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NopmepxrBaeMasi 6MOTONM YCTOMYMBOCTE CpPefHEerJIo6asbHOM
TeMrnepaTyps NOBEPXHOCTM 3eMnmn

MakapweBa A.M.

AHHOTALUS

HavneHa 3aBUCMMOCTBL IapHMKOBOTO 3bdexTa OT KOHLEHTpaUuu
[IapPHMKOBEIX BeEleCTB, obwacHawmasa HabJoOaeMbelld II0CTOSHHBIN
TpornochepHE TpaguMeHT TemnepaTypel. COIJIaCHO IIOJIyUeHHOMU
3aBUCMMOCTHM, I[IapHUKOBEM 3bdekT OECTPO pacTeT C yBeJIude-—
HMEM TeMIlepaTyphl B TOM CJydae, KoT'Zma OOJIauHOCTH BaKpHBaeT
BCe CyLWEeCTByoIME CIeKTpaJibHElE OKHa. Ha OCHOBE INIOJIy4YeHHOM
3aBUCUMOCTHU nokasaHo, yTo CylLEeCTBYET oBa brsruecku
YCTOMUMBEIX COCTOSHMS 3BEeMHOT'O KJMMaTa — COCTOSHME IIOJIHOT'O
OJIENEeHeHVs U COCTOsSHME IIOJIHOTO MCIapeHus  I'UOPOoChepH
Bemnu. HabsomaemMoe COCTOSHME 3EeMHOT'O KJMMaTa, B KOTOPOM
cocymecTBYOT BCce Tpu Gass BOIE, ABJISeTCs OQOU3MUECKM HeyC-—
TOMUMBEIM. YCTOMUMBOCTL HabOJIoOaeMoy CpenHeIJioDajlbHOM TeM—
nIepaTypsl 3eMHOM I[IOBEPXHOCTM IMNOINEPXMBAETCS TOJIBKO 3a CUeT
ynpasagomero QyHKLUMOHMPOBaHMS OMOTHE 3eMJIM.
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Abstract

The established dependence of greenhouse effect on atmospheric
concentrations of greenhouse substances makes it possible to account for the
observed constant tropospheric lapse rate. It proves that greenhouse effect
grows rapidly with temperature under conditions of substantial cloudiness
which “closes” all spectral windows. It is shown on the basis of the
established dependence that there are two physically stable states of Earth’s
climate — that of complete glaciation and that of total evaporation of the
Earth’s hydrosphere. Modern climate of Earth, where all the three phases of
water coexist, proves to be physically unstable. The observed stability of the
global mean surface temperature is completely due to regulatory functioning
of the natural biota of Earth.

O PNPI, 2000

1. Introduction

The orbital position occupied by the Earth in the solar system
determines the flux of the solar energy incident upon the planet
outside the atmosphere. It is called the solar constant. About one third
of this flux is reflected back into space, predominantly by clouds in
the atmosphere and by ice cover at the Earth’s surface. The relative
part of solar radiation reflected back into space is called the planetary
albedo. Due to non-zero values of albedo, Earth and other planets of
the solar system are visible in space. Solar radiation absorbed by the
Earth’s surface generates cycling processes in the biosphere and
finally converts into heat, that is, thermal radiation. In the atmosphere
thermal radiation of the Earth’s surface is trapped by the so-called
greenhouse gases. Molecules of the greenhouse gases emit thermal
photons in all possible directions, so that a considerable part of this
radiation returns to the Earth’s surface where it is re-emitted to the
atmosphere and so forth. This phenomenon is known as the
greenhouse effect and can be quantified as the relative part of thermal
radiation of the Earth’s surface that is effectively reflected back to the
Earth’s surface by the atmosphere. Modern atmosphere of Earth
effectively reflects about 40 percent of the thermal radiation, while on
Venus this effect amounts to 99 percent.

Temperature of the Earth’s surface is uniquely determined by
the cumulative flux of thermal radiation from the Earth’s surface,
which is proportional to the fourth power of absolute surface
temperature T. Irrespective of what orbital position is occupied by the
planet, this flux is totally determined by the planetary albedo and
greenhouse effect. Thus, the planet’s surface temperature can assume
almost arbitrary values depending on values of albedo and
greenhouse effect, the latter being completely determined by inherent
environmental characteristics of the planet. That is why the orbital
position does not guarantee a suitable-for-life surface temperature on
the planet.

Absorption of thermal radiation of the Earth’s surface is
performed by greenhouse gases. Gases absorb and emit radiation at
frequencies which correspond to transitions between discrete energy
levels of their molecules. Transitions between some energy levels of
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molecules of greenhouse gases are in resonance with characteristic
frequencies of the thermal radiation of Earth. The cumulative mass of
all greenhouse gases is less than two thousandths of the total mass of
the atmosphere. The major greenhouse gas is the water vapour. Its
volume content in the atmosphere is less than 0.3 percent. The second
important greenhouse gas is carbon dioxide with a volume content of
about 0.03 percent. The remaining part of the greenhouse warming is
determined by methane, nitrous oxide and ozone. Their cumulative
volume content does not exceed 30 “ percent (Mitchell, 1989).

In a stationary state—that is, when the average energy content
of the planet remains constant over time—the power of the thermal
radiation released by the Earth into space is naturally equal to the
power of the solar radiation absorbed by the planet. The latter is
totally determined by the solar constant and the planetary albedo.
Thus, thermal radiation released by the Earth into space does not
depend on the greenhouse effect and is characterised by the so-called
effective planetary temperature. This temperature characterises the
upper radiative layers of the atmosphere from which the thermal
radiation is emitted directly into space. Thus, the effective planetary
temperature can be measured from outer space. One cannot judge
about the temperature of the planet’s surface from the effective
planetary temperature.

The greenhouse effect increases temperature of the planet’s
surface as compared with its effective planetary temperature. It leads
to formation of a temperature gradient between the planet’s surface
and the upper radiative layers of the atmosphere. This gradient, so-
called lapse rate, constitutes 5.5°C km'! and remains nearly constant
up to about 6 km above the sea level. At that altitude the temperature
difference between the Earth’s surface and the atmosphere equals
33°C, which gives the magnitude of the greenhouse effect measured
on a temperature scale. The atmospheric layer at height of about 6 km
represents an effective radiating surface that determines thermal
radiation of the planet emitted directly into space.

In the absence of greenhouse gases the average temperature of
the Earth’s surface would be equal to the effective planetary
temperature. There would be no temperature gradient present in the
atmosphere. The snow cover of high-latitude territories would
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gradually spread down over the whole Earth’s surface. The planetary
albedo would then increase up to the value characteristic of snow and
ice, that reflect about 80% of the solar radiation (Mitchell, 1989). As a
result, the average global temperature would drop to about -90°C, a
state where no life is possible.

Hydrosphere of Earth is sufficient for total glaciation of the
Earth’s surface. At the same time, Earth’s hydrosphere is the main
source of the atmospheric water vapour, the major greenhouse gas.
Absolute concentration of water vapour in the atmosphere, as well as
the relative humidity, vary greatly both in space and time, changing
many dozens of times as compared with their average values.
However, the average concentration of the water vapour changes
proportionally to its saturated concentration (the maximum possible
concentration under given conditions). Saturated concentration of
water vapour grows exponentially with increasing temperature in
accordance with Boltzmann distribution and the Clausius-Clapeyron
equation (Landau et al., 1965). The concentration of water vapour is
negligibly small at low temperatures. With increasing temperature,
concentration of water vapour grows exponentially and causes an
increase of the greenhouse effect that leads to further increase of
temperature and so forth. At 100°C water vapour pressure becomes
equal to the atmospheric pressure and water begins to boil. At higher
temperatures the atmospheric pressure is totally determined by the
pressure of water vapour, which continues exponential growth with
increasing temperature (Landau et al., 1965). The process ends in a
state of complete evaporation of the hydrosphere, when processes of
evaporation and condensation of clouds occur in the atmosphere and
do not pertain to the Earth’s surface. As a result, the equilibrium
temperature of the Earth’s surface jumps up to several hundred
degrees Celsius due to catastrophic increase of greenhouse warming,
as on Venus. In this state life is not possible either.

The existing positive feedback between the surface
temperature and atmospheric water vapour concentration points to
the physical instability of the current climate of Earth, where
hydrosphere is maintained predominantly in the liquid phase (water
of oceans, rivers, lakes). The solid phase (ice of glaciers) constitutes
less than 14% and the gaseous phase (atmospheric water vapour) less
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than two millionth parts of the total amount of liquid water which is
mostly concentrated in the oceans (Lvovitch, 1974; Schlesinger, 1990).

