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1. Introduction

The El Niño Southern Oscillation (ENSO)
is a complex atmospheric and oceanographic
phenomenon that has been the object of much
attention in recent years. Besides their scientif-
ic importance as major climatic modifiers,
warm ENSO events (i.e. El Niño) have deep
economic and social consequences. The 1982-
83 El Niño motivated a rush of research activi-
ty attempting a better understanding of the phe-
nomenon and, hopefully, forecasting its surging
and duration. With this purpose, many mathe-
matical models have been developed to de-
scribe ENSO but the predictability of El Niño

events is still an open question. The monitoring
of ENSO is mostly based on observations of sea
surface temperatures (averaged to single values
over large regions within the equatorial Pacific
Ocean identified as Niño 4, Niño 3 and even
Niño 3.4) and on differences between Tahiti
and Darwin atmospheric pressure in the whole
tropical Pacific Basin (Rasmusson and Carpen-
ter, 1982; Ropelewski and Jones, 1987; Allan et
al., 1991; Trenberth, 1997; Können et al., 1998;
Wallace, 1998). Such point measures are useful
indicators of the ENSO phenomenon but not
representative of the coupled ocean-atmosphere
phenomenon: the complexity of the climate
system cannot be understood on the basis of
simple and point measures. The NOAA’s Cli-
mate Diagnostics Center in Boulder Colorado
has developed a more holistic approach regard-
ing a Multivariate Enso Index (MEI) (Wolter
and Timlin 1993; 1998) whose positive feature
represents the warm ENSO phase related to El
Niño occurrence. Recently, Mazzarella et al.
(2009) identified a 60-month cycle in MEI se-
ries whose maxima and minima values are
found to be in correspondence of El Niño and
La Niña occurrences. Here we visit the month-
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ly series of MEI as a sequence of El Niño
events according to robust scale-invariant statis-
tical analyses. 

2. Data collection

The data consist of the monthly values of
Multivariate Enso Index (MEI) (interval: 1950-
2008) as computed by Wolter and Timlin
(1993; 1998), taken from website:

http://www.cdc.noaa.gov/people/klaus.wolter/
MEI/table.html, 

where each monthly value is centered between
the preceding and subsequent month: for exam-
ple, the January value represents the value cen-
tered between the December-January months
and so on. The MEI is a multivariate measure of
the ENSO signal derived from six main ob-
served variables over tropical Pacific and be-
longing to Comprehensive Ocean-Atmosphere
Data Set (COADS): sea-level pressure, zonal
and meridional components of the surface wind,
sea surface temperature, surface air temperature

and cloudiness of the sky. The COADS data set
is available at a sufficient resolution such that
large scale patterns (as opposed to point meas-
urements) can be used in relation to each other
to obtain a more comprehensive measure of EN-
SO-related interactions. The MEI values are
standardized with respect to a 1950-93 reference
period and are computed as the first unrotated
Principal Component (Miranda et al., 2008) of
all six combined observed fields with a mean
equal to zero and a standard deviation equal to
1. Such values are expressed as percentages of
standard deviation (Wolter and Trimlin 1993;
1998) and are reported on fig 1.

3. El Niño events and their cumulative 
distribution

To analyse the MEI monthly series as a cat-
alogue of El Niño events, we have computed
many preliminary cumulative-distributions of
the positive monthly values of MEI according
to different grouping intervals to account for the
error due to the estimating. The results of the
different trials have shown that the interval of
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Fig. 1. Time series plot of MEI monthly values from January 1950 to December 2008.

