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Erosive effects of the tropical storm Helena that hit the volcanic island of Basse Terre (Guadeloupe — Lesser
Antilles Arc) on 24 October 1963 has been measured using 80 aerial images acquired by the French geographic
institute (IGN — Institut Géographique National) at the approximate scale of 1/8000 less than three months
after the stormHelena. On these images, 253 landslides triggered during the stormwere identified andmapped.
These landslideswere located in the central region of the islandwhere catchments exhibit the highest relief. Even
though the average thickness of the landslides was only 1 m, i.e., less than the thickness of the weathered layer,
the total volume of displaced sediments corresponded to an average denudation of 2800 t km−2, i.e., 1.4 mm, on
the watersheds affected by landsliding. To assess the erosional significance of this single climatic event, we com-
pare the volume of sediment mobilized by the storm Helena to the long-term denudation rate. The latter, esti-
mated from a calculation of the total volume of material eroded since the emplacement of lavas using a digital
elevation model, is found to be 0.14 mm/y. Assuming that Helena is representative of the storms that hit
Basse-Terre Island during the Quaternary, we find that a return period of about 10 to 15 years is enough to ac-
count for the long term denudation rate recorded for this Island. Such a period is comparable with the actual re-
turn period of the tropical cyclones of the order of 4 to 5 years, suggesting that the erosion of Basse-Terre Island is
entirely controlled by tropical hurricanes.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Extrememeteorological events are responsible for intense sediment
transport in mountainous regions of the tropical belt (Page et al., 1994,
1999; Reid and Page, 2002; Korup, 2010). Storms and hurricanes induce
landslides and scars in the weathered layers. The sediments fall in
overflowing rivers and are transported to the ocean (Lin et al., 2008).
Relationships between landslide characteristics, watershed properties,
seismic conditions, and intensity of the meteorological events have been
evaluated in various geological contexts (e.g., Lin et al., 2008). These stud-
ies demonstrate that (i) landslides are controlledbyprecipitation amount,
lithology, hydrology, and relief possibly affected by seismic history,
(ii) single extreme meteorological events may result in a global
catchment denudation up to several millimeters (Page et al., 1994;
Hovius et al., 1997). However most parameters (lithology, relief, hy-
drology, etc.) vary from one study to the other making it difficult to
draw a general conclusion.

The return period of extrememeteorological events is generallywell
known for the current conditions except for the very catastrophic events
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that occur with a period greater than 1000 years (Korup, 2012). The past
calendar of these events is deduced from the study of recent sediments
deposited or reworked by oceanic storms (Reid et al., 1996; Bertran
et al., 2004; Donnelly and Woodruff, 2007; McCloskey and Keller, 2009).
This technique is efficient for the Holocene period but lacks precision for
older periods.

Atlantic volcanic islands located in the tropical belt are ideal places
for testing and measuring the geomorphic effect of extreme meteoro-
logical events that occurred during the Quaternary period. Indeed, the
tectonics is very low (Feuillet et al., 2002), and the relief is constructed
during punctuated volcanic episodes that produce homogeneous lithol-
ogy at the scale of the islands and that can be well dated by absolute
geochronology (Samper et al., 2007). Moreover, these islands are sub-
ject to storms and hurricanes producing heavy rainfall associated with
strong winds. This favors landslide development by the destabilization
of the canopy and the decrease of the soil stability because of the in-
crease of pore pressure. In this paper we describe the effects of the
storm Helena (26–28 October 1963) on the Basse Terre Island in the ar-
chipelago of Guadeloupe. In the center of the island, this storm initiated
numerous landslides visible on aerial images acquired b4 months after
the event (December 1963 and January 1964).We estimate the amount
of sediment displaced in the main watersheds during the storm andwe
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compare these values to the total amount of erosion since the emplace-
ment of volcanic rocks.

