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How well can we predict earthquakes?
ANDREW MICHAEL

How well can we predict earthquakes? As suggested in Ian Main's
introduction to this forum, we can easily predict the behaviour of
populations of earthquakes and we clearly cannot completely predict
the behaviour of individual earthquakes. But where is the boundary
between the easy and the impossible? In search of this boundary let us
take a tour through Ian Main's four levels of earthquake prediction.

Level 1, time-independent hazard estimation, clearly shows that we can
predict the behaviour of earthquake populations. Here we seek spatially
varying estimates of average earthquake rates. Such calculations are common
and the results are widely used. To argue otherwise you must believe in equal
earthquake hazards for both California and Britain.

Time-dependent earthquake hazard estimation, level 2 in Ian Main's scheme,
can be divided into two parts. Temporal and spatial earthquake clustering,
which I shall denote as level 2a, can lead to some definite improvements over
the time-independent estimates. Aftershocks are a major part of any
earthquake catalogue and the largest ones are capable of doing additional
damage. Probabilistic estimates of aftershock rates can be used to aid
emergency response and recovery operations after damaging earthquakes1,2.
Although predicting aftershocks is an admirable goal, by definition it does not
include predicting the largest and most damaging earthquakes.

Recognizing foreshocks would allow us to predict these more important
events. But no one has been able to identify which earthquakes are
foreshocks. This has limited us to statistical analyses in which we
probabilistically estimate the odds that an earthquake is a foreshock3 or treat
each earthquake as a main shock and allow for the possibility that one of its
aftershocks might be larger1,2. In both cases, the probabilities that any
earthquake will be followed by a larger event are only a few per cent over the
first several days. There might also be significant uncertainties in these
probabilities4. Understanding earthquake clustering in terms of stress transfer
and rate and state friction laws5-7 might allow us to place these statistical
models on a firmer physical footing, but this will not necessarily reduce these
uncertainties.

Earthquake clustering is now a routine time-dependent hazard estimation tool
in California. Joint foreshock and aftershock probabilities are automatically
released by the United States Geological Survey and the State of California
after earthquakes over magnitude 5. But does level 2a let us predict the
behaviour of individual earthquakes or merely the behaviour of a population?
Predictions based on aftershocks can be fulfilled by a variety of possible
events, so they predict the behaviour of a population of earthquakes. In
contrast, statistical models of foreshocks target a specific main shock3,4. But
actually writing a definition for a single earthquake is quite difficult4 and so at
best these are predictions for one of a small population. Also, given the long
time between main shocks, it is difficult to test these predictions of individual
events or small populations. The other choice is to do a test over a broad area
but then we are really testing the behaviour of the population.

The second part of level 2 continues with the prediction of specific events by
using the concept of an earthquake cycle based on the elastic rebound
theory8. The use of this cycle, which I shall refer to as level 2b, led from plate
tectonics through seismic gaps and on to time-dependent hazard analysis
based on a probabilistic model of the time between earthquakes on a fault
segment. To achieve level 1 we need only know the average rate of
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earthquakes in a region. To achieve level 2b we must assign those rates to
specific fault segments, determine the date of the last event on each fault
segment, and choose an earthquake recurrence model. Determining the history
of earthquakes on a fault segment is especially difficult in areas such as
California, where the historic record is short compared with the average time
between major earthquakes. It is also difficult in areas in which the historic
record is longer. Although we might know when past earthquakes occurred,
we might not know on which fault they occurred. Palaeoseismology, with fault
trenches and tree ring studies, attempts to address these questions, but its
success varies depending on local conditions.

A few consensus reports have been issued that include time-dependent hazard
estimates for California9,10; an update to the estimates for Northern California
is currently under way. Although these analyses attempt to predict individual
model events, there is so much uncertainty in the individual predictions that the
results are presented as a probabilistic sum over many models. A further
problem with level 2b is that these predictions might be impossible to test
during our lifetimes. Thus, our faith in these predictions relies on our ability to
test the components that went into them and our faith in the 'experts' who must
make somewhat arbitrary choices when assembling these components.
Although the quality of these predictions is debatable, their impact is clearer.
Widespread release of earthquake hazards estimates in the San Francisco Bay
area have led businesses and governments to spend hundreds of millions on
earthquake preparedness11.

Level 3, the use of precursors, could lead to the prediction of either individual
events or the behaviour of the population depending on how large an area the
precursors cover. Given that years of effort have led to no widely accepted
precursors, perhaps there are no valid earthquake precursors. Or have our
efforts been too weak to find them? Although Ian Main asserts that the effort
to find precursors has been enormous, it has used only a few per cent of the
US earthquake research budget. This limited effort has allowed a wide variety
of dense instrumentation to be installed in very few areas, and these areas
have not yet experienced a large event12,13. Although the level of effort must
be considered against other seismological and societal goals, it is impossible to
rule out the existence of precursors on the basis of a lack of observations.

Another option is to show that there cannot be any valid earthquake
precursors because the system is simply too chaotic. This would also rule out
level 4: the deterministic prediction of individual events. For instance, if when
an earthquake begins there is no way of suggesting how large it will become,
prediction will be very difficult. Laboratory faults display a slow nucleation
process and some recent work suggests a slow14, magnitude-proportional15

nucleation process for real faults, but this remains controversial16,17. Other
fruitful topics for further research include understanding the frictional behaviour
of faults and why they are so much weaker than simple laboratory
models18,19. The predictability of the weakening mechanism might affect our
view of how predictable the entire system is. For instance, opening-mode
vibrations20 might be more predictable than the collapse of high-pore-fluid
compartments21,22. Until we understand better the basic processes of real
faults it is too early to say that we will not improve on our current predictive
capability. And our knowledge might improve with new observations such as
those made in deep drill holes24.

In conclusion, scientists are now making societally useful predictions based on
both the behaviour of the population of earthquakes and of individual events,
although these predictions are best posed in terms of at least small
populations. Progress in this field might be difficult but we should heed Sir
Peter Medawar's advice25: "No kind of prediction is more obviously mistaken
or more dramatically falsified than that which declares that something which is
possible in principle (that is, which does not flout some established scientific
law) will never or can never happen."

Andrew Michael 
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