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Self-organized criticality: Does it have anything to do with criticality
and is it useful?

D. L. Turcotte
Department of Earth and Atmospheric Sciences, Snee Hall, Cornell University, Ithaca, NY 14853, USA

Received: 2 June 2000 — Revised: 10 October 2000 — Accepted: 21 October 2000

Abstract. Three aspects of complexity are fractals, chaos, ~ g4~ (1)
and self-organized criticality. There are many examples of
the applicability of fractals in solid-earth geophysics, suchwhereN is the number of avalanches with ar¢aande is a
as earthquakes and landforms. Chaos is widely acceptegonstant with a value ~ 1.
as being applicable to a variety of geophysical phenomena, A second model that can exhibit self-organized critical be-
for instance, tectonics and mantle convection. Several simhaviour is the slider-block model (Carlson and Langer, 1989).
ple cellular-automata models have been said to exhibit selfIn this model, an array of slider-blocks are connected to a
organized criticality. Examples include the sandpile, for- constant velocity driver plate by puller springs, and to each
est fire and slider-blocks models. It is believed that theseother, by connector springs. The blocks exhibit stick-slip
are directly applicable to landslides, actual forest fires, and>ehaviour due to frictional interactions with the plate when
earthquakes, respectively. The slider-block model has beethe blocks are pulled across it. The frequency-area distri-
shown to clearly exhibit deterministic chaos and fractal be-bution of the smaller slip events again satisfies Eq. (1) with
haviour. The concept of self-similar cascades can explaire ~ 1. The area A is defined to be the number of blocks
self-organized critical behaviour. This approach also illus-that participate in a slip event. This model is completely de-
trates the similarities and differences with critical phenom-terministic, whereas the sandpile model is stochastic. This
ena through association with the site-percolation and diffusioftodel also provides a direct bridge to deterministic chaos;
limited aggregation models. for instance, Huang and Turcotte (1990) showed that a pair
of slider blocks pulled over a surface can exhibit determinis-
tic chaos with a period doubling route to chaos.

A third model that exhibits deterministic chaos is the forest-
1 Introduction fire model (Bak et al., 1992; Drossel and Schwabl, 1992). In

the simplest version of this model, a square grid of sites is

The concept of Se|f-0rganized Critica"ty was proposed byCOﬂSiderEd. At each time step either a tree is planted on a
Bak et al. (1988) as an explanation for the behaviour of arandomly chosen site (if the site is unoccupied) or a spark is
simple cellular-automata model that they developed. In thisdropped on the site. If the spark is dropped on a tree, that
model, there is a square grid of boxes and at each time, stepté€€ and all adjacent trees are “burned” in a model “forest
particle is dropped into a randomly selected box. When a boxire”.  The frequency-area distribution of the smaller fires
accumulates four particles, the particles are redistributed t@gain satisfies Eq. (1) with = 1.0 — 1.2. The aread is
the four neighboring boxes, or in the case of edge boxes, losflefined to be the number of trees that are burned in a fire.
from the grid. Redistributions can lead to further instabili- The forest-fire model is closely related to the site-percolation
ties, with “avalanches” of particles lost from the edge of the model that is known to exhibit critical behaviour (Stauffer
grid. Due to of this “avalanche” behaviour, this was called aand Aharony, 1992). If trees are planted on a grid without
“sandp”e" model. The noncumulative frequency-area distri-fires, Site-percolation behaviour is found. The critical point
bution of model “avalanches” was found to satisfy a power- is reached when a tree cluster spans the grid. The frequency-

law (fractal) distribution: area distribution is power-law only at this critical point.
A satisfactory definition for self-organized criticality re-
Correspondence tdD. L. Turcotte mains elusive. The three models discussed above exhibit
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Many variations on these models have been proposed; someptte, 1999b). Small earthquakes behave like a thermal back-
are considered self-organized critical models, but many othground noise. This is observational evidence that the Earth’s
ers are not. Totally different models have been proposedrust is continuously on the brink of failure (Scholz, 1991).
that exhibit self-organized critical behaviour. Some of theseFurther evidence for this comes from induced seismicity.
models are applicable to problems in the biological and so-\Whenever the crust is loaded, whether in a tectonically active
cial sciences. Bak (1996) has provided a comprehensivearea or not, earthquakes are induced. Examples of loading in-
yet personal review of developments. Extensive discussionslude the filling of a reservoir behind a newly completed dam
of self-organized criticality have also been given by Jenseror the high-pressure injection of fluids in a deep well.

(1998) and by Turcotte (1997, 1999a). Although the concept
of self-organized criticality was conceived as an explanation
for simple “toy” models, it has been associated with several
natural hazards (Malamud and Turcotte, 1999).

