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Abstract. On 20 February 2010, an extreme rainfall episode
occurred on Madeira Island, which caused an exceptionally
strong flash flood and several soil slip-debris flows, produc-
ing 45 confirmed deaths and 6 persons declared missing,
as well as extensive material damages. In order to under-
stand and quantify the importance of landsliding in routing
sediment through mountainous drainage, such as Madeira
Island’s landscape, it was essential to perform extensive
landslide analysis. This study describes the methodology
used to semi-automatically detect the landslides, produce
the landslide inventory maps and estimate the sediment vol-
ume produced during this particular event which ranged from
217 000 m3 to 344 000 m3 and 605 000 m3 to 984 000 m3 for
the Funchal and Ribeira Brava basins, respectively. These re-
sults contributed to the design and implementation of mea-
sures to prevent damages caused by landslides in Madeira
Island.

1 Introduction

Madeira Island (Fig. 1) has a long record of flash floods, and
since the beginning of the 19th century at least 30 flash flood
events of significant intensity were registered (SRA/INAG,
2003; Almeida et al., 2010). The flash flood, locally named
“aluvião” is a phenomena characterized by the flow of a

large amount of sediment transported by water, concentrated
in a small period of time (few hours), which can be ex-
tremely damaging. The trigger mechanism is usually a heavy
rain episode that floods the river courses and their banks,
and allows the accumulated sediments to be transported
downstream very quickly and with enormous energy. These
flash floods are associated with the formation of landslides
(Rodrigues and Ayala-Carcedo, 2000, 2003a, b; Almeida et
al., 2010), that usually nourish the torrential flow with sedi-
ments and that per se produce damages and sometimes even
human casualties. The occurrence of landslides on Madeira
Island is very common because of the combination of steep
slopes (37 % of mean slope angle) with episodes of heavy
rain associated with a subtropical climate (Guzzetti et al.,
2004; Aleotti, 2004; Giannecchini, 2006; Lira et al., 2011a).
The risk associated with the occurrence of this type of phe-
nomena is very high in Madeira, due to the large population
(247 k inhabitants) with 50 % of its total population concen-
trated in the municipality of Funchal and 93 % on the south
side of the island (including Funchal).

The landslides of 20 February 2010 in Madeira were
caused by a flash flood event, here after referred as the
2010 event; this was a particularly extreme phenomenon be-
cause it results from the combination of an extreme rain-
fall event and a long-lasting rainfall period (Fragoso et al.,
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Fig. 1.Location of Madeira Island on the North Atlantic (top right) and Digital Terrain Model (DTM) of the island. The most affected basins
during the 2010 event are delimited.

Fig. 2. Shallow landslides trigged during the 2010 event:(A) and
(B) – soil-slips; (C), (D), and (E) – soil slip-debris flows;(F) –
material damages.

2012). These conditions caused an exceptionally strong flash
flood and several soil slip-debris flows, according to Cruden
and Varnes (1996) terminology, affecting most severely the
municipalities of Funchal and Ribeira Brava. Rainfall values
reached more than the double of the monthly average: be-
tween 06:00 a.m. LT (local time) and 11:00 a.m. LT of the

above mentioned day, 108 mm were registered at Funchal
station and 146 mm at Pico do Areeiro station. In casu-
alties, the flash flood and landslides were responsible for
45 deaths, 250 injured and 600 homeless persons, and also
caused severe economic damage. Ribeira Brava town, as well
as most parts of downtown Funchal, were completely flooded
(Fig. 2).

In the aftermath of the event, the local governmental au-
thorities decided to establish principles and strategies to cope
with future cases (Almeida et al., 2010). To contribute to that
goal, a broad team of experts conducted several studies to
characterise this extreme event: some members dealt with
the description of the precipitation, others with the geolog-
ical, geotechnical and hydraulic aspects, while others dealt
with the landslides itself.

The principal objective of the present study is to describe
the methodology used to semi-automatically detect the land-
slides, produce a complete landslide inventory map, and es-
timate the sediment volume produced during the 2010 event.
This description was essential to understand and quantify the
importance of landsliding in routing sediment through moun-
tainous drainage, such as Madeira landscape; and to assist the
support decisions and the design of the mitigation interven-
tions, such as the construction of physical barriers capable of
retaining the sediments.

