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Abstract. Two historical landslide-induced tsunamis that sea and flows underwateCérey et al.1996 Ward and Day
reached the coasts of the French Lesser Antilles are studie@003 Watts and Waythoma003. Such tsunamis may
First, the Martinique coast was hit by a tsunami down thehave far disastrous effects, when the involved volume of ma-
western flank of Montagne R at the beginning of the big terial entering the sea reaches cubic kilometers, as for the
eruption of May 1902. More recently, the northeastern coastl883 Krakatau eruption in Indonesia, 12%itMandeville
of Guadeloupe was affected by a tsunami that had been geret al, 1996, and for the 1888 Ritter volcano collapse in New
erated around Montserrat by pyroclastic flows entering theGuinea, 5k (Ward and Day2003. When much smaller
sea, during the July 2003 eruption of the SaarfeiHills vol-  volumes are concerned, landslide-generated tsunamis have
cano. We use a modified version of the GEOWAVE model togenerally localized effectsT{nti et al., 2005 Maeno et al.
compute numerical simulations of both events. Two source2006. The tsunami waves do not propagate far away because
hypotheses are considered for each tsunami. The compaof their small wavelengths and because of dispersigatis
ison of the simulation results with reported tsunami heightet al, 2003. The tsunami effects can be, however, very de-
data helps to discriminate between the tested source decrigstructive on the surrounding shorgappin et al. 2001, Fritz
tions. In the Martinique case, we obtain a better fit to dataet al, 2001).
when considering three successive lahars entering the sea, The Lesser Antilles arc extends over 800 km from north
as a simplified single source leads to an overstimation of theo south between the Atlantic Ocean and the Caribbean Sea
tsunami wave heights at the coast. In the Montserrat case, th@ig. 1). The volcanic island arc is originated by the subduc-
best model uses a unique source which volume correspondson of Atlantic oceanic plate beneath the Caribbean plate.
to published data concerning the peak volume flow. Thesaviost of the islands in the Antilles are a few kilometers to
findings emphasize the importance of an accurate descripa few tens of kilometers long. Active volcanoes are typi-
tion of the relevant volume as well as the timing sequence ofcally 1000 to 1500 m high for 10 to 20 km diameters. Both
the source event in landslide-generated tsunami modellingthe high relief and the volcanic activity contribute to land-
They also show that considering far-field effects in addition slide hazards. Several analysis of submarine deposits along
to near-field effects may significantly improve tsunami mod- the Lesser Antilles arc suggest that numerous large-scale de-
elling. bris avalanches have occurred during the past thousand years
(Deplus et al.200% Le Friant et al. 2004 20086.

Two volcanic events involving ocean-entering debris flows
1 Introduction are known to have generated tsunamis on the coasts of the

French Antilles. The first is the catastrophic eruption of

Mass wasting events affecting volcanoes are known to béhe Montagne Pék volcano in Martinique that lasted sev-
potentially tsunamigenicL@tter, 1981 Lockridge 1990. eral months in 1902. Big \{olumes Qf pyroclasu.c material
Among them, volcano flank collapses and pyroclastic flowsentered the sea at several times during successive phases of

may generate tsunamis when volcanic material reaches th@ruption. They likely generated several tsunamis, among
which only one is described in historical documeritew

York Times 1902 Bertg, 1902 Chrétien and Broussd 988

Correspondence tdB. Poisson Scarth 2002 Table1). On 5 May, a lahar flowed from
BY

(b.poisson@brgm.fr) the volcano summit caldera and generated tsunami waves,

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

1282 B. Poisson and R. Pedreros: Numerical modelling of historical tsunamis in the French Antilles

order to give a good description of the tsunami wavelength
nearshore, a nesting system is implementegigson et al.
2009. Numerical modelling of the Martinique 5 May 1902
tsunami event is carried out for the first time. For this event,
the parameters are based on available data and we take into
account two distinct ways of considering the same global vol-
ume. In the case of the Montserrat 2003 event, we attempt
to simulate the tsunami impact on the Guadeloupe shoreline.
We first try to use model parameters taken from a published
modelling study of the same evemd4ttioli et al, 2007). As

these parameters give poor results on the Guadeloupe shore,
we modify them with the help of other published data in or-
der to better match the observations. In each case, the dif-
ferent parameters are discussed through the comparison be-
tween simulation results and historical observations.

