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An improved theoretical scheme for sensing temporal and spatial structure of the chemical pollution sub-
stances in the forested watersheds is theoretically investigated and applied to an analysis and modelling the
concentrations of phosphates and nitrates. The effects of stochasticity and chaotic features in the chemical
pollution structure of the watersheds are discovered on the basis of the correlation dimension approach to
empirical time series data. As the concrete example, there are studied a dynamics of the daily values of the
concentrations of phosphates and nitrates, water flows (forested watershed Maleno, Small Carpathians,
Slovakia) in 1991/1992 years and the relationship between the correlation dimension and embedding
dimension is computed. The finite correlation dimensions obtained for the two series indicate that they all
exhibit chaotic behaviour. The presence of the deterministic chaos elements at each of the two studied scales
suggests that the dynamics of transformation of the chemical pollution component between these scales may
also exhibit chaotic behaviour. This, in turn, may imply the applicability (or suitability) of a chaotic approach
for transformation of the the pollution component data from one scale to another. Thus, for hydroecological

systems it can be principally possible a scenario of so-called automodelity.
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1. INTRODUCTION

This paper devoted to development of the an improved
theoretical scheme for sensing temporal and spatial struc-
ture of the chemical pollution substances in the forested
watersheds. Let us underline that a problem of environ-
ment protection, including atmosphere, hydrosphere and
other environments, remains on of the most complex and
actual problems in a modern ecology and related sciences
[1-26].

Despite of a great number of different as a rule, sim-
plified mathematical models, including different probabil-
ity and stochastic models, hitherto it is absent a compre-
hensive quantitatively correct treating the environment
pollution problem. As it was indicated in [22] carrying
out new, effective schemes for sensing air pollution field
structure in atmosphere in general and atmosphere of
industrial cities in particular is one of the most actual and
complex problems of modern atmosphere and environ-
mental science (see also [3-20]). Generally specking a
modern state of art stimulates a development of princi-
pally new approached to problem of environment treating
and protection, including development and using non-
standard numerical models.

Earlier we have presented a new scheme for studying
temporal and spatial structure of the air pollution fields in
the industrial city’s atmosphere on the basis of correlation
integral method and fractal formalism. The last methods
are part of the modern powerful non-linear analysis tools,
which include advanced techniques such as a wavelet
analysis, mutual information approach, false nearest
neighbour algorithm, the Lyapunov exponent’s analysis,
and surrogate data method, stochastic propagators formal-
ism, memory functions methods and others (see, for de-
tails, [1,2]). A great number of different experimental

methods are used in studying the atmosphere and hydro-
sphere pollution. The standard methods are based on the
physical-chemical analysis. In problem of air pollution ,
in last years a great interest attracts using laser emission
analysis schemes.

In this paper we present an improved theoretical
scheme for sensing temporal and spatial structure of the
chemical pollution substances in the hydroecological
system, namely, the forested watersheds and applied it to
an analysis of the concentrations of phosphates and ni-
trates. The effects of stochasticity and chaotic features in
the chemical pollution structure of the watersheds are
discovered on the basis of the correlation dimension ap-
proach to empirical time series data [27,28].

As the concrete example, there are studied a dynamics
of the daily values of the concentrations of phosphates
and nitrates, water flows (forested watershed Maleno,
Small Carpathians, Slovakia) in 1991/1992 years and the
relationship between the correlation dimension and em-
bedding dimension is computed. The finite correlation
dimensions obtained for the two series indicate that they
all exhibit chaotic behaviour.

The presence of the deterministic chaos elements at
each of the two studied scales suggests that the dynamics
of transformation of the chemical pollution component
between these scales may also exhibit chaotic behaviour.
This, in turn, may imply the applicability (or suitability)
of a chaotic approach for transformation of the the pollu-
tion component data from one scale to another. Thus, for
hydroecological systems it can be principally possible a
scenario of so-called automodelity. It opens new perspec-
tives in studying the systems, for which it is characteristic
an absence of the detailed data on pollution etc.
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2. NON-LINEAR MULTI-FRACTAL ANALYSIS AP-
PROACH

As it has been earlier noted [1,4,8], a hydroecological
system as many other ecological, geophysical, biological
systems (and the dynamics of their key characteristics
fluctuations) can be described as a mechanical dissipative
multi-level system, which are fundamentally non-linear. It
is well known that the similar dynamical dissipative
systems very often have parameter ranges, in which the
dynamics is chaotic. Non-linear systems typically have a
long-term behaviour, 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-integer, i.e.
fractal. Non-linear systems of fractal objects 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 scaling. For non-uniform fractals
one must say about multi fractal dimension spectrum.
This phenomenon was discovered in many systems
(c.f.[1-8]).

