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This paper presents the advanced quantitative studying results of a pollution dynamics for variations hy-
droecological systems, namely, the nitrates and sulphates concentrations dynamics for a number of the Small
Carpathians river’s watersheds in the Eastern Slovakia. The different methods and algorithms of the chaos
theory (chaos-geometric approach) and dynamical systems theory have been used in the advanced versions.
New more exact data on chaotic behaviour of the nitrates and sulphates concentration time series in the wa-
tersheds of the Small Carpathians are presented. To reconstruct the corresponding attractor, the time delay
and embedding dimension are needed. The parameters are determined by the methods of autocorrelation
function and average mutual information. Besides, there are used the advanced versions of the correlation di-
mension method and algorithm of false nearest neighbours. The Fourier spectrum of the concentration of ni-
trates in the water catchment area Ondava: Stropkov for the period 1969 — 1996 is listed.
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1. INTRODUCTION

This work goes on our studying regular and chaotic
features of different nature systems, namely, atmospheric,
hydrological, hydroecological systems (water resources,
environment protection) [1-12]. As usually let us remind
that many studies in various fields of science have ap-
peared, where chaos theory was applied to a great number
of dynamical systems [1-14]. The studies concerning
non-linear behaviour in the time series of atmospheric
constituent concentrations are sparse, and their outcomes
are ambiguous In ref. [5] there is an analysis of the NO,,
CO, O3 concentrations time series and is not received an
evidence of chaos. Also, it was shown that O; concentra-
tions in Cincinnati (Ohio) and Istanbul are evidently
chaotic, and non-linear approach provides satisfactory
results [6]. In refs. [2, 10,12] there is an analysis of the
NO,, CO, O3 concentrations time series in the Gdansk
and Trieste region and it has been definitely received an
evidence of chaos. More over it has been given a short-
range forecast of atmospheric pollutants using non-linear
prediction method. These studies show that chaos theory
methodology can be applied and the short-range forecast
by the non-linear prediction method can be satisfactory.
It opens very attractive perspectives using the same
methods in studying dynamics of pollution of other eco-
logical and hydrological systems. In this work we study
the pollutions dynamics of the hydrological systems, in
particular, variations of the nitrates and sulphates concen-
trations in the river’s water reservoirs in the Earthen
Slovakia [11,12] by using the non-linear prediction ap-
proaches and chaos theory method (in versions) [1-5,13-
20] . A chaotic behaviour in the nitrates and sulphates
concentration time series in the watersheds of the Small
Carpathians is investigated too. However, in the cited
studying the authors have used the most simplified algo-
rithms of a chaos theory.

2. TESTING FOR CHAOS IN TIME SERIES
2.1 Data

As the initial data we use the results of empirical ob-
servations made on six watersheds (fig.1.)in the region of
the Small Carpathians, carried out by co-workers of the
Institute of Hydrology of the Slovak Academy of Sci-
ences [21,22]. Fig.2 shows the temporal changes in the
concentrations of nitrates in the catchment areas. Table 1
presents some of the important statistics (coordinates of
sites 6 and 9 are 54°24'54"N, 18°34'47"E and
54°29'40"N, 18°33'15"E) [2]. In fig. 3 we list the Fourier
spectrum of the concentration of nitrates in the water
catchment area Ondava: Stropkov for the period 1969 -
1996. The X-axis - frequency, the axis Y — energy. The
Fourier spectrum looks the same as in the case of a ran-
dom process, so there exists the possibility of using
methods of chaos theory and subsequent short-term pre-
diction method for nonlinear pollutant concentrations.

2.2 Testing for chaos in time series

Let us consider scalar measurements s(n)=s(f+
nAf) = s(n), where t, is a start time, Az is time step, and n
is number of the measurements. In a general case, s(n) is
any time series (f.e. atmospheric pollutants
concentration).