2 Numerical modelling
2.1 Tsunami generation and propagation

In this study as iMattioli et al. (2007, we use the tsunami
generation, propagation and inundation model GEOWAVE
(Watts et al.2003. The initial tsunami (surface water de-
formation and velocity) is computed through the genera-
tion model TOPICS from the following landslide param-
Fig. 1. Location map of studied area in the Lesser Antilles Arc. eters: landslide entry location, width, strike and velocity;
Bathymetric contours at 500 m-intervals are from GEBCO data.  |gndslide volume reaching the sea; runout length and time
in water Valder et al. 2003 Watts et al. 2003 Watts and
Waythomas 2003 Mattioli et al, 2007, see AppendipA).
mainly in the Saint-Pierre area. The tsunami claimed no vic-TOPICS does not deal with the splash zone, which is an area
tims but material damage was report@&efE, 19093. The of complicated wave dynamics (e.drtitz et al, 2004). It
second identified event is the eruption of the S@u&iHills  however computes the characteristics of the tsunami wave in
volcano on Montserrat that began in 1995 and has continuethe near-field zone, where a well-defined wave evolves from
at odd moments since. On 13 July 2003, a major dome colthe splash zone (e.gNalder et al,2003. Then, propagation
lapse occurred and delivered large pyroclastic flows into theand inundation of tsunami waves are computed with FUN-
sea, thus leading to the generation of a tsundalifovsky ~ WAVE, a model based on fully nonlinear Boussinesg equa-
et al, 2004 Edmonds and Her®005. The tsunami mainly tions accounting for frequency dispersioidi et al, 1995
affected the eastern uninhabited shore of Montserrat, but isee AppendiB).
also reached Antigua northeastwards and the Guadeloupe ps mentioned byan Boskirk et al (2004 who also ap-
southeastwards. There was no damage because it occurr@qed GEOWAVE to the Montserrat 2003 case, the most im-
during the night and because crest amplitudes of generatefortant parameters in the simulation of landslide-generated
waves did not exceed 1 nP¢linovsky et al.2004 Table2).  waves (in the near-field only, not in the splash zone) with GE-
Another significant dome collapse occurred on 20 May 2006, 0WAVE are the volume of material entering the sea and the
causing a small tsunami observed at Deshaies with a heigl{ynout length of underwater motion, which is correlated with
of less than 1 mZahibg 20086 the runout time and the final depth As the duration of un-

In this paper, we carry out numerical modelling of both derwater motion, is generally unknown, we deduce it from
these tsunami events. We use the GEOWAVE model to simthe estimation of impact velocity; and distance of under-
ulate the generation and propagation of tsunami wa@été ~ water runouty. We can refer tdVaythomas et al(2006's
et al, 2003. This model is extensively used in tsunami mod- simplified model of a debris avalanche motion to support the
elling, and has been applied to landslide-generated tsunamistuitive relationship between these three parameters: as the
(Waythomas and Watts, 2003; Mattioli et al., 2007). We thendebris flow velocity decreases almost linearly from the im-
make the hypothesis that it can reproduce realistic tsunampact at the shoreline to the stopping poigtcan be approxi-
waves and describe well the tsunami impact at the coast. Imately estimated to half the ratio betwegranduv;.
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Then, the flow impact velocity does not directly influence y "”

the tsunami calculation. It is implicitly related tg and / | _ ' F
determines the landslide Froude numberv;//gh, from )

which depends the efficiency of debris flow tsunami gener-
ation Watts and Waythomag003 and the wave dynamics
in the splash zonditz et al, 2004). In this study, we have
Fr<3, which is included in the domain of validity of TOP-
ICS equations where the near-field wave characteristics ar
independent oFr (Walder et al.2003.

’

flow

2.2 Nesting system

The aim is to compute tsunami waves with correct attributes. \\ o
The most important task is to accurately describe the tsunami \ \ Fond-Corre
wavelength, which is related to the source characteristics. In

case of a debris-flow generated tsunami, the wavelength is ST
around a few kilometers and may even decrease when reac Piegre

ing the nearshore zone. The spatial resolution of the compu-

tational grid must be chosen according to this wavelength. If

the relevant resolution is too small to use a common grid in- ‘
cluding both the source and the area of the affected coast

a system of nested grids is required. We have, therefore, Le Carbet

implemented such a nesting system in GEOWAW®iEson
etal, 2009. A first complete run is performed on a grid with
dxp-uniform spacing, during which water height and veloci-
ties are recorded at the limits of the second domain included
within the first. Then, these conditions are interpolated at
the boundaries of the second domain according to the ChOSEI\
nested grid resolutiofix; <dxg and used to more accurately
compute through a new run the tsunami propagation on thigig. 2. Location map of the Martinique northwestern coast where a
finer grid. If needed, the nesting process may be iteratedlahar entered the sea and generated a tsunami on 5 May 1902. 100-
provided that each subgrid resolution is lower than the asm topobathymetric grid from SHOM and SRTM data is reported
cending. In our simulations, we chose to use a nested ratiécontour interval is 100 m.

of 3, so thatx;=38x0/3.

\

to fill the emerged area, but the model results will only be
2.3 Bathymetric data discussed in their offshore part, where correct bathymetric
data exist.

