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ABSTRACT | RR-SF

Abstract Long-range spatiéEemporal correlations manifested as the

self-gimilar fractal geomelry to the spatial pattern concomitant with

inverse power law form for Lhe power spectrum of tempora 'éluctuations
are ubigquitous to real world dynamical systems and are recently
identified as signatures of self-organized criticality. Self-organized
criticality in atmospheric flows is exhibited as the fractal geometry
to the global cloud cover pattern and the inverse power law form for
the atmospheric eddy energy spectrum. In this paper a recently
developed cell dynamical system model for atmospheric flows 1isg
summarized. The model predicts inverse power law form of the
statistical normal distribution for atmo;pheric eddy energy spectrum
as a natural consecquence of quantum-like mechanics governing
atmospheric flows extending upto stratospheric levels and above. Model
predictions are in agreement with continuous periodogram analyses of
atmospheric total ozone. Atmospheric total ozone variability (in
days) exhibits the temporal signature of self-organized c¢riticality,
namely, inverse power law form for the power spectrum. Further, the
long-range temporal correlations implicit to self-organized
criticality can be guantified in terms of the universal characteristics

of the normal distribution. Therefore, the total pattern of

fluctuations of total ozone over a period of time is predictable.



1 .INTRODUCTION

Atmospheric total columnar ozone exhibits nonlinear variability on
all time scales from days to years (WMO, 1985; GAO and STANFORD, 1990;
PRATA, 1990). The quantification of the nonlinear variability, in
particular, long-term trends in atmospheric total ozone is an area of
intensive research, since the identification, in recent years, of the
major spring-time Antarctic ozone hole and the general decreasing trend
in stratospheric ozone throughout the high latitudes (BOJKOV et al.,
1990; CALLIS et al., 1991). In this paper, a recently developed
cell dynamical system model for atmospheric flows (MARY SELVAM
1990; MARY SELVAM et al., 1992) is summarized. The model predicts
gquantum-like mechanics for atmospheric flows extending up to the
stratosphere and above (MEHRA et al., 1988). The model predictions are
in agreement with continuous periodogram analyses of sets of twenty to
hundred daily or up to 14 days non-overlapping means of
atmospheric columnar total ozane centent at 19 different locations.

The power spectra of atmospheric columnar total ozone follows  the

inverse power

la? Form of the sl.atistical normal distribution.
Tnverse power law form for the power spectra of temporal fluctuations
is ubiquitous to real world dynamical systems and is a temporal
signatures of self-organized criticality. (BAK, TANG and WIESENFELD,

1988) or deterministic chaos ( MARY SELVAM, 1990) and implies long-



range temporal correlations. Universal cuantification for sel f-
organized criticality in the temporal fluctuations of atmospheric
columnar total ozone content implies predictability of the total
pattern of fluctuations. Further, trends 1in atmospheric total

ozone may also be predictable.

2. CELL DYNAMICAL SYSTEM MODEL
In summary, (MARY SELVAM, 1990; MARY SELVAM et al., 1992) the mean

flow at the planetary atmospheric boundary layer (ABL) posseses an

inherent upward momentum flux of surface frictional origin. This upward

momentum flux is progressively anmplified by the exponential
decrease of atmospheric density with height coupled with latent
heat released during microscale fractional condensation by
deliquescence on hygroscopic nuclei even in an unsaturated

environment. This mean upward momentum flux generates helical vortex
roll (or large eddy) circulations in the ABL seen as cloud rows/
stregts, mesoscale cloud clusters (MCC) in the global cloud cover
pattern. TOWNSEND (1956) has shown that large eddy circulations form
as the spatial integration of enclosed turbulent eddies intrinsic to

any turbulent shear flow. The relationship between the root mean

square (r.m.s) circulations speeds W and wx of large and turbulent



eddies of respective radii R and r is then obtained as

2 ' 2 (1)

