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Abstract—A review of the processes in the Earth’s atmosphere that affect its energetics is presented. The ener-
getics balance of the Earth and its atmosphere as a whole is considered, and the results of NASA programs
for the monitoring of the global temperature and concentration of carbon dioxide and water in the atmo-
sphere are presented. The spectra of the optically active components of the atmosphere in the infrared region
are analyzed on the basis of classical methods of molecular spectroscopy. Spectroscopic data from the
HITRAN databank facilitate the analysis and lead to a simple scheme whereby the three main greenhouse
components—carbon dioxide, water vapor in the form of free water molecules, and a water droplet—create
an infrared radiation flux directed toward the Earth’s surface. This radiation is created by water molecules in
the range of 0–580 cm–1, the atmospheric radiation in the range of 580–780 cm–1 is determined by the mol-
ecules of water and carbon dioxide. At frequencies above 780 cm–1, the contribution to atmospheric radiation
due to water molecules is approximately 5%, and the other is determined by the emission of water microdrop-
lets, which partially form clouds. According to this model, at the present atmospheric composition, 52% of
the radiation flux to the Earth’s surface is created by atmospheric water vapor, and 32% is due to microdrop-
lets of water in the atmosphere, which include about 0.4% of atmospheric water and 14% of the radiation f lux
is determined by carbon dioxide molecules. Doubling the mass of atmospheric carbon dioxide, which will
occur in about 120 years at the current rate of growth of atmospheric carbon dioxide, will lead to an increase
in the atmospheric radiation flux towards the Earth by 0.7 W/m2, and a 10% increase in the atmospheric con-
centration of water molecules increases this radiation flux by 0.3 W/m2. Doubling of the mass of atmospheric
carbon dioxide in a real atmosphere leads to an increase in the global temperature of 2.0 ± 0.3 K in a real
atmosphere, according to NASA data analysis. If the concentration of other components does not change,
then the change in global temperature will be 0.4 ± 0.2 K, and the contribution to this change due to industrial
emissions of carbon dioxide into the atmosphere is 0.02 K.
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INTRODUCTION
The nature of the greenhouse effect was under-

stood two hundred years ago [1, 2]. In this case, the
energy balance of the considered element of the
Earth’s surface consists mainly of the absorption of
solar radiation f lux in the visible spectral region and
the emission of radiation in the infrared (IR) region. If
a partition is placed in the path of outgoing infrared
radiation, which partially returns it, the surface tem-
perature will increase.

This principle underlies the greenhouse effect of
the Earth, where the Earth’s atmosphere plays the role
of a partition as a source of IR radiation. Indeed, the
energy f lux of infrared radiation absorbed by the
Earth’s surface is approximately twice the solar f lux
absorbed by the Earth. In the middle of the 19th cen-
tury, it was established that molecular gases play the
573
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role of the greenhouse component of the Earth’s
atmosphere [3, 4]. In accordance with the modern
understanding of the greenhouse effect, atmospheric
radiators are molecules of carbon dioxide and water, as
well as the microdroplets of water that make up clouds.
The concentration of these components in atmo-
spheric air is low [5].

Analysis of the atmospheric emission and the pas-
sage of thermal radiation through it is of interest for
various applications. In the sixties, satellite methods
were developed to detect submarines and under-
ground energy objects by their thermal radiation, tak-
ing into account its distortion during passage through
the atmosphere. The degree of resolution of such mea-
surements has significantly increased and makes it
possible to record fires on the ground, starting with
their formation, as well as other phenomena accompa-
nied by energy release. In terms of atmospheric
energy, the contributions of individual greenhouse
components to the thermal f lux of the atmosphere, as
well as the change in these contributions as the con-
centration of greenhouse components changes, are of
interest. The most popular among these tasks is the
change in the global temperature of the Earth with a
doubling of the carbon dioxide concentration [6].

General approaches to the analysis of atmospheric
emissions, as well as models for this problem, were for-
mulated in the middle of the last century and are pre-
sented in books in which the thermal radiation of the
atmosphere is considered, starting with Goody’s 1964
classic [7]. In particular, the temperature of the radia-
tion f lux created by the Earth’s atmosphere at local
thermodynamic equilibrium at each point is charac-
terized by the air temperature at this point, and the
total atmospheric radiation f lux at a given frequency is
obtained via summing of the f luxes from each point
with allowance for their absorption along the way.

A characteristic of the thermal radiation of the
Earth’s atmosphere, which is largely determined by
the vibration-rotation transitions of molecules, is
associated with a large difference in the emissivity at
the centers of the spectral lines and between adjacent
lines. In the case of carbon dioxide in atmospheric air,
the ratio of the absorption coefficients in the adjacent
maximum and minimum is about 40. For a water mol-
ecule with an irregular spectrum structure, this ratio is
about an order of magnitude higher. Data from the
HITRAN databank [8–10] is used to calculate the
radiation f lux due to molecular components. It con-
tains the absorption and broadening parameters of
individual spectral lines. This database includes the
general principles of molecular spectroscopy, and its
use makes it possible to avoid model approximations.
In this case, the information is taken from the branch
of the databank created at the Tomsk Institute of
Atmosphere [9], which has a filter that allows the
selection of the most powerful transitions. Note that
the number of such strong transitions is several hun-
dred, while the databank has the parameters of hun-
dreds of thousands of molecular transitions.

At the same time, the interaction of different
greenhouse components is significant, since they are
simultaneously radiators and absorbers. For example,
an increase in the carbon dioxide concentration leads
to an increase in the radiative f lux produced by carbon
dioxide molecules. However, this is almost compen-
sated by the decrease in the radiative f lux generated by
water molecules. In this case, the increase in the total
radiation f lux is about an order of magnitude less than
the increase in the radiation f lux due to carbon dioxide
molecules. Experience shows that the most reliable
model in this case is the line-by-line model (line-by-
line [7]), which requires determination of the radia-
tion f lux for each frequency without averaging over the
spectrum.

Another problem with the implementation of the
program in question is associated with the emission of
a dispersed component, which is attributed to aerosols
or microdrops that form clouds. Indeed, the absorp-
tion spectrum of molecules of each type occupies a
restricted range of the spectrum, in contrast to the
absorption spectrum of particles or droplets in the
entire spectral region. Therefore, water microdroplets
fill the holes in the absorption spectrum of molecules
in the atmosphere [11, 12]. In this regard, although the
total mass of atmospheric aerosols-droplets is a frac-
tion of a percent of the mass of atmospheric water, the
contribution to the atmospheric emission of this com-
ponent is significant.

However, in the framework of the standard atmo-
sphere model, i.e., an atmosphere with averaged
parameters, the average humidity of the atmosphere is
about 80% near the Earth’s surface and decreases with
an increasing altitude, i.e., condensed water phase is
absent in the atmosphere. Therefore, the real amount
of condensed atmospheric water is determined by
fluctuations and is relatively small. To find it, we use
the energy balance of the atmosphere. The subject of
this article is the development of an algorithm to
determine atmospheric radiation f luxes and to com-
pare the calculation results based on this algorithm
with various aspects of the global atmospheric energy,
including the balance of the greenhouse components
of the atmosphere and the evolution of the global tem-
perature of the Earth.

1. GLOBAL PROPERTIES OF THE EARTH’S 
ATMOSPHERE

1.1. Standard Atmosphere Model

In the analysis of the long-term global evolution of
the atmosphere, it is necessary to eliminate short-term
fluctuations of its parameters. This is taken into
account in the model of the standard atmosphere,
within which the parameters averaged over the season,
latitude, and longitude of the given area and time of
HIGH TEMPERATURE  Vol. 57  No. 4  2019
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Fig. 1. Powers that the Earth receives and gives as a whole,
as well as the atmosphere, as a whole, expressed in 1016 W: the
absorbed power is indicated in the corresponding boxes, and
the consumable power is marked near the arrows.
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Fig. 2. Average energy f lux in W/m2 received and emitted
by the Earth and the atmosphere as a whole: the absorbed
flows are indicated in rectangles, and the consumable f lux
are near the arrows.
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day are used. The atmospheric parameters will the
depend only on the altitude of a atmospheric layer
above sea level. This averaging corresponds to the
model of standard atmosphere; further, the obtained
parameters of the standard atmosphere [5], which are
oriented to the atmosphere of the United States,
will be used. In this model, the global temperature
or the average temperature on the Earth’s surface is
288 K, and the temperature of the troposphere, i.e.,
at altitudes up to 10 km, decreases linearly with alti-
tude, such that the temperature gradient in this region
is approximately dT/dh = –6.5 K/km. The total
molecular density at the Earth’s surface is N(0) =
2.55 × 1019 cm–3, and if the dependence of the molec-
ular density N(h) at the altitude h is approximated as

and the scale of the change in density  for air mole-
cules in the troposphere is ~8 km. At the same time,
no distinction is made between nitrogen and oxygen
molecules, the main components of air: we consider
them to be identical with an average molecular weight
of m = 29 a.u. These molecules are the buffer environ-
ment in which there are radiating molecules and water
droplets.

( )( ) (0)exp ,hN h N= −
Λ

Λ
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Table 1. Total power in the energy balance of the Earth an
and taken from Fig. 1

Arr

Earth and atmosphere 8.3 + 2.9 + 0.7 + 5.
Land 8.3 + 16.7 = 25.0
Atmosphere 2.9 + 18.7 + 5.3 = 2
An important role in the formation of the atmo-
spheric greenhouse effect is played by energetic pro-
cesses in the Earth’s atmosphere. Figures 1 and 2 and
Table 1 present the power P and energy f luxes J for
processes that determine the energy balance of the
Earth and its atmosphere, and J = P/S, where S = 5.1 ×
1014 m2 is the surface area of the Earth. The data in Fig. 1
for the power of the considered energetic processes are
taken from [13]; they, in turn, are borrowed from the
NASA report [14]. More convenient, though less
accurate, characteristics are the average energy f luxes
for these processes [15]. They coincide within a few
percent with the parameters of the planet’s energy bal-
ance contained in subsequent works, in particular, in
modern books on atmospheric physics [16–24]. This
coincidence suggests that, first, these works use the
same source, NASA data, and second, the energy bal-
ance of the Earth as a whole has changed little over the
past half century.

