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Free energy balance at the upper boundary of the atmosphere
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Photon statistics in the processes of entropy and the free energy transfer by electromagnetic
field in the atmosphere are discussed in this paper. It is shown that multi-equilibrium (generalized
Plank’s statistics) photon number distribution for monochromatic radiation is due to minimum free
energy of the field. A method for simulating free energy fluxes in the atmosphere and free energy
balance at its upper boundary is developed, using outgoing thermal radiation and reflected solar
radiation. The presence of an extremum in the free energy import to the planet is shown within the
model of gray atmosphere under the condition of the energy balance at its upper boundary. The
extremum is caused by the optical depth 1 of the planet atmosphere and is realizable at t value, close
to a current value for the Earth atmosphere. The assessed annual mean flux of the free energy
imported by the Earth is about 59.13 W/m? or 3-10' W,/m? over the globe. This magnitude
determines an integral power of the heat engine of our planet, while its ratio to the power of
incoming solar radiation can be considered as the efficiency of this heat engine. Simultaneous
satellite monitoring of radiation balance and free energy balance at the upper boundary of the
atmosphere could be used to monitor possible variations of integral power of the Earth heat engine

and global warming process.

Introduction

The problem of estimating the entropy
production by the Earth climate system is under
active discussion in the present-day literature.!™!!
One of the key lines in such investigations is an
assessment of the magnitude of the entropy
production on the Earth from the balance of
radiation entropy at the upper boundary of the
atmosphere under the assumption of the annually-
average stationarity of the climate system. 6810
However, for deeper insight into the processes
proceeding in the climate system, investigation of
free energy balance in the atmosphere is of interest
along with the study of radiation and entropy
balances.

It is well-known that a thermodynamic variable,
characterizing the ability of any physical system to
do mechanical work, is its free energy,‘z’14 incoming
to the Earth with solar radiation. The energy is
consumed for maintaince of processes of general
atmospheric and ocean circulation and biomass
growing; it partially is stored in biota, chemical
links, in photosynthesis. Similar to the radiation
balance, the free energy is defined by the difference
between energy fluxes of incoming solar radiation
and outgoing heat radiation; its balance can be
determined as the difference between free energy of
incoming and outgoing radiations.

The free energy balance of the planet is
evidently determined by characteristics of its albedo
for solar radiation and atmospheric transmission for
outgoing thermal radiation. The import of free energy
to the Earth allows the sustention of planetary
circulation, as well as photosynthesis processes and
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the planetary life. This means that the annually-
average Earth free energy budget should be much
greater than zero, and its magnitude should
characterize the flux of the imported free energy
consumed for work, i.e., the power and the efficiency
of the Earth heat engine.

In this paper, a method for determining free
energy fluxes of atmospheric radiation is suggested.
The annually-average free energy budget at the upper
boundary of the atmosphere is assessed and the
integrated power and the efficiency of the Earth heat
engine are calculated.

1. Photon statistics.
The entropy and radiation free energy

Free energy of an equilibrium system at the
temperature T is defined as the difference between
total system energy and its part, consumed for
recording information (entropy) in the system.'
Thus, before determining the radiation free energy,
its entropy should be revealed.

Based on the general entropy definition,'*" the

entropy S, for monochromatic electromagnetic
radiation can be written as
Sy = =kY_ plnp, (), €

n=0

where p(n) is the distribution function of the photon
number n =0, 1, 2, .. in the frequency field mode v;
k is the Boltzmann constant.

It follows from Eq. (1) that the entropy of
electromagnetic field is totally determined by the
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photon statistics of the considered radiation.
Distribution functions of the photon numbers are
certainly known only for radiation of two ideal
physical systems: Poisson statistics of ideal laser
radiation

proson () = e’<"">7<nV¥> [Refs. 16 and 17]
n!

and Planck (equilibrium thermal) statistics of
blackbody radiation with the temperature T

n
p\t,hermal(n) = <nV(T)> )”+1 [Ref 18],

(<n,(T)> +1

where <n,> and <n,(T)> are the mean photon number
in the mode of laser and thermal radiations,
respectively.

