24

1. Ecological Stability

Moreover, even with the construction of a noosphere commanding stable global
environment and possessing an efficiency equal to that of the biosphere, no less
than 99 % of all the energy and manpower (labor) of such a civilization would have
to be spent maintaining the stability of the global environment. Since the limit of
energy consumption by mankind compatible with climate stability coincides with
the power of the biosphere itself (Fig. 1.4 and Sect. 6.6), man in the noosphere
would have less power available to satisfy the needs of civilization than he would
command in a stationary biosphere, where he would not have to bother stabilizing
the global environment.
These are strong grounds for believing that the biosphere (which consists of
natural biota developed in the course of evolution, interacting with the environment) presents the only system capable of stabilizing the environment under any
external perturbations. Consequently, preservation of the natural communities and
the existing species in numbers capable of satisfying the Le Chatelier principle
with respect to the global perturbations of the environment must be envisaged
as the main condition for further life on this planet. To do that, virginal nature
has to be preserved on the larger part of the Earth's surface instead of in tiny
reservations, zoos, parks and gene banks.

2. Solar Energy and Ordered Processes
in Inanimate Nature

2.1 Decay of Ordered States
We may constantly observe ordered macroscopic processes in nature: wind, generation of clouds, precipitation, the flow of rivers, etc. The ordered motion of
molecules of a substance is always envisaged as the opposite of their chaotic
(non-correlated) thermal motion. The ordered character of such motion means that
a single molecule or a group of molecules appears to be related (correlated) in its
motion to that of another such molecule or group of molecules. For example, all
the molecules of water in a river have a downstream velocity component. During
turbulent flow in whirlpools macroscopic groups of molecules feature identical
angular velocities. The phenomenon of wind means that all the molecules of air
have a common velocity component.
Molecules taking part in macroscopic motion interact with other molecules of
the medium in which such motion occurs. An enormous number of finite states
may result from that interaction: during elastic collision a molecule may change
the direction in which it moves, while during nonelastic collision it may transmit
its energy to a molecule of the medium. All the final states of the two interacting molecules are apparently equally probable. In other words, only an infinitely
small fraction of molecules interacting with the medium will retain their velocity
component from the initial ordered motion after the interaction, and almost always
that component will be transformed and transmitted to molecules of the medium.
Hence an ordered correlated motion will decay into disordered chaotic movement
of molecules. The energy of that ordered motion dissipates and is transformed into
thermal energy. Note that such decay only takes places if a transition is possible
from the initial into a large number of final states. A set of objects initially organized into one and the same initial state, will then be transformed into another
set with differing final states. Such a transition is envisaged as a transition from
order to chaos. The existing order must always be initially organized via some
preparatory act.
Since decay and dissipation of energy go on permanently, any ordered process
may only be supported if there exists an influx of energy to it from another ordered
process. Clouds may only form because water vapor condenses. The latent heat of
evaporation released during condensation generates macroscopic motions of the
molecules of air, so that cyclones, tornadoes, etc. may form, accompanied, as it
were, by strong winds. The energy of wind also gradually dissipates, transforming
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itself into heat. Evaporation, precipitation, and wind can only exist because the
Earth constantly gets energy from the Sun. The solar energy generates all forms of
ordered macroscopic processes on Earth. The heat into which the solar radiation
transforms (dissipates) is scattered into cosmic space as thermal radiation. As a
result the average temperature of the Earth remains approximately constant. The
inhomogeneity of heating of the surface of Earth also results in ordered macroscopic fluxes of matter, in both the atmosphere and the ocean. Energy capable of
transforming into the energy of ordered macroscopic processes under terrestrial
conditions, i.e. at approximately constant temperature and pressure, and of producing work, is called free energy in contrast to thermal energy, which is related
to chaotic movement of the molecules, the latter being incapable of producing any
work (Sommerfeld, 1952).
Prior to the discovery of the law of energy conservation, it was only free
energy capable of producing work which was understood as energy in general. Free
energy is not conserved. In the course of work that energy is transformed into other
forms of energy, gradually dissipating and transforming into thermal energy. The
empirical law of energy conservation means that the amount of energy does not
change during such transformations (the so-called first law of thermodynamics).
Only scattering and decay of the initial free energy takes place. That decay always
goes in the direction of the lower degree of order of that energy. By itself, thermal
energy is already incapable of performing any work. That law was also discovered
to be empirical (the second law of thermodynamics). However, in many fields of
science, such as economics, biology, etc., only free energy is meant when one
speaks generally about energy. Following that tradition, in what is to follow we
shall omit the word "free" when speaking about any ordered form of energy
capable of producing work. In most cases thermal energy is simply called heat.
All the versatile natural processes observed are but various forms of decay
of the ordered states of matter and of dissipation of energy they contain. The
overall set of states of matter, rich in their energy, combines into the energy
resources of the planet Earth. These resources either have the form of kinetic
energy of the correlated motion of various material elements (such as the flux of
solar radiation, the hydraulic energy of river flow and oceanic waves, the energy
of tides, wind energy) or of the accumulated potential energy of correlated bonds
between these various material elements (such as gravitational energy, the latent
heat of condensation and freezing, chemical and nuclear energy). Other forms
of potential energy include the equatorial to polar surface temperature contrasts,
the surface to ground water temperature gradients of the oceanic, sea, and lake
waters. The nuclear energy, the gravitational energy of displacement of the Earth
depths and the energy of tides, have been preserved since the time of formation of
the solar system. All other forms of energy resources are generated by the solar
radiation.
When decay processes come to their end, all the forms of potential energy first
transform into the energy of ordered motion, which then suffers dissipation and is
scattered as thermal energy of the chaotic movement of separate molecules. Hence,

2.1 Decay of Ordered States

27

the final result of such a decay is the minimum of potential energy. However,
at low rates of dissipation inverse processes may take place, and the ordered
kinetic energy is then transformed into potential energy, which may accumulate.
For example, the latent energy of water vapor condensation is accumulated in
the atmosphere via evaporation, combustible organic matter accumulates via the
absorption of solar radiation by green plants, electric energy is accumulated in
either chemical or hydrogravitational installations, etc. Depending on the initial
moment of observations either a direct transformation of potential energy to kinetic
or an inverse one may be observed in any process of oscillation or in the process
of wave propagation. An example of a non-fading sequence of such transition is
given by the comets in their highly elliptic orbits. In that case the system does not
tend to a minimum of either potential or kinetic energy.
Via the decay of an energy-rich ordered state of matter all the various macroscopic processes may be generated. All the meteorological phenomena taking place
in nature, all the activities of living organisms ever to have existed on Earth, and,
finally, all the power stations, engines, and machines designed and built by man,
are but examples of that diversity. The theoretical laws of these physical and
chemical processes, discovered by man, aim to forecast the direction in which the
initial state of the system will change. However, every time that initial state itself
must be either prepared or independently prescribed.
Decay processes are characterized by the direction and duration of the decay
itself. When no decay takes place, the processes may only be characterized by rates
at which the measurable variables change: fluxes, speed of movement, oscillation
frequencies, etc. The duration of such decay-free processes (including stationary,
periodic, or those randomly fluctuating around their stationary values) may be
formally obtained mathematically, substituting the changing measurable variable
itself by the measurable rate of its change. That may either be the time of cycling
(e.g., m/q, where m is the mass of organic matter, and q is the rate of metabolism),
or the period of oscillation, or of rotation (2?r/w, u is the angular frequency). Time
only acquires a physical meaning when the processes start fading and decaying,
i.e., when the envisaged process has a start and a finish. Kinetic energy not subject
to decay may be observed in the rotation of the planets and in such experimentally
discovered phenomena as superconductivity and superfluidity.
All the phenomena either observed in everyday life or detected in the course
of scientific experiments are irreversible processes of decay of the initial state. In
the absence of decay processes no observable events develop in time. To measure
the decay processes taking place at the surface of the planet, the periods of the
diurnal and annual rotation of the Earth are usually used. The accumulated potential energy, not subject to decay (such as that in fossil fuel, for example) does
not change until it is used by man. The absolute geochronology of the Earth is
only known and available because of the decay of unstable isotopes of chemical
elements.
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2.2 Solar Energy
Since radiation from the Sun generates practically all the decay processes at the
surface of the Earth, we list below the characteristics of the solar radiant energy
necessary for our exposition of energy. The spectrum of solar radiation is close
to an equilibrium Planck blackbody radiation at an absolute temperature of T$ ~
6000 K (Newkirk, 1980). The average temperature of the Earth's surface is 15 °C
or TO w 288 K (Mitchell, 1989). Due to such a large difference in temperature
the solar radiation incident upon the Earth's surface is practically a pure source of
free energy, which may be transformed into ordered macroscopic motions at an
efficiency close to unity (Sommerfeld, 1952). Following the well-known Carnot
principle (Sommerfeld, 1952), which reflects the second law of thermodynamics,
that radiation may be transformed into work at a maximum efficiency of 77 =
(Ts - TQ)/TS = 0.95 under terrestrial conditions, that is at constant temperature
T0. The maximum efficiency does not depend on the means employed to trap the
solar energy, whether it is the kinetic energy of equilibrium radiation of photons
contained in a cavity, or the potential energy of chemical bonds synthesized in
the course of photochemical reactions, etc. There exist no means to obtain a flux
of solar radiation larger than that coming from the Sun's surface (that is, without
additional energy expenditure) or of a radiative temperature exceeding the solar
temperature itself. Were the situation different, the efficiency of transformation
could be raised above the cited maximal value. If additional energy is expended
(one might use the solar radiation itself for its source), the solar radiation might be
transformed into a flux of radiation of arbitrary temperature; however, on condition
that the efficiency of such transformation does not exceed the maximum possible
one. A particular case of such a transformation is concentrating the solar energy
by the so-called nonimaging optics (Cooke, et al., 1990; Winston, 1991).
The existing average distribution of solar energy among the various macroscopic processes at the Earth's surface along with the present forms and frequencies
of all the fluctuations found in it, together form the climate of the planet Earth.
The extraterrestrial power of the solar radiation incident upon the Earth is
equal to (cf. Willson, 1984)
irr2EIs = 47rr| / = 1.7 x 1017 W,
/ s = 4 / = (1367±3)W/m 2 ,
J = 340W/m2,

(2.2.1)

where 1$ is the solar constant, its natural variability not exceeding 0.1 % (Hansen
and Lacis, 1990); rE is the Earth's radius. Due to rotation of the Earth, the solar
energy incident upon the Earth's cross section of area icr2E is distributed over the
surface of the planet (4nr2E), and energy fluxes within the atmosphere and ocean;
/ is the average relative flux per unit area of the Earth's surface.
If all the incident energy were totally absorbed, the value of / would be defined
by the orbit of the planet. In fact part of that energy is reflected from the planet
surface, so that planets become visible among the stars. That reflected fraction
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of the solar radiant energy is called the planetary albedo A. The albedo of the
planet Earth is 30% at present. To 83% of its value that albedo is controlled
by reflection in the atmosphere and only to 17% by reflection from the Earth's
surface (Schneider, 1989a), see Fig. 2.1 below. The averaged absorbed flux of solar
radiation per unit surface area is
Ie = 1(1 -A) = 240 W/m 2 .

(2.2.2)

The atmosphere absorbs about one-third of the value of Ie. As compared to / the
average flux of solar radiation absorbed by the surface of the Earth is decreased by
the factor of about two in the result (see Eq. (2.2.1)) (Schneider, 1989a, Fig. 2.1)
and amounts to:
7 0 « 150 W/m 2 .

