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Abstract: The hydrographic basin of Ribeira Grande (S. Miguel Island, Azores) has a set of
characteristics that enhance the occurrence of shallow slides that have been triggered by rainfall and
earthquakes. Two landslide inventories were built according to the landslide triggers: Landslide
Inventory 2 (LI 2), which includes 174 earthquake-triggered shallow slides occurred in 2005; and
Landslide Inventory 1 (LI 1), which includes 442 shallow slides triggered by rainfall in several
periods from 2005 to 2016. Both landslide inventories were characterized and compared from the
morphometric point of view and were used individually to produce susceptibility models to failure
using a simple bivariate state-of-the-art statistical method (the Information Value). The landslide
susceptibility Models were validated using success rates, prediction rates, and Kappa statistics.
The results show that shallow slides triggered by rainfall and earthquakes in the study area have
different morphometric characteristics. It was verified that models produced with LI 1 are very
effective in predicting the spatial location of LI 2, but the same does not happen in the inverse
situation. Finally, landslide susceptibility models developed with LI 1 and LI 2 for the upper sector
of the hydrographic basin (where most landslides occurred), and latter applied to the complete
watershed, present more modest predictive results but are more reliable to characterize the landslide
susceptibility in the study area.

Keywords: Shallow slides; Rainfall-triggering; Earthquake-triggering; Modelling; Susceptibility

1. Introduction

Landslides have received increasing attention from the scientific community in recent decades, and
the efforts made to homogenize methodologies regarding the risk analysis associated with landslide
hazards are very relevant [1-5].

Shallow slides are the most common type of landslide worldwide [6-8], typically having a slip
surface less than 1.5 m depth and affecting the soil mantle and the upper regolith [9]. When the relief
energy is high, shallow slides tend to evolve into debris flows, which can affect infrastructure, houses,
or agricultural land located downslope [8-10].

Shallow slides can be triggered by different natural and anthropogenic factors. The development
of positive pore pressures in soil profiles resulting from the water infiltration in soils and colluvium
during intense rainfall events is usually considered the major triggering mechanism [11-14]. However,
earthquakes have been responsible for extensive shallow slide events in different parts of the world,
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namely in active seismic zones [15-18]. The effect of propagation of seismic waves can be explained by
the subjection of geological materials to alternating cycles of loading and decompression, which produce
changes in the interstitial pressure, shear strength, and material cohesion [19-21]. The occurrence of
landslides following a seismic event is, thus, a consequence of the transient voltages associated with
the propagation of the seismic waves [19]. According to Lin et al. [22,23], earthquakes can also increase
the weakness of the superficial rocks and soils near the epicentre, thus increasing the susceptibility to
landslide occurrence. Indeed, in some cases, earthquakes do not trigger, but they act as a preparatory
factor, providing a significant increase in the density of shallow slides triggered by rainfall in the next
months or years.

In the landslide literature, the idea has been reinforced that landslides with different triggering
mechanisms (e.g., rainfall and earthquakes) do not present the same spatial incidence, nor are they
similarly conditioned by the same predisposing factors. Thus, several authors have emphasized the
importance of an individualized treatment of landslides according to their trigger, namely in what
regards the evaluation of landslide susceptibility [24-28].

At another level, statistically based landslide susceptibility models explore the relationships
between landslides and landslide predisposing factors based on the contrast between conditions
associated with unstable and stable areas. However, the existence of very sharp contrasts within a
study area resulting, for example, from the presence of large areas with very low slope, which are
therefore not prone to landslide occurrence, tends to accentuate the contrast and to generate overly
optimistic predictive results [29].

With this background this study aims to answer two research questions: (1) Do rainfall-triggered
and earthquake-triggered shallow slides generate similar landslide susceptibility maps that validate
each other in the same study area? and (2) Is the hydrographic basin (in any circumstance) the most
suitable study area to assess landslide susceptibility using statistical methods? Therefore, this work has
two major objectives: (1) To generate and compare landslide susceptibility models for rainfall-triggered
and earthquake-triggered shallow slides in the same study area, the Ribeira Grande hydrographic
basin (Sao Miguel island, Azores); and (2) To generate and compare landslide susceptibility models
for the complete hydrographic basin and for the upstream section of the basin where most landslides
are located.

2. Materials and Methods

The materials and methods used to produce landslide susceptibility models are described in the
following subsections, which include the description of the study area and the landslide inventory
process, the characterization and comparison of the morphometric characteristics of inventoried
landslides, and the landslide susceptibility modelling strategy and explanation of the validation
techniques. The data, methods, and the modelling strategy are summarized in Figure 1.

2.1. Study Area

The study area is the hydrographic basin of Ribeira Grande, which is located on the northern
flank of Fogo Volcano, in the central part of the island of Sao Miguel, Azores (Figure 2).