As processes resulting in a chaotic behaviour are
fundamentally multivariate, one needs to reconstruct
phase space using as well as possible information
contained in s(n). Such reconstruction results in set of d-
dimensional vectors y(n) replacing scalar measurements.
The main idea is that direct use of lagged variables
s(n+t), where t is some integer to be defined, results in a
coordinate system where a structure of orbits in phase
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1. Vydrica: Cerveny Most.
2.Vydrica: Spariska

3. Blatina: Pezinok

4.Gidra: Pila—pod dedinou

5. Gidra: Pila

6. Parna: Horne Oresany

7. Hlbocky potok: Smolenice
8. Trnavka: Bukova

Fig. 1 - Scheme of the observation points in the Small Carpathians (Slovakia) (see text).
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Fig. 2 - The temporal changes in the concentrations of nitrates in some catchment of the Small Carpathians (Slovakia) [2].
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Table 1 - Some statistics of or measured values for the nitrate concentrations (in mg-1") in water flows
Small Carpathian region during the period 1991-1995 (see text)

River Vydrica Vydrica Blatina Gidra Gidra Pama
Site C.Most Spariska Pezinok pod Pila Majdan
dedin.
Mean 10,96 14,48 11,65 16,71 16,59 18,53
min 0,73 0,75 1,74 7,70 8,55 10,10
max 40,20 42,10 31,40 36,60 31,50 34,20
Sq.deviation 10,41 11,09 8,05 6,66 5,61 5,22
Cs 1,03 0,70 0,79 1,08 0,75 0,62
Cy 0,95 0,77 0,69 0,40 0,34 0,28
Cos 29,77 33,47 25,20 29,29 26,70 26,89
Coo 28,00 32,56 22,97 26,72 25,93 25,61
Cio 1,52 3,31 3,55 10,09 10.50 12,58
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Fig. 3 - The Fourier spectrum of the concentration of nitrates in the water catchment area Ondava: Stropkov for the period 1969 - 1996

space can be captured. Using a collection of time lags to
create a vector in d dimensions,

y(n)=[s(n),s(n + 1),s(n + 21),..,5(n +(d-1)1)],
the required coordinates are provided. In a nonlinear
system, S(n + jt) are some unknown nonlinear combina-
tion of the actual physical variables. The dimension d is
the embedding dimension, de.

2.3 Timelag

The choice of proper time lag is important for the
subsequent reconstruction of phase space. If T is chosen
too small, then the coordinates s(n + jt), s(n +(j +1)1) are
so close to each other in numerical value that they cannot
be distinguished from each other. If t is too large, then
s(n+jt), s(n+(j+1)t) are completely independent of each
other in a statistical sense.

If 7 is too small or too large, then the correlation di-
mension of attractor can be under-or overestimated. One
needs to choose some intermediate position between
above cases. First approach is to compute the linear
autocorrelation function C () and to look for that time
lag where C(J) first passes through 0.

This gives a good hint of choice for t at that s(n+jr)
and s(n+(j +1)t) are linearly independent. It’s better to
use approach with a nonlinear concept of independence,
e.g. an average mutual information. The mutual informa-
tion | of two measurements @; and by is symmetric and
non-negative, and equals to 0 if only the systems are
independent.

The average mutual information between any value a;
from system A and by from B is the average over all pos-
sible measurements of lag(a;, by). In ref. [4] it is
suggested, as a prescription, that it is necessary to choose
that T where the first minimum of I(t) occurs.

Fig. 4 shows the results of these calculations for the
time series of concentrations of nitrates in the water
catchment area Ondava: Stropkov for the period 1969 to
1996.

In Tables 2 and 3 we list the values of the time de-
lay (1), depending on the different values of the auto-
correlation function (C.) and the first minimum of mu-
tual in-formation (l.,;,;) for the concentration of nitrates
(fig.2) and sulphates (fig.3) in the watershed of the Small
Carpathians.
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Fig. 4 - The mutual information (Y-axis on the left, solid line)and the autocorrelation function (Y-axis on the right, dashed line) as a functionfrom the
time delay (axis X) for a concentration of nitratesin the watershed Ondava: Stropkov for the period 1969 - 1996

