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1- Chaos theory
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1- Phase space reconstruction
2- Correlation Dimension

3- Hurst exponent

4- Trajectory
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6- Time delay
7- Embedding dimension
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1- Attractor

2- Fixed point

3- Limited cycle

4- Strange attractor
5- Self-similarity
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Table 1. The matrix structure of reconstructed phase space of time Series data.
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1- Autocorrelation Function
2- Average Mutual Information
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Table 2. Statistical characteristics of river flow time series.

. . . . L o Ll Solasein
_ , 4> Sli= Sl o Lo 3l ol . FVEINER, <)
NPT F = G - oSSk o
Mini Maxim Coefficient of Standard Number of Statistics
Skewness . . Average 3
mum um variation division samples m'/s ;o5 >13)
(Discharge) s
2.37 0.02 70.12 1.31 13.33 10.15 7843
(Daily) <135,
1.74 0.01 35.07 1.00 7.11 7.14 1046 (Weekly) ‘_;«u
1.67 0.01  33.87 1.01 7.53 7.47 233 (Monthly) «lsle
S gl s Koo o o

Determining Hurst Exponent

Determining Correlation Dimension

5 S (Sl s

Evaluating Chaotic Behavior of Time Series

At G sla g (2 0l 4 gl i

Comparing the Results for Different Time Series

sl s \ 3
u.).;lz;f_.a.d;;;\_;.)ubg.g

sy, O

Preparing daily, weekly and
monthly river flow data

5 N Py O
Slows Ly oS FFE 0L e

Determining Embedding Dimension Determining Delay Time

5 s e glad gLl

Reconstructing the phase space of time series

(R plal e Ol ) s
Figure 1. Flowchart of research stages.

ey



VYRE (0) o,laws (TY) s ST g Of clin gla yingiy & i

__100
55350}' AMMH ! H|Iluhu IM
o T
“E o LA N\
1 1001 2001 3001 4001 5001 6001 7001
Time (day)  (55,) obe;
50
535 [ A o A W A
D EL g 0 l
1 101 201 301 401 501 601 701 801 901 1001
Time (week) (azin)Obe
b3 ‘Q
3 "jg
81 101 121 141 161 181 201 221
Time (month) (obe) Ola

Alab y K wilyy, K 4 abag, 0L sb) gl m-Y K2
Figure 2. River flow time series for daily, weekly and monthly scales.
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. = 3 z
a o &
£y S ¢
0.5 v g 0.5 &
] £ ¥ £ &
..'1\ 0 T T T T T T T T 1 0 T T T T ch
\7{ = 12 3 45 6 7 89 1 2 3 4 5

5 2
j Z 08 -

. - i
! 0.6 - g &
v =
g 0.4 - £ ¢

0.2 -
0 T T T T T T T T T T T T T T T T

bl dn

1234567 8 9101112131415161718192021222324252627282930

Embedding Dimension

wlabe 5 Kin iy, Sb) gl wbis 5o il blow slal 5l O3 (Kilawd (505 ol -1 K3

Figure 4. The FNN ratio of different embedding dimensions for daily, weekly and monthly scales.

Layls gad ot Ceand Stad day dlos (51
b lais & Lol s Log C(r)/Log 1 jluis «
bl (I8 plis gab Olseds (ol odow
Gty Slag o o F0S oy & ekt (ol el
Gl Samer gl b ol Slaie cpl .ol olkal
53 edel Gy s Sl e dbge bl da
AUl f K e Lol eas &l IS
Lo K5t (Ses gl Gl G 4

V¢o

5 6 0k Sl s Jelss arale Sl e

e bl glab glesl ¢l (bl dx
boabtag, Ol Sl e Stipdl s
il Cr) (Soan IS (Sien day )
tslons AMI oy, 3 siel sy T b Ol
5 C1) Simen IS5 e el O K2 550
5 Y BN M bl sl slle T gl