The Azores archipelago is located in the North Atlantic Ocean and is composed of nine volcanic
islands (Figure 2). From the geodynamic point of view, the archipelago is located in the Triple Azorean
Junction [30], where the North American, the African, and the Eurasian lithospheric plates are in
contact. Due to its tectonic setting, both volcanic and seismic events occur frequently. The seismicity
is intense, with magnitudes up to 7 and variable focal mechanisms indicating dextral and sinistral
strike-slip, normal, oblique, and reverse events [31]. The last major seismic event occurred in the
Fogo-Congro zone in 2005 and affected the study area.

The study area is part of the Fogo Volcano, a major geomorphological unit covering approximately
150 km?2. The Fogo Volcano is a central volcano with maximum elevation of 947 m asl [32]. A caldera
containing a permanent lake is located in the central part of the volcano. The hydrographic basin of
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Ribeira Grande extends along 16.52 km?. The elevation ranges from 0 to 886 m asl. The mean elevation
of the basin is 450 m asl and the mean slope is 21°.

In the study area, the lithology is composed by trachytic and basaltic rocks that cover 93.9%
and 6.1% of the total area, respectively. These rocks date from the Pleistocene and Holocene [33].
The volcanic materials covering the study area originated from the Fogo Volcano eruptions, whose
eruptive products (mostly ash and lapilli) have low values of cohesion and angle of internal friction [32].

The climate setting of the archipelago is influenced by the geographic location of the islands in
the middle of the north Atlantic, as well as the local orographic effects. The climate of Azores is a
temperate climate (group C) according to Koéppen's classification [34]. However, the spatial distribution
of the islands causes the Azores climate to be classified, from East to West, as a transition between the
subgroups Cs and Cf, respectively, transitioning from a temperate rainy season with a dry summer to
a wet temperate rainy climate in all the seasons. In all cases, the average temperature of the hottest
month does not exceed 22 °C [35].

The rainfall regime of Azores is characterized by the occurrence of rainfall episodes throughout
the year, even during the summer months, although with much less rain. Rainfall is more abundant in
the period from October to December (Figure 3). In Ponta Delgada (Sao Miguel island), the average
annual rainfall is 944 mm, but the yearly rainfall can reach more than 1500 mm in very wet years.

Data and methods
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Figure 1. Data, methods, and modelling strategy.
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Figure 2. Location of the study area and landslide inventorying.
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Figure 3. Average Monthly Rainfall (mm). Meteorological station of Ponta Delgada (normal
climatological, 1981-2010. Source: Portuguese Institute of the Sea and Atmosphere, 2017.

2.2. Landslide Inventoring

The study area contains both earthquake-triggered and rainfall-triggered landslides that were
inventoried in different moments, using aerial-photo interpretation and extensive field work. The former
landslide inventory was made immediately after the earthquakes of September 20 and 21, 2005, using
field work and a helicopter mission of the Portuguese Air Force [36]. These seismic events triggered
174 shallow slides in the study area. This event-landslide inventory was given the name “LI 2” along
this study area. The latter landslide inventory was made in 2016 and includes 442 shallow slides
triggered by rainfall in several periods from 2005 to 2016 [37]. This multi-temporal landslide inventory
was given the name “LI 1”7 in this study area. Both landslide inventories are made of polygons that
represent the rupture zone of the shallow slides. As a rule, the accumulation zone of these landslides
is not conserved in the landscape as the unstable material was mobilized by debris flows and the
fluvial network.
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Bearing in mind the second objective of this study, the study area was also considered to model a
restricted zone, contained in the hydrographic basin of Ribeira Grande, covering the upstream sector
of the basin (9.53 km?). Most of the shallow slides are concentrated in this area (96% of the total
landslides inventoried in the study area), comprising 415 slope movements for LI 1 and the complete
set of landslides belonging to LI 2.

2.3. Morphometric Attributes of Shallow Slides Triggered by Rainfall and Earthquakes

In this study, 9 morphometric parameters were considered for the characterization of the shallow
slides for the comparison between LI 1 and LI 2. The analysis of variance with a factor (one-way
analysis of variance (ANOVA)) was used to assess whether the means of two groups of landslides (LI 1
and LI 2) were different [33,38,39]. For each parameter, the mean and standard deviation, the one-way
ANOVA F test, and the respective statistical significance level (p-value) area are summarized in Table 1.

Table 1. One way analysis of variance ANOVA F test and significance level for landslide parameters
of inventories of shallow slides for Landslide Inventory 1 (LI 1) and Landslide Inventory 2 (LI 2)
(X = average; 0 = standard deviation).

