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INTRODUCTION

Fractals (Mandelbrot 1983; Falconer 1988,1990; Feder 1989) are associated with irregularity and represent
a powerful tool for investigating phenomena featuring a complex behaviour, as it is the case of the
atmospheric processes playing a role in spreading the radioactive pollution of Chernobyl in the
environment. The introduction of fractals in environmental sciences is quite recent (see, e.g., Belli et al.
1989, 1991; Salvadoři 1989, 1993; Missineo 1994; Quinto 1994; Salvadoři et al. 1994; Salvadoři et al.
1995c). Fractals may account for the presence of strong fluctuations and for the high variability
characterising the natural events involved in the Chernobyl fallout: the geographical sparseness of pollutant
and the presence of "hot spots" make it advisable to use fractals as a theoretical framework for modelling
(see, e.g., Schertzer et al., 1995).

THE 1 3 7Cs AIR CONCENTRATION IN NORTHERN ITALY

The REM (Radioactivity Environmental Monitoring) data bank (Bertozzi et al. 1987), organised by the Joint
Research Centre (JRC) of Ispra (Italy), contains a few thousands radiological measurements collected by
several Laboratories in Europe beginning April 26th, 1986, when the Chernobyl nuclear accident occurred.
The research described in this first part is focused on the analysis of B7Cs air concentration in Northern
Italy (a data base of a few hundreds measurements) where an empirical parametrization of the radioactivity
temporal trend is known in ten Provinces out of fifty (Salvadoři 1989; Quinto 1994; Salvadoři et al.
1995ab). The. function interpolating the available data of radioactivity is the following:

(1)

where: x is the half life of the radionuclide under investigation (here 137Cs); A is the effective rate of the
exponential disappearing of the nuclide concentration (characteristic of a given element but independent
of geographical variables); B accounts for the local intensity of the pollution; C is related to the arrival time
of the polluting cloud in a given location; K is the radioactive background.

Our purpose is to devise a procedure able to estimate the radioactive concentration also in sites where no
measurements are available. For the reasons mentioned above, given the high complexity of the
phenomenon, we try a fractal approach; the parametrization provided by the empirical function (1)
represents a source of experimental information to be properly exploited. The fractal model is based on the
Fractal Sum of Pulses theory (Lovejoy and Mandelbrot 1985; Lovejoy and Schertzer 1985). The basic idea
is to consider the value of a certain quantity (e.g. radioactive pollution), in a given region at a given time,
as the sum of primary pulses, whose intensity, time duration and geometrical spread are random variables
properly distributed and generated according to a precise strategy. Depending on the choice of such
probability distributions, we may reproduce some physical features of the phenomenon under investigation,
such as the presence of strong fluctuations (i.e. the "hot spots"). Our "embedding" space E=E(x,y,t) is 3D,
i.e. two spatial coordinates (e.g. longitude and latitude) and the time (the unity is in days after the
Chernobyl accident). Each primary pulse has a "volume" V generated according to a hyperbolic law:

Pr ( V > v ) <* - (2)
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The contribution Z of each single pulse to the global (additive) process is then related to its volume V by
means of the formula:

Z(r)=± f(r)V l/D
(3)

where D-1.67 (Lovejoy and Mandelbrot 1985; Lovejoy and Schertzer 1985) is called intermittency
exponent, V is the volume of the pulse and f (r) is a regular function (e.g. Gaussian) of the distance | r |
between the generic pulse point r and the origin Co of the pulse.

8 days after. An empirical strategy (Quinto 1994; Salvadoři et al. 1995b) to place
the primary pulses in the embedding space E is to try and simulate the
distribution of the experimental data. In our case, the only source of
available information is represented by the actual distribution F(x,y,t)
of pollutant; basically, the function F(x,y,t) takes the value of
concentration estimated at time t in the Province closest to the point
(x,y). This scheme generates "basins of attraction" specific for each
Province; the greater the value of F in a region of E (as given by the
experimental data) the more the fractal algorithm "works" in such a
region.

Fig. 1: Fractal simulation on May 4th.