The character of the energetic balance of the Earth
and its atmosphere is mainly subjected to the condi-
tions of the greenhouse effect, as originally formulated
by Fourier [1, 2]. Namely, the energy of solar radiation
absorbed by the surface of the Earth that returns in the
form of infrared radiation, and the atmosphere par-
tially blocks this radiation. As a result, the surface tem-
perature is higher than in the case of a transparent
atmosphere for infrared radiation. Under such condi-
d the Earth’s atmosphere as a whole, expressed in 1016 W

ival The loss

4 = 17.3 0.7 + 5.4 + 1.0 + 10.2 = 17.3
8.3 + 16.7 = 25.0

6.9 16.7 + 10.2 = 26.9
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tions, the infrared radiation f luxes of the atmosphere
on the Earth’s surface and into the surrounding space
are separated, i.e., the optical thickness of the atmo-
sphere with respect to infrared radiation is much
higher than unity. For visible radiation of the Sun,
which more or less freely penetrates the Earth’s sur-
face, the optical thickness is substantially less.

The basis of the energy balance of the Earth and its
atmosphere is solar radiation. On average, solar radia-

tion has a power of 3.86 × 1026 W [25], which corre-
sponds to the temperature Tef = 5777 K of an absolute

black body. At the same time, the Sun mainly radiates
in the visible and infrared regions of the spectrum; the
portion of ultraviolet radiation, radio waves, and x-ray
radiation accounts for less than 1% of the power. The
solar f lux at the level of the Earth, which is called the

solar constant, is about 1365 W/m2 [26–29]. Although
this value is called a constant, it changes with time [30,
31] due to the nonstationary nature of solar processes,
but the variations of this value are a fraction of a per-

cent. In particular, it was 1361 W/m2 in the period of
the solar minimum [32]. An important role in the
determination of the solar-constant variations over
time is played by the accuracy of its measurement [33].

As follows from the data in Fig. 1, the solar-radia-
tion power in the visible region of the spectrum, which

is equal to 1.73 × 1017 W, penetrates the lower atmo-
sphere of the Earth. Some of this radiation with a

power of 6.1 × 1016 W is ref lected from the Earth’s
surface, and the atmosphere and returns to the sur-
rounding space. In addition, the atmosphere sends

1.02 × 1017 W of infrared radiation into the surround-
ing space, and infrared radiation with a power of 1.0 ×

1016 W travels from the Earth’s surface into the sur-
rounding space. Next, the Earth’s surface absorbs vis-

ible and infrared radiation with a power of 2.5 × 1017 W

and emits infrared radiation 1.97 × 1017 W, and the
power of infrared radiation emitted by the atmosphere

and absorbed by the Earth’s surface is 1.67 × 1017 W. In

addition, the power of 5.3 × 1016 W is transmitted to
the atmosphere from the Earth’s surface, spent on
maintaining the convective movement of the atmo-
sphere, as well as the evaporation of water, which is
further condensed in the atmosphere. The energy bal-
ance of the Earth and the atmosphere for the total
power is also presented in Table 1.

The data presented for the energy balance of the
Earth and its atmosphere can be a the basis of models
that may be used to obtain estimates for the parame-
ters of the Earth and the atmosphere as emitters. Using
the model of an absolute black body for the surface of the
Earth and the radiating layers of the atmosphere, we
obtain the relationship between the radiation power in
the infrared spectrum range Prad and temperature radia-

tors Tr according to the Stefan–Boltzmann law

(1)
4

rad rad,P S T= σ
where S is the area of the Earth’s surface, σ = 5.67 ×
10–8 W/(m2 K4) is the Stefan–Boltzmann constant.
Hence, based on the power of infrared radiation from
the Earth’s surface Pem = 1.97 × 1017 W, we get the
average temperature of the Earth’s surface T = 287 K.
This value is slightly different from the temperature of
the Earth’s surface in the framework of the standard
atmosphere model (T = 288 K) [5], and this difference
also characterizes the accuracy of the models used.

Data on the energy balance of the Earth and its
atmosphere can be used to determine the atmospheric
parameters as a source of thermal radiation. We intro-
duce the atmospheric optical thickness u for infrared
radiation and, in our estimates, we assume that it does
not depend on the radiation frequency. The probabil-
ity of a signal passing through the atmosphere as it
propagates perpendicularly to the Earth’s surface is
P = exp(–u)f(u). For convenience, the distribution
function f(u) over optical thickness will be assumed to
be a constant in the interval u1 < u < u2, and to be zero

beyond its boundaries. Based on this, we determine the
probability that infrared photons pass through the
atmosphere if they are isotropically created on the
Earth’s surface. This probability is given by the formula

(2)

where θ is the angle between the normal to the surface
of the Earth and the direction of the photon. Accord-
ing to this formula for u2/u1 = 1.2, 1.5, 2.3, we find the
observed probability of photon survival as it passes
through the atmosphere, which, in accordance with
Fig. 1, is 1/20; it is realized with an average optical
thickness of the atmosphere of [34]

This is the characteristic optical thickness of the atmo-
sphere for the thermal radiation of the Earth.

Based on the thermal radiation power of the atmo-

sphere of the Earth 1.67 × 1017 W and to surrounding

space 1.02 × 1017 W, we determine by analogy with the
radiation of the Earth’s surface temperature of atmo-
spheric layers T↓ and T↑, which are responsible for

thermal radiation in the indicated directions. Model-
ing the radiation of these layers as created by an absolute
black body and using the Stefan–Boltzmann law (1), we
obtain [34]

In accordance with the character of the change in
the temperature of the standard atmosphere with an
altitude, thermal radiation fluxes directed to the sur-
face of the Earth and outside are created on average by
atmospheric layers at altitudes [34]

2

1

1

cos

0

( )     cos ,

u u

u

P f u du e d
−

θ= θ 

2

1

( ) 2.6 0.2.

u

u

u uf u du= = ±

276 K, 244 K.T T↓ ↑= =

↓ ↑= =1.7 km, 6.8 km.h h
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Below we will use data obtained from the energy
balance of the atmosphere to analyze its thermal
radiation.

1.2. Evolution of Global Temperature

The nature of the change in the Earth’s energy bal-
ance is manifested by a change in the global tempera-
ture of the Earth’s surface, i.e., the temperature aver-
aged over all geographic points of the globe. This value
as a function of time is experiencing large f luctuations,
and, in order to reduce the effect of daily and seasonal
fluctuations, we define the global temperature of the
Earth’s surface as averaged over the globe and time
during the year. Analysis of the global temperature is
different in principle from problems of meteorology,
where weather changes are determined by the move-
ment of air, heat, and moisture. The task is to deter-
mine the indicated parameters on the basis of their
values in the corresponding geographical points and at
some points in time. This task can be solved on a lim-
ited time interval, which hardly exceeds 1 or 2 weeks.
When analyzing the global atmospheric properties, we
deal with much longer times, starting from the year.
Therefore, if deterministic methods are used in the
weather analysis, then the analysis of global atmo-
spheric parameters is based on statistical methods.

The main atmospheric parameter we wil focus is
the global temperature and its change in time, which,
in any case, exceeds years. Next, we define the global
temperature of the Earth as the average temperature of
the Earth’s surface, for which averaging is carried out
over different geographic points of the Earth, as well as
over time. This value can be determined reliably if its
values far exceed its f luctuations.

At the same time, measured changes in global tem-
perature in the last 150 years are tens of fractions of a
degree, while seasonal temperature changes reach sev-
eral tens of degrees. Fluctuations of global tempera-
ture at each point on the Earth are measured in
degrees. However, it is possible to reduce the f luctua-
tions in question, if, when finding a change in global
temperature over a certain period of time, by comparison
the changes of temperatures, rather than their values that
are compared at the appropriate times but changes in
global temperature. This approach was developed by
Hansen et al. [35]. In the framework of this approach,
we take the temperature at a certain point on the
Earth’s surface at a given point in time and compare it
with the temperature at the same point and at the same
day of the year and time of day but in different years. It
is clear that a change of this value from year to year is
degrees, not tens of degrees, like the global tempera-
ture itself. We average this change in global tempera-
ture over all points of the globe, according to the time
of day and according to the season. The resulting
change in global temperature ΔT for a given time,
measured in years, is the output parameter character-
izing climate change. Moreover, if the global tempera-
HIGH TEMPERATURE  Vol. 57  No. 4  2019
ture f luctuation is measured in degrees, then the f luc-
tuations of global temperature changes ΔT is estimated
as 0.1 K.

Of course, the implementation of this program
requires a lot of information and time-consuming
work. Nevertheless, the necessary information is con-
tained in the measurements of a large number of mete-
orological stations that have existed since the second
half of the nineteenth century. The number of meteo-
rological stations at the end of the 19th century was
just over 6000; their number has decreased by almost
three times, but basic information now follows from
satellite measurements. At the same time, a compari-
son of changes in Earth’s global temperature, which
were obtained on the basis of appropriate measure-
ments in winter and summer during daytime and night
in the Northern and Southern Hemisphere with aver-
aging of these data throughout the year shows that they
do not exceed 0.2 K [36, 37] and can be considered as
a f luctuation of the change of the global temperature.

Figure 3 shows the changes in the global tempera-
ture of the Earth’s surface with averaging over 5 and
11 years. According to this figure, annual f luctuations
to change the global temperature of the Earth ΔT make
about 0.1 K. This also implies the nonmonotonic
nature of the change in global temperature in the
period under consideration. It was during the 1880–
1910 that there was a slight cooling, which was
replaced by a slight warming in 1910–1940. This was
passed on to the next cooling in 1940–1950. During
1950–1980, the global temperature did not change on
average, and there has been a period of warming from
1980 to the present, such that the global temperature rises
monotonically. Approximating the change in global tem-
perature of the Earth ΔT over the past 30 years by linear
dependence

(3)

we have from the processed data in Fig. 4 [38] dT/dt =
0.018 K/year, where t is the time and to is the initial
time. In addition, the standard deviation from the lin-
ear dependence, i.e., the global temperature f luctua-
tion is 0.09 K according to Fig. 3

Note that the data in Fig. 3 for the global tempera-
ture are the most reliable, because they use a strict
averaging of temperature over various geographic
points of the Earth. Nevertheless, the temperature
change in the past at a certain geographical point of
the planet based on isotopic analysis of sediments
[39–41] gives an idea of climate change in the past.

