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Abstract. The French Caribbean Archipelago of Guadeloupe
is located over the Lesser Antilles active subduction zone,
where a handful of earthquakes have reached magnitudes
of Mw = 7.0 (moment magnitude) and more. According to
available catalogs, these earthquakes have been able to trig-
ger devastating tsunamis, either directly by the shake or in-
directly by induced landslides. The Guadeloupe Archipelago
is known to have suffered from several violent earthquakes,
including the 1843 Mw∼ 8.5 megathrust event. In this study,
we discuss the potential impact of a tsunami generation
scenario of a Mw = 8.5 rupture at the subduction interface
using numerical modeling and high resolution bathymetric
data within the framework of tsunami hazard assessment for
Guadeloupe. Despite the fact that the mystery remains unre-
solved concerning the lack of historical tsunami data for the
1843 event, modeling results show that the tsunami impact is
not uniformly distributed in the whole archipelago and could
show important maximum wave heights. This is easily ex-
plained by the bathymetry and the presence of several islands
around the main island leading to resonance phenomena, and
because of the existence of a fringing coral reef partially sur-
rounding Guadeloupe Island and its satellites. We then dis-
cuss the role of source parameters, the arrival times and the
protective role of fringing coral reefs surrounding the islands,
using tsunami modeling applied on two Guadeloupian touris-
tic coastal places: Sainte-Anne and Saint-François.

1 Introduction

The eastern boundary of the Caribbean region is character-
ized by a moderate to high seismicity rate, which allows

the accommodation of a 2 cm yr−1 average convergence be-
tween the North Atlantic and Caribbean plates (DeMets et
al., 2007). According to the available tsunami catalogs, the
whole Caribbean Basin and, particularly, the Lesser Antilles
islands have been impacted by a number of tsunamis over
the past five centuries (since their discovery). Most of the
historical data concerning tsunamis in the Caribbean have
been collected by O’Loughlin and Lander (2003). Of course,
the reported accounts of wave arrival after an earthquake
occurrence, a volcanic eruption or a landslide are more or
less detailed and reliable and could always be discussed
(Blanc, 2011). Nevertheless, some reports are sufficient to
highlight the tsunami threat potential for the Lesser Antilles
islands, and particularly for Guadeloupe, where it is now well
known that several tsunamis have been able to reach this is-
land (Nikolkina et al., 2010), as well as the other French
overseas territories of Martinique, Saint-Martin and Saint-
Barthelemy. Among these events are the devastating 1755
Lisbon transoceanic tsunami (Roger et al., 2010a,b; Zahibo
et al., 2011) and, more regionally, the 1867 Virgin Islands
tsunami (Zahibo et al., 2003). Local tsunamis could also
have had severe consequences in these islands, as the< 1 m
tsunami triggered by the 2004 Les Saintes Mw = 6.3 earth-
quake affecting the southeastern coasts of Guadeloupe (Le
Friant et al., 2008), or the Montserrat pyroclastic flows gener-
ating 1–2 m high tsunamis propagating towards northeastern
Guadeloupe in 1997, 2003 and 2006 (Pelinovsky et al., 2004;
Trofimovs et al., 2011). Curiously, Guadeloupe was severely
damaged by the 8 February 1843 subduction earthquake with
a seismic moment magnitude (Mw) of 8.0–8.5, but without
being struck by a catastrophic tsunami, according to coeval
reports (Feuillet et al., 2011).
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Fig. 1. (a) Location of the French Islands within the Lesser Antilles Arc; Ma.: Martinique; Gu.: Guadeloupe; St-M.: Saint-Martin; St-B.:
Saint-Barthelemy; an approximate convergence rate of∼ 2 cm yr−1 from DeMets et al. (2007) is indicated as well as the subduction trench
between the North American and Caribbean tectonic plates; inset locates the Lesser Antilles Arc in the Caribbean region with a red rectangle.
(b), (c), (d), (e)Repartition of the fringing coral reefs (red lines) surrounding the French Caribbean Islands. Saint-François and Sainte-Anne
(Guadeloupe) are indicated with yellow and blue stars(c).

Because of a serious increase of coastal population in the
last decades mainly due to the touristic potential of its sandy
beaches and year round sunny weather, tsunami hazards must
be clearly assessed for the Guadeloupe Archipelago.

