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a b s t r a c t
This paper presents a GIS-based methodology to estimate damages produced by volcanic eruptions. The
methodology is constituted by four parts: deﬁnition and simulation of eruptive scenarios, exposure analysis,
vulnerability assessment and estimation of expected damages. Multi-hazard eruptive scenarios are deﬁned for
the Teide–Pico Viejo active volcanic complex, and simulated through the VORIS tool. The exposure analysis
identiﬁes the elements exposed to the hazard at stake and focuses on the relevant assets for the study area.
The vulnerability analysis is based on previous studies on the built environment and complemented with the
analysis of transportation and urban infrastructures. Damage assessment is performed associating a qualitative
damage rating to each combination of hazard and vulnerability. This operation consists in a GIS-based overlap,
performed for each hazardous phenomenon considered and for each element. The methodology is then automated
into a GIS-based tool using an ArcGIS® program. Given the eruptive scenarios and the characteristics of the
exposed elements, the tool produces expected damage maps. The tool is applied to the Icod Valley (North of
Tenerife Island) which is likely to be affected by volcanic phenomena in case of eruption from both the Teide–
Pico Viejo volcanic complex and North-West basaltic rift. Results are thematic maps of vulnerability and damage
that can be displayed at different levels of detail, depending on the user preferences. The aim of the tool is
to facilitate territorial planning and risk management in active volcanic areas.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Assessment and management of volcanic risk are important scientiﬁc,
economic and political issues especially where volcano threatens densely
populated areas. When a volcanic event takes place, it is important to
deﬁne the list of priorities of intervention, the responsibilities for each
emergency operation and the resources needed (Marzocchi et al.,
2012). Moreover, during long periods of quiescence, populations living
in active volcanic areas often tend to underestimate the risk, instead of
improving their preparedness (Gregg et al., 2004).
Risk assessment is based on hazard, exposure and vulnerability
characterisation (De la Cruz-Reyna and Tilling, 2008). A multidisciplinary
effort is therefore required to combine these aspects into comprehensive
risk management plans. Exposure quantiﬁes the social, economic, environmental, cultural and strategic value in areas potentially impacted by
a given hazard (Birkmann, 2013). Vulnerability is the potential of
exposed elements to be directly or indirectly damaged by a given hazard.
Many deﬁnitions of vulnerability exist (Cutter, 1996; Cutter et al., 2003;
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Minciardi et al., 2005; Galderisi et al., 2008; Pascale et al., 2010; ENSURE,
Del 1.1.1, 2011; ENSURE, Del 4.1.1, 2011; ENSURE, Del 5.3.3, 2011; Cutter,
2013) but, given the complexity of this topic and its wide range of applications, a common deﬁnition of vulnerability is still missing (Tapsell
et al., 2010). The physical vulnerability of buildings due to volcanic activity has been widely observed and studied, in particular in the last decades. In particular, the EXPLORIS project (Contract no. EVR1-CT2002-40026, http://exploris.pi.ingv.it/), focused on the expected impacts of explosive volcanic eruptions on population and building stock
at active volcanoes (Vesuvio (Italy), La Soufrière (Guadaloupe), Sete
Cidades (Azores Islands), Teide (Canary Islands, Spain), Soufrière Hills
(Montserrat)). Results (Spence et al., 2005a,b; Martí et al., 2008a;
Zuccaro et al., 2008) are valid also for similar active volcanic areas.
More recently, the importance of other elements that constitute the infrastructural system (road network, electricity and water supply, energy
production plants) was included in the vulnerability and impact assessment of volcanic impacts. The ENSURE project (EC FP7 Contract no.
212045, http://www.ensureproject.eu) focused on the deﬁnition and
characterisation of different vulnerability types which contribute to
the estimation of the systemic vulnerability (ENSURE, Del. 1.1.1). In
fact, the concept of vulnerability has many dimensions (physical,

C. Scaini et al. / Journal of Volcanology and Geothermal Research 278–279 (2014) 40–58

infrastructural, social and economic) and their combination constitutes
the systemic vulnerability (ENSURE, Del. 4.1.1). The framework proposed by ENSURE project included the estimation of all vulnerability
types, related to several natural hazards. As a case-study for volcanic
hazards, a vulnerability to tephra fallout, lahars and earthquakes was
performed at Vulcano Island, an active volcanic island in the Eolian
Archipelagous, Italy (ENSURE; Del. 5.3.3). Thus, ENSURE Project put
the basis for a systemic vulnerability and impact assessment at active
volcanic areas. Moreover, the framework pointed out the importance
of social (literacy and educational level, presence of ethnic groups,
etc.) and economic factors (presence and distribution of productive activities, GDP per capita and differences in income per capita at speciﬁc
areas, regional/local productivity, etc.) and accounted for the presence
of hazard zonation, vulnerability assessment and emergency plans
that, increasing preparedness, facilitated vulnerability reduction. Biass
et al. (2012) performed a vulnerability assessment to tephra fallout
adopting a similar methodology to the area surrounding Cotopaxi volcano, Ecuador.
Impact assessment builds on exposure and vulnerability assessments and aims at estimating how the exposed elements are impacted,
both at a physical level (physical damage) and at a functional level (loss
of functionality). Traditionally, impact assessment of volcanic eruptions
has been focused on physical damage to buildings and population.
Quantitative impact assessment needs empirical data (observations,
surveys, experiments) in order to produce quantitative results such as
vulnerability curves (Spence et al., 2005a,b). Impacts on population
can be estimated by comparing expected buildings damages and population data (Spence et al., 2005a,b; Zuccaro et al., 2008), as well as
economic impacts (Zuccaro et al., 2013). But, although a lot of work
has been done to characterise impacts due to volcanic phenomena on
buildings (Pomonis et al., 1999; Spence et al., 2005a,b; Martí et al.,
2008a; Zuccaro et al., 2008), there are only few examples of impact
assessment of other sub-systems such as transportation, communication and basic service networks (Wilson et al., 2009; Stewart et al.,
2009: Wilson et al., 2012; Wardman et al., 2012a). These works show
that physical damages produced on infrastructures can produce cascading damage propagation, due to the interdependencies between infrastructures and socio-economic activities. For example, the disruption
of the electricity supply network can cause the temporal disruption of
strategic activities such as water potabilisation. At the moment, there
are no examples of a multi-hazard impact assessment that accounts
for all components of a complex anthropic system (population, buildings, infrastructures and socio-economic activities) and their physical
and functional damage. This is due to many factors, and amongst
them, the difﬁculty of gathering data on infrastructures and the lack of
quantitative and laboratory studies on the physical vulnerability of
components. In particular, the few existing studies on systemic vulnerability and impact of volcanic hazards are focused on tephra fallout, a
phenomenon that produces a wide range of systemic impacts (Biass
et al., 2012). Loss of functionality is therefore an important aspect of the
damaging process, for which further research is needed. Characterising
and assessing the expected impacts at both physical and systemic scale
is therefore important in order to support risk management strategies
and improve preparedness.
The systemic approach supports and enhances both short and longterm risk management, allowing one to account for the interactions
between elements and the cascading impacts of a physical failure on
the system. Developing methodologies for systemic vulnerability and
impact assessment is therefore a priority for the risk management
plans in active volcanic areas. Here we propose an impact assessment
methodology that, relying on a systemic vulnerability assessment,
aims at accounting expected impacts of three main volcanic hazards
(fallout, lava ﬂows and pyroclastic density currents). The methodology
is automated in a GIS-based tool for the estimation of expected damages
due to the impact of different volcanic hazards on a populated area. As a
case study, the tool is applied to an active volcanic area, the Icod Valley,
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in the island of Tenerife. This area, threatened by both the activity of the
Teide–Pico Viejo vocanic complex and the two basaltic rifts (Martí et al.,
2008a), has already been considered as a target of a vulnerability
analysis of building exposed to fallout hazard (Martí et al., 2008a), providing building stock vulnerability data for the present study. In the ﬁrst
Section, we deﬁne the study area and its geological settings. Then we
deﬁne the expected eruptive scenarios at the Teide–Pico Viejo volcanic
complex, and perform an analytical simulation through the multihazard tool VORIS (Felpeto et al., 2007). The third part presents the
proper methodology, constituted by exposure analysis, vulnerability
assessment and damage assessment. All data management operations
are performed using a GIS (Geographical Information System) program,
ArcGIS®. We produce damage tables that associate a qualitative damage
rating to every combination of hazard and vulnerability values. This
operation is automated into the ArcGIS® framework to create a tool
for the estimation of damage produced by explosive volcanic eruptions.
In the results Section, we present maps of the expected damages
produced in the study area by the eruptive scenarios deﬁned for the
Teide–Pico Viejo volcanic complex. Results are discussed in order to
underline the most signiﬁcant aspects for the local risk management
and identify the possible future developments of the tool.
2. Study area
Canary Islands are located approximately 100 km off the Northwest
coast of Africa (Fig. 1a). Tenerife island (Fig. 1b) hosts the biggest active
volcanoes of the archipelago, the Teide–Pico Viejo volcanic complex.
The study area (Fig. 1b) covers about 170 km2 and includes three
municipalities in the Northern part of the Island: Icod de los Vinos,
San Juan de la Rambla and la Guancha, that also include smaller towns
(Fig. 1c). These communities, which account for more than 35,000
inhabitants, are located in a topographic valley created by a large sector
collapse of the northern side of the former Las Cañadas Ediﬁce (Bravo,
1962; Carracedo, 1994; Martí et al., 1997).
The choice of the study area is justiﬁed by the volcanic hazard zonation by Araña et al. (2000). The northern ﬂank of the volcanic ediﬁce
has a high probability of being affected by hazardous phenomena
such as lava ﬂows and tephra fallout from Teide–Pico Viejo, according
to the hazard assessment made in previous studies (Araña et al., 2000;
Martí et al., 2012). Moreover, its peculiar topographic conditions
(steep external ﬂank of the volcano and low caldera border) make
this area especially prone to landslides and lahars that may be triggered
by heavy rains. There are evidences of landslides in the Northern
ﬂank of Teide (Ablay and Martí, 2000). Although landslide and lahar
hazard assessment is beyond the scope of this work, these phenomena
are mentioned due to their strong potential impacts on population.
The extent of the study area is also inﬂuenced by practical consideration, and in particular data availability from previous studies. This area
was, in fact, surveyed as described in Martí et al. (2008a) and vulnerability characteristics of buildings were used to assess the risk and exposure of population in the area (Spence et al., 2005a,b). We use this
previous information to assess expected impacts of volcanic activity
on the built environment. Finally, the study area is based on the existing
administrative boundaries for the three municipalities of Icod de los
Vinos, San Juan de la Rambla and La Guancha. This allows accounting
for the territorial competences in terms of socio-economic services
(e.g. schools, hospitals) and infrastructures (e.g. roads, water supply)
and producing results targeted on the local decision-makers.
3. Methodology
3.1. Eruptive scenarios
There is a great variety of hazards related to volcanism in Tenerife
(Martí et al., 2008b,c, 2012; Sobradelo and Martí, 2010), corresponding
to a wide range of magma compositions and eruption styles. The two
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Fig. 1. Location of the Canarian archipelago (Fig. 1a) and the study area (1b). Note the location of the Teide–Pico Viejo volcanic complex, the caldera extent and the three basaltic rifts.
Fig. 1c shows in detail the location of the three municipalities considered for the analysis and the main towns.

main cases are phonolitic eruptions (associated with the central
complex) and basaltic (mainly derived from the two active rift zones
outside the central ediﬁce).
Possible scenarios related to a reawakening of Teide–Pico Viejo are
described by Martí et al. (2008b), Sobradelo and Martí (2010), who
proposed long-term volcanic hazard event trees for Teide–Pico Viejo
stratovolcanoes. According to geological studies, expected explosive
scenarios at the central ediﬁce would include Sub-Plinian to Plinian
explosive eruption, with a high sustained column and occurrence of
tephra fallout and pyroclastic density currents (García et al., 2010;
Martí et al., 2012). Such an eruptive scenario has a recurrence of several
hundred to a few thousand years (Martí et al., 2012) and should be
included in the risk assessment of Tenerife. The presence of basaltic
rifts determines the possibility of lava ﬂows and Strombolian eruption
occurring in areas along these rifts, out of the central ediﬁces (Fig. 1c),
or at their basis. The recurrence for these basaltic eruptions is of the
order of several tens to few hundreds of years (Sobradelo et al., 2010).
Lava ﬂows can also occur in the central complex, and in this case the
expected composition is mainly phonolitic (Martí et al., 2008b). Examples of phonolitic lava ﬂows from the central vent and the caldera ﬂanks
are described in Carracedo et al. (2007) and Martí et al. (2008b, 2012).
Detailed information about the estimation of the probability of occurrence for the main volcanic hazards at Teide–Pico Viejo can be found
in Martí et al. (2012) and Sobradelo and Martí (2010).
In this paper, we deﬁne two eruptive scenarios for the Teide–Pico
Viejo volcanic complex and basaltic rifts based on Martí et al. (2012).
These two scenarios are not comprehensive of all the expected activity
at Teide–Pico viejo volcanic complex, but given that no comprehensive
multi-hazard assessment is available for these volcanoes, they support a

ﬁrst-level impact assessment for the typical eruptive styles that may
threaten the study area.
- Scenario 1: Sub-plinian eruption at central volcanic ediﬁce. We
consider an explosive eruption with a sustained eruptive column
of 8 km, which produces ash dispersal in the atmosphere and tephra
deposition at the ground. The eruptive column collapses into a
pyroclastic density current, a hot mixture of gas and incoherent
hot material (ash, pumice, blocks) that forms a gravity-driven
cloud. A phonolitic lava ﬂow from Teide–Pico Viejo ﬂank is also associated to this eruption. The modelling strategy for this scenario is
similar to the one considered in Martí et al. (2008a, 2012) and
applied to the Montaña Blanca eruption (Folch and Felpeto, 2005).
A phonolitic lava ﬂow from the from Teide–Pico Viejo ﬂank is associated to this activity, as documented by Carracedo et al. (2007)
and Martí et al. (2012).
- Scenario 2: Violent Strombolian eruption from a high-susceptibility
point on the N-W basaltic rift (Martí and Felpeto, 2010). This eruption is similar to El Chinyero Strombolian eruption (Romero,
1991). We hypothesise a weak column (2–3 km high) and a basaltic
lava ﬂow.
The two eruptive scenarios are simulated using the VORIS tool
(Felpeto et al., 2007), constituted by the integration of three analytical
models for the simulation of, respectively, ash deposition, pyroclastic
density current and lava ﬂow. We address the reader to Felpeto et al.
(2007) for a complete description of these three models and the
VORIS tool. Input parameters used to simulate the two eruptive scenarios are synthesized in Table 1. The reliability of modelling outputs
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Table 1
Main input parameters used for the hazard simulation of the two eruptive scenarios: Subplinian eruption at central vent (scenario 1, based on Martí et al., 2008a) and Strombolian
eruption at the N-W basaltic rift (scenario 2).
Scenario 1

