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We analyze nonstationary *’Cs atmospheric activity concentration fluctuations measured near Chernobyl
after the 1986 disaster and find three new results: (i) the histogram of fluctuations is well described by a
log-normal distribution; (ii) there is a pronounced spectral component with period T=1yr, and (iii) the fluc-
tuations are long-range correlated. These findings allow us to quantify two fundamental statistical properties of
the data: the probability distribution and the correlation properties of the time series. We interpret our findings
as evidence that the atmospheric radionuclide resuspension processes are tightly coupled to the surrounding

ecosystems and to large time scale weather patterns.

PACS number(s): 89.60.+Xx, 02.50.Fz, 05.45.Tp, 87.66.Na

I. INTRODUCTION

Chernobyl’s No. 4 reactor was completely destroyed on
26 April 1986 by explosions that blew the roof off the reac-
tor building and released large amounts of radioactive mate-
rial into the environment, particularly during the first 10
days. The discharge included over 100 radionuclides, mostly
short lived, but the radioactive isotopes of iodine and cesium
were of special radiological relevance from a human health
and environmental standpoint. The cesiums, with lifetimes
on the order of tens of years, have long-term radiological
impact. Especially important is 3'Cs, a 8 and y emitter with
a half life of 30.0 yr (specific activity 87 Ci/g). Its decay
energy is 1.176 MeV; usually divided by 514 keV 8 and 662
keV y. It comprises some 3%-3.5% of total fission prod-
ucts. (It is the primary long-term y emitter hazard from fall-
out, and can potentially remain a hazard even for centuries.)
Radioactive material from the reactor plant was detectable at
very low levels over practically the entire northern hemi-
sphere. Motivated by the need for reliable inhalation dose
rate estimates of radioactive isotopes, daily air filter samples
of aerosol were collected from 1987 to 1991 using high-
volume samplers [1]. Filters exposed to aerosols were
pressed into disks and analyzed by y spectrometry to find the
activity concentrations of atmospheric *¥’Cs. Previous analy-
ses by Garger et al. [2] revealed an exponential decrease of
the absolute values of the activity concentration with time.
The decrease was faster than expected assuming radioactive
decay only, suggesting that mechanisms such as vertical mi-
gration in soil, runoff with rain, or melting water and snow
cover may be responsible for the reduction of the activity
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concentration. Indeed, several experts had apparently pointed
out at the ILA.E.A. Experts’ Meeting in Vienna, August
1986, that the decay rate is faster than should be observed if
radioactivity was the only process involved [3]. This fast
decay rate was a criticism of the prediction of future doses
by Pavlovskij which he has since apparently accepted [4].

It is crucial, when analyzing such data, to know how the
data were collected. (For example, the activity in a town near
the power plant will be of a different nature from data col-
lected in a nearby forest, etc.) The data we analyze were
taken starting in June 1987 with high-volume samples in the
town of Pripyat, located 4 km from the nuclear power plant
in the northwest direction. The resuspension of particulates
deposited on the land surface following atmospheric releases
of radioactive material from Unit 4 of the Chernobyl Nuclear
Power Station in 1986 has been studied for the past 6 yr (see,
e.g., Ref. [1]). In that region, resuspension is a result of the
action of wind blowing across the terrain and from mechani-
cal disturbances such as the movement of motor vehicles and
the activity of farm equipment. In addition, the data gathered
near Pripyat reflect major disturbances such as the demoli-
tion of buildings and the burial of the highly radioactive
““red’” forest. These activities took place prior to 1989. En-
hanced resuspension may also have resulted from major
building and forest fires within the 30-km exclusive zone and
decontamination works.

The fluctuations in the activity concentrations are highly
nonstationary in both space and time. It is well known, for
example, that in the summer the radioactivity is almost three-
fold higher when passing near woodlands than when in open
country. This increase is attributed to trees picking up radio-
activity, and will result in a seasonal fluctuation with a pe-
riod of T=1 yr.