2. Context of the study

The volcanic island of Basse-Terre belongs to the archipelago of
Guadeloupe located in the Lesser Antilles Arc (Fig. 1A), which results
from the subduction of the Atlantic plate under the Caribbean plate at
a velocity of 2 cm/y (DeMets et al., 2000). Basse-Terre is the western-
most island of the archipelago. It is around 45 km long in the north–
south direction with a width of 20 km. The island is composed of five
main volcanic andesitic massifs (Samper et al., 2007) whose timing
of effusive events has been recently investigated by K–Ar methods
(Samper et al., 2007). The results of absolute geochronology show a
north to south gradient of age, with the older products (2.79 Ma) being
at the north. The active volcano called Soufriere de Guadeloupe belongs
to the Grande Découverte massif, which is dated from 0.2 Ma to present.
Fig. 1. (A) Geodynamic setting of Guadeloupe archipelago in the
Panel A: modified from Lahitte et al. (2011).
The Monts Caraïbes massif located at the extreme south of the island is
composed mainly of hydromagmatic products emitted between 0.555
and 0.472 Ma (Samper et al., 2007). This massif will not be discussed in
this paper as its lithology and morphology are different from the rest of
the island.

Basse-Terre Island is characterized by high relief. The maximum
elevation is reached at the Soufrière de Guadeloupe (1467 m asl). The
slope distribution is asymmetric with average slopes larger on thewest-
ern side of the island than on the eastern side. A positive north–south
gradient of elevation related to the gradient of age is also observed.
Themorphology of the island has been shaped by volcanic constructions
eroded by rivers, runoff, and landslides and by two episodes of huge
flank collapses (Deplus et al., 2001; Samper et al., 2007; Lahitte et al.,
2011). The first one occurred at 640 ka (Samper et al., 2007) on the
western side of the island. It was limited to the north by the Vieux
Habitant River north escarpment that has a typical horseshoe shape.
The second one, which occurred at 550 ka, affected the southeastern
Caribbean arc. (B) Path of storm Helena (Dunn et al., 1964).
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part of the island in the region of Capesterre. Volcanic massifs are
downcut by concave-up bedrock rivers incising narrow V-shaped
valleys. The river network is divided into 20 main watersheds (Fig. 2)
each having a surface l N 10 km2 drained by rivers with lengths that
vary typically between 5 and 30 km. River beds are partially covered
by a thin alluvial layer that can increase locally, likely because of
Fig. 2. (A) Elevation map of Basse-Terre on which the main watersheds are delineated. Their m
stormHelena are shown in red. They are located in the center of the Island in the Vieux Habitan
same symbology as (A).
overwhelming sediment supply from adjacent hillslopes, gullies, or
tributaries. Closer to the sea, slopes become gentler and the river be-
comes alluvial. Granulometric sampling of sediment beds shows that
themedian diameter is comprised between 30 and 250 mmand reveals
the presence of numerous blocks of metric size (Chatanantavet et al.,
2010; Lajeunesse et al., 2011). The sand fraction is very small (b0.2%)
ain characteristics can be found in Table 1. The landslides and scars that occurred during
ts, Beaugendre, and Capesterrewatersheds. (B) Zoom on thewatershed of Vieux Habitant;

image of Fig.�2
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except in the immediate vicinity of the sea. Hillslopes are covered by
thick soils, which can reach 10 m (Rad et al., 2006). The chemical
weathering responsible for the development of these soils is controlled
bydense vegetation and by the tropical climate (White and Blum, 1995)
characterized by high temperatures (24–28 °C) and intense rainfall
(8000 mm/y registered at La Soufrière volcano). Tropical storms and
hurricanes are frequent, particularly during the rainy season that spans
from June to January. Average annual runoff is 2700 mm/y on the west
(leeward) coast and 3100 mm/y on the east (windward).

Storms and hurricanes have been recorded in the Lesser Antilles
since 1632 (Zahibo et al., 2007). The average period of return of storms
on Guadeloupe is 3 to 4 years since the beginning of their record. This
period is around 15 years for hurricanes of class 4 or 5 characterized
by average wind velocities N210 km/h (Zahibo et al., 2007). The distri-
bution of these extreme events is not homogeneous in time. From 1950
to 1975, the number of extreme events decreased relative to the pre-
vious 25 years from 28 to 20 events. Over the past 40 years, a large
increase in the number of hurricanes reaching categories 4 and 5
(Webster et al., 2005) associated with an increase in the number of
hurricanes developed on the Atlantic was observed. No data is available
concerning the frequency of storms in the Atlantic since the beginning
of the Quaternary. Various proxies have been used to estimate the
frequency of storms during the Holocene (e.g., McCloskey and Keller,
Fig. 3.Rainfall recorded during stormHelena at twometeorological stations located in Basse-Ter
the island.
2009; Nott, 2011). They indicate that storm activity is characterized
by imbricated alternating periods ranging from 10 to 1000 years. Dur-
ing the Holocene, the frequency and intensity of storms seem to be cor-
related to ocean temperature (Emanuel, 2005; Webster et al., 2005).
Other authors (e.g., Donnelly and Woodruff, 2007) suggested that the
storms are also controlled by variations in the El Niño Southern Oscilla-
tion and by the strength of theWest Africanmonsoon. For theHolocene,
Nott (2011) demonstrated that storm occurrence is not entirely sto-
chastic over the last millennia but positively correlated to temperature
evolution.