Scenario 2

Ash fallout
Volume
Column height
Mean grain size (φ) ± 1σ
Horizontal atmospheric diffusion

0.05 km3
8 km
−2 ± 1.5
750 m2/s

0.001 km3
3 km
0 ± 1.5
1500 m2/s

Pyroclastic density current
Collapse equivalent height
Heim coefﬁcient

100 m
0.212

Lava ﬂow
Maximum length
Height correction
Iterations

10 km
10 m
106

10 km
3m
106

strongly depends on the volcanological parameters introduced,
as underlined by several authors, in particular for ash dispersal and
deposition (Mastin et al., 2009; Bonadonna et al., 2011; Folch, 2012).
Environmental inputs can also change at different time scales: short
(wind direction), medium (topography) and long (climatological).
Here, real wind data was used to model ash dispersal, from a day
when ash from either scenario would have impacted the study area,
following Martí et al. (2008a). Finally, the model parameters have to
be constrained, to be coherent with the modelling inputs. For example
spatial resolution used for lava ﬂow modelling should have the same
or lower resolution with respect to the digital terrain model, to prevent
introducing additional uncertainties in the results. In this case, simulations of the lava ﬂow and the pyroclastic density current have been
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performed on a DEM (digital elevation model) from the Spanish Geographic Institute (IGN) with 50 m of cell size.
Lava ﬂows are simulated with a probabilistic maximum slope model
(Felpeto et al., 2001) that gives as a result the probability of each cell to
be covered by lava. Fig. 2a and c shows the probability for each cell to be
covered by a lava ﬂow, obtained ﬁxing the probability of coverage at a
conservative level of 0.1%. Many examples of probabilistic lava ﬂow
modelling in different active volcanic areas can be found in literature:
Crisci et al. (1986), Young and Wadge (1990), Felpeto et al. (2001),
Felpeto et al. (2001), Harris and Rowland (2001), Costa and Macedonio
(2005), Favalli et al. (2005), Herault et al. (2009), Favalli et al. (2009)
and Tarquini and Favalli (2011). Fig. 2b and e shows the ash fallout
map containing value of ash vertical load (Felpeto et al., 2007).
Results of the modelling are raster maps, where each cell has an
associated numerical value. In order to perform spatial operation with
GIS, such maps have to be reclassiﬁed into a common qualitative rating.
We deﬁned a 5 class qualitative rating, ranging from very low to very
high levels (I–V) valid for the three hazardous phenomena (Table 2).
Ash fallout is classiﬁed based on the critical thresholds for exposed
elements (Table 2). Given that we account for a wide range of magnitude of tephra fallout (from mm to m), we classify ash load in 5 wide
ranges that correspond to the range of expected impacts on exposed
elements. Moreover, the critical ash load threshold for assets or a
community can vary within a wide range (Biass et al., 2012) due to
the differences in tephra characteristics, weather conditions (wet/dry
atmosphere), physical characteristics of elements and socio-economic
development of the study area. For this reason, the calculation of ash
thickness (which depends on ash density) is approximated (Table 2).
Finally, Fig. 2c shows the area potentially covered by the pyroclastic
density current. The ﬂows usually follow drainage paths and are very
inﬂuenced by topographic conditions but its high kinetic energy can in
some cases allow them to overpass obstacles, hills and ridges
(Saucedo et al., 2005; Capra et al., 2008; Charbonnier and Gertisser,

Fig. 2. Results of the simulation of eruptive scenarios with VORIS tool (Felpeto et al., 2007) for scenario 1 (top) and 2 (bottom) respectively. a) area having more than 0.1% probability of
being covered by a phonolitic lava ﬂow from the caldera ﬂank, b) area covered by ash fallout produced by a Sub-plinian eruption at the central vent are displayed, c) area covered by a
pyroclastic ﬂow resulting from the collapse of the eruptive column. d) area having a 0.1% probability to be covered by a basaltic lava ﬂow produced by a violent Strombolian at the
N-W basaltic rift, e) area covered by ash fallout caused by the corresponding ash column. Ash load values are classiﬁed according to Table 2.
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Table 2
Classiﬁcation adopted to quantify the hazard magnitudes. Ranges have been deﬁned according to the output of the VORIS tool, and are used to reclassify the hazard maps. In particular, ash
load ranges are based on the critical values that can produce physical damage to the main exposed elements. Given that the damage increases with ash deposition magnitude, it is implicit
that elements damaged at a lower hazard level (for example, roads or electricity network) are also damaged at higher levels.
Ash fallout

Pyroclastic ﬂow

Lava ﬂow

Hazard
level

Vertical load

Approximate
ash deposition
(mm)

Elements potentially damaged by
tephra deposition and vertical load

References

Coverage

Coverage

I

b0.01 KPa

b1

Stewart et al. (2006); Wilson et al. (2009), 2012; Stewart et al.
(2009); Wardman et al. (2012a,b); Biass et al. (2012)

No

No

II

b0.1 KPa

1–10

–

–

III

b1 KPa

10–100

–

–

IV
V

b5 KPa
≥5 Kpa

100–500
≥500

Roads, electricity supply, water
desalination plants
Roads, electricity supply, water
supply (open air), crops
Water supply, weak buildings
(non structural elements),
HVAC systems
Buildings
Buildings

–
Yes

–
Yes

Stewart et al. (2006); Wilson et al. (2009), 2012; Stewart et al.
(2009); Wardman et al. (2012a,b); Biass et al. (2012); Zuccaro
et al. (2013);
Pomonis et al. (1999); Spence et al. (2004, 2005a,b); Zuccaro et al.
(2008); Martí et al. (2008a,b,c); Biass et al. (2012)

2008). The energy cone model, used in the VORIS tool, can be used to
account for this phenomenon (Felpeto et al., 2007; Toyos et al., 2007)
as showed by Capra et al. (2008) for heavily diluted density currents
at Nevado de Toluca volcano.
3.2. Exposure
Exposure analysis aims at recognising those elements that have to be
taken into account for a risk assessment. A complete exposure analysis
requires a wide range of data such as distribution of population, social
and economical conditions, productive activities and their role in the
regional economy. Due to the limited availability of data and the difﬁculty
of obtaining data in GIS format for most of the socio-economic indicators,
the list of assets considered in this work and corresponding subcategories
(Table 3) is not comprehensive. Nonetheless, the aspects pointed out in
the exposure analysis enhance the discussion of results and provide
guidelines for future improvements of local data management. Fig. 3
shows the available data in GIS format, that support this work and allows
producing a ﬁrst-level impact assessment for the study area.
Available population data include national statistics at the municipality level (http://www.gobiernodecanarias.org/istac/) and a local
population survey performed at the study area. According to recent
national statistics, 32% of the population is older than 75 or younger
than 15 years old (Instituto Canario de Estadistica, http://www.
gobiernodecanarias.org/istac/, accessed 2012). Moreover, in 2012
Tenerife Island hosted more than 4 million tourists, most of them
foreigners, 30% of them being older than 65 or younger than 16 years
old (Istituto Canario de Estadistica, http://www.gobiernodecanarias.
org/istac/, accessed 2012). The local-scale survey was conducted in
2003 (Fig. 3a, source: Cabildo de Tenerife) and is the last survey produced for the area at local scale. Knowing the distribution of population
within the municipality supports a higher detail in the vulnerability and
Table 3
Exposed targets considered for the analysis, divided in 4 sub-systems (population,
buildings, road network and urban services) and subcategories.
Exposed assets

Sub-categories

Description

Population

Total
Young/elderly
Strategic

Total population
Population b15 or N 75 years old
Hospitals and local care centres,
ﬁre stations, churches and religious
buildings, schools and educational
centres
All residential buildings
Small industrial plants, agricultural
deposits (silos)
Road types
Main electricity network
Potabilization, supply and sanitation
network

Buildings

Residential
Production sites
Transportation system
Urban services

Road network
Electricity network
Water network

impact assessment analysis. Given that the total population in this area
has not been signiﬁcantly changing in the last decade (Istituto Canario
de Estadistica, http://www.gobiernodecanarias.org/istac/, accessed
2012), this is a reliable source for this analysis.
The anthropic system, intended as the set of human-built features,
activities and their relationships, has been divided into many subsystems: buildings, transportation system, and urban services (electricity
network and water potabilisation, supply and sanitation). Most of the
infrastructures and almost all types of buildings can be physically
damaged by a pyroclastic density current, a lava ﬂow or an abundant
ash fallout. Exposed buildings considered in the analysis are displayed
in Fig. 3b. The study area contains many residential buildings, some
minor industrial buildings and strategic buildings (one hospital, one
ﬁre station, several schools and educational centres and churches and
other religious buildings). In particular, main schools and churches may
be used as shelters during an emergency. The road network (Fig. 3c) is
constituted by few main roads and a dense network of urban and country
roads, used by local people. The main road is the highway (Autopista del
Norte) that connects Santa Cruz to Icod de los Vinos, but it does not reach
the North-West of the Island. Urban services considered are electricity
and water network (including potabilisation, supply and sanitation)
(Fig. 3d). The region uses groundwater extracted though water wells
from the Teide slopes (http://www.aguastenerife.org/), a common practice in the area. Also, sea water is extracted and desalted. Fig. 3d shows
the localisation of the main wells (connected to a tunnel dug in the
ﬂank of the volcanic ediﬁce) and many minor wells (private use), not
included in the current analysis due to the lack of detailed information
on their use. A system of both open air and buried pipes connects
water production nodes to the supply network. Desalination plants are
also shown in the map.
An important component of the exposure analysis is the socioeconomic context. The disruption of economic activities due to a volcanic
event could in fact impact all the society. The economy of Tenerife is
mainly based on the tourism, but tourists are concentrated in the south
of the island (Adeje, Arona), in the capital (Santa Cruz de Tenerife) and
some minor towns in the North (Puerto de la Cruz and Santiago del
Teide). Together, the other municipalities of Tenerife (including the
study area) account only for a 10% of the touristic activities (Instituto
Canario de Estadistica, http://www.gobiernodecanarias.org/istac/).
Tourism is therefore not particularly relevant in this area at a general
level, but given that many tourists visit Teide volcano, we will describe
possible impacts on tourism for this case-study in the discussion section.
Another important productive activity of Tenerife is agriculture. Tenerife
exports fruits and vegetables (in particular tomatoes, potatoes and
bananas). Main agricultural areas are located in the South of the Island
and in La Orotava (North-East), whilst the study area sums up approximately 500 ha of cultivated land (http://www.agrocabildo.org/mapa_
cultivo.asp). Main crops in San Juan de la Rambla and la Guancha are
banana and potatoes, accounting for more than 50% of cultivated land.
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Fig. 3. Maps of exposed assets, distinguished by main typologies: population (3a), buildings (3b), road networks (3b) and urban services (3c). Subcategories considered in the analysis
(Table 3) are also displayed in different colours.

Icod de los Vinos municipality hosts 115 ha of vineyard, accounting for
the 16% of the total cultivated land of the municipality (http://www.
agrocabildo.org/mapa_cultivo.asp), and has a relevant wine production
activity. Agricultural activities, and in particular wine production, are
therefore important for the study area. Regarding secondary and tertiary
activities, only 762 of approximately 5000 companies in Tenerife are
located in the study area (http://www.gobiernodecanarias.org/istac/)
and no big industrial activities are present. Available socio-economic
on agriculture and industrial activities do not provide enough information to carry out an exhaustive exposure analysis for the study area.
We will nonetheless take into account the features surveyed in the
building stock that have an important role for storing products that
have a socio-economic value: industrial deposits and agricultural
deposits (silos).

interdependencies between elements. Systemic vulnerability accounts
for the possible effect of local disruption on the whole complex system,
constituted by all exposed and not exposed elements (people, buildings,
transportation network, urban services, productive activities). An
element may have a low physical vulnerability to tephra fallout, but be
indirectly disrupted by the failure of a critical infrastructure. Pioneering
studies on infrastructures' physical and systemic vulnerability directly
or indirectly point out the relevance of network design for the veriﬁcation and propagation of damage (Wardman et al., 2012a; Wilson et al.,
2012). Systemic vulnerability coefﬁcients are therefore estimated by
amplifying the value of vulnerability of those features that are recognized as critical for the entire system. Such coefﬁcients are based on
our considerations, but the tool is designed to be ﬂexible and allow
future changes. Moreover, we suggest these coefﬁcient to be established
by a multidisciplinary expert team.

