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It is shown that the atmospheric thermal (buoyancy driven) convection plays the main role in
generation of the strong chaotic fluctuations of the global temperature through the Kolmogorov-
Bolgiano-Obukhov mechanism (in the frames of the distributed chaos approach). It is valid for the
planets with substantial atmosphere such as the Earth and Mars. Direct numerical simulations, the
Berkeley Earth daily surface-atmospheric temperature dataset (over land) as well as the MACDA
Mars reanalysis of the data inferred from the Thermal Emission Spectrometer measurements for the
Mars Global Surveyor satellite were used in order to support this conclusion.

I. INRODUCTION

While the trends of the global (atmospheric) tem-
perature are widely discussed its strong fluctuations
attract much less interest. However, understanding of
the nature of these fluctuations can be important for a
meaningful forecast and analysis of the underlying phys-
ical processes. Recent developments in processing of the
historical temperature data resulted in the good quality
daily time series available for a statistical analysis [1/],[2],
that can be useful for understanding of the nature of
these fluctuations.

The atmospheric thermal convection plays an impor-
tant role in sustaining the global balance between the
radiative heating by the Sun and cooling by the feedback
thermal radiation to the outer space for the planets with
substantial atmosphere (such as the Earth and Mars).
While the trends of the global temperature are usually
analysed in the pure deterministic (and linear) terms
the situation with the strong fluctuations of the global
atmospheric temperature is more complex. Apparently
these fluctuations seem to be chaotic.

The deterministic chaos was discovered in a simple
model of the thermal convection [3]. The area of
applications covered by the deterministic chaos turned
out to be vast (see, for instant, Ref. [4]). Naturally,
the atmospheric thermal convection continues to be the
main area of these applications. The question is: Could
the strong fluctuations of the global temperature be
described in the terms of the deterministic chaos? The
pure deterministic chaos turned out to be restricted
in its applicability to the real processes because the
parameters of the real (natural) systems are themselves
always randomly fluctuating. One can take into account
this phenomenon using the notion of distributed chaos
(see, for instance, Ref. [5]). For the buoyancy driven
thermal convection the distributed chaos can be applied
in the terms of the Kolmogorov-Bolgiano-Obukhov
phenomenology [6]-]12].

The Section II provides a short introduction into the

Kolmogorov-Bolgiano-Obukhov phenomenology. In the
Section III this phenomenology has been used in the
frames of the distributed chaos approach. In the Section
IV the theoretical results have been compared with the
historical global temperature data (the Berkeley Earth
daily data set of the surface-air temperature over land
[1],12]). In the Section V analogous comparison has been
made with the Martian surface-atmospheric temperature
fluctuations (the MACDA Mars reanalysis of the data
inferred from the Thermal Emission Spectrometer mea-
surements for the Mars Global Surveyor satellite).

II. INERTIAL-BUOYANCY RANGE OF SCALES

The thermal (buoyancy driven) convection in a plane
horizontal layer in the Boussinesq approximation is de-
scribed by the system of equations [13]
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where u is the velocity, 6 is the temperature fluctuations,
p is the pressure, e, is the a unit vector along the gravity,
g is the gravity acceleration, H is the distance and A is
the temperature difference between the layers, v is the
viscosity and « is the thermal diffusivity, pg is the mean
density, o is the thermal expansion coefficient. For the
unstable (Rayleigh-Bénard) stratification the coefficient
S = 41 and for the stable stratification the coefficient
S=-1

In the non-viscous and non-diffusive case (v =k =10)
this system has an invariant [13]
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where V is the volume of the domain under consideration.

A generalization of the Kolmogorov-Bolgiano-
Obukhov approach [6]-[12] for the inertial-buoyancy
range can relate the characteristic temperature fluctu-
ations 0. and the characteristic frequency f. using the
dimensional considerations

0 o (0g) '/ 2 112, (5)
where
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denotes the (generalized) dissipation/transfer rate and
the (...) denotes averaging over the spatial domain.

In the case of global thermal convection one should re-
place the plane horizontal layer by a thin spherical shell
and take into account the global rotation term in the Eq.
(1) (both these amendments conserve the generalised en-
ergy Eq. (4)). The global radiation and water in differ-
ent phases (clouds etc.) for Earth and dust for Mars are
much more difficult to account. However, all these ad-
ditional factors can be integrated into a generalized dis-
sipation/transfer rate e and the Kolmogorov-Bolgiano-
Obukhov like estimate Eq. (5) can be still preserved for
an inertial-buoyancy range of scales (see below).

III. TEMPORAL DISTRIBUTED CHAOS

The exponential frequency spectrum

E(f) o< exp(=f/fe) (7)

is a typical spectrum for the deterministic (bounded
and smooth) dynamical systems (see, for instance, Refs.
[15],]16] and references therein).

A simplified model of the Rayleigh-Bénard convection
(Lorenz system [3])

dr dy dz b
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for instance, exhibits such spectrum for the parameters
b=28/3, r =28.0, c = 10.0. Figure 1 shows the power
spectrum of the z-component. The dashed straight line
corresponds to the Eq. (7) in the semi-logarithmic scales.

