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Abstract We propose a simple volcanic risk coefficient
(VRC) useful for comparing the degree of risk arising from
different volcanoes, which may be used by civil protection
agencies and volcano observatories to rapidly allocate limited
resources even without a detailed knowledge of each volcano.
Volcanic risk coefficient is given by the sum of the volcanic
explosivity index (VEI) of the maximum expected eruption
from the volcano, the logarithm of the eruption rate, and the
logarithm of the population that may be affected by the maximum expected eruption. We show how to apply the method
to rank the risk using as examples the volcanoes of Italy and in
the Canary Islands. Moreover, we demonstrate that the maximum theoretical volcanic risk coefficient is 17 and pertains to
the large caldera-forming volcanoes like Toba or Yellowstone
that may affect the life of the entire planet. We develop also a
simple plugin for a dedicated Quantum Geographic Information System (QGIS) software to graphically display the VRC
of different volcanoes in a region.
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Introduction
Volcanic systems on Earth display a variety of styles of activity that makes it difficult to use a simple scheme to classify
their activity and define the associated risk. Some volcanoes
have infrequent explosive eruptions after long periods of quiescence (e.g., Mt. St. Helens, Pinatubo), while others are characterized by semi-persistent activity with effusive activity alternating with strombolian activity (Etna, La Réunion, Vesuvius between 1631 and 1944, etc.). The risk associated with
the former volcanoes is often not fully appreciated, whereas
people living in proximity to volcanoes with persistent activity
are well aware of the problem.
Quiescence of a volcanic system may last hundreds of
years, thousands of years, or even longer, and people are not
accustomed to consider events on a geological time scale;
most of the time, a volcano that has not erupted in decades
is considered extinct. This is the case for example with monogenetic volcanic fields that have long inter-eruptive periods,
and such fields are commonly not regarded as potentially dangerous by the public. Numerous volcanic fields exist around
the world that have periods of activity extending from several
million years ago to the present and an uncertain likelihood of
an eruption in the near future (Wood 1980; Cas and Wright
1987; Kereszturi and Németh 2012).
The concept of extinct volcanoes has not been fully addressed by the scientific community and different definitions
have been used. Mercalli (1907) applied it to volcanoes with
no eruption in historical time, Siebert et al. (2010) to volcanoes with no eruption during the Holocene, and Szakàcs
(1994) according to a set of given time intervals for different
volcano types. Each definition has its degree of inaccuracy
depending on the geographical area (and the length of its
proper historical record) and the type of volcano. Volcanoes
with a long geological life, such as Yellowstone (USA) or the
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volcanoes of Canary Islands (Spain), may be quiescent for
hundreds to thousands of years yet remain capable of
returning into activity with devastating eruptions. In our opinion, a volcano should be considered active while it may potentially erupt again, i.e., while the processes that lead to an
eruption (availability of magma and of a pathway to reach the
surface) are still operative. This implies that the geodynamic
conditions that keep the associated magmatic system alive
(i.e., while they may supply magma from depth to the volcanic
systems) are still active. In an operative way, we may consider
a volcano or volcanic field (i.e., a volcanic system; Walker
2000) active if the time length of the current repose is several times longer than its longest previous repose. Therefore,
we may classify volcanoes or volcanic fields as active when
they may potentially become active in the future and as
extinct when it is not possible for them to become active
again.
This definition of an active volcanic system is broad and
requires consideration of a larger number of potentially active
volcanoes and volcanic fields that could cause damage. It
recognizes that we should not limit our hazard assessments
either to those volcanoes that have erupted in historical time
or those that last erupted within some fixed length of time, and
below we present a more convenient and appropriate approach
to consideration and definition of volcanic risk.
Volcanic risk is defined as the product of a probability of
occurrence for a given volcanic phenomena times the damage
that it can cause (Fournier d’Albe 1979). In a more formal
way:
R ¼ H*V a*V u