2 Background

Recent developments have taken place in the use of remote
sensing techniques and image analysis to evaluate the ex-
tension and impact damages of landslides (Fernández et al.,
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2005; Nichol and Wong, 2005; Danneels et al., 2007; Liu et
al., 2009; Martha et al., 2010). Landslide inventory mapping
can also greatly improve from the use of these techniques
(Whitworth et al., 2003; Malamud et al., 2004; Kirschbaum
et al., 2009). Depending on the type of landslides, different
approaches can be adopted (Whitworth et al., 2001, 2005).
Bucknam et al. (2001), Cardinali et al. (2001) and Guzzetti et
al. (2004) use aerial photographs taken shortly after the event
and stereoscopic techniques to interpret the phenomenon
and produce an inventory landslides map. McKeana and
Roering (2004), Ardizzone et al. (2007), Corsini et al. (2007),
Schulz (2007), Van Den Eeckhaut et al. (2007) and Kasai
et al. (2009) use digital analysis of high resolution DEMs.
With the dissemination and the increasing usage of very high
resolution (VHR) satellite panchromatic images (e.g. Quick-
Bird, Ikonos, WorldView-1 and 2, GeoEye-1) the detection
of landslides has the potential to be more exhaustive and
has reached a sub-meter precision, allowing more accurate
sediment budget calculations (Dong et al., 2009). This fact
is essential when one deals with numerous small landslides
affecting wide areas, making the inventory very difficult to
perform without the use of these VHR images. The use of an
automated methodology to detect and identify such features
is essential; otherwise the task would be extremely time-
consuming.

One of the main applications of mapping landslide events
is the assessment of the displaced volume of sediments pro-
duced during the occurrence of the phenomena. The quan-
tification of landslide volume is important to determine land-
slide susceptibility and hazard (Guzzetti et al., 2009), and
also to support post-event mitigation actions, such as sed-
iment control measures (Galiatsatos et al., 2007; Takara et
al., 2010). Although crucial, the determination of landslide
volume is not as straightforward as the quantification of the
number of landslides (Malamud et al., 2004). The difficulty
resides in acquiring information on surface and sub-surface
geometry for a large number of landslides, and can only
be solved, at present, adopting empirical relations that link
geometrical measurements, such as the individual landslide
area, with its volume. Several authors have suggested that
there is a relationship between the area and the volume of
landslides that can be expressed through empirical formula-
tions (Simonett, 1967; Rice and Fogging, 1971; Innes, 1983;
Guthrie and Evans, 2004; Korup, 2005; ten Brink et al., 2006;
Imaizumi and Sidle, 2007; Guzzetti et al., 2008; Imaizumi et
al.. 2008). Furthermore, Guzzetti et al. (2009) state that the
relationship is largely geometrical and not significantly influ-
enced by mechanical or geomorphological properties.

3 Regional setting

Madeira is a within-plate North Atlantic volcanic island
located approximately 600 km northwest of the western
African coast (Fig. 1). The island is the exposed part of a

massive stratovolcano about 6 km high, resting on a 130 Ma
old oceanic crust (Schminke, 1982). The island, almost com-
pletely formed by volcanic materials, has an approximately
E–W-elongated form (58 km long and 23 km wide) with the
topographic axis running in the same direction and a total
surface area of 737 km2. Madeira is renowned for its spec-
tacular landscapes, with impressive “V”-shaped valleys, very
steep slopes and rugged sea-cliffs; 90 % of its surface is
above 500 m in altitude and 35 % is above 1000 m, with a
maximum altitude of 1862 m at Pico Ruivo (Carvalho and
Brand̃ao, 1991). The orography influences local climate: the
main mountain axis is perpendicular to the direction of the
predominant winds, which results in different temperature
and precipitation rates in different parts of the island (Prada
and Serralheiro, 2000). The main erosion agent is precipi-
tation, which strongly affects the hydrographic network and
the wave climate, which works in the coastal zones (Carvalho
and Brand̃ao, 1991). The stream system does not carry a reg-
ular flow of water and their regimen can be considered tor-
rential. The main areas affected by the 2010 event belong
to the municipalities of Ribeira Brava and Funchal (Fig. 2)
both in the southern slopes but non-adjacent. Ribeira Brava
municipality includes two main drainage basins: Tabua and
Ribeira Brava, with areas of 8.8 km2 and 40.9 km2, respec-
tively, for a total of 49.7 km2. The Funchal area includes
three main drainage basins: São Jõao (14.7 km2), Santa Luzia
(15.6 km2) and Jõao Gomes (11.4 km2), for a total area of
41.7 km2.

