Hyperspectral CASI CASI CASI AISA-Eagle
23/08/2000 27/08/2001 11/10/2002 6/07/2004
LIDAR ALTM 1225  ALTM 1225  ALTM 1225  ALTM 2050

11/09/2000 28/09/2001 18/12/2002 2/09/2004

In 2004 an AISA-Eagle was used. This sensor, dpeeldy Specim Ltd., covers the
VNIR range between 400-900 nm and was configurechfiure the reflected light in
32 spectral bands. The smaller number of bandsegrtw be sufficient to classify the
sand with high accuracy. This is due to the feddgeenature of the spectra causing a
high inter-correlation between adjacent bands. 3patial resolution (i.e., the pixel
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size) of all hyperspectral data was resampled t® rdx using nearest neighbour
resampling.

The hyperspectral data were used to classify tleté 7 sand type classes; these
sediment facies classes were defined in the fieldotrespond to the most common
sand types found along the Belgian coast and aedi to the topography and
geomorphology of the beach, i.e., certain topogragbtor geomorphological units of
the beach can be characterised by a certain tygaraf. Table 7-2 lists the sediment
parameters for each of the 7 sand type classesiigbd classification of the beach;
the samples used to derive the parameters inabis &re the ground truth samples that
served as training and validation of the clasdifices of the AISA data of 2004. Note
that these samples correspond to the upper millireebf the sediment as the
reflectance is only determined by this top layeacltairborne hyperspectral campaign
was accompanied by a field sampling campaign tates to collect field samples to
train and validate the classifications. An impottalement during the field sampling
was the collection of both dry and wet samplegtiose classes that occur both on the
intertidal and the supratidal beach. As the wetiméthe sand has an influence on the
spectral reflectance: the reflectance lowers inuasghomothetic way (i.e., without
changing the shape of the spectrum) when the watgent increases, it is important
to take this variance into account when collectthg samples. The classification
results pointed out that it is possible to groumgies with a different water content in
one class if the samples cover the entire varigmesent in the population of that
particular class.

The hyperspectral data were classified with a Lir@ecriminant Classifier (LDC)
(Fischer, 1936; Dudat al.,2001) in combination with feature or band selectiased
on a Sequential Floating Forward Search (SFFS)il(Rudl, 1994). For a description
of these techniques, the reader is refered to @eéi4. For this study, in which 7
classes were to be distinguished, a multiple-birgugroach was adopted. This means
that the outputs of several binary classificatimese combined to come to a final class
decision. Kempeneerst al. (2005a) compared the multiple binary classifigatio
approach with the more common multiclass approachcancluded that the multiple
binary approach outperforms the multiclass approdtie best classification results
were obtained when the original spectral bands waresformed to wavelets (discrete
Haar type wavelets). Using three wavelet coeffidgselected with SFFS, in each
binary classification, resulted in an overall aemyr of 82% for the imagery of 2004.
More information on the classification methodolagged and the accuracy obtained
can be found in Derond# al (2006b) and Kempeneeztal. (2005b).

113



Chapter 7

Table 7-2: Sediment parameters for each of therd sgpe classes used in the classification of the
beach; based on the field sampling of 2004. (w%eight percentage, c% = a percentage obtained
after counting a sub-sample of 500 grains).

D50 Sorting Carbonates Organic Fe Shell
(mm)  (phi) (W%) matter (Ww%) fragments
(W%) (c%)
Muddy sand / pure mud <63 n/a 52.05 7.3 2.2 0
Fine sand of the lower
shoreface 189 0.37 11.51 0.07 0.42 2.82
Fine-medium sand of the
lower shoreface 239 0.39 10.54 0.02 0.41 4.53
Original sand of the upper
shoreface 244 0.43 10.22 0.08 0.43 4.56
Sand used for beach
nourishments 300 0.57 20.43 0.06 0.62 5.31
Shell-rich sand 381 0.84 42.97 0.1 0.85 7.68
Fine dune sand 217 0.34 7.14 0 0.4 2.85

To reduce the amount of data (i.e., bands) to bd usthe classification algorithm and
to take into account the limited number of trainsgmples, which from a statistical
point of view limit the number of bands that can umed (Kalayetet al, 1983), a
feature selection step was necessary. A straigtdfal method would be to try all
possible band combinations. This will always yitid best subset of features, but it is
a very exhaustive and time-consuming approach. eftwey, the Sequential Floating
Forward Search (SFFS) was used. SFFS performsllagvdo one selects the best
single band, then adds a second band to have shedrabination of two bands, adds a
third band to have the best combination of threedbaand so on. But, after each
forward step, SFFS performs one or more backwambsst.e., it removes a previously
selected feature to investigate if the score camtmased using another band. This
floating aspect was used to minimise the possjbitit end up in a local minimum.
After the feature selection procedure a combinatioN bands which are (sub)optimal
for classification is obtained.

The LIDAR data served to create maps indicating ¢hesion and accretion. These
maps could easily be obtained by subtracting tlieessive DTMs from each other.

The DTMs were obtained after morphological filtgriof the DEMs, i.e., all elements

which do not belong to the Earth’'s surface, e.gadh cabins, were eliminated. After
filtering, the point density was reduced to 1 p@wery 16 m2. The vertical accuracy of
the DTMs on flat reference surfaces, expressechasriean absolute error (Su and
Bork, 2006), was app. 5 cm, with a standard denmadf 7 cm. The errors on the gentle
sloping beach are not exactly known, as there werereference surfaces, but
according to the investigations of Su and Bork @0¢he mean absolute error will not
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significantly increase for slopes between 0 - 15Phe volume differences were
calculated in two ways: per polygon, where the gohs delineate areas with major
volume changes between two dates; and per coastal where zones are larger areas
of a few km long that integrate the beach betwéenldéw water mark and the dune
foot.

The final analysis (see Section 7.3) is based encthmbination of the DTMs, the
erosion/accretion maps resulting from the subtchc®TMs and the classified
hyperspectral images. The latter is the innovadisjgect in this research. While DTMs
only allow for a calculation of the amount of sedirth eroded or deposited, the
classified scenes allow for a qualitative intergtieh in which the classes serve as
tracer for the sediment dynamics. This is the fumglatal reason why the hyperspectral
images have to be classified in a number of sapd tjasses. Without these classes, it
is not possible to derive any information on theeclion of the sediment transport as
the raw hyperspectral data only offer per pixeefhectance spectrum. In order to use
this reflectance data for sand dynamics studies, h@s to classify the hyperspectral
data into classes which spectrally can be distsigpd and which are related (however
not inextricably) to certain geomorphological unifsthe beach. E.g., the class ‘Fine
sand of the lower shoreface’ is typically found thie lower shoreface, it features a
mineralogical composition, a grain size and a sgrtivhich are the result of the
processes acting on the lower shoreface, but possible that this class is found
elsewhere on the beach. Hence, the classified snaayeal information on the nature
and the geomorphology of the beach. By studyingsgiaial dynamics of the classes,
one gains knowledge on the morphodynamics of taethe

7.3 Results

Before focusing on the three case studies, it istwdile to have a look at the
volumetric changes of the entire beach. Table Wfnsarises these volumetric
changes, the mean height difference and the tafaime of nourished sand for the
whole area considered. The latter was divided ve finits which are bordered by
harbour channels or dams. The reason to dividectastline in this way is that the
channels and harbour dams act as a barrier folottgshore transport. Hence, these
units can be considered as entities without (orhwat limited) input from the
neighbouring units. This facilitates the analysid aterpretation.

The first and westernmost unit is characterisedniiyor nourishment activities in the
form of beach berm replenishment works. The towume difference on the beach
largely exceeded the nourished volume, indicathmgt this is an accretional beach,
bordered by dunes which also grew in the perioddZ2XiD4.

In the second unit, moderate volumes were depobifedeans of berm replenishment
works between 2000 and the beginning of 2004. ImilApne 2004, an important
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beach nourishment took place in the centre of @dsteesulting in a net volume
difference for this unit of app. + 450 000 m? (fhere) and + 125 000 m® (backshore
and foredunes) between 2000 and 2004. The ‘emeygenarishment in Oostende
served to increase the safety level in the cerft®@astende; before the nourishment,
there was no dry beach anymore at high tide. Thedde was the only protection to
the city.

The third unit features a net loss of sand in theied time frame: app. 312 000 m3 of
sand eroded in 4 years time, despite a total rfeenizolume of 84 000 m3. However,
it should be noted that before the studied peréwdd scale beach nourishments were
executed: 3 200 000 m? in 1992-1996 and 260 000 1998-2000. The erosion in the
following years can be interpreted as an adjustnaénthe beach towards a more
natural profile. The foredunes grew with the saate as in the first two units.

The fourth unit is rather small, but it is a uniqurdt due to the location at the western
side of the harbour dams of Zeebrugge. These desms@re than 4 km long and act as
a perfect sand trap (the net longshore sedimemspiat is from the West to the East),
causing the wide accretional beach in Zeebrugge (Be case study “The Middle
Coast in Zeebrugge”). The net volume differencewben 2000 and 2004 (on
foreshore, backshore and foredunes) was + 265 @0@ithout any nourishment
carried out in the time lapse considered. Earliar,1998-1999, the backshore
immediately West of Zeebrugge (at the Duinse Pe)dawas nourished with
490 000 m3.

The last and most eastward unit is situated betweereastern harbour dam and the
Dutch border. Despite some berm replenishment warkd a maintenance beach
nourishment in 2004, the net volume difference o foreshore was negative (-
8 300 m3). The foredunes grew, but less fast thatihé 4 other units. This unit will
also be elaborated in the case studies.
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Table 7-3: Mean height difference, volume diffeegrend total volume of nourished sand for the enBelgian coastline, divided in five units and wth

distinction between the foreshore and the backshdogedunes. The time window is 2000 till 2004.

Time window Foreshore mear Foreshore Backshore and Backshore and  Nourished
height volume  foredunes mean foredunes sand volume
difference (cm) difference height difference volume (m?3)
(m?3) (cm) difference (m3)

1. French border to channel of 2001 - 2000 2.9 119 300 -2.8 -34 400 19 000
Nieuwpoort (14.3 km) 2002 - 2000 6.7 273 200 11.6 143 600 38 000
2004 - 2000 7.5 301 600 20.1 248 100 76 000

2. Channel of Nieuwpoort to the harbour 2001 - 2000 0.4 13 900 16.5 66 100 70 000
of Oostende (16.6 km) 2002 - 2000 1.5 49 809 26.7 107 200 140 000
2004 - 2000 13.3 454 200 34.1 124 500 998 000

3. Harbour of Oostende to the harbour of 2001 - 2000 0.7 23 400 11.2 81 400 21 000
Blankenberge (15.5 km) 2002 - 2000 6.6 207 900 24.6 178 900 42 000
2004 - 2000 -10.1 -312 800 32.9 236 600 84 000

4. Harbour of Blankenberge to the 2001 - 2000 0.3 4 800 5.5 18 500 0
harbour of Zeebrugge (5.3 km) 2002 - 2000 5.0 80 800 13.4 45 200 0
2004 - 2000 13.5 207 500 17.2 57 800 0

5. Harbour of Zeebrugge to the Dutch 2001 - 2000 -7.8 -164 700 -2.2 -17 300 0
border (10.1 km) 2002 - 2000 -16.6 -351 700 1.4 10 700 0
2004 - 2000 -0.4 -8 300 9.7 75 200 403 000
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7.3.1 Case study: The West Coast in Koksijde

Figure 7-1 gives an overview of all thematic GI$eles used to analyse the coastal
dynamics in a certain area. Note that the sandpah map (C) is an analysis product
of the five base layers. The first striking patterinen looking at the height difference
maps in Figure 7-1 are the parallel erosion andesion areas on the intertidal beach
(N° 1). These are caused by the cross-shore despkaat of the ridges and runnels,
characteristic for these wide dissipative beachiég net resulting transport over a
larger coastal section is close to zero. Note hewévat these images are snapshots
taken at one moment in the year; the location ef tidges and runnels changes
continuously, but these intra-year changes areisititle in our yearly observations. In
Figure 7-1B, one can see that fine to medium sauidininant on this intertidal beach.
Unfortunately, the hyperspectral acquisition of 2@@as performed close to high tide,
leaving only the supratidal beach dry (in Sectidhwe come back to the operational
limitations of this technique). However, the snsitip observed in 2004 (Figure 7-1B-
2) illustrates the accretion caused by the two igesyat N° 2. In 1987-1988 both
groynes were constructed to counter the erosiortwhias taking place before. The
area between and eastward (N° 3) of these grogneew accretional and grew with
70 600 m3 on the intertidal beach and 60 000 m¢hensupratidal beach. Looking at
the sand class map of 2000 (Figure 7-1B-1), onesearthat there is coarse and shell-
rich sea sand on the dry beach (N° 4) caused by beglenishment works (in the four
years studied, 48 000 m?® was deposited). Hencegribwth of the supratidal beach
(N° 2) is a combination of man-made growth and rataccretion caused by the
extended groynes. The sand class map suggesttoatghore transport of (fractions
of) the nourished sand in eastern direction (NHewever, one should be careful with
this interpretation; the shell-rich sand found ax@N° 5 could also be the result of the
lowering of the beach that occurred after the cantibn of the groynes. The latter
caused a starvation of the supply of sand fronWlest. This lowering could have been
responsible for the formation of a deflation floon which the rough and coarse
sediment fractions were concentrated. Hence, tbe ¢f sand in this area can be both
the result of an erosion process and an eastwagshore transport of nourished sand.
The shell-rich sand found at N° 6 is caused bycallaourishment with sea-sand. A
last remarkable feature on this beach is the heassion of the sea-boardering dunes
at N° 7. Shortly after the construction of the grey in Koksijde, the intertidal beach
in front of the dunes lowered (see above). The foweof the intertidal beach caused
the dunes to be more exposed to storm surges. rbs®e is clearly visible at N° 7.
Locally, aeolian deflation adds to the dunefronbs@n. The aeolian transport is
directed landwards and deposition takes placeedettside of the eroded dune (N° 8).
More recent surveys seem to indicate the intertlizdch around the groynes is
attaining a new equilibrium state, allowing morangport eastward. This will most
probably stop the lowering of the intertidal bedsHront of N° 8 and the landward
retreatment of the foredunes.
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Figure 7-1: Different GIS layers used to analyse siediment transport around the seaside resort of
Koksijde. In top-down order, one can see the threight difference maps with the year 2000 as
reference year. Then two classified hyperspectrahss featuring the sand classes in 2000 and 2004.
At the bottom, the resulting sand transport for tleeiod 2000 — 2004 is given; the arrows indicate
the direction and amound of the sand transport.
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7.3.2 Case study: The Middle Coast in Zeebrugge

The most striking feature in this coastal stripthe large accretional beach at the
western side of the harbour dam of Zeebrugge (Eigt2, N° 1). The net West-to-East
transport resulted in the deposition of app. 26 1@ in the four years studied. West
of this deposition area, the beach nourishment af¢he Duinse Polders stands out
(N° 2). The backshore berm created in 1998 - 1998ldarly distinguishable on the
classified hyperspectral scenes due to the typsaonél used: it is somewhat coarser-
grained and it contains more shells and iron thansand naturally found on this part
of the beach. The fill is eroded during high tidelastorm events. The reason for the
beach nourishment should be sought in the extemditmee groynes in Blankenberge
in 1985 — 1986 and 1991. They act as a sand trapeifongshore transport, resulting
in accretion between the groynes. However, thiefigal effect led to a reduction in
the supply of sand in the area of the Duinse Psldad hence, to a lowering of the
foreshore and the backshore.

