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Abstract. The risk of tsunami threatens the whole Caribbeanthe tectonics of the back arc system are also likely to oc-
coastline especially the Lesser Antilles. The first availablecur (e.g. Saintes earthquakes and tsunami in 2004, Le Friant
models of tsunami propagation estimate that the travel timeet al., 2008). The occurrence of this event in this particular
from the closest seismic sources would only take few min-geosystem must be considered because of the proximity of
utes to impact the Martinique Island. Considering this threat,the possible sources to highly populated coastal areas.

the most effective measure is a planned and organized evac- During the last 500 years, nearly 300 validated and unver-
uation of the coastal population. This requires an efficient redfied events of tsunami run-ups had been identified in this
gional warning system, estimation of the maximum expectedarea (NGDC/WDS, accessed January 281@yer the same
tsunami flood height, preparation of the population to evac-period, according to Accary and Roger (2010), 28 significant
uate, and drawing up of local and regional emergency planstsunamis occurred in Martinique. The most significant events
In order to produce an efficient evacuation plan, we have towvere those of 1 November in 1755 (Lisbon earthquake) and
assess the number of people at risk, the potential evacuaviay 1902 (Mount Pelée eruptions). In the Caribbean, since
tion routes, the safe areas and the available time to evacut850, tsunamis have killed at least 3500 people (Proenza
ate. However, this essential information is still lacking in the and Maul, 2010). The French Geological and Mining Survey
French West Indies emergency plans. This paper propose@®RGM) carried out preliminary studies in order to charac-
a model of tsunami evacuation sites accessibility for Mar-terize this hazard in the Caribbean. Based on several poten-
tinique directly addressed to decision makers. It is based on &al tsunamigenic sources and by means of numerical simu-
population database at a local scale, the development of codations, the BRGM determined a tsunami travel time (TTT)
nected graphs of roads, the identification of potential safe arand maximum amplitude of water for Guadeloupe and Mar-
eas and the velocity setting for pedestrians. Evacuation routeinique islands (Pedreros et al., 2007; Poisson and Pedreros,
are calculated using the Dijkstra’s algorithm which gives the 2007). Of the five seismic scenarios proposed, four could im-
shortest path between areas at risk and designated evacuaact Martinique in less than 36 min (Fig. 1) which gives very
tion sites. The first results allow us to map the theoreticalshort time to manage a massive evacuation of the population.
times and routes to keep the exposed population safe and to In order to anticipate and optimize these evacuations, au-
compare these results with a tsunami travel time scenario. thorities should develop a local crisis plan to address the fol-
lowing issues: how many people are there to evacuate? How
should the evacuation proceed? Where are the evacuation

1 Introduction INational Geophysical Data Center/World Data Service

. . . for Geophysics (NGDC/WDS): the global historical tsunami
The tsunami hazard threatens the whole Caribbean coastlinggtahase consists of files containing information on tsunami events

with a higher propensity for windward coasts directly ex- from 2000 B.C. to the present in the Atlantic, Indian, and Pacific
posed to the effects of earthquakes in the subduction zon@ceans; and the Mediterranean and Caribbean Seas (available at:
of the Lesser Antilles. Tsunamigenic earthquakes related tdttp://www.ngdc.noaa.gov/hazard/tsu_db.shtml
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micro-simulation models (social force model, agent based
and cellular automata) are mainly developed for modelling
evacuation of buildings (malls, resorts, stadiums...) (Fang
_ AU etal., 2011; Valentin et al., 2011), cruise ship (Klupfel et al.,
LN " g | 2001) ortrain (Kltgl et al., 2009). These tools have been used
- ‘ recently in modelling evacuation at the scale of the beach in
a sub communal level (Sahal et al, 2013), at the village level
(e.g. Japan) (Mas et al., 2012), or at the scale of the city (e.g.
Indonesia) (LAmmel et al., 2010; Taubenbdck et al., 2009)
in case of tsunami. Most of these tools require a thorough
knowledge of computer programming and long term com-
putation. Yet, integration of these results in a geographic in-
formation system (GIS) is limited. Our method is based on
the use of a shortest path-based model, commonly called an
“All-Or-Nothing” traffic assignment (Ramming, 2002) which
is less realistic than a time-expanded network but is easier
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Tk to solve and to implement (Lim et al., 2012; Hamacher and
Tjandra, 2001). This network analysis tool was originally de-
e On e o S Sl S Dbt St e vt signed for the calculation of road itineraries. Its use has been
7.5 N16°02'22" WO060°56'46" 14 24 20 60 20 97 25 . . . - -
il 3 ST ST B M @ 3 @ =« diverted to calculate evacuation time and optimized route to
el G GEES SR 6 2 m 8 3 | . ensure safety of people on foot in case of a tsunami. Similar

