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Abstract

A frequent approach when attempting to manage a natural catastrophe is in terms of a numerical model, by
which we try to forecast its occurrence in space and time. But, sometimes this is difficult or even unrealistic.
On more pragmatic grounds we can appeal to a formal analysis of the historical time series of every catastro-
phe of concern. Only approximately, however, can such series be likened to a point-like process, because the
«detector-mankind» experienced substantial changes versus time. Nevertheless, such algorithms can be approx-
imately applied by means of a few suitable assumptions. In the ultimate analysis, four basic viewpoints can be
considered: i) either by assuming that phenomena are periodic; ii) or by assuming that an event occurs only
whenever some energy threshold is attained (calorimetric criterion); iii) or by assuming that it occurs only
whenever the system experiences some abrupt change in its boundary conditions: or iv), whenever no such al-
gorithm is viable due to scanty observational information, just by applying fractal analysis, in terms of the box
counting method, or some other more or less related and/or equivalent algorithms. The mutual relations, ad-
vantages, and drawbacks of any such approach are briefly discussed, with a few applications. They already lead
Lo an apparently successful long-range forecast of a large flood in Northern Italy which occurred in 1994, and
to the prevision of the next explosive eruption of Vesuvius. But the success of every application is closely de-
termined by the quality of the historical database, or by the physical information that is fed into the analysis,
rather than by mathematics that per se have only to be concerned with avoiding some arbitrary input being
added, based only on the human need for simplicity. The present paper gives a synthesis of several algorithms
that were previously independently applied on a simple intuitive basis to different case studies, although with
no comparisons or discussion of their similarities and/or differences.
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can even imagine programming a computer to

perform «all» kinds of statistical analyses that a
researcher is supposed to carry out. Such a
stage, however, has an intrinsic limitation
within the available statistics, that are normally
insufficient for exploiting all which in principle
ought to be carried out. At such a point, the in-
tuition by the researcher enters into play, by en-
Mailing address: Prof. Giovanni P. Gregori, Istituto di visaging possible .splut10n§, mechanisms, mod-
Fisica dell’ Atmosfera (IFA-CNR), Via Fosso del Cavaliere els, etc. by exploiting their eventual computa-
100,00133 Roma, Italy; e-mail: gregori @atmos.ifa.rm. cnr.it tion, and finally by checking them by some

1. Introduction
The cognitive process involves three stages:

i) morphological or descriptive; ii) inductive;
and iii) deductive. The first is concerned with
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trial-end-error procedure: this is the deductive
stage. Induction (according to Aristotle and Ga-
lileo) means inferring the premises from the fi-
nal evidence, while deduction is from axioms to
final conclusions.

The deductive stage can be further divided
into two sub-classes, that are here briefly called
deterministic and pragmatic viewpoints, respec-
tively. The first recalls the Lagrangian deter-
minism, by which every particle has its own
degrees of freedom (d.o.f.), e.g. supposedly
expressed in terms of canonical coordinates.
Wherever we know the exact physical laws,
and we are also capable of writing and solving
all equations, we can, in principle, know every-
thing about the past, present, and future of our
physical system. Since this is a utopia, one nor-
mally appeals to statistics, thermodynamics,
etc. In contrast, the pragmatic viewpoint wants
to limit the amount of inference only to the
realm of what can be objectively obtained from
the limited amount of available observations.

On a practical ground, the deterministic
viewpoint is implicitly used whenever one for-
mulates a numerical model. In fact, one as-
sumes to know some fundamental laws, and de-
fines a few suitable parameters that ought to
give a description of a few basic d.o.f.’s of the
system. Some equations are written and solved
by feeding into them some boundary condi-
tions. The solution gives a detail that is ex-
pressed in terms of much wealthier informa-
tion, compared to the scanty observations that
composed the boundary conditions. Differently
stated, the researcher overcomes the drawback
of limited observational information, by using
deduction from a few known fundamental laws.
The correctness of his entire approach must,
however, be tested by comparing his inferences
with additional available observations, the form
and content of which were not formally fitted
into the model. In general, mathematical diffi-
culties imply some limits. Sometimes, for com-
putational purposes, one can only deal with lin-
ear, or linearised, processes, etc.

The pragmatic approach is more akin to in-
duction. Provided that we exploited all which
induction alone could provide, we envisage
some working hypotheses, some chains of
causes-and-effects, concerned with either linear
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or non-linear mechanisms, by which, although
we exploit no detailed modelling, we can carry
out some checks by means of the available ob-
servations.

In principle, every such stage and/or view-
point is correct per se, provided that it is suit-
ably used. The ancient Greek thinkers were
fond of deduction alone, while in the XIV cen-
tury A.D. the Franciscan school of theology
was much more pragmatic (they were the real
forerunners of Galileo ~3 centuries in advance,
but their logical struggle was defeated for polit-
ical reasons; Gregori and Gregori, 1998). Leo-
nardo da Vinci (1452-1519) and finally Galileo
(1564-1642) succeeded in giving the correct
place to induction. Nowadays, a somewhat
analogous competition survives between the
deterministic and the pragmatic viewpoint.

In this respect, some controversy is some-
times raised concerning an improper mixing of
different logical steps (e.g. when dealing with
the global climate change). In fact, one should
distinguish between: i) the collection of the ob-
servational database, ii) the knowledge of the
basic mechanisms (physical, chemical, biologi-
cal); and iii) the exploitation of a numerical
model to forecast some future scenario. Imple-
menting the third step, with no adequate previ-
ous assessment of the knowledge dealing with
the first two steps, definitely appears
over-ambitious. Moreover, the first two steps
can be tackled either from the pragmatic or
from the deterministic viewpoint, while the
third step can only be deterministic. Several
present debates and controversies could thus be
promptly solved, whenever one can clearly rec-
ognize what is objectively contained within ob-
servations, and what is the result of intuition or
speculation by every researcher.

The present paper is specifically focused on
the logical problems related to the prevision of
natural catastrophes. Such a target can be chal-
lenged in terms of determinism, that implies
working out a suitable model, that by means of
a few observed precursors ought to be capable
of issuing a reliable forecast. Pragmatists,
rather, prefer to emphasise the limits of our
knowledge, and to consider the observational
evidence per se, that is provided by the histori-
cal time series of several previous events, that
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can be more or less related to the catastrophe
we are concerned with. Such a pragmatic view-
point will be here adopted.

A basic warning deals with the definition
both of the kind of «event» that is of concern,
and of what is meant by «prevision». The defi-
nition of natural catastrophe implies that it must
cause some relevant damage to mankind and/or
causalities. But a catastrophe is the result of
two concurrent causes: i) of an unusual natural
occurrence; and, mostly, ii) of the fact that a
suitable number of people are located in some
critical site in order to «detect» the event, in
such a way that damage and causalities are pro-
duced. In fact, if such a detector is not correctly
located, we cannot monitor the event. Differ-
ently stated, the anthropic factor (such as the
use of territory by mankind) is crucial for the
definition of catastrophe: the impact of a flood,
of a land- or snow-slide, of a volcanic eruption,
of a forest fire, etc. is therefore much more a
function of Man than of Mother Nature.