It is important to notice that this island is partially sur-
rounded by fringing coral reefs (Smith et al., 1997; Feuil-
let et al., 2002) as well as the other French territories as
shown on Fig. 1b–e. They seem to act as efficient natu-
ral barriers partially protecting the coasts from wind-wave
and cyclonic swell impacts as reported by Clark (1991) and
Frihy et al. (2004). Several recent studies show that they also
play a predominant role in case of tsunami arrival (Kunkel
et al., 2006; Fernando et al., 2008; Liu and Ghidaoui, 2009;
Baba et al., 2008; Gelfenbaum et al., 2011). Unfortunately,
these reefs are highly threatened by human activities, a threat
also re-enforced by storms (Wilkinson, 1999; Bouchon et al.,
2008a,b) as in 75 % of the world’s coral reefs, as reported by
Burke et al. (2011). In Guadeloupe, the width of the fringing
coral reef is approximately 250–300 m and gap lengths are
about 100–200 m (Roger et al., 2013).

In this paper we will discuss tsunami hazard threat
for the Guadeloupe Archipelago using numerical modeling
of a 1843-like megathrust scenario and sparse destructive
Caribbean tsunamis as reference events (such as the 1867
Virgin Islands tsunami). Numerical modeling will also serve
to determine, briefly, the fringing coral reefs’ capacity of pro-
tection against tsunami waves in Guadeloupe Island, focus-
ing on the touristic coastal towns of St François and Ste Anne
(Fig. 2) with the help of high resolution digital elevation
models (DEM).

Fig. 2. Aerial view (from IGN-BD ORTHO project, extracted from
http://www.geoportail.frand re-projected in geographical coordi-
nates in WGS84 geodetic system) of Sainte-Anne(a) and Saint-
François(b) highlighting their coral fringing reefs with yellow
dashed line. These towns are located on the inset of Guadeloupe
(Fig. 1c). Red circles symbolize synthetic tide gage locations.
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2 Tsunami modeling

2.1 ComMIT

Preliminary modeling has been realized using ComMIT
(Community Model Interface of Tsunami) software from
NOAA (National Oceanic and Atmospheric Administration)
(Titov et al., 2011). It is an easy to use tool for tsunami
inundation modeling using MOST (Method Of Splitting
Tsunami; Titov and Synolakis, 1995; Titov and Gonzalez,
1997). Tsunami propagation calculation is based on a numer-
ical dispersion scheme and the nonlinear shallow-water equa-
tions in spherical coordinates. The initial deformation needed
to compute tsunami propagation is obtained through an ana-
lytical numerical model of a rectangular fault plane rupture
in an elastic half-space (Gusiakov, 1978; Okada, 1985). The
sea-floor deformation is transmitted without loss to an in-
compressible fluid above.

ComMIT is initialized using source scenarios of the
NOAA tsunami pre-computed propagation database. This
pre-computed database contains information about tsunami
propagation in the open ocean from a multitude of potential
sources. Each patch source of dimension 100 km× 50 km is
located on potential tsunamigenic fault zones. It is a good
tool for obtaining results quickly, as well as an idea of what
could happen in our concerned region.

In our case, the patches have been selected using the
source location and rupture parameters determined in agree-
ment with the available bibliography (Bernard and Lam-
bert, 1988) and able to accommodate a Mw = 8.5 earthquake
(Feuillet et al., 2011). Our source is composed of 9 patches
and is shown in Fig. 3. It shows a quite good similarity with
the rupture area indicated by Feuillet et al. (2011), enough
for preliminary modelings.

Modeling has been done over three imbricated bathymetric
grids A, B, and C with respectively increasing resolutions of
circa 1000 m (coarse grid over the northern Lesser Antilles
Arc), 200 m (medium grid over Guadeloupe Archipelago)
and 40 m (fine grid over Sainte-Anne and Saint-François).
These grids have been prepared using a set of multibeam data
from the SHOM (Hydrographic and Oceanographic Service
of the French Navy) combined with ETOPO 1 Global Re-
lief Model data set (http://ngdc.noaa.gov/mgg/global/global.
html), georeferenced and digitized nautical chart of Guade-
loupe Archipelago and focus on the town of Saint-François
(SHOM, 1994, 2008) coupled with on-site measurements of
Saint-François harbor structures (piers, wharfs and marina
docks height), and aerial imagery from IGN-BD ORTHO®

(extracted onhttp://www.geoportail.fr) and SRTM 3′′ (Shut-
tle Radar Topography Mission) (http://www2.jpl.nasa.gov/
srtm/) for inundation calculation (resolution≈ 90 m). Alti-
tude 0 is set to the hydrographic zero, i.e., the sea level value
for lowest tide; there is no significant consequence in the
Caribbean as the maximum tide amplitude in the Lesser An-
tilles does not reach 1 m. The different grids are delineated

Fig. 3.Area of the 1843 rupture zone and possible epicenter location
(yellow star) as proposed by Feuillet et al. (2011) within the north-
ern Lesser Antilles (pink dashed line). The green rectangles rep-
resent the available pre-defined patches of ComMIT matching the
proposed rupture zone. The geographical extents of grids A (north-
ern Lesser Antilles grid), B (Guadeloupe Archipelago grid) and C
(Sainte-Anne or Saint-François grids) introduced in ComMIT are
highlighted with empty rectangles.

in Fig. 3. The regular grids, necessary as input in the model-
ing code, are then prepared from kriging interpolation of this
data set at different spatial resolutions.

