
Chapter 7
Greenhouse Effect in Atmospheres
of Earth and Venus

Abstract The greenhouse phenomenon in the atmosphere that results from emis-
sion of its molecules and particles in the infrared spectrum range is determined by
atmospheric water in the form of molecules and microdrops and by carbon dioxide
molecules for the Earth atmosphere and by carbon dioxidemolecules and dust for the
Venus atmosphere. The line-by-line method used the frequency dependent radiative
temperature for atmospheric air with a large optical thickness in the infrared spec-
tral range, allows one to separate emission of various components in atmospheric
emission. This method demonstrates that the removal of carbon dioxide from the
Earth’s atmosphere leads to a decrease of the average temperature of the Earth’s
surface by 4K; however, doubling of the carbon dioxide amount causes an increase
of the Earth’s temperature by 0.4K from the total 2K at CO2 doubling in the real
atmosphere, as it follows from the NASA measurements. The contribution to this
temperature change due to injections of carbon dioxide in the atmosphere due to
combustion of fossil fuel, and it is 0.02K. The infrared radiative flux to the Venus
surface due to CO2 is about 30% of the total flux, and the other part is determined
by a dust.

7.1 General Principles of Atmospheric Greenhouse Effect

7.1.1 Nature of Atmospheric Greenhouse Effect

The nature of the greenhouse effect was understood almost two century ago [1, 2];
it is determined by a property of the matter over a surface. In a usual greenhouse,
the Earth surface is heated as a result of absorption of solar radiation and it is cooled
by emission of infrared radiation. This balance establishes the surface temperature.
If place a partition over the surface which is transparent for visible radiation and
returns to the surface partially infrared radiation, its heat balance changes and the
surface temperature increases. In the Earth’s atmosphere the role of this partition
plays its atmosphere that must be transparent for visible solar radiation and it is
not transparent for infrared radiation. As a result, the surface temperature increases
compared with the case if the atmosphere is absent.
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Fig. 7.1 Spectrum of
emission of carbons dioxide
molecules and water
molecules located in
atmospheric air and
spectrum of equilibrium
radiation at the temperature
of 288K [8, 9]

Infrared emission of the Earth’s atmosphere is determined by vibration-rotation
transitions of some atmospheric molecules, mostly H2O and CO2, and also by radi-
ation of aerosols and atmospheric particles [3]. As it was indicated above, Fourier
[1, 2] describes the nature of the greenhouse effect in the Earth’s atmosphere. The
next step in understanding the greenhouse effect of the Earth atmosphere was made
by Tyndall [4–6] who shown on the basis of his experiments with molecular gases
[7] that greenhouse atmospheric properties are determined by molecular gases, such
as a water vapor, carbon dioxide and methane.

It should be noted the peculiarity of the greenhouse effect which is demonstrated
by Fig. 7.1 [8, 9]. This figure exhibits emission of atmospheric molecules of carbon
dioxide or water in a restricted spectrum range, and radiation of water molecules is
more important than that due to CO2 molecules for following reasons. First, water
molecules have a dipole moment and hence they are more optically active objects.
In atmospheric radiation it results in radiative rotation transitions without the change
of a vibration molecular state. Rotation transitions determine a long-wave spectrum
range. Second, the number density of water molecules in the atmosphere is higher
than that for carbon dioxide molecules. In particular, the average number density of
water molecules near the Earth’s surface is 4 · 1017 cm−3 compared to 1 · 1016 cm−3

which we used above for the mean number density of atmospheric CO2 molecules.
This shows an important role of aerosols in atmospheric emission.

Because the greenhouse phenomenon is connectedwith the atmosphere energetics
involving solar radiation in the visible spectrum range as well as infrared radiation
of the atmosphere, it is of importance for the energetic balance of the Earth and its
atmosphere. These data represented in Fig. 7.2 are taken from books [10–13] of one
of authors which in turn are based on the NASA data, in particular, on [14]. These
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Fig. 7.2 Expressed in
1016W the powers of
indicated processes which
lead to obtaining or loss of
the energy by the Earth as a
whole as well as by its
atmosphere. Absorbed
powers are given inside
corresponding rectangulars,
consumed powers are
indicated near arrows

data are in accordance with those contained in books [15–20] and also with those of
many papers, in particular, [21–26]. Evidently, the reason of this coincidence within
the limits of a few percent for basic channels is that the data are taken from the same
source—the data of NASA [14]. In addition, because these data relate to various
times within one half century, one can conclude that the rates of these energetic
processes have the natural character and vary weakly during this time range.

In evaluation some atmospheric parameters it is convenient to use the average
energy fluxes. In consideration radiative processes in the atmosphere, it is convenient
to operate with average radiative fluxes which result from dividing the total power
of Fig. 7.2 to the area S = 5.1 · 1014 m2, though the accuracy of these data is not
enough. The average radiative flux of solar radiation in the visible spectrum range
is 340W/m2, the average radiative flux of from the Earth’s surface in the infrared
spectrum range is 386W/m2, the average radiative fluxes of from the atmosphere in
the infrared spectrum range are 327 and 200W/m2 towards the Earth and outside
correspondingly. Additionally, the average radiative flux from the Earth’s surface
that is not absorbed by the atmosphere and goes outside is 20W/m2. Note also that
the average energy flux from the Earth to its atmosphere in accordance with data
of Fig. 7.2 is equal 57W/m2 due to water evaporation from the earth’s surface and
47W/m2 due to convection.