On the three height difference maps (Figure 7-249 can see clearly that the berm is
gradually eroded year after year, causing a landiwetreat of the seaward border of
the nourished berm. Some of the nourishment saddpssited on the lower parts of
the beach (N° 3) and eastward along the high watek (N° 4). It contributes to the
accretion area mentioned above, but the total vel@moded on the intertidal and
supratidal beach (app. 108 000 m? at the nourishiésy see Figure 7-2C) is much
lower than the amount deposited eastward, indigdtiat the deposited volume mainly
consisted of natural, non-nourished sand that jiplgd through longshore transport
processes. This assumption is confirmed by thesifled maps, indicating that the
deposited sand mainly consisted of fine and medianmd of the intertidal beach. The
yellow class found on the highest parts of the beswd in the foredunes (N°5) is a
fine quartz fraction transported and depositeddnlian processes. The source area of
this sand is the nourished berm but also the namistted supratidal beach westwards.
The small area indicated as nourishment sand &tislhot natural; it is the remnant of
a man-made sand castle, built with a mixture oflsend cement.
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7.3.3 Case study: The East Coast in Knokke-Heist

The third case study concerns the beach in theecehtKnokke-Heist. As mentioned
before, this unit has for many decades been pmhedvy erosion, causing it to be the
first place along the Belgian coast where largdesoaach nourishments were executed
(1978-1980; locally re-nourished in 1986, 1999 2004, see Figure 7-3 at the top).
The effects of these interventions are clearlyblésion the different layers in Figure
7-3: on Figure 7-3B one can see that the supratidelch largely consisted of
nourishment sand. The 1999 fill could spectrallydistinguished because it contains
coarse-grained, poorly sorted sand containing afiathells, and even some gravel
(N° 1). The reflectance is lower and the colour enagddish due to the iron-rich sand
used (borrowed from banks offshore). The two fivetght difference maps (Figure
7-3A-1 and Figure 7-3A-2) show clearly the erosmthe nourished berm at the
seaward side (N° 2) as well as the erosion of ¢tlnet parts of the intertidal beach
(N°3). A few weeks before the airborne campaigris 2004 a maintenance
nourishment was executed (N° 4 and 5). Once agjaénfill was quickly eroded and
reworked, i.e., the shells were washed out and deamily stocked on the intertidal
beach (N° 6). This can be explained by the high evaxergy in the swash zone,
leading to the uptake of coarse sediments andsshelthe uprushing water flow.
During the backwash there is no wave energy andhtavy shells are deposited
(Short, 2001). The muddy sand along the low wageell (N° 7) may correspond to a
temporary veneer of mud deposited on the lowerspaeftthe beach under quiet
meteorological conditions (the offshore part ofstdeach sections is largely muddy).
In the fore dunes, the class with fine dune sandiéespread (N° 8); it is deposited
between the vegetation and the artificial fencetherforedunes.

Figure 7-3C, indicating the net sand transportatier difficult to interpret due to the

extra nourishment between the two last acquisitibiasvever, it can be concluded that
despite the recent nourishment, the intertidal tana lesser extent also the supratidal
beach are largely erosive. At N°9, where the rstwd volume was smaller and
limited to a small strip (20 m wide), the net evescharacter of the intertidal beach
becomes clear, despite a net growth of the suptatidach and the foredunes. The
eroded sand is, after temporary stock of certaiations on the intertidal beach, mainly
transported nearshore, although also longshorespgomhto the East occurred. The
latter is confirmed by Figure 7-3B-3 where nourgleand was found all along the

high water mark eastwards of the nourished aredsl@N westwards almost no

influence of the nourishment could be observediiN°
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Figure 7-3: Different GIS layers used to analyse skdiment transport in the city of Knokke-Herst. |
top-down order one can see the three height diffaremaps with the year 2000 as reference year.
Then three classified hyperspectral scenes feajuhie sand classes in 2000, 2002 and 2004. At the
bottom, the resulting sand transport for the per@D0 — 2004 is given; the arrows indicate the
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7.4 Discussion

The case studies presented above do not only déraitenthe capabilities of airborne
hyperspectral remote sensing and LIDAR to map aoditor the transport of beach
sediments, they also illustrate the response dralys beach to different protection
measures. At the Belgian coast, three types of uneasare currently in use: (beach)
groyne fields, beach nourishments, and berm regteménts. In Koksijde, long
groynes were combined with berm replenishmentsatba of the Duinse Polders was
subject to a backshore and dune front nourishmehereas in Knokke-Heist the
shoreline is protected by a groyne field. Howevbe, latter did not keep the beach
from eroding and subsequently, several large-doadeh nourishments, covering both
the backshore and the foreshore, were carried rottnokke-Heist. In the last two
decades, preference is given to soft defence stegtlike beach nourishments and
berm replenishments rather than hard structuresgikynes. The main reason for this
choice is that soft defence structures (i.e., agldiand to the system) have a smaller
impact on the natural dynamics of the beach andigeoa better barrier in case of
heavy storms (Dean, 2002). Since dredging of harbbannels is a regular necessity,
deposition of the dredged material on the beagbplsmented as needed by other deep
water sources) has been seen by many as a winelitios. However, though beach
nourishments are generally considered as an emegotifriendly and efficient option
for coastal protection and beach restoration, dukhbe noted that this technique may
have ecological impacts both in the short and dhgér term (Speybroeak al, 2006,
for a review).

The second and third case studies showed varyiggeele of beach nourishment
efficiency. Clearly, the Duinse Polders backshand dunefront nourishment has a
larger retention period and it is inferred that tbgses to the nearshore are probably
intercepted at the nearby Zeebrugge harbour danshwiki located downdrift with
respect to the Duinse Polders site. The retentieriogp of the 1999 and 2004
nourishment in Knokke-Zoute is in comparison mueds| about 5 years. Between both
nourishments, app. 55% of the 1999-fill was transmblongshore and appeared to add
to the, mostly downdrift, backshore and dunefraefaThis conclusion can be drawn
with the help of the classified hyperspectral defiaich indicate the presence of
nourishment sand in this area. The option thatdaisd volume is still a remnant of the
nourishments in 1978-1980 is not retained as it waserved (e.g., at the Duinse
Polders) that a nourishment fill is subject to réag, especially on the foreshore;
hence, the 20-year old fill would not classify amym as nourishment sand. The
remainder of the losses were transported to thesfare and further down to the
nearshore, from where they were removed out ofatlea, as the foreshore and the
neighbouring nearshore also continue to erode.

As hard structures perpendicular to the coastiineynes act as a trap for the longshore
transport and stimulate the sedimentation betwkemt The drawback of the latter is
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that they seriously impede dynamic beach behawdaodrthat by intercepting sand from
the longshore transport, they cause erosion doftndiience, the beneficial effect
between the groynes is often accompanied by a inegsitle effect a few kilometres
further. The negative influence continues as lon@arew equilibrium state between
and around the new or extended groynes is nohattaiA good example of the theory
above was observed in Koksijde-Bad where the beadétont of the Schipgatduinen
lowered due to the construction of two groynes987:1988. The same process was
the cause of the beach erosion at the Duinse Rdiuéne 1990s.

The main added value of the hyperspectral dataeisibility to analyse the direction of
the sediment transport. Although sediment voluntessabject to resorting processes,
which sometimes hampers the analysis as this imfleee the classification results, the
classified hyperspectral scenes offer insight endinections of the sediment transport.

LIDAR, or topographical data in general, offer otdgal height information.

7.5 Considerations regarding future monitoring strateges

Although hyperspectral remote sensing is a verygrwtechnique on itself, its added
value is best manifested when combined with otbemate sensing data, in this case
laserscan data. Despite the obvious potential df dasion techniques, this
methodology is still novel. Most remote sensingdaesearch is based on one single
type of data. An important reason for this is tbgidtical and financial aspect. Both
hyperspectral and LIDAR data are today only avééldlom airborne platforms. The
CHRIS instrument on board the PROBA satellite aml Hyperion sensor on EO-1
offer spaceborne hyperspectral data, but the rastiden quality and the spatial
resolution is much lower than the specifications ave used to when working with
airborne data. Moreover, their fixed orbit is notmpatible with observations bounded
by meteorological and tidal constraints. Therefesgensive airborne acquisitions are
the only option left today. This is probably the imaeason why the technique
illustrated above is not widespread yet.

Currently, new platforms and sensors are beingd;dl 2009-2010 a new generation
of hyperspectral satellite sensors should becomeratipnal. They will have an
increased radiometric performance, but will stél lomited from an operational point
of view. To overcome this, entirely new platform® deing developed: Unmanned
Aerial Vehicles (UAV) cruising in the stratosphdoe several weeks or even months
will drastically reduce the cost of airborne cangpai without losing the operational
flexibility characteristic of airborne surveys (Fomore information see
http://www.pegasus4europe.com). It is expected tiaée new platforms, which in a
later stage will also be designed to carry actiysteans like laserscanners, will
announce a new era of coastal surveys, allowingalamost continuous and cost-
effective monitoring strategy. The latter will alldo study the sediment dynamics on a
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much smaller time scale, revealing more insighhitransport processes. Today, the
yearly observations only allow for a longer ternalgsis. The first operational UAV
systems are expected in 2008.

7.6 Conclusions

Airborne hyperspectral data were classified in sesand type classes following a
multiple-binary classification approach based ogugatial Floating Forward Search
and Linear Discriminant Analysis, while LIDAR datgere morphologically filtered to
obtain DTMs with a vertical accuracy (mean absoleteor) of 5 cm. Subtracting
sequential DTMs resulted in height difference mapdicating the erosion and
accretion zones. The combined interpretation df ldata types allowed analysis of the
sediment dynamics along the Belgian shoreline. fElsbnique was demonstrated at
three sites: Koksijde, located at the West Coadtcraracterised by wide accretional
beaches, bordered in the South-East by a higheadtiwne barrier. Much of the
accretion was triggered by the extension of twoyges and was supplemented by
berm replenishment works. In Zeebrugge, at the Midtbast, a beach nourishment
was executed one year before the data acquisiitarted. The hyperspectral data
allowed to distinguish the nourished berm and teaehow the fill was eroded and
how the nourished sand was redistributed. Eashefburished area, the dam of the
harbour of Zeebrugge halts the longshore transgrsing a wide accretional beach.
The third site, Knokke-Heist, is situated at thestt@oast and is characterised by
narrow and rather steep beaches, heavily influetgedourishment activities. The
three sites allowed demonstrating the potential tlid joint use of airborne
hyperspectral data and LIDAR data. While LIDAR dataly offer topographical
information, hyperspectral data and especiallydbmbination of both, allow for an
analysis of the sediment transport directions. esthe huge potential of the
techniqgues demonstrated, the high cost of the datpiisition is today a major
drawback. New unmanned platforms will hopefully ued the cost of this type of
acquisitions, heralding a new era in remote sertsirsgd coastal studies.
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Analysis of the sediment transport along the
Belgian shoreline in the period 2000 — 2006

8.1 Introduction to the methodology

Before analysing in detail the sediment transporthe period 2000 — 2006, it is
worthwhile to mention the general transport proessscting along our sandy
shoreline. They can briefly be divided as follows:

- Cross-shore processes: in general, it is coreidehat on dissipative
beaches, the net cross-shore transport is diraxdfsdore due to bed return
currents (Short, 2001). However, along the Belghoreline it is observed
that the net cross-shore transport is directed aeskinder calm weather
conditions and seaward in case of stormy weather.

- Longshore processes: these processes act alersioheline and are mainly
driven by (tide-induced) currents. They play an amtant role in coastal

erosion as they transport the sediment which wadeer due to cross-shore
processes downdrift. Calculated over the entirgyiBal coast and in the long-
term (more than one year), the net longshore tahgpdirected eastward, to
The Netherlands. However, locally and temporatihg longshore transport
can be in the opposite direction. The groynes along coastline are

constructed to prevent serious beach erosion blptigshore transport.

- Aeolian processes: in addition to the procesisé®d to waves and currents
(which may be at least partly generated by winébagtthe beach and dunes
may be shaped or modified by the wind. The sandymst on the Belgian
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beach is transported via the process of saltdt{wan der Wal, 1998; van der
Wal, 2000a; van der Wal, 2000b).

Note that this division is a theoretical one, usedsimplify the complex transport
mechanisms acting on the beach and in the surf 2oreality, these processes act as
one complex process and it is the combination e$éhprocesses which is responsible
for the shape and dynamics of our shoreline.

Via both airborne remote sensing techniques (hypeetsal remote sensing and
LIDAR) we try to gain more insight in the dynamiotthe Belgian shoreline. While

LIDAR is a well-known technique to calculate theamt of sand eroded or deposited,
the hyperspectral data are used to classify thehbemaseveral sand types which we
prefer to call sand facies types. The definitiothafse classes is based on two criteria:

- they should be spectrally distinguishable;

- they have to be representative for a certain gephological or landscape
area on the beach. l.e., as the class changesofternlass to another, this has
to represent a certain geomorphological changdebeach. For example, a
change from ‘beach nourishment sand towards ‘pdabjisand from the
supratidal beach’, in combination with a lowerinfjthe surface, is often
indicative for the erosion of the nourished fill the level of the underlying
sand volume. It shows that the positive sedimerdgbt) caused by the
nourishment, has been eliminated. Without the fladshyperspectral data, it
would not be possible to interpret the volumetfimmges. However, certain
classes are closely linked to each other, e.g.clieses ‘fine sand from the
intertidal beach’ and ‘fine-medium sand from theeitidal beach’ both occur
typically on the intertidal beach where the firktss is mainly found close to
the low water mark or in the runnels parallel te ttoastline and the second
class on the higher parts of the intertidal bedclkhange between these two
classes represents minor and often temporarilyggsmon the intertidal beach
which are not indicative for geomorphological chesin the longer term.

Probably the most important application of the rodtilogy developed and applied is
the follow-up of nourished areas (see further is tihapter).

It is important to realise that the methodology @dd in this chapter represents a
powerful technique which allows the researcher skenassumptions on the amount
and the directions of the sediment transport, the, analysis can not be performed
without detailed field knowledge and understandifighe prevailing processes and
their possible effects on the classification result

10 saltation is the primary process of sand movenfstvind moves over a sand deposit, it is able to
pick up grains from the surface and give them wéod momentum, but the weight of the sand grains
soon brings the grains back to the surface. Thading grains can move downwind at about half the
speed of the wind (Bagnold, 1941).
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The analysis is limited to the beach between thewater mark and the foredunes.
However, these are not the natural boundaries ef system studied. In reality,
sediment transport takes place in the whole coatindunes — backshore — foreshore —
nearshore (and even further offshore). Due to feahrimitations of the airborne
remote sensing techniques usethe analysis is limited to the dunefoot — backshe
foreshore area. The open boundaries explain whyetimm®s assumptions had to be
made.

As only longer term data were available, no detkdlealysis has been performed on
the weather and hydrometeorological conditions tadurred between the surveys.
Most remarkable fact for the longer term morphatagibehaviour of the beach is no
doubt the absence of major storms, especially Ndkst, in the period under study.

8.2 Information on the maps produced

In Chapter 7, the capabilities of the methodologgadibed above were demonstrated,
focusing on three selected sites: Koksijde, thenBaiiPolders (situated between the
Pier of Blankenberge and the harbour dam of Zeg®ugnd the beach of Knokke-
Heist, East of the Albertstrand. In this chaptiee, inethodology is applied to the entire
shoreline; each section between the French andtheh border is systematically
analysed. In Chapter 7, the analysis was limitedhto time window 2000 — 2004;
however, recently the DTM of 2006 (April 18) coddd added. Although there was no
hyperspectral recording in 2006, we chose to irelid DTM of 2006 in the analysis
since this allows for a trend analysis in the longem. Nevertheless, the main focus
remains on the period 2000 — 2004.

1 Airborne hyperspectral remote sensing can not fyglierl to measure the reflectance of the
nearshore, unless the water is very clear (whictoighe case along the Belgian shoreline).
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Legend of the classified hyperspectral scenes
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Figure 8-1: Legends of the classified hyperspecinahges, of the height difference maps, of the
beach morphodynamics maps and of the transportsgth rates.
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For each coastal unit the following steps are watkeough:

- Firstly, an overview is given of the man-madeistures in the section under
study (yellow = berm replenishment with sea sandeeg = berm
replenishment with sand from the foreshore, re@ach nourishment with sea
sand). This is a prerequisite to understand arthduanalysis.

- Secondly, a general analysis is made of the vettimchanges per coastal
section, i.e., spatial blocks covering the beaahtare foredunes. A distinction
is made between the beach and the foredunes a®fttesyshow a different

dynamic behaviour.

- Thirdly, a detailed analysis is made, focusingcertain areas (polygons) on
the beach or in the foredunes which feature renwekeshanges. This analysis
is not only based on the volumetric changes ohthight difference maps, but
also on the classified hyperspectral scenes. eoh¢ight difference maps and
the classified hyperspectral images, the legendshawn in Figure 8-1 are
used.