(2.2.3)

That value includes the complete flux density of free energy which the Earth
receives from space.
The absolute temperature of air is proportional to the average energy of motion
of its molecules. The absolute temperature of the Sun's surface TS is proportional
to the average energy of the solar photons. Similarly, the absolute temperature of
the Earth's surface, T0, is proportional to the average energy of heat photons.
In its equilibrium state, when the temperature of the Earth's surface does not
change, the energy of solar radiation incident upon the Earth coincides with the
thermal radiation escaping from the Earth's surface. This means that, on average,
each photon of solar radiation decays into n = TS/T0 « 20 photons of terrestrial
thermal radiation re-emitted to space. It is because of that decay of solar photons
that all the ordered processes we observe occur at the surface of the Earth.
Were the Sun to send the same amount of energy to Earth in the form of
thermal radiation (so that the temperature of the Sun would coincide with that of
the Earth, TS = TO) the Earth's temperature would remain the same, but no decay
of solar photons would be possible, and, hence, no ordered processes would take
place at the surface of the planet. The Earth would then remain warm, as it actually
is, but no dynamic processes would occur on it, and no life would exist (certain
ordered processes would still be possible due to the rotation of Earth around its
axis, and orbit around the Sun, so that the day-to-night, and the summer-to-winter
temperature contrasts would be present, but they would in no way compare to
those actually observed on Earth now).
Table 2.1 lists the distribution of the solar and other forms of energy available
at the Earth's surface among various macroscopic motions.
Geothermal energy, its power being around 30 TW, is generated via the processes of density distribution in the Earth's core and the processes of radioactive
decay in these depths. The upper limit of power released in the course of redistribution of masses may be estimated from the dimensional constants as a value
of the order of MsgrE/tE = 3 x 103 TW, where ME = 6 x 1024 kg is the mass,
rB = 6 x 106m is the radius, and ts = 5 x 109 years is the age of the Earth,
g = 9.8m/s2 is the acceleration of free fall. Hence, redistribution of density by
about 1 % of its possible value is capable of explaining the available geothermal
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Table 2.1. Energy fluxes at the Earth's surface
Power source sink

TW
Solar power distribution:
Atmospheric and surface
absorption
Surface absorption
Evaporation expenditure
Available eddy heat flux
Equator to poles heat
fluxes:
atmospheric
oceanic
Land absorption
Evaporation power by
land (evapotranspiration)
Plants (transpiration)
Wind power
(dissipation power)
Oceanic waves
(dissipation power)
Photosynthetic power
Gravitational power
of precipitation
River hydraulic power
(300m fall of global runoff)
Other renewable powers:
geothermal

Volcanic and geyser
Tidal
Moonlight
Present-day consumption
by mankind
Human-induced increase
of greenhouse effect

Power
Fraction, %

References

(1.7 x 105)

(100)

105
8 x 104
4 x 104
~ 1 x 104

69
46
24
7

~ 3 x 103
2 x 103
2 x 10"

2
1
13

5 x 103
3 x 103

3
2

2 x 103

1

1 x 103
102

0.6
0.06

Brutsaert, 1982
Whittaker and Likens, 1975

102

0.08

3

2 x 10~3

Lvovitsh, 1974
Lvovitsh, 1974
Skinner, 1986
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0.02

0.3
1
0.5
10
103
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2x
6x
3x
6x

10-"
10-4
10~4
10~3

0.6

Willson, 1984
Ramanathan, 1987;
Schneider, 1989a
Schneider, 1989a
Schneider, 1989a
Schneider, 1989a
Kellogg and Schneider,
1974
Peixoto and Oort, 1984
Chahine, 1992
Ramanathan, 1987
Schneider, 1989a
Lvovitsh, 1974
Brutsaert, 1982
Brutsaert, 1982
Gustavson, 1979
Brutsaert, 1982

Berman, 1975
Skinner, 1986
Starr, 1971
Starr, 1971
Hubbert, 1971
Allen, 1955
Starke, 1987, 1990
Skinner, 1986
Dickinson and
Cicerone, 1986

energy. That power generates all the ordered processes of production of ores in the
lithosphere and changes in the environment at an efficiency not exceeding 10~3.
The global power of these ordered processes does not exceed 10GW, that is, it
remains four orders of magnitude below the photosynthetic power of the global
biota (Brimhall, 1991).

If there is no flux of free energy, the molecules of a medium remain in a state
of thermal (thermodynamic) equilibrium. At such an equilibrium the number
of molecules possessing energy e is proportional to their Boltzmann exponent
exp(-£/fcj3T) where fcs = 1.4 x 10~23 J/(K molecule) is the Boltzmann constant,
and T is the absolute temperature (TK = t°C + 273. 16 K). In particular, if e is
equal to the kinetic energy of molecules, the Boltzmann distribution transforms
into the Maxwell distribution of velocities. These distributions are established in
the course of random noncorrelated interaction of molecules among themselves,
their transitions into any arbitrary states remaining equally probable. As a result
the overwhelming majority of molecules appear to occupy those states that are
more numerous. That state of matter is the one with minimal organization.
Instead of the state of an individual molecule, thermodynamics studies the state
of a macroscopic group of molecules occupying a volume comparable to that of the
human body. The measurement unit for such estimates is the mole, which contains
NA = 6.02 x 1023 molecules (the Avogadro number). This number of molecules is
contained in the amount of substance whose mass in grams is numerically equal
to its atomic mass, i.e. coincides with the number of protons and neutrons in that
molecule (to the accuracy of the binding energy of the nucleus). The number, HE,
of moles of matter having the energy E = NA£ is given by the expression
R = kBNA = 8.3 J mole'' K~

c = const.

(2.3.1)

In the absence of external flux of energy, molecules in their chaotic thermal
motion may form a group of N molecules which randomly organize by themselves into an ordered macroscopic motion. Such a phenomenon is called fluctuation. However, the relative frequency (probability) of fluctuations occurring in N
molecules is proportional to \/\/~N. That proportionality is called the law of large
numbers. Considering the general character and importance of that widely known
law, we are going to take a numerical example to demonstrate its action in the
interest of further exposition.
Consider the velocity of motion of the center of masses of a group of N
molecules in a given direction. We denote that velocity as X, and the velocity
component of each molecule from that group along the same direction as Xi.
Defining the velocity of the center of mass of a group of molecules we have:
N

(2.3.2)
The average velocity of such molecules and of any group of molecules in a stationary cell filled with gas or liquid is equal to zero: X^ = ij = 0. Conducting
serial measurements of the velocity of a group of molecules one may obtain the
average squared velocity for that group:
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N

(2.3.3)
If molecules move in a non-correlated fashion, the second term on the right will
be equal to zero. Recalling that the average squared velocities for each molecule
are equal to each other, we find for the average velocity of a group of molecules:
(2.3.4)
That equation essentially expresses the law of large numbers. The principal assumption needed to retrieve that law was zeroing the second term in (2.3.3). If
molecules move in a correlated fashion, so that, for example, TV molecules are
emitted at equal velocities in one and the same direction, we find the average
velocity of the center of gravity of that group of molecules to be equal to the
average velocity of each molecule. That may be directly seen from (2.3.3). In that
case the second term in (2.3.3) is much larger than the first one, and equals x2.
Therefore, the second term controls the degree of correlation among the molecules
in the group: if its observed value is less than or equal to the first term in its order
of magnitude (that is when the law of large numbers is satisfied), molecules may
be assumed to move chaotically. The correlation distance in gas appears to be of
the order of the size of the molecules themselves, which is much smaller that the
average distance between the molecules in that medium (the mean free path).
One may thus derive the law of large numbers for any variable presentable as
a sum of its components. In particular, the value of X in (2.3.2) may be envisaged
as an average Xj from a set of TV independent measurements. Equation (2.3.4)
corresponds to the well-known law of decreasing standard deviation at large TV.
The dimensionless ratio ry = xt • Xj/(y x2 • J x 2 ) is the simplest correlation
characteristic possible; it is the well-known correlation coefficient. However, the
correlation coefficient only reflects the presence of a linear correlation between
two variables, so that it may adequately describe any nonlinear correlation while
these correlating variables show relatively small changes. Generally speaking, if
these relative changes are large and the coefficient of correlation is zero, that does
not mean a lack of correlation at all. For example, if two variables are related to
each other as x2 + y2 = 1, one may average over the whole circle xy = 0 and the
presence of eddy motions within a large group of molecules will bring the same
result, Eq. (2.3.3), as one would find in the case of a totally uncorrelated motion.
To find nonlinear relations one must use more sophisticated correlation functions.
However, during small relative changes of variables any nonlinear correlations
linearize. In our example we obtain x = x0 + Ax, y = y0 + Ay; and Ax/x0 ~
Ay/yo <SC 1 a dependence rxy = AxAy/(x0y0) = -1.
Assume that matter consists of internally correlated groups of particles (of
domains) which are mutually non-correlated. The ry is nonzero only inside the
group. The average linear size of such a group (the radius of correlation of domains) may be estimated at small relative changes by calculating the sum

N2

'

"1J

' '

•"

over these TV particles, i, and j for which all their ry differ from zero (within the
experimental accuracy), the value fly giving the distance between the particles
i and j. The correlation radius may similarly be prescribed for any measurable
characteristic of these particles, defining the value ry. The internal correlation for
various objects may be extremely diverse. It is described by various correlators
found by alternative averaging techniques. Both complete lack of, and deficiency
of, correlation may always be described (at small relative changes) by the respective value of the correlation coefficient.
The mean squared velocity of the molecules describes the macroscopic characteristics of a substance: its temperature and gas pressure. Temperature and pressure
are only meaningful for objects of sufficient macroscopic size. Since the number
of molecules in 1 cm3 of a solid body or in 1 dm3 of gas is close to the Avogadro
number, that is TV ~ 1023, fluctuations of external macroscopic characteristics
become practically unobservable for compact objects exceeding 0.1/xm in size.
However with the particle size diminishing below that level, fluctuations of both
temperature and pressure become noticeable, and particles start to move randomly
in the medium - they display Brownian motion. Temperature and pressure lose
any meaning for particles of the size approaching that of molecules. The chemical
kinetics and catalytic reactions in a living individual are characterized by the averaged measurable characteristics of large groups of their molecules. For fluctuations
of their characteristics to be sufficiently small, the size of such groups should be
large enough. We conclude that the minimal size of living individuals should be
three to four orders of magnitude larger than the size of an individual molecule.