Vol52,5,2009  1-12-2009  13:29  Pagina 518



519

The El Niño events: their classification and scale-invariance laws

0.6 unit yields the best–constrained shape of the
cumulative distribution (fig. 2). This has ranked
the MEI positive monthly values inside a cata-
logue of El Niño events according to the fol-
lowing semi-quantitative strength index (SI)
ranging from 1 to 6: very weak (SI = 1) if 0 ≤
MEI<0.6, weak (SI = 2) if 0.6 ≤ MEI<1.2,
moderate (SI = 3) if 1.2≤MEI<1.8, strong (SI =
4) if 1.8 ≤ MEI<2.4, very strong (SI = 5) if 2.4
≤ MEI<3.0 and extreme (SI = 6) if MEI 3.0.
The so constructed catalogue is found to con-
tain a number N of El Niño events equal to 356
whose logarithmic cumulative distribution is
related to SI through the best fitting: 

log2(N) = a – b SI (3.1)

within the range 1 ≤ SI ≤ 5 and obtained at a
level of confidence higher than 99%. Here, a =
6.48 ± 0.05 is the log2 of the number of events
with SI ≥ 0 and b = 1.19 ± 0.05 is a measure re-

lated to of El Niño generating process. The re-
gression line (3.1) regards a number of pairs NC
= 5 for which the relative confidence level is
here based on the null hypothesis of zero corre-
lation that is rejected at the 99% confidence
when the following relationship:

(3.2)

gives a value greater than that provided by the
Student distribution for a number of degrees of
freedom equal to NC-2 and a correlation coeffi-
cient equal to r (Mazzarella, 1998). The cumu-
lative distribution of El Niño events, verified to
be significantly different from the simulation
obtained when the same number of events is
randomly distributed, can be here interpreted in
terms of scale-invariance of El Niño catalogue
if we consider SI as a simple 1-to-6 index of in-
creasing factor of around 2 (fig. 2). It appears
that the El Niño catalogue is significantly scale
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Fig. 2. Cumulative distribution of the logarithm of the number of El Niño events since 1950 versus their strength
index (SI). The dashed line represents the relative random distribution.
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invariant and presumably complete, during the
period 1950-2008, for all the analysed events
with the exception of the event of March 1983,
classified as SI = 6, i.e., extreme. This indicates
that no El Niño event presumably has in the
past escaped detection and that the event with
SI = 6 probably is not representative of the El
Niño process within the 1950-2008 interval. 

4. The Cantor dust model and the time 
distribution of El Niño events

The scale-invariant properties of time distri-
bution of El Niño events can be investigated on
the basis of the Cantor dust model that is a box-
counting algorithm (Mandelbrot, 1983; Tur-
cotte, 1997) already utilized successfully in dif-
ferent processes involving seismic (Smalley Jr
et al., 1987), volcanic (Dubois and Cheminee,
1991), and flooding (Turcotte and Green, 1993;
Mazzarella, 1998; Mazzarella and Rapetti,
2004) events. To apply the Cantor dust method
to a catalogue, we divide the time interval t0,
over which the series of N events occurs, into a
series of n smaller intervals of length t = t0/n
with n = 2,3,4… and compute the fraction R =
N/n of intervals of length t occupied by events.
If the distribution of events has a fractal struc-
ture then: 

R = C t(1-D) (4.1)

where C is a constant and D is the fractal di-
mension or, equivalently

log(R) = log(C) + (1-D) log(t) (4.2) 

on a log-log scaled plane. The power law (4.2)
must be, moreover, significantly different from
a distribution in which the same number N of
events is randomly spaced in time. It is easy to
show that a regular time distribution of events
causes an increase in D up to the limiting value
D = 1 that is the dimension of a line. On the oth-
er hand, a concentration of events at a definite
time corresponds to the limiting value D = 0
that is the dimension of a single point. As a
mathematical representation, the power law
(4.2) could be valid over an infinite range.

However, for physical applications, there will
be upper and lower limits on the applicability of
the fractal distribution. The fractal dimension
(D = 1-s) is estimated from the slope s that pro-
vides the best least square fit of log(R) on log(t)
at a confidence level higher than 99% according
to relationship (3.2). 