In the processes of resonance absorption and
radiation, photon statistics, initially Planck or
Poisson, can essentially change.w'zo Therefore, real
photon statistics of solar radiation and especially of
the Earth radiation heat flux should be taken into
account in calculations of both entropy balance and
radiation free energy at the upper atmospheric
boundary. In general case, the latter can essentially
differ from the equilibrium Planck photon statistics
of the blackbody radiation.

In this work, a more common distribution of the
photon number in the field mode is considered. It
may be called multi-equilibrium photon statistics in
the case when the photon number distribution
function p(n) takes the form of generalized heat
distribution  function (or  generalized Planck
distribution).?"?* In this case, in contrast to the
blackbody with the common equilibrium temperature
T for all modes, each mode of the field v is
characterized by its own equilibrium temperature T,
[Ref. 22]:

<n,>" 1

— <> 2
(<n,>+1 )"t " exp(hv/kT,) -1 @

p,(n) =

where <n,> = an\,(n) is the average photon
n=0

number in the mode. For the filed, described by the

multi-equilibrium  photon  number  distribution

function, the monochromatic field free energy F, can

evidently be defined similarlgr to the case of

blackbody equilibrium radiation'*'?:

F,=E,-T,S,. (3)

The only difference is that the common equilibrium
temperature T for all field modes is replaced by the
proper equilibrium temperature T, of each mode v.
Here E, = lhiv<n,> is the total energy of the field
_ Y

© Rln(1+1/< n,>)
temperature (coinciding with the equilibrium one).
The monochromatic radiation entropy S, in this case

mode; T, is the mode brightness
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is defined, according to Eqs. (1) and (2), by the
well-known classical equation?®!??

S, = k{(<n,> + 1)In(<n,> +1 )-<n,>In<n,>}.  (4)

As a result, the following short equation for
monochromatic radiation free energy F, (3) with the
photon statistics p,(n), described by Eq. (2), can be
obtained as a function of average photon number in a
mode:

F o= In(<n,>+1)

R T ©

The integral flux of free energy of the field F,
propagating in a chosen direction, is calculated by
multiplying Eq. (5) by the number of spectral modes

2
2%dv for nonpolarized radiation v, v+dv [Ref. 18]
¢
with following integration over all frequencies and
the spatial angle:

F= IdQTdvifFv. (6)

Using Eq. (5), the following equation for
integral flux of free energy F can be obtained:

2n n/2 ©
F=- qu) I cos0sin0do Idv
0 0 0

2hv? In(<n,>+1)

¢ In(+1/<n,>) D

When the dependence of <n,> on the angles 0
and ¢ is negligible in Eq. (7), obtain

2 In(<n,>+1)

¢ Ind+1/<n,>) ®)

F = —n]dv

In classical (Planck) case of isotropic blackbody
radiation, when all modes have an equal temperature
T,, i.e., T,=const=T, a well-known equation for free
energy fluxes of blackbody radiation F=—(1/3)cT"
[Refs. 12 and 13] follows from Eq.(8); here o=
=5.67-10* W/ (m?>K* is the Stefan—Boltzmann
constant.

Summarizing the above described, it is necessary
to point out that the formal use of the generalized
Planck distribution (2) allows one to introduce the
so-called brightness temperature for any
radiation!>?%:

= I <> =R /QIVY)
Y Rln(1+1/<n,>)

(R, is the spectral brightness of monochromatic
radiation), with any photon statistics. However, thus
defined variable T, has a sense of the equilibrium
temperature of the field mode only in case when
photon statistics of the given radiation is actually
described by the multi-equilibrium distribution
function (2).
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2. Principle of minimum
of radiation free energy

It can be shown that such form (2) of the
photon number distribution function follows from the
principle of minimum of free energy flux F (6). To
do this, consider the problem of definition of the
photon  number  distribution  function  p(n),
minimizing the flux functional of field free energy F.
Equating the functional variation 8F to zero

- 2
8F=6_[dQ jdvzisz =0, 9
C
v 0

0

obtain the condition §F, =z
n=0

oF,
op,(n)

dp,(m=0 at any

3p.(n), or 85?71) =hvn+kT,(1+1np,(n))=0 for any

n=0.

