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Abstract. In the present study, the latitudinal aspect of which reasonably reproduces the observed data. Based on
chaotic behaviour of ionosphere during quiet and stormthe values of the above quantifiers, the features of chaotic
periods are analyzed and compared by using GPS TE®ehaviour of equatorial trough crest and outside the crest

time series measured at equatorial trough, crest and outsidegions of ionosphere during geomagnetically quiet and

crest stations over Indian subcontinent, by employing thedisturbed periods are briefly discussed.

chaotic quantifiers like Lyapunov exponent (LE), correlation
dimension (CD), entropy and nonlinear prediction error
(NPE). It is observed that the values of LE are low 1
for storm periods compared to those of quiet periods for

all the stations considered here. The lowest value ofi, the real world system, pure determinism is rather unlikely
LE is observed at the trough station, Agatti (2.88 (g pe realised, since all systems somehow interact with their

Geomagnetically), and highest at crest station, Mumbaigy,rroundings and deterministic picture may be regarded only
(10.09 N, Geomagnetically) for both quiet and storm a5 4 |imiting case of a more general framework involving

periods. The values of correlation dimension computedqyctyations in the environment and in the system itself
for .TEC t|me series are in the range _2.23—2.74 for q”'et(Hegger et al., 1999). In recent years, nonlinear time
period, which indicate that equatorial ionosphere may beggries methods were employed to study the magnetospheric
described with three variables during quiet period. But thechaos and these studies strongly support the evidence of

crest station Mumbai shows a higher value of CD (3.373) nagnetospheric chaos (Vassiliadis et al., 1990; Shan et al.,
during storm time, which asserts that four variables are1991: chen and Sharma 2006).

necessary to describe the system during storm period. The pring the last decade, several interesting studies and

vaIues of non linear predict'ion error (NPE) are lower for modeling efforts on magnetospheric dynamics based on
Agatti (2.38 N, Geomagnetically) and Jodhpur (188, heories of nonlinearity, chaos and stochasticity were
Geomagnetically), during storm period, compared to thoseyccessfully carried out. Bhattacharyya (1990) had studied
of quiet period, mainly because of the predominance Ofihe chaotic behaviour of ionospheric density fluctuations,

non linear aspects during storm periods The surrogate datgging amplitude and phase scintillation data, and found the

test is carried out and on the basis of the significance ofyyistence of low- dimensional chaos. Also, Wernik and

difference of the original data and_surrogates for variousYeh (1994) have studied chaotic behaviour of ionospheric
aspects, the surrogate data test rejects the null hypothesi§lence using scintillation data and numerical modeling
that the time series of TEC during storm and quiet timesy¢ geingillation at high latitude. Also, Kumar et al. (2004)
represent a linear stochastic process. It is also observet_j th?éported the evidence of low dimensional chaos in a set of
using state space model, detrended TEC can be predictege ¢ gata, obtained by Faraday rotation technique, measured
at a high-latitude station, Goose Bay {4V, 286 E).
Recently, Unnikrishnan et al. (2006) have analyzed the

Correspondence tdK. Unnikrishnan deterministic chaotic behaviour of GPS TEC fluctuations at
BY

(kaleekkalunni@gmail.com) mid-latitude. However, comprehensive studies on non linear
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aspects and chaotic behaviour of equatorial/low IatitudeTable 1. List of stations considered for the present study.
ionosphere during quiet and disturbed periods, especially
using GPS TEC time series are not conducted so far.

Most of the Indian region encompasses the equatorial and

Station Geographic  Geographic Geomagnetic

. . 8 Latitude Longitude Latitude
low-latitude ionospheres. The morphology of the equatorial _
ionosphere is quite different from that of other latitudes Agati  10.75N 725 E 238N
because the magnetic fiel) at the equatorial region is Mumbai  18.3 N 785 E 10.08' N
Jodhpur  26.3N TrPE 18.2 N

nearly parallel to the Earth’s surface. During daytime, the
E-region dynamo electric fieldH) is eastward. This field
in the E-region and at off-equatorial latitudes maps along
the magnetic field to F-region altitudes above the magnetidor the Indian region for satellite elevation angle greater than
equator, resulting irE x B drift, which transports F-region 50° (Bagiya et al., 2009). Hence, to minimize the errors,
plasma upward over the magnetic equator. The upliftedonly those data with elevation angle above 50degree are
plasma over the equator then moves along magnetic fiel@¢onsidered for this study.
lines in response to gravity, diffusion, and pressure-gradient In the present study three Indian stations, namely Agatti,
forces. The physical mechanism, which is traditionally Mumbai and Jodhpur are considered, which represent the
involved in order to explain the diurnal variation of the equatorial trough, crest and outside the crest regions of EIA
equatorial anomaly, is the so-called fountain effect and thisfeature (Table 1). GAGAN-TEC data for a period, 11—
fountain is controlled by th& x B drift (Abdu, 1997). As 14 June 2005, with 1-min resolution, measured at 3 stations
a result, the equatorial ionization anomaly (EIA) is formed given in the Table 1 are used as the time series representing
with reduced F-region ionization density at the magneticstorm period for this study. During this period of study,
equator and increased ionization at the two anomaly crestg Storm Sudden Commencement (SSC) was observed on
around+15° in magnetic latitude to the north and south of 12 June 2010 at 12:42IST (07:42UT), with Dstmax=—
the magnetic equator (Rama Rao et al., 2006). 106 nT, which is a major geomagnetic storm event. To
In the present study, the latitudinal aspect of chaoticcompare with the storm time chaotic behaviour, GAGAN-
behaviour of ionosphere during quiet and storm periodsTEC data for a period 7-10 June 2005 is chosen as the quiet
are analyzed and compared by using GPS TEC time seriegeriod.
measured at equatorial trough, crest and outside crest stations
over Indian subcontinent. For this the chaotic quantifiers
like Lyapunov exponent, Correlation dimension, entropy and
nonlinear prediction error are estimated for three stations.