The polygons are manually digitised and labelledoeding to the following
procedure: a polygon is drawn around each area méfor volumetric change. A
change is considered as ‘major’ when the absoleighh difference is more than
25 cm. This limit is based on the errors inherentiDAR observations: on flat, hard
surfaces, like the beach, a mean absolute errbrcaf was attained during each of the
four airborne acquisitions (See Chapter 4 and @napt. As the height difference
maps are calculated from two DTMs, the mean acgurazeases by a factof2 and
one should take possible errors of up to 10 cmdeally even more) into account.
Therefore, and in order to avoid erroneous integpi@ns, a threshold of 25 cm for
major height changes was used in the maps. Themedtic accuracy furthermore
depends on the position accuracy of the orderraf @hich in the present application,
where hectare-sized areas are considered, is iglighe mean absolute error in
sand volume differences is2 x 100 x 100 x 0.05 m = 707 m3 per hectare. Tioeeef
volume differences are often rounded to multipled@0 m3, as more precise figures
are meaningless. The change can be either pogiteie accretion), negative (i.e.,
erosion), or neutral (i.e., between -0.25 m and 250n). Secondly, it was analysed
whether the class changed between both acquisitiomdether it remained the same.
Hence, there are two possibilities: ‘class chamgeho class change’. Finally, 5 types
of polygons were drawn (Figure 8-1). In this thpdrt, the reader always finds two
maps:

- On top: a situation map indicating the place rgnige position and official number
of the coastal sections, as well as the positi@hraimbering of the polygons in which
a change in class or height was measured (numletwsedn 100 and 199 for the
coastal strip between the French border and thbobarof Nieuwpoort, numbers
between 200 and 299 for the coastal strip betwieerarbour of Nieuwpoort and the
harbour of Oostende, numbers between 300 and 3%docoastal strip between the
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French border and the rotunda of Wenduine, and ewsiiietween 400 and 499 for the
coastal strip between the rotunda of Wenduine badutch border.

- Below: a map indicating the type of change inheaolygon (cf. Figure 8-1), the
volumetric changes in each polygon between 2002804, and arrows indicating the
main sediment transport directions. These arroegstas result of the interpretation of
the integrated sediment transport. They were dérifvem the DTMs, the height
difference maps and the successive classified bgpetral data. In the latter, possible
source to destination class changes are importartke into account. However,
knowledge on the sediment transport processesga@imort, 1999) and on the human
interventions executed, as well as local field etipe remains necessary to make this
interpretation. As a process of interpretation Bcessarily individual, different
operators might arrive at different conclusionswdwer, the temporal and spatial data
density is more than sufficient to allow overallbust conclusions on the beach
morphodynamics within the scope set at the statisfwork.

Three dedicated terms are used to indicate cgrtais of the coastline:

- A coastal unitis a large area, often bordered by a harbour daanother
structure that acts as a barrier in the longshamesport. There are five units
defined in this study:

French border — Nieuwpoort
Nieuwpoort — Oostende
Oostende — Blankenberge
Blankenberge — Zeebrugge
Zeebrugge — Zwin channel

- A coastal zoneis a part of the beach (i.e., foreshore and baark3 or a part
of the foredunes, mostly a few hundred metersfemekilometers long

- A coastal sectiaris an official term used to indicate a small ¢abarea of a
few hundred meters long (on average 250 m). It cm®p the foreshore, the
backshore and the foredunes. The Belgian coastbbas divided in 280
sections, often coinciding with the area betweem gnoynes. The coordinates
of the sections are fixed and defined by the Co&stasion of the Agency for
Maritime and Coastal Services (Flemish Government).

All maps are oriented northwards, unless otheriridicated.
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8.3 Analysis per coastal unit

8.3.1 French border — Nieuwpoort

Note: the morphodynamic evolution in the coastahdvetween Sint-Idesbald and the
Schipgatduinen is also described in Section 7.3.1.

8.3.1.1 Human interventions

This section features the most natural beach albagBelgian shoreline. There are
only a few groynes in Koksijde-Bad and in NieuwgeB®ad. The same places are the
only ones with a sea dike. Between the seasidetsesne can still find large dune
belts; in some of them the continuum sea-beachglusestill intact. The wide
dissipative beaches have several parallel ridgdsramels. In the West, this section
has no real border, it continues into France timéilharbour of Dunkerque. In the East,
it is bordered by the mouth of the river 13zer glomhich we find a marina and a
fishing-harbour.

Figure 8-2: Coastal unit between the French borded the 1Jzer. The numbers (even for the dunes
and odd for the beach) are the zones in which thleinvetric changes were calculated. The
corresponding changes can be found in Table 8-&.I&ters (A, B, C) indicate the areas where berm
replenishment works were executed.

In 1987 — 1988 groynes N° 6 and 10 in Koksijde-Baste built to counter the erosion
that was taking place before. In Nieuwpoort, grayh8 1, 2 and 3 were extended for
the same reason. In the same areas, berm replaniskhmarks were executed as can be
seen on Figure 8-2. Note that the berm replenishmenks were mainly executed
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with sand borrowed from banks offshore. The lamgexin size, the high amount of
shells and the presence of reddish iron allow stirdjuish this type of sand from the
sand naturally found on the beach.

8.3.1.2 General trends

Looking at the whole unit between the French boete Nieuwpoort, the volumetric
changes are slightly positive. The natural accneticharacter of these beaches is in
contrast with most of the other beaches along tbigi&n shoreline where erosion is
the natural trend. However, the amount of accrettorery small, only a few cm
between 2000 and 2006, and it is not a continuoasegs: between 2000 and 2002
there was accretion, followed by a stable situatietween 2002 and 2004 and erosion
between 2004 and 2006. The beaches in KoksijdeaBddGroenendijk-Bad were the
most accretional while De Panne and Sint-Idesbedtiufed some erosion. Due to the
wide beach, the foredunes grew steadily from KoksBad till Nieuwpoort. In De
Panne and Sint-ldesbald, the growth of the foresluvaes less pronounced.
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Table 8-1: Volumetric changes and mean heightrdifiees for the areas indicated in Figure 8-2

Volume Me_:an
Beach or Zone Surface . height
Zone o Year diff. .
foredunes N (ha) 3 diff.
(m3) (cm)
Westhoek beach 1 2001 -2000 76.1 8 700 1.1
1 2002 - 2000 76.1 33 600 4.4
1 2004 - 2000 745 14 000 1.9
1 2006 - 2000 71.2 -59 800 -8.4
Westhoek foredunes 2 2001 -2000 26.1 -40 000 -15.3
2 2002 - 2000 26.1 1900 0.7
2 2004 - 2000 26.1 13 800 5.3
2 2006 - 2000 10.9 8 500 7.9
De Panne-Centre antbeach 3 2001 - 2000 90.7 -14 500 -1.6
Sint-ldesbald 3 2002 - 2000 90.7 -22 000 -2.4
3 2004 - 2000 90.6 -20 000 -2.2
3 2006 - 2000 90.7 -109400 -12.1
De Panne-Centre anforedunes 4 2001 -2000 20.1 -14 500 -7.2
Sint-ldesbald 4 2002 - 2000 20.1 17 800 8.9
4 2004 - 2000 20.1 30400 15.2
4 2006 - 2000 18.5 26300 14.2
Koksijde-Bad beach 5 2001 -2000 41.5 43700 10.5
5 2002 - 2000 41.3 70600 17.1
5 2004 - 2000 40.3 100 700 25.0
5 2006 - 2000 415 121100 29.2
Koksijde-Bad foredunes 6 2001 - 2000 8.5 -6 500 6 -7.
6 2002 - 2000 8.5 19100 224
6 2004 - 2000 8.5 21800 25.7
6 2006 - 2000 8.5 31000 36.4
Koksijde-East, beach 7 2001 - 2000 160.4 68 600 4.3
Oostduinkerke and 7 2002 - 2000 160.4 147 300 9.2
Groenendijk-Bad 7 2004 - 2000 156.6 157500 10.1
7 2006 - 2000 160.4 121 300 7.6
Koksijde-East, foredunes 8 2001 -2000 57.0 2 000 0.3
Oostduinkerke and 8 2002 - 2000 57.0 69100 12.1
Groenendijk-Bad 8 2004 - 2000 57.0 129900 22.8
8 2006 - 2000 33.1 142 600 43.1
Nieuwpoort-Bad beach 9 2001-2000 39.2 12 800 3.3
9 2002 - 2000 39.2 43700 11.1
9 2004 - 2000 38.6 49400 12.8
9 2006 - 2000 39.2 22 200 5.7
Nieuwpoort-Bad foredunes 10 2001 -2000 11.8 24 60R0.8
10 2002-2000 11.8 35700 30.2
10 2004 -2000 11.8 52200 44.1
10 2006 -2000 11.8 78900 66.6
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Volume Mean
Beachor Zone Surface . height
Zone o Year diff. .
foredunes N (ha) diff.
(m?)
(cm)
French border — Nieuwpoort

beach 2001 - 2000 407.9 119300 2.9
2002 - 2000 407.7 273200 6.7
2004 - 2000 400.6 301 600 7.5
2006 - 2000 403.0 95 400 2.4
foredunes 2001 - 2000 123.6 -34 400 -2.8

2002 - 2000 123.5 143600 11..6
2004 - 2000 123.5 248100 20.1
2006 - 2000 82.8 287 300 34.7

8.3.1.3 Detailed analysis of the morphodynamics

Between the French border and Sint-ldesbald, theplmatogy of the beach is
characterised by parallel ridges and runnels. Thetsectures move alternately
seawards and landwards but the net displacemeathisr small. At the Westhoek, the
net cross-shore transport is landward orientediewhiDe Panne and Sint-ldesbald, it
is directed seaward.

The small accretional area (N° 104) is not natuitals the result of yearly berm
replenishments. The nourished volume compensatessifall natural erosion. The
classified map (Figure 8-4) shows clearly that shad used is sea sand; this coarse,
shell-rich sand is found eastward and westward cpltime high water mark,
highlighting the processes of longshore transport.
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Figure 8-3: Map indicating the major morphodynanl@anges between 2000 and 2004. In the upper
map one finds the coastal sections with their cgpomding number (bordered by lines perpendicular
to the coast), the erosion/accretion polygons withir number, and the areas where artificial
nourishment activities were executed, indicatedh wapital letters (yellow = berm replenishment
with sea sand). On the lower map, one finds theuain@n m?3) of sediment eroded or deposited in
each polygon, as well as arrows indicating the cli@n and amount of the sediment transport. The
pink area in the upper map indicates the built-ugea
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Koksijde

Sint-ldesbald

De Panne
500m

Figure 8-4: Detail of a classified AISA-Eagle imadely 6, 2004) between De Panne and Koksijde,
focusing on the berm replenishment area in Singdded. In the black polygon sea sand was
deposited on the backshore. Via cross-shore andslmre processes the nourishment sand is
transported eastward and westward across the famesh

In Koksijde-Bad, between and eastward of groyne$ ldhAd 10, a clear accretion area
stands out (visible as the wide beach in the BaSiguire 8-4 and in polygons N° 105-
107 in Figure 8-5). The accretion can be attributedwo human interventions: the
construction of groynes N°6 and 10, and the yedmym replenishments. The
volumetric change between 2000 and 2004 (+ 60 G)Oaxceeds the nourished
volume (48 000 m3). Before the construction ofgheynes, the beach in Koksijde-Bad
was erosive; after the construction of the groyime$987-1988 accretion took place
between the groynes and recently the major acordtkies place eastward of the
groynes. This can probably be explained by theligiuim state which is now attained
around the groynes, allowing again longshore tramsp the East. Thanks to the
accretion, the nourished volumes in area B areenmded, in contrast with the most
nourished berms along the Belgian coast. The eradithe dune front in area 108 can
also be attributed to the extension of the groymhefore the equilibrium state was
attained, longshore transport was hampered, caadimgering of the beach in front of
the Schipgatduinen. The erosion lead to the foonatif a deflation pavement: small
and light particles were eroded faster than thevibegarticles (coarse sand and
shells). Spectrally, the deflation pavement is \&@myilar to the type of sand used for
the nourishment activities. This explains why tlassification algorithm classifies the
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sand in front of area 108 as nourishment sandywdin it could be that there is also a
certain apply of nourished sand in this area. Gnlée side of the high dune (+/-

21 m TAW) accretion took place (area 109), but ¢ volumes indicate that there

has been erosion and not only a landward displaceai¢he dune. Probably, the new
accretional character of the beach in front ofdhiee will cease the erosion of the dune
foot.

Figure 8-5: Map indicating the major morphodynarnl@anges between 2000 and 2004. In the upper
map one finds the coastal sections with their cgpomding number (bordered by lines perpendicular
to the coast), the erosion/accretion polygons withir number, and the areas where artificial
nourishment activities were executed, indicatedh wapital letters (yellow = berm replenishment
with sea sand). On the lower map, one finds theuain@n m?3) of sediment eroded or deposited in
each polygon, as well as arrows indicating the cli@n and amount of the sediment transport. The
pink area in the upper map indicates the built-ugea
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Between the Schipgatduinen and Sint-André, thedfores grew steadily (area 110).
The same occured eastward between Oostduinkerké\gogvpoort (areas 114-117:
total volume difference between 2000 and 2004: G-100 m3). The local erosive
anomaly in areas 111 and 112 is artifical: the gngworedunes are flattened during
the spring to keep a sea view from the walking moade in Oostduinkerke. The
growth of the foredunes is possibly due to the widsch in Oostduinkerke and
Groenendijk-Bad. Only in case of heavy storms tlmeedfoot can be eroded, but in the
period under study no heavy storms were recordetthd meantime, the strength of the
natural seawall increases. Local berm nourishmemieuwpoort-Bad reinforces the
accretion of the backshore and the dune foot.

Figure 8-6: Map indicating the major morphodynarnl@anges between 2000 and 2004. In the upper
map one finds the coastal sections with their cgpomding number (bordered by lines perpendicular
to the coast), the erosion/accretion polygons withir number, and the areas where artificial
nourishment activities were executed, indicatedh wapital letters (yellow = berm replenishment
with sea sand). On the lower map, one finds theuain@n m?3) of sediment eroded or deposited in
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each polygon, as well as arrows indicating the cli@n and amount of the sediment transport. The
pink area in the upper map indicates the built-ugea

8.3.2 Nieuwpoort — Oostende

8.3.2.1 Human interventions

This coastal unit is bounded by two harbour chamriedth protected by low dams. In

the West, the harbour entry of Nieuwpoort acts asriér against the longshore

transport from the West to the East, while the barbentry of Oostende acts as a
similar barrier against the longshore transporthi@ opposite sense. This beach is
composed of two morphological units; the first dnwade stretches from the harbour
dam of Niewpoort to the first groyne West of Sirgtreins. There are no groynes in
this part; the beach is in a fairly natural statthwgeveral parallel ridges and runnels.
The only artificial construction is a reinforcedndufoot of ca. 780 m long. To protect

its eastern end, a berm with sea sand was depdsiedetter D on Figure 8-7). The

remaining part of this coastal unit features naeoweaches with many groynes
(Figure 8-7). In the places indicated with lettErgill J, regular berm replenishments

are executed. These works take place in springtimdeaim at maintaining a dry beach
wide enough for the touristic exploitation duringetsummer months. Per m in the
longshore direction about 5 — 15 m? sea sand iegieyl yearly.

Figure 8-7: Coastal unit between the harbour of UNWpoort and the harbour of Oostende. The
numbers (even for the dunes and odd for the bemeh)he zones in which the volumetric changes
were calculated. The corresponding changes camied in Table 8-2. The letters (D till J) indicate

the areas where berm replenishment works were &@cln area K, a beach nourishment was
executed.
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During the last decades, the centre of Oostendechascterised by the absence of a
dry beach at high tide. Even at low tide, the bdaetame very narrow. As the centre
of Oostende is situated several meters below stog tide, a potentially dangerous
situation was created. To counter this, a beachistounent was executed in April-June
2004 (see letter K on Figure 8-7), just beforeahmborne acquisition of 2004. In total
app. 575 000 m3 of sea sand was deposited on thshime and foreshore, creating a
dry berm at the level of 6 m TAW. The amount defgmbiwas 533 m3 per m in the
longshore direction. To protect the newly createdrh an offshore underwater berm
was created (see Figure 8-8). The large westerh gfait consists of sea sand
(115 700 m?® was deposited), in the East, in frdrihe ‘Klein Strandje’ a second berm
was made of gravel (28 800 m3). For the designhef nourishment, the reader is
referred to De Wolét al. (2006).
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Figure 8-8: Schematic representation of the desifjthe 'new beach’ in Oostende, constructed in
April - June 2004 (De Wolf et al., 2006).

8.3.2.2 General trends

The general trends in this coastal unit can be sanised as follows: erosion of the
beach at the military basis of Lombardsijde, limitaccretion in Sint-Laureins,
especially between 2000 and 2004, and erosion eetWéestende and Oostende; see
Table 8-2. The large nourishment in Oostende caaisex positive volumetric change
over the period 2000 — 2006, but without the ndumient the net volumetric change,
calculated over the entire beach, is negative. dimes tend to grow in all zones, but
especially in Sint Laureins the growth is remarkabl
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Table 8-2: Volumetric changes and mean heightréifiees for the areas indicated in Figure 8-7.

