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Signatures of a Universal Spectrum for Atmospheric Gravity

Waves in Southern Oscillation Index Time Series

A M.Selvam, M K .Kulkarni, J.S.Pethkar and R. Vijayakumar
Indian Institute of Tropical Meteorology, Pune 411 008, India

Abstract

Continuous periodogram analyses of seasonal mean Southern Oscillation Index
(SOI) time series for various sets of 133, 100, 50 and 25 years available for the
interval 1852-1984 show that the power spectra follow the universal and unique
inverse power law form of the statistical normal distribution. Inverse power law form
for the power spectra of temporal fluctuations implies long-range temporal correlations
and is a signature of self-organized criticality in SOI. The above results are in
agreement with a recently developed cell dynamical system model for atmospheric
flows which predicts the observed self-organized criticality as intrinsic to quantum-like
mechanics governing atmospheric flow dynamics. Universal spectrum for interannual

variability rules out linear trends in SOL.

Keywords: Southern Oscillation Index, Self-organized Criticality, Universal Spectrum

for interannual variability, Climate Change Prediction



I.  Introduction :

The Southern Oscillation (SO) refers to the marked out-of-phase relationship
between pressure over the Indonesian-Australian region and pressure over the southeast
Pacific and is closely associated with planetary scale circulation anomalies (Philander
1990, Chao and Philander 1991, Yasunari 1991, Drasdowsky and Williams 1991). Power
spectral analyses reveal that the Southern Oscillation incorporates dominant quasi-
periodicities such as the Quasi-Biennial Oscillation (QBO) and the 3-7 years El Nino cycle
embbed in a broadband continuum of eddies (Bhalme and Jadhav 1984; Philander 1990;
Burroughs, 1992). Since SO refers to surface pressure perturbations, the fluctuations in
SO when resolved as an eddy continuum may be attributed to atmospheric gravity
(buoyancy) waves. The future evolution pattern of global atmospheric flow structure as
recorded in the Southern Oscillation is determined by these dominant cycles in
combination with the background 'noise', namely the broadband continuum which
contributes appreciably to the total variance. The physics of the symbiotic (cooperative)
existence of the dominant cycles with the background continuum is not yet identified and
therefore total predictability of atmospheric flow pattern is not possible (Lorenz 1990,
Tsonis and Elsner, 1990). It is thercfore important to identify and quantify the physics
underlying the multiple scale, i.e. broadband continuum structure of global atmospheric
flows as recorded in the Southern Oscillation for predictability studies (Cai and Mak
1990, Barnett 1991). Atmospheric flows exhibit long-range spatiotemporal
correlations manifested as the self-similar fractal geometry to the global cloud cover
pattern and the inverse power law form for the atmospheric eddy energy spectrum
documented by Lovejoy and Schertzer (1986) and Tessier et. al. (1993). Such long-range
spatiotemporal correlations are ubiquitous to real world dynamical systems and are now
identified as signatures of self-organized criticality (Bak, Tang and Wiesenfeld 1988;Bak
and Chen 1989). The physics of self-organized criticality is not yet identified. In this paper
a recently developed non-deterministic cell dynamical system model for atmospheric flows
(Mary Selvam 1990,1993a,b,1996; Mary Selvam et al 1992;Selvam 1994;Selvam et al.
1994,1995,1996; Selvam and Radhamani, 1994,1995; Selvam and Joshi 1995) is
summarized. The model predicts the following (1) The observed long-range
spatiotemporal correlations in atmospheric flows are intrinsic to quantum-like mechanical
laws governing atmospheric flow dynamics. (2) Atmospheric flow structure consists of a
nested continuum of vortex roll circulations with two-way ordered energy feedback
between the larger and smaller scales. (3) Atmospheric eddy energy spectrum follows the
universal inverse power law form of the statistical normal distribution.(4) Atmospheric
eddy continuum has embedded in it dominant wavebands whose peak periodicities are
functions of the golden mean. Continuous periodogram analyses of seasonal mean
Southern Oscillation Index (SOI) (Wright 1989) for various sets of 133 100, 50 and
25 years available in the interval 1852-1984 indicate that the power spectra follow the
universal and unique characteristics of the statistical normal distribution in agreement with
model predictions. The important result of the present study is the unique quantification
for the power spectra of the temporal fluctuations of SOI in terms of the statistical
normal distribution implying predictability of the total pattern of fluctuations.Universal
spectrum for temporal fluctuations of SOI rules out linear trends.Energy input into the
atmospheric eddy continuum due to global warming(man made) will result in propagation
of energy to all scales resulting in intensification of fluctuations,noticeable immediately in
high frequency fluctuations such as the QBO and EL NINO.