2.2 CEA modeling code

The second step of tsunami modeling has been done using
the tsunami calculation code developed by the CEA (Com-
missariatà l’Energie Atomique, France), adapted from the
SWAN (Simulating Waves Nearshore) code of Mader (1988),
which solves the shallow water long wave equations, de-
rived from the Navier–Stokes equations. The initial coseis-
mic deformation of the seafloor is still computed through
Okada’s (1985) elastic dislocation equations and transmitted
without loss to the entire water column above. Then tsunami
propagation satisfies the following hydrodynamic equations
of continuity (1) and motion conservation (2)

∂(η + h)

∂t
+ ∇ · [v(η + h)] = 0, (1)

∂v

∂t
+ (v · ∇) · v = −g∇η, (2)

whereη corresponds to water elevation,h to water depth,v
to the horizontal speed vector, whileg is the gravity constant.

Nonlinear terms are taken into account, and the resolu-
tion is carried out using a Crank–Nicolson finite difference
method centered in time and using an upwind scheme in
space. This method has been already successfully applied
for studies in the Mediterranean Sea, the Pacific and Atlantic
Oceans (H́ebert et al., 2001; Roger and Hébert, 2008; Roger
et al., 2010b). Wave propagation is calculated over 5 levels
of nested grids (2 levels, grid 1 and 3 have been introduced
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Table 1. Rupture parameters of a 1843-likeMw = 8.5 scenario,M0 = 6.92× 1021Nm−2 and for twoMw = 7.0 scenarios varying the strike
angle.

Scenario Lon Lat Depth of Slip Strike Dip Slip Length Width Rigidity
(◦) (◦) fault (m) (◦) (◦) angle (km) (km) (Nm−2)

center (◦)
(km)

(1) Mw8.5 −61.17 16.73 40 8.0 145 25 90 300 100 3× 1010

(2) Mw7.0 −59.04 16.0 10 1.0 145 25 90 50 25 3× 1010

(3) Mw7.0 −59.04 16.0 10 1.0 170 25 90 50 25 3× 1010

Fig. 4.Digital elevation grids used for numerical modeling from level 0 (resolution 1’) to level 4 (resolution 10 m – the black lines represent
isobaths every meter from 0 to−5 m and then every 5 m) used with the CEA code. Black rectangles symbolize the grid-level below.

for numerical stability) prepared using the same data set con-
structed for ComMIT preliminary tests (Fig. 4) using a two-
way grid-nesting scheme. The first grid (Grid 0) has a spatial
resolution of 1′ and represents the northern part of the Lesser
Antilles Arc. Grid 2 represents the Guadeloupe Archipelago
at a resolution of∼ 150 m. Grid 4 represents the harbor of
Saint-François with a resolution of 10 m reproducing the sea
defense structures as docks or piers of the Old Harbor and
the Marina. For the purpose of studying the role played by
the fringing reef on the tsunami behavior, two other grids of
Saint-François and surroundings have been prepared using
Grid 4 (Fig. 5a) and showing the same spatial resolution: on
the first one, the gap of the fringing reef in front of the Ma-
rina has been filled in (Fig. 5b); and on the second one, the

reef has been removed (Fig. 5c). The advantage of using this
second modeling code is the absolute liberty on the seismic
source parameters, in which case, it is easier to chose rupture
parameters in good agreement with geologic and geophysics
data.

In accordance with the 1843 earthquake epicenter (Lon:
61.17◦ W, Lat: 16.73◦ N) proposed by Feuillard (1985) and
with respect to the accurate studies of Bernard and Lam-
bert (1988), who proposed a magnitude Mw = 7.5–8.0 off-
shore rupture of circa 300 km (with the help of iso-seismal
maps), and more recently Feuillet et al. (2011), who demon-
strate that this event was probably the expression of a
megathrust rupture on the subduction plane, with a mag-
nitude re-evaluated to Mw = 8.0-8.5, we propose a tsunami

Nat. Hazards Earth Syst. Sci., 13, 1169–1183, 2013 www.nat-hazards-earth-syst-sci.net/13/1169/2013/
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Fig. 5.The 3 different grids of St François:(a) normal bathymetry interpolated from existing data sets;(b) the same grid without a gap within
the fringing reef;(c) the same grid without the fringing reef. A bathymetric profile underlines the characteristic of each grid.

generation scenario for a 1843-like event. The empiri-
cal relationships between rupture parameters determined
by Wells and Coppersmith (1994) indicate that a magni-
tude Mw = 8.5 earthquake corresponds to a rupture surface
of about 5× 104 km2 leading to a rupture plane width of
∼ 150 km. Recent publications, from Blaser et al. (2010) and
Strasser et al. (2010), developed new relationships including
subduction zone earthquakes: a 300 km-long rupture seems
to correspond to a width of 100 km for interface ruptures.