When values of albedo and greenhouse effect are
temperature-independent, the surface temperature of the planet T=T;
is stable. It is determined by the balance of the absorbed solar
radiation and the emitted thermal radiation. The stability of stationary
surface temperature Ts is ensured by the following negative feedback.
When the surface temperature accidentally increases, T >Ts, the
emitted flux of thermal radiation increases as well, according to the
Stephan-Boltzmann law. As a result, the planet loses more energy
than it receives and cools down back to Ts. When the surface
temperature decreases, T <Ts, the planet loses less energy than it
receives. As a result, temperature increases back to Ts.

There are two physically stable states where values of albedo
and greenhouse effect remain constant in a wide temperature interval.
These are the state of total glaciation of the Earth’s surface at
temperatures about —90°C and the state of total evaporation of the
Earth’s oceans at temperatures close to 400°C. In both states life is
impossible. Constancy of albedo and greenhouse effect in these states
is determined by the fact that in both states water exists
predominantly in only one phase—solid at low and gaseous at high
temperatures.

Under modern climatic conditions water exists in all three
phases. Values of albedo and greenhouse effect depend on
temperature. For example, with increasing temperature the ice shields
melt and planetary albedo decreases, while atmospheric water vapour
concentration grows and the greenhouse effect increases. Stable
existence of life during the last four billion years gives a unambiguous
evidence that the modern, suitable-for-life state of the Earth’s climate
is stable and spontaneous transitions to both lifeless states are
forbidden. The degree of stability of the modern climate depends on
the rates of changes of albedo and greenhouse effect with
temperature.

2. Spectral Characteristics of Thermal Radiation

The main characteristic of any thermal flux is the spectral distribution
of energy over radiation wave frequencies (or inverse wave numbers).
Those parts of the Earth’s surface that are not covered by ice or snow,
absorb almost all incident radiation. The absorbed energy is evenly
distributed over all degrees of freedom of molecules of the Earth’s
surface causing uniform heating of the latter. In a stationary state
when the surface temperature remains constant, the energy spectrum
of thermal radiation emitted by the Earth’s surface is close to that of
black body radiation described by the Planck function.

Unlike the Earth’s surface, atmosphere only absorbs thermal
radiation at certain spectral intervals defined by the presence of
absorption lines of the greenhouse gases. As far as the greenhouse
gases constitute but a minor part of the atmospheric gases, thermal
radiation of the atmosphere cannot be reduced to black-body
radiation depending on air temperature alone. Rather, thermal
radiation of the atmosphere depends on concentrations of greenhouse
gases and their height distribution. In order to evaluate temperature
dependence of the greenhouse effect, it is necessary to understand
how radiating properties of the atmosphere depend on concentrations
of the greenhouse gases.

Energy spectrum of thermal radiation of the Earth’s surface
q(T) over radiation frequencies wcan be written as follows:

oT) = Y Aw;l(ew;, T) =AQI(@T) = o * (1)

I

Here I(wT) is the observed spectral density of thermal radiation
emitted from the Earth’s surface, which is close to the Planck function;
T is the observed global mean temperature of the Earth’s surface.
According to the properties of the Planck function, the effective width
of the spectrum AQ grows linearly with increasing T, while the
maximum and the mean values of I(wT) increase proportionally to
the third power of T. Thus, q(T) grows proportionally to T4
Proportionality coefficient o is close to the Stephan-Boltzmann
constant characterising black-body radiation. The average frequency
@ grows linearly with T, so that with increasing T the whole



distribution moves to the right, i.e. in the direction of greater
frequencies.

Unlike the Earth’s surface that absorbs most part of the
incoming radiation, atmospheric gases absorb radiation at some
frequencies but allow radiation at other frequencies to pass through
unimpeded. Greenhouse gases absorb thermal radiation in those parts
of the spectrum that correspond to their absorption bands. The latter
are determined by molecular properties of the gases and only weakly
depend on atmospheric temperature and density. In some parts of the
spectrum there are no absorbers at all or their concentration is very
low, so that the absorption of thermal radiation in the atmosphere in
such parts of the spectrum is not complete. Such parts of spectrum
may be called spectral windows, either “clear” or “turbid”. Thermal
radiation of the Earth’s surface emitting into space through spectral
windows is characterised by spectral intensity I(wT) determined by
the surface temperature T. In the modern atmosphere only a minor
part (not exceeding 10%) of the terrestrial radiation escapes directly
into space through all the spectral windows with different degrees of
“turbidity” (Barry and Chorley, 1987). This makes it possible—for
simplicity reasons—to consider “clear” spectral windows only.
Thermal radiation of the planet measured in the outer space, g, can be
thus represented as a sum of the radiation emitted from the upper
radiating layer of the atmosphere with temperature T. and spectral
window radiation:

%(Te) = 3 daile(@ To) + Y Al @.T) = aty, ¥

1%
where frequency intervals Aw« stand for spectral windows. Here
le(wTe) is the observed spectral intensity of the upper radiating layer
of the atmosphere. Note that the function le(«wT) can be substantially
different from the Planck function I(wT), because the atmosphere is
not a black-body radiator.

Namely the small relative value of the second sum in (2),
which determines the contribution of spectral windows, makes it
possible to neglect it and consider g. approximately as a function of Te
only, where Te represents the observed temperature of the upper
radiating layer of the atmosphere. The constant ¢: in (2) may differ
from the Stephan-Boltzmann constant by several tens of percent.
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3. Traditional Estimates of the Contributions from Different
Greenhouse Gases to the Greenhouse Effect

The observed global mean flux of terrestrial radiation q(T),
atmospheric radiation ge(Te) and their difference f(T,Te) =q. — g, which
represents the absolute value of the total greenhouse effect on the
planet, are as follows (Mitchell, 1989):

q=0T4=390Wm?2 T=288K(15°C),

(e =240 Wm 2=, Te*, T.=255K (-18 °C), (3)

f=9g-0.=150 W m?2

In a stationary state the energy lost by the Earth back into
space, g, is balanced by the energy received by the Earth from the
Sun, i.e., @ is completely determined by values of | and A,
ge = (1 74)(1 — A). The atmosphere is relatively transparent to the solar
radiation, which is transformed into heat predominantly at the Earth’s
surface. It is therefore ge that serves as the primer radiation flux. It
interacts with the greenhouse gases in the atmosphere and initialises a
cascade of absorption-emission processes, the result being the
observed greenhouse effect. Introducing relative greenhouse effect
B =f / g (Raval and Ramanathan, 1989) we may write:

q=0g.+Bqg or q:%e, b=1-B 4)
Here the relative greenhouse effect B has the meaning of the fraction
of terrestrial radiation that is reflected by the atmosphere back to the
planet’s surface. Function b can be interpreted as the fraction of the
surface radiation that passes the atmosphere and escapes to space. It is
essential that both absolute, f, and relative, B, values of the greenhouse
effect depend on the two temperatures, T and Te.

As well as the thermal fluxes g (1) and qg. (2), the absolute
greenhouse effect f can be represented as a sum of spectral
components. Using expressions (1) and (2) and the definition of f (3)
we have:

f(T.T) =) dw[l(w,T) = (&, T,)] ®)
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Here spectral intervals Aw; are the same as in (2). Naturally, spectral
windows Awx, see (2), have cancelled from (5) and do not make any
contribution to the greenhouse effect.

Modern greenhouse effect on Earth is by more than ninety
percent determined by atmospheric water vapour and carbon dioxide
(Mitchell, 1989). Thus, terms Awy o and Awcp, are the major

contributors to (5):
f=Awy,0 A (Wh,0) +AWco, Al(Wco, )

Al(@) = 1(wT) — l(wTe) (6)
Using the Planck function I(wT), the observed values of mean surface
temperature T =288 K and temperature of the upper radiating layer,
Te =255 K, the spectral widths Awy o and Awcg, known from

spectroscopic measurements and taking into account a few minor
correction coefficients of the order of ten per cent, we obtain the
following estimates for the greenhouse contributions of the absorption
bands of water vapour and carbon dioxide (Mitchell, 1989):

frovn,e =B WH,081(@h,0) =100 W m2, @

faweo, =AWco, A(@co,) =50 Wm2

The cumulative contribution of the two gases is approximately equal
to the total value of f (3). This fact determines the overwhelming
importance of the absorption bands of these two gases for the
greenhouse effect. According to (7) the cumulative contribution of the
absorption bands of carbon dioxide is only two times less than that of
water vapour.

Values of concentrations of the two gases did not enter the
calculations when obtaining (7) from (6) and (5). Nowhere has it been
taken into account that the atmospheric CO; concentration is more
than an order of magnitude less than the average concentration of
water vapour. The only assumption used implicitly was that the two
gases ensure complete absorption of the surface radiation in the
corresponding spectral intervals, so that emission of radiation by
these gases in the upper radiating layer is determined by this layer’s
air temperature, which justifies use of the Planck function.