The photon number distribution function

hv
=C _
p.(n) eXp{ 2T

v

n} follows from the above, where

C is the normalization factor, defined by the
condition of normalization to the distribution

function Z p,(m)=1. With accounting for the
n=0

normalization, the photon number distribution

function, at which F from Eq. (6) takes its extremum

value, has the form

_ hv hv
p,(n) = (1 - exp{—kTvDexp{—kTvn} 10)

Positive sign of the second derivatives of
functional (6) with respect to the photon number

PF, _ 1
ap.()*  p,(n)
that the found extremum is really the minimum.

Since the average photon number for the
monochromatic radiation, described by distribution

. N 1
function (2), <n,>=» np,(n) = —————— then
v ; p exp(hv/kT,)—1
hence, distribution (10), minimizing the radiation
free energy flux F (6), can be rewritten as

distribution function >0 indicates

<n,>"

S v

p(n) =

Equation (11) is the same as Eq. (2) for the
multi-equilibrium distribution function of the photon
number.

As it is known from the literature, Egs. (2) and
(11) accurately describe the photon statistics of grey
body>® and are applicable to the reflected sunlight®
in case when the photon number distribution function
of the initial solar radiation is approximated by the
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Planck photon number distribution function of the
blackbody radiation.%*

For a self-organizing system, like our planet, the
photon statistics of the outgoing radiation can be of
great importance, since different photon statistics
allow different free energy import and export at the
same radiation (energy) balance. A constant free
energy flux comes to the Earth with sunlight; a part
of the flux returns into the outer space when
reflecting from clouds and the earth’s surface. In
addition, free energy is exported with earth’s
radiation heat flux. The magnitude of these free
energy fluxes (at zero radiation Dbalance) are
controlled by the photon statistics of outgoing
thermal radiation. The free energy flux from Sun
passing through the atmosphere can be considered as
constant (at constant earth’s albedo); therefore, it is
natural to assume that the free energy import by the
Earth is maximal when the free energy sink from the
planet back to the outer space is minimal. In this
case, the photon number distribution function for
outgoing thermal radiation should be close to the
distribution function, defined by Eqs. (2) and (11).

3. The balance of radiation free energy
in the atmosphere

To evaluate the balance of the radiation free
energy at the upper boundary of the atmosphere
depending on the atmosphere optical depth and
planet albedo, consider the following model.

1. Solar radiation is the blackbody radiation
with the temperature T = 5785 K [Refs. 5 and 23].

2. The planet albedo A is frequency-independent.

3. The outgoing heat flux of planet radiation is
described by the model of grey atmosphere with the
optical depth t [Refs. 4 and 24].

4. Photon statistics of the planet radiation heat
flux is described by distribution (11).

Equation (7) is valid for free energy fluxes of
any electromagnetic field, described by photon
statistics (2) and (11) in cases of the grey body
radiation passing through the atmosphere®” and the
reflected sunlight.® Thus, this model allows the use
of multi-equilibrium function of photon number
distribution (11) for describing the free energy of
atmosphere-passing and reflected solar radiations, as
well as heat flux radiated by a planet with grey
atmosphere.

Within the above model of a planet with black
surface and grey atmosphere, consider the free energy
balance VAF at the upper boundary of the atmosphere
at zero radiation (energy) balance. Similar to the
radiation balance, define the balance of the radiation
free energy at the upper boundary of the atmosphere
(free energy import by the planet) as the difference
between the free energy of passing solar radiation
(with accounting for the reflection due to the planet
albedo) and those of outgoing thermal radiation:

~LAF=(1/4)‘LFSD_ TP}?I‘I"}IIHI’ (12)
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Factor 1/4 takes into account the distribution of free
energy flux, coming from the Sun, all over the
spherical surface of the planet.