3.3. Vulnerability
The aim of the vulnerability assessment is to quantify the physical vulnerability of the elements of each sub-system (buildings, transportation
system and urban services) through the use of indicators. Each hazardous
phenomenon affects elements and infrastructures in different ways
according to their speciﬁc physical vulnerability. For example, roof
type is not relevant in case of lava ﬂow, but is the fundamental parameter for vulnerability of buildings to ash fallout. Physical vulnerability
indicators are therefore deﬁned speciﬁcally for each hazardous phenomenon and sub-system. First, data are grouped into three thematic
vector maps, one for each anthropic sub-system (buildings, transportation system and urban services). The database used for the vulnerability
analysis is in fact constituted by heterogeneous data from different surveys, which need to be synthesized into maps with the most updated
knowledge on the area. For each sub-system, we deﬁne a physical
vulnerability indicator and a corresponding qualitative vulnerability
index. We then associate to each element its vulnerability index using
ArcGIS® editing tools. This operation is automated within the GISbased tool. Secondly, having estimated the physical vulnerability of
elements, we account for their relevance in the system and the

3.3.1. Population
Population is potentially exposed to any volcanic hazard, but its
vulnerability changes with respect to the different phenomena. Impacts
therefore span a wide range of magnitudes and for example a substantial ash deposition can cause minor visibility or respiratory problems,
whilst pyroclastic ﬂows can cause death or serious injuries to people.
In general, we assume that the higher the number of people in an
area, the higher is the physical vulnerability of the area, due to the presence of a higher number of potentially injured people. But population
vulnerability also changes when speciﬁc actions are taken, such as
evacuation or sheltering in place. For example, young and old people
are particularly vulnerable due to its reduced mobility. Also, tourists
are more vulnerable due to their lower knowledge of the area (roads,
people, language) and, sometimes, scarce access to information. Due
to the lack of speciﬁc data on age, language and social characteristics,
we consider all the population with equal physical vulnerability to
volcanic hazards. But, knowing that 30% of the population belongs to
this category (Section 3.2) we can hypothesise that 30% of the population has a higher physical vulnerability to volcanic hazards. This aspect
is particularly signiﬁcant for the analysis of results.
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3.3.2. Buildings
Physical vulnerability parameters are based on available data
(Spence et al., 2005a,b; Martí et al., 2008a) and previous studies on
building vulnerability in other active volcanic areas (Baxter, 2004;
Zuccaro et al., 2008; Wilson et al., 2009, 2012; Biass et al., 2012). In
particular, the vulnerability data and the methodology for buildings
were obtained from Spence et al. (2005b) and Martí et al. (2008a).
The survey performed by Spence et al. (2005a,b), in this area allowed
collecting information on building and infrastructure typologies for an
analysis of the vulnerability to the three main potential hazards (earthquakes, pyroclastic density currents and tephra fall) that could affect the
area in case of reactivation of Teide–Pico Viejo volcanic complex. The
survey area was divided into 6 zones, according to their different characteristics and use and the sites selected were speciﬁcally chosen to pick
up the full variety of settlement types and ages. We therefore adopt the
building type deﬁnition proposed by Spence et al. (2005b) for European
buildings, which identiﬁes 4 typologies of building structures and 4
typologies of roofs at Icod de Los vinos, as described in Martí et al.
(2008a). Classiﬁcation tables are available in Spence et al. (2005b) and
Martí et al. (2008a). Given that the building stock survey has been performed in 2004 and no recent indicators on building maintenance status
are available, and given the wide range of ash fallout magnitude considered (from millimetres to metres) and the wide range of critical ash load
for building collapse (Biass et al., 2012), we assume that all buildings are
likely to collapse within high ash load values (Hazard level IV and V,
Table 2). This assumption is justiﬁed in order to include all possible
impacts of ash fallout in the methodology. Moreover, we account for
the uncertainties related to both the vulnerability indicator for buildings
and the critical ash load collapse for different typologies. Note that, if
vulnerability data were available in higher detail, they could be easily
included in the methodology by using 4 vulnerability values according
to building/roof type. For example, new high-resistance, reinforced
concrete buildings could be damaged only in case of ash fallout hazard
level V (Table 2).
3.3.3. Transportation system
Digital maps of roads, service infrastructure (water, electricity) and
built environment for the island were provided by the Icod de los
Vinos municipality and updated with the vulnerability information. To
estimate the physical vulnerability of the transportation system, we
use the parameter “road quality” (Table 4). Data contained in the GIS
database are road typology, pavement type and geometrical parameters
(width, slope).
Road quality depends on path quality (straight or curved), geometry
(width, slope) and road surface characteristics and maintenance conditions. This parameter has been deﬁned on the basis of the road design
codes, such as AASHTO (American Association of State Highway and
Transportation Ofﬁcials) policy on geometric design of Highways and
Streets (AASHTO, 2001). In Europe, road design is deﬁned in the national
codes of each country. The European FP7 project SAFESTAR (http://
www.transport-research.info/web/projects/project_details.cfm?ID=
670) focuses on road design improvements in the last decade. Road
quality is relevant in case of ash fallout: a few millimetres of ash can disrupt road trafﬁc on secondary, steep and curvy roads, whereas driving
on a straight path may be still possible. Unfortunately, at the moment
there are no studies that relate the type of road and vehicle to the
expected disruptions of road trafﬁc. Also, tephra fallout can decrease

visibility and disrupt the ventilation and air conditioning systems of
vehicles, which may cause additional disruptions and road blockage.
Finally, low road quality can also increase the difﬁculty of evacuation,
and pose additional threats to exposed people trying to escape from
an impacted area (Cole and Blumenthal, 2004).
3.3.4. Urban services
Urban services are extremely important during emergencies, and
their disruption can cause secondary impacts on population and socioeconomic activities. There are only a few examples of vulnerability
assessment of urban infrastructures in literature (e.g. Stewart et al.,
2006; Wilson et al., 2009, 2012; Wardman et al., 2012a) and no speciﬁc
vulnerability classiﬁcations of urban services and its elements for volcanic hazards are currently in use. The lack of speciﬁc data on the water
and electricity distribution network (which is in general managed by
private institutions) makes it difﬁcult to assess the physical vulnerability of elements based on its characteristics. However, the GIS database
provides the geographical location of the different urban services, the
typologies of elements digitalised and a short description. This provides
a basic but meaningful distinction into “type” categories (Table 5), corresponding to alphabetic codes (for example, “El” for electricity line) in
order to perform the following steps on the impact assessment analysis.
Each element is therefore associated to its intrinsic physical characteristics, which are taken into account when estimating the expected
damage.
3.3.5. Systemic vulnerability
Having estimated the physical vulnerability/damage of each
element, we aim at considering their relevance for the complex system.
The more relevant is an element for the system, the more relevant will
be its physical damage for other elements and system. For example, if
an element is considered strategic (for example, a hospital), then the
system is more vulnerable to its failure, and the functional damage
produced by its failure is higher. Here, we propose a set of coefﬁcients
that allow taking into account this aspect. A systemic vulnerability coefﬁcient greater or equal than 1 has been assigned to each element
(Table 6) based on its relative importance in the system. Vulnerability
coefﬁcients are based on few studies that suggest the relative importance of elements (Houghton et al., 2006; Spence et al., 2008; Barsotti
et al., 2010; Sandri et al., 2011; Wilson et al., 2012), past experiences
of managing volcanic crises (Blong, 1984, 2003; Baxter et al., 2005)
and recent considerations on sustainable risk management (Menoni
and Margottini, 2011; MIAVITA Handbook, 2012; Zuccaro et al., 2013).
However, given the complexity and subjectivity of this choice, they
should be deﬁned by a group of experts, and based on knowledge management methods such as elicitation techniques (Aspinall, 2006). Given
the fact that these coefﬁcients are very subjective, we do not use coefﬁcients lower than 1 (in order not to underestimate any contribution to
the total vulnerability). Systemic vulnerability coefﬁcient can be easily
changed by the user.
The population is not only vulnerable to the physical phenomenon
at stake (pyroclastic density current, for example) but also to the
failure/disruptions of basic services such as electricity and water supply.
Regarding buildings, the ones having the higher weight are the strategic
buildings (hospitals and local health care centres, ﬁre stations, schools
and churches to be used as shelters), due to their role during an emergency. Roads have been classiﬁed based on their hierarchic role,

Table 4
Physical vulnerability of roads, estimated by the path quality (depending on width, slope, road surface and conditions). If estimators are contrasting, the element is associated to the lower
classiﬁcation value.
Path quality

Width

Slope

Road surface

Conditions

Vulnerability class

Straight
Semi-curved
Curved

Wide
Normal
Narrow/one way

0.5–5%
5–15%
N15%

Asphalt, concrete
Others (e.g. brick, cobblestone, sett)
Gravel, dirt (i.e. native soil), unsurfaced

Good
Average
Bad/in execution

I
II
III
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Table 5
Physical vulnerability classiﬁcation for urban service systems. Each element has its speciﬁc
vulnerability, and the rating is not related to the degree of vulnerability, but to the
vulnerability characteristics typical of the element (“column type”). Each element is
associated to a code (for example, “El” means electricity lines).
Urban system

Element

Function

Type

Electricity network

Hydroelectric jump
Electric pylons
Electricity line
Desalination plant
Groundwater extraction
Water tank
Desalted water network
Water supply network (pipes)
Water canal (open air)
Pipes
Canals

Production
Structural support
Distribution
Production
Production
Storage
Distribution
Distribution
Collection
Collection
Collection

Ej
Ep
El
Wd
Wc
Wt
Wdn
Wn
Wa
Sp
Sc

Water potabilization
and supply

Water sanitation
system

highways being the most relevant and rural roads the less relevant. This
classiﬁcation is inspired by the concept of functional classiﬁcation used
by the United States Federal Highway Administration, which distinguishes different types of roads and their LOS (i.e. level of service),
one of the main design parameters for roads in the United States
(Ryus et al., 2010). The concept of level of service started to be applied
in Europe in the last decade and is becoming more and more widespread. The importance of the highway here is stressed by the fact
that there is no train or alternative transportation means in the area.
Finally, it is extremely difﬁcult to assess the relative importance of one
infrastructure or another when dealing with basic services such as
electricity and water supply. Wilson et al. (2012) suggest taking into
account the hierarchical role of elements in the network, and distinguish between generation and distribution, which is a meaningful
classiﬁcation for both the water and electricity supply network. The
ENSURE framework also introduces these aspects, and suggests taking

Table 6
Systemic vulnerability coefﬁcients for all elements of the three anthropic sub-systems.
Sub-system

Elements

Description

Systemic
vulnerability
coefﬁcient

Population
Buildings

Total population
Strategic

–
Hospital
Fire station
Church
School
Buildings
Industrial deposit
Industrial plant
Agriculture deposit
Monument
Swimming pools
Highways
bridge
gallery
Interurban roads
Urban roads
Rural roads
Hydroelectric jump
Electric pylons
Electricity line
Desalination plant
Well for groundwater
extraction
Water tank
Desalted water network
Water supply network
(pipes)
Water canal (open air)
Well
Pipes
Canals

2
2

Residential
Economic activities

Others
Transportation
system

Arterial roads
point features
Collector roads
Local road

Urban services

Electricity network

Water potabilization
and supply

Water sanitation
system

1.5
1.2

1
2
1.5
1
1
2

1.5

into account the cascading impacts of failure on the depending infrastructures (ENSURE, Del 4.1.1, 2011). Here, we give higher priority to
the electricity network due to its relevance in supporting emergency
equipment (hospitals, ﬁre stations) and operations. Given that the
deﬁnition of emergency procedures relies on risk management experts
and involved stakeholders (civil protection, national and regional
government), this decision should be taken by an expert group.
3.4. Damage estimation
Physical damage quantiﬁes the magnitude of physical harm on an
element, which impairs its value, usefulness, or normal function. The
functional dimension of damage is therefore implicit in its deﬁnition,
as it quantiﬁes the loss of functionality of elements, deﬁned as the purpose that they are designed for, or expected to fulﬁl. Here, we identiﬁed
5 qualitative levels of functional damage, based both on physical
damage and loss of functionality produced by a certain hazard on an
element having a speciﬁc vulnerability (Table 7). At lower levels,
elements substantially maintain their functionality, whilst at higher
levels, the functionality is lost. The choice of using 5 damage classes
accomplishes the need for synthesis but also representativeness.
This general classiﬁcation has to be adapted to all speciﬁc subsystem components, accounting for the speciﬁc context and their role
in the system. The way one element can be damaged and loses its
functionality, in fact, depends on the type of hazardous event and the
characteristics of the element. We therefore produced damage tables
to associate a certain combination of hazard and vulnerability values
to a qualitative damage rating. Damage tables are based on past studies,
observations and practical considerations. Given that no historical
explosive eruption occurred in Tenerife (Martí et al., 2008a), expected
impacts of volcanic hazards were inferred by observations of impact at
other active volcanic areas (Blong, 1984, 2003; Baxter et al., 2005;
Jenkins et al., 2013). Damage tables (Table 8) were produced for each
hazardous phenomenon considered (ash fallout, pyroclastic density current and lava ﬂows) and infrastructural sub-system analysed (buildings,
transportation system and urban services). Damage tables associate to
each hazard class (Section 3.1 and Table 2) and vulnerability characteristic of the elements (Section 3.3 and Tables 4 and 5) a damage level
(Table 7).
Pyroclastic density currents always produce a high degree of damage
on the elements encountered on his path (Valentine, 1998; Gurioli et al.,
2005). It affects buildings with a lateral pressure on external walls
which leads to window failure and eventually total collapse (Spence
et al., 2004; Baxter et al., 2005; Jenkins et al., 2013). Zuccaro et al.
(2008) describe the possible injuries caused by a pyroclastic density
current, based on Spence et al. (2004) showing that in case of window
failure and temperature not high enough to cause building ignition,
15% of its occupants are injured and 15% die, whilst if the building
burns, 45% of its occupants suffer strong injuries and the other 45%
die. These injury models underline the high impact of a pyroclastic density current on the population and underline the importance of building
design and measures such as the prior evacuation of threatened areas

Table 7
Deﬁnition of the 5 qualitative levels of damage, intended as % of loss of functionality of the
considered element.
Damage level

Physical or functional damage

–
I

No damage. 100% Functionality.
Loss of some less important function. Very low damage,
80% functionality.
Loss of non structural function. Low damage, 60% functionality.
Non structural and structural losses. Medium damage.
40% functionality.
Substantial structural damages. High damage. 20% functionality.
Maximum, very high damage. The element totally lost
its functionality.

II
III
1
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IV
V
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Table 8
Damage matrix to associate to each hazard (rows) and vulnerability (column) combination a correspondent damage value, varying from I to V, according to Table 7. Acronym ‘n.c.’ means
that the element has not been considered in the speciﬁc case. A colour scale is associated to damage levels. Green colour means no damage or level I damage, whilst yellow identiﬁes
damage levels II and III, and orange and red identify respectively damage levels IV and V.