Volume Me_:an
Beachor Zone Surfac . height
Zone o Year diff. .
foredunes N e (ha) 3 diff.
(m3) (cm)
Mil. base beach 11 2001 - 2000 29.9 11 900 4.0
Lombardsijde 11 2002 - 2000 29.9 900 0.0
11 2004 - 2000 29.8 -30 400 -10.2
11 2006 - 2000 29.9 -60 700 -20.3
Mil. base foredunes 12 2001 - 2000 6.4 17 900 28.1
Lombardsijde 12 2002 - 2000 6.4 11 300 17.8
12 2004 - 2000 6.4 11 600 18.2
12 2006 - 2000 4.2 9 300 22.0
Sint-Laureins beach 13 2001 - 2000 53.7 58 000 10.8
13 2002 - 2000 53.7 49 700 9.2
13 2004 - 2000 53.6 51 200 9.5
13 2006 - 2000 53.7 9 400 1.8
Sint-Laureins foredunes 14 2001 - 2000 10.0 29 800 29.7
14 2002 - 2000 10.1 41 200 41.0
14 2004 - 2000 10.1 55 600 55.2
14 2006 - 2000 9.6 80 200 83.7
Westende-Bad beach 15 2001 - 2000 38.0 6 300 1.7
15 2002 - 2000 38.0 4 900 1.3
15 2004 - 2000 38.0 -2 400 -0.6
15 2006 - 2000 38.0 -13 800 -3.6
Westende-Bad foredunes 16 2001 - 2000 5.3 8800 6 16.
16 2002 - 2000 5.3 13 900 26.3
16 2004 - 2000 4.1 13 100 31.7
16 2006 - 2000 5.3 8 000 15.2
Middelkerke-Bad beach 17 2001 - 2000 59.6 -59 900 10.1-
17 2002 - 2000 59.6 -21 700 -3.6
17 2004 - 2000 59.0 -26 700 -4.5
17 2006 - 2000 59.6 -33 700 -5.7
Middelkerke-Bad foredunes 18 2001 - 2000 7.9 -300 0.4 -
18 2002 - 2000 7.9 15 900 20.0
18 2004 - 2000 5.8 24 500 42.4
18 2006 - 2000 7.9 25 800 325
Middelkerke-East - beach 19 2001 - 2000 50.7 -14 400 -2.8
Raversijde 19 2002 - 2000 50.7 8 900 1.7
19 2004 - 2000 50.5 1700 0.3
19 2006 - 2000 50.7 -25 400 -5.0
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Volume Me_:an
Beachor Zone Surface . height
Zone o Year diff. .
foredunes N (ha) diff.
(m?)
(cm)
Raversijde foredunes 20 2001 - 2000 0.5 600 14.1
20 2002 - 2000 0.5 1700 38.6
20 2004 - 2000 0.4 1 800 44.6
20 2006 - 2000 0.5 700 15.7
Mariakerke - beach 21 2001 - 2000 80.6 -10800 -1.3
Oostende groot 21 2002 - 2000 80.6 1700 0.2
strand 21 2004 - 2000 80.5 -3 900 -0.5
21 2006 - 2000 80.6 67 900 8.4
Mariakerke - foredunes 22 2001 - 2000 10.0 9 300 9.3
Oostende groot 22 2002 - 2000 10.0 23 200 23.2
strand 22 2004 - 2000 9.8 17 900 18.3
22 2006 - 2000 10.0 32 000 32.0
Oostende - Centre  beach 23 2001 - 2000 29.9 22 800 7.6
and klein strandje 23 2002 - 2000 29.9 6 300 2.1
23 2004 - 2000 29.9 464 700 155.7
23 2006 - 2000 29.9 464 400 155.6
Nieuwpoort — Oostende
beach 2001 - 2000 342.3 13900 0.4
2002 - 2000 342.4 49809 1.5
2004 - 2000 341.3 454 200 13.3
2006 - 2000 342.3 408 100 11.9
foredunes 2001 - 2000 40.1 66100 16.5
2002 - 2000 40.1 107 200 26.7
2004 - 2000 36.5 124500 34.1
2006 - 2000 37.5 156 000 41.6

8.3.2.3 Detailed analysis of the morphodynamics

Figure 8-9 illustrates nicely the general trendscdbed above. eastward of the mouth
of the river 1Jzer the beach is eroded: betweer®20@ 2004 38 200 m® was eroded
(cf. polygon N° 201). In the 90s, this erosion a#tsibuted to the extension of groynes
N° 1, 2 and 3 in Nieuwpoort. The extended groymeméd a barrier for the longshore
transport; but today a new equilibrium state isaiatd in Nieuwpoort allowing

longshore transport as was formerly the case. Nlesless, the erosion continues. This
leads to the assumption that the longshore trahggpbampered by the outflow at the
mouth of the IJzer; hence the erosion in Lombaddsig a natural and continuous

process.
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Figure 8-9: Map indicating the major morphodynarnl@anges between 2000 and 2004. In the upper
map one finds the coastal sections with their cgpomding number (bordered by lines perpendicular
to the coast), the erosion/accretion polygons wiithir number. On the lower map, one finds the
amount (in m3) of sediment eroded or depositedath gpolygon, as well as arrows indicating the
direction and amount of the sediment transport. Jink area in the upper map indicates the built-up
area.

The small polygon N° 202 indicates the erosiontef small nourished volume that
serves to protect the eastern end of the reinfodced foot in Lombardsijde. Yearly,
4 000 m? of sea sand is deposited here. Althouighigta very small nourishment, the
fill is clearly visible on the classified hyperspred data (Figure 8-10).

Between the military base of Lombardsijde and Whedge the beach and the foredunes
grew (polygons N° 203 and 204). In the beginninghef 90s, the groynes in this zone
were extended. The observed accretion is probabhoiphological response to this

extension as the groynes act as a barrier in thgstwore sediment transport. The
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growth of the foredunes can be explained by theemiith and the raising of the beach
which leads to an efficient protection of the ddioet. The aeolian deposited sand at
the dune foot is under normal conditions not erodduds is a good example of the

beneficial effect of the construction or the extensof groynes. Polygon N° 205

respresents a small berm replenishment area, #solyc distinguishable on the

hyperspectral data.

~ Berm replenishment area
(sea sand)

400 m

Figure 8-10: Classified AISA-Eagle image (July 802), focusing on a small berm replenishment
area in Lombardsijde. The fill is visible as thenge class.

The beach around Westende-Bad and Middelkerke-Ba@rosive; yearly berm

replenishments are executed to maintain a dry hdadhthe net erosive character is
confirmed by the difference between the nourisheldime between 2000 and 2004
(125 000 m3) and the observed volumetric changehén corresponding polygons,
N° 206-209 (+ 48 500 md). The yearly nourishmerdspensate completely for the
erosion. East of Middelkerke-Bad the beach is Biable state; there is no supply of
nourished sand from Middelkerke-Bad, neither emsio
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Figure 8-11: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accrepotygons with their number. On the lower map, one
finds the amount (in m3) of sediment eroded or sigga in each polygon, as well as arrows
indicating the direction and amount of the sedimeahsport. The pink area in the upper map
indicates the built-up area.

In Raversijde and Mariakerke, the same dynamicis &diddelkerke were observed:
the natural trend is gentle erosion, but the ladecompletely compensated by the
yearly berm replenishments (see letters H and Figure 8-12), executed with sea
sand. In Raversijde, the total supplied volume ketw2000 and 2004 is 12 000 m3,
while there was no accretion observed. In Mariagetie supplied volume in the same
time window was 90 000 m3, resulting in a net atoneof app. 20 000 m3. The
nourished areas are again easily detectable oddhsified hyperspectral data, due to
the coarse, shell-rich sand used for the nourisksnen
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Figure 8-12: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accretpmiygons with their number, and the areas where
artificial nourishment activities were executeddigated with capital letters (yellow = berm
replenishment with sea sand). On the lower map fiods the amount (in m3) of sediment eroded or
deposited in each polygon, as well as arrows irtdigathe direction and amount of the sediment
transport. The pink area in the upper map indicabesbuilt-up area.
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Figure 8-13: Nourishment sand accumulates on thkeifkK Strandje’ from where it is taken to
compensate for the erosion at the ‘Trappekes’ (Bheebruary 8, 2007).

‘Klein Strandje’ (Photo: February 8, 2007).
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In Oostende, an important beach nourishment toakepin April — June 2004, see
Section 8.3.2.1. The fill (polygon N° 217 on FiguBel6) is clearly visible on the
classified sand map of 2004 (Figure 8-15). Howetlenigh the airborne acquisition in
2004 took place one month after the nourishmengritbe seen that the fill has already
been reworked. Instead of a homogeneous distribatfimourished sand, several bands
parallel to the shoreline have been formed. Onrtbely created dry beach, the
original nourished sand is still present (A on Fe8-15), but on the same backshore a
small band attributed to the class ‘original sahdhe supratidal beach’ was formed
(B). In this area, the shells were washed out antporarily stocked on the foreshore
(C). This process has also been observed in otberished areas. The beach
nourishment sand found on the ‘Klein Strandje’ dades eastward transport and
accretion on the eastern side of the nourished @D¢aThis is confirmed by the
volume difference map where an accretion of 18@®0vas measured in polygon
N° 218 between 2000 and 2004 (Figure 8-16). To eorsate for the erosion at the
letters B and C, and for the accretion at letterr€ular works are executed to
redistribute the sand (Figure 8-13 and Figure 8-14)

On the western side, in polygon N° 216, an acanetid 7 400 m?* was measured

between 2000 and 2004 but on Figure 8-15 (lettér &n be seen that this accretion is
not supplied with nourishment sand. It is merehefdune sand which was deposited
after aeolian transport. Hence, it can be conclublatithere is little or no transport of

nourished sand to the West. Most of the fill will tsransported offshore and eastward
to the ‘Klein Strandje’.
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Groot strand

Figure 8-15: Sand class map of July 2004, focusingthe beach nourishment in the centre of
Oostende.

The original volume deposited on the supratidalchewas app. 575 000 m3. The
accretion measured between 2000 and 2004 was BaIg@0 m3. Even if we take into
account the loss during the nourishment works (@nage 12% according to De Wolf
et al, 2006), the measured accretion should be aroQ6d80 m3. This shows clearly
the erosion (app. 54 000 m3) that took place in firg three months after the
nourishment. Consequently, we added the heigherdifice map in Figure 8-16 to
illustrate the morphological changes in the fivgb tyears after the nourishment (2004
— 2006). In the first winter after the nourishmeatstorm occurred between 12 — 15
February 2005. The storm altered the artificialfifgaapidly; a dry beach berm was
formed immediately landwards from the low water knand a lot of sand supplied in
section 116 was transported to section 117, caubmformation of a dry beach berm
in this section. The erosion in section 116 was 8000 m3. After the winter of 2004
— 2005, a limited nourishment (159 500 m3) was greréd in June 2005 to
compensate for the losses. However, this volumaoais traceable on the height
difference map in Figure 8-16, indicating that tlextra nourishment nicely
compensated for the losses during the previousewirfthe same map shows also
accretion on the higher parts of the ‘Groot Stramé., on the western side of the
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nourishment. As mentioned before, this can largehattributed to aeolian deposition
of sand originating from the West. After the ralaty calm winter of 2005 — 2006, no
new nourishment was needed in 2006.

Height diff. map
2004-2006

Figure 8-16: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accretpmiygons with their number, and the areas where
artificial nourishment activities were executeddigated with capital letters (yellow = berm
replenishment with sea sand, red = beach nourisliméh sea sand). On the middle map, one finds
the amount (in m3) of sediment eroded or depositezch polygon, as well as arrows indicating the
direction and amount of the sediment transport. [Biier map is the height difference map between
2004 and 2006. The pink area in the upper map atdicthe built-up area.
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8.3.3 Oostende — Blankenberge

8.3.3.1 Human interventions

This coastal unit is bounded by two harbour chamnelthe West the harbour channel
of Oostende and in the East the harbour chann@®laikenberge. Thanks to these
structures the sand transport in this unit cantbéiesd assuming little or no influence
from the neighbouring beaches. At the rotunda ohtlvine, the Belgian coast forms a
weak turn; the orientation of the coastline charfga® 35° West of the rotunda to 30°
East of it. Although this can be considered astleeraminor change in orientation, an
influence on the sediment transport has been obdehe nourished sand found on
the backshore West of the rotunda was not deteetesstivard of the rotunda (see
Section 8.3.3.3), what could be expected in casea daftraight coastline. On the
foreshore and the nearshore there is probably tremeport around the rotunda.

Figure 8-17: Coastal unit between the harbour ofst@ade and the harbour of Blankenberge. The
numbers (even for the dunes and odd for the bemeh)he zones in which the volumetric changes
were calculated. The corresponding changes can be oundf in
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Table 8-3. The letters (L, M, O and P) indicate #reas where berm replenishment works were
executed. In area N a beach nourishment was ex@kénteombination with the construction of an
offshore berm.

Eastward of Oostende the beach and especiallyatieshore becomes narrow and is
protected by groynes. Between Bredene — Hippodradna few hundred meters West
of the rotunda of Wenduine there are no groynesmrhis point on, groynes protect
the beach up to the harbour dam of Blankenberge.aféas with berm replenishments
(L, M and O on Figure 8-17) are situated in Bredamel Wenduine. In P, small

amounts of sand are deposited to protect the @iariljoen van Harendijke’.

Far more important than these small scale bermemegiments, is the beach
nourishment and the nearshore nourishment thatglaae in the 90s around De Haan.
Sustained erosion and a severe storm in 1990 rddheesafety level of this coastal
strip dramatically. To counter this, an offshorearbeof 8.7 km long was created
between 1991 and 1998. The top of the berm waatig situated at 600 m from the
dune foot. In combination with this, the backshaas nourished between 1992 and
1996. Per meter in the longshore direction 360antisvas deposited. The sand used
was coarse-grained sea sand with a D50 of 300 u#ACasily detectable on the
hyperspectral data. Between 1998 and 2000, théhamHsberm was a few times
renourished (in total 197 000 m3) and in May — JRAB0, a few months before our
first flight campaign, the backshore was renourisbeer a length of 1200 m, with 260
500 m? sea sand.

8.3.3.2 General trends

Overall, the beach between Oostende and Blankealisrgrosive, especially in De
Haan-West and in the centre of De Haan, signifieansion was measured between
2000 and 2006. In Bredene, the beach was rathelestahile in Wenduine limited
accretion was measured. In contrast with the bedehforedunes grew in the entire
unit, except for the centre of De Haan. This ilatds nicely the concept that the
foredunes can only grow when the beach in fronthein is sufficiently large and
stable (or accretional), which is not the casdnedentre of De Haan. The total volume
eroded on the beach between 2000 and 2006 (285%08 somewhat smaller than
the accretion in the foredunes (375 500 md) indigatthat the safety level of the dune
wall increases, while the height of the beach deswe. Hence, the profile of the
continuum beach — dunes alters towards a steepfiiepin case of a heavy storm this
could cause serious damage to the dune wall.
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Table 8-3: Volumetric changes and mean heightréifiees for the areas indicated in Figure 8-17.

Volume Me_:an
Beachor Zone Surfac . height
Zone o Year diff. .
foredunes N e (ha) diff.
(m3) (cm)
Oostende East - beach 25 2001 - 2000 70.4 -12 800 -1.8
Bredene 25 2002 - 2000 70.4 2100 0.3
25 2004 - 2000 70.3 -8 700 -1.2
25 2006 - 2000 70.4 -3 600 -0.5
Bredene foredunes 26 2001 - 2000 7.4 9 300 12.5
26 2002 - 2000 7.4 12 500 16.8
26 2004 - 2000 7.4 13 700 18.5
26 2006 - 2000 6.6 35900 54.4
Hippodroom - De  beach 27 2001 - 2000 88.1 -100 0.0
Haan West 27  2002-2000 88.1  -105500 -12.0
27 2004 - 2000 87.7 -159 000 -18.1
27 2006 - 2000 88.1 -143 700 -16.3
Hippodroom - De  foredunes 28 2001 - 2000 26.7 -400 -0.1
Haan West 28 2002 - 2000 26.7 45 800 17.2
28 2004 - 2000 26.6 46 300 17.4
28 2006 - 2000 24.9 96 000 38.6
De Haan-Centre beach 29 2001 - 2000 25.3 -25 400 -10.0
29 2002 - 2000 25.3 -61 000 -24.1
29 2004 - 2000 23.9 -73 800 -30.8
29 2006 - 2000 25.3 -75 400 -29.8
De Haan-Centre foredunes 30 2001 - 2000 8.2 700 0.9
30 2002 - 2000 8.2 -9 200 -11.2
30 2004 - 2000 7.4 -16 300 -22.0
30 2006 - 2000 8.2 -6 300 -7.6
De Haan East - beach 31 2001 - 2000 77.9 24 400 3.1
Wenduine 31 2002 - 2000 77.9 -45 500 -5.8
31 2004 - 2000 77.9 -79 400 -10.2
31 2006 - 2000 77.9 -79 900 -10.3
De Haan East - foredunes 32 2001 - 2000 20.4 47 500 23.3
Wenduine 32 2002 - 2000 20.4 96 800 47.5
32 2004 - 2000 20.4 141 800 69.7
32 2006 - 2000 20.4 186 200 91.5
Wenduine Centre  beach 33 2001 - 2000 54.7 37 300 6.8
and East 33 2002 - 2000 54.7 2 000 0.4
33 2004 - 2000 51.2 8 100 1.6
33 2006 - 2000 54.7 17 900 3.3
Wenduine Centre  foredunes 34 2001 - 2000 10.1 24 300 23.9
and East 34 2002 - 2000 10.1 33 000 32.5
34 2004 - 2000 10.1 51 100 50.5
34 2006 - 2000 9.8 63 700 65.3
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Mean

Beachor Zone Surfac Vol_ume height
Zone o Year diff. .
foredunes N e (ha) diff.
(m?)
(cm)
Oostende - Blankenberge

beach 2001 - 2000 316.3 23400 0.7
2002 - 2000 316.3 -207 900 -6.6
2004 - 2000 311.0 -312800 -10.1
2006 - 2000 316.3 -284 700 -9.0
foredunes 2001 - 2000 72.8 81400 11.2

2002 - 2000 72.8 178900 24.6
2004 - 2000 71.9 236 600 32.9
2006 - 2000 69.8 375500 53.8

8.3.3.3 Detailed analysis of the morphodynamics

Between the eastern harbour dam of Oostende andelzethe beach is in a

morphodynamic stable state; no major changes cameperted. In Bredene, the

accretion in polygons N° 301 and 302 (Figure 8-I®)responds to the berm

replenishment works executed here. Between 200864 app. 60 000 m® sea sand
was deposited; in the same time frame the beachinexh stable and the dunes grew
with app. 30 000 m3; hence, one can conclude thHtdf the volume nourished is

transported to the dunes while the other half wassported offshore.

