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ABSTRACT
Seismic hazard is characterized by significant variations on a time scale from days to few years.
Forecasting the evolution of these variations has the potential to expand the capability to manage
the seismic risk beyond the definition of a traditional seismic building code. This is the goal of
the so-called operational earthquake forecasting (OEF), which comprises procedures for
gathering and disseminating authoritative information about the time dependence of seismic
hazards to help communities prepare for potentially destructive earthquakes. Here we describe
the current OEF status, with a specific emphasis on Italy, and we discuss some of the biggest
scientific and non-scientific challenges encountered so far. They can be summarized in a few
basic concepts: i) scientific misconceptions of what a probabilistic forecast means; ii) violation
of the hazard/risk separation principle; iii) common thought that laymen cannot understand
probabilities; iv) objective lacking of good-practices in communicating low-probability highimpact events.
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ABSTRACT
Seismic hazard is characterized by significant variations on a time scale from days to few years.
Forecasting the evolution of these variations has the potential to expand the capability to manage
the seismic risk beyond the definition of a traditional seismic building code. This is the goal of the
so-called operational earthquake forecasting (OEF), which comprises procedures for gathering and
disseminating authoritative information about the time dependence of seismic hazards to help
communities prepare for potentially destructive earthquakes. Here we describe the current OEF
status, with a specific emphasis on Italy, and we discuss some of the biggest scientific and nonscientific challenges encountered so far. They can be summarized in a few basic concepts: i)
scientific misconceptions of what a probabilistic forecast means; ii) violation of the hazard/risk
separation principle; iii) common thought that laymen cannot understand probabilities; iv)
objective lacking of good-practices in communicating low-probability high-impact events.

Introduction
In an ideal world, all buildings would be properly constructed according to a modern regional
earthquake building code, drafted to protect occupants from fatal injury, except for extreme
levels of ground motion. Given that earthquake deaths are primarily caused by building damage,
high quality earthquake engineering is the best defense against earthquake shaking. The target of
constructing improved earthquake-resistant structures is, and remains, imperative. Nonetheless,
in the real world we face challenges that call for additional seismic risk reduction measures. In
particular, many existing buildings have been constructed before the most recent building code
update, or without adequate code compliance, and therefore would benefit from retrofitting to the
seismic resistance level of new buildings. Yet, marginal cost of retrofitting, which may be as
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much as 30% to 50% of the building value, is substantially greater than for new-build antiseismic construction, and it can be often unaffordable. Moreover, building codes are generally
based on probabilistic hazard maps, corresponding to a prescribed ground motion exceedance
tolerance. Even in low seismic hazard areas strong ground motion levels may exceed the design
basis of buildings and cause their collapse. Last, but not least, seismic hazard maps have
substantial epistemic uncertainties and are difficult to test; this unavoidably leads to difficulties
in defining the "right" building code.
Rather than place the onus for seismic safety just on a reliable building code, scientists
and decision makers have a humanitarian incentive and are under professional pressure to
develop innovative seismic risk reduction strategies that use the best and most authoritative
scientific information available. This is the principal goal of Operational Earthquake Forecasting
(OEF hereafter), which was introduced by the International Commission on Earthquake
Forecasting for Italian Civil Protection nominated by the Italian government after the L'Aquila
earthquake, 2009 [1]. In essence, OEF comprises procedures for gathering and disseminating
authoritative information about the time dependence of seismic hazards to help communities
prepare for potentially destructive earthquakes [1]. This process involves two key activities: the
continual updating of authoritative information about the future occurrence of potentially
damaging earthquakes; and the officially sanctioned dissemination of this information to enhance
earthquake preparedness in threatened communities.
Seismologists are not able to predict large earthquakes with high probability in small
space-time windows, but they are able to model quantitatively the space-time clustering, which is
the most striking deviation of the earthquake occurrence process from pure randomness. Such a
clustering is particularly pronounced in time windows of days and weeks, but it may be still
relevant for one decade or more [2,3]. Recent experiments conducted prospectively during real
seismic sequences [4,5] and in the framework of the collaboratory for the study of earthquake
predictability [6] have showed that clustering models, like the epidemic-type aftershocks
sequence [7] and short-term earthquake probability (STEP) [8], are able to describe reliably the
short-term space-time-magnitude evolution of the seismicity. Remarkably, OEF models are
continuously under prospective testing, denoting an important distinctive feature of these
models.
OEF in Italy
In the last few years, the Seismic Hazard Center at Istituto Nazionale di Geofisica e
Vulcanologia (INGV) introduced an operational earthquake forecasting (OEF) system
(OEF_Italy) [9] that provides continuous authoritative information about time-dependent seismic
hazards to the Italian Civil Protection. Currently, the system is still in a pilot phase. OEF_Italy
consists of an ensemble of three different clustering models, two different flavors of ETAS, and
one STEP model. The ensemble modeling weighs the forecasts of each single model according
to its past forecasting performance and allows proper estimation of the epistemic uncertainty that
is of paramount importance for testing [10], and for communicating uncertainties to the decisionmakers. This activity is still in its infancy, but a backbone philosophy of the forecasting system is
already in place. The philosophy of the system rests on a few basic concepts: transparency,
reproducibility, and testability. Although the authoritativeness of a source is usually assigned by
the interested stakeholders, we think that delivering information grounded on these principles is
of paramount importance to become an authoritative source for a wide range of potentially

