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Abstract. The 1867 Virgin Island Tsunami reached large catastrophic tsunamis are not well documented and cannot
magnitude on the coasts of the Caribbean Islands. A maxbe confirmed as true tsunamis. On the basis of these data,
imum tsunami height of 10 m was reported for two coastala rough evaluation of the cumulative frequency of tsunamis
locations (Deshaies and Sainte-Rose) in Guadeloupe. Modwas done for Barbados and Antigua (Zahibo and Pelinovsky,
elling of the 1867 tsunami is performed in the framework 2001). The accuracy of such estimates is low, and numer-
of the nonlinear shallow-water theory. The directivity of ical simulation of the historical and prognostic tsunamis is
the tsunami wave source in the Caribbean Sea according tnecessary to create a more reliable tsunami database. In
the assumed initial waveform is investigated. The tsunamiparticular, tsunamis can be generated by volcanic eruptions.
records at the several coastal regions in the Lesser AntillesThe Soufriere Hills Volcano in Montserrat erupted several
Virgin Islands, Puerto Rico and South America are simu-times in the 90s (Hooper and Mattioli, 2001) and gener-
lated. The comparison between the computed and observeated tsunami waves on 26 December 1997 with a height of
data is in reasonable agreement. 3 m. Heinrich et al. (1998, 1999a, b, 2001), studying the
danger of volcanic eruption in the Soufriere Hills Volcano,
Montserrat, showed that the potential debris avalanche can
induce tsunami waves of 1-2 m nearby in nearest zone and 50
cm at Guadeloupe and Antigua. Le Friant (2001) simulated
. . tsunami waves from potential eruption of the St. Pierre Vol-
In order to understand and discuss tsunami danger for the - . .
¢ano, Martinique. Recently, submarine evidence for large-

coastal region of the Caribbean Islands, including the Lesser . ) .
. . o o . scale debris avalanches for many islands in the Lesser An-
Antilles, the investigation of historical tsunami events, ap-

: . ; . tilles Arc was found (Deplus et al., 2001).
propriate numerical modeling, and comparison of model re- . . . .
In addition to being subject to local tsunamis the Lesser

sults with the existing information are necessary and effec-

tive tools. Based on historical information, a total of 23 Antilles is also a target of transoceanic tsunamis. The

tsunami-like waves were reported in the Lesser Antilles overiSunami generated by the 1755 Lisbon Earthquake crossed

the last 400 years. Among them 16 events are of seismiége _t/;\tt)lantlcl Iln 7dh and gffected se\r/]eralh IOCE}“‘;”S 'g tge
origin, 4 events are of volcanic origin and 3 events are of aribbean Islands, causing runup heights of 7m (Saba),

unknown cause (Zahibo and Pelinovsky, 2001). Recently,A"5m (St. Martin), 3.7m (Dominica), 3.7m (Antigua) and

Lander et al. (2002) prepared a new list of tsunamis in thel'5 m (Barbados). Recently, Mader (2001a) simulated this

Caribbean Sea. In the last 35 years there were 4 true we ﬁga_nsoceanic tsunami propagation. According to his calcu_—
tsunamis: 25 December 1969 (earthquake with magnitud ations, the wave amplitude east of Saba at depth 4747 m is

7.6 in the Lesser Antilles, maximum positive tsunami ampli- 2.5m, and at depth 825m is 5m, close to the observed value

tude of 46 cm at Barbados); 16 March 1985 (moderate earth(7 m). We would also like to mention a possible tsunami ex-

quake with magnitude 6.3 in Guadeloupe, a tsunami Severaq)ected from a lateral collapse. of the Qumbre Vieja Volcano
centimeters high was recorded at Basse Terre, Guadeloupe!?, La Pglma (Canary ISIan.dS)' according to Mader (2.001b)

9 July 1997 (earthquake of magnitude 6.8 occurred off the!™> amplitude may be 3m high on the coast_s ofthe Ca_rlbbean
coast of Venezuela induced a weak tsunami on Tobago); 2é5'a”.ds_ .(Saba Island). Pararlas—Cr_:lrayannls (2002) discussed
December 1997 (volcanic eruption in Montserrat generated é’oss'b'"ty of 40 m waves during this event.