approaches have been developed in tsunami risk assessment,
Fig. 1. Tsunamigenic seismic sources with expected arrival timeespecially in Indonesia to help for evacuation routes planning
of the first wave that could affect Martinique based on the models(Gonzalez-Riancho et al., 2013; Dewi, 2010; Miick, 2008).
proposed by BRGM (Poisson and Pedreros, 2007). Our model will be extended by simulating several scenar-
ios while adjusting different parameters such as refuge area’s
availability and evacuation route safety which take into ac-
sites? Where are the most efficient evacuation routes? Howount the possible obstructions and different travel speeds by
long does it take to evacuate them? To answer these elderly, children, disabled people, among others.
sential questions, we propose in this paper an accessibility
model of safety zones. This model was developed within thel.2 Objectives
framework of CARIBSAT project (Caribbean Environmen-
tal Satellite Information System) managed by the Institute The issue of territorial accessibility in connection with cri-
of Research for Development (IRD — Martinique) and co- SiS management can be analyzed according to the different
financed by European Union. This model follows a method-Phases of a crisis: pre-crisis (evacuation) or post-crisis (ac-
ological framework transposable to various sites and rep£€ss to emergency needs and other resources). In case of
resents a decision support tool useful for the authorities inPlanned evacuations, an accessibility model provides the fol-
charge of the evacuation process. lowing solutions (Leone et al., 2013):

— Measuring the access time along the shortest routes be-

1.1 Brief overview of tsunami evacuation modelling tween hazard zones and refuge areas;

Different pedestrian evacuation models are available, de-
pending on spatial scale and variables taken into account.
These models are divided into two main categories: micro-
scopic and macroscopic. Microscopic models simulate hu-
man behaviors incorporating several individual characteris-
tics associated to virtual entities and the interactions between _ aytomatic selection of the evacuation sites and

— Estimating the number of evacuees using accessibility
curves according to the time, which allows us to es-
timate the number of people to be saved prior to the
arrival of the tsunami;

hand, macroscopic models are based on aggregation levels  time/distance route and the number of people who con-
on a large scale with the objective to understand the sys- verge there.

tem as a whole and not just its components. Some studies

have shown that important theoretical values (time, capac41.3 Working hypotheses

ities, evacuation speed average, etc.) can be obtained in a

particular zonal distribution (Boulanger and Bréchet, 2003;Presently, there is no existing official tsunami hazard zone
Hamacher and Tjandra, 2001). In risk management fieldsin Martinique. Based on historical tsunami run-up values in
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catalogues (Accary and Roger, 2010; Lander et al., 2002; Za- — Exposed territory with aggregated population: number
hibo and Pelinovsky, 2001) and recent modelling of the am- of residents during the night;

plitudes close to the coast (Harbitz et al., 2012; Roger et al.,

2010; Le Friant et al., 2008; Poisson and Pedreros, 2007), — A graph of routes;

we assume a maximum height of flooding up to 10 m above
sea level (a.s.l.) for a seismic event. We consider that peo-
ple who are living in areas below this altitude are exposed to
tsunami and should be evacuated to safety zone at least above