.Mb& QL.LJ \) Lslale B vf:,u cb\j)} duwu.a



VYL (0) )lows dTY) dls S 5 f cilis gla g}y s puls

34 o0 fﬁﬂ%‘“@f“})ﬁ SOl Losls
0 32) cul s Osd s dedemel Slel (5w
Laasls bty Ob o dul b 53 5 Jee s S JI>
ol e ol by el 355 Logas 5 3 5kome
A o b Sl o i Stees n
QS e 350 s Slide 5l 5aS (&l )
Sl sos b Gl sl (Saares dn
ssbien A3l edel Csa ABly e 15t
A Sl edd S eiSel oS s e o
oS 5 3sdome slaesls oS AS Shie L Stevar
Bl s 4l (6565 Stan day LIS s
350 el Llg o sy 3579 5 9) as 3550 0
52.29) 5585 Saeen A ol 55 3l i
(€5 VW 7525 L Sl sm o3lll anlllae ]
b Gles s oilil 5l 585 e 5 BB Ol pes
S RO CHINPRPINE CE TS B Sy
Sr 33 Sad dn Gl sdel Coday angd
5SS laa=Ma LB Oljeas SV 505 b Sl
WGl cplply ol Joml rsds b glag
b Sl G Sln (Sted A oS 5l 350 5
Sl 5 (Suis b oamlie 3 (l350) W 7505
S o3Il 5 039 08 ey Slas (5 e o3l ey
oy 33,8 o Sl B adlas ol s Sl
5 St day Sl Ky 3 5 35 LG
5 85 Doy Lasial o adlas S als e ol
woary L ol badb s lsds 58 e
Bliss S oo S dbale 5 Saia Glag oS0yl
Lol 3 Sl 35 Olpe ol 0 2] ez
s 0Ll AL St e Sl
Al wlale (g 4 Ghate  Shmes day 0 YL
B R T AT
drer L At Wl g (Salus
Dased 53 Slllg 0 IS8 @ ax 5 L omen 5)ls

Y€1

gl S 4 jeine i K Sl e ($osne
el (Stsen Ao b ol el il ool s
5 S Wlisy Gl S Sl Seres da
ool Cowsay O/OY 5 VIEY (VAL e alale
C‘Mf& Sldas M sl O CL.J NG
S, 51Ol Sley elde 4 s (gl siel sy
3 b Abtas, OLx s e (Selos
drs sl Alsg, 0L Sl ($mw Oo s 6L.U.;,T
o Sl Sl olme Sl oM S
5 R 23l dn Olssa dagtecs Sl
bl e S 5 Slad 1 gl
SN I
L .B5) by dalyr Sl g SV (St

25t

Jsdr) Sls slagm bl Clasiie 4wy
AV Dless ol Sl wlsy Gl s Y
5l e, el 5 (Suia glagg 4 s
(v K2 Sl lags pw Llssed Sl &S shailes 55
G s 3l Sd kxSl el
AN I E S ooe
Sl Ly sl e bl e B
5 S (G 4 Sl b, 0L S S
Srome wlleg 515 das el Llabe
el s ol 4 by eman ol oy e
CSle 4 &l3s,y blue day Jldis) blme day sl
s5pm ol (Glale 5 Saia blows day 31 55,55
S alale 5 (Suin (6w 4 Cund wliss Sl 5
b Bl ey S S e s (S
S 3 SSon i G Seen A L

A (sl otal sty i Lol 3L wlale 5 (Sis

A el ple s e sy opl 0o ;5'<‘:“M
Clussdou by Stwan Ao S5y du

A U:")) )‘ oslarul 6@&1,.1.5}.,\%& .,L:.:l.: L;\AIL.AI\



Ol)Se g ELoyS g )la el

Sl a pp Shea (Blale) J6S #5bs b Sl
T353 b S 53 (Sten w5008 5 50

Al e Sl 6w o3l cleas SVL

Olppe oS 5535 0 odalie S S gla Log 1 (sl
(8) wsl o Wesls 5 558 55 3 aL Sl g

Log r
w 3 > - r— - — >
RO mlx\é\:mt:}g:%,
,,,,,,, > > D e e e e e e e B B
0 0
-1 4
1
T -2
20
=]
- .3 -
Sl i
4 1 Sas lie
'3W Monthly scale Weekly scale
|
-3.5 - -5 -
Logr
e~ >+ 3 Q9 & > L L o
ﬂ'. >'G".’