The temperature of this point on the planet at the
moment when the considered layer has passed into
deposition follows from the ratio of the concentrations

of stable isotopes 18O and 16O, and the time of the for-
mation of this layer can be determined both by the
depth of the studied layer and by the so-called geo-
chronological method (e.g., [42, 43]), which allowed a

o( ),
dTT t t
dt

Δ = −
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Fig. 3. Change in the global temperature of the Earth’s sur-
face from the end of the 19th to the beginning of the 21st
century, obtained by averaging the corresponding values,
which relate to individual geographic points and the same
time points during the day and season [36, 37]; averaged
over 5 (1) and 15 (2) years.
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face, obtained by averaging the corresponding values,
which relate to individual geographic points and identical
time points during the day and season [36, 37] over the past
thirty years (points). The direct line is the averaging of
these data [38].

0.1

0.6

0.5

0.4

0.3

0.2

0.7

0.8

0.9

Year

Change in Earth’s global

 temperature (GISS NASA)

20151985 1990 1995 2000 2005 2010

ΔT, К

Fig. 5. Change in temperature of the Earth’s surface at
Vostok station (Antarctica) and the carbon dioxide con-
centration over the past 400000 years [47–49].

200
2

–2

–6

220
240
260
280

40050

0.5 1.0 1.5 2.0 2.5 2.75 3.0 3.2 3.30

100 150 200 250 300 3500

Time, thousands of years

Depth, km

c 
(C

O
2
),

 p
p

m

T
, 
°C
deep look into the past. This method was primarily
applied to the analysis of the radioactive carbon iso-

tope 14C, the half-life of which is 5730 years, and the
formation occurs under the action of cosmic neutrons
according to the scheme [44–46]

This process became an important archeological
tool and played a significant role in the creation and
development of geochronology. For other times, when
of location of the object in sediments, other isotopes
are used.

As an example of local temperature measurement
in the past, Fig. 5 shows its change over time in the
past 400000 years at Vostok station (Antarctica). In
this case, air bubbles in the ice were analyzed, the tem-
perature was determined by the ratio of oxygen iso-
topes, the time was found according to the depth of the
hole and calibrated by the isotope method, and the
atmospheric concentration of carbon dioxide was
determined by its concentration in the bubbles.

2. GREENHOUSE COMPONENTS 
OF THE EARTH’S ATMOSPHERE

2.1. Carbon Dioxide in the Atmosphere of the Earth
The main greenhouse components of the atmo-

sphere are carbon dioxide and water molecules as well
as microdroplets of water. Below, we consider the
behavior of each of these components in the Earth’s
atmosphere, starting with carbon dioxide, which is in
chemical equilibrium with organic compounds at the
Earth. The transition between atmospheric carbon
dioxide and carbon compounds on the Earth’s surface
is called the carbon cycle, and its channels are taken
from [50–52], are shown in Fig. 6. Although the accu-
racy of these data is limited, the diagram below reflects
the main features of the carbon cycle.

Photosynthesis is the main process for the removal
of carbon dioxide from the atmosphere. This is a com-
plex process in which plant chloroplasts are a catalyst
that transfers CO2 molecules under the influence of

solar radiation in solid forms of carbon [53]. The com-
plex nature of photosynthesis [54–59] is evidence that
this process depends on the type of plant involved in it,
its growth phase, and the external conditions under
which this process takes place. By the nature of the
photosynthesis process, plants are divided into groups
C3 and C4 according to the number of carbon atoms
participating in the elementary chemical process
during photosynthesis [60]. For the plants of group
C3, which includes wheat, rice, and beans, the process
proceeds in the course of collisions of the CO2 mole-

cule with an intermediate product, whereas the CO2

molecule is first captured by the cell in the case of the
C4 group, and the process then proceeds with the par-
ticipation of bound molecules. This leads to different
dependences of the rate of the photosynthesis process

14 14
N C.n p+ → +
HIGH TEMPERATURE  Vol. 57  No. 4  2019
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Fig. 6. Carbon fluxes through the Earth’s atmosphere in
the carbon cycle [50–52], expressed in 109 tons of carbon
per year.
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on the conditions under which it takes place, and in
particular, on the concentration of CO2 molecules in

ambient air [61]. Along with the photosynthesis pro-
cess, the removal of carbon dioxide from the atmo-
sphere over the oceans may be associated with the dis-
solution of carbon dioxide in the ocean, which leads to
the formation of carbonate type CaCO3. Carbonate

decomposition creates a stream of carbon dioxide in
the atmosphere. Other channels for the formation of
atmospheric carbon dioxide are decay processes, as
well as the respiration of plants and microbes.

Human activity leads to the accumulation of car-
bon dioxide in the atmosphere as a result of burning
fossil fuels (coal, oil, and gas), as well as carbon-con-
taining materials. This creates most of the carbon
dioxide f lux in the atmosphere through human eco-
nomic activity. At the same time, 35% of carbon dioxide
emissions into the atmosphere are accounted for by
burning coal, 36% are from oil, 20% are from methane,
3% are from carbon dioxide emissions during the
manufacture of cement, and the other result from the
use of wood, biofuel, etc. [62]. Along with the emis-
sion of carbon dioxide into the atmosphere in process
of energy production from fuel combustion, the forest
destruction in tropical regions of South America,
Africa, and Asia makes a significant contribution to
formation of atmospheric carbon dioxide [63–65].

Approximately 1.5 × 105 km2 tropical forests are
destroyed annually. It is difficult to determine the
effect of this process on the Earth’s climate. On the
one hand, the area cleaned of forest is used further in
agricultural production, where photosynthesis plays a
decisive role. On the other hand, forest destruction
changes the nature of water evaporation from the
released area. Thus, the effect of forest destruction on
the Earth’s climate is ambiguous.

We note the following aspect of the diagram pre-
sented in Fig. 6. At a contemporary concentration of
carbon dioxide in the atmosphere, the f lux of carbon
dioxide in the atmosphere through all channels
exceeds the total f lux of carbon dioxide removed
from the atmosphere, such that the concentration of
CO2 molecules in the atmosphere increases with time.

However, if we exclude human activities from the
carbon cycle, the concentration of CO2 molecules in

the atmosphere will decrease. It can be expected that
it will drop to a limit between 260 ppm and 280 ppm,
which corresponds to the values of this quantity
before the industrial era. Apparently, within these
limits, the considered value was retained for the pre-
vious 10000 years [66].

To the data in Fig. 6, let us add that the Earth’s

atmosphere presently contains approximately 8 × 1017 g
carbon in the form of CO2 molecules. For comparison,

the average mass of atmospheric water is 1.3 × 1019 g, and

the mass of atmospheric air is 5.1 × 1021 g. Based on
the data in Fig. 6, it follows that the residence time of
carbon dioxide in the atmosphere is about 4 years.
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During this time, carbon dioxide mixes with the air in
the atmosphere; thus, the concentration of CO2 mol-

ecules in atmospheric air does not depend on a mea-
surement point, far from carbon dioxide sources or the
areas of its destruction.

Thus, the balance between atmospheric carbon
dioxide and solid carbon, which is part of the organic
compounds on the Earth’s surface, is associated with
photosynthesis and oxidation of carbon-containing
substances, mainly as a result of the rotting and respi-
ration of plants. As can be seen from the above data,
the contribution of human industrial activity to the
formation of atmospheric carbon dioxide is approxi-
mately 5%. Thus, carbon dioxide emissions in the
atmosphere as a result of carbon energy are not as sig-
nificant as the media assure us.

The most complete information on the current
concentration of CO2 molecules in the atmosphere

and its evolution follows from the measurements of the
Mauna Loa Observatory, Hawaii, United States [67–
70]. This observatory is conveniently located at an alti-
tude of 3400 m above sea level, which excludes the
influence of sources of atmospheric CO2 and makes it

possible to operate with a stable concentration of car-
bon dioxide in atmospheric air. In addition, the mon-
itoring of the atmospheric carbon dioxide concentra-
tion occurs continuously, starting from 1959. Its
results are presented in Fig. 7 with monthly or annual
averaging of the concentration of carbon dioxide mol-
ecules [69, 70].

According to Fig. 7, the concentration of CO2 mol-

ecules in the atmosphere changed from 316 ppm in

1959 to 410 ppm in 2017 (1 ppm = 10–6), i.e., over the
past 60 years, it has increased by 30%. Figure 7a shows
that the concentration of CO2 molecules in the atmo-

sphere grows with acceleration. Indeed, the rate of accu-
mulation of CO2 molecules in the atmosphere changed

from 0.7 ppm per year in 1959 to about 2.1 ppm per year
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Fig. 7. Concentration of carbon dioxide in atmospheric air
as measured by the Mauna Loa Observatory [68, 69] during
the last half-century (a) and recent years (b) (1) average
values for the corresponding month, (2) averaging over
measurements for 6 months before and after this time.
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Fig. 8. Concentration of carbon dioxide in the Earth’s
atmosphere in the past, recovered from the analysis of gla-
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500

400

300

200

100
800 700 600 500 400 300 200 100

с(СО2), ppm

kyr BCE
in 2017. Seasonal variations in the concentration of
CO2 molecules in the atmosphere (Fig. 7b) occur due

to the higher intensity of photosynthesis in the North-
ern Hemisphere as compared to that of the Southern
Hemisphere. As a result, the measured concentration
of carbon dioxide molecules decreases in the period
from May to September, when photosynthesis takes
place in the Northern Hemisphere.