According to Prada and Serralheiro (2000), the basins of
São Jõao, Santa Luzia, João Gomes and Tabua present a par-
allel drainage pattern, typical of recent volcanic formations,
with elongated shape. The transverse profiles of the valleys
are very deep and “V”-shaped and the drainage channels are
parallel to sub-parallel among them and exoreic. The Ribeira
Brava basin is funnel shaped in planar view, with a dendritic
drainage upstream pattern and a paralleled composed den-
dritic downstream pattern, both exoreic.

4 Characterisation of the landsliding event

On 20 February 2010, the regions of Funchal and Ribeira
Brava have suffered intense and diffused landsliding. Field
surveys by the local Forestry Services allowed the in situ
identification of 233 landslides, classified as both soil slips
and soil slips debris flows (Fig. 2). Soil slips are characterised
by small size and thickness (up to 1.5 m), with volumes up
to few cubic metres. Furthermore, these shallow landslides
were, in some cases, the primary source of larger slides, de-
veloping into debris flows. Failing mass advances as a debris
flow, completely evacuating the scar, and flows down to the
valley bottom, dragging material along the way. The mor-
phology of the debris flows is confined laterally where nat-
ural channels are present (Fig. 2d); otherwise they progres-
sively increase in width along the slopes (Fig. 2c and e). As
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a consequence, small initial slides (Fig. 2c and d) can affect
wide portions of the slopes. In rare cases they are associated
with the reactivation of older soil slip-debris flows scars.

5 Base information

The base information available for the inventory and map-
ping of the mass movements includes the following datasets:

– Multispectral GeoEye-1 satellite images (R-G-B-NIR
bands with spatial resolution of 2 m pixel−1 and PAN
band with 0.5 m pixel−1) acquired in pre-event (21 and
29 July 2009) and post-event dates (23 and 28 February
2010).

– Orthophotomaps, provided by the regional territorial
management agency (DRIGOT), with pre-event (2007)
and post-event (2010) dates, with RGB bands with
0.4 m pixel−1 of spatial resolution.

– digital elevation models (DEMs) provided by DRIGOT,
with pre- and post-event dates and in regular grid for-
mat:

– Pre-event DEM (2007), obtained by aeropho-
togrammetry, 1 : 5000 scale and 10 m final resolu-
tion, precision 1 m.

– Pre-event DEM (2009), obtained by LIDAR sur-
veying, 1 : 2000 scale and 4 m of final resolution.

– Post-event DEM (2010), obtained by aeropho-
togrammetry, 1 : 5000 scale and 10 m final resolu-
tion, precision 1 m.

– The 2009 edition of the Madeira Geological Map
(1 : 80 000 scale) provided by the Portuguese Labora-
tory of Engineering and Geology (LNEG), in shape-file
format.

– The 2007 edition of the Madeira Land Cover Map
(1 : 10 000 scale), and 5 hierarchical levels of classifi-
cation (compatible with the CORINE Land Cover clas-
sification).

– Miscellaneous field survey data, pre and post event, pro-
vided by several sources (agencies, companies and the
local university). This includes:

– Field identification of landslides of the 20 February
event (maps, field forms).

– GNSS-based surveys resulting on maps of the land-
slide shapes, limits and height.

– Topographic surveys of several landslide scars sur-
faces.

– Landslide photographs (ground-based).