Shallow Slides
Landslide Parameter s o
LI1 LI2 F Test Significance
(p-Value)
Rupture zone length (m) X 15.97 11.84 7.13 0.008
o 11.6 10.24
Rupture zone width (m) X 5.34 3.877 36.03 0
o 3.877 2.45
X 333.988 156.547
Area (m?) 30.57 0
o 34.105 23.32
Mean Elevation (m) X 63522 662834 5.88 0.016
o 145.327 79.51
X 453 53.02
Mean slope (m) - 1045 7769 45.04 0
o 3.106 5.54
Mean Topographic Position Index X —4.798 —6.12 0.98 0.322
o 12.74 11.71
X 13 464.657 11 .87
Mean Insolation 913 464.65 911 966.876 0.04 0.85
o 303,243.91 312,397.84
Mean Slope Over Area Ratio X 0.053185 0.052094 0.05 0.831
o 0.002461 0.004093

When analysing the landslide inventories associated with each triggering factor (LI 1 versus LI 2),
some differences were found in relation to their morphometric characteristics. With the exception of
parameters associated with the Topographic Position Index, Insolation, and Slope Over Area Ratio, all
other parameters attest to the differentiation between considered shallow slide inventories, which is
evidenced by the significance levels of Test F being lower than 0.05.

As a rule, the shallow slides belonging to LI 1 (rainfall-triggered) tend to be longer and wider
compared to shallow slides included in LI 2 (earthquake-triggered). Figure 4a shows the distribution
of the two groups of landslides per area class and confirms the inequality of the landslide inventories.
Although shallow slides with a dimension below 100 m? are dominant in both landslide inventories,
their relative importance is much higher in the group of landslides triggered by earthquakes (LI 2 -58%
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of the total), in comparison to landslides triggered by rainfall (LI 1 —32% of the total). In addition,
most landslides belonging to LI 2 (84.1%) have an area less than 200 m?, in contrast to LI 1, where the
fraction of landslides below 200 m? does not exceed 60%.

The mean elevation is typically higher in shallow slides belonging to LI 2, which results from
their spatial distribution constrained to the upstream sector of the basin. The mean slope is higher in
LI 2 shallow slides in comparison with LI 1 shallow slides (53° and 45°, respectively. Figure 4b shows
the distribution of the two groups of landslides per slope class and confirms the existing inequality
between landslide inventories. The landslides included in LI 1 are mainly concentrated on slopes

between 30° and 55° (77% of total), while landslides included in LI 2 mainly occur on slopes between
45° and 65° (84% of total).
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Figure 4. Distribution of the area (a) and slope (b) per landslides LI 1 and LI 2.
2.4. Landslide Susceptibility Modelling

Landslide susceptibility assessment was fulfilled using a data-driven approach—the Information
Value (IV) Method [40-46]).

The information value /i of each class within each landslide predisposing factor Xi is given by [40]:

li = lnT €))
where [i is the information value of the variable class Xi; Si is the number of terrain units with shallow
slides rupture zone in the presence of the variable class Xi; Ni is the number of terrain units containing
the variable Xi; S is the total number of terrain units with shallow slides rupture zones; N is the total
number of terrain units.

Negative values of Ii mean that the presence of the variable class is not relevant to shallow
slide occurrence. Positive values of i indicate a relevant relationship between the presence of the
variable class and shallow slide occurrence; the stronger the value, the higher the score [47]. The total
information value Jj for a terrain unit j is given by [40]:

. n .o .
lj = Zi:l Xji . i, )

where /] is the final information value of the terrain unit; # is the number of variables; Xij assumes 0 if
the variable class is not present in the terrain unit j or 1 in the opposite case.
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The landslide predisposing factors are used as independent variables to assess landslide
susceptibility. Their choice was made according to their physical meaning, the availability of data, and
by comparison with previous works performed in the Sao Miguel island [33,48].

In this study, we used 9 landslide predisposing factors (Figure 5) that can be separated into
two groups: factors derived from the Digital Elevation Model (DEM) and geoenvironmental factors.
The former are the following: Elevation, Slope, Aspect, Slope Curvature, Topographic Position Index
(TPI), Insolation, and Slope over Area Ratio. Geoenvironmental factors considered are Geology and
Land Use/Land Cover. The landslide predisposing factors were classified following the proposal of
Marques [33,49], which was used in a study area similar to the Ribeira Grande basin.
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Figure 5. Predisposing factors used in susceptibility models. Geology classes codes are described in
Table 2.
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The dependent variable of the models is the shallow slides triggered by rainfall (LI 1) and the
shallow slides triggered by earthquakes (LI 2), which were crossed independently with each landslide
predisposing factor to weight variable classes.

The entire modelling process was based on grid cells terrain units with 5 X 5 m. The susceptibility
maps produced were systematically classified into six quantile classes, preserving an equivalent
number of grid cells in each class.

2.5. Validation and Comparison of Landslide Susceptibility Models

The validation of the susceptibility models is essential to evaluate the predictive capacity of the
susceptibility maps [9]. The goodness of fit and the predictive capacity for each landslide susceptibility
model were evaluated using success rate and prediction rate curves, which express the portion of area
required to explain the occurrence of a given percentage of landslides [50]. The success rate curves
were computed crossing each landslide susceptibility map with the corresponding landslide inventory
used to weight the predisposing factors’ classes. In addition, prediction rate curves were computed by
crossing the maps based on rainfall-induced landslides with landslides triggered by earthquakes, and
the maps based on landslides triggered by earthquakes with rainfall-induced landslides. The goal of
this strategy is to evaluate the capacity of each landslide susceptibility model to predict the location
of landslides of the same type associated with a different trigger. In addition, the Area Under Curve
(AUC) was computed for both success rate and prediction rate curves, which allows the evaluation of
the quantitative performance of each susceptibility model.