The tropical stormHelena developed froma tropical depression locat-
ed 300 km east of Martinique Island on 18 October 1963. The storm in-
tensified slightly before it weakened below the storm force as it passed
between Dominica and Guadeloupe. It became almost stationary and
started to move toward the north with its center located 50 km from
the western coast of Basse-Terre. The depression disappeared near
Antigua on the 30th of October (Fig. 1B). During its path close to Basse-
Terre, wind velocities were around 50 km/h. On Basse-Terre, rainfall
caused strong damage to roads and facilities. Five persons were reported
dead, 500 were homeless. Daily rainfalls were registered by two stations
only (Fig. 3). Cumulative rainfall reached 150 mm on 27 October 27 at
Petit Bourg located in the north of the island and 300 mm on 28 October
in Baillif located on the leeward coast. Despite this difference between the
re (Baillif and Petit Bourg; see Fig. 2). Rainfall wasmaximumon28October in the center of

image of Fig.�3
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north and thewest of Basse-Terre, these values are exceptional for Basse-
Terre because these amounts of water were recorded in b12 h (Morel,
1990).

3. Data and method

Aerial images of Basse-Terre Islandwere acquired by the French geo-
graphic institute (IGN— Institut Géographique National) at the approx-
imate scale of 1/8000 three months after storm Helena. This is the first
time that these images have been used for a scientific purpose. The
time between the storm and the aerial campaign was short relative to
the resilience time of landslides, which is at least a few years even
under a tropical climate. All the erosive structures that developed during
the storm are therefore fully visible on these images. The complete set of
the aerial images of the island has been scanned at 600 dpi, which corre-
sponds to a ground resolution of about 50 cm. The images have been
pseudo orthorectified and georeferenced by matching characteristic
points on an orthorectified image of Basse-Terre provided by the IGN
from aerial images taken in 2004. A second-order polynomial adjust-
ment computed from around 15 points on each image has been found
to be sufficient. The maximum position error in the central part of the
images is b50 m. Angular distortion has not been measured. It seems
negligible in the central part of the images and clearly increases near
the borders. However, the images have an overlap that is around 80%,
which limits the use of their peripheral parts. The management of the
data has been achieved byGIS software. A 10-m resolution digital eleva-
tion model (DEM) obtained from digitizing the level curves on a
1:25,000 topographic map has been added to the GIS. The limits of wa-
tersheds have been computed from theDEMand added to the GIS. Scars
and landslides appear as bright elongated surfaces that do not exist on
images of the aerial campaign of 1955 and that are difficult to distin-
guish on images of the aerial campaign of 1968 (Fig. 4). Their limits
have been manually digitalized with a tolerance of 2 pixels, which rep-
resents ~1 m. For a 100 m by 10 m scar that has a surface of 1000 m2,
the maximum error is 110 m2, which is 11% of the real surface. This
error value is a maximum because the shape of scars and landslides is
seldom so elongated and because errors of digitalization generally com-
pensate. Classical tools of GIS have been used to measure the surface
and perimeter of scars and landslides. The cumulated surface of land-
slides is around 532,276 m2. The cumulated perimeter of the landslides
is around 74,077 m. If the error of digitalization is one pixel, the resulting
error on the surface of landslides is 3.5%. If the error of digitalization is 2
pixels, the resulting error on the surface of landslides is 7%.