Population
P
D
C
L
a
v
a
A
s
h
f
a
l
l

Buildings

Roads

Urban services

I

II

III

IV

V

Type

I

II

III

Ej

Ep

El

Wd

Wa

Wt

Wc

Wdn

Wn

Sp

Sc

−

−

−

−

−

−

−

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

V

V

V

V

V

V

V

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

n.c.

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−
II

V

I

I

I

I

I

V

V

V

V

V

V

V

V

V

V

II

III

III

II

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

I

−

−

−

−

−

−

I

II

II

III

III

III

III

IV

IV

II

II

II

II

II

II

−

−

−

−

−

II

II

III

III

III

III

III

III

V

V

II

II

II

II

II

III

I

I

I

II

II

III

III

III

V

V

V

V

V

V

V

III

III

III

III

III

IV

III

III

III

III

III

V

III

V

V

V

V

V

V

V

V

IV

IV

IV

IV

IV

V

III

III

III

III

III

V

V

V

V

V

V

V

V

V

V

IV

IV

IV

IV

IV

(Zuccaro et al., 2008). Some infrastructures, which are deeply buried
into the ground, represent an exception, but even in this case it is impossible to guarantee the absence of damage, because some inspection
wells can be poorly insulated and high temperature clouds can enter the
wells (Howe, 2003). To be pragmatic, we can assume that everything on
the ﬂow path is going to be destroyed or suffer strong physical damages
and become useless. Finally, given the high velocity that can be reached
by pyroclastic density current, in the order of several metres per second
(Druitt, 1998; Cioni et al., 2004), it is very difﬁcult to avoid impacts and
perform any mitigation action. For this reason the corresponding damage table contains only very high levels of damage.
Lava ﬂow does not commonly produce a high number of casualties,
because its path is in most cases predictable and the ﬂow velocity is
commonly slow. Moreover, there are no evidences for lava ﬂow causing
direct injuries and burnings. For this reason, we assume that lava produces a low impact on population, and we associate to the population
a low damage value (damage level I). But lava ﬂow can indirectly impact
population as it is likely to destroy everything on its path, producing
maximum damages on buildings, productive activities and roads. In
case of lava coverage, we thus associate to all roads, electricity network
(“Ej”, “Ep”, “El”, see Table 5) and surface elements (“Wd”, “Wa”, “Wt”) a
maximum damage level. The water extraction and supply network
(“Wa”, “Wc”, “Wdn”), although usually buried, are associated to a medium damage level due to the fact that, if covered by lava, can be damaged
in correspondence of inspection wells or other discontinuities. Other
buried elements (“Sp”, “Sc”) are associated to a low, but not null damage
level, in order to account for possible damage produced by high temperatures and inﬁltration, which depends on the physical characteristics
and design of the elements. Examples of the expected impact of lava
and pyroclastic density current on buildings and infrastructures can be
found in Spence et al. (2004), Capra et al. (2008) and Zuccaro et al.
(2008).
Tephra fallout can produce a wide range of impacts, in terms of
both magnitude, and temporal and spatial extension. Moreover, the
thresholds of ash fallout that can produce damages vary considerably,
depending on socio-economic context and local conditions (Biass
et al., 2012). Impacts of ash fallout on people are documented for main
explosive volcanic events (Blong, 1984; Baxter, 1999; Horwell et al.,
2003; Horwell and Baxter, 2006). Ash fallout does not produce chronic
injuries or casualties, but it can cause eye irritation, reduction of visibility
and respiratory problems (particularly for asthmatic or aged subjects).
Also, resuspension of deposited ash can impact population and reduce
air quality (Collini et al., 2012). Here, we assume that a substantial ash
deposition (hazard levels IV and V, Table 2) can produce substantial

impacts on the population, corresponding to a medium damage level,
whilst very low to low damage is associated to lower values of ash deposition. The main physical impact of tephra fall is the ash load on roofs,
which can cause roof collapse and consequent injuries and even the
death of its occupants. The work of Pomonis et al. (1999) deﬁnes the
ash load thresholds for building typologies of Azores archipelago,
which are similar to Canarian buildings. Spence et al. (2005a,b) provide
vulnerability curves which allow a quantitative damage estimation for
different building typologies. Biass et al. (2012) adopt values varying
from 100 to 300 kg/m2 respectively for weak and strong roofs, which
correspond to approximately 1 to 3 kPa. Spence et al. (2005a,b) propose
tephra load collapse values of 3, 4.5 and 7 kPa, respectively for weak,
medium and strong roofs in Tenerife. Given the wide range of values
proposed in past studies, and the uncertainties on building characteristics in the study area due to the absence of an exhaustive survey, the
wide range of tephra load values proposed in Table 2 is a justiﬁed choice.
Thus, we associate to all buildings affected by an abundant tephra deposition (level IV or V, Table 2) a maximum damage, which corresponds to
roof collapse. Given that buildings can also suffer non-structural damages by a moderate ash fallout (hazard level III, Table 2), we associate
them an intermediate damage value. Finally, in order to account for
effects of a scarce ash fallout on building HVAC (heating, ventilation
and air conditioning) systems (Wilson et al., 2012), we associate to it a
hazard level II (Table 2), a low damage level. Tephra fallout can also produce strong impacts on transport infrastructures and urban services.
Wilson et al. (2012) describe ash fallout impacts on road infrastructures,
water supplies, and the electrical network. Ash deposition up to 1 mm
can produce disruptions at roads (Biass et al., 2012; Wilson et al.,
2012) and produce several problems and disruptions to the transportation system. In fact, in case of ash the visibility is reduced and the road
pavement becomes slippery. The impacts of ash fallout on roads depend
on the road type (Table 4), due to the increased difﬁculty of driving in
low quality (curvy, steep, narrow) roads. We assume that primary
roads suffer a very high damage up to 50 cm of ash deposition, whilst
the total damage of secondary and bad quality roads is assumed to
happen for respectively 10 and 1 cm ash deposition. For all roads, we
assume low damage if they are covered by less than 1 mm of ash, whilst
for intermediate levels (ash deposition lower than the considered
threshold for total damage) we assume medium damage. Volcanic ash
also inﬁltrates HVAC systems, and provokes malfunctioning and
stopping of almost every electric and electronic equipment affected,
including cars (Wardman et al., 2012a; Wilson et al., 2012). Urban
services can be disrupted by volcanic ash: 1 cm of ﬁne ash deposition
can disrupt electricity lines (Wardman et al., 2012a), whilst a few
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millimetres are sufﬁcient to contaminate water surfaces and open water
tanks (Stewart et al., 2006; Wilson et al., 2009). For this reason, we associate with an ash deposition higher than 1 cm (hazard level higher than
III) the total damage of the electricity network (feature types “Ej”, “Ep”
and “El”, see Table 5), whilst intermediate damage is associated to
lower hazard levels. Also desalination plants (“Wd”) can suffer maximum damages in case of abundant ash deposition (hazard level III and
higher) and intermediate damages in case of lower magnitude ash fallout, in particular to the electricity network that provides energy to the
plant. Surface elements (water canals and tanks, “Wa” and “Wt”) can
be contaminated by the lowest ash deposition class, which may cause
a high or very high damage (level IV and V). Finally, buried elements
(“Wc”, “Wdn”, “Wn”, “Sp”, “Sc”) are expected to suffer strong damages
(level IV) only in the case of strong ash fallout, whilst intermediate or
low damage can happen in case of weaker ash fallout.
Based on these considerations, we associated a functional damage
level to each combination of hazard and vulnerability and produced
the damage tables showed in Table 8.
3.5. Systemic damage
Damage tables allow associating to each element a value of physical/
functional damage, depending on its vulnerability characteristics and on
the magnitude of the hazardous phenomenon. For practical purposes,
and in order to facilitate decision-making, it is a common practice to
join all maps together in a synthetic map of expected impacts produced
by a given hazardous phenomenon. This operation is not straightforward, given that different elements contribute in different ways to the
damaging process. Thus, not all vulnerability parameters are equally
relevant to the deﬁnition of damage. For this reason, damage maps are
combined in order to produce a ﬁnal systemic damage map produced
to the system by each hazardous phenomenon. Table 9 shows the
weights used to combine the speciﬁc damage maps into a ﬁnal map
for each hazardous phenomenon. Vulnerability parameters are intended
here as “fragility function attributes” and contribute to the societal
impact of a hazardous phenomenon. Weights have been deﬁned according to past studies that documented impacts of volcanic eruptions and
their effect on the society and inferred by observations of impact at
other active volcanic areas (Blong, 1984, 2003; Baxter et al., 2005;
Jenkins et al., 2013). However, the weight set may change according to
the speciﬁc context (territorial characteristics, socio-economic conditions, priorities established at a government level, existing risk management plans) and depending on the stakeholders involved in their
deﬁnition. For this reason, we suggest weights to be deﬁned on an expert
knowledge basis.
Zuccaro et al. (2008) show that pyroclastic ﬂow occurring at
populated areas always produce high-magnitude damage. In this case,
the most relevant parameters for the impact assessment are population
and the building types (Spence et al., 2005a,b). The presence of highlyresistant buildings or the adoption of speciﬁc building measures, for
example reducing and relocating the openings, could in fact partially
avoid the occurrence of casualties (Spence et al., 2004, 2008; Zuccaro
et al., 2008; Jenkins et al., 2013). Due to the expected gravity of damages
produced on population and buildings, the other aspects are given a
Table 9
Set of weights established for the vulnerability parameters, intended as fragility function
attributes (column 1) in order to take into account their importance for the estimation
of systemic damage. The acronym n.r. means that the parameter is not relevant in the
speciﬁc case.
Fragility function attribute

PDC

Lava

Ash fallout

Vulnerable population
Building type
Roof type
Path quality
Urban services

0.6
0.4
n.r.
n.r.
n.r.

0.3
0.3
n.r.
0.2
0.2

0.2
n.r.
0.4
0.2
0.2
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minor contribution to the estimation of overall expected impacts. Lava
ﬂow can produce strong damages on buildings and the population,
but their lower velocity (compared to pyroclastic density current,
basal surges, lahars and other similar hazards) allows the implementation of response measures such as evacuation/relocation, which can
substantially reduce human losses. For this reason, the expected impact
on population is lower than that in case of pyroclastic density current,
whilst the relevance of other impacts, such as the interruption of
roads and urban services, increases. Damage produced by an ash fallout
on buildings is mainly related to the roof type (Spence et al., 2005a,b),
which is therefore given a high weight. Also, ash deposition can impact
road network and strategic urban services such as electricity and water
supply (Wilson et al., 2012). Finally, vulnerable population can suffer
from loss of visibility, eye irritation and respiratory difﬁculty in case of
substantial fallout and remobilization (Horwell and Baxter, 2006).
These impacts are low in magnitude but, combined with other effects
of ash deposition, can substantially reduce the response capacity
(Biass et al., 2012) and are therefore taken into account. Note that
weights given for ash fallout include a large number of parameters,
due to the lower (in magnitude) but widespread effects on society
(Biass et al., 2012).
4. The GIS-based tool
The damage assessment methodology presented here is automated
through a GIS-based tool. The inputs of the tool are the results of eruptive scenario simulations, maps of exposed elements and vulnerability
characteristics of elements. The tool has been implemented through
ModelBuilder (Spatial analysis toolbox, ArcGIS®). Fig. 4 shows a sketch
of the methodology, underlining the role of main operations performed
before and during the tool work-ﬂow. Initial steps are the deﬁnition of
eruptive scenario and the collection of vulnerability data (usually
provided by national and local authorities). Having deﬁned eruptive
scenarios, simulations are performed with the VORIS tool (Felpeto
et al., 2007) directly from the ArcGIS® interface, and simulation outputs
are classiﬁed as described in Section 3.1. The exposed elements are also
classiﬁed according to the physical vulnerability parameters deﬁned.
Then, the tool produces systemic vulnerability maps multiplying each
element by the corresponding coefﬁcient (Table 6) and overlaps the speciﬁc vulnerability maps with the maps of modelling results (reclassiﬁed
as in Table 2), for each phenomenon. This operation is supported by the
damage tables (Table 8) that contain a damage value for each combination of hazard and vulnerability. The resulting damage maps are then
combined according to the relative importance of the parameters for
the damage assessment (Table 9).
The 6 main operations implemented in the tool are:
1) Conversion from vector to raster. Vector maps of exposed elements
have to be converted to raster format, all with the same cell size
and extension. Results are the thematic raster map for all vulnerability
parameters. For example, a raster map containing the information
for each pixel for the “path quality” parameter is obtained from the
vectorial map of roads.
2) Application of coefﬁcients to account for systemic vulnerability.
Every thematic vulnerability map is multiplied by the systemic
vulnerability coefﬁcients (Table 6) on a cell-by-cell basis. This procedure allows taking into account the relative importance of each
element of the system (Section 3.3.5). In this way, a cell that hosts
multiple features is considered multiple times.
3) GIS-based overlap. In the ﬁeld of risk management, damage is
deﬁned as the product, or spatial overlap, of hazard and vulnerability
characteristics. The core of the damage assessment is therefore an
overlap of hazardous phenomena and thematic vulnerability maps.
This operation is performed on a cell-by-cell basis, using the damage
tables (Table 8) to associate to each combination of hazard and vulnerability a qualitative damage value. Results are thematic damage
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Fig. 4. Sketch of the methodology, underlining the role of main operations performed before and during the tool work-ﬂow. The ﬁrst operations are performed out of the work-ﬂow
(simulation of eruptive scenarios, exposure analysis and production physical vulnerability maps). Then, the tool produces reclassiﬁed maps for each hazardous scenario, systemic
vulnerability and, through a GIS-based overlap, thematic damage maps. Finally, damage maps are combined in order to produce systemic damage maps for each hazardous phenomenon,
and a ﬁnal map for each eruptive scenario.