Bathymetric grids are derived from several datasets of We use the Mercator projection to build rectangular uni-
various resolutions. SHOM (French Naval Hydrographic form grids from topobathymetric data with spatial resolu-
and Oceanographic Service) bathymetric measurements at#ns from 300 m to 33 m, according to the expected tsunami
available for the Guadeloupe and Martinique regions, withwavelength.
non-uniform density. The resolution of these data is of 2 km
for depth greater than 1000 m, around 250 m for the range; Martinique: lahar at Montagne Pelée, 5 May 1902
1000-100 m, and from 20 to 40 m near the coast, for depths
smaller than 100 m. Where the SHOM coverage is deficien3.1  Setting
and for the Montserrat region, we use GEBCO worldwide
dataset from NOAA, which has a resolution 6k1'. Martinique is a French island located at around4BiN,

SRTM elevation data with”3<3” resolution are used for 61°00 W (Fig. 1). Its northern part consists of an active vol-
topography. It is important to note that tsunami run-up cano, the Montagne Re#. No magmatic eruption occurred
and induced inondation are very sensitive to local shallowbetween 1635 and 190B¢urdier et al. 1989. The most
bathymetry and shore topography. In this study, availabledeadly eruption of the 20th century was the event of 8 May
topobathymetric data do not have a fine enough resolutior1 902, when the city of Saint-Pierre was destroyed byé&enu
to allow the numerical modelling of such processes. SRTMardente killing almost 28 000 peopleagcroix, 1904 Fig. 2).
data are not very accurate at the shore and we just use thek few weeks of fumarolic activity and phreatic events
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sea surface initial elevation (m) 3.2 MOde"mg and results

A 100 m uniform spacing grid is derived from the SHOM
data around Martinique completed with the GEBCO world-
wide dataset. In this case, because of the small volume
of the tsunami source, the wavelength decreases to around
800m at the coast and a higher resolution than 100m is
needed to correctly model the tsunami waves. Consequently,
Simulation 1: a nested 33.3m resolution grid around Saint-Pierre is built
one lahar from SHOM data for a second and final run.

0 0.4 0.8 1.2 1.6 2

3.2.1 Choice of parameters

The volume of water temporarily stored in the Etang Sec
lake was estimated as 5 milliorPnfChrétien and Brousse
1989. The volume of the lahar that flowed into the sea
is directly deduced to be of the same order of magnitude.
It would have travelled from the Etang Sec in three min-
utes, so that a velocity of around 40 m‘sseems plausible
(Chrétien and Broussd.989 Tanguy 1994). Where the de-
bris flow of 5 May 1902 entered the sea, the sea bottom now
exhibits a bathymetric bulge from 0 to around 1000 m deep
Fig. 3. Left: sea surface elevation at the generation of the simulated([:ig_ 2). We propose setting the runout distance according to
Martiniqgue 1902 tsunami. In Simulatiqn 2, it corresponds to the tpig morphology. The observed bulge at the mouth of &®i
three cumu_lated sea surface deformations related to the three Su%lanche is likely due to rnées ardentes submarine deposits
sources. Right: snapshots of shaded sea surface at t=82s, for bog} May and August 1902 eruptions. Its volume is estimated
simulations. from bathymetric data to be around 50 milliod mwhich is
10times bigger than the volume of the 5 May lahar. As it

. . L was emplaced first, the lahar deposit may have stopped far
preceded the main eruption of 8 Magi{rétien and Brousse oo e present deeper limit of the bulge. We then impose

1989 Bourdier et al. 1989. These first phreatic eruptions a 400 m final depth for the debris flow, and deduce a runout

formed a lake in the caldera of Et:cmg Sec, W,h'.Ch was thedistance in water of 1000 m and a runout duration of 50 s.
uppermost crater of the volcanBérte, 1902 Chrétien and S . .
Some historical observations mentioned the occurrence

Brousse 1989. The rocky wall that was damming the lake of three successive flows of debris and m@higtien and

weakened because of preliminary events and bque up OIérousse 1989. We then test two sets of parameters: in
5 May. A large volume of lake water swept debris along the first (Simulation 1), a singular lahar of 5 milliorfren-

Its track anql produced a lahar. During _its descent to the S€%rs the sea, whereas in the second (Simulation 2), three la-
along the Rivere Blanche valley, the @uin factory was de- hars of 1.7 million m flow sequentially into the sea during a

stroyed and 20-30 workers were killed. The entering of the, . .
. . : . 1 minute interval, that is one every 30s.
lahar into the sea generated a tsunami, which mainly had lo- ) i i i )
A control experiment is carried out, alongside, with bathy-

cal effects. Because of the catastrophic eruptions that struck "~ q ith he bul t 50 milliondywhich should
the area a few days later, observations reports of the tsunanﬁg]etrl'c atawﬁ outthe u.gez h miflion r:c S ﬁu
are rare. A few historical observations are nevertheless avail?€ ¢loser o the pre-eruption bathymetry. It shows the same

able Berte, 1902 Saffache et al2003. Several waves were results as those. with the'unrectified bathymetry, confirming
reported at Saint-Pierre, where the sea retreated around 501‘?6lt the tsunami generation and propagation are not biased
off the coast. The rare eyewitness reports give an estimatio y the use of the present-day bathymetry.