Previous attempts to quantify the experimentally mea-
sured probability distributions of the concentration fluctua-
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tions were limited to statistical characteristics important for
radioecological and radiological estimations, and were in-
conclusive because the data did not fit the log-normal, expo-
nential, or y distributions. Alternative statistical approaches
that apply fractal concepts to the data analysis have been
used by Hatano and Hatano, who proposed a model with
fractal fluctuation of wind speed that successfully reproduces
data of the aerosol concentration measured near Chernobyl
for over 1 decade [5]. They also are able to reproduce the
time dependence of the resuspension factor and obtain values
of the fitting parameters that provide important information
on the emission quantity and removal processes of nuclides
from the accident. Using their model, they predicted a power
law decay of the average aerosol concentration with an ex-
ponential cutoff: (C(t))~e Y"t~#3 and temporal correla-
tions that decay as a power lav ~t~ %3 Here we apply a
different statistical description of the data and show that after
removing the exponential trend in the data, the residual fluc-
tuations are well described by alog-normal distribution. Spe-
cifically, we find that the logarithm of the concentration is a
linearly decaying function of time with fluctuations that are
characteristic of long-range power law correlated Gaussian
noise, with temporal correlations decaying as t %3, i.e,
much slower than the model [5] predicts. On the other hand,
we find no indication of the power law behavior of the av-
erage concentration predicted in Ref. [5].

Il. METHODS AND RESULTS

The original activity concentration data C(t) as afunction
of timet are shown in Fig. 1(a). We apply regression to the
data to obtain the exponential best fit [Fig. 1(b)]

Co(t)=Aexp(—t/7), D

and empirically find A=0.588 mBg/m® and =677 days.
We ‘“‘detrend’’ the data C(t) by dividing it by the exponen-
tial fit Cy(t) [Fig. 1(c)]. We thus obtain a dimensionless time
series that represents rel ative concentration fluctuations away
from the exponentially decaying geometric mean value. Fig-
ure. 1(d) shows the logarithms u(t)=log;q C(t)/Cy(t)] of
these fluctuations. (We choose a logarithmic measuring unit
for the same reason that e.g., acidity and sound intensity are
measured in pH and in dB, respectively.) The nonstationarity
(of the mean) in the data, apparent to the naked eye in Fig.
1(a), appears eliminated in Figs. 1(c) and 1(d).

We apply histogram techniques to find the probability dis-
tribution of u(t). Figure 2(a) shows that u(t) [Fig. 1(d)] is
Gaussian distributed. Therefore, the signa in Fig. 1(c) is
log-normally distributed. Since log-normal distributions of-
ten arise from underlying multiplicative processes, we study
correlations in u(t).

The power spectrum of u(t) cannot be computed using
the fast Fourier transform algorithms because the data are
missing on up to 7% of all days. We calculate the power
spectrum P(f) of the sequence u(t) using a Fourier trans-
form algorithm that can correctly treat the ‘‘missing’’ data.
The ‘‘Lomb normalized power spectrum’’ [6] P(f), often
used when the data are unevenly sampled or missing, is
shown in Figs. 2(b) and 2(c) on a double log scale. (The
Lomb spectrum gives an estimate of the harmonic content of
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FIG. 1. (a) ¥'Cs activity concentration C(t) measured after the
Chernobyl disaster as a function of timet in days. (b) Semilog plot
of the data and the exponential best fit Cy(t)~exp[—t/677], ob-
tained by regression (solid line). (c) Fluctuations after correcting for
the exponential decay. The data C(t) have been divided by the
exponentia fit Cy(t). (d) Logarithms u(t)=log, C/Cy] of these
data. The nonstationarity apparent to the naked eye in (a) appears
eliminated in (c) and (d).

a data set for frequency f that is based on a linear least-
squares fitting to the function A sin(2#ft)+ B cos(27ft)
[6,7].) We find prominent 1- and 2-yr spectral componentsin
the data. This finding suggests that the fluctuations are due in
part to environmental factors. Since the environment has
““memory’’ (long-range correlated behavior), we next test for
long-range correlations in the data. The linear behavior of
the log-log plot of

