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Abstract. One of the most important tasks of modern vol-
canology is the construction of hazard maps simulating dif-
ferent eruptive scenarios that can be used in risk-based de-
cision making in land-use planning and emergency manage-
ment. The first step in the quantitative assessment of volcanic
hazards is the development of susceptibility maps (i.e., the
spatial probability of a future vent opening given the past
eruptive activity of a volcano). This challenging issue is gen-
erally tackled using probabilistic methods that use the calcu-
lation of a kernel function at each data location to estimate
probability density functions (PDFs). The smoothness and
the modeling ability of the kernel function are controlled by
the smoothing parameter, also known as the bandwidth. Here
we present a new tool, QVAST, part of the open-source geo-
graphic information system Quantum GIS, which is designed
to create user-friendly quantitative assessments of volcanic
susceptibility. QVAST allows the selection of an appropriate
method for evaluating the bandwidth for the kernel function
on the basis of the input parameters and the shapefile geom-
etry, and can also evaluate the PDF with the Gaussian ker-
nel. When different input data sets are available for the area,
the total susceptibility map is obtained by assigning different
weights to each of the PDFs, which are then combined via
a weighted summation and modeled in a non-homogeneous
Poisson process. The potential of QVAST, developed in a free
and user-friendly environment, is here shown through its ap-
plication in the volcanic fields of Lanzarote (Canary Islands)
and La Garrotxa (NE Spain).

1 Introduction

Volcano susceptibility is defined as the spatial probability of
vent opening (Martí and Felpeto, 2010) and constitutes one
of the first steps in the assessment of volcanic hazards and
the construction of hazard maps of eruptive products (e.g.,
lava flows, ash, and pyroclastic density currents). The exact
site of a new eruption – a central vent or a vent located on the
flanks of a stratovolcano, or at any other apparently randomly
distributed point in a larger monogenetic volcanic field – is
of critical importance in determining the potential outcome
of an eruption. For the same eruption, different eruption sce-
narios and, consequently, different potential impacts are to
be expected depending on the exact location of the vent and
on the geographic and demographic characteristics of the
area. Hence, evaluating where future eruptive vents are most
likely to open greatly influences volcanic hazard assessment
(Cappello et al., 2011a, b).

The exact path that the over-pressurized magma will take
from its accumulation site to the earth’s surface – and hence
the site of any new vent – will be determined by geological
structure and stress distribution inside the crust. We know
that the energetic investment by the magma on this path will
be the minimum and that it will be parallel to the trajectory of
the main principal stress and normal to the minimum princi-
pal stress (Gudmundsson, 2008, 2012). However, we do not
have any direct criteria that enable us to determine this route
a priori since we lack detailed 3-D knowledge of the stress
field of the area. In the long term it is possible to base some
approaches on the location of previous eruptions and on the
structural characteristics of the volcano or the volcanic area.
On the other hand, in the short term it is also possible to take
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into account monitoring data from the volcanic field. There-
fore, the estimation of the most probable vent site is not an
impossible task and can be undertaken as part of volcanic
hazard assessment. This is a less difficult task in stratovolca-
noes for which good knowledge of past eruptive history ex-
ists and where real-time volcano monitoring is currently be-
ing performed. However, volcano susceptibility assessment
is more complex in monogenetic volcanic fields, as has been
shown by the recent eruption at El Hierro (Martí et al., 2013),
where stress conditions may change from one eruption to an-
other.

Published works in this field (Connor and Hill, 1995;
Felpeto et al., 2007; Jaquet et al., 2008; Martí and Felpeto,
2010; Favalli et al., 2011; Connor et al., 2012; Cappello et al.,
2012, 2013) report the use of kernel density functions to eval-
uate susceptibility. However, this technique is based mainly
on the assumption that new vents will not form far from ex-
isting ones (Martin et al., 2004; Jaquet et al., 2008). This
is an a priori hypothesis for long-term hazard assessment,
in which the use of volcano structural alignments (eruptive
fissures, fractures, dykes) and the location of past centers
of emission assumes implicitly that the general stress field
has not changed significantly since the formation of these
structures. Conversely, when dealing with short-term haz-
ard assessment, monitoring data (Martí and Felpeto, 2010)
– which provide important information regarding the evolu-
tion of magma migration and its ascent to the surface – play
a major role in determining volcanic susceptibility.