20ma.s.|. during an event. . — Pedestrian travel speeds (M3 variable according to
The travel speeds u_sed_ in our model hgve been defined the type of route (width, surface condition, and slope).
for pedestrian evacuation in accordance with recommenda-

tions established by Unesco (I0OC UNESCO, 2008). Pedes1.5 GIS database
trian travel is more efficient in case of a quick evacuation
within short period of time (Bolton, 2007). The compliance The resident population data were extracted from land own-
with this instruction limits the risk of traffic congestion on ership files of French Public Finances (DGFiP) and demo-
the routes. The experience of the 11 March 2011 tsunami irgraphic data collected by the last general population census
Japan has also shown that mortality rates were higher in areds 2006. The data provided by the DGFiP offer information
where the population had not complied with this instruction about the use of space in the buildings (residential, profes-
(Fraser et al., 2012). sional or mixed) and the number of households per building.
As for all patterns of macro-simulation, heterogeneous-With these data, we were able to estimate for each cadas-
ness of situations (people location, activity) had not been takiral plot the average number of occupants at night. Then,
ing into account. We assume that people are informed andhese numbers were aggregated on a grid of 50 m per side
prepared and would try to reach the nearest designated evaerhich represents the starting points of the model. For the
uation sites through proper evacuation routes as fast as posvhole of Martinique, 66 377 persons are located at less than
sible. Nevertheless, this last point needs to be validated byl0O ma.s.l. at night time.
back analysis of future evacuation even though this behaviour The network communication routes from the BD TGOPO
seems logical. (IGN, 2004¥ were used to build the graph. The results of
The aim of our work is to provide several evacuation sitesthe accessibility model depend on the accuracy of the road
which offer safe short-term stay for the evacuees in collab-graph. Very few errors were detected in this database. The
oration with the local authorities. They should be accessegortion of the network used (between 0 and 20 m a.s.l.) forms
in less than 15 minutes on foot from the most distant ex-61 600 sections for a total length of 1625 km. We were able
posed areas. This maximum delay is important to immedi-to identify several types of paths: two-lane roads suitable for
ately ensure the safety of the population in case of a local omotor-vehicles, one lane roads, and earth roads (trails, track).
a regional tsunami which are possible scenarios suggestethis network has been updated and expanded for two munic-
by BRGM in 2007. We also indicate the optimal evacua- ipalities to make the future modelling results more adapted
tion routes in terms of security, access time, travel distancdo the present practice of the people. The improvements on
and suitability in terms of the routes’ capacities to facili- the graph are based on high resolution airphoto-interpretation
tate the evacuation of the expected number of evacuees. Owoming from BD ORTH® (IGN, 2010)3 and field surveys.
method assesses modalities and feasibility of such an evacu- Evacuation sites were identified automatically by overlap-

— Arrival points: entry points to safety zones (EPSZ2), i.e.
the intersection between the 20 m contour line and the
road network;

ation which is likely to occur in Martinique in the future. ping network communication routes with the 20 m contour
) line extracted from a 1 m resolution digital elevation model
1.4 Modelling tool (DEM) called Litto30® (IGN, 2010¥. We did not consider

the evacuation sites as such, but the entry points to safety

Accessibility - calculations  were  performed  using zones. This topographic refuge zones generally offer large

RouteFinde? application in a GIS interface (Maplrif).
The software selects the shortest paths in time or dis- 2The BD TOP® from the French National Geographic Insti-
tance between several points of departure and arrivaltute (IGN) is a 3-D vector description of territorial elements and
The origin/destination matrix generated is mapped usingnfrastructures at metric scale. It is the topographic component of
isochronous and optimal routes. These shortest routes ai@eographic Large Scale Reference (LSR).

determined according to the graph’s theory which uses 3The BD ORTHC® from the French National Geographic Insti-
the Dijkstra’s algorithm (Dijkstra, 1959). This application tute (IGN) is a geographic reference of orthorectified and georefer-

requires creation and configuration of the following GIS e”‘ie‘_j aeriaéphomgra?hs atthe departmental level.
datasets as input: Litto3D™ is a continuous land-sea altimetric digital model of

_ _ _ _ the coastal fringe of the French territory carried out jointly by the
— Starting points: grid of 50 m per side located less thanFrench Navy’s Hydrographic Oceanographic Department (SHOM)
10ma.s.l; and IGN.

www.adv-geosci.net/38/1/2014/ Adv. Geosci., 38,812014
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capacities with the sole exception for the small landlocked ar-
eas. Therefore, we have generated 3854 EPSZ for the whole
Martinique.