The contributions (positive and negative) of all the pulses are added; then, the numerical output is properly
normalised so that the total amount of radioactivity estimated in a certain region at a given time equals the
value obtained by (spatially) integrating F(x,y,t) over the corresponding area. In other words, we only
require an agreement in a "wide" sense, putting a constraint that affects the simulation only at a global
level, leaving untouched all the local fluctuations. Practically, we start out from a flat distribution in each
"basin of influence", we introduce fractal fluctuations and eventually we obtain a fully detailed simulation
of the original phenomenon.

Using the Italian data, we provided (Quinto 1994, Salvadoři et al. 1995b) an estimate of 137Cs concentration
in large unsampled areas covering all Northern Italy; the time interval ranges from 4 to 12 days after the
accident with a temporal resolution of one day (the radioactivity has reached Italy only about 5-6 days after
the accident (Casali et al. 1986), taking its maximum around the 8th day and then fading away). Fig. 1
shows a 3D simulation on May 4th, 1986: the range is 0-2 Bq/m3'
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Fig. 2: Fractal simulation and REM data of 137Cs air concentration in Miláno.

Before discussing quantitatively the goodness of the fractal model, it is worth mentioning that experimental
data are collected (Bertozzi et al. 1987; Salvadoři et al. 1995ab) by means of filters, having an exposure
time of about 8h (or, often, of a whole day), exploiting different (or even unknown) sampling techniques:
this puts an uncertainty of about one day on the sampling date. Also, almost half of the "input information"
are "pseudo-measurements", covering only =15% of Northern Italy. The comparison with the available data
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can be performed (Quinto 1994; Salvadoři et al. 1995b) by plotting on the same graph the fractal estimates
and the original measurements. In fig. 2 we show the situation in Miláno. The disagreement never exceeds
a factor of two and the guess of the arrival time is empirically acceptable; moreover, we find the same
scenario in all the other Provinces.

THE 137CS CUMULATIVE SOIL DEPOSITION IN SEVERAL EUROPEAN COUNTRIES

The research described in this second part is focused on the analysis of I37Cs cumulative soil deposition
measurements collected in several European Countries after the Chernobyl accident. As before, the data
come from the REM data bank (Bertozzi et al. 1987), and are presented in Tab. I for some of the
investigated Countries: we show the number of certified data, their range (in KBq/m2), and the value of the
hyperbolic exponent ô (see below).

Country

Austria
Czechoslovakia
Germany
Italy
Poland

#data

97
105
293
383
349

min

0.740
0.220
0.451
0.001
0.790

max

91.58
17.53
42.08
58.23
71.69

ô
1.73
3.42
1.75
2.04
2.51

Table I: Features of the available data (see text).

This work has two main purposes: first, we study the possible geometrical (multi)fractal (Feder 1989;
Falconer 1990) behaviour of the radioactivity measured in the environment; second, making use of such
an information, we devise a multifractal model able not only to describe the overall distribution of the
radioactive pollutant, but also to estimate it in sites where no data are available; our aim is then to provide
a procedure (based on the theory of geometrical multifractals) able to simulate the actual (multi)fractal
features of the measured pollution and to estimate its concentration in regions not sampled by the existing
monitoring networks (Quinto 1994; Salvadoři et al. 1995c). Most of all, this task is carried out starting only
from the information about position and "intensity" of the available monitoring stations. At present, we may
only show preliminary results, since several refinements are still needed.