As the key methods of the modern non-linear-analysis
technique has been in details presented earlier here, we
are limited only the key elements of the multifractal
approach to determination of structure of the chemical
pollutions in hydroecological system on an example of the
forested watershed. Below we follow our presentation
[22]. The presence of chaos in the time series of the
chemical pollutant concentrations in the watershed
dynamics is investigated by employing the correlation
dimension method (c.f.[1]).

The correlation 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 [1,8,22,23].

The correlation dimension method uses the correlation
integral (or function) to distinguish chaotic and stochastic
systems. The Grassberger-Procaccia algorithm [11]
employed in the present study for estimating the
correlation dimension of the pollution series, uses the
concept of phase-space reconstruction. 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
[4.8]

Y./:(Xj7Xj+t9Xj+219"'3Xj+(m’1)l) (l)

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 correlation
function C(r) is given by [11]

2
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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 -Yj|; r is
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 characterises the long-term
behaviour of a system in the phase-space) then, for
positive values of r, the correlation function C(7) is related
to the radius » by: C(r) ~ar", where a is constant and 7 is
the correlation exponent or the slope of the log C(r)
versus Jlog r plot given by

log C(r)
logr

v= lim
V,’NO,NNA
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The slope is generally estimated by a least-squares fit
of a straight line over a certain range of r, called the scal-
ing region. The presence/absence of chaos can be
identified wusing the correlation exponent versus
embedding dimension plot. If the correlation exponent
saturates and the saturation value is low, then the system
is generally considered to exhibit 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
exponent increases without bound with increase in the
embedding dimension, the system under investigation is
generally considered as stochastic.

3. RESULTS AND CONCLUSIONS

As the concrete example, we e studied a dynamics of
the daily values of the concentrations of phosphates and
nitrates, water flows for the forested watershed of Male-
no, (Small Carpathians, Slovakia) in 1991/1992 years and
computed the relationship between the correlation dimen-
sion and embedding dimension. . As a first step, the pre-
sent study investigates the chemical pollution 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 period of about 20 years observed at the
Maleno [28] are analysed (independently) to investigate
the existence of stochasticity (chaos). The underlying
assumption is that the individual behaviour of the dynam-
ics of the processes at these scales provides important
information about the dynamics of the overall dusty air
pollution transformation between these scales. More spe-
cifically, if the pollution variability processes at different
scales exhibit chaotic behaviour, then the dynamics of the
transformation between them may also be chaotic.

Figure 1 shows the variation of the quart-daily values
of the concentrations of phosphates and nitrates, water
flows (forested watershed Maleno, Small Carpathians,
Slovakia) in 1991/1992, respectivelys. The correlation
functions and the exponents are computed for the three
series. The delay time, t, for the phase-space reconstruc-
tion 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.
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Fig. 1 — Daily values of the concentrations of phosphates and nitrates,
water flows (forested watershed Maleno, Small Carpathians, Slovakia)
in 1991/1992, respectively.

For the quart-daily phosphates pollutant component
series, figure 2 shows the relationship between the corre-
lation integral, C(r), and the radius, r, for embedding
dimensions, m, from 1 to 10. For all the series, the corre-
lation exponent value increases with the embedding di-
mension up to a certain dimension, beyond which it is
saturated; this is an indication of the existence of determi-
nistic dynamics. More exact saturation values of the
correlation exponent (or correlation dimension) for the
three quart- daily pollutants and water flows series are
respectively, 2.7, 2.9, 3.2.
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Fig. 2 - The relationship between the correlation dimension and embed-
ding dimension (phosphates pollutant series)

