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Abstract

Volcanologists make hazard forecasts in order to contribute to volcanic risk assessments and decision-making, in areas
where volcanic phenomena have the potential to impact societal assets. Present-day forecasts related to the potential
occurrence of an eruption mostly take the form of alert levels, that are established by volcano scientists with the aim of
communicating the state of a volcano and its possible short-term evolution. Here I analyse current alert level systems
and their role in decision-making processes. I show that the use of such systems implies predictive capabilities not
supported by corresponding levels of confidence in the knowledge of the volcano. Their use also implies an
assumption of volcano scientist responsibility for decisions that goes beyond the expertise of the scientist, and which,
in most countries, is not granted by a corresponding societal mandate. A rational volcanic hazard forecast system
accepts instead the uncertain nature of volcanic processes and the consequent limited predictive capabilities; forecasts
expressed as probabilities, or better as probability distributions, reflect a rational attitude by scientists and assure clear
roles that reflect both expertise and societal mandate to any group involved in the management of a volcanic crisis.
Exceptions where the use of volcanic alert levels may lead to efficient management are also discussed.
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Introduction
Any process that includes some randomness should be
regarded as “uncertain” to some extent, and be treated
in the context of statistical analysis. This is true for any
aspect of human activities where forecasts are needed,
and substantial gains and losses depend on such fore-
casts. Examples include financial forecasts regarding the
trends of single stocks or the stock market, political
forecasts regarding the stability and trends of individual
nations or geographic areas, insurance forecasts regard-
ing the potential losses and gains deriving from accept-
ance of given investment risks, weather forecasts, and
many others including decisions we currently make in
everyday life (e.g., Lipshitz and Strauss 1997; Lau and
Redlawsk 2001; Levy 2015). In all such cases decision-
makers evaluate the costs and benefits associated with
each possible action, which is usually carried out by con-
sidering both statistical trends and specific information
regarding the case under evaluation.

Volcanic processes are largely dominated by uncer-
tainties. These are both epistemic, due to limited know-
ledge and understanding, and aleatoric or intrinsic, due
to the high non-linearity of volcanic processes causing
exceedingly large dependency on initial/boundary condi-
tions (e.g., Marzocchi and Bebbington 2012). The fact
that a large part of any volcanic system is not accessible
to direct observation is a source of epistemic uncertainty
and a great limit to predictive capabilities; however, no
matter how deep we get into that system, or how sophis-
ticated are our physical models, aleatoric uncertainties
cannot be reduced, not even in principle, resulting in an
intrinsic “aleatoric” or random character in volcanic pro-
cesses. Both epistemic (reducible in principle), and alea-
toric uncertainties significantly limit the capability of
deterministic approaches to predict volcanic hazards; be-
cause uncertainties largely dominate, forecasts make use
of statistics and probabilities.
Uncertainties in natural processes, as well as in many

other fields of investigation or human activities, are diffi-
cult to deal with; our mind is not effective when statis-
tical reasoning is required. On the contrary, humans
instinctively search for cause-effect associations fulfilling
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a need for “control” that is comforting in the relation-
ships with the world around us. The Nobel Prize Daniel
Kahneman (2011) associates intuition to a constant, in-
stinctive scan of human brain in search for cause-effect
relationships, identifying its origin in a powerful reward
by natural selection: a being that is effective in recogniz-
ing causes beyond their visible effects, is advantaged in
quickly escaping bad situations, as well as in efficiently
taking advantage of positive conditions. Scanning the en-
vironment in search of cause-effect relationships yielded
increased chances of survival, and natural selection has
worked to transform that capability into a fundamental
character of our automatic response to external stimuli:
our intuitive approach.
That attitude is not bad at all; not only it has favoured

us in the fight for survival, but it has produced a flour-
ishing science based on cause-effect relationships that al-
lows us to explore the world and the Universe. We are,
with reason, immensely proud of discovering the laws of
nature; at the same time we are not, and we will never
be, able to predict the answer to an exceedingly large
number of extremely relevant questions, including the
followings: will I have a car accident today while driving
to my office? Is my new enterprise going to make me
rich or bankrupt? Will it rain on next April 6th after
lunch? Is this volcano going to erupt in the next year?
And many others.
Overcoming the intuitive cause-effect attitude and

recognising that the world around us is much less pre-
dictable than we would like it to be, requires a rational
effort that is not easy at all. Unpredictability is largely
discomforting as it jeopardizes our sense of control on
the world, making us feel defenceless. However, rational
approaches that accept deterministic unpredictability in
most situations around us, and account for the uncertain
nature of the world, allow us to deal with the hard ques-
tions above, and for each of them, to make forecasts in a
form appropriate to make rational decisions. In this
paper I argue that the rational approach described here,
besides being appropriate with respect to the complex
nature of the world, leads to hazard forecasts that impli-
citly include a clear, unambiguous identification of the
roles of volcano scientists, which are obviously bounded
by their knowledge and expertise; whereas the intuitive
approaches, unfortunately widespread in volcanology,
lead to frequent, inevitable superposition of roles be-
tween volcano scientists and decision-makers.
In the following I consider the present-day situation

with respect to short-term hazard forecasts, here referred
to as the evaluation of the likelihood of a forthcoming
eruption or other potentially hazardous events at a given
volcano. Such evaluations are usually expressed in terms
of alert levels (e.g., Fearnley et al. 2012), represented by a
series (usually three to five, but they can be more) of