2.4 The Stability of Physical States
A typical feature of the state of thermal equilibrium, in which all its molecules interact in a non-correlated manner, is that all the characteristics of that state remain
unchanged when the volume of that gas or liquid is divided into arbitrary macroscopic parts. Each such part containing a sufficiently large number of molecules
will possess characteristics (such as temperature, pressure, etc.) identical to those
of the whole volume.
The least ordered state of matter is the most stable one. Stability of a state
means that after a short external perturbation the system returns to its initial state
and remains in it for an unlimited length of time. For example, if a group of
molecules is either decelerated or accelerated, its Maxwell distribution of velocities is eventually recovered in accordance with the average temperature of
the medium. Sustaining a state means that the measurable characterizing variables
(such as temperature, pressure, average velocity of its center of gravity, etc.) do not
change with time. Such a state is called stationary. Clearly, any stationary state actually existing is stable, because certain external perturbations are always present.
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One should stress that a stationary state is described by permanent macroscopic
measurable variables. Individual molecules incessantly collide with each other in
a stationary state of thermal equilibrium, changing their velocities, direction of
movement, and internal level of excitation.
If an external perturbation is permanently present, such as the flux of the solar energy falling upon the surface of the Earth, the state of the matter changes
and reaches another level, stable with respect to that perturbation. Such a level
corresponds to equilibrium between the generation of new and the decay of old
ordered macroscopic motions, typical for the given form of matter. On average,
that new level features a higher degree of order than in the absence of perturbation. Stationarity and stability of such a state means that after averaging over
the lifetime of such ordered motions, we find that its measurable characteristics
remain constant with time. The flow of a river may be considered stationary, despite the constant generation and decay of turbulent eddies in any local part of
that stream. Stationarity and stability of a flow are characterized by its constant
average flow rate, by the constant distribution of angular velocities, by the lifetime
of its turbulent eddies, etc. The Earth's climate is characterized by the constant
annual mean temperature, pressure, annual mean wind direction and speed, the
average number of cyclones and anticyclones, the amplitudes of the diurnal and
seasonal oscillations of temperature. Note that during the whole lifespan of life on
Earth temperature fluctuations have never reached amplitudes such that oceanic
waters would either totally evaporate or freeze.
If the flux of energy is constant, only macroscopic processes of the average
degree of order may be sustained for an unlimited length of time, their decay
permanently compensated by their generation. Thus in the case of a stable dynamic
equilibrium the ratio of the number of decays of ordered states to the number of
their spontaneous generations is equal to unity.
Macroscopic processes of a significantly higher than average level of order are
only generated as rare fluctuations with limited lifetimes (tornadoes, for example).
The more highly a fluctuation is organized, the lower is the probability of its spontaneous generation and the rarer such fluctuations are. Thus rare fluctuations are
always unique. Among rare fluctuations the ones of most interest are those whose
energy dissipation is the lowest. Although both rarely appearing and quickly dissipating, such fluctuations have sufficiently long lifetimes and that is why they are
empirical in the first place (such as thunderballs, for example). Among such fluctuations are those wave processes which slowly fade losing their ordered character
(tsunami). However rare fluctuations do not, as a rule, produce any input to the
average state and its characteristics.
The average degree of order of macroscopic processes, which are generated
by a given flux of external energy, does not change with time, i.e. remains stationary, if an equal amount of waste thermal energy is evacuated from it. The
states of a stationary average order are sometimes called non-equilibrium dissipative structures, since they are sustained by an external flow of energy (Nicolis
and Prigogine, 1977; Prigogine, 1978). However, recalling that they remain stable
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only in a constant flow of external energy, we may call them states of dynamic
equilibrium. (The state of dynamic equilibrium is vividly illustrated by an example
of a bird or a helicopter, hanging motionless in the air (hovering flight (Weis-Fogh,
1972)). All the man-made engines operating in a stable regime are also examples
of stationary states of dynamic equilibrium.)
With increasing flux of energy the degree of order of average constantly sustained macroscopic processes and of fluctuations generated increases. Now fluctuations, which had been rare at lower energy levels, may be permanently sustained,
and fluctuations which had been extremely rare may become more frequent. If a
system sustaining a stationary macroscopic process of low order is introduced to
such a flux of energy, that process appears to be unstable in that flow, and within
a measurable finite period of time it transforms into a more ordered stable state
of dynamic equilibrium, corresponding to the average level of order in the flux
of energy fed to it. After averaging over periodic oscillations and frequent fluctuations, the new state of dynamic equilibrium also becomes stable, and, hence, is
completely determined by the value and character of the external flux of energy.
The decrease of that flux of energy results in an inverse sequence of events, so
that the level of order in macroscopic processes falls (Schuster, 1984).
Thus there always exists a certain state of dynamic equilibrium of every observed physical and chemical process occurring at a given flux of external energy.
With that external flux changing, the stability of such a state is violated. Below we
shall call that stability "physical". Macroscopic processes of order both above and
below the average become unstable and are only encountered as rare fluctuations.
In other words, rare fluctuations spontaneously occurring within a prescribed flux
of energy do not possess physical stability.
It is well known that the level of order of a system can only increase either
when external energy is fed into it, or when heat is evacuated from it (e.g., when
gas transforms into liquid, or liquid into solid). When external variables reach
certain values, the level of correlation between various particles in the system
and its degree of internal order both increase stepwise. That process continues via
interaction of molecules of the system with each other and via the reduction of the
number of stable states of separate molecules when the total energy of the system
decreases. Similar sharp changes in the level of correlation between various parts
of the system may also happen within the external flux of energy if certain critical
values of the measurable parameters of such a flow are reached (Haken, 1982).
All the processes of change of stable order of physical systems, precipitated by
changes to their environments beyond certain critical values, e.g., when external
energy is fed to the system or its thermal energy is evacuated from it are traditionally called critical phenomena or phase transitions (Haken, 1982). Phase transitions
may either result in increase or in decrease of the order of the system, depending
on the direction in which its external parameters change (Schuster, 1984).
We shall cite well-known examples of phase transitions which follow the
change in the external flux of energy. With the flow rate of fluid increasing it
proceeds from laminar to turbulent flow. With temperature lapse rates increasing
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disordered mixing of liquid rises to an ordered cellular convection (the Benard cell
forms). At low levels of optical pumping a laser emits radiation as an ordinary
light bulb, radiating a wide spectrum of random frequencies, but with increasing
pumping power all its atoms start to radiate in a correlated coherent manner at
a single frequency, and all the other frequencies vanish from its spectrum. Similar phenomena take place during chemical reactions: if an energy-rich flow of
monomers is produced, stationary states may be found with equality of polymer
generation and decay, or, alternatively, periodic temporal and spatial changes in
the concentration or substances (Haken, 1984; Nicolis and Prigogine, 1977). Products of some autocatalytic chemical reactions containing equal number of rightand left-handed molecules (the racemate) can transform to an ordered chirally
pure state containing only right- or left-handed molecules through a bifurcational
process of spontaneous breaking of the mirror symmetry when the flux of organized external energy introduced to, or flux of thermal energy evacuated from, the
system reach the critical values (Morozov, 1978; Goldanskii and Kuz'min, 1989,
Avetisov and Goldanskii, 1993).

2.5 Physical Self-Organization
During the last few decades major advances have been made in studying the
behavior of physical systems in an external flux of energy, i.e. systems having
a state of dynamic equilibrium (Schuster, 1984). It has been demonstrated that
phase transitions from one stable state to another, triggered by changes in the
characteristics of the external flux of energy, and taking place at critical values
of these characteristics, could be described by comparatively simple non-linear
equations. Moreover, systems of completely different physical and chemical nature
often appeared to be described by similar equations. These finding resulted in
combining such physical results into a single branch of science of such physical
and chemical systems, which has been named "synergetics" (Haken, 1982, 1984).
Any changes in the values of physical variables are only known to an accuracy prescribed by the available resolution of the experimental instrumentation
used. Thus any initial condition may only be described to within the margin of
such errors. Forecasts of the development of such systems, following the laws of
their behavior, will all contain certain ambiguities (stemming from those initial
conditions). After certain systems proceed past their threshold levels in the flux
of external energy, that uncertainty begins to grow exponentially with time so
that such a system may proceed from any initial to practically any final condition
or state. That system will still retain its stability in the sense that all its final
states will not deviate too far from its given average (will be "attracted" to a
certain fixed value). These values are called "strange attractors" (Schuster, 1984;
Eckman and Ruelle, 1985). Attractors are average values of measurable characteristics of common stable systems, such as those oscillating in either a fading or
non-fading mode. A system with a strange attractor behaves chaotically, although
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it is described by simple deterministic classical equations, which do not include
any quantum uncertainties (Eckman and Ruelle, 1985).
Such equations with strange attractors are expected to describe phenomena of
turbulence in nature. Many researchers hope to similarly describe the phenomenon
of stability of life (Nicolis and Prigogine, 1977; Haken, 1984). However, in contrast
to phase transitions, life and death are irreversible.
Following the above developments the observed characteristics of phase transitions are often described using biological terminology, on the grounds, first of all,
of the seeming analogy between the manifestations of physical-chemical order and
the processes of life. E.g., by analogy with the creation of previously nonexisting
new genetic information, i.e. self-organization of the living species in the course
of evolution, the process of growth of order in physical-chemical systems, taking
place when external energy is fed to them, is called self-organization (Nicolis and
Prigogine, 1977). Substitution of the unstable physical state by a stable one occurring then, is called selection (Haken, 1982, 1984), while the interaction between
the unstable and stable states is called competition. In that sense the notions of
selection and competition may apparently be applied to any physical and chemical
processes, associated with transitions from some initial to a certain stable final
state, proceeding via several unstable intermediate states. One may thus speak
about selection among the several competing oscillation maxima (modes) in a
laser (Haken, 1982, 1984), as well as about competition and selection among the
various competing chemical and physical reactions (Nicolis and Prigogine, 1977),
which may, with various probabilities, stem from a given initial state. The two
possibilities for a cloud either to dissipate in the sky or to precipitate to the ground
are also envisaged as competition and selection among the two alternatives, and
similar treatment may be given to the well-known fact that only one river flows
out of a lake (Odum, 1983).
Self-organization, competition, and selection among all the chemical and physical processes are related to the stable state of dynamic equilibria. The possible
types of competition between the various ordered states and selection among them
are then totally determined by the characteristics of the flux of external energy fed
to them (Schuster, 1984). It is evident that rate fluctuations which occur spontaneously in small numbers around the state of dynamic equilibrium cannot compete
with each other. Selection is manifested as decay and vanishing of all the rare physical fluctuations. It is demonstrated in the next section that there exist clear-cut
differences between the content of all the above notions, as applied to animate
and inanimate systems. Therefore, we shall indicate below as "physical" the commonly used terms of stability, self-organization, competition, and selection, when
applied to physical and/or chemical systems.
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2.6 The Measurable Variables:
Dimensions and Mutual Correlations

A relation between velocity, length, and acceleration may be found from the above
in the form of the Froude (Fr) number which does not include time:

Natural sciences cover the domain of knowledge that includes information on
the quantitative measurable variables of natural objects. That information may
be reduced to indicating the variability range for those numerical values, and
to the empirically found relations of both fundamental and correlation character
between the various measurable variables. The experimentally observed values of
measurable variables and the correlations between them are what we call the laws
of nature. They are expressed by equalities (=). All the numerical values obtained
during measurement and all the empirically found correlation relations (i.e. all the
equalities) have finite nonvanishing experimental uncertainties.
A combination convenient in one or other respect may always be constructed
from several measurable variables, and a certain symbol and meaning may be
ascribed to such a combination. It is essentially a definition, a "substitution" of
variables, and, in contrast to the laws of nature, it should be presented by an
identity (=). For example, if some measurable variable z(t) changes at a rate
z(t) = dz(t)/dt with time, a relative rate of that change may be introduced; we
denote it as k(t):
z(t)
or
= K(t\
(2.6.1)
z(t - r(t))
where the lag function r(t) may be prescribed arbitrarily. Expressions of the form
(2.6.1) are identities; they only describe the procedure of substitution of variables,
so they contain no additional information that was formerly unavailable. They may
be written for any variable. Such expressions only turn into equalities if a law of
temporal change is known for k(t) or K(t), and r(t), independent of z(t).
So later all the identities agree with the newly introduced notations, which are
uniquely related to independent variables already introduced, that is to substitution of variables. Equalities are used to relate the variables carrying independent
information.
The choice of measurement units depends on considerations of convenience,
and, generally speaking, on the observer's wishes. Observed correlation dependencies between arbitrary measurable variables cannot depend on the choice of units
for their measurement and description, so they must be invariant with respect to
the choice of such units. If this is not so the correlation dependence is absent.
The condition is satisfied when both parts of the equality have identical dimensions, or expressed as an equality of some dimensionless variables. The relation
between the two variables (z and /) of differing dimensions is only possible if a
single dimensionless combination may be formed from them. Such a dimensionless
combination may be formed if a fundamental physical constant of a transitional
dimension is available. For example, length, /, and time, t, may be related via
velocity, u, or acceleration g:

= ut,

= gt2.
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(2.6.2)

or

-

gi

(2.6.3)

u = V51.