To calculate the free energy flux of outgoing
thermal  radiation, wuse Eq.(7), preliminary

determining the magnitude of <n,>. The equation
<n>= (1 — w)<n> + u<n,>, (13)

follows from the radiation transfer equation in the
model of grey atmosphere for the average number of
photons in the mode of outgoing thermal radiation of
the planet.” Here <n,> is the average photon number
in the mode of the planet surface radiation filed;
<n,>, is the average photon number in the mode of
atmosphere radiation field; u=1—e™, 1 is the
optical depth of the grey atmosphere. Multiplying

3
Eq. (13) Dby 212/ dv and integrating over the
c

frequency and spatial angle, obtain’:
Tt = (1 - woT! + usT. (14)

Here T, T,, and T, are the equivalent planet
radiation temperature, surface temperature, and
effective atmosphere temperature, respectively. The
surface temperature 7T, in the model of grey
atmosphere is connected with the equivalent planet
radiation temperature T, by the equation®!

T=T3+0"" =T {i-lnd-w}""  (15)
As a result, obtain from Eqs. (14) and (15)
L= Ta i+ - DU -In(1 -} (16)

Equations (15) and (16) allow <n,>; and <n,>,
in Eq. (13) to be expressed as functions of T and T,
respectively:
<n,>,=1/{explhv/kRT,] -1}
and
<n,>,=1/{explhv/kT,]-1}. 17

The condition of zero radiation balance at the
upper boundary of the atmosphere assumes an
equality of the fluxes of incoming solar radiation and
outgoing thermal one®>%%:

U,/ DU - A) =cTH,

where I,=(2,/12)I, is the solar constant on the

Earth orbit (7y,, is the Sun radius; L. is the distance
from the Earth to the Sun); I, is the solar constant
near the Sun. Using the condition along with
Egs. (7), (13), and (17), as well as neglecting the
dependence on 6 and ¢, express the free energy flux

of outgoing thermal radiation TF' | as a function
of the planet atmosphere optical depth t and the

2
7
parameter o = =3+(1 - A):

‘€S
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1 —u u
rerma 2(:2/1300 111{1“/(1 —u, u j}’
e —1 b1
(18)
where
x = k]éiv; a={o/4[1 —In(1 - u)]}_1’/4;

solar
b=u""{(a/ DI+ —1 )t -In( -]

Tsolar is the temperature of the equilibrium solar
radiation.
In case of calculating the incoming free energy

flux of solar radiation VF®, it is necessary to set
<> = a<n, >0 (<n, > =1/{exphv/ kL ]-1})  in
Eq. (7). Since we neglect the dependence on 6 and o,
the free energy flux of solar radiation, distributed all

over the spherical surface of the planet, is expressed
as

o

e’ —

111{1+1/ (e-‘"a- 1)}

Here, as in Eq. (18), x=hv/(RT.); Tsolar=5785 K.

As is seen from Egs. (18) and (19), the planet-
imported free energy flux VAF (12) is a function of «
and u, which, in their turn, depend on the magnitude
of solar constant on the given orbit I (for the Earth
I,~1370 W/m?), defined by the squared ratio of the
Sun radius to the distance from the Sun to the orbit

r2,/I%, the planet albedo A (for the Earth
r2, /12,=0.0000215, A ~0.3), and on the grey

atmosphere optical depth t (for the Earth with grey
atmosphere24 T.=255.2 K, T,=288.2 K, T,=278.7K,
and t~0.63), respectively. Note, that such defined
flux of imported free energy YAF={AF(a,t) has an

+1

19)

) dpd "
1 ‘LEUI — _Ttk Zsoéar Idxx'i
4 2c°h J

extremum with respect to t, as well as with respect
to a under the condition 2, / I2~ 1.

The dependence of the free energy flux VAF
(12), imported by the Earth, on the atmosphere
optical depth t is shown in Fig. 1.