A kernel function is a density function used to obtain
the intensity of volcanic events. It is based on the distance
from nearby volcanoes and a smoothing constanth (Martin
et al., 2004), which indicates the spatial probability that a
new eruptive vent will form. A Gaussian kernel is a kernel
function describing a normal distribution that is used in vol-
canology to estimate local volcanic event densities in vol-
canic fields (Martin et al., 2004; Connor et al., 2012; Cap-
pello et al., 2012).

The aim of this work is to (i) analyze different approaches
to evaluate the smoothing parameterh (also known as the
bandwidth), (ii) estimate for each approach the correspond-
ing probably density function (PDF) and (iii) assess long-
term spatial susceptibility in monogenetic volcanic fields. We
describe here a new user-friendly plugin known as QVAST
(QGIS for VolcAnic SuscepTibility) for the free geographic
information system Quantum GIS (QGIS), which can make
these calculations and help users to choose the best option
in each particular case (Fig.1). We describe the QVAST in-
terface step by step via two different applications: the first
in Lanzarote (Canary Islands, Spain) and the second in La
Garrotxa (NE Spain). These two case studies show QVAST’s
great flexibility and its ability to identify the most likely
zones to host new eruptions in monogenetic volcanic fields.

Fig. 1.Flowchart showing the main steps available in QVAST.

2 Optimal bandwidth in kernel density estimation

The probability distribution in a kernel technique is strongly
influenced by a smoothing parameter or bandwidth, which
determines how probabilities are distributed in terms of the
distance from the volcanic structures or vents. The smooth-
ness of the kernel density estimate is evident compared to the
discreteness of the histogram, as bin width of a histogram,
for continuous random variables (Scott, 1979). An optimal
smoothing bandwidth is based on the clustering behavior of
the volcanic structures and varies proportionally with the vol-
canic field size and vent density. Indeed, narrow bandwidths
accentuate densities near the locations of past events. Con-
versely, broad bandwidths may oversmooth the density es-
timate, resulting in unreasonably low density estimates near
clusters of past events, or overestimate densities at greater
distances from past events. In a Gaussian kernel function, the
bandwidth is equivalent to the variance of the kernel (Connor
et al., 2012).

In volcanic hazard applications, the choice of the optimal
bandwidth is difficult and depends on the field size and de-
gree of cluster determining the probability distribution at dis-
tance from volcanic structures or eruptive vents.

QVAST provides a number of different methods for es-
timating the optimal bandwidths. The least square cross-
validation (LSCV –Cappello et al., 2012) is made avail-
able for the volcanic structures with linear geometries (e.g.,
dykes, eruptive fissures, faults), and three methods are pro-
vided for the eruptive vents: the LSCV, theĥ score (Silver-
man, 1986) and the sum of asymptotic mean squared error
(SAMSE) selectorH (Connor et al., 2012).

An exhaustive description of each of these methods is
hereinafter provided.
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2.1 Least square cross-validation
(Cappello et al., 2012)

Least square cross-validation (LSCV) is a procedure that
uses an iterative approach to determine the optimal band-
width for fixed kernel functions. Initially proposed by
Rudemo(1982) and Bowman (1984), the LSCV uses the
minimization of the integrated square error between the esti-
mated distribution and the true distribution.

In our QGIS plugin, we used the version proposed byWor-
ton (1995), defined as

LSCVh =
1

πh2n
+

1

4πh2n2

×
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exp

[
−d2

ij

4h2

]
− 4exp

[
−d2

ij

2h2

])
, (1)

whereh is the smoothing factor,n the total number of histor-
ical data anddij the Euclidean distance between theith and
thej th points, when dealing with eruptive vents.

Conversely, if historical data consist of broken lines con-
taining a number of linear segments, QVAST uses a modified
version of LSCV (Cappello et al., 2012; Becerril et al., 2013;
Cappello et al., 2013), wheredij is the “minimax distance”
(i.e., the minimum value of the maximum distances between
each end point of theith volcanic structure and all the end
points of thej th volcanic structure).

2.2 Thehopt score (Silverman, 1986)

The Silverman method determines the optimal bandwidthh

based on the assumption that the location of the vent opening
is a random variable. The generalization of the Silverman’s
rule of thumb (Silverman, 1986) in the multivariate case is as
follows (Scott, 1992; Härdle et al., 2004):

ĥ = n1/(d+4)σ̂. (2)

In the bivariate cased = 2, n is the length of the samples (x

andy are the Cartesian coordinates), andσ̂ is the standard
deviation. Thus, we obtain

ĥ = n1/6

√
σ 2

x + σ 2
y

2
, (3)

whereσx andσy are the standard deviations of thex andy

coordinates, respectively.