We analyse the data on a Country-by-Country basis. The multifractal analysis involves two different but
complementary operations (Quinto 1994; Salvadoři et al. 1995c): on the one hand we investigate the
geographical sparseness of the pollution, on the other hand we estimate its statistical distribution. The
former step is accomplished by calculating the fractal dimensions D^T) (Mandelbrot 1983; Falconer 1988,
1990; Feder 1989) of the set of stations measuring a value greater than a given threshold T; then, DF(T)
represents the dimension function, i.e. the "spectrum" of the fractal dimensions as a function of different
levels of pollution. Thus, DF(T) gives the multifractal features of the cumulative deposition; clearly, a
multifractal approach is more sensitive and accurate than a monofractal one, as it may account for the fact
that low contaminated regions are expected to be more uniformly distributed in space than possible "hot
spots". Fig. 3a shows, as an example, the multifractal spectrum DF(T) as calculated for the data set of
Czechoslovakia: the fractal dimension decreases with increasing threshold T, i.e. the data show a different
fractal behaviour for different radionuclide concentrations. In particular, we see that the "hot spot" region
corresponds to high levels of pollutant very "sparse" in space (i.e. having the lowest fractal dimension).

The statistical analysis of the data aims to look for a hyperbolic distribution of the concentration R:
P r ( R > r ) « r " ô , for R large enough; ô>0 is called the hyperbolic exponent, i.e. to investigate whether,
at least asymptotically, R is hyperbolically distributed. A hyperbolic law is a "natural" choice for fractal
phenomena, since it leads to the appearance of large "anomalous" values ("hot spots"). In Fig. 3b we show
the asymptotic hyperbolic behaviour for the data set of Czechoslovakia. A scenario similar to the one
presented in Figs. 3 is found in all the other Countries (Quinto 1994; Salvadoři et al. 1995c), indicating the
multifractal nature of the cumulative soil deposition; the estimated values of ô are shown in Tab. I. As a
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consequence, these results may support the use of (multi)fractal techniques to simulate the radioactive
deposition.
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Fig. 3: Dimension function and hyperbolic distribution of the REM data in Czechoslovakia.

Briefly, the multifractal algorithm works as follows (Quinto 1994; Salvadoři et al. 1995c). First we generate
a set of pulses (as for the monofractal model) having intensities hyperbolically distributed, where ô is
estimated from real data; then we arrange such pulses on an arbitrary grid taking into account the
information given by the function DF(T): pulses having intensities larger than T are distributed over a
"network" having fractal dimension DF(T), where such networks are generated by means of "pseudo Levy
Flights". The link between the actual geographical distribution of pollution and its use in our model
represents an original innovation. The basic idea is that each measurement has an "influence" on the
simulation proportional to its intensity; such effect is not concentrated onto a single point in space, but
spreads over a whole "basin". A simple way to model it is to use "spatial potentials" V:
V(x) = V0(l -\x\/L), | * | <L; V(jc)=O,| jt |>L ; where V(ac)is the value of the potential at position

x from the location of the station; Vo is the value of radioactivity measured by the station and L is a
(constant) free parameter tuning the influence of the station over the neighbouring space. The overall
potential is simply given by the (spatial) integral (over the chosen grid) of all the single potentials; then,
the global potential is exploited to "drift" any purely random network (generated by means of "pseudo Levy
Flights") toward a spatial configuration closer to the actual distribution of pollution. Finally, each numerical
realisation of the process is added to the previous ones and the field (properly normalised) is compared to
the actual intensity of pollution: if some criterion of convergence is satisfied the simulation stops, otherwise
it produces more and more fields.

As a general comment (results are not shown here - see Quinto 1994; Salvadoři et al. 1995c), the model
is able to estimate the radioactive concentration in locations not sampled by the networks and the "hot
spots" are almost always correctly reproduced. Similar results have been obtained for all the other
Countries and further constraints in the model might improve their accuracy. Some tests performed
neglecting a fraction of the input data have shown that the quality of the outputs is not too much affected,
indicating a fairly good "stability" of the model.

CONCLUSIONS

The proposed (multi)fractal approaches show that it is possible to study both the 137Cs air concentration and .
cumulative soil deposition using (multi)fractal techniques. The algorithms are able to estimate the amount
of pollutant even in regions where no experimental data are available and during time intervals when the
no sampling operations were performed, taking into account both the data sparseness and the presence of
"hot spots". The results agree fairly well with the available data, especially considering the intrinsic
uncertainties of the experimental measurements, and hence they might be of interest both for nuclear and
atmospheric physicists and for epidemiological purposes and risk assessment.
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