Concerning the definition of prevision, its
error-bars ought to be specified both in time
and space. For example, a seismic map is a
prevision with a good space definition, but with
no time specification. Too loose a resolution
either in space or time, or too short an ad-
vance-time of a precursor, makes a forecast of
little practical use. The needs of mankind, and
the intrinsic pace and scale of human actions,
have exigencies that sometimes hardly fit with
the typical pace and scale of natural phenom-
ena. Moreover, a simple-minded (and surpris-
ingly frequent) approach is in searching for
some universal precursor that ought to apply,
almost «magically», within every environment
in all parts of the world (forgetting about the
relevant, and still poorly known, inhomogenei-
ties of the Earth).

Both from the pragmatic and from the deter-
ministic viewpoint, a prevision shall never be
expected to provide with a detail that is better
than the intrinsic information provided by its
observational database. Science is the search
for truth, but we never reach it: we can just ap-
proach it in terms of an iterative process.
Therefore, no prevision shall ever be error-free.
This is just a matter of common sense, although
the legislative system of almost every country
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seems to be completely unprepared to face such
a logical and unavoidable reality, in the fact
that decision makers erroneously presume that
science is always capable of providing a fully
reliable error-free forecast.

Therefore, when defining a logical approach
to the search for a prevision, we must first de-
fine its basic, and more or less conscious or un-
conscious, implicit assumptions.

2. Abstraction and rationale

The first abstraction relies on considering a
catastrophe a point-like process, i.e. a «yes-or-
not» event. For example, we have to decide
when we state that a flood occurred, or a spate,
or an earthquake (what minimum magnitude),
or a new volcanic eruption (rather than being a
simple continuation of a previous one), or a
land- or snow-slide (what is the minimum vol-
ume involved and what is the area of interest),
etc. The theory of point-like processes is dis-
cussed by Brillinger (1975; additional refer-
ences in Pavese and Gregori, 1985). However,
in a strict sense, a catastrophe is not a point-like
process according to its formal mathematical
definition, in the fact that a catastrophe needs
for a recorder (mankind) that has a sensitivity
and a precision varying in time, depending on
the demographic increase, or on the change in
technology and energy needs, or on the territory
occupation, that in general depends on the vary-
ing relation between Man and territory. More-
over, even psychological factors play an impor-
tant role, e.g., even in reporting about a vol-
canic eruption (Gregori et al., 1992), or dry-
ness/wetness in China (Banzon et al., 1992a).
That is, a time series of catastrophes is severely
biased by the recorder, i.e. by mankind, neither
is it complete. In contrast, several pertinent ex-
amples of point-like process, fitting with its for-
mal mathematical definition, can be easily
found e.g., in biology (such as heartbeats, or
impulses from a nervous cell, etc.). Therefore,
the mathematical theory of point-like processes
can be rigorously applied in biology, while in
the case of natural catastrophes it can be used
only with some warning. Let us distinguish be-
tween four different possibilities. Each of them
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can be applied, provided that the historical in-
formation is suited for it.

1) The first viewpoint relies on the assump-
tion that the phenomenon is strictly periodical
(Section 3), although in a strict sense nothing is
periodical. In fact, even the length of the day
(l.o.d.) has some minor fluctuations, although
everything that is controlled by the motion of
the Earth and of the Moon is approximately pe-
riodical, due to the great inertia of their two
bodies. It is more correct to state that several
phenomena are cyclic, in the fact that there is
some regular alternation of relative maxima and
minima, although with varying cycle duration
(the best known such examples are the solar cy-
cle and the Quasi-Biannual Oscillation, QBO).
Therefore, whenever the duration of every such
cycle changes by a small percent, one can treat
the phenomenon as being approximately peri-
odical, and thus estimate its average period dur-
ing the time interval spanned by observations.
Eclipses are the best known example of natural
«catastrophes» that display a closely periodical
trend.

2) Another viewpoint is related to the en-
ergy balance. We assume that a catastrophe oc-
curs only whenever some suitable, although un-
known, energy reservoir, which is located
somewhere within our physical system, is filled
up beyond some threshold. Such a rationale
will be here called calorimetric criterion (Sec-
tion 4). One specific such application is the
Imbo algorithm (Section 5). Such an approach
can be heuristically effective, e.g., for compar-
ing different series of point-like processes. In
fact, let us suppose that such a rationale'ds, via-
ble for every one of them. Then, either in the
case that we can envisage some mechanisms re-
lating them to each other, or in the case that we
cannot, we can apply such an algorithm: if the
prime mover of all such phenomena, whatever
it be, is a common energy source, the pace of
their occurrence must display some common
feature. Note, however, that the occurrence of
the events can even appear uncorrelated with
each other, depending on the different amount
of energy that has to be stored within different
energy reservoirs that eventually control the oc-
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currence of different types of such point-like
processes. Nevertheless, the energy balance
shows a physical relation that should be evi-
denced. Moreover, different series of point-like
processes can eventually contain different data
gaps or vacancies. In such a case, provided that
we use a suitably robust algorithm, we can still
infer significant physical conclusions.

One specific example of this same rationale
deals with the well known interpretation of
aftershocks in seismology, by which their dis-
tribution versus both time and intensity should
display a specific exponential decay, according
to an intuitive model based on the assumption
of some random release of energy by the un-
known underground fractures. Such a rationale
also has implications on the fractal analysis of
their respective time series. This same rationale
cannot apply to every other natural «catastro-
phe» (e.g., it does not fit geomagnetic storms).
Therefore, the fact that this same rationale can
be successfully applied to the time series of
El Nifio events appears physically intriguing
(A. Palumbo, private communication, 1998; in
preparation).

Another related algorithm is concerned with
a constant average power (i.e., energy released
per unit time by a time series of catastrophes)
that apparently holds for several different types
of «catastrophes» including large volcanic
eruptions of either Vesuvius or Etna, extreme
marine floodings in Venice, and storm-surges
and floodings in Trieste (Palumbo, 1997,
1997a,b, 1998; Palumbo and Palumbo, 1998).

Within all such applications, the energy bal-
ance plays a crucial role, i.e. although we can-
not know the prime physical process and mech-
anism, we can afford to perform some energy
balance, encompassing the final output in some
quantitative frame.

