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Abstract. Assessing coastal vulnerability to climate change1 Introduction

at regional scales is now mandatory in France since the adop-

tion of recent laws to support adaptation to climate change.

However, there is presently no commonly recognised method he attraction of coastal zones has greatly increased in the
to assess accurately how sea level rise will modify coastalast hundred years. As aresult, people and infrastructure have
processes in the coming decades. Therefore, many assedicome more exposed to coastal hazards, including marine
ments of the physical component of coastal vulnerability areerosion and submersion, and the costs of protection have in-
presently based on a combined use of data (e.g. digital elevareased accordingly. A European assessment under the Euro-
tion models, historical shoreline and coastal geomorphologysion project (2004) found that 3.2 billion euros were spent on
datasets), simple models and expert opinion. In this studystabilising European shorelines in 2001. Given this context,
we assess the applicability and usefulness of a multi-criterigs€a level rise is expected to aggravate a wide range of already
decision-mapping method (the analytical hierarchy processeXisting coastal hazards (Nicholls and Cazenave, 2010).
AHP) to map physical coastal vulnerability to erosion and Mitigating and preventing coastal risks often relies on pro-
flooding in a structured way. We apply the method in two re- tection measures. For example, in Languedoc-Roussillon,
gions of France: the coastal zones of Languedoc-Roussillofiard defence structures such as groynes and breakwaters
(north-western Mediterranean, France) and the island of L41ave been placed along the coast in order to reduce ero-
Reunion (south-western Indian Ocean), notably using the resion and submersion risks. However, whether these protec-
gional geological maps. As expected, the results show notive measures can be sustained in the long term remains an
only the greater vulnerability of sand spits, estuaries and low-0pen question. The legislation in France therefore requires
lying areas near to coastal lagoons in both regions, but alséegional authorities to develop adaptation strategies designed
that of a thin strip of erodible cliffs exposed to waves in La for longer timescales than these protective measures, which
Reunion. Despite gaps in knowledge and data, the method igre expected to be efficient for a few decades. This requires
found to provide a flexible and transportable framework to @ssessments of longer term coastal zone physical vulnerabil-
represent and aggregate existing know]edge and to suppom/ to marine erosion and submersion over time frames that
|0ng-term coastal zone p|anning through the integra’[ion ofincorporate the effects of climate Change. “PhySical vulnera-

such studies into existing adaptation schemes. bility” refers here to the “sensitivity of the physical environ-
ment, of coastal areas themselves” to erosion and submersion

in the context of climate change (Romieu et al., 2010), and
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mapping it is far from straightforward (e.g. Preston et al., Table 1. The fundamental scale of absolute numbers (“Saaty scale”,

2011).
In shallow coastal waters, waves and currents can cause
sediment transport and bathymetry changes (i.e. sea floor to-
pography), which in turn affect waves and currents (e.g. Coco
and Murray, 2007). On time scales longer than several weeks,
all of these processes cannot be modelled with sufficient ac-
curacy for long-term analysis. Therefore, longer term studies
attempt to quantify sediment transport processes in a sim-
plified way either in the cross-shore and/or longshore direc-
tion (Hanson et al., 2003) as gradients in longshore sediment
transport may be the result in erosion or accretion. It is worth
noting that these morphosedimentary dynamic processes are
also important for anticipating potential future marine sub-

mersion because nearshore waves and sea level depend on

offshore atmospheric and marine conditions, as well as of
the bathymetry.

However, it is still possible to appraise long-term mor-
phosedimentary dynamics by analysing a number of coastal
features, including coastal geomorphology (e.g. Cooper and
Jay, 2002), exposure to waves and currents, local sedimen-
tary budgets (potentially affected by human activities), and2
relative sea level variations. At regional scales, Gornitz et

adapted from Saaty, 2008a)

Intensity of Definition

importance

1 Equal importance of both components
Judgement slightly favours one
component over another (moderate
difference of importance)

5 Judgement strongly favours one
component over another (strong
difference of importance).

7 Very strong or demonstrated

importance of one component
with respect to another.

Evidence of extreme difference of
importance of one component
with respect to another.

The AHP process

al. (1991) developed an approach in which data describing 1 The AHP process

these components of physical vulnerability assessments are

aggregated. The resulting coastal vulnerability index (CVI) The analytical hierarchy process (Saaty, 1980) is a multi-
originally took into account the following data: historical criteria decision analysis method that solves decision-making
erosion rates, nearshore slope, tidal amplitude, observationsroblems by ranking alternatives according to several crite-
and predictions of sea level variations, wave climate, andria. The main steps in the method involve (Saaty, 2008a):
coastal geomorphology (Gornitz et al., 1991). Some adapta-
tions of the CVI benefited from other data and put more em-
phasis on, for example, coastal subsidence as a component of
relative sea level rise (e.g. Doukakis, 2005). Beyond qualita-
tive assessments of coastal vulnerability (e.g. Paskoff, 2004;
Lebbe et al., 2008; Alpar, 2009), the challenge in mapping
coastal vulnerability is to combine all of this heterogeneous
information into one single map in a structured way, and to
appropriately integrate the opinion of experts when data are
insufficient to directly solve the problem (e.g. Fairbanks and
Jakeways, 2006; Vinchon et al., 2009; Hanson et al., 2010).
In this study, we describe a new method for mapping
coastal vulnerability that incorporates expert analysis, and
qualitative and quantitative data in a more structured way.
The method is based on a multi-criteria decision-mapping
method (Malczewski, 2006; Chakar, 2006) — the analyti-
cal hierarchy process (AHP; Saaty, 1980; part 2). We in-
tegrate AHP into a complete coastal physical vulnerability The pairwise comparisons of criteria are made using a scale
mapping method and apply it in two regions of France: theof absolute judgements, commonly called Saaty's scale,
island of La Feunion in the south-western Indian Ocean andwhich indicates by how much one item predominates over
Languedoc-Roussillon in the Mediterranean (part 3). We pro-another with respect to a given attribute. This scale trans-
vide new maps of coastal vulnerability in the two regions asforms qualitative evaluations into numerical values from 1
a result (part 4). We discuss the advantages, limitations, antb 9 (Table 1), which are used to fill in the pairwise compari-
transportability of the proposed method, and investigate itsson matrices. The priority scales are then derived by calculat-
potential to be integrated into emerging adaptation practicesng the eigenvector associated with the principal eigenvalue
in France (part 5). of each comparison matrix (Saaty, 1980). When the priority

— representing a decision-making problem by organising
its criteria into a hierarchical structure,

— evaluating the relative importance of the criteria (within
a hierarchical tree) and then the alternatives with re-
spect to each criterion; this is done by constructing pair-
wise comparison matrices of criteria and alternatives re-
garding each criterion. For example, a simple decision
problem with 3 criteria and 5 alternatives will require
one 3x 3 comparison matrix to be built for the crite-
ria weighting and three % 5 comparison matrices for
evaluating the alternative criteria, and

synthesising the analysis by calculating the weighted
sum of scores for alternatives based on the weights of
their parent nodes in the hierarchical tree.