of 2m for the wave crest amplitude and 1.5 to 2m for the 322 Results

trough amplitude at this location. The tsunami was also ob-

served in the south at Le Carbet and Fort-de-France while thgyom e Carbet to Fond-Cdar near the source, the tsunami

road was inundated and houses were damaged further nortjayelength is too short to be properly described through the
at the hamlet of Fond-CcerBerte, 1902 Lacroix, 1904 first run on the 100-m topobathymetric grid. Only the results
Fig. 2). of the second run at 33-m resolution can therefore be consid-

During the following eruptions of 8 May, 20 May, and 30 ered. On the contrary, at Fort-de-France, the tsunami wave-
August 1902, other tsunamis likely occurred due to the enterdength is of around 2—3 km, a value which is much larger than
ing of nuees ardentes into the sea, but no quantitative obserin the Saint-Pierre area near the source. We can then consider
vations are availableNew York Times 1902 Scarth 2002. that the results of the first run are correct.

Simulation 2:
three lahars

Nat. Hazards Earth Syst. Sci., 10, 128292 2010 www.nat-hazards-earth-syst-sci.net/10/1281/2010/
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The initial cumulated deformation of the sea surface due to Simulation 1: one lahar  Simulation 2: three lahars
the three successive lahars in Simulation 2 equals the defor ﬁ

mation due to the single lahar of Simulation 1 (R3y. How-
ever, the different timing in Simulation 2 leads to a very dif-
ferent wave generation, as it can be observed less than 2 mi
after the first impact of the lahar into the sea (Rgright).

This initial effect might lead us to believe that the in-
duced tsunami will be larger in Simulation 1 than in Sim-
ulation 2, but the details of the final outcome at the targeted
sites disagree with this prediction. Although the map of max-
imum crest amplitude seems to show a smaller extent of high

tsunami waves in Simulation 2, the maximum wave ampli- zmax
tudes at the targeted sites (points of historical observations) (m)
is indeed of the same order of magnitude in both simulations 2
(Fig. 4, zoom). 18
As could be expected, the simulated tsunami effects are
very localized on a 20-30-km shore section, from a few kilo- 1.6
meters north to the lahar entry to Fort-de-France (B)g.
Towards the open sea, the tsunami is quickly dissipated and 14
does not reach any other island. L l10
Whatever the case, the most affected site is Saint-Pierre.
The coast further south is only hit in Simulation 1 (F4. P 1 -
On the contrary, in Simulation 2, the area between Le Car- ‘
bet and Fort-de-France is only slightly affected. In the case - o r
of a single lahar, the first generated waves are important and 0.6
are reflected by the harbour of Saint-Pierre; when the fourth | et i
generated wave is added to the reflected first one at Le Car . 0.4 D S
bet, the resulting combined wave is twice as high as it would 0.2 '
be without the gathering effect. In contrast, if three small la- ﬁ q
hars come in succession, the direct generated waves are ng 0

so important and the same gathering effect leads to a wave
only half as high. However, the coastal amplification and Fig. 4. Maximum sea surface elevation computed during the simu-
interferences between direct and reflected waves come to lated Martinique 5 May 1902 tsunami generation and propagation,
similar first wave in both cases. At Fort-de-France, the de-for both tested parameters sets. Upper and lower maps show results
celeration of wave propagation and the associated decrease #f the 300m and 33m grids, respectively. FdF: Fort-de-France.
wavelength also leads to a gathering effect along the coast-
line. The resulting wave there is of the same shape, but with
a different amplitude according to the simulation. are a lower bound for the 1902 actual tsunami, and this point
The computed crest and trough amplitudes of simulateds consistent with the observation of the inundated road.
tsunamis are reported in Tableat four sites where it was According to the results of both simulations, a disturbance
observed on 5 May 1902. The only quantified historical ob-of sea surface may actually have been observed at Le Carbet.
servation comes from the harbour of Saint-Pierre, where th&However, wave amplitudes in Simulation 1 are somewhat too
first wave is estimated to have risen 2 m above its zero levelhigh not to have been reported as remarkable. At this site,
and then to have dropped around 2 m bel@erte, 1902. Simulation 2 gives a more plausible result, although the sim-
Both simulations are in agreement with this evaluation. ulated main wave is also large with a crest-to-trough height
At Fond-Cork, near the source, the road is known to haveof more than 2 m.
been inundated. The simulated waves are not very high there, Finally, both simulations show that Fort-de-France is
so that they could hardly have flowed so far, but this is likely reached by a tsunami wave, around 14 min after the lahar
due to a bias in topobathymetric data. Indeed, at Fondé&Correnters the sea. In both cases, the crest amplitude smaller than
the 20 m-depth seems to be reached at 70 m from the shoré-.5 m is consistent with the historical reports of ebb and flow
line, while the 1:25 000 topographic map of the IGN (Frenchin the bay. The observed sea retreat can be explained by the
National Geographic Institute) indicates that it should be asshallow water near the shore, as a 5m-depth is reached at
far as 150 m from the shoreline. This misrepresentation nat100 m only from the coast. Indeed, this configuration en-
urally leads to an underestimation of wave amplitude. Wehances the ratio between sea retreat and trough amplitude of
then can assume that the simulations results at FonceCorrthe tsunami wave.

www.nat-hazards-earth-syst-sci.net/10/1281/2010/ Nat. Hazards Earth Syst. Sci., 10,28282610
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Table 1. Historical observations of the Martinique 5 May 1902 tsunami and maximum crest and trough amplitudes (in meters) computed at

observation locationdBerte, 1902 Saffache et al2003.