The coseismic displacement along the fault plane is esti-
mated using Kanamori’s (1977) law,MW = 2

3 logM0 − 6.03,
which gives us a seismic momentM0 of 6.92× 1021 N m−1

for a MW = 8.5 earthquakes, and the relationship from
Kanamori and Anderson (1975) between the seismic mo-
ment, the shear modulusµ (rigidity coefficient in N m−2),
the rupture surfaceS (in m2) and the coseismic average slip
D (in m): M0 =µS D. Using a shear modulus of 30 GPa
(i.e., 3× 1010 N m−2) with the empirical law proposed by
Bilek and Lay (1999), we obtain a coseismic slip of 8.0 m;
this value is in quite good agreement with the relationship
between surface rupture length and maximum displacement
obtained by Wells and Coppersmith (1994). Considering an
average compression rate of 2cm/yr and a fully coupled sub-
duction (that is probably not exactly the case for the Lesser
Antilles subduction), it corresponds to a strain accumulation
on the subduction interface over 400 years.

The strike is copied from the trench azimuth and set toN

145◦ E. The rake is consistent with a pure compressive mech-
anism (reverse faulting). The dip is estimated to 25◦ from
available depth-related seismicity profiles (Dorel, 1991; Ruiz
et al., 2011) and vertical profiles of the regional seismicity
from USGS-NEIC (US Geological Survey-National Earth-
quake Information Center) catalog (from 1973 to present).
The epicenter’s location vertical profiles of Dorel (1991)
have been also used to locate the fault plane with a fault
plane center around 35–40 km depth in this part of the
arc, corresponding also to the epicenter depth proposed

by Feuillard (1985). According to sensitivity tests done by
Okal (1988), the source depth plays a limited role on the
tsunami amplitude.

The parameters of this 1843-like scenario are summarized
in Table 1. Parameters for two other scenarios of magnitude
Mw = 7.0, located on the subduction interface (closer to the
trench) and added for the sensitivity study showing two dif-
ferent strikes, are also detailed in Table 1. Those parameters
have been determined using the same references of the 1843-
like scenario and the same empirical laws giving relation-
ships between parameters.

The initial deformation surface computed from Okada’s
equations, as mentioned earlier in this paper, is shown in
Fig. 6 and it is in good agreement with the rupture area pro-
posed by Feuillet et al. (2011). Note that the eastern part of
Guadeloupe is located within the positive deformation area
(less than 50 cm), thus being able to justify the possible ele-
vation of some creeks in this area in 1843, as mentioned by
Bernard and Lambert (1988).

2.3 Modeling results

2.3.1 Using ComMIT

Modeling results obtained using ComMIT software show
that a magnitude Mw = 8.5 coseismic rupture is able to trig-
ger a catastrophic tsunami of several meters high towards
the populated coasts of the Lesser Antilles, and particularly
Guadeloupe, which is located very close to the estimated rup-
ture zone (Fig. 7, top panel). In comparison, a 1867 Virgin
Islands-like earthquake seems to be able to produce waves
below 1 m high (Fig. 7, bottom panel). In that way, the
lack of historical tsunami data for the 1843 event, except for
Antigua, should lead to further investigations to determine
why so few coeval reports have been found. Apart from that,
propagation snapshots on grid B (Fig. 8) highlight a partic-
ular behavior of the tsunami when approaching the Guade-
loupian promontory. La D́esirade, the easternmost point of

www.nat-hazards-earth-syst-sci.net/13/1169/2013/ Nat. Hazards Earth Syst. Sci., 13, 1169–1183, 2013
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Fig. 6. Initial coseismic deformation of the seafloor computed for a 1843-like event. The black rectangle symbolizes location of the rupture
plane superimposed with the rupture area proposed by Feuillet et al. (2011) symbolized with a white dashed ellipse. The subduction trench
(black line) and local seismicity from USGS-NEIC (1973 to present) are also indicated.