The spatial agreement between landslide susceptibility maps was evaluated using Kappa
Statistics [51,52]. The Kappa statistic is a measure of similarity between two maps that is based on the
percentage of agreement corrected for the fraction of agreement that can result from chance [44,51].
Three Kappa statistics were computed: Kappa location, Kappa histogram, and Kappa index. Kappa
location assesses similarity of location concerning the spatial distribution of categories on maps, while
Kappa histogram assesses similarity of frequency of categories (landslide susceptibility classes in this
study) in both maps. The Kappa index is computed as the product between Kappa location and Kappa
histogram [51].

2.6. Modelling Strategy

The modelling strategy is summarized in Figure 1 and encompasses 3 models (A, B, and C), which
are subdivided according to the landslide inventory used as the dependent variable (e.g., Al and A2):

Model A evaluates the landslide susceptibility for the entire hydrographic basin, weighting the
class variables of landslide predisposing factors and taking in account the landslide distribution in the
complete study area. One model was made for landslides triggered by rainfall (Model A1-LI 1), and
another model was made for landslides triggered by earthquakes (Model A2-L1 2).

Model B consists of a reduction of the study area to the upstream sector of the watershed (9.53
km?), where most of the shallow slides are concentrated (see Figure 2). With this procedure we aim to
evaluate the effect of the elimination of an extensive area that is not susceptible to landslide occurrence
(central and downstream sectors of the basin). Thus, in Model B the class variables of landslide
predisposing factors were weighted considering only those landslides located in the upstream sector
of the watershed and accounting for the reduction of the study area. As in Model 1, different Models
were built for each landslide inventory (Model B1-LI 1, Model B2-LI 2).

Model C consists of applying the scores of variable classes obtained with Model B (B1 and B2) to
the entire study area. Again, two Models were built, one for each landslide inventory (Model C1-LI 1,
Model C2-LI 2).

3. Results

Results are presented in three sections following the adopted modelling strategy: (i) susceptibility
models for the complete hydrographic basin (Model A); (ii) susceptibility models for the upstream
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sector of the basin (Model B); and (iii) susceptibility models for the complete hydrographic basin using

the IV scores of Model B (Model C).

Table 2 shows the IV scores computed for each class of each landslide predisposing factor, obtained

for Models A and B, independently for LI 1 and LI 2.

Table 2. Information Value (IV) scores determined for each class of each predisposing factor. The highest

scores are highlighted in bold.

Information Value

Variables Classes Al A2 B1 B2
0-100 ~1.80 -1.08 - -
100-200 ~1.53 -1.08 0.73 -1.63
g 200-300 -1.79 -1.08 -3.95 -1.63
b=t 300-400 0.15 -1.08 0.03 -1.63
2 400-500 0.96 -0.23 0.82 -0.47
: 500-600 0.39 -0.05 0.15 -0.34
m 600-700 0.52 1.13 0.01 0.73
700-800 0.19 0.82 -0.22 0.31
800-885.75 -1.04 -1.07 ~1.48 -1.62
0-5 -2.29 -4.23 -2.07 -341
5-10 -3.13 ~4.46 -2.75 ~4.30
10-15 -2.54 ~4.45 ~3.40 ~4.29
~ 15-20 ~1.53 -3.09 -2.25 -3.14
b 20-25 -1.07 -3.84 -1.28 ~4.03
& 25-30 -0.33 -2.61 -0.57 -2.87
@ 30-35 0.56 -0.80 0.32 -1.09
35-40 0.83 0.30 0.56 -0.01
4045 111 1.28 0.79 0.94
45-78 1.66 2.20 1.27 1.79
Flat Areas -1.52 -0.71 0.15 -0.60
N 0.32 -0.47 0.29 -0.66
NE 0.21 -0.70 0.26 -0.06
5 E 0.43 0.15 0.27 1.37
8. SE 0.64 1.88 0.28 1.00
< S 0.57 1.43 -0.77 -0.70
SW -0.42 -0.53 -0.41 -0.31
w -0.39 -0.39 -0.26 -1.03
NW -0.45 ~1.33 0.06 -091
. % Concave 0.15 0.26 0.10 0.25
&5 Flat -1.81 -3.39 -0.25 -0.17
® g Convex 0.20 0.15 -0.08 -0.23
Q
-60.17 — =31.02 0.80 0.27 0.47 -0.16
g8 -31.03 - —18.68 1.03 0.91 0.73 0.56
= ~18.68 — —6.34 0.57 0.83 051 0.74
55 ~6.34 — —6.01 -0.60 -0.43 -0.36 -0.19
S E -6.01 - 18.35 -0.22 -0.43 -0.47 -0.57
=L 18.35 - 30.69 0.17 -071 018  -106
30.69 — 61.95 1.09 -0.37 0.65 -091
. 92,644.1-638,804.0 1.79 1.83 1.36 1.37
£ 638,804.0-845,306.8 1.46 0.85 1.16 0.52
£ g 845,306.8-1,051,809.6 0.42 -0.13 0.23 -0.33
5% 1,051,809.6-1,258,312.3 -0.75 -0.60 -053 -0.39
£z 1,258,312.3-1,464,815.1 -0.87 -0.03 -0.93 0.02
= 1,464,815.1-1,538,059.6 -0.85 -0.90 -1.41 -1.27
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Table 2. Cont.