The volume of displaced rocks has been estimated assuming that the
thickness of the mobile layer is 1 m that is observed in the field (Fig. 5).
In tropical conditions, landslides generated by storms are rooted at the
soil/regolith interface or above it (Hovius et al., 1997; Hovius and
Fig. 4.Aerial images of a part of the Beaugendrewatershed in 1955 (8 years before Helena), 196
1955 images. Scars and landslides are clearly visible on the 1963 images acquired just after the st
resilience of a landslide is b5 years. The * is located on the same position on successive images
Stark, 2006). A thickness of 1 m for landslides is probably an underesti-
mation as the thickness of the weathered layer in Basse-Terre climatic
and geologic conditions can reach 10 m (White and Blum, 1995). Direct
measurements of channel erosion by debris flows have been realized by
Berger et al. (2011) in the Swiss Alps. The authors showed that channel
erosion can reach locally more than 3 m along the path, for an average
value around 1 m. It is thus very difficult to estimate an error bar for
the eroded thickness.We used aminimum value of 1 m; thus the result
will be underestimated.

The position of each scar and landslide has been checked relative to
theDEM. If the position of the scar or the landslidewas on a slope coher-
ent with the expected movement, the value was kept. Otherwise the
image and the shape of the scar or the landslide were displaced toward
amore realistic position on theDEM. Less than 10% of the polygons have
been displaced and always over less than 100 m. These polygons
were on the borders of the images where the positioning error is at
a maximum.

4. Results

Results are summarized in Table 1. Two hundred fifty-three land-
slides and scars have been identified on the aerial images. Some struc-
tures are clearly identified as landslides; other structures are clearly
reactivated scars (Fig. 4). However, most of them are difficult to classify
and it is impossible to propose a clear repartition. In the following, they
will be called landslides without distinction of structure. Landslides
have developed only in the center of the island (Fig. 2), mainly in the
watersheds of Beaugendre, Vieux Habitants, Capesterre, and the upper
parts of Bras-David and Goyave. These watersheds are those with major
relief, and landslides are mainly located on the steepest slopes of the wa-
tersheds. The cumulated surface of landslides has beenmeasured for each
watershed (Table 1). This cumulated surface per watershed reaches a
maximum for the watershed of Vieux Habitants, for which it is close to
0.15 km2. If one assumes that the thickness of the landslides is 1 m, the
total exported volume represents an equivalent denudation of 5 mm on
the whole surface of this watershed. The total volume of displaced rocks
represents an equivalent thickness of 1.4 mm if distributed over the sur-
face of thewatersheds affectedwith landslides and a thickness of 0.6 mm
if distributed over the whole Basse-Terre island surface (Table 1). This
value corresponds to an erosion of 2800 t km−2 on the watersheds af-
fected by landslides.

5. Discussion

The results presented above raise two questions concerning (i) the
parameters of landslide initiation during a storm, and (ii) the erosive ef-
fects of a storm relative to the average long-term erosion rate.
3 (just after Helena), and 1969 (6 years after Helena). No trace of landslides can be seen on
orm. The evidence of landslides has disappeared on 1968 images indicating that the time of
that do not have exactly the same geometry.

image of Fig.�4


Fig. 5.Mark of a landslide that occurred in September 2009 on the border of road D23 nearMahaut (632229–1789831 UTM 20 coordinates) just after or during storm Erika characterized
by important rainfall. The landslide occurred just after or during stormErika. Theweathered cover slipped on the limitwith the fresh basalt to produce a 10 mhigh by 40 m long landslide.
Theweathered cover has been removed leaving an outcrop of unweathered lavas. The thickness of the cover was around 2 m. In the geological and climatic conditions of Basse-Terre, the
thickness of landslide ranges from 1 to 2 m that represents the thickness of weathered rock.
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The landslides initiated during storm Helena occurred only in the
center of the island. The watersheds of Bouillante and Bois Malher on
the leeward side of the island (Table 1) are the northern limit of the oc-
currence of landslides. On the windward side, this limit is located in the
watershed of Bras David Goyave where some landslides occurred in the
upper part of the watershed (Fig. 2). If one assumes themean elevation
of the watersheds as a proxy for their average slope, landslides develop
if this value exceeds 400 m (Table 1). The watershed of Bouillante is lo-
cated b7 km from themeteorological station of Baillif, which registered
300 mm of rainfall in one day (Fig. 3). Rainfalls are homogeneous in
such small distances for extreme meteorological events. For example,
rainfalls measured during hurricane Hugo (September 1989) were the
same in Baillif and in Bouillante (Morel, 1990). These data suggest that
slope is the main controlling parameter of landslide initiation in Basse-
Terre. This slope threshold could explain the small variability of the aver-
age elevation of the watershed of the north of Basse-Terre despite their
large age variability (Table 1). These observations are also consistent
with the Ahnert law (Ahnert, 1970), which suggests a positive correlation
between mean relief and denudation rate.