The dash line shows the maximally possible flux
of free energy, imported by the planet, VAF, . ~
~ 63.75 W/m? corresponding to two asymptotic
cases: a planet with black surface free of atmosphere
(t=0) and with black atmosphere (1t — «). Note,
that the imported free energy flux has an extremum,
i.e., insignificant minimum JAF ~ 58.20 Wt/m? at
1~ 0.91. The point corresponds to the value of free
energy flux, imported by the Earth, JAF =
=58.41 W/m? at current t=0.63 (according to
Eq. (15)) in the model of grey Earth’s atmosphere.?!
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Fig. 1. The planet-imported flux of free energy from space
(the distance from the Sun and the planet albedo correspond
to the Earth) in the model of grey atmosphere.

In terms of instrumentally measured spectral
brightness, the average photon number <n,> =
= ¢’R(0, ¢)/2hv? [Refs. 6 and 8], where R0, ¢) is
the spectral brightness of radiation towards the
zenith 0 and azimuth ¢ angles, W/(m?-cm™"-sr).

The  spectral brightness  of  radiation
in the atmosphere R, can be modeled with the use
of the FIRE-ARMS software package® (http://
remotesensing.ru) and other similar packages, as well
as measured instrumentally. General equations (5)
and (7) are convenient both for simulation of free
energy fluxes in the atmosphere and for calculations
of radiation free energy balance in the atmosphere on
the base of experimental data for R0, ¢). The
applicability of Egs. (5) and (7) to description of free
energy fluxes and Eq. (4) — to the outgoing thermal
radiation entropy in the real Earth’s atmosphere is
confirmed by the behavior of spectral brightness of
the outgoing thermal radiation (Fig. 2) and the

characteristic ~ behavior of temperature weight
functions.
1.35E-5 t I3es \V.-'|112-t‘|11"- sr)

1.08E-5
8.10E-6
5.40E-G
2.70E-6

0.00E+0

0 499.80  999.60 1499.40 1999.20 2499.00

v, cm-!

Fig. 2. Spectral brightness of Earth’s radiation heat flux in
the model of standard atmosphere US Standard. The
envelope curve corresponds to the spectral brightness of the
surface radiation (in terms of Planck) at T = 288.2 K.
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It is evident that the multi-equilibrium photon
statistics adequately reflects the real photon statistics
of the Earth’s radiation heat flux in all spectral
ranges, where its spectral brightness is close to that
of the surface radiation, 1i.e., in atmospheric
transparency windows and micro-windows, as well as
in the regions of saturation of absorption bands,
where the brightness radiation temperature is
approximated by the equilibrium temperature of
radiating atmospheric layer with a sufficient
accuracy.

In spectral regions of CO,, O3, and H,O bands,
where the unsaturated absorption is present
(absorption line slopes), the level of approximation
of the photon statistics to the multi-equilibrium
distribution function is determined by the behavior of
weight  functions  relative  to  temperature,
particularly, by the level of accuracy of the outgoing
radiation Dbrightness temperature approximation to
the temperature of the atmospheric layer, maximally
contributing to radiation in given spectral range.

Characteristic behavior of the temperature
weight function in the model of standard atmosphere
characterizes the R, sensitivity (see Fig. 2) beyond
atmospheric windows (like, e.g., in the main CO,
absorption band and®®*) to variations of the
troposphere temperature at different heights. This
implies that the troposphere contribution in the
observed parameter R, at each frequency is usually
determined by one narrow layer (2—3 km)
characterized by its average temperature with an
acceptable accuracy.