3 Results
3.1 Time series and phase space

A time series,S, is the sequence of scalar measurements
of some quantity, which depends on the current state of a

In the Indian region the augmenting of GPS is plannedSystem, taken at multiples of a fixed sampling time), and
through a regional Satellite Based Augmentation Systentig- 1a represents the typical time series of GAGAN-TEC
(SBAS), called GPS Aided Geo Augmented Navigation measured at Agatti. . .

(GAGAN) from the Indian Space Research Organisation Figure la shows that the dominant dynamics could be the
(ISRO) and Airport Authority of India (AAI). The Slant Total  diurnal variations, in addition to the fluctuations due to the
Electron Content (STEC) is the measure of the total numbefnternal dynamics. Since, we are interested in the nonlinear
of free electrons in a column of the unit cross section alongT EC variabilities, it is essential to minimize the influence
the path of the electromagnetic wave between the satellit®f diurnal variations observed in the data. To reduce the
and the receiver. The total number of free electrons isinﬂuence of the diurnal variations of the data, we have carried
proportional to the ionospheric differential delay between L1 0ut “epoch analysis”, which is as follows. -

(1575.42 MHz) and L2 (1227.60 MHz) signals. The Vertical ~Here, the number of data points in one day is 1440. Let
TEC is obtained by taking the projection from the slant to @i, i = 1,2,3...1440 denotes the average of the values
vertical using the thin shell model assuming a height ofi+1440 fi+2880 €tc., where;, i equals 1, 2, 3, etc., denotes

350 km, following the technique given by (Klobuchar, 1986): the observed time series of TEC. Then the diurnal variation
reduced time series is given by

2 Data and methodology

Vertical TEC(VTEC)
= STEC codarcsinRe cos® /Re+ hmay)] Q) TLi=ti—aj )

whereRe= 6378 km,aimax= 350 km, ® = elevation angle at wherei =1,2,3..., j =mod(, 1440), if mod(, 1440)+ 0,
the ground station. Rama Rao et al. (2006) observed thaand j = 1440 if mod(/, 1440) =0. By using this method on
the IPP (lonospheric Pierce Point) altitude of 350 km is valid the measured TEC, we get the detrended time series of TEC
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Fig. 1. (a) Time series of TEC(b) detrended TEC(c) variations ofa;, (d) the mutual information of the detrended TEC as a function of

delay, ande)the fraction of false nearest neighbours as a function of the embedding dimensitth = 20, during the period 7-10 June
2005, measured at Agatti.

(Fig. 1b), and the dynamical results of the detrended TECinformation, false nearest neighbours, delay coordinates,
are explained further (Kumar et al., 2004; Unnikrishnan etcorrelation dimension, Lyapunov exponent, entropy, and non
al., 2006). The detrending filter will transfer the nonlinear linear prediction error.
TEC variabilities/fluctuations, by minimizing the influence  To reveal the multidimensional aspects of the system,
of diurnal variations, as much as possible, and Fig. 1c depictphase space reconstruction of the time series is required.
the variations ofi;. For this, the proper choice of embedding dimensior) (
The detrended time series of TEC measured at variousind delay time ) are essential (Fraser and Swinney, 1986;
stations of equatorial/low latitude region, considered in theKennel et al., 1992). If the time delayed mutual information
present study, are subjected for analysis to obtain mutuathows a marked minimum, that value can be considered as
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151 ' ' ‘ ' ' L 7 2004; Unnikrishnan et al., 2006; Unnikrishnan and Sudha
Ravindran, 2010). The probability density for the original
TEC time series (continuous line) and those of the first half of
the series (dashed line) were calculated and shown in Fig. 2b.
From this Figure, it is evident that the trends of curves for the
probability density of the original TEC time series, and that
of the first half of the TEC time series are very similar, which

- supports stationarity of the data.