To assess the erosional significance of a single Helena-like climatic
event, we compared the volume of sediment mobilized by Helena to
the long-term denudation rate of the catchments. The latter was esti-
mated from the reconstruction of the initial topography of each water-
shed by fitting a second-order polynomial surface through its border
in a way similar but simpler to that proposed by Lahitte et al. (2011).
This work was realized only on the less eroded volcanoes of the center
of the island for which the initial topography is preserved in the inter-
fluves that display a regular slope parallel to the youngest lava layers
on each side of the watersheds. This slope corresponds to the original
surface of the volcanoes. The points located on a band of 100 m at the
limit between the interfluves and the watersheds were selected on
the DEM and fitted by a second-order polynomial surface.

Long-term denudation rates (D) were then calculated for each
catchment as:

D ¼ V= ATð Þ ð1Þ
where T is the age of the catchment, A its area, and V is the total volume
eroded. The latter was estimated as the sum of the difference between
the elevation measured on the DEM and the elevation at the same posi-
tion modeled by the polynomial surface. This method is precise for the
watersheds located in the center and in the south of the island because
the crest lines are located on the original surface of the last deposited
lava flows (Lahitte et al., 2011). These calculationswould not be realistic
for the watershed located at the north of the island where most of the
surfaces have been eroded.

We see two error sources in this approach,which are the uncertainty
associated with the age of the lavas and the uncertainty associated with
the eroded volume. The ages of lavas have been estimated by Samper
et al. (2007) by K/Ar methods. For the rocks of the center of the island,
the error bar on the ages is 20 ky, which is b2% of the measured age
and negligible. The error bar on the eroded volume is more difficult to
estimate. For a given watershed, the polynomial surface is in continuity
with the interfluve surface on both sides of the incision. The error on the
eroded volume, which is then low, has two origins: (i) the topography
before erosion is unknown, and themodelwe use is not correct because
it is too smooth and not representative of the heterogeneities that have
been eroded; and (ii) the second one results from the calculation pro-
cess. One way to estimate this error is to measure the difference be-
tween the elevation of the points used to compute the parameters of
the polynomial surface and the elevation of these points computed by
the polynomial model. The average difference is b5 m. For each water-
shed, the calculations of the eroded volumeweremade for two extreme
cases by varying the elevation of the polynomial surface of ±5 m. The
resulting uncertainty on the eroded volumes is about 10%. Long-term
denudation rates reach a maximum for the watersheds of Capesterre
and Vieux Habitants where they are close to 0.4 ± 0.1 mm/y. This
value probably integrates the effect of the flank collapses, which
have been identified by Deplus et al. (2001) and Samper et al.
(2007). For the other watersheds, the denudation rate is between
0.1 ± 0.025 and 0.2 ± 0.05 mm/y. The flank collapse represents
at least half of the denudation rate of the watershed of Vieux Habitants
and of Capesterre.

image of Fig.�5


Table 1
Geometric characteristics of the main watersheds of Basse-Terre Island (Guadeloupe).a

Caribbean side

Watershed A (km2) L (km) Hmean (m) T (My) NL SL (m2) ±7% ET (mm) ±7% DR (mm/y) ±10%

Ferry 4.35 4.59 355 1.72 0 0 0
Caillou 2.98 4.15 352 1.64 0 0 0
Petit 13.88 5.93 333 1.71 0 0 0
Colas 10.06 5.04 318 1.15 0 0 0
Bois-Malher 12.72 7.64 312 1.16 2 2772 0.2
Bouillante 4.18 4.44 371 0.791 1 3052 0.7 0.073
Beaugendre 16.41 10.4 447 0.864 30 58,347 3.6 0.224
Vieux Habitants 29.40 18.9 647 0.435 98 148,150 5.0 0.250
Riv. Des Pères 26.00 14.98 703 0.447 21 21,187 0.8 0.097
Gallion 11.91 12.27 628 0.447 4 8116 0.7 0.137