From the energetic balance of the Earth and its atmosphere as a whole given in
Fig. 7.2 it follows that the basis of this balance is solar radiation which is penetrated
in the Earth’s atmosphere and it is converted partially in infrared radiation through
emission and its absorption by the Earth and atmosphere. Note that the Earth emits
infrared radiation almost as a black body. Since the grey coefficient of various objects
on the Earth’s surface in the IR spectral range is close to one [27], the Earth’s surface
may be considered as a black body for emission, that leads to the average Earth’s
temperature to be T = 287K, whereas the standard atmosphere model [28] gives
for the global Earth’s temperature T = 288K. We note also that the atmosphere re-
moval leads to the global temperature T = 278K, if the Earth absorbs solar radiation
completely and emits as a black body.

Let us represent the temperature T at a given point of the globe surface as T =
Tg + δT , where Tg is the global temperature. Assuming that the Earth’s surface emits
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Fig. 7.3 Emissivity of various surfaces via the photon wavelength [27]

as a black body in the IR spectral range, one can obtain for the radiation power Ps
of the Earth’s surfa0 parameter δT/Tg

Ps = σT 4
g S

[
1 + 6

(
δT

Tg

)2
]

, (7.1.1)

where S = 5.1 · 1014 m2 is the area of the Earth’s surface. Because a typical values
the temperature fluctuation δT are several Kelvin, the second term of formula (7.1.1)
is small. Therefore, one can use the average surface temperature for its emission.

One can justify the black body model for the Earth’s surface by data of Fig. 7.3,
where the grey coefficient or emissivity are given in the infrared spectrum range for
objects which can determine the Earth’s emission. The grey coefficient is the ratio
of the photon flux from the surface of a given object with a certain temperature to
that of the black body surface with this temperature. This allows one to consider the
Earth’s surface as a black body in evaluation of its emission, and the accuracy of this
replace is about of several percents.

We now step aside from radiative processes and consider atmospheric phenomena
which are important for the greenhouse effect in the atmosphere. Because this effect
relates to the entire Earth, in its analysis it is convenient to deal with parameters
averaged over the globe and time including a time of day and season. This leads to
the model of standard atmosphere [28] which is characterized by average parameters
and relates roughly to the USA atmosphere. Though atmospheric air consists of
nitrogen (79%) and oxygen (20%), we below assume air molecules to be identical
with the molecular weight m = 29a.u.m. The dependence on the altitude h for the
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Fig. 7.4 Scaling parameter
of formula (7.1.2) (a) and the
atmosphere temperature (b)
as an altitude function for
standard atmosphere

number density Na(h) of air molecules, as well as other atmospheric molecules
which are mixed with air ones, is given by formula

N (h) = N (0) exp

(
− h

�

)
(7.1.2)

The scaling parameter � follows from approximation the data of standard atmo-
sphere by this formula, is represented in Fig. 7.4a. Figure7.4b contains the altitude
dependence of the atmosphere temperature and notations for atmospheric lower lay-
ers. Being guided by the greenhouse effect, we are restricted by the troposphere and
lower stratosphere only, where the temperature gradient in the troposphere is close
to dT/dh = −6.5K/km, as it follows from Fig. 7.4b.

In order to understand the character of atmospheric emission, one can introduce the
effective temperature of an uniform atmosphere for each frequency. In other words,
in the framework of the line-by-linemodel, we introduce the radiative temperature Tω

which determines the emission flux at each frequency of atmospheric CO2 molecules
in the total emission of the Earth’s atmosphere, we first use the radiative flux towards
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the Earth’s surface as the parameter which characterizes atmospheric radiators in
accordance with equation

J↓ =
∞∫
0

�ω3dω

4π2c2

[
exp

(
�ω

Tω

)
− 1

]−1

= 327W/m2, J↑ =
∞∫
0

�ω3dω

4π2c2

[
exp

(
�ω

Tω

)
− 1

]−1

= 200W/m2,

(7.1.3)
where J↓, J↑ are the radiative fluxes toward the Earth and outside it, and the radiative
temperatures for radiation directed to the Earth and outgoing radiation are different.
We below consider various models on the basis of formula (7.1.3). According to the
simplest model, the atmospheric absorption coefficient is independent of frequency
ω, and then the radiative temperature towards the Earth T↓ and outside it T↑ follow
from the Stephan-Boltzmann equation

J↓ = σT 4
↓ , J↑ = σT 4

↑ ,

These equations give for temperatures of layerswhich are responsible for atmospheric
emission [19, 29]

T↓ = 276K, T↑ = 244K (7.1.4)