Nat. Hazards Earth Syst. Sci., 13, 1209-1227, 2013 www.nat-hazards-earth-syst-sci.net/13/1209/2013/
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Table 2. Pairwise comparison of three zones with respect to their potential to be eroded in 2100 with a hypothesis of no sea level rise,
following Saaty (2008a). The numerical values in the matrix are directly those from “Saaty’s scale” (Table 1). Experts filled the bold
numerical values. For example, the numerical value “5” (line 1, column 2) indicates that the judgement strongly favours that Z1 is more
likely to be eroded than Z2 in 2100. “9” in column 3 indicates that there is extreme evidence that Z3 is more likely to erode than Z1. The
resulting index provides the final scores obtained for each zone (Z1, Z2, and Z3) with respect to the criterion “potential to be eroded in
2100". ltis calculated by “raising the pairwise comparison matrix to large powers, summing each row and dividing each by the total sum of
all rows” (Saaty, 2008a, see Sect. 2.3).

Z1: Zone “likely to Z2: Zone “possibly Z3: Zone “unlikely to Resulting index
be eroded by 2100”: eroded by 2100 be eroded by 2100 using AHP
located within located within twice other areas
extrapolated the extrapolated
observed trend observed trend

Z1 1 5 9 0.7352

z2 1/5 1 5 0.2067

Z3 1/9 1/5 1 0.0581

scales in the matrix are consistent, the normalised eigenveanap provides information about lithology and thus sensitiv-
tor is unigue and equal to any normalised column of the maty to erosion; similarly, past shoreline changes and simpli-
trix. However, sometimes, and especially when many com-fied models may be used to anticipate future erosion. Our
parisons are involved, the judgements may be inconsistentapproach simply consists of using the AHP to translate this
In this case, the priority scales can still be derived by solvinginformation from experts, simple models, and data into com-
the eigenvalue problem, the eigenvector being an approxiparable quantitative data and to aggregate this data into a sin-
mation of the ideal case (Saaty, 2008b, Sekitani and Yamakigle multi-criteria mapping framework.

1999). The method also provides a framework for evaluating In practice, the approach consists of using Table 1 as a

the consistency of the judgements (Saaty, 2008a). reference for completing pairwise comparisons of different
_ o _ areas with respect to each other and to each criterion. For ex-
2.2 AHP in decision mapping problems ample, by applying a simple model of shoreline change such

as the Bruun rule or the extrapolation of previously measured

In multi-criteria decision-mapping problems, alternatives ,aia of change, we can define a mean shoreline change rate
might be geographical entities or landforms, while the crite-t.om now to 2100 and define three zones:

ria may be those that help to evaluate, for example, a level of

risk or vulnerability. There are numerous examples of the use _ (71) areas eroded in 2100 according to the simplified
of AHP mapping problems in previous studies. In the field of model,

hazard and risk zoning, it has been used to map landslide haz-

ard and susceptibility (e.g. Ayalew et al., 2005; Gorsevski et — (Z2) areas eroded if the actual rate of erosion is twice
al., 2006; Yalcin, 2008; Ercanoglu et al., 2008), soil erosion the rate according to the simplified model, and

hazard mapping (Rahman et al., 2009), earthquake hazard

zoning (Pal et al., 2008), and flood mapping (Nguyen Mai — (Z3) other locations, i.e. area located farther inland from
et al., 2011; Chen et al., 2011). For coastal risks, Chang et ~ Zones Z1 and Z2.

al. (2012) applied the method to rank different coastal protec- o )
tion options. However, the only application of AHP that we Here, a group of coastal experts mad_e the subj_ectlve choice
found for physical coastal vulnerability assessments in the© USe twice the rate of observed erosion to define areas that
context of climate change was the study by Yin et al. (2012),Will likely be eroded by 2100. Using Saaty's scale, experts
which produced a national assessment of coastal vulnerabif"@y agree that their ‘judgement strongly supports the idea
ity in China by adapting a CVI approach in which the vari- that” area (Z1) is more likely to be eroded than (Z3). This

ables were weighted with AHP. judgement corresponds to a 5 in Saaty’s scale and is inserted
in Table 2. Similarly, there is “evidence of extreme difference
2.3 Fundamental principle of applying AHP to of importance” between areas (Z1) and (Z3). Therefore, the
mapping coastal vulnerability numerical value 9 is used in Table 2. The resulting indexes

are calculated according to the AHP method.
In the coastal vulnerability mapping problems, there is rela- The next section explains how we have incorporated this
tively abundant (but non-exhaustive) data (observations, simsimple idea into a complete approach by replicating these
ple models, and expert opinions) that may describe one compairwise comparisons for all components accounting for the
ponent of physical vulnerability. For example, a geological physical vulnerability.

www.nat-hazards-earth-syst-sci.net/13/1209/2013/ Nat. Hazards Earth Syst. Sci., 13, 1209-1227, 2013
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____________________________________________________________________________________ q
|
|

Preliminary investigations of the study sites (section 3.1) .

observatories, climate change studies, demographic studies)

i
:
|
E Collecting knowledge in the region of interest (e.g. from previous field studies, coastal monitoring and
1
1
|
|
]

v v v

1
1
1
E Assembling available Identification of potential regional Identifying important processes
:
1
1

1
1
1

| ]
1
coastal data into a GIS consequences of global change and the relations between them i
1

AHP application (section 3.2)

Building an AHP framework
- selecting criteria that will be used to evaluate physical vulnerability
- converting knowledge of important processes into a hierarchical frame
- defining how the data will be used to evaluate these criteria

- dividing the regional coastal zones in spatial geographical entities, so that each entity is associated
with a single attribute for each criterion

[
v v

Evaluating state, forcing and context factors Defining the weighting of criteria and fac- i
tors in the AHP hierarchical tree !

- Following the AHP method, this score is calculat-
ed through pairwise comparison of each geo- - Following the AHP method
graphical entities with respect to all other. Con-

) . . . - Synthetizing the judgement
struction of pairwise comparison matrices.

Mapping the outcome

monitors >
A

Expert groups

Provide information
on needs in region-
al authorities

v
User grou e as . - made of coastal geomorphologists,
& g Identification of main oceanographers, coastal risk eng.
- coordinated by the Ministry in charge of Environ- sources of uncertainites - Languedoc-Roussillon: 8 persons
ment through the Explore 2070 project - La Réunion: 4 persons

- made of coastal managers and project officers
from the national and regional French state ser-
vices, scientists and coastal enginneers

- 21 participants (13 to 14 in each meeting)

approves

A 4

@ Communication of results

v

Integration within coastal adaptation procedures
(Section 5.3)

provides
recommendations

Fig. 1. Sequential process used in this study to produce and validate physical vulnerability maps.

