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This paper goes on our advanced quantitative studying results of a pollution dynamics for variations hy-
droecological systems, namely, the nitrates etc concentrations dynamics for a number of the Small Carpathi-
ans 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 concentration time series in the watersheds of the Small
Carpathians are presented. In previous paper [1] to reconstruct the corresponding attractor, the time delay and
embedding dimension have been needed and computed. The parameters are determined by the methods of
autocorrelation function and average mutual information. Besides, there are used the advanced versions of the
correlation dimension method and algorithm of false nearest neighbours. The Fourier spectrum of the con-
centration of nitrates in the water catchment area Ondava: Stropkov for the period 1969 — 1996 is listed. Here
we present new advanced data on the correlation dimension (d,), embedding dimension (dg), Kaplan-Yorke
dimension (dp), average limit of predictability (Pry,,) and parameter K for the nitrates concentrations in the

watersheds of the Small Carpathians.
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1. INTRODUCTION

This paper goes on our advanced quantitative study-
ing results of a pollution dynamics for variations hy-
droecological systems, namely, the nitrates etc concen-
trations 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 concentration time
series in the watersheds of the Small Carpathians are
presented. In previous paper [1] to reconstruct the
corresponding attractor, the time delay and embedding
dimension have been needed and computed. The
parameters are determined by the methods of autocorre-
lation function and average mutual information. Besides,
there are used the advanced versions of the correlation
dimension method and algorithm of false nearest
neighbours. The Fourier spectrum of the concentration of
nitrates in the water catchment area Ondava: Stropkov for
the period 1969 — 1996 is listed.

As usually let us remind that many studies in various
fields of science have appeared, where chaos theory was
applied to a great number of 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 refs. [5,6] there is an
analysis of the NO,, CO, O; concentrations time series
and is not received an evidence of chaos. In refs. [2,
10,12] there is an analysis of the NO,, CO, O3 concentra-

tions time series in the Gdansk and Trieste region and it
has been definitely received the same. 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 pollu-
tion of other ecological and hydrological systems.

In this work we go on studying the pollutions dynam-
ics of the hydrological systems, in particular, variations
of the nitrates concentrations in the river’s water reser-
voirs in the Earthen Slovakia [11,12] by using the non-
linear prediction approaches and chaos theory method (in
versions) [1-5,13-20]. Here we present new advanced
data on the correlation dimension (d,), embedding di-
mension (dg), Kaplan-Yorke dimension (dp), average
limit of predictability (Pry.) and parameter K for the
nitrates concentrations in the watersheds of the Small
Carpathians.

2. CHAOS IN TIME SERIES OF CONCENTRATIONS
2.1. The input 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
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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
As wusually, we consider scalar measurements
s(n)=s(ty+ nAt) = 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. pollutants concentra-

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

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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2.2. Advanced computing results

In Ref. [1] we have the time delay, embedding dimen-
sion and other parameters by the methods of autocorrela-
tion function and average mutual information as well as
the advanced versions of the correlation dimension meth-
od and algorithm of false nearest neighbours. We have
listed the Fourier spectrum of the concentration of ni-
trates in the water catchment area Ondava: Stropkov for
the period 1969 — 1996. Using these results, further we
have computed the correlation dimension (d,), embed-
ding dimension (dg), Kaplan-Yorke dimension (dy), aver
age limit of predictability (Pry,x) and parameter K for the
nitrates concentrations in in the watersheds of the Small
Carpathians. The corresponding data are listed in the

Table 1. We also note that the length and discrete time
series in Table 1 are different, namely, for the first time
series time step of 1 month to the next five - half a month,
and for the last four - one night; t and Pry,, have the
corresponding dimensions. As it is indicated, the sum of
the positive Lyapunov’s exponents A; determines the
Kolmogorov entropy, which is inversely proportional to
the limit of predictability (Prm.x). Let us remind since the
conversion rate of the sphere into an ellipsoid along dif-
ferent axes is determined by the A;, it is clear that the
smaller the amount of positive dimensions, the more
stable is a dynamic system.

Table 1 - Time lag (), correlation dimension (d,), embedding dimension (dg), Kaplan-Yorke dimension (dr), average limit of predictability (Prmax)
and parameter K for the nitrates concentrations in in the watersheds of the Small Carpathians (see text)

River (Site) T d, dg dr Priax K

Vydrica (C.Most) 19 5,22 6 5,03 12 0,71
Vydrica (Spariska) 18 5,67 6 5,86 13 0,66
Blatina (Pezinok) 18 4,93 5 5,03 13 0,69
Gidra (Main) 16 5,14 6 5,88 14 0,82
Gidra (Pila) 20 5,81 6 5,18 12 0,75
Pama (Majdan) 18 4,18 5 4,82 12 0,66

The presence of the two (from six) positive A; suggests
the system broadens in the line of two axes and converges
along four axes that in the six-dimensional space. Our
data show that the greatest degree of predictability is
observed for the time series of nitrates in the watershed
Gidra (Main) (fourteen slots, i.e. seven months), and in
other cases the limit of predictability is slightly less. Such
predictability is quite sufficient for the prediction of pol-
lution.