5. Results

The cumulative distribution of the available
356 El Niño events can be explained in terms of
scale-invariance assuming that SI is a simple 1-
to-6 index increasing with factor of 2 (fig. 2). It
appears that the number N of events is linearly
related to SI, on a log-log scaled plane, within
the range 1 ≤ SI ≤ 5, with a level of confidence
higher than 99% and significantly different
from the relative random simulation. This
shows that the catalogue is reasonably complete
to indicate that in the past no El Niño event es-
caped detection and that the event with SI = 6 is
not representative of the El Niño process with-
in the 1950-2008 interval. To verify the scale-
invariant features in the recurrence intervals of
El Niño events, we have applied the Cantor dust
method to their times of occurrence. The small-
est time interval chosen was 1 month, gradual-
ly increased by a factor of 2. The fraction R (the
fraction of time intervals including an event) as
a function of the interval size t, on a log-log
scaled plane, is reported in fig. 3. It shows a lin-
ear relationship (significantly different from the
relative random simulation and confident at a
level higher than 99%) with a fractal dimension
D equal to 0.78 ± 0.01 and with a scaling region
enclosed between 2 and 32 months. R was
found to be not significantly different from the
correspondent random simulation (no cluster-
ing) for values of t >32 months, where the
events fill a line (D = 1) because biased by 60-
month harmonic cycle identified in MEI
monthly data (Mazzarella et al., 2009). In fact,
a Cantor dust algorithm applied to values of in-
creasing intertimes is found to provide a fractal
dimension D = 1 as soon as the scaling region
reaches the value of the period of the long-time
modulating cycle. Again, the 60-month cycle is
found to bias the relative low-frequency spec-
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tral estimates of the monthly MEI series avail-
able only from 1950 for which the comparison
between the fractal dimensions computed uti-
lizing the MEI spectral analysis and the Cantor
dust method is not possible.

6. Discussion and conclusions

The monthly values of the positive feature
of MEI (interval: 1950-2008) have been ranked
as a catalogue of El Niño events according to a
semi-quantitative strength index SI ranging
from 1 to 6 and increasing by a factor of 2. Such
an index corresponds to a qualitative classifica-
tion of El Niño events as very weak, weak,
moderate, strong, very strong, extreme. All the
available El Niño events, qualitatively classi-
fied as very weak, are shown to be scale invari-
ant in respect to SI, with the exception of the
event of March 1983, classified as SI = 6, i.e.,

extreme, to indicate that no small event presum-
ably has in the past escaped detection and that
the event with SI = 6 probably is not represen-
tative of the El Niño process within the 1950-
2008 interval. The application of the Cantor
dust method to the occurrence-times of same El
Niño events has identified different patterns of
time clustering: a region of no clustering with a
fractal dimension D = 1 (that is the topological
dimension of a line) for t >32 months and a re-
gion of moderate clustering with D = 0.78 (with
a topological dimension nearer to that of line
than that of a point) for 2< t <32 months. The
existence of scale-invariant properties in the se-
quence of El Niño events both with respect to
strength and to time occurrence suggests that
scale shifts , from small to large scales, are pos-
sible, even within a limited range, which might
allow a better understanding of the process at
the basis of the phenomenon and possibly to as-
sist in the El Niño prediction. On the other
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Fig. 3. The logarithm of the fraction R of time intervals of length (in months) including at least one event with
SI ≥ 1 as a function log(t). The dashed line  represents the relative random  distribution.
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hand, such invariant-scale properties can be
reasonably interpreted as manifestations of the
self-organized critical state (Bak and Chen,
1989; Bak, 1996) at basis of El Niño process
(Andrade et al., 1995) that depends on numer-
ous meteorological and oceanic factors, linked
together in a non-linear way and with numerous
feedback processes. It is worth noting that the
values of b and D in relationships (3.1) and
(4.1), within their scaling regions of validity,
represent the values of clustering in strength
and in time of El Niño events starting only from
1950. The unavailability of longer series pre-
cludes the investigation of their time changes to
obtain a better understanding of the phenome-
non. For this , the results here obtained should
be considered preliminary. 
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