the archipelago, acts like a shield slowing down the inci-
dent waves, leading to the wrapping of those ones around it
and focusing the tsunami energy south of this island towards
Petite-Terre Islands. This uninhabited nature reserve sepa-
rates, in turn, the incoming front into two main energy path-
ways travelling towards the two main touristic towns of the
south coast of Grande-Terre: Saint-François and Sainte-Anne
(Yellow stars in Fig. 1c). Notice that the area between Petite-
Terre and the eastern point of Grande-Terre, called Pointe-
des-Cĥateaux, is all the time subject to a resonance phe-
nomenon underlined by wave amplification and strong cur-
rents. The comparison with modeling results obtained from
the same set of grids for a 1867-like scenario, i.e., with a
different geographic location and azimuthal direction than
the 1843 event, exhibits amplification in the same coastal
points (Fig. 7), without amplitude considerations (not the
same earthquake and tsunami magnitudes). As amplifying
information, Roger et al. (2010a) identified the same coastal
hot spots for tsunami waves coming from the Iberian Penin-
sula, in the case of a 1755 teletsunami-like event. Consid-
ering these propagation snapshots and the maximum wave
height maps obtained for the maximum historical scenar-
ios, the area located between la Désirade, Petite-Terre and
the easternmost part of Guadeloupe is of major interest. The
touristic town of Saint-François (Fig. 2), which seems to be
one of the focal points for tsunami waves coming from the
east and the north, is located in this triangle and is partially
protected from classical waves by a fringing coral reef.

The second part of this study will aim to determine the role
played by this fringing reef and the consequences in terms of
tsunami hazard assessment.

2.3.2 Using CEA modeling code

In order to model tsunami propagation using our own scenar-
ios, with geologically-based parameters, we decided to use
the CEA modeling code. Results obtained with this second
code are described in the following.

Figure 9 shows maximum wave height maps reached
over grids 0 (Lesser Antilles scale) and 2 (Guadeloupe
Archipelago) after 1 h of tsunami propagation for the 1843-
like event. We can see that those results are in quite good
agreement with the results obtained using ComMIT soft-
ware. The main part of the energy released by the rupture
in terms of tsunami propagation and amplitude is concen-
trated in the direction perpendicular to the fault plane az-
imuth, as indicated for example by Titov et al. (2005). It
also depicts that the source directivity (thrust faulting) sends
most of the tsunami energy in the direction perpendicu-
lar to the subduction trench, as previously shown by other
studies of elongated sources (for example Kowalik et al.,
2006; Carrier and Yeh, 2010), and thus, towards the North
Atlantic Ocean and the Lesser Antilles islands, with max-
imum wave heights (> 5 m) recorded in Guadeloupe, but
also in Antigua to the north, and in Dominica and Mar-
tinique to the south. Only little energy passes through the is-
lands arc. Notice that coastal wave heights are not uniformly
distributed and that several coastal points are more prone
to wave amplification. For Martinique, the maximum wave
heights are located in the funnel-shaped bay of La Trinité
(northeast of the island) as previously observed by Roger
et al. (2010b) for the 1755 tsunami modelings. Finally, the
Lesser Antilles Arc seems to act like a shield, protecting
the Caribbean Sea from tsunami triggered at the subduction

Nat. Hazards Earth Syst. Sci., 13, 1169–1183, 2013 www.nat-hazards-earth-syst-sci.net/13/1169/2013/
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Fig. 7. Maximum wave amplitudes around Guadeloupe obtained
with ComMIT software with a 1843-like scenario (Test 1) and a
1867-like scenario (Test 2). Synthetic tide gage locations are rep-
resented with blue squares on grid B: B1A, B2A for Sainte-Anne,
B1F and B2F for Saint-François; B0A for both sites. Rectangles
symbolize Sainte-Anne and Saint-François areas. The color scale is
given in centimeters.

zone. The focus on Guadeloupe Archipelago highlights the
fact that some places along Guadeloupe coastlines are more
sensitive than others to tsunami wave amplification. Indeed,
the shallow area between La Désirade, Petite-Terre and the
easternmost part of Grande-Terre reacts particularly well to
tsunami arrival, showing wave heights of more than 10 m
in the Saint-François locality. Other places like the eastern
coast of Grande Terre bays, around Marie-Galante or along
the northern part of Basse-Terre, also exhibit wave heights
of more than 5 m. The semi-enclosed area between the is-
lands of Les Saintes seems to be subject to a resonance phe-
nomenon as those observed in Hawaii after the 2006 Kuril Is-
lands tsunami (Munger and Cheung, 2008) or in the Marque-
sas Islands (French Polynesia) after the 2009 Samoa tsunami
(Allgeyer et al., 2010).

