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Is the reliable prediction of individual
earthquakes a realistic scientific goal?

IAN MAIN

The recent earthquake in Colombia (Fig. 1) has once again illustrated
to the general public the inability of science to predict such natural
catastrophes. Despite the significant global effort that has gone into
the investigation of the nucleation process of earthquakes, such events
still seem to strike suddenly and without obvious warning. Not all
natural catastrophes are so apparently unpredictable, however.

Figure 1 Devastation caused by the recent
earthquake in Colombia.

High resolution image and legend (359k)

For example, the explosive eruption of Mount St Helens in 1980 was
preceded by visible ground deformation of up to 1 metre per day, by
eruptions of gas and steam, and by thousands of small earthquakes,
culminating in the magnitude 5 event that finally breached the carapace. In this
example, nearly two decades ago now, the general public had been given
official warning of the likelihood of such an event, on a timescale of a few
months. So, if other sudden onset natural disasters can be predicted to some
degree, what is special about earthquakes? Why have no unambiguous,
reliable precursors been observed, as they commonly are in laboratory tests
(see, for example, Fig. 2)? In the absence of reliable, accurate prediction
methods, what should we do instead? How far should we go in even trying to
predict earthquakes?

Figure 2 Comparison of laboratory21 and
field22 measurements of precursory strain
(solid lines).

High resolution image and legend (100k)

The idea that science cannot predict everything is not new; it dates back to the
1755 Great Lisbon earthquake, which shattered contemporary European
belief in a benign, predictable Universe1. In the eighteenth century 'Age of
Reason', the picture of a predictable Universe1 was based on the spectacular
success of linear mathematics, such as Newton's theory of gravitation. The
history of science during this century has to some extent echoed this earlier
debate. Theories from the earlier part of the century, such as Einstein's
relativity, and the development of quantum mechanics, were found to be
spectacularly, even terrifyingly, successful when tested against experiment and
observation. Such success was mirrored in the increasing faith that the general
public placed in science. However, the century is closing with the gradual
realization by both practitioners and the general public that we should not
expect scientific predictions to be infallible. Even simple nonlinear systems can
exhibit 'chaotic' behaviour, whereas more 'complex' nonlinear systems, with
lots of interacting elements, can produce remarkable statistical stability while
retaining an inherently random (if not completely chaotic) component2. The
null hypothesis to be disproved is not that earthquakes are predictable, but
that they are not.

The question to be addressed in this debate is whether the accurate, reliable
prediction of individual earthquakes is a realistic scientific goal, and, if not,
how far should we go in attempting to assess the predictability of the
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earthquake generation process? Recent research and observation have shown
that the process of seismogenesis is not completely random — earthquakes
tend to be localized in space, primarily on plate boundaries, and seem to be
clustered in time more than would be expected for a random process. The
scale-invariant nature of fault morphology, the earthquake frequency-
magnitude distribution, the spatiotemporal clustering of earthquakes, the
relatively constant dynamic stress drop, and the apparent ease with which
earthquakes can be triggered by small perturbations in stress are all testament
to a degree of determinism and predictability in the properties of earthquake
populations3,4. The debate here centres on the prediction of individual events.

For the purposes of this debate, we define a sliding scale of earthquake
'prediction' as follows.

1. Time-independent hazard. We assume that earthquakes are a
random (Poisson) process in time, and use past locations of
earthquakes, active faults, geological recurrence times and/or fault slip
rates from plate tectonic or satellite data to constrain the future long-
term seismic hazard5. We then calculate the likely occurrence of
ground-shaking from a combination of source magnitude probability
with path and site effects, and include a calculation of the associated
errors. Such calculations can also be used in building design and
planning of land use, and for the estimation of earthquake insurance.

2. Time-dependent hazard. Here we accept a degree of predictability in
the process, in that the seismic hazard varies with time. We might
include linear theories, where the hazard increases after the last
previous event6, or the idea of a 'characteristic earthquake' with a
relatively similar magnitude, location and approximate repeat time
predicted from the geological dating of previous events7. Surprisingly,
the tendency of earthquakes to cluster in space and time include the
possibility of a seismic hazard that actually decreases with time8. This
would allow the refinement of hazard to include the time and duration of
a building's use as a variable in calculating the seismic risk.

3. Earthquake forecasting. Here we would try to predict some of the
features of an impending earthquake, usually on the basis of the
observation of a precursory signal. The prediction would still be
probabilistic, in the sense that the precise magnitude, time and location
might not be given precisely or reliably, but that there is some physical
connection above the level of chance between the observation of a
precursor and the subsequent event. Forecasting would also have to
include a precise statement of the probabilities and errors involved, and
would have to demonstrate more predictability than the clustering
referred to in time-dependent hazard. The practical utility of this would
be to enable the relevant authorities to prepare for an impending event
on a timescale of months to weeks. Practical difficulties include
identifying reliable, unambiguous precursors9-11, and the acceptance of
an inherent proportion of missed events or false alarms, involving
evacuation for up to several months at a time, resulting in a loss of
public confidence.

4. Deterministic prediction. Earthquakes are inherently predictable. We
can reliably know in advance their location (latitude, longitude and
depth), magnitude, and time of occurrence, all within narrow limits
(again above the level of chance), so that a planned evacuation can take
place.

Time-independent hazard has now been standard practice for three decades,
although new information from geological and satellite data is increasingly
being used as a constraint. In contrast, few seismologists would argue that
deterministic prediction as defined above is a reasonable goal in the medium



term, if not for ever12. In the USA, the emphasis has long been shifted to a
better fundamental understanding of the earthquake process, and on an
improved calculation of the seismic hazard, apart from an unsuccessful attempt
to monitor precursors to an earthquake near Parkfield, California, which failed
to materialize on time. In Japan, particularly in the aftermath of the Kobe
earthquake in 1995, there is a growing realization that successful earthquake
prediction might not be realistic13. In China, thirty false alarms have brought
power lines and business operations to a standstill in the past three years,
leading to recent government plans to clamp down on unofficial 'predictions'14.

So, if we cannot predict individual earthquakes reliably and accurately with
current knowledge15-20, how far should we go in investigating the degree of
predictability that might exist?
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