Information Value

Variables Classes Al A2 B1 B2
0 -1.56 -3.73 -1.65 -3.47

5 0 0-0.00001 -2.64 -3.74 -2.18 —-3.48

5 5 0.00001-0.0001 -2.81 -1.39 -2.77 —-0.95

U © 0.0001-0.001 -1.71 -1.71 -1.08 -1.11
& g 0.001-0.01 -0.35 -1.32 -0.29 -1.24

» 0.01-0.1 0.48 0.69 0.29 0.49
0.1-1.19 1.10 1.50 0.71 1.06

GEO 1—Trachytic domes and flows

(Age = 30,000-100,000 years) -1 <055 275 054
G]?ggi_:%%{gggff (;Bt/ ggg"y‘iﬁf SO)S“ 176 055 015  —-054
GFO 3&;; Zf};étgf)ggén yi;fsag'f}jpos“S 056  -054  -072  -053

GE&;:E@BSSZO 0, ggg yizfs()’ws 0.54 3.11 0.10 2.56
GEO 5—Spatter deposits 269 055 75 054

(Age = 5000-10,000 years)
GEO 6—Pyroclastic deposits of trachytic
pumice 1.40 1.34 0.96 0.79
(Age =10,000-30,000 years)

5 GEO 7—Domes and flows of trachytic and
% tristanite 0.72 0.11 0.51 -0.20
8 (Age = 30,000-100,000 years)
GEO 8—Domes of Pico de Bodes 1°
(Age = 30,000-100,000 years) —2:68 —0:55 ~1.88 —0.54
GEO 9—Pahohoe and aa flows — Hybrid
Basalts -2.69 -0.55 -
(Age = 30,000-10,000 years)
GEO 10—Flows of trachytic nature
(Age = 3000-5000 years) -2.29 —-0.55 -2.74 —0.54
GEO 11—Lava pahohoe and aa flows of
hybrid basalts -2.69 —-0.55 - -
(Age= 3000-5000 years)
GEO 12—Monogenetic cones of slag and
spatter -2.69 -0.55 - -
(Age = 5000-10,000 years)
GEO 13—Lava pahoehoe and aa flows
(Age = 5000-10,000 years) —2:69 —0:55 ) )
E>3 Urban -2.63 -1.13 - -
S Agricultural —2.63 -1.13 -2.60 -1.31
e Natural Vegetation 0.32 0.92 -0.10 0.46
= Pasture -2.62 -1.13 -2.59 -1.31
) Forest 0.32 -1.12 0.09 -1.30
,g Unoccupied Areas 1.22 -1.13 1.73 -1.31
= Industries -2.63 -1.13 -2.60 -1.31
—
(-) The class is not present in the upper section of the basin.
3.1. Model A

The objective of Model A is to verify if the shallow slide inventories associated with different
triggering mechanisms (rainfall and earthquake) produce different landslide susceptibility Models for
the entire hydrographic basin.
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Landslide susceptibility Models Al and A2 are visually very similar (Figures 6 and 7). Both
landslide susceptibility maps show a marked contrast between the downstream and middle sectors of
the basin where the classes of low and very low susceptibility predominate, and the upstream sector of

the basin, where the classes of high and very high susceptibility are concentrated.
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Figure 6. Model A1l: Susceptibility to landslides triggered by rainfall (LI 1) in the entire basin.
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Figure 7. Model A2: Susceptibility to landslides triggered by earthquake (LI 2) in the entire basin.
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This evidence is in consonance with the already mentioned spatial concentration of shallow
slides belonging to the two inventories in the upstream sector of the hydrographic basin, where the
higher slopes are found. Also, the upper part of the basin is characterized by the presence of trachytic
pyroclastic deposits, which are highly susceptible to landslide occurrence. In contrast, the slope angle
is typically lower in the downstream and middle sectors of the basin. This fact, together with the
occurrence of trachytic domes and flows justify the lower landslide susceptibility.

The slope angle is the most important predisposing factor for both landslide susceptibility Models
Al and A2, although its relevance is higher for Model A2, which is confirmed by the corresponding IV
scores for slope angle above 40° that are higher than those for Model A1 (Table 2).