In the conventional estimate of contributions into greenhouse
effect from different gases, concentration dependence is only
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considered for the minor greenhouse gases which are present in very
small quantities and have absorption bands in spectral windows that
transmit thermal radiation of the Earth’s surface. Greenhouse
contributions of such gases (chlorofluorocarbons mostly) grow
linearly with concentration until the latter is high enough to ensure
almost complete absorption in the middle of the absorption bands.
Further increase of concentration results in a very slow (square root or
logarithmic) broadening of the absorption band Aw and
corresponding slow increase in the greenhouse effect due to
saturation of the wings of the absorption lines, provided that there are
no other saturated gases absorbing at the same frequencies (Mitchell,
1989).

Such a situation is realised for the atmospheric CO.. Thus, the
widely discussed projected global warming is traditionally calculated
on the basis of logarithmic growth with concentration of the
greenhouse contribution of the absoprtion band of CO, (Ramanathan
et al., 1987; Mitchell, 1989; IPCC, 1994).

The results (7) obtained with use of (5) and (6) do not actually
represent contributions of real concentrations of the greenhouse gases
to the greenhouse effect, but, rather, contributions of those spectral
intervals that correspond to absorption bands of CO; and H.O. In
reality the greenhouse contribution of a mix of several greenhouse
gases is not an additive function of contributions of individual
greenhouse gases.

The greenhouse contributions from corresponding spectral
intervalgwere calculated in (5) and (6) on the basis of the known
values of temperature Te of the upper radiating layer of the
atmosphere and temperature T of the Earth’s surfacel. Values of T
and T entered the calculations as empirical parameters. In reality,
however, the difference Te — T is largely determined by and strongly
dependent upon atmospheric concentrations of the greenhouse gases.

1 To take into account the observed deviations of the radiation of the
upper radiating atmospheric layer from that of a black body, one may
substitute T. for the so-called brightness temperature which is
frequency dependent. However, such a substitution will have only a
minor impact on the result (7).
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Real greenhouse contribution of a given greenhouse gas is
determined by the flux of energy re-emitted by this gas back to the
Earth’s surface. Energy absorbed by certain gas A in a given spectral
interval is partly re-emitted back to the Earth’s surface heating it. The
Earth’s surface emits then more radiation in all spectral intervals due to
re-distribution of the absorbed energy over the whole black-body
spectrum. In the presence of gas A other greenhouse gases have
therefore an opportunity of absorbing and, consequently, re-emitting
more thermal radiation in their own spectral intervals. As far as
energy absorbed by one gas in a given spectral interval can be
transmitted to another gas and thus re-distributed over other spectral
intervals, greenhouse contributions from different spectral intervals
do not give information about real greenhouse contributions of gases.

Note that the observed vertical temperature gradient in the
atmosphere means that the life times of the excited states of molecules
of greenhouse gases caused by their interaction with thermal
radiation, are larger than the average time between successive
collisions of air molecules, during which the excitation energy of
molecules of greenhouse gases is transmitted to other air molecules. In
such a situation thermal energy absorbed by greenhouse gas
molecules has the time to be distributed over all energetic degrees of
freedom of the molecules (including those of chaotic thermal motion).
As a result, thermal equilibrium of gases sets in at each height.

If the energy of radiative thermal excitation of greenhouse gas
molecules did not have time to re-distribute over all energetic degrees
of freedom of air molecules, the height temperature gradient in the
atmosphere could not be formed. Imagine that we decrease the air
concentration at the expense of its non-greenhouse components (e.g.
oxygen and nitrogen), so that the time between successive collisions of
air molecules becomes significantly longer than the life time of the
excited states of greenhouse molecules. In such a case energy
exchange between different degrees of freedom of molecules of
greenhouse gases and other atmospheric gases would be suppressed.

The temperature of the upper radiating layer of the
atmosphere would then coincide with that of the Earth’s surface T. In
other words, the atmosphere would be evenly heated up to the
surface temperature T. Meanwhile the greenhouse effect would
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remain at the initial level completely determined by the
concentrations of the greenhouse gases, as far as other gases do not
interact with thermal radiation, and changes in their concentrations
cannot influence the greenhouse effect. The cumulative radiation of
the planet emitted into space would remain equal to equilibrium
black-body radiation with temperature T < T. However, in the upper
radiating layers each greenhouse gas would emit thermal radiation
characterised by its own brightness temperature significantly different
from the actual gas temperature T.

This suggests that the greenhouse effect (i.e. heating of the
Earth’s surface above the effective planetary temperature) is not
necessarily coupled to the presence of the vertical temperature
gradient. Hence, the dependence of the greenhouse effect on the
concentrations of the greenhouse gases cannot be calculated on the
basis of the observed temperature gradient alone.

Note also that, on the other hand, if the atmosphere contained
no greenhouse gases, the vertical temperature gradient would be
absent as well. In such a case the atmosphere and the planet’s surface
would cool down to T, (instead of being evenly heated up to T, as in
the above considered case of rarefied atmosphere with unchanged
concentrations of greenhouse gases).

4. Dependence of the Greenhouse Effect on Concentrations
of the Greenhouse Gases

Let us now consider the dependence of the greenhouse effect on
concentrations of greenhouse gases. We assume that there are N
greenhouse gases present in the atmosphere and their N non-
overlapping absorption bands cover the whole range of terrestrial
radiation frequencies. We take into account the existence of spectral
windows by taking zero values of concentrations of greenhouse gases
that could absorb radiation in the spectral interval corresponding to
the spectral window.

Let O, be the relative portion of energy of thermal radiation of
the Earth’s surface corresponding to the absorption interval of the I-th
greenhouse gas (I = 1,2,...,N). We obtain from (1):
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For each greenhouse gas it is possible to determine thickness of such a
layer that would absorb in the corresponding absorption band all
(within the uncertainty of measurements) radiation that comes into
this layer. It is natural to call such a layer for an optically dense layer
of the considered greenhouse gas. We denote as n; the number of the
optically dense layers of the I-th greenhouse gas in the atmosphere.
The value of n; is proportional to the optical density of the
atmosphere, which is equal to the number of such layers that each of
them weakens the incoming radiation by e=2.718 times, see, e.g.,
(Allen, 1955; Kondratyev, 1999). Each optically dense layer ensures
complete absorption of thermal radiation in the corresponding
spectral interval and re-radiates in all possible directions, i.e., up and
down in the considered one-dimensional atmosphere, Fig. 1. Any
layer absorbs radiation emitted from the two neighbouring layers
only. Radiation that is emitted from more distant layers does not
reach this particular layer being completely absorbed by the
intermediate layers.

Let xix be the flux of thermal radiation emitted by the k-th
layer of the I-th gas in either upward or downward direction (we
consider these two fluxes equal). x,,1 stands for radiation of the upper
radiative layer emitted directly into space. Energy balance equations
for Earth as a whole, (8a), each layer of each greenhouse gas, (8b), and
the Earth’s surface, (8c), can be written in the following form:

N
Qe = ZXLI ) (83)
i=1
2X11 = X12, 2X12 = X1+ X13, ooy 2X 1k = Xik-1+ X1k +1, oo,y
2Xin, = Xin,-1% 001, (8b)
N
q=9 +le,n| : (8c)
i=1
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Fig. 1. Dependence of the greenhouse effect on the number of optically
dense layers n for the case of one greenhouse gas which ensures complete
absorption of thermal radiation over the whole terrestrial spectrum, & = 1.
Xk (k =1,2,3,...,n) is the intensity of thermal radiation emitted by the k-th layer
upwards and downwards; q is the intensity of thermal emission by the Earth’s
surface; g is the intensity of solar radiation absorbed by the Earth’s surface,
which is equal to the intensity of radiation of the upper radiative layer, x;. The
atmosphere is considered to be transparent to solar radiation.

Here q and ¢. are fluxes of radiation emitted from the Earth’s surface
and from the upper radiating layers, respectively. g is equal to the
flux of solar radiation absorbed by the Earth’s surface. Equation (8a)
and the last equation of (8b) represent boundary conditions at the
upper radiating layer of the atmosphere and near the Earth’s surface,
respectively. Equation (8c) can be deduced from all the other

equations.
Solution of the internal equations of system (8) has the form
X1k =kxi1, k=1.2,...n, 9
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which can be easily tested. Using expression (9) in Eg. (8c) and solving
(8c) together with (8a), we arrive at the following expression for the
flux of Earth’s surface radiation q:
q= Qe
o , % , , O
n,+1 n,+1 ny +1

9.
b ’

N o N
where b=y ——and } 45 =1 (10)
i=nt+l =1

Comparing (10) and the definition of the relative greenhouse effect B
(4) we obtain for the relative and absolute values of the greenhouse
effect Band f:

NS o 1-b

20+t f=Bq b q (10a)
If the number of optically dense layers n, is of the same order of
magnitude for all gases, the flux of terrestrial radiation q and the
absolute greenhouse effect f increase infinitely with growing ni, while
b tends to zero and B tends to unity. This is especially clear in the case
of one greenhouse gas (N =1) with n layers, as shown in Fig. 1. Then
B=1-1/(n+1)and f=qen. Expressions (10) and (10a) make it clear
that contributions of different greenhouse gases into the greenhouse
effect are not additive.