There seems to be no transport of nourished sand the area East of Bredene
towards Bredene. On Figure 8-19 one can see tti2610fh and 2002 nourishment sand
was found in sections 129 — 131, but there waseighhdifference. Hence, it was only
a shallow top layer which disappeared by 2004. €ameconclude that the nourishment
around De Haan has no influence on the beachesd/Bgt Haan.

As described in Section 8.3.3.1 the nearshore gfathe beach and the backshore around De Haan
were subject to large scale nourishments in the Beswveen 2000 and 2004 the backshore berm has
been eroded at its seaward side. Fractions of thrished sand were temporarily stocked on the
foreshore and consequently transported offshorgufé 8-20). The foredunes on the other hand
grew due to aeolian transport across the new besee (the arrows indicating the sand transport
directions in Figure 8-20). The sand is trappedabyficial wooden fences placed on the berm in an
orientation perpendicular to the coastline. The responding volumes can be found in
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Table 8-3. Note that the total volume eroded (198 ®3) in sections 131 till 147 is
more than the double of the volume that was depasit the foredunes (88 800 md),
pointing on the cross-shore transport seawarddsratichating that the fill will have to
be renourished regularly to maintain the safetyelleattained immediately after the
large-scale nourishments. However, the rate of@ngd10 000 m2 over 4 years) is not
alarming and the offshore berm allows for crossrshi@nsport landwards during calm
weather conditions.

Figure 8-18: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accretpmiygons with their number, and the areas where
artificial nourishment activities were executeddigated with capital letters (yellow = berm
replenishment with sea sand). On the lower map fiods the amount (in m3) of sediment eroded or
deposited in each polygon, as well as arrows irtdigathe direction and amount of the sediment
transport. The pink area in the upper map indicabesbuilt-up area.

Figure 8-21 illustrates the typical resorting thatcurs on a nourished beach:
originally, the berm consists of poorly sorted nislument sand and the foreshore
consists of fine to medium sand typical for thesititlal beach. After a few months to
years, the fill is eroded by the waves and the wifile smaller particles are
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transported offshore but the coarser fractionse@afly the shells are temporarily
stocked on the foresfore. The berm itself becomesxture of nourishment sand, fine
aeolian deposits and a type of sand that reserttidesatural dry beach sand. The latter
is actually the result of the resorting of the nislued sand. The different classes or
fractions often appear in parallel bands on thebdach.
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Bredene-
Hippodroom

ezl #7T Astri
Figure 8-19: Sand class maps for 2001, 2002 andi20@he sections 129 — 135 (Bredene-Astrid tot
Bredene-Hippodroom). The nourishment area stadsfsection 132.
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Figure 8-20: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accretpmiygons with their number, and the areas where
artificial nourishment activities were executed,dicated with capital letters (red = beach
nourishment with sea sand). On the lower map, ovds fthe amount (in m3) of sediment eroded or
deposited in each polygon, as well as arrows irtdigathe direction and amount of the sediment
transport. The pink area in the upper map indicabesbuilt-up area.
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Figure 8-21: Sand class map of July 2004 at thes¥siag (De Haan).

The morphological evolution in the eastern parthef nourished area around De Haan
is similar to the evolution reported in the westgrart. However, the net volume
difference measured here is positive since 2008jritertidal beach is erosive (app.
80 000 m? was eroded between 2000 and 2004 ovemgthl of 3 km), but the
foredunes grew in the same time frame with 140@80This growth is possible due to
the wider dry beach. In this area, situated eastwhthe large nourishment area, more
nourishment sand is found on the intertidal bedem tin the area West of De Haan,
pointing on the net sediment transport from the Mtethe East.
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Figure 8-22 Map indicating the major morphodynarmi@anges between 2000 and 2004. In the upper
map one finds the coastal sections with their cgpomding number (bordered by lines perpendicular
to the coast), the erosion/accretion polygons withir number, and the areas where artificial
nourishment activities were executed, indicatedh wapital letters (red = beach nourishment with
sea sand). On the lower map, one finds the amanmhy) of sediment eroded or deposited in each
polygon, as well as arrows indicating the directiand amount of the sediment transport. The pink
area in the upper map indicates the built-up area.

The coastal zone between the rotunda of Wenduirk th@ harbour channel of
Blankenberge experiences a morphological stable.stdowever, it is a dynamic
equilibrium: in Wenduine (O on Figure 8-23) andHarendijke (P on Figure 8-23)
berm replenishments are executed yearly to compen®a the erosion of the
backshore berm. Hence, the stable situation is rmult of regular human
interventions. The foredunes experience the samethras we measured West of the
rotunda. Remarkably, there is very few nourishnsamd found on the intertidal beach
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here. It is assumed that the fill of the nourishtr@De Haan remains in De Haan and
immediately East of it, but is not transportedHiertEast than the rotunda.

Figure 8-23 Map indicating the major morphodynarmi@anges between 2000 and 2004. In the upper
map one finds the coastal sections with their cgpomding number (bordered by lines perpendicular
to the coast), the erosion/accretion polygons withir number, and the areas where artificial
nourishment activities were executed, indicatedh wapital letters (yellow = berm replenishment
with sea sand, green = berm replenishment with damah the foreshore). On the lower map, one
finds the amount (in m3) of sediment eroded or sigga in each polygon, as well as arrows
indicating the direction and amount of the sedimeahsport. The pink area in the upper map
indicates the built-up area.

8.3.4 Blankenberge — Zeebrugge

Note the morphodynamic evolution in the coastal aredwben the pier of
Blankenberge and the western harbour dam of Zegbrisjalso described in Section
7.3.2.
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8.3.4.1 Human interventions

This small, 5 km-long unit is situated between tber dams of the harbour of

Blankenberge in the West and the 4 km long westam of the harbour of Zeebrugge
in the East. The latter was constructed betwee® Ed 1985 and forms an almost
complete barrier for the longshore transport, tasyin a very wide accretional beach
at its western side. With the exception of zone3Blin Zeebrugge (Figure 8-24), the
beach in this coastal unit is everywhere protectéth groynes. In section 194

(between zone 35 and 37 on Figure 8-24) the pidlafkenberge forms one of the
typical vistas at the Belgian coast.

Figure 8-24: Coastal unit between the harbour airidenberge and the harbour of Zeebrugge. The
numbers (even for the dunes and odd for the bemeh)he zones in which the volumetric changes
were calculated. The corresponding changes canobedf in Table 8-4. The letters (Q and R)

indicate the areas where respectively a berm reghenent and a backshore nourishment was
executed.

In Blankenberge, westward of the pier, yearly beeplenishments are executed using
sand from the intertidal beach (see letter Q irufeiB8-24). The volumes deposited are
rather small, i.e., a few 1000 m3 per year. At fbeinse Polders, a backshore
nourishment was executed between October 1998 gl 2099 (see letter R in
Figure 8-24). In contrast with the other nourishmareas (e.g., De Haan), the sand
used was not particularly coarse-grained (D50: 25D0um), nor shell-rich. Over a
length of 930 m, 486 300 m?® sand was deposited,528 m? per m in the longshore
direction. It should be noted that the wet nourishtrtechnique used, results typically
in a loss of 5 — 20%, hence, the net volume chavageapp. 410 000 m?3 (with a loss of
app. 15%). The accretional beach of Zeebruggedwently been used to capture sand
which is used in the lock approach of Zeebrugge: G&pture zone is located on the
intertidal beach and covered in 2006 app. 30 ha.féhowing captures have recently
been executed:- 1999: 450 000 m3

- 2000 - 2005: none

- 2006: 185 000 m3 in Febr. - April and 75 000imSept. - Oct
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8.3.4.2 General trends

In total, this coastal unit is accretional. They@ipositive volume change for the beach
of 206 900 m3 (+ 12.7 cm) between 2000 and 20061&0d600 m?3 (+30.2 cm) for the
foredunes. However, these figures are biased byhtlye accretion taking place in
Zeebrugge; see Table 8-4. In contrast with thig,ldeach in Blankenberge and at the
Duinse Polders is erosive. In the next chapterk eane is described in detail.

Table 8-4: Volumetric changes and mean heightréifiees for the areas indicated in Figure 8-24.

Volume Mean
Beachor Zone Surfac . height
Zone o Year diff. .
foredunes N e (ha) diff.
(m?)
(cm)
Blankenberge beach 35 2001 - 2000 40.6 -32 300 -7.9
35 2002 - 2000 40.6 -37 100 -9.1

35 2004 - 2000 40.0 -41 400 -10.3
35 2006 - 2000 40.6 -78 300 -19.3

Blankenberge foredunes 36 2001 - 2000 9.3 -7600 .1 -8
36 2002 - 2000 9.3 -500 -0.5
36 2004 - 2000 9.3 1400 -1.5
36 2006 - 2000 9.3 16 700 17.9

Duinse Polders beach 37 2001 - 2000 42.0 -32000 .6 -7

37 2002 - 2000 42.0 -60 900 -14.5
37 2004 - 2000 40.5 -60 200 -14.9
37 2006 - 2000 42.0 -23 000 -5.5
Duinse Polders foredunes 38 2001 - 2000 14.7 21400 14.5
38 2002 - 2000 14.7 21 600 14.7
38 2004 - 2000 14.7 30 400 20.7
38 2006 - 2000 14.3 36 900 25.7
Zeebrugge beach 39 2001 - 2000 73.6 69 100 9.4
39 2002 - 2000 80.0 178 800 22.3
39 2004 - 2000 72.6 309 100 42.6
39 2006 - 2000 80.1 308 200 38.5
Zeebrugge foredunes 40 2001 - 2000 9.7 4700 4.9
40 2002 - 2000 9.7 24 100 24.9
40 2004 - 2000 9.5 28 800 30.3
40 2006 - 2000 9.7 47 000 48.7

Blankenberge — Zeebrugge

beach 2001 -2000 156.2 4800 0.3
2002 - 2000 162.6 80 800 5.0
2004 - 2000 153.2 207 500 13.5
2006 - 2000 162.7 206 900 12.7
foredunes 2001 - 2000 33.7 18500 55
2002 - 2000 33.7 45200 13.4
2004 - 2000 33.5 57800 17.2
2006 - 2000 33.3 100 600 30.2
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8.3.4.3 Detailed analysis of the morphodynamics

The beach of Blankenberge featured accretion irBleeand in the beginning of the
90s. Three human interventions were at the badikisifthe extension of the groynes
East of the harbour channel in 1985 — 1986 and ,1884 deposition of dredged
material out of the harbour channel in the sectiommediately East of the channel
(app. 25000 — 30000 m® was deposited yearly) #mdlly, the yearly berm
replenishments. Recently, the accretion turned éntsion because the deposition of
dredged material was stopped and because a nelibdgm state was attained after
the extension of the groynes. The berm replenisksneontinue until today. Polygon
N° 406 in Figure 8-25 illustrates the erosion takplace in the area where before the
dredged material was deposited. Between 2000 alfd,2B1 400 m® of sand was
eroded here. Due to the lowering of the foreshibre,dry beach berm was also prone
to erosion (cf. polygon N° 407): 10 900 m?® was exbthetween 2000 and 2004. The
other sections West of the pier (N° 189 — 193)ratker stable, while the small erosion
and accretion zones around the pier are the rekrécent human interventions.

Figure 8-25: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accretpmiygons with their number, and the areas where
artificial nourishment activities were executeddigated with capital letters (green = berm

replenishment with sand from the foreshore, redeadh nourishment with sea sand). On the lower
map, one finds the amount (in m?3) of sediment erodeleposited in each polygon, as well as arrows
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indicating the direction and amount of the sedimeahsport. The pink area in the upper map
indicates the built-up area.

r

Figure 8-26: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accretpmiygons with their number, and the areas where
artificial nourishment activities were executed,dicated with capital letters (red = beach
nourishment with sea sand). On the lower map, ovds fthe amount (in m3) of sediment eroded or
deposited in each polygon, as well as arrows irtdigathe direction and amount of the sediment
transport. The pink area indicates the built-upare

In the eastern part of Figure 8-25 and on Figu68ene sees the area around the
Duinse Polders where a backshore nourishment wasuted in 1998 — 1999 in
sections 196 - 201. The intervention was necesBacause of the lowering of the
intertidal beach, possibly linked to the extensiénhe groynes in Blankenberge. The
latter reduced the longshore transport from Blabkege to the Duinse Polders. This,
in combination with the natural seaward orientedssrshore transport, caused the
lowering of the intertidal beach and the erosiothefdune foot. As the dune belt at the
Duinse Polders is very narrow (only 30 — 40 m wialeginforcement of the beach and
dunes became absolutely necessary in the secohdfhifle 90s. In addition to the
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classical backshore nourishment, the dune front westored till a height of
14 m TAW.

Duinse Polders - Zeebrugge
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Figure 8-27: Evolution of the beach profile at aatbund the Duinse Polders between 1999 and
2006. The backshore nourishment was completed iih 2§99; the first LIDAR observation was
executed in September 2000.

After the nourishment, the backshore berm and dheshore were eroded: between
2000 and 2004 the volume loss at the berm was 68r80and the foreshore lost
49 400 m?3 (respectively polygons N° 415 and 41Bigure 8-26). However, the fastest
erosion always takes place immediately after a mumgervention; hence, it can be
assumed that between our first observation in Au@@00 and the end of the
nourishment works (April 1999) a significant amouratd already been eroded. The
eroded sand is mainly transported via cross-shraresport to the nearshore, where it
enters into longshore transport processes, taking the accretional beach at the
harbour dam. However, as a result of the sortirergsses taking place during the
transport, the sand deposited in Zeebrugge is et#cthble as nourishment sand
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anymore. The total volume deposited in polygon W7 4Figure 8-26) sums to
336 100 m3 between 2000 and 2004. In the foredasnmedler accretion of 39 400 m3
and 8 800 m® was observed in polygons N° 416 argl #he latter is the result of
aeolian transport taking place over the wide diache

Figure 8-27 illustrates the change in volume thas wbserved in the first years after
the nourishment. The largest erosion took pladbeaberm front and on the foreshore
in front of the berm. The foreshore in polygon N24emained stable, while the dunes
in polygon N° 413 and especially in polygon N° 4dew. A remarkable fact is the

sudden stop in accretion in polygon N° 417. Thiansartificial trend caused by sand
dredged in this area (see earlier in Section 8.3.4)

8.3.5 Heist — Zwin channel

8.3.5.1 Human interventions

The easternmost unit of the Belgian coast is botdinmethe eastern harbour dam of
Zeebrugge and the Zwin channel which is situatatieaborder between Belgium and
The Netherlands. The total length of this coastét is 10 km. In Heist, a very wide
beach hosts the only beach nature reserve alorigdligian shoreline (see Chapter 2).
The extent of the beach in Heist is similar to thide beach of Zeebrugge but its
historical record is completely different. Whileettbeach in Zeebrugge is formed
‘naturally’ (see Section 8.3.4), the beach in Héssin the first place the result of
several human interventions, coupled to the cocttmu of the long harbour dams in
1979 - 1985. However, despite the human intervastid is assumed that also natural
forces add to the widening of the beach in Hels¢ met West-to-East transport of
sediments is interrupted by the harbour dams obege. At the eastern (lee) side of
this construction, the current velocity, during ing tide, is lower causing
sedimentation in the Bay of Heist. During the fajlitide, the tidal current runs from
the East to the West and the dams act as a sediraprntausing again accretion. The
combination of both processes might lead to a vitdgof the beach in the Bay of
Heist. The latter is expressed by the formatioraafand bank in the bay which is
nowadays almost an island at low tide. Howevethéremainder of this chapter it will
be shown that locally also erosion occurs in thg B& Heist. The sedimentation
processes in this highly complex area have beediestuand are reported by
Waterbouwkundig Laboratorium (2006).