discrete levels, determined by volcano scientists on the
basis of their observations and expert knowledge, each
one implicitly (or in some cases explicitly) associated with
a different “likelihood”, which, in turn, is sometimes tied
to associated actions. The arguments that I develop here
demonstrate that such alert level tables are dominantly
developed and used through an ‘intuitive approach’, rather
than through rational thinking that should drive scientific
evaluations. I also argue that the use of alert level tables
imbues scientists with an inappropriate role as decision-
makers. In contrast, rational volcanic hazard forecasts fully
and explicitly account for the uncertain nature of both vol-
canic processes and the evolution of a volcanic system, thus
maximizing the exploitation of diverse knowledge and ex-
pertise for societal benefits. I argue that rational volcanic
hazard forecasts assure a clear, unambiguous distinction be-
tween volcano scientists and decision-makers, with the for-
mers providing forecasts in the probabilistic form that is
best suited for decision-making under uncertainty – the
natural state characterizing any situation of volcanic risk.
A further clarification is needed here. It is a fact that

the role of scientists in the management of natural risks
varies substantially from country to country, reflecting
different cultures and different societal and political con-
texts. One extreme case is represented by Indonesia,
where volcano scientists are increasingly given the duty
of recommending practical actions that directly impact
the societies at risk, such as evacuation or relocation of
human settlements. The overwhelming majority of
countries, however, accepts the principle of separation of
roles between the scientists and the decision-makers
(e.g., Marzocchi et al. 2012), with the former providing
expert evaluations, and the latter making decisions based
on their respective political and societal mandates. That
principle contributes to maximizing benefits from the ef-
fective cooperation of all participants, with each contrib-
uting based on their expertise, and with clear roles
bounded by their respective responsibilities. Although I
am aware of possible limitations in applying the ar-
guments in this paper to all of the varied cultures and
societies in our world, I do assume separation of roles
between scientists and decision-makers as a guiding
principle.
It is worth noting here that although the arguments

presented are general, their relevance increases with in-
creasing volcanic risk. Forecasting hazards is applied sci-
ence: we make forecasts because of compelling social
and economic risks associated with volcanic eruptions. It
is reasonable to state that hazard forecasts are informed
by risk evaluations; accordingly, it is also reasonable that
the practices leading to hazard forecasts vary with the
level of risk. In low risk situations those practices may
demand less sophisticated evaluations and techniques:
when the costs associated with mitigation actions, e.g.,
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evacuation of the population at risk, are low, sophisti-
cated analyses are not required since actions can be car-
ried out at low cost following little warning. In contrast,
high-risk situations like those involving urban areas and
cities exposed to dangerous volcanic phenomena incur
substantial costs regardless of whatever measure is taken
(or not taken), thus requiring more refined, rational ap-
proaches involving clear, sound, transparent, auditable
practices for both hazard forecasts and decision-making.
High-risk urbanized areas are therefore the main target
of the arguments presented here. The Conclusions sec-
tion includes examples of high-risk situations demand-
ing a rational approach like the one depicted here. It
also includes examples of situations involving reason-
able, low-cost, much less sophisticated mitigation ac-
tions, for which the application of VALS can be
legitimate and effective.
In the following sections I examine current alert level

systems and their use in communications from volcano
observatories, and argue that the use of VALS entails
evaluations that transcend volcano science to involve so-
cial and political aspects, forcing volcano scientists to
overstep their expertise as well as their mandated soci-
etal role. I then introduce volcanic hazard forecasts
based on probability estimates, that instead guarantee
clear distinction between scientific evaluations made by
scientists, and decisions for the benefit of society (made
by political decision-makers). I conclude by proposing a
rational decision-making procedure that ensures full ap-
preciation of the uncertain nature of volcanic hazard es-
timates and maximizes the collaborative contributes of
several experts and political decision-makers, while
keeping clear separation of roles according to each par-
ticipant’s respective expertise and societal mandate.

Alert levels
Alert levels represent the most widespread practice
worldwide to communicate the state of and provide
short-term forecasts for any single volcano (e.g., Potter
et al. 2014). Alert levels are usually defined by volcano
observatories, and represent the “official” communica-
tion of volcano status by scientists to public officers, pol-
iticians, media, and society. Alert levels adopted by
different countries or even different volcano observator-
ies in the same country may differ significantly, both in
their number of levels and in the definition of each indi-
vidual level. In response to the growing interest and ef-
fective use of Volcanic Alert Level Systems (VALS),
IAVCEI – the international association of volcanologists
– has recently launched a “Volcanic Alert Level Work-
ing Group”.
Probably the most common VALS include a scale of

four levels associated with different colours (also re-
ferred to as the “colour scale of alerts”), as depicted in

Table 1. A similar four-level colour scale is used for
communications by the Volcanic Ash Advisory Centres
(VAAC) that inform civil aviation authorities on the po-
tential presence of ash clouds along airplane routes
worldwide.
VALS can be very effective as an immediate means of

communication about the state of a volcano; they do a
good job when the speed of information is crucial, e.g.,
in the case of VAAC operations cited above. VALS are
also useful as a source of global or regional information
at a basic level, e.g., by allowing a quick assessment of
the number of volcanoes in a given area that are in a
state of unrest or eruption, providing a qualitative evalu-
ation of the overall threat from imminent or on-going
volcanic eruptions in different areas. VALS have been
proven effective for the basic communication of the
“level of risk” (although not strictly appropriate) in de-
veloped as well as developing countries where volcano
scientists are engaged in communicating an accurate
perception of volcanic processes and their potential im-
pacts on local populations.
There are obvious merits in VALS; these have led to

their widespread use worldwide. However, the use of
VALS may also have serious drawbacks that do not ap-
pear to have been fully considered yet. Those drawbacks
deeply undermine the appropriateness of VALS as a
means of communication by volcano scientists, and
largely overcome benefits in many situations, as de-
scribed below.