wave with a height of 3m at Old Road Bay). Many historical  1h€ tsunami of 1867 in the Caribbean Sea is well-
documented. On 18 November 1867, at approximately

Correspondence td\. Zahibo (narcisse.zahibo@univ-ag.fr) 02:45LT (18:45 UT) a violent earthquake occurred at the Vir-

1 Introduction
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Table 1. Tsunami waves reported during the 1867 event

Island Site Maximum positive
amplitude, m

Puerto Rico San Juan 0.9

Puerto Rico Yabucoa Harbor 2.0

Puerto Rico Arroyo (near Guayama) 1.5

Vieques, Puerto Rico high waves

British Virgin Islands, Tortola Road Town 15

British Virgin Islands, Peter Island 1.5

US Virgin Islands, Saint Thomas Charlotte Amalie 6.0

US Virgin Islands, Hassel Island 4.9

US Virgin Islands, Saint Croix Fredericksted 7.6

Saba Island, Netherlands Antilles high wave

St. Kitts sea rose high

Antigua St. John’s 3.0

Guadeloupe Deshaies 10.0

Guadeloupe Sainte Rose 10.0

Guadeloupe Basse Terre 2.0

Guadeloupe, Isles des Saintes 1.0

Grenadines, Bequia Island Port Elizabeth 1.8

Grenada Gouyave 3.0

Grenada Saint George’s 1.5

Isle de Margarita, Venezuela reported

gin Islands (Fig. 1). Its surface magnitude was 7.5 and focathis event is presented in Reid and Taber (1920), Lander et
depth was less than 30 km. The earthquake was strong; it haal. (2002), and Zahibo and Pelinovsky (2001). Tsunami ob-

intensity 9 at the British Virgin Islands (Tortola, St. John), servations are given in Table 1 and presented in Fig. 1. Nu-
the US Virgin Islands (St. Thomas, St. Croix) and Puertomerical simulation of the 1867 event and comparison with

Rico (Viequez and Culebra). Lander et al. (2002) indi- the observed data is the main goal of this paper. A numeri-
cate that the earthquake occurred in Anegada Passage beal model based on shallow-water theory is briefly described
tween Saint Croix and Saint Thomas, the US Virgin Is- in Sect. 2. The propagation of the tsunami and its directiv-

lands. The same location, 1818 65.0° W is given on the ity according to the selected source are computed (Sect. 3).
NOAA/NESDIS/National Geophysical Data Center web site. The time histories of water surface fluctuations at selected lo-
In ETDB/ATL (2002), the epicenter coordinates are given ascations are also calculated and compared with the available
18.# N 64.3 W. This location corresponds to the British Vir- observations.

gin Islands, near Virgin Gorda, east of Tortola. In fact, both

locations are along the axis of Anegada Passage, inclined

by 300 to the local latitude. This deepest passage (4500

maximum depth) has a minimum width of 56 km. Reid and
Taber (1920) concluded that the length of the source was
few tens of kilometers, while the vertical displacement of the
sea floor was less than ten meters; the strike of the fault mus?

have been approximately east-west, following the general di-;, 5 <M2> 9 (MN)
— |+

Mathematical model

The shallow water theory in Cartesian coordinates, with
Loriolis effect omitted, is used for simulating the long wave
ropagation. The governing equations are,

rection of the scarp. They also mentioned that according to—— + — D a5 \ D

ad
the observers there were two severe shocks separated by an o

. . 8 k
interval of about 10 minutes, and each of these shocks was ) o1 4 My M2+ N2 = 0. )

followed by a great sea wave. ax 2gD?

