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Exemple d’une variable dérivée du LIDAR et de Spot: cuvettes de déflation actives -caoudeyres-
(calculées a partir de la forme —LIDAR- et du taux de recouvrement veégetal —indice de vegétation tiré d'une image Spot-)

1 km

cuveties de déflation aclives
sur I'ensemble de la zone

' Estimation des paramétres
.{f(_::rme, recouvrement) Intégration spatiale des additions
: surfaciques de formes

Extraction des formes
actives (formes +

recouvrement) : A ;

F. Debaine, M. Robin, Aide & la gestion multifonctionnelle des dunes litorales atlantiques par lévaluation cartographiée de leur &tat de conservation - Colloque LTEAU Bordeaux 2011
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A new GIS modelling of coastal dune protection services against physical coastal

hazards

Francoise Debaine, Marc Robin®

UME 8554 LETG, Ukdvesial de Wames, Framoe

ARTICLE INFOD

ABSTRACT

Aetick kigrarg
Mnailanle onling 14 April 0

tnastal dune management presenis a unique problem to coastal scentists, not only becawse of the
dynamic and mmplex nature of casal dune systems but alwo because of the protedtion service against
mamy coastal hazands such 25 siormsurges in low and flat aasal countries, shoreline netreat, and a=alian
enmsion. |n order to evaluate such a service, a new GIS modelling ofa coastal dune profection servioe has
been @mied out on Noirmoutier klnd. It s based upon gecinformation coming from LIDAK, Spot
satellits and aerid photography data processing. This paper disoimses the Gengraphic Information
Systemn (G5 ) methodology used for dat acoqui sition and anal ysis and presents 2 method ology devel aped
(1) to charadterise and map dune shapes using gecindicators in order to highlight a=olian deflation,
marine codstal enosion and marine bmersion over the long <erm and (i) to set up a transferable and
synthetic methodology. This methodology & based upon spatial synthesss computed in regular
50 m*400 m boxes built up landward from the shoreline. Each variable is integrated within each b
This allows to quantify (i) spatial oaurrence of smch variahle and (i) spatial oincidence of mamy vari-
ables within each boo Each protection serviee is underlying by a set of varables The state of the
profection service is then disoussed and quantified and can be used by stakehalders to manage dunes in
2 safe way for society sakes.

& 2012 Esevier Ltd. Al rights reserved

L Iniroductien

Coastal dune sysems are particularly fragile environments
wihich are threatensd by several pobential dangers A varery of
Gctors can cause distuance. Himan sctivities in littoral areas are
widespread and have been intensifying during the 20th century
(Cori, 1999 Cattle grazing, Gaming, reforestation and wibani sation
harve elimina ted many stretches of intermal vege Lation, while coast-
bownd tourism and especially coastal erosion endanger beach and
embrym-dune communities (Taveira Pinto, 2004) Dunes senve
many valwable purposes: a5 ecreational aress, a5 a2 habitat for
varipis species of birds a8 shore proecion and 35 lemporary
sounces and sinks of sand in the coastal environment One of the
crucial roles of dune systems i o act a8 buffers, diminishing the
impact of storms, hemicanes, floods and waves and therelby
convtrilistingg to the well-being of kw- hiing coastal ares oomimi-
mities im both the deve koping and e indwsorial workd (Mile nmiem,
25 L

* Corresponding Suthar
E-munl aufreises: Francoise SebhaneSuniv-nanestr (F Debaine), ©Marc mbind
univ-nan e (WL Robin).