Obviously, that one should wait for the finite correla-
tion dimensions obtained for the three series and it indi-
cate that they all exhibit chaotic behaviour. The presence
of the deterministic chaos elements at each of the studied
scales (quart-daily, half-daily, daily) suggests that the
dynamics of transformation of the chemical pollution
component between these scales may also exhibit chaotic
behaviour. This, in turn, may imply the applicability (or
suitability) of a chaotic approach for transformation of the
the pollution component data from one scale to another.
Conclusion is to be obvious. Namely, the found features
allow making conclusion about fractal properties of the
the phosphates and nitrates pollutions concentration se-
ries, as it has been earlier indicated in [2,8]. The further
work should include a total non-linear analysis, modeling
and predictions with using an advanced techniques such
as a wavelet analysis, mutual information approach, false

nearest neighbour algorithm, the Lyapunov exponent’s
analysis, and surrogate data method, stochastic propaga-
tors formalism, memory functions methods and others
(see, for details, [1-18]).
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JAAHAMUKA XUMHUYECKOI'O 3AT'PA3HEHUS JIECHBIX BOJOCBOPOB: HOBBIE JAHHBIE 11O
KOPPEJISIHMOHHOU PASMEPHOCTHU U JIEMEHTAM XAOCA BO BPEMEHHBIX PAJAX

10.41. BynsikoBa, KkaHj. Teorp. H.

Ooeccruti 20cy0apCcmeeHublil HIKON0UYECKULL YHUSepcument,
ya. JIvsosckaa, 15, 65016, Odecca, Ykpauna

M3noxeH yaydIleHHbIH TEOPETUUECKUI MOAXO0MA Ul U3Y4YEHUs BPEMEHHOM M NMPOCTPAHCTBEHHOM CTPYyK-
TYpPBbI XHMHUYECKOTO 3aTPA3HEHUS JIECUCTBIX BOJOCOOPOB M PACCMOTPEHO €r0 MPUMEHEHUE B CIydae 3a1aqd O
BPEMEHHOI AMHAMUKE M3MCHEHMSI KOHIIeHTpauui GocdaToB u cynbdparoB. OOHapyKEeHbI XaOTHIECCKHE OCO-
OEHHOCTH B CTPYKTYpe XHMUYECKOTO 3arps3HEHUs] BOJOPA3/IE/IOB HA OCHOBE METOA KOPPEISIIHOHHOM pa3-
MEPHOCTH, IPUMEHEHHOTO K aHaIM3y 3MIUPUYECKUX BPEMEHHBIX pAI0B. B kauecTBe KOHKPETHOro NpUMepa,
YHCJICHHO M3y4YeHa AMHAMHKA YeTBEPThCYTOUHBIX 3HAUCHUI KOHIEHTpanui docdaroB u cynbdaToB, pacxo-
JIOB BOJbI JUisi jiecucToro Bomocbopa Maleno (Mansie Kapnatel, CioBakus) B 1991/1992 roma. Uucnenno
OLICHEHBI COOTHOIIEHHSI MEXIy KOPPENSIMOHHOH pa3sMEpPHOCTBIO M Pa3MEPHOCTBIO BIOXeHMs. KoHeuHble
3HAUCHUS] KOPPEISIIMOHHOW pa3sMEpHOCTH JUIS M3YUYEHHBIX DPANOB 3HAYCHUH KOHHEHTpamuil docdaroB u
Cynb(haToB, pacXxoJ0B BOIBI MOKA3BIBAIOT, YTO BCE OHM JEMOHCTPUPYIOT XaoTHUeckoe moseaeHue. Hammane
9JIEMEHTOB Xa0ca B KaXJIOM M3 UCCIECAOBAHHBIX BPEMEHHBIX PSIOB HA pACCMOTPEHHOM BPEMEHHOM MHTEpBa-
Jie TIpefoNpeesseT BO3MOXKHOCTh TPaHC(HOPMAIMK JTHHAMUKN KOHIIEHTPAIMH 3arps3HSIONINX BEIIECTB Ha
JpyrHe BpeMeHHbIe MaclTalbl, (PaKTHYECKH Iepexo.is OT OJJHOTO JIOKAIFHOTO BPEMEHHOI'0 MacIuTada K py-
TroMy, B 4aCTHOCTH, Oojiee rio0asbHOMY. TeM caMbIM, JUI THAPOIKOJIOTHYECKHX CHCTEM HPUHIUITHAIEHO
BO3MOXKHBIM CTAaHOBUTCS CLICHApUH Tak Ha3bIBaeMOI aBTOMOJICIbHOCTH.