Tsunami waves, generated at the Virgin Islands on 18
November 1867, were significant in Puerto Rico (upto 2mdN 9 (MN n 9 N_2 n
runup), the Virgin Islands (up to 9m runup on St. Croix), a¢ ax \ D ay\ D
the Lesser Antilles (Antigua, Netherland Antilles, St. Kitts,

. n k
Guadeloupe, Grenadines, Grenada), and Venezuela (Isla (gi)a— + > SNV M2+ N2=0, (2)
Margarita). The wave height exceeded 10m at Guadeloupe ¥ 28D
and this is the highest reported value of tsunami heightintheyn oM 9N

Caribbean Sea (Lander et al., 2002). Historical evidence ofy, T 9x T By

0 )
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Fig. 1. Observed runup amplitudes (m) during the 1867 tsunami.

wheren is the water surface elevation,is time, x and y boundaries. The program can compute the wave propagation
are the horizontal coordinates in zonal and meridional direc-at all locations, even at shallow and land regions (Imamura,
tions, M and N are the discharge fluxes in the horizontal 1996) within the limitations of grid size.

plane alongr andy coordinatesp = h(x, y) +n is the total

water depthfi(x, y) is the undisturbed basin depthis the

gravity acceleration ankl is the bottom friction coefficient.

The effect of the bottom friction coefficient on the attenua- ¢ earthquake epicenter is assumed to be located at the
tion of long waves has been examined by Doganay (1997jte with coordinates: 188 65.0° W according to the data
and Fujima et al. (2002). A general value of 0.025 recom-ot NOAA/NESDIS/National Geophysical Data Center (see
mended by Prof. Imamura is used as the bottom frictiongjg 1), The surface magnitude of the tsunamigenic earth-
coefficient in this application. In the numerical simulation, quake is chosen as 7.5 according to ETDB/ATL (2002). The
the tsunami propagation model TUNAMI-N2 is used. This jength of the fault is 120 km and the width is 30 km. Reid and
model was developed in the Tohoku University (Japan) andraper (1920) suggested that the fault is oriented from west to
provided to the tsunami community through the Tsunami In-ga6t - By using this information, the fault line (axis of the
undation Modeling Exchange (TIME) program (Goto el al., initial form of the tsunami wave) is assumed to be situated
1997). It has been applied to several case studies for Puertgotween the coordinates 65°66. 18.00 N and 64.36 W

Rico (Mercado and McCann, 1998) and Turkey (Yalciner et. 1g oy N. Since there is no sufficient information available
al., 2002). The model solves the governing equations by the,,oyt the source parameters of the earthquake, the dip and
finite difference technique with Ieap—frqg scheme (Goto etslip angles of the fault are selected as a0d 90, respec-

al., 1997). The bathymetry of the Caribbean Sea was Obyely. The displacement and focal depth have been selected
tained from the Sr_mth and Sanfjwe_ll global seafloor topogra-5 g m and 3000 m. The initial wave is computed according
phy (ETOPOZ2) with & 3-km grid size. The total number of 15 okada (1985). Its crest and trough amplitudes are +3.9m
grid points in the study area is 433580 (8%5532). The  5,4_1.8m, respectively (see Fig. 2). The depression of the

time step is selected as 6s to satisfy the stability condition,y sier surface is assumed to be at the south (at the deepest
Free outward passage of the wave is permitted at the open S§fArt of the trench).
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Fig. 2. Snapshots of the tsunami wave propagation for various times with 20 minute intervals (The horizontal and vertical axes are western
longitude and northern latitude, respectively. The water surface elevation is in meters).
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Fig. 3. The (directivity diagram of tsunami propagation) distribution of computed maximum positive tsunami amplitudes (The horizontal
and vertical axes are western longitude and northern latitude, respectively. The water surface elevation is in meters).

3 Computed Characteristics of Tsunami Waves in the to the Atlantics (north-east-north), but there is no tsunami
Caribbean Sea observational data north of the Great Antilles.