Focus on Saint-François, using a high resolution DEM,
prepared by accurately using bathymetric data from the
French Navy and nautical charts, and also street and aerial
views of the coastal infrastructures, reveals different areas

on the maximum water elevations (MWE) map (Fig. 10) ob-
tained after one hour of tsunami propagation triggered by a
1843-like coseismic rupture: principally the area in front of
the Marina and the Old Harbor seems to be more protected
than the neighboring areas though located behind the reef. To
understand how the tsunami behaves when approaching the
coast in Saint-François, we placed 8 tide gages on Grid 4,
from offshore to the Marina (Fig. 10a) and the Old Harbor
(Fig. 10b), towards the fringing reef. Figure 10a shows that
the first arriving wave, highlighted by a progressive sea level
rising between 12 and 30 min after the main shock, is ampli-
fied from 3 to 4.5 m when approaching the coast (shoaling
effect, gages 6 to 1). On the other hand, the behavior of the
second wave is typically related to the presence of the reef. It
is preceded by an important sea withdrawal (> 8 m) in front
of the reef (gage 5) leading to an emptying of the lagoon
(between the reef and the coast), which occurs depending di-
rectly on the reef existence and the width of the reef gap in
front of the Marina, slowing down the emptying (gages 4,
3 and 1). Then the sea level rises quickly but the presence
of the reef slows down the filling of the lagoon (gage 3)
and the Marina (gage 1). The behavior is quite similar over
the profile from offshore (gage 6) towards the Old Harbor
(gage 2), with less amplification of the second leading wave
(Fig. 10b). A graphical frequency analysis (spectral density
only) of the different signals using Fast-Fourier Transform
(FFT), displayed in Fig. 10c, helps to understand the energy
transfers between the waves recorded offshore (gage 6) and
within the Marina (gage 1). It is clearly visible that the inci-
dent wave (gage 6) gains energy when approaching the coast
(gage 5) probably because of resonance phenomena acting at
several specific frequencies such as the first low-frequency
peak at 0.05. Then energy is lost when travelling through the
reef gap and towards the Marina, principally underlined by
an absorption of the main low frequency peak. Despite this,
a peak reveals a little energy increase from outside to inside
the Marina around 0.17, probably associated with a free os-
cillation inside the Marina.

The role played by the bathymetry and thus, by the fring-
ing reef, is of major concern within the framework of tsunami
hazard assessment. Figure 11 shows maximum water eleva-
tion (MWE) maps obtained after one hour of tsunami prop-
agation on 3 different cases of Grid 4: (a) represents the real
case, i.e., with a fringing coral reef with a gap; (b) represents
the case of a reef without gap; and (c) represents the case
of an island shelf without reef. At a first glance, it seems to
be quite identical, with minor differences of water depth on
land. But the consideration of synthetic tide gages, as the one
located at the entrance of the Marina (gage 3), shows major
differences in terms of waves withdrawal (Fig. 11d). Indeed,
a case with no reef shows a more important decrease in sea
level (about 1 m depth more) than with a normal reef with a
gap, and a case with a reef having no gap keeps more wa-
ter and longer inside the lagoon. The wave amplitude is a bit
more important in the case without a reef.
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Fig. 8. Tsunami propagation towards the Guadeloupian Archipelago: focus on the main tsunami front wrapping around La Désirade and
Petite-Terre Islands and refocusing in two directions.

A magnitude Mw = 7.0 source has also been tested to help
assess tsunami hazard for a more “common” magnitude in
the Lesser Antilles. The parameters have also been deter-
mined using geologic and geophysical data (Table 1). Two
scenarios are proposed to test the influence of rupture di-
rection (strike angle) and the results are shown in Fig. 12a
and b. Even if the same areas react again, the wave heights
reached by the tsunami in coastal areas are different, ranging

from tens of centimeters in one case to twice as high on the
other case. The synthetic tide gage located at the entrance of
Saint François’ Marina (Fig. 12c) highlights this variation on
the first leading wave, from 0.27 m for a 145◦ strike angle
to 0.43 m for a maximum energy path oriented toward the
Guadeloupe Archipelago (170◦ strike angle).
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Fig. 9. Maximum wave heights illuminated by a bathymetric gradient obtained for Grid 0 and Grid 2 after one hour of tsunami propagation
with the CEA code. The red rectangle symbolizes the fault plane location. The white dashed rectangle locates Grid 2 boundaries on Grid 0.

Fig. 10.Maximum water depths illuminated by a bathymetric gradient and inundation limit obtained on Grid 4 (Saint-François) after one hour
of tsunami propagation. The color scale is different from Fig. 9. Eight synthetic tide gages have been located on this grid and symbolized with
numbers within a black circle. Synthetic gage records are shown in(a) for the Marina profile and(b) for the Old Harbor profile.(c) Represents
the frequency analysis of the gage records for the Marina profile.

3 Discussion

The results obtained using different source locations (Virgin
Islands source, 1843-like source), two different magnitude
earthquakes (Mw = 7.0 and 8.5) located on the subduction in-
terface and those using two different strikes, show that it is

necessary to be very cautious when determining the rupture
parameters, as the variation of one of them could have con-
siderably influenced the final results. The role of strike angle
has been previously discussed by Roger and Hébert (2008)
concerning the impact of Algerian tsunamis in the western
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Fig. 11.Maximum water depths illuminated by a bathymetric gradient and inundation limit obtained on 3 different cases of Grid 4 (Saint-
François) after one hour of tsunami propagation:(a) normal case;(b) reef without gap in front of the Marina;(c) no reef in front of the
Marina.(d) Presents the synthetic tide gage records at the Marina entrance in the 3 cases.