D9E- 5590 |5~ sa fron T mamer O 20017 Eleewier Lul ANl Sghes meerved
i B0 0l Sfjoscecnaman DI 20301

Coastal dunes are difficull landforms o shedy amd  manage
beecase of theoomples: interactions et ween their topography, their
viegetation and the seolian processes that mdaove sand th g hout the
system (Barigre and Favenmsec, 19961 In addition, hydraulic
proceses may scarp, breach of wash over the dunes (Caner, 1988
For example, on Febrary 28th 2000, the sorm Xynthia occumed
during a high water spring tide and caused a disaster: the
oo unction of severe meteorological conditions and a high sea level
led 1o severe flooding on the sowth oot of the de pariment of
Vendée (France), die o breaches and overwashes of many levess
and a few wide breaches in the coastal dune (Verger, 2010) This
S0rm Swamiped e veral thouwsand hea ares and killed 29 resdents.
The mapping of coastal dines and their vegetation oower &
2 e oesa iy el enent in the defimiton of the stre nerh of the dwune belt
against hydralic processes like breakthroughs (Bowechenn, 1987 ).
Maoredwver, these systems have been managed in such a way that
ahege rise in nigk canbe observed: wisan aneas have spread throegh
thie dimes, almost reaching the coastline and requinng memenmes
coastal delenoes. Potential breakthroughs are thie atening mot onhy
loww puin] i & it § il fooamt 1se disrsess bt k0w b mis st on on
lomw oLl diames [ Ministere de FEcokogEe, 20000

Tiee e alwational the stateof ecosyEiems At agiven tme and placs
is the basis of any planning process for the management of nanral
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resguroes. Many methods for the e sment of conservation satus
sl oo ve g2 tathon amalyss huve been proposed, both in local and
regional contexty but these have generally focised on either the
community or the lindscape level, independently of the spatial
e tent consdered. A recent paper proposed 2 review and a scientil-
jcal by souwmnd and practic] methid for the assesment of conseny obon
status in sandy ooastal envimnments, based on the maltiscale

concept of bisdiversity and focussing on the vepetation aspect
[ Cartsomi et al, 2000 ). Bush et al{ 1999 propoced.a design for the wse
of geoindicalors at a variery of scales: coastal geomorphology i
controlled by a wide range of geological and climatic factors and
e s opera ting At differe nscales. The frequency, inte nay, and
location of active plysical processes are contralled by regonal
Diotors (sasch a5 seismic setting and latinsde ), local Dotors (ssch as

dune

buiking
accommadalion
infrastracture {dyke, harbour. grain)

shellen farming area

- English Channel

Aflantic Ocean

P L Gone ol viea of o bllane wich bocamhnn of the smedly' Sne [ D vt 2 o off T Elared Bemareein Bines A and B
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P2 Sy o whe v (e ) amc] w0 e wikses [ ST} of e soediy area. The: po-icod of Su Donie s indhcane <2 S00m oo | nere.ar sine ¢ ebald W r il in rhis pary of rie Bdamd

proective offshore barrers amd coastal configuration), and sie-
specifie factors (such a5 site elevation amd vegelation] Geo-
indictors tend to foas on the local and & te-specific factors, wihich
shsow a less than 100-year variation (Berger, 19961, The ideal way to
gather inkrmation (and provide immed] sbe ma nage ment gl dance)
Al thee unrien Utate, rate of change, and mansgement pol icy of the
global environment is o camy oul detailed, loog-term monitonng

Inorder to evaluaie the role of coastal dumses a5 a natural form of
coasal protection, a Geographic Information Sysiem (GI5) appli-
cation has been constructed in sudh 2 way that stakehbolders can
exsily wse it becase of the simplicity of the processes and the
genenicity of the resulls as far a3 possible. Such a mult criteria
methodology can be found in the field of risk analysis when
intersecting numenis data o beild up eoindicators and
conmlvind g theem into an indes in order to rank vl nerability and
determine those underlying bovors that increase or decresse it
(Borufl et al, 2005, Fatal et al, 20004). A asmbination of spatial
dats las been wsed in many applicalions in ooastal mansgement
amd many studies have shown tsat geodniorma ton ted nology can
be very useful to support integrated coastal zome management
{Donrven et al_ 20031

The purpede of Chis paper is therelone 1o propose a mew, soen-
tifscally sownd and practical method for the sssesment of conser-
vl Oy P beCTion SLatws in sandy osastal e md ronments by building
up geaindicators, based on the multiscale concept of Lambdeos pe
integration within regular spatial wnits, and focssing on a et of
varialles managed ina G5