2.3 The sum of asymptotic mean squared error
selector (Connor et al., 2012)

The pilot bandwidth selector is a modified asymptotic mean
integrated squared error (AMISE) method developed by
Duong and Hazelton(2003) to evaluate the optimal band-
width in kernel density estimation.

Despite their mathematical complexity, SAMSE bivariate
bandwidth selectors can help find optimal bandwidths using

actual data locations, and so remove subjectivity from the
process (Connor et al., 2012). In Duong and Hazelton(2003),
the bivariate kernel density is defined by

f̂ (x;H) = n−1
n∑

i=1

KH(x − Xi), (4)

wheren is the sample size,x = (x1,x2)
T , Xi = (Xi1,Xi2)

T ,
for i = 1,2, . . . ,n, andK is the bivariate kernel that depends
on H, the bandwidth matrix that is symmetric and positive
definite. To measure the performance off̂ , a SAMSE pi-
lot selector is used, which is simpler and more parsimonious
than the AMISE selectors.

The SAMSE selector is freely available within the “ks”
package of the R Project for Statistical Computing (Duong,
2007; Hornik, 2009) and can be expressed as follows:

H = Hpi(x,nstage, pilot=′ samse′,pre=
′ sphere′), (5)

wherex is a vector or matrix of data (vents),nstage is the
number of stages in the plugin bandwidth selector, pilot is the
pilot estimation, and “pre” concerns the pre-transformations.

The spatial density estimates are based on the distribution
of past events within a volcanic field and the time period un-
der consideration, and can be used as the basis for estimating
the probability of the opening of new vents within a region.
Connor et al.(2012) define an event as the opening of a new
vent at a new location during a new episode of volcanic ac-
tivity.

The optimal bandwidth matrix obtained using Eq. (5) rep-
resents smoothing in E–W and N–S directions, the upper left
and lower right diagonal elements, respectively.

3 Kernel density estimation

Kernel density estimation is a well-known, non-parametric
approach to the estimation of probability density functions
using a finite number of samples. The shape of kernel func-
tion – be it Cauchy kernel (Martin et al., 2004), Epanech-
nikov kernel (Lutz and Gutmann, 1995) or Gaussian kernel
(Connor and Hill, 1995) – is important in probability calcula-
tions, even if it is less relevant than other parameters (Connor
and Hill, 1995; Lutz and Gutmann, 1995).

In the general case, ifXi denotes samples of sizen, then
the kernel density estimate ofλ in the pointx is given by

λ(x) =
1

n

n∑
i=1

Kh (x,Xi) , (6)

whereKh is a kernel function with bandwidthh, satisfying
the condition that

∫
Kh(x, ·)dx = 1 to ensure thatλ(x) is a

density. In the Gaussian formulation,
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4 Interface and tools of QVAST

Available open-source desktop GISs have notable differ-
ences in quality and performance (Sherman, 2008; Chen et
al., 2010). Quantum GIS (QGIS) is a free, open-source and
cross-platform software, distributed atwww.QGIS.org. It in-
cludes all of the common GIS functions and features and
possesses an intuitive and user-friendly interface. One of the
great advantages of QGIS is the availability of plugins from
official and third-party repositories that provide a large num-
ber of additional functions. These features make QGIS the
most suitable software for our plugin.

QVAST is developed in Python script, an interpreted,
general-purpose, high-level programming language, whose
codes can be packaged into stand-alone executable programs
(using sub-process calls to R) and C++ codes. A graphical
user interface (GUI) is available to provide users with a dy-
namic graphical window in QGIS.

QVAST includes different methods for choosing the opti-
mal value for the bandwidth, which depends on the size of
the volcanic field and the degree of clustering in the avail-
able data. The PDF is constructed using a kernel density es-
timator, which is a function centered at each data sample
location that exerts an influence on the surrounding region
(Diggle, 1985). It is employed to estimate how the density
of new vent openings varies across a study area in accor-
dance with the distribution of past eruptions and the band-
width. Different types of kernels can be used to describe
the spatial density, e.g., the Cauchy (Martin et al., 2004),
Epanechnikov (Lutz and Gutmann, 1995), Gaussian (Connor
and Hill, 1995), or elliptical (Kiyosugi et al., 2010) kernels.
Here we use the Gaussian kernel, which responds well to the
clustering phenomena commonly observed in volcanic dis-
tributions (Weller et al., 2006).