3) However, in general such a calorimetric
criterion is not always viable. In fact, in some
circumstances an event occurs whenever the
physical system experiences an abrupt change
of boundary conditions, by which it must
re-distribute its internal energy according to
some specific requirements by a variational
principle. In such a case, one can even state that
the energy reservoir of the calorimetric view-
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point was constituted by a different form of
storage of the internal energy by the system;
but, this may appear ad hoc. It appears more
akin to natural reality to describe the event in
terms of a basic difference of the composition
of the system. One such example is given
by the magnetosphere of the Earth (Gregori,
1998). In fact, the usual way of depicting it in
terms of MHD implies assuming that there is a
perfectly steady flow of solar wind, by which,
if the magnetosphere is supposed to be con-
tained within an ideal huge box, for every elec-
tron or proton that leaves the box, there must be
another electron or proton entering it, etc. But,
whenever there is a plasma cavity within the
solar wind, the physical system, that is com-
posed of the particles contained within such a
box, is abruptly changed. Very rapid (at light
speed) transformations of energy must occur,
which also imply by the Hamilton principle a
transformation from magnetic into particle ki-
netic energy. The result is that a magneto-
spheric substorm is triggered, and several such
substorms compose a geomagnetic storm, that
is almost like a damped oscillation composed
of several substorms of decreasing amplitude.
Another example is concerned with the encoun-
ters of the solar system with interstellar matter
(either galactic clouds, or the Oort reservoir, or
the blast wave from a nova or supernova). All
events associated with it can be more realisti-
cally depicted in terms of a change in the physi-
cal system, rather than an energy that was pre-
viously stored within such interstellar matter
prior to the encounter. Geomagnetic excursions
and/or reversals could be associated with one
such encounter, in agreement with some au-
thors who claim a possible external origin for
such «catastrophes» (Gregori, 1993a, 1994 and
references therein), although it is well known
that the best agreed theories explain such phe-
nomena in terms of mere endogenous effects
(e.g., Jacobs, 1987 and references therein). In
the ultimate analysis, the most common view-
point assumes that the interior of the Earth is
basically unaffected by external factors, and
one such «catastrophe» ought thus to be ex-
plained in terms of some self-amplification, or
resonance, by which the system eventually ex-
periences one large instability and the field re-
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verses. Differently stated, the «catastrophe» is
identified with a mathematical instability. A
somewhat analogous situation deals with El
Nifio: it is an anomalous seasonal oscillation,
clearly detected in the Pacific and Indian
Oceans area. The best known approach is by
assuming that the general external inputs are
basically the same every year, although some
suitable perturbation eventually triggers an in-
stability, by which through some kind of a reso-
nance the seasonal oscillation is amplified (Phi-
lander, 1990; Diaz and Markgraf, 1992; and
references therein). That is, this is a mathemati-
cal definition as above, when dealing with geo-
magnetic excursions and reversals. An alterna-
tive possibility relies in searching for some
presently unmeasured quantity, by which the
physical input to the system experiences a sub-
stantial interannual variation that is presently
unknown to us. It is premature to state what the
correct viewpoint is. As far as the present dis-
cussion is concerned, such examples ought to
clarify how a different axiomatic assumption,
since the very beginning of our investigation,
can sometimes result in some kind of uncon-
scious bias. Both viewpoints ought to be ex-
ploited, until one reaches the possibility of ob-
taining an unambiguous experimental test.

Summarizing, such a third rationale can be
applied whenever we hypothesize some specu-
lated chain of causes-and-effects, that needs to
be suitably tested by the available observational
information. In such a respect, no general rule
can be given, and every case-study needs its
own discussion.

4) The fourth rationale applies whenever a
point-like process apparently does not even al-
low for the application of the calorimetric crite-
rion, or for envisaging some adequate specula-
tive chain of cause-and-effect: this is the box
counting method or some more complex algo-
rithm borrowed from fractal analysis and that is
more or less related to it (Section 6). By this we
can infer some intrinsic objective information
ultimately related to the pace of events, even in
the case that we can work out no other analysis.
For example, a well known approach, when
dealing with different time series of point-like
processes, is by searching for their eventual



Giovanni P. Gregori

bi-variate or multi-variate, linear correlation, or
non-linear regression, etc. But, this requires
that the wealth of information dealing with the
different data series (such as e.g. the amplitude
of the error-bars, and/or the frequency and dis-
tribution of the data gaps) must be reasonably
comparable with each other; otherwise, such al-
gorithms cannot work. In contrast, even when
such a condition is not satisfied, fractal meth-
ods can be effectively applied.

Let us just consider a simple example. A
time-varying water source equally supplies two
boxes. They have a different size, and each of
them, whenever it is filled up, turns upside
down and it releases all the water contained in-
side it. After that, it starts anew filling up as be-
fore. The catastrophe is defined as the event by
which either one of the two boxes reverses up-
side down. Suppose that we can monitor sepa-
rately both of the two time series of such catas-
trophes and that we have no other information
on the system. Although both boxes are sup-
plied by the same time-varying water source,
the two point-like processes cannot be corre-
lated with each other. However, there must be
some rationale envisaging some common fea-
ture of their respective time series, being sug-
gestive of a common prime energy supply.
In such a case, in general no periodicity or
cyclicity ought to be observed (unless the prime
source displays such a feature). The calorimet-
ric criterion, instead, can be applied, provided
that each series is not biased by too many gaps.
The fractal properties of either series must,
however, display a common feature, and the
box counting method appears to be the simplest
such algorithm.

3. Assuming periodicity — ARP

The best suited algorithm seems to be the
superposed epoch criterion, i.e. start the stop-
watch every time an event occurs, and check
that the events are going to be repeated after
some fixed time, etc. This is the principle idea
of the operator ARP, that works quite effec-
tively provided that the database is not too
heavily biased by gaps and/or inhomogeneities.
Such a condition can be checked only a poste-
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riori, as it results from an intermingling of the
intrinsic periodicities of the system, their rela-
tive role, the error-bars, the total time span of
the observational series, the temporal distribu-
tion of its gaps, etc. Such items were exten-
sively discussed elsewhere and will not be dealt
with (Banzon et al., 1990, 1992; Gregori 1990,
1997; Gregori et al., 1988, 1994; Pavese and
Gregori, 1985; and Pavese et al., 1992). Let us
just mention that the superposed epoch criterion
implies that, if a phenomenon has an actual in-
trinsic periodicity of period T, it also shows a
periodicity of period T = mT, (for every integer
m > 0). Moreover, in general one should expect
and find also its higher harmonics T = (m/n)T,
(for every integer m,n > 0). One thus observes
a «period family», or a set {(m/n)T,}, having
(Gregori, 1990) a «forefather period» T,. Such
families can be easily recognized (Fairbridge,
1996) by plotting log T versus log n. This same
algorithm can also be effectively applied (Gre-
gori, 1990) to every well-behaved f(¢) leading
to the operator CETRA, although one must ap-
ply a suitable correction to the definition of the
supposed time-instant of occurrence of every
given event in order to avoid an unwanted bias
(e.g., if we know only the year, not the date, of
occurrence of a catastrophe, we must also de-
fine some hypothetical day for that event by
means of a random date; Banzon et al., 1992).
The definition of «well-behaved» function
denotes an f(r) that is known, monitored,
and sampled, at regular time intervals, and that
appears almost like a continuous function of
time.

ARP was actually applied to a few time se-
ries to: i) the climatic anomalies (XII through
XVII century A.D.) in the Tanaro valley, re-
corded in Alessandria (Po valley, North-West-
ern Italy); ii) the floods and large spates of its
affluent, the torrent Belbo (XV century A.D.
through present); iii) the large spates and floods
in the Po delta (A.D. 1700 through present);
and (iv) the Tiber floods in Rome (V century
B.C.-XIX century A.D.). CETRA was then ap-
plied to the output of ARP (for the case (i) here
above). This leads to the correct forecast of the
great flood that hit the Tanaro valley in 1994.
For details refer to the afore-mentioned refer-
ences for ARP.
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4. The calorimetric criterion

Let us focus on the specific problem of the
low-pass filtering of an uneven and/or incom-
plete time-series, and for comparison purposes
let us also refer to the case of a well-behaved
J0), e.g., of the planetary average versus t of the
variation of the climate temperature. Apply to
S(#) a running average by means of some win-
dow of 1 year total duration, and obtain the
well known yearly trend (fig. 1): this is a math-
ematical low-pass filter, applied to a well-

behaved f(r), that rejects the seasonal varia-
tion and keeps only the interannual global
change. In contrast, consider the case of a
pressure-cooker, with a security valve charac-
terized by a small, given weight. Let the
heat-source underneath the pressure-cooker
be changed by some unknown amount. Moni-
tor the time interval Af in between any two
subsequent whistlers and obtain fig. 2. The
time variation of the average prime heat-sup-
ply to the pressure-cooker is proportional to
1/ At.
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Fig. 1. Yearly global averages of the climate temperature change, and duration of the sunspot cycle, versus t.

