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Abstract. The paper concernsthe results of the quantitative
sudy of dynamics for phosphates concentrations in the
Small Carpathiansriverswatershedsin Earthen Sovakia by
using methods of nonlinear analysis and forecasting, chaos
theory and dynamica sysems. The condusions can be
viewed from the pespective of carrying out new
algorithms for anaysis and forecagting of the dynamics and
evolution of anthropogenic water management landscape.
Chagtic behaviour of the phosphates concentration time
seriesin the watersheds of the Small Carpathiansis studied.
It isshown tha low-D chaos exigts in the time series under
investigation.
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Introduction

In modern theory of the hydro-ecologica systems,
water resources and environmenta protection, the problem
of quantitative treating of pollution dynamicsis aso one of
the most important and fundamenta problems, in
particular, in applied ecology and urban ecology [1-18].
Let us remind [1-9] that most of the modes are currently
used to assess (as wel as forecadt) the date of the
environment pollution by the deterministic models or their
smplification, based on smple statistical regressions. The
success of these modds, however, is limited by ther
inability to describe the nonlinear characteridics of the
pollutant  concentration  behaviour and lack  of
underganding of the involved physical and chemical

processes. Egpecially serious problem occurred during the
sudy of dynamics of the hydro-ecological systems.
Although the use of chaos theory methods establishes
certain fundamenta limitation on the long-term predictions,
however, asit has been shown in a series of our papers (see
[1-22]), these methods can be successfully applied to a
short-or medium-term forecasting.

These studies show that chaos theory methodol ogy
can be applied and a short-range forecast by the non-
linear prediction method can be satisfactory. It opens
very attractive perspectives for the use of the same
methods in studying dynamics of the pollution of other
hydro-and ecological systems. Earlier the pollutions
variations dynamics of nitrates concentration in the river
water reservoir in Earthen Slovakiawas studied by using
a chaos theory [9]. Here a non-linear behaviour of the
phosphates concentration in time series in the
watersheds of the Small Carpathians is studied. All
caculations are performed with using “Geomath” &
“Quantum Chaos’ PC codes[9, 16, 17, 23-42].

Method of testing of chaosin time series

As the initid data we use the results of empirical
observations made on Sx watersheds (Fg. 1.) in the region
of the Smal Carpathians carried out by co-workers of the
Inditute of Hydrology of the Slovak Academy of Scences
[2]. Fig. 2 shows tempora changes in the concentrations of
phosphates in the catchment areas. In Fig. 3 we lig the
Fourier spectrum of the concentration of phosphates in the
water catchment of Vydrica (C-Mogt) for the peiod of
1991-1993. The X-axis- frequency, theaxis Y —energy.
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1. Vydrica: Cerveny Most.
2.Vydrica: Spariska

3. Blatina: Pezinok

Fig. 1. Observation sitesin the Small Carpathians[2]

| —o—Vydnca C.Most  —s—Vydrica: Spariskd  —x—Blatina Pezinok '

‘,o/ XX .ix iix%:xxﬂxmxifx X xxx;g mﬁ%ﬁxx’ﬁ y‘%ﬁi&x

1. 6 1991

1.12.1991 1.6.1992 1.12.1992 2.6.1993 2.12.1993
0s ! ~<»—Gldra pcd dedinou —a—Gidra: Pila —x-—Parna: Majdan
04l -POSmgn ’
0.3 -

o M
0.1 \
04— ui”m x%"x*mx"‘iiii"iix* xx* 3 yx kg X %4 \igé*w‘i’}!

1.6.1991 1.12.1991 1.6.1992 1.12.1992 2.6.1993 2.12. 1993

Fig. 2. Tempora changes in the concentrations
of phosphates in some water catchments
of the Small Carpathians (Slovakia) [2]
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Fig. 3. The Fourier spectrum of the concentration
of phosphates in the water catchment area
of Ondava (Stropkov)

for the period of 1.6.1991-2.12.1993

The Fourier spectrum looks the same as in the case of a
random process, so there is the possibility of using
methods of chaos theory.

Let us consder scaar measurements. S(n)=ty+
+ nDt) = g(n), wheret, isstart time, Dt —atime step, and n—
anumber of measurements. The key task is to reconstruct
phase space usng the information contained in s(n).
Such reconstruction results in a set of d-dimensional
y(n)-vectors for each scalar measurement. The main idea

isthe direct use of variable lags s(n+t), wheret is some
integer to be defined, which determines the coordinate
system where a structure of orbits in phase space is
restored. Using a set of time lags to get a vector in d
dimensionsy(n)=[s(n),s(n + t),s(n + 2t),..,s(n +(d- t)],
the required coordinates are provided. In a nonlinear
system, s(n+jt) ae some unknown nonlinear
combination of the actual physical variables. The
dimension d isthe embedding dimension, d.

The choice of a proper time lag is important for
subsequent recongtruction of phase space. If t istoo small,
then the coordinates g + jt), S(N+(j +1)t) areso closeto
each other in numerica value that they cannot be
digtinguished from each other. If t istoo large, then g(n+jt),
n+(j+1)t) are completely independent of each cther in a
Satigtical sense If t is too small or too large, then the
corrdation dimenson of attractor can be under-or
overegimated. One needs to choose some intermediate
position between the above ligted cases. The firgt approach
is to compute the linear autocorrelation function C,(d) and
determine such time lag in which C,(d) is the fastest when
passing through O. This gives a good hint of choice for t &
which s(n+jt) and S(n+(j +1)t) arelinearly independent. It's
better to use the approach of nonlinear concept of
independence, eg. of average mutual information. The
average mutua information | of two measurements g and
by is symmetric and non-negative, and equals to O if only
the sysems are independent. The average mutud
information between any values g from system A and by
from B is the average over all possble measurements of
Ias(&, by). Inref. [3] it is suggested to choose such value of
t wherethefirst minimum of I(t) occurs.