Long-term spatial susceptibility is obtained through a non-
homogeneous Poisson process (NHPP), where the PDFs and
their relative weights are combined through a weighted sum.
QVAST allows users to assign different weights to each of
the PDFs depending on the relevance and reliability of data
sets. Once the user has installed the plugin in the QGIS plu-
gins folder, a new option called “Volcano” appears in the
QGIS menu bar where the QVAST model is installed.

The QVAST structure consists of three main modules
(Fig. 2):

1. Estimation of the optimal bandwidth starting from dif-
ferent geometric layers (points and polylines);

2. Evaluation of the Gaussian kernel and generation of
the PDF in the volcanic area under study;

3. Calculation of the susceptibility map from one or more
PDFs. In this latter case, QVAST allows users to assign
different weights to each layer.

The first window that appears after launching the plugin is
the evaluation of the bandwidth. A drop-down menu contains
the shapefile layers added in the “Layers” menu in the QGIS
project. To estimate the optimal bandwidth in case of a group
of sample points (e.g., eruptive vents), QVAST offers three
different methods: LSCV, thêh score and the SAMSE selec-
tor H . If the GIS layer consists of linear volcanic structures
(e.g., dykes, eruptive fissures, or faults), only the LSCV score
can be used. Otherwise, the plugin allows the user to intro-
duce the optimal value for the bandwidth by hand (if known)
and continue directly to the construction of the PDF.

Once the layer and the method for evaluating the band-
width have been selected, the value of the smoothing param-
eter is calculated using the “CALCULATE BANDWIDTH”
button.

The second window enables the PDF with the Gaussian
kernel to be evaluated using the calculated optimal band-
width. To evaluate the Gaussian kernel on the selected layer,
QVAST needs the following input parameters: the surface
area on which the calculation is to be performed (raster
layer), the grid resolution (which should be clearly smaller
than the size of the volcanic area under study), the bandwidth
value, the output name, and the output path where the results
are to be saved. The surface area can be less than the entire
digital elevation model (DEM) if the user is only interested
in a particular area. The result of the Gaussian kernel is a
PDF in GeoTIFF raster format, which is automatically added
as a new layer to the active QGIS project. The results show
the distribution of the PDF in the volcanic area related to the
input layer selected.

The third window enables simultaneously considering dif-
ferent layers to which different weights can be assigned and
thus calculate the final susceptibility map. Once the grid size
and the weight for each PDF have been defined, QVAST
calculates the weighted sum and evaluates the final raster
map that represents the spatial susceptibility. The map is pre-
sented in a GeoTIFF raster format and is added to the layer.

Hence, the steps needed to obtain the final susceptibility
can be summarized as follows (Fig.1):

1. Gathering of all volcano structural data available;

2. Optimal bandwidth selection using different methods;

3. Application of the Gaussian kernel to obtain the PDF;

4. Assignment of a relative weight to each PDF;

5. Creation of the susceptibility map with an NHPP.

The functionality and flexibility provided by QVAST have
been demonstrated in Lanzarote and La Garrotxa volcanic
fields. Different methods were used to identify the optimal
bandwidth, and different results were obtained when differ-
ent weights to the PDFs were assigned.

Nat. Hazards Earth Syst. Sci., 13, 3031–3042, 2013 www.nat-hazards-earth-syst-sci.net/13/3031/2013/

www.QGIS.org


S. Bartolini et al.: QVAST: a new Quantum GIS plugin for estimating volcanic susceptibility 3035

Fig. 2. QVAST main interface: screenshots of the optimal bandwidth selection (1), for the parameter needed by the Gaussian kernel (2) and
for the assignment of weights to the different PDFs (3).
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Fig. 3.Geographical setting of the Canary Islands.

5 Applying QVAST: Lanzarote (Canary Islands, Spain)
and La Garrotxa (NE Spain)

5.1 Lanzarote: geological context

Lanzarote lies in the northeast of the Canary Islands
archipelago (Fig.3). It forms the emergent part of the so-
called East Canary Ridge (ECR), a NNE–SSW linear vol-
canic structure located on atypical oceanic crust, at least
11 km thick (Banda et al., 1981), lying between the conti-
nental rise and the Canary Basin.