Redrawn after Friis-Christensen and Lassen (1991). A more exha
interval, is given by Friis-Christensen and Lassen (1995).
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Fig. 2. The opening and closing of the valve of a pressure-cooker occurs at time-lags Af, the (time-varying)
duration of which is inversely proportional to the intensity of its average prime heat-supply.
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Plot versus ¢t any one given observed f(r)
(either continuous, such as a temperature, or at-
mospheric pressure, or else, or also a point-like
event, such as the afore-mentioned pressure-
cooker whistler). For simplicity, refer to two
specific such examples: pressure-cooker and
sunspots. In general, one can imagine plotting
any kind of arbitrary function F(f(z)) of f(t)
that can be defined in any most general way,
with the only restriction that F(f) versus f
must be always either increasing or decreasing.
Owing to such a condition, the maxima (min-
ima) of f(¢) are still maxima (minima) for
F(f()) (or maxima and minima are inter-
changed in the case of a decreasing F( f) versus
/). One can thus imagine, with no loss of gener-
ality, plotting some suitable unknown function
F(f(t)), such that F(f(¢)) is an actual physical
energy. The maxima and/or minima of such an
unknown energy F(f(¢)) are therefore located at
the same ¢ of the maxima and minima of the
known f(f). Let us call «event» the occurrence
of a maximum (or equivalently the occurrence
of a minimum). We can now reason just like in
the case of the pressure-cooker: any one given
event occurs only provided that the energy of
the system (supplied by some unknown cause)
reaches some threshold. This is the calorimetric
criterion: the relative variation of the Az be-
tween the occurrence of any two such pre-
defined point-like events is a reliable indication
of the relative time variation of the prime en-
ergy-supply to the phenomenon itself. Concern-
ing the example of sunspots, see fig. 1. Let us
add just a comment on F(f(#)). In the case of
the pressure cooker, the most obvious choice
is F(f(r)) = 1/ At. For sunspots, in fig. 1, they
plotted F(f(¢)) = — At. However, for At ~ 11

years, it is
-1
i=11"1 1+(éf—1) =
At 11
“4.1)
2
11 121 11

by which the choice [ Af] is almost identical

to [1/ Ar] apart a change of units on the ordi-
nate axis.
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Summarizing, such a well known fig. 1 is
the result of two different algorithms for
low-pass filtering: one (applied to climate tem-
perature) derived by a simple running-mean,
i.e. in terms of mere mathematical filtering; the
other one (applied to sunspots) in terms of the
calorimetric criterion, or in terms of a physical
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Fig. 3. «Solar cycle length versus average temper-
ature per solar cycle. Lines connect data points in
time sequence. 3a is a plot of the ‘raw’ data with
linear fit (p = —0.43). 3b is the same but with tem-
perature lagging by one solar cycle (p = —0.53). 3¢
includes the one cycle temperature lag and trape-
zoidal filtering (1-2-2-2-1)». Figure and captions af-
ter Damon and Peristykh (1998).
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energy threshold. The conclusion is that, irre-
spective of the details that can be claimed by
any modelling for physical interpretation, such
a finding implies that the prime energy-source,
that supplies both such phenomena either di-
rectly or indirectly, appears likely to be the
same. One main focus of the present discussion
deals with the complementarity of such two
logically different approaches to obtain the
same target, i.e. low-pass filtering of an obser-
vational f(z). This is accomplished in the case
either of a well-behaved f(7) according to stan-
dard mathematics, or of indirect information
(such as sunspots that are an indirect index of
the prime, although unknown, energy-supply to
the Sun) according to the calorimetric criterion.

Figure 1 has raised some debate. Additional
discussion is given by Landscheidt (1997) and
Feng and Tang (1997), plus several papers in
preparation by Tang Maocang et al. (private
communication, 1997). Let us mention that
some concern is even related to the applied fil-
tering technique (Kelly and Wigley, 1992), a
concern further emphasised by Damon and
Peristykh (1998), who did not confirm fig. 1;
rather, they obtained fig. 3 that manifestly dis-
agrees with fig. 1. Such a disagreement shows
how critical the basic methodological discus-
sion is. However, it is sometimes very difficult
to get rid of such a drawback, as not all authors
have published detailed logs of their respective
original input database. In fact, all such data
handling is likely to be equally reliable and
conceptually correct, although they eventually
relied on almost subconscious different basic
assumptions of their respective rationale and
procedure.

5. Imbo’s algorithm

This is a special case of a calorimetric crite-
rion that, up to the author’s knowledge, dates
back to Imbo (1928), who applied it to the se-
ries of the subset of the historical eruptions of
Etna that opened a new boca. He considered
the volcanic cycles that apparently result when
realizing that Etna regularly alternates epochs
of frequent eruptions with epochs of compara-
tively less frequent activity. He considered the
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total time At elapsing in between any two sub-
sequent eruptions, and he plotted such a Af ver-
sus the order number of every eruption in his
eruption log (thus obtaining an «Imbd’s histo-
gram»). He found an oscillatory trend, by
which he could clearly recognize some volcanic
cycles, delimited by epochs of comparatively
greater volcanic activity. Every cycle had, how-
ever, a varying total duration. His results were
subsequently controverted, basically because
his database was incomplete. Moreover, one
basic concern relates to the definition of a
«new» eruption, compared with an event that is
only the continuation of a previous one (e.g.,
Gregori, 1993, 1996, 1996a, and Gregori et al.,
1992, 1994a). There was also some misunder-
standing, dealing with a supposed 11-year so-
lar-cycle control (claimed by some authors)
about Hawaiian vulcanism. Such volcanic cy-
cles were therefore finally abandoned (Bullard,
1984, and references therein).

The author and co-workers (Gregori et al.,
1992, 1994a; Gregori, 1995a, 1996, 1996a) re-
sumed such a procedure by using the currently
available more complete database. They called
it Imbo’s algorithm, and applied it to the histor-
ical eruption series (of either all kinds of erup-
tion, or only the lava-producing ones) for ei-
ther Etna or Vesuvius. Finally, they applied the
same energy constraint of the calorimetric crite-
rion by which the relative time variation of the
prime heat-supply is proportional to 1/At. By
this, they drew fig. 4 (bottom plot, that there-
fore is the result of a physical low-pass filter-
ing) that was interpreted (Gregori, 1991) by
guessing that the apparent ~ 500-600% increase
in the prime heat-supply to either Etna or Vesu-
vius, and that occurred during the last ~4-5
centuries, ought to explain the transition from
the Little Ice Age to the present climate (in
fact, a higher volcanic activity implies a higher
concentration of greenhouse gases injected into
the atmosphere, hence a higher climate temper-
ature). Moreover, an unexpected by-product
resulted in the prevision of the next eruption
of Vesuvius (Gregori, 1993, 1995a, 1996, 1996a).

