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Abstract

SENSING AIR POLLUTION FIELD STRUCTURE IN THE INDUSTRIAL CITY’S
ATMOSPHERE: STOCHASTICITY AND EFFECTS OF CHAOS

A. V. Glushkov, Yu. Ya. Bunyakova, V. N. Khokhlov, G. P. Prepelitsa and 1. A. Tsenenko

A new scheme for sensing temporal and spatial structure of the air pollution fields in the
industrial city’s atmosphere is considered and applied to an analysis of the Odessa atmosphere
aerosol component data. Effects of stochasticity and chaotic features in the dusty air pollution
field structure are discovered on the basis of the correlation dimension approach to empirical
data.
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Pesrome

JETEKTYBAHHS CTPYKTYPU I1OJIA1 3BABPYIHEHHA ATMOC®EPU
IMPOMUCIOBOI'O MICTA: CTOXACTUYHICTD I EOEKTU XAOCY

A. B. I'nywixos, 10. A. Bynaxosa, B. M. Xoxnos, I'. I1. Ilpenenuua, 1. O. I]enenxo

Po3risiHyTO HOBY CXeMy JA€TEKTYBaHHS IMPOCTOPOBO-YACOBOI CTPYKTYPH TIOJIIB 3a0py/THEHHS
MOBITPs B aTMocdepi MpoMUcIoBOro Micta. CxeMy MPOTECTOBAHO HA JIAHUX IO aePO30JIbHOMY
ity B atMocdepi M. Oneccu. Ha migcraBi aHamizy eMImipiyHUX JaHUX B MEKaX METOIY KOPeIIs-
LIMHOI pO3MIPHOCTI BUSBIICHI CTOXACTHYHICTh Ta €(PEKTU XaoCy y AUHAMMUII 1 CTPYKTYPi OIS
3a0pyIHEHHS aTMOchepH IMIPOMHUCIOBOIO MiCTa.

KuarouoBi cioBa: geTekTyBaHHs, 3a0py/THEHHS MOBITPS, MPOMUCIOBE MICTO, KOpETsIliiiHa
PO3MIpPHICTh, CTOXaCTUYHICTh, Xa0C
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Pe3rome

JAETEKTUPOBAHUME CTPYKTYPBI ITOJIA 3ATPASHEHUA ATMOC®EPHI
MNPOMBIIIJIEHHOI'O T'OPOJA: CTOXACTUYHOCTD 1 DOPEKTHBI XAOCA

O. B. I'nywixos, 0. 4. Bynakosa, B. H. Xoxnos, I. Il. IIpenenuua, U. A. I]enenxo

PaccmoTpena Teoperuueckasi cxema JI€TEKTUPOBAHMS IPOCTPAHCTBEHHO-BPEMEHHON CTPYK-
TYpBI TTOJIeH 3arps3HEHMs BO3yXa B aTMoc(epe MPOMBIIIIIEHHOTO ropoaa. CxeMa mpoTecTupo-
BaHa Ha JJAHHBIX 110 a3PO30JILHBIM B3BecsIM B aTMocgepe r. Oneccbl. Ha ocHOBe aHanm3a aMIm-
PUMUECKHUX JaHHBIX B pAMKax METOJa KOPPEISIIIMOHHON Pa3MEepHOCTH OOHAPYKEHbI CTOXACTUY-
HOCTB U 3QPEKTHI Xaoca B AMHAMUKE M CTPYKTYPE OIS 3arpsiI3HEHUsT aTMOC(Epbl TPOMBIIIIICH-

HOTO TOPO/IA.

KmioueBble cjoBa: ACTCKTUPOBAHUE, 3arpsA3HCHUC BO3/yXa, HpOMbIH_IJ'ICHHBII‘/'I ropoa, Koppe-

JIALUOHHAsA pasMEPHOCTb, CTOXACTUYHOCTDb, Xa0C

One of the actual problems of modern atmos-
phere and environmental physics is carrying out
new, effective schemes for sensing air pollution
field structure in atmosphere in general and atmos-
phere of industrial cities in particular (c. f. [1-15]). A
great number of different experimental methods are
used in studying the atmosphere pollution. Besides
standard physical-chemical analysis, in last years a
great interest attracts using laser emission analysis
schemes. They are based on using different linear
and non-linear optical phenomena. In particular, an
effect of the low threshold laser clamp on the solid
ingredients of the disperse medium [1,2]. This effect
is technically realized in real atmosphere on the dis-
tances of hundred meters from emitter. As emitters
the pulsed laser (CO,, HF, DF etc.) are used. Gener-
ating the optical emission spectra, electric and mag-
netic pulses and also acoustical emission follows the
distant laser clamp.