maps for each hazardous phenomenon and infrastructural subsystem. In particular, for urban services, given that the elements
are both points and lines and are stored in separated vector maps,
the converted raster have been combined through a mosaic technique in order to select the maximum vulnerability index for each
cell (mosaic method, data management toolbox, ArcGIS®).
4) Reclassiﬁcation. Every time a numerical operation is performed over
a map, or two maps are combined together, a reclassiﬁcation is
necessary in order to maintain a qualitative classiﬁcation (for example,
the 5-classes qualitative classiﬁcation for damage). This is performed
automatically by the system, which divides the total value into
constant intervals or natural breaks (Jenks, 1967).
5) Weighted sum. Weighting operations consists in a multiplication
between a raster containing the weights values and the thematic
map. Thematic impact for each combination of hazardous phenomenon and vulnerability indicator are combined independently for
each hazardous phenomenon, accounting for the relevance of each
vulnerability indicator (Table 9) for the ﬁnal damage assessment
(Section 3.5). Vulnerability indicators are intended here as “fragility
function attributes” as described in Section 3.5.
6) The ﬁnal step of the tool consists in producing a ﬁnal impact map
taking the maximum damage produced, for each element, by the
hazardous phenomena considered in the eruptive scenario. Thus,
thematic damage maps for each scenario (for example, ash fallout
and lava ﬂow for scenario II) are combined into a ﬁnal damage
map for the eruptive scenario, showing the distribution of expected
impacts in the area.
All operations can be managed and controlled by the user. The complete work-ﬂow can be visualised through the ArcGIS® interface and
most parameters of the tool are set on a default value and are customizable: for example, the 0.1% probability taken as threshold for lava ﬂow
coverage can be changed by the user, based on the expected characteristics of the ﬂow and the reliability of simulation models. Also the cell
size used for the spatial analysis operations can be changed, according
to the resolution of the topographical data used for the simulation of
lava and pyroclastic ﬂow. Given that the vectorial maps have an intrinsic
high resolution, and in order to perform a high-resolution analysis, we
adopt a default cell size of 10 m. Cell size is kept constant during the
analysis, in order to ensure that the spatial analysis is implemented
between equal or comparable grids. All input parameters are introduced
before launching the tool, through a pop-up window. Tables and maps
can be replaced manually, clicking on the correspondent block in the
work-ﬂow and editing the path of input ﬁles. The system is automatically

updated when restarting the ArcGIS® program. The user can choose to
visualize any of the intermediate maps. When the model ﬁnishes (after
few minutes of computing time on an average laptop) results are loaded
as a new layer in the current ArcGIS® project.
5. Results
In this Section we present ﬁnal damage maps produced for the two
simulated scenarios in the area of Icod de los Vinos. Fig. 5 (top) shows
systemic damage maps expected to be produced by the eruptive scenario
1 by the multiple hazardous phenomena: phonolitic lava ﬂow (a), ash
fallout (b) and pyroclastic density current (c). Lava ﬂow (Fig. 5a) I is
expected to produce low to moderate impacts on the population and
high impacts on roads and the main electricity network, whilst ash
fallout (Fig. 5b) can cause high impacts on roads, and the electricity
and water supply network. Pyroclastic density current (Fig. 5c) can produce high impacts on the population, especially in highly populated
areas, and strongly damage strategic buildings. Fig. 5d shows the combination of speciﬁc damage maps into a total damage map, result
of the weighted overlap of thematic maps (Section 4 and Table 9).
showing that high impacts are expected for two highly populated
areas (corresponding to the main urban nuclei of San Juan de la Rambla
and Icod de los Vinos). Also the main electricity network is expected to
suffer high impacts, whilst medium and high damage can happen at
secondary and minor roads. Fig. 5 (bottom) shows damage maps
produced for the eruptive scenario 2 by basaltic lava ﬂow (5e) and
ash fallout (5f), that are expected to produce low to moderate impacts
on population and high impacts on roads, and the electricity and
water supply network. The combination of the two maps in a ﬁnal
damage map is showed in Fig. 5g.
Fig. 6 shows examples of expected damage maps produced by the
ash fallout simulation from eruptive scenario 1, obtained varying the
weights of vulnerability parameters (ediﬁces, roads and urban services,
respectively). For clarity purposes, the population was not included, in
order to underline the effects of weights on the considered features.
Fig. 6a is produced by giving the set of weight coherent to the one
adopted for the analysis, that is, higher weight to ediﬁces and equal
weight to urban services and roads (Table 9, column 3). With this
weight set, a higher concern is posed on impacts at buildings, that is,
on the resident population. The weight given on the ediﬁces may also
change with time. In general, at night most people are located in residential buildings, whilst during the day few strategical buildings
(schools, factories and public ofﬁces) host a high percentage of the
population. Weights can also reﬂect seasonal variability and account

C. Scaini et al. / Journal of Volcanology and Geothermal Research 278–279 (2014) 40–58

Fig. 5. Top: Expected impacts from hazardous phenomena simulated for scenario 1 (Sub-plinian): a) lava ﬂow, b), ash fallout, and c) pyroclastic density current. Total impacts (d) are obtained by combining the three maps (Section 4). Bottom:
Expected impacts from hazardous phenomena modelled for scenario 2 (violent Strombolian at N-W basaltic rift): e) lava ﬂow, and f) ash fallout. Total impacts (g) are obtained by combining the two maps (Section 4).
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Fig. 6. Intermediate maps of impact caused by ash fallout on the total system, obtained by combined thematic maps of buildings, roads and urban services. Maps are produced by varying
the weight set, in order to show the effects of weights on total results. a shows the resulting impact map obtained by giving a weight of 4, 3, and 3 respectively to buildings, roads and urban
services, whilst for b and c tuples of values were respectively 2, 2, and 6 and 2, 5, and 3. Here, for explanation purposes, we did not include population in the analysis. Weights used for the
analysis (including population) are shown in Table 9.

for the higher importance of buildings for sheltering in place during
winter. Fig. 6b is produced by giving a very high weight to buildings
(0.6) which may correspond to a situation in which the population
has to shelter in place. This decision, in fact, assumes that buildings
are a safe place for the population. Finally, Fig. 6c is produced giving a
higher weight to roads (0.5), and may correspond to a risk management
strategy in which the transportation network has a primary role, such as
during an evacuation. Also, roads are important in case of sheltering in
place, in order to bring ﬁrst-aid supplies (water, medicines, food) to
impacted areas. The comparison of the systemic damage maps (Fig. 6a,
b,c) shows how different weighs can inﬂuence results. For example, in
map 6b, where a very high weight is given to buildings, minor roads
(black arrow in Fig. 6a and b) do not appear to suffer a high damage,
whilst in Fig. 6c minor roads are visible and their damage is emphasized
by the higher weight given to the road network. At the same time,
strategic features such as main electricity lines always have a high
damage (blue arrow in Fig. 6c).
Finally, for each scenario, we performed a ﬁrst-level quantiﬁcation
of expected impacts. Together with the ﬁnal damage map, buildings
and urban services can be displayed in order to identify areas that are
potentially impacted and recognize the speciﬁc features. For example,
one may identify strategic buildings (for example, hospital and health
care centres) or main roads suffering higher damage. We consider
cells where a very high or high damage is found (damage classes IV or
V) and infer the expected impacts on main exposed assets. Table 10
shows expected impacts from the two eruptive scenarios on the total
study area and for each municipality. We estimated the number of
strategic buildings and productive sites expected to suffer damages,
the length of road network impacted, and in particular the impact on
highways, and the length of main electricity lines that are likely to suffer

impacts. Both scenarios 1 and 2 are expected to impact many strategical
buildings. In particular, a high impact is expected at 3 hospitals in Icod
de los Vinos municipality, two of them located within the Icod urban
area (Fig. 3b), and the only documented ﬁre station in the area, located
in San Juan de la Rambla (Fig. 3b). The desalination plant in San Juan de
la Rambla municipality (Fig. 3b) can suffer low impact due to weak
ash deposition from scenario 1, but is not directly affected by lava and
pyroclastic ﬂow, whilst the desalination plant located in the Icod de
los Vinos municipality (Fig. 3b) can be directly affected by lava ﬂow
from the basaltic rift, and is therefore expected to suffer high damages.
Finally, scenario 1 is expected to impact approximately 26 km of electricity network and 35 km primary road network, 8 km being part of
the main highway, whilst scenario 2 is expected to produce less impacts
on the electricity and road network.

Table 10
Expected impacts of the eruptive scenarios on main exposed targets.
Expected impacts

Scenario 1

Scenario 2

Hospitals (number)
Fire station (number)
Schools and educational centres (number)
Churches and religious sites (number)
Industrial sites (number)
Agricultural deposits (number)
Total primary roads (km)
Highway (km)
Main electricity lines (km)

3
1
23
24
17
1
~35
~8
~17

0
0
26
25
8
0
~18
~3
~26
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6. Discussion
6.1. Improvement of current database
The methodology presented here was adapted to the available data,
which were gathered in different surveys during the last decade, and
without the speciﬁc aim of performing a systemic vulnerability assessment. We do not perform a comprehensive exposure and vulnerability
analysis but, given its importance for a comprehensive risk assessment,
we suggest indicators that may be included in a further survey. We
therefore suggest a set of complementary data that may be gathered
to enhance the methodology. Table 11 presents our proposal for an
ideal, complete database which contains the useful data for a comprehensive vulnerability and exposure assessment, that could be used in
the study area or in other zones threatened by volcanic hazard. If such
data were included, the GIS based tool could support risk management
and cost–beneﬁt analysis, that should be integrated in volcanic risk
management (Barsotti et al., 2010; Sandri et al., 2011; Marzocchi et al.,
2012).
Population characteristics (e.g. age, language, health conditions,
literacy) may be particularly relevant, given the strong presence of
foreign tourists and residents. Another important source of information
is the availability of emergency infrastructure and equipment
(e.g. helicopters, electricity generators, water, food and medical equipment) and conditions of the strategic buildings (e.g. hospitals, schools,
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ﬁre stations, industrial plants). Also, the importance of productive
activities for the socio-economic system could be estimated by indicators such as income per capita at speciﬁc areas and for productive
sectors, regional/local productivity, number of employees, etc. This
analysis would allow identifying productive sites that may be highly
vulnerable in case of an emergency. Population and socio-economic
data are usually collected for the whole island, and were not available
at a disaggregated level (municipality or lower) during this work. This
is a common issue when dealing with territorial exposure and vulnerability data (Scaini et al., 2014). Regarding the built environment, we
consider that the classiﬁcation proposed by Spence is adequate to support a comprehensive risk assessment. Nonetheless, we suggest that
the classiﬁcation proposed in Martí et al. (2008a) can be complemented
including an indicator of maintenance (not currently available), which
may allow recognising those buildings that, although having good structural characteristics, are poorly maintained and need mitigation measures to prevent unexpected collapses. This aspect underlines the
temporal dimension of vulnerability, which can increase as elements
become older or poorly maintained. The indicator of maintenance
could be easily updated over years and improve the usability of old surveys. The systemic vulnerability coefﬁcient for road infrastructure is
based on road types, but it would be important to characterise the
main trafﬁc components (residents, touristic, commercial) in order to
perform a complete analysis. In particular, trafﬁc data could be a proxy
for population ﬂow (daily movements between, for example, residential

Table 11
Ideal database proposed for zones threatened by volcanic hazard, containing the required data for a comprehensive exposure, vulnerability and impact assessment.
Anthropic subsystem

Element

Aspect

Units

Transportation system

Trafﬁc on main roads

Vehicles
Freight trafﬁc
Touristic trafﬁc
Average speed
Width
Length
Path quality
Road pavement
Slope
Category
Maintenance
Design speed
Power produced
Area supplied
Age
Maintenance
Physical characteristics of generation
Physical characteristics of distribution
Cable insulation
Capacity
Age
Maintenance
Supplied area
Physical characteristics of distribution
Physical characteristics of water deposits
Capacity
Age
Maintenance
Supplied area
Physical characteristics of collection
Physical characteristics of depuration
Age
Physical characteristics of generation
Physical characteristics of distribution
Maintenance
Population
Population with reduced
Mobility
Tourists
Density
Type of activity
Number of employees
Productivity

Average/day
Average/day
Average/day
km/h
m
km
% straight on total length
Type
Degrees
National classiﬁcation
Poor/good
km/h
kW
km2
Year/decade
Good/average/poor
Open air/sheltered
Aerial/buried
Yes/no
m3/s
Year/decade
Good/average/poor
km2
Aerial/buried
Open air/sheltered type
m3/s
Year/decade
Good/average/poor
km2
Aerial/buried
Open air/sheltered
Year/decade
Open air/sheltered
Aerial/buried
Good/average/poor
Number