2. Description of the study area

Mol rrvuststie r Island, 19 ki lorg and 0.9—6 kmwide with 80 km
of shareline, is located off the French Atlantic coast (Fig. 1) The
island i charscterised by a temperate oceanic climate, fowing
gemerally from the west The coast of the idand can be described as
semidivrnal macrotidal with a mean tidal range of 34 m Mast of
the tme, the wave height ramges from 125 w0 2.5 m |[CANDHIS
measurement network (CETMEF, 20059)| The western exposed
shoreline of Roirmaowtier Eland is mainly composed of sandy bea-
chves beside dunes The north onast of the island is defined by sandy
e aches beside narmow sandy dunes or low rodoycliffs The eastern
part of its shoreline is mainly constinuted by a oontimeouws dyke
alkoieg the By of Boasrgmnen msdflars 1t should be noted that ot
35% of the shoreline is artifldal. Dykes and other longinsdinal sa
defence infrastruaunes stretch for more than 21 k. There are ko
many tramsversal infrastrociures like groymes. The siudy site s
loscated along the sandy south-western part of the islamd.

Duree patterns can be classified on the basis of physical
desaription (extemal form and intemal bedding) or genetic origin
(made of formation]. Moreover, the presence of vegetation resulis
i very different types of dune pattern such a5 hummocks, fone-
dunes, parabolic dunes and blowows Smith (1954) devised
a compreensive descriptive clasification system that kas been
whidbely e 10 inclisdes. fore dimes, paralbsolic dismes, bardu n dismes,
transve rse dime ridges, longitedinal dises, blowauts, and sttached
disnes. The snsdy zone presents a kredione along the baadh while

Tallske 1
R 1 gecein each b exgplairend By e guantiny of 2 waria ke with in 2 geeen gparial wndr (e ecaomple, The doane heighe can De eplained in many ways: o anbe
e rncimim bsight o dhe coastal dune o Bt can b 3 mean com poed ower the oo sl dun e within 3 sparial onit)
e Redevant ooxoral genindicamrs (T OinSRCa oF LNt wiThin Wi o |prane S Saneioe Sounce of daa
{gyua rny in a sparial wnit) a spatal uni
Toposga il [ Meme Ware e AT ST o Twa sh Pt (G5} erial photegraphy
1950 = 0I0LIDAR 2008
o i Doualed woduimee abacve {Cuibic e AT SADIT ST el T 51 Faeld (GPS)IDAR J0E
e mean s el Saned sane: o e
Topega i Douilee width Meme AT S ST el T 51 O0E ariall pheXicggra by
e stane: for et
WAz b B Wit uilel S Sufed rain Py cen e e Capacity i L0 e @anhin 2010 asrial phecggra ply
Mz pite S Dot i o DV SFesRe S i e i e e R UDAR 200E
I o o Wbcarpebwcrrenric des Syuam memwe [Draree capaciny’ oo fac e @wociomn LIDAR 20E
Wegpmmon Do w0 1 RN 0P Syuam meme Aevilian enceiom)Eha pe motion [Pl (s | Ch00eD Sipet i g
Land coveer Lamed coveer (urbnkeason ) Syuam meme Soaial wolre rabiliny 010 aerial plheyogra phd
003 St ima g
Lan d coner Coastal defien: & Meme (Coastal encdion 010 aerial phatogra ply
(e L, 2 el edierenes | (ma rinefasclian)
Lan d corer Coastal defienc & (gropmes ) M Marine erceion mitgation 010 aerial phatogra ply
Risk Shoredine SCion DEween T die Syuam meme Emeion rae Aerial photgraphy 1560 - 3010
Risk Ditstamce shoreline -k Meme oncial wuilree raility 2010 asrial phexcggra by