2.  Multifractal Structure of Space-Time Fluctuations

Nonlinear dynamical systems in nature such as atmospheric flows exhibit complex
spatial patterns, e.g., cloud geometry, that lack a characteristic (single) length scale
concomitant with temporal fluctuations that lack a single time scale. The mathematical
concept of 'fractals' introduced by Mandelbrot (1977) provides powerful tools for
describing and quantifying the universal symmetry of self-similarity (Schroeder 1991)
underlying the seemingly irregular complex geometrical shapes and temporal fluctuations.

2.1 Fractal Geomelry
Objects in nature are selfsimilar fractals, i.e. the internal small-scale structure

resembles the whole object in shape. The fractal dimension D of such a self-similar object

is given as

_dnM

~ dlnR
where M is the mass contained within a distance R from a point in the extended object. A
graph of M versus R on logarithmic scale will give a straight line of negative slope D, i.e.,
the graph exhibits inverse power law form indicating long-range spatial correlations.
Constant value for fractal dimension D indicates logarithmic stretching over the length
scale R. Objects in nature exhibit multifractal structure, i.e. the fractal dimension D varies
with length scale R range. The region of constant fractal dimension D is associated with
scale invariance, namely, the large and small scale structures are related to each other by
only the scale ratio independent of the details of nature of growth.

2.2 Fractals in Time
Spatially extended fractal objects in nature support fluctuations of dynamical

processes on all time scales. The power spectra of such broadband fluctuations exhibit

inverse power-law of form ///% where f is the frequency and a. the exponent. In general,

o decreases with fand approaches 1 for low frequencies. Such spectra, described as 1/f or
1/f-like spectra of temporal fluctuations are ubiquitous to dynamical systems in nature
(West and Shlesinger 1989;West 1990) and has been the subject of extensive investigation
during the last 30-40 years, The frequency range over which o is constant therefore
exhibits self-similarity or scale invariance in temporal fluctuations, i.e., the fluctuations are
fractals in time. The intensity or variance of longer and shorter period fluctuations are
mutually related by a scale factor alone independent of the nature of dynamical processes.
The fluctuations exhibit long-range temporal correlations. Also, temporal fluctuations
exhibit multifractal structure since o varies for different ranges of frequency /£ 1/f power-
law would seem natural and white nose (flat distribution) would be the subject of involved

investigation. (West and Shlesinger 1989).

2.3 Self-Organized Criticality : Space-Time Fractals

Till very recently (1988), fractal geometry to the spatial pattern and fractal
fluctuations in time of dynamical processes of the same extended dynamical system were
treated as two disparate multidisciplinary fields of research (Bak and Chen 1989). The
long-range spatiotemporal correlations underlying spatial and temporal power-law
behavior of dynamical systems was identified as a unified manifestation of self-organized

criticality in 1988 (Bak et al., 1988; Stanley, 1995).
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The unifying concept of self-organized criticality underlying fractals, self-similar
scaling, broadband frequency spectra and inverse power-law distribution offer new and
powerful means of describing certain basic aspects of spatial form and dynamical
processes in a dynamical system. The systems in which self-organized criticality is
observed range from the physical to the biological to the social. The physical mechanism
underlying the observed self-organized criticality is not yet identified. However, the long-
range spatial and temporal correlations underlying dynamical evolution implies
predictability in space and time of the pattern of evolution of the dynamical system , for
example , atmospheric flows.