The IV scores of elevation show that slopes from 400 to 500 m asl are more prone to shallow slides
induced by rainfall, whereas shallow slides triggered by earthquake are more frequent on slopes from
600 to 700 m asl (Table 2). The SE aspect and concave and convex slope curvature are favourable
conditions for the occurrence of shallow slides independently of the trigger (Table 2). Also, the highest
scores of slope-over-area ratio are similarly relevant for both landslide susceptibility Models Al and
A2. The Topographic Position Index indicates that landslides induced by rainfall tend to occur near
the top and near the bottom of slopes, whereas landslides triggered by earthquakes are more frequent
near the bottom of the slope.

Figure 8 summarizes the success rate and prediction rate curves of Models Al and A2. Therefore,
for model Al, the success rate and the prediction rate were obtained by crossing the landslide
susceptibility map with LI 1 and LI 2, respectively. The same rationale was applied for the complete
set of landslide susceptibility Models.

o
o

1N
=

———— Model A1 - Sucess rate curve (AUC =0.873)
(] == = Model A1l - Prediction rate curve (AUC =0.914)
Model A2 - Sucess rate curve (AUC =0.959)
Model A2 - Prediction rate curve (AUC =0.824)

o
w
[

Fraction of correctly classified landslide area
=) )
(5] N

[=]
.y

o

0.2 0.4 0.6 0.8 1
Fraction of study area predicted as susceptible

(=}

Figure 8. Success rate and prediction rate curves of landslide susceptibility Models A1l and A2.

Model Al has a high success rate (AUC = 0.873) and an even better prediction rate (AUC = 0.914).
The high success rate is not surprising, since it shows the good fit between the Model and the inventory
data that originated it. As for the prediction rate, this is unexpectedly higher than the success rate,
indicating that Model Al is more effective in the independent validation of earthquake-triggered
landslides (LI 2) than of rainfall-triggered landslides (LI 1) that were used to construct the Model. On the
other hand, Model A2 has a very high success rate (AUC = 0.959) and a considerably lower prediction
rate (AUC = 0.824), which was expected, since in the latter case it is an independent validation.

The evaluation of the spatial agreement between Models Al and A2 was made with Kappa
statistics (Table 3). The corresponding landslide susceptibility maps have a kappa index of 0.406, which
means that they have a moderate agreement. However, the kappa index increases significantly when
only the very high susceptibility class is considered, showing a substantial spatial agreement (0.614).
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Table 3. Kappa values obtained by comparing the susceptibility Model Al vs. Model A2.

13 of 22

Susceptibility Map Classes

Susc;[patrl)lzlllty Very Low/Null Very Low Low  Moderate High Very High  Total
Kappa index 0.637 0.305 0.284 0.339 0.302 0.614 0.406
Kappa Location 0.637 0.306 0.285 0.340 0.302 0.614 0.406
Kappa histogram 1.000 0.996 0.996 0.999 0.998 1.000 0.998
3.2. Model B

Models B1 and B2 (Figures 9 and 10) refine the landslide susceptibility results in the upstream

sector of the basin and show a higher spatial variability of susceptibility when compared to the results
obtained for the same area with Model A. In addition, it is worth noting the general decrease of
IV scores for most landslide predisposing factors, in comparison with Model A, which is evident
for models using both landslide inventories (LI 1-Model B1; LI 2-Model B2). Moreover, the spatial
distribution of landslide susceptibility is less similar than in Model A, as the very high landslide
susceptibility of Model Al are located in the middle part of the considered study area (Figure 9),
where the major rainfall-triggered shallow slides occurred, whereas the high landslide susceptibility of
Model A2 are located along two deep carved V-shaped valleys near the upper boundary of the basin
(Figure 10), where earthquake-triggered shallow slides are concentrated.
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Figure 9. Model B1: Susceptibility to landslides triggered by rainfall (LI 1) in the upper part of the basin.
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Figure 10. Model B2: Susceptibility to landslides triggered by earthquakes (LI 2) in the upper part of
the basin.

As for Model A, the slope angle is the most important predisposing factor for both landslide
susceptibility Models B1 and B2, although the corresponding IV scores of the highest slopes are lower
than those of Model A (Table 2), indicating a lower capacity to discriminate between stable and
unstable slopes.

The relationship between Models B1 and B2 and elevation is similar to Model A, as shallow slides
triggered by earthquakes tend to occur in higher slopes in comparison with shallow slides induced by
rainfall (600-700 m asl and 400-500 m asl, respectively).

The aspect S and SE are favourable to landslide triggered by earthquakes, whereas the association
between slope aspect and landslides induced by rainfall is not evident (Table 2). Both Models B1 and
B2 as positively associated with concave slope curvature, as well as to the highest scores of slopes over
area ration (Table 2). The Topographic Position Index indicates that shallow slides tend to occur near
the bottom of slopes, independently on the trigger.