-19 -



45 E Dedine, M Robide f Oreon & Cousnl Mamageses & (202 43-54

2 AT transve e dune field (250 m) eocurs in e nor hem pan
of this zone. A mmbination of 2 naroew inactive parabolic dumne,
scthve blowouts and 2 flat deme feld bebind {500 m) oocwrs in the
central part of the study area The southem part of the zone is
characterised by a wide ransverse dune field composed of
predpitation ridees over a distance of 1 km (Fig. 21 Overall it is
a retentive system (Fust ard llenberger, 1996) including coastal
dune rypes where sand accumilstion within vegetation i domi-
nant over other proceses. Retentive dune forms grow mostly by
asccretion and are nearly static. The eastem |andward bowndary of
this transgressive dune feld is the kw anea of polders.

Dune and beach dynamics over a long-term period (eg. 100-
years) along the southern part of the islad are not wnfrm:
a norhem segment & in emdon and a southem segment i in
socretion becauwse of a dominant sowthward litteral drif. Risks
oome from both wiban land cover located near the shoreline and
the dow altinsde of the dune wnable to protect wrbanisation from
shorelime erosion, storm surges and overwash events (Fig. 11

3. Methodology

11 Geobndicators for an assessment of @ profechion semndioe al
a local 1ale

The Imte mational Union of Geological Scences (ILGS) defines
geoindicatonrs a5 “messures of suface or pear-srfce geological
processes and phenomens that vary dgnificantly over periods of
less ithan 100-years and that provide informati ontat is me.aningful

K envingnme ntal asessment” (Berger, 1996) The geoindicatons
identify & minimum set of parameters that describe shor-tem
emdmnmental dynamics and are proxies representing all the
parameters on which processes depend. They can provide
managers with dmple, qualitative tools for rapid identification of
vulnerability that is scientifically valid (Bush et al, 1999) Cosstal
geoindicators are features that infleence coastal processes and
determine bow a community will respond to, and recover from,
different coastal changes. Most geoindicatons are best evalsated in
the field, althowgh much information may be drawn from other
existing sounces such as maps, orthophomgraphs, videos and
efnsion male documentation (Duke, 2001 | Bush et al | 1999) gives
seversl geoindicators of coastal risks and clasifies them as high,
moderate, or low. For example, for the dtespediic propeny
damage risk category for coastal areas in unconsolidated emdible
material elevation: gemeral parameters (elevation, vegstation),
shoreline parameters (erosion rate, beach width, slope and thidk-
mess, dune configuration, overwash, engineering stnscheres ), inte-
i parameter (disme oo figeration ). The main ssee i the abil ity of
such i ndicators v quantify mastal risks. For example, reganding the
durse configuration for the shomeline parameerns: a bw fd ooows
when the dure has “high, wide, continuows, unbrasched ddges.
Hence, a moderate risk oocurs when there are <low, or discontin-
wous dunes; bulldozed dumes™. The boundary between low and
moderate risk i not easy o draw and questions remain unan-
awered wihen looking for a better scale and for the optimal size of
e s patial it wd thin which notions of “edatimeoews” or "disoon-
timees™ are stated. In order o be of gemernc and far-reaching
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sigmi ficance, each geod ndicator dwsuld if possilble (i) be quantifialle
(i) range over a scale with 2 minimum and 3 masdmem valee of
intensity and (iii) relate 1o a spatial wnit in onder o allsw (iv)
& relevant spatial combination of variables within the spatial wnit
Table 1 gves the relevant coastal geoindicators used in this sosdy.

Geoindicators are examined locally amnd site-specifially. As
dhviwn in Table 1, they are growped into five clases: 5 uopogra phic
class, inchuding dune veight, volume, and width; 2 morphometric
class, containing white dunefgrey dune ratio dune shape, and
morphometnc festumes; a vegelation clas with only vegetation
ower indicator; & risk clas, comprising distance  shoreline-
wibanization and shoreline ersion between two dates; and
& land cover class comLain ing wrban land cover and coastal defences