These temperatures follow from equations T↑ = T ([h↑]) and radiation towards the
Earth T↓ = T [h↓], where T (h) is the temperature at an altitude h. One can use the
following connection between an appropriate of the atmospheric temperature and
altitude for these temperatures

T↓ = TE − h↓
dT

dh
, T↑ = TE − h↑

dT

dh
, (7.1.5)

where within the framework the standard atmosphere model the average temperature
gradient is dT/dh = 6.5K/km, and TE = 288K is the temperature of the Earth’s
surface. From formulas (7.1.4) and (7.1.5) it follows for these altitudes

h↓ = 1.9 km, h↑ = 6.8 km (7.1.6)

It is of importance the local thermodynamic equilibrium for vibrationally excited
molecules which accompanies the atmosphere greenhouse effect and requires large
radiative times compared with collision times involving excited molecules in atmo-
spheric air. Therefore radiative processes do not violate the Boltzmann distribution
over excited vibrational and rotational states; the emission of this gas is determined
by excited molecules which result from collisions of nonexcited molecules with
gaseous ones, rather than from absorption of the radiation. From this consideration
it follows that radiative transport does not give a contribution to the emission of this
gas.

Indeed, the emission of photons created by vibrationally excited molecules does
not violate this distribution if the rate of excitation of an excited state exceeds sig-
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nificantly the rate of radiative decay of this state. In particular, for the basic radiative
transition 0100 → 0000 we have the rate constant of destruction of the upper state
krel = 5 · 10−16 cm3/s at room temperature [70]. Then we obtain the condition for
the number density of air molecules Na of the Boltzmann distribution

Na � 1

krelτr
(7.1.7)

Taking the radiative lifetime τr = 0.33s according to Fig. 4.3 data, we obtain the
criterion (7.1.7) as Na � 3 · 1015 cm−3. This criterion is violated only outside the
stratosphere.

We thus are based on the condition of local thermodynamic equilibrium in at-
mospheric air, and that the optical thickness of the atmosphere is large. Under these
conditions, we reduce the atmosphere with am alternative temperature to that with a
constant temperature. This is possible at a small temperature gradient that is a basis
of expansion over a small parameter. Such an expansion allows us to find the radiative
temperature Tω that characterizes the radiative flux at this frequency.

7.1.2 Global Properties of the Earth’s Atmosphere

Webelowconsider the atmospheric greenhouse effect in detail. The greenhouse effect
is created by three atmospheric components, namely, by water vapor, carbon dioxide
and water aerosols; though other greenhouse components gives a small contribution
to this effect, their influence on the greenhouse effect will be considered also. Note
that molecular greenhouse components, molecules of water and carbon dioxide lo-
cated in atmospheric air, create infrared radiation as a result of vibrational-rotational
or rotational transitions ofmolecules. Rates of such radiative transitions are relatively
low, and hence they do not influence on thermodynamic equilibrium in air between
vibrational and rotational states of greenhouse molecules. Hence, radiation emitted
by the atmosphere is characterized by the air temperature.

Let us introduce the global Earth’s temperature as the temperature of the Earth’s
surface averaged over all the globe surface and time. The global temperature is
a parameter of the Earth’s energetic balance. Variation of the global temperature
in time characterizes the climate change, and our task is to determine the rate of
change of the global temperature dT/dt , and the range of temporal variation which
ismeasured in years. The problem is that chaotic variations of the global temperature,
as well as the temperature at a given geographical point, in the course of a day and
season reach tens degrees, so that the global temperatures averaged over year are
of the order of 1K. But variation of the global temperature for a century does not
exceed 1K.

The method [30] for variation of global temperature allows one to overcome
the indicated problem and to decrease the fluctuations in determination of the global
temperature by one order ofmagnitude.Within thismethodwe compare temperatures
at the samegeographical point and timeof day and season and construct the difference
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Fig. 7.5 Evolution of the
global temperature with
averaging for one and fife
years [31] (a), and for five
and fifteen years [32, 33]
(b). Arrows indicate years
when the global temperature
does not vary in average and
is taken as a basic one

of these temperatures �T at different years. Next this temperature difference is
averaged over the Earth’s surface and also over say and season time during the year.
In this manner one can determine variation�T of the global temperature in time and
the rate d�T/dt of its variation. Fluctuations of variation of the global temperature
in this method are estimated as 0.1K.

Realization of this method requires large information and a labor-intensive work.
Nevertheless, this information follows from data of meteorological stations. A num-
ber of such meteorological stations was about 6 thousands in the second half of 19th
century and now their number decreases in three times only, because the basic infor-
mation follows from satellite measurements. Treatment of this information is made
within the framework of NASA programs [Gottard Institute for Space Studies—
GISS], and results of this treatment are given in [31–36]. Comparison of the global
temperature change in summer and winter, as well as in daytime and night time or in
North and South hemispheres gives that indicated values of �T during a year does
not exceed 0.2K [32, 33].