.~

=

G A1

(it

= -
6 - wlig, oo
7 Daily scale
-8 -

Aol 5 Kiin iy Sy sl mbis 53 63, 0L 6T B Y blow sbol l3le Log C(r) Jlie ,s Logr yis yes -0 S

Figure 5. Log C(r) versus Log r plot of river flow series for daily, weekly and monthly scales.

—o—Daily <33, —— Weekly s Monthly <lsls
= 6
g
p—
38 4 . L
v 3 ",
\152 MR e o SPEDUDEDEDEDSS 220 o8 S £ 6
R =
E
= 0 T
&) 15 20 25 30
Dblows da
Embedding Dimension

wlabe 5 Kin i) sl gl abis 5o gl g0 Glag,; 0L gl ilisee blows slal (gl31ay (Somad day =1 JSS
Figure 6. Correlation dimension for different embedding dimensions of river flow for daily, weekly and

monthy scales.

gy



VYL (0) )lows dTY) dls S 5 f cilis gla g}y s puls

el s ey e Mis 5 ok s
SOl G e @l el Cowsas slis
aw s wlbtag, 0L e,y Gsy ola e
213 s Selys O3y e 5 ulie
L@u;éﬂMﬁdlﬁewTwzgij
Sy alaly COHR) w2y 20 5 555
Sli sl > Dl GV a5
358 5 s Selus Do p alal o AL e
S S (Gl sl e e e SV b alail-
b a ol ol Sy sl gt sl S5

Al e Slogal Sloy (g m

2.7
2.2
1157
1.2
= 0.7
0 0.2
1 15 2 2.5 15
At e Logn i s
Monthly scale Weekly scale

y=0.76x -0.35

2
1.5
5 /

0

Log R/S
Log C R/S

s 4 edal Szt i 1 Oledsl s e,

Sl S Sy Kl eslind ((Sien s
Sy i wlsg, b (Slussl Como )
oo onl o e e B sl s sl
[RM)/SM)] 2 8 o glod amlone 5
IR R E I S - IPC VIS
Cl H cwyn Gla U ol ol asls 350 Lot
sl sl H cwpn gl e (v IS2)
CIAY L ol s e dbale 5 Sais ilyy, Sl
w8 S, bolen ol ool Cusay $NVO 5 VY

y=0.77x - 0.22 3.5
y=0.84x - 0.21
/ g ”
o
2o
2
2.5 3.5 ;235 3 3.5 4
A s
Logn S Logn
Daily scale

s 5lai 3,50 5 5 shaeas Log n Jslie Log RIS 13 505 -V K2

Figure 7. Log R/S versus Log n plot for Hurst exponent estimation.

Aay il Gl B3l oy e A a3 (Soen
Ay Ll o s e S 3 bl
s albtag, 0L s Slosal Sl opl by
L o [ KT MR IO R - PRt
5 S Wl glaalie 53 oS o (Shees
sy O/OY 5 Y/EY Y/AC L ol 5 e ailabe
do e Sy e Sl &S el J s ol el
L (D) Jedam Sl e Gl Steses
ol e 585 dlabe 5 Sais o
Spdows 5 ps 3y Shea Shees A A
Sy plazasgdee 51 Sles (6w oIl O35
5,8 3 S e s el rj}l S ol

Aolaype Gash ol mhw ol 5o (2mlS e )