It is known that Lyapunov exponent is a measure of
the rate of attraction to or repulsion from a fixed point in
the state space. One of the most prominent evidences of
@ ° ° % mw ° " = chaotic behaviour of a dissipative deterministic system is

the existence of positive Lyapunov exponent. A positive
, Lyapunov exponent indicates divergence of trajectories in
0.30] ! one direction, or alternatively, expansion of an initial volume

' F i ! in this direction, and a negative Lyapunov exponent indicates

] convergence of trajectories or contraction of volume along

10

TEC(1+20)

025"

3 om) M - another direction.
g o1sf ‘;“ \ ] The average rate of divergence can be estimated by the first
i N “v”‘.\ Lyapunov exponent; (Wolf et al., 1985).

010} / ]

| | (R . ;
~ YK 1 aa=lim 3|n<M(t)>= lim }Z'”< o ) (4)
oook o o e DN reot Ax(0) root =1 Ax(ti-1)
(b) -10 -5 4] TEC 5 10 15

The Lyapunov exponent for the TEC time series measured
Fig. 2. Plots of(a) delay representation for the detrended time seriesat Agatti, was computed and its evolution, as the state space

of TEC with m =8 andr = 20 and(b) probability density for the  trajectory is scanned with=20,m = 8, is shown in Fig. 3a.

first half of time series of detrended TEC (continuous line) and that The value of Lyapunov exponent was calculated for

of second half of the series (dashed line) measured at Agatti. various time delays by keeping embedding dimension a
constant. A plot of Lyapunov exponent versus time delay, by

gkeeping embedding dimension a constant (Fig. 3b) for TEC

a reasonable time delay. Likewise, the minimal embeddin ’ . d at Agatti sh that. it | initiall
dimension, which corresponds to the minimum number of M€ series measured at Agatli shows thal, IS values initially

false nearest neighbours can be found out, and is treatelfcrease up to a time delay 15, and thereafter remain almost

as the optimum value ofz (Unnikrishnan et al., 2006). conztant.  th _ b
With the help of time delayed mutual information (Fig. 1d) The spectrum of the Lyapunov exponents (Fig. 3c) can be

and the false nearest neighbour method (Fig. le), it iSestimated from a time series by flowing the evolution of small
observed that any delay 18 and any dimension; 6 a;e perturbations of the reconstructed orbit, making use of a

the suitable choices far andm, respectively. By repeating linearized approximation. The evolution of the displacement

the similar analysis for all the time series considered in theyeCtor between the neighboring poiis/) andX (1) +w(7)

present study, these choices forand m are found to be in the reconstructed phase space is given by the equation
true. Hence, the choice af as 20 andn as 8 for further

analysis of this study are reasonable. Based on embedding (i +1) =DF (X (i))w(i), (5)

theorem, a multidimensional state space can be reconstructed

as follows: where DF denotes the derivative matrix df. A local
approximation of the matriloF can be found by minimizing

Y, = (Sn—(m—l)nSn—(m—Z)r-mSnfr’ Sn) ®3) the following expression

where Y, are the vectors. Figure 2a represents the

- —
reconstructed phase space for the time series of TEC™" g_ M1 1 lw; G +1) — Aw; () | )
observed at Agatti (Fig. 2a), using time delay embedding for Ai Ar ki
=20 andmn =8.

To check the stationarity, probability density of the time wherek is the number of the neighbours (i) regarding
series of TEC was calculated, by dividing the range ofk different perturbationsv;, j =1,...,k, which are used to
values of TEC into short intervals, and then by counting estimateA; = DF at the pointX (/). The Lyapunov spectrum
the values of the series fall in each interval (Kumar et al.,is found by repeating this process for &l reconstructed
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orthonormalisation of the vectors at timén order to retain
the local orthogonal spanning of the state space (Athanasiu
et al., 2003).

Another significant quantifier used in chaotic analysis is
the correlation dimensior) which is defined as:

. InC
D =Ilim )
r—0 Inr

®)

where C(r) is the correlation sum for radius. Also, it
can be seen thaf(r) ~r9 for r — 0. The dependence
of correlation sum of the time series of length on the
embedding dimensiom of the reconstructed phase space is
given by

2 N N
Cr)= m;j;1®(r— llyi —ill) ©

where® is the Heaviside step functio®)(a) =0 if a <0
and®(a)=1fora > 0.

The parametert, (i.e. the product of: andr) is the time
span represented by an embedding vector, which is nearly
equal tow, called Theiler window. We have calculated the
Theiler window asw = 160, which is approximately equal
to mt. Figure 4a shows the curves of correlation sgiir)
verses in log scale, where the scaling region is prominent.
We have estimated the correlation dimension by varying
Theiler window,w from 170 to 300 in small steps and there is
no appreciable difference. Hence we have selegtad 200
for estimating the correlation dimension. Generally, the best
approximation to the actual dimension of the attractor is the
value of correlation dimension (Grassberger and Procaccia,
1983), and is given by y intercept value of the horizontal line,
drawn along the plateau of the local slopes of correlation sum
for various embedding dimensions. In experimental data,
getting a clear plateau is very difficult in a deterministic case.
At the same time, the local slopes converge to some value
instead of getting a plateau for all embedding dimensions,
m greater than the actual dimension. Local slopes of the
logarithms of correlation sum for normalised and detrended
TEC (Fig. 4b) exhibits a clear plateau, indicating a fractal
dimension of the attractor, whose value is obtained’as;
2.744+0.02.