The average annual increase in the atmospheric
concentration of carbon dioxide is currently 2.1 ppm
per year, which corresponds to the burning of 4.4 ×

109 tons of carbon. This is half of the amount of car-
bon contained in fossil fuels extracted during the year
(coal, oil, and methane). From Fig. 7b it follows that
the atmospheric concentration of carbon dioxide
decreased from 402 ppm to 395 ppm from May to Sep-
tember 2014 and then increased to 404 ppm from Sep-
tember 2014 to May 2015. This corresponds to a tran-

sition of 15 × 109 tons of carbon from the atmosphere

in the first case and a transition of 19 × 1019 tons of
carbon to the atmosphere in the second case. Thus,
there is information on the modern content of carbon
dioxide in the atmosphere and the rate of its change.

Along with monitoring of the current carbon diox-
ide content in the atmosphere, a certain understand-
ing of the evolution of this parameter in the past fol-
lows from analysis of the carbon dioxide content in
glacial deposits. Figure 8 shows the change in the carbon
dioxide concentration in the past [71]. Leaving aside the
periodic character of oscillations of this magnitude, we
note that the average carbon dioxide concentration is
close to its value in our era in the preindustrial era.

Thus, at present, the atmospheric carbon dioxide
concentration c grows at a rate of about 2.4 ppm per
year, which corresponds to equation [38]

(4)

where the current concentration of atmospheric car-
bon dioxide is assumed to be c = 410 ppm. It follows
that, with a modern growth rate of the atmospheric
concentration of CO2 molecules, this value will double
in about 120 years. Further, in accordance with the
Arrhenius concept [6], which is based on the use of the
atmospheric concentration of CO2 molecules as char-
acteristics of the current state of the atmosphere, we
find that, according to formula (3), doubling of the
concentration of carbon dioxide in the atmosphere
leads to a change

(5)

Note that this result follows from measurements in
the framework of NASA programs, and the increase in
the carbon dioxide concentration is not in this case the
cause of the change in global temperature but is used
as a characteristic of the atmospheric state.

Let us check the Pauling concept, which relates to
the change in atmospheric concentration of carbon
dioxide to the change in global temperature [72, 73].
Moreover, a specific channel of this connection was
indicated. It is carbon dioxide that is mainly absorbed
by the oceans; it exists in the oceans as a compound of

the type  as a result of chemical equilibrium

(6)

and the enthalpy for this process or the binding energy

of CO2 molecules is  [74]. Since the

number of bound carbon dioxide molecules in the

−= 1ln
0.006 year ,

d c
dt

(2.0 0.3) K.TΔ = ±

3CaCO

2 3CO +CaO CaCO ,↔

Δ = 178 kJ/molH
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Fig. 9. Rate of exchange of water between land, ocean, and
atmosphere, expressed in 1018 g/year, presented near the
corresponding arrows; the water content in each of the
objects is given in 1015 g (billion tons).
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ocean is about 60 times more than its amount in the
atmosphere, the ocean in this equilibrium can be consid-
ered a source of carbon dioxide; thus, the dependence of
the concentration of atmospheric carbon dioxide c on the
ocean temperature T has the form c ~ exp(–ΔH/T).
which, on the basis of formula (3), gives

Comparison with formula (4) shows the validity of
the concept of Pauling, i.e., the chemical equilibrium
between oceanic and atmospheric carbon dioxide is
largely responsible for the observed increase in carbon
dioxide concentration.

2.2. Atmospheric Water

Another atmospheric greenhouse component,
water, enters the atmosphere as a result of evaporation
of water molecules from the Earth’s surface and pre-
cipitation. The total rate of water evaporation from the

Earth’s surface is 3.9 × 1020 g/year [75–78], and the
same amount of water returns to Earth annually as

precipitation, with only about 1.0 × 1018 g/year in the
form of snow. Figure 9 presents the balance of water in
the processes of its transitions between the land,
oceans, and the Earth’s astrosphere. The average

water content in the atmosphere is 1.3 × 1019 g [79–84]

as compared to a mass of 5.1 × 1021 g for atmospheric
dry air. This corresponds to an average concentration
of water molecules in atmospheric air of 0.33%, and to
an average concentration of 1.7% near the Earth’s sur-
face. It also follows from these data that the average
residence time of water molecules in the atmosphere is
approximately 9 days [78]. To this we add that water,
distributed in the atmosphere, is nonuniform, and its
content in a given area of the atmosphere changes with
time.

At the same time, atmospheric water makes up a
small fraction of the Earth’s water, 96% of which is

salty; the fresh water content is about 1.0 × 1022. If the
atmospheric water is transferred to a liquid state and is
distributed over the Earth’s surface uniformly the
height of the layer of liquid water will be 2.5 cm [83].
Further, the average water density in the atmosphere

near the Earth’s surface is 3 g/m3 as compared to a dry

air density of 1.2 kg/m3. This corresponds to an aver-
age partial pressure of water vapor at the Earth’s sur-
face, which is equal to about 2 Torr. Since the pressure
of a saturated water vapor at a temperature of 0° is
4.7 Torr [84, 85]. The surface areas of the atmosphere
located at altitudes at least below 3 km contain water in
the form of free molecules under equilibrium conditions.

Other phase forms of water—liquid, snow, and ice
(crystalline)—form and mainly exist in the higher
atmospheric layers. Atmospheric particles, including
the water in these phases, are called aerosol particles or
aerosols. Processes involving aerosols [86–91] affect

−Δ Δ= = 1

2

ln
0.0046 year .

d c H d T
dt dtT
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various atmospheric properties, including electrical
and optical properties, and the participation of aero-
sols in atmospheric electrical phenomena is of key
importance [92].

Since the tropospheric temperature decreases with
an increasing altitude in the layers of the troposphere
where the pressure of atmospheric water vapor exceeds
the pressure of saturated steam at a current air tem-
perature, it is possible for the condensation of excess
vapor of atmospheric water to form growing aerosols,
i.e., micron-sized, liquid water particles. In particular,
the typical parameters of water microdroplets in a ripe
cumulus cloud are [93–96]

where ro is the average aerosol radius and Nd is the
average microdroplet number density. In accordance
with this formula, the average micro droplet contains
about 7 × 1013 water molecules, and the average num-
ber density of bound molecules of microdrops of a
cumulus cloud is 7 × 1016 cm–3, whereas the average
density of free water molecules at the Earth’s surface is
4.3 × 1017 cm–3.

The Earth’s atmosphere contains various types of
aerosol particles in a wide range of sizes from 0.01–
100 μm that can affect various atmospheric properties.
These aerosols are usually based on water, but they
may also contain SO2, NH3, NOx, mineral salts, and

other compounds resulting from processes on the
Earth’s surface. The aerosol content in the atmo-
sphere is of interest for the analysis of atmospheric
radiative properties in the infrared range of the spec-
trum; however, the aerosol concentration in the air is
unstable. The presence of water in the atmosphere in
the condensed phase, i.e., in the form of aerosols,
could possibly provide a measurement of the water
content in the stratosphere. Indeed, it was previously
shown that water barely penetrates the upper layers of
the troposphere, because condensation occurs due to
the low temperature of water. Reaching micron sizes,
aerosols fall under the action of gravitational force.

−= μ = 3 3

o 8 m, 10 cm ,dr N
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Fig. 10. Dependence of the concentration of water mole-
cules in atmospheric air on altitude [97].
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However, a small portion of the water remains in the
form of free molecules. For example, at –20°C, the
density of free molecules at a pressure of saturated

water vapor is 3 × 1016 cm–3 [84]. Therefore, water
vapor penetrates to the stratosphere to a small extent,
where it does not condense due to the temperature,
which is higher than that in the tropopause. Since it
mixes with air molecules as a result of convective air
movement, the concentration of water vapor in the
stratosphere may indicate both the aerosol content in
the upper troposphere and the temperature distribu-
tion in the atmosphere over the altitude.

As can be seen, the aerosol formation in the atmo-
sphere leads to a sharp drop in the density of water
molecules in the troposphere with increasing altitude.
In particular, Fig. 10 shows the dependence of the
concentration of water molecules with respect to air
molecules for one of the measurements in a tropical
atmosphere under conditions in which the concentra-
tion of water molecules in the near-surface atmo-
sphere substantially exceeds its average value. The
atmospheric water content drops sharply with altitude,
and the concentration of water molecules in the
stratosphere is much less than that of carbon dioxide,
in contrast to the ratio between them in the tropo-
sphere. Long-time measurement of the content of
stratospheric water can give a parameter characteriz-
ing the presence in the atmosphere of the main source
of its thermal radiation. For example, long-term bal-
loon measurements of the stratospheric water content
were carried out in Boulder, Colorado. Let us present
their results from 1980 to 2010 at altitudes of 16–26 km
[98]. During this period, the stratospheric water content
increased on average by 1.0 ± 0.2 ppm or (27 ± 6)%.
Moreover, during 1980–1989, this increase ranged
from 0.44 ± 0.13 ppm at altitudes of 16–18 km to 0.07 ±
0.07 ppm at altitudes of 24–26 km. In the period
1990–2000, the increase in the content of strato-
spheric water averaged at other altitudes was 0.57 ±
0.25 ppm, it decreased on average by 0.35 ± 0.04 ppm
whereas in the period 2001–2005, increasing again in
2006–2010 on average, by 0.49 ± 0.17 ppm. We note
here that the concentration of water molecules that in
the stratosphere is almost three orders of magnitude
lower than that in the near-surface layers of the atmo-
sphere. It can be seen that even the concentration of
stratospheric water averaged over a large period of time
behaves irregularly, which indicates the complexity of
the processes involving water molecules in the atmo-
sphere. The water content in the troposphere, where
water is the main source of thermal radiation also varies
irregularly, since the condensation processes are added to
processes involving water molecules in the stratosphere
and lead to formation water microdrops which form
clouds.

3. ATMOSPHERIC AIR ABSORPTION 
COEFFICIENT

3.1. A Simple Model of the Radiation 
of the Earth’s Atmosphere

The radiative properties of the Earth’s atmosphere
are mainly associated with the presence of three com-
ponents in it: molecular water and carbon dioxide, as
well as water microdroplets, i.e., micron-sized water
particles that form clouds. The thermal radiation of
the atmosphere, which is created by the molecules in
it, is due to radiative transitions between vibrational
and rotational states of molecules. Leaving aside the
selection rules for these transitions [99–105], which
constitutes a specific section of molecular spectros-
copy, we focus on the determination of absorption
coefficients of atmospheric air with an admixture of
optically active molecules.