Schoelcher

1.6 Determining and setting evacuation speeds

Pedestrians’ travel speeds were identified from available bib-
liographic references (Moussaid, 2010; Laghi et al., 2007;
Daamen, 2004; Lee et al., 2004, 2003; Fruin, 1971) and
some in situ tests, taking into account the slope and the roac
type, but without consideration of the potential network con- b
gestion and the physical and psychological profile of peo- —— . e X
ple. These effects could be taken into account by a com- .° e 7). 4 Travel time to the nearest
plementary method using a macro-simulation tool such as : 3 e
SimWalk®, similar to what we have already done but at a = ===
limited scale (Sahal et al., 2013). RS
Without interaction with other people or physical obstacles
from the environment, a “comfortable” pedestrian’s speed
is about 1.3m3! (or approximately 5kmht) (Moussaid,
2010). Nevertheless, we have indirectly incorporated the
pedestrian density’s effects on the traffic’s flow using a fric-
tion coefficient. This factor was defined by means of a for- e 2ot
mula used by Dewi (2010) which relies on the width of the A [
escape route and the surface type. In the case of stairs, anaa="
ditional average value of 0.5 m$is assumed, suggested by Fig. 2. Access time (min) to the closest evacuation site (20 ma.s.l.):
Fruin (1971). The network has been divided into 10 classeshe case of Fort-de-France conurbat{) and the touristic munic-
of slopes extracted from Litto3D with a range of 3%. By ipality of Sainte-AnngB).
combining these classes of slope and the three different types
of street, we obtained 30 classes of specific speeds from

1 1 1 1

4.85kmir=(1.35ms )10 0.86kmh~(0.24ms 7). These ity which have high human exposure (Fig. 2). These maps
travel speeds have been estimated for a healthy adult. SOom&,q\y the most remote areas in terms of travel time to the
areas of the evacuation zone are not accessible by road§earest topographic shelters (e.g. sectors of the Lamentin
Therefore RouteFind&rtool generates a link to the nearest Airport and the Salines beach in Sainte-Anne). This result

part of the net\fﬁ)rk for whiclh we set a theoretical walking 4img (o rajse stakeholder’s awareness to define and open ver-
speed at 1kmt (0.28ms™). This low value takes into  icq| shelters within the tsunami hazard zone which com-

account both possible natural and artificial obstacles anngb|y to standard restrictions (FEMA, 2009). Indeed, for re-
the routes. Our simulations were bound by a critical value ofgpqnsipility reasons vertical shelters are not yet an option in
30° (58 %) slope and above on which evacuation by f00t is ;- model. A seismic vulnerability assessment of existing
no longer possible. Based on existing data, no road sectiogjiging must be done. It is especially because Martinique
reaches this slope in Martinique. is threatened by near field earthquake and ground shaking
could affect the building infrastructures and their structural

Pointe des Negres
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Conception : UMR GRED & IRD Martinique, 2012

2 Results and discussion stability. In addition, agreements should be made with man-
agers or building owners to ensure access points or to cre-
2.1 Evacuation time limit vs. arrival time of a tsunami ate special facilities (e.g. a roof access for evacuation). Fi-

nally, tsunami safety instructions have to be consistent with

One of the most important information to consider in plan- the existing ones such as the building evacuation procedure
ning evacuation procedure is the theoretical arrival time ofin case of seismic activities. Moreover, we are able to locate
the first devastating waves. Confronted with tsunami scenarpreferred implantation sites with respect to maximum evac-
ios, this information allows us to define the maximum time uation time and to selected buildings in accordance to safety
available for the evacuation of exposed populations and tdeight, hydraulic resistance and probable damages by float-
identify critical areas which are far from evacuation sites ing debris (Scheer et al., 2012).
(Gonzalez-Riancho et al., 2013; Scheer et al., 2012). Based on the resident population spatial database and the

The maximum evacuation times have been calculated fotheoretically modelled evacuation time, we built an acces-
each municipality. They were also mapped on two areassibility curve at the scale of Martinique Island. This curve
namely Fort-de-France conurbation and Sainte-Anne municeorresponds to the needed time for the population to reach