A most surprising result, however, is (Gre-
gori et al., 1992) the close correlation between
such a plot for Etna and Vesuvius, and either
the geomagnetic or solar activity index, ob-
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Fig. 4. Top two diagrams: geomagnetic and solar activity derived from the total original "“C concentration
within samples of historical wood (after Stuiver ez al., see text). Bottom diagram: apparent prime heat-supply
h(?) to Etna and Vesuvius versus . The unit heat-supply h (1986.0) is conventionally pre-chosen. This trend
was derived by considering the varying duration of the volcanic cycles (i.e. delimited by epoches of compara-
tively greater volcanic activity within an Imbo’s histogram; see text). There appears to occur an increase by
~ 500-600% of the prime heat-supply during the last ~ 4-5 centuries, that was speculated to be responsible for
the transition between the Little Ice Age and the present climate. See text (figure after Gregori, 1996).

tained by means of the total concentration of
"C within historical wood (Stuiver and Quay,
1980; Stuiver and Becker, 1986; Stuiver and
Braziunas, 1988, 1989). The principle idea is as
follows. A comparatively higher solar activity
implies a lower cosmic ray flux (Forbush de-
crease), hence a lower production rate of “C. We
know sunspots by visual observation since A.D.
~ 1700, by which we can draw a regression line
between "'C concentration and sunspots. Then,
for any older epoch we can measure the "“C con-
centration, and by such a regression line we can
infer the corresponding sunspot number. Stuiver
and co-workers (ibidem) applied such a method
for ~9600 years BP. Part of their results is
shown in fig. 4, top and intermediate diagrams,
that are therefore the result of a mathematical
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low-pass filtering on the well-behaved () of the
““C record. Note that the correlation between so-
lar activity and vulcanism shown in fig. 4 does
not apply to the 11-year solar cycle (thus con-
firming the afore-mentioned 11-year contro-
verted dependence).

Moreover, the afore-mentioned Little Ice
Age inference is correct only provided that
all volcanoes of the world display a synchro-
nous relative time-variation of their respective
prime energy-supply. This fact was success-
fully checked for several volcanoes of the
world, although in general the historical infor-
mation is not as wealthy as for Etna and Vesu-
vius (which are the historically best docu-
mented volcanoes): upon consideration of all
other volcanoes (36 case histories) for which at
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least 30 historical eruptions were reported (up
to 1980), it was possible to check that the hy-
pothesis of such a synchronous variation is con-
sistent with observations (Gregori et al., 1994a,
who used the catalogue by Simkin et al., 1981;
an updated edition is now available, Simkin and
Siebert, 1994). Later on, it was realized that the
same trend of maxima and minima displayed in
fig. 4 was also reported: i) for a tree-ring index
derived from the pines of the Urals (Cook and
Briffa, 1995; Gregori, 1997); and ii) for the
acidity measured within an ice-core drilled on
Monte Rosa in the Western Alps (Tomadin
etal., 1996).

This same physical mechanism (for the con-
trol by global vulcanism on global climate) was
proposed (Ronov, 1983; Budyko et al., 1987)
on the geological time scale during the entire
Phanerozoic, in terms of the so-called principle
of life preservation, by which the carbon cycle
has one main source (volcanoes) and one main
sink (life). In the case of no vulcanism, life
ought to consume the entire CO, atmospheric
budget, and the Earth should become a desert,
much like Mars. In the case of an excess pro-
duction of CO, the Earth should be a green-
house oven, much like Venus. Concerning real
time phenomena, one can attempt to monitor by
satellite the interannual variation of the chemi-
cal composition of the atmosphere, but this still
appears to be technically difficult (Gregori,
1995; Ferrucci e al., 1996, 1997).

A few additional properties of the Imbd al-
gorithm appear relevant. The calorimetric crite-
rion is not directly applied to the database,
rather to the time lags in between any two sub-
sequent new eruptions. Moreover, the Imbo his-
togram that is thus obtained for Vesuvius im-
mediately shows an unambiguous cyclicity, un-
like Etna’s for which a low-pass filtering (mov-
ing average) had to be applied in order to ob-
tain clear evidence of a cyclicity. That is, con-
sistently with the recommendation by Tuckey
(1977), the information hidden within an obser-
vational data series must be evidenced in any
suitable way, and it must be clear, unambigu-
ous, self-evident, and no general algorithm ap-
plies to every database. The exploratory analy-
sis should never be identified with the confir-
matory analysis.

777

6. The box-counting method (or some related
more complex fractal algorithm)

The Imbo algorithm has a logical link with
the box-counting method of fractal theory (e. g
Feder, 1988; Peitgen et al, 1992; Turcotte,
1992; and references therein). In fact, the ruler
method implies considering an ND space (e.g.,
a 2D geographic map) and an (N-1)D variety
S iN it (e.g., a coastline) that, however, must
be continuous, and it must have either a start-
and an end-point, or it has to be a loop (e.g., an
island). Moreover, define an (N-1)D rigid ruler
Hoyp Of @ given size, and by it measure the
«length» of S, . The box-counting method
implies, rather, considering the same ND Space
(e.g., a map in 2D), an ND set S, of points
(e.g., any ensemble of coast lines and/or any
other feature such as small islands, etc.), and
measuring S, by an ND rigid box u,, of given
size (e.g, on a map use a polygon of
pre-chosen fixed shape and size). But, unlike
when applying the ruler method, such a set S,
does not need to be continuous and it can be de-
fined in any most general way: e.g., in 3D its
elements can be either point-like, or line-like,
or surface-like, or even continuous 3D distribu-
tions of finite size. The fractal properties of
either S, , or S, deal with the intrinsic
repetitivity of their respective features on dif-
ferent spatial scales within the nD space. In
fact, one definition of fractal was proposed by
Mandelbrot in 1986: «a fractal is a shape made
of parts similar to the whole in some way». In
natural reality, an actual system behaves like a
fractal only within some given range (e.g., its
fractality breaks down on the atomic scale). A
fractal property is an abstract concept, much
like (in geometry) the concept of point, of line,
of surface. Natural reality fits, or not, with such
abstract concepts, much like e.g., a measured
distribution fits, or not, with the central limit
theorem and with the normal distribution. The
fractal dimension is a way of setting logical or-
der within some properties that otherwise ought
to be simply considered random.