interested stakeholders, including lay people.
The OEF_Italy system has been recently tested during the still ongoing Amatrice-Norcia
seismic sequence in Central Italy [5]. This sequence started on August 24, 2016, with a M 6
earthquake in Amatrice, which caused about 300 fatalities. The sequence continued with some
significant bursts of activity on late October (M 6.5 Norcia earthquake), and in January with
several M 5+ earthquakes (the largest of M 5.5) close to the Campotosto dam. A careful
comparison of the forecasts and observations shows that the OEF_Italy system prospectively
produced probabilities consistent with the space-time-magnitude evolution of seismicity
observed during the complex Amatrice-Norcia earthquake sequence.
Scientific and non-scientific challenges
In the last years, we identify some scientific and non-scientific challenges for OEF that are
summarized below (see ref. [11] for a deeper discussion on some of these points).
Traditionally, earthquake predictability has been approached deterministically looking for
diagnostic precursor(s), i.e., a specific kind of signal(s) that anticipates the occurrence of a large
earthquake, allowing quasi-deterministic predictions in small space-time windows. Operational
earthquake forecasting changes this view significantly. It pursues a brick-by-brick approach [12],
where a continuous increase of knowledge is translated into a better earthquake forecasting skill
without pretending to predict exactly the occurrence of a large shock. Under this view, a large
earthquake is not necessarily anticipated by a "peak" of probability, but the probabilities yielded
by the model have to be consistent with the average behavior over many seismic sequences.
Some seismologists argue that each sequence has its own physical peculiarities, discarding the
use of an "average" statistical model, because it does not consider such physical peculiarities.
While there is no doubt that any sequence has some distinctive features, until we know how to
use them to improve earthquake forecasting beyond the average behavior, it makes perfectly
sense to rely on a probabilistic average forecast. This concept is deeply rooted in the
probabilistic definition of "exchangeable sequence", which has been carefully discussed
elsewhere [10].
Several other challenges are rooted in non-scientific thoughts. OEF adheres to the socalled hazard/risk separation principle, which states that hazard analysis should be developed
independently from its applications to risk assessment and mitigation. Although this principle
may appear "trivial", we argue that any critics made to the OEF usefulness [13] implicitly violate
such a principle. In essence, we think that seismologists should not pretend to know how OEF
information will be used by a wide range of potential stakeholders [14], and, more important,
that every single decision making process requires a lot of non-scientific competences, which go
beyond the seismological background.
Another common challenge is about the supposed incapacity of laymen to understand
probabilities. Although we acknowledge the limited teaching efforts, at any degree of study, to
train students to the principles of probability, there is evidence that some basic concepts of
probability are correctly understood by even primitive cultures [15]. More important, even
though modern society is actually pervaded by probability illiteracy, as far as we know
probability is the language of nature; in this case, it is clear that we do not have any other viable
option than educating people to such a basic concept.
At the present state of knowledge, the weekly probability of large earthquakes rarely
achieves a few percent, but it can be hardly considered negligible because the associated risk can

be higher than any acceptable threshold [16]. This situation is not unusual and it characterizes all
low probability/high impact events in many different fields. Presently, an effective strategy to
communicate them in a proper and comprehensible way is still lacking, but, using the Fischhoff's
words [17], "... for securing public trust, even poor communication may be better than silence,
by showing respect for the public’s right to know, even when meeting it clumsily". We cannot
overstate the importance of communication in this field, and we think that any improvement in
OEF communication may increase the capability of society to manage at best the short-term
seismic risk.
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