Adv. Geosci., 38, 18, 2014 www.adv-geosci.net/38/1/2014/
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Fig. 4. Estimated number of people per municipality who could

o i i . (green) or who could not (red) reach a safe zone in less than 7 min
a safety zone. It indicates 104 min as maximum theoreticabn foot in case of tsunami generated from Barbados accretional

time to ensure the safety of exposed population (less thamrism (night population located under 10ma.s.l., 20m high shel-
10ma.s.l.) (Fig. 3). It appears that almost 90 % of these popier scenario).
ulations could be evacuated within less than 16 min. This
analysis shows a great spatial heterogeneity. Generally, les:
time is required in the Northern municipalities of the Mar-
tinique. This feature is explained by the shorter distances to
reach higher ground in coastal regions in the North. Thus,
the curves rate varies depending on the efficiency of network
communication and the proximity of refuge zones.
We also analyze the theoretical feasibility of evacuation
by comparing the time to ensure the safety of people in sev-
eral tsunami travel time scenarios. For example, the mini-
mum time of arrival on the coast of Martinique particularly
in Saint-Luce of a tsunami generated by an earthquake of
M, =7.1 at the accretionary prism of Barbados was esti-
mated at 22 min (Poisson and Pedreros, 2007). According
to our model and considering a limited time of 15min for
the transmission of the warning (supposed to be guaranteec
by the future regional warning system), 50.5% of the ex-
posed population of Martinique could be protected in less
than 7 min for this scenario. On the other hand, 33 000 peo-
ple would not have enough time to reach the designated
evacuation sites. We notice that Fort-de-France, Lamentin
and Robert are likely the most impacted municipalities with
8167, 4656 and 3870 unsafe persons, respectively, at the timi
of the impact of the tsunami (Fig. 4). But these theoretical

time limits do not consider the reaction time of populations ' *@f»&;
which is very difficult to predict (Ishiwatari and Arakida, N E— T
20 12) X Population by preselected shelter point Sainte-Anne

e B Nonselected shelter point
50 Priority evacuation zone (0-10m) Area
0 Building

29— Optimized evacuation routes Road 0 250 500m

2.2 Aid for planning local evacuations

Conception :UMR GRED & IRD Martinique, 2012

Sources : Litto3D (2010) & BD Topo (2004) /IGN - MAIIC2 (2008) / DGFIP - RPP (2006) /INSEE

This accessibility model enables us to automatically map
optimized evacuation routes according to the best value foFig; 5.Automatif: preselection of safe sites (20 m highlshelter) and
distance/travel time and to preselect the most relevant entr§Ptimal evacuation routes for populated areas (e.g. Sainte-Anne mu-
point to safety zone based on their load capacity (Fig. 5).  mecipality).

According to our method, the number of EPSZ requested
by the model and their dispersion are dependent on the

www.adv-geosci.net/38/1/2014/ Adv. Geosci., 38,812014



6 M. Péroche et al.: Optimize tsunami evacuation sites and routes in Martinique, France

quality of the road network. For instance, in the area of Saint- pian ¢'évacuation en cas d'aterte tsunami Secteur du bourg de Trinité
Anne municipality, the EPSZ distribution is heterogeneous. (74 \
Only 27 out of 77 EPSZ automatically and previously gen-
erated could receive a minimal charge of 1 person during a
"nocturnal” scenario. In addition, four points are especially
requested. They covered an evacuation zone comprised b\
highly populated buildings and could receive more than 100 | -
evacuees.
In addition to the road graph improvement, we propose |
classifications of evacuation sites from various criteria col- | | . Wy
lected on the fieldwork such as: accessibility, capacity, avail-| |/ )% i Sl s s
ability, and safety. These criteria can be used to identify the * ! 7
best locations for evacuation. They are particularly useful in == 2 A E

00
=}

[DEAL

areas with multiple possible evacuation sites such as in the ™
case of the village of Sainte-Anne where there are four EPSZ
that are grouped together in the same area. This task will b&ig. 6. Extract of evacuation map approved by the French Depart-
done using photo-interpretation and field recognition. Addi- ment of Civil Defense and Emergency Preparedness of Antilles
tional modelling will quantify the number of theoretical pas- 2°n€ (EMIZA) (e.g. Trinité downtown).

sages cumulated by road sections, which may correspond to

the maximum number of evacuees of the road network, thededicated to the evacuation of zones such as the beaches in

theoretical maximum expected load. These results will assesl\sllartinique is being completed. We are also working with lo-

tar:%r?otentlal effects of network congestion during an EVaCU-al authorities to define safety criteria necessary to establish

future evacuation routes and safe zones. We will especially

These mapping results provide many opportunities to de'take into account the buildings collapse probability, in case

velop or improve local planning of the operational response ' L .

and preparedness at the local scale: of near field seismic sources, or coastal and estuary proxim-
' ity, which are tsunami-prone areas.