The geological evolution of Lanzarote involves two main
stages: the first pre-erosional during the Miocene–Pliocene
and the second – divided into two periods of volcanic ac-
tivity – post-erosional during the Quaternary (Marinoni and
Pasquaré, 1994).

Sub-aerial volcanic activity has been almost continuous
during the past 20 Myr and reveals that these islands are part
of a sector of the lithosphere in which the thermal and dy-
namic anomalies that lead to the production and ascent of
alkaline basaltic magmas have persisted for an exceptionally
long period (Coello et al., 1992; Blanco-Montenegro et al.,
2005).

In historical times eruptions on Lanzarote took place dur-
ing the 18th and 19th centuries. The eruption between 1730
and 1736 was one of the earth’s biggest ever historical erup-
tions. A large number of volcanic cones were formed along
an around 15 km long fissure. During the eruption 3–5 km3

of lava were emitted, covering an area of approximately
200 km2 (Carracedo et al., 1992; Felpeto et al., 2001).

The structural evolution results from a complex interaction
between the magmatism and both the regional stress field and
the local stress field generated during the growth of the island
itself. Hence, the present structural architecture is the result
of a complex magmatic and tectonic evolution characterized
by variations in the stress field that have been at work from
the Miocene to the present day (Camacho et al., 1991).

5.2 La Garrotxa: geological context

The Catalan Volcanic Zone (CVZ, NE Iberian Peninsula) is
one of the alkaline Quaternary volcanic provinces that form

Fig. 4.Geographical and geological settings of the La Garrotxa vol-
canic field (Martí et al., 2011).

part of the European rift system (Fig.4). The age of its vol-
canism has not yet been fully defined. Available data indi-
cate that volcanic activity started over 12 Ma ago and con-
tinued up to the beginning of the Holocene. Despite being
significant in both extension and volume, this volcanism –
whose eruptions continued up to the Holocene – is poorly
known in comparison to the contemporaneous alkaline vol-
canism in other parts of western and central Europe. Volcan-
ism in the CVZ lies predominantly in a NW–SE direction
corresponding to the graben system present in the area. Var-
ious vents in the area can be aligned in the same NW–SE
direction in parallel to the local fault systems. The volcan-
ism younger than 0.5 Ma is mostly concentrated in an area of
about 100 km2 located between the cities of Olot and Girona.
This basaltic volcanic field exhibits scoria cones, lava flows,
tuff rings, and maars. Magmatic eruptions range from Hawai-
ian to violent Strombolian. Phreatomagmatism is also com-
mon and has contributed to the construction of more than
half of the region’s volcanic edifices. It is frequently asso-
ciated with Strombolian activity but has also acted indepen-
dently, thereby giving rise to a large variety of different types
of eruptive sequences (Martí et al., 2011).

Nat. Hazards Earth Syst. Sci., 13, 3031–3042, 2013 www.nat-hazards-earth-syst-sci.net/13/3031/2013/
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Fig. 5. Main volcano structural data (dykes, vent alignments and
emission centers) used to build the susceptibility map of Lanzarote.
The topographic base is 25 m resolution DEM.

5.3 Data sets and bandwidth estimation

DEMs created by the Instituto Geográfico Nacional (IGN)
for Lanzarote and by the Institut Cartogràfic de Catalunya
(ICC) for La Garrotxa with a cell size of 25×25 m were used
in these analyses. Volcano structural data were retrieved by
the Instituto Geológico y Minero de España (IGME, 1988)
for Lanzarote and by the Institut Geológic de Catalunya
(IGC, 2007) for la Garrotxa.

Volcanic susceptibility was estimated by studying sepa-
rately all structural data in order to identify different data
sets that could be used for the probabilistic analysis. Using
the available literature and geological maps, we were able to
identify vent locations, vent alignments, and dykes.

5.3.1 Application to Lanzarote

Volcanic structures on Lanzarote are shown in Fig.5. Specif-
ically, we considered 256 dykes and two layers of vent align-
ments containing 75 older vent alignments and 30 more re-
cent vent alignments, formed during the Holocene. Since
both dykes and vent alignments can be represented as poly-
line shapefiles, QVAST used the LSCV method to calculate
the optimal values for the bandwidth, which were found to
be the following:

– 351 m for dykes,

– 3000 m for the oldest vent alignments,

– 2304 m for the most recent vent alignments.