Within scheme of the distant spectral chemical
analysis laser source must provide evaporation of
the aerosol component (soil particles, products of
the metallurgical and other productions, organic
substances etc.) and exciting intensive emission
spectra in the corresponding vapours simultaneous-
ly. Here it is arisen a class of tasks, connected with
studying the key features of the corresponding aero-
sol components. In last years it has been shown that
the aerosol particles are created in many natural
processes (coagulation of the smoke particles, clus-
ters in the clouds, ceramic materials etc.). and pos-
sessed by the fractal structure (c. f. [2]).

This paper goes on our work on development of
the new, effective theoretically optimal technologi-
cal schemes for sensing temporal and spatial struc-
ture of the air pollution fields in the industrial city’s

atmosphere and creation of the corresponding laser
emission analysis methodises. The first task is to
carry out studying the key features of the air pollu-
tion fields in the industrial city’s atmosphere. The
next problem is connected with searching optimal
laser emission spectrum analysis methodises. Here
we present new theoretical approach to sensing tem-
poral and spatial structure of the air pollution fields
in the industrial city’s atmosphere and applied to an
analysis of the Odessa atmosphere aerosol compo-
nent data. On the basis of the correlation dimension
approach to empirical data we have discovered the
effects of stochasticity and fractal features in the
dusty air pollution field structure.

Further let us note that the atmosphere as many
other physical, geophysical, biological systems (and
the dynamics of their key characteristics fluctua-
tions) can be described as a mechanical dissipative
multi-level system, which are fundamentally non-
linear (c. f. [2-10]). It is well known that the similar
dynamical dissipative systems very often have pa-
rameter ranges, in which the dynamics is chaotic.
Non-linear systems typically have a long-term be-
haviour, which is described by an attractor in phase
space. At the same the chaotic dynamics in details is
often unknown. It is well known that an attractor is
called strange attractor if its dimension is non-inte-
ger, i. e. fractal. Non-linear systems of fractal ob-
jects like interfaces or time-series is their scaling
property related to invariance under magnification.
For uniform fractals one-fractal exponents, the so-
called fractal dimension, uniquely describe the scal-
ing. For non-uniform fractals one must say about
multi fractal dimension spectrum. This phenomenon
was discovered in many systems (c. f. [2]). Here we
will find it in the temporal and spatial structure of
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the dusty air pollution fields in the industrial city at-
mosphere. The presence of chaos in the dusty air
pollution dynamics is investigated by employing the
correlation dimension method (c. f. [3]). The corre-
lation dimension is a representation of the variability
or irregularity of a process and furnishes information
on the number of dominant variables present in the
evolution of the corresponding dynamical system. It
can indicate not only the existence of chaos in the air
pollution variability process, if any, but also reveal
whether the process is deterministic or stochastic, if
not chaotic.

The correlation dimension method uses the corre-
lation integral (or function) to distinguish chaotic
and stochastic systems. The Grassberger-Procaccia
algorithm [3] employed in the present study for esti-
mating the correlation dimension of the dusty air
pollution series, uses the concept of phase-space re-
construction. For a scalar time series X i, where i =1,
2,..., N, the phase-space can be reconstructed using
the method of delays, according to (e. g. Takens,
1981):

Y =X, X 0 X e X 0D, (1)

T 200

where j=1, 2,...., N-(m-1)t/Dt; m is the dimension of
the vector Y, also called the embedding dimension;
and ¢ is a delay time.