A continuum of progressively larger eddies grow from the turbulence
scale at the planetary surface with two-way ordered energy feedback

between the larger and smaller scales as given in Egq.(1l). Large eddy

is visualized as the envelope of enclosed turbulent eddies and large
eddy growth occurs in unit length step increments egqual to the
turbulent eddy fluctuation length r. Such a concept is analogous to

the non-deterministic cellular automata computational technique where
cell dynamical system growth occurs in unit lengtﬂ step increments
during unit intervals of time (OONA and PURI 1988). Also, the concept
of large eddy growth in length step increments equal to r, the
turbulence length scale, i.e., length scale doubling is identified as
the universal period doubling route to chaos eddy growth process. The
large nmddy of radius R, al the nth stage of growth goes to form
the internal circulation for the next stage, i.e., (n+l)th stage of
large eddy growth. Such a concept, leads as a natural consequence, to
the result that the successive ‘values of the radii R and the

r.m.s eddy circulation speeds W follow the Fibonnaci mathematical



number series, i.e., the ratio of the successive values of R (or W)

is equal to I , the golden mean [ = (14+/5)/2 = 1.618].

The overall envelope of the large eddy traces a logarithmic spiral
with the quasi-periodic 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 patterns.

The cell dynamical system model also predicts the following

logarithmic wind profile relationship in the ABL
W = (w,/k) 1lnZ {2} "

where the Von Karman's constant k is identified as the universal
constant for deterministic chaos and represents the steady state
fractional volume dilution of large eddy by turbulent eddy fluctua-
tions. The value of k is shown to be equal to l/F2 ( = 0.382) where
['is the golden mean. The model predicted value of k is in agreement
with observed values. Since Lhe successive values of the eddy radii

follow the Fibonacci mathematical number series the length scale ratio

Z for the nth step of eddy growth is equal to z = Rn/r =70,
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Further, W represents the standard deviation of eddy fluctuations,
since W 1is computed as the instantaneous r.m.s eddy perturbation
amplitude with reference to the earlier step of eddy growth. For two
successive stages of eddy growth starting from primary perturbation
wx, the ratio of the standard deviations W,,; and Wy is given from

B 42  as (n®l)/ne.

Denoting by o , the standard deviation of eddy fluctuations at the
reference level (n=1), the sbandard deviations of eddy fluctuations for
successive stages of eddy growth are given as integer multiples of ¢ ,
b SO = P s R0 I b ER = 5

The concept of large eddy formation as the spatial integration of
enclosed turbulent eddies leads as a natural consequence to the result
that the atmospheric eddy energy spectrum follows normal distribution
characteristics, i.e., the square of eddy amplitude represents the eddy
probability density. Incidentally, the above result, namely that the
additive amplitudes of eddies when sguared represent the eddy
probability density i< inberenl to the observed sub-atomic dynamics of

guantum systems and is accepted as an ad hoc assumption in guantum

mechanics ( MADDOX, 1988).

Atmospheric flow structure therefore follows quantum-like mechanical

laws where the eddy energy spectrum represents the eddy probability



density and the apparent wave-particle duality is physically consistent
in the context of atmospheric flows since the bimodal (formation and
dissipation) form for energy manifestation in the bidirectional energy

flow intrinsic to eddy circulations results in the formation of clouds

in updrafts and dissipation of clouds in downdrafts.

The conventional power spectrum plotted as the variance versus the
frequency 1in log-log scale will now represent the eddy probability
density on logarithmic scale versus the standard deviation of the eddy
fluctuations on linear scale since the logarithm of the eddy
wavelength represents the the standard deviation, i.e., the r.m.s value
' of eddy fluctuations (Egq. 2). The r.m.s value of the eddy £fluctuations
can be represented 1in 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 wavelength represents the
r.m.s value of eddy fluctuations the normalized standard deyviation t is
defined for the eddy energy distribution as.t = tlog L /4 © LegTsg =1
where L is the period in years and T5y i&¢ the period up to which the
cunmulative percentage contribution to total variance is equal to 50 and
t=0. LogTgg also represents the mc .o wvalue for the r.m.s eddy
fluctuations and 1is consistent with the concept of the mean level

represented by r.m.s eddy fluctuations.