ð1Þ

where R is the risk, H is the hazard or else the probability of
occurrence of a given volcanic phenomenon, Va is the total
value of people or properties at risk, and Vu is the vulnerability
or the percentage of value that could be destroyed by that
hazard.
There are several studies and definitions of hazard for active volcanoes (see for example the compilation of Blong
1984), but only a few studies deal with the calculation of
volcanic risk at different volcanoes (Scandone et al. 1993a;
Alberico et al. 2002, 2008; Magill and Blong 2006; Pesaresi et
al. 2008), though there have been some recent attempts to
develop automatic tools to evaluate the hazard, vulnerability,
and undertake cost-benefit analyses at given volcanoes
(Bartolini et al. 2013; Scaini et al. 2014; Sobradelo et al.
2015). Ewert and Harpel (2004) developed the volcano population index (VPI), which addresses the number of people
living within a given radius from a volcanic vent, thus quantifying one component of volcanic risk. The VPI is now included in the database of the Volcanoes of the World of the
Smithsonian Institution. It is certainly valuable but takes into

account only one factor of the risk equation mentioned before
and does not evaluate the hazard or the vulnerability.
Ewert (2007), Aspinall et al. (2011), and Auker et al.
(2015) developed hazard indices based on the score of different hazard indicators, which are then used to assign different
classes of hazard. The main drawback of such methods, as
pointed out by the same authors, is that they rely on a number
of parameters that are not known for all volcanoes, which
limits application of the method mainly to volcanoes with a
well-known historical record.
The paucity of studies on the calculation of risk, in comparison with the number of active volcanoes, is related to the
complexity of approaches that require evaluation of eruption
probabilities, the amount of potential damage related to each
volcanic phenomenon, and an eruption’s overall impact on the
environment. Such results can be obtained only through detailed studies of each single volcano, involving close cooperation of volcanologists and social scientists.
Often, civil protection authorities require a qualitative classification of volcanoes based on the potential volcanic risk attached to their surroundings in order to better allocate limited
resources, yet there have been limited scientific contributions in
support of this requirement. The aim of the present paper is to
propose a simple method for ranking volcanoes by proxy for
volcanic risk, which may be used until more-detailed evaluations
such as those proposed by Ewert (2007), Aspinall et al. (2011),
and Auker et al. (2015) become available following a moredetailed analysis of the activity pattern of volcanoes or volcanic
systems. First, we propose a simple formulation of a volcanic
risk coefficient (VRC), and then we use it to rank different
volcanoes in several areas of the world and display it in a simple
way using a Geographic Information System (GIS) program.
Finally, we evaluate the maximum theoretical limit of the
VRC in the world. In the context of this paper, Bvolcanoes^
comprise both individual volcanoes and more widely the volcanic systems of volcanic fields (Walker 2000) and, most importantly, their associated at-risk areas.

Ranking volcanoes by risk
The three basic ingredients of volcanic risk are (i) eruption
probability, (ii) the amount of damage that could be caused
by an eruption, and (iii) the character of volcanic phenomena
and associated vulnerability. Few of these data are available
for the majority of volcanoes on Earth, so any attempt to make
a ranking based on the formal definition of risk is destined to
fail or to be successful only in areas where there is a long and
well-established tradition of volcanological studies. The problem becomes more difficult for volcanoes with long periods of
quiescent that are known to weaken the public awareness on
volcanic hazards and for the lack of volcanological knowledge
of their eruptive potential, as in the case of the devastating
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Order of magnitude for the eruption rate

Last eruption

KT

≥1 eruption between 0 and 1 year ago
≥1 eruption between 1 and 10 years ago
≥1 eruption between 10 and 100 years ago
≥1 eruption between 100 and 1000 years ago
≥1 eruption between 1000 and 10,000 years ago
≥1 eruption between 1×104 and 1×105 years ago
≥1 eruption between 1×105 and 1×106 years ago

0
−1
−2
−3
−4
−5
−6

eruptions of Vesuvius (79 AD and 1631) after periods of quiescence lasting several centuries (Scandone et al. 1993b).
Simple geological studies could provide a basic understanding of the typical styles of activity of a volcano, as well as orderof-magnitude estimates of when its last activity took place, and
of the areas (and, consequently, the number of people) that could
be affected by an eruption. This simple information can be arranged to provide a first-order estimate of volcanic risk.
When dealing with a volcanic emergency, civil protection
authorities often ask for the worst-case scenario in order to be
able to deal with unexpected situations that may arise during a
crisis. In this respect, the eruption with the highest degree of
explosivity and magnitude should be taken as a reference for
the worst-case scenario. This choice may be the one with the
lowest probability of occurrence, but at least can provide an
idea of the maximum possible eruptive scenarios that may
occur and the style of activity of the volcano. Auker et al.
(2015) also suggest that the maximum volcanic explosivity
index (VEI) of previous eruptions is a good indicator to capture extreme eruption size. The maximum VEI also accounts
for lesser eruptions that pose a lower threat to the surrounding
areas. More-precise potential eruptive scenarios may be obtained if previous long-term hazard assessment has been undertaken, but for many volcanoes, this has not been done.