Such behavior of temperature weight functions
implies a possibility to consider the formally defined
brightness temperature of the outgoing thermal

hv

Rln(1+2hv* / ¢*R,)
equilibrium temperature of the radiating tropospheric
layer or the surface (in transparency atmospheric
windows), determining the parameter R,, almost
throughout spectral range 0—2500cm™'. In this case,
the photon number distribution function of real
atmosphere thermal radiation can be approximated to
multi-equilibrium distribution function (2) with the
same accuracy, and equations (5) and (7) can be used
in calculation of the free energy balance at the upper
boundary of the atmosphere from the satellite
measurements of R,. Estimate of the free energy flux
JAF, imported by the Earth, by Eqs. (10) and (11)
within the model of standard atmosphere and with
accounting for 50% cloudiness, using the HITRAN?
data, yields JAF =59.85W/m?. The above-
considered model of grey atmosphere gives the close
value: AF ~ 58.41 W/m? (see Fig. 1).

Measurements of incoming solar radiation with
ground-based instruments, sufficiently covering the
globe, pose major technical problems, while the
planet-reflected solar radiation can be measured all

radiation T, as close to the
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over the globe from satellites. Hence, the incoming
flux of solar radiation free energy (1/4NF" can be

defined as the difference between the constant flux of
free energy of the solar radiation, reaching the
planet, (1/4){F, and the free energy of the reflected

(1/4)Tﬂ1'eflected’
<n>=3,/L)<n>*"  in
A/ 4VF, and <n,> = G2, / 2)<n,>*""A — for the

flow (1/4)TFrefleted - However, in general case, the

fulfillment of the equality

solar radiation supposing

calculations of

(1/4)¢ Siu =(1/4)(‘Lf75_ T},*Sreﬂe(‘ted) (20)

is not evident.
Figure 3 shows the comparison of values for

A/4AVF" and (/AW F,— TEreflected)  calculated for

the Earth at different albedos A and a constant flux
of the free energy from the Sun ¢F, = —95.48 W,/m?”.

0_
z -5
4 -10
815}
=
g
g -20|

-25 :

L L Il L Il L Il
0 0.2 0.4 0.6 0.8 1
Planetary albedo of the Earth A
Fig. 3. Free energy fluxes at the upper boundary of the
atmosphere. The line designates the free energy flux of solar
radiation (1/4) F™, having passed the upper boundary.

Semi-dark circles correspond to the difference between
fluxes of solar radiation coming to the upper boundary and

reflected from it (1/4){ F - T Frefleted)  and the dark
circles correspond to the difference between them

(1/4)\[,]:5111 _ (1/4)(~LE _ Tl_;vsreflected) ]

It follows from Fig. 3, that the incoming flux of
the solar radiation free energy for the Earth
(A/4VF™ can be calculated with sufficient accuracy
(the error is less than 1 W/m? for the Earth albedo
between 0.25 and 0.3) from the space-measured R, of
planet-reflected sunlight using Egs. (7) and (20) and
supposing  <m>, = ¢’R, /(2hv*)  and
(/4N F, =-23.87W/m? Since the overlapping

region of spectral brightness of the reflected solar
and outgoing thermal radiations is negligibly small
(Fig. 4), their fluxes of free energy can be calculated
by Eq. (7) independently.

constant
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R, W/ (m?: cm!- sr)

6.0E-3
4.8E-3 |
3.6E-3 |
24E-3 |
1.2E-3 |
0.0E+0 N L " r
1.00 9991.0 19981.0 29971.0 39961.0 49951.0
9.4E-2
7.6E-2
5.7E-2
3.8E-2
1.9E-2
0.0E+0

0 9990.2 19980.4 29970.6  39960.8 49951.0

Fig. 4. Spectral brightness of the Earth-reflected solar
radiation (upper figure). Solar radiation is approximated by
the blackbody radiation with the temperature Ts= 5785 K,
the Earth albedo is considered as frequency independent and
equal to 0.3. Bottom figure shows the spectral brightness of
cumulated Earth irradiation into the outer space, including
reflected solar radiation (weak right peak) and proper
thermal radiation of the Earth in the blackbody model at
T.= 255.2 K (sharp left peak).