If a problem does not include such a physical constant of transitional dimension
(scale-free allometric, self-similar or fractal and critical phenomena) such dimensionless combinations may be found exclusively from the ratio of the rate of
change of variable dz (or dl) to that variable itself z (or /). In that case the relation between the changes of variables of differing dimensions dz and dl (which
remain minor as compared to the variables z and /), may only have the following
form (see Brody, 1945; Gell-Mann and Low, 1954; Hemmingsen, 1960; Kleiber,
1961; Stahl, 1963; Wilson and Kogut, 1974; Mandelbrot, 1982; Gorshkov, 1984c;
Smirnov, 1986; Peng et al., 1992):
dz „ dl
,
. ,n. dl
— =3—
d/3n = 4>(f3)
—,
(2.6.4)
z
I
I
where /3 is a dimensionless coefficient of proportionality. The increment of a
dimensionless value df3 may vary in proportion to the increment of the value dl/l
(or dz/z), its proportionality coefficient being equal to an arbitrary function of a
unique finite dimensionless value /?, as shown by the second equation.
Any change in the variables may only be detected at the finite experimental
accuracy available (the measurement error), which depends on the sensitivity of
instruments attainable (Pipkin and Ritter, 1983). The relation between the minor
relative increments (2.6.4) may also be tested empirically, provided the value of
the relative increment exceeds that experimental accuracy. It follows from the
above that a "nonlinear" relation between the two relative increments of the two
variables is impossible: it would mean a lack of correlation. For example, forming
dz/z and (dl/l)2 one always may select the values dz and dl so as to keep dz/z
within the measurement error, and the value (dl/l)2 far below that limit. It is
known that dx/x = d\n(x/xe), where xe is arbitrary. Therefore, ln(a:/2;e) is a
unique selected function, which has a dimensionless differential.
The general solution of (2.6.4) has the form:

In - = <

\nL

(2.6.5)

l

e

where the function
, /
/•* dp
In — = / —— =

Jo

is uniquely expressed via the function i/j(J3):

f3=f ln

I

(2.6.6)

The symbol / ' here denotes an inverse function, le is an arbitrary integration
constant, and ze and f3e are expressed via relations (2.6.5) and (2.6.6) at fixed
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z and /. Such a relation is sometimes called a renormalization group. In the approximation of constant (3, the solution of these two equations acquires a simple
form:

y=

= \n**P

Relations like (2.6.7) are called allometric in biology (jRra*eTT9SO; Peters, 1983).
In what follows, the correlation of the form (2.6.7) at length / will be found for
many variables z, so it appears convenient to express the slope, /3, of the line,
relating \nz to In I (y = /3x) by the symbol: z'
P

, = d ln(z/ze)
~ d \n(l/le) '

(2.6.8)

The value le is an arbitrary dimensional constant. It is determined by the choice
of the measurement unit (see index "e"). The value ze is denned via the chosen
value le and the measured values of z and I. The functional dependence (2.6.7)
does not change when le changes (the so-called scale invariance).
Relations (2.6.7) can be rewritten in the form:

z

or

Ze

a = zf

Z =

(2.6.9)

Here the coefficient a (so-called "Hausdorf measure") has a complex fractal
dimension if /? is an arbitrary irrational number. Equation (2.6.9) is frequently
used in the special biological literature (Peters, 1983).
We also show here the form of the functional dependence (2.6.5) for the case
when tp(fo) = 0, and the function ^(/3) may be expanded into the Taylor series
over powers of a = (/? - fo). We retain only the first non-vanishing term in that
expression:
= 7la;
ci =7,,

<f>(x) = fox + 6,(e
6, =a/7i,

C|X

- 1),

ZEE In—;

(2.6.10)

tp

+ c2x),
C2 = -72Q72

The terms of the function <f>(x) retained in (2.6.10) may be considered corrections to
the allometric formula (2.6.7) where b\, c\ and 6 2 ,c 2 may be selected empirically,
as may fo. The constant fo may be either close to or equal to zero. In that case
the correction terms acquire the leading role.
The relation of two variables via a single fundamental physical constant may
also be presented in the form of (2.6.7) and (2.6.9). In that case, due to the linearity
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of the laws of dynamics, the slopes of the logarithmical direct lines for z' in (2.6.7)
are expressed as simple rational numbers. For example, the dependence of the form
u = ^/gl, relating the distance of the vertical jump I to take off velocity u may
be written in the form of (2.6.7) at u' = 1/2, ue = ^fgTe or in the form (2.6.9) at
a = ue/\fTe = ^/g.
Measurement units are prescribed by experimentalists from considerations of
convenience. These units might never coincide for any two experimentalists, so
they would never know that these two units were of one and the same dimension.
What are the indications that meters and yards, years and hours coincide in dimension while, e.g., meters and years are of differing ones? We shall demonstrate
that this question may only be answered experimentally.
Consider measuring length, which is the simplest case imaginable. We find
that different quantitative estimates of that characteristic may be obtained, depending on the units used, e.g. yards vs meters. It is not known a priori whether
both numbers describe one and the same characteristic of the object, measured
in different units. That is only to be found empirically. One further finds that, to
within experimental accuracy, the ratio of the number of yards to meters remains
unchanged, independent of the actual length measured. Hence one may state that
two such measurements do indeed describe one and the same characteristic of an
object. It may be formally expressed in the form:
— =c—— ,
1m
1 yard

c = 0.914399,

(2.6.11)

where l\ and 12 always present one and the same characteristic of a measured
object, that is its length /. We may formally reduce both parts of our empirically
found equality (2.6.11) by / = l\ = 12, finding the relation between yards and
meters:
1 yard « 0.91m,

0.91 m/yard « 1.

Assuming the transitional constant to be identically equal to unity, we may completely exclude the yard from further consideration, proceeding to measure length
in meters only.
Heat (Q) and work (W) were considered different characteristics of a system
for a long time. Heat was measured in calories, and work in Joules. The discovery
of the law of energy conservation demonstrated that work could transform into
equivalent amounts of heat, i.e.
-=
c = 4.1855.
(2.6.12)
U Clcal'
Equation (2.6.12) describes a law of nature, which always holds to within the
achieved experimental accuracy. Thus, similar to the above, one may assume heat
and work to be similar energy characteristics of the system, having identical dimensions. Treating both heat and work as energy, one may set: Q = W, eliminating
the unit for measuring heat (calories), completely transferring to the use of Joules:

4.2J«lcal

or 4 . 2 J / c a l w l .
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One should not, however, forget that another characteristic is changed while
work is transformed into heat. That is entropy (or information), a measurable,
non-conserved characteristic; see Sect. 2.8.
Prior to discovery of Newton's second law, force (/), mass (m), and acceleration (a) were assumed to be unrelated. Force was measured in kilogram-force
(kgF), mass in kilograms, and acceleration in m/s2. Newton's law stated that when
force / was applied to body of mass, m, acceleration, a, was generated, which
was related to the force and body mass by:

m
= c1 kg 1 m/s2 " 1 kgF'

c = 9.81.

(2.6.13)

(That is why if a = g = 9.81 m/s2, body weight (force) measured in kilogramsforce numerically coincides with its mass, measured in kilograms, so that the
relation is a consequence of Newton's law.) Because of the universal character of
relation (2.6.13) which is always satisfied at velocities negligibly small in comparison with the speed of light, Newton's second law may be written in the form:
/ = ma,

so that the force and the product of mass and acceleration are variables of one
and the same dimension, and we may eliminate the unit for measuring force, the
kilogram-force, from our expressions:
1 kgF = 9.81 Newton (N),

lN=lkgm/s2,

or

9.81N/kgF=l.

The relation of energy, E, to body momentum, p, for bodies moving at velocities close to the speed of light, c, is also well known: E2 = m2c4 +p 2 c 2 . At
zero momentum the mass of a body is proportional to its energy. That mass characterizes the internal potential energy of the body at rest. When we move from
one inertial reference system to another, both its energy and momentum change.
They are transformed as constant vectors in the spatial-temporal continuum. Mass
remains without change in all the reference systems. It is an invariant, a scalar.
The total energy and momentum are conserved during body-to-body interaction.
The mass is not conserved. E.g., the atom absorbing a photon of zero mass enters
an excited state of higher potential energy and higher mass. Conservation of mass
and of matter follows from the law of energy conservation only in the approximation of velocities low with respect to the speed of light. Since green plants use the
energy of light for their life processes, lack of mass in light results in important
ecological consequences (Sect. 5.5).
The body mass m is sometimes called its rest mass. The term mass in motion,
M, is given to the variable related to energy via the relation E = Me2. In contrast
to rest mass, m, the mass in motion, M, like the energy, E, is conserved within
one and the same system of reference, but changes in a transition from one such
system to another. However, introduction of an additional variable always related
to body energy via a constant factor is physically irrelevant. Thus no mass in
motion exists physically. Any body is only characterized by its mass m and the
definition "rest" should be omitted (Okun, 1988).
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The law of universal gravity in its nonrelativistic approximation of small velocities of two masses m\ and m2 at distance r from each other defines the force
of their interaction:
mj
(2.6.14)
G = 6.670 x lO"11
kg • s 2 '
Since that law is universal and always holds, one can discard the dimension of
mass altogether, assuming G = 1. However, gravitational forces acting between
two masses are negligibly small compared to electrodynamic forces, which control
all the biochemical reactions and interactions between bodies studied by biology.
The relative magnitude of gravitational forces may be defined by comparing the
force of electrodynamic and gravitational interaction between two electrons. The
Coulomb interaction between them is given by the well-known force of the form
(2.6.14) in which mi and 7712 are substituted by the two electron charges, and the
constant G is assumed equal to unity. (The dimension of the charges themselves
is found from the Coulomb law.) The dimensionless ratio of gravitational, /G, and
electrodynamic, fe, interactions is equal to (see, for instance, Allen (1955)):
Gm 2
(2.6.15)
= 2.3 x 1(T43,
fa/fe =
where me and e are the electron mass and charge, respectively.
Thus gravitational interaction between the bodies around us which are of size
comparable to the size of biological objects (individuals) is essentially switched
off, as compared to electrodynamic forces. Only the interaction of all such bodies
with the mass of the Earth remains noticeable, as expressed by the acceleration of
free fall g, both on land and in the air. In the ocean gravitation is compensated for
by the Archimedes force and is not manifested. If life failed to proliferate from
ocean to land and air, or originated on minor planets of sizes comparable to those
of artificial satellites, the existence of universal gravitational interaction would be
unlikely to be discovered, and the motion of the planets would seem to follow its
own exclusive laws, while all of life would run its course in the state of free fall,
without any change in the nature of its biological and biochemical reactions.
In that sense, gravitational interaction is effectively not universal. The mass
of 1 kg, a value typical in biology, has no relation whatsoever to the mass unit of
1 m3/s2 = 1.5 x 1010kg, which would have to be assumed were we to set G = 1.
Thus only the empirically found universal relations between variables of differing dimensions make it possible to reduce the number of different units needed
to describe measurable variables (Sedov, 1959, 1977). However, further reducing
the number of different units does not depend on our wishes, but is controlled by
the laws of nature, which are universal correlations. So why do the dimensions of
mass, length, and time remain independent? That is because no universal correlations are found between these characteristics. Moreover, the very fact of processes
occurring in the world around us demonstrates that no such universal relations
exist.
Thus the choice of measurement units for mass, length, and time remains arbitrary in all the branches of science having to do with actual life and environment.
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They may be fixed in some system of units, such as the International System of
Units (SI). Fundamental constants appear to be more convenient for use in certain
specialized studies (Okun, 1988). (E.g., the principal measurement units within
the scope of the physics of high energies are usually the Planck constant, h, the
speed of light, c, and the mass of either the electron, me, or the proton, mp.)
One may estimate the feasibility of introducing new terms and notions by
the same reasoning. New terms should only be introduced when they include
various non-correlated characteristics of an object. For example, the term "biota"
describes living beings only, while "biosphere" embraces all the nutrients used
by these beings as well. It also helps to make a distinction between such notions
as theory and mathematical model. These are strict in the exact natural sciences
(such as astronomy, physics, chemistry), but are not as accurately used in biology
and ecology.
Theory is an empirically founded unique system of a limited number of correlations, describing a large spectrum of phenomena to an accuracy known from
experimental practice. That accuracy is not necessarily too high, e.g. some theories are only capable of correctly predicting the order of magnitude of the value
measured. Theory might well predict what is impossible. For example, everything
which violates (2.6.11-14) is impossible within the estimated experimental accuracy. Anything at all may happen within the margin of these relations. The small
dimensionless parameters (such as relative deviations from the equilibrium points
AZ/ZO, see (2.7.9), or combinations including fundamental physical constants like
the Froude number (2.6.3), fine structure constant a = e2/(he) = 1/137 and others) are present in many theories. The Taylor expansion over powers of such small
parameters (the so-called perturbation theory) permits step by step increases in accuracy of the result predicted by the theories. The nonperturbative approach should
be used if the theory contains singularities near the zeros of small parameters.
No calculations within a given theory should be carried out to accuracies
exceeding the empirically found margin of uncertainty of that theory's predictions.
Calculations driven to higher accuracy are nothing but a gross blunder, which is
called "exceeding the accuracy limit". For example, one should not sum inputs
from various sources when estimating the global stores of fresh water or of biomass
if such sources have different orders of magnitude, or cite a result which includes
more decimal positions than the experimental error of the largest input.
In contrast to that approach, a mathematical model tries to reach some insight
into the course of the process being considered. A model is constructed when
no general theory is available. It merges together the known theories of separate
elements of the overall phenomenon. Missing correlations, which are necessary
for either deterministic or stochastic predictions, are either retrieved from the
yet poorly tested empirical data or postulated. The accuracy of such postulated
correlations remains unknown. When the accuracies of correlations included in
the model are available, the mean square (MS) uncertainty of any prediction by
such a model is proportional to the sum of such MS uncertainties of all the
individual relations. Diverse models and various scenarios in every model, all
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of them describing one and the same phenomenon, are possible. They differ in
the form of correlations used, their accuracies overlapping. Becoming gradually
more and more complex as the number of correlations introduced into it grows,
the model becomes capable of producing more and more predictions. However,
the uncertainty of each such prediction also broadens with the growing number
of these correlations. In this case the number of available mathematical models
approaches infinity and the information obtained with the help of the models tends
to zero. Testing enormous numbers of such scenarios with modern high speed
computers does not in any way substitute for experimental testing of the accuracy
of correlations introduced into such models.