Table 2 - The values of the time delay (t), depending on the different values of the autocorrelation
function (C;) and the first minimum of mutual information (/,i,1) for the concentration of nitrates
in the watershed of the Small Carpathians

River (Site) C.,=0 C.=0,1 Cc.=0,5 Lnin1
Vydrica (C.Most) - 282 52 19
Vydrica (Spariska) — 280 51 18
Blatina (Pezinok) 305 60 18
Gidra (Main) — 266 48 16
Gidra (Pila) - 258 47 20
Pama (Majdan) - 304 57 18
Ondava: (Stropkov) - 246 43 10
Ladomirka (Svidnik) — 143 26 10
Ondava (Svidnik) — 132 26 10
Babie (Olsavka) — 142 25

Manelo (Gribov) 322 175 27 7

Table 3 - The values of the time delay (t), depending on the different values of the autocorrelation function (C;)
and the first minimum of mutual information (Iin1) for the concentration of sulphates in the watersheds of the Small Carpathians

River (Site) C.=0 C,=0,1 C.=0,5 Lnin1
Vydrica (C.Most) - 282 48 15
Vydrica (Spariska) - 280 48 14
Blatina (Pezinok) 305 47 20
Gidra (Main) - 266 50 17
Gidra (Pila) - 258 51 14
Pama (Majdan) — 304 52 16

2.4 Embedding dimension

The goal of the embedding dimension determination
is to reconstruct a Euclidean space R’ large enough so
that the set of points dy can be unfolded without
ambiguity. The embedding dimension, dg, must be

greater, or at least equal, than a dimension of attractor, d,,
i.e. dp > d4. In other words, we can choose a fortiori large
dimension dg, e.g. 10 or 15, since the previous analysis
provides us prospects that the dynamics of our system is
probably chaotic. The correlation integral analysis is one
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Fig. 5 - Dependence of the correlation integral C (r) of radius r for different embedding dimensions d for
concentrations of nitrates in the watershed Ondava: Stropkov (1969 — 1996).
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Fig. 6 - The dependence of the correlation dimension (axis Y) on the embedding dimension (axis X) for
a concentration of nitrates in the watershed Ondava: (Stropkov) for period 1969-1996.

of the widely used techniques to investigate the signa-
tures of chaos in a time series. The analysis uses the
correlation integral, C(r), to distinguish between chaotic
and stochastic systems. According to [8], it is computed
the correlation integral C(r). If the time series is charac-
terized by an attractor, then the correlation integral C(r) is
related to the radius r as

logC(r) ,
logr

d=Iim

r—0
N

where d is correlation exponent.

If the correlation exponent attains saturation with an
increase in the embedding dimension, then the system is
generally considered to exhibit chaotic dynamics. The
saturation value of correlation exponent is defined as the
correlation dimension (d,) of the attractor (see details in
refs. [2,8]).

In figure 5 we present calculated dependence of the corre-
lation integral C (r) of the radius r investments in differ-
ent dimensions d for concentrations of nitratesin the wa-
tershed Ondava: (Stropkov) for the period 1969 — 1996.
In figure 6 there is listed the dependence of the correla-
tion dimension (axis Y) on the embedding dimension

(axis X) for concentration of the nitrates in the watershed
Ondava: (Stropkov) for period 1969-1996.

The correlation dimension of attractor (d,) is defined
as the value of the correlation dimension at which it is not
affected by increasing the embedding dimension. In fig. 5
we list the dependence of the correlation dimension
(axis Y) on the embedding dimension (axis X) for a con-
centration of nitrates in the watershed Ondava: (Strop-
kov) for the period 1969 — 1996.

There is the corresponding curve, analysis of which
shows that the saturation value for d, concentrations ni-
trates in the watershed Ondava: (Stropkov) for the period
1969 - 1996 amounts to 5.31 and was achieved by em-
bedding dimension ds, at 18.