Conclusion

It is known, that the model of grey atmosphere
sufficiently well describes qualitative characteristics
of thermal condition of real atmosphere and
partially — its  quantitative  characteristics.”*  In
addition, radiation propagating through the grey
atmosphere is accurately described by the multi-
equilibrium photon statistics.>® The behavior of
temperature weight functions of R, for outgoing
thermal radiation in models of standard atmospheres
confirms the assumption on the closeness of the
photon statistics of outgoing thermal radiation in the
real atmosphere to the multi-equilibrium statistics.
This justifies the use of the method, suggested in this
work, in estimating the radiation free energy balance
at the upper boundary of the Earth atmosphere.

The flux of free energy, imported by the Earth,
is assessed in the model of grey atmosphere as
JAF~58.41 W/m? the model assessment of standard
atmosphere with the use of HITRAN data under 50%
cloudiness gives a close result: YAF=59.85 W,/m?.
The two-model-averaged assessment for the Earth
equals to 59.13 W,/m?. As a result, the integral
power of the Earth heat engine (a 6400 km radius),
which is approximately equal to 3-10'® W, is mainly
consumed on the maintenance of processes of general
atmospheric and ocean circulation; photosynthetic
growing of biomass; as well, the power is partially
stored up in thermal reservoirs of the atmosphere and
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ocean in the form of chemical energy in biota. The
flux of the coming to the Earth total energy of solar
radiation is about 240 W/m? [Refs. 23 and 24],
where the fraction of free energy (59.13 W/m?) is
about 25%.

The model of grey atmosphere, considered in
this work, is quite simple but nontrivial, because it
takes into account main physical laws of the Earth
radiation heat exchange. As is shown above,
accounting for the frequency dependence of spectral
brightness of the outgoing thermal radiation within
the model of standard atmosphere gives a little
higher assessment of the imported free energy flux as
compared to the model of the equivalent grey
atmosphere (the difference is 1.44 W/m?). Naturally,
there arise questions: how the value of free energy
flux, imported by the Earth, will change, if the
spectral brightness of planetary albedo will be taken
into account as well; and how the parameters of free
energy minimum will behave when going from the
model of grey atmosphere to the model of standard
atmosphere? The analysis, carried out with different
spectral dependences for the same radiation energy
flux, shows that the accounting for the spectral
dependence results in some decrease of absolute value
of free energy flux of this radiation in contrast to
radiation of the equivalent grey atmosphere. As a
result, a difference, greater than 1.44 W,/ m? is to be
expected between the free energy flux, assessed in the
model of grey atmosphere and with the flux assessed
with accounting for the real spectral dependence of
both the outgoing thermal radiation and the reflected
solar one.

Thus, the problem of modeling the free energy
balance at the upper boundary of the atmosphere with
realistic annually-average spectral parameters of the
Earth planetary albedo and its comparison with the
flux of imported free energy, obtained from satellite
measurements of Dbrightness in the whole spectral
range of outgoing thermal and reflected solar
radiation is a subject of future investigations. From
the gnoseological point of view, the model of grey
atmosphere includes an important parameter — the
optical depth of equivalent grey atmosphere, in
contrast to the model of standard atmosphere. This
parameter is easily calculated for any real atmosphere
and can serve an integral indicator of optimality of
the regime of free energy import to a planet from the
outer space through the upper boundary of its
atmosphere at any spectral characteristics of both
outgoing thermal radiation and the planetary albedo.

The intensity of general atmospheric and ocean
circulation is two times higher that those of
photosynthesis’ and can be neglected in this case;
hence, the ratio of the obtained free energy flux
imported to the Earth can be considered as the
efficiency (about 25%) of the heat engine of our
planet. This magnitude can be obtained from
satellite-recorded spectra of the Earth radiation heat
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flux and the reflected solar radiation in the whole
spectral range from microwave to UV and within the
range of observation angles from —90 to +90° with
respect to nadir.

It should be also noted that simultaneous
satellite monitoring of the radiation balance and free
energy balance at the upper boundary of the Earth
atmosphere can be a useful instrument for detecting
possible changes in integral power of the Earth heat
engine and its efficiency in the global warming.
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