3.2, Raw data acquisirion and pre-processing

Fig. 3 gives the step- by-ste p procedure and details for each siep
(dlata and methodology ) In order to promaote an efficient meth-
odolegy wsable by sakebokders and managers of coastal dunes,
accurate svailable data and 2 spatial met hodology mest be wsed,
enabling an swareness of the consenation stakes. This kind of
study imabves the we of a great deal of data Hence, 25 2 prelimi-
nary step, iTwas esential o devote a long period to collecting and
preparing the geographical and stanistical inkrmation in onder 1o
oompule geaindicators. 11 was also crecial to pick the mecessany
fleld sirvey sampling podnts 10 contral the quality of ik tion
amnd b be able to interpret serial amd satellive data (muainby

Fg- 4. s (v = B3], aroend 400 m"30 m in e coramaald Jkang & 00 bom coandines aned 400 m froen e O m NGF Lndward, Each Box B Raodnsd onan e O m NGF Bk

Backgeand: SpoT bmage (2005] ~ miar indrared Buared
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vegelation cover) (Step 1, Fig. 31 The advent of Geographic Infor-
mation System (GI5) technology has enabled such integration and
anahsis This approach his been refined in recent years thioegh
technological impnovements in computer system handware and in
G software.

Four raw data byers (LIDAR (2008 |, Spot Image (2009, Orihs-
photography (1950) and Orihophoiography (2000]) were mainly
used and each was first pre-processed (Spep 2, Fig. 31

First ol all, serial photographs and satellite images still represent
the best visial sounces of information for mesoscale changes
Mo 2omial dimsendions of ooastal landloms and Lnd covers can e
measered [rom the pleooos [ Daolan et al, 1978, Delimpe ef al., 1991 L
The wse of satellite images is alo of greal interest conosming
vegelation oover (Robin et al_, 20111 Many geoindicitors can e
derived from such i dataser (Table 1).

The referential data are serial photos from e IGN (French
Mation al Geographic Institute ) reconded in 1950and 2000, The 2000
serial phatographs had already been georelere noed by dee KM, The
1950 serial photographs were georelerenced in a Lambert 9
projection using the 2000 aerial phitographs a5 a reference. They
were [hen misaiced. The satellite image from the Spol Image
Company was recorded on September 22, AWMS. Atmdspheric
Scatiering and absorprion effects were remdved [mom remdiely-
Sersed atellite data o gain reflectance [rom al-sensor radianee
(Rolin et al, 20110

Light detection and ramngng (UDAR) dath wene obisined with
& grant from the Regional Council (Régon Pays de Lodire | LIDAR
systems deployed on low-level airaralt have been proven Lo give
aocurate limzontal and vertical measere ments at et e meso-
and microscale (Wioolard and Colby, 2002 ) Topography can be
mapped in Digital Bevaton Maodelk (DEMs) (Hodgson and
Bresnahan, 2004) On the Noimouter [slind ooastal dunes
‘wihere The e i 5 mo hi gh vegetation oover, tere i no need [ remdae
the part due i vegetation Irm the LIDAR data: it has been shawn
Chaat Do viege Lationoove rdoes mol interere with elevation There is
& lack of correl ation etween LIDAR and feld beights below 20 om
This represents an operational kaer Hmit for beight detemination
(Streuker and Genm, 2006) or, in our case, the we of such data
wil vl any cormection Nevertheless, there is Still the problem of
a probable underestimation of vegetation height (Bork and Su,
2007 Comparisons between ground ransects with a D-Global
Pusitioning System and ransects from imerpolsted LUDAR data
Frovm bsaach Do dume e shwn a bias ot kwer than 20 cm. LIDAR
data was soquired over the stsdy area in 2008 and presents an
mverage spol density of around | point per m2 The 19 tles of the
LIDAR point data were first appendad then interpolated wsing an
Inverse Distance Weighted inverpolation which suits to a complex
terrain at high scale and high LIDAR data density (Livetal, 2009)
and after comparison with a GPS profile across different shapes
(blowout, rdge, peak] -best RMS ermors criterion between profile
o LIDAR inter polated data and GPS profile-. The resut s an
elevanion dataser with a very fine spatial (x and ) resolution o
272 mamd aline vertical () resolution of 015 m.

