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Abstract

Objective: The aim of this study is to apply different methods to identify
chaos in the temperature time series data of Delhi, India, spanning from
1995 to 2019 during the dry season. The goal is to assess the minimum
embedding dimension and, consequently, determine the minimum number
of factors influencing the temperature time series data. Methods: Lyapunov
exponent and correlation dimension calculations have been employed to
illustrate the chaotic nature of the data. A plot depicting E2(m) against m has
been generated to differentiate data behaviour from stochastic to chaotic. To
establish the minimum embedded dimension, an appropriate time lag () has
been computed from the plot of Actual Mutual Information (AMI) versus time
lag. The Cao method has been utilized to ascertain the minimum embedded
dimension. Findings: The Lyapunov exponent value is found to be 0.01900, and
the correlation dimension value is 0.90860. The positive Lyapunov exponent
value and the non-integral correlation dimension value serve as evidence for
the existence of chaos in the data. The minimum AMI value occurs at a time lag
of 2 days. Utilizing this minimum AMI value and the Cao method, the minimum
embedding dimension is determined to be 7. Therefore, the minimum number
of parameters influencing the temperature is identified as 7. Novelty: Unlike
many studies that solely rely on the Lyapunov exponent to detect chaos in time
series data and use the reconstruction space method to determine embedding
dimension, this study incorporates the Cao method for chaotic analysis of
time series data. In addition to Lyapunov exponent and correlation dimension,
the Cao method is employed to analyse chaotic behaviour and calculate the
minimum embedding dimension, providing a comparative analysis between
the two methods.

Keywords: Nonlinear dynamics and chaos; Time series data; Lyapunov
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1 Introduction

The existing literature has extensively explored chaotic systems, defined by the sensitive dependence on initial conditions in
the solution of governing nonlinear differential equations"). Chaotic time series analysis has emerged as a popular method for
studying these systems, particularly due to its requirement for time series data of only one variable®.

Notably, E.N. Lorenz in 1963 conducted a study on the convective model of the atmosphere, establishing climate as a chaotic
system®. Various studies have analyzed chaotic systems through nonlinear differential equations®, logistic maps®), and
chaotic time series analysis ®~®). Examples include the work of P. Indira, S.S.R Ibanathan, R.S. Selvaraj, and A.A. Suresh® on
daily maximum temperature in Chennai, India, and A.T. Adewole, E.O. Falayi, T.O. Roy-Layinde, and A.D. Adelaja‘® analyzing
air temperature, relative humidity, and wind speed in selected Nigerian stations.

Additionally, N.Z.A. Hamid, N.H. Adenan, N.B.A. Wahid, S.H.M. Saleh, and B. Bidin ™ utilized phase space reconstruction
for chaotic analysis of temperature time series during the dry season in Shah Alam, Malaysia. M. Bahari and N.Z.A. Hamid ®
employed the Cao method to calculate the minimum embedding dimension for temperature time series data in Jerantut,
Pahang, Malaysia.

Despite the abundance of studies affirming climate as a chaotic system, there is a notable gap in the literature regarding
a comparative analysis of the various methods employed. The current study aims to address this gap by presenting a
comprehensive investigation that incorporates Lyapunov exponent, correlation dimension, actual mutual information, and Cao
method for analyzing chaotic behavior in atmospheric temperature time series data.

In subsection 3.1 we describe the calculation of the Lyapunov exponent as a measure of the divergence of trajectories
in phase space, with a positive value indicating the presence of chaos. In subsection 3.2 the calculation of the correlation
dimension is discussed, serving as the dimension of the phase space attractor, where a nonintegral value is considered
evidence of chaos. subsection 3.3 elaborates on the use of actual mutual information (AMI) to determine the proper time
lag for establishing the minimum embedding dimension. Cao method application is described in section 3.4, this subsection
distinguishes deterministic data from stochastic data. Finally, subsection 3.5 details the calculation of EI(m) to determine the
minimum number of factors influencing the temperature time series data.

By integrating these methods, the study aims to provide a more holistic understanding of chaotic behavior in atmospheric
temperature, offering insights into the minimum factors influencing the variable.