Recurrence Plot (RP) first described by Eckmann, et
al. (1987), and further modified by Zbilut and Webber (1992)
a powerful analytical tool for the study of nonlinear
dynamical systems. With RP, one can graphically detect
hidden patterns and structural changes in data or see
similarities in patterns across the time series under study.
If the time series is truly random and has no structure,
the distribution of colors over the RP will be uniform,
and has no identifiable patterns. On the other hand, if
there is some determinism in the signal generator, it can
be detected by some characteristic, distinct distribution of
colors. The Shannon entropy of the probability distribution

Nonlin. Processes Geophys., Y76/8610
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Fig. 4. Plots of(a) the correlation sunfb) the local slopes of the logarithms of correlation sum of detrended TEC time series measured at
Agatti showing the dimension of the attractor, for m ranging from 7 to 19, with20, » = 200, and(c) the Recurring Plots (RPs), which
exhibit characteristic patterns for quiet afutj storm periods.

of the diagonal line lengthg(/) is given as: 3.2 Implementation of surrogate data test
N
Entropy= — Z pDInp) (10)  The method of surrogate data (Theiler et al., 1992) obtained
[=lmin by using Monte Carlo techniques enable us to assess the

significance of the results, we have derived in this analysis.
It has been accepted that, the method of surrogate data test
could be a successful tool for the identification for nonlinear
eterministic structure in an experimental data (Pavlos et al.,
999). According to this method, typical characteristics of
the data under study are compared with those of stochastic

and d presents the RPs of the typical TEC time series for |gna_LIs (surrogates), which have the same aut_o correlgtlon
function and the power spectrum of the original time series.

quiet and storm periods, respectively, which exhibit different . L
characteristic patterns. By preparing the Recurrence Plotlsf the behaviour of the original data and the surrogate data

(RPs) for all the time series studied here, their entropies weré' S significantly different, m_such C.h aracteristics, it may be_
estimated using Eq. (10), safely concluded that, a stationary linear Gaussian stochastic

model cannot describe the process under study. In the

wherel is the lowest number of upward diagonal recurrent
points required to define a deterministic line. We have
performed similar nonlinear time series analysis for all the
TEC time series measured at different stations considere
in the present study, and it is seen that the choice ab

20 andm as 8 are appropriate for all of them. Figure 4c

Nonlin. Processes Geophys., 17, 7836 2010 www.nonlin-processes-geophys.net/17/765/2010/
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present study, we used the improved algorithm of Schreiber Latitudinal dependence of entropy is not so prominent and
and Schmitz (1996) to generate 40 surrogate data. In thigs value observed at Mumbai during storm period is lesser
case, the generated “nonlinear” surrogate data mimic thehan that of quiet period (Fig. 6¢). However, Agatti and
original time series in terms of the autocorrelation function Jodhpur show no such trends, and having almost same values
and the probability density function. Then, we compared thefor quiet and storm periods.

geometrical and dynamical characteristics of the measured Non linear prediction error (NPE) has strong latitudinal
data and those of surrogates. The significance of differencelependence during quiet period, which is absent for storm

of the characteristics can be defined as period (Fig. 6d). These values during quiet period observed

o — e at Agatti (trough station) and Jodhpur (out side the crest

§ — X %original (11) station) are comparatively higher than those of storm period.
o

The quiet time value of NPE observed at Mumbai (crest

wherex ando are the mean and standard deviation values ofstation) is lowest, which is almost identical with the
the characteristic of surrogates angiginal is the value of the corresponding storm time value.
same characteristic for the original data.
In the present study, the significance of difference of the
original data and surrogates for mutual information, fraction . . . . .
. : In a low dimensional dynamical system, the trajectories
of false nearest neighbors, and Lyapunov exponent (Fig. 5a—

h), for quiet period are greater that 2, which enables to rejecfa‘re well defined, although over long periods, they may be

the null hypothesis, that the time series of TEC represenf;haonc' This makes short term pred|cthns of the dynamics
In such systems, reasonable and practical. In the case of

a linear stochastic process, with confidence greater tharg1 svstem specified by the observational data of one of its
95% (Pavlos et al., 1999). The nonlinear prediction error Y P y

for surrogates of quiet time TEC for Agatti is, 323+ variables, the reconstructed phase space can be used to make
0.008052, while that for detrended TEC is 0.22,85. In this predictions (Farmer and Sidorowich, 1987; Sharma, 1997).

way, the geometrical and dynamical characteristics of all .The basic principle is illustrated in Fig. 7a. The filled

the time series considered in the present study and those Oci!rcles Wlthm. the neighbourhood (rgpresented by Fhe blgger
circle of radiusr) denote the locations of the trajectories

surrogates are compared and the significance of differencé . . .
C o . -_and those outside denote the known locations of these points
are found to be greater than 2. This implies that determinism ; : . :
) . - . . .. .._at the next time step. Knowing how the neighbouring
is associated with the GPS-TEC time series along with its_ . . .
chaoticity trajectories evolve, the Iocguon of the current st;[t(e) at
' time X (s + ) can be predicted (Farmer and Sidorowich,
1987; Sharma, 1997).