3 Method application at the study sites 3.1 Preliminary investigations in the study sites

We summarise the sequential method used in this paper fo8.1.1 Site description

evaluating coastal physical vulnerability in Fig. 1. We start

with preliminary investigations at the coastal sites and globalWe apply the method in two regions of France with differ-
change consequences on existing coastal processes (3.1), amat climatic conditions, geomorphology, and data availabil-
then apply a complete approach that integrates a number afy: La Réunion in the south-western tropical Indian Ocean
important criteria contributing to physical coastal vulnerabil- and Languedoc-Roussillon along the western Mediterranean
ity (3.2). coast.

Nat. Hazards Earth Syst. Sci., 13, 1209-1227, 2013 www.nat-hazards-earth-syst-sci.net/13/1209/2013/
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Table 3. Summary of data sources used in this study.

Data Languedoc-Roussillon LaéRnion

Data source Description/Comment Data source Description/Comment
Coastal Eurosion (2004) 1:100 000 description BRGM: De La Local description of
geomorphology of geomorphology and Torre (2004) geomorphology and

erosion trends ; De La Torre et erosiontrends
al. (2006); Blangy et
al. (2010)

Observed DREAL data Local rates of observed De La Torre et Sparse data from some
erosion trends  reinterpreted by past erosion al. (2006) representative sites

Yates et al. (2011)
Geology BRGM 1:50000 Vectorised BRGM 1:50 000 Vectorised

geological map geological map

Digital Geographic 50 m horizontal IGN data 10 m horizontal
elevation model institute (IGN) resolution grid resolution grid
Land use Corine Land Cover 1:100000 land cover / /

(European Environment description

Agency)
Hydrographic ~ BD Carthage (IGN) 1:50000 description of BD Carthage /
network watersheds
Exposure to DREAL Languedoc Recommendations for Lecacheux et al. (2012) Exposure to cyclonic,
waves climates Roussillon setting coastal risks southern and eastern
and eventually prevention plans waves
cyclones

La Réunion is a volcanic island whose base lies 4000m3.1.2 Available data
deep on the ocean floor. Its coastline is 250 km in length and
its coastal geomorphology is dominated by volcanic rocks . . : . .
and pebble beaches (De La Torre, 2004). The coastal zone i he two regions differ considerably in terms of data avail-

nourished by alluvial sediments, particularly near the estuar? llity (Table 3): in Languedoc-Roussillon, public data are

ies of large rivers. The island is located in a region impactedvery h_eterogeneOl,Js, V\.".th some inconsistencies in various
by cyclones, as well as southern swell. Finally, especially inshorellne datasets’ positioning (Yates-MlcheI|n etal., 2011).
the east, the island’s very high precipitation enhances sed\l-f\s ltﬁed th_e dallta collecteftihand c;cqwlreEd by the DtRl\iAL'
iment transport in rivers, nourishing the coast with alluvial (the regional agency of the national Envirenment Min-

sediments in the vicinity of some estuaries (Garcin et al.,istry in Languedoc Roussillon) to calculate shoreline change

2005). Beaches are thus composed of volcanic materials, b pies over the entire region. On the other hand, while shore-

also of biodetritic sand in the south-west, where a fringing '.mi pC:SkI)tIC:nlng mtrl]_a Iéu'mon was founhq tol %e tmostly con-
reef has developed. sistent between the various geographical data sources, in-

The coast of Languedoc-Roussillon mainly consists Offormanon on erosion rates only exists at a few particular

sandy beaches, with some rocky outcrops of Cenozoics't(aS .(Del_lgt Todrr? et al._,l Z&OG)i 20 km stretch of sh
basalts and limestone (Agde, Cap Leucate) or Mesozoi?. S.'ngth' ar atlha ava|ate??hngg if n;i_rechts orte—
limestone (8te). To the south, near Spain, the coast fea-N€ IN the northern part of the LUt of Lion, Yates €

tures Paleozoic rock cliffs with pocket beaches. Earlier stud-al' (2011) evaluated the vertical precision (1.27m) and ac-

ies (Vinchon et al., 2009) have concluded from a previouscuracy (0.16 m) of available digital elevation model (DEM).

analysis that coastal risks in this region would worsen withm. La Reunion t.h's could not be quantified, but acomparison
climate change. with topographical maps suggests that the available data are

of similar quality.

Geological maps represent the superficial geological for-
mations based on an interpretation of field observations. The
limits of use of digital vectorised geological maps are re-
lated to their scale (1:50 000), and, in addition, they do not

www.nat-hazards-earth-syst-sci.net/13/1209/2013/ Nat. Hazards Earth Syst. Sci., 13, 1209-1227, 2013



1214 G. Le Cozannet et al.: An AHP-derived method for mapping the physical vulnerability of coastal areas

Context factors

e e e Human activities

Affecting

A
Coastal sedimentary budgets

| - cross-shore and long-shore sediment transport (e.g., exchanges with inland
or offshore sand dunes, etc.)

i| - sediment production (e.g., bioclast, from cliffs erosion)
i - coastal sediment supply (e.g., from rivers, etc.)

i

changes

Marine factors
State factors i
Extreme events [€¢:--

Coastal geomorphology

Within radius of influence of coastal ‘ Wave climate nis
erosion and marine submersion : :

Lithology Elevation Tides
1 1 H H

Sea level rise

Controls sensitivity to

Climate change

Physical vulnerability

Coastal Marine
erosion submersion

Fig. 2. Simplified diagram of the interactions between various factors controlling the physical vulnerability of coastal areas.

highlight if a formation has been observed or interpreted by astudy, we assumed that any further coastal urbanisation
geologist. In the two regions, the late Quaternary (Holocene)would occur farther inland and did not consider their poten-
deposits are sufficiently well detailed to use this information tial effects on shoreline change (e.g. through the construction
in coastal areas. of new coastal defences).
In this study, we found that there is insufficient knowledge
3.1.3 Regional consequences of global change and sea about future changes in waves, storms, and precipitation at
level scenarios the study sites to take into account their effects on coastal
processes. Therefore, we only considered changes due to fu-

While the future consequences of global change in both refuré sea level rise. Estimates of sea level rise in 2100 range
gions are still largely uncertain, it is possible to identify from about 0.5m (Meehl et al., 2007) to roughly 1 m (e.g.
a number of trends that suggest some possible future outRahmstorf, 2007), with the main source of uncertainty be-
comes. In both regions, human use of the coastal area irl"d the future contribution of melting processes in Green-
creased drastically during the second half of the 20th cenland and- the western Antarctic ice sheets. Sga level chgnges
tury (e.g. Deboudt, 2010; Cazes-Duvat and Paskoff, 2004)Vary regionally not only because of non-uniform warming

However, current regulations and coastal risk preventior©f thg ocean and variations in salinity (e.g. Lombard et al.,
plans prevent unlimited urbanisation of the seafront. In this2005; Meyssignac and Cazenave, 2012), but also because of