6 Satellite image processing

6.1 Pre-processing

In order to integrate and use all the available information, a
pre-processing stage had to be applied to all the GeoEye-1
satellite images available, guaranteeing data standardisation.
The images already had radiometric correction, so the pre-
processing stage focused on the geometric correction. Be-
cause Madeira Island is an area with very steep slopes, the
previous rectification made by the image supplier (without 3-
D terrain information) was manifestly insufficient. The raw
images had strong geometric distortions which prevented the
correct alignment between them, and thus geometric correc-
tion was essential. The tasks developed in this stage consisted
mainly in (i) co-registration, (ii) band-fusion, and (iii) or-
thorectification. The software ENVI 4.7 (Exelies Visual In-
formation Solutions) was used for the image pre-processing
and processing stages.

For the pansharpening action to be effective, band images
of interest had to be closely aligned. The native georeferenc-
ing information that is delivered with the imagery is typically
not accurate enough for this purpose, and a co-registration
process was necessary. This was completed selecting tie
points marking the same features on both band images, al-
lowing the correct co-registration between different bands.
The co-registration process used 30 to 60 tie points, mini-
mizing root mean square (RMS) errors. The warp method
was the polynomial and the nearest neighbour method was
chosen as the warp interpolation algorithm. Next, a layer
stacking between the bands R-G-B-NIR, and between the last
one and the PAN band, was necessary. This allowed the re-
sampling and re-projection to a common user-selected output
projection (UTM – zone 28◦ N, Datum WGS-84) maintain-
ing the pixel size of 2.0 m. The resampling method used was
the nearest neighbour.

The band-fusion process, namely the pansharpening
method, is a technique in which high-resolution panchro-
matic data is merged with lower resolution multispectral data
to create a colorized high-resolution dataset. In this spe-
cific case, we obtained the high ground sampling resolution
(0.5 m provided by the PAN band). The pansharpening fu-
sion method used was the Gram-Schmidt method available
in ENVI software.

The last step in the pre-processing stage was the orthorec-
tification of the final pansharpened images. These steps re-
quired the use of a DEM and, in order to collect the respective
DEM points, the use of orthophotomaps was also necessary.
Because two DEMs with different resolutions were avail-
able for the orthorectification process, a previewing evalu-
ation of the errors associated with the use of each DEM was
conducted. The mean RMSE (root mean square or quadratic
mean deviation) were 2.15 m for the 2007 DEM and 1.34 m
for the 2009 DEM. For each satellite image, two sets of
control points were selected: one for the multispectral stack
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C. Lira et al.: The 20 February 2010 Madeira Island flash-floods 713

R-G-B-NIR and a second one for the pansharpened image,
both connected to the 2009 DEM. For each set of control
points the list was reviewed, and the points with the highest
values of RMSE were deleted. This method also makes use
of the RCP (Rationale Polynomial Coefficients), which pro-
vides a compact representation of the ground-to-image ge-
ometry.

6.2 Classification

6.2.1 Supervised automatic classification

The pixel based classification method, intended to identify
landslide scars, was conducted on both post-event GeoEye-1
images (23 and 28 February 2010) to assure the total cov-
erage of the affected area. Several supervised classification
methods were tested, but preliminary results showed that the
maximum likelihood supervised method (where pixels are
assigned to the class of highest probability) achieved the best
results, with an overall accuracy of 93.6 % for a separate
ground-truth set, besides being an easy and computationally
efficient method (Table 1). This method, based on the sta-
tistical descriptors of each selected class, allowed the semi-
automatic classification of each pixel of the multispectral im-
age. The construction of the training dataset was made using
the ancillary data and to some extent with field knowledge.

The pixel based classification procedure intends to target
the landslide scars. These scars not always exhibit a regular
contour, or the initial and deposition points are not always
clear. Soil slips usually exhibit more regular contours, but
soil slip-debris flow occurrences are more complex. Never-
theless, even the soil slips had features that could bias the
classification, such as the landslide track (vegetation that
has been brushed at the passage of the sliding material, but
with no scour or deposition), or deposition/scour areas. A
total of 12 classes were defined: (1) recent landslide scar,
(2) landslide track (principal path of the slipped material),
(3) non-recent landslide scar, (4) bare soil, (5) undergrowth
vegetation, (6) trees/Forest (general), (7) gravel or accumu-
lation of coarse material, (8) roads (general), (9) large infras-
tructure elements (warehouses, factories), (10) house roofs,
(11) shaded areas, and (12) cloud covered areas. Both the
Funchal and Ribeira Brava regions were classified with the
same number of classes, but the training stage was conducted
separately, in order to maximise the accuracy of the classifi-
cation method and eliminate potential environmental differ-
ences (solar illumination, atmospheric conditions and relief
shadows).