Field sample amd control podnts were gathered from surveys and
conds of (P5-based measurements of vegetation cover [we have
adatabase of 45 field samples with desen piion of vege tation cover
willuin quadrats).

13, Geoindicator layers from pre-processed layers

This corresponds 1o the second sep (Fig. 31 DEMs were
computed from the LIDAR layer. First, they allowed the Mean Saa
Level cormespanding 1o the altinsde 0 m NGF (French O m refere nee
T l{lp{gldphi{ Ieisiane I'!I'Iﬁ!lﬁ:l 1y e extracted. Them, thiee & main
man phaometnic features were exiracied from the DEM (pits, idges

arvd peaks) using ENVI software, wlich provides a setof tools that
describes the general geomorphometry of a surface. It is relatively
COMTTAN 10 U5 L pogna plic derivatives from te DEMS. Dr gis) and
Blschike (2006) describe the theoretical approach underlying the
design of such 4 wse. The mast widely used st of morphametric

B 5. Inegraton of wark Be s within boves. Top: 200mmon La Teson dane: irebde the
Sy i o an asrial phomgraph, box heendaries and e mples of 2 few i
(0 mn MICE, RSG0 oo line, 2000 Coccling, Bovteams [ s | B SRaEgrasod within
each Boorof the afes Bevwasn each Coaclite, in Square etk
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charactenstics is the aubdivision of all points on & surfioe into one
of pits, peaks, chanmels, ridges passes and planes (Wiodad, 15!!5]. (1T
choice consias of using one indicator of the weakness of the
protection service against marine submersion (pitl, and an indi-
cator of the barniar againstsisch a subme sion (paak plis rdge L Pis
are points that lie ona local concavity in all directions (all neigh-
Isoers higher), peaks are points that e on a kecal convesity in all
directions (all neighbours lower ) while fdges are points that lie on
& local comvexity that is onbogonal to a line with o comvesdy)
concavity. All these morphometric features are described by secomnd
derivathes (Woad, 19961 Due o DEM XYZ mesolution, after
miEmenEs atempts and in order tobe a5 clase 1o reality as posille,
valies were fixed ot a shope tolerance of 18, a curvatune of 001,
and akernsl of °%

Concerning the Spot layer, a vegetation index was then
computad (Normalised Difference Vegetation Indesxi Tieder, 1979)).
Thse DV is the mast comman and widely applied vegeta tion index
(Robin et al, 20111 Ik emplos the nomalised difference berween
the near-infrared (MIR: TRO—890 nm) and red (B: 610680 mm)
bands of Spol Image NDV1 — [iX53)-r(X52)||nX53) + nX52)]
and was originally created to assess green biomass (Rowse er al,
w3

Hz-rme v dates of serial pltographs, 2 manieal 9ig cali< tion
of the contact between the beach and the foredune, which come-
spomnds 1o the geomar plsol ogic coastline, was carried owl Twao lines

woere olvtained: the first from 1950 photography and the Second
T 20 10 phatograply Thein, a landward 00 m bulfer was made
from the O mMGF line. This buffer includes about B mbet ween the
0 m NGF line and the 2000 coastline and abowt 320 m landwand
fraws the 2000 cossthine The valise of 300 m from tee oo st ine
O TES PO L 2 g ge me it unit based wupon a safe margininthe
case of high coastal erosion (over a 10d-year period, (Bush et al,
19091, 1t allows o action in the cxse of urbanisation beyond this
value but this & no longer tree for wibanization less than 300 m
from the coastlime. On the Frendh Atlantic coast, the maximam
coastal erasion rate along the Aquitaine coast is about 2.5 myyear
(IFEN, 2006). Om Nl radubier 15kand, the mo:imem & msion rabe s
foiamd 1o the morth of the sudy aea with a valee of abowt 0.7 mf
year duri g the 200 cenmury (Fattal et al, 200 0. The value chosen
im this stsdy allows a safe margin of more than W0-years if very
high erasion ooewrs diri g a century aong the coast This remains
compatible with a sestainable management (Berger, 1996) The
mimimum distance betwean urbanisation and the 2000 ooasline
was then exiractied.