P(f)~f~7# @

indicates the presence of scale invariant behavior. The scal-
ing exponent B~0.7 indicates that the data are long-range
correlated, since the autocorrelation function decays in time
with exponent y=1—p8 for 0<B<1. Note that =0 for
uncorrelated white noise and 8=1 corresponds to 1/f-type
noise. We have verified our finding of long-range correla-
tions using other methods and find consistent resullts.
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FIG. 2. (a) Semilog plot of the histogram of u(t) along with a Gaussian fit, showing that u closely follows a Gaussian distribution (a

parabola in semilog plot). The fluctuations in C(t) are thus seen to follow a log-normal distribution, after being corrected for the observed
exponential decay. (b) Normalized power spectrum P(f) of u(t) as a function of the period 1/f in years. Due to the lack of data for up to
7% of al days, the spectrum shown has been computed using a Fourier transform algorithm that is immune to the *‘missing data’’ problem
as discussed in the text. The pronounced 1- and 2-yr spectral components suggest that the fluctuations are influenced by environmental
factors. (c) Double log plot of P(f) as a function of frequency measured in yr~'. We have applied logarithmic binning to smooth the
spectrum by averaging over windows which double in size. We find that B(=0.7) is significantly different from zero, so we conclude that
the activity data C(t) are long-range correlated and log-normally distributed around the exponentially decaying function Cy(t). (d) Semilog
plot of activity concentrations as a function of time after the nuclear accident, up to 20 yr. Experimental data are shown for all the dates when
they are available. For future dates when data are not available, we use the model discussed in the text to predict the long-term behavior. The

predicted radiation levels for the future (12 yr after the accident onwards) is below the generally accepted safe level.

I11. MODEL

We model the long-term behavior of the activity concen-
tration fluctuations. We first generate a sequence w(t) of
long-range correlated Gaussian noise with 8= 0.7 (the value
of B observed experimentally). We then exponentiate this
sequence to obtain a second sequence x(t) that is log-
normally distributed as well as long-range correlated. The
normalization of x(t) is such that the mean and variance are
fixed to be identical to those of the sequence u(t) obtained
from real data. Next, we multiply the sequence x(t) by the
exponential best fit function Cgy(t) found empiricaly,
thereby obtaining the model sequence Cy,(t) [Fig. 2(d)]. The
model sequence Cy,(t) and the original data C(t) are char-
acterized by the same exponentia trend, log-normal distribu-
tion, and power spectrum. The predicted activity concentra-
tions never rise above 1072 mBg/m™ 3 after 2000, even for
extremely large fluctuations. The prediction is encouraging
from a human health and environmental perspective, since
this level is considered to be safe.

V. DISCUSSION

The log-normal distribution [8] could be related [2] to
local resuspension of the radionuclides by wind and transport

from distant areas. Additional support for the possihility that
local resuspension is the leading factor determining the ob-
served fluctuation arises: (i) from the presence of the pro-
nounced 1-yr spectral component and (ii) from the observed
long-range correlations, as we next discuss.

(i) A pronounced 1-yr periodicity can be attributed to
large-scale seasonal environmental changes, such as snow
melting, as well as to human agricultural activity, such as
plowing. Both yearly processes can release radioactive ele-
ments accumulated in soil.

(i) Long-range correlations with shorter characteristic
times can be generated by largescale atmospheric turbulence.
It is possible that resuspension of radionuclides due to
changing weather conditions [9] give rise to long-range cor-
related fluctuations around the exponentially decaying aver-
age activity concentrations Cy(t). However, it is clear that it
is not only weather that is responsible for the observed long-
range correlations in the activity levels. Ecosystems consist
of alarge number of reservoirs (e.g., forests, lakes, swamps,
and agricultural fields) of various sizes that can repeatedly
absorb and release radionuclides into the environment [10].
It is well known since the works of Hurst [11] that the level
of water in lakes is characterized by power law decaying
fluctuations with the Hurst exponent H~0.7 [11]. The
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amount of radionuclides released in a unit of time should be
proportional to the derivative of these fluctuations and hence
should have a power spectrum scaling exponent 3=2H -1
[12], which is in qualitative agreement with our measure-
ments. The value of 8~0.7 found by us is larger than the
value 0.4 obtained from Hurst measurements and the dis-
crepancy may be partially related to the fact that the high
frequency part of the power spectrum [see Fig. 2(c)] has a
smaller slope B~0.5. Similar values of B~0.5 as well as
log-normal distributions of fluctuations were obtained for
river discharges [13]. Moreover, the radioactive release is
related not only to lakes but also to other parts of the eco-
system, which may have different Hurst exponents. Indeed,
the influence of weather (and possibly forest fires) on
monthly mean **’Cs concentrations provides an illustration
of how the ecosystem can absorb and release radionuclides
[14]. The power law behavior of the power spectrum indi-
cates that the temporal correlations decay as a power law
~t77, with y=1—8 [15]. Hence our analysis yields y
=0.3. The model of wind resuspension used in Ref. [5] also
predicted power law decaying correlations but with y=2/3,
indicating a much faster decay than we observe. Indeed, such
sowing down of the correlation decay with respect to the
pure atmospheric activity is often observed in the response of
ecosystems such as forests and ground waters [13,16].
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V. CONCLUSION