Before listing the human interventions that haverbexecuted in this unit, it should be
noted that the entire beach in zones 43, 45 andF&jure 8-28) is protected by
groynes. Only in Heist and in the last 1.3 km Wafsthe Dutch border, there are no
groynes.

During the last decades, the shoreline in KnokkestHeas been prone to severe
erosion. To counter this, several human intervestiere needed:
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= In 1977 — 1979 a major beach nourishment was esdcover a length of
8.8 km (V in Figure 8-28). With the exception ofneo49, the entire shoreline
of Knokke-Heist was nourished. In total, 8 500 @0 sand was used,
corresponding to 965 m3/m. Before the nourishmémre was, in certain
places, no dry beach anymore during high tide. dis vexpected that the
construction of the harbour dams would result inirarease of the erosion
rate in Knokke-Heist, due to the cut-off of sanghdy from the West via
longshore transport processes.

»= In 1986, the foreshore and the nearshore immeyligtest of the harbour dam,
in Heist, were nourished with 500 000 m3 of sandioating from dredging
activities in the harbour of Zeebrugge (letter Figure 8-28). Afterwards, in
1992, an excavation zone in the Bay of Heist siltpdvith mud. The unstable
mud layer had to be removed and the depressiorfilleas with sand during
two nourishment activities in 1993 and 1994.

= Also in 1986, a second nourishment was executexbime W (Figure 8-28).
Although 1 000 000 m3? of sand was deposited, thevéis almost completely
eroded by 1991.

» Therefore, a third nourishment proved to be necgsaad was executed in
March - May 1999; 486 418 m® of sand was depositedone U. This
nourishment could be mapped with the hyperspedata of August 2000.

= The fourth nourishment in zone U (390 000 m3) weacated in June 2004,
only a few days before our fourth hyperspectral gaign.

= Some smaller berm replenishments have been exeicuBdnbergen (zone T
in Figure 8-28). Table 8-5 summarises the amoumtisoaigin of the sand used
in Duinbergen:

Figure 8-28: Coastal unit between the harbour oélZreigge and the Dutch border (Zwinmonding).
The numbers (even for the dunes and odd for thehpemre the zones in which the volumetric
changes were calculated. The corresponding chacgiede found in Table 8-5. The letters (U, S and
V) indicate the areas where beach nourishments wreeuted. In the area marked with letter T
regular berm replenishments occur.
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Table 8-5: Volumes of the yearly berm replenishex@nbDuinbergen (zone T on Figure 8-28).

Year Sea sand (m3) Intertidal beach sand
(m°)
1997 - 7 049
1998 - 10 617
1999 - 12 411
2000 - 13 655
2001 - 13 692
2002 - 13 077
2003 4 855 13 597
2004 13124 -
2005 18 146 -
2006 19 372 -

Finally, it is important to take into account thenflen interventions taking place on the
eastern side of the Zwinmonding, i.e., in Cadzdarde(Netherlands). Although the net
transport along the Belgian coast takes place ftmmWest to the East, East to West
transport occurs during falling tide and duringipés with northerly and easterly

winds. The following nourishments have been exatinghe coastal strip between the
border and the channel of Cadzand:

= Autumn 1990: deposition of 346 000 m? of sand, Whiesulted in a beach
raising of 1 — 2 m (the sand was borrowed fromShgse Hompels)

=  Summer 1992: berm replenishment with sand origigatiom a sand trap in
the Zwin channel (90 000 m3)

=  Autumn 1995: 26 200 m® of sand was deposited ineander of the Zwin
channel

» February 1997: construction of a dry beach berntheneastern bank of the
Zwin channel, using sand caught in the sand trap

8.3.5.2 General trends

Although the beach nourishment in 2004 hampersitiadysis of the long term trends,
one can conclude that the coastal unit betweeheaheh of Heist and the Zwin channel
is erosive. Between the acquisition of 2000 and22861 700 m3 sand eroded from the
backshore and the foreshore. In the same time winth® foredunes remained stable.
By the acquisition of July 2004, the volume diffece on the beach was close to zero
(-8 300 m3), but the volume nourished in 2004 w88 @00 m3. Hence, the erosion
between 2002 and 2004 was only 46 600 m3. Thisi@sphat the erosion rate between
2002 and 2004 was much smaller than between 200@@02. This fast erosion can
be seen as the initial compensation for the nooméstt of 1999. The same pattern was
observed between 2004 and 2006: 216 000 m3 ereddtkifirst two years after the
nourishment. It can be expected that in the neatsyéhe erosion rate will slow down
to a few 10 000 m2 per year if the coast is nobhiheavy storms.
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Table 8-6: Volumetric changes and mean heightréifiees for the areas indicated in Figure 8-28.

Volume Me_:an
Beachor Zone Surface . height
Zone o Year diff. .
foredunes N (ha) 3 diff.
(m?) (cm)
Heist beach 41 2001 - 2000 63.6 -30 800 -4.8
41 2002 - 2000 63.6 -58 900 -9.3
41 2004 - 2000 62.3 -43 900 -7.1
41 2006 - 2000 63.6 -40 400 -6.4
Heist foredunes 42 2001 - 2000 13.1 -13 000 -9.9
42 2002 - 2000 13.1 -1 900 -1.4
42 2004 - 2000 13.0 13 200 10.2
42 2006 - 2000 13.1 31300 23.9
Duinbergen - beach 43 2001 - 2000 44.3 -22 700 -5.1
Albertstrand 43 2002 - 2000 44.3 -20 700 -4.7
43 2004 - 2000 44.2 700 0.2
43 2006 - 2000 44.4 -27 600 -6.2
Duinbergen - foredunes 44 2001 - 2000 23.5 -18 000 -7.6
Albertstrand 44 2002 - 2000 235 -3 500 -1.5
44 2004 - 2000 22.8 18 600 8.1
44 2006 - 2000 235 54 600 23.2
Knokke-Zoute beach 45 2001 - 2000 36.5 -66 200 1-18.
45 2002 - 2000 36.5 -153 000 -41.9
45 2004 - 2000 36.5 134 000 36.7
45 2006 - 2000 36.5 -62200 -17.0
Knokke-Zoute foredunes 46 2001 - 2000 16.7 900 0.6
46 2002 - 2000 16.7 -300 -0.2
46 2004 - 2000 16.6 -12 100 -7.3
46 2006 - 2000 16.7 19 000 11.4
Lekkerbek - beach 47 2001 - 2000 34.8 -10 300 -3.0
Zwinbosjes 47 2002 - 2000 34.8 -30 000 -8.6
47 2004 - 2000 34.7 9 300 2.7
47 2006 - 2000 34.8 -23 300 -6.7
Lekkerbek - foredunes 48 2001 - 2000 17.0 4 400 2.6
Zwinbosjes 48 2002 - 2000 17.0 9 000 5.3
48 2004 - 2000 17.0 37 200 21.9
48 2006 - 2000 16.9 77 800 46.2
Zwin beach 49 2001 - 2000 32.7 -34700 -10.6
49 2002 - 2000 32.7 -89 100 -27.2
49 2004 - 2000 32.7 -108 400  -33.1
49 2006 - 2000 31.9 -62500 -19.6
Zwin foredunes 50 2001 - 2000 8.4 8 400 10.0
50 2002 - 2000 8.4 7 400 8.9
50 2004 - 2000 8.4 18 300 21.8
50 2006 - 2000 7.7 30 300 39.2
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Volume Mean
Beachor Zone Surface . height
Zone o Year diff. .
foredunes N (ha) diff.
(m?)
(cm)

Heist — Zwin channel

beach 2001 - 2000 212.0 -164 700 -7.8
2002 - 2000 212.0 -351 700 -16.6
2004 - 2000 210.4 -8 300 -0.4
2006 - 2000 211.1 -216 000 -10.2
foredunes 2001 - 2000 78.8 -17 300 -2.2
2002 - 2000 78.8 10700 1.4
2004 - 2000 77.7 75200 9.7
2006 - 2000 78.0 213000 27.3

The volume of the foredunes remained stable fro@02l 2002, grew in the next two
years with 64 500 m® and even with 137 800 m3 betnw2004 and 2006. Despite the
general trend of erosion, the growth of the foredubelt adds to the general strength
of the sea wall.

8.3.5.3 Detailed analysis of the morphodynamics

The wide beach in Heist is characterised by pdratlges and runnels, indicating the
occurrence of cross-shore transport processese.geepolygons N° 420 and 421 in
Figure 8-31. However, the net erosion or accrasosmall. In polygon N° 419 on the

other hand, significant erosion takes place; betw#2@00 and 2004, 61 700 m® sand
was eroded. This area is responsible for the msiar in zone 41; see Table 8-6. The
erosion in this area continues until 2006, but thie of erosion slows down. The
erosion is probably a result of the lack of sedinsepply from the West as the harbour
dams of Zeebrugge act as a sediment trap. Theofdokgshore sediment supply from
the West and the processes of cross-shore transgewtt in net erosion of the

backshore. Despite the erosion of the backshorettadoreshore, the nearshore in
Heist is accretional and a new sand bank has bewlaping since the construction of
the harbour dams. The latter is caused by the lament velocities in the bay, both

during rising tide and during falling tide, creatinsuited circumstances for

sedimentation (Figure 8-29 and Figure 8-30).

In Waterbouwkundig Laboratorium (2006) the longrtesediment transport in the Bay
of Heist has been studied; the authors came tadhelusion that the entire beach in
Heist (backshore-foreshore-nearshore) is accrdtidng locally the trend can be
different; while the nearshore is accretional, fdbveshore is erosive. It is assumed that
the erosion on the foreshore (polygon N° 419),tagas measured with the LIDAR
observations, is due to a southward shift of theneli which is situated South of the
accretional sand bank.

This example illustrates the importance of an irdtagd approach in which not only the
sediment balance on the backshore and the foreshostudied, but also on the
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nearshore. The continuum backshore-foreshore-rna@$brms one system. It is well

possible that one of the sub-systems is erosivaceoretional while the sediment

balance of the entire system features the opptsitel. It is therefore recommended to
combine the airborne acquisitions with sea-bornasmeements that allow to calculate
the sediment transport on the nearshore.

Higher on the backshore, one finds the nature vesef the Bay of Heist. Here, the
backshore is largely covered by halophytic vegetafsee Section 2.3 for a description
of the vegetation in the Bay of Heist). Airbornephyspectral remote sensing has
recently been applied to classify the vegetatiothin Bay of Heist (and in all dune
nature reserves along the Belgian coast) in a nupnfbeegetation type classes (Bertels
et al, 2005; Kempeneeset al, 2004; Kempeneest al, 2005c; Kempeneeet al, in
press; Provoostt al 2005). There has been little height differencé¢hia area in the
period studied. A central basin is at the seasatddred by a sandy berm; the central
basin is flooded during high tide and mud/sand ditjom takes place. While in 2000
and 2001 the sediment in the basin was rather mudd¥004 it is covered by sand.
The sanding is probably caused by a break-thronghe berm causing faster flooding
and draining of the basin. The shorter sedimentdtine causes less mud particles to
sediment in the basin.

At the Willemspark and in Duinbergen, the beachnisa dynamic equilibrium. In
polygons N° 422 and 423 (located in the foreduresgretion takes place, mainly due
to aeolian transport and deposition. In polygomR3, the accretion is also influenced
by the yearly berm replenishments, recently execwigh sea sand (see Table 8-5).
The accretion on the higher backshore continuespafygon N° 425, at the
Albertstrand. At the eastern end of this areanthaishments in Knokke-Zoute add to
the accretion of the Albertstrand, however, the amh@f nourished sand transported
westward is rather small.
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Figure 8-29: Modelled current velocity in the Bay éleist (in m/s) during falling tide.
(Waterbouwkundig Laboratorium, 2006)
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Figure 8-30: Modelled current velocity in the Bay bleist (in m/s) during rising tide.
(Waterbouwkundig Laboratorium, 2006)
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To understand the morphological evolution of thadiein the area Knokke-Zoute —
Lekkerbek — Zwin, it is indispensable to take iatcount the nourishment activities
that have been executed here during and immedibé&dtyre our airborne acquisitions.
As mentioned earlier (Section 8.3.5.1), in MarchyM#®99, 486 418 m?® of sea sand
was deposited in zone U (Figure 8-28). This nownisht could be mapped with the
hyperspectral data of August 2000. In June 2002 sdme area was subject to a new
nourishment (390 000 m? of sea sand). The lattek fgace a few days before the
fourth hyperspectral campaign. On Figure 8-32 ftifiece of the last nourishment is
clearly visible. In sections 232 — 236, a broaddb&® m wide) on the backshore and
the foreshore was nourished. The top of the fiWeought to 6.2 m TAW. In sections
237 — 244 only a small strip of 20 m wide was neleid. The narrow erosive area
landwards of the nourished area represents therahadwolution that took place
between December 2002 and September 2004, witheutdmpensating influence of
the nourishment. The measured volume differencevdmt both observations was
251 400 m3, while the total nourished volume ineJ@004 was 390 000 m3. However,
two elements are at the basis of this differenast bf all, when working with a
classical pressure-pipeline, a mixture of sandwaai@r is spout on the beach, a certain
amount of sand and water runs back to sea. Ongsjesadoss of 15% should be taken
into account when applying this technique. Secantiilg LIDAR flight was in Sept.
2004 while the nourishment activities were complate June 2004. It is well known
that the fastest rate of erosion takes place imemelgli after the fill is brought on the
beach.

176



Analysis of the sediment transport along the Belglaoreline
in the period 2000 - 2006

Figure 8-31: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accretpmiygons with their number, and the areas where
artificial nourishment activities were executeddigated with capital letters (green = berm
replenishment with sand from the foreshore, redeadh nourishment with sea sand). On the lower
map, one finds the amount (in m?3) of sediment erodeleposited in each polygon, as well as arrows
indicating the direction and amount of the sedinteamsport. The pink area indicates the built-up
area.
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height difference 2004-2002
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Figure 8-32: Height difference map between Dec.2280d Sept. 2004 (top) and height map of Sept.
2004 (bottom) in Knokke-Zoute. The pink area indisahe built-up area.

Figure 8-33 shows the areas with erosion and sedatien between the observations
in 2000 and 2004. The large black arrows indichéeseaward, cross-shore, transport
of nourishment sand. Large amounts of the fill wiea@sported to the nearshore, after
which they enter in longshore transport procesBast of it is brought back to the
foreshore via cross-shore processes, especialiggdaalm weather conditions. At the
landward side, one notices the erosion that toakeplnaturally’, i.e., independent
from the nourishment. In the most eastern sectanBigure 8-33 and Figure 8-34
(sections 245 till 250) the beach was not nourisined004 leading to a net loss of
more than 45 000 m3 on the foreshore. While thesfoore eroded, the backshore and
the dune foot grew with app. 50 000 m3, mainly doe aeolian transport and
deposition.
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Figure 8-33: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accretpmiygons with their number, and the areas where
artificial nourishment activities were executed,dicated with capital letters (red = beach
nourishment with sea sand). On the lower map, ovds fthe amount (in m3) of sediment eroded or
deposited in each polygon, as well as arrows irtdigathe direction and amount of the sediment
transport. The pink area indicates the built-upare

The most eastern sections of the Belgian coastigesc251 — 257) feature a different
beach morphology than the sections West of se@iih They are not protected by
groynes and unlike the rest of the East Coast, tiseye never been nourished. An
important reason for the latter is that in secti®BS — 257 the outlet of the Zwin nature
reserve is situated. Nourishing this beach wouftuémce and probably fasten the
sanding up of the nature reserve, which is notredsOn Figure 8-34 one can see that
between 2000 and 2004 the foreshore eroded witte i@m 100 000 m3, while the
dune foot grew with 32 000 m2. The erosion in polydN° 442 (-54 600 m3) is linked
to displacements of the Zwin gully. Finally, it st be noted that the morphological
evolution of the Zwin is not only influenced by theman interventions West of the
Zwin, in Knokke-Zoute, but also by the works exetlton the Dutch side of the
border, in Cadzand.
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Figure 8-34: Map indicating the major morphodynanaicanges between 2000 and 2004. In the
upper map one finds the coastal sections with tleeimresponding number (bordered by lines
perpendicular to the coast), the erosion/accrepotygons with their number. On the lower map, one
finds the amount (in m3) of sediment eroded or sigga in each polygon, as well as arrows
indicating the direction and amount of the sedinteamsport. The pink area indicates the built-up
area.

