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o7 WHY IS EARTHQUAKE PREDICTION SO DIFFICULT ?
Professor CARL KISSLINGER

The organized international effort to develop methods for predicting earthquakes has been
underway for almost 30 years. In spite of a few limited successes, the general feeling is that
a reliable technology for predicting specific events with practically useful accuracy of time,
place, and magnitude is still an elusive goal. This slow progress is in spite of the efforts of
hundreds of skilled scientists in several countries, working with the best modern technology
and theory. The problem is seen to be a very difficult one, perhaps more difficult than realiz-
ed by the early pioneers in this research. Why is the prediction of earthquakes so much more
difficult than the prediction of other extreme geophysical phenomena, for example the paths
of typhoons, the occurrence of tornadoes and floods, and even the eruption of volecanoes?

The physical processes preceding and during an earthquake seem to be understood almost
as well as those in atmospheric and hydrologic phenomena. The governing equations do not
seem to be inherently more complex. Why has this knowledge not led more rapidly to reli-
able prediction methods, at least up to the level of reliability that has been achieved in these
other sciences?

One factor is certainly the fact that the source region of our phenomenon is inaccessible for
direct observation, often hidden many kilometers below the Earth’s surface, in many cases
beneath several kilometers of ocean water. Instruments can be placed in the heart of severe
storms, by aircraft or unmanned devices, to measure pressures, temperatures, wind speeds
and other significant parameters. The rainfall in a drainage basin can be measured and the
flow in tributary streams monitored in advance of a flood. The numbers produced by these
measurements constrain the models of the phenomenon under investigation, and provide a
basis for predicting the future state of the system.

With few exceptions, where the active fault is exposed at the surface or holes have been
drilled into shallow hypocentral volumes, everything we know about earthquake source prop-
erties has been derived indirectly from measurements made on the surface. Most of what we
know comes from the analysis of the ground motion produced by the earthquake, both the
waves that travel out from the source and the permanent deformation of the ground surface
near the epicenter.

These methods are powerful, but cannot replace the direct observations of what happens at
the source. One fundamental limitation is that the processes at the source, involving fract-
uring, crushing of rock, and heating of the fault materials by friction are inherently non-
linear.

Yet we apply linear theory and analysis to the inversion of the seismic data for the source
processes and properties. The models we derive are the linear equivalents of the true pro-
cesses. We think that the information we have gained this way is valid and important, but
that some important things may be going on about which we know nothing. Projects to drill
holes into the hypocentral volumes, at depths of at least five to ten kilometers in even the
most favorable places, and to equip these holes with a variety of instruments will be very
costly. The scientific gains and increase in knowledge essential for progress toward accurate
predictions justify these costs.

Perhaps the greatest progress has been in the development of probabilistic approaches to
long-term prediction. A combination of plate tectonics theory, the seismic gap hypothesis,
and the concept of “characteristic earthquake” has led to estimate of the probability of occur-
rence of an erthquake of specified magnitude in a given location, within a defind time inter-
val of the order of a few decades. The accuracy of these estimate has not yvet been tested,
but will be in the years ahead. Such estimates cannot fix the time of expected occurrence
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within narrow limits, but if they are proven to be reliable, they will be very valuable for
identifying those places where measures to reducce the devastation of future events should be
implemented promptly.

A number of difficulties arise in attempting long-term prediction. Information about the
average return time of earthquakes with the magnitude of concern is needed. Because strong
earthquakes occur infrequently at any one site (fortunately), robust evidence on average
return time, and the uncertainty of that average, is not available for most fault segments.
Paleoseismic evidence,from fault trenching and geomorphology,is useful for exposed fault.
In most places, extrapolations based on few data are the best one can do.

Another difficulty is that evidence from the few places where adequate data are available
suggests that strong earthquakes fault segment may be characterized by clustering in time.
A number may occur separated by rather short time intervals,followed by a long pause be-
fore the next cluster occurs. If this behavior is a general characteristic of earthquake occur-
rence,then even a very accurate estimate of the long-term average recurrence rate is of little
value in predicting the time to the next earthquake.

Some attempts at probabilistic long-term predictions seem faulty because they fail to take
into account the variability of the amount of slip that occurs at sites along a fault during a
great earthquake. One credible model of earthquake occurrence predicts that the time to the
next characteristic earthquake depends on the amount of slip in the last one. Therefore, if
the amount of slip on part of a fault is less than thought,the time to the next strong earth-
quake may be much shorter than expected.

Short-term prediction, the accurate forecasting that an earthquake will occur at a specific
place within the next few days or hours, is the most common public perception of the goal of
prediction research. In spite of scattered claims, and even a few well-known successes,we
seem to be far from achieving reliable methods for making such prediction. Many phenom-
ena have been proposed and tested as short term precursors, but none has been confirmed as
always occurring before an earthquake and never happening without one. Part of the prob-
lem is that the geophysical environment is inherently noisy, and we have not learnd to recog-
nize the significant differences between fluctuations in the observed quantities that are relat-
ed to the approach of an earthquake and those that are not. All we can say is that the obser-
vation of a certain natural behavior implies an increase in the probability of an earthquake,
and the simultaneous observation of several such phenomena implies a higher probability.
We have too little experience so far to permit accurate assessment of these probabilities.

A further complication comes from recent research on non-linear physics and the chaotic
behavior of natural systems. It may be that, because of the non-linearities in the earthquake
generating process, we can never know the conditions at the present time with sufficient ac-
curacy to predict acuurately the future state of the system at some distant time. For exam-
ple,even if we have good evidence that a strong earthquake is likely to happen on a particular
fault sometime in the next year or two, it may be impossible to know so far in advance
where on the fault the earthquake will start and stop.

These difficulties should not discourage us from continuing to seek prediction method. The
challenges are great and stimulate the scientists who looking for the answers. An important
need is the patience and understanding of the government agencies that fund prediction
studies and prediction systems. They must take a long-term view and appreciate that,be-
cause great earthquakes are so infrequent,it may be a long time before we can fully test our
ideas about how to predict them. International cooperation in sharing knowledge and experi-
ence is vital. Such cooperation has existed between Japan and the United States for many
years. The solutions of the prediction problem may not come for some time,but when they
do,the benefits to humanity in reducing the losses of life and property will far outweigh the
costs.
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