For an m-dimensional phase-space, the correla-
tion function C(r) is given by

C(r)= lim LZH@— Y -Y.l). (2
Vo= N(N =D o

Here H is the Heaviside step function, with
H(u) = 1 for u > 0, and H(u) = 0 for u<0, where
u=r-Y -Yjl; ris the radius of sphere centred on Y or
Y, and 1<i<j<N. If the time series is characterised
by an attractor (a geometric object which character-
ises the long-term behaviour of a system in the
phase-space) then, for positive values of r, the corre-
lation function C(r) is related to the radius r by:
C(r) ~ar", where a is constant and » is the correlation
exponent or the slope of the log C(r) versus log r plot
given by

log C(r)
logr

V= lim

5~0,N~A

3)

The slope is generally estimated by a least-
squares fit of a straight line over a certain range of r,
called the scaling region. The presence/absence of
chaos can be identified using the correlation expo-
nent versus embedding dimension plot. If the corre-
lation exponent saturates and the saturation value is
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low, then the system is generally considered to ex-
hibit low-dimensional chaos. The saturation value of
the correlation exponent is defined as the correlation
dimension of the attractor. The nearest integer above
the saturation value provides the minimum number
of variables necessary to model the dynamics of the
attractor. On the other hand, if the correlation expo-
nent increases without bound with increase in the
embedding dimension, the system under investiga-
tion is generally considered as stochastic.

Further we present the results of the applying cor-
relation dimension method to an analysis of the
Odessa atmosphere aerosol (dusty) air pollution data
and sensing the effects of stochasticity and fractal
features in the air pollution field structure. As a first
step, the present study investigates the dusty air pol-
lution variability series of different (temporal)
scales. Data of four different temporal scales, i. e.
daily, 1-week, 0,5-month, and 1-month, over a peri-
od of about 20 years observed at the Odessa city are
analysed (independently) to investigate the exist-
ence of stochasticity (chaos). The underlying as-
sumption is that the individual behaviour of the dy-
namics of the processes at these scales provides im-
portant information about the dynamics of the over-
all dusty air pollution transformation between these
scales. More specifically, if the dusty air pollution
variability processes at different scales exhibit cha-
otic behaviour, then the dynamics of the transforma-
tion between them may also be chaotic.

Figure 1 shows the variation of the air pollution
dusty component series at the Odessa city from 1976
till 200 years. Statistics of the Odessa dusty air pol-
lution data is as follows: Statistics of signal <Dust>:
number of data points: 3324; sample distance:
1Dust; Min. Value 0. 1 at 202Dust, and Max. Value
2.5 at 65Dust; mean: 0. 549012; median: 0. 4; stand-
ard Dev.: 0. 396051; mean abs. dev.: 0. 307072; var-
iance: 0. 156857/2; skewness: 1. 60913; kurtosis: 2.
6079;center of Mass: 113. 502Dust; Integral: 177.
88Dust; Absolute integral: 177. 88Dust; Linear Re-
gression: y-offset: 1. 0355 slope: -0. 00301231Dust.
The correlation functions and the exponents are
computed for the four series. The delay time, t, for
the phase-space reconstruction is computed using
the auto correlation function method and is taken as
the lag time at which the auto correlation function
first crosses the zero line.

For the daily air pollution dusty component se-
ries, figure 2 shows the relationship between the cor-
relation integral, C(r), and the radius, r, for embed-
ding dimensions, m, from 1 to 10. For all the series,
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the correlation exponent value increases with the
embedding dimension up to a certain dimension, be-
yond which it is saturated; this is an indication of the
existence of deterministic dynamics. The saturation
values of the correlation exponent (or correlation di-
mension) for the four daily air pollution dusty com-
ponent series are respectively, 2. 72, 3.42,4. 15, and
5. 92. The finite correlation dimensions obtained for
the four series indicate that they all exhibit chaotic
behaviour. The presence of chaos at each of these
four scales suggests that the dynamics of transfor-
mation of air pollution dusty component between
these scales may also exhibit chaotic behaviour.
This, in turn, may imply the applicability (or suita-
bility) of a chaotic approach for transformation of
the air pollution dusty component data from one
scale to another.
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Figure 1. The variation of the air pollution dusty
component series at the Odessa city
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Figure 2. Relationship between correlation dimension
and embedding dimension for daily series
(2000-2002)

Discovered features allow making conclusion
about fractal properties of the dusty air pollution
component series, as it was indicated in ref. [14,15].
How to use this effect in the modern laser emission
sensor technologies, we consider in the next paper.
Here we only note that obtained information about
dynamics and structure of the dusty air pollution
component may be very useful and important under

searching optimal laser emission spectrum analysis
methodises. Naturally this is regarding further tech-
nological realizations for laser emission sensor of
the air pollution field structure in the industrial
city’s atmosphere.
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