KiioueBble ¢j10Ba: XUMHYECKOE 3arpa3HeHHe, KOHIeHTpauuu GocdaToB u cynb(aTos, JeCHbIE BOJOCOOPHI,
KOpPEISIIMOHHAS Pa3MEPHOCTh, CTOXaCTUYHOCTb, Xa0C

JAAHAMIKA XIMIYHOI'O 3ABPYIHEHHSI JIICOBUX BOAOALIIB: HOBI IAHI ITO
KOPEJISIONIMHIN PO3MIPHOCTI I EIEMEHTAM XAOCY B YAACOBHUX PAJAX

10.51. BynsikoBa, KaHz. Teorp. H.

Ooecvruti Oepoicagnull ekono2iunull yuieepcumem, gyi. Jlvsiscoka, 15, 65016 Odeca, Ykpaina

BuknaieHo OKpaIeHUi TeOPSTUUHHUIN iAXiA U1l BUBYCHHS 4acOBOI i IPOCTOPOBOT CTPYKTYPH XiMI4HO-
T0 3a0pyIHEHHs JTICHCTHX BOZ0300piB i PO3IJISIHYTO HOr0 3aCTOCYBaHHS B pa3i 3aBAaHHS [P0 4acOBY JHHA-
Milli 3MiHH KOHIIEHTpamiil gocdatiB i cynapdariB. BuspieHi XaoTHYHI OCOOTUBOCTI B CTPYKTYpPi XiMi4HOTO
3a0pyIHEHHS BOAOJALTIB HA OCHOBI METOIY KOPEAMiHHOI pO3MIPHOCTI, 32CTOCOBAHOTO JI0 aHATI3y eMITipUY-
HHX YacOBHX DsiB. SIK KOHKPETHHI MPHKIIAJ, YUCEILHO BUBYCHA JMHAMIKa YBEPTHCYTOYHUX 3HAYCHb KOH-
nenrpaniit pocdaris i cynbgariB, BUTpaT BOAU I JIICHCTOTO Boxo36opy Maleno (Mani Kapnaru, CrnoBau-
yuHa) B 1991/1992 poxy. UncenbHO OLiHEHi CIIBBIIHOIICHHS MiXK KOPEISIIHHOI0 PO3MIPHICTIO i po3MipHic-
TIO BKJIaJeHHs. KiHIeBi 3HaueHHs KOPEJIiHHOT PO3MIPHOCTI JUIsl BUBYECHHX PsIiB 3HaYeHb KOHIEHTpALiN
¢docdaris i cynbdaTiB, BATpAT BOAU CBiqUaTh, 0 BCi BOHU AEMOHCTPYIOTh XaOTHUHY HOBeiHKy. HasBHICTH
CJIEMEHTIB XaoCcy B KOXKHOMY 3 JOCII/DKEHHX YaCOBHX PSIiB Ha PO3INISTHYTOMY YaCOBOMY iHTEpBaji 3yMOB-
JII0E MOYKIJIMBICTD TpaHc(opMamii JMHAMIKH KOHIIEHTpAIii 3a0pyJHIOIOYNX PEYOBHH HA 1HII YacOBl MacIITa-
0n, (paKTUYHO MEPEXOIIYM BiI OJHOTO JIOKAIFHOTO THMYACOBOIO MacmTaly IO iHIIOTO, 30Kpema, OiabIn
rinobanbHOro. TuM camMuM, ISl TiAPOCKOJIONIYHMX CHUCTEM NPHHIMIIAIBHO MOXIJIHBHAM CTa€ CLCHapii Tak
3BaHOi aBTOMO/ICIIBHOCTI.
Karwuosi cioBa: ximiuHe 3a0pyaHeHHS, KOHIICHTpallii ¢ocdatis i cynbdaris, JiCOBI BO10300pH, KOpe-
JSIifiHA PO3MIPHICTB, CTOXaCTHYHICTb, Xa0C
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Hama nocmynaenus okonyamenvhotui éepcuu 15.06.2015
Jlama onybauxoeanus cmamou: 24.09.2015
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