Mediterranean, or by Barkan et al. (2009) and their model-
ings of the 1755 Lisbon tsunami in the North Atlantic Ocean.
More generally, knowledge of the focal mechanisms of the
seismic rupture, including rake angle and slip value determi-
nation, will help to propose the best scenario able to repro-
duce as well as possible tsunami generation by earthquakes
as demonstrated, for example, by Geist (1998), Geist and
Dmowska (1999) or Okal and Synolakis (2004). Thus, an
accurate study (for tsunami warning purposes for example)
would encompass both azimuthal coverage of the potential
sources around the considered region and a range of strike
angles for each fault plane (“security” range).

In the case of near-field tsunami generation offshore
Guadeloupe upon the subduction interface, it takes only be-
tween 10 (Mw = 8.5) and 15 min (Mw = 7.0) for the first lead-
ing wave (delay depending mainly on the location of the top
of the rupture zone, its width and dip: the closer it is from
the trench, the farther is the first leading wave from the is-
lands) to reach the south coast of Grande-Terre, after wrap-
ping around La D́esirade and Petite-Terre Islands. Concern-
ing its northeastern coast, directly exposed to oceanic swells
and thus to tsunami threat, the arrival time is less than 10 min
after the mainshock, i.e., nothing in terms of tsunami warn-
ing and evacuation.

As amplifying information, Dao and Tkalich (2007) indi-
cate that the friction parameter (Manning’s roughness), not
considered in the present modeling, does not play a signifi-
cant role on tsunami wave arrival time. Friction could only
have influence on the wave amplitude as discussed by sev-
eral authors as Kunkel et al. (2006) or Fernando et al. (2008).
Anyway, in the case of estimating tsunami hazard for coastal
communities, not introducing a friction coefficient in our cal-
culations (in shallow waters and on land), leading to a pos-
sible overestimation of the coastal maximum wave heights
and the inundation limits (Geist, 1998) is not a problem,
in one hand, as long as we do not use a highly accurate
DEM (i.e., around 1 m resolution) perfectly reproducing the
fringing coral reef and all the topographic features, including
buildings and sea defenses; and on the other hand, because
we do not compute wave breaking able to lead to an impor-
tant dissipation of energy (depending on the slope angle) (Li
and Raichlen, 2002).

Wave amplification due to resonance phenomena is prob-
ably more important to consider especially within (semi-)
enclosed shallow water bodies like lagoons or harbors. In-
deed, the detailed frequency analysis, presented in Fig. 12e
for a set of tide gages located on the two paths (Fig. 7)
resulting from the wrapping of the tsunami around Petite-
Terre (Fig. 8), highlights some resonance amplifications of

Nat. Hazards Earth Syst. Sci., 13, 1169–1183, 2013 www.nat-hazards-earth-syst-sci.net/13/1169/2013/



J. Roger et al.: Tsunami hazard assessment of Guadeloupe Island (F.W.I.) 1179

Fig. 12. (a)Maximum wave heights illuminated by a bathymetric gradient obtained for Grid 2 after one hour of tsunami propagation triggered
by a magnitude Mw = 7.0 earthquake varying the strike angle of the coseismic rupture plan. It corresponds to a strike angle of(a) 170◦ and
(b) 145◦. Synthetic tide gage records at the Marina entrance in both cases are presented in(c).

the tsunami signal travelling from offshore La Désirade to
the coastal towns of Sainte-Anne and Saint-François. The
signal has been recorded on several synthetic tide gages posi-
tioned along the tsunami path (located on Fig. 7); it includes
two tide gages positioned in and off Sainte-Anne’s lagoon
(C1A and C2A) and in and off Saint-François’ lagoon (C1F
and C2F) (located on Fig. 2). The FFT of the recorded sig-
nals, using a Hanning window, shows the apparition, am-
plitude evolution and/or disappearing of frequency peaks
(Fig. 12e) due to coastal trapped oscillations and basin reso-
nances. The first peaks P1≈ 4000 s− 66 min− (0.00025 Hz)
and P2≈ 1600 s− 26 min− (0.0006 Hz) are directly linked
to the geometry of the source (the coseismic seafloor defor-
mation generates a wave with a particular frequency spec-
trum; this frequency content will be highlighted with the dis-
persion phenomenon during tsunami propagation in deep wa-
ter). A global loss of energy between C2F and C1F is obvious
on the frequency spectra, indicating a possible dissipation of
energy due to the reef; nevertheless, a peak appears (P4) cor-
responding probably to coastal trapped waves amplification,
as explained by Munger and Cheung (2008). An amplifica-
tion on Sainte-Anne’s tide gages is revealed with the appari-
tion and amplification of new frequency peaks (P2 or P3) and
signal phase variation between C2A and C1A. This is prob-
ably linked to a resonance within the gaps of the reef barrier,

or inside the semi-enclosed bay because of similarities be-
tween incoming wave eigenperiods and natural eigenperiods
of the bay (previously determined by Roger et al., 2010a).