3. NONLINEAR PREDICTION MODEL

First of all, it’s important to define how predictable is
a chaotic system? The predictability can be estimated by
the Kolmogorov entropy, which is proportional to a sum
of the positive Lyapunov’s exponents. The spectrum of
Lyapunov’s exponents is one of dynamical invariants for
non-linear system with chaotic behaviour. The limited
predictability of the chaos is quantified by the local and
global Lyapunov’s exponents, which can be determined
from measurements. The Lyapunov’s exponents are re-
lated to the eigen values of the linearized dynamics across
the attractor. Negative values show stable behaviour
while positive values show local unstable behaviour. For
chaotic systems, being both stable and unstable, Lyapun-
ov’s exponents indicate the complexity of the dynamics.
The largest positive value determines some average pre-
diction limit. Since the Lyapunov’s exponents
are defined as asymptotic average rates, they are inde-
pendent of the initial conditions, and hence the choice of
trajectory, and they do comprise an invariant measure of

the attractor. An estimate of this measure is a sum of the
positive Lyapunov’s exponents. The estimate of the at-
tractor dimension is provided by the conjecture d; and the
Lyapunov’s exponents are taken in descending order. The
dimension d; gives values close to the dimension esti-
mates discussed earlier and is preferable when estimating
high dimensions. To compute Lyapunov’s exponents, we
use a method with linear fitted map [1,2], although the
maps with higher order polynomials can be used too. The
sum of positive Lyapunov’s exponents determines the
Kolmogorov entropy, which is inversely proportional to
the limit of predictability (Priyay)-

4. CONCLUSSIONS

In first part of the paper we present renewed quantita-
tive studying results for the nitrates concentrations dy-
namics for a number of the Small Carpathians river’s
watersheds in the Earthen Slovakia. The different meth-
ods 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 concentration time series in the
watersheds of the Small Carpathians are presented. To
reconstruct the corresponding attractor, the time delay
and embedding dimension are needed. We have presented
present the combined and final data on the time lags (1),
correlation dimensions (d,), embedding dimensions (dg),
Kaplan-Yorke dimensions (dy), average limits of predict-
ability (Pry.) and the known chaos parameter K for the
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nitrates and sulphates concentrations time series in the
watersheds of the Small Carpathians. On the basis of the
advanced data we have definitely demonstrated the low-
dimensional chaos in investigated time series , consider
the advanced prediction model.
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MOJIEJIOBAHHSA TA TPOI'HO3YBAHHA ITNHAMIKH 3ABPYJHEHHSA I'ITIPOEKOJIOT' TYHUX
CHUCTEM 3A JJOIIOMOI'OIO METOJIIB TEOPIi XAOCY: 1. YTOUHEHI JIAHI
moA0 3ABPYJIHEHHS BOJOAIIIB PIYOK MAJINX KAPITAT

O.B. I'nymikoB, 1.¢.-M.H.,
0.10. Xenemniye, , 1.¢.-M.H.,
M.I'. Cep6oB, k.reorp.H.,
10.41. BynsikoBa, K. reorp.H., CT.BUKIL.,
B.Bb. Bysinxn, suxi. O.J1.CoasiHukoBa

Ooecvruti Oepaicaghull eKON0SIUHUL YHIsepcumen,
syn. JIvgiecoka, 15, 65016 Ooeca, Yxpaina , glushkovav@gmail.com

s pobora mpomoBKye Hamli YTOYHEHI KiABKICHI JNOCHIIKEHHS OHHAMIKK 3a0pyIOHEHHs pi3HUX Til-
POEKOJIOTTYHUX CHCTEM, 30KpeMa, 4acoBOI JMHAMIKM 3MiHH KOHIICHTpANiil HITPaTiB y psiii BOJOIIIIB PidOK
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Manux Kapnat y Cxianiit CnoBauuunsi. Pi3Hi MeToau i anroputmu Teopii xaocy (Xxaoc-reoMeTpHYHOTO Mif-
X0fy) 1 Teopii TUHAMIYHMX CHCTEM BHKOPHCTaHI y HAWOUIbII MOCKOHANMHMX Bepcisx. IlpexctaBieHo HOBI
OinbII TOYHI JaHi, IO XapaKTepPU3yIOTh XAaOTHYHY IIOBEAIHKY YacOBUX PsJIiB KOHIEHTpALild HITpaTiB i
cynbdariB s psaxy BooainiB pidok Mamux Kapmnar. YV monmepennix po6Gorax (muB. [1]) mis BigHOBIEHHS
BIATIOBIZTHOTO aTTPaKTOpa, IONEPeJHbO OOYMCIIOBAIKCSA 4Yac 3aTPUMKM (YacoBWil Jlar) i po3MipHOCTI
BKJIageHHs. [lapameTpu Oyiiu BU3HA4YCHI 3 BAKOPUCTAHHIM METOIB aBTOKOpeIsiiiHOT QyHKIIT Ta cepeaHbol
B3aeMHOi iH(opmarii. Kpim Toro, Oymm 3acTocoBaHi OULTBII JOCKOHAN Bepcii MeToAy KOpeNsIiiHOT
PO3MIpPHOCTI 1 aNropuT™My MOMHIKOBHX HAaHOMMK4nX cycimiB. [IpeacTaBieHO TakoXK pO3paxOBaHHU CIIEKTP
®yp'e koHIEeHTpanii HiTpaTiB 11 Boxo3bopy OnnmaBa-Ctponkos 3a mepiox 1969-1996pp. Takox HaBemeHi
HOBI GBI TOYHI Pe3yJIbTaTH IO KOpeNALiiHiil po3mipHocTi (d,), po3mipHocTi BkinaaeHHs (dg), po3mMipHOCTI
Kannan-Mopka (dy), cepenmiii Mexi mepexbadysanocti (Pry.,) 1 mapamerpy xaocy K mms komreHTpaiit
HITpATIB IS Py BOJIOMLTIB.