Consider a sequence of M point-like events
(such as e.g., a catastrophe of a given type) that
occurred according to a pace typical of some
pre-chosen and known cycle C of total duration
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7 (in terms of the afore-mentioned Imbo ratio-
nale for volcanic eruptions). Call Az, and Az, the
shortest and the longest time-lag, respectively,
in between any two subsequent events within C.
Consider an ideal sequence f(f) composed of n,
such identical C, subsequent to each other, ev-
ery one composed of such M events: say that
Sf(®) contains altogether Al = n.M elements.
Consider a box of total time span J, and mea-
sure by it f(#), i.e. completely cover f(z) by an
ordered time sequence of identical and contigu-
ous boxes 0, and count only 1 event every time
one such box contains at least one event of f(r).
In this way for every given J, evaluate a cor-
responding number N(J,) of counted events.
Plot (fig. 5) [log N(0,)] versus [log d,]. When 0,
< Ar, it is N(0,) = AL or a constant trend. When
0,> At, you get N(0,) = [n/T1/0, or a decreasing
trend. When Az, < 6, < Ay, the trend smoothly
changes between constant and decreasing, with
a detail that depends on the shape of C. If the
original C is composed, e.g., of a sequence of
three C’s every one having a duration 7, 7,
and 7,, respectively, let us treat f(f) as being
originated by one C alone of duration 7 equal to
the minimum common multiple of 7,, 7, and
7,. In such a case, fig. 5 displays a few almost
discontinuous, or almost step-like, features in
the transition region between constant and de-
creasing trend, every such feature being associ-
ated with either 7,, or 7,, or 7,, respectively.
Such a transition region is shown here below to
be the most interesting information provided by
such a diagram. The equation of the decreasing
portion is

log N(0,) =log n.+log T—1logo,. (6.1)
The absolute value of the slope of such a line
defines the fractal dimension D, that in the
present case is just D = 1 (by (6.2) here be-
low). From (6.1) if we know n_, we can evalu-
ate 7, that is associated with the intercept of
the line (6.1) with the ordinate axis: hence, we
can define a scale on it that directly provides 7.
Owing to the calorimetric criterion, or to the
Imbd algorithm, we know that 7 is inversely
proportional to the prime energy-supply E to
the ideal f(7). Differently stated, the ordinate
axis in fig. 5 can be re-labelled by reversing its
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log 7 «
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log N (6,)
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At, At, log b,
Fig. 5. Plotting [log N(9,)] versus [log d,] resulting
in two portions, displaying, respectively, a constant
and a decreasing trend. The absolute value of the
slope defines the fractal dimension D. It can be
shown that in the present case it is always 0 < D < 1.
The heuristically most interesting part of the diagram
is the transition region between such two portions.
See text.

orientation, and by putting an energy scale on it
by changing the former units into their inverse
values (the energy, however, is thus expressed
in some arbitrary units, in the fact that we can
only infer its relative time variation).

Refer now to some actual observed time-
series f,, (f) of point-like events composed of
N . €lements. Consider some pre-chosen, suit-
able, and fixed number v < A(_ . Select a mov-
ing sub-time-series ¢(#,) composed of v(z,) ele-
ments, and associate it with a time instant ¢,
corresponding to the central epoch of its entire
time-span. Consider a fictitious time-series f(z,)
composed of a sequence of n. ~ A( /v identi-
cal such ¢(z)’s and apply the box-counting
method. Evaluate by means of a plot like fig. 5
its corresponding 7(z,). Finally, plot 1/7(z,)
versus t,, that, apart from the unknown units, is
the time-variation of the average prime en-
ergy-supply to the system. By this, let us guess
that we inferred the prime energy that feeds the
physical system during the time interval
spanned by ¢, and for simplicity we state that
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such energy is approximately associated with
the time instant t, Such a procedure, however,
does not work, as it is 1/7T (z,) = 1/v(t) just by
definition, i.e. such a procedure is tautological.
We have, rather, to refer to £, (¢) and to focus
on the transition region (in fig. 5) between con-
stant and decreasing trend. Plot versus [log 6]
the derivative [(~d log (NS )/(d log 9)] that,
owing to fig. 5, increases from 0 to 1, although
in general it is not monotonic: its spikes give
evidence of the eventual periodicities of £, (7).
The actual details of such a spectrum depend on
the physical separation between different such
periodicities within f, (7) itself. Moreover, it
can be formally proven (shown below) that, in
the present case, it is always 0 < D < 1, or the
height of every such peak is always < 1.

Note, however, that these same periodicities
can also be obtained in a much more straight-
forward way simply by ARP. Therefore, in
such a respect, the box-counting method ap-
pears useful only for a matter of logical com-
parison. In either case, we can plot the variation
versus t of some apparent dominating periodic-
ity associated with f, (7). However, although in
general the most direct application of the Imbo
algorithm achieves the same final result in a
much simpler way, in special circumstances the
Imbd histogram will eventually prove not via-
ble, and the formal fractal approach will there-
fore be much more effective. For example, in
general, a historical data series contains several
gaps (the extent, location, and frequency of
which is unknown), sometimes even deriving
from an unconscious change in event definition
adopted by the chronicler (refer to the psycho-
logical factor mentioned in Section 2). There-
fore, a priori nobody can be sure that some al-
gorithm can apply successfully to any given
f(®. For example, when ARP was ap-
plied to the ~25 century series of the Tiber
flood in Rome, it gave inconclusive results,
while it was successful for the Tanaro valley
(Section 3).

Let us prove that, in the present case, it is al-
ways 0 <= D < 1. The line in the Richardson
plot, ie. [log N(u)] versus [log ul, is (e.g.,
Feder, 1988 or Turcotte, 1992)

N = C ™ (6.2)
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The parameter D is called fractal dimension.
Consider a time series of events, occurring at
times {t} (j=1,2, .., M), spanning altogether
a total time interval of duration 7. The afore-
mentioned analysis amounts: i) to choose a
given trial interval u; ii) to cover the total time
interval T by a set of ~ T/u contiguous trial in-
tervals, every one of duration u; and iii) to
count the total number N(u) of elements of the
subset of such trial intervals that contain at least
one event. Let us suppose that the events are
equally spaced, and call Ar = 1,—1 = const =
T/M for every j. In such a case, it is (fig. 6a)

N(u)=M or D=0. for u <At (6.32)
N(u)=T/u or D=1. for u = At  (6.3b)
Np)=1 or D=0. for u=T. (6.3¢c)

In the most general case, let us call the time lag
between any two consecutive events

At =1, - t (=12,.,.M-1) (64
and let us define
(6.5a,b)
(G=12,..,M-1)
and check that (fig. 6b)
Nu)=M or D=0. for u <u_ (6.6a)

Nu)=T/u or D=1. for u>u,,_  (6.6b)

Nuw)=1 or D=0. for u >T. (6.6¢c)
However, in general, for u,, <u <u,, it can be
either 0 < D < 1 (fig. 6b), or D = 1 (fig. 6c).
But, let us consider the actual given {t} data
series, and let us re-define a new time series
{t} by means of the same events, but by redis-
tributing them uniformly over the same total
time interval T. That is, let us imagine trans-
forming, in some continuous way, fig. 6a into
either fig. 6b or ¢, by means of a suitable pro-
gressive re-definition of {z}, starting from a
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Fig. 6a-c. Richardson’s plot for the counts N(u) of
a series of events, occurring at times {t}, versus the
sampling «box» of duration u. a) Case of uniform
relative spacing of the times {z}. b) General case
with 0 < D < 1. ¢) General case with D > 1, that can
never occur.

uniform distribution, towards the final actual
given {z,}. We note that any re-definition of the
distribution of {z}, that implies a deviation
from the uniform distribution, can only produce
a decrease of the straight line between points
M and P in fig. 6a. Moreover, it can be clearly
realized that the point P_, can never be to the
right of point P, as the minimum Az, can never
exceed the Ar = T/M of fig. 6a (in fact, if a
variate gets some larger value than its own
mean, we must also find some value less than
the mean itself, hence the minimum value can
never exceed the mean). Therefore, fig. 6¢ will
never occur. As far as fig. 6b is concerned, ei-
ther the plot between P and P,,_ is an approxi-
mately straight line, or not. In the first case, we
conventionally say that the phenomenon «be-
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haves like a fractal», and that the fractal dimen-
sion must be 0 < D < 1. When the trend is not
linear, we say that the phenomenon «does not
behave like a fractal».