VALS in science and decision-making
The primary problem with VALS is that they discretize
the status of a volcano in relation to the level of alert. It
should be obvious that there is no equivalent
discretization in the natural processes leading to vol-
canic hazards. In fact, such a discretization is by no
means a scientific process: its value is exclusively in
terms of specific actions (aimed at public safety) that can
be tied to discrete alert levels or triggered by alert level
changes. By deciding a change in the level of alert, what
volcanologists actually do is to trigger actions. That is
true regardless of whether or not practical actions are
explicitly included in the alert level scale. In fact, it
would be completely unreasonable for a decision-maker
to take practical actions that impact on society and that
are unrelated to alert level changes. Such a direct rela-
tionship between alert level changes and practical ac-
tions impacting society led Winson et al. (2014) to
suggest to volcano observatories that they should engage
in “less conservative decision-making – raising alert levels
freely – so that mitigating action can be taken even when
there is still considerable scientific uncertainty”. Since
discrete alert levels have a direct, immediate and exclusive
value in terms of actions, volcanologists who decide alert
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level changes become de facto decision-makers. Examples
of actions typically attached to alert levels, and their po-
tential impacts on society, are reported in Table 2.
In a topical assessment of the practice of use of VALS

by five volcano observatories located in the United
States, Fearnley (2013) provided ground-based evidence
of such shifting roles: “[…] the decision to move between
alert levels is based upon a complex negotiation of per-
ceived social and environmental risks.” As it further
emerges from that paper, decisions to change alert level
transcend scientific understanding, involving social and
political factors that volcano scientists from the observa-
tories feel obliged to take into account. The summary in
Table 2 shows substantial societal costs attached to alert
level changes. Given the consequences of not raising
alert levels enough, or in time, the concerns by volcano
scientists appear more than justified. In consideration of
the fact that volcanologists from other countries, e.g.
The Philippines, and Indonesia as cited above, delibera-
tively include social and political aspects when assigning
alert levels, Fearnley (2013) concludes that “A consider-
ation of different approaches to negotiating uncertainty
and risk that are deliberative would, therefore, be benefi-
cial in volcanic hazard management insofar as these sug-
gest effective practices for decision-making processes in
assigning an alert level.”
Although I understand the rationale behind that con-

clusion, my thesis is the exact opposite: in the context of
the principle of separation of roles, scientists should base
their evaluations exclusively on scientific knowledge, pro-
viding decision-makers with clear, unambiguous informa-
tion that they can use to fulfil their societal and political
mandates.

There is one relevant corollary to the statement above:
providing decision-makers with clear, unambiguous infor-
mation implies that scientists and decision-makers have
a common language and reciprocal understanding, so
that the information going through them can be effect-
ively clear and unambiguous. In turn, that requires a
long practice of cooperation that must be established
well in advance of a crisis, when the social pressure is
low and mutual exchange is mostly fruitful. The com-
mon practice of quick rotation in critical roles and respon-
sibilities within the administration of many countries,
especially developing ones, is a major hindrance to the
possibility of establishing such fruitful relationships be-
tween scientists and decision-makers.
There is also a requirement implicit in the statement

above, namely that when dealing with issues that have
societal relevance, the contributions from each involved
participant should be bounded by their corresponding
societal mandate. When such boundaries are not guaran-
teed, assessments by volcanologists may be consciously or
sub-consciously biased by their own social and political
evaluations. Similarly, politicians may make decisions that
are influenced by their own scientific beliefs. These assess-
ments and decisions thus step over expertise and social
mandate. In high-risk situations, that can translate into
serious consequences for the safety and economy of the
affected population and infrastructure.
It is worth noting here that the perceptions of U.S.

volcano scientists reported in Fearnley (2013) do not ne-
cessarily reflect the USGS official policy, which requires
volcanologists to base their evaluations on science and
not on societal issues, while working closely with Civil
Defense authorities to support and inform them in the

Table 1 The four-level volcanic alert scale

Table 2 Possible actions, and their potential impacts, commonly attached to alert levels
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preparation of their response plans (J. Pallister, personal
communication). Similar policies exist in many other na-
tions. My point here is that in spite of the official pol-
icies, the practice by volcano observatories of using
VALS in their communications puts volcano scientists in
a position in which socially based elements inevitably
creep into decisions on alert level changes.
The situation in the US is not dissimilar to that in

other countries, where volcano scientists are often in-
volved in evaluations that transcend their expertise. In
Italy the decisions for volcano alert level changes are for-
mally made by the national Department of Civil Protec-
tion (DPC), which is the main decision-making body in
relation to all natural risks; volcano scientists from the
observatories contribute by informing the DPC of their
observations, records, and expert evaluations, but do not
take part in decisions related to alert level changes.
However, the decisions by the DPC are usually made
under advice from a commission of appointed scientists,
called the “Grandi Rischi” (Large Risks) Commission,
that sadly became famous for the legal trial that followed
the L’Aquila earthquake, Central Italy, in April 2009
(e.g., Nosengo 2011; Cartlidge 2011; Bretton et al. 2015).
Although the formal decision on any alert level change
is made by the DPC, the scientists in the Commission,
when providing their high-level expert advice, are likely
to find themselves, as reported by the US scientists in
Fearnley (2013), confronted with the “complex negoti-
ation of perceived social and environmental risks”. In
other words, they find themselves engaged in decisions
that transcend their scientific expertise and must ac-
count for the social, political and economic complexities
of the societies at risk, with all the consequences that
Table 2 illustrates, especially when those decisions im-
pact on urbanized areas.
The situation in Japan is even more extreme. Here the

duty of releasing volcanic alert levels is assigned to the
Japan Meteorological Agency (JMA). Volcanic alerts are
organized in a scale of five levels that are explicitly “based
on the target area and action to be taken” (http://www.da-
ta.jma.go.jp/svd/vois/data/tokyo/STOCK/kaisetsu/Eng-
lish/level.html). According to Fearnley (2013): “In sharp
contrast [note: with US and New Zealand VALS], the Jap-
anese VALS addresses the measures to be taken by speci-
fying areas of danger, indicating extent of evacuation, and
outlining the expected volcanic activity.” In other words,
Japanese scientists at JMA are directly assigned the duty
of deciding on actions impacting the society, as such ac-
tions are explicitly and intimately linked to VALS, the de-
cisions about which rest with JMA.