In this case, the subsequent transitions are com-
bined into bands, which makes this molecule optically
active in a certain range of the spectrum. If we model
the radiating regions of the atmosphere with an absolute
black body, then, according to the Wien law [106, 107],
the maximum of the radiation intensity corresponds to
the wavelength λm, which is connected with the radiative

temperature T by the relation λmT = 0.29 cm K. Since

thermal radiation is generated by atmospheric regions
with a temperature of 220–300 K, wavelengths of λ =
10–15 μm are of primary interest for thermal radiation
of the atmosphere. Note that this corresponds to a
radiative transition for a CO2 molecule between the

ground and lower vibration-excited states.

There are various forms of photon propagation in a
gaseous medium, including planetary atmospheres,
depending on the conditions under which this occurs
(e.g., [107–111]). In this case, we are dealing with a
radiating gas that is in thermodynamic equilibrium
due to high air pressure. This means that photon-
emitting excited molecules are not formed as a result
of photon absorption but from their collisions with
surrounding molecules. In other words, the tempera-
HIGH TEMPERATURE  Vol. 57  No. 4  2019
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Fig. 11. Intensity of absorption rates of carbon dioxide mol-
ecules at room temperature [9, 10]; the vibrational transi-
tions are shown to which this rotational branch belongs.
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Fig. 12. Intensity of absorption of water molecules at room
temperature [9].
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ture of the radiation generated in a certain region of
the atmosphere coincides with the temperature of this
layer. In addition, the optical thickness of the gas sys-
tem is large, i.e., the photon-path length is small com-
pared with the size of the system.

In the case of radiation of an optically thick layer of a
gas of the same temperature, the radiative flux corre-
sponds to the radiation of an absolute black body with a
radiative temperature equal to the layer temperature. One
can reduce atmospheric radiation, the temperature of
which decreases with an altitude, can lead to the emission
of a uniform atmosphere, and Tω for a given frequency ω
coincides with the layer temperature at which the optical
thickness uω to the atmosphere boundary is [112, 113]

(7)

This result corresponds to decomposition of the
partial radiation f lux for a given frequency in a small
parameter, which is proportional to the square of the
temperature gradient. For the standard atmosphere of
the Earth, this parameter is 0.01.

Let us consider the nature of the atmospheric radi-
ation based on a simple model that takes into account
that the density of molecular optically active compo-
nents of atmospheric air may decrease with increasing
altitude. We use a simple approximation for the pho-
ton-absorption coefficient kω at a given frequency ω by

atmospheric air [34]

and define the parameters A and Λ from the condition
that the optical thickness for the effective layer responsi-
ble for radiation in this direction is 2/3. The conditions in
this case, with formula (7) taken into account, are

The solution of these equations gives [34]

The considered model is suitable for a molecular gas
due to the monotonous decrease of the absorption
coefficient with altitude and for an optically dense
atmosphere u  1; thus, the atmospheric regions
responsible for the atmospheric emission towards the
Earth’s surface and outside it are separated. Below, we
focus only on the atmospheric radiation directed to
the Earth’s surface.

3.2. Emission of Atmospheric CO2 Molecules and H2O
At the first stage of analysis of the emission of

atmospheric air with an admixture of optically active
components, we determine the absorption coefficient
of the atmosphere at a given frequency. In this case, we
are based on the data from the HITRAN databank [8–
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10], which contains the parameters of a large number
of vibration–rotation transitions of molecules. One of
the parameters of interest is the intensity of the spec-
tral line Si, which is introduced such that the absorp-

tion coefficient kω of this component at a given fre-

quency ω is determined by the relation

(8)

where Nm is the total density of molecules of this type,

frequency ωi refers to the center ith spectral line, and

 is the frequency distribution function of
photons, which is determined in the case of atmo-
spheric air by collisions of the emitted molecule with
air molecules and has the form

(9)

where νi is the width of the corresponding spectral
line. The parameters of this formula are taken from the
HITRAN databank [8–10] to calculate the absorption
coefficients of the optically active components of the
atmosphere. Figures 11 and 12 contain the intensity of
the spectral lines for water molecules and carbon dioxide.
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Fig. 13. Absorption coefficient of the water layer under
normal conditions [114]. The cross corresponds to the
atmospheric experiment [115].
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The model used for the frequency-independent
absorption coefficient does not describe the emission
of water vapor and carbon dioxide, since the emission
of molecules is concentrated in a restricted range of
the spectrum, but it is suitable for water microdroplets
with an appropriate distribution in a space. Indeed,
the absorption cross section of photons by a black
spherical particle, the radius ro significantly exceeds

the radiation wavelength λ, the absorption cross-sec-

tion is σ =  which corresponds to the absorption
coefficient kω, independent of the wavelength of the

radiation and is defined by the formula

(10)

where Nd is the particle number (microdroplets) den-
sity. The typical parameters of water microdroplets in
a thundercloud are given by formula (6). It can be seen
that clouds can be effective atmospheric radiators.

Figure 13 contains the dependence of the absorp-
tion coefficient of liquid water on the radiation wave-
length. This figure also shows the result of the absorp-
tion study for the real atmosphere [115], according to
which the absorption coefficient for radiation with a
wavelength of 10–12 μm by stratocumulus clouds is

700–1000 cm2/ g. Although the applicability criterion
of formula (10) is not fulfilled, it describes an experi-
ment with a restricted accuracy. Based on the data in
Fig. 13, we note the following behavior of water micro-
droplets in the atmosphere. The absorption coefficient
of infrared radiation by a layer of liquid water is
approximately seven orders of magnitude higher than
its typical value in the visible spectral range. There-

2

o ,rπ

2

o o, ,dk N r rω = π λ@
fore, when microdroplets are formed from water mol-
ecules and do not contain impurities, they are trans-
parent for visible light, but they are effective emitters
in the infrared range of the spectrum. Subsequently
they become visible due to the absorption of impurities
or salts that stick to them.

A pecularities of the absorption of atmospheric
molecules is that the distance between neighboring
spectral lines Δωi considerably exceeds the width of an

individual spectral line νi, which is proportional to the

number density of air molecules. For example, in the
case of CO2 molecules, the frequency difference for

neighboring transitions is 1.56 cm–1, whereas the spectral

line width at atmospheric pressure is close to 0.15 cm–1.
Accordingly, the absorption coefficient as a function of
frequency has an oscillating structure with maxima at the
centers of spectral lines and minima between them.

In the case of carbon dioxide molecules, the regu-
lar model is valid [116], where the frequency differ-
ences for neighboring transitions are identical. Then,
since, in the main frequency range of the transition,
the rotational moment of the initial and final states is
large and the intensity weakly depends on the rota-
tional number, the intensity of the transitions Si can be

replaced by the slowly varying frequency function Sω
and, on the basis of the Mittag–Leffler theorem [117],
the summation over rotation numbers in formula (8)
can be performed for each frequency. The resulting
expression for the absorption coefficient of a molecu-
lar gas (e.g., [118–121]) in terms of formula (8) is

(11)

where Δω is the frequency difference for neighboring
transitions, ν is the width of the spectral line, and fre-
quency ωo corresponds to the frequency of the vibra-
tion transition.

Figure 14 shows the frequency dependence for the
absorption coefficient of CO2 molecules in the atmo-

sphere near the Earth’s surface in the spectral range
near the absorption band boundary, and Fig. 15 shows
this dependence for the total absorption band. The
interaction and competition of different greenhouse
components occurs in the spectral range, where each
of these components contributes to the total absorp-
tion coefficient. For molecules of carbon dioxide and
water, competition takes place in the range of the
absorption of molecules of carbon dioxide; this follows
from Fig. 16, which contains the total absorption coef-
ficient. In the frequency range with strong absorption
by water molecules, their spectrum is reduced to a reg-
ular model.
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Fig. 14. Atmospheric absorption coefficient near the
Earth’s surface due to carbon dioxide molecules near the
red (a) and violet (b) boundaries of the absorption band:
the rotational moments for the initial state of the excitation
process are indicated; P and R denote the corresponding
rotational branch of the rotation–vibration transition.
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Fig. 15. Absorption coefficient of atmospheric carbon
dioxide molecules near the surface of the Earth [115].
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Fig. 16. Total absorption coefficient of atmospheric car-
bon dioxide molecules, water molecules, and water micro-
droplets (solid curve) near the Earth’s surface in the car-
bon-dioxide absorption band; the points are the absorp-
tion coefficient of carbon dioxide molecules and water
microdroplets.
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4. ATMOSPHERIC RADIATION FLUXES 

TOWARDS THE EARTH

4.1. Peculiarities of Radiation of Atmospheric Air

Our goal is to create an algorithm for calculation

the radiative f lux of energy directed from the Earth’s

atmosphere to its surface. This f lux is one of the com-

ponents of the Earth’s energy balance and determines

the greenhouse effect of the atmosphere. Let us con-

sider this effect for a standard atmosphere, i.e., for the

atmosphere with averaged parameters. We note the

connection between the processes of radiation and

absorption, the rates of which are related by the Kirk-

hoff laws. Therefore, in the analysis of radiation pro-

cesses, it is possible to use equally parameters describ-

ing both radiation and absorption. Apparently, the

most suitable for this purpose are the coefficient of

absorption of atmospheric air κω and optical layer

thickness uω for photons of this frequency. In particu-

lar, the radiation temperature at this frequency is equal

to the layer temperature, the optical thickness of which

is on the order of magnitude in accordance with (7).
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Moreover, since atmospheric air contains three
main radiating components, i.e., carbon dioxide,
water molecules, and water droplets, the absorption
coefficient of atmospheric air Kω is the sum of the

absorption coefficients of these components [122]

(12)

where  is the coefficient of absorption by molecules

of carbon dioxide,  is the absorption coefficient of
water molecules, and χ is the absorption coefficient of
water droplets. If we assume that the density of elemen-
tary radiators does not depend on the altitude, then, in
accordance with (7), the altitude of the layer responsible
for the radiation of the atmosphere at a given frequency is

,K kω ω ω= + κ + χ

kω

ωκ

2
.