Nat. Hazards Earth Syst. Sci., 13, 1209-1227, 2013 www.nat-hazards-earth-syst-sci.net/13/1209/2013/
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changes in the gravitational field due to the redistribution — context factors, describing how physical vulnerability in
of ice and water masses (Slangen et al., 2012) and subsi- a specific location may be increased or decreased due to

dence or uplift potentially affecting the coastal zone at var- the influence of nearby geomorphological systems; for
ious scales (e.g. Wppelmann et al., 2007). Therefore, al- example, a beach located near to a major estuary may be
though Slangen et al. (2012) developed a method for pre-  nourished with sediments, thus preventing or reducing
dicting all of the components of future regional sea level erosion.

rise, local projections are still uncertain. In particular, in our
case studies, the potential vertical ground motions are insufFigure 2 is a simplified scheme of the functioning of the
ficiently known (data available from www.sonel.org). More- coastal zone, which can be applied to a wide range of coasts,
over, in the particular case of the Mediterranean Sea, it isat least those considered in this study.
worth noting that using a single climate scenario, Tsimplis
et al. (2008) showed that thermosteric effects may not caus8-2 AHP application
any sea level rise along the French Mediterranean coast. _ _ _ )

These few examples support the idea that several sea levdis section describes how we set up the method in La
scenarios should be considered in regional assessments of tf€union and in Languedoc-Roussillon (Fig. 1). We use Ar-
effects of future sea level rise. In this study, we considered®C!S for the geoprocessing and Matlab for the AHP calcula-
two extremely contradictory sea level scenarios for the end!Ons-
of the 21st century: _—

3.2.1 Building up the AHP framework
— a 1m sea level rise scenario by 2100 (called the “

seq , . - . S
level rise scenario” hereafter), aUsmg the preliminary investigations, we convert the gen-

eral conceptual tree developed during the preliminary in-
— a scenario in which current processes (e.g. erosion) ar¥estigations (Fig. 2) into an AHP-suitable hierarchical
assumed to continue as in the recent past, without bescheme (Fig. 3), which organises the various criteria that

ing Significant|y affected by sea level rise (“trend sce- are used to evaluate the phySicaI Vulnerability. Then, we de-
nario”). termine the approximate radius of influence of coastal ero-

sion and submersion (Eurosion, 2004), which we divide into
The “sea level rise” scenario is consistent with results ofelementary geographical entities, ensuring that each entity
semi-empirical studies (e.g. Rahmstorf, 2007). It may also reis related to a single combination of factors accounting for
sult from a combination of moderate global sea level changdts physical vulnerability. We determine these elementary
superimposed with regional variability. The second scenaricgeographical entities by intersecting existing data, simple
may result of regional variability in future relative sea level laws and hypotheses (e.g. by cross-tabulating reference storm
rise, but it is primarily designed for analysing how coastal surge levels with a DEM, inferring susceptibility to erosion
vulnerability may change even without sea level rise (seeffom a geological map, etc.).
Sect. 5.1). These two scenarios are intended to provide con-
tradictory hypotheses with which to test the robustness and-2-2 Evaluating state, marine, and context factors

reversibility of adaptation measures. L L . :
Replicating the initial principle presented in Sect. 2.1.3, we

3.1.4 Identification of important processes and the rela- ~ Use Saaty’s table to compare the various geographical entities
tions between them with respect to each criterion accounting for physical vulner-
ability. We apply the approach presented in Fig. 3 as follows:
Using the knowledge and data described above, we have built
up a scheme (Fig. 2) of the various factors that control vul-State factors

nerability in the coastal system and their interactions. These ) ) ) )
factors were grouped into the following: For marine submersion, we determine the approximate ra-

dius of influence of marine submersion by crossing a digital
— state factors, describing how coastal erosion and maglevation model with water levels or reference storm surge
i.e. lithology along coastal strips, elevation, and currentand 4 m, respectively, as the reference water levels in the lo-

sedimentary balance as revealed by observations of pas@! terrestrial framework (LTF). At La &union, we obtained
erosion: these values by summing the maximum tidal level (up to

0.4 m in the LTF), storm surge (including pressure and wind
— marine factors, describing how each location is exposedsurges (0.85 m)) and wave set-up and run-up (upto2mto3m
to sea waves and surges, e.g. during an easterly storm ifor typical wave heights during a cyclone). In Languedoc-
Languedoc-Roussillon or during a cyclone or southernRoussillon, the centennial water level used for the regulatory
wave event in La Bunion; coastal risks plan is 2m. For the sea level rise scenario, we

www.nat-hazards-earth-syst-sci.net/13/1209/2013/ Nat. Hazards Earth Syst. Sci., 13, 1209-1227, 2013
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- AHP hierarchical tree
Coastal vulnerability

State factors Marine/ Context fac-
forcing factors tors
f :
I | A
Area potentially Area potentially Exposure to Continental
affected by coastal affected by marine waves during sediment
erosion submersion storms supply
* t A A
Susceptibility Radius of influence Radius of influence Radius of in- Basic evalua-
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Fig. 3. Hierarchical tree and related elementary zoning used for the “sea level rise” scenario in Languedoc-Roussillon. A very similar tree
was used for La Bunion (see Table 5 for a comparison of the two sites). In practice, most of the geoprocessing work consisted of defining
elementary geographical spatial entities and rating them for each criterion.

raise these values by 1m. Then we introduce a scaling of unregions with Cretaceous rocks (as in the town efe$, but
certainties to take account of the uncertainties in DEM andwill occur in regions with easily erodible sediments such as
low-lying area submersion processes. Holocene sands or mud deposits (Table 4).

To estimate coastal shoreline change, we apply simplified The simplified model of beach erosion is the formula sug-
models and the associated scaling of uncertainties, takingested by the Eurosion (2004) project, which combines ex-
into account the susceptibility of the coast to erode. We de{pected erosion due to sea level rise (Bruun, 1962) with shore-

rive this information from the geological map. For example, line change due to ongoing processes, as calculated from past
in Languedoc-Roussillon, shoreline retreat will not occur in
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Fig. 4. Baseline geographical data used to estimate state factors: example #ub@R near Saint-Paul (north-west). Submersion hazard
risk is estimated in two scenarios by crossing reference water levels with a DEM (MapdB). Observed shoreline change is used to
estimate how the shoreline may retreat in the future in the trend scefarm¢ the sea leve rise scenari) (Erodibility is estimated from
geological mapsK). Another example of erodibility mapping to the south-west of Saint-Paul is given in R)aphowing erodible beaches

surrounded by rocky spurs. (Data: BRGM, IGN).
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Table 4. A selection of geological classes and their associated erodibility and topography as derived for preparing the zonation. In Languedoc-
Roussillon, 170 different geological classes have been classified according to their susceptibility to erosion and typical topography (18 in La
Réunion island).