6.2.2 Post-processing

Although the classification method had a good overall result,
some typical classification errors of a pixel-based classifi-
cation were perceived. As such, the next stage consisted in
filtering and reclassifying the isolated and small groups of

Table 1. Overall accuracy and kappa coefficient∗ for the ground
truth set associated with each supervised method tested.

Supervised methods Overall accuracy Kappa coefficient
(%)

Maximum likelihood 93.6 0.92
Minimum distance 80.4 0.74
Mahalanobis distance 81.0 0.75

∗ The kappa coefficient is a quantification measuring the degree of agreement of a
classification.

Fig. 3. Filtering operation: detail of improvement on the spatial
structure of the classified map.A – classified map;B – GeoEye-1
satellite image, andC – filtering operation result. Scars are repre-
sented in green, landslide tracks in yellow, vegetation in dark blue,
bare soil in bright blue, clouds in pink and gravel in bordeux. Note
the perfect differentiation between landslide track and bare soil,
which, a priori, would be the most similar classes.

pixels. The filtering stage enabled an overall classification
improvement through the analysis of the classified map in
terms of the neighbourhood of each classified pixel, i.e. it
was assumed that a group of pixels (5×5 pixels) of a certain
class that is surrounded by a majority of pixels belonging to
another class does not have expression – therefore it should
be filtered and the pixels should be assigned to the majority
class. Sieving and clump methods (Canty, 2010) were used.
The robustness of these filters assured a clear improvement of
the spatial structure of the classified map (Fig. 3). Raster clas-
sified maps were converted to vector layers, where each scar
is defined by a polygon, necessary for the validation stage.

6.2.3 Validation stage

After the classification stage, an expert validation of the re-
sults was conducted. The process consisted of a visual in-
spection and a comparison of all the final classified polygons
with the satellite and orthophotomap imagery, both pre- and
post-event, editing the polygon outlines that presented poor
results or adding new ones. This ensures that the identified
polygons belonged only to recent landslide scars, or to those
recently activated (Fig. 4). This task was particularly impor-
tant because the images had large regions with dense atmo-
spheric coverage (clouds) and poorly illuminated (shaded)
areas due to the steep orography (Fig. 5). The Ribeira Brava
satellite images had 20 % of their area occupied by either
clouds or shaded areas, whereas the Funchal area only had
2 %. The use of the ortophotomaps, with less shaded areas,
allowed a significant improvement of the initial classifica-
tion, with the delineation of several landslides that could not
be recognized on the satellite imagery.

www.nat-hazards-earth-syst-sci.net/13/709/2013/ Nat. Hazards Earth Syst. Sci., 13, 709–719, 2013
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Fig. 4. Example of an edited polygon: in blue the edited contour
(A.S.) and in red the contour extracted during the classification pro-
cedure (C.S.).(a) GeoEye1 image and(b) the orthophotomap.

 

 27 

 1 

Figure  5 – Example of added polygons: in red the contours extracted during the classification 2 

procedure (C.S.) and in green the contours added because of clouds and shadows (L.S.). On 3 

the left GeoEye imagery, and on the right orthophotomaps used for correct the classification. 4 

 5 

Fig. 5. Example of added polygons: in red the contours extracted
during the classification procedure (C.S.) and in green the contours
added because of clouds and shadows (L.S.). On the left GeoEye
imagery, and on the right orthophotomaps used for correct the clas-
sification.

In this final step, Classes 1 and 3 of the classification stage
were reclassified in 3 new classes:

– Class 1 – recent landslide scars, with well-defined edges
and apparent depth, not identified on the pre-event or-
thophotomaps or satellite images.

– Class 2 – old landslide scars, on pre-event images.

– Class 3 – recent landslide scars, with ill-defined perime-
ter and not exhibiting an apparent depth.

A total of 8465 polygons were identified for the three classes:
5174 in the Ribeira Brava area and 3291 in the Funchal area,
representing only 1.6 % of the classified total. This discrep-
ancy can be explained not only because Ribeira Brava had
a larger clouded/shadowed area, but also because the region
has a steeper terrain and the images were taken right after the
event, when a lot of mud trail was still present, thus turning
the girth of the polygons larger.