3
h

Kω
ω

=
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Fig. 17. Altitude of the atmospheric layer above the Earth’s
surface, which is responsible for the atmospheric emission
in the absorption band of carbon dioxide.
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Fig. 18. Radiative temperature of the atmosphere in the
absorption band of carbon dioxide (solid curve); the points
are the absorption coefficient of carbon dioxide molecules
averaged over the spectrum.
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These conditions are valid at frequencies less than

about 750 cm–1 in the absorption band of water mole-
cules and carbon dioxide. Figure 17 shows the altitudes
responsible for atmospheric emission in the absorp-
tion band of carbon dioxide.

Under the considered conditions, and according to
the temperature gradient of the standard atmosphere in
the troposphere is –6.5 K/km, we have for the radiative
temperature

(13)

where TE = 288 K is the temperature of the Earth’s
surface for the standard atmosphere and Kω is the total
absorption coefficient of the atmosphere. Figure 18
shows the absorption coefficient of the standard atmo-
sphere in the range of the carbon dioxide absorption
band.

ω
ω

= − =o
o

K
, 4.33 ,

km
E

TT T T
K

The radiation temperature Tω for a given frequency

of photons makes it possible to determine the partial
radiation flux

(14)

The expressions for the atmospheric radiation
parameters correspond to the frequencies for which
the optical thickness of the air is large and at which the
radiation is generated by water and carbon dioxide
molecules. It follows from Figs. 12 and 16 that, at low
frequencies, the absorption of the standard atmosphere is
determined by water molecules, and the absorption band
of carbon dioxide molecules, according to Fig. 15, lies in

the frequency range of about 580–750 cm–1. In this
case, at the lower boundary of this absorption band,
the overlapping of the spectra of water and carbon
dioxide takes place. Further, we will assume that
molecular emission dominates at photon frequencies

below 760 cm–1, whereas the atmospheric radiation is
determined by water droplets at higher frequencies.

4.2. Atmospheric Radiation towards the Earth
The analysis makes it possible to formulate a more

accurate and realistic model of infrared radiation from
the atmosphere towards the Earth while maintaining
the principles inherent in previous models. Namely,
we divide the frequency range of radiation into two
parts, the boundary of which is approximately ωo =

760 cm–1. In the lower frequency range, the atmo-
spheric emission is determined by the emission of
water and carbon dioxide molecules, and the radiation
flux is determined by the considered scheme. Within the
framework of this scheme, it is given by formula (14), and
the corresponding radiative temperature is calculated
by formula (13). At high frequencies, the atmospheric
radiation is determined by clouds containing micro-
droplets with temperature Td. As a result, we have for

the radiation f lux of a standard atmosphere

(15)

where  is the radiation flux due to water molecules in
the high frequency range. Figure 19 shows the radiative
fluxes between the atmosphere and the Earth. These
fluxes are elements of the Earth’s energy balance.

It follows from Fig. 19 that water molecules are par-
tially absorbed in the high frequency region. Figure 20
shows the optical thickness of the standard atmo-
sphere due to water molecules in this region of the
spectrum. It is obtained on the basis of spectroscopic
data from the HITRAN databank. In this case, we can
assume that water molecules are below the clouds, i.e.,
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Fig. 19. Radiative f luxes from the atmosphere to the Earth
and from the Earth’s surface to the atmosphere, expressed
in W/m2.
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Fig. 20. Optical thickness of the standard atmosphere cre-
ated by water molecules.
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the radiation of the atmospheric microdroplets does
not shield the molecular radiation. Representing the
radiation of water molecules in a given spectral range in
the form of single lines, we obtain the contribution to

the radiative flux due to water molecules δJ = 5 W/m2,
as shown in Fig. 19.

Formula (15) demonstrates the significant contri-
bution of water microdroplets to atmospheric radia-
tion. This follows from general considerations, since
the absorption band of the most efficient optically
active molecules is limited [11, 12], while macroscopic
particles are emitted in a wide spectral range. There-
fore, aerosol particles in the atmosphere are emitted in
a wide spectral range [119–121], filling the transpar-
ency windows for atmospheric molecules. From the
point of view of the radiative properties of the atmo-
sphere, the radiation processes of aerosols are over-
lapped on the atmospheric processes of condensation
and chemical processes, as well as chemical atmospheric
processes and transport processes that are associated with
convective transport of atmospheric air [123–131].

Among aerosols, water drops play the largest role
for a number of reasons. Firstly, water is a widely
spread component of the atmosphere that is capable to
generate infrared radiation. Secondly, it is in the tro-
posphere at low altitudes that effective condensation
of water occurs, leading to the formation of micron-
sized particles, and it is this size that is most effective
for radiation, since it corresponds to the typical wave-
length of thermal radiation. Since water droplets form
clouds, the problem of aerosol radiation can be related
to cloud behavior.

Note that the radiative f lux of the atmosphere
towards the Earth due to water microdroplets can be
determined on the basis of the energy balance of the
Earth; thus, the f lux of infrared radiation from the
atmosphere to the Earth’s surface is

This gives the value given in Fig. 19 for the radiation
flux to the Earth’s surface created by cloud droplets.
This determines the cloud temperature, which is
approximately equal to Td = 265 K; this corresponds to

an altitude of radiators as of h = 3.5 km.

Based on the energy balance of the standard atmo-
sphere shown in Fig. 2, we determine the optical cloud
thickness. According to the energy balance of the

Earth, the radiative f lux of the Earth Js = 20 W/m2 is

not absorbed by the atmosphere. Obviously, this
occurs in the high-frequency range, where the absorp-
tion is determined by water microdroplets. In this
range of the spectrum, the Earth’s surface emits flux of

radiation  =163 W/m2; thus, the probability of the sur-
vival of a photon emitted by the Earth’s surface in this

spectrum range is equal to P = Js/  = 0.13. Conversely,

the probability of photon survival during passage through

2
327 .

WJ
m↓ =

'EJ

'EJ
HIGH TEMPERATURE  Vol. 57  No. 4  2019
the atmosphere is given by formula (2). Thus, using the
simplest distribution function over optical thicknesses
f(u) = exp(–u/uo), we have the following expression

for the photon-survival probability:

The solution of P = 0.13 gives uo = 3.2. This value

refers to the standard atmosphere, while large f luctu-
ations correspond to the clouds and their constituent
water microdrops. Therefore, in reality, the atmo-
spheric optical thickness in the range of the absorption
band of carbon dioxide may vary significantly at dif-
ferent geographical points of the planet and at differ-
ent times.

4.3. Cosmic Rays in the Atmosphere

The above scheme for determination of the radia-
tive f lux towards the Earth allows one to understand
the pecularities of the formation of this f lux and to
find the average contribution to each of the green-
house components, which include carbon dioxide and
water molecules, as well as water microdroplets. It can

1

o0

cos cos
.

cos

dP
u

θ θ=
+ θ
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Fig. 21. Correlation between the anomalies of the cosmic-
ray f lux and the change in cloudiness in the lower atmo-
sphere [134]: (1) deviations from the average for the cos-
mic-ray f lux, (2) the same for the average atmospheric
cloudiness.
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be seen from Fig. 19 that the main contribution to the

thermal radiation of the atmosphere comes from

atmospheric water and microdroplets, which account

for tenths of a percent of atmospheric water and pro-

vide one third of the radiation f lux. This indicates the

importance of condensation processes in the forma-

tion of the radiative f lux from the atmosphere, i.e.,

changes in the rates of these processes can change the

energy balance of the Earth.

This fact is akin to the influence of cosmic-ray

intensity on the heat balance of the Earth via cloud

formation. As early as 1959, it was noted [132] that an

increase in the intensity of cosmic rays leads to an

increase in the ionization rate in the atmosphere. This,

in turn, accelerates the process of water-vapor con-

densation with microdroplet formation, which affects

the energy balance of the Earth. Figure 21 shows the

change in the intensity of cosmic radiation modulated by

the solar plasma, together with the change in the atmo-

spheric coverage above the Earth’s surface with clouds.

Anomalies, i.e. deviations from the mean, for cosmic

radiation that is absorbed by solar plasma and is further

emitted by it, oscillate with a period of solar activity. The

considered effect of cosmic rays on the atmosphere is

associated with its ionization. It would seem that the

energy spent on ionization is small, and this process

cannot affect the energy of the atmosphere. Indeed,

the rate of ionization of the atmosphere by cosmic rays

per unit area of the Earth’s surface is 4.5 × 107 cm–2 s–1

[133], which corresponds to a total power of approxi-

mately 1 × 109 W [23] consumed on this process. This

is eight orders of magnitude less than the power of

solar radiation entering the atmosphere. Therefore,

one would expect that cosmic radiation does not affect

the atmospheric energy. Nevertheless, an action on

the sensitive element of the chain of energy processes

may require much lower power.
It follows from Fig. 21 that the correlation between
the intensity of cosmic rays and the change in the area
of clouds in the lower part of the atmosphere occurs in
the 22nd solar activity cycle from 1981 to 1992. In the
subsequent 23rd solar activity cycle, this correlation is
absent. Apparently, this picture can be explained by
the fact that cosmic rays significantly influenced the
cloud growth in the 22nd solar cycle via the formation
of condensation nuclei, whereas other channels then
appeared to form the condensation nuclei of atmo-
spheric water due to air pollution.

The presented analysis of Svendsmark et al. [134–
137] made it possible to analyze the nature of the
influence of cosmic radiation on the Earth’s climate in
the past and also became the basis of an experiment at
the CERN accelerator, where the effect of cosmic
radiation on atmospheric air was simulated by the
action of synchrotron radiation. Although this con-
cept of the influence of cosmic ray intensity on the
Earth’s climate causes discussions and objections, the
very formulation of this problem shows that even low-
energy processes in the atmosphere can affect its
energy balance if they act on sensitive elements in the
chain of energy processes.