Figure7.5 give evolution of the global temperature with averaging over year, five
years and fifteen years. One can see that the larger time of averaging, the smother this
dependence. From Fig. 7.5 it follows that year fluctuations of the global temperature
are of the order of 0.1K. One can see a non-monotonic evolution of the global
temperature in time. Indeed, during 1880–1910 a weak cooling was observed that
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Fig. 7.6 Evolution of global
temperature in last years
[32]. The temperature
variation is counted from the
average global temperature
in 1950–1980

was changed by aweak heating in 1910–1940whichwas continued by cooling during
1940–1950. Next, during 1950–1980 the global temperature did not vary within the
limit of its accuracy, and the Earth heating takes place after 1980. Basing on these
data, we give in Fig. 7.6 evolution of the global temperature after 1985 when the
global temperature was increased monotonically [37]. Approximation of these data
by the linear time dependence gives for evolution of average change of the global
temperature

d�T

dt
= 0.018K/yr, (7.1.8)

and the fluctuation (standard deviation) for data of Fig. 7.6 is equal � = 0.09K.
The latter means that a smooth (linear) time dependence for the global temperature
change �T is valid at time intervals above 5 years.

One of a greenhouse atmospheric component is carbon dioxide. The equilibrium
of atmospheric carbon dioxide results from its conversion in a hard carbon in the
photosynthesis processes, and the inverse process by processes of putrefaction and
breathing of plants. As it follows from the carbon balance in the atmosphere [38–
41], the rate of each process is approximately 2 · 109 ton/yr, while the total carbon
mass in atmospheric carbon dioxide is approximately 2 · 109 ton/yr. This means that
the average residence time of an atmospheric CO2 molecule is 4 years. In addition,
the total carbon mass in fossil fuels, i.e. in coal, oil and methane, is 1 · 108 ton/yr.
This means that only 5% of the rate of carbon dioxide injections in the atmosphere
corresponds to combustion of fossil fuels, i.e. the latter is not important for the
balance of atmospheric carbon dioxide.

Detailed information about atmospheric carbon dioxide follows from monitoring
of atmospheric CO2 that is made from 1959 in the Mauna Loa observatory (Hawaii,
USA) [43–46]. This observatory is located at altitude 3400m above the sea level
< that is far from sources or absorbers of carbon dioxide. Some results of this
monitoring are given in Fig. 7.7. As is seen, the concentration of carbon dioxide



236 7 Greenhouse Effect in Atmospheres of Earth and Venus

Fig. 7.7 Concentration of
CO2 molecules in
atmospheric air during the
last half century (a) and for
the last five years (b)
according to [42, 43]; open
circles corresponds to an
average during a month, and
filled squares relate to
averaged data for year (one
half year before and after an
indicated data)

molecules in atmospheric air increases from 316ppm in 1959 up to 409ppm in
2017. In addition, the rate of an increase of the carbon dioxide concentration grows
in time from 0.7ppm/yr in 1959 up to approximately 2.1ppm in 2017. The reason
of season oscillations of the CO2 concentration is explained that the photosynthesis
process is stronger in the northern hemisphere, where it proceedsmostly in the period
from May to September, and the photosynthesis is absent practically in the period
from October to March. The data of Fig. 7.7a give the contemporary rate of variation
of CO2 concentration as

d ln c

dt
= 0.006 yr−1, (7.1.9)

with an accuracy approximately 10%.
Within the framework of the Arrenius concept [47], one can introduce the equi-

librium climate sensitivity (ECS) [48] as a change of the global Earth temperature
at the doubling of the atmospheric carbon dioxide concentration. This value is given
by
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ECS = �T
ln 2

ln(c2/c1)
, (7.1.10)

where c1 and c2 are concentration of CO2 molecules at the initial and final time,
and �T is the global temperature variation for this time interval. This value may be
determine twofold. In the first case it follows from formulas (7.1.8) and (7.1.9). In
the second case we take the concentration of CO2 molecules to be c1 = 280ppm in
a pre-industrial period, and c2 = 410ppm at the present time, and the temperature
change is � = (0.8 ± 0.1)K [49] for this time. As a result, we obtain

ECS = (2.0 ± 0.3) ◦C (7.1.11)

Note that this value follow fromNASAmeasurements, rather than some evaluations.
The mean amount of atmospheric water is 1.3 · 1019 g [50–53] that corresponds

to the mean water density in the atmosphere as 3g/m3. One can compare the water
mass in the atmosphere with the atmosphere one 5.1 · 1021 g which relates to nitro-
gen and oxygen. This corresponds to the average concentration of water molecules
in atmospheric air as approximately 0.4%, whereas near the Earth’s surface the av-
erage concentration of water molecules in air is equal 1.7%. The total rate of water
evaporation from the Earth’s surface is 3.9 · 1020 g/yr [54–57] (only 1.0 · 1018 g in
the form of snow), and the same rate relates to water returning to the Earth’s sur-
face. As it follows from this consideration, the power of the evaporation process is
equal 2.4 · 1016W (see Fig. 7.2) which is returned as a result of water condensation
in the atmosphere. In this manner, the above power is transferred from the Earth to
atmosphere.