Before we discuss the results of a reconstruction of
the attractor dimension by the method of the correlation
dimension, we also give a similar result by the algorithm
(version [2] of the false nearest neighboring points. The
dimension of the attractor in this case was defined as the
embedding dimension, in which the number of false near-
est neighboring points was less than 3%.
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3. CONCLUSSIONS

In first part of the paper we present renewed quantita-
tive studying results for the nitrates and sulphates concen-
trations dynamics for a number of the Small Carpathians
river’s watersheds in the Earthen Slovakia. The different
methods and algorithms of the chaos theory (chaos-
geometric approach) and dynamical systems theory have
been used in the advanced versions. New more exact data
on chaotic behaviour of the nitrates and sulphates con-
centration time series in the watersheds of the Small
Carpathians are presented. To reconstruct the corre-
sponding attractor, the time delay and embedding dimen-
sion are needed. The parameters are determined by the
methods of autocorrelation function and average mutual
information. Besides, there are used the advanced ver-
sions of the correlation dimension method and algorithm
of false nearest neighbours. We list the Fourier spectrum
of the concentration of nitrates in the water catchment
area Ondava: Stropkov for the period 1969 — 1996 too
listed.

In the next parts of the work we will present the
combined and final data on the time lags (1), correlation
dimensions (d;), embedding dimensions (dg), Kaplan-
Yorke dimensions (d.), average limits of predictability
(Prmax) and the known chaos parameter K for the nitrates
and sulphates concentrations time series in the watersheds
of the Small Carpathians. On the basis of the advanved
data we will demonstrate the low-dimensional chaos in
investigated time series , consider the advanced predic-
tion model and list the results of forecasting the pollu-
tion concentrations dynamics in the watersheds of the
Small Carpathians (as example of the hydroecological
system).
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MOJIEJIIOBAHH TA ITPOTHO3YBAHHS JUHAMIKH 3ABPYJHEHHA I'/IPOEKOJIOI'TYHUX
CHUCTEM 3A JOIMIOMOI'OIO METOAIB TEOPII XAOCY: 1. YTOUYHEHI JAHI IIOJAO0 3ABPYJHEHHSA
BOAJOAITIB PTYOK MAJINX KAPITAT

O.B. I'nymikoB, 1.¢.-M.H., O.FO. Xeneuiyc, , 1.¢.-m.H., M.I'. Cep6oB, k.reorp.H.,
FO.41. BynsikoBa, k. reorp.H., A.K. Baaan, cr.Buxi., b.b. Bysamxu

Ooecvruti Oeparcaghull eKON0SIUHUL YHIgepcumen,
eyn. JIvgiecora, 15, 65016 Odeca, Yrpaina , glushkovav@gmail.com

V crarTi npencraBieHi 0 yTOYHEHI KUIBKICHI aHi 110 AWHaMIN 3a0pyIHEHHS Pi3HHUX TiIpPOEKOJIOTIYHHX
CHCTEM, 30KpeMa, 4acoBiil AMHaMILl 3MiHM KOHIIEHTpALii HITpaTiB i cyabdaTiB y psai BomoIuliB pidok Ma-
nux Kapnar y Cxinniit CioBayuunsi. Pi3Hi MeTOIU 1 anropuT™Mu Teopii Xaocy (XaoC-reOMETpUYHOTO MiJXO0Y)
i Teopii AMHAMIYHKMX CHCTEM BHUKOPHCTaHI y HaiibOinb qocKoHaMuX Bepcisx. [IpeacraBieHi HOBI Oi1bII TOUHI
JIaHi, 110 XapaKTepHU3ylTh XaOTHYHY MMOBEAIHKY YaCOBHX PSiB KOHIEHTPALi# HITpaTiB i Cynb(aTiB 1u1sl pay
BomonuniB pivok Manux Kapmat. /[y BigHOBIEHHS BiAMOBIOHOTO aTPakTOpy, MOMEPEAHBO OOUYHCIIOIOTHCS
Yac 3aTPUMKH (4acOBHUii Jar) i po3mipHoCTi BKiIaaeHHs. lllykaHi mapaMeTpy BU3HAYAIOTHCS 3 BUKOPHCTAHHAM
METOJiB aBTOKOpeIsIiiHo1 (yHKIii Ta cepenupoi B3aemHoi iHdopmarii. Kpim Toro, 3acrocoBani 6inbmr mo-
CKOHaJI Bepcil MeTOy KOpeIsILiifHOi pO3MipHOCTI i alrOpUTMy NOMIUIKOBUX HAHOMmKaux cycinis. [Ipencra-
BJICHHH TakoX po3paxoBanuii cruektp Pyp'e koHUeHTpawii HiTpaTiB 1 Bogo360py OxnaBa-CTpornkoB 3a me-
piox 1969-1996rr.