Fig. 6. Main volcano structural data (dykes, vent alignments and
emission centers) used to build the susceptibility map of La Gar-
rotxa. The topographic base is 25 m resolution DEM.

Fig. 7.PDF of Lanzarote dykes calculated with the Gaussian kernel
using a bandwidth of 351 m.

As well, we identified a total of 187 emission centers
(Quaternary pyroclastic cones and eruptive vents), most of
which are distributed in the central part of the island in a
NE–SW direction (Marinoni and Pasquaré, 1994).

The evaluation of the bandwidth for the vent locations
was performed using the three methods available in QVAST
and the following results were obtained: (i) 333 m with the
LSCV method, (ii) 3844 m with Silverman’s method, and
(iii) 3934 m with the SAMSE selector.

www.nat-hazards-earth-syst-sci.net/13/3031/2013/ Nat. Hazards Earth Syst. Sci., 13, 3031–3042, 2013
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Fig. 8.PDFs calculated with the Gaussian kernel for the most recent(a) and the oldest(b) vent alignments of Lanzarote.

Fig. 9.PDFs of Lanzarote emission centers calculated with the Gaussian kernel using different bandwidths: 333 m as computed by the LSCV
method(a), 3844 m as by thehopt score(b), and 3934 m as by the SAMSE selector(c).

The PDFs for each layer evaluated using the Gaussian ker-
nel and a 500 m spaced grid are shown for dykes in Fig.7, for
vent alignments in Fig.8, and for emission centers in Fig.9.

Given that the PDF generated using the bandwidth ob-
tained with the LSCV seems to provide the best reflection of
the current clustering of the emission centers observed, we
decided to use this method for the final susceptibility map.

5.3.2 Application to La Garrotxa

Volcanic structures in La Garrotxa are shown in Fig.6.
Specifically, we considered vent alignments and emission
centers.

Given that the vent alignments can be represented as poly-
line shapefiles, QVAST used the LSCV method to calculate
the optimal value for the bandwidth, which was found to be
4012 m.

In addition, we identified a total of 45 emission centers
aligned in a NW–SE direction, parallel to the fault systems
(Martí et al., 2011).

As on Lanzarote, the evaluation of the bandwidth for
the vent locations was performed using the three meth-
ods available in QVAST, which gave the following results:
(i) 2002 m with the LSCV method, (ii) 1774 m with Silver-
man’s method, and (iii) 1567 m with the SAMSE selector.

The PDFs for each layer evaluated using the Gaussian ker-
nel and a 500 m spaced grid are shown for vent alignments in
Fig. 10and for emission centers in Fig.11.

The PDFs obtained for the vent locations using differ-
ent bandwidth values generate similar local intensity results.
Taking into account isolated vents, we decided to use Silver-
man’s method for the final susceptibility map since it seems
to provide the best reflection of the degree of clustering cur-
rently observed.

5.4 Susceptibility map

The spatial probability of future vent openings is obtained by
applying an NHPP to each potential vent(x,y) as follows:

susc(x,y) = 1− exp(−3(x,y)1x1y), (8)

Nat. Hazards Earth Syst. Sci., 13, 3031–3042, 2013 www.nat-hazards-earth-syst-sci.net/13/3031/2013/
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Fig. 10.PDFs calculated with the Gaussian kernel for the vent align-
ments of La Garrotxa.

where1x1y is the size of the grid cell (500 m× 500 m) and
3(x,y) is the weighted sum of the four PDFs and their rela-
tive weights.

QVAST provides two opportunities for assigning the
weights that reflect the importance and reliability of each in-
put data set. In the first, the user does not assign any specific
individual weight and so QVAST defines the same constant
value for all PDFs in the computation of the final proba-
bility map. In the second case, weights are assigned using
expert judgment on the basis of structural criteria (Aspinall,
2006; Neri et al., 2008; Martí and Felpeto, 2010), which pro-
vides initial indicative probability distributions to be associ-
ated with each PDF.

In this case study, we demonstrated the flexibility of
QVAST by generating two different susceptibility maps.

In the first map, the same weight (i.e., 0.25) was assigned
to each PDF under the assumption that the probability of
all future vent openings is influenced equally by all volcano
structural data.

In the second case, we assigned to each of the PDFs the
following weights for Lanzarote:

– 0.05 for dykes,

– 0.15 for the oldest vent alignments,

– 0.3 for the most recent vent alignments,

– 0.5 for the emission centers;

and for La Garrotxa, the following weights:

– 0.3 for the vent alignments,

– 0.7 for the emission centers.