For more complex situations the parameter f. can fluc-

tuate and it is necessary to consider an ensemble average
over this parameter to compute the power spectrum [5]

B(f) = / P(£) exp—(f/f.) df.. (8)

In the frames of the Kolmogorov-Bolgiano-Obukhov
phenomenology the distribution P(f.) can be readily
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FIG. 2: Power spectrum of the temporal temperature fluctu-
ations for the DNS of the the Rayleigh-Bénard convection.

found from the Eq. (5) in the case of Gaussian distri-
bution of the characteristic temperature fluctuations 6,

P(fe) o< fo /2 exp —(fe/415) 9)

where f3 is a constant parameter.
Substituting the Eq. (9) into the Eq. (8) we obtain

E(f) o exp —(f/ f5)'/? (10)

Figure 2 shows a temporal (frequency) power spec-
trum for the temperature fluctuations obtained in direct
numerical simulations (DNS) of the system Egs. (1-3)
(the Rayleigh-Bénard convection conditions). The spec-
tral data have been shown in the log-log scales and were
taken from Fig. 7 of the the Ref. [17]. The measure-
ments in these DNS were made using real-space probes
located at the centre of a cubical box. The mean veloc-
ity at the centre of the cube has zero value. Therefore,
the measurements with the real-space probes give real
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FIG. 3: Global average surface temperature anomaly for 1977-
2019yy. The land-based daily data were taken from the Ref.
[21.
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FIG. 4: Power spectrum corresponding to the detrended daily
data for the period 1977-2019yy.

temporal (frequency) spectrum [17]. The Prandtl num-
ber was taken Pr =1 (i.e. of the order usual for the air
at the normal conditions) and the Rayleigh number was
taken Ra = 108.

The dashed curve in the Fig. 2 indicates the stretched
exponential spectrum Eq. (10) and the dotted vertical
arrow indicates location of the frequency fg. One can
see that the distributed chaos is tuned to the coherent
low-frequency oscillations with the frequency fs.

IV. TEMPERATURE FLUCTUATIONS: EARTH

The good quality daily historical time series of the
global surface-air temperature over land are now avail-

1933-1976yy
1 year moving

0 4000 8000 12000
t d

vegrage
16000

-2

FIG. 5: Global average surface temperature anomaly for 1933-
1976yy. The land-based daily data were taken from the Ref.
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FIG. 6: Power spectrum corresponding to the detrended daily
data for the period 1933-1976yy.

able for a statistical analysis |1/],[2].

Figure 3 shows a global average surface-air tempera-
ture anomaly for the recent period 1977-2019yy (relative
to the Jan. 1951 - Dec. 1980 average). The land-based
daily data for this period were taken from the site [2].
Since the data set is statistically non-stationary a certain
detrending is necessary before a spectral analysis. The
detrending was produced by subtraction of the one year
moving average of the data set (shown as the red line
in the Fig. 3) from the original one. This subtraction
removes the long-term trends and the remaining time-
series represent the daily to intra-annual dynamics only
(cf. Refs. [18],[19] for such type of detrending).

Figure 4 shows power spectrum corresponding to the
detrended data. The dashed line in the Fig. 4 indicates
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FIG. 7: Power spectrum of the global surface-atmospheric
temperature fluctuations for Mars.

the stretched exponential decay Eq. (10). The dotted
arrow indicates position of the scale fg.

The data for a previous time period of the same length
1933-1976yy (taken from the same site [2]) were de-
trended by the same method - Fig. 5. Figure 6 shows
corresponding power spectrum. The dashed line in the
Fig. 6 indicates the stretched exponential decay Eq. (10).
The dotted arrow indicates position of the scale f3.

V. TEMPERATURE FLUCTUATIONS: MARS

Main physical properties of the ’climate and meteo-
rology’ related to the Martian atmosphere turned out to
be surprisingly similar to those of the Earth atmosphere
(see for a review Refs. [20],[21]) and references therein).
Although the Martian atmosphere (consisting mostly of

CO3) is thinner than that of Earth the thermal (buoy-
ancy driven) convection processes in this atmosphere
are no less vigorous and substantial than those in the
Earth atmosphere. The main difference in this respect
is the strong influence of water (in different phases) on
the Earth’s atmospheric dynamics, whereas the dust is
the rather significant factor in the Martian atmospheric
dynamics. Therefore it is interesting to compare the
above results obtained for Earth with those available
now for Mars (cf. final remarks in the Section II).

Sun-synchronous 2-hour polar orbits (there was a 30°
displacing in longitude at every new orbit) of the NASA’s
Mars Global Surveyor with the Thermal Emission Spec-
trometer on board provided a well-sampled temporal and
spatial coverage for the period from February 1999 to
August 2004. The MACDA (Mars Analysis Correction
Data Assimilation) reanalysis of the data inferred from
the Thermal Emission Spectrometer measurements were
then used to estimate the Martian surface-atmospheric
temperature fluctuations [21],]22].

Figure 7 shows corresponding power spectrum (the
spectral data were taken from Fig. 1b of the Ref.
[23]). The strong spectral spikes corresponding to
the Mars diurnal cycle and its harmonics are not
shown in the Fig. 7 (a day on Mars is approximately
equal to that on Earth). The dashed line in the
Fig. 7 indicates the stretched exponential decay Eq.
(10). The dotted arrow indicates position of the scale fg.
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