In the fol}owing section it is shown that continuous periodogram
analyses of "atmospheric total columnar ozone exhibit the signatures of
gquantum-like mechanics, namely, the cumulative percentage contribution
to total variance, computed starting from the high frequency end of the

spectrum, follows the cumulative normal distribution.
3. DATA AND ANALYSIS

Daily wvalues of atmospheric total ozone for 19 different stations
were obtained from OZONE DATA FOR THE WORLD (1987-1991). Continuous
periodogram analyses (JENHINéON, 1977) was done for 30 sets of twenty

/%
to hundred daily or up to{(ﬁ. days non-overlapping averages of
atmospheric total ozone content. The broadband power spectrum of total
ozone time series can be computed accurately by an elementary but
powerful method of analysis developed by JENKINSON (1977) which
provides a gquasi-continuous form of 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 (0.5,0). The periodogram is constituted for a fixed set of
10000 (m) peribdicities which increase geometrically as Lp = 2 exp(Cnm)

where € = ,001 and S0 S (S S e The data Y¢ for the N

data points were used. The periodogram estimates the set of



Ap cos(2 m vt - #,) where Ay, v, and @, denote respectively the
anmplitude, frequency and phase angle for the mth periodicity. The
cumulative percentage contribution to total variance was computed
from high frequency side of the spectrum. The period Tsg at which 50%
contribution to total variance occurs is taken as reference and the

normalized standard deviation t, values ace computed as
tm = f]ﬁtl [ut‘l"'lln:] T=1“) -1

The power spectra are plotted in Figure 1 as cumulative percentage
contribution to total wvariance versius the normalized standard deviation
i The statistical normal distribution is also plotted as crosses 1in
Fig. 1 and represents the cumulative percentage probability for the
normalized standard deviation t. The short horizontal lines in the
lower part of the gpectra indicate the lower liﬁit above which the
spectra are the same as the normal distribution as determined by the
statistical chi-square test for "goodness of fit" at 95% confidence
level. It is seen from Fig. 1 that the power spectra of atmospheric
total ozone are the same as the statistical normal distribution when
plotted in this manner. Table 1 gives the mean and standard deviation
of the data, the periodicites Tgp, T7g5, Tqq up to which the cumulative

percentage contribution to total variance is equal to 50, 75 and 90
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respectively, and the peak periodicities for dominant wave . bands for

which the normalized variance is equal to or more than 1.

4. DISCUSSION AND CONCLUSION

From Fig 1. it 1is seen that the spectra of temporal (days)
fluctuations of atmospheric columnar total ozone content follow the
universal and unigque inverse power law form of the statistical normal
distribution such that the square of tﬂe eddy amplitude represents the
eddy probability density corresponding to the normalised standard
deviation t, equal to (log Ly/log Tg5qp) -~ 1 where Ly ig the periog 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 non-
linear variability of atmospheric co! mnar total ozone content. The
unigue 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 atmospheric
total columnar ozone content over a period of time. It may therefore
be ' possible to predict future trends in atmospheric total columnar
ozone content. The applications of the above result for predictability
studies will be presented in a separate paper.

The peak periodicities in the wave-bands with normalized wvariance

equal to or more than 1 (TABLE 1) correspond to the time periods of the
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quasi-periodic Penrose tiling pattern traced by internal c¢irculations
of the large eddy (see section 2) and are respectively equal to
£ G24F)=3,.6%, £ L (2 =5 Bt F2(2 +  y=0_5t, t T3 PR R B T 5 o
£ F4 (2 + T)=24.8t where t, the primary perturbation time period is
the diurnal cycle of solar heating. The 2.2 day wave which is present
in the data analysed may correspond to Lhe period ¢t(2/T + 1 ) = 2.2t
of the small scale circulation internal to primary circulation
according to the concept of the eddy continuum energy structure (Eg.l).
The dominant periodicities in atmospheric columnar total ozone time
series may therefore be expressed as functions of the golden mean.
Other studies of totalrozone variability (CHANDRA, 1986; GAO and

STANFORD, 1990; PRATA, 1990; DUNKERTON, 1991) also show quasi-

periodicities close teo those predicited by the model.
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POWER SPECTRA OF TOTAL OZONE
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Figure 1 : Power spectra of 30 sets of atmospheric total ozone

time seriea far 19 globally representative stations listed
in Table I,