Let us note one more aspect of the problem. Water
condensation in the atmosphere begins with the forma-
tion of nanosize particles, whereas, focusing on thunder
clouds, we deal with microdroplets, typical parameters
of which are given by formula (6). This is due to the
character of the water condensation in the atmosphere.
Indeed, the formation and growth of the condensed
water phase occurs mainly at altitudes of 2–5 km,
where, due to the decrease in atmospheric tempera-
ture with altitude, the water vapor pressure becomes
higher than the saturated vapor pressure due to pene-
tration of jets of humid air from low layers of the atmo-
sphere. In this region, an excess of water vapor is con-
verted into a condensed phase, and, if condensation
nuclei are present in the atmosphere in the form of
ions and radicals, this process occurs during short
times, less than 1 s.

During these times, an equilibrium is established
between the gas and condensed water phases, and it is
in areas containing small water drops, which are con-
densation nuclei, that the subsequent condensation of
water vapor occurs if the jets of moist air penetrate the
region of the location of small drops. At the same time,
droplets grow in this region of the atmosphere as a
result of coagulation, i.e., the merger of two drops at
their collision. This process goes slower as a drop
reaches a larger size and ends when the time it takes for
a drop to leave the cloud becomes comparable to the
time it grows. In this case, the drop reaches micron
sizes. It should be noted that the time of drop growth
or the time that water molecules stay in the atmo-
sphere is 8–9 days, which is much longer than a typical
time to establish equilibrium between the phases.
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Table 2. Radiation fluxes from the Earth’s atmosphere
emitted by an indicated component and its portion (in
brackets) of the total radiation flux, in W/m2

 corresponds to the modern atmospheric concentration of car-

bon dioxide, and the radiation flux  relates to its double value.

Component
CO2 

molecules

H2O 

molecules

Water 

microdrops

 W/m2 44(14%) 172(52%) 111(34%)

 W/m2 50(16%) 168(51%) 110(33%)

,J↓

(2)
,J↓

J↓
(2)J↓
We add that, although the condensed phase of
atmospheric water was considered to be microdrop-
lets, i.e., it was considered liquid, for these processes it
is not of principal. If this phase is solid (snow, ice, or
their mixtures), the collision of two particles in differ-
ent phase states leads to their charging and thus gives rise
to atmospheric electricity [138]. This indicates the
important role of condensation processes, not only for
the formation of thermal radiation of the atmosphere but
also for other atmospheric processes and phenomena.

4.4. Partial Atmospheric Emission

Let us consider the peculiarities of the formation of
a f lux of infrared radiation on the Earth’s surface. In
accordance with the performed analysis, it is created
by three components, molecules of water and carbon
dioxide and also by water microdrops. The absorption
band of carbon dioxide molecules occupies the fre-

quency range of 580–750 cm–1 and is determined by
three vibration transitions (Fig. 11). The absorption

band of water molecules is in the range of 0–800 cm–1

and overlaps with the range of absorption of carbon
dioxide molecules. Thus, these molecules compete
with the formation of thermal radiation from the
atmosphere. The use of spectroscopic data from
HITRAN bank facilitates the consideration of this
competition with in the framework the line-by-line
method, i.e., via the analysis of partial radiative f luxes
of the atmosphere at each frequency. In this case, pho-
tons produced by each component are summed, and
there is a total absorption coefficient (12) and a certain
radiative temperature for each photon frequency (13).

Such a scheme makes it possible to separate the
atmospheric radiation f luxes created by different com-
ponents. In particular, the proportion of photons that
reach the Earth’s surface and that originate from the
emission of carbon dioxide molecules is kω/Kω
according to the formula (12). Table 2 contains the
corresponding radiation f luxes due to each of the
component, as well as the contribution of these com-
ponents to the total radiation f lux of the atmosphere.

At the present composition of the atmosphere, the
total radiative f lux of the atmosphere towards the

Earth is fixed at 327 W/m2. The same operation can be
done for another content of the optically active com-
ponents of the atmosphere with an account for that the
total radiation flux is not fixed. The most common oper-
ation of this kind is to double the atmospheric concentra-
tion of carbon dioxide molecules, as proposed by Arrhe-
nius in the end of 19th century [6]. The corresponding
global temperature change ΔT is called the equilibrium
climate sensitivity parameter (ECS) [139].

From Table 2 it follows that a doubling of the atmo-
spheric concentration of carbon dioxide increases the

flux due to carbon dioxide by about 6 W/m2. In [20,

22] the value of 4 W/m2 is given, which corresponds to
the use of the spectrum-averaged absorption coeffi-
HIGH TEMPERATURE  Vol. 57  No. 4  2019
cient of atmospheric water [113]. However, these val-
ues do not indicate an increase in the radiative f lux to
the Earth’s surface, since an increase in the radiative
flux due to carbon dioxide molecules as a result of an
increase in the atmospheric concentration of carbon
dioxide is accompanied by a decrease in the radiation
flux due to other components; this also follows from
Table 2. The difference of radiation f luxes at a doubled
and the contemporary atmospheric concentrations of
CO2 molecules, according to the considered line-to-

line method, is

(16)

Note that averaging the absorption coefficient of
atmospheric water over frequencies gives for this
value [122]

(17)

One can understand the reason for the discrepancy
of the above data. At frequencies with a large optical
atmospheric thickness, the radiative temperature of
the atmosphere Tω is close to the temperature of the

Earth’s surface, and the derivative of the partial radiative
flux with respect to the number density of CO2 molecules

is relatively small. This means that the change in the radi-
ative flux of the atmosphere to the Earth’s surface is
determined by the frequencies at the boundary of the
absorption band for carbon dioxide molecules. However,
as follows from Fig. 18, water molecules predominate at
the lower boundary of the carbon dioxide absorption
band in the radiation of the atmosphere, while averaging
of the absorption coefficient of water molecules over fre-
quency eliminates this role.

When analyzing changes in the greenhouse effect
as a result of changes in the concentration of CO2 mol-

ecules as the optically active component of the atmo-
sphere, we operate with the changes of radiative f luxes
ΔJ to the Earth’s surface. It is clear that this will lead
to a change in global temperature or the average tem-
perature of the Earth. ΔT. The relationship between
these parameters is expressed through the climate sen-
sitivity parameter S, which is introduced by the rela-
tion [20, 39, 139, 140]

Δ = 2
0.7 W/m .J

Δ = ± 2
0.2) W(1.0 /m .J

.T S JΔ = Δ
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This parameter takes into account the feedback of
the system with respect to external impact. That is, the
additional radiative f lux ΔJ aimed at the Earth’s sur-
face leads to an increase in its temperature, which cre-
ates energy f luxes which are proportional to tempera-
ture changes ΔT and compensate for this f low. In this
case, the greatest uncertainty for the parameter S is
due to water microdroplets. Indeed, an increase in the
temperature of the Earth’s surface changes the effec-
tive altitude at which water vapor condenses, which is
amplified by large f luctuations in the course of this
process. Note that, in the analysis of the radiation of a
standard atmosphere, the radiation of the condensed
phase of water was conneted with the atmospheric
energy balance, which eliminated this uncertainty. At
the composition of the atmosphere, this condition is
absent.

Thus, the error in the determination of the change
in global temperature is much higher than the error in
the change in radiation f luxes from the atmosphere as
a result of changes in its composition. Along with the
traditional means, the sensitivity of the atmosphere to
changes in its composition by changes in the global
temperature as a result of the doubling the carbon
dioxide concentration [6], we note that a 10% increase
in the atmospheric concentration of water molecules
with account for radiative parameters of water micro-
droplets leads to an increase in radiative f lux to the
surface Earth’s to about

Let us return to the definition of the sensitivity
parameter S. A thorough analysis [39] shows that, over
a period of about a million years in the past, this

parameter most likely varied from 0.6 to 1.2 W/m2,
which corresponds to a past change in global tempera-
ture of ECS = 0.4–0.8 K. For the modern atmo-
sphere, the values obtained are closer to the lower

limit. In particular, according to [122], S = 0.42 W/m2,
which gives ECS = 0.3 K. Note that simpler models
[23, 34] yield ECS = 0.4 ± 0.2 K, which is approxi-
mately 20% of the total temperature change according
to (5). It can be seen that the contribution of the
change in the carbon dioxide concentration to the
change in global temperature is slightly higher than the
contribution of carbon dioxide to the atmospheric
radiation f lux (Table 2).

It should be noted that the contribution of human
activity to the transfer of carbon to the atmosphere
does not exceed 5% (Fig. 6), from which it follows that
the change in global temperature due to human indus-
trial activity with doubling of the mass of atmospheric
carbon dioxide gas to the atmosphere does not exceed
0.02 K. An increase in the atmospheric concentration
of radicals and harmful impurities significantly affects
the condensation processes in the atmosphere and
thereby the parameters of atmosphere radiation. In
addition, forest destruction changes the rate of the

Δ = 2
0.3 W/m .J
photosynthesis process and thereby leads to an
increase in the atmospheric concentration of carbon
dioxide. As a part of the analysis, we can expect a sig-
nificant impact of hydroelectric power plants on the
increase in the planetary temperature, since the
hydropower stations include large areas of open water.

As follows from the analysis, water droplets play an
important role in atmospheric radiation. A simple
model is used for drop radiation. It takes into account
the strong interaction of drop molecules with an elec-
tromagnetic wave; for large drop sizes, the model of
black body for infrared radiation holds true. It is inter-
esting to compare the efficiency of interaction with
radiation for a drop and for individual molecules, the
absorption intensity of which is shown in Fig. 12. Take
a drop with a radius ro = 10 μm, which is comparable

to the wavelength of infrared radiation. According to
formula (10), the absorption cross section for this drop

is 3 × 10–6 cm2 within the black body model. The con-

sidered drop contains (ro/rW)3 = 1.4 × 1014 molecules,

where rW is the Wigner–Zeits radius [141–143],

which, in the case of water, is rW = 0.192 nm [144].

Thus, the absorption cross section per molecule in this

case is 2 × 10–20 cm2, whereas, according to Fig. 12,
the maximum absorption cross-section of a water
molecule in the center of the spectral line exceed

10–17 cm2. In this case, the absorption cross section of
a free molecule averaged over the spectrum is esti-

mated as 2 × 10–19 cm2 in this range of the spectrum.