Geometry

Use

Urban services

Electric

Water distribution

Water sanitation

Potabilization

Societal exposure

Population

Economic activities

Number
Number
Number/km2
Type
Number
Number
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to productive areas) and support the deﬁnition of weights to account for
time-dependency of systemic impacts (Sections 3.5 and 55). The design
speed of the road would also be a good indicator of its characteristics,
given that modern design codes for roads and transportation infrastructures as the AASHTO design code are based on this concept. Road design
and trafﬁc data were not available for this work, but could be included in
this analysis. Finally, Table 6 points out the importance of the physical
characteristics of elements that constitute the urban services. The classiﬁcation of urban service types (Table 5) is based on the general characteristics of elements, focusing on those that strongly increase or
decrease their vulnerability. For example, a critical parameter for physical vulnerability of infrastructures is if they are buried or not, in particular from ash fallout impacting water supplies (Stewart et al., 2009;
Wilson et al., 2009, 2012). In theory, the characteristics of water supply
and sanitation pipes are established in the national building code, but
existing elements may have an obsolete or poor design. At the moment,
there are no speciﬁc studies on the physical damage suffered by buried
infrastructures (water supply, electricity supply, urban drainage) in the
case of pyroclastic ﬂow and lava ﬂow coverage. Moreover, this characteristic is not present in many of the vulnerability surveys, included
the one used in this work, and should be included in the future, as
also suggested by Jenkins et al. (2014). The implementation of mitigation measures, such as burying critical infrastructures, could protect exposed assets from some of the volcanic phenomena, and therefore
reduce their vulnerability. This is particularly valid for ash fallout. This
indicator could therefore drive mitigation measures and risk reduction actions at active volcanic areas. Other relevant information
that is nowadays missing is a functional classiﬁcation of the urban
service network. The design of the elements and service networks
is in fact a key factor in order to improve the impact assessment
and increase resilience of the system. For example, knowing the
number of people supplied by a single element of the network, for
example a main pipe or a water tank, would improve preparedness.
For example, Wilson et al. (2009, 2012) suggest mitigation measures
in order to reduce the vulnerability to tephra fallout, and argue that a
correct and more resilient design of urban systems can reduce the
impacts of tephra fallout. Such data that would support the deﬁnition of systemic vulnerability coefﬁcients (Table 6) and the estimation of impacts on population.
The physical and systemic vulnerability classiﬁcation adopted in this
analysis introduces strong simpliﬁcations but allows a ﬁrst-level damage assessment, hypothesising the worst-case physical characteristics
of the elements (i.e., open air) and taking into account the relevance
of infrastructural systems and elements. Moreover, systemic damage
maps for each hazardous phenomena are combined by taking the
maximum damage value, in order to be conservative. This method
avoids underestimating expected impacts and accounts for the fact that
a maximum damage level can be reached instantaneously (for example
in case of PDC). Finally, the vulnerability classiﬁcation presented here
was designed to be easily changed if the situation requires an update.
6.2. Methodology
The impact assessment methodology proposed here allows including
infrastructural systems (roads and urban services) in the vulnerability
assessment and offers a simpliﬁed way to perform an impact assessment
that comprehends many volcanic hazards and infrastructural elements.
In particular, ash fallout does not only produce physical damages, but
also strong systemic impacts. In fact, the disruption of urban services
and road infrastructure is likely to affect the functionality of other strategic elements such as hospitals and ﬁre stations. Here, we attempt to
consider this aspect by using the systemic vulnerability coefﬁcients. Similarly to Jenkins et al. (2014), the attention is being posed on the role of
the infrastructural system during an emergency, and the analysis is
mostly qualitative. Nonetheless, this aspect is complemented with an
estimation of expected impacts on critical infrastructures, which may

support more quantitative analysis for the study area considered. The
use of systemic vulnerability coefﬁcients allows emphasizing the role
of a given infrastructure or asset, according to its importance for the
whole socio-economic system. Given that this is very difﬁcult to assess,
and that it can vary from case to case, we strongly suggest the participation of public and private stakeholders (national authorities, private
companies, citizens, etc.) in the deﬁnition of the systemic vulnerability
coefﬁcient, in order to produce more usable and reliable results. The
importance of stakeholder participation is also pointed out in Fig. 4.
The methodology, in fact, is based on vulnerability data, that are usually
provided by local and national government. But, given that stakeholders
can be both managers and/or users of services and infrastructures, they
could provide data to enhance the deﬁnition of vulnerability, in particular the socio-economic dimension.
Population is included in the damage assessment, being considered
as an exposed target, and having its vulnerability characteristics
(Fig. 3a). On one hand, including the population gives a better perception
of how much the society is involved in the damage process. On the other
hand, population surveys for low administrative units (such as homogeneous areas displayed in Fig. 1) are not always available. In particular, if
this methodology were applied to a bigger study area, population could
be included directly in the ﬁnal step of damage assessment, estimating
the number of people expected to be impacted for the whole study
area. Examples of impact maps for which, for clarity purposes, we did
not consider population, are included in Fig. 6.
In order to produce ﬁnal, synthetic maps, the tool combines thematic
damage maps produced for speciﬁc subsystems (Section 3.5). Speciﬁc
physical damage maps for population, buildings, roads and urban
services are combined within the tool using a weighting process
(Section 4). The weighting process allows producing speciﬁc damage
maps focused on the stakeholders priorities, and the tool allows the
user to introduce and change these weights. Fig. 6 shows maps of
expected damage produced by the ash fallout of scenario 1, obtained
by varying the set of weights used for combining different thematic
damage maps. Maps show that weights can be used to emphasize
aspects of particular interest or that are recognized to be critical for
the response in case of volcanic eruption. Fig. 6 shows that weights
can be used to emphasize aspects of particular interest or that are recognized to be critical for the response in case of volcanic eruption, and
underline the importance of using a balanced set of weights whilst combining different damage maps. Different sets of weights could support
speciﬁc societal circumstances. For example, in case of evacuation, the
road network has a strong relevance for the emergency management
procedures, and would therefore be given a higher weight. Also, speciﬁc
asset managers, such as water and electricity distribution companies,
may focus on impacts on the infrastructure under their jurisdiction,
rather than on ediﬁces and roads. Here, we do not explore all possible
combinations of weights, but we use three examples that may correspond to practical situations. These examples allow showing the strong
variability of the tool output and underline the importance of
performing a probabilistic hazard and impact assessment in the future.
Last but not least, the use of weights, that can be strongly subjective,
increases the “bias” on the methodology results. Also, the cultural and
geographical context inﬂuences the choice of the weight set to be
adopted. If this methodology and tool were to be applied in an operational context, weights should be deﬁned by a heterogeneous group of
experts, local authorities and stakeholders. The deﬁnition of an “a priori”
set of weights could be useful to improve societal response. Elicitation
techniques (Aspinall, 2006) and other knowledge integration methods
are suitable, and would lead to identify the best combination, in order
to reach the synthesis of information without losing important aspects
and elements. Having clear priorities and criteria for decision, and
having them integrated in the model, the results could be of easier
interpretation.
It is worth noticing that the methodology relies on the hazard
assessment, which may be improved by applying probabilistic
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techniques (Newhall and Hoblitt, 2002; Marzocchi et al., 2004;
Sobradelo et al., 2011) in order to produce statistically valid results and
support decision-making (Sandri et al., 2011). In the case of Tenerife,
such techniques were applied (Martí et al., 2008b; Sobradelo and
Martí, 2010; Sobradelo et al., 2011) but haven't been systematically
adopted for emergency management and long-term territorial planning,
The work presented here poses the basis for probabilistic impact assessment that may be developed in the future.
Moreover, the modelling of hazardous phenomena and GIS-based
analysis has an associated uncertainty (Renschler, 2005). In particular,
tephra dispersal modelling relies on many assumptions on the volcanological parameters and their uncertainty (Scollo et al., 2008; Biass and
Bonadonna, 2011). Here, tephra fallout impacts are estimated on the
deﬁnition of tephra load thresholds that can vary depending on tephra
characteristics. Particle shape is in fact used by most tephra fallout
models for the calculation of the settling velocity of each particle class
(Costa et al., 2006). Also, particle shape can inﬂuence the thickness of
distal deposit and affect its compactness (Riley et al., 2003). Particle
shape and density can inﬂuence physical parameters such as abrasiveness and electrical resistivity of ash, and subsequent impacts of ash
fallout on electricity network and related equipments (Wardman
et al., 2012a,b; Wilson et al., 2012). In this work, we are considering
ash load values from VORIS modelling output (Table 2), and do not
depend on density and shape, but such parameters are relevant if
impact assessment is based on ash deposition thickness.
Finally, the methodology could be improved by integrating other
hazards for a comprehensive risk management of volcanic eruptions,
e.g. including secondary damages produced by seismic activity.
Volcanogenic seismic activity is often associated with volcanic events
and has been considered in similar works such as Pomonis et al. (1999),
Spence et al. (2005a), Zuccaro et al. (2008) and Jenkins et al. (2014)
and included in the ENSURE multi-hazard vulnerability assessment.
Moreover, explosive volcanic eruption can produce large pyroclastic
deposits, often unconsolidated, that can be easily remobilised by
heavy rainfalls and produce lahars. Landslides can also be triggered by
volcanogenic earthquakes. All these aspects should be included in a
comprehensive risk assessment of the study area, which is highly
prone to the occurrence of such phenomena. Moreover, the identiﬁcation of relationships between infrastructural systems and productive
activities, as performed by Jenkins et al. (2014) for agricultural activities
and infrastructures, can support the assessment of socio-economic
impacts. Finally, the integration with network analysis tools for the
analysis of the transportation systems and people mobility would
improve the methodology and enhance their applicability to real
systems (Ronan et al., 2000). In the future, we wish to include these
aspects, to improve the knowledge of the system behaviour and
response.
6.3. The GIS-based tool
This work underlines the power of GIS for data management and
analysis. The development of an automatic model to perform spatial
analysis allows one to reduce computing times and human error. The
user can interact with the tool and choose to visualize speciﬁc results,
for example executing only one part of the work-ﬂow and visualizing
a speciﬁc map (i.e. the damage map produced by an ash fallout event
on buildings). Moreover, the user can change damage tables and
weights and repeat the process, in order to make the process as adaptable as possible to the new knowledge.
The GIS-based model presented in this paper provides damage
scenarios containing a cell-by-cell evaluation of the damage level.
Although the conversion from vector to raster maps can increase the
error, the cell-based approach allows one to underline the precise
location of the damage and, at the same time, perform spatial analysis
operations. Results of the higher-resolution damage assessment can
be contextualized by the multi-layered visualization of other thematic
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maps, such as vectorial maps of roads and buildings, digital elevation
maps and population data. This instrument can therefore support the
end user in deﬁning emergency strategies. The GIS-based model
presented here may therefore be applied to analogous analysis in
other active volcanic areas. One limitation of the tool is that it is necessary to supply maps containing the speciﬁc ﬁelds used by the tool. For
this reason, the user has to make sure that data are stored in the format
required by the tool, which may require additional time. This is an
inconvenience, but it is due to the fact that there is still no common
standard for vulnerability assessment in the ﬁeld of volcanic risk. The
introduction of the ENSURE framework may be a step towards a
common classiﬁcation for vulnerability, with the aim of enhancing
interoperability between local vulnerability databases. Moreover,
Table 11 suggests a possible scheme for data gathering and storage,
which may be used as a common format for such kind of analyses and
support the creation of an exposure and vulnerability spatial database.
6.4. The case-study
This work does not attempt to produce a long-term hazard assessment for the study area, but considers two eruptive scenarios likely to
occur at the Teide–Pico Viejo volcanic complex. The methodology presented here may therefore be applied for other eruptive scenarios
resulting from a comprehensive hazard assessment, if available in the
future. It is also worth noticing that we assumed a conservative threshold for the probability of coverage (0.1%) in order to produce a map of
lava coverage, which may be changed by the user based on hazard
assessment and risk management considerations. Moreover, impacts
produced by ash fallout are ampliﬁed by the presence of rain
(Macedonio and Costa, 2011), which can increase the ash load due to
the presence of water and therefore increase the probability of roof
collapse. Also, the conductivity of the water–ash mixture is higher
than dry ash. Finally, wet ash on roads pavements can produce stronger
disruptions on trafﬁc. This aspect should be taken into account during
volcanic eruptions in the study area as it can be relevant for response
during emergencies.
The results of the systemic damage assessment (Fig. 5 and Table 10)
show that scenario 1 can produce high impacts on population, especially
at highly populated areas, mainly due to pyroclastic density current
(Fig. 5c) and is likely to damage electricity network and roads. Due to
their high expected impact and their relevance for the socio-economic
system, urban areas impacted (Fig. 5d) can be considered as societal
hot-spots. Impact assessment results (Table 10) show that many strategical buildings, including not only three hospitals and a ﬁre station, but
also schools, religious sites and industrial plants, can be impacted. In
particular, the ﬁre station, 2 hospitals and 9 of the impacted schools
fall within the urban nuclei of Santa Barbara and Buen Paso (eastern
boundary of Icod de los Vinos municipality) and La Guancha (Fig. 1c).
These areas can be identiﬁed as societal hot-spots that, in case of the
occurrence of scenario 1, are likely to suffer high impacts on all the
socio-economic system. Scenario 2 is expected to produce lower
impacts on population, but can impact roads and infrastructures. It
should therefore be taken into account because, although it does
produce lower impacts, it has a higher probability of occurrence
(Martí et al., 2008a). The analysis of Fig. 5 and its comparison with
existing exposure and vulnerability data allows one to identify areas
that have a higher expected societal impact, and where mitigation
measures are required. For example, the towns of La Vega and San
Juan de la Rambla (Fig. 1c), located in the western part of Icod de los
Vinos municipality, can suffer high damages in case of the occurrence
of Scenario 2 (Fig. 5g). The results of the impact assessment (Table 10)
show that, unless scenario 2 is not expected to impact population directly,
it can affect strategical buildings (schools religious sites, industrial
plants). In particular, only one of the impacted schools is located in
the highly impacted urban area of La Vega. Finally, it is worth noticing
that both scenarios are likely to impact the road network, whose
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importance for emergency management has been already underlined
by Cole and Blumenthal (2004) and Jenkins et al. (2014). In particular,
the ﬁnal impact map for scenario 2 shows a more evident impact on
the road network (Fig. 5g) than for Scenario 1 (Fig. 5d), because most
of the systemic impact is provoked by pyroclastic ﬂow that has a very
high impact on population and buildings (which are given a higher
systemic coefﬁcient). On the other hand, thematic damage maps for
ash fallout and lava ﬂow show that these two phenomena are responsible for the main impacts on the road network for both scenarios. Finally,
impacts on the study area can be increased by the low redundancy of
the road network, the absence of other transportation means and the
few alternative paths to reach the island capital. The results presented
in Table 10 provide a measure of the expected impacts on communities,
and could support emergency management and drive territorial planning for the study area.
Results presented here complement the analysis performed by Martí
et al. (2008a) for this area. They presented expected impact maps for
the area of Icod de Los Vinos, and performed a statistical analysis of
the characteristics of buildings expected to collapse at surveyed areas.
Our results allow one to identify areas that are expected to suffer higher
impacts, accounting for all infrastructural systems (road, water and
electricity supply, urban drainage). Results provided by Martí et al.
(2008a) could therefore be integrated with the speciﬁc maps produced
in this work at a systemic level. Impact maps allow identifying the
priorities, for example a strategic building that is expected to suffer
damages, and/or the related infrastructures (roads, water and electricity
supply) that are expected to produce a loss of functionality of the building. In these areas, a speciﬁc survey could be implemented, in order to
classify all buildings according to the existing vulnerability categories
(Spence et al., 2005b) and drive local risk reduction strategies. Also,
given the limited availability of socio-economic data (Section 3.2) in
GIS format, we do not perform a comprehensive impact assessment
for all exposed socio-economic features. For example, data such as the
spatial distribution of main wine yards in Icod de los Vinos municipality
are not available in GIS format (http://www.agrocabildo.org/publica/
mapa_cultivo/map_icod.jpg). Such a map can nonetheless be compared
with the expected damage maps for each scenarios, supporting territorial planners in a second stage of the analysis.
Finally, this methodology could be extended to the entire island, and
results produced at a higher administrative level. This may point out
new issues, for example the fact that there is only one highway and
few roads that connect the peripheral areas (for example, the N-W
part of the island) to the capital, or the airport. This lack of redundancy
can increase damages produced by a scenario-1 type at Teide–Pico Viejo
volcanoes. Also, a high-magnitude scenario such as the one modelled
here may produce tephra fallout at Tenerife North Aiport, located at
less than 50 km away from the volcanic ediﬁce in N-E direction, as
showed by Folch and Felpeto (2005) for the Sub-plinian eruption of
Montaña Blanca. This could in turn disrupt the air trafﬁc at Tenerife
Island, and the contamination of airspace produced by atmospheric
ash dispersal may affect air trafﬁc at the whole archipelago, producing
strong economic impacts, for example on tourism. This work is therefore signiﬁcant for both local and national government, and may be
enhanced by complementary analyses at different spatial scales.
7. Conclusions
We presented a methodology that allows estimating expected
impacts produced by volcanic activity on a complex anthropic system.
The existing vulnerability analysis for the building stock was
complemented with the vulnerability assessment of the road network
and infrastructures, based on available data provided by local authorities. Having deﬁned qualitative levels of damage, we proposed damage
tables for the assignation of expected damage to each element, based on
its hazard and vulnerability characteristics. We then designed a GISbased tool to automate the damage assessment methodology and