Description of geology in the 1:50 000 Typical topography (elicited) Typical sensitivity to erosion (elicited)
vectorised geological map

Languedoc-Roussillon

Alluvium (Recent or active) Very low lying areas Highly erodible
Aeolian decarbonated sandy dunes oLow lying areas Highly erodible
the Vendres plateau

Lacustrine limestones (late Oligocene)  Hilly areas Slightly erodible
Present barrier beach Very low lying areas Highly erodible

La Réunion island

Sandy beaches and dunes - Highly erodible

Alluvium - Erodible

Pyroclastic materials, lahars, tuff,— Moderately erodible

screes

Basaltic “flows” - Not erodible
shoreline observations: that higher levels of urbanisation and, to a lesser extent, agri-

Stuture — Shistorical culture reduce the transport of coarse sediments to coastal ar-

Riuture = Rhistorical+ ————————, (1) eas. In this study, the Rine delta is the most affected water-

tan(@) shed, which is consistent with feedback from more quantita-

where tanQ) is the beach Slope and S is the sea level rise. FOIti\/e ana|yses (De|mas etal., 2012) S|m||ar|y, in Laurion,
cliff erosion we combine spatially continuous knowledge of we consider the fact that the larger rivers are the main source
past erosion, local knowledge of erosion rates calculated fopf sediments, but that coral reefs also nourish some western
a few representative sites and expert opinions (De La Torre eeaches. This simplified approach produces an initial proxy
al., 2006). The use of these models is arguable (e.g. Coopgbr evaluating the availability of coarse sediments, but does
and Pilkey, 2004), so we consider a scaling of uncertaintiesyot consider the subsequent coastal sediment transport pro-
in potential future erosion instead of a single future shore-cesses, e.g. the effects of longshore northeasterly sediment
line pOSition (Table 2) We obtain the areas potentially af- transport induced by easteﬂy trade waves in l&uRon is-
fected by coastal erosion by cross-tabulating susceptibility tqand. This approach defines entities that are more likely to
erosion with the probabilistic radius of influence of coastal be resilient to worsening erosion due to the role of adjacent
erosion (Fig. 4). sedimentary units.

All of the qualitative assessments are evaluated using
Saaty’s correspondence table (Table 1) and calculations of

We elaborate complementary marine factors in order to high—scOreS from pairwise comparison mairices (3|m|Iar_ to Ta-
ble 2). Here, we calculated between 5 and 7 matrices per

light the more important physical vulnerability in low-lyin . . o .
9 b Phy y ying cenario and per study site, with size ranging from 3to

geographical entities in areas exposed to waves and surge%. . :
In Languedoc-Roussillon, this leads to increasing the vulner- x7, depending on the number of classes considered for each

ability index where low-lying entities are close to lagoons criterion. We prowd_e an _ex_a_lmple n Tablg 4, which |I_Ius-
or rivers. In La Reunion, we use the previous results of trates how we cla_55|fythe|n|t|al 170 geological classes in the
Lecacheux et al. (2012) to identify areas that can be affecteq 50000 geological map of the coastal zones of Languedoc-

by extreme waves from cyclones or southerly waves. OUSS'I.IQH into /bins, Ieadmg. to a7 matrix defining an
erodability index at each location.

Marine factors

Context factors

3.2.3 Weighting process, role of user groups, and

Finally, to further refine the mapping of coastal vulnerability, o
y bpIng Y exploitation of the results

we considered how the various coastal systems may be af-
fected by changes in sediment supply from adjacent units. In
Languedoc-Roussillon, we use watershed land use as an irkinally, we integrate and aggregate the geographical features
dicator of how human activities may have affected sedimentand the basic indicators defined above into an AHP hierarchi-
transport from the watershed to the coastal zone. We assumzl tree. Table 5 shows how we weighted the various criteria

Nat. Hazards Earth Syst. Sci., 13, 1209-1227, 2013 www.nat-hazards-earth-syst-sci.net/13/1209/2013/



G. Le Cozannet et al.: An AHP-derived method for mapping the physical vulnerability of coastal areas 1219

in the hierarchical tree, with the factor weighting resulting 4 Results
from an application of AHP.
One user group and two expert groups critically reviewed4.1 Characteristics of resulting maps
the resulting maps and weights (Fig. 1). The French Ministry
of the Environment set up and coordinated the user group t&Ve provide examples of the resulting maps in Fig. 6. These
ensure that the work undertaken to map coastal vulnerabilitymaps represent the ranking obtained after applying the AHP
would comply with the needs of coastal stakeholders. We seto each geographical entity considered as geomorphologi-
up the expert groups to help in the preliminary investigations,cally and morphodynamically homogeneous. The results can
to monitor the adaptation of the AHP method, to review thebe interpreted as a physical vulnerability index. Since the
vulnerability maps and the associated uncertainties, and ultiranking is performed independently for the two sea level sce-
mately to approve their dissemination. The experts comparedarios, the scales cannot be compared in Figs. 6a and b (re-
the preliminary maps with their subjective understanding ofspectively, 6d and e). Therefore, we produced a third series
coastal vulnerability in the region. of maps to show where physical vulnerability is expected
In order to estimate the potential social and economic im-to increase with sea level rise compared to the trend sce-
pacts, previous studies developed indicators that combinedario (Figs. 6¢ and f). Taking into account the uncertainties
physical and societal vulnerability, using, for example, pop-(Table 6), we estimated that the map resolution should be
ulation density data (e.g. McLaughlin et al., 2002; Hegde andl : 50 000 for Languedoc-Roussillon and under 1: 25 000 for
Reju, 2007) or more detailed social surveys including factorsLa Reunion.
such as employment, income, poverty, age, etc. (Boruff etal., Regarding the sea level rise scenarios in both regions,
2005). Here, we simply identify a selection of “hotspots” by these maps reflect the fact that sea level rise is expected to
overlaying the physical vulnerability with the existing assetsincrease erosion of beaches and soft cliffs and submersion
(current residential, tourist, harbour and industrial assets) asf low-lying areas, especially those located close to lagoons.
an illustrative example of a potential application of the phys- Comparing maps 6a and b (respectively, 6d and e) shows that
ical vulnerability maps. even without sea level rise, some portions of coastal areas
are vulnerable to erosion and flooding. These conclusions are
consistent with an intuitive analysis, but the added value of
3.2.4 Uncertainties the maps presented here is that each location is assigned a
physical vulnerability index, which can be used for land use
planning. For example, when considering establishing new
Although uncertainties of multi-criteria mapping are diffi- infrastructure with a multi-decadal design life, it is preferable
cult to quantify accurately, it is still possible to list them and to choose an area with a lower physical vulnerability index,
to estimate qualitatively their significance (Bell and Glade, notwithstanding other considerations (e.g. the economic or
2004). We provide this analysis in Table 6 for the two appli- environmental advantages of a given location) and future im-
cations in Languedoc-Roussillon and Lalion. One im-  provements in the understanding of coastal hazard changes.
portant source of uncertainty is the difficulty that the experts Depending on the implementation of adaptation strategies,
had in judging the relative importance of different factors at some possible consequences of sea level rise in the most
the highest levels of the AHP decision tree (e.g. relative im-vulnerable areas are the loss of land, changes in land use,
portance of context factors with respect to marine or stateor increased costs for risk prevention. For example, some
factors). This difficulty is also acknowledged in other coastal parts of the harbour inée (in Languedoc-Roussillon) and
vulnerability multi-criteria analyses. For example, Gornitz et Le Port (in La Reunion) are shown to be highly vulnerable.
al. (1991) chose a geometric aggregation in the coastal vulHowever, in urban, industrialised or harbour environments,
nerability index because it was considered to be the least serthe main changes are expected to be caused by human ac-
sitive to gaps in data. Here, the state factors were the modivities and not climate change. The maps presented here in-
important criteria with respect to marine and context fac-dicate that according to current knowledge, these areas will
tors, with a difference of importance of intensity 4 on the likely be affected by more frequent degradations (e.g. due to
Saaty scale. Nevertheless, similarly to Coelho et al. (2006)flooding, erosion, scouring, sea wave pressure or the collec-
we tested other weighting options in a sensitivity analysis totion of debris in between them) resulting in higher mainte-
help evaluate the significance of these uncertainties (Fig. 5)nance costs.
The results are less affected by a change of the weightings
of the decision tree than by a change the initial sea level riset.2 La Reéunion island
hypothesis. Table 6 also shows that many uncertainties arise
from the limitations of the conceptual models used for eval-For both of the La Runion scenarios, the results show the
uating future shoreline retreat and submersion. Finally, thehighest vulnerability in low-lying areas and areas immedi-
question of spatial and temporal multi-scale dynamics wasately adjacent to the sea, particularly caused by coastal beach
not addressed in this study. and cliff erosion. Compared to the trend scenario, the sea
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Table 5. Hierarchical tree and associated weighting used for Languedoc-Roussillon. The criteria weighting are obtained by applying AHP
similar to the example in Table 2.