For modelling of the 1867 event, we have used the propaga- Computed tsunami records at several locations in the epi-
tion model and computed the sea state at different time stepgentral area (Virgin Islands, Puerto Rico) are shown in Fig. 4.
time histories of water surface oscillations and the maxi- The crest amplitudes here are high, up to 6 m, and the trough
mum positive amplitudes at every grid point. Snapshots ofdepth exceeds 6 m. Unfortunately, the resolution of the
the tsunami wave propagation are shown in Fig. 2. Tsunambathymetry used in the coastal zone was not good enough
waves affected all islands of the Lesser Antilles for about one(3 km), and the computed records cannot exactly correspond
hour. Previous calculations of the tsunami travel time for theto the “real” records in the coastal bays and to the eyewit-
tsunami generated at Charlotte Amalie (US Virgin Islands)ness reports. But roughly, they should describe the observed
give about 1.5 h (Weissert, 1990), but in his case the sourcéeatures of the tsunami. For instance, according to the obser-
centre is farther than the tsunami source considered here, imations, there are two giant waves generated by two shocks
the centre of Anegada Passage. After two hours, there is @ the Virgin Islands and Puerto Rico with the time inter-
complicated picture of tsunami waves in the Lesser Antillesval of 10 min. It was also observed at most of the locations
after reflection and diffraction on islands and shelf zone.  that the sea receded first. Our simulation considers the co-
Figure 3 shows the distributions of the computed maxi- seismic generation of the wave by a single shock. Thus a sin-
mum elevations of the sea level (tsunami directivity). The gle large wave in the epicentral zone is selected as the input
waves are significant in the epicentral area: the Virgin Is-for the simulation. The computed tsunami records at Fred-
lands and Puerto Rico. The tsunami propagates mainly ireriksted (St. Croix, Virgin Islands) (Fig. 4) definitely show
a southerthly direction (Grenada, Trinidad and Isla de Mar-a huge wave up to 6 m arriving after a depression of 1-2m,
garita) and eastward (Saba, St. Kitts, Antigua and, particuin good agreement with the observations. For Christiansted
larly, northern Guadeloupe). The central part of the Lesserl(St. Croix), the simulations predict two large waves of 3m
Antilles (Dominica, Martinique and St. Lucia) is weakly af- coming after a depression of 1 m. To south-east from Puerto
fected by the tsunami waves. According to the observationsRico (Yacoboa and Arroyo) the tsunami began also with the
(Table 1), the tsunami was significant at many islands of thesea receding. But the same features are not obtained for other
Lesser Antilles (except its central part) and, of course, inplaces. In Cruz Bay (St. John) the tsunami began with a rise
Puerto Rico and the Virgin Islands. Therefore, the theoret-up to 3 m and the second wave arrived after a deep depression
ical model predicts correctly the main directions of tsunamiof 6 m. The elevation north of the source in our calculations
propagation in the vicinity of the Lesser Antilles. The numer- corresponds to the seismic source model (elevation in north-
ical results also show the “finger” structure of the wave pathsern part). Perhaps the earthquake initiated the landslide; in
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Table 2. Computed tsunami amplitudes near the Caribbean Islands during the 1867 event

Location Coordinates Water depth(m) Amplitudes (m)
°W °N positive  negative
Guayama, Puerto Rico 66.028 17.970 235 3.9 51
Yabucoa, Puerto Rico 65.844 18.036 65.1 25 3.0
San Juan, Puerto Rico 65.906 18.398 26.8 0.5 0.5
Vieques, Puerto Rico 65.17 18.135 18.1 3.0 4.5
Charlotte Amalie, St Thomas, Virgin Islands  64.924 18.365 59.8 2.9 5.1
Road Town, Tortola, Virgin Is. 64.587 18.497 77.4 25 4.4
Cruz Bay, St John, Virgin Is. 64.702 18.332 22.8 5.7 7.5
Christensted, St. Croix, Virgin Islands 64.71 17.739 27.2 3.8 3.0
Fredericksted, St. Croix, Virgin Islands 64.894 17.74 74.9 6.0 2.8
St. John’s, Antigua 61.857 17.081 9.2 0.8 0.8
St. Rose, Guadeloupe 61.735 16.39 26.9 0.9 0.8
Deshaies, Guadeloupe 61.827 16.291 21.3 0.8 0.8
Basse-Terre, Guadeloupe 61.765 16.028 42.9 0.6 0.8
Pointe-a-Pitre, Guadeloupe 61.489 16.225 67.1 0.4 0.6
Roseau, Dominica 61.428 15.237 48.2 0.4 0.4
Fort-de-France, Martinique 61.09 14579 34.3 0.7 0.7
Kingstown, St Vincent 61.275 13.229 28.8 0.7 1.0
Gouyave, Grenada 61.704 12.208 28.5 1.4 1.5
Saint George’s, Grenada 61.765 12.109 15.9 2.3 2.8
Port-of-Spain, Trinidad 61.459 10.792 9.3 1.2 0.8
Isla de Margarita 63.943 11.221 85 0.9 1
Curmana, Venezuela 64.188 10.430 18.8 0.9 0.6
Barcelona, Venezuela 64.863 10.101 8.8 0.8 0.7
Caracas, Venezuela 67.47 10.529 8.4 0.4 0.5
Puerto Cabello, Venezuela 68.083 10.529 254 0.6 0.6
Bonaire, Netherlands Antilles 68.85 12.11 26.5 0.1 0.1
Cartagena, Colombia 75.475 10.661 48.9 0.5 0.4
Puerto Cabezas, Nicaragua 83.296 14.052 8.4 0.2 0.2
Port-au-Prince, Haiti 72.408 18596 6.0 0.3 0.3
Cayes, Haiti 73.758 18.168 27 0.3 0.3
Barahona, Dominican Republic 71.058 18.168 77.1 0.4 0.3
Santa Domingo, Dominican Republic 69.77 18.461 445 04 0.3
La Romana, Dominican Republic 68.912 18.398 24.2 0.9 0.8