Scientific knowledge, and how it is communicated
Saying that scientists should base their evaluations ex-
clusively on scientific knowledge represents by itself a

negation of the use of VALS by volcano scientists. Be-
cause there is no effective value in alert levels other than
the actions that are attached to them or are triggered by
them, alert levels should not be an element under con-
sideration by scientists, neither when developing scien-
tific knowledge nor when communicating it. Further
considerations emerge when considering the effective
knowledge upon which decisions on alert level changes
are currently based at volcano observatories. Table 3 re-
ports some definitions attached to elements that are
diagnostic for alert level changes, as they are reported in
the VALS in use by volcano observatories throughout
the world.
Such elements are a mix of observations (“signs of…”, “el-

evated”, etc.), evaluations (“background level”, “unstable”,
“increased likelihood”), and predictions (“imminent”). What
is most relevant here, however, is that all of those elements
are described in purely qualitative terms, leaving ambiguity
on when an observed change is just an oscillation around
the current conditions or it is “slight” or “moderate”
enough, “intense” or “obvious” enough, etc. to determine
an alert level change, thus providing volcanologists full dis-
cretion to decide whether or not to change the alert level.
Under such conditions the worries about societal conse-
quences, expressed by US volcanologists in Fearnley’s sur-
vey referenced above, appear more than justified: decisions
directly impacting society are not only inappropriately
assigned to scientists, but have to be made within a frame-
work that is discretionary and vague, leaving scientists alone
to deal with the consequences of their decisions and the re-
sponsibilities inherent in those decisions.
A more quantitative basis to inform alert level changes

and communicate with stakeholders has been recently
developed in New Zealand (Potter et al. 2015), and con-
sists of a Volcanic Unrest Index (VUI) varying from 0 to
4, based on the overcoming of thresholds, or fulfilment
of specific conditions, related to ten parameters grouped
into seismicity, deformation, and geothermal/degassing.
According to the authors, VUI “is not a volcanic
eruption forecasting tool”, although it is said to be devel-
oped “to assist with the effective communication of vol-
canic unrest to end users”. Further discussion points to
the difficulty in the definition of “background” and “un-
rest” states in VALS, outside a quantitative framework
that the VUI provides: for example, a VUI equal to or
greater than 2 is said to satisfy the definition of “unrest”.
No further relationships are provided between VUI 3
(“moderate unrest”) and 4 (“heightened unrest”) and
higher VALs. Since New Zealand adopts a six-level
VALS, with the first three levels ranging from “no vol-
canic unrest” to “moderate to heightened volcanic un-
rest” (Potter et al. 2014), VUI appears to expand, in
practice, the first three levels into five, adding a quanti-
fied definition to each of them.
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Although the relationships between VUI and VALs re-
main (purposely, I understand) unclear, VUI has the evi-
dent merit to largely overcome the vagueness and
ambiguity of current VAL definitions. It does not, how-
ever, differ from VALs in discretizing the volcano state;
it also adds an explicit deterministic element in the as-
signment of a volcano “status” linked directly to observa-
tions and records but with no associated uncertainty.

Rational volcanic hazard forecasts
The situation emerging from the above picture is that –
although uncertainties are an element under increasing
consideration when forecasting the behaviour of a vol-
cano – the use of intuitive-based VALS communicates
undue confidence in the capability to discern the rele-
vance of on-going volcanic processes and anticipate the
future outcomes. It sends the message that, regardless of
whether or not diagnostic observations are quantified in
advance, the scientists will be able to determine the state
of the volcano and the level of the corresponding alert,
and ultimately, what’s going on beneath the volcano. Ob-
viously, I am not saying here that the scientists truly
think that; they are more aware than anyone else of the
complexities of volcanic processes and of the strengths
as well as limitations of their understanding. What I
mean is that the use of VALS by scientists, together with
the way that scientists define them, communicates confi-
dence in a deterministic capability to recognise and an-
ticipate the behaviour of the volcano, rather than a full
appreciation of the uncertain nature of volcanic pro-
cesses and forecasts. This reflects an intuitive approach,
as outlined in the Introductory section.
A rational attitude in forecasting volcanic hazards

should be respectful of the distinct roles of the various ac-
tors involved in the management of volcanic crises, and
fully acknowledge uncertainty as a fundamental condition
upon which forecasts are based. The first part of this
statement has been discussed above, and requires that vol-
cano scientists abandon VALS as a means of evaluation
and communication. The second part, discussed below,
requires the use of statistics and probabilities as the major
means of forecasting and communicating volcanic haz-
ards. Together, these approaches provide the basis for a
rational global system to manage volcanic crises.