This step culminated in a complete inventory of the pre-
and post-event landslides, which can be observed in Figs. 6
and 7. The percentages of landslide scars that were correctly
classified was calculated using a ground truth set of geo-
graphical locations for 233 landslide scars identified in the

Fig. 6.Landslide inventory map for the Funchal area.

Fig. 7.Landslide inventory map for the Ribeira Brava area.

Nat. Hazards Earth Syst. Sci., 13, 709–719, 2013 www.nat-hazards-earth-syst-sci.net/13/709/2013/
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Table 2. Overall results of the validation stage. LC – number of
landslide polygons classified; LI – number of landslides identified
in the field; LCC – Landslide polygons correctly classified; and LNI
– Landslides not identified in the images.

Basins LC LI LCC LNI
# % # % # %

Jõao Gomes 708 21 3.0 20 95.2 1 4.8
Santa Luzia 1039 29 2.8 28 96.6 1 3.4
São Jõao 1544 73 4.7 70 95.9 3 4.1
Ribeira Brava 4583 95 2.1 76 80.0 19 20.0
Tabua 591 15 2.5 13 86.7 2 13.3

field by the Madeira Island Forestry Services with a good
spatial coverage, representing the landslide population in our
study area. The overall results of the validation stage (Ta-
ble 2) suggest that the classification results are very good,
showing a high success rate in the landslide scar identifica-
tion: 96 % of the landslides were identified in Funchal and
83 % in Ribeira Brava.

In what regards the contribution of the orthophotomaps
for identification of the landslides, the situation was differ-
ent for the Funchal and Ribeira Brava basins, due to their
different relief conditions. In Ribeira Brava, where shadow
areas were larger in the VHR satellite images, 1003 land-
slides have been included after the orthophotomap examina-
tion, whereas in Funchal basin, this figure was much smaller
(138). For the entire study area, the overall performance of
the semi-automatic procedure was such that about 13 % of
the landslides were identified due to the orthophotomap an-
cillary data and about 87 % were identified by the classifier
on the GeoEye images.

7 Landslide sediment volume estimation

After the completion of the landslide scars inventory, it was
possible to estimate the amount of sediment produced in this
event. Part of this sediment fed the flash flood by becom-
ing entrained in the hydrographical network clinging, while
the other part is still available upstream, waiting for future
heavy rain events to be displaced. The first attempt to calcu-
late the displaced sediment volume was made using the two
available pre- and post-event DEMs. However, the resolution
of the most recent DEM was not adequate to account for the
small size of the landslides. The 2010 DEM presented a max-
imum resolution of 10 m, a value that was very similar to the
length of several landslides, thus making the delineation of
the landslides impossible. Instead of the DEM difference, a
more straightforward approach was tested as described be-
low.

We followed the procedure proposed by Guzzetti et
al. (2009), in which a volume-area scaling empirical
relationship with the form:

Table 3. Minimum and maximum landslide volumes for the two
affected areas: Class 1: new scars; Class 2: old scars (prior to the
20 February event); and Class 3: new scars, but shallow and poorly
identified.

Study Classes Area Volume Volume
area (m2) 30 land- according to

slides Guzzetti (2009)

Ribeira 1 292.236 278.932 477.497
Brava 2 10.345 7.816 10.106

3 385.009 326.058 506.875

Funchal 1 151.661 147.387 257.417
2 108.300 129.379 283.768
3 100.946 69.473 86.583

VL = αA
γ
L , (1)

was obtained using a global catalogue of landslides, with the
scaling parameters as follows:

α = 0.074 and γ = 1.450,

whereα andγ are power-law scaling parameters.
The best-fit line for the data measured on the field from

our 30-landslide set (see details in Sect. 7.1.1) resulted in the
following relationship:

V30 = 0.22A1.22
L (2)

which is in agreement with the relationship obtained by
Guzzetti et al. (2009) as shown later in Fig. 10.

The sediment volume estimations were calculated using
both scaling relationships, bracketing in this way the range
of variation. The volume is estimated based only on the land-
slide scar area.