In summary, we have attempted to find a complete statis-
tical description of the data. We have succeeded in quantify-
ing both the probability distribution as well as the correlation
properties of C(t)—the two most fundamental statistical
properties of time series. As with Refs. [5,17], the values
obtained for the fitting parameters provide important infor-
mation on the emission quantity and removal processes of
radionuclides from the accident site. The differences between
our results and those of Refs. [5,17] may indicate the signifi-
cant role of the ecosystems in the radionuclides resuspen-
sion. One important conclusion is that the observed long-
range correlations are not solely due to the atmospheric
turbulence but are strengthened by the accumulation of ra
dionuclides by ecosystems such as forests and ground wa-
ters.

ACKNOWLEDGMENTS

We thank C. Argolo, M. Barbosa, T. Keitt, S. Lovejoy,
M. L. Lyra, R. Mantegna, R. Nowak, and T. J. P. Penna for
discussions. We thank the Brazilian agency CNPq and NSF
for their support.

[1] EK. Garger, J. Aerosol Sci. 25, 754 (1994).

[2] EK. Garger, V.A. Kashpur, B.I. Gurgula, H.G. Paretzke, and
J. Tschiersch, J. Aerosol Sci. 25, 767 (1994).

[3] USSR State Committee on the Utilization of Atomic Energy
1986, ‘‘ The accident at the Chernobyl nuclear power plant and
its consequences,”’ |IAEA Experts Meeting, Vienna, August
25-29, 1986.

[4] L.A. Ilyin, and Pavlovskij, IAEA Bulletin No. 4.

[5] Y. Hatano and N. Hatano, Atmos. Environ. 31, 2297 (1997).

[6] N.R. Lomb, Astrophys. Space Sci. 39, 447 (1976).

[7] W.H. Press, SA. Teukolsky, W.T. Vetterling, and B.P. Flan-
nery, Numerical Recipesin C: The Art of Scientific Computing
(Cambridge University Press, Cambridge, 1992).

[8] K.E. Bencda and JH. Seinfeld, Atmos. Environ. 10, 941
(1976).

[9] E. Koscielny-Bunde, A. Bunde, S. Havlin, H.E. Roman, Y.
Goldreich, and H.-J. Schellnhuber, Phys. Rev. Lett. 81, 729
(1998).

[10] T.H.F. Allen and T.B. Starr, Hierarchy (Chicago University
Press, Chicago, 1982).

[11] H.E. Hurst, R.P. Black, and Y.M. Simaika, Long-Term Sor-
age: An Experimental Sudy (Constable, London, 1965).

[12] Fractals in Natural Sciences, edited by T. Vicsek, M.
Shlesinger, and M. Matsushita, (World Scientific, Singapore,
1994).

[13] J.D. Pelletier and D.L. Turcotte, J. Hydrology 203, 198 (1997).

[14] EKK. Garger, F.O. Hoffman, and K.M. Thiessen, Atmos. Envi-
ron. 31, 1647 (1997).

[15] C.-K. Peng et al., Phys. Rev. E 47, 3730 (1993).

[16] H. Lange, Int. J. Computing Anticipatory Syst. 3, 169 (1999);
See adso H. Lange, http://www.interjournal.org, MS 250
(2000); http: // www.bitoek.uni - bayreuth.de/ Holger.Lange/
iccs2 / cover.htm (preprint).

[17] Y. Hatano, N. Hatano, H. Amano, T. Ueno, A.K. Sukhoruch-
kin, and S.\V. Kazakov, Atmos. Environ. 32, 2587 (1998).