1.1 Research Gap

Existing studies have primarily utilized either the Lyapunov exponent combined with correlation dimension or the Cao method
to quantify chaos. However, a noticeable gap exists in the literature, where a comprehensive approach involving both the Cao
method and traditional methods, such as the Lyapunov exponent and correlation dimension, is lacking. This study addresses
this gap by incorporating both the Lyapunov exponent and correlation dimension, alongside the Cao method, as recommended
in” for future research.

Furthermore, a common trend in previous research involves the use of the reconstruction space method for determining
the embedding dimension. In contrast, this study employs the Cao method to ascertain the minimum embedding dimension,
providing a departure from the conventional approach. This deviation from the norm is essential for a more comprehensive
understanding of chaotic behavior in the context of time series data.

1.2 Objectives

The main objectives of the study

« Demonstrate the presence of chaos in the temperature time series data of Delhi, India, spanning from 1995 to 2019 during
the dry season.

o Assess the minimum embedding dimension and, consequently, determine the minimum number of factors influencing
the temperature time series data.

2 Temperature time series data

The temperature time series data utilized in this study was obtained from the secondary source https://academic.udayton.edu/
kissock/http/Weather/gsod95-current/INDELHI.txt. The data spans the period from 1995 to 2019, focusing on the dry season,
specifically from April to June.
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Fig 2. Normalised temperature vs days

3 Methodology

The identification of chaotic behavior in the time series data was based on the presence of a positive Lyapunov exponent, a
non-integral value of correlation dimension %), and the computation of the parameter E2(m) through the application of the
Cao method. The determination of the minimum embedded dimension and, consequently, the smallest number of parameters
influencing the time series variable was achieved using the Cao method (1)

3.1 Lyapunov exponent

The governing equations of a nonlinear dynamical system are inherently nonlinear, leading to solutions that exhibit high
sensitivity to initial conditions. The trajectories of the system, even when initiated from closely positioned points in state space,
undergo exponential divergence with respect to time. The measure of this divergence is quantified by the Lyapunov exponent.
In a chaotic system, if two trajectories commence from points like x; and x;, the separation between them diverges exponentially
after n iterations in discrete time units.

Let sg = ’xi — xj’ and after n iteration s, = ’an — xj+n‘ then

Sn :SOQA'" (311)

where A is the Lyapunov exponent. So, for positive value of A the separation between points rises exponentially, that is, two
nearby trajectories diverge with respect to time.
From Equation (3.1.1), applying logarithm on both sides,

In"% = n (3.1.2)
S0

The slope of plot, In %’Svs n drawn in Figure 5 using Equation (3.1.2), gives Lyapunov exponent A.?)
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Fig 3. Schematic view of divergence of trajectories

3.2 Correlation Dimension

Correlation dimension is a method employed to calculate the fractal dimension of an attractor. Figure 4 visually illustrates
an attractor situated in a two-dimensional state space. In this representation, dots symbolize the values of time series data for
a single variable positioned on the attractor. To compute the correlation dimension, a circle of radius Ris selected such that
R > min. ’x,- — x|, where x; and x jare two arbitrarily selected data points on the attractor.

Fig 4. Schematic view of two-dimensional phase space attractor

Let the circle is centered on an arbitrarily selected i point and N; are the number of points lying within the circle except i
point. Relative number of points on the attractor,

i = 3.2.1
Pi (R) N_1 ( )
Now correlation sum is quantified as
1 N
CR)= =Y pi(R) (3.2.2)
Ni=
Or,
1 Y N;
CR)= — 323
(R) N&~N-1 (3.2.3)

i=1

If radius R is chosen such that all the points are within the attractor, then

YY N, =N(N—-1) (3.2.4)
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Now, from Equation (3.2.5)
C(R) =1 (3.2.5)

The correlation sum, as derived from Equation (3.2.5), can be computed when the count of points within the circle is known. Due
to the potential impracticality of manually counting points, an adjustment has been made to the expression of the correlation
sum. This modification involves the introduction of the Heaviside unit step function ,