Factors Factor weighting  Criteria Criteria weighting

Languedoc-Roussillon

State factors 0.667 Area potentially affected by erosion 0.5
Area potentially affected by flooding 0.5
Marine factors 0.167 Exposure to waves during storms 1
Context factors 0.167 External sediment supply 1
La Réunion
State factors 0.667 Area potentially affected by erosion 0.5
Area potentially affected by flooding 0.5
Marine factors 0.167 Extreme events 0.84
Non-extreme coastal dynamics 0.16
Context factors 0.167 External sediment supply 1
D d
18000 Y = 18000 ! i‘—’i
16000 : ! 16000 E 5
14000 : ! 14000} : :
: : 2 B
12000 : 5 2 12000 : :
: ! € o B
10000 : ; 2 10000} : ;
! ! o ! !
8000+ : : g 80001 : :
; E € : i
6000 i i 2 6o000f i i
4000 : : 4000 : :
2000 : E 2000+ : :
, h.l.h_ | . :..I.:

-0.

-1 05 0 0.5 1 -1 5 0 0.5 1
Shifts of entities ranking for two scenarios with Shifts of entities ranking for two evaluations
and without sea level rise (bins: 40-quantiles) of criteria weights (bins: 40-quantiles)

Fig. 5. Sensitivity analysis performed for LaéRnion to compare the redistribution of entity rankings when the criteria weightings in Table 5
change according to the sea level rise (right) and trend scenarios (left). On the right, the criteria are considered either of equal weight or as
in Table 5. This corresponds to the maximum acceptable range of criteria weighting. The largest spread in the left-hand histajram (D
shows that considering two scenarios causes more changes in entity ranking than modifying the criteria weights in Table 5. This sensitivity
analysis is used to prepare the qualitative assessment of uncertainties in Table 6.

level rise scenario is characterised by increases in floodindglowever, the existing assets are presently considered to be

hazards in these three areas, as well as by greater erosion loicated in sufficiently elevated areas to prevent flooding in

erodible cliffs and beaches (Fig. 6c). most cases. In Le Port the industrial assets are located in an
We found that physical vulnerability is highest in the fol- area affected by high rates of coastal erosion. Field surveys

lowing areas (Fig. 7): Sainte Suzanne (north-east), Saintindicated that the nourishment of this area by river sediments

Paul, Le Port (north-west), the Etang-84touth), and in a is prevented by river and coastal work (Aubie and Oliv-

number of more localised places adjacent to beaches (e.gros, 1999). Other hotspots are distributed along the coast,

in Saint Pierre) or erodible cliffs (e.g. Saint Philippe). How- including assets such as crops, buildings, roads, recreational

ever, a first analysis of vulnerable assets highlights Le Porpathways, and beaches (De La Torre et al., 2006; Blangy et

and Saint-Paul as the most impacted areas concerning the pat., 2010).

tential losses. In Saint-Paul, relatively low-lying and erodi-

ble areas are exposed to storms and cyclones because the

coast is not protected from waves by an offshore coral reef.
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Table 6. Qualitative assessment of uncertainties for physical vulnerability assessment in Languedoc-Roussillon (LR)amddra(REU)
(following the approach of Bell and Glade, 2004).

Source of uncertainty Uncertainty Reason Significance
Building the AHP Medium The hierarchical tree is a simple but limited representdedium
hierarchical tree tion of the coastal system and its interactions (Figs. 2
and 3)

Elementary zoning Highin LR Limitations of models, rough estimations, sparse data Mery high

Very high REU

in REU
Evaluating scores for each Medium in LR Insufficient resolution, accuracy and precision of somsledium
criteria for each geographical Low in REU datasets (e.g. MNT in LR), inaccurate relative position-
entity ing of data, heterogeneity of acquisition methods
Defining the weighting of Medium Some subijectivity. However, its significance remainsow to medium
criteria and factors in the AHP contained according to sensitivity analysis (Fig. 5)
tree
Expert validation High Subjectivity. However, its significance remains limitellledium

since the role of experts remains to provide rules and
data for the evaluation

Interactions between local and High Not taken into account Medium
regional processes

Example of results in La Réunion island (Saint Paul) — —a o

Physical ~ 4 A Physical W/ Magnitude of 2
vulnerability i vulnerability S vulnerability S
. . aggravation in X
. High < . High SLR vs trend Q
scenarios

Low

Grotte; Gmn‘e

fnm,m,«% Sea Ievel rise scenano m,.,,eyEvaluatlon of dlfferences

*™ les Combdvas = syl o5 Combdva

Magnitude of
vulnerability
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- &

Physical

vulnerab:{lii;yh slzynzifaal;ility Sé.;;/z;;end

. - High o High

g, Low Low B Low
D Trend scenario Sea level rise scenario Evaluation of differences

Fig. 6. Examples of results for La &inion (Saint-Paul) and Languedoc-Roussillon (near Palavas-les-Flots). The maps are provided for
2 scenarios: sea level ri¢d, D) and trend scenarid®, E). MapsC, F show areas where the physical vulnerability is expected to increase
the most in the sea level rise scenario (Data: BRGM, IGN).
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Fig. 7. lllustrative example of potential use of the resulting maps: cross tabulation of physical vulnerability with major assetgumioa R
and Languedoc-Roussillon.