Using this technique, the Detrended TE&LCvalue at the

Figure 6a represents the latitudinal variations of Lyapunovnext time interval Detrended TEC+ 1) is expressed as

Exponent (LE) values estimated for TEC time series ded ded
measured at equatorial trough, crest, and outside the CreQetren ed TEG +1) = F[Detrended TEQ)] (12)

?::(tjlOgsttilénEr?e?UIeeztriE)b(jlzCk ﬁoir;t'ZEZvaggezh‘;?ih(zsf/l;zigwhere the functionaF of the state vectoX () is obtained
P ' . from the dynamical features of the reconstructed phase
of LE are low for storm periods compared to those of

. . . X . The local val i in Taylor expansion
quiet periods for all the stations considered here. TheSpace  local value gt is obtained by a Taylor expansio

. . -around X(¢) and the coefficients computed by fitting
lowest value of LE is observed at the trough station, Agatti ; : .
. . T rocedure using the evolution of the nearest neighbours
(2.38 N, Geomagnetically), and highest at crest stat|on,p 9 g

] . . of X(t). When the Taylor expansion is limited to the
gzm}bggr%g'sogl\l Geomagnetically) for both quiet and linear term, this yields a local linear technique. Using this

Values of correlation dimension (CD) computed for TEC technique, detrended TEC is predicted, which reasonably

. . . - . o h Fig. 7b).
time series during storm period show appreciable vanabllltesreprOduces the observed data (Fig. 7b)

over the latitude sector of the present study (Fig. 6b). Storm

time values of this parameter are lowest at Agatti (2.51) and4 Discussion

Jodhpur (2.58), which are equatorial trough and outside the

crest stations, respectively. However, correlation dimensiorit is known that E x B drift brings plasma from low to
value of the crest station, Mumbai is highest compared tohigh altitudes during daytime and from high to low altitudes
other two stations, during storm period. It is interesting to (downward) during night. In the morning and evening,
note that, the value of CD observed at Mumbai during quietelectron density and temperature peaks are observed (Fukao
time is appreciably less than that during storm period, whereet al., 1991). The local time variations of the neutral
as the values of this parameter for quiet and storm periodsvind, electric fields, production-recombination rates produce
are almost same for Agatti and Jodhpur. inherent irregularities leading to chaotic variations, even at

3.4 Prediction using phase space model

3.3 Latitudinal variations of chaotic quantifiers

www.nonlin-processes-geophys.net/17/765/2010/ Nonlin. Processes Geophys., ¥76/8610
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standard deviation is represented by the dash-dotted c(bysignificance of difference represented as a function of delay. Similarly, the
comparison of nonlinear characteristics, like fraction of false nearest neiglehdrgapunov exponer(e), and local slopes of the correlation
sums(g) are presented along with their respective significance of differashcke &ndh, respectively) during the period 7-10 June 2005,

measured at Agatti.
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Fig. 6. Plots of latitudinal variation ofa) Lyapunov exponent(b) correlation dimension(c) entropy andd) non linear prediction error,
estimated from detrended TEC time series.

quiet time ionosphere. This shows that, the response ofluring local night times (Balan and Rao, 1987), and
ionosphere to the above variabilities is irregular, showingcollisional Rayleigh-Taylor instability (Huba et al., 1996),

a disorder with determinism. However, during storms, playing a crucial role in the development of equatorial spread
this behaviour is modulated and influenced by storm timeF, are another points to account for ionospheric irregularities.
energy drivers like solar wind and subsequently disturbed The evolution of the magnetospheric system will be the
thermospheric wind electric field systems. Anomalousresult of the combined effects of local couplings of the
night time enhancement in TEC producing TEC fluctuationsmagnetic and plasma structures, through the nonlinearities
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Initial Condition . during disturbed times and can maintain such periodic
p oscillations even after substorms have stopped. Particle
precipitation from ring current or plasmasphere during the
magnetospheric oscillations causes simultaneous increases
in electron density and temperature in the equatorial-
low/mid latitude ionosphere (Huang et al., 2003). Hence,
the superposition of a large number of active degrees
of freedom can produce extremely complicated signals
during a magnetic storm period, which in turn modify the
stability/instability conditions of magnetosphere. Hence
during geomagnetic disturbances, the above effects via
substorms may increase/modulate the periodicity in TEC