YEA

& 5 4o

Sy A pasile psbla ash o cpl o

O ol S 4 abos 5 e Sslus
Sl G Sles Sl slab (5l wltas
5 Saia wly) ke Gl elde 4w s
oSl Sr Sl el L 23S sl (Slabs
A Sais X Wiy, b ol flize Sledbl
3l blows A cpizmen A5 S aslws £ dlabe
aw 3 38 gbawlian o S Ks50 Soled i,
A X o a alale 5 Saia lys, b el
L o 2olas by o5 e Sl ol apulma F
Ans Oga3l Sl eslizal b 6liss, 0L s s

s (LS S s sl M



OS2 g ELoy3 g ke (ned

SOkl cav s Oldlas 4 Ly 5 ong /0 Ae
wbsgy oL s uj.j Sy 5 O olal 8
PO ST ool e Coya ol imean 3500
bl 5y LS 5 o0 VB /0 o el
Sl ol 5ol e ) Sde SV b
w ko pre gl i, 3l eslil Ol Sl el
e T
g, Gl G slan i S, slag
B St SR Sl als bl gl sl

3 ges eslinal baly cpl s G- (glad b e

S ol S gl ey bl A3l
Slalllas 53 15 S e B e oa a1y s
5 axbie sl Jle jibe 3L Ade S
S Olgea e gl ulde 53 0L glaesls
Sl 4 b ks age Gla bl
At 2, B s 2w nl 53 SR
Sope 225 el 5l e Slalllas Sl a0
ol el el s (5 embe @S oS
fb‘d\ o baesly g w by e Olallas ol g

obde 4w Ha gl okl sy G gl 3,8

&l

1.Abarbanel, D.I., Brown, R., Sidorowich, J., and Tsimring, L. 1993. The Analysis of Observed
Chaotic Data In Physical Systems. Rev. Mod. Phys. 65: 1331-1392.

2.Casdagli, M., Eubank, S., Farmer, J.D., and Gibson, J. 1991. State space reconstruction in the
presence of noise. Physica D. 51: 52-98.

3.Cover, T.M., and Thomas, J.A. 1991. Elements of Information Theory. John Wiley & Sons,
Inc, New York, 776p.

4.Edward, O. 2002. Chaos in Dynamical Systems. Camdridge University Press, New York,
478p.

5.Elshorbagy, A., Simonovic, S.P., and Panu, U.S. 2002. Estimation of missing stream flow data
using principles of chaos theory. J. Hydrol. 255: 123-133.

6.Embrechts, M. 1994. Basic concepts of nonlinear dynamics and chaos theory, P 265-279.
In: Deboeck, G.J. (Ed). Trading on the Edge. Wiley, New York.

7.Frazer, A.M., and Swinney, H.L. 1986. Independent coordinates for strange attractors from
mutual information. Phys. Rev. A. 33: 2. 1134-1140.

8.Ghabheri, A., Ghorbani, M., Delafrooz, H., and Malekani, L. 2012. Evaluation of Stream flow
using Chaos Theory. Iran Water Res. J. 6: 10. 177-186. (In Persian)

9.Havstad, J.W., and Ehlers, C.L. 1989. Attractor dimention of nonstationary dynamical
systems from small data sets. phys. rev. A. 39: 845-853.

10.Heidari, T.G., Yousefi, S.R., and Khadivi, A. 2002. A modern attitude toward theories of
organization and management in today world. Farashenakhti Andisheh Publications, Iran,
422p. (In Persian)

11.Hurst, H.E. 1951. Long-Term Storage Capacity of Reservoirs. Transactions of the American
Society of Civil Engineers. 116: 770-808.

12.Jayawardena, A.W., and Gueung, A.B. 2000. Noise reduction and prediction of
hydrometeorological time series: dynamical system approach vs. stochastic approach. J.
Hydrol. 288: 242-264.