produce volcanic damage scenarios in a simple, friendly, and fast way.
The aim of this tool is to facilitate the task of territorial planners and
risk managers when dealing with active volcanic areas.
The methodology has been applied to the study area of Icod de los
Vinos, San Juan de la Rambla and La Guancha municipalities, set in a
highly hazardous area close to Teide–Pico Viejo volcanic complex, on
Tenerife. Three eruptive scenarios have been deﬁned, one for each
hazardous phenomena, and modelled using the VORIS analytical tool.
Having estimated the vulnerability characteristics of the system, we
produced impact maps for each eruptive scenario. It is important to
provide ﬁrst-level damage scenarios, as low-complexity maps with
synthetic information can facilitate the decision makers in the ﬁrst
hours of the volcanic event. Results allow identifying the critical areas
that are likely to suffer physical damages and provoke systemic impacts.
The methodology presented here can therefore improve preparedness
and support risk management plans for the area. The proposed tool can
be a useful instrument, especially if, as we recommend, it is integrated
with more speciﬁc emergency systems, such as monitoring and alert.
Moreover, the integration of these results with other long-term estimations of hazard and vulnerability can enhance the risk management of
this area.
Acknowledgements
This work has been funded by the European Projects EXPLORIS
(Explosive Eruption Risk and Decision Support for EU Populations
Threatened by Volcanoes, EVR1-2001-00047) and VUELCO (FP7 Theme:
ENV.2011.1.3.3-1; grant 282759). We acknowledge Icod de los Vinos
municipality for providing the exposure data. We also acknowledge
two anonymous referees for their useful suggestions, which substantially improved the quality of the manuscript.
References
AASHTO American Association of State Highway and Transportation Ofﬁcials, 2001. A
policy on Geometric Design of Highways and Streets. 1-56051-156-7 (Book code
GDHS-4., 905 pp.).
Ablay, G.J., Martí, J., 2000. Stratigraphy, structure, and volcanic evolution of the Teide–Pico
Viejo formation, Tenerife, Canary Islands. J. Volcanol. Geotherm. Res. 103, 175–208.
Araña, V., Felpeto, A., Astiz, M., Garcia, A., Ortiz, R., Abella, R., 2000. Zonation of the main
volcanic hazards (lava ﬂows and ashfall) in Tenerife, Canary Islands. A proposal for a
surveillance network. J. Volcanol. Geotherm. Res. 103, 377–391.
Aspinall, W.P., 2006. Structured elicitation of expert judgment for probabilistic hazard and
risk assessment in volcanic eruptions. In: Mader, H.M., Coles, S.G., Connor, C.B.,
Connor, L.J. (Eds.), Statistics in Volcanology. Geological Society of London, pp. 15–30
(on behalf of IAVCEI).
Barsotti, S., Andronico, D., Neri, A., Del Carlo, P., Baxter, P.J., Aspinall, W.P., Hincks, T., 2010.
Quantitative assessment of volcanic ash hazards for health and infrastructure at Mt.
Etna (Italy) by numerical simulation. J. Volcanol. Geotherm. Res. 192, 85–96.
Baxter, P., 1999. Impacts of eruptions on human health. Encyclopedia of Volcanoes.
Academic, San Diego, California, pp. 1035–1043.
Baxter, P., 2004. Medical effects of volcanic eruptions. Bull. Volcanol. 52, 532–544.
Baxter, P.J., Boyle, R., Cole, P., Neri, A., Spence, R., Zuccaro, G., 2005. The impacts of pyroclastic surges on buildings at the eruption of the Soufrière Hills volcano, Montserrat.
Bull. Volcanol. 67, 292–313.
Biass, S., Bonadonna, C., 2011. A quantitative uncertainty assessment of eruptive parameters derived from tephra deposits: the example of two large eruptions of Cotopaxi
volcano, Ecuador. Bull. Volcanol. 73 (1), 73–90.
Biass, S., Frischknecht, C., Bonadonna, C., 2012. A fast GIS-based risk assessment for tephra
fallout: the example of Cotopaxi volcano, Ecuador — part II: vulnerability and risk assessment. Nat. Hazards. http://dx.doi.org/10.1007/s11069-012-0270-x.
Birkmann, J., 2013. Exposure to natural hazards. In: Bobrowsky, P.T. (Ed.), Encyclopedia of
Natural Hazards, Encyclopedia of Earth Sciences Series. Springer-Verlag, Berlin
Heidelberg.
Blong, R.J., 1984. Volcanic Hazards: A Sourcebook on the Effects of Eruptions. Academic
Press, London, U.K.
Blong, R.J., 2003. Building damage in Rabaul, Papua New Guinea, 1994. Bull. Volcanol. 65,
43–54.
Bonadonna, C., Folch, A., Loughlin, S., Puempel, H., 2011. Future developments in modeling and monitoring of volcanic ash clouds: outcomes from the ﬁrst IAVCEI-WMO
workshop on ash dispersal forecast and civil aviation. Bull. Volcanol. 74 (1), 1–10.
Bravo, T., 1962. El circo de Cañadas y sus dependencias. Bol. R. Soc. Esp. Hist. Nat. (Sección
Geol.) 90, 107–124.
Capra, L., Norini, G., Groppelli, G., Macías, J.L., Arce, J.L., 2008. Volcanic hazard zonation of
the Nevado de Toluca volcano, México. J. Volcanol. Geotherm. Res. 176, 469–484.

C. Scaini et al. / Journal of Volcanology and Geothermal Research 278–279 (2014) 40–58
Carracedo, J.C., 1994. The Canary Islands: an example of structural control on the growth
of large oceanic-island volcanoes. J. Volcanol. Geotherm. Res. 60, 225–241.
Carracedo, J.C., Rodríguez-Badiola, E., Guillou, H., Paterne, M., Scaillet, S., Pérez-Torrado, F.J., Paris,
R., Fra-Paleo, U., Hansen, A., 2007. Eruptive and structuralhistory of Teide volcano and rift
zones of Tenerife, Canary Islands. Geological Society of America Bulletin 119, 1027–1051.
Charbonnier, S.J., Gertisser, R., 2008. Field observations and surface characteristics of pristine block-and-ash ﬂow deposits from the 2006 eruption of Merapi Volcano, Java,
Indonesia. J. Volcanol. Geotherm. Res. 177, 971–982.
Cioni, R., Gurioli, L., Lanza, R., Zanella, E., 2004. Temperatures of the A.D. 79 pyroclastic
density current deposits (Vesuvius, Italy). J. Geophys. Res. Solid Earth 109. http://
dx.doi.org/10.1029/2002JB002251.
Cole, J., Blumenthal, E., 2004. Evacuate! What an evacuation order given because of a pending volcanic eruption could mean to residents of the Bay of Plenty. In: Kumaran,
Chandrika (Ed.), Tephra: Living with Volcanoes, September 2004. 0112-1359, vol. 21.
Ministry of Civil Defence & Emergency Management, New Zealand, pp. 46–52.
Collini, E., Osores, M.S., Folch, A., Viramonte, J.G., Villarosa, G., Salmuni, G., 2012. Volcanic
ash forecast during the June 2011 Cordo Caulle eruption. Nat. Hazards. http://dx.doi.
org/10.1007/s11069-012-0492-y.
Costa, A., Macedonio, G., 2005. Numerical simulation of lava ﬂows based on depthaveraged equations. Geophys. Res. Lett. 32, L05304.
Costa, A., Macedonio, G., Folch, A., 2006. A three-dimensional Eulerian model for transport and deposition of volcanic ashes. Earth and Planetary Science Letters 241, 3–4,
pp. 634–647.
Crisci, G.M., Di Gregorio, S., Pindaro, O., Ranieri, G., 1986. Lava ﬂow simulation by a discrete cellular model: ﬁrst implementation. Int. J. Model. Simul. 6, 137–140.
Cutter, S.L., 1996. Vulnerability to environmental hazards. Prog. Hum. Geogr. 20, 529–539.
Cutter, S.L., 2013. Vulnerability. In: Bobrowsky, P.T. (Ed.), Encyclopedia of Natural Hazards, Encyclopedia of Earth Sciences Series. Springer-Verlag, Berlin Heidelberg.
Cutter, S.L., Boruff, B.J., Lynn, S.W., 2003. Social vulnerability to environmental hazards.
Soc. Sci. Q. 84, 2.
De la Cruz-Reyna, S., Tilling, R., 2008. Scientiﬁc and public responses to the ongoing volcanic crisis at Popocatépetl Volcano, Mexico: importance of an effective hazardswarning system. J. Volcanol. Geotherm. Res. 170, 121–134. http://dx.doi.org/10.
1016/j.jvolgeores.2007.09.002.
Druitt, T.H., 1998. Pyroclastic density currents. Geol. Soc. Lond. Spec. Publ. 145, 145–182.
http://dx.doi.org/10.1144/GSL.SP.1996.125.01.08.
ENSURE, Del 1.1.1, 2011. State-of-the art on vulnerability types — methodologies to assess
vulnerability of structural systems. ENSURE Project, WP1, Deliverable 1.1.1 (139 pp.
Authors and co-authors (alphabetical order): Bonadonna, C., Dandoulaki, M.,
Delmonaco, G., Foerster, E., Krien, Y., Margottini, C., Priest, S., Tapsell, S.).
ENSURE, Del 4.1.1, 2011. Methodological framework for an integrated multi-scale vulnerability and resilience assessment. ENSURE Project, WP4, Deliverable 4.1.1 (96 pp. Authors and co-authors: Menoni, S., Costa, L., Galderisi, A., Margottini, C.).
ENSURE, Del 5.3.3, 2011. Application of an integrated vulnerability conceptual approach
development of the integrated approach on the volcano case study. ENSURE project,
WP5, deliverable 5.3.3 (155 pp. Authors and co-authors (alphabetical order):
Belvaux, M., Biass, S., Bonadonna, C., Ceudech, A., Delmonaco, G., Ferrara, F., Foerster,
E., Frischknecht, Galderisi, A., Gregg, C., Manceau, J.C., Manzella, I., Menoni, S.,
Minucci, G., Monfort-Climent, D., Sabourault).
Favalli, M., Pareschi, M.T., Neri, A., Isola, I., 2005. Forecasting lava ﬂow paths by a stochastic approach. Geophys. Res. Lett. 32. http://dx.doi.org/10.1029/2004GL021718.
Favalli, M., Chirico, G.D., Papale, P., Pareschi, M.T., Boschi, E., 2009. Lava ﬂow hazard at
Nyiragongo volcano, D.R.C. Bull. Volcanol. 71, 363–374.
Felpeto, A., Araña, V., Ortiz, R., Astiz, M., García, A., 2001. Assessment and modelling of
lava ﬂow hazard on Lanzarote (Canary Islands). Nat. Hazards 23, 247–257.
Felpeto, A., Martí, J., Ortiz, R., 2007. Automatic GIS-based system for volcanic hazard assessment. J. Volcanol. Geotherm. Res. 166, 106–116.
Folch, A., 2012. A review of tephra transport and dispersal models: evolution, current
status and future perspectives. J. Volcanol. Geotherm. Res. 235–236, 96–115.
Folch, A., Felpeto, A., 2005. A coupled model for dispersal of tephra during sustained
explosive eruptions. J. Volcanol. Geotherm. Res. 145, 337–349.
Galderisi, A., Ceudech, A., Pistucci, M., 2008. A method for na-tech risk assessment as
supporting tool for land use planning mitigation strategies. Natural Hazards, 46.
Springer, pp. 221–241. http://dx.doi.org/10.1007/s11069-008-9224-8.
García, O., Bonadonna, C., Martí, J., Pioli, L., 2010. The 5,660 Boquerón explosive eruption,
Teide–Pico Viejo complex, Tenerife. Bull. Volcanol. 74, 2037–2050. http://dx.doi.org/
10.1007/s00445-012-0646-5.
Gregg, C.E., Houghton, B.F., Johnston, D.M., Paton, D., Swanson, D.aA., 2004. The perception of volcanic risk in Kona communities from Mauna Loa and Hualālai volcanoes,
Hawaii. J. Volcanol. Geotherm. Res. 130, 179–196.
Gurioli, L., Pareschi, M.T., Zanella, E., Lanza, R., Deluca, E., Bisson, M., 2005. Interaction of
pyroclastic density currents with human settlements: evidence from ancient Pompeii. Geology 33, 441–444. http://dx.doi.org/10.1130/G21294.1.
Harris, A., Rowland, S., 2001. FLOWGO: a kinematic thermo-rheological model for lava
ﬂowing in a channel. Bull. Volcanol. 63, 20–44.
Herault, A., Vicaria, A., Ciraudo, A., Del Negro, C., 2009. Forecasting lava ﬂow hazards during the 2006 Etna eruption: using the MAGFLOW cellular automata model. Comput.
Geosci. 35, 1050–1060.
Horwell, C.J., Baxter, P.J., 2006. The respiratory health hazards of volcanic ash: a review for
volcanic risk mitigation. Bull. Volcanol. 69, 1–24.
Horwell, C.J., Sparks, R.S.J., Brewer, T.S., Llewellin, E.W., Williamson, B.J., 2003. Characterization of respirable volcanic ash from the Soufrière Hills volcano, Montserrat, with
implications for human health hazards. Bull. Volcanol. 65, 346–362.
Houghton, B., Bonadonna, C., Gregg, C.E., Johnston, D.M., Cousins, W.J., Cole, J.W., Del Carlo,
P., 2006. Proximal tephra hazards: Recent eruption studies applied to volcanic risk in
the Auckland volcanic ﬁeld, New Zealand. J. Volcanol. Geotherm. Res. 155, 138–149.