wn
o——

TEC (10" electronsim’)
7
- —

fluctuations and thereby decrease/modulate the chaoticity,
@ . which is evident by the decrease/modification in values of
| ] Lyapunov exponent during storms, compared to quiet times.
i | The station, Agatti is well within the equatorial trough, and
’{ i i the TEC fluctuations at this region are expected to be lower,
I ‘» k" ‘ ' Ll { compared to the stations at/near the boundary of the anomaly
UL Hig" h[' '-j‘"'i crest. Infact, chaos arises from the exponential growth
‘M I3l g_w#' 14 ' of infinitesimal perturbations in a system, and Lyapunov
i ’ 1 exponent is the estimate of its rate. This may be a reason
E | T | for lower values of Lyapunov exponent observed at Agatti,
; which indicates small exponential divergence of the initially
Ty ] closed trajectories in the phase space of TEC time series. But
station like Mumbai, lies near/at the edge of anomaly crest,
© o P rmemingey which may suffer more fluctuations, because of the spatial
movement of EIA, based on local time and the influence of
Fig. 7. P'g;? Of(g) l”gfi(:jeSt;]”%ighg‘l’,ur';’aszd ErediCt(;O” :“ a ?tatre EEJ/counter electrojet. This could be a reason for higher
Space, an moaele asned red line) and observed values (soll ;
line) of detrended TEC during the quiet period 7-10 June 20050,|Value Of LE observed at Mumbal,
measured at Agatti.

Unnikrishnan et al. (2006) analyzed the deterministic
chaotic behaviour of GPS TEC fluctuations at mid-latitude,
and their study emphasis that the influence of an external
stochastic driver (solar wind) could alter the inherent
of the system. The magnetosphere thus exhibits tthynamiCS of a system (ionosphere), if the coupling is
signatures of both self-organization and self organizedpowerfu|_ This could be a possible reason for lower
criticality. ~ This point of view also supports the recent yajues of Lyapunov exponent during storms, with respect to
results of Sitnov et al. (2001) that the substorm activity {he corresponding quiet time values (Unnikrishnan, 2006)
resembles the non equilibrium (first and/or second orderypserved at mid-latitude. In the present study also, it is
phase transitions. The phase transition analogy provides gpserved that the values of LE are low for storm periods
conceptual frame work for combining the global and multi compared to those of quiet periods for all equatorial/low-
scale aspects of substorm dynamics in a unified modeljgtitude stations considered here.

The global behaviour of magnetosphere has clear dynamical The values of correlation dimension computed for TEC
behaviour and can be predicted using dynamical modelstme series are in the range 2.23-2.74 for quiet period, which
The multiscale features on the other hand has a power lawhdicate that equatorial ionosphere may be described with
behaviour and can not be modeled in the dynamical sense an@ree variables during quiet period. But the crest station
can be described/modeled in terms of statistical propertie$ umbai shows a higher value of CD (3.373) during storm
(Sharma et al., 2005). Like magnetosphere, ionosphergme  which asserts that four variables are necessary to
may also exhibit global coherent dynamics and multi-scalegescribe the system during storm period. It implies that
features (first and/or second order) at times of geomagnetigiorm time crest station Mumbai needs one more variable
disturbances. to describe/model TEC time series compared to trough and

Both Borovsky et al. (1993) and Huang et al. (2003) outside the crest stations during quiet and storm periods. The
explained that, the combination of the storm and substormvalues of non linear prediction error (NPE) are lower for
caused some unique and well-correlated phenomena igatti and Jodhpur during storm period, compared to those
the auroral-subauroral ionosphere. Infact, magnetospheref quiet period, mainly because of the predominance of hon
has an intrinsic oscillation period of approximately 2—-3h linear aspects during storm periods.
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It is understood from recent studies that the magnetothan 95%. But still then it is not possible to confirm that
spheric dynamics is neither clearly low dimensional norequatorial/low latitude ionosphere is purely low dimensional
completely random, but exhibit combinations of these twounder all conditions. A more reasonable and logical
aspects, which yields an improved and effective concept forconcept is that, like magnetosphere, ionosphere is neither
forecasting space weather (Sharma et al., 2001; Ukhorskiy etlearly low dimensional nor completely random, but exhibit
al., 2004). Like magnetosphere, ionosphere is also a complegombinations of these two aspects, which yields an improved
system, where the basic fluctuations are of internal origin,and effective concept for forecasting space weather.
though the bursts can be triggered by an external perturbation
(solar wind). AcknowledgementsAuthor is thankful to Space Physics
Laboratories, VSSC, ISRO, Thiruvananthapuram, for providing
GAGAN-TEC data. KU dedicates this article to the loving