The minimum value was obtained using Eq. (2). For
this case, the calculated sediment volume produced from
the 2010 event, landslides, using Classes 1 and 3, was ca.
217 000 m3 for Funchal basins (total). In the case of the
Ribeira Brava basins a total of 605 000 m3 was estimated (Ta-
ble 3).

For the Funchal area, percentages of area covered by the
landslide scars were determined separately for the three main
sub-basins. The highest percentage of affected area is 0.29 %,
0.19 % and 0.12 %, which translates into a higher volume
produced in S̃ao Jõao basin, followed by Santa Luzia and
Jõao Gomes basins, respectively. In the case of Ribeira Brava
study area, results show that the difference between the two
main basins is even greater. The Ribeira Brava basin has
1.37 % of affected area, while Tabua only has 0.25 %. These
results translate into a much higher volume of mobilized ma-
terial in the Ribeira Brava basin when compared with any
other of the considered basins, having a volume almost five
times larger than the remaining basins (Fig. 9).
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Fig. 8. Example of the modelling of the landslides surveyed in the field:A – original reference surface;B – landslide scar surface andC –
model of the landslide slide material.

Fig. 9. Estimated volume for each affected basin and for each con-
sidered equation. F – Funchal municipality and RB – Ribeira Brava
municipality.

7.1 Validation

7.1.1 Field data

A total of 30 landslide scars, scattered around the study area
and representative of the soil-slips population, was surveyed
in situ using GNSS devices (relative positioning), and total
station and depth measurements were registered. From the
surveyed landslides it was possible to obtain two different
surfaces: one referring to the original reference surface and
another to the landslide scar surface. The difference between

Fig. 10.Area versus Volume (VL ) projection for the empirical for-
mulations. Detail of the Madeira landslides area and volume ranges
(right bottom). Other formulations relates to all the formulation
used in Guzzetti (2009).
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both surfaces gives us the amount of material removed, al-
lowing the modelling of the surface of the slide material
(Fig. 8). The complete methodology is described in Lira et
al. (2011b). This model allowed calculating the dislocated
volume of each landslide, and the calculations of the depth
statistics of landslide scars (average of 0.86 m for the Ribeira
Brava area and 0.60 m for the Funchal area, maximum depths
of 1.87 m for the Ribeira Brava and 1.18 m for Funchal).

7.1.2 Area/volume empirical formulation

In order to test the applicability of the volume assessment, the
following aspects were considered: (a) the area and volume
of the 30 landslides surveyed in the field, (b) the empirical
formulation presented by Guzzetti et al. (2009), and (c) the
best fit for the 30 surveyed landslides (Eq. 2). The results can
be seen in Fig. 10.

Equation (2) projection line (red line) exhibits a different
slope value from the Guzzetti et al. (2009) formulation (yel-
low line). This means that Eq. (2) will produce volume values
smaller than the Guzzetti formulation for area values greater
than 102 m2, and volume values greater for areas smaller than
102 m2. The projection of the 30 landslides seems to suggest
that the formulation of Guzzetti et al. (2009) slightly overes-
timates the volumes for the range ofAL (101–103 m2) in the
study region. Additionally, Eq. (2) exhibits the same slope
angle that other empirical formulations which consider the
same type of landslides andAL ranges, while the Guzzetti
formulation considers all type of landslides, for all ranges of
AL (ranging from 101 to 1010 m2). The root mean square er-
ror (RMSE) for the Guzzetti formulation is 157, while the
RMSE for Eq. (2) is only 63, which means that the Guzzetti
formulation is overestimating (doubles) landslide volume.

8 Discussion

A significant part of the coarser sediment material trans-
ported by the Funchal stream network during the studied
event was deposited in the lower part of the network and on
the streets of Funchal city – as there were episodes of mas-
sive overtopping of river banks by the flash flood, while the
fine-grained fraction was washed out to the sea. The regional
administration estimated the volume of the landfill deposited
by the Funchal wharf as a consequence of the cleaning work
of Funchal streets and the lower section of the stream chan-
nels on 140 000 m3. In addition to this volume, the dredged
material from the port area, ca. 100 000 m3, should also be
considered. Taking into account all the above volume estima-
tions, it is estimated that for the Funchal area alone, at least
250 000 m3 of sediment material was deposited downstream.