Kuro4oBi cJjioBa: rigpoekosoriyHi AMHaMiuHI CHCTEeMH, BUBYEHHS Ta MPOTHO3YBaHHsI, HITPATH 1 cybda-
TH KOHLEHTpauii, Bogoainu Manux Kapnar, meroau Teopii xaocy

MOJAEJUMPOBAHUE U ITPOI'HO3UPOBAHUE ITUHAMUKU 3ATPAZHEHUSA T'NIPOIKOJIOT'MYEC-
KNX CUCTEM C HCITIOJIb30BAHUEM METO/I0OB TEOPUHU XAOCA: I. YTOYHEHHBIE JAHHBIE 110
JUHAMMUMKE 3ATPA3BHEHUS BOJAOPA3JIEJIOB PEK MAJIBIX KAPIIAT

A.B. I'mymkos, 1.¢.-m.H., O.10. Xeneanyc, 1.¢.-m.H., H.I'. Cep6oB, k.reorp.H.,
1O.51. BynsikoBa, k.reorp.H., A.K. baaan, ct.npen., b.b. Bysigaxu

Oodecckuti 20cy0apcmeeHnblil IKON02UYeCKUll yHusepcument,
yn. JIeeosckas, 15 , 65016, Odecca, Yrpauna , glushkovav@gmail.com

B craThe mpeacTaBiIeHbl yTOUHEHHBIE KOJIMUECTBEHHBIE JaHHBIE 110 AWHAMHKE 3arPA3HEHUS PA3IUYHBIX
THJPOIKOJIOTHIECKHX CHUCTEM, B YaCTHOCTH, BPEMEHHOH AMHAMHKE M3MEHEHHs KOHIIEHTPAIUii HHUTPATOB U
cynbdaToB B psge BomopaszaenoB pek Mansix Kapnar B Boctounoit CrnoBakun. PasnmmuHple METOIBI U aro-
PHUTMBI TEOPHHU Xaoca (XaoC-T€OMETPUIECKOrO MOAX0Aa) M TEOPUH ANHAMHYIECKIX CHCTEM HCIIOTb30BAHBI B
HanboJiee COBEpIICHHBIX Bepcusax. IIpencraBieHsl HOBBIE OOyiee TOYHBIC JaHHBIE, XapaKTEePU3YIOIIIe XaOTH-
YecKoe TOBEICHHE BPEMEHHBIX PSI0B KOHIEHTPAIUH HUTPATOB U CyIb(ATOB Ui psia BOJOPA3/IEIOB PEK
Maueix Kapnar. [l BOCCTaHOBICHUS COOTBETCTBYIOIETO aTTPaKTOPa, IPeABAPUTEIILHO BBIUMCIISIFOTCS Bpe-
M 33/IepXKKHU (BpEMEHHOM J1ar) U pa3MepHOCTH BiI0XKeHUs. VickoMble mapaMeTpsl ONpeessitoTCs C UCIO0Nb30-
BaHHEM METOJI0B aBTOKOPPEJISIIMOHHOM QyHKIMH U cpenHeil B3auMHO# nHpopmanuu. Kpome toro, npume-
HEHbI 0oJIee COBEpIIEHHbIE BEPCHH METOA KOPPENAMOHHON PasMEPHOCTH U alrOpUTMa JIOXKHBIX ONvKai-
mux cocened. [Ipeacrasien Takxke paccUMTaHHBIN criekTp Dyphe KOHIEHTpAUUU HUTPATOB UL BogocOopa
OnnaBa-Ctponkos 3a nepuon 1969-1996rr.
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