Some implications of this algorithm can be
clarified by a means of a simple example.
Imagine that a large round apple-pie has to be
shared among a large number M of children.
The azimuth ¢, that defines the slices of the
pie, is to be likened to the time # of the time se-
ries above, whose total time interval T is to be
likened to the total round surface of the ap-
ple-pie. An equity criterion is to give a slice of
one and the same size to every child. In this
case, the application of the algorithm above
gives fig. 6a. Instead, suppose applying a dif-
ferent criterion, e.g., by considering the age of
every child, whether he is more or less tall or
fat, etc. Therefore, suppose a slice of a differ-
ent size is given to every child. In such a case,
the algorithm above gives a figure similar to
fig. 6b, where, however, the trend between P,
and P, can be either linear or not, depending
on the criterion chosen for deciding the sizes of
the different slices. For example, suppose that a
few children are sick (say a very small number
m << M of them), so that due to their health
they get only an almost negligible slice of pie.
In such a case, P, in fig. 6b gets very close to
point M, although this does not imply that the
trend between P, and P, is (even only ap-
proximately) linear. Hence, the phenomenon
may, or may not, «behave like a fractal». How-
ever, if one neglects the specific case of the
m < M sick children that altogether get a total
amount ¢ << T of apple-pie, it is possible that
the total remaining amount T —¢ ~ T of pie,
being distributed among M —m ~ M children,
still represents a phenomenon that «behaves
like a fractal». For example, suppose that, apart
the m sick children, the remaining pie is dis-
tributed according to the equity criterion as
above. In such a case, fig. 6a-c is only slightly
modified, in the fact that the plateau between
M and P very soon decays to a lower plateau of
level M-m, while point P is only very slightly
displaced towards the bottom-right, i.e. from
co-ordinates (At, M) to (A't, M—m) where
A't = (T - €)/(M — m), while the fractal dimen-
sion still is D = 1. That is, a few sick children
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do not affect the information that we can obtain
from fig. 6a-c relating to the basic rationale ap-
plied when dividing the apple-pie.

Moreover, suppose that, in addition to the
case of the m sick children, we have additional
constraints, by which the entire set of children is
divided into several subsets, every one of which
has a slice of a given size. Figure 6a progres-
sively transforms as follows. Let us describe
fig. 6a as a plateau between M and P, followed
by an inclined plane with a 45° slope (that, in
fact, is not a plane, as it is a staircase, as N(u) is
an integer function, hence it is step-wise and not
continuous). Every subset of children, that have
a slice different from other subsets’, determines
a fraction of the staircase having its own slope.
Hence, the former staircase of fig. 6a has only
one leap of 45° slope, while in the modified ac-
tual case it eventually divides into a staircase
composed of several leaps, each with its own
different slope. But, as noted above, the stair-
case can only be «eroded» such as from fig. 6a
towards fig. 6b, and never «accreted» such as
from fig. 6a towards fig. 6¢c. Moreover, the ero-
sion determines either one, or a few, leaps be-
tween P and P, distinguished from the very
last 45° leap for 4 > P,, . Whenever the newly
defined staircase composed of several such
leaps can be approximately described in terms
of one unique leap between P, and P, it is
possible to define an average slope and a fractal
dimension D, although, in general, the composi-
tion of the new staircase can eventually deviate
from an approximately straight line.

Summarizing, such a fractal algorithm is a
way of computing some kind of an index (the
fractal dimension D) that is reminiscent, in
some way, of the criterion applied when cutting
the apple-pie.

Similarly to such a simple example, when
applying this algorithm to any given data series,
D is reminiscent, in some way, of the rationale
that determines the pace of the events within
the data series. Summarizing, our concern is
about the trend of Mu) within the Richardson
plot, but only within the interval u_ <u < P
Whenever such a trend is (approximately) lin-
ear, we conventionally say that the phenome-
non «behaves like a fractal», and we define D
in terms of its slope.
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One possibility is searching, e.g., by means
of a Monte Carlo method, for the distribution of
the D values corresponding to a random input
data series. In some respect, this is of little help.
We can apply, rather, such a fractal analysis to
several different data series, and consider di-
rectly whether their respective D’s are identical
or not. However, when carrying out actual ap-
plications, it was realized (Wenjie Dong, within
an investigation in cooperation with the author
and with A. Poma, in preparation) that the defi-
nition of u_, according to (6.5a) was not conve-
nient, due to several facts related to the uneven
nature of the database. For practical purposes
the definition (6.5a) had to be changed into

fho, = LIM (6.7)

(where L is the total time span of the series
{#}), that amounts to investigating, within fig.
6b, only the slope of some suitable right portion
of the segment [P, P, ].

When comparing the D of several data se-
ries, the implicit rationale is that all such phe-
nomena, independent of their eventual mutual
time-delays (that can be null or not, and either
constant, or even varying, on different circum-
stances, depending e.g., on different calorimet-
ric roles played by different energy reservoirs
as per Section 4), should reveal, in any case, the
same D, provided that the pace of their respec-
tive occurrence is controlled by one and the
same prime mover. This, however, is a neces-
sary, although not sufficient, condition. Such a
rationale can appear either reasonable or not,
depending on the kind of natural event that is
considered. For example, a volcanic eruption is
an incontrovertible physical event, measured in
some well defined way. In contrast, a climate
temperature series, or a sea level change, is dis-
played as a curve that must be intrinsically
smoothed over a large set of indirect data
points, every one of which in general can
hardly be characterized by its own error bar.
Therefore, even the same definition of their re-
spective relative minima or maxima depends on
some arbitrary choice, when we must decide
how to smooth a curve over such scattered data.
This means that, when comparing, e.g., the D
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either of volcanic, or of the climate-tempera-
ture, or of the sea-level data series, we implic-
itly (and unavoidably) assume, as a working
hypothesis, that the relevant trend of either the
temperature or the sea level is physically con-
trolled by the pace of vulcanism, in addition to,
and independent of, eventual other effects (such
as the Milankovitch modulation) that introduce
some additional variability. Hence, we implic-
itly, arbitrarily, and tentatively, presume that
any such additional variability is less important
than the effect due to endogenous energy.
Moreover, we assume all this, in addition to the
afore-mentioned drawbacks concerned with the
different error-bars of the data sets.