Statistics and probabilities have played a role in vol-
canology for decades, and the number of published pa-
pers in this genre has been continuously increasing. A
differentiation between frequency-based and Bayesian
(or subjective) probability is relevant in volcanology as
well as in any other field (economy, finance, politics,
etc.) where uncertainties dominate the evaluations (e.g.,
Marzocchi and Jordan 2014). Whilst the former identi-
fies the probability of an outcome with the frequency of
occurrence of that outcome in a sufficiently large num-
ber of samples, the latter reflects the degree of belief in
a given outcome, quantified from an a-priori estimate
which is progressively adjusted as long as new informa-
tion is added. Instead of estimating simple probabilities,
the Bayesian approach leads to the quantification of prob-
ability density functions, or probabilities with associated
uncertainties. Quite often the a-priori estimate (or the
likelihood function used to modify that estimate) is ob-
tained from observed frequencies, e.g., the frequency of
the considered outcome in the available samples or in het-
erogeneous samples assumed to approximate the case
under consideration, creating a bridge between frequency-
based and Bayesian approaches.
The enormous success of the Bayesian approach re-

flects its capability to i) deal with highly uncertain situa-
tions with poor or no associated statistics, ii) take into
account heterogeneous information from basically any
kind of source including personal experience and belief,
and iii) account in a formal way for the uncertainties de-
riving from the uncertain information available. Those
characteristics are particularly valuable in volcanology,
as the historical records are typically far from providing
statistically robust information, and potentially useful
knowledge comes from highly heterogeneous sources.
Bayesian approaches are often used in conjunction with
Event Trees (e.g., Newhall and Hoblitt 2002; Marzocchi
et al. 2004, 2008; Newhall and Pallister 2015, and refer-
ences therein), that represent the complex ramification
of possible outcomes, each one quantified as a probabil-
ity distribution which is allowed to evolve as long as
new information is added (e.g., when new observations
are available). To-date, Bayesian approaches have been
employed in a large number of situations in volcanology,
including forecasts of volcanic hazards over the short-
term (Aspinall et al. 2003, 2006; Marzocchi et al. 2008;

Table 3 Descriptions of observations diagnostic for alert level change
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Oliveros et al. 2008; Lindsay et al. 2010; Brancato et al.
2011, 2012; Bell and Kilburn 2012; Marzocchi and Beb-
bington 2012; Sandri et al. 2009, 2012; Selva et al. 2012,
2014; Garcia-Aristizabal et al. 2013; Anderson and Segall
2013; Rouwet et al. 2014; Aspinall and Woo 2014;
Sobradelo et al. 2015; Boue et al. 2015; Tonini et al.
2016; Bartolini et al. 2016) as well as over the long-term
(Martin et al. 2004; Baxter et al. 2008; Neri et al. 2008;
Orsi et al. 2009; Marzocchi et al. 2008, 2010; Sobradelo
and Martì 2010; Passarelli et al. 2010a, b; Selva et al.
2012; Marzocchi and Bebbington 2012; Sandri et al.
2012, 2014, 2016; Bebbington 2014; Becerril et al. 2014;
Bartolini et al. 2014; Sheldrake 2014; Thompson et al.
2015; Bevilacqua et al. 2015; Tonini et al. 2015). Marzoc-
chi et al. (2012) and Selva et al. (2012, 2015) review
major challenges in the scientific management of vol-
canic crises, and illustrate a general quantitative proced-
ure based on probability estimates, which by analogy to
approaches in seismology (Jordan et al. 2011) is defined
by the authors as “operational eruption forecasting”.
Here, I do not review the methods and their technical
aspects; rather, I focus on the value of rational hazard
forecasts, that account for both epistemic and aleatoric
uncertainties that dominate in the natural processes
involved in volcanic systems; and I outline a recom-
mended best practice approach to dealing with volcanic
hazards and risks, with reference to short-term forecasts.
The resistance to adopt probabilistic approaches when

dealing with volcanic hazard forecasts has multiple ori-
gins. Perhaps the most deeply rooted opposition stems
from the psychological refusal to accept a limit in the
human capability to predict the evolution of a mechanis-
tic system, no matter how complex it is. In fact, strictly
speaking we are able to make predictions only under ide-
alized conditions that do not exist in nature. In practice,
however, we can approximate future outcomes to a satis-
factory degree and call them predictions. That capability
has driven the technological developments we know: we
call it a prediction if our equations anticipate the trajec-
tory of a satellite with a 1 m approximation, or the
quantity of fuel necessary to send a rocket to the moon
with a 1% error. What we call predictions are actually
satisfactory approximations that are only possible when
dealing with relatively simple systems under controlled
conditions. With more complex systems, our predictive
capabilities are sorely tried. The atmosphere is such a
complex system, although we are still able to forecast
weather: we observe and measure the atmosphere from
below, from inside, and from above, twenty-four hours a
day, through a huge number of multi-parametric instru-
ments that produce enormous datasets and a continu-
ous, detailed picture of its evolution at multiple scales,
allowing continuous testing and refinement of increas-
ingly sophisticated models. Still, the predictions are

uncertain and expressed as probabilities, and their confi-
dence is limited to a few days. Because the predictions
have significant uncertainty, they are termed “forecasts”.
Volcanic systems are at least as complex as the atmos-
phere, with the difference that our direct monitoring of
them is not even comparable. We know little of the in-
ternal and underground conditions at active volcanoes,
other than the rough inferences that we make by observ-
ing and mapping extinct, ancient, eroded volcanoes or
that we extract from geophysical, geochemical and
petrologic information, which itself has large uncertain-
ties. Our view of active underground magmatic systems,
and their relationships with the surrounding rocks, is ba-
sically speculation, as we do not directly observe them
(with the negligible exception of geothermal drilling at
the Krafla caldera, in Iceland, that accidentally encoun-
tered magma, Pàlsson et al. 2014; and of scientific dril-
ling into the surficial Kilauea Iki lava lake, Heltz 1980,
1987). It may be discomforting, but it is not surprising
that our attempts to predict the evolution of volcanic sys-
tems are destined to take the form of exceedingly uncer-
tain approximations; and that our probabilistic forecasts
are affected or dominated by substantial uncertainties.
Besides the reasons reported above, there is also a