8.4 Summary of the sediment transport in the period 200-
2006

In this section an overview is provided of the gsglit transport as it was observed and
calculated it each coastal unit.

French border — Nieuwpoort

Between the French border and Nieuwpoort, the boasthowed accretion between
2000 and 2006. Major accretion took place in KalesiBad, Oostduinkerke-Bad and
in Groenendijk-Bad, especially on the backshore iantthe foredunes. The accretion
continues for over more than 10 years now, butlabe LIDAR observation in 2006

indicates that the accretion is halted. Especibiyween the Westhoek and Sint-
Idesbald the beach featured erosion in the per@2- 2006. The volume added
during the yearly berm replenishments is much snéfian the natural accretion. The
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wide intertidal beach forms a very effective sedwaat is therefore responsible for the
accretion on the backshore and in the foredunes.

Nieuwpoort — Oostende

The coastal unit between the 1Jzermonding and #rbdur channel of Oostende is
erosive, but in most places berm replenishmentsbaadh nourishments compensate
for the natural erosion. Between the I|Jzermondingl dhe military base of
Lombardsijde erosion continues; it was expectedl tthe erosion would stop once an
equilibrium state was attained around the extergtegines in Nieuwpoort. However,
despite the new equilibrium state in Nieuwpoorte throsion in Lombardsijde
continued. The conclusion could be that the modtthe river 1Jzer is an effective
barrier for the longshore transport from the Wesd &ience hampers the supply of
sediment via longshore transport in Lombardsijdee €rosion, mainly due to cross-
shore transport directed seawards, is not onlyrtegan Lombardsijde, but is seen in
the entire coastal unit between Nieuwpoort and €as. However, the yearly berm
replenishments compensate for the natural loskess is a small net positive balance.
An exception is the beach in Sint-Laureins (West@ndhis beach tends to grow
slowly, probably as a result of the groynes whidrevextended in the beginning of the
90s. The last observation in 2006 indicates thaftttretional trend might be halted in
the next years. Thanks to the relative wide, ammrat beach, the foredunes grew
steadily in Sint-Laureins.

The centre of Oostende was in April-June 2004 stbje an important beach

nourishment. Before the nourishment, there wasrgobdach anymore in Oostende,
i.e., at high tide the sea dike immediately seresdseawall. The fill was easily

detectable on the hyperspectral data. Howeveradren July 2004, it was clear that
the fill was being reworked. Shells were washedand temporarily stocked on the

foreshore, while on the backshore a ‘white bands feaimed, parallel to the coastline.

The bright colour is mainly due to the absence hd#lls in this band. The eroded
sediment supplied the ‘Klein Strandje’, located tE#sthe nourishment area, and to a
lesser extent also the ‘Groot strand’, located Vééshe nourishment area. In 2005, a
first ‘maintenance nourishment’ was executed ineorb compensate for the initial

erosion during the first year after the nourishmémt2006, no extra nourishment was
necessary.

Oostende — Blankenberge

Between the harbour channels of Oostende and Bibekge, the beach was in a
morphodynamic equilibrium state. In Bredene, hdlthe amount, supplied via berm
replenishments (app. 45 000 m3), remained in or trassported to the foredunes,
while the other half was transported seaward. Téach of Bredene does not benefit
from the large-scale nourishments in De Haan. & nburishment area around De
Haan, the seaward side of the dry beach berm idedroThe eroded material is
temporarily stocked on the foreshore after whidk transported to the nearshore. On
the dry beach berm, aeolian transport occurs; #rel 9§s transported towards the

181



Chapter 8

foredunes and deposited between artificial woodemcds (‘rijshouthagen’). The

resulting sediment balance of the foredunes istigesiThe amount deposited in the
foredunes is approximately half of the amount edode the backshore and foreshore.
The intensity of the erosion decreases from thet\Wethe East: in the period 2000-
2006, the total net erosion between Hippodroom &xed Haan-Centre was app.

140 000 m3. Between De Haan-centre and Wenduineriget there was in the same
period a positive balance (+ 106 000 m3). The sdasls maps indicate that the main
sand transport directions are cross-shore; few isttmment sand is transported
longshore, outside the nourished area.

Note however that the amounts of sand eroded itHB&n are rather small; this can
probably be attributed to the nearshore berm whiah created simultaneously to the
backshore nourishment works. The berm acts as darwater barrier, preserving the
beach from fast cross-shore erosion.

In Wenduine, the backshore is yearly nourishedoeian replenishments. The seaward
side of the berm is eroded and needs yearly mantento remain at the same
location. The foredunes between Wenduine and thgoba channel of Blankenberge
grew, but less fast than the foredunes immediafébst of Wenduine. The beach
between Wenduine and Blankenberge is in a dynamiglilerium. There is no
significant influence or supply from the nouristeéda around De Haan.

Blankenberge — Zeebrugge

Between 1980 and 1990 the beach in Blankenberge cleasly accretional. The
reasons hitherto where threefold: the extensiohefgroynes in Blankenberge (in
1985 — 1986 and 1991), the deposition of dredge@nah out of the harbour channel
in the sections immediately East of the channel #mddly, the yearly berm
replenishments. Recently, the accretion turned éntsion because the deposition of
dredged material was stopped and because a nelibdgm state was attained after
the extension of the groynes. The berm replenistsnemntinue until today. In 2000,
the level of the foreshore was app. 20 cm lowen iha2006. The backshore remained
stable thanks to berm replenishments (often witld eom the intertidal beach). The
nourished berm at the Duinse Polders eroded, edpeecit its seaward side. The
classified hyperspectral scenes indicate that tekdhore East and West from the
nourished berm was fed with nourishment sand. Hewethe main erosion was
directed seaward; fractions of the fill were fouod the foreshore seaward of the
nourished berm, but also eastward on the foreshorBeebrugge. In Zeebrugge,
longshore transport processes were responsibkhiddiormation of a wide accretional
beach, clearly illustrating that the net longshtmansport at the Belgian coast is
directed from the West to the East. Between 20@D 2006, the beach in Zeebrugge
grew yearly with 85 000 m3 and the foredunes witlbther 9 000 m3. The beach in
Zeebrugge is therefore suited (and already usedpnad dredging area, but the sand
sedimented on the foreshore is rather fine-graimed hence not ideally suited for
nourishment works.
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Zeebrugge — Zwin channel

In contrast with the beach in Zeebrugge, the wiglgch in Heist is not natural. It was
formed during several nourishment activities inesrtb compensate for the erosion
that was expected to occur after the constructiaies harbour dams. Between 2000
and 2006, the total erosion was 112 000 m3 or &®000 m3 per year. The
morphological evolution indicates both cross-shtvensport to the nearshore and
longshore transport to the East. The top sedimartise nature reserve of the Bay of
Heist shifted from muddy to mainly sandy, probadndya result of the faster drainage of
the basin in the nature reserve. The beach of Kex@dute is one of the most erosive
units along the Belgian coast. After the ‘motheunshment’ of 1977 — 1979, three
maintenance nourishments were needed: in 1986, H3@D 2004. Between the
consecutive nourishments, major erosion was medsnot only at the seaward berm
of the nourished berm, but also on the foreshotee Tatter is triggered by the
Appelzak, a tidal gully situated immediately offsedrom Knokke-Zoute and the
Lekkerbek. While in 1900, the gully was locatedn kom the sea dike, in 1930 it was
already at 300 m from the sea dike (Huygens, 20Qa}er on, groynes were
constructed which prevented a further landward,shift a deepening (and a westward
extension) of the Appelzak could not be prevenfdw: Appelzak is the main reason
for the fast erosion in Knokke-Heist. Sand erodedtlme back- and foreshore, and
transported to the nearshore, enters in the tiddy @fter which it is transported
longshore by tidal currents. Hence, the eroded sh@s not form a barrier on the
nearshore from where it nourishes the beach dwalm weather conditions. As a
result, the beach remains rather narrow and ipstethan at the Middle and West
Coast. A narrow, steep beach provides less effigatection than a wide beach
across which spilling breakers dissipate their gyelhe result of all this is that the
life-time of nourishments in Knokke-Heist is sigoéntly shorter than elsewhere.

A detailed analysis of the erosion problematicsKimokke-Heist can be found in
Huygens (2001) who focused on the nourishment d3618nd compared field
measurements with laboratory simulations and a emagtical modeling approach.

Although the main transport is directed seaward,d#nd class maps indicate also the
occurrence of longshore transport processes aloachigh water mark. The above
mentioned fast erosion in Knokke-Zoute necessitatesnourishment of the beach at
least every 5 years, in case no heavy storms ottu2006, 55% of the fill of the
nourishment of 2004 was already eroded. This imphe average erosion rate of
100 000 m2 in the first two years after the nourieht. Between 2000 and 2004, an
average erosion rate of 45 000 m3 per year wasurezhs

Finally, it should be noted that the foredunes imokke-Zoute grew in the period
studied. Despite the erosive backshore and foreslime accretional foredunes add to
the general strength of the seawall.
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Discussion

9.1 The beach dynamic behaviour in the period 2000 — P6

If one integrates all volume differences betweei®@nd 2006 for the entire beach
and foredunes, it can be concluded that the beaeWw gith 209 700 m® and the
foredunes with 1 132 400 m3. l.e., a net positiadabce. Taking into account the
surface of the beach and the foredunes, this coimes to a raising of the beach with
1,5 cm and a raising of the foredunes with 37,6 ehance, the foredunes grew
significantly while the beach level didn't change al. However, these numbers
include all nourishment activities. Looking backlaoge beach nourishments executed
in Oostende (575 000 m3 in 2004 on the backshadetzn foreshore) and in Knokke-
Zoute (390 000 m3 in 2004 on the backshore anddteshore), it becomes clear that
the positive balance was only achieved due to {acgde human interventions. It is
difficult to estimate the exact volume differene@ghout the nourishment activities, as
the latter influence the dynamic behaviour of teadh, but there would probably be a
loss between 1 000 000 m® and 1 500 000 m3 forb#kech. For the foredunes, the
calculation is even more difficult as the nourishehches protect the foredunes and
hence stimulate their growth (see below). Howeveican be assumed with high
certainty that also the growth of the foredunes ldicae much smaller without the
nourishments. The positive conclusion is that teasares taken prove to be sufficient
to maintain the safety level of our sea wall, untter conditions observed between
2000 and 2006. The somewhat more troublesome cgionlis that the measures were
and probably will remain necessary. Without thegeriventions the Belgian coastline
would feature severe erosion, even in a periodouitsevere storms.

The beaches which were most affected by erosiomanely situated along the Middle
and East Coast, amongst which the beaches of Knotikte, the Duinse Polders, and
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a large area around De Haan, being the large-bealeh nourishment areas, featured
the most severe erosion. The only accretional lesaalere found in Zeebrugge, Sint-
Laureins and the centre of Koksijde. These resudtfirm to a large extent previous
research conducted by De Welf al (1993), although some small differences were
observed: in De Wolét al (1993) the beach of Nieuwpoort was strongly admnal
due to the construction of new groynes in 1978 7919n our study, this beach was
still accretional (due to an extension of the gesym the 90s) but the rate of accretion
slowed down especially in the last two years ofeobation (between 2004 and 2006).
The latter can probably be attributed to the newiligium state which is being
attained around the new groynes in Nieuwpoort. Aaotifference was observed in
Blankenberge, where the beach featured accretidheir80s and in the beginning of
the 90s, turning to erosion between 2000 and 200& recent erosive trend can
probably be attributed to the stopping of the dimws of dredged material on the
back- and foreshore, and to the fact that a newiledqum state was attained after the
extension of the groynes. A last remarkable diffeeebetween the observations made
in the 80s and 90s and our recent observatiorignosive trend of the beach in the
Bay of Heist. However, the accretion in the 80s 808 was due to nourishments that
had to counter the erosion after the constructfadheharbour dams of Zeebrugge. The
erosion we observed between 2000 and 2006 repseheniexpected’ evolution of this
beach.

As stated above, the foredunes grew in many plaEess. is remarkable as many
beaches in front of the foredunes were erosiveaana prerequisite for dune growth is
a stable or accretional beach. In theory, if thacbeis erosive, it is unlikely that the
foredunes grow. However, the observation of grovdnges can probably be attributed
to the artificial nourishment of many beaches, tingawide fore- and backshores.
Following the nourishment, the foreshore part safégosion while the wide backshore
continues to feed the dunefronts. Another explanator the growing dunes are the
meteorological conditions in the period studied; major storms were recorded in
these years. It is very likely that a severe stoould drastically alter the accretional
trend of the dunes as the erosive beach does otipran effective barrier.

Looking back to the analysis made in the previcuspters, it was observed that the
sediment dynamics along the Belgian shoreline seemperate in separated shore
stretches. The boundaries of these stretches appede natural or man-made
structures. E.g., in Lombardsijde, the erosion icoetd even after a morphological
equilibrium was attained around the extended greyneNieuwpoort, while it would
be expected that once an equilibrium state wasnattathe supply from the West
would stop or slow down the erosion in Lombardsijiibe latter was not the case,
indicating that the 1Jzermonding is an effectiveriea against the longshore transport.
A similar conclusion could be drawn in Oostende rehihe recent nourishment does
not feed the beach eastward of the harbour chgmm@&redene). Even without large
structures, it was observed that most of the satimamained in a limited area and
was not transported over large distances alongdastline. This is the case around De
Haan; the nourished sand remained largely in theistument area instead of being
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transported eastward or westward. Also the smalhgh in orientation of the coastline
at the rotunda of Wenduine appeared to be suffidiedimit the longshore transport
(or to redirect it seawards). These observatiolig@anind to the principle of coastal
cells” as defined by Motyka and Brampton (1993). It remmaian open gquestion
whether these cells would also exist without thecttires limiting the longshore drift,
but there are at least indications that this wanddhe case.

The indications of coastal cells contradict othegeravhelming evidence for longer-
term, net longshore transport from the West to East. Accretion of the beach in
Zeebrugge goes on linearly with time, ever sineedbnstruction of the harbour dams
in the 1980s. The present study points to the itapoe of nearshore transport in the
longshore processes, as the direct contribution thia foreshore and backshore,
indicated by the evolution in the Duinse Poldersurishment area, involves
insufficient net volumes of sand to account forldrge-scale accretion in Zeebrugge.

As mentioned, the Belgian shoreline is far fronurat Almost the entire coastline is
protected by man-made structures. In general, & alaserved that these structures
have the desired effect on the beach dynamics: Wesgken the erosive forces and
stimulate accretion. However, a remark should bdanagarding the construction or
extension of groynes. It was observed that groyrmese a beneficiary effect on the
beach situated in between and immediately arouadjtbynes, but the beach situated
downdrift (mostly eastward) of the groynes exparéana negative effect, at least in the
first years (up to 15 years) after the constructiims has very well been observed in
Koksijde-Bad where the construction of two groynesulted in accretion around the
groynes, whereas 1.5 km eastward (at the Schipgaten), the foreshore and
backshore lowered, giving the secondary effectusfedfoot erosion. Only now, more
than 15 years after the construction of the groyaesequilibrium state seems to be
attained and the erosion is halted. To preventatiierse effects of groynes, it should
be considered to limit the length of the groynegerEshort groynes constitute a barrier
to the longshore transport but the negative effefds/ndrift would be limited.
Obviously, the negative and positive effects arexiricably connected, hence, a
compromise will always have to be made.

Another example of the influence of man on the Belgcoast is found around the
harbour of Zeebrugge. While the western dam actmnadmost absolute barrier to the
longshore transport from the West to the Easteffect of the eastern dam is rather
complex. During the falling of the tide, a westwalrift causes accretion at the eastern
dam. But also during the rising tide, accretiommisasured as a result of the currents
entering the bay. The sheltered position of the tayses sedimentation in the bay
(Waterbouwkundig Laboratorium, 2006). The lattemanifested by the raising of a
shoal (locally nicknamed ‘Verwilghen-bankje’) onetlmearshore. Despite this, our
observations revealed foreshore erosion. This seemsadictory to the accretion on

12 A coastal cell is a compartment of coastline, d#d from neighbouring sections of coast in terms
of longshore drift, current flow, and wave converge and divergence.
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the foreshore, but it may be explained by a landvahift of a runnel situated at the
low water mark. The net volume change of the whobatinuum of backshore-
foreshore-nearshore appears to show accretion.obisrvation supports the need for
an integrated approach in which airborne obsernatiare coupled with seaborne
measurements (see further).