A concern is about the formal error-bar of
every D, when assessing whether any two D’s
of two different data series ought to be consid-
ered equal or not. For such a purpose, let us
consider the distribution of every estimate of D.
Namely, call {t{} (j=1,2, ..., M) the series
of the dates for the k-th variate, and define the

M(k)
set {D®} beingi=1,2, .., ( ) )where ev-

ery D is one estimate of D resulting from
consideration of any one given couple of
points drawn on the Richardson plot for the
k-th variate. Then, one can evaluate for every k
both the average D™ of such a set, and its
r.m.s. deviation AD”. Moreover, one can eval-
uate the probability that any two distributions
{D®} and (D"} {k#h} have significantly
different mean values, or not. Such a probabil-
ity can be estimated in terms of either one of
two different Student’s t-tests: the first one ap-
plies when the two distributions are believed
to have the same variance, and the second one
when the two distributions are supposed to
have significantly different variances (e.g., use
the subroutines TTEST and TUTEST by Press
et al., 1986).

The box counting method is a simple algo-
rithm that can be generalized in several differ-
ent ways. In terms of the symbols used in (6.2),
D is the slope of the line in the Richardson plot
[log N(u)] versus log u, or it can be defined as
the limit of such a slope for 4 - 0, provided
that one considers only the physical values for
u. In the case of a function f{z) of time 7 (i.e.

782

this is not a point-like process), the following
method was proposed by Grassberger and
Procaccia (1983) (see also de Santis er al.,
1997). Suppose that the d.o.f.’s of the physical
system are m (this is a trial parameter called
embedded dimension). Consider the set

Y =U@.f@+7), .. f@+(m-1)1)} (6.8)

where 1,(i = 1, 2, ... , N) are the time instants of
the available records of f(¢), and 7 is a conven-
tional and given time increment. Such a set {f}
can be representative of the m supposed
d.o.f.’s. Consider an mD space, where every
point is defined by one such set {f;}. Apply as
follows some suitable generalisation of the box
counting method within such an mD space.
Consider an mD box, of linear size r, and let us
count the points falling inside it, or their frac-
tion with respect to the total number of the
available measured points. Grassberger and
Procaccia (ibidem) thus defined the correlation
dimension D_(m, r) as follows

D, (m, )= lim 2€€» (D

6.9
o logr] (6.92)

C,( ! i@(r—‘fi -f)  (©.9b)

CNWN-D &

@)

Ou) = (1 + sign u)/2 (6.9¢)

where O is the Heaviside function.

Such an algorithm, however, cannot be ap-
plied to a point-like process, because the ordi-
nate f{t) of the record is essential. Nevertheless,
the physical idea is the same. This is just an ex-
ample of the variety of different fractal algo-
rithms that can be envisaged and that can be
more or less directly reckoned to each other.
The crucial logical key is that the fractal analy-
sis investigates the intrinsic regularity of the
pace of occurrence of a given kind of event,
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eventually by means of a robust algorithm in
order to get rid of the drawbacks of the incom-
pleteness of the historical data series.

7. Conclusions

Catastrophe management can rely either on a
deterministic approach, i.e. by attempting to
work out some more or less detailed model by
which we can recognize some crucial precursor,
that ought to be hopefully capable of providing
with an error-free forecast with a time- and
space-range suited for the practical needs by
mankind. In general, however, such a target
often appears beyond our reach, due to the
several d.o.f.’s and to our poor understanding
of several basic mechanisms that govern phe-
nomena.

It appears therefore convenient to rely, as far
as possible, on the historical information, capa-
ble per se of providing some useful hints for
forecasting eventual more or less regular re-
turn-times of some unwanted conditions, by
which the occurrence of a catastrophe becomes
comparatively more probable. Such a viewpoint
can be defined as a pragmatic approach. A time
series of catastrophes, however, can only be
approximately likened to a point-like process,
due to the concurrence of both natural and
anthropic causes: a natural phenomenon is con-
sidered a catastrophe only provided that it
causes damage and/or casualities, and such an
effect is associated with the detector/mankind,
depending on its use of territory. Since this has
changed during history, the detector of the
event also implicitly changed in time: thus,
such a time series is necessarily uneven.

It is possible to take advantage of the algo-
rithms of point-like processes only provided
that some suitable warnings are considered. In
general, four basic viewpoints, or a priori as-
sumptions, or rationales, can be applied: i) as-
suming that phenomena are periodical; ii) as-
suming that an event occurs only whenever
some suitable (although eventually unknown)
energy reservoir is filled up to some threshold
(calorimetric criterion); iii) assuming that an
event occurs whenever the physical system ex-
periences some abrupt change of its boundary

783

conditions; and iv) whenever, owing to insuffi-
cient observational information, no such ratio-
nale can be applied, the box counting method
(or some more involved equivalent algorithm of
fractal analysis) can provide interesting hints
on the possible cause-and-effect relations among
different observational time series.

All such algorithms have some intrinsic
analogies and mutual logical relations. They
have been here highlighted, while in the litera-
ture all of them were used on an intuitive basis,
to be separately and independently considered
in every case study. Their combined application
can eventually result heuristically useful. For
example, for clarity, let us suppose we are deal-
ing with a continuous well-behaved 7(7), such
as either a temperature, or the atmospheric
pressure, or else, measured at some given site.
Let us smooth it in order to reject both the daily
and seasonal variations and, eventually, even
some other «short-period» variations (such as
the 11-year cycle in fig. 4, top and intermediate
diagrams). Consider either some resulting func-
tion (such as e.g., the temperature curve in
fig. 1), or e.g., consider the yearly excursion of
the temperature (or else), or, differently stated,
the difference between its maximum and mini-
mum during some given moving time interval,
etc. Tout court, in some way let us state that we
obtained from a former f(f) some new function
&(?) of any kind. One can apply some fractal al-
gorithm (such as the Grassberger and Procaccia
method mentioned in Section 6). Otherwise, de-
fine by means of f(¢) or g(t) a new time-series
p(t) of point-like events, e.g., in terms of the
maxima or minima of g(f). Otherwise, let us
deal directly with any p(t) of point-like events
of any kind. Note that the definition of p(f) can
even suffer from gaps (even having some un-
known distribution and consistency), and with
uneven error-bars versus t, etc. Apply to p(f)
the calorimetric criterion, or the Imbo algo-
rithm, or the box-counting method (much like it
has been done either in fig. 1 for sunspot max-
ima, or in the Imbd histograms for Etna and
Vesuvius for inferring the bottom diagram of
fig. 4). In terms of physical interpretation, this
is an effective way of recognizing phenomena
that can be reasonably guessed to be modulated
by the same prime energy-source. Such an in-
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ference is independent of all logical uncertain-
ties and approximations associated with any
more detailed physical or mathematical model-
ling. For example, essentially this is the com-
mon logical backbone of the algorithms applied
to the two observational databases used to
draw fig. 1.

A few previous applications of such an ap-
proach were apparently useful in providing ei-
ther a successful prevision of a great flood in
Northern Italy, in 1994, or the forecast of the
next expected explosive (sub-Plinian) eruption
of Vesuvius. The success of such approaches,
however, depends on the quality of the avail-
able database, while the skill in data handling
only depends on the capability of the algo-
rithms in obtaining from the available observa-
tions «all» of what is actually and objectively
contained within them, without adding anything
else related to the arbitrariness by the decisions
and implicit assumptions, that are eventually
and/or even unconsciously fed in by the re-
searcher during data handling. Therefore, in the
ultimate analysis, the wealth and quality of the
historical information appears crucial in deter-
mining the physical significance of the results
(concerning a general discussion of the prob-
lems related to historical data, see Gregori and
Gregori, 1998a).
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