®(R|x,-ij|) =1,R> |xiij’

=0, R < |x; —xj] (3.2.6)

where, x; and x; are two arbitrary points within the circle.
Replacing YN | N; by YV ):f\;j?j:l O(R-— ’xi —xj|), Equation (3.2.3) becomes,

1 N N
C(R)= m;i;ﬁ%:l O(R— |xi—xj|) (3.2.7)

Advantage of Equation (3.2.7) is, instead of counting the points lying within the circle, we only need the values of time series
data lying on the attractor.
Now, correlation dimension D¢ is defined as,

C(R) = kRPc (3.2.8)
Calculating C (R) from Equation (3.2.8) and putting it into Equation (3.2.9) and then taking logarithm on both sides,
InC(R) = Ink+ DcinR (3.2.9)

Plotting In C(R) with respect to nR as shown in Figure 6, the slope gives the correlation dimension. >

3.3 Actual Mutual Information (AMI)

To ensure the independence of each component in the constructed vectors, a suitable time delay is chosen. In this study,
we adopted the method of mutual information to determine the appropriate time delay (7). Utilizing the histogram of the
probability distribution of the data, let the probability that the data assumes a value inside the i bin of the histogram is p;
probability that x(¢) is in i bin and x( 7 + 7) in the j""bin is p;;, then the mutual information /() for time delay 7 is calculated
as follows:

1(t) =Y, pij () Inpij (T) — 2%, pilnp; (3.3.1)

A plot of I () ~ 7 has been drawn in Figure 7 and the value of T is determined where /() is minimum. )

3.4 Distinguishing data from random to chaotic

For random data, future and past values are independent and then E2(m) is equal to 1 for any m. For chaotic data E2(m) is
certainly related to m, so, it cannot be constant for all m. There must be some m’s such that E2(m) # 1. To calculate E2(m), we
are using Cao method here. ®

First, E  (m) is calculated as following,

1 N—m7t
E x (m) = N—mt l:ZI ’xH—mr _xn(i,m)+mr‘ (3.4.1)
Then,
E 1
E2(m) = ExXmE1) (3.4.2)

Now the plot of E2 (m) ~ m has been drawn in Figure 8 and it is noticed that whether E2 (m) = 1 or not. If E2(m) # 1 for at
least single value of m then the time series data is chaotic. ®1%
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3.5 Embedding Dimension

In this methodology, vectors are formulated from the time series data corresponding to a single variable within a system. The
space where these vectors exist is termed the reconstruction space or embedding space, with its dimension referred to as the
embedding dimension ). By determining the minimum embedding dimension, it becomes possible to identify the minimal
number of parameters influencing the given time series data of the variable and, consequently, the system 7). For this purpose,
the Cao method is employed in this study 1)

Let x1,X0,X3,X4 «evvn.. Xy are time series data of a variable of a system.

Vectors are constructed as,

Yi(m) = Xi, Xit £, Xi 127, Xi4 30w Xi (m—1)7)’ (3.5.1)

where m is the embedding dimension and 7 is the time delay.
Parameter a(i,m) is calculated as,

B CICE e e bl
a(i,m) = ‘ Li=1,2,....... N —m7 (3.5.2)

Yi (M) = Yn(imy (M) H

yi (m+1) is the i reconstructed vector with embedding dimension m+1 i.e.

yi(m—+1) = (X, Xisr, Xit20, Xig3g oo e .- Xitmz); (3.5.3)

n(i,m)is an integer, I <n(i,m) <N —mt and y,(; ) (m) is the nearest neighbour of y; (m)||yx (m) —y; (m)]| is the Euclidean
distance in embedding space.
Now another parameter,E (m)is calculated as

l N—mt
E(m)= fr— ,; a(i,m) (3.5.4)
Again, a parameter E'1 (m) is calculated as,
E(m+1)
El = 5.
m) = =5 m) (3.5.5)

A plot of E| ~ mhas been drawn in Figure 9 and the value of m is determined when E| (m) saturates. If it saturates at mg then
minimum embedding dimension will be (g + 1). &19