The success and prediction rates of Models Bl and B2 (Figure 11), as compared to Model A,
decrease consistently. In the case of the Models generated with LI 2 (Models A2 and B2), the Area
Under Curve decrease is 0.017 and 0.065 for the success rate and the prediction rate, respectively.
In the landslide susceptibility Models produced with LI 1 (Models Al and B1), the Area Under Curve
decrease is even larger, being 0.037 and 0.075 for the success rate and the prediction rate, respectively.
It is worth noting that, as observed for Model A, the susceptibility Model built with rainfall-triggered
landslides (Model B1) is very effective to predict earthquake-triggered landslides, whereas the inverse
is not true (AUC of prediction rates of 0.839 and 0.759, respectively, for Models Bl and B2).
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Figure 11. Success and prediction rate curves of landslide susceptibility Models Bl and B2.

The evaluation of the spatial agreement between Model Bl and B2 shows a kappa index of 0.244,
which means that they have a fair agreement. This value tends to increase if only the very low or null
susceptibility classes (0.470) and very high susceptibility classes (0.370) are considered, which have a
moderate and considerable spatial agreement, respectively (Table 4).

Table 4. Kappa values obtained by comparing the susceptibility Model B1 vs. Model B2.

Susceptibility Map Classes

Susc;d})at;lglllty Very Low/Null Very Low Low  Moderate High Very High  Total
Kappa index 0.470 0.173 0.120 0.187 0.162 0.370 0.244
Kappa Location 0.471 0.174 0.120 0.187 0.162 0.371 0.244
Kappa histogram 1.000 0.997 0.997 0.999 0.998 0.999 0.998
3.3. Model C

The IV scores obtained in Model B considering only the upstream section of the basin are more
realistic for both landslide inventories (LI 1 and LI 2), as most shallow slides are concentrated in this
part of the study area. Thus, in the last modelling step we applied the VI scores of Models B1 and B2
to the entire study area, thus generating two new susceptibility maps, described as Models C1 and
C2 (Figures 12 and 13). As expected, the obtained landslide susceptibility maps are similar to the
models applied for the entire watershed (Models Al and A2; Figures 6 and 7). However, the predictive
performance of Models C1 and C2 is slightly lower than in Models Al and A2, as are the success rates
(between 0.001 and 0.005) and the prediction rates (between 0.008 and 0.022) (Figure 14).
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Figure 12. Model C1: Susceptibility to landslides triggered by rainfall (LI 1) in the entire basin (using

IV scores of Model B1).
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Figure 14. Success and prediction rate curves of landslide susceptibility Models C1 and C2.

The spatial agreement between landslide susceptibility maps of the entire hydrographic basin,
obtained using the IV scores achieved in the upstream sector of the basin (Model C) with their
equivalents based on IV scores calculated for the entire basin (Model A), is summarized in Table 5.

The concordance between the susceptibility maps associated with landslide belonging to LI 1 (A1l
vs. C1) is moderate, which is attested by the kappa index of 0.506. Additionally, agreement is excellent
(almost perfect) in the very high and substantial in the high and moderate susceptibility classes (0.636
and 0.637, respectively).

The susceptibility maps associated with landslides belonging to LI 2 (A2 vs. C2) also show a
moderate agreement, with a kappa index of 0.492. As in the previous case, the agreement is excellent
in the very high susceptibility class, and substantial in the high and moderate susceptibility classes.

Table 5. Kappa values obtained by comparing the susceptibility Model A vs. Model C.

Susceptibility Map Classes

Susc;gt}l)l;lhty Very Low/Null Very Low  Low  Moderate High Very High  Total
Alvs. C1
Kappa index 0.454 0.256 0.424 0.637 0.636 0.842 0.506
Kappa Location 0.454 0.256 0.424 0.638 0.636 0.842 0.506
Kappa histogram 0.999 0.999 0.998 0.998 0.999 1.000 0.999
A2vs. C2
Kappa index 0.536 0.303 0.340 0.540 0.596 0.840 0.492
Kappa Location 0.538 0.305 0.342 0.541 0.598 0.840 0.493
Kappa histogram 0.997 0.993 0.996 0.998 0.996 1.000 0.996

4. Discussion

The results obtained with Model A were somewhat unexpected, namely regarding Model Al,
which generated a predictive rate curve higher than the success rate curve. In summary, the model
produced with the historical inventory of landslides triggered by rainfall (Model 1, LI 1) is very
effective in predicting the spatial location of earthquake-triggered landslides (LI 2), which constitute
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an event-inventory that occurred in 2005. In contrast, the model built with earthquake-triggered
landslides (Model 2, LI 2) did not predict well the spatial location of rainfall-triggered landslides
(LI 1). These results could be due to the great inequality in the number of inventoried landslides
(442 against 174 in LI 1 and LI 2, respectively), and, above all, in the landslide affected area, which is
higher in the case of LI 1 by almost one order of magnitude (133,930 m? versus 18,781 m? for LI 1 and
LI 2, respectively). Previous works have shown the importance of modelling landslide susceptibility
independently for each landslide type in the same study area [20,42,53]. Our findings show that these
criteria should be also applied when modelling a single landslide type (shallow slides in the study case)
if more than one trigger is involved and the landslide inventories are heterogeneous, as is the case here.