4.3 Languedoc-Roussillon ity in this region, whatever the future implications of climate
change may be.

In Languedoc-Roussillon, the trend and sea level rise sce-
narios both show the high physical vulnerability of low- 5 Discussion
lying areas (e.g. the shores of the Sigean and Leucate la-
goons), sandbars (e.g. from Carnon to Frontignan), anq
deltas (Camargue). The maps also show that the river flood

plains (i.e. recent sedimentary deposits) are most exposed {3 e criteria of Preston et al. (2011) in their generic rec-

flash TIOOd hazards,_especi_ally during heavy raintall eventSmmendations for undertaking vulnerability mapping stud-
combined (floods) with marine storm surges. ies (Table 7)

In many sand spits (e.g. east of Carnon-Plage), the maps
show that lagoon and sea shores are vulnerable for two differg 1 genefits of the method
ent reasons. The coastline facing the sea is most impacted by
erosion, while the lagoon shoreline, lying no more than 1m5.1.1 Integration of expert opinion
above sea level, is more impacted by submersion. The cen-
tral part of sand spits (low sand dunes, sometimes affected byWhen attempting to evaluate potential consequences of cli-
human activity and typically lying 2 to 3 m above mean seamate change in coastal areas, a first approach consists of di-
level) appears to be the least vulnerable feature. rectly assessing potential damages due to changing coastal
Figure 7 highlights the locations where high levels of erosion and flooding processes under the hypothesis of a cer-
physical vulnerability coincide with assets. The maps aretain rate of sea level rise (e.g. Hinkel and Klein, 2009). Such
quite similar to the earlier findings of Vinchon et al. (2009), approaches are commonly expected to produce assessments
with some differences in the identification of hotspots andof adaptation measures in terms of costs and benefits. When
their relative importance. For example, in this study, we only sufficiently high-value assets are at stake, and when future
considered hotspots with major human infrastructure, whilechanges in coastal processes are well understood, such cost-
Vinchon et al. (2009) also considered assets of major envibenefit analyses are useful (e.g. Hallegatte et al., 2011). How-
ronmental value (e.g. in the Camargue south of Le Grau dwever, in other cases, e.g. the coastal sites of this study, the un-
Roi). Regardless, both maps show high coastal vulnerabilcertainties resulting from climate modelling, hazard and risk

n order to analyse the benefits, limitations, and potential
uses of the proposed approach, we evaluated the method us-
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assessments, and economic estimations of potential dama@e2 Limitations of the method

can make these evaluations unreliable (Yates-Michelin et al.,
2011). We discuss below the limitations of this application of AHP

In these cases, integrating expert opinions in the approacH! coastal vulnerability mapping by referring to the assess-
used to map future coastal vulnerability is highly impor- ments of uncertainties (Table 6) and to the method as a
tant (e.g. Hanson et al., 2010). Here, AHP makes it poswhole (Table 7).
sible to convert qualitative assessments of groups of ex- ) i
perts into quantitative information that can be used to define>-2-1 Representation of the coastal system in an
the weighting of various criteria in multi-criteria analyses. AHP-hierarchical tree

Although achieving a consensus amongst members of USGiEirst, the hierarchical framework (Fig. 3) only offers a lim-

and expert groups is not easy, their involvement in OUlited representation of the conceptual graphs presented in

StUdY (F'g'. 1) was gseful for. |dgnt|fy|ng the remaining in Fig. 2: the hierarchical framework cannot handle interactions
consistencies in weighting criteria and alternatives, and fur- o . . .
. ) . . between criteria because it uses each criterion as an indica-
ther improving the maps. In practice, this step does not allow,; : o i
: tion of the physical vulnerability of each geographical en-

the experts to create a new map as they wish because the rg: : : . g o
ity, regardless of potential relationships with other criteria.

sults remain constrained by the basic data and the referenﬁ_e : .
i, or example, in Languedoc-Roussillon, the context factors
scale of the AHP method (Table 1). In addition, they need to . . . S .
effectively provide a regional indication of where the sedi-

support their opinions with data, observations or models. Fi- . S .
. . ) .. ment supply can compensate for erosion. This indicator is
nally, this work with expert and user groups helps to identify . -
. o important as it links watersheds to coastal zones. However,
more accurately the most important uncertainties (Table 6), : . .
o ; .. ’we simply added it to the state factors, which use more de-
The ability of AHP to manage different degrees of conviction __. : : . . _
. . . o . tailed and local information on erosion, and no interaction
facilitates the integration of uncertainties associated, for ex-

. " ; . between scales is modelled here. Implicitly, it is postulated

ample, with the future position of shorelines. To summarise, - ) s
. . L ..~ ’that the combination of simple maps of criteria would av-
the main benefit of the proposed approach is its capacity to . . . .
o E . erage these interactions and produce a consistent picture of
gather existing knowledge and existing datasets in a struc- o . L
. ) vulnerability at the regional scale. This limitation is inher-
tured, consistent manner in order to map future coastal phys- o . . X
. - ent to the multi-criteria approach with additive aggregation

ical vulnerability.

schemes.
5.1.2 Transportability of the method 522 Lackof data
We tested the method in two different contexts in terms of L _

. S . The second limitation relates to random uncertainties,
geodynamics and data availability. In practice, we were able

to adapt the method to these two different contexts. The min.: those associated with a lack of data or with data qual-

imum data requirements for applying this method are the|ty. In this study, the existing datasets are heterogeneous in

. o . _terms of quality, and their geometry (spatial precision and ac-
existence of coastal geomorphology data, historical erosion . . ) . . :
X . . curacy) is sometimes insufficient for detailed zoning. Some
and accretion rates, and topographic data in the coastal zong, o . ;
. i ) ) mformation is lacking: for example, the geological map does
The geological map improves the final results: once the ge-

A o L : not provide any geotechnical information, which may be im-
ological information is converted into information about the ortant for quantifying cliff susceptibility to erosion (Benu-
lithology, and thus the susceptibility to erosion, the final mapp g 9 P y

inherits the geometry of the geological layer. However, this rr;(;f t?]gdcgr:lsggsdelr?cgegs).oﬁ?ir:lv?r:e i:)sr(;llilg;n(?ed?zige:go?}n:; d
interpretation of the geological notations is not straightfor—y q ging 9

. . . sea level rise on lagoon waves, currents, and shoreline dy-
ward because it depends on the geological map and requires

geological expertise. In particular, Holocene deposits musf amics (e.g. Storlazzi et al,, 2011). In some cases, existing

: Hata presented some spatial inconsistencies: for example, the
be accurately mapped. Therefore, we think that the approac : . . ;
. : actual shoreline position differs between various GIS shore-
can be transported to other coastal locations, provided therfe . . : . .
) . o ine datasets in Languedoc-Roussillon. In this region, the dif-
is sufficient data and the users accept its limitations and un; . . o . .
o ferences in shoreline position according to the various geo-
certainties. : .
graphical layers (e.g. geology, DEM, land cover, etc.) require
substantial geoprocessing and can result in errors in physi-
cal vulnerability assessments when zooming to local scales.
A similar difficulty arises from the fact that the vectorised
geological map legends are inconsistent in different admin-
istrative departments. These random uncertainties could be
reduced with new datasets.
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Table 7.Evaluation of the proposed method.