From the amount of atmospheric water and the rate of its formation it follows that
an average time of residence of watermolecules in the atmosphere is approximately 9
days [57]. In thewater balance between the land, ocean and atmosphere, precipitation
of atmospheric water on the Earth’s surface and uniform distribution over it gives a
layer of liquid water of a thickness 2.5cm [58]. The height of a precipitated layer
may be used as a unit for amount of a water vapor in the atmosphere [59–63]. As it
follows from data [59, 60], approximately 80% of atmospheric water is located at
altitudes below 3km. According to data [61–63], the rate of water precipitation on
the Earth’s surface is higher for oceans, whereas season variations of this rate are
more for land.

Atmospheric water contains a small part of Earth’s water with the mass of 1.4 ·
1024 g. If this water would be distributed over the Earth’s surface uniformly, the layer
thickness will be 2.7km. From this it follows that themost part of this water is located
underground. Note that 96% of Earth’s water is salty. In addition, open water located
on the Earth surface is a source of atmospheric water and is found in equilibrium
with it.

Near the Earth’s surface the average partial pressure of water is about 2Torr,
whereas the saturated water pressure is 4.7Torr at the temperature [64, 65]. There-
fore atmospheric water is in the form of a vapor mostly, and a small part of water
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exist in the form of aerosols, at least, at altitudes below 3km. Because of the con-
densation process, the number density of water molecules decreases with an altitude
h sharper than that in the case of air molecules. By analogy with formula (7.1.2),
the dependence of the number density of water molecules N (H2O) on the altitude h
may be approximated by

N (H2O) = No exp(−h/λ), (7.1.12)

and the parameters of formula (7.2.27) are equal according to measurements [61–63]
of the global atmospheric moisture at various altitudes

No = (4.2 ± 0.2) · 1017 cm−3, λ = (2.0 ± 0.2) km, (7.1.13)

Here the data of 1950–1960 and 2000–2010 are used, so that the values of these
parameters vary during this time inside the indicated accuracy. In reality, the total
amount of atmospheric water grows in time with the rate 0.07g/kg per decade (1g
of water per 1kg of air) [66–68], that corresponds to variation of the concentration
of atmospheric water c as

d ln c

dt
= 7 · 10−3 yr−1 (7.1.14)

From the end of 19th century an increase of the air moisture near the Earth’s surface
is equal approximately 4% [69].

7.1.3 Models of Emission from Optically Dense Gaseous
Layer

We below represent the models for emission of the atmosphere considering it in
average as a gaseous layer above the Earth’s surface; its parameters depend on the
altitude only because a typical thickness of the atmospheric layer which is responsi-
ble for its emission is small compared to the Earth’s radius. But it is necessary to take
into account a nonuniform distribution of the atmospheric temperature and number
density of radiating and excited molecules. In this analysis it is of importance the
local thermodynamic equilibrium for vibrationally excited atmospheric molecules
because radiative times are large compared with collision times involving excited
molecules in atmospheric air. Therefore radiative processes do not violate the Boltz-
mann distribution over excited vibrational and rotational states. From this it follows
that radiation does not influences on the distribution, and radiative transport involv-
ing reabsorption processes is negligible. This fact decreases a number of models [70]
which may be used in the analysis of atmospheric emission in the infrared spectrum
range.
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We now use a simple model on the basis of the assumption that the atmospheric
absorption coefficient is independent of the frequency, and also it is a monotonous
function of an altitude [19, 29]. Under these conditions one can determine the average
optical thickness of the atmosphere. Let us approximate the altitude dependence of
the absorption coefficient as

κω ≡ duω

dh
= A exp

(
−h

λ

)
, (7.1.15)

In order to determine the parameters of this formula, we use formula (2.2.37) which
allows one to find the altitude of the layers which are responsible for emission toward
the Earth h↓ and outside the atmosphere h↑. These altitudes satisfy to equations
(2.2.31)

∞∫
h↑

kωdh = 2/3,

h↓∫
0

kωdh = 2/3 (7.1.16)

These equations allow one to determine the parameters of formula (7.1.15) [19, 29]

A = 0.35 km−1, λ = 6.0 km, u = Aλ = 2.1, (7.1.17)

where u is the total optical thickness of the atmosphere. Thus, this model [19, 29]
with the average absorption coefficient over the infrared spectrum range proves the
validity of the model of a weakly varied optical thickness as an altitude function for
optically thick layers under consideration.

Note that the used model for emission of a nonuniform gaseous layer is used a
small parameter (2.2.37) which in the limit �ω > T has the form

α = 5

18

(
�ω

T 2
· dT
du

)2

(7.1.18)

Let us determine altitudes which are responsible for emission toward the Earth and
outside the atmosphere, the values of this small parameter are equal α↓ = 0.03 and
α↑ = 1/4.

We now extract one component from the absorbed gas and present the absorption
coefficient of the entire gas Kω in the form

Kω = κ + kω, (7.1.19)

where kω is the absorption coefficient of an extracted gaseous component and κ is
that for other absorbed component. For example, if the standard atmosphere contains
three main absorbed components: water molecules, water microdrops and carbon
dioxide molecules, one can refer κ to water molecules and water microdrops, while
kω is the absorption coefficient of CO2 atmospheric molecules, and then one can find
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the contribution of CO2 molecules to atmospheric absorption. In another example
kω refers to trace gases, and κ is the absorption coefficient of three basic absorbed
components of the atmosphere. Below we focus on the first example because it is of
the practical interest.