4 Results and Discussion

Using Equation (3.1.2), thirty Lyapunov exponent values were computed with different initial valuesx; and x jand varying lags.
The largest positive Lyapunov exponent, determined as the slope of the plot in Figure 5, is 1=0.01900. Additionally, using
Equation (3.2.9), the non-integral value of the correlation dimension, calculated from the slope of the plot in Figure 6, is 0.90860.
These findings serve as compelling evidence indicating the presence of chaos in the temperature time series data. Reference ?)
employed the same method to calculate Lyapunov exponent and correlation dimension, obtaining similar plots for comparison.

In Figure 6, it is evident that the value of C(R) becomes 1 for all R values greater than ‘xi — x|, resulting in the saturation of
the graph. Thus, Lyapunov exponent and correlation dimension, calculated from the plots in Figure 5 and in Figure 6, provide
clear indications of the presence of chaos in the time series data of temperature. Furthermore, the values of E2(m), depicted as
less than 1 in Figure 8, serve as additional evidence supporting the chaotic nature of the data.

The plot in Figure 7 has been drawn using Equation (3.3.1). It is observed that mutual information achieves its first minimum
at 7=2. According to reference”, the appropriate time lag is selected when mutual information reaches its initial minimum.
This proper choice of time lag enhances the determination of E2(m) and E1(m) with greater elegance. Taking 7=2 and utilizing
Equation (3.4.2), a plot of E2(m) against m has been depicted in Figure 8.

In the depicted plot, Figure 8, there exist values of E2(m) that are not equal to 1. This observation serves as proof that the
time series data is indeed chaotic. Reference® and ! employed the same methodology, resulting in similar plots for E2(m).
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By setting 7=2 and utilizing Equation (3.5.5), the subsequent plot, illustrated in Figure 9, represents E1(m) as a function of
m.

In Figure 9, it is observed that E1(m) ceases to vary after m=6, leading to the determination of the minimum embedding
dimension as 7. This refers that the least number of parameters capable of influencing the temperature is 7. References® and !
employed a similar method for plotting E1(m) and obtained comparable results.

The Cao method, utilized in this study to ascertain the minimum embedding dimension, offers several advantages.
Notably, it is independent of the quantity of available data, effectively distinguishes chaotic data from stochastic data, and is
computationally efficient. Moreover, the Cao method does not rely on any subjective parameters except for the time delay
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in embedding!?). The evidence supporting chaos in the time series data is reinforced by the positive value of the Lyapunov
exponent and the nonintegral value of the correlation dimension. Additionally, the calculation of the parameter E2(m) in the
Cao method serves as a robust indicator, providing further evidence of chaos in the studied data.

5 Conclusion

The Lyapunov exponent, computed as 0.00017 from the slope of the plot between ln%gvs n in Figure 5, indicates a positive
value. Simultaneously, the correlation dimension, determined as 0.9086 from the slope of the plot between In(C(R) and In(R)
in Figure 6, exhibits a non-integral value. These findings strongly suggest the presence of chaos in the temperature time series
data. Furthermore, the values of E2(m) in Figure 8, not equal to 1, provide additional compelling evidence of the chaotic nature
of the data.

The optimal time delay of 2, identified from the plot in Figure 7 where the AMI was minimum, was utilized for further
analysis. The minimum embedding dimension, calculated from the plot between E1(m) and m in Figure 9, indicated saturation
at m=6. Consequently, the minimum embedding dimension was determined as m+1=7®. So, in addition to detection of chaos
in time series data, Cao method is also useful in determining minimum embedding dimension.

This minimum embedding dimension of 7 suggests the existence of at least seven factors significantly influencing the system.
Therefore, when formulating a governing equation and applying a forecasting model, it is advisable to incorporate this minimum
number of factors to more accurately capture the system’s behavior. The identification of these influential factors can contribute
to the development of a more refined prediction model. The potential extension of this research involves studying time series
data of other climate parameters such as atmospheric pressure, relative humidity, precipitation, and wind speed at different
meteorological stations in India.
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