Let us now consider a situation when one of the N gases is
absent, nx = 0. Then there is a spectral window in the frequency
interval Awx . Terrestrial radiation in this part of the spectrum passes
unimpeded through the atmosphere directly into space and is equal to
Ok . In such a case an increase in the number of optically dense layers
n; and, consequently, in concentrations of the remaining greenhouse
gases cannot lead to an infinite increase of the terrestrial radiation qg.
Increase in q is saturated when all the (N - 1) items with non-zero n,
in the denominator of fraction (10) become infinitely small as
compared to the finite k-th item corresponding to the spectral window
(at nx = 0 it is simply equal to o« ). The saturated values of g, B and f
are then as follows:

=0/ Ok, B=1-0«, f=0(1-dk) 7/ O«

B=1-b=1-
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This saturation effect has a very clear explanation. Higher
concentrations enable the greenhouse gases to re-emit more radiation
heating the Earth’s surface and increasing the surface temperature
and terrestrial radiation g. As a result, more and more radiation is
released into space through the spectral window while less and less
radiation is emitted from the upper radiating atmospheric layers (X1
- 0), the total amount of the released radiation being limited by the
absorbed solar energy g.. Saturation corresponds to the case when
practically all the radiation passes through the spectral window,
Qe = Ok 0.

Let us discuss the physics of this ultimate case in greater
detail.

As follows from solution (9) of system of equations (8), the
energy flux of radiation of atmospheric layers, and, consequently,
their temperature, grow in the downward direction, i.e. when
approaching the Earth’s surface, see Fig. 1. The difference between
temperatures of the surface and the upper radiating layer depends on
concentrations n; of the greenhouse gases. In the ultimate case of very
large n but with n¢ =0, the atmosphere ceases to emit radiation to
space (X112 — 0), and the temperature of the upper radiating layer
approaches absolute zero. It means that the atmosphere returns to the
surface all thermal radiation in the spectral interval corresponding to
absorption bands of all the I-th greenhouse gases with | # k. This leads
to heating of the Earth’s surface. Thermal energy that is directed by
greenhouse gases with | Z k down to the planet’s surface, is “pumped”
over to the spectral interval corresponding to the absorption band of
the absent gas with I =k (nx=0), which represents a clear spectral
window. As a result, the heat flux leaving the planet’s surface through
the spectral window increases up to the value of the total flux of
thermal radiation emitted by the Earth into space. In the absence of an
atmosphere, i.e. at zero concentrations of all greenhouse gases, this
total flux would be distributed over the whole thermal spectrum.

Equations (8) and their solutions (9) and (10) are obtained
under the assumption that each greenhouse gas absorbs and emits
radiation in its own spectral interval independent of absorption and
emission processes in other spectral intervals. Under this assumption
each local site of an optically dense layer of the gas absorbs and emits
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energy in upward and downward directions only. That is, it interacts
exclusively with the two neighbouring local sites situated along the
same vertical on the two neighbouring optically dense layers. In the
atmosphere there is no energy transfer “in the horizontal dimension”,
i.e., from one greenhouse gas to another and from one spectral band
to another.

Obviously, this assumption remains invalid before the
thermal equilibrium sets in. When thermal radiation is absorbed by a
greenhouse gas molecule, the excitation energy is fairly evenly
distributed over all energetic degrees of freedom of molecules, the
result being heating of the gas. During collisions this heating is
distributed over all air molecules and, consequently, passes over to
the spectral intervals of other greenhouse gases. If one placed a screen
at the Earth’s surface impeding radiation in some part of the thermal
spectrum corresponding to absorption band of certain greenhouse
gas, this would not be an obstacle for that gas to absorb and emit
radiation in the corresponding spectral interval in accordance with the
local temperature. This would be possible—in spite of the fact that no
radiation would come to the absorption band of this gas directly from
the Earth’s surface—due to energy transfer from absorption bands of
other greenhouse gases.

However, as soon as thermal equilibrium sets in for each
atmospheric layer, “horizontal” energy transfer between different
spectral intervals turns to zero. This becomes clear from the analysis
of the constant vertical temperature gradient that is realised in the
modern atmosphere. The relative difference between the surface
temperature T and the temperature of the upper radiating layer T. is
small, (T -Te)/ T<<1l. Therefore the observed linear growth of
temperature with decreasing height corresponds to linear growth of
the radiation intensity of the optically dense layers irrespective of
what is the actual dependence between the radiation intensity and
temperature, including the real case of oT4 Linear dependence of
radiation intensity on height means that radiation intensity of any
intermediate layer, Xk, is equal to the average of radiation intensities
of the two vertically neighbouring layers, xix+1 and xik-1, see (8) and
(9). This means that the intermediate layer absorbs and re-emits only
that radiation which is emitted by its vertical neighbours. Hence, in a
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state of thermal equilibrium and constant temperature gradient there
is no energy exchange between different greenhouse gases (i.e.
between different spectral intervals), which justifies the assumption
that we made when constructing system (8).

On the other hand, system (8) and its solutions (9) and (10)
explain the existence of the constant vertical temperature gradient in
the atmosphere and determines its quantitative characteristics in
terms of the numbers of the optically dense layers (concentrations) of
greenhouse gases.

The above statements are especially evident for the case when
the major greenhouse component of the atmosphere, e.g. cloudiness,
absorbs thermal radiation over the whole range of thermal
frequencies. Obviously, there is no energy transfer between different
spectral intervals in such a case. When there are several greenhouse
gases with different concentrations and numbers of optically dense
layers ni, relation (9) holds for each optically dense layer of each gas at
constant temperature gradient. Each optically dense layer of each
greenhouse gas acquires temperature corresponding to its vertical
localisation and emits radiation depending on this temperature. While
thermal equilibrium and constant vertical temperature gradient
persist, there is no energy transfer between different greenhouse
gases. After averaging over seasonal and diurnal oscillations, one can
assume that both the temperature gradient and thermal equilibrium at
each height indeed remain constant.

The suggested approach does not take into account mixing of
atmospheric layers due to convection and processes of evaporation
and condensation of water. Rather, it describes a situation realised in
objects like a fur-coat, where a fixed structure of the material prevents
layers of air with different temperatures from convective mixing.
Processes of convection, water evaporation and condensation are
ordered processes that are generated and maintained above the
thermal chaotic level by the solar energy. These processes represent
intermediate stages of dissipation of the solar energy into the thermal
radiation of the Earth’s surface. The exact mechanisms and
localisation of this dissipation are determined by the properties of the
environment.
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Convection treats all greenhouse gases equally. In the course
of convection macroscopic amounts of air from the hotter lower layers
of the atmosphere drift upwards to the cooler layers and vice versa.
Temperature of different atmospheric layers becomes more uniform.
The vertical temperature gradient becomes smaller than it would be in
the absence of convection. Processes of evaporation and condensation
of the water vapour further enhance this effect. As a result of
atmospheric mixing, thermal radiation that is actually absorbed by the
lower atmospheric layers, appears to be effectively absorbed by the
upper layers due to the upward drift of the lower layers, as if the
intermediate layers were partly transparent to the radiation or if there
were fewer intermediate optically dense layers than there actually are.
Thus, atmospheric mixing can be taken into account if the actual
numbers of optically dense layers are substituted for smaller effective
numbers of optically dense layers. However, the latter remain
proportional to the concentrations of the corresponding greenhouse
gases, though proportionality coefficients may be very different in the
cases of absence/presence of convection, evaporation and
condensation of water. Thus, the dependence of the greenhouse effect
on concentrations of the greenhouse gases has essentially the same
form as its dependence on the number of the optically dense layers n;
in (10a).

Clouds absorb terrestrial radiation rather evenly over the
whole thermal spectre contributing to all spectral intervals Acw. Thus,
the number of optically dense layers of clouds no should be added to
the number of layers of every greenhouse gas producing the following
expression for b:

N

iSing +n +1
Note again that, as follows from (10), (10a) and (11), the cumulative
contribution of several greenhouse gases into the radiation of the
Earth’s surface, g, and into the absolute greenhouse effect, b, is not an
additive function of individual contributions of these gases, compare
to (5), (6) and (7).