B. Poisson and R. Pedreros: Numerical modelling of historical tsunamis in the French Antilles

Site Observations Simulatio®1 Simulation 2
Fond-Coré road inundated -0.6/+0.8 -0.7/+0.6
Saint-Pierre trough: 1.5-2m, crest: +2m —2.2/+2.3 —2.2/+2.0
Le Carbet oscillations -1.9/+1.8 -1.4/+1.2
Fort-de-France oscillations, large retreat, amplitt@el m  —0.5/+0.4 -0.3/+0.3

@ One single laha® Three successive lahars.

Arrival times of tsunami waves are not exactly known,

A few years later, on 12 and 13 July 2003, the largest

because of historical data sparsity and uncertainty. Neverand most intense lava dome collapse of the eruption oc-

theless, the lahar is assumed to have destroyed tlegirGu
factory around 1:30 p.m., as the first oscillation at Fort-de-
France was observed at 1:40 p.Be(te, 1902 Chrétien and
Brousse1988. Our simulation results fit well with this tim-
ing. Historical reports of the duration of oscillations are quite

curred Edmonds and Herd2005. During 18 h, around
210millionn? of dome material collapsed and travelled
down the Tar River valleyEdmonds and Herc2005 Herd

et al, 2005. The PFs reached the sea and apart from a few
million m3, almost all the collapsed material entered the sea

inconsistent and do not help to appraise the modelling re{Edmonds et a.200§. At the shore, interactions between
sults. The tsunami effects could have lasted around a quartehe PFs and the seawater caused intense hydrovolcanic ac-
of an hour and fifteen oscillations could have occurred, buttivity, leading to a violent inland-directed pyroclastic surge

other observations assert that it lasted a much shorter tim
(Chrétien and Brousse.988. One eyewitness reported that

¢Edmonds and Herd2005. A tsunami was also generated.
It had a strong impact on the Montserrat shoreline, as it

after the first retreat in Saint-Pierre, the sea returned “one oeroded the fresh surge deposit up to 15mabove sea level

two minutes” later Chrétien and Broussd988. Both simu-

(ma.s.l.). It also build a strandline with flotsam at 8.5ma.s.l.

lations are in agreement with this observation, thus validatingon the Tar River fanHerd et al, 2005 Mattioli et al., 2007).

the simulated tsunami period. This is an important point in
validating our choice of the source parameters.

4 Montserrat: dome collapse at Soufrere Hills,
13 July 2003

4.1 Setting

Montserrat is a British island located at around®3% N,
62°12 W (Fig. 1). It is composed of three volcanic massifs,
among which the younger Soufre Hills lies to the south.
With no recorded historical eruption, the volcano was con-
sidered as dormant until 1995ltepherd et gl1971), when

The tsunami simultaneously propagated towards Antigua and
Guadeloupe and caused some damage to fishing boats in a
few harbours Pelinovsky et al.2004 Edmonds and Herd
2009.

Mattioli et al. (2007) suggested that multiple local
tsunamis had been recorded in dilatometer measurements
during several hours. When the eruption began, PFs were
intermittent, and they became gradually continuous, until 13
July at 3:35a.m., when the peak of intensity occurred. At
that time, a large PF entered the sea and caused a tsunami
offshore and a pyroclastic surge at the co&stnjonds and
Herd 20095. The total volume of collapsed material was
estimated as around 200 milliorfmbut the tsunami was
probably generated by a volume flux of material of around

an eruption began which is still continuing today. This erup- 1 g million m? over two minuteskierd et al, 2005.
tion is characterized by a sequence of alternating phases of ’

dome growth and collapse evenf&dfimovs et al. 2006. 4.2 Modelling and results
The released pyroclastic flows (PFs) along the volcano flanks

frequently reached the shore. AccordingTimfimovs et al.
(2006, over 90% of the material produced until 2006 had

From GEBCO and SHOM combined data, we constructed
two bathymetric grids with 300 m and 100 m uniform spac-

been deposited into the ocean. Among all collapse eventdng: the first comprises Montserrat, Antigua and the whole
just a few are known to have generated tsunamis. In De-Guadeloupe archipelago; the second is a nested grid centered

cember 1997, a debris avalanche with an estimated volum
of 64 millionm?® slid down the White River valley in the
south and was followed by a PF of around 20 milliohtmat
reached the sediVO, 1998. It then generated a very local-
ized 3-m high tsunami at Old Road Bay, 10 km further north
on the western coasMVO, 1998 Heinrich et al, 1999.