technical difficulty limiting the widespread use of prob-
abilistic forecasts in volcanic hazard evaluations. In fact,
the vast majority of volcano observatories do not include
experts in statistics and probability, because these disci-
plines have only recently begun to complement the
multi-disciplinary approach that characterizes the sci-
ence of volcanoes and its applications. As was the case
with other fields of investigation, e.g., fluid geochemistry,
satellite data analysis, and computational thermo-fluid
dynamics, that have been increasingly contributing to
volcanic hazard forecasts and scenario evaluation, there
is no doubt that probabilistic analyses will increase in
relevance for and be more present in volcano observa-
tories, as well as at nearby cooperating Universities and
research centers. To-date, computational tools and man-
uals can be freely downloaded from a number of sites,
e.g., https://vhub.org/resources/betunrest for Bayesian
Event Tree analysis for both magmatic and non-
magmatic unrest phases (Marzocchi et al., 2008; Rouwet
et al., 2014; Tonini et al., 2016), or https://www.norsys.-
com/download.html for Bayesian Belief Network ana-
lysis, the latter having been applied to urgent decision
support during the unrest at Santorini in 2011–2012
(Aspinall and Woo, 2014).
Ideally, forecasts by volcano scientists referring to the

possible occurrence of potentially hazardous phenom-
ena, should represent the probability distribution for
each outcome of potential interest, and the evolution of
such distributions in time as new observations and re-
cords are produced. An example is given in Selva et al.
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(2012), where computed probabilities refer to the
branches of a simple event tree with nodes correspond-
ing to “unrest” vs. “no unrest”; and in the former case, to
unrest due to “magmatic” movements as compared to
unrest exclusively related to the activity of the geother-
mal system; and again, in the former case, to magmatic
movements expected to culminate, or not to culminate,
into an “eruption”. The evolution in time of the prob-
abilities for the “magmatic” unrest and “eruption” nodes,
shown in Fig. 1, refers to an application during a vol-
canic crisis exercise at Campi Flegrei, held in February
2014 (Papale, De Natale et al. 2014).
The forecasts in Fig. 1 represent purely scientific eval-

uations by volcano scientists, in a rational approach that
accounts for scientific knowledge as well as for the un-
certainties accompanying that knowledge. Such forecasts
require engagement of volcano scientists in only the sci-
entific aspects of volcanic crises; they do not imply any
decision by scientists on when new actions should be
carried out, as it is the case with alert level changes;
therefore, they do not bring about any of the discomforts
related to the perceived necessity to balance scientific
evaluations with their social consequences. On the
contrary, probabilistic forecasts fulfil the hazard-risk
separation principle according to which “authoritative
scientific information […] should be developed inde-
pendently of its applications to risk assessment and miti-
gation” (Jordan et al. 2014). Probabilistic forecasts also
fulfil the principle of separation of roles between scien-
tists and decision-makers, advocated in the Introduction
above: the social role of scientists requires the highest ef-
forts in making scientific knowledge available for societal

benefits, within the boundaries determined by their ex-
pertise and socio-political mandate that (at least in most
countries) does not include making decisions for society.
At the same time, probabilistic forecasts are in a form
most suited to provide decision-makers with the realistic
picture for their subsequent decisions. I stress that mak-
ing decisions for society is always a political action; the
meaning of politics is in fact making decisions and
implementing actions for societal benefit. Decision-
making, therefore, strictly requires a specific mandate
from society. I add that making decisions related to vol-
canic (and in general other) risks requires far more than
just volcano science. The aim of this paper is to discuss
the limits and dangers embedded in the current use of
volcanic alert levels, and the rational approach rooted in
probabilities and uncertainties. However, putting decision-
making in this same context helps understand the overall
advantages of removing volcano scientists from the bur-
den of decisions that go beyond their expertise and social
mandate.

Making decisions
There is an immense literature on decision-making: a
search in the ISI web of science with “decision-making”
in the title yields about 45,000 entries, growing to more
than 280,000 if searched as a topic. A search in Amazon
reveals more than 5700 books with “decision-making” in
their title. Decision-making is clearly a topical issue in
virtually any field of human activities, where decisions
must be made and actions taken, albeit with limited
knowledge and under uncertain conditions, i.e. the ‘nor-
mal’ situation. The theories developed aim at providing a

Fig. 1 Time evolution of the day-by-day probability associated with the nodes “magmatic unrest”, and “eruption” of the event tree in Selva et al.
(2012) computed for the last five months covered during a volcanic crisis exercise at Campi Flegrei. The exercise, conducted as part of the EU/
FP7 VUELCO project, was a blind test of the response of the scientific community to observations and records generated by a group simulating
the volcano; and covered the period from February 2014 (time of the exercise) to 4 April 2021. The “unrest” node, not shown, would display a
constant value of 1 for all lines in the panels and for the entire period in the figure. In the “eruption” panel, probabilities refer to a one-week time
period. Computations: courtesy of L. Sandri, INGV
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rational framework within which to construct optimal
decisions, where the word “optimal” refers to a balance
between the pro’s and con’s of decisions being made.
Such an optimal balance is usually identified through a
“cost/benefit” analysis, where the costs are the con’s, and
the benefits are the pro’s associated with a given deci-
sion. While the required mathematics can be variably
complex, depending on the elements accounted for in
the theoretical approach, the greatest difficulties are usu-
ally associated with the numerical values to assign to the
relevant variables. That is a consequence of both the
afore-mentioned uncertainties, and the fact that some of
the variables to be accounted for may be difficult to
quantify, e.g., the value of human life, the political con-
sequences of unpopular decisions, and many others.
The literature on decision-making in volcano-related