The second critical point is the eruption probability, which
is uncertain even for the volcanoes with the best historical
records (Carta et al. 1981; Scandone et al. 1993a; Marzocchi
et al. 2004; Sobradelo et al. 2014). We consider that as time
passes and no new eruption occurs, the associated eruption
periodicity decreases, because the volcano may be entering
into a longer dormancy period as, for example, Vesuvius since
its last eruption in 1944, so the time since the last eruption
allows a first-order approximation of the repose length. This
does not mean that the eruption probability decreases with
time, but that our knowledge of the current repose period
changes. Some research suggests that the application of statistical models to natural phenomena like earthquakes (and, as
consequence, also to volcanoes that have an even higher degree of complexity) may not be as straightforward as previously supposed (Freedman and Stark 2003; Luen and Stark
2008). Moreover, probabilities of occurrence of future eruptive scenarios are difficult to determine when the information
of past eruptive activity is not complete or in the case of large
time window long period of repose.
The amount of damage caused by an eruption varies depending on the number of people living in an area, the eruption style, and the socio-economic development of the area. A
first-order approximation of the total damage can be based on
the total number of people that may be affected directly or
indirectly (e.g., Eyjafjallajökull eruption in 2010, Iceland) by
the eruption in the worst-case scenario.
The parameters that we have enumerated vary across orders
of magnitude, so it is useful to combine them in a logarithmic
scale. Taking into account that the volcanic explosivity index
(VEI) is basically a coefficient estimated on a logarithmic
scale (Newhall and Self 1982) and that volcanic risk is here
defined as the product of hazard, value, and vulnerability, we
propose the coefficient of volcanic risk as follows:
VRC ¼ K T þ VEI þ logðpopulation numberÞ

ð2Þ

Table 2 Range of values to determine the relationship between the VEI and the maximum area reached by PDCs and the effects of ash and aerosol
injection into the troposphere and stratosphere
VEI

Distance from the volcano

Ash and aerosol injection (climate impact)

1
2
3
4

<1 km (PDC)
1–5 km (PDC)
3–10 km (PDC)
10–15 km (PDC)

5
6
7
8

15–30 km (PDC)
30–50 km (PDC)
50–100 km (PDC)
>100 km (PDC)
Ash and sulfate injection into the stratosphere. Catastrophic
climate impact

–
–
Ash injection into troposphere possible regional effects
Ash and sulfate injection into the troposhere and stratosphere. Variable
climate impact
Ash and sulfate injection into the stratosphere. Variable climate impact
Ash and sulfate injection into the stratosphere. Minor climate impact
Ash and sulfate injection into the stratosphere. Severe climate impact
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where KT =log (1/time since last eruption). VRC is a first
approximation of the logarithm of volcanic risk, taking into
account that the logarithm of a product is given by the sum of
the logarithms of the single factors.
In order to make it simpler, we take only the order of magnitude for each factor as follows in Table 1.
Similarly, for the population that may be affected by an
eruption, this number depends on local conditions and increases with the VEI. The area affected by an explosive eruption increases with the VEI and consequently the number of
people enclosed in this area should be evaluated according to
the maximum range reached by the pyroclastic density currents (PDCs); approximately, the range is given by the values
in Table 2. In Table 2, we show also the possible regional and
planetary effects that may be caused by ash and aerosol injection into the atmosphere with the possibility of disrupting air
traffic and affecting world climate. Particular effects known
for single volcanoes can be accounted for by appropriate modification of the population affected by eruptions.
Obviously, local factors may significantly change the range
at which the effects may be felt. For example, at Nevado del
Ruiz (Colombia), the effects of the eruption of 1985, which
scarcely attained a VEI=3, were amplified by the melting of a
glacier and by the height of the volcano. An eruption with a
size of VEI=8 like that of Toba (Indonesia), 70 kiloyears ago,
or one of the caldera-forming eruptions of Yellowstone (USA),
is capable of affecting the life on the entire planet, not because
of pyroclastic flows, but because of the amount of sulfate aerosol injected into the atmosphere, thus producing catastrophic
climate disturbances which may last for tens of years (Robock
et al. 2009).
The use of VEI, which was devised as a measure of
explosivity, basically prevents its use with mostly effusive
volcanoes and under-evaluates the effect of long-lasting, effusive eruptions with moderate explosive activity (e.g.,
Eyjafjallajökull in 2010, Iceland) which may disrupt air traffic
for long periods, but rarely affect human life. Actually, in the
last 40 years, only two aircraft are known to have suffered
dramatic encounters with ash during an eruption, and both
were able to restart their motors after several attempts. The
total number of flights that may be dangerously affected by a
single eruption may be in the order of tens, so that the overall
population affected is in the number of thousands. The population index would be in the order of 3 and certainly lower
than the population index related with PDC, except for very
sparsely populated areas like Alaska or Kamchatka.
Events with relatively low VEI (4) like the eruptions of
Laki (Skaftàr Fires) (Iceland) in 1783–1785, or Eldgjà
(Iceland) in 934–940, characterized instead by huge outpourings of lava, may have affected the climate in a substantial
way because of the high sulfur content of erupted magma, the
long duration of the eruptions, and the total erupted volume of
magma. During these events, tens of millions of people were