According to these results, fringing reefs seem to play a
predominant role on the incident wave amplitude and fre-
quency content. Nevertheless, this role is controversial ac-
cording to previous studies: some of them show that the
effects of reefs are either principally positive, i.e., they are
able to reduce tsunami impact (Nott, 1997; Kunkel et al.,
2006; Baba et al., 2008; Mohandie and Teng, 2011) or more
negative, increasing the coastal impact (Lynett, 2007; Roeber
et al., 2010). For example, after the 2004 Indonesian tsunami,
Kunkel et al. (2006) simulate tsunami propagation over a reef
and show that the run-up over an idealized topography lo-
cated behind the reef is directly linked to the reef width; but
they are cautious with the results’ interpretation, underlining
also the dependence of the run-up with the incident wave-
length and amplitude as well as the geometry and health of
the reef (dissipating energy through bottom friction). In ad-
dition, Gelfenbaum et al. (2011) indicate that the greatest
protection from destructive tsunamis will come from wide
and high rough coral reefs, showing as little gaps as possible.
Roger et al. (2013) analyzes in depth, using a set of artificial
DEMs of a fringing reef facing a sloping beach to evaluate
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Fig. 12. (e)Frequency analysis of synthetic tide gage signals located on the tsunami path from the source area towards Sainte-Anne (left
column) and Saint-François (right column). Main frequency peaks are indicated by P1, P2, P3 and P4.
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the role of each parameter of the reef such as width, depth,
etc.

4 Conclusions

Aided with numerical modeling and largely referring to his-
torical tsunami catalogs, this study shows firstly that the
coasts of the Guadeloupe Archipelago are able to react to
tsunami wave arrivals. This reaction is resulting into tsunami
wave amplification in specific coastal places due to wave
shoaling and resonance phenomena whatever the source lo-
cation, the rupture azimuth, and finally, the earthquake mag-
nitude. Wave refocusing behind La Désirade and then Petite-
Terre, leading to two main tsunami paths and important
maximum wave heights in Sainte-Anne and Saint-François
localities, indicates that this phenomenon should be taken
into consideration for tsunami hazard mitigation, as well as
the role played by resonance in front of these two touristic
coastal places. Resonance inside the bay of Sainte-Anne re-
vealed by frequency analysis could explain the unique obser-
vation of the 1755 tsunami inundation in this site, as previ-
ously indicated by Roger et al. (2010a).

Through the analysis of synthetic tide gage records, this
study also highlights the fact that the relative protection of
the coast is partially related to the existence and shape of the
fringing coral reef.

Results obtained using the CEA modeling code match
those obtained with ComMIT software in terms of wave
propagation style around the islands and coastal amplifica-
tion. Despite the limitation of the second one, considering
the source location as well as the source parameters choice,
ComMIT is quite a good, easy-to-use tool for producing
quickly preliminary maximum wave heights and inundation
maps for emergency response.

Despite the low tide amplitudes in these parts of the
Caribbean (Kjerfve, 1981), it would probably be very inter-
esting to model and compare the tsunami propagation over
the coral reefs at high tide. This would lead to a compari-
son of the results obtained considering the occurrence of a
storm surge during the tsunami arrival, the case of a multi-
hazard scenario, elevating the mean sea level several tens of
centimeters to several meters; as further information, during
hurricane Hugo (17 September 1989) the maximum surge
elevation in Guadeloupe reached 2.5 m recorded at Baie-
Mahault’s tide gage station.

Modeling results of a 1843-like megathrust event under-
line another major issues concerning the lack of historical
coeval reports of tsunami waves on 8 February 1843 in the
Guadeloupe Archipelago: Why are there no descriptions of
important tsunami waves at least in Le Moule, the most im-
portant sea trade place in Guadeloupe until circa 1850, after
what it stopped to thrive? The only observation of oscilla-
tions of several tens of centimeters reported in Pointe-à-Pitre,
a town located at the far end of a bay, itself protected by a

wide shelf behind a fringing reef, should be related to sub-
stantial tsunami waves along the eastern and southern coast
of Grande-Terre. A deepened search of historical data as-
sociated to a better understanding of the rupture conditions
linked to the subduction processes of the Lesser Antilles zone
should be lead to fill in this comprehensive gap.

This study also highlights the necessity to protect the
fringing coral reefs of Guadeloupe as a natural means of pro-
tection against potential tsunami waves.
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