problems is relatively recent. In their pioneering work
on cost/benefit analysis applied to volcanic risks, Mar-
zocchi and Woo (2007, 2009) analyse the evacuation of
an area at risk, and conclude that such a decision is jus-
tified when the probability of eruption occurrence over-
comes a critical threshold given by the ratio between the
costs associated with the evacuation, and the losses asso-
ciated with no evacuation (including loss of lives) in the
event the eruption occurs. More recently, the approach
has been further developed by Bebbington and Zitikis
(2016) to place it into a time-dependent framework
which considers the time windows between effective
changes in the eruption probability, the call of an evacu-
ation and its completion, further evolution (either in-
creasing or decreasing) in eruption probabilities, the
actual eruption occurrence, and citizens’ dislocation and
their return to the affected areas. In a retrospective ap-
plication to the 1631 sub-Plinian eruption of Vesuvius,
they found that the eruption probability value justifying
the evacuation call turns out to be 13% lower than for
the “static” approach by Marzocchi and Woo (2009).
Translated into the reconstructed time evolution of the
eruption probability, that difference would have antici-
pated an evacuation call by six days. It is however
highlighted that in a forward application, such as during
a real crisis, the large uncertainty associated with the
parameter expressing the time to eruption would trans-
late into significant uncertainty in the optimum time for
evacuation.
Cost/benefit analyses provide decision-makers with a

solid baseline for making decisions, and a robust theoret-
ical framework to justify those decisions; they also allow
the effects of decisions to be translated into values, for ex-
ample by providing the value for human lives correspond-
ing to the time and conditions under which decisions are
made; and to translate uncertainties into acceptable time
windows for specific actions. Although the applications re-
ferred to above take into consideration the last and most

critical decision related to an evacuation call, similar ana-
lyses may be conducted in principle in order to inform
other relevant decisions during a volcanic crisis; e.g., with
reference to Table 2, when to limit/close access to tourist
areas and certain infrastructures; when to reduce or shut
down sensitive activities (e.g. reduce/shut down blast fur-
naces operations, decrease the petrol/gas stocks in areas
potentially subject to pyroclastic flows), and so on. It
should be clear, in fact, that a progressive worsening of a
volcanic crisis with the potential to impact heavily urban-
ized areas cannot be faced by just suddenly moving from
“no action” to “evacuation”; rather, an effective manage-
ment plan should guarantee that the evacuation time is
progressively approached so that when the evacuation is
called, the city is ready.
It is easy and immediate to see, in such a picture,

where volcano scientists contribute: they provide their
best scientific knowledge to estimate probabilities and
reduce uncertainties related to expected volcanic phe-
nomena, thus helping to inform both cost/benefit ana-
lyses, as well as political decision-makers who have the
social and political mandate to make decisions and im-
plement actions for societal benefit. Based on robust
evaluations of probabilities (and their associated uncer-
tainties) by volcano scientists, and on the complex body
of information provided by volcanologists as well as by
many other relevant experts (and eventually including
cost/benefit analyses), decision-makers can add their
political, social, and other perspectives to define critical
probability (or cost/benefit ratio, or others) thresholds,
“Alert Levels”, in fact, that they may use as a trigger for
implementing specific actions. In such a framework, vol-
cano scientists do not define the thresholds, nor do they
get involved in any evaluation of if and when to change
an alert level and thus trigger actions. Provided that it is
up to decision-makers to decide, the use of such VALS,
fully informed by scientists but entirely defined by
decision-makers, may be justified as it is consistent with
the respective expertise and mandates of the various ac-
tors involved. In such a framework, volcano scientists
provide just one element – albeit an extremely relevant
one – in a very complex decision-making process that re-
quires several complementary contributions, as well as
constant and open cooperation between the many differ-
ent experts providing information and advice to support
those civil authorities in charge of making decisions that
impact on society. Figure 2 exemplifies many of the neces-
sary contributions, as well as the required constant, two-
way interaction between scientists and decision-makers.
The scheme in Fig. 2 is necessarily a simplification of

much more effective relationships between scientists and
decision-makers required in the management of a vol-
canic crisis. Particularly, evaluations and deliverables
produced by scientists (left group in Fig. 2) should be
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accompanied by meetings, presentations, and additional
material further explaining the overall picture, the
current conditions, and the potential scenarios. As out-
lined in Potter et al. (2014), decision-makers need to
know what may happen next (they would like to know
what is going to happen next, but such deterministic
knowledge is not accessible), which requires much more
than just numbers and graphics; rather, it requires an
established practice of communication, reciprocal under-
standing, and trust as already pointed out above, that
cannot be put in place just during a crisis. With that
purpose, volcano scientists in many countries, e.g., the
US, Italy, and many others, including several developing
countries, are constantly engaged with Civil Defence au-
thorities in fruitful dialogue, cooperation and exchange
that create the basic conditions necessary for the full de-
velopment of a rational approach such as is depicted in
Fig. 2.
Once again, I stress that while scientists have the

social duty of providing their best knowledge to in-
form decision-makers, decisions impacting society are
by definition a political action, and can only be made
under a clear mandate from society. Fig. 2 shows that
decisions do not immediately follow from any of the
evaluations by scientists, no matter how advanced
such evaluations may be. Instead, decisions descend
from a social and political mandate; they must be in-
formed by science (not just volcano science, Fig. 2),

and may include other factors which transcend purely
science-based evaluations and are only managed by
political decision-makers.