9.2 Hyperspectral remote sensing for beach monitoring

It is beyond dispute that airborne imaging spectypg opens new possibilities for
sediment transport studies along sandy beachescl@lsical approach, using only
LIDAR data, does not allow to make a qualitativalgsis of the sediment transport.
The novel aspect in this research was the claasific of the beach in sand type
classes that are spectrally distinguishable andiréited to the geomorphology of the
beach. These classes are used as a tracer to mtmetsediment dynamics. An
important element in the classification methodolagythe ‘reproducibility’ of the
classifications, i.e., applying the same clasdifica strategy and the same training
data, the researcher will always obtain the sargeltee Moreover, the methodology
remains unchanged, i.e. there is no need to ‘tilneetlassifier in an interactive way for
each airborne data set. The only new input neededdch airborne data set are the
corresponding ground truth data.

However, some remarks have to be made regardingeitttenique used and the
methodology applied. As mentioned, the hyperspeateda can only distinguish
classes that feature a unigue spectral signaturémfyortant class that we wanted to
monitor was beach nourishment sand. As most noudsks along the Belgian
shoreline make use of sea-sand (dredged on offdiarks) and as this type of sand
differs in grain size, shell content and mineratayicomposition from the sand
naturally found on the beach, it was possible &ssify beach nourishment sand as a
separate class. However, beach nourishments oh lseaapings, executed with sand
borrowed from the beach itself (cf. re-profilingleamuch more difficult to detect.
Although dry beach scrapings have an important gephological impact on the
beach, it proved difficult to distinguish the ardasolved. Hence, the mapping of
geomorphological units is limited to those unitattHeature a different spectral
behaviour. To some extent, the combination of tyy@ehspectral data with the LIDAR
data can overcome this limitation, e.g., the LIDA&a allows to delineate areas with
an anomalous topography even if the spectral ctexistics of the sediment are the
same. Another example of the limitations of a téphe based on spectral
discrimination, is the detection of shell-rich sa#deas nourished with sea-sand are
often (not always) shell-rich, but there are alsnaentrations of shells, often in linear
strips along the margins of banks, that are ndtelinto nourishments. Hence, the
classes ‘shell-rich sand’ and ‘beach nourishmendi'sare often mixed in nourishment
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areas, while it could be that shell-rich areasvarengly interpreted as nourishment
sand.

Another difficulty, inherent to the spectral tealuné applied, we had to cope with, was
the reworking of the fill in nourished areas. Imiagely after a nourishment, the fill
starts to be reworked due to the action of wind amader. Fine particles are blown
away or washed out, while coarser particles renmagitu. It was also observed that at
the high water mark (in case of dry beach nouristig)e the fill was eroded during
high tide (or storm events) leading to a relatianaentration of shells which are
deposited on the lower parts of the beach duriegbidcckwash. Another remarkable
feature in nourished areas that are subject tonlémgy was the formation of a ‘white
band’ at the high water mark. The latter could vesll be observed in the fill of
Oostende (A on Figure 9-1) where a hyperspectraggnwas taken in July 2004, i.e., a
few weeks after the nourishment activities. Notmahe concentration of shells on the
intertidal beach (B on Figure 9-1); this is a tenapy stock after which the shells are
transported offshore or longshore. In conclusibe, ireworking of the fill may render
the interpretation of the classified hyperspedleth difficult as the reworked sediment
does not always correspond to the sediment typexi wss training for the
classifications.

Figure 9-1: Sand class map of July 2004, focusingtlte beach nourishment in the centre of
Oostende. The arrows indicate the main sedimenspart directions.
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An important remark that should further be made mdueplying imaging spectroscopy
to beach monitoring is that this technique mapy oné very surface, i.e. the upper
millimeters of the substrate. The electromagnetitiation is either reflected at the top
of the surface or absorbed; the amount of radidgtiahis reflected by deeper substrate
layers is negligible. Hence, one can only deriviorimation from the top layer.
Conclusions on the deeper layers can only be madieectly. This is an important
element that had to be taken into account througt@uwhole of this research. Field
knowledge of the longer term processes is needethtepret the top layer in
connection with the deeper layers. One top layassimay be the result of different
processes, e.g., a shell-rich coarse-grained @ ia often found in nourished areas
where the deeper layers contain the same typedahset, but the same top layer can
also be observed as a deflation pavement where #aused by beach lowering
processes that result in a concentration of thevibleand coarse-grained fractions.
There is no straightforward methodology to judgetlo@ composition of the deeper
layers, but sound field knowledge helps to extrafgothe observations, made at the
surface, to the deeper layers.

Finally, it should be mentioned that, without dewyithe possibilities of airborne

imaging spectroscopy, a high number of small spebiands is not always needed to
obtain good classification accuracies (see Cha@jteh few broad bands proved to be
sufficient to obtain the desired classificationw@ecy. However, in the SFFS algorithm
used, a feature selection is performed for eachrpialassification. Hence, in total

more than 2 or 3 bands are used to obtain the awagluracies. However, it was

observed that the bands selected are often thelsamis, and on top of that it does not
matter if a band is substituted for its neighbogirand, due to the high correlation
between adjacent bands. With these elements in, mi@dvould advise to use for this

type of application a hyperspectral sensor coveninlg the VNIR part of the spectrum

and configured with only 10-20 bands, in favourtlodé spatial resolution. It is our

conclusion that more useful and equally accuratehesand classifications can be
obtained by trading spectral for spatial resolut{especially when the number of

training samples is restricted). This is also iwofar of the costs of an airborne

hyperspectral campaign since the deployment of ¢RS8nsor is more expensive than
a VNIR sensor.

9.3 Future monitoring strategy

The previous paragraph brings us to the topic afitodng strategies. It is evident that
it would be interesting to have many more frequeritorne acquisitions (e.g., monthly
acquisitions). This would allow for an analysistlé short-term beach dynamics. For
example, the effect of seasonal weather conditocandd be analysed. Although very
interesting, these short term variations were bdyihe scope of this research. We
intended to focus on the longer term dynamics aseHtonger time scales are more
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relevant for erosion and beach management issuesefbre, we are convinced that
one yearly observation is sufficient to study thdiment dynamics in the longer term;
but, to exclude seasonal variations in the datatistobservation should preferably be
taken in the same season.

Today, it is not possible to set up a monitorimateigy with frequent acquisitions at a
short time interval as this would be extremely exgdee. Both hyperspectral and
LIDAR data are nowadays only available from airleophatforms. There are currently
two hyperspectral satellites in orbit, but the camdetric quality (and the spatial
resolution) is rather poor. Moreover, their fixedbib is not compatible with
observations bounded by meteorological and tidakstraints. Therefore, expensive
airborne acquisitions are the only option left tpdélowever, new platforms and
sensors are being built; by 2009-2010 a new gedperaif hyperspectral satellite
sensors should become operational. They will hawe ircreased radiometric
performance, but will still be limited from an opépnal point of view. To overcome
this, entirely new platforms are being developedmdnned Aerial Vehicles (UAV)
cruising in the stratosphere for several weeksvenemonths will drastically reduce
the cost of airborne campaigns without losing tperational flexibility characteristic
of airborne surveys (For more information see Httpvw.pegasus4europe.com). It is
expected that these new platforms, which in a Isteege will also be designed to carry
active systems like LIDARs, will announce a new efaoastal surveys, allowing an
almost continuous and cost-effective monitoringtetyy.

A final remark that we want to stress is the nemdah integrated approach covering
the morphological continuum dunes-beach-nearstirailar studies as the one we
conducted are being executed on the nearshoreyiagpteaborne remote sensing
technigues (e.g., sonar and single/multibeam). &tsadies also aim at delivering
sediment maps and the area they focus on is phiysezmnected to the beach system
we studied. We both have to cope with an open benynds a result of the practical
limitations of the observation techniques appli€d. be able to study the sediment
transport to its full extent, it is an absolute uegment to couple airborne or
spaceborne measurements with seaborne measureménils. writing this, the first
steps are being taken to start up a joint resqaabct in this direction.
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Airborne hyperspectral data and airborne LIDAR daéme used to study the sediment
dynamics along the Belgian shoreline in the pebietiveen 2000 and 2006. Prior to
the geomorphologic analysis, tests were perforrnetbmpare different classification
strategies, applied on the hyperspectral data. Ad8#a, featuring 32 bands and 1 m
ground resolution, were used to test the diffedassification strategies. Due to the
type of sand used to perform the beach nourishinéméstechnique proved to be
especially suited to map beach nourishment aredstarfollow-up their dynamic
behaviour. The best classification results weraiokd applying a Linear Discriminant
Analysis (LDA) in combination with feature selectiby means of Sequential Floating
Forward Search (SFFS). Transformation of the caighands into wavelet coefficients
significantly improved the accuracy. Using a snmlmber (two to three) of wavelet
coefficients, a Kappa of 0.80 could be obtained fosand type classes. The non-
statistical SAM algorithm was also tested and st@s@mewhat lower (Kappa of 0.71)
than LDA. Consequently, the LDA algorithm was rumartificially broadened bands;
this test showed that, for this application, nartzamds are not needed to obtain good
classification accuracies: it was possible to bepathe bands from 2.2 nm up to
55.0 nm without losing classification accuracy. Ekena limited number of broad
bands proved to be sufficient to obtain good cfesdion accuracies in this
application. HyMap data were used to test the Hy®is that a VNIR sensor is
sufficient to classify sandy shorelines. It waswhdhat nearly the same classification
accuracy could be obtained using the VNIR range tha SWIR range or the whole
VNIR+SWIR range, which leads to the recommendatmleploy a common VNIR
sensor for this type of applications.

The LDA classification algorithm, in combination tivi SFFS, was also applied to
classify the sandy and muddy sediments on the Nddeanm in the Westerschelde into
sediment habitat classes. The overall weightedracguwas highest for the water
content (88%), the median grain size (88%) ancttherophyll-a concentration (84%).
The organic matter content scored somewhat lowtr 80%. These four parameters
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were used to define sediment habitat types whichseave as input for more detailed
biological or sedimentological studies.

The ultimate goal of this thesis was the analy$ithe sediment dynamics along the
Belgian shoreline, making use of the classifieddngpectral data and LIDAR derived
DTMs over the period 2000 - 2006. Subtracting satjgeDTMs resulted in height
difference maps indicating the erosion and acanetiones. While LIDAR data only
offer topographical information, the classified bygpectral data were used as tracer
for the sediment transport. The combination ofdalta layers allowed analysing the
sediment transport directions. The methodology aygsied in five distinct units, most
of them limited by harbour dams or harbour channelich allowed to treat each unit
as a more or less closed system. In summary, Itddmei concluded that the beach in
the period studied was in most places stable (&ss, that 25 cm accretion or erosion)
or erosive. The beaches which were most affectegttigion are mainly situated along
the Middle and East Coast, among which the beachénokke-Zoute, the Duinse
Polders, and a large area around De Haan featheethdst severe erosion. The only
accretional beaches were found in Zeebrugge, Siotdins and the centre of
Koksijde. However, each of these accretional beadmild be linked to human
interventions. The overall natural tendency wassigeo Unlike the beach, the
foredunes, i.e., the dunes immediately landwanthefbeach, grew or remained stable
in most places. Only at the Middle Coast, betweeasdhde and Oostende, the
foredunes were erosive. A detailed analysis wafepeed for each unit separately and
particular attention was paid to the sediment partsdirections; hereto all available
data layers originating from the LIDAR and hyperdpal data were combined in a
GIS and an integrated analysis was performed.

The following paragraphs resume the most importaiclusions drawn for each
coastal unit:

Between the French border and Nieuwpoort the coastline showed accretion
between 2000 and 2006. However, the LIDAR obsemwadif 2006 indicates that the
accretion is halted. Especially between the Westhmed Sint-ldesbald the beach
featured erosion in the period 2004 — 2006. Theeviidertidal beaches at the West
Coast form an effective seawall and are therefespansible for the accretion on the
backshore and in the foredunes.

Unlike the westernmost part of the Belgian shoeelithe coastal unibetween the
IJzermonding and the harbour channel of Oostendavas erosive. However, in most
places berm replenishments (or beach scrapingsheach nourishments compensated
for the natural erosion. The only accretional becthis unit, is the beach of Sint-
Laureins (Westende). The accretion was probablyrélselt of the extension of the
groynes, executed in the beginning of the 90s. [@ke LIDAR observation in 2006
indicated that the accretional trend might be lklaltethe next years. The centre of
Oostende was in April-June 2004 subject to an itgmbrbeach nourishment. The fill
could easily be detected on the hyperspectral dédaever, already in July 2004, it
was clear that the fill was being reworked and edodrhe eroded sediment supplied
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the ‘Klein strandje’, located East of the nourisimtn@rea, and to a lesser extent also the
‘Groot strand’, located West of the nourishmentaard/ith the available data, the
influence of the underwater gravel berm and thesiptes sink function of the harbour
access channel could not be assessed. Heretoplingowith nearshore data is needed.

Between the harbour channels of Oostende and Blankkerge the beach was in a
morphodynamic equilibrium. In the nourished aresuad De Haan, the seaward side
of the dry beach berm was eroded. The eroded rahtegis temporarily stocked on the
foreshore after which it was transported to thersteare. On the dry beach berm,
aeolian transport occurred; the sand was transpadeards the foredunes and
deposited between artificial wooden fences (‘rijghagen’). The resulting sediment
balance of the foredunes was positive. The sargb alaaps indicated that the main
sand transport directions were cross-shore; fewistoment sand was transported
alongshore outside the nourished area. Despiterttgion of the nourished berm, the
amount of sand eroded in De Haan was rather smoatipared with the volumes
supplied: this may be due to a beneficiary effdcthe nearshore berm. The beach
between Wenduine and Blankenberge was in a dynaqudibrium. There was no
significant influence or supply from the nouristaéda around De Haan.

The small unitbetween Blankenberge and Zeebruggevas clearly accretional
between 1980 and 1990. The reasons were threéfi@dxtension of some groynes in
Blankenberge (in 1985 — 1986 and 1991), the deposiff dredged material out of the
harbour channel in the sections immediately Easti®fchannel and thirdly, the yearly
berm replenishments. Recently, the accretion tummiderosion probably because the
deposition of dredged material was halted and Iscaa new morphological
equilibrium state was attained after the extensibthe groynes. The nourished berm
at the Duinse Polders eroded, especially at itswaeh side. The classified
hyperspectral scenes indicated that the backshasednd West of the nourished berm
was fed with nourishment sand. However, the maosien was directed seaward;
fractions of the fill were found on the foreshoeaward of the nourished berm, but
also eastward on the foreshore in Zeebrugge. Irbrdigge, longshore transport
processes were responsible for the formation afgelaccretional beach. This process
has been going on ever since the new harbour daens @onstructed around 1980.
Between 2000 and 2006, the beach in Zeebrugge geavly with 85 000 m? and the
foredunes with another 9 000 m3.

In contrast with the beach in Zeebrugge, the widach inHeist is not accretional.
Between 2000 and 2006, 112 000 m? of sand (or EppPOO m?3 per year ) was eroded
here. The morphological evolution indicated bothlossrshore transport to the
nearshore and longshore transport to the Eastb&@aeh ofKnokke-Zoute confirmed

to be one of the most erosive units along the BRalgioast. Although the main
transport was directed seaward, the sand class mdigsted also the occurrence of
longshore transport processes along the high waaek. The fast erosion in Knokke-
Zoute necessitates a renourishment of the beadtmxdpmtely every 5 years, in case
no heavy storms occur. In 2006, 55% of the filth&§ nourishment of 2004 was already
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eroded. This implies an average erosion rate ofdD00OM3 in the first two years after
the nourishment. Between 2000 and 2004, an averegmon rate of 45 000 m3 per
year was measured. Finally, it should be noted tatforedunes in Knokke-Zoute
grew in the period studied. Despite the erosivékslaare and foreshore, the accretional
foredunes add to the general strength of the skawal

To conclude, we would like to highlight the potahtf the airborne data collected for
modelling studies. The spatially continuous data, svering six years, can be used to
calibrate and validate morphodynamic models. Thterare -among others- used by
the Flanders Hydraulics Research Laboratory (httwdtlab.lin.vlaanderen.be/) to
study the dynamic behaviour of the Belgian coastind to judge on the hard and soft
defence structures needed to maintain the desafetlysevel at our coastline. While
the LIDAR data are very suited in these morphodyinamodels, the hyperspectral
data can be used in ecological habitat studiesjt asas demonstrated on the
Molenplaat.
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