The sector considered to produce Model B corresponds to only 57.7% of the total catchment
area but contains 93.9% of the landslides of LI 1 and the total set (100%) of landslides of LI 2. Thus,
more than 40% of the catchment area, namely the central and downstream sectors, is characterized by
conditions very unfavorable to the occurrence of shallow slides. The exercise of modelling the landslide
susceptibility by limiting the study area of the upstream sector of the basin showed a decrease of the
IV scores of variable classes, indicating a great propensity for landslide occurrence in the generality
of landslide predisposing factors, especially the one observed in the higher slope classes. Since most
landslides are spatially constrained to the upstream sector, it is considered that the IV scores associated
with Model B reflect better the spatial relationship between the independent variables (predisposing
factors) and the dependent variable (landslides grouped in LI 1 and LI 2, depending on the respective
triggering factor). In fact, the limitation of the study area only to the upper part of the watershed,
where most of the landslides are concentrated, determines that the IV scores of the variable classes are
not biased by the presence of the middle and downstream parts of the basin, which are not prone to
landslide occurrence due to the dominant gentle slopes. Thus, it is demonstrated that the model with
better AUC in the success and prediction rates (Model A) may not be the best model of susceptibility,
namely in areas with heterogeneous topography and a very unequal spatial distribution of landslides,
as it happens in this study area. These results are in agreement with the findings of Steger and
Glade [29], who analyzed the susceptibility of landslide occurrence using statistical methods, including
trivial areas not prone to landslide activity.

The predictive performance of Models C1 and C2, which were built using IV scores of Model B, is
slightly lower than for Models A1 and A2 and should express more rigorously the real capacity of the
models to anticipate the spatial location of landslides that will occur in the future in the study area,
triggered by rainfall or by earthquakes with location and magnitude equivalent to those recorded in
2005 in the Sao Miguel island [36].

Figure 15 summarizes the success-rate curves and corresponding AUC of landslide susceptibility
models built with LI 1 (rainfall-triggered) (a) and LI 2 (earthquake-triggered) (b).

Model B is based on the scores obtained in the watershed upstream sector and only reports this
area. The corresponding success rates (0.846 and 0.941, respectively) are the lowest but are also the
more realistic attending to the landslide distribution within the study area.

Model C registers an increase in success rates compared to Model B (0.027 and 0.016. respectively),
which can be interpreted as a bias resulting from the enlargement of the study area to a large trivial
sector (central and downstream parts of the river basin) with characteristics that are not favourable to
slope instability.

Model A results from the IV scores of the variable classes considering the totality of the
hydrographic basin and should be compared to Model C. In this comparison, we verified that success
rates of Model A are higher than that of Model C (+0.001 and +0.005, respectively). This increase in the
success rate is interpreted as a bias associated with the overestimation of the IV scores of the variable
classes in Model A, as a result of considering an extensive area not prone to landslide occurrence.
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Figure 15. Success rate curves for landslide susceptibility models built with rainfall-triggered landslides
(a) and earthquake-triggered landslides (b).

5. Conclusions

The assessment of landslide susceptibility using statistical methods explores the relationships
between landslides and predisposing factors based on the contrast between conditions associated with
stable and unstable areas. The existence of very sharp contrasts within a study area, caused for example
by the presence of extensive areas with reduced or no slope, which are therefore not susceptible to
the occurrence of landslides, tends to accentuate the contrast with the areas where landslides are
concentrated and to give rise to overly optimistic predictive results.

With this study it was possible to distinguish landslides according to their triggering factor (LI 1
vs. LI 2). Shallow slides triggered by rainfall (LI 1) tend to have a larger dimension compared to those
triggered by earthquakes (LI 2). This tendency occurs in the landslide area but also in the length and
width of landslides. On the other hand, the landslides of LI 2 occur on steeper slopes and in a higher
topographical position, which is understood due to their absolute constraint to the upstream sector of
the basin.

It was also demonstrated in this study that when limiting the study area to the upstream
sector of the hydrographic basin (Model B), where most of the landslides are concentrated, the
models have a lower predictive capacity when compared to the equivalent models that consider the
whole hydrographic basin (Model A), which integrates a substantial trivial area where there are no
slope instability phenomena. The susceptibility models developed specifically for the watershed
upstream sector, although presenting more modest predictive results, reflect in a more realistic way the
relationships between the landslides and the predisposing factors and the real capacity to anticipate
the spatial location of future landslides.

Regarding Model C, which was elaborated for the entire hydrographic basin based on the IV scores
obtained in the upstream sector of the study area, it has a lower performance compared to the models
computed for the same area with the IV scores obtained for the entire study area. Nevertheless, Model
C (C1 and C2) expresses more accurately the capacity and limitations of the models in anticipating the
spatial location of landslides that will occur in the study area in the future. In addition, the modelling
performed allowed us to conclude that the model with better AUC in the success and prediction
rates may not be the best model of landslide susceptibility. Additional work should be performed in
the future in the study area by enlarging the landslide inventories and taking into consideration the
influence of rainfall spatial distribution and of earthquake epicenter location on landslide susceptibility.
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