57

Howe, T., 2003. The impact of the Montserrat volcanic eruption on water and sanitation.
Paper Prepared for the 12th Annual CWWA Conference, September 29–October 2,
2003, Bahamas (available at: http://www.bvsde.paho.org/bvsacd/cwwa/howe.pdf).
Jenkins, S., Komorowski, J.C., Baxter, P., Spence, R., Picquout, A., Lavigne, F., Surono, 2013. The
Merapi 2010 eruption: an interdisciplinary impact assessment methodology for studying pyroclastic density current dynamics. J. Volcanol. Geotherm. Res. 261, 316–329.
Jenkins, S.F., Spence, R.J.S., Fonseca, J.F.B.D., Solidum, R.U., Wilson, T.M., 2014. Volcanic risk
assessment: quantifying physical vulnerability in the built environment. J. Volcanol.
Geotherm. Res. 276, 105–120 (15 April 2014).
Jenks, G.F., 1967. The data model concept in statistical mapping. Int. Yearb. Cartogr. 7,
186–190.
Macedonio, G., Costa, A., 2011. Brief communication: rain effect on the load of tephra deposits. Nat. Hazards Earth Syst. Sci. 1–9.
Martí, J., Felpeto, A., 2010. Methodology for the computation of volcanic susceptibility: an
example for maﬁc and felsic eruptions on Tenerife (Canary Islands). J. Volcanol.
Geotherm. Res. 195, 69–77.
Martí, J., Hurlimann, M., Ablay, G.J., Gudmundsson, A., 1997. Vertical and lateral collapses
on Tenerife (canary islands) and other volcanic ocean islands. Geology 25, 879–882.
Martí, J., Spence, R., Calogero, E., Ordoñez, A., Felpeto, A., Baxter, P., 2008a. Estimating
building exposure and impact to volcanic hazards in Icod de los Vinos, Tenerife
(Canary Islands). J. Volcanol. Geotherm. Res. 178, 553–561.
Martí, J., Aspinall, W.P., Sobradelo, R., Felpeto, A., Geyer, A., Ortiz, R., Baxter, P., Cole, P.,
Pacheco, J., Blanco, M.J., Lopez, C., 2008b. A long-term volcanic hazard event tree for
Teide–Pico Viejo stratovolcanoes (Tenerife, Canary Islands). J. Volcanol. Geotherm.
Res. 178, 543–552.
Martí, J., Geyer, A., Andujar, J., Teixidó, F., Costa, F., 2008c. Assessing the potential for future explosive activity from Teide–Pico Viejo stratovolcanoes (Tenerife, Canary
Islands). J. Volcanol. Geotherm. Res. 178, 529–542. http://dx.doi.org/10.1016/j.
jvolgeores.2008.07.011.
Martí, J., Sobradelo, R., Felpeto, A., García, O., 2012. Eruptive scenarios of phonolitic volcanism at Teide–Pico Viejo volcanic complex (Tenerife, Canary Islands). Bull. Volcanol.
http://dx.doi.org/10.1007/s00445-011-0569-6.
Marzocchi, W., Sandri, L., Gasparini, P., Newhall, C., Boschi, E., 2004. Quantifying probabilities of volcanic events: the example of volcanic hazard at Mount Vesuvius. J.
Geophys. Res. Solid Earth 109 (B1) (1978–2012).
Marzocchi, W., Newhall, C., Woo, G., 2012. The scientiﬁc management of volcanic crises. J.
Volcanol. Geotherm. Res. 247–248, 181–189.
Mastin, L.G., Guffanti, M., Servranckx, R., Webley, P., Barsotti, S., Dean, K., Durant, A.,
Ewert, J.W., Neri, A., Rose, W.I., 2009. A multidisciplinary effort to assign realistic
source parameters to models of volcanic ash-cloud transport and dispersion during
eruptions. J. Volcanol. Geotherm. Res. 186 (1–2), 10–21.
Menoni, S., Margottini, C., 2011. Inside Risk: A Strategy for Sustainable Risk Mitigation.
Springer-Verlag, Italia (369 pp.).
MIAVITA Handbook, 2012. Handboook for volcanic risk management — prevention, crisis
management, resilience. MIAVITA European Commission project, Printed in Orleans
(France), November 2012 (198 pp.).
Minciardi, R., Sacile, R., Taramasso, A.C., Trasforini, E., Traverso, S., 2005. Modeling the vulnerability of complex territorial systems: an application to hydrological risk. Environ.
Model Softw. 21, 949–960.
Newhall, C., Hoblitt, R., 2002. Constructing event trees for volcanic crises. Bull. Volcanol.
64 (1), 3–20.
Pascale, S., Sdao, F., Sole, A., 2010. A model for assessing the systemic vulnerability in landslide prone areas. Nat. Hazards Earth Syst. Sci. 10, 1575–1590.
Pomonis, A., Spence, R., Baxter, P., 1999. Risk assessment of residential buildings for
an eruption of Furnas Volcano, Sao Miguel, the Azores. J. Volcanol. Geotherm.
Res. 92, 107–131.
Renschler, C.S., 2005. Scales and uncertainties in using models and GIS for volcano hazard
prediction. J. Volcanol. Geotherm. Res. 1–2 (139), 73–87.
Riley, C.M., Rose, W.I., Bluth, G.J.S., 2003. Quantitative shape measurements of distal
volcanic ash. J. Geophys. Res. Solid Earth 108 (B10). http://dx.doi.org/10.1029/
2001JB000818 (1978–2012).
Romero, C. (Ed.), 1991. Las manifestaciones volcánicas históricas del archipiélago canario,
Consejería de política territorial, Gobierno Autónomo de Canarias, 2 tomos, Santa
Cruz de Tenerife.
Ronan, K.R., Paton, D., Johnston, D.M., Houghton, B.F., 2000. Disaster prevention and management emerald article: managing societal uncertainty in volcanic hazards: a multidisciplinary approach managing societal uncertainty in volcanic hazards: a
multidisciplinary approach. Disaster Prev. Manag. 9, 339–348.
Ryus, P., Vandehey, M., Elefteriadou, L., Dowling, R.G., Ostrom, B.K., 2010. Highway capacity manual 2010. TR News 273, March–April 2011 pp. 45–48.
Sandri, L., Jolly, G., Lindsay, J., Howe, T., Marzocchi, W., 2011. Combining long- and shortterm probabilistic volcanic hazard assessment with cost–beneﬁt analysis to support
decision making in a volcanic crisis from the Auckland Volcanic Field, New Zealand.
Bull. Volcanol. 74, 705–723.
Saucedo, R., Macías, J.L., Sheridan, M.F., Bursik, M.I., Komorowski, J.C., 2005. Modeling of
pyroclastic ﬂows of Colima Volcano, Mexico: implications for hazard assessment. J.
Volcanol. Geotherm. Res. 139 (1–2), 103–115.
Scaini, C., Biass, S., Galderisi, A., Bonadonna, C., Folch, A., Smith, K., Hoskuldsson, A., 2014.
"A multi-scale risk assessment for tephra fallout and airborne concentration from
multiple Icelandic volcanoes - part 2: vulnerability and impact", published as a discussion paper in Nat. Hazards Earth Syst. Sci. Discuss. 2, 1–65. http://dx.doi.org/10.
5194/nhessd-2-1-2014 (available at: http://www.nat-hazards-earth-syst-sci-discuss.net/2/2531/2014/nhessd-2-2531-2014.html).
Scollo, S., Folch, A., Costa, A., 2008. A parametric and comparative study of different tephra
fallout models. J. Volcanol. Geotherm. Res. 176 (2), 199–211. http://dx.doi.org/10.
1016/j.jvolgeores.2008.04.002.

58

C. Scaini et al. / Journal of Volcanology and Geothermal Research 278–279 (2014) 40–58

Sobradelo, R., Martí, J., 2010. Bayesian event tree for long-term volcanic hazard assessment: application to Teide–Pico Viejo stratovolcanoes, Tenerife, Canary Islands. J.
Geophys. Res. 115. http://dx.doi.org/10.1029/2009JB006566.
Sobradelo, R., Geyer, A., Martí, J., 2010. Statistical data analysis of the CCDB (Collapse Caldera Database): insights on the formation of caldera systems. J. Volcanol. Geotherm.
Res. 252, 198–241.
Sobradelo, R., Martí, J., Mendoza-Rosas, A.T., Gómez, G., Macedonio, G., Jaquet, O., 2011.
Volcanic hazard assessment for the Canary Islands (Spain) using extreme value theory. Nat. Hazards Earth Syst. Sci. 11 (10), 2741–2753.
Spence, R.J.S., Zuccaro, G., Petrazzuoli, S., Baxter, P.J., 2004. Resistance of buildings to pyroclastic ﬂows: analytical and experimental studies and their application to Vesuvius.
Nat. Hazards Rev. 5, 48–59.
Spence, Kelman, I., Calogero, E., Toyos, G., Baxter, P.J., Komorowski, J.-C., 2005a. Modelling
expected physical impacts and human casualties from explosive volcanic eruptions.
Nat. Hazards Earth Syst. Sci. 5, 477–494.
Spence, Kelman, I., Baxter, P.J., Zuccaro, G., Petrazzuoli, S., 2005b. Residential building and
occupant vulnerability to tephra fall. Nat. Hazards Earth Syst. Sci. 5, 1003–1015.
Spence, R., Komorowski, J.C., Saito, K., Brown, A., Pomonis, A., Toyos, G., Baxter, P., 2008.
Modelling the impact of a hypothetical sub-Plinian eruption at La Soufrière of Guadeloupe (Lesser Antilles). J. Volcanol. Geotherm. Res. 178, 516–528.
Stewart, C., Johnston, D.M., Leonard, G.S., Horwell, C.J., Thordarson, T., Cronin, S.J., 2006.
Contamination of water supplies by volcanic ash fall: a literature review and simple
impact modelling. J. Volcanol. Geotherm. Res. 158, 296–306.
Stewart, C., Pizzolon, L., Wilson, T., Leonard, G., Dewar, D., Johnston, D., Cronin, S., 2009.
Can volcanic ash poison water supplies? Integr. Environ. Assess. Manag. 5, 713–716.
Tapsell, S., McCarthy, S., Faulkner, H., Alexander, M., 2010. Social vulnerability and natural
hazards. CapHaz-Net WP4 Report. Flood Hazard Research Centre — FHRC, Middlesex

University, London (available at: http://caphaz-net.org/outcomes-results/CapHazNet_WP4_Social-Vulnerability.pdf).
Tarquini, S., Favalli, M., 2011. Mapping and downﬂow simulation of recent lava ﬂow ﬁelds
at Mount Etna. J. Volcanol. Geotherm. Res. 204, 27–39.
Toyos, G.P., Cole, P.D., Felpeto, A., Martí, J., 2007. A GIS-based methodology for hazard
mapping of small pyroclastic density currents. Nat. Hazards 41, 99–112.
Valentine, G.A., 1998. Damage to structures by pyroclastic ﬂows and surges, inferred from
nuclear weapons effects. J. Volcanol. Geotherm. Res. 87, 117–140.
Wardman, J.B., Wilson, T.M., Bodger, P.S., Cole, J.W., Stewart, C., 2012a. Potential impacts
from tephra fall to electric power systems: a review and mitigation strategies. Bull.
Volcanol. http://dx.doi.org/10.1007/s00445-012-0664-3.
Wardman, J.B., Wilson, T.M., Bodger, P.S., Cole, J.W., Johnston, D.M., 2012b. Investigating
the electrical conductivity of volcanic ash and its effect on HV power systems. Phys.
Chem. Earth A,B,C 45–46, 128–145. http://dx.doi.org/10.1016/j.pce.2011.09.003.
Wilson, T., Stewart, C., Cole, J., Johnston, D., Cronin, S., 2009. Vulnerability of farm water
supply systems to volcanic ash fall. Environ. Earth Sci. 61, 675–688.
Wilson, T.M., Stewart, C., Sword-Daniels, V., Leonard, G.S., Johnston, D.M., Cole, J.W.,
Wardman, J., Wilson, G., Wilson, T.M., Barnard, S.T., 2012. Volcanic ash impacts on
critical infrastructure. Phys. Chem. Earth 45–46, 5–23.
Young, P., Wadge, G., 1990. FLOWFRONT: simulation of a lava ﬂow. Comput. Geosci. 16,
1171–1191.
Zuccaro, G., Cacace, F., Spence, R.J.S., Baxter, P.J., 2008. Impact of explosive eruption scenarios at Vesuvius. J. Volcanol. Geotherm. Res. 178, 416–453.
Zuccaro, G., et al., 2013. Economic impact of explosive volcanic eruptions: a simulationbased assessment model applied to Campania region volcanoes. J. Volcanol.
Geotherm. Res. 266, 1–15.