13.Jones, C., Lonergan, G.T., and Mainwaring, D.E. 1996. Wavelet packet computation of the
hurst exponent. J. Phys. A: Mathematical and General. 29: 2509-2527.

14.Kantz, H., and Schreiber, T. 1997. Nonlinear Time Series Analysis. Cambridge University
Press, UK, 369p.

15.Karamouz, M., and Araghinejad, S. 2005. Advanced Hydrology. Amirkabir University of
Techhnalogy Press, Iran, 465p. (In Persian)

1£4



VYL (0) )lows dTY) dls S 5 f cilis gla g}y s puls

16.Kellert, S.H. 1993. In the Wake of Chaos: Unpredictable Order in Dynamical Systems.
University of Chicago Press, Chicago, 176p.

17.Kennel, N., and Brown, R. 1992. Determining embedding dimension for phase space
reconstruction using a geometrical construction. Physica. Rev. A. 45: 3403-3411.

18.Kevin, H. 2013. Optimal Data-Based Binning for Histograms. Available from:
http://arxiv.org/abs/physics/0605197.

19.Khan, S., Ganguly, A.R., and Saigal, S. 2005. Detection and predictive modeling of chaos in
finite hydrologycal time series. Nonlinear Processes in Geophysics. 12: 41-53.

20.Kocak, K., Bali, A., and Bektasoglu, B. 2007. Prediction of monthly flows by using chaotic
approach. International congress on river basin management, 22-24 March, Antalya, Turkey.

21.Lange, H. 1999. Time Series Analysis of Ecosystem Variables with Complexity Measures.
Inter. J. Com. Syst. 250: 1-9.

22.Lorenz, N.E. 1963. Deterministic non-periodic flows. J. Atm. Sci. 247: 194-207.

23.Moshiri, S. 2002. An overview of chaos theory and its applications in economics. Iran. J.
Econ. Res. 12: 68-29. (In Persian)

24 Niroomand, H.A. 1992. Time Series Analysis. Mashhad University Publication, Iran. 404p.
(In Persian)

25.Pari Zangeneh, M., Ataei, M., and Moallem, P. 2009. Phase Space Reconstruction of Chaotic
Time Series Using An Intelligent method. J. Elec. Engin. Dept. Trans. Elec. Technol.
(Electronics and Power). 1: 2. 3-10.

26.Peters, E.E. 1994. Fractal Market Analysis: Applying Chaos Theory to Investment and
Economics. John Wiley and Sons Inc, New York, 336p.

27.Regonda, S.K., Sivakumar, B., and Jain, A. 2004. Temporal scaling in river flow: can it be
chaotic?. Hydrol. Sci. J. des Sci. Hydrol. 49: 3. 373-385.

28.Salas, J.D., kim, H.S., Eykholt, R., Burlando, P., and Green, T.R. 2005. Aggregation and
sampling in deterministic chaos: implications for chaos identification in hydrological
processes. Nonlinear Processes in Geophysics. 12: 557-567.

29.Schreiber, T., and Kantz, H. 1996. Observing and predicting chaotic signals: Is 2% noise too
much?, P 43-65. In: Kravtsov, Y.A. and J.B. Kadtke (Eds.), Predictability of Complex
Dynamical Systems Springer Series in Synergetics, Springer, New York.

30.Scott, D.W. 1992. Multivariable Density Estimation: Theory, Practice, and Visualization,
Wiley, New York, 336p.

31.Shannon, C.E. 1948. A Mathematical Theory of Communication. Bell Syst. Technic. J.
27:379-423 and 623-656.

32.Sivakumar, B. 2001. Rainfall dynamics at different temporal scales: A chaotic perspective.
Hydrology and Earth System Sciences. 5: 4. 645-651.

33.Sivakumar, B., Berndtsson, R., and Person, M. 2001. Monthly runoff prediction using phase
space reconstruction. Hydrol. Sci. J. 46: 3. 377-387.