— Identify evacuation sites for the baseline scenario, de-

pending on the altitude that are safe for the exposed . o
population; 3 Conclusion for a best crisis management

— Search for new evacuation sites to reduce evacuatiorThe methodological framework used in this study and ad-
time (for example, conversion of tall and resistant dressed to decision makers links the scientific practice (mod-
buildings to vertical shelters); elling of tsunamis, arrival times, wave heights...) and the

Gcrisis management field.

Even if the proposed scenario is probably conservative for
the Martinique coasts, we were able to generate many useful
— Search for alternative routes to ensure smooth trafficmaps and graphs to prepare and plan evacuation procedure

flow during the evacuation process; for the population in case of a tsunami event. The advantages
of the method include reproducibility and the adaptability
to different scales of study as long as databases are avail-

Many improvements, including an enhanced databaseable. On the other hand, the implementation of preventive

should be carried out for the entire island. They should bemeasures facilitated by these models depends first and fore-

locally validated by a concerted fieldwork with emergency most on the degree of political involvement to display the risk
operators and local authorities in order to produce an officialwithout damaging the idyllic image of these touristic places.
map-based evacuation plan. Future studies will be carried outhe Lesser Antilles French territories are still far behind
on the spatial distribution of human activities and resourceghese issues and have no specific local plan in response to this
at different time frame. It is essential to take into account thethreat. The areas of the Lesser Antilles, such as Antigua and
strong seasonal and daily variations of tourist fluctuations Barbuda, Trinidad and Tobago and the British Virgin Islands
Thus, several evacuation scenarios can be implemented bgiready have evacuation plans and are installation of infor-
modulating the number of population (day/night), the pro- mation and warning signage about the risk of tsunami. The
files of people (adults, children, and disabled), selected evacisland of Anguilla and 22 cities in Puerto Rico have acquired
uation sites, warning time and response times of populationthe recognition “Tsunami Ready Communities” by the US
tsunami delay and penetration distance. The population cerNational Weather Service of NOAA (National Oceanic and
sus can be refined by counting in situ, especially on touris-Atmospheric Administration). Since 2006, the safety precau-
tic sites and/or highly exposed areas like beaches. A modetfion is accompanied by a regional consultation uniting 38

— Propose the locations of signpost along the preferre
evacuation routes;

— Define the zone covered by each shelter point.

Adv. Geosci., 38, 18, 2014 www.adv-geosci.net/38/1/2014/
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countries members of the Caribbean Basin. These efforts arBolton, P. A.: Managing Pedestrians during Evacuations of
under the auspices of the Intergovernmental Oceanographic Metropolitan Areas, U. Department of Transportation Federal
Commission of Unesco (ICG/CARIBE EWpBwith a view Highway Administration, 91 p., 2007.
to establish local tsunami warning systems. Boulanger, P. M. and Bréchet: T Une gnalyse cqmpgrative des
The method proposed in this study has been improved for clgsses de modéles “ h/[?déllgatlon et aide a la décision pour un
two pilot municipalities of Martinique (Trinité and Sainte- gg\égl()ppememdurable » Action de support PADD I, SST, p. 32,
Anne). The operatlonal capability OT t.he meth-od and its rfa'IOC UNESCO: Tsunami preparedness — Information guide for dis-
sults Werg vahdgted through a part|(_:|pa'_tory field Survey.m aster planners, Manuals and Guides No. 49, Paris, UNESCO,
collaboration with local partners which include the public [, 29 2008.
sector services and local authorities. The results of the modqbaamen’ W.: Mode]ing Passenger Flows in Public Transport Facil-
were used as decisional supports in choosing the evacuation ities, Delft University of Technology, p. 403, 2004.
sites and routes. The entire validation chain was supervised dtewi, R. S.: A GIS-based approach to the selection of evacuation
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