4.5. Peculiarities of the Greenhouse Effect 
in the Atmosphere

The analysis made it possible to formulate a simple
and strict scheme for the calculation of the atmo-
spheric radiation f luxes in the infrared range of the
spectrum. Below we summarize some results by pre-
senting the peculiarities of this scheme and the cha-
racter of the greenhouse effect of the atmosphere
itself. Note the important role of the HITRAN data-
bank [8–10], which contains the parameters of the
absorption coefficient (8) and (9) of molecular compo-
nents in a convenient form and allows one to determine
the absorption coefficient at each frequency directly.
For a CO2 molecule, this problem is simplified, since

the absorption of IR radiation in this case is described
by the regular model [145] due to the molecular sym-
metry. The number of vibration–rotation transitions
that determine the radiative flux is restricted. Thus, the
absorption band of CO2 molecules extends from about

580 to 750 cm–1, and, since the difference of neighbor-

ing frequencies is 4B = 1.56 cm–1 (B = 0.39 cm–1 is the
rotational constant of the carbon dioxide molecule),
about 100 spectral lines give the main contribution to the
radiative flux of atmospheric CO2 molecules. Similarly,

for the water molecule, approximately 50 spectral
lines are used in the spectral range, in which the
structure of the absorption band inf luences the
HIGH TEMPERATURE  Vol. 57  No. 4  2019
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atmospheric radiative f lux towards the Earth. All of
this allows one on the basis of HITRAN data, to
determine the gas absorption coefficient in a direct
way with the line-by-line method.

Another pecularity of the absorption spectrum of
atmospheric air with optically active molecules is its
oscillatory structure. For CO2 molecules in atmospheric

air, the ratio of the maximum absorption coefficient in
the center of the spectral line to its minimum value
between two lines in accordance with formula (11) is

(18)

In the case of water molecules in atmospheric air, the
oscillations are irregular and ratio (18) is much higher.
With such a large amplitude of oscillations, the averag-
ing of the absorption coefficient over frequencies can
lead to noticeable errors.

Note that, according to Fig. 14, the boundary of
the absorption band for the real absorption coefficient
with oscillations is larger than for the average one.
Thus, there are different values of radiative f luxes in
these cases. Further, the averaging of the absorption
coefficient of atmospheric water molecules leads to an
increase in the change in the radiative f lux of CO2

molecules as a result of a doubling of their concentra-

tion in atmospheric air by 4 W/m2 [13, 15, 113]. Taking
into account the oscillations of the absorption coeffi-
cient of water molecules, we obtain a 1.5-fold higher
value of this f lux. Conversely, the change in the total
radiative f lux of the atmosphere is 1.5 times lower with
allowance for oscillations than in the case of the
absorption coefficient averaged over oscillations [for-
mulas (16) and (17)].

Analysis showed that the frequency ranges, at
which atmospheric molecules and microdroplets, are
emitted are separated, with the interface between 750–

780 cm–1. The radiation of these components is also
divided in a space, i.e., the main contribution to the
molecular radiation follows from altitudes located
below the clouds. In this case, we note that micro-
drops without impurities are transparent to radiation
in the visible range of the spectrum, i.e., microdrop-
lets can exist over areas with a transparent atmosphere
for visible radiation. Further, with the contemporary
composition of the atmosphere, about a third of the
atmospheric radiative f lux towards the Earth is formed
by microdroplets. In this case, a change in global tem-
perature causes a change in the radiative f lux to the
Earth’s surface, due to a change in the total mass of
water microdroplets in the atmosphere and a change
in the lower edge of altitudes responsible for micro-
droplet emission. These altitudes are associated with
the character of the condensation of atmospheric
water; thus, analysis of the atmospheric processes with
the participation of microdroplets allows one to con-
vert more accurately the change in atmospheric radia-

( )2
max

min

2
44.

k
k

Δω= =
πν
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tive f lux due to a change in its composition to the
change in global temperature.

Although our task is to develop an algorithm to cal-
culate radiative f luxes to the Earth’s surface due to
changes in the concentration of greenhouse compo-
nents, we will also analyze the results of such calcula-
tions, since our mass media spread false information.
Leaving aside the question of whose interests they are
serving, we will further present results that follow from
this scheme. According to Fig. 7a, the rate of carbon
dioxide accumulation in the atmosphere under cur-
rent conditions corresponds to a doubling of the car-
bon dioxide concentration in the atmosphere after
120 years. Most of this accumulation is determined by
the increase in global temperature in accordance with
the concept of Pauling. The rest, about 20% of the
growth is associated with the human mismanagement
at the Earth, which is manifested, in particular, by the
cutting and burning of forests and affects the photo-
synthesis rate at our planet. As for carbon dioxide
emissions into the atmosphere as a result of the use of
fossil fuels, since their contribution to the total carbon
dioxide f lux directed to the atmosphere is about 5%
(Figure 6), the contribution of carbon dioxide emis-
sions to the increase in global temperature is 1%. Note
that the accuracy of the above theory corresponds to
10–15% for changes in radiative f luxes from the atmo-
sphere to the Earth’s surface and 40–50% for changes
in global temperature due to an increase in greenhouse
gas concentrations.

Note that the above results make it more realistic to
evaluate various aspects of the contemporary energetics.
In particular, it is believed that hydropower is clean, in
contrast to thermal power plants, where energy is pro-
duced by burning fossil fuels, and this leads to the
greenhouse effect due to the emission of carbon diox-
ide—a product of this process. However, the character
of the operation of hydroelectric power plants also
leads to an increase in the greenhouse effect, since
hydroelectric stations must have reservoirs, and water
evaporation from these reservoirs contributes to the
greenhouse effect of the atmosphere. For definiteness,
we will carry out the corresponding estimates for the
Saratov hydroelectric power plant [146, 147], the

power of which is 1.4 × 109 W, and the area of its res-

ervoir is 1.8 × 103 km2, as well as for the Volga hydro-

electric power plant with the power of 2.7 × 109 W,

where the reservoir area is 3.1 × 103 km2 [148]. We
assume that the average humidity before the construc-
tion of the reservoir corresponds to the standard atmo-
sphere and is equal to 80% and that it is 100% above the
reservoir. It was found above that a 20% increase in the
atmospheric concentration of water causes an increase

in the flux of atmospheric radiation by 0.6 W/m2. Thus,
due to the created reservoirs, the additional radiative

flux to the Earth’s surface is approximately 1 × 109 W

for the Saratov power plant and 2 × 109 W for the Volga
hydroelectric power plant. Thus, this power of the
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Saratov power plant causes additional atmospheric
radiative f luxes, and their powers are comparable with
those of the power plants themselves.

In order to compare the efficiency of hydroelectric
power plants and thermal power plants, we replace
these hydroelectric stations with thermal stations that
generate electrical energy when methane is burned.
They release a specific energy per gram of carbon of
74 kJ/g [84]. We consider that a doubling of the f low
of carbon dioxide molecules into the atmosphere leads
to an increase in the radiative f lux to the Earth’s sur-

face by 0.7 W/m2. We obtain the corresponding
increase in the power of thermal radiation to the
Earth’s surface due to additional fluxes of carbon dioxide

into the atmosphere of 1.4 × 109 and 2.8 × 109 W in the
case of the Saratov and Volga hydroelectric stations,
respectively. As can be seen from the considered
examples, the greenhouse effects due to hydro power
plants and thermal power plants are comparable.
Thus, the operation of hydroelectric power plants also
causes the greenhouse effect, the power of radiation
fluxes from the atmosphere to the Earth’s surface are
comparable, and the power transferred by these f luxes
are comparable to the power of electrical energy gen-
erated at these power plants.

The result of the analysis is the creation of an algo-
rithm to determine the radiative f lux on the Earth’s
surface within the framework of the standard atmo-
sphere model [5], i.e., an atmosphere with averaged
parameters. This algorithm can be used to analyze the
greenhouse effect for a metropolis with a size of at
least several km, i.e., the size of the metropolis is much
larger than the altitude at which the f low of infrared
radiation to the Earth’s surface. In this case, the
parameters corresponding to this megacity, including
the solar radiative f lux, the vertical profile of the par-
tial pressure of the components, and the atmospheric
temperature should be entered into the presented
algorithm. This approach allows one to fulfilll the
continuous monitoring of the infrared radiation of the
atmosphere for a given megacity.

CONCLUSIONS

This article focuses on the energy balance of the
atmosphere, rather that climate change. The climate
problem (e.g., [149–154]) is much more complex and
various than the considered problem of the green-
house effect of the atmosphere. This allows the media
to disseminate unreliable conclusions about the evolu-
tion of Earth’s climate in the interests of European
financial groups. Therefore, we briefly formulate the
conclusions that follow from the scientific programs
for the study of individual aspects of this problem,
which were conducted mainly by NASA.

Note that global temperature changes can be recre-
ated for the last 150 years or so, since the information
used for this purpose comes from weather stations in
different parts of the world, which were constructed in
the 19th century. Since that time, according to Fig. 3,
the global temperature has increased by about 0.8 K
[155], which is about 6% of the amplitude of the local
temperature fluctuations over the last million years.
Though there is no reliable possibility at the present
level of atmospheric science to establish the cause of
global warming, one can find in the past analogs of sim-
ilar local temperature changes. It was in the 11th cen-
tury, when warming was observed in northern Europe,
that the Vikings occupied Greenland, and, according to
its the name, the surface of this continent was free of
ice, which now covers it. In the 14th century, the
Vikings left Greenland because of its cooling [156].

The analysis carried out in this paper is associated
with atmospheric electricity and environmental prob-
lems of the atmosphere, for which the most important
of the greenhouse components of the atmosphere are
water microdrops and other aerosols [157, 158]. At the
same time, atmospheric chemical impurities are the
nuclei of aerosol condensation, and they are also cap-
tured by them, enhancing their growth. Therefore, the
density of aerosols increases in a polluted atmosphere.
Apparently, for this reason, the aerosol concentration
in the Northern Hemisphere is about three times
greater than that in the Southern Hemisphere [159].

In conclusion, we note that the presented algo-
rithm to describe the greenhouse effect in the stan-
dard atmosphere can be used to monitor the green-
house effect of individual megalopolises. For some of
them, the atmospheric interaction with the oceans is
important [160].
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