Atlantic side

Watershed A (km2) L (km) Hmean (m) T (My) NL SL (m2) ET (mm) DR (mm/y)

Vieux Fort 2.79 4.41 230 2.68 0 0 0
Baille-Argent 3.96 4.4 321 1.61 0 0 0
Jenikeete 3.15 4.07 258 1.26 0 0 0
Bras-David-Goyave 142.2 7.09 274 1.46 34 114,498 0.8 0.065
Moreau 6.10 5.3 400 0.659 12 44,751 7.3 0.155
Capesterre 16.56 11.51 561 0.447 41 57,151 3.5 0.336
Capesterre 37.3 18.61 563 0.447 52 71,523 1.9 0.171
Grand Carbet 13.59 12.58 560 0.447 1 2729 0.2 0.102
Sum or weighted average 341 253 532,276 ± 37,259 1.6 ± 0.1 0.14 ± 0.014
On whole Basse-Terre 848 532,276 0.6 ± 0.01

a The basin order in the table reflects their geographic position. Notice the negative correlation between the age of volcanic rocks (T) and themean elevation (Hmean) of thewatershed.
A, surface of the watershed; L, length of the river; Hmean, mean elevation of the watershed; T, age of the oldest volcanic product (Samper et al., 2007); NL, number of landslides; SL, cu-
mulative sum of the surface of landslides; ET–SL divided by A, average denudation of the watershed; DR, denudation rate: rock volume exported since the initiation of the watershed di-
vided by the age of rocks and by the surface of the watershed.

85P. Allemand et al. / Geomorphology 206 (2014) 79–86
An extreme event such as Helena is able to transport the equivalent
of 0.6 ± 0.01 mm of thickness of Basse-Terre in a few days. If one con-
siders only the watersheds where landslides occurred, this represents a
denudation rate of 1.6 ± 0.1 mm in one extrememeteorological event.
This value therefore is 4 to 12 times the long-term denudation rate
(Table 1) for individualwatersheds and 10 times the long term denuda-
tion of the center of the island. Excluding thewatersheds that have been
affected by flank collapses (Vieux Habitants and Capesterre), the denu-
dation produced by storm Helena represents 10 to 14 years of the long-
term denudation. The recurrence of storms is 4 to 5 years since their
description is collected in Guadeloupe. Some of these storms have pro-
duced the same effects as Helena. Others, registered also as storms or
hurricanes, produced damages only on the coastal areas or affected the
other islands of the Guadeloupe archipelago. The variability of storm ef-
fects remains to be studied. However, storm-induced erosion appears to
be of the same magnitude as the long-term erosion rate, thus strongly
suggesting that the erosion of the watersheds of higher relief is mainly
driven by landslides since the initiation of the erosion. An important con-
stant of the system is the time of resilience of the watersheds after the
storm that is not taken into account in this discussion. If two storms of
equal intensity occur with a time interval lower than the resilience time
of the watershed, the erosion effect of the second storm will probably
be lower than the effect of the first one. Similar effects have been demon-
strated for the combination of earthquakes and storms in Taiwan (Lin
et al., 2008). They have to be quantified for storm effect. Guadeloupe
could be the ideal region to study such effects.

6. Conclusion

The storm Helena that affected Basse-Terre Island in October 1963
initiated numerous landslides localized in the center of the island. The
landslides were mainly controlled by slope rather than rainfall with a
strong threshold effect. The denudation produced by landslides reaches
a maximum of 5 mm for the most impacted watersheds. On average,
the denudation is 1.4 mmwhennormalized to the area of thewatersheds
affected by landslides and 0.6 mmwhen normalized to thewhole surface
of Basse-Terre— 1.4 mm of denudation is 10 to 14 times the average de-
nudation valuemeasured in one year. Such a period is remarkably close to
the present return period of tropical storms, which is 4 to 5 years. That
suggests that the denudation of Basse-Terre Island could be entirely con-
trolled by tropical storms that trigger landsliding during the Quaternary
period.
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