Conclusions
Volcanic alert level systems (VALS) of widespread use at
volcano observatories result in a mix up of scientific as-
sessments and social, economic and environmental eval-
uations that prevent clear, unambiguous communication.
In addition, they exceed the social role of volcano scien-
tists in most modern societies. The principle of separ-
ation of responsibilities between scientists and decision-
makers requires instead that scientific evaluations be
reached without any element external to scientific un-
derstanding, and that decisions impacting society be
made under clear mandate by society itself. Rational haz-
ard forecasts should fully recognize the large, indeed
dominant role of uncertainties in volcanic processes, and
be therefore expressed through probabilities. Besides
reflecting the complex nature of volcanic processes and
our limited capability to anticipate their evolution, such
a rational attitude implies that volcano science be the
only focus of volcanologists during a volcanic crisis. Al-
though protecting volcanologists against legal issues re-
lated to their conduct during a crisis is not among the
arguments in this paper, it should be noted that as a con-
sequence of rational volcanic hazard forecasts, volcanolo-
gists are released from the inappropriate duty of making

Fig. 2 Sketch of the complementary contributions required to inform decision-makers. The double arrows indicate two-way exchange occurring at all
levels, among scientists (left group, blue arrows) and between scientists and decision-makers (right group, green arrows). Decisions are informed by science
(left) and made by decision-makers (right), involving a constant process of interaction and exchange, definition of common language, and reciprocal
understanding and trust
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decisions impacting society. Making such decisions is by
definition a political action; volcanologists, as well as other
experts from different fields of science, contribute by
informing political decision-makers through clear, unam-
biguous, effective language and communication, enabling
decision-makers to execute the roles and duties that are
within their societal mandate.
It should be stressed once again that the present argu-

ments and conclusions become increasingly relevant with
increasing volcanic risk, as well as with increased social,
political and economic organization of the country. I fully
recognize the practical and social relevance of VALS as a
simple, fast and effective means for communications with
both authorities and societies at risk, in those many coun-
tries where relatively small volcano observatories are en-
gaged in daily efforts to raise awareness of volcanic risks
and promote hazard education; those colleagues should
be admired and encouraged to maintain the methods and
languages they feel most fruitful and appropriate for the
specific conditions under which they act. The target for
the arguments in this paper is, rather, Naples and its sub-
urbs lying within, above and around the three active, po-
tentially destructive volcanoes Vesuvius, Campi Flegrei
and Ischia; Auckland, New Zealand, within the Auckland
Volcanic Field; Seattle, Washington State, US, menaced by
lahars from Mount Rainier; Shimabara, in Japan, under
the threat of tsunamis generated by the activity of Mount
Unzen; and many other such situations involving large
cities and infrastructures, not excluding cities in less-
developed countries, such as Arequipa (Peru) close to El
Misti volcano, Pasto (Colombia) close to Galeras,
Managua (Nicaragua) close to Masaya, Quito (Ecuador)
surrounded by Guagua Pichincha to the West, Pululahua
to the North, and other volcanoes including Cotopaxi far
to the South, still menacing for lahars; and many others.
In all such situations the level of risk calls for adequate
procedures based on a rational approach, in which varied
expertise is harnessed in a coordinated effort, uncertain-
ties are fully recognised and quantified, communications
are unambiguous, and responsibilities reflect the social
role and societal mandate of all groups involved. In turn,
such requirements call for a deep reconsideration of
present alert level systems. Current systems, as discussed
throughout this paper, do not achieve the desired
outcome.
A final note regards the use of alert levels in communi-

cations with VAACs. These centres have been created by
ICAO, the International Civil Aviation Organization, to
“keep aviators informed of volcanic hazards” (http://
www.ssd.noaa.gov/VAAC/vaac.html). I stress here the pe-
culiarities of a system that requires fast information flow
as well as standardized, simple communication, and most
importantly, that does not imply the establishment of
complex decision-making procedures comparable to

those necessary for urban areas as depicted above.
The conditions under which decisions are made by
pilots and their ground control centres are exempli-
fied in statements related to the establishment of
VAAC centers: “the only way to ensure that there
would be no loss of an aircraft was to alert pilots in
a timely manner to divert their flight around the
cloud” (https://en.wikipedia.org/wiki/Volcanic_Ash_Advi-
sory_Center); “civilian aviation authorities and the airline
industry actively strive to avoid any aircraft encounter
with airborne ash” (http://www.wovo.org/aviation-colour-
codes.html). In other words, in principle, the possible,
likely, or established presence of a volcanic ash cloud
should equally trigger the decision to divert the airplane
route in order to avoid the ash – and that’s it. Through
the lens of a cost/benefit analysis, that is a situation where
the cost of the mitigating action (route diversion) is in-
comparably lower than the possible losses associated with
no action; therefore, a very small probability is sufficient
to fully justify the decision to act. Similar situations are
encountered on the ground where relatively few people
and non-critical infrastructures are exposed to risk by a
reawakening volcano. In such conditions there is no real
need to establish complex decision-making procedures,
since the costs for full preventive evacuation are negligible
compared to potential losses in terms of human lives, and
decisions can be made with little warning (i.e., with small
eruption probability). In all such cases the costs associated
with developing rational decision-making procedures as
depicted in this paper may not be justified in terms of po-
tential losses in the capability to efficiently deal with the
risk. This is another example of cost/benefit arguments,
this time applied to procedures rather than actions. The
use of simple volcanic alert level systems, although in
principle “irrational” as compared to “rational” as defined
throughout this paper, may thus be effective and justified
for the purpose of diverting aircrafts as well as for man-
aging low-risk volcanic crises.
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