Let us formulate the algorithm to determine the contribution of a certain com-
ponent of atmospheric air to its emission under given conditions. For obviousness,
we will consider below as this example the emission of atmospheric carbon dioxide
toward the Earth. One can use two models for determination the radiative flux jω due
to carbon dioxide, as well as the total radiative flux Jω to the Earth’s surface due to
all atmospheric components. According to formulas (7.1.15) and (7.1.16) one can
characterize radiation at a frequency ω by the radiative temperature Tω that is given
by

Tω = T (hω), hω = 2

3Kω
= 2

3(κ + kω)
(7.1.20)

This formula describes the emission towards the Earth and is based on the assumption
hω 	 λ. Next, the equality of the radiative temperature Tω for a given frequency and
the temperature of an atmospheric layer located at an effective altitude hω means
local thermodynamic equilibrium for radiating molecules.

The radiative temperature Tω allows one to determine the radiative flux toward
the Earth Jω at a given frequency ω according to the Planck formula (2.2.37) [71,
72]

Jω = ω3

4π2c3 {exp [�ω/Tω] − 1} , (7.1.21)

and this gives the total radiative flux as the integral of the partial ones (7.1.21). Using
the partial radiative temperature Tω corresponds to the line-by-line model that means
determination of partial radiative fluxes at each frequency and subsequent integration
of these fluxes in the total radiative flux.

Another model, the absorption band model [19, 70, 73], is more rough and as-
sumes that the emission takes place in a certain frequency range which is called
the absorption band. This model holds true at high pressures where frequency os-
cillations of the absorption coefficient are absent, i.e. according to formula (4.2.16)
kω = χω . In this case we are based on a sharp dependence χ(ω), and one can in-
troduce boundary frequencies ω1 and ω2 of the absorption band on the basis of the
relations

kω1 = kω2 = κ (7.1.22)

It is clear that thismodel does notwork in a transient range of frequencies,whereas os-
cillations expand the transient range and hence decrease of the accuracy of thismodel.
We below analyze the above models of atmosphere emission for main greenhouse
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Fig. 7.8 Effective altitude hω which determines the radiative flux at a given frequency at the
contemporary concentration of atmospheric carbon dioxide under the assumption that the absorption
coefficient of atmospheric water is independent of the frequency [74]

components of the atmosphere, namely, carbon dioxide molecules, water molecules
and water microdrops—aerosols.

7.2 Greenhouse Effect in Atmospheres

7.2.1 Emission of Atmospheric CO2 Molecules Towards the
Earth

We now evaluate the radiative flux toward the Earth due to atmospheric molecules of
carbon dioxide. For this it is necessary to take into account vibrational transitions in
accordance with formula (4.2.27) which create the radiative flux towards the Earth.
We use formulas (4.2.17), (4.2.18), and (4.2.21) for the absorption coefficient due to
each vibrational transition, and also formula (4.2.25) for the absorption coefficient
of P and R branches of atmospheric CO2 molecules, as well formulas (4.2.31) and
(4.2.32) for Q-branch. All these evaluations relate for a high optical density of the
atmosphere and the local thermodynamic equilibrium.

We first determine the radiative temperature Tω for atmospheric emission in the
frequency range where it is created by atmospheric CO2 molecules. For the standard
atmosphere model where the temperature gradient is dT/dh = 6.5K/km, formulas
(7.1.5) and (7.1.18) give for the radiative temperature Tω
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Fig. 7.9 Radiative temperatureTω at the contemporary concentrationof atmospheric carbondioxide
for the line-by-line method under assumption that the absorption coefficient of atmospheric water
is independent of the frequency [74]

Tω1 = TE − hω
dT

dh
= TE − α

κ + kω
, (7.2.1)

where TE = 288K is the Earth’s temperature, hω is the altitude which is responsi-
ble for radiation towards the Earth, α = 4.3K/km. Figure7.8 contains the effective
altitude hω which is responsible for radiation at a given frequency and is given by
formula (7.1.20). Figure7.9 gives the radiative temperature due to atmospheric car-
bon dioxide in accordance with formula (7.2.1). Roughly, this dependence may be
approximated by a table-form that corresponds to the absorption band model. This
means that inside the absorption band, the radiative temperature is equal to the Earth’s
temperature because of a high optical thickness of the atmosphere due to atmospheric
CO2 molecules. Outside the absorption band CO2 molecules do not partake in origin
of the radiative temperature, and within the framework of a constant temperature
model the radiative temperature in this range is independent of the frequency.