34.Sivakumar, B. 2002. A phase-space reconstruction approach to prediction of suspended
sediment concentration in rivers. J. Hydrol. 258: 149-162.

35.Sivakumar, B., Jayawardena, A.W., and Li, W.K. 2007. Hydrologic complexity and
classification: a simple data reconstruction approach. Hydrological Processes. 21: 2713-2728.

36.Stehlik, J. 1999. Deterministic chaos in runoff series. J. Hydrol. Hydromech. 47: 4. 271-287.

37.Takens, F. 1981. Detecting strange attractors in turbulence. Dynamical Systems and
Turbulence, lecture notes in mathematics. 898: 366-381.

Yo



Gorgan University of Agricultural
Sciences and Natural Resources

J. of Water and Soil Conservation, Vol. 22(5), 2016
http://jwsc.gau.ac.ir

Comparison of reconstructed phase space and chaotic behavior
of Nazloo chai river flow at different temporal scales

S. Jabbari Gharabagh', *H. Rezaei’ and B. Mohammadnezhad®
'M.Sc. Student, Dept. of Water Resources Engineering, Urmia University,
? Associate Prof., Dept. of Water Engineering, Urmia University,
3 Assistant Prof., Dept. of Water Engineering, Urmia University
Received: 04/23/2014; Accepted: 10/26/2014

Abstract

Background and Objectives: Studying the behavior of river flows is one of the basic
requirements in water resources planning. The identification of river flow processes at different
temporal scales, using chaos theory is important for river flow prediction and selecting the
proper model framework. River flow has dynamic and nonlinear nature. Phase space is defined
as the space which includes all the possible conditions which describe a system, in dynamic
systems. Because of the inaccessibility of exact mathematical equations of system, it is difficult
to clearly identify the phase space; moreover all the available information is a scalar time series.
Therefore, the embedding method with exerting delay times on river flow time series, is used in
order to reconstruct the phase space. The objective of current research is to evaluate the effects
of temporal scales and time series fluctuations on chaotic analysis, including phase space
reconstruction and chaotic behavior of time series.

Materials and Methods: The study site is Nazloo chai sub basin, which is located in the Urmia
lake basin (west of the Lake). The watershed area is about 2917.1 km® and the average height of
region is 1720 m. the slope of the river is 0.3%. There is no storage dam on the river. The runoff
data of Nazloo chai river was obtained from Tapic hydrometric station in daily, weekly and
monthly scales, from 1990 up to 2011 statistical period. The reconstruction of phase space was
performed in three different temporal scales (daily, weekly and monthly), in order to determine
the dynamic behavior of the system and the regularity pattern of the river flow. For this purpose,
delay time was calculated using AMI (Average Mutual Information) method. Moreover the
proper embedding dimension was calculated using FNN (False Nearest Neighbors) method.
Chaotic behavior of river flow for daily, weekly and monthly scales was evaluated by using
correlation dimension and Hurst exponent methods.

Results: In this study the daily, weekly and monthly observed discharges data of Nazloo chai
River have been used to reconstruct the phase space from 1990 to 2011. Delay time was
calculated by AMI method and it is 39 for daily, 18 for weekly and 9 for monthly scale.
Embedding dimension as a minimum dimension for reconstruction of phase space to describe
the dynamic system was calculated using FNN method for daily, weekly and monthly scales and
were 26, 8 and 4 respectively. Chaotic behavior of river flow for daily, weekly and monthly
scales was evaluated by using correlation dimension and Hurst exponent methods. Correlation
dimension was 2.8 for daily, 3.62 for weekly and 5.52 for monthly scale. Hurst exponent for
daily, weekly and monthly scales was obtained 0.84, 0.77 and 0.76 respectively.

Conclusion: The results illustrate the chaotic behavior of the river flow in all studied time
scales.

Keywords: Chaos theory, Embedding dimension, Correlation dimension, Hurst exponent
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