Table 3

VRC for volcanoes in Italy

Volcano

KT

Max VEI

Population (log)

VRC

Campi Flegrei
Vesuvius
Etna
Ischia
Pantelleria
Colli Albani
Stromboli
Lipari
Vulcano
Salina
Ferdinandea

−3
−2
0
−3
−3
−5
0
−4
−3
−5
−3

7
6
5
6
6
6
4
4
4
4
3

7
6
5
4
4
5
2
4
3
3
0

11
10
10
7
7
6
6
4
4
2
0

affected by the adverse climate effects due to a protracted
injection of aerosols into the troposphere and stratosphere.
For these reason, we suggest that these events (fissure basaltic
eruptions in Iceland) and those having VEI=7 be assigned a
population index of 7 (tens of millions affected) and that those
like Toba or Yellowstone be assigned a population index of 9
(entire population of the Earth).
To provide a working example for use of this method, we
made a ranking for the volcanoes of Italy shown in Table 3
(see Supplementary Material 1 for more details of the input
data).
A similar ranking can be made for the Canary Islands
(Spain) (Table 4, see Supplementary Material 1 for more
details of the input data):
The lower the eruption periodicity, the lower the risk,
whereas greater populations and VEI both increase risk. One
notable aspect of the coefficient is its decrease with time since
the last known eruption. For example, after 10 years, the coefficient is reduced by 2 units and then remains constant for
100 years. This reflects the common observation that, often,
eruptions are clustered in time and a volcano coming back into
activity after centuries may erupt more frequently (e.g., Vesuvius after 1631, Mt. St. Helens after 1980, Bezmianny after
Table 4

VRC for volcanoes/volcanic area in Canary Islands

Volcano

KT

Max VEI

Population (log)

VRC

Tenerife (overall)
Rift zones (Tenerife)
Teide (Tenerife)
Gran Canaria
Lanzarote
La Palma
El Hierro
La Gomera
Fuerteventura

−3
−3
−3
−4
−3
−2
−1
−7
−5

6
3
6
4
3
2
3
3
3

6
6
5
6
5
5
4
4
5

9
6
8
6
5
5
6
0
3
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1956, Campi Flegrei in the period between 5000 and 3000 years
BP, Pinatubo after 1991). The VRC may be useful also for
volcanic fields (see the Canary Islands example), where it
may be used to evaluate the overall risk pertaining to the whole
field, in comparison with that of single central volcanoes.
As an example, we evaluate a VRC=(−3+3+7)=7 for the
Sierra de Chichinautzin volcanic field in the Southern Valley
of Mexico and a VRC=(0+5+4(5))=9(10) for the nearby
composite volcano Popocatépetl.
The maximum theoretical coefficient of risk is given by a
supervolcano having had any eruption within the year (i.e.,

VRC=0+8+9=17). Large caldera-forming eruptions are likely to be preceded by precursor eruptions that partially evacuate
the magma chamber, leading to catastrophic drainage of magma and caldera collapse. So, when a supervolcano enters in a
period of activity, we suggest that there is a potential for a
catastrophic eruption, provided that a sufficient length of time
is passed since the last caldera-forming event. This situation
could be ascribed to Aso volcano in Japan according to the
VEI classification of the large eruption database VOGRIPA
(Crosweller et al. 2012). However, its major eruption
87,000 years ago, having an erupted volume of the order of