this case the depression of the wave is at the shore side, and On the northern part of Guadeloupe (Deshaies, St. Rose),
this can explain the observed sea recession on St. Thomaspmputed amplitudes are less than 1 m. They are signifi-
St. John and Tortola. We would like to mention that the re- cantly less than the observations (18 m) and the corrected
sult (mainly, the number of large waves and their amplitudes)value (10 m) at Deshaies (Zahibo and Pelinovsky, 2001). The
is very sensitive to the location of the selected sites and theccuracy of the runup value calculated by the finite differ-

reproduction of the coastal line of these relative small islandsence technique is limited by the grid size. When the grid

(about 10 grid points). size is larger than the inundation distance, the model cal-
Julates the maximum positive tsunami amplitudes near the

Figure 5 demonstrates the computed records for sever X
locations at the Lesser Antilles. Computed amplitudes in thec0ast- Hence, we assume that one of the main reasons for the
iscrepancy between computed and observed tsunami wave

northern and central parts are less than 1 m, meanwhile theg i i oo _
heights is a rather coarse grid size (3000 m), which was used

exceed 2m in the southern part, in particular, in Grenada : X .
The tsunami approaches the Lesser Antilles 40—-60 min aftel” the present simulation. The other reason might be the fo-
using of the wave energy towards Deshaies and St. Rose

the earthquake, and this is in agreement with the observa® , - o : .
tions. Trinidad is located in the shallowest zone. and as gccording to local amplification by refraction and reflection

result, the wave approaches its coast in 2 hrs. At all coastaPf0cesses. Results of our calculations also show the appear-
locations at the Lesser Antilles the initial wave has been ob-21C€ Of @ group of tsunami waves, and this may be related
served as a recession of the sea, which confirms the theoreti® the resonance effects between various islands, as well to
the tsunami propagation in the form of edge waves along the

cal predictions. In most locations, the crest amplitude of the ) o I
next (positive) wave is maximum compared to the following Lesser Antilles. Significant oscillations of the sea level can

waves. Such a wave is evident on the computed records fof@ntinue one hour or more, in agreement with the observa-
Antigua and Grenada. tions. As pointed out by witness reports, “the whole event
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Fig. 4. Computed time histories of water surface elevations at several coastal locations in the epicentral zone (horizontal axis is the time and
vertical axis is water surface elevation).

lasted for above 40 min” at the Grenadines, and there were 6 More detailed information about the computed waves is
waves at Grenada (Reid and Taber, 1920). So, qualitativelysummarised in Table 2. We give the geographical coordi-
the computed results are in reasonable agreement with theates with high accuracy for each selected site. The name
data of observations except for the northern part of Guadeef the nearest location of the selected point is also indicated
loupe. in Table 2. Since the computed amplitudes at selected loca-
tions are dependent on the water depth at those locations, we
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Fig. 5. Computed time histories of water surface elevations at several coastal locations in the Lesser Antilles (horizontal axis is the time and
vertical axis is water surface elevation).
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Fig. 6. Comparison of computed and observed positive amplitudes.