Nat. Hazards Earth Syst. Sci., 10, 128292 2010

en Basse Terre, the western part of the Guadeloupe main is-
land.

A first run on the 300 m resolution grid computes rough
tsunami heights at Montserrat as well as the limit conditions
for the nested 100 m resolution grid. The second run com-
putes the tsunami impact on the coast of interest. As the

www.nat-hazards-earth-syst-sci.net/10/1281/2010/
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sea surface initial elevation (m)

0O 05 1 15 2 25 3 35 4 5 10
Simulation 1: Simulation 2:

Mattioli et al, 2007 parameters this study parameters

W/“’

Fig. 5. Sea surface elevation at the generation of the simulated Montserrat 2003 tsunami, with original paramekéastfodirat al. (2007)
and with our modified parameters. SHV: Soafg Hills Volcano, TRF: Tar river fan.

tsunami wavelength is of around 3 km, it is well describedto data acquired in July 1998. They showed that the pri-
on the 100 m resolution grid and a higher resolution is notmary area of deposition nearest to the coast extended almost

needed. 1000 m from the Tar River fan. This area is a zone with gen-
tler slopes, due to the spreading of the recent deposits. Due
4.2.1 Choice of parameters to a lack of more precise data on the runout distance, we then

consider that the PF also stopped around 1000 m offshore, at

In order to account for observations made at Montserra@a depth of 120 m.
around the Tar River fanJan Boskirk et al(2004 conducted Then, we use the estimation of peak volume flux made
numerical simulations with parameters that were detailed inby Herd et al.(2005 to set a 16 million & volume of py-
Mattioli et al. (2007, suppl.). They used thé/atts and Grilli  roclastic material entering the sea. The impact velocity of
(2003 model to compute the runout parameters for the de-such a PF is estimated to be of the order of 100 h($lerd
bris flow tsunami source. From this computatidattioli et al, 2009. It is faster than flow velocity estimation for
et al. (2007 first deduced a runout distance of more than other Montserrat events, but the involved discharge is also
5km, and then chose to divide the 7 milliofsource into  larger Cole et al, 1998. As the flow must have to deceler-
five subsources along the PF entry arc with distinct valuesate during its runout in water, we choose a runout duration of
for flow direction azimuth, runout length and deduced runout2 min, which is also the duration of peak flow.
time and final depth. Among them, the two first sources near
the coast had a runout distance of 400 m. The PF entry ve4.2.2 Results
locity into the sea was estimated to be 70Th.sWe first try
to use the same parameters (Simulation 1). However, as W&he initial wave heights, computed with the parameters from
extend the calculation domain to the western part of GuadeMattioli et al. (2007 (Simulation 1) and with our modified
loupe, we find out that the tsunami propagating offshore isparameters (Simulation 2), are represented on FigAs a
only a few centimeter-high and does not have a notable imconsequence of the difference in runout distance, the initial
pact on the French coast. These inconsistent results led us tgunami is very close to the coast in Simulation 1, whereas
run another simulation with revised PF parameters for GE-it forms a little further offshore in Simulation 2. The ini-
OWAVE (Simulation 2). tial wave depends strongly on both the volume of PF and its

Our approach is then to consider a plausible first runoutfinal depth. Although the volume is more important in Sim-
distance for the PF, not too far offshore. We may considerulation 2, the initial wave is much higher in Simulation 1
that the pyroclastic material could have moved again lateecause the two main subsources have much smaller final
and dispersed further, but not so fast as the first movementlepths (94 m and 38 m). Indeed, we tested two simulations
which actually generated the wave. We deduce the signifiwith the parameters frorMattioli et al. (2007): one with
cant runout distance and final depth from bathymetric obserthe five subsources, and another with only the first two near
vations reported bydart et al.(2004). These authors recon- the coast. The maximum difference of computed wave el-
structed a map of the submarine pyroclastic deposits off ofevation in the impact zone amounts to less than 10%, re-
the Tar River valley by comparing a pre-eruption bathymetryvealing that the tsunami is mainly generated by the two
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Antigua Simulation 1: Antig imulation 2:
Mattioli et al, 2007 this study
parameters parameters

Montserrat

zmax ﬁ
(m)

10 km 0 10 km

Fig. 6. Maximum sea surface elevation computed during the simulated Montserrat 2003 tsunami generation and propagation, for both tested
parameters sets. Upper and lower maps show results on the 300 m and 100 m grids, respectively.

sources stopping near the coast. Although our bathymetric We do not have available accurate enough bathymetric
data around Montserrat have a lower resolution, we can dedata around Montserrat to actually compare wave height re-
duce from this comparison that the only significant tsunamisults at the coast. Nevertheless, for calculations on an over-
sources in this case are the PFs stopping nearest to the coasempled 100 m resolution grid around Montserrat island, we
line. observe that in Simulation 1, the tsunami height exceeds 3m

Another significant difference between both simulations isat only a few points whereas in Simulation 2, it reaches 3.5—
that in Simulation 1, the spreading out of the PF in opposite4 m in several places further north. This is not yet as high as
directions leads to two 10 m-high initial waves interacting af- the tsunami deposits reportedMattioli et al. (2007, but it
terwards whereas the Simulation 2 consists of a single wavealmost fits the tsunami scars observedterd et al.(2005.