3.  Cell Dynamical System Model for Atmospheric Flows
In summary, the model (Mary Selvam, 1990; Mary Selvam et al., 1992; Mary
Selvam, 1993b) is based on Townsend's (Townsend, 1956) concept that large eddies can
be visualized as envelopes of enclosed turbulent eddies in turbulent shear flows. The root
mean square (r.m.s.) circulation speed W of large eddy of radius R is the integrated mean
of the r.m.s. circulation speeds w, of enclosed turbulent eddies of radius r and is given as
2. .27 2
e = R W (1)
The eddy length scale ratio r/R is equal to the phase angle d© between the eddies.
Therefore the phase angle is directly proportional to the variance i.e.,

w2 cdo )
(2) Since large eddy is the integrated mean of enclosed turbulent eddies, the energy
(kinetic) of large eddies follow normal distribution characteristics according to the
Central Limit Theorem in Statistics(Mood and Graybill 1963). The square of the eddy
amplitude, namely, the variance, therefore, represents the probability of occurrence. The
above result that the additive amplitudes of eddies, when squared, represent the
probability density is observed in the subatomic dynamics of quantum systems such as the
electron or photon(Maddox 1988). Atmospheric flows, therefore follow quantum-like
mechanical laws.

The model also predicts the logarithmic wind profile relationship for atmospheric
flows. The overall envelope of the large eddy traces a logarithmic spiral with the
quasiperiodic Penrose tiling pattern for the internal structure. Atmospheric circulation
structure therefore consists of a nested continuum of vortex roll circulations (vortices
within vortices) with a two-way ordered energy flow between the larger and smaller
scales. Such a concept is in agreement with the observed long-range spatiotemporal
correlations in atmospheric flow pattern. Conventional power spectrum analysis of such
logarithmic spiral circulation structure will reveal a continuum of eddies with progressive
increase in phase. The conventional power spectrum plotted as the percentage
contribution to total variance versus the logarithm of frequency (period) will now
represent the eddy probability density versus the standard deviations of the eddy
fluctuations since the logarithm of the eddy wavelength represents the standard deviation,
i.e., the root mean square (r.m.s.) value of eddy fluctuations. This follows from the
concept of logarithmic wind profile and also that the r.m.s. value of eddy fluctuations at
each stage form the mean level for the next stage of eddy growth. The r.m.s. value of
eddy fluctuations can be represented in terms of statistical normal distribution as follows.
A normalized standard deviation t=0 corresponds to cumulative percentage probability
density equal to 50 for the mean value of the distribution. Since the logarithm of the
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wavelength represents the r.m.s. value of eddy fluctuations, the normalized standard

deviation t is defined for the eddy energy spectrum as
t = (log L/ log Tg,)-1 3)
where L is the period in days and T, is the period up to which the cumulative percentage
contribution to total variance is equal to 50 and t = 0. Further, log Tg, also represents the
mean value for the r.m.s. eddy fluctuations and is consistent with the concept of the mean
level represented by r.m.s. eddy fluctuation. Power spectral analysis will also show that
the eddy continuum has embedded dominant wavebands, the bandwidth increasing with
period length. The dominant peak periodicities P, are given as
P =1"(2+7)T 4)
where 7 is the golden mean equal to (7+ v5)/2 = 1.618, T is the primary perturbation time
period equal to the annual (summer to winter) cycle of solar heating in the present study
and n is an integer ranging from negative to positive values including zero. In the
following section it is shown that continuous periodogram analyses of SOI exhibit the
signature of model predicted quantumlike mechanics or self-organized criticality i.e., the
power spectra follow the universal inverse power law form of the statistical normal

distribution.

4.  Data and Analysis
The mean Southern Oscillation Index (SOI) for the four seasons, December to

February (DJF), March to May (MAM), June to August (JJA) and September to
November (SON) for the period 1852 to 1984 (Wright 1989) were used for continuous
periodogram analyses (Jenkinson 1977) for the following sets of time series data periods.
(1) One set of 133- years (1852- 1984). (2) One set of 100-years (1852-1951). (3) Two
sets of 50-years each (1852-1901, 1935-1984). (4) Six sets of 25-years each (1852-1876,
1877-1901, 1902-1926, 1927-1951, 1952-1976, 1960-1984). The broadband power
spectrum of the SOI time series can be computed accurately by the elementary but very
powerful method of analysis developed by Jenkinson (1977) which provides a quasi-
continuous form of the classical periodogram allowing systematic allocation of the total
variance and degrees of freedom of the data series to logarithmically spaced elements of
the frequency range (0.5 to 0). The periodogram is constructed for a fixed set of 10000
(m) periodicities which increase geometrically as L, = 2 exp(Cm) where C=.001 and m=
0, 1, 2....m. The data series Y, for the N data points was used. The periodogram estimates
the set of Ancos (2nVmS-¢m) where A, vm and ¢, denote respectively the amplitude,
frequency and phase angle for the m™ periodicity and S the time in years. The cumulative
percentage contribution to total variance was computed starting from the high frequency
side of the spectrum. The period Tsy up to which 50% contribution to total variance
occurs is taken as reference and the normalized standard deviation t values are computed
as (Equation.3)
t = (log Ln/log Tso)-1