While there are important similarities between slider-block
models and earthquakes, there are also important differences.
Slider-block models would be representative of a distribution
of earthquakes on a single fault. However, the Gutenberg-
Richter distribution of earthquakes is not associated with a
2 Applications of the “sandpile” model single fault, but with a hierarchy of faults. The earthquakes

in southern California occur over a broad zone with a width
Shortly after the “sandpile” model was proposed, a numberof about 200 km on a wide variety of faults associated with
of laboratory studies were undertaken to determine whethethe San Andreas system.

actual sandpiles exhibit the behaviour attributed to self-organ- There is extensive evidence that the distribution of faults
ized criticality. A variety of frequency-size statistics for ava- i, the crust is fractal (power-law). This has led to the sugges-
lanches were found (Nagel, 1992; Feder, 1995); in s0OmM&jon (Sammis et al., 1987) that comminution shattering of the
cases, the results were consistent with the power-law relagrst has led to a power-law distribution of tectonic blocks.

tion (1) but in other cases, they were not. Actual landslidesthe poundaries of these blocks are the power-law distribu-
are often well represented by the power-law relation (1) (Pel+jon of faults.

letier et al., 1997; Hovius et al., 2000). Turbidite deposits ) ) o ]
are often associated with slumps (avalanches) off continen- An important aspect of self-organized criticality relative
tal margins. Rothman et al. (1994) associate the observelP €arthquakes is the implications for earthquake forecasting
power-law frequency-thickness distributions of turbidite lay- @nd prediction. Acceptance of the validity of the Gutenberg-
ers with the “sandpile” model. It appears reasonable to conRichter relat|qn and the constant rate of occurrence of small
clude that naturally occurring landslides are an example off@rthquakes implies that the observed frequency of occur-
self-organized criticality. rence of small earthqua_kes can be extrapolated to _es_tlmate
the recurrence frequencies of larger earthquakes. This is rou-
tinely done and is the primary basis for published maps of
3 Applications of the slider-block model the earthquake hazard (Frankel, 1995).

Since the concept of self-organized criticality was first in-

troduced, earthquakes have been identified as an example of

this phenomena in nature (Bak and Tang, 1989). For over 50

years, it has been accepted that earthquakes universally ob@y Applications of the forest-fire model
Gutenberg-Richter scaling; the cumulative number of earth-

quakes per year in a region with magnitudes greater #han

Nc, is related ton by An obvious application of the forest fire model is to actual
. forest and wild fires (Malamud et al., 1998). From this study,
logNcg = —bm +loga 2 four forest fire and wildfire data sets from the United States

and Australia were found to have frequency-area statistics
that were in good agreement with the power-law relation (1).
Similar results have been reported for California (Minnich
and Chou, 1997). Considering the many complexities of the
initiation and propagation of forest fires and wildfires, it is
remarkable that the frequency-area statistics are very similar
under a wide variety of environments. The proximity of com-
log Ncg ~ AEb 3 bustible material varies greatly. The behaviour of a particu-
lar fire depends strongly on meteorological conditions. Fire-

which is very similar to Eg. (1), except that Eq. (3) is basedfighting efforts extinguish many fires. Despite these com-
on cumulative statistics and Eg. (1) is based on noncumulaplexities, the application of the frequency-area distributions
tive statistics. associated with the forest fire model appears to be robust.

With aftershocks removed, the background seismicity inForest and wildfires also appear to be an example of self-
southern California is nearly uniform from year to year (Tur- organized critical behaviour in nature.

where the constaritis known as thé-value and has a near-
universal valué = 0.90+0.15. The constant is a measure
of the intensity of the regional seismicity.

When Eq. (2) is expressed in terms of the earthquake rup
ture areaAg, instead of earthquake magnitude, this relation
becomes a power-law
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5 Conclusions tal) distributions of the “avalanches”. However, there are
other important aspects of the behaviour of models and nat-
A number of models and natural phenomena have been disural phenomena that are associated with self-organized crit-
cussed that may or may not exhibit self-organized critical be-icality. One of these concerns correlation lengths. Studies
haviour. Itis desirable to provide a “clean” definition of what of critical phenomena emphasize the systematic increase in
self-organized criticality is, but there is not a universally ac- the correlation length as the critical point is approached. It
cepted definition. In fact, some authors would submit thathas not been established whether there are systematic tem-
self-organized critical behaviour is the same as critical be-poral variations in correlation length in models with self-
haviour. organized criticality. There is observational evidence for a
Most authors would agree that the original sandpile modehwvell-defined correlation length for seismic activation prior to
proposed by Bak et al. (1988) is an example of self-organizech major earthquake (Bowman et al., 1998).
critical behaviour. But this agreement does not extend to the Although the concept of self-organized criticality is poorly
slider-block and forest fire models. It is certainly possible to defined, there is accumulating evidence that it is directly ap-
provide a rigorous mathematically-based definition of self-plicable to a variety of problems in geophysics. It is also a
organized criticality. For example, full self-similarity would subject that is in an early stage of development and one that
be required. However, such a restricted definition may notmay relate phenomena over a very broad range of subjects.
address the real utility of the basic concept. The essential
guestion is whether a broad range of real complex phenomAcknowledgementThe author would like to acknowledge many
ena exhibits similar behaviour under very broad conditions Stimulating discussions with Jie Huang, Bill Klein, Bruce Malamud,
This seems to be true for earthquakes, landslides, and fore§t'eP Morein, Bill Newman, David Roberts, John Rundle, Charlie
fires. It may also be true for a variety of other examples ir|Samm|s, and Lennie Smith. This research has been partially sup-
. . . . - orted by NSF grant no. EAR9804859.
the physical, biological and social sciences. A few exampleéj
are species extinctions, epidemics, stock market crashes and
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