3.4, Sparial analysis within boxes and consrrudion of symtheric
variahles

Al these layers ae pil ints an AGE shape amat and then
imtegraed within 400 w50 m boxes which are polygons (Fig. 4]

Taklke 3
Bl oo sl gl i Barisy (Pearson’s ooonelaion oo chent - | emeeen @ach wariabie.
MET [ EBARRI DEALA ENTRD WHITEDAM MDA WA OOAST CDAST_DEF STAKEN STANER
NTIT 1
[P k| 1
[EARED D4R —0a7 1
DELA OES 0033 -0 s 1
BB k] 0304 -0 le Qx3x 1
WHITEDN —0eE —03ET -0 55 QoTs 0313 1
NI OIS —0335 A7 —05E9 e Ed (ks L d 1
WA QEES —0343 L £r aosg -0333 L] LTar. 1
OONST i ] —oann7 o7 —QZT0 Qg7 0177 O3S —-0H2 1
OOWET_IEF —0L080 aons oomT — Q04T QITE - Lk —0ES -3z 1
STAEEN [N =] —0573 o -Qs19 L] 03s3 051z ez O34T 0300 1
STAKER =00 o4l -0 G3 axs3 o =060 -0339 L -03ET Liked 1] =0LT0T 1
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Spatial analysk within boxes & camied out wsing Definiens
soltware (Step 3, Fig 31

First of all information from LIDAR is compubed within boxes:
mean, sediment cubature sbove O m NGF, entopy featune o
explain wpographic heterogensity or homogensity (4, b and o
Fig. 3] Mext, topographic featunes are classified wsing twa other
variables and membership functons: elevation abwe 0 m NGE
distance 1o coastline (buller) and vegstation omer (NDVIL Risk of
overwash/submerson in the case of tormsurge is characterised by
pits with a low mean atinsde and a shon distance 1 coastline
(e, Fig. 3) o by lack of rdges and peaks in the boces [, Fig. 3. Pits
with o vegetation cover and close tothe coastline are conside red
oy e it risk of asolian emsion (deflation) (e, Fig 31 Other pits ane
it b risk Pits clasified in this way within each bas are sumimed
S0 that a box with a high valee of summed aress of potential
foaded pits is considered a box with a high risk.

Oither layers are also integrated in each b the area between
eadh coastline in a box is computed and t e mean shoreline change
&5 an advance or a retreat (g, Figs. 3 and 5); coastal defence devices
are taken into scoount (b, Fig 3); the distance between the seawand
urbranisation bonder and the coastline i also computed, as is the
wrtanisation area (i and . Fig. 3); and the mean NDV valse insde
ench box is then computed (i Fig 31 Finally, the wiite dune aneais
cal ol aved w thin each oo

15, Mulniariteria indexes and proBchion service el

Twelve variables are then synthesised in bdases [ Step 4, Fig. 31
Each is computed within the o boundanies, i part of 2 global sk
rsesament and can be seen 45 ane vector oddrdinate in a malti-
vaniate space Table 2 gives the main indicators of global risk inte-
graved within baoses using 2 minimuem valee, 3 maimum value,
a mean valse and a standard deviation valee Risk may increase
with a low valise of with a ligh valise depending on the vanable
For example, (looding risk increases with a decrease in sediment
volume but alo with a decrease in the distance berween wiban
Stakes and the coastline (Table 2]

The mazd mum risk pattem aginst coastal emson can be fixed.
A risk maximum oocurs when a coastal segment is Taced with:
a low toporgr aph e levation, a low sediment wolume, a ligh surface
ooverad by pits( Mood rigk and defation riskLa kow surface oove red
by ridges and pe aks, and a negative coastal evol wtion (see e no. 4
Tabla 2) Maoreover, i kocation of coxstal stakes cose tothe dhoreline
increases rsk because of human exposure (Table 31 lnversely,
a high quality of service i gained with opposite trends over the
varialile