The cumulative percentage contribution to total variance is plotted versus the t
values in Figurel for 133, 100, and 50 years and in Figure 2 for the six sets of 25-years
time series data for the four seasons DJF, MAM, JJA and SON. The cumulative normal
probability density distributions corresponding to the normalized standard deviation t
values are also shown in Figures 1-2. It is seen that the atmospheric eddy energy spectrum
plotted in this manner closely follows the statistical normal distribution. The short
horizontal lines in the lower part of Figures 1-2 indicate the lower limit above which the
fit is good at 95% confidence level for the chi- square test (Spiegel 1961). Tables 1-2 give
the following results of the periodogram analyses corresponding to Figures 1-2 for the



different sets of time series considered in this study. (1) Mean and standard deviation of
the data series. (2) The atmospheric eddies of periodicities up to Tse, T7s and Tee which
contribute respectively to 50, 75 and 90 percent of the total variance. (3) The periodicities
contributing maximum normalized variance in wavebands with normalised variance equal
to or exceeding 1. Almost all of the SOI data series used are found to exhibit normal
distribution characteristics except for a few marked by asterisks in Tables 1-2.

5. Discussion and Conclusion -

From Figures 1-2 it is seen that the spectra of temporal (years) fluctuations of -
Southern Oscillation Index follow the universal and unique inverse power law form of
the statistical normal distribution such that the square of the eddy amplitude represents the
eddy probability density corresponding to the normalized standard deviation t equal
to [(log L, /log Tsp)-1] where L, is the period in days and Tsg refers to the period
up to which the cumulative percentage contribution to total variance is equal to 50.
Inverse power law form for the power spectra of temporal fluctuations is a signature of
self-organized criticality in the nonlinear variability of Southern Oscillation Index. The
unique quantification for self-organized criticality in terms of the statistical normal
distribution presented in this paper implies predictability of the total pattern of
fluctuations in the SOI over a period of time ranging from 133-years to 25-years in the
present study. It may therefore be possible to predict future trends in SOI. Universal
spectrum for interannual variability rules out linear secular trends in SOI.

The peak periodicities in the wave-bands with normalized variance equal to or more
than 1 (Tables 1-2) correspond closely to the time periods equal to T (2 + 1) = 3.6T,
Tt(2+1)=5.8T, Tt*(2+1)=9.5T, TT’(2+1) = 15.3.T, Tt' (2 + t)=24.8T where T, the
primary perturbation time period is the annual cycle of solar heating. The quasibiennial
oscillation (= 2 years) which is present in all the data sets analysed may correspond to
the period T( 2/t + 1) =2.2T of the small scale circulation internal to the primary
circulation according to the concept of the eddy continuum energy structure (Equation
1). The dominant periodicities in the Southern Oscillation Index time series may therefore
be expressed as functions of the golden mean(t).

Further, short term periodicities in SOI ranging up to 5-years contribute to as much
as 50% of the total variance. Future SOI values may therefore be determined by dominant
short term periodicities such as the QBO and ENSO in atmospheric flows. In summary,
the atmospheric eddy energy spectrum follows the inverse power law form of the
statistical normal distribution and implies long-range temporal correlations which is a
- signature of self-organized criticality in atmospheric flows.

Universal spectrum for interannual variability rules out linear trends in SOI, and
therefore, in global weather patterns. Enhanced energy input to the atmospheric eddy
continuum due to man-made greenhouse gas induced atmospheric warming will result in
propagation of energy to all scales and intensification of weather systems of all scales.
Such climate change may be seen immediately as intensification of high frequency
fluctuations such as QBO, ENSO and shorter periodicities, The above model predictions
are consistent with the following studies. Agee (1991) finds an increase in frequency of
cyclone and anticyclone events for the Northern Hemisphere during periods of warming
and a decrease during periods of cooling as determined from NASA temperature for this
century. Recent increases have been found in the intensity of the winter atmospheric
circulation over the extratropical Pacific and Atlantic. These findings are reflected in an
analyses of the climate of 1980s (Houghton et al., 1992,1995).
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