2.7 Thermal Stability of Climate
The flux of short-wave solar energy absorbed by the Earth, Ie, heats the surface
of the planet, resulting in terrestrial thermal radiation which is emitted back into
space. As a result the budget of energy fluxes at the Earth's surface may be
expressed in the form:
/.-**<£.

R7,,

where Ie is the solar radiation absorbed by the Earth; it depends on the solar
constant Is, and the planetary albedo, A; qe is the flux of effective thermal radiation
emitted by the planet into outer space; c is the heat capacity of the planet; T is the
absolute surface temperature. The last term in (2.7.1) describes the temporal change
in the thermal energy of the Earth, Q. It is assumed that Q depends exclusively
on the absolute temperature T. The planetary heat capacity c = dQ/dT depends
mainly on the heat capacity of the oceans (Mitchell, 1989).
We have in a stationary state: T = T0, so that one may find for the surface of
the planet:
QeO ~ led ~ -f 0 - -

(2.7.2)

The values of qe0 and AQ depend on temperature T0. Equation (2.7.1) is an implicit
function of temperature TO and of the solar constant Is (/ = /s/4, see (2.2.1)).
Before studying the temperature dependence (2.7.2), we are going to clarify the
principal form of the dependence of qe on TO.
The value of qe may, to a good approximation, be described as blackbody
radiation. That assumption determines the effective temperature Te of the Earth's
radiation escaping to space, which does not coincide with TO. According to the
Stefan-Boltzmann law we have:
(2.7.3)
The flux qe is directly measured in outer space from on board artificial Earth
satellites (Raval and Ramanathan, 1989). Thus the temperature Te is well known.
Using the value of Ie (see (2.2.2)) we find Te = 255 K (or -18°C), see Table
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Table 2.2. Planetary energy and temperature characteristics
Planet

Solar
const.

Is
w
H?

Orbital
parameters
(A = a = 0)

QR
w
-H?

tR,°C
(TR,K)
-48
(225)
+5
(278)
+58
(331)

Mars

589

147

Earth

1367

342

Venus

2613

653

-

Thermal emission
to space
(A > 0, a = 0)
l.0e, p
L
A
9e
w
(T
,K)
e
;?

0.15

125

0.30

239

0.75

163

-56
(217)
-18
(255)
-41
(232)

Space

Albedo

Solar short-wave radiation
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Earth long-wave radiation

Average values at
planetary surface
04 > 0, a > 0)
a
to, °C
10
w
(To.K)
^
0.07
134
-53
(220)
0.40
390
+15
(288)
0.99
16000
+460
(730)

yl is the planetary albedo
a is the planetary normalized greenhouse effect
QR = /s/4 is the orbital planetary thermal emission at A = 0, a = 0
qe is the observed planetary thermal emission into space
go is the observed average planetary surface thermal emission
ti, Ti are the respective surface temperatures

Hydro-lithosphere

(Mitchell, 1989; Raval and Ramanathan, 1989)

2.2. The surface temperature, T, exceeds the temperature of escaping radiation,
measured at the top of the atmosphere, Te. Therefore the radiation of the Earth's
surface q exceeds the escaping radiation qe. That effect results from the greenhouse
gases in the atmosphere, which trap a significant part of surface radiation and reemit it downward. As a result, radiation of the Earth's surface, q, may be found
from the equation:
q = Ie+aq

or

q = -—-—.
(2.7.4)
1 —a
The reflection coefficient a describes the fraction of thermal radiation from the
Earth's surface that is trapped by the atmosphere and "reflected" back to the
surface. It is again absorbed there, additionally heating the surface then being
emitted into the atmosphere, cf. Fig. 2.1. Emission from the Earth's surface may
be described by the Stefan-Boltzmann law, which deals with temperature measured
at the surface:
(2.7.5)
Thus we have for a stationary state:
(2.7.6)
/(I -

- a0),

(2.7.7)

The reflection coefficient a = (q0 - geo)/<7o is often called the "normalized greenhouse effect". It may also be directly measured from on board artificial Earth
satellites (Raval and Ramanathan, 1989). Having the surface temperature of the

Fig. 2.1. The distribution of solar radiation. Shaded areas show the fluxes of free energy
and of the ordered terrestrial processes. Blank areas show the long-wave thermal radiation
of Earth. Numbers give the percentage of the incident solar radiation (Mitchell, 1989;
Schneider, 1989a).

Earth, TO = 288 K (15 °C) one may determine <?0 = 390 W/m2 and find a0 = 0.40,
cf. Table 2.2. The absolute value of the greenhouse effect is a^q^ K 160 W/m2.
Of that value approximately 100 W/m 2 results from the activity of water vapor
molecules in the air, which amounts to about 0.3 % by volume of the Earth's
atmosphere, and about 50 W/m2 from the atmospheric COa, its content being approximately 0.03 %. The rest of the greenhouse effect results from such gases
as CH4, NaO and 03, their cumulative content in the atmosphere not exceeding
3 x 10-4% (Mitchell, 1989).
The atmosphere producing the greenhouse effect is a multilayered stratified
formation, similar to a fur coat. The flux of outgoing heat q(z) at every layer
at height z is proportional to the rate of change of temperature V T. With the
external heat flux qe and external temperature Te given, the internal temperature,
TO, grows in proportion to that coat thickness; T0 = Te + L 0 V T. That "coat" turns
part of the heat emitted by the body backwards. The Earth's surface temperature
is determined by the temperature gradient actually observed in the atmosphere
(VT = 5.5 °C/km) and by the effective atmospheric thickness (atmospheric scale
height La = 6 km). Up to L ~ La the value of V T remains practically constant
(Mitchell, 1989; Raval and Ramanathan, 1989). In contrast to a normal fur coat,
the source of heat generating the greenhouse effect appears to be external: the
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atmosphere is transparent for solar radiation, but transmits thermal radiation only
poorly.
In the absence of an atmosphere, the albedo of the planet would be zero, the
temperature of the planet's surface controlled by the solar constant, which depends
only on the radius of the planet's orbit. That temperature, which may be called
"orbital", TR is found from the equation (cf. Table 2.1):
I = aT*R.

(2.7.8)

We find for the Earth: TR = 278 K (+5 °C). Since the albedo of the Earth is
not zero, that temperature drops by another 23 °C (down to -18°C), while the
greenhouse effect raises it by 33 °C (up to +15°C). The same effects on Venus
reach hundreds of degrees (see Table 2.2). Thus the surface temperature of a
planet with an atmosphere is practically completely controlled by its albedo and
its greenhouse effect which may be controlled in turn by the biota, but not by the
orbital position of the planet.
Note that all the ordered processes at the planet's surface, including the life of
the biota itself, may be supported by the solar radiation alone, see term / in (2.7.7).
With the albedo increasing and the greenhouse effect getting stronger, the relative
role of the solar radiation at the surface decreases and the ordered processes must
be extinguished. Thus planets removed far from the Sun might be warm, but life
would still be impossible on them.
The flux of energy additional to solar radiation, which is produced by the
combustion of fossil fuel, has reached 10 13 W, or 0.02 W/m 2 , see Table 2.1.
At the same time the anthropogenic increase of the greenhouse gases, including CO2, CH4, O3, N2O, CFC - 11, CFC - 12 results in the greenhouse effect
increasing by factor of 100, so that the additional thermal radiation of the Earth's
surface now reaches 2 W/m2 (Dickinson and Cicerone, 1986), corresponding to an
additional global power of 1015 W. However the thermal power may only result in
increasing the Earth's temperature, without changing the scale of the ordered processes on its surface, which are supported by the solar radiation and the additional
power of combustion of fossil fuel.
To analyze the thermal stability of the T = T0 state, we expand all the terms
of (2.7.1) within the margin of the minor relative deviation from the equilibrium
point:

T-TQ _
Z

Jo ~ '
Then, using the conditions in (2.7.7) at that equilibrium point z = 0 and accounting
for the minor terms over z, we obtain:
T

z + k0z = 0;

fe0

=

Ao

(2.7.9)

and
A'0T0

~

a0T0

(2.7.10)

the notation introduced here being as following:
_ dX(T0)
= _
~

dt' '

-
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= A;a;q;c.

The sensitivity of climate AQ is a function of TQ. The stationary value of TO is a
function of I, its implicit form defined in Eq. (2.7.7). Differentiating both parts of
(2.7.7) over / we have (see North et al., 1981):

_i-A0
°
CQ
\dl
The solution of (2.7.9) has the form:
z = zoe

°.