The field data show that on the eastern coast of the island, Far from Montserrat, maximum sea surface elevation maps
the surge deposits had been partly eroded and washed awahow a clear disagreement between the two simulations
by the tsunami, thus indicating that the tsunami came afte(Fig.6). In Simulation 1, Antigua and Guadeloupe are almost
the surgefflerd et al, 2005. In the numerical modelling, the not affected, whereas significant waves reach both islands
time shift between the PF entering the sea and the momerih Simulation 2. When the tsunami reaches the Guadeloupe
when the tsunami reached the coast is shorter in Simulation toast, the differences between the simulations results can be
than in 2. The conditions of Simulation 2 are therefore morequantified. Four numerical gauges are located at the places
consistent with the observations, even though the hypothesighere observations are report&k(inovsky et al.2004 Ta-
of several later waves could also explain théwattioli et al., ble 2). In Simulation 1, the computed maximal wave height
2007). does not exceed 0.15 m where observations are on the order
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Table 2. Maximum wave crest amplitude (in meters) of the Montserrat 2003 tsunami, computed and measured at observation locations
(Pelinovsky et al.2004).

Site Observations ~ Simulatio?1 Simulation 2
(a) Plage de la Perle 0.5 0.09 0.60

(b) Deshaies 0.5-1 0.15 0.85

(c) Malendure 0.46 0.12 0.79

(d) Vieux Habitants 0.6 0.09 0.66

& Mattioli et al. (2007) parameters.
b Our parameters.

of 0.5m. The ratio between the observed and computed wavet al, 2003 2006. In fact, the global volume of a poten-
height at all sites ranges from 4 to 7. By contrast, Simula-tial huge landslide must not be identified as a direct tsunami
tion 2 computed wave heights are of the same order of magsource, as it would collapse and enter the sea during a non-
nitude as reported data at three sites. Malendure is the onlinstantaneous time sequence. Only the potential peak de-
place where the wave height is overestimated, but only by @ris flow should be considered for the tsunami hazard as-
factor less than 2. Therefore, the comparison with observasessment. Thus, the Montserrat tsunami event illustrates the
tions clearly shows that the results of Simulation 2 are glob-fact that for a correct modelling of such a tsunami, a pre-
ally much more consistent with the data than Simulation 1liminary study must provide detailed characteristics of the
results at the Guadeloupe shoreline. debris flow event actually linked to the tsunami. When mod-
elling the 2003 Montserrat event, a first simulation based
on Mattioli et al. (2007 parameters of the main pyroclas-
5 Conclusions tic flow indicates that these parameters cannot explain the
far-field tsunami effects on Guadeloupe. This discrepancy
In this study, we simulate two historical landslide-generatedemphasizes the importance of taking into account as much
tsunamis in the French Antilles. A modified version of the data as possible, especially from various locations, in order
GEOWAVE model is used, which can take properly into ac- to get a global assessment of the tsunami effects before the
count the decreasing tsunami wavelength nearshore througmodelling. By modifying the pyroclastic flow description ac-
a system of nested grids. cording to published bathymetric and volumetric datart
In the case of the Martinique 5 May 1902 event, two simu- €t al, 2004 Herd et al, 2009, we achieve a simulation of the
lations are performed that differ by the kinematic representatsunami wave amplitudes better matching observations along
tion of the debris flow entering into the sea. In Simulation 1, the Guadeloupe coast.
the whole volume of fallen debris is considered as a single The combined results of both studied tsunamis lead to a
lahar of 5million n?, whereas it is subdivided in three dis- Similar conclusion about the importance of the timing se-
tinct flows in Simulation 2, thus entering the sea during 1 minquence of the source event. In case of the MontagneePel
and not instantaneously. Both simulated tsunamis agree wit® May 1902 event, considering three close successive lahars
reported wave amplitudes at Saint-Pierre, 3.5km far fromappears to lead to more realistic tsunami waves than taking
the lahar impact. Further south, Simulation 2 results are innto account one single large lahar. In the same way, the
better agreement with the historical observations, which tellentering of debris flows into the sea during the 12-13 July
of a sea surface disturbance, but presumably nothing large. 2003 Montserrat eruption had only generated a tsunami at
During the Montserrat event of July 2003, 98% of the the moment of peak volume flow. In both cases, the outcome
200 millions n? of collapsed material reached the s&al{  Shows that the temporal progression of a tsunamigenic land-
monds et a].2006. However, even if several tsunamis may Slide or debris flows has an essential influence on the gen-
have been locally generated, only the peak volume flow evengrated tsunami waves. Moreover, both cases agree on the
generated a tsunami strong enough to reach the neighbouririgiportance of taking into account effects on coasts as far
Guadeloupe islandMattioli et al, 2007). Both theMattioli as possible from the source to better constrain the tsunami
et al. (2007 simulation and ours show that a limited source Source.
volume can indeed generate a tsunami as was observed in
Montserrat and in Guadeloupe. Potential volcano flank col-
lapse, especially when considering large volumes of debris,
are sometimes associated with tsunami hazardsHriant
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PF entry splash zone near-field runup effects Chen et al.200Q Kennedy et a].2000. The
into water A, volume conservation is described by the equation:
\/// A B +Vn-M =0
z h wheren(x, y,t) is the surface displacement away from local
mean deptti(x,y), Vh is the horizontal gradient, and is
ye o ox the depth-integrated horizontal volume flux, given by:

PF after stopping

Z 12 2
Fig. Al. Schematic diagram of the initial tsunami wave generated M = A [Ma + <Ea 35 (h —hn+n )) ViA
by the entry into water of a PF (basedWalder et al, 2003.

1
+ (Za +§(h—n)> VhB]
uy is the horizontal velocity at the elevatiag = —0.531h

defined withz oriented upwards from the free surfad¥ef
etal, 1995. A andB are functions of velocity:

Appendix A

TOPICS model for debris-flow induced
tsunami generation A= Vh-uy
According toWalder et al.(2003 analysis of several sets B = Vn-(hua)
of experimental results, a solid or deformable block sliding The factorsg and A were introduced byennedy et al.
down a flume into a body of water will generate a single, (2000 andChen et al(2000 to implement a porous beach
coherent wave profile with the approximate functional form method, in order to keep the subaerial domain computation-

(Fig. Al): ally active and to simplify the calculation of runup on dry
X shorelines. They are given by:

n(x) = 1o secf"r(—) .
A0 B { 1, if n>z*

wherey is the sea surface elevation relative to the mean sea §+(1—8)e (=) ho_if y < 2

surface andv the direction of propagation of the tsunami.

The same factor of form setty/(1o+w)) determines the (n—2%)+8(z* +ho) + L=2ko

shape of the initial wave in the transverse directionThe .(1_e—k(1+Z*/ho)>, if n>z*
amplitudeng and the wavelengthg are given by the follow- A=

ing formulas: §(m+ho)+ (1_%

.et(n=z")/ho (1_e—)»(1+77/h0))’ if n<z*

—0.68

o = 1.32h <wt” gh?/ V) ho is the porous layer depth and must be higher than the

Ao = 0.27tu\/(g7 dep'th of ma>'<iml.Jm wave rundown during a calculation. The
choice ofz* is discussed bennedy et al(2000. Values

wherew is the debris flow widthz, the duration of the mo-  of § =0.08 andx = 25 are chosen, following former stud-

tion underwaterg the acceleration of gravity; the water ies of tsunami runup events (e.gWatts et al. 2003. The

depth near the end of debris flow motion, aidhe debris ~ momentum equations are:

flow volume.Watts et al (2003 show that the center of mass

motion was of first order in the tsunami generation, while theter + (e - Vi)tta +gVhn+Vi+Vo+ Ri —Rp = 0

material i_nte_rnal deformatipn was of se_cor_1d order, so th_aTWherevl andV, account for dispersive effects:

the description of the debris flow material is not needed in

the computation. 22 72
V1= ?VhAt +24VhB; — Vh EAI + B;

Appendix B

1
V2= Vh[(za 1) (o - Vi) B+ (22 =) (ua-vh)A}

Elements about the FUNWAVE propagation model 1
+5V [(B + nA)Z]

The model FUNWAVE is based on the fully nonlinear andRy, andRs are forces arising from wave breaking and bot-

Boussinesq equations derived Wiei et al.(1995, and in-  tom friction, respectively, and are formulated Kgnnedy
corporates frictional damping, wave breaking and shorelineet al. (2000. FUNWAVE as used here does not include a
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moving bottom, and the initial tsunami is introduced as staticFritz, H. M., Hager, W. H., and Minor, H. E.: Near field charac-
surface elevation displacements. The described equations teristics of landslide generated impulse waves, J. Waterw. Port
are implemented through a forward high-order finite differ-  C. Div.-ASCE, 130, 287-302, 2004.

ence scheme (composite 4th-order Adams Bashforth MoulHart, K., Carey, S., Sigurdsson, H., Sparks, R. S. J., and Robertson,
ton schemexKirby et al, 19989. R. E. A.: Discharge of pyroclastic flows into the sea during the

1996-1998 eruptions of the Sowre Hills volcano, Montserrat,

led h h | Hvd hi B. Volcanol., 66, 599-614, 2004.
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