In the absence of clouds (no = 1) the main contribution to the
greenhouse effect comes from the I-th gas that is characterised by the
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maximum value of 8,/ (n + 1) in the sum determining the value of b
in (10). If the concentration of that gas remains constant, changes in
concentrations of the other gases do not have any considerable effect
on g and f. When the concentration of this gas and, hence, ni,
increases, the term o,/ (n + 1) decreases, and values of g and f grow
practically linearly with n; until the diminishing value of 4,/ (n|+ 1)
becomes equal to that of some other gas, om/ (nm + 1). After that the
concentration of the m-th gas becomes the major factor for q and f and
so on.

In the terrestrial atmosphere the major greenhouse gases are
water vapour and carbon dioxide. The observed spectral window
(Mitchell, 1989) remains transparent at clear sky and is “closed” with
appearance of clouds. For the terrestrial atmosphere the value of b (11)
can be written in the following form:

o o
p=— MO, 9, % (12)
No *Np,0 t1  No+ngo, +1 N +1

where J¢ is the share of thermal radiation passing through the
spectral window in the absence of clouds. It is easy to see that b (12)
diminishes monotonously and f in (10a) grows monotonously with
increasing no and Ny,q . At No >> Ny, and no >> N¢o, We have from
(10a) and (12):

f=gB/b=0qe {no+c5HZO nHZO+5CO2 Nco, } (13)
Only in this asymptotic case the contributions of different greenhouse
gases are additive, cf. (5)-(7).

Note that in the opposite case, i.e. when no<<n,, and

No << N¢o, , the major term in (12) is the third one, which corresponds

to the spectral window that is gradually closed by cloudiness with
increasing no. In such a case either b or f practically do not depend on
the carbon dioxide concentration, nco,. However, along with

possible logarithmic dependence of d¢, 0N N¢g, , formulae (10), (11)
and (12) contain explicit dependence on concentration ncg, , which is

not taken into account in the conventional estimates.
On Venus the atmospheric pressure is about 93 bars, i.e. the
atmosphere of Venus is about hundred times more dense than the
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atmosphere of Earth. The temperature of the planet’s surface is about
five hundred degrees Celsius. The atmosphere of Venus is
predominantly built up of carbon dioxide (Kasting et al., 1988). Such
values of pressure and temperature are above the critical point of
carbon dioxide (31 °C, 73 bars) (Landau et al., 1965). The physical
properties of CO. above the critical point differ significantly from
those of a rarefied (ideal) gas and approach properties of cloudiness.
According to observations, the greenhouse effect on Venus is close to
99%. It means that all the thermal radiation of the planet’s surface is
absorbed by the atmosphere and returned (re-emitted) to the surface.
Such an effect can be only produced by thick cloudiness with
absorption properties similar to those of a blackbody. Absorption of
radiation by clouds occurs practically over the whole thermal
spectrum and “closes” all spectral windows.

Clouds consist of a large number of optically dense layers
absorbing radiation in all regions of the Venusian thermal spectrum.
According to the above-made estimates, the greenhouse effect grows
proportionally to the number of optically dense layers and,
consequently, proportionally to the concentration of the substances
forming cloudiness in the atmosphere of Venus. Increase of water
cloudiness in the terrestrial atmosphere caused by an increase in the
mean surface temperature should bring about the same effect, when
formulae (10), (11), (12) and (13) give a correct quantitative description
of the greenhouse effect which grows then proportionally to the
cumulative water content of the atmosphere.

5. Possible Climates on Earth and Their Stability

Energy balance for a unit of the Earth’s surface area consists in the fact
the rate of energy content change per unit area is equal to the
difference between the average flux of solar radiation absorbed by the
Earth’s surface and the average flux of thermal radiation emitted by
the Earth’s surface.

Energy content is equal to CT, where C is the average heat
capacity per unit area of the Earth’s surface and T is its absolute
temperature. Due to rotation of the Earth, the solar flux I incident
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upon the Earth’s cross section area g2, where re is the Earth’s radius,
is distributed over the whole planet’s surface area, 47re2. As a result,
the average flux of solar radiation per unit of the Earth’s surface area
is equal to | Z74. The absorbed solar radiation is equal to al /4, where
a=1-A, A is the planetary albedo, that is, the fraction of solar
radiation reflected by the planet back to space. The net flux of heat
from the Earth’s surface is equal to oT* (Stephan-Boltzmann law)
multiplied by the coefficient b=1-B, where B is the relative
greenhouse effect and describes the part of terrestrial radiation
effectively re-emitted by the atmosphere back to the Earth’s surface.

The energy balance equation for a unit area of the Earth’s
surface can be written as follows:

ar_ Lot =Y (14)
dt 4 dT

We introduced in (14) the potential Liapunov function U
characterising stability of the energy balance equation. The only
variable in (14) is the temperature T. Coefficients a and b are
temperature-dependent, as well as the potential function U. The
potential function is chosen so that the negative value of its first
temperature derivative is equal to the rate of energy content
increment. Equation (14) is based on the law of energy conservation
and does not contain any approximations. Its accuracy is determined
by the accuracy of characterisation of the whole Earth’s surface by a
global mean temperature. Minor deviations of the thermal radiation of
Earth from blackbody radiation in some parts of the thermal spectrum
are taken into account in coefficient b. Coefficients a and b are global
averages of the well-measured parameters. Strictly speaking, the
whole temperature dependence of the Earth’s surface radiation, i.e. its
values at different temperatures can be in principle determined
empirically. Isolation in the second term of (14) of the physically
reasoned multiplier oT# describing blackbody radiation leads to
considerable simplification of finding the rest of temperature
dependence of the surface radiation, which is then confined to
function b(T).

In a stationary state, when the energy content does not

change, C?j—-[:o, the derivative of U turns to zero, and,

23



consequently, U has an extreme—maximum or minimum. The central
part of (14) also turns to zero, and this equality determines a
stationary temperature T = Ts:
/4
Ca(T)

I 4
—a(Ts)—0oT"b(Ts) =0, or T =To—>
2 (Ts) —oTs b(Ts) s = Tog o0

| e
where T, = @Gg =278 K (15)

Here the following numerical values of o and | were used:
o=567008Wm2K*4and | =1367 Wm™2. Ata=b =1, which means
that both the planetary albedo A and greenhouse effect B are equal to
zero, the stationary temperature of the Earth’s surface would be equal
to To =278 K (5°C). This temperature, which is totally determined by I,
that is, by the planet’s location in the solar system, can be called
planet’s orbital temperature, see below Table 1.

Note that here and below we imply that the notion of
stationary state describes a state where the average energy content CT
does not change with time. Here all oscillatory processes after
averaging over time periods longer than periods of oscillation are
included, as well as chaotic fluctuations that do not change the
average energy content.

When the first derivative of U is equal to zero, the sign of its
2

N d“uU .
second derivative U" = dT_2 determines the character of the extreme.

It is a minimum, when U" is positive, and maximum, when U" is
negative.

The sign of U" allows one to judge about stability of
stationary solutions of (14). In the neighbourhood of the stationary

. . L du
point T = Ts the first derivative U’ = P can be expressed as a Taylor

power series in terms of a small deviation x = T-Ts:
U'(T) = U =1, +U b=, (T =Ts) =U o (T = Ts) =U"kr 1, X,

asfaras U'ly—, =0.
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Equation (14) can be then re-written as follows:
ax _
dt

Heat capacity C is positive, so that the sign of coefficient k coincides
with that of U" . Solution of the above equation looks like x = xg e,
where Xo is an arbitrary constant, t stands for time. Thus, when k>0
(U has a minimum), any initial deviation of temperature T from the
stationary value Ts exponentially damps out, which means that the
stationary state is stable. In such case k can be interpreted as
coefficient of relaxation, while the reciprocal value k' characterises
the time of recovery of the stationary state after a perturbation. On the
contrary, when k<0 and U has a maximum at T =Ts, any deviation
exponentially grows with time. In such case the stationary state T =Ts
is unstable.

We have seen therefore that stability of stationary states of
(14) can be readily illustrated by the character of function U in very
much the same manner as the gravitational potential of Earth can be
described by relief of the surface. Stable stationary states correspond
to minima (pits) of function U, see below Fig. 2. The degree of stability
depends on a pit’s depth. Unstable states correspond to maxima (hills)
of function U. Any deviation from the stationary state leads to sliding
along the hill down to one of the two nearest pits located to the left
and to the right of the hill.

Values and signs of U" and relaxation coefficient k are
unambiguously determined by temperature dependence of functions
a(T) and b(T) in (14), and, consequently, by temperature dependencies
of albedo A and greenhouse effect B. Expanding functions a and b in
Taylor power series with respect to small deviations x = T-Ts and
using relation (15), we obtain the following expression for U" in the
stationary point Ts using temperature derivatives of a and b, a' and

—-kx, where kE%U"h:Ts

b':
U'lr=r, = %Ti(ﬁ B-a) , where a= E‘iﬁr ,
s T=Tg a4 tretg
T
B= @Lﬁ @)
b O,
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As farasa>0and Ts> 0, it is evident from (16) that a stationary state
is stable when a - 3< 4 and unstable when a - 3> 4.