The god of the embedding dimension determination is
to recongtruct Eudlidean space R large enough so that the set
of points da can be unfolded without ambiguity. The
embedding dimension, dg, mugt be grester, or at least equa
to the dimension of attractor, da, i.e dz> da In other words,
we can choose a fortiori large dimenson dg, eg. 10 or 15.
The corrdation integrd andysis is one of the widely used
techniques to invedigate chaos in time series. The anayss
uses the carrdation integrd, C(r), to digtinguish between
chagtic and gochadic systems. According to [4], integra
C(r) iscaculated based on thedgarithm. If thetime seriesis
characterized by an attractor, the corrdation integra C(r) is
rdated totheradiusr as

d = lim 129€()
@0 lOgr
N® ¥

whered isa corrdation exponent. If the corrdation exponent
atains sAurdion with an increase in the embedding
dimendon, then the system is generdly considered to exhibit
chagatic dynamics (seerefs [4, 16, 17]).
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Fig. 4 ligs the dependence of the corrdation dimengon
(axisY) on the embedding dimension (axisX) for the
concentration of phosphates in the watershed of Ondava
(Stropkov) for the period of 1991-1993. There is a
corresponding curve, the analysis of which shows that
saturation value for d, concentrations in the watershed
of Vydrica (C.Migt) for the studied period of 1991-1993
amounts to 6.3 and was achieved by embedding
dimension ds, at 18. The same result is obtained on the
basis of false nearest neighboring points (Fig. 4). The
dimension of the attractor in this case was defined as the
embedding dimension, in which the number of false
nearest neighboring points was less than 3 %.
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Fig. 4. The dependence of the correlation dimension (axis Y)
on the embedding dimension (axis X) for he concentration of

phosphatesin the watershed of Vydrica (C.Miost) for the
studied period of 1991-1993

It is known that the limited predictability of chaosis
quantified by local and global Lyapunov exponents. The
Lyapunov exponents are related to the eigenvalues of
the linearized dynamics across the atractor. Large
positive values determine some average prediction limit.
Since the Lyapunov exponents are defined as asymptatic
average rates, they are independent of the initia
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 positive Lyapunov
exponents. The estimate of the attractor dimension is
provided by the conjecture d. and the Lyapunov
exponents are taken in descending order. To compute
them, method of linear fitted maps [1, 2] is used. The
sum of positive Lyapunov exponents determines the
Kolmogorov entropy, which isinversely proportiona to
the limit of predictability (Prma).

Results and conclussions

In Table 1 we ligt the values of the time delay (t),
depending on the different values of the autocorrelation
function (C.)) and the first minimum of mutua
information (Iminy) for the concentration of phosphatesin
the watersheds of the Small Carpathians.

Table 1

The values of time delay (t), depending on differ ent
values of autocorrelation function (C.) and thefirst
min of mutual information (Iins) for phosphates
concentration in the studied water sheds

River (Site) C.=0 C.= C.=05 Imint
0,1
Vydrica - 288 57 24
(C.Most)
Vydrica - 289 55 22
(Spariska)
Blatina - 316 66 21
(Pezinok)
Gidra (Main) - 274 53 19
Gidra (Pila) - 267 52 22
Pama (Majdan) - 314 63 20

Table 2 summarizes the results of the numerical
reconstruction of the attractors, as well as average limit
of predictability (Prms) and Gottwald-Mebourne
parameter K [5] for the phosphates concentrations in the
watersheds of studied region.

Table 2
Timelag (t), correlation dimension (dy),
embedding dimension (dg), the Kaplan-Yorke
dimension (d,.), average limit of predictability (Prmax)
and parameter K for the phosphates concentrations
in the water sheds of the Small Car pathians

River (Site) t d, | de | d | Prma K
Vydrica(CMost) | 21 [ 63| 7 | 51| 11 | 07
Vydrica (Spariska) | 20 | 6,7 | 7 |58 12 0,6
Blatina(Pezinok) | 20 | 59 | 6 | 6,1 13 0,6
Gidra(Main) 17 | 61| 7 | 68 14 0,7
Gidra(Pila) 18|68 7 [64] 11 | 07
Pama Magjdan) 19 |52| 6 |58 11 0,6

As it was indicated, the sum of positive Lyapunov
exponents | ; determines the Kolmogorov entropy, which is
inversdy proportiond to the limit of predictability (Prmg).
Let usremind that Sincethe converdon rate of the sphereinto
an dlipsoid dong different axesis determined by thel ;, it is
cear that the smdle the amount of postive dimensons, the
more gable is a dynamic system. Consequently, it increases
itspredictability.

On the other hand, the condusions can be viewed from
the perspective of new dgorithms for the andyss and
forecadting of the dynamics and evolution of anthropogenic
water management landscape. Therefore in this paper we
presant the results of studying the dynamics of variaions of
phosphates concentraions in the rivers water reservoirs in
Earthen Slovekia) systems in the definite region by usng
non-linear prediction approaches and chaos theory methods
Chadtic behaviour in the phogphates concentraion time
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sies in a number of the the watersheds of the Smdll
Carpathians (Sovakia). We have shown that lov—middle-
dimendond chaos dements exig in the time sies under
invedtigation and quite sufficient predictability can be
obtained in the forecasting of the pollution concentrations
dynamics.
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