5 Summary memories of late Sudha Ravindran, Space Physics Laboratories,
VSSC, ISRO, India.

In the present study, the chaotic behaviour of ionosphere
during quiet and storm periods over equatorial trough, cresf
and outside the crest stations of Indian sub continent aréQ
analysed and compared, by using GPS-TEC time series.
The station, Agatti is well W|th|n thg equatorial trough, References
and the TEC fluctuations at this region are expected to
be lower, compared to the stations at/near the boundarypqy m. A: Major phenomena of the equatorial ionosphere-
of the anomaly crest. This may be a reason for lower thermosphere system under disturbed conditions, J. Atmos. Sol.-
values of Lyapunov exponent observed at Agatti, which Terr. Phy., 59(13), 1505-1519, 1997.
indicates small exponential divergence of the initially closed Athanasiu, M. A., Pavlos, G. P., Sarafopoulos, D. V., and Sarris,
trajectories in the phase space of TEC time series. But E.T.: Dynamical characteristics of magnetospheric energetic ion
station like Mumbai, lies near/at the edge of anomaly crest, time series: evidence for low dimensional chaos, Ann. Geophys.,
which may suffer more fluctuations, because of the spatial 21, 1995-2010, doi:10.5194/angeo-21-1995-2003, 2003.
movement of EIA, based on local time and the influence ofBadiya, Mala S., Joshi, H. P, lyer, K. N., Aggarwal, M., Ravindran,
EEJ/counter electrojet. This could be a reason for higher S gnd Pqthan, B. M. TEC variations d‘”.'“g low sola.r
value of LE observed at Mumbai. Itis to be noted that, during  2SUV%Y Period (2005-2007) near the Equatorial lonospheric
. . Anomaly Crest region in India, Ann. Geophys., 27, 1047-1057,
geomagnetlc dlsturbances_, thg effects of substqrms MY (6i:10.5194/angeo-27-1047-2009, 2009.
increase/modulate the periodicity in TEC fluctuations andgajan, N, and Rao, P. B.: Latitudinal variations of nighttime
thereby decrease/modulate the chaoticity, which is evidentby enhancements in total electron content, J. Geophys Res., 92(A4),
the decrease in values of Lyapunov exponent during storms, 3436-3440, 1987
compared to quiet times. Bhattacharyya, A.: Chaotic behaviour of ionospheric turbulence
The values of correlation dimension computed for TEC from scintillation measurements, J. Geophys. Res., 17, 733-738,
time series are in the range 2.23-2.74 for quiet period, which 1990.
indicate that equatorial ionosphere may be described witfBorovsky, J. E., Nemzek, R. J., and. Belian, R. D.: The occurrence
three variables during quiet period. But the crest station rate of magnetospheric-substorm onsets: Random and periodic
Mumbai shows a higher value of CD (3.373) during storm substorms, J. Geophys. Res., 98, 3807-3814, 1993.

i hich implies that f iabl b ired t Chen, J. and Sharma, A. S.: Modeling and prediction of the
Ime, which Implies that Tour variables may be required fo magnetospheric dynamics during intense geospace storms, J.

describe the system during storm period. The values of Geophys. Res., 111, A04209, doi:10.1029/2005JA011359, 2006.
non linear prediction error (NPE) are lower for Agatti and gckmann, J. P., Olifison Kamphorst, S., and Ruelle, D.: Recurrence
Jodhpur during storm period, compared to those of quiet piots of dynamical systems, Europhys. Lett., 4, 973-977, 1987.
period, mainly because of the predominance of non lineaFarmer, J. D. and Sidorowich, J. J.: Predicting chaotic time series,
behaviour of ionosphere over these stations, during storm Phys. Rev. Lett., 59, 845-848, doi:10.1103/PhysRevLett.59.845,
periods. 1987.

To further confirm the deterministic nature of the time Fraser, A. M. and Swinney, H. L.: Independent coordinates for
series, the surrogate data test was carried out on time strange attractors from mutual information, Phys. Rev. A, 33,
series considered in the present study. It is observeq:utigézllégl’l 6158'\?' C. Shirakwa. T.. Takami. T.. Yamamoto. M
that the significance of dlfffarences. of the quglnal data Tsuda, T., and Kato, S.: Turbulent upwelling of the mid-latitude
and surrogates for mutual information, fraction of false

) ionosphere, 1. Odservational results by MU radar, J. Geophys.
nearest neighbors, Lyapunov exponent and local slopes of res ‘96 3725-3746, 1991.

the correlation sums are greater than 2, which enable t@assberger, P. and Procaccia, I.: Estmation of the Kolmogorov

reject the null hypothesis, that the time series of TEC entropy from a chaotic signal, Phys. Rev. A, 28, 2591-2593,
represent a linear stochastic process, with confidence greater doi:10.1103/PhysRevA.28.2591, 1983.

dited by: A. S. Sharma
eviewed by: two anonymous referees

www.nonlin-processes-geophys.net/17/765/2010/ Nonlin. Processes Geophys., ¥76/8610



776 K. Unnikrishnan: Chaoticity of equatorial/low latitude ionosphere

Hegger, R., Kantz, H., Schreber, T.: Practical implementation of Sharma, A. S., Sithov, M. I., and Papadopoulos, K.: Substorms as
nonlinear time series method, The TISEAN Package, Chaos, 9, nonequilibrium transitions in the magnetosphere, J. Atmos. Sol.-
413-430, 1999. Terr. Phy., 63, 1399-1406, 2001.