also show the water depth for each location in Table 2. Calthe epicentre area and also in the southern Lesser Antilles,
culated maximum positive and negative elevations are giverin reasonable agreement with observations. It is important
in Table 2. According to the calculations, the amplitude of to mention that tsunami waves are localized mainly in the
the 1867 tsunami exceeds 10cm in most of the countriesCaribbean Sea, and the penetration of tsunami waves into
of the Caribbean Sea (Puerto Rico, Dominican Republicithe Atlantic through the Lesser Antilles straits and passages
Haiti, Cuba, Nicaragua, Colombia, Venezuela, Lesser An-as well through the Virgin Island passages is relatively weak.
tilles and Virgin Islands). Since amplitudes of 10-50 cm for The explanation is evident: tsunami waves effectively re-
long waves are difficult to detect by eye, the number of reli- flect and refract from the deepest Puerto Rico Trench behind
able observations in 1867 could not be high. Computed amthe Caribbean Islands. As a result, the tsunami energy will
plitudes exceeding 1 m are obtained for the Virgin and Lessemainly disperse in the Caribbean Sea.
Antilles islands, and Puerto Rico, where tsunami waves were
observed clearly. Therefore, the numerical results on average
are in good agreement with the observations. 4 Conclusions

Comparison of the observed data with computational re-
sults is shown in Fig. 6. All observation sites west of the The 1867 tsunami in the Virgin Islands was recorded in many
source (Puerto Rico) to the southern Lesser Antilles throughislands of the Caribbean Basin, in particular in Puerto Rico,
the Virgin Islands are shown in axis (locations of these Virgin Islands (St. Thomas, St. Croix, Tortola, Peter Is.)
points are presented in Fig. 1). The observed wave heightand the Lesser Antilles (Saba, St. Kitts, Antigua, Guade-
of 10m in Deshaies and St. Rose (Guadeloupe) are in evloupe, Grenadines, Grenada). Observations of this tsunami
ident contrast with computed amplitudes. Earlier, a heightare compared with the results of the numerical simulation.
of 18 m was cited for these locations in Guadeloupe (Dev-The mathematical model applied for the tsunami analysis
ill, 1867; Reid and Taber, 1920; Lander et al., 2002). Afteris based on nonlinear long water theory in Cartesian coor-
an inspection of these places and investigation of historicadinates. The bathymetry used is obtained from ETOPO2
materials, Zahibo and Pelinovsky (2001) suggested that thevith spatial resolution 3km. The results of the numerical
tsunami waves could not exceed 10m. Perhaps, the wavsimulation show that the directivity diagram has peaks in
height really was significantly less, about 5m; such wavesthe direction of the southern Lesser Antilles (Grenada) and
can induce the damage described in literature (“wave brokdhese peaks are confirmed by the observations. The observed
over the shore and carried off all floatable objects”), but it hasform of the tsunami wave trains in different locations in the
not been confirmed. If a height of 5m is assumed for theseCaribbean Sea is generally confirmed by the computed re-
locations, the correlation between observations and computsults. The distribution function of tsunami crest amplitude
ing will be more evident. Just now it is impossible to state: along the coast is in reasonable agreement with the observa-
were 10 m waves really observed due to a very local effecttions if the recorded 10 m heights of tsunami waves in the
or this is an exaggeration? So we will still use 10 m as thenorthern part of Guadeloupe (Deshaies and St. Rose) are ig-
observed height. Computed wave heights are maximum neamored. This huge value of tsunami height (10 m) recorded
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in the Caribbean Sea seems to be an exaggeration, or to be ical modelling of a landslide-generated tsunami following a po-

related with a very local amplification of the wave. tential explosion of the Montserrat Volcano, Phys. Chem. Earth
(A), 24, 2, 163-168, 1999a.
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