Within the framework of the absorption model, we have on the basis of formula
(7.1.22) for boundaries frequencies left ω1b and right ω1b from the absorption band
at the contemporary amount of atmospheric carbon dioxide molecules

ω1b = 585 cm−1, ω2b = 750 cm−1 (7.2.2)

Within the framework of the absorption band model, this gives the radiation flux J↓
toward the Earth’s surface due to atmospheric CO2 molecules
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J↓ =
ω2b∫

ω1b

jωdω =
ω2b∫

ω1b

�ω3dω

4π2c2

[
exp

(
�ω

Tω

)
− 1

]−1

, (7.2.3)

where T is the atmosphere temperature near the Earth’s surface. Using parameters of
this formula for the standard atmosphere model, we obtain the value of the radiative
flux at the contemporary number density of atmospheric CO2 molecules (N (CO2)=
1 · 1016 cm−3) [74]

J↓ = 67W/m2 (7.2.4)

One can fulfil the same operation at doubling number density of the amount of at-
mospheric carbon dioxide. Then instead of the values (7.2.2) we have the boundaries
of the absorption band

ω′
1b = 581 cm−1, ω′

2b = 755 cm−1, (7.2.5)

that corresponds to the following radiative flux toward the Earth’s surface [74]

J ′
↓ = 71W/m2 (7.2.6)

On the basis of the line-by-line model, the radiative flux toward the Earth is given
by

J↓ =
ω2b∫

ω1b

jωdω =
ω2b∫

ω1b

�ω3dω

4π2c2

[
exp

(
�ω

Tω

)
− 1

]−1

(7.2.7)

The emission radiative flux J↓ toward theEarth’s surface at the contemporary concen-
tration of CO2 molecules and that J ′

↓ at its doubled concentration are equal according
to this formula [74]

J↓ = 61W/m2, J ′
↓ = 68W/m2 (7.2.8)

As a result, we have for the average radiative flux toward the Earth under these
conditions [74]

J↓ = (64 ± 3)W/m2, J ′
↓ = (70 ± 2)W/m2 �J↓(CO2) = (5 ± 2)W/m2,

(7.2.9)
where �J↓(CO2) is the difference of radiative fluxes toward the Earth due to atmo-
spheric CO2 molecules as a result of doubling of the atmospheric concentration of
CO2 molecules.

Let us assume that inside the absorption bands for atmospheric molecules of
carbon dioxide which boundaries are given by formulas (7.2.2) and (7.2.5) the ra-
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diative atmospheric temperature Tω coincides with the global Earth’s temperature
T = 288K. Then the atmospheric radiative flux is equal J = 67W/m2 at the contem-
porary concentration of carbon dioxide molecules and J ′ = 71W/m2 at the doubled
concentration of carbon dioxide molecules. One can see that these values coincide
within the accuracy limits with evaluations (7.2.9) on the basis of real radiative tem-
peratures. The difference of these radiative fluxes coincides with the accepted flux
difference 4W/m2 [16, 75], but this is not the change of the radiative flux toward
the Earth due to doubling of the amount of atmospheric carbon dioxide because of
a different spectral width of the absorption band. We below determine the change
of the radiative flux toward the Earth due to doubling of the amount of atmospheric
carbon dioxide. Next, from this it follows that the contribution of emission of CO2

molecules to the total radiative flux toward the Earth is approximately 20%.
Wenow improve themodel of frequency independent absorption coefficientwhich

allowed one to determine the altitude hω of an atmospheric layer which is responsible
for emission toward the Earth’s surface and the temperature of this layer T↓ according
to formula (7.1.6) and (7.1.4) as h↓ = 1.9km, T↓ = 276K. We now account for a
heightened radiative flux J↓(CO2) due to CO2 molecules in their spectral range
between ω1 and ω2. Then we have the following equation for the radiative flux

J↓ =
ω1∫
0

�ω3dω

4π2c2

[
exp

(
�ω

T

)
− 1

]−1
+ J↓(CO2) +

∞∫
ω2

�ω3dω

4π2c2

[
exp

(
�ω

T

)
− 1

]−1
= 327W/m2,

(7.2.10)
where T is the radiative temperature outside the absorption band by CO2 molecules.
As a result, we have for parameters of this range

T↓ = 274K, h↓ = 2.2 km κ = 0.30 km−1 (7.2.11)

We now check the validity of the method which allowed one to reduce the atmo-
sphere with a varied temperature to the one where the temperature is independent
of the altitude. It is based on a smallness of the parameter α which is defined by
formula (7.1.18). Outside the absorption band we have

dT

du
= dT

κdh
= 22K,

and formula (7.1.18) gives at boundaries (7.2.2) of the absorption band α(ω1b) =
0.016, α(ω2b) = 0.026 that confirms the validity of the method used.

Let us analyze the change of the radiative flux �J↓ toward the earth’s surface as
a result of doubling of the atmospheric carbon dioxide amount in order to determine
the ECS (equilibrium climate sensitivity) subsequently. This increase leads to an
increase of the radiative temperature for radiation directed toward the Earth, and this
change is represented in Fig. 7.10 [74]. This allows one to determine an increase�J↓
of the radiative flux toward the Earth as a result of doubling of the concentration of
atmospheric CO2 molecules as
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Fig. 7.10 Increase of the radiative temperature for the flux toward the Earth resulted from doubling
of the concentration of carbon dioxide molecules within the framework of the line-by-line model
[74]

�J↓ =
ω2∫

ω1

�ω3dω

4π2c2

{[
exp

(
�ω

Tω

)
− 1

]−1

−
[
exp

(
�ω

T ′
ω

)
− 1

]−1
}

, (7.2.12)

where Tω and T ′
ω are the radiative temperatures at the contemporary and doubled

concentrations of atmospheric carbon dioxide molecules respectively. Note that this
difference determines an additional radiative flux toward the Earth due to doubling
of the concentration of atmospheric CO2 molecules, rather the value �J↓(CO2) in
formula (7.2.9).