A
COLLI
ALBANI

VRC

CAMPI
FLEGREI
VESUVIO

ISCHIA

A

B

STROMBOLI
SALINA
LIPARI

B

VULCANO

VRC

ETNA

FERDINANDEA

PANTELLERIA

Fig. 1 Classification of Italian volcanoes by VRC. A Colli Albani and Neapolitan volcanoes. B Etna, Aeolian Islands, and the volcanoes of Sicily
Channel (DEM modified after Tarquini et al. 2007, 2012)
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200 km3 dense rock equivalent (DRE), should more properly
be defined as a VEI=7 and was certainly not as large as those
of Toba or Yellowstone (2750 and 2150 km3 DRE). Based on
the affected population in case of eruption of VEI=7 (substantial climate impact), Aso should be ranked with a VRC=14;
this value still makes it currently as one of the volcanoes with
a very high risk coefficient, along with Taupo (VRC=−4+8+
9=13).
We estimate for Toba a VRC=(−5 or −3)+8+9=12 or 14
depending on the date of the last eruption and for Yellowstone,
VRC=−5+8+9=12, based on the age of the last eruption
(Lowenstern et al. 2005). Eruptions the size of those from
Toba and Yellowstone would affect the climate on the entire
Earth for several decades, making these two volcanoes probably capable of affecting seriously the survival of human race
as it is presently known (Robock et al. 2009).

A new plugin for QGIS to estimate the VRC
The approach presented here offers a simple way to assign a
risk coefficient to different volcanoes and volcanic fields, and
it could be useful to visualize the result in a GIS platform to
see the results in a map and through an intuitive and userfriendly graphical interface. For this reason, we have developed a new plugin for Quantum Geographic Information System (QGIS), a free, open-source, and cross-platform software
package, distributed at www.qgis.org. It allows the user to
overlap volcanic-risk information with other types of analysis,
such as spatio-temporal probability and infrastructure elements. Moreover, this plugin is intended to quickly and easily
visualize results of the VRC to show those areas that are in
need of much more attention for long-term hazard assessment
and damage evaluation and to be taken into account for emergency plans and educational programs.

In the Supplementary Material 2, we provide the method
for use of the plugin and the plugin graphical user interface
(GUI) structure. The new tool for estimating the risk coefficient is available upon request to the authors or it can be
downloaded online at the website www.vetools.eu.
The risk coefficient is evaluated using Eq. 1 and can be
visualized as a shapefile in the QGIS project.
Figures 1 and 2 illustrate calculation of VRC for the volcanic areas in Italy and Canary Islands, respectively.

Discussion and conclusions
Classifying volcanoes according to their potential risk is not
an easy task. The lack of knowledge of past and present activity on many volcanoes, and the variation in different parameters that should be considered in a risk analysis, make it
difficult to successfully accomplish such analyses. Nevertheless, a risk classification of volcanoes is required for global
comparisons of volcanic threats.
We propose a simple volcanic risk coefficient (VRC) based
on the maximum expected eruption, the time since the last
eruption regardless of magnitude, and the number of people
that may be affected by the maximum expected eruption. In
this way, it is possible to compare different volcanoes or volcanic areas in a simple and immediate way. The VRC should
be considered as a preliminary step preceding a more detailed
study of volcanic risk involving specific field studies and
socio-economic analysis.
Crisis managers often have limited resources for the definition of measures to be taken, before the occurrence of a
volcanic crisis (often the resources become available only after the beginning of a crisis). The use of the volcanic risk
coefficient allows a first-order objective classification of volcanoes according to their associated risk. At the same time, the

LANZAROTE

TENERIFE

LA
PALMA
LA
GOMERA

VRC

TEIDE

FUERTEVENTURA
EL
HIERRO

GRAN
CANARIA

0

Fig. 2 VRC for Canary Islands obtained through the plugin in QGIS

200
km
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use of the volcanic risk coefficient will help volcanological
agencies to decide on policies for the monitoring of dormant
volcanoes.
In countries with a long tradition of volcanological knowledge, the risk coefficient should basically express the common
knowledge of the risk associated with active and dormant
volcanoes. The classification of Italian volcanoes exactly reproduces the knowledge of the high risk pertaining to Campi
Flegrei and Vesuvius, but helps also to put in a quantitative
perspective the risk associated with other Italian volcanoes.
Volcanoes with frequent activity, for example, Stromboli, do
not necessarily pose a high risk.
Providing a risk classification for active volcanoes in a
specific region may help authorities to structure their emergency plans according the specific degree of potential risk
associated with each of their volcanoes. Here, we have
attempted to provide a simple way to classify active volcanoes
according to their potential risk using very simple considerations and parameters. This classification also provides an
operative tool that can be easily used even in the absence of
detailed knowledge of the different volcanoes of a country or
region.
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