(2.7.11)

(2.7.12)

It follows from (2.7.12) that at fco > 0 any deviations from the equilibrium point
fade exponentially with a relaxation time fc^1 so that the state T = TO is stable.
Negative feedbacks prevail in such a system, suppressing minor perturbations in
it. On the other hand, at fc0 < 0 any deviation from the point T = TO grows exponentially, and that state is unstable. Positive feedbacks prevail in such a system,
strengthening any perturbations that arise.
Equation (2.7.1) may formally be rewritten in the form of (2.7.9) without
expansion over z; one merely substitutes ko by the function fc(z), which is found
from (2.7.1) if one knows the dependencies of all the terms in (2.7.1) on T (or
on z). In that case fco = fc(0). If, unexpectedly, /c(0) = ko = 0, higher order terms
should taken account of in the expansion of k(z) over z. If fc(z) ~ z™, we find
z(i) ~ i~'/ n , i.e. tends to zero, but extremely slowly, with t growing, so that
essentially there is no stationary solution of the problem. Besides, the form of
the function fc(z) depends on numerous characteristics of the environment. With
perturbations of these characteristics growing, the value k which characterizes the
stability of the environment may also change. Therefore, we will call the value
ko = 0 the "point of stability loss" in what follows.
Equation (2.7.1) and its form (2.7.9), in which the variable is substituted by
fc(z), are often rewritten via the potential function (the Lyapunov function), which
is given by the relation fc(z) = —dU(z)/dz at any z (North et al., 1981; Rapoport,
1986). The extremum of that function is at z = z0 where dU(z)/dz = 0 characterizes the stationary point, while the second derivative 82U(z)/8z2 characterizes the
solution's stability. We have U(z) = -(l/2)/c0z2 at z0 = 0, i.e. -dU(z)/dz = fcz
and fc0 = -82U/dz2. In other words, U(z) describes a stability trough at fco > 0,
and an unstable peak at fc0 < 0. However, in actual problems of describing the
state of the environment the behavior of all the terms of that equation (which describe conservation laws of the type (2.7.1)) far from the existing stationary state,
remains unknown. Thus it is only of academic interest to consider the potential
function. Our analysis of the environmental stability is limited to finding the stationary point (in our case the point T = T0) as well as the rate of relaxation k0
(which is the inverse time), and the perturbation threshold of the measurable environmental characteristics at which the system loses its stability, i.e. fc0 becomes
zero.
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In both physics and chemistry thermodynamic equilibrium is characterized by
stability in any independent variable (such as pressure, volume, temperature, concentrations of the chemical elements in various physical states, etc.). Perturbation
of any of these variables results in generation of the compensating processes, which
return the system to its initial state. The property of equilibrium is well-known
under the name of the Le Chatelier principle (see, e.g., Lotka, 1925). However,
following strong perturbations, such as adding new substances, changing the volume of the system or its internal energy, the system finds a new stable stationary
state at a new equilibrium point, different from the stable stationary state prior to
that perturbation. In exactly the same way the stable states of dynamic equilibrium ("dissipative structures") may be described, within the external flux of energy
(Nicolis and Prigogine, 1977). Physical and chemical states of lifeless planets in
the solar system are particular cases of such dynamic equilibrium (Lovelock, 1982;
Holland, 1984).
The very fact that a state of the environment fit for life has been sustained for
billions of years, despite the constant forcing by strong geophysical and cosmic
perturbations, testifies unequivocally to the stability of that state. That stability is
characterized by temperatures (above the freezing and below the boiling points
of water), pressures, and relative concentrations of chemical substances in their
various physical states, which remained within the margin for life for geological
time periods of hundreds of thousands or millions of years, despite the alternating
glacial, interglacial, and ice-free periods (Broecker et al., 1985a; Broecker and
Denton, 1990). The stability of the environment over periods of several thousand
years or less is characterized by a strict constancy of practically every characteristic of the environment (Oeschger and Stauffer, 1986; Chappellaz et al., 1990;
Barnola et al., 1991), so that no directional shifts of the environment take place.
The question naturally arises whether such a-stability is physical in nature (Holland, 1984; Holland et al., 1986), or results from the existence of life and of life
processes (Gorshkov, 1985b; Lovelock, 1989).
First, if stability of the environment were to be exclusively explained by physical reasons, the equilibrium point would continuously drift, affected, as it were,
by directed perturbations, external with respect to the terrestrial environment. Such
a drift should have inevitably resulted in the system going outside the margin for
life. For example, if organic carbon had not been deposited in sedimentary rocks,
the content of inorganic carbon in the environment (in the form of CC>2 mainly)
would have increased by four orders of magnitude, as compared to its present-day
level, during the last 6 x 108 years (Ronov, 1976; Budyko et al., 1987). That
would have resulted in a catastrophic runaway greenhouse effect, and an increase
of the surface temperature past the boiling point of water. During the time life has
existed on Earth (3.5 x 109 years) the solar radiation has increased by about 30%
(Newkirk, 1980), which should have also resulted in an increase of the surface
temperature above the upper limit fit for life (Lovelock, 1989). The atmospheric
oxygen should have been spent on oxidizing volcanic products in about 108 years
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(Budyko et al., 1987), and the atmospheric nitrogen should have been transformed
into its bound soluble forms (Lovelock, 1988).
Second, the stationariness of the contemporary climate is evidently not stable,
to within the error limit of the available measurements. To clarify that problem
consider (2.7.10) and (2.7.11). Since the conditions
AQ < 1,

Co > 0

are satisfied for the albedo and the planet heat capacity, we find ko > 0 on
condition that dTo/dl > 0 (North et al., 1981), i.e. temperature should grow with
I growing, and vice versa. However, since the dependence of T0(f) is unknown,
and, by all indications, will never be measured directly, the last inequality may
not be directly employed. Nevertheless, obvious conclusions may be drawn from
(2.7.11), stating that the stability (the value of k0) decreases 1) with AQ —> 1, which
happens if the whole planet is covered with ice; 2) when CQ —> oo, i.e. when water
is evaporated in a runaway manner, so that temperature does not change. Further
analysis of the stability of fco may be conducted by studying the feedbacks A'0 and
a'0 in (2.7.10).
When A'0 = a'0 = 0 climate stability is controlled by the first term +4 in round
brackets of (2.7.10), which results from the negative feedback characterizing the
Stefan-Boltzmann law (2.7.7). With temperature increasing, the escaping thermal
flux grows, so that with the greenhouse effect and albedo remaining unchanged
(a'0 = 0, A'0 = 0) the Earth's surface cools. In that case the value of ko may be
estimated, so that the relaxation time fcjj"1 may be found. It follows from (2.7.10)
that at A'0 = a'0 = 0; A0 = 3.3 Wm~ 2 K~ 1 . The average value of CQ per unit surface
area may be estimated by assuming that the principal input to CQ is produced
by the upper oceanic layer of depth Hs: CQ = (pC)^o SSHS/SE, (pC)n2o =
4.2MJm~ 3 K~ 1 , where SS/SE = 0.70 is the ratio of the oceanic surface to the
total Earth's surface area, Hs w 300 m. To find both upper and lower limit of Hs
we recall that Hs is larger than the depth of the mixed layer (~ 100m) and is less
than the depth of the principal thermocline (~ 1000m): 100m < Hs < 1000m.
We find that CQ ~ 10 9 Jm~ 2 K~' (3 x 10 9 Jm~ 2 K~' > CQ > 3 x 10 8 Jm~ 2 K~').
Recalling that 1 W = 3 x 107 J/yr, we find:
fco«10~'yr~1,

fc^1

RS 10yr(A 0 = a0 = 0).

(2.7.13)

Thus, when there is no greenhouse effect and the albedo is equal to zero,
the surface temperature should relax back to its natural value in about ten years,
provided the forcing perturbation ceases.
Actually both terms A'0 and a0 in (2.7.10) present a thermodynamically positive
feedback (a'0 > 0, A'0 < 0): With temperatures growing the normalized greenhouse
effect strengthens and the albedo decreases because both the snow and ice cover
recedes (Mitchell, 1989). The last two terms in round brackets in (2.7.10) are
negative, so they decrease the overall stability. The value a0 is directly measured
from on board the satellites by comparing the values of afl which correspond to
different local surface temperatures (Raval and Ramanathan, 1989). According to
these measurements a'0T0 w 1.0, for cloud free skies. Taking account of cloud
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cover adds a term of the value of 0.6 to a'0To (Mitchell, 1989). As a result we
have — a'0To/(l —ato) « —2.7. The albedo reaction is calculated in various models
of global circulation. According to them the value A'QT0/(\ - A0) « -0.4, which
brings the negative sum of the last two terms in (2.7.10) to —3.1. Radiative
properties of cloud cover are still obscure. If one assumes that the sign of the
cloud cover feedback is also indefinite (Mitchell, 1989), the value of A0 remains
indistinguishable from zero to within the measurement error, and may well be
negative.
However, only physical and chemical feedbacks may be accounted for in all
the measurements and calculations (the latter being neither too numerous, nor too
important) (Holland et al., 1986; Kump, 1989). It has been definitely demonstrated
by Raval and Ramanathan (1989) that the observed increase in the greenhouse
effect is produced by the rising of water vapor concentration in the atmosphere at
higher temperatures. Despite the enormous variability of water vapor content in
the atmosphere, the relative humidity (i.e. the ratio of water vapor concentration to
its saturating concentration) varies much less, and may, to a first approximation, be
assumed constant (Mitchell, 1989). The dependence of the atmospheric water vapor
concentration on temperature will then coincide with the behavior of saturating
concentration. Such behavior is controlled by the Boltzmann exponent in (2.3.1),
with the latent heat of evaporation L\y substituted instead of energy E in it
(Lw ~ 40.5kJ/moleH2O). That is the "activation energy" for evaporation in the
Clausius-Clapeyron exponent. Using the numerical value of LW we find that the
concentration of water vapor approximately doubles (Q^02° « 2, see Sect. 5.1
below) if the temperature increases by 10°C. That is the development resulting in
a stronger greenhouse effect.
However the Clausius-Clapeyron exponent determines only the thermodynamic
equilibrium water vapor content in the atmosphere. The evaporation temperature
for water vapor Tw = LW/R = 4900 K (here R is the gas constant, see (2.3.1))
is close to temperature of the Sun's surface, and is much larger than the Earth's
surface temperature TQ. That is why the water cycle, including the evaporation
driven by the radiation, the ensuing precipitation and run-off is an ordered process,
which remains far from the equilibrium. Similar to other ordered processes at the
Earth's surface driven by solar radiation, the water cycle would not speed up
at higher temperatures, accompanying the stronger greenhouse effect. The only
ensuing effect may consist in redistribution of evaporation and precipitation over
the Earth's surface, their global average values, however, remaining unchanged.
Speeding up of the water cycle may only result from a higher fraction of the solar
energy being spent on evaporation, as compared to its present-day fraction, cf.
Fig. 2.1. Consequently that would result in a change in surface temperature. Such
an effect might only take place on land, precipitated by the land biota as it were
(Shukla and Mintz, 1982, see Sects. 4.13 and 5.4).
As seen from Fig. 2.1 about one-half of the solar radiation is spent evaporating
moisture. If a greater fraction of the solar radiation reaching the Earth's surface
were spent on evaporation, that would result in a significant decrease in the Earth's
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temperature. Temperature does not rise in the course of evaporation. Water vapor
is raised to higher altitudes in the atmosphere where it condenses, releasing the
energy absorbed during evaporation. That energy escapes to outer space in the
form of thermal radiation, and only an insignificant part returns to the surface,
penetrating the reflecting screen of water vapor in the atmosphere, thus increasing
the surface temperature. Clouds may simultaneously increase the reflectivity for
both solar and thermal radiation, the latter coming from the surface, thus raising
both the albedo and the greenhouse effect. The total effect of all those processes
remains obscure as yet, because we still lack a satisfactory theory to describe
processes which are far from thermodynamic equilibrium (Nicolis and Prigogine,
1977). That is essentially the problem of ambiguity of the radiative properties of
clouds (Mitchell, 1989).
Other greenhouse gases (CCh, NH 4 , 03, N2O) are relatively homogeneously
distributed in the atmosphere and to find the feedbacks between their concentrations and the Earth's surface temperature one has to address past epochs. More
complete information on such feedbacks may be retrieved from analyzing the
composition of ice cores of known age (Lorius et al., 1990), and from various
mathematical models of global circulation (Cess et al., 1989; Mitchell, 1989).
However, pursuing such studies, one may again only retrieve the physico-chemical
feedbacks, as when studying the local differences in climate reactions. Possible
control of the environment by the biota is still completely missing from such a
treatment. Moreover, it is clearly impossible to identify all the degrees of freedom
of the environment controlled by the biota, because the information power of the
biota exceeds that reachable by civilization by 15 orders of magnitude (Gorshkov,
199la, see the next section).
Thus stable states of complete ice cover (as on Mars) or of complete evaporation of liquid phases (as on Venus) are evidently not separated from the existing
stationary state by any physical barriers, so that the matter of a sustained existing
state of the environment remains unexplained (if we neglect the control by biota).
In contrast to physical stability, controlled, as it were, by the physical Le
Chatelier principle, biological control of the environment does not result in any
shift of the stable state, when affected by external forcings. Such a biological
stability could be called the biological Le Chatelier limit, or threshold. However,
throughout this book we are interested in biological stability only, and when speaking about the Le Chatelier principle we imply the biological negative feedbacks,
which compensate completely for all the external perturbations, which then do not
result in any shift of the position of the point of equilibrium.

2.8 Correlation Distances and Information
The ordered state of matter in an external flux of energy is characterized by the
presence of correlated structures, featuring either unlimited or finite correlation
distances. Both the atmospheric circulation and oceanic currents are structures
correlated on a global scale by the rotation of the Earth and by the temperature
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drop from the equator to the poles. An unlimited correlation distance is typical
for a river, to give another example: a dam set across its bed shows an effect
practically up and down the whole stream. An unlimited correlation length is also
typical for solid bodies. However many correlated structures only display strictly
limited correlation lengths (such as in molecules composed of separate atoms); or
these structures may be characterized by a certain distribution of the originating
structures over the finite correlation lengths (such as the sizes of vortices in a
turbulent flow). The volume in which such a state of matter exists, with correlated
structures of finite correlation lengths, cannot be separated or divided into arbitrary
macroscopic parts without losing the characteristics of that state. The vortex of a
tornado or of a cyclone, as any other vortex in a turbulent flow, cannot be divided
into its "parts". The same conclusion is valid for the Benard cells, or for spatial
domains, in which the states of periodic chemical reactions alternate. As to be
demonstrated in the Section to follow, all forms of biological correlation can only
display strictly limited finite correlation distances.
The degree of correlation and of order among the various entities may be
quantitatively characterized by a distribution of correlation lengths, and by their
entropy and information content. The correlation lengths may be described using various correlation functions and coefficients of the type of the second term
from the expression (2.3.3). Entropy is a strictly defined function of state, valid
for equilibrium thermodynamic states and for minor deviations from these states
(Nicolis and Prigogine, 1977). Attempts to describe a system in dynamic equilibrium by employing a field of local microscopic values of entropy, which are
defined for every point of space occupied by the system, meet with certain difficulties, because the characteristic of order should also include information on the
spatial correlation of the system, which is of macroscopic size, so that a nonlocal
description is needed (Prigogine, 1980).
To compute the degree of order in various correlated systems one may employ
the definition of entropy and of information via the logarithm of probability for
the given forms of correlation to start with (Brillouin, 1956). However, for such
super-correlated entities such as living individuals and their environment, one fails
to define all the complexity of their correlated parts in a concise manner. One then
needs to compute the information content for some part of that entity, and ascribe
some validity to that information, which may be defined as the ratio of the known
amount of information to the total information describing the whole correlated
entity.
Nevertheless the quantitative estimate of information may be used to compare
the fluxes of information processed by the natural Earth biota with those information fluxes which are realistically attainable by all the computer power mankind
possesses. Information may be characterized by the number of memory cells TV.
If each cell includes two equally probable values of some variable, the number
of possible combinations of various values in all the cells will be 2N. The logarithm to base 2 of that number is equal to N, that is to the number of cells. The
number TV presents the maximum possible amount of information (in bits, that is
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the memory volume) which such a system of cells may contain. If the state of
N\ cells in that system remains unknown, the amount of information is reduced
to TV - TV!. Finally, if the state of each cell remains undefined, the information
becomes zero.
When the initial state of every cell is known, and certain erasure of memory
takes place with time so that the state of all the cells become indefinite again,
the loss of information is again defined by the number of cells, TV. Increasing the
number of the various states which each memory cell may occupy does not significantly change the maximum available amount of information: when that number
is raised from 2 to n, the number of various possible combinations becomes equal
to nN = 2- wlog 2™, and the amount of information increases to TVlog2n. In other
words, the amount of information linearly depends on TV, and only logarithmically
on n.
Elementary memory cells of the environment are the states of atoms and
molecules: the ground states of atoms and molecules do not suffer decay. Photons may only interact with matter (photon to photon light scattering is negligibly
small). Therefore, the decay of the short-wave solar photons into long-wave terrestrial thermal photons may only take place via excitation and decay of a cascade
of molecular processes in the Earth's atmosphere and at the surface. The number of molecules with which the solar photons interact (the capacity of molecular
memory of the planet Earth) coincides with the number of long-wave photons
emitted into outer space. Since the average energy of a thermal terrestrial photon
is of the order of kB Te, the flux TVe of long-wave photons per unit surface area
of the Earth is

Ne=

Cege
;

(2.8.1)

where qe is the effective flux of terrestrial thermal photons escaping to space,
Eq. (2.7.3), see Table 2.2, and the dimensionless coefficient ce is of the order of
unity.
The terrestrial thermal radiation is close to the characteristic radiation of a
blackbody at a similar temperature. Thus the number Ne in (2.8.1), characterizes
the loss of information due to complete decay of the ordered molecular states,
excited by solar radiation, and the disordered states, which had received no additional information in the process of their interaction with the solar radiation. If all
the solar photons were completely ordered, as is the case with laser emission (or
with the flow of molecules of a waterfall), all the terrestrial molecular memory
cells would be excited in an orderly fashion, so that a total decay of their states
into characteristic thermal radiation would take a certain time. In that case the flux
of information coming from the Sun to the Earth would coincide with the number
of excited memory cells, and would thus be given by the value from (2.8.1).
In reality solar photons are generated from characteristic black radiation at
the surface of the Sun. The initial loss of information from the flux of the solar
energy is characterized by the number of solar photons absorbed by the Earth. In a
stationary state when the flux of solar energy, Ie, absorbed by the Earth coincides
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with the thermal radiation emitted by the Earth, qe, the number, Ns, of such solar
photons is equal to:

""

kBT3'

<2-8-2)

Since both (2.8.1) and (2.8.2) characterize universal blackbody radiation, the proportionality coefficients in them (ce) coincide with each other.
Each solar photon incident upon the Earth enters into interaction with terrestrial
molecules. These terrestrial molecules are in chaotic thermal motion at an average
energy kBTe. The chaos of thermal motion corresponds to continuous transfer of
the molecule from one state to another (at the same energy) without of any selected
position in the molecular memory cell, equivalent to information being erased.
Having significantly higher energy, the solar photon is absorbed by the molecule,
which proceeds to a state of high excitation. The molecular memory cell thus
acquires certain information. The molecule, still remaining in that excited state
and losing no information, may transmit part of that energy to other molecules,
bringing them to a certain excited state, so that some information is present.The
number of molecules acquiring information in that way will grow until the amount
of energy transferred equals the initial thermal energy of terrestrial molecules,
kBTe. Then the molecule which transmits energy suffers a backshock, so that the
resulting state of the molecule is indefinite, and the information is lost. A cascade
of such processes transforms the energy of solar photons into that of thermal
terrestrial photons.
The process described may be envisaged as a cascade, in which the solar photon successively loses its energy to molecules acquiring information. To acquire
additional information each molecule has to receive a portion of energy somewhat
larger than the thermal energy kBTe. Apparently that transformation of energy ~
will go on until the energy of the solar photon equals that of the terrestrial thermal
photon. When that state is reached, the backshocks equal those the molecule delivers itself, and the molecule acquires no new information during collision. Each
molecule carrying new information may then emit a photon of energy just exceeding the energy of the thermal photon, and returns to the disordered state of lost
information. The number of molecules thus receiving information from the solar
photon will equal the number of thermal photons, into which a single solar photon
may decay, minus one, since the last downstep in that cascade is not accompanied
by any transfer of information. If the process of discharge of molecular energy
may be assumed slow enough, no loss .of information (no decay) takes place along
the whole of that cascade, so that such cascading is reversible. In other words the
information, N, coming to Earth with all the solar photons it absorbs, is equal to
the difference between the two numbers: Ne and NS.
N = Ne - Ns = ce -—— rje

(2.8.3)

N

(2.8.4)
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where ne is the number of photons of terrestrial radiation into which a single solar
photon decays, on average; r]e is the efficiency coefficient for the solar energy.
The value of i)e gives the relative number of cells of molecular medium containing
information, and 1 - r?e = n7l ls the relative number of molecular memory cells
from which such information was initially erased. Since the value of ne is quite
large, r\e = 0.96, i.e. is close to unity, and the estimate of information coming
to Earth practically coincides then with (2:8.1). However, at TS -> Te, ne —> 1,
r?e —> 0, and the information (2.8.3) turns to zero; as already stated above, the Sun
having the temperature of Earth would send the same amount of energy to the
planet, but would produce no ordered processes at the Earth's surface that way.
The total flux of the solar radiation is equal to 4irr2scrTg , where rs and TS
are the Sun's radius and Sun's surface temperature. The Earth's solar constant is
/ = 47rr|<7Tg/47r.R2, where R is the Earth's orbital radius. Taking into account
(2.7.2) and (2.7.3) we have Tj/T£ = R/rs provided the total flux of the solar
radiation is assumed constant. Here TR is the Earth's orbital surface temperature
(at zero albedo and zero greenhouse effect). The angular size of the Sun in the
Earth's sky increasing, the Sun's surface temperature Ts decreases. Were Ts -»
TR (rs __» R) the entire Earth's sky would be "filled up" by the Sun.
The Sun supporting ordered processes in the environment and in the biota is
the physical basis of life existing on Earth. Therefore we consider (2.8.3) and
(2.8.4) from different points of view: the solar photons are capable of generating
ordered processes at the Earth's surface, transmitting all their energy down to
that in equilibrium with the outgoing long-wave radiation, which escapes from
the planet. Since the decay of a single photon into several long-wave ones during
its interaction with molecules corresponds to an irreversible transformation of
energy, the transformation of solar radiation not accompanied by any dissipation
should leave the number of photons reaching thermal equilibrium with the thermal
radiation of Earth, equal to the number of solar photons reaching the surface of the
planet. These photons have the initial level of disorder implicit in solar energy,
and they do not originate from decay in the course of the ordered terrestrial
processes. If one assumes that all the ordered processes excited by solar energy
decay into thermal photons as well, the Earth's temperature would be given by
the expression qe = crT*, Eq. (2.7.3). The number of solar photons is given by
(2.8.2). The minimal flux of energy gmin of the long-wave terrestrial photons not
related to generation of the ordered processes, i.e. to the effective work, satisfies
the well-known Carnot condition:
Nf! =

9min

kBTs

kBTe'

_

—\

(2.8.5)

The efficiency of that work (the Carnot efficiency) is equal to (qe - gmin)/<Ze and
coincides with (2.8.4).
The distribution of the solar energy into various ordered processes depends on
the structure of the medium absorbing that solar radiation. It is apparent that the
form of these ordered processes is different depending whether the biota is present
or absent. The ordered processes are excited at an efficiency given by (2.8.4). How-
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ever, the majority of these processes are not explained or described by equilibrium
thermodynamics in which the efficiency (2.8.4) yields the maximum value, actually
unattainable. Such a value may only be reached if no dissipation whatsoever takes
place over long time periods such that thermodynamic equilibrium has enough
time to set in. Actually the ordered processes have various dissipation times. Thus
even processes with the longest dissipation times are generated at efficiencies below that given by (2.8.4). After such long dissipation times run out, the solar
radiation completely decays into thermal photons. As a result the incident and the
emitted (lost to space) radiation coincide with each other.
One may envisage a situation where the solar energy is mainly spent to generate
ordered processes with practically unlimited dissipation times. For example, solar
energy could be stored as potential energy of synthesized organic matter or in the
form of latent heat during continuous evaporation of oceans, etc. Such an absorbed
energy would not transform itself into thermal radiation and would not bring about
any heating of the surface of the planet. Then the thermal radiation of the Earth
would be determined by that part of the solar energy qmjn, Eq. (2.8.5), which would
not be transformed into the energy of ordered processes. In this case the number
of long-wave terrestrial photons would be equal to the minimal admissible value
- the number of incident short-wave solar photons. Recalling that, with account
of the Stefan-Boltzmann law gmin = aT^n, and qe = aT^ (cf. (2.7.3)), we find
from (2.8.5) the value of Tmin: Tmin = Te(Te/TsY/4 = 117K (-156°C). The flux
<?min per unit surface area of the planet would then amount to 11 W/m2. In other
words, such a hypothetical Earth would be totally covered with ice, devoid of life,,
and all the ordered processes at its surface would be completely different from
those actually observed.
The surface temperature could then be raised via a stronger greenhouse effect.
The additional chaotic thermal radiation accompanying the greenhouse effect ifc
not associated with any decay of the ordered states of energy, and thus does not
increase the flux of information. Moreover, the increase of surface temperature T0
above the effective temperature of planetary radiation Te decreases the efficiency
of transformation of the solar radiation at the Earth's surface, which is given by
(2.8.4), in which Te is substituted by T0. Thus the ordered processes generated by
the solar radiation are transferred from the Earth's surface to the upper atmospheric
layers. The ordered processes at the Earth's surface would completely stop at
TO -> Ts. Such a tendency is found on Venus, see Table 2.2. To increase the flux
of thermal photons from gmin to the observed value q0, Eq. (2.7.7), one needs a level
of the normalized greenhouse effect a = 0.97, which is close to the value found
for Venus. Hence, a complete overhaul of the present-day atmosphere would be
needed for such a change, and life would then clearly be impossible. Therefore,
to sustain the existing level of the ordered processes (including life) all such
processes should necessarily decay, and their energy be dissipated within short
enough times. That means that any organization may only be "mortal", and the
produced "masterpieces" of order be continuously destroyed, so that they might
be reproduced anew.
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Finally the ratio of heat produced to the absolute temperature q/T of the system
is equal to the entropy produced (Nicolis and Prigogine, 1977). Since the degree of
order of processes at the Earth's surface is supported at a certain stationary level,
the production of entropy due to decay of these processes is compensated by the
influx of "negentropy" from the Sun, which, hence, is equal to the production of
entropy, but with the opposite sign (Schrodinger, 1945; Brillouin, 1956). Due to the
large temperature difference between the Sun and the Earth, the amount of entropy
brought with the solar radiation is low as compared to its production on Earth,
and hence to its retroflux from the Earth to outer space. As a result that net flux
of entropy to the Earth is negative, and this is the origin of the term "negentropy".
Thus, to the accuracy of a certain coefficient the flux of "negentropy" is given
by the value qe/Te which coincides with the estimated amount of information,
Eqs. (2.8.1) and (2.7.3), in the system of units where kB = 1. (Note, that the
proportionality coefficients are well-known for blackbody radiation: at kB = 1 the
entropy is S = (4/3)(Q/T) = 3.77V, where Q = (<r/c)T4 is the thermal energy
of radiation (6Q = T6S) and N is the average number of photons of thermal
radiation (Landau and Lifshitz, 1964).)
If every molecular memory cell contains certain information, one may assume
that one bit is proportional to one molecule. The condition fcB = 1, Eq. (2.3.1),
then corresponds to the relation 1 J/K w 1023 bit. However, if only a fraction of
molecules equal to 77 (see (2.8.3)) contains meaningful information, the condition
kB = 1 corresponds to the relation:
1 J/K « 1023 molecules « rj 1023 bit.

(2.8.6)

This estimate is justified whenever the memory cells are objects of molecular size.
All the absorbers of the solar energy in both the environmental media and the biota
have such structures. As for the thermal energy associated with molecules in the
thermal equilibrium state, in particular for all the thermal energy controlled by the
greenhouse effect, the efficiency rj, and, hence, the information contained in that
energy, are equal to zero with very high accuracy of the order of 10~23. However,
practically all the forms of energy used by man and biota, including both the
renewable and nonrenewable energy (such as solar energy, organic and fossil fuel,
energy of wind and hydraulic energy) may be transformed into useful work at an
efficiency, 77, close to unity. Therefore one may use (2.8.6) to estimate the amount
of information at TJ ~ 1.
Note that, in the case considered above when all the useful work is stored
in the form of either potential or kinetic energy, and dissipation is absent, no
production of entropy takes place: the flux of entropy from the Sun coincides with
the backflux of entropy to space due to thermal radiation escaping from the Earth
(i.e. the number of short-wave solar photons is equal to the number of long-wave
terrestrial photons). Thus the flux of negentropy and information may in that case
be estimated as the maximum of molecular and photon memory cells which may
be excited in the course of decay of the accumulated potential energy, i.e. by the
above expression (2.8.3).
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Thus the total flux of information at the Earth surface in the course of ordered
processes generated by solar radiation (2.8.3), may be estimated by the value of
1023 bit s"1 m~ 2 , or 1038 bit/s for the whole of the Earth's surface area (Thribus
and Mclrvine, 1971; Nicolis, 1986). The biota utilizes about 5% of the solar
energy absorbed by the Earth, the principal part of that energy being spent on
plant transpiration on land, and about 0.1% on photosynthesis (see Table 2.1).
The fluxes of information used by the natural biota "computers" for transpiration
and photosynthesis amount to 1036 bit/s and about 1035 bit/s, respectively. That
information flux is directed to sustaining environmental stability by means of
maintaining the life in natural biota.
The natural biota is capable of maintaining the stability of the environment
up to certain thresholds of both environment and the natural biota, above which
the stability of both is broken. The value of perturbation corresponding to such a
threshold is of the order of 1 % of the energy and information fluxes consumed by
the biota (Chaps. 4 and 5), i.e. about 1033 bit/s. Mankind spends ten times more,
about 1034 bit/s, for his energy consumption, see Table 2.1. That information flux
supports civilization via destruction of the environment and the biota.
Note that molecular memory cells change their states with a definite probability in any operation (reading and duplicating the information etc.). As a result
the information is erased and vanishes. In order to prevent the loss of genetic information programmed in DNA, life uses the catalytic system of DNA reparation
and stabilizing selection based on competitive interactions of individuals in the
population (Sects. 3.1 and 3.4). Apparently the information memory accumulated
in the animal brain during its lifespan is also localized in the molecular memory
cells. This information is expected to last during the finite time period of animal
life (Chap. 5) and is much less stable compared to the genetic type. The collective
interactions of molecules in the condensed matter of macroscopic memory cells
conserve the information in modern computers for a long time. But that is why
the memory capacity and the information fluxes in modern computers are rigidly
restricted compared to the molecular memory cells used by ths biota. The problem of suppressing spontaneous mistakes ("deleterious mutations") arises after the
transition from macroscopic to molecular memory cells. The solution of that problem by future computers should be done by creating a catalytic repair system and
other information-conserving mechanisms used by life (see Sect. 3.4).
Since memory cells in modern computers are objects of macroscopic size, the
relation (2.8.6) is not applicable to them. The most advanced and powerful computers of the next generation will be able to process under 1012 bit/s of information
(Foley, 1987; Weiser, 1991). Even if one assumes that all the people on Earth will
have special personal computers of that capacity and power, mankind will not be
able to process more than 1021 bit/s of information. To raise that information flux
by another 15 orders of magnitude, up to the information flux flowing through the
global biota, memory cells would need to be reduced to molecular size, and all
the Earth covered with a continuous network of such computers, i.e. they should
substitute the natural "computers" that have been in existence for billions of years.
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Thus no mathematical models capable of describing the whole information fluxes
in natural biota could ever be constructed.
The hereditary information of living individuals is contained in the polymer
molecule DNA (Lewin, 1983), which includes about 109 monomer units (nucleotide pairs, i.e. memory cells), its information content reaching about 109 bit.
The overall number of species in the biosphere is about 107 (Thomas, 1990). The
hereditary information contained in all the species of the biosphere, with which
each separate individual may interact, will thus include about 1016 memory cells.
(Each nucleotide pair contains about a hundred atoms and is synthesized by the
biota from inorganic molecules of the environment. Thus the number of molecular
memory cells in the DNA molecule is a hundred times larger than the number
of nucleotide pairs. Hence, the information content of a single mammal species
may be given by the number of 1011 bit. However, most species in the biosphere
are insects, and their DNA is a hundred times smaller, than that of the mammals.
Thus the estimate of the total genetic information contained in the whole of the
biosphere coincides with the value cited above.) The number of molecules (that
is the number of memory cells in the environment) is about 1030 per cubic meter
of that environment, so that the whole biosphere contains about 1048 such cells. It
may be seen from these estimates that the environmental information with which
the individual has to be correlated, exceeds its own hereditary information by
many orders of magnitude.
Storage and processing of information should be related to its material carriers.
Information contained in solar energy is processed by all of the biosphere, and
is associated with spending all of the solar energy available. Information is processed and stored in either the animal or human brain tissue elements of molecular
size which imitate the actual processes taking place in the environment. During
such imitation the natural processes appear to be separated from their actual material carriers . Information in computers is also processed and stored in separate
elements, which may be reduced to molecular size. That information may be transformed at an efficiency close to unity, practically without any energy expenditure
(Robinson, 1984). Using adequate mathematical models one may attempt to imitate those processes which take place in the biosphere and the biota with such
computers.
However biota already operates such "natural computers" built around the
minimum possible molecular information carriers. The biota has already reached
the highest possible efficiency of processing information. An embryo develops
in an egg (within a natural "microprocessor") without absorbing any external
energy (only the optimal temperature of such a development differs from species
to species). In the course of development of either a fry or a chicken its egg may
lose up to 20 % of its initial mass. The efficiency of information processing in such
an egg thus exceeds 80 % (Kendeigh, 1974). In other words, all the energy absorbed
by the biota is employed at a maximum possible efficiency level. In that case the
actual processes taking place in the biota coincide with their best possible imitation
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models, that is such computers are merged with elements actually affecting the
environment.
Hence, to approach the "technology" employed by the natural biota one would
need some technical executing devices, driven by the solar energy and merged
with computers running them, both simultaneously reduced to bacterial size, their
computation programs made equivalent to genomes of several millions of the
natural species in their information content. Thus one would need to completely
reproduce the natural biota on a global scale, and consequently, the system already
existing, that is the biota itself, is the only possible system capable of stabilizing
the environment.

3. Stability of Life Organization

3.1 Biological Stability
All living beings exist by consuming part of the flux of external energy, i.e., by
feeding. Similar to physical systems of the dynamic equilibrium type, consumed
nutrients feed the reactions of directional biochemical decay of energy within
the living body. The ordered character of such reactions of decay is induced by
catalysts synthesized by the body itself. A catalyst is a chemical substance capable
of speeding up certain chemical reactions without being spent in the course of the
reaction itself. Reaction rate is proportional to the relative number of molecules
having energy E above the potential barrier A : E > A, Eq. (2.3.1). A catalyst
lowers that potential barrier A by a factor of several units, so that the reaction rate is
increased by exp(A/RT). For most reactions their effective "barrier" temperature
TA = A/R exceeds the solar temperature: TA > TS (see Eq. (5.1.1)). Thus we
have TA/T > 20 (see Eq. (2.8.4)), and
exp

A

Ur

- 1010

Hence, without a catalyst, the rates of respective biochemical reactions would
have been many orders of magnitude lower, and spontaneous noncatalytic reactions would have been practically impossible. Thus, by synthesizing the necessary
catalysts, the body controls all the biochemical reactions occurring within it, and
strictly routes all the decay energy into prescribed channels. No quick spontaneous
noncatalytic chemical reactions zeroing to thermodynamic equilibrium can be used
by life.
After the physical death of the body when catalysts cease to be synthesized
these controlled chemical reactions stop and a slow chaotic spontaneous decay of
all the accumulated chemical energy proceeds via all possible channels. Decay
of dead bodies is speeded up by the activity of bacteria and other organisms
which use the available organic matter to sustain catalytic biochemical reactions
within their own living cells. The synthesis of catalyzing molecules, specific for a
given individual under constant conditions, as well as changes in the rate of that
synthesis in response to change in the external conditions, are all written into its
hereditary program as different parts - genes, of the polymer macromolecules of
DNA (Lewin, 1983). The structure of the DNA molecules of the cell determines
the genotype of the individual.