It is clear that the usedmodel in which the frequency is independent of the absorp-
tion coefficient, is rough because the absorption coefficient as a frequency function
oscillates strongly in reality. Therefore we take it in a more general form

κ = κo + a cos[b(ω − ωo)], ; (7.2.13)

where a < κo, b ∼ 1cm−1, and κo = 0.3km−1, i.e. the average absorption coeffi-
cient in the range outside of the absorption band due to CO2 molecules is κo and
(7.2.10) is fulfilled. Then formula (7.2.12) gives after averaging over the parameter
b.

�J↓ = (1.0 ± 0.2)W/m2 (7.2.14)

As is seen, this difference �J↓ = J ′
↓ − J↓ is several times less than the that

�J↓(CO2) defined by formula (7.2.9) as the difference of radiative fluxes toward
the Earth which are created by CO2 molecules. This means that increase of the
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flux due to CO2 molecules is accompanied by a more strong absorption of emitted
radiation. It is convenient to represent formula (7.2.14) in the form

�J↓(CO2)

d ln c
= (1.4 ± 0.3)W/m2 (7.2.15)

In the same manner, one can determine the change of the radiative flux as a result
of the change of the concentration of atmospheric water. Within the framework of
the above model, the water contribution to the atmospheric radiative flux toward the
Earth is characterized by the average absorption coefficient κ in formula (7.1.19).
Indeed, increasing the average absorption coefficient κ by 10%, one can obtain an
increase in the radiativeflux to theEarth’s surface by4.7W/m2.Assuming the average
absorption coefficient κ of atmospheric water to be proportional to the concentration
of atmospheric water, one can obtain by analogy with formula (7.2.15)

�J↓(H2O)

dc(H2O)
≈ 47W/m2 (7.2.16)

7.2.2 Water as Atmospheric Radiator

As we indicate above, basic atmospheric radiators are atmospheric carbon dioxide
and water. From the above evaluations based on spectroscopic parameters of CO2

molecules it follows that carbon dioxide creates approximately 20% of the radiative
flux in the infrared spectrum range that falls on the Earth. Hence atmospheric water
in the form of H2Omolecules and water microdrops is responsible for approximately
80% of the radiative flux which is absorbed by the Earth in the infrared spectrum
range.

Atmospheric water includes water molecules and water microdrops including
those of clouds. One can evaluate the radiative flux due to atmospheric water
molecules in the same matter as we done above in the case of CO2 molecules on
the basis of spectroscopic parameters these molecules taken from the HITRAN data
bank. But because of the complex character of the spectroscopy of water molecules,
the visualization will be lost in this way; since our goal is to represent the physical
picture of the greenhouse phenomenon and to show the role of spectroscopy in cre-
ation of this phenomenon, we use a more rough method for estimation of the role of
water molecules.

In this consideration we return to the concept which is presented in Fig. 7.1. In
spite of a low accuracy of spectra of this Figure compared to contemporary data,
it demonstrates an important concept. Namely, molecules are optically active in a
certain spectral range; continuous radiators, as water aerosols, are necessary to cover
other spectral range. Basing of this concept, we divide the infrared spectrum which
provides the atmospheric greenhouse effect in parts related to certain molecules; the
rest spectrum part is covered by aerosols. Roughly, the absorption band due to carbon
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Fig. 7.11 Spectral intensity of atmospheric water molecules according to the HITRAN data bank
at the temperature T = 296K [76]

dioxide molecules is restricted by the spectral range (7.2.2), and we below estimate
boundaries of the absorption band for atmospheric water molecules..

Let us assume that the boundary frequencies of the absorption band for water
molecules is created at altitudes h ∼ 2km, as it takes place for CO2 molecules.
According to formula (2.2.38) this corresponds to the absorption coefficient kω ∼
3 · 10−6 cm−1. In order to reduce this estimation to data of Fig. 7.11, we express the
absorption coefficient kω averaged over oscillations through the spectral intensity Sω

according to formula (4.2.16)

kω = N (H2O)Sωλd ,

where N (H2O) ∼ 1017 cm−3 is the number density of water molecules; taking an
average energy difference d ∼ 0.1cm−1 for neighboring levels which is comparable
with the line width, one can obtain λd ∼ 10cm for the wavelength of photons which
determine the radiativeflux emitted by the atmosphere due toH2Omolecules. Though
the used formula (4.2.16) relates to molecules with a regular spectrum structure, it
may be taken as an estimation.

From this one can obtain for boundary values