On Lanzarote, the highest weight (50 %) was assigned to
the emission centers in the center of the island, where erup-
tions occurred in historical times. This means that new erup-
tions are given the greatest likelihood of occurring close
to the most recent eruptions. Decreasing importance was
awarded to the most recent vent alignments, the oldest vent,
alignments and dykes. Obviously, the total sum of weights
is equal to 1. In La Garrotxa, the highest weight (70 %) was
assigned to the emission centers.

The two final susceptibility maps for Lanzarote are shown
in Fig. 12and for La Garrotxa in Fig.13.

As it is obvious, on Lanzarote the susceptibility obtained
using the same weight for all PDFs (Fig.12a) provides a
very homogeneous probability distribution, with the highest
values corresponding to exposed dykes. This is disputable,
since these dykes are volcanic structures that are clustered as
a wide swarm chiefly at the headwalls of the main landslide
and have probably been buried by recent volcanic products
in other areas. Hence it is not clear whether they have acted
as feeders or not (Becerril et al., 2013).

Conversely, the susceptibility map obtained using different
weights (Fig.12b) would appear to be more accurate and reli-
able, and reflects coherently the recent distribution of align-
ments located in the central part of the island in a NE–SW
direction.

If we change the assigned weights, results differ for Lan-
zarote but not for La Garrotxa. In fact, in this latter vol-
canic field, the susceptibility maps obtained using the same
(Fig. 13a) and different weights (Fig.13b) for the PDFs
are both coherent. The choice of the final technique for
constructing hazard maps depends on the reliability of the
method used to assign the weights.

6 Conclusions

The elaboration of a susceptibility map based on the quan-
tification of objective geological and geophysical data is the
first and most important step in the quantitative assessment
of volcanic hazard and risk. Here we have presented QVAST,
the new tool for calculating volcanic susceptibility that works
under QGIS, a free and user-friendly GIS environment.

QVAST is built to evaluate volcanic susceptibility, that is,
the spatial probability of the appearance of a future vent
opening, based on the activity of the volcanic area under
study. The main steps involved are as follows: (i) calcula-
tion of the bandwidth using different methods, (ii) evaluation
of the PDF using a Gaussian kernel, (iii) assignment of the
weights to each PDF, and (iv) evaluation of the susceptibility
map using an NHPP.
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Fig. 11.PDFs of La Garrotxa emission centers calculated with the Gaussian kernel using different bandwidths: 2002 m as computed by the
LSCV method(a), 1774 m as by thehopt score(b), and 1567 m as by the SAMSE selector(c).

Fig. 12.Lanzarote susceptibility maps calculated assigning the same weights to all PDFs(a) and variable weights, i.e., 0.05 for dykes, 0.15
for the oldest vent alignments, 0.3 for the most recent vent alignments and 0.5 for the emission centers(b).

Fig. 13.La Garrotxa susceptibility maps calculated assigning the same weights to all PDFs(a) and variable weights, i.e., 0.03 for alignments
and 0.7 for the emission centers(b).
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The comparison of different volcanic fields shows the im-
portance of choosing the optimal bandwidth parameters. The
strength of QVAST lies in the possibility of selecting var-
ious methods for evaluating the bandwidth parameter and
for obtaining the final susceptibility map. The volcanic fields
of Lanzarote and La Garrotxa are excellent case studies for
learning how to use this interface and for comparing the dif-
ferent results generated using different bandwidths for the
kernel; this thus allows an optimal bandwidth for the vol-
canic field to be chosen.

QVAST is part of a larger project consisting of several
modules (implemented in QGIS) that will interact and will
analyze the current situation of volcano fields as part of the
task of generating hazard maps.

In the cases of Lanzarote and La Garrotxa, although data
availability is somewhat restricted, the preliminary results
obtained are good enough to be used as a starting point
for generating eruptive scenarios that can aid local territo-
rial planning and risk-mitigation programs. Thus, we propose
that this tool should be used as a common way for determin-
ing the susceptibility of future volcanic eruptions in active
regions and as a necessary tool in the reduction of volcanic
risks.

Future work will include the spatiotemporal analysis of fu-
ture vent openings and the construction of volcanic hazard
maps, all of which will be of great help to the governmental
bodies in charge of territorial planning and the development
of mitigation plans.
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