Evaluation criteria (after Preston et al., 2011) Application in this study

Objective of the approach Mapping physical vulnerability to erosion and flooding
in the context of future sea level rise

Utility associated with spatial analysis of vulnerability Local and regional vulnerability assessments are
requested by an environmental regulation framework

Benefits for stakeholders Planning long-life infrastructures, forecasting long-
term development

Potential risk associated with representing information spatially  Misevaluation of vulnerability due to imprecise vulner-
ability scale, use of maps at too local scales (e.g. under
1:5000 in La Reunion)

Determinants of vulnerability See Fig. 2

Representation of spatial, temporal, and multi-scale dynamics Not satisfactorily addressed because of lack of data and
methods

Methods for vulnerability assessment and mapping Multi-criteria mapping structured with AHP

Uncertainties assessment Qualitative assessment completed with sensitivity anal-
ysis (See Sect. 3.2.4)

Validation of maps Interactions with 2 expert groups of geomorphologists

Intended audience Regional authorities in charge of implementing regional
scenarios

Communicability of the results Interactions with a user group (coastal management

stakeholders of state and regional authorities) gathered
by the Ministry of Environment.

Translation of vulnerability assessment into actions Existing environmental framework to support adapta-
tion to climate change, existing regulations on
adaptation and land use planning.

5.2.3 Lack of knowledge 5.2.4 Limited range of hazards considered in this study

The third limitation relates to the epistemic uncertainties, Fina”y, this Study unique|y focuses on coastal threats, while
i.e. those due to unknowns in physical processes. First, th@sers also need information on other threats. Especially in
maps presented here remain regional evaluations that do n@ta Reunion, “multi-hazard” or “multi-risk” approaches (e.g.

address the complexity of scale interactions and local proy/ecchia, 2001; Qinthal et al., 2006; Douglas, 2007) are

cesses, such as the regional consequences of localised safélcessary to favour the establishment of infrastructure and
spit changes. Secondly, our maps rely on a number of funhomes in areas where the overall threat is low, whether re-
damental laws that produce a spatial representation of futurgyted to coastal erosion, marine flooding or other completely
coastal erosion and submersion. In this study, we partly comindependent risks such as landslides, river flooding or even
pensated for the indiscriminate nature of these laws by intrOVo|canism_ Such approaches are currently applied in regula-

ducing degrees of uncertainty and by taking susceptibility totory risk prevention plans, with a focus on present hazards.
erosion and submersion into account for each geographical

entity. However, using these laws remains arguable and in5.3 Potential use in adaptation policies

troduces spatial zoning uncertainties that are difficult to es-

timate. For example, recent studies propose more sophisti©ur resulting maps must be considered critically and could
cated approaches than the use of the Bruun rule, but they rdse improved upon with new knowledge or data. How-
quire more data and have presently been developed only foever, the expert groups judged them informative and rele-
specific locations (e.g. Ranasinghe et al., 2012, 2013). As @ant for stakeholders involved in long-term coastal planning,
summary, this limitation is related to the lack of commonly development and adaptation since they incorporate more
recognised methods to properly estimate the impacts of seknowledge about sea level rise vulnerability than many of
level rise on coastal processes. the existing shorter-term coastal prevention plans. They may
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also offer additional support for local authorities making de- weaknesses of the approach as well as the epistemic and ran-

velopment decisions, particularly in low-lying areas. dom uncertainties are recognised, the resulting maps were
Intergovernmental and European commitments requireconsidered to be informative and useful for coastal managers

European countries to introduce climate mitigation andresponsible for long-term planning.

adaptation strategies. In France, “climate and energy plans” In practice, such approaches can provide a baseline for

are implemented at the regional level, including adaptationphysical vulnerability assessments to support adaptation

measures that should be based on assessments of vulnesdrategies. This study has shown that we are able to pro-

bility to climate change. These plans should then feed intoduce vulnerability maps that satisfy geomorphology ex-

regulatory regional land use policies. One of the challengegert groups. Along with other incentives and regulations

of this process is to generate realistic scenarios in a contexfe.g. coastal risk prevention plans), this may result in further

of high uncertainty. informing spatial planning policies in coastal areas and con-
From the decision-making perspective, one advantage ofribute to ongoing forward studies on climate change adapta-

the approach presented here is its ability to generate multion.

tiple scenarios that can then be used in participatory ap-

proaches to develop adaptive measures. Coastal stakeholders

may choose one or more of the scenarios produced here dicknowledgements. This study was funded by the French Environ-

use the proposed framework for creating their own scenarment Ministry through the Explore 2070_pr01ect, with additional

ios taking account of additional relevant information. BasedSUPPOrt from the French Research National Agency (ANR) for

on the different assessments of vulnerability. thev can the the master’s thesis of M. Bhdez and the publication of this work
Y, y r.tCECILE project: ‘Coastal Environmental Changes: Impact of sea

decide Wheth_er the proposeq adaptation strgtegies are tr]_eEveI rise’, under grant number ANR-09-CEP-001-01). DREAL-
most appropriate from the point of view of their robustness,| g the French ‘Coastal Observatory’, thetidult Departement
reversibility, and potential short-term benefits (Hallegatte, and EID Mediterrage provided data for this study. We also used
2009). the SONEL database. We thank the three groups of experts and

The short-term benefits of proposed adaptation strategiessers for their useful inputs and comments, as well as Rodrigo
link adaptation with risk prevention. Our results support pre-Pedreros, Yann Balouin, Alexis &ianian, Arnaud Blangy, and
vious studies that stress the importance of introducing riskYwenn De La Torre for their support. We also thank the two
reduction strategies in low-lying coastal areas, especially fo2nonymous reviewers for their comments that helped to improve
sand spits and around estuaries. In this context, an exampfgiS Paper.
of a “no regrets strategy could be to limit new pen—ur_ban Edited by: O. Katz
settle_ments and tourist infrastructure in these areas. This P'%eviewed by: two anonymous referees
cess is complementary to regulatory coastal risk prevention
plans that address shorter term timescales.
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