Inorder tode permine the lowes and the highest service loreach
of the three services, we have wsed a mult criteria method with
conditional queries upon the vanables tken wogether, each set of

variables wnderying one of the three services. For example, when
meeting the lowest posible value ingde each varisble taking
together (e lowest valee for varable | AND lowest value for
variahle 2 AND kywest valise for varialile 3) — which means than it
iy ot be the trise lowest value of one of these variables taking
apart-, we state Dhat we have the box re presentative of the kwest
level of srvice Six boxes are found b be representative of the
o e A the masimiem servie for each of the thiee sevices
provided by the coastal dune A map can then be produced of the
maximum  theoretical msk againg @asal emsion, manne
aulsivveraon anmd aeolian o on, g the moosdmim valee of each
variable wisich oocurs simul tanegusly in boxes (Talle 2] Because of
the mon-linearity of the vanables Table 3] each of the 183 bastes is
classifbed wsing a classificstion algorithm (K-means algoritm wpon
aandardised variables withouwt any ponderation) runming on a set
of variables as shown in Table 4

The Table 4 gives an overview of the variables wsed for each
proEction service. Fowr classes of service level ranging from ow 1o
very high are provided for the three services. The urban stakes are
also sored into four classes kllowing the same process.

It is 0w possilie to synthesse tese 3 senvicesintoa ghobal and
aynihetic service (Step 6, Fig. 3). The global service is given by the
aum of the three level of service For example, the theoretical
o i ghobal service will be ghven by the swum of the misimem
level of the three services (1 4 1 4+ 1 = 3) and the maximem
tsearetical service will be gven by the sum of the madmam of the
three services (4 + 4 o 4 = 12) Each intermediate case can be
el

The level of stakes i then computed by clasification of the
variable distan e be tween the wrian 1imitand the coastline and the
varishle wiban area Table 3 ghes the baryoentres of the fouwr
classes.

Mext, a map of iskis produced by misltiplying the global serdce
Iy the level of akes Table 5 gives the crssing of the Dwo van-
ables: global service versus stakes Because the global service has

bk 5
Coutific avio of the csing of T s bies: glodal seavice and giokl sokes

5 sumakons e | 1) Bl [ 23 Hiigh (3] Wy nigh (4

E] o daia 3 3 1z

M 5 z 12 16

5 5 0 15 0

5 & 12 12 4

T 7 4 21 %

& 8 15 4 1z

a a 18 7 35

0 0 0 30 40

n T = i3 Mo data

] 12 4 5 M it
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12 theoretical levels and the global stakes have 4 Jewels, their
ravuilti plica o g ves a masimum ange of 12°4 — 48 levels Ko valee
exveads 4. The representation of these valses by different shades
of grey is given in Talle 5.

4. Resulis

The way o gather information absout the current state of the
onxsal envimmment, its rate of chamge, and how o manage itis
perform det ailed, kvng-term momnitoring of reliable indicators | Bush
el al, 19949, Nevertheles, the complex nature of reality imolwes
taking ine account 4 combination of indicators in order 1o reach
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a reliable overview of this complexity. This s done nng wsing
a el ar integration scle within aspatial unit of 20,000 m* where
geoindicators are combined. This integration scale enables the
gepericity of the metbodology. Fig & shows the ten geoindicatons
arsd thse tweo variables of stakes wsed inthis study. Each geoindi cator
ranges in grey coloir in such a way that the darker the shade of
ey, the lower the service of probed ion against any hazard (lood|
averwash, marine ension seolian ermssion) For example, the
volume geoindicator (Fig 6A) ranges betwesn 55050 m* and
189,495 m?_ The lower value cormesponds to the minimum service
againsl marine ension the overwash and the aenlian
process. Hemce, wihen thene is.a low avai Lability of sand inoedde a b,
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