Huang, C. S., Foster, J. C., Goncharenko, L. P.,, Sofko, G.Sharma, A. S., Baker, D. N., and Borovsky, J. E..: Nonequi-
J., Borovsky, J. E., and Rich, F. J.: Midlatitude ionospheric librium phenomena in the magnetosphere: Phase transition,
disturbances during magnetic storms and substorms, J. Geophys. self-organized criticality and turbulence, in: Nonequilibrium

Res., 108(A6), 1244, doi:10.1029/2002JA009608, 2003. Phenomena in Plasmas, edited by: Sharma, A. S. and Kaw, P.
Huba, J. D., Bernhardt, P. A., Ossakow, S. L., and Zalesak, S. T.: K., Springer, Berlin-Heidelberg-New York, 117-144, 2005.

The Rayleigh-Taylor instability is not damped by recombination Sitnov, M. |, Sharma, A. S., Papadopoulos, K., and Vas-

in the F region, J. Geophys. Res., 101, 24553-24556, 1996. siliadis, D.: Modeling substorm dynamics of the magneto-
Kennel, M. B., Brown, R., and Abarbanel, H. D. I.: sphere: from self-organization and self-organized criticality to

Determining minimum embedding dimension using a nonequilibrium phase transitions, Phs. Rev. E., 65, 016116,
geometrical construction, Phys. Rev. A, 45, 3403-3411, doi:10.1103/PhysRevE.65.016116, 2001.
doi:10.1103/PhysRevA.45.3403, 1992. Theiler, J., Eubank, S., Longtin, A., Galdrikian, B., and Farmerm
Klobuchar, J.: Design and characteristics of the GPS J. D.: Testing for nonlinearity in time series: The method of
ionospherictime-delay algorithm for single frequency users, in:  surrogate data, Physica D, 58, 77-81, 1992.
Proceedings of PLANS'86 — Position Location and Navigation Ukhorskiy, A. Y., Sitnov, M. |., Sharma, A. S., and Papadopoulos,
Symposium, Las Vegas, Nevada, 280-286, 4—7 November 1986. K.: Global and multi-scale features of solar wind-magnetosphere
Kumar, K. S., Kumar, C. V. A,, George, B., Renuka, G., and coupling: From modeling to forecasting, Geophys. Res. Lett., 31,
Venugopal, C.: Analysis of the fluctuations of the total electron  L08802, doi:10.1029/2003GL018932, 2004.
content, measured at Goose Bay using tools of nonlinear methUnnikrishnan, K. and Ravindran, Sudha: A study on chaotic
ods, J. Geophys. Res., 10, A02308, doi:10.1029/2002JA009768, behaviour of equatorial/low latitude ionosphere over Indian
2004. subcontinent, using GPS-TEC time series, J. Atmos. Sol.-Terr.
Pavlos, G. P., Athanasiu, M. A., Kugiumtzis, D., Hatzigeorgiu, Phy., 72, 1080-1089, 2010.
N., Rigas, A. G., and Sarris, E. T.: Nonlinear analysis of Unnikrishnan, K., Saito, A., and Fukao, S.: Differences in
magnetospheric data Part |. Geometric characteristics of the AE magnetic storm and quiet ionospheric deterministic chaotic
index time series and comparison with nonlinear surrogate data, behavior: GPS TEC Analyses, J. Geophys. Res., 111, A06304,
Nonlin. Processes Geophys., 6, 51-65, doi:10.5194/npg-6-51- do0i:10.1029/2005JA011311, 2006.
1999, 1999. Vassiliadis, D. V., Sharma, A. S., Eastman, T. E., and Papadopoulos,
Rama Rao, P. V. S., Gopi Krishna, S., Niranjan, K., and Prasad, K.: Low-dimensional chaos in magnetospheric activity from AE
D. S. V. V. D.: Temporal and spatial variations in TEC using time series, Geophys. Res. Lett., 17, 1841-1844, 1990.
simultaneous measurements from the Indian GPS network ofWernik, A. W. and Yeh, K. C.: Chaotic behavior of ionospheric
receivers during the low solar activity period of 20042005, scintillation-modeling and observations, Radio Sci., 29, 135—
Ann. Geophys., 24, 3279-3292, doi:10.5194/ange0-24-3279- 139, 1994.

2006, 2006. Wolf, A., Swift, J. B., Swinney, H. L., and Vastano, J. A.
Schreiber, T. and Schmitz, A., Improved surrogate data for Determining Lyapunov exponents from a time series, Physica D,
nonlinearity tests, Phys. Rev. Lett., 77, 635-638, 1996 16, 285-317, doi:10.1016/0167-2789(85)90011-9, 1985.

Shan, H., Hansen, P., Goertz, C. K., and Smith, K. A.: ChaoticZbilut, J. P. and Webber Jr., C. L.: Embeddings and delays as
appearance of the ae index, J. Geophys Res., 18(2), 147-150, derived from quantification of recurrence plots, Phys. Lett., 171,
1991. 199-203, 1992.

Sharma, A.: Nonlinear dynamical studies of global magnetospheric
dynamics, in: Nonlinear waves and chaos in space plasma,
edited by: Hada, T. and Matsumoto, Terra Scientific Publishing
Company, Tokyo, 359-389, 1997.

Nonlin. Processes Geophys., 17, 78636 2010 www.nonlin-processes-geophys.net/17/765/2010/