KurouoBi ciioBa: rigpoexonoriudi JUHAMIi4HI CHCTEMH, BUBUCHHs Ta HPOrHO3YBaHHsS, HITPaTH i Cynbhatu
KOHIIeHTpauii, Bogoxinu Manux Kapnar, Mmetoau Teopii xaocy

MOJAEJIMPOBAHUE U ITPOI'HO3UPOBAHUE JTUHAMUKHU 3ATPASHEHUSA T'NIPOIKOJIOI'HTYEC-
KHNX CUCTEM C UCIIOJIB30BAHUEM METO/JI0OB TEOPUU XAOCA: I. YTOUYHEHHBIE IAHHBIE 110
JAUHAMMUKE 3ATPAZHEHUA BOJOPA3IEJIOB PEK MAJIBIX KAPIIAT
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0.10. Xenemnyc, a1.¢.-M.H.,
H.T'. Cep6oB, k.reorp.H.,
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Oodecckuii 20cy0apcmeeHnblil SIKON02UYECKUll yHusepcument,
ya. JIveosckas, 15, 65016, Odecca, Yxpauna , glushkovav@gmail.com

Jlannast paboTa IpOROIDKAET HAIIK YTOYHEHHBIE KOJHMIECTBEHHBIE HCCIICOBAHNS ANHAMUKH 3arpsi3HEHHS
Pa3IMYHBIX THIPOIKOTOTHUECKUX CHUCTEM, B YACTHOCTH, BPEMEHHOH NMHAMMKE W3MEHEHHUs] KOHIIEHTpAaIUit
HUTPATOB B psfe Bomopasnenos pek Manbix Kapnar B Bocrounoit CrnoBakuu. PasmimaHble METOABI U anro-
PHUTMBI TEOPHH Xaoca (Xaoc-reoMeTPHUYECKOro MOAX0/1a) U TEOPUH TUHAMHYECKHX CHCTEM HCIOJIB30BaHbI B
HanboJlee COBEpIICHHBIX Bepcusx. [IpencraBieHsl HOBBIE Ooiee TOYHBIC JaHHBIE, XapaKTEePU3YIOIIIe XaOTH-
YecKoe IOBEJCHHE BPEMEHHBIX PsIOB KOHIIGHTpALUi HUTPATOB MU psiaa BopopasnenoB pex Maibix Kap-
nat. B npensiaymux padorax (cM.[1]) 15 BOcCTaHOBICHUS COOTBETCTBYIOIIETO aTTPAKTOPA, IPEABAPUTEIIb-
HO BBIYHCIISUTHCH BpeMs 3aJIepiKKHU (BPEMEHHOM J1ar) M pa3MEepHOCTH BIIOXKEeHUs. VIckoMBbIe mapaMeTpsl ompe-
JeJSUTICH C UCIOJIb30BAHUEM METOJI0B aBTOKOPPEISIMOHHON (DyHKIMM M cpeHeil B3auMHOH MH(popManyy.
Kpome Toro, 6b1mr TprMeHEHEI OoJiee COBEPIICHHBIE BEPCHH METOAA KOPPEIAIOHHON Pa3MEepHOCTH H aJlro-
pHUTMa JIOXKHBIX Ommxaimmx cocened. [IpexcraBieH Takxke paccunTaHHBIH criekTp Dypbe KOHIEHTpalun
HUTpaToB i1 BogocObopa OnmaBa-CtponkoB 3a mepuon 1969-1996rr. 3xeck MBI IPUBOAMM HOBBIE Ooiee
TOYHBIE PE3yJIbTATHI N0 KOPPEISINUOHHOMN pasmepHocTH (d;), pasmeprocty BioxeHus (dg), pasmeproctu Ka-
nmas-Mopka (d), cpemmemy mpemeny mpenckasyemocTH (Pru,,) ¥ mapamerpy xaoca K st KoHueHTpamii
HUTPATOB JUIS Psifia BOJOPA3/IEIIOB.

KuarodeBble ci10Ba: THAPOIKOIOTHUECKHE TUHAMUIECKHE CHCTEMBI, U3yUSHHUs] U MPOTHO3UPOBAHMS, HUT-
partsl ¥ cynb(aThl KOHIIEHTPAIUH, BOJIOpa3zensl pek Manbix Kapmar, Mmetons! Teopun xaoca
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