The estimated landslide volumes for each area and class
can be observed on Table 3. Landslides were concentrated
mainly upstream in both areas (Figs. 6 and 7).

The percentage of the total area affected by landslides was
0.61 % for the Funchal basins and 1.36 % for Ribeira Brava
basins. As such, the proportion of affected area in Ribeira
Brava was roughly the double that of the affected area in Fun-
chal. In terms of the corresponding volumes, as the Ribeira
Brava affected area is almost three times larger than the Fun-
chal case, the Ribeira Brava basins were also affected more
during the event than the Funchal basins when compared
with the total area occupied by each basin. From this study
it is also possible to estimate the volume of past landslide
events, as these were identified and classified (Class 2). The
affected area for Class 2 in the Funchal area was 0.26 % and
in Ribeira Brava basins only 0.02 %. This seems to suggest
that the studied event was an extremely damaging one in
Ribeira Brava and that a similar episode did not occur in a
recent past. The Funchal area seems to be especially suscep-
tible to this type of events, since the percentage of recent
past landslides is high, when compared with the same ratio
for Ribeira Brava.

Unfortunately, data is only available for the quantity of the
sediment that reached the downstream regions of the Fun-
chal basins, disabling a comparison with the landslide esti-
mated volumes on other areas. The triggering landslide event
and the flash flood occurred almost simultaneously, which
resulted in the feeding of the flood itself with landslide mate-
rial. Nevertheless, some sediment always accumulates along
the landslide paths. It is thus expectable that the sediment
volume estimated from the displaced volume of landslide
material will be different from that volume estimated from
material deposited in the downstream regions. It is only pos-
sible to compare the landslide volume values with the landfill
and fine-grained sedimentary material values (250 000 m3).
For the sedimentary budget the value of ca. 217 000 m3, the
amount of volume is not enough to account for all the sedi-
ment volume reaching the downstream regions. This result
seems to translate that there was a large amount of sedi-
ment material accumulated on river beds that was eroded and
transported downstream during this particular flash flood,
and that the landslides which occurred did not account for
all the material reaching the downstream regions. Addition-
ally, the expert validation stage also was able to identify that
there are recent sediment deposits created during this event
ready to be mobilized by future rainfalls.

9 Conclusions

The extent of the affected area and the number of land-
slides triggered during the 2010 event in Madeira Island
called for the use of a semi-automated processing and an-
alytical methodology for the rapid landslide identification.
The type of landslides that occurred in the studied event (nu-
merous, mostly small, disperse and shallow) and the haz-
ardous and inaccessible terrain characteristics of the most
part of affected areas, thus invalidating extensive field work,
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made the use of high resolution multispectral satellite im-
ages a necessity. The established methodological approach
was a simple and computationally efficient approach to iden-
tify the landslide scars. Nevertheless, an expert validation
stage was still necessary, because the spectral characteristics
of the landslide scars did not allow the subdivision into dis-
tinct classes. The final step consisted in the production of
a landslide inventory map for each study area. The affected
area by landslides was about 0.61 % in Funchal basins and
1.36 % in Ribeira Brava basins. The inventory maps also
allowed estimating the mobilized volume using empirical
scaling relationships based on local and global field data.
The estimated displaced volume ranges from 217 000 m3 to
344 000 m3, and 605 000 m3 to 984 000 m3 for Funchal and
Ribeira Brava basins, respectively. Quantifying the displaced
landslide volumes and mapping the sources helped in the
design and implementation of measures to prevent damages
caused by landslides in Madeira Island.

Future work will involve the use of the landslide inventory
maps with additional terrain information, in order to better
understand the triggering factors for this specific region and
the variables that may affect and facilitate failure.
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(DRIGOT), for providing the field work, and the DRIGOT direction
for the satellite images and geographical information data. This
study was developed in the framework of the projects: “Evaluation
of the risk of alluvium in Madeira Island – EARAM” funded by
the Secretaria Regional de Equipamento Social of Madeira and
“AULIS” – Automated landslides inventory based on very high
spatial resolution images (PTDC/ECM/116611/2010) funded by
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