It is convenient to seek solution of (15) in a graphical form

/
drawing the curve y1(T) = T, Eb(T)El 4 and looking for intersections of
= Tomt
this curve with the line y»(T)=T. Temperature derivatives of
functions y1(T) and y»(T) have the form:
I — a - B [ —

y].|'|':'|'S - Tl y2 - 1 (17)
In a stationary state the stability condition a — <4 is equivalent to
the condition y’1|T:T < 1. Similarly, the instability condition a - 3> 4

corresponds to y'1|T:T > 1. Which of the two conditions is realised in

the point of intersection of y; and y. can be determined visually
comparing the slopes of the two curves. Such graphical analysis of the
stability of stationary solutions of (14), in addition to the graphical
analysis of the potential function U(T), is convenient, because function
y1 directly reflects the temperature-dependent behaviour of the albedo
and greenhouse effect, and, consequently, of functions a(T) and b(T).

6. Physical Stability of the Earth’s Climate

Let us now consider the physical behaviour of the greenhouse effect
and albedo and functions a(T) and b(T) when the temperature T
changes from the state of total glaciation 1 to the state of complete
evaporation of the hydrosphere 3, Table 1.

The stationary steady state of an ice-covered Earth lies in the
interval of temperatures lower than —80°C. In this state all the major
components of the environment including atmospheric CO, are
present in the solid phase. As soon as the solid phases of most
components persist over a broad interval of low temperatures, one
can assume that in the vicinity of the stationary state 1 neither the
greenhouse effect nor albedo depend on temperature. Albedo of the
ice-covered Earth should be equal to that of snow cover, i.e. to 80%
(North et al., 1981; Mitchell, 1989) making the value of a(T) equal to
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Table 1. Thermal characteristics of the planets.

Solar A=B=0 A>0,B=0 A>0,B>0
constant (Orbital (Thermal (Average values at
Planets temperature) | radiation into planetary surface)
space)
I, Wm™ t, oC A% |teC| B, % | teoC [p,bar
Mars 589 —48 15 -56 7 -53
0,01
Venus 2613 +58 75 -41 | 99 +460 93
Earth, modern | 1367 +5 30 -18 | 40 +15 1
climate 2
Earth,
complete 1367 +5 80 -90 7 -85 1
glaciation 1
Earth, total
evaporation of | 1367 +5 75 =80 | 99 +400 300
hydrosphere 3

Notes to Table 1:

| is the solar constant, i.e., the power of solar radiation incident upon unit of
perpendicular area outside the planet’s atmosphere. A is the planetary albedo,
i.e. fraction of solar radiation reflected by the Earth back to space. B is the
relative greenhouse effect, i.e., the fraction of the planet’s heat radiation that is
reflected by the atmosphere back to the planet’s surface. p is the atmospheric
pressure. In the state of complete glaciation of the Earth (1), the value of
planetary albedo is taken equal to the albedo of ice and snow sheets, the value
of greenhouse effect was taken as on Mars. The state of complete glaciation
lies below the CO; melting point (-78°C, 1 bar). In the state of total
evaporation of the hydrosphere of the Earth (3), the values of albedo and
greenhouse effect are taken as on Venus. On Venus where the atmosphere is
composed of CO2 to the extent of 96%, this gas find itself above its critical
point (31°C, 73 bars). State 3 of complete evaporation of the Earth’s
hydrosphere is also above the critical point of H,O, the main terrestrial
greenhouse gas (its critical point is 374°C, 219 bars). Sources: Landau et al.,
1965; Pollack et al., 1980; McKay, 1983; Kasting et al., 1988; Mitchell, 1989.
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0.2. The relative greenhouse effect on Mars where the mean surface
temperature is higher than -80°C and gaseous carbon dioxide is
relatively abundant, is about 7% (Pollack, 1979; Kasting et al., 1988;
Mitchell, 1989). Thus, for the ice-covered Earth the relative greenhouse
effect B(T) does not presumably exceed 1-5%, and the value of b(T) is
not more than 0.95. We use below b(T)=0.95 for the maximum
temperature leading to complete glaciation of the planet.

The stationary steady state of complete evaporation of the
hydrosphere corresponds to global mean surface temperature higher
than 400°C (Table 1) and atmospheric pressure exceeding the present
one by a factor of several hundred. As soon as all the hydrosphere is
evaporated, the atmospheric concentration of water does not further
change with temperature. Thus, it is reasonable to assume that in state
3 neither albedo nor greenhouse effect change considerably with
temperature, similarly to the situation in the stationary state 1. On
Venus the surface temperature is about 460°C, while the planetary
albedo (which is completely due to the cloudiness) is approximately
equal to that of the ice-covered Earth (Table 1). Thus we may take the
value of albedo in state 3 equal to 80% and value of a(T) = 0.2, as in
state 1. The relative greenhouse effect on Venus can be uniquely
calculated from the difference between the temperature T on the
planet’s surface and the effective temperature Te of thermal radiation
of the planet measured from the outer space. The effective thermal
radiation of Venus is equal to g. = dT¢#=1a /4=163W m 2, T, =232 K,
see Table 1. Thermal radiation of the planet’s surface is calculated as
q=0T4=(la/b)/4=16000W m2, T=730K (Table 1). From these
values we obtain

b=1-B=(T./ Ts)*=163W m 2/ 16000 Wm2=0.010 (18)
It is reasonable to accept the obtained value of b(T) =0.010 for the
station@ry state of the totally evaporated hydrosphere on Earth.

The atmosphere of Venus consists of carbon dioxide to the
extent of 96% and has a pressure of about 93 bars? (Kasting et al.,
1988). On Earth the cumulative mass of the oceans exceeds mass of the
modern atmosphere by 300 times (Allen, 1955). In the state of total

2 The global mean atmospheric pressure on Earth is equal to 1.013 bar,
1 bar =10 N m™2 (Allen, 1955).
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evaporation of the hydrosphere the atmospheric pressure would be
about 300 bars. In such a case, the terrestrial H.O would find itself,
similarly to CO2 on Venus, above the critical point (Landau et al.,
1965). Thus it is reasonable to assume, with allowance made for the
cloudiness, that in the state of total evaporation of the hydrosphere
the relative greenhouse effect B on Earth would be at least not less
than it is on Venus making the value of b=1-B not greater than
0.010.

The chosen values of a(T) and b(T) in states 1 and 3 completely
determine the mean global temperature of the Earth’s surface in these
two states, see (15) and Table 1.

Let us now consider possible physical mechanisms of
transition from the stable state of the ice-covered Earth 1 to the stable
state of total evaporation of the hydrosphere 3.

The major part of the modern greenhouse effect on Earth is
determined by atmospheric concentration of water vapour, which is
proportional to the number of the optically dense layers of H>O, see
(10)-(12). Atmospheric concentration of water vapour varies greatly in
space and time. However, the average concentration of the water
vapour changes proportionally to its saturated concentration
(Ramanathan et al., 1987; Raval and Ramanathan, 1989). Saturated
concentration of water vapour, as well as the saturated partial
pressure, py,o, grows exponentially with increasing temperature in

accordance with the Clausius-Clapeyron formula (Landau et al., 1965)
and the Boltzmann distribution. According to this formula, the
temperature dependence of partial pressure of saturated water
vapour, Py,o. and, consequently, temperature dependence of the

number of the optically dense layers, ny, o, has the form (Landau et
al., 1965; Raval and Ramanathan, 1989):

_Thyo _Tho e QH o
— = = 2
Ny,o(T) =ce T =¢ T Th,o =

=4871 K (19)

Here Qu,o is the latent heat of evaporation of 1 mole of water vapour,
R is the gas constant, Ty o is the effective temperature characterising
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the energetic of evaporation process, c=e° is a temperature-

independent constant.

Function b(T) that enters formulae (14) and (15) and
determines the relative fraction of thermal radiation passing through
the atmosphere (b(T) may be called the transmissivity coefficient), is
given by expression (12). We take the following values for modern
contributions o) of different spectral intervals: oy o= 0.6; d¢co, =0.3;

00=0.1 (within uncertainty limits these values agree with (7)). At
present cloudiness is responsible for about one third of the total
greenhouse effect (Raval and Ramanathan, 1989; Kondratyev, 1999)
and for about one third of the greenhouse effect determined by water
vapour. Assuming that this relation holds within a broad temperature
interval, we take no(T) = 0,3n o (T). Further, taking into account that

atmospheric CO- concentration constitutes at present about 10% of the
average water vapour concentration and only changes slowly with
temperature, we take a constant value of ncg, =0,1ny ¢ (288 K).

Setting the condition of complete glaciation of the Earth’s surface in
the form b(238 K) = b(—35°C) = 0.95, one may determine constant € in
(19), which proves to be equal £€=17.1. The fact that the Earth’s
hydrosphere has a finite mass (and, consequently, the greenhouse
effect on Earth cannot grow and b cannot diminish infinitely) can be
take into account by specifying the limiting value of bmin =0.01 and
adding this value to the right-hand part of (12).

The character of dependence of the planetary albedo on
temperature remains to a large extent unknown. Its basic features,
however, can be taken into account if the unknown function a(T) is
approximated by a Gaussian curve. The limiting value of amin =0.2 at
high and low temperatures corresponds to the states of the total
glaciation and total evaporation of the hydrosphere, where the
planetary albedo A=1 - a is at its maximum due to the high
reflectivity of ice cover and clouds, respectively. The observed
modern value of ais 0.7 (A = 0.3). We assume that the maximum value
amax = 0.75. It corresponds to the state of already totally melted ice-
cover but still predominantly liquid hydrosphere, when the albedo of
the Earth’s surface equals zero (at present it is equal to 5% due to ice
shields (Schneider, 1989)). We thus obtain for a(T):
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2
a(T) =0.20 + 0.55 exp%—w%
o (@An° g
Tm =298 K (25°C); AT =50K (50 °C) (20)
Maximum of the albedo is chosen at a global mean temperature
Tm=298 K (25°C). Proportionality coefficient near the exponential
term and the effective width of the curve AT are retrieved from the
condition that at the modern mean global temperature T =288 K the
value of a(T) given by (20) is equal to the observed value, a(288) = 0.70
(Table 1), and the condition that Earth is totally covered with ice at
-25°C, i.e. the temperature value produced when subtracting the
distribution width AT from the temperature Tm corresponding to the
maximum value of albedo: T — AT = 25°C — 50°C = —-25°C. Variations
of parameters bmin, Tm and AT within physically reasonable limits do
not change the results to be obtained.

Note that transition from the state of complete glaciation of
the Earth’s surface to the state of complete evaporation of the
hydrosphere is accompanied by a hundredfold change in the absolute
greenhouse effect as compared to a two- to threefold change in the
planetary albedo at maximum. Hence, the temperature dependence of
the albedo is unlikely to have a major impact on the solutions of (15)
and their stability.

Fig. 2 shows the graphical solution of equation (15), Fig. 2a,
and the continuous potential function U(T) which was obtained by
integrating (14), Fig. 2b. The integration constant was chosen such that
the potential function U(T) turns to zero in the stationary state of total
evaporation of the hydrosphere. As becomes clear from Fig. 2, there
are three stationary states of the Earth’s climate. The stationary states
of total glaciation and total evaporation of the hydrosphere are, as
could be expected, stable, while the stationary state corresponding to
the modern climate proves to be unstable.

7. Biotic Stability of the Modern Climate of Earth

In order to account for the observed stability of the suitable-for-life
modern climate, it is necessary to change the physical temperature
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dependencies of functions a(T) and b(T). This can be done by
introducing non-physical, biotically controlled singularities in the
temperature-dependent behaviour of albedo and greenhouse effect
within the temperature interval from 5°C to 25°C. According to the
available paleodata, the biota has been existing within this
temperature interval during billions of years. The degree of stability of
a stationary state is characterised by the depth of the corresponding
potential pit. In particular, stability of the modern value of the global
mean surface temperature could be ensured if functions a(T) and b(T)
remained  temperature-independent  within  the  considered
temperature interval. However, the appearing potential pit would
then be too shallow, and the potential barriers separating the modern
climate from states of complete glaciation 1 and complete evaporation
of the hydrosphere, 2, would be too low.

The maximum possible stability of the stationary state 2 can
be retrieved from the condition of the maximum physically possible
negative feedback in the temperature interval 5°C <T <25°C. The
maximum physically possible feedback can be illustrated by a
hypothetical situation when the relative greenhouse effect B increases
linearly with decreasing temperature up to the maximum possible
value, which is realised at the lower boundary of the considered
temperature interval, while the albedo A decreases linearly with
decreasing temperature and attains there the minimum possible
value, B(5°C) = 1, A(5°C) = 0. The same situation is realised when the
limiting values of albedo and greenhouse effect correspond to the
upper boundary of the considered temperature interval, B(25°C) =0,
A(25°C) = 1. In such a case the potential pit depth in the vicinity of
T =288 K (15 °C) appears to be an order of magnitude higher than the
depths of potential pits in states 1 and 3.

Fig. 2 shows the graphical solution of equation (15) and the
potential function U (14) for a model example of weaker negative
feedback:
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Fig. 2. Physical and biotic stability of the global mean surface temperature.
a: graphical solution of equations (15), (17).

b: potential function U(T), see (14). 1 — physically stable state of complete
glaciation of the planet, 2 — modern biotically stable but physically unstable
state; 3 — physically stable state of total evaporation of the hydrosphere.
Biotic singularities of the temperature-dependent behaviour of albedo and
greenhouse effect correspond to thick lines in the centre of the diagrams. Thin
lines correspond to the physical thermodynamic behaviour which contains no
singularities and corresponds to physically unstable state 2. Filled circles
stand for the currently observed mean global surface temperature. Empty
circles correspond to the temperature of the unstable equilibrium on a lifeless
Earth or after complete destruction of the regulatory biotic potential (i.e.
elimination of the biotic singularities (2a) and the biotic pit (2b)).
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aT)= 0,7 —(t-1t2) 0,02, 0°C<t<25°C, t, =15°C

b(T)= 06+ (t—-t)0,02, 0°C<t<250°C, t, =15°C
Outside the considered temperature interval the temperature-
dependent behaviour of functions a(T) and b(T) remains to be
governed by physical thermodynamic regularities (19) and (20).

The real behaviour of albedo and greenhouse effect in the life-
compatible temperature interval can be presumably deduced only
empirically on the basis of detailed studies of paleodata, which is not
our goal here. We aim at demonstrating that it is impossible to
account for the observed stability of the suitable-for-life global mean
surface temperature on the basis of thermodynamic physical
regularities. The observed stability of modern climate provides a
unambiguous evidence that the real temperature-dependent
behaviour of functions a(T) and b(T) deviates significantly from the
thermodynamic behaviour (19) and (20).

Note that the biota not only changes the character of the
extreme of U(T) (from maximum to minimum), but also shifts the very
location of the stable equilibrium state. Determining the constant € in
(19) from the condition that complete glaciation sets in at
T =-35°C (i.e. b(T)=0.95 when T=-35°C), we obtain a physical
maximum of the potential function (Fig. 2b, thin lines) at Tmax = 277 K,
i.e. to the left of the observed mean global surface temperature
Ts =288 K. This means that the biota shifts the equilibrium in the
direction of higher temperatures. The biotically stable equilibrium in
the form of a potential pit, Fig. 2b, thick lines, is then situated on the
right slope of the physical potential hill (Fig. 2b, thin lines) leading to
complete evaporation of the hydrosphere. There is no shift in the
equilibrium temperature (the physical hill is precisely above the biotic
pit), if we choose that complete glaciation sets in at T =-26°C,
b(—26 °C) =0.95. Finally, if we state that b(T<-26°C) > 0.95 (i.e.
complete glaciation occurs at temperatures higher than -26°C) the
biotic stable minimum will find itself to the left of the physical
maximum. Since glaciation at higher temperatures is less probable
than at lower ones, the situation shown in Fig. 2b is more probable.
This means that when the humankind completely destroys the natural
biota, the regulatory biotic potential degrades and the biotic pit

(21)
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vanishes, we will find ourselves rapidly sliding down the physical
slope in the direction of complete evaporation of the hydrosphere. In
other words, after human-induced degradation of the natural biota on
a global scale, we will be boiled rather than frozen.

In the performed analysis of the stability of the global mean
surface temperature we have only taken into account temperature-
dependent changes in concentrations of atmospheric water vapour
and cloudiness. Concentrations of the remaining greenhouse gases,
CO; in particular, were assumed to remain constant, i.e. temperature-
independent. This assumption is justified in natural Earth’s
environment undisturbed by anthropogenic activities. The fact that
CO: freezes out from the atmosphere at low temperatures practically
does not affect the result obtained without taking into account this
effect. However, formula (12) contains an explicit dependence of the
greenhouse effect on the atmospheric CO; concentration. This makes
it possible to analyse changes in temperature stability under
conditions of anthropogenic growth of the atmospheric CO:
concentration caused by industrial and agricultural activities of
humans.

To perform such an analysis let us express the carbon dioxide
term in (12), ngo,, in terms of concentration of water vapour,

Nco, =0,1y ny,0 (288 K). Coefficient y describes the relative amount of

CO: in the atmosphere. The value y=1 corresponds to the initial
undisturbed (preindustrial) state. It can be easily shown that with
growing Yy the location of the two physical minima of the potential
function U(T) corresponding to the states of complete glaciation and
complete evaporation of the hydrosphere, Fig. 2b, practically does not
change. However, the physical maximum 2 corresponding to the
physically unstable stationary state begins to move to the left, i.e. in
the direction of lower temperatures.

This becomes evident from the graphical solution of Eq. (15)
with use of functions yi(T) and y2(T), see (17) and Fig. 2a. Indeed,
y1 = To(a/b)/%. When the value of yand, consequently, neo, , grow at

a fixed temperature, the greenhouse effect B increases while function b
(12) decreases monotonously, so that y: increases as well. As a result,
the corresponding curve in Fig. 2a moves upwards, which means that
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the point of intersection of y; and line y. =T moves to the left. Fig. 3
shows value AT of the shift of the physically unstable stationary state
2 with respect to growing y, AT =T — 277 K.

Biotic stability is characterised by the depth of biotic potential
pit at T=288 K. This depth is dependent upon the character of
intersection of the biotic pit with the physical potential function U(T)
constructed without taking into account the biotic control of albedo
and greenhouse effect. The nature of this intersection changes
substantially only at very large values of y of the order of y~ 100,
which corresponds to a hundredfold increase of COz as compared to
its modern value. The widely discussed projected twofold increase in
atmospheric CO, concentration (IPCC, 1994) does not impose any
considerable impact on the degree of stability of the modern climate,
provided that the natural biota of Earth continues to perform its
regulatory functions on a global scale. We conclude that the
anthropogenic growth of atmospheric CO; concentration does not
play any role when considered against the background of those
changes in the greenhouse effect that are caused by human-induced
global-scale degradation of the regulatory biotic potential, i.e.
anthropogenic shallowing of the biotic pit.

Changes of the biotic pit in response to growing CO cannot
be predicted without a detailed analysis of the biotic response. It
follows from the above consideration that without studying the nature
and degree of stability of the modern climate it is impossible to make
any forecasts about possible changes of the mean global surface
temperature related to changes in the atmospheric CO;
concentrations.

8. Biotic regulation of climate and global circulation
processes

We have shown so far that the observed stability of the Earth’s climate
with regard to the mean global surface temperature points to the
complex nature of the temperature dependencies of albedo and
greenhouse effect within the life-compatible temperature interval. We
have shown that, on the basis of the known physical atmospheric
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Fig. 3. The temperature shift AT of the physically unstable state 2 (see Fig. 2b)
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unstable state as described in Fig. 2b. With growing ythe potential hill 2, Fig.
2b, moves to the left at a distance equal to |AT].

. AT =T - Ty, where To =277 K is the position of the physically

properties alone, there are no grounds to expect such anomalies in
temperature-dependent behaviour of either albedo or greenhouse
effect. This, in its turn, points to existence of a biotic mechanism of
climate control within the interval of life-compatible temperatures.
Such control can be only based on highly ordered non-equilibrium
processes that are generated by solar radiation due to large difference
between temperatures of solar radiation (short-wave radiation of the
Sun) and terrestrial thermal radiation (long-wave radiation of the
Earth).

The main quantitative characteristic of orderliness of
processes generated during any type of energy transformation is the
difference between temperatures of the initial and final states. The
final state of all processes taking place in the environment
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corresponds to chaotic thermal energy of the Earth’s surface, which is
characterised by global mean surface temperature Te ~300 K. Solar
energy is characterised by temperature Ts~ 6000 K. The relative
difference between these temperatures constitutes

ng = Ts—Te 0.95 (22)

TS

In thermodynamics the variable ns has the meaning of the efficiency
of energy transformation (Landau et al., 1965). This is the maximum
possible work efficiency of a reversible heat machine based on a
succession of equilibrium thermodynamic processes. The same
variable characterises the efficiency of highly-ordered non-
equilibrium processes generated by solar energy in the Earth’s
environment.

All processes of global circulation in the ocean and
atmosphere are due to the temperature difference between the
equator and the poles, which is of the order of ATeg~30°C. The
efficiency of ordered processes generated by global circulation is
characterised by
— ATE

TE
which is an order of magnitude lower than the value of ns (22). It
means that a unit energy of global circulation generates in the Earth’s
environment ten times less energy of ordered processes than the same
unit of solar energy. (The amounts of solar energy consumed by the
global biota and by the global circulation processes are of the same
order of magnitude, Gorshkov et al., 2000).

As shown above, the observed stability of the modern climate
can be only explained taking into account highly ordered processes
generated by solar energy in the global biota. Ordered processes that
are due to global circulation make an order of magnitude lower
contribution and may be neglected. There are no grounds to expect
that detailed elaboration of global circulation models yield reliable
predictions of climate change under anthropogenic impact.

Until now studies devoted to the climate stability problem
have been based on quantitative characteristics of energy fluxes, while
the degree of orderliness of corresponding processes has never been

nE ~0.1 ’ (23)
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taken into account (North et al., 1981; Ramanathan et al., 1987; Tang
and Weaver, 1995; Li et al., 1997). This is predominantly due to the fact
that most processes generated at the Earth’s surface by solar energy
go through stages that are very far from thermodynamic equilibrium,
for which no general theory exists. However, the parameter n, (22)
and (23), is valid for all processes, including non-equilibrium ones,
and can be used when estimating their orderliness. Note also that all
models concerned about climate stability are based on empirical
characteristics of the modern climate that enter the models as
parameters, see, e.g. (Li et al., 1997). It is not surprising that in all such
models the modern climate proves to be stable. The question why the
observed characteristics of climate ensure its stability is rarely—if
ever—addressed.

Highly-ordered processes generated by solar energy with
efficiency close to (22) are of biological nature and take place only in
the biota. That means that the climate stability on Earth can be only
due to the regulatory function of the natural biota. Ordered processes
aimed at maintenance of climate stability should be necessarily
characterised by strictly defined succession, direction and duration,
i.e., fluxes and stores of information.

Such information is contained in the genetic programme of
biological species combined into ecological communities of the global
biota. Natural ecological communities are characterised by strictly
specified population densities of all species that undergo directional
changes in response to environmental perturbations. Anthropogenic
perturbation of natural ecological communities is manifested in
artificial change of the natural population density distribution of
species and violation of genetic programs of natural species due to
creating new sorts of plants and breeds of animals. This leads to
degradation of the stabilising environmental potential of the biota.

The natural biota operates with processes far out of
thermodynamic equilibrium. In physics, development and dynamics
of similar processes have been recently successfully described with
use of non-linear equations of the Fokker-Planck type (Cross and
Hohenberg, 1993; Ginzburg and Pustovoit, 1998).However, using the
genetic information of biological species, the biota is able to stop the
physically prescribed development of non-equilibrium processes and
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correct it in accordance with changing environmental conditions. It is
impossible to construct a mathematical model of a non-equilibrium
process controlled by the biota without detailed decoding of the
genetic programme of interaction of living organisms with their
environment. It is impossible to describe this ultra-complex
interaction with use of elementary physico-chemical processes in an
arbitrary set of non-correlated living organisms, where the complexity
of the existing genetic programmes remains uninvolved.

During large-scale natural perturbations of the environment
of the past (e.g., glaciations, volcanic eruptions, meteorite fall etc.) the
regulatory potential of the biota decreased in proportion to reduction
of areas occupied by the natural biota, but remained substantial. For
example, were the area occupied by the global biota to reduce by half,
the global regulatory potential would halve as well. That means that
the rate of biotic compensation of external perturbations would be
reduced twofold. Estimates of relaxation coefficients of the
nonperturbed biota show that the characteristic time of complete
recovery of the initial stable state of the environment after natural
external perturbations is of the order of 10 years for the non-perturbed
biota (Gorshkov and Makarieva, 1998). Were the global biota reduced
by half, that time would only double, which may not have any drastic
consequences to the environmental stability.

In contrast, anthropogenic cultivation of territories occupied
by natural biota has a catastrophic impact on environmental stability.
The perturbed biota loses information necessary for correct regulation
of the environment, but retains the absolute huge value of
environmental impact. The destabilising impact of the perturbed biota
may be larger than stabilising impact of the remaining intact
territories.

Hence, we are forced to the conclusion that in order to ensure
long-term stability of climate on Earth natural biota should be
restored and protected on most part of the continental surface, rather
than in tiny reserves and national parks. As one of the immediate
measures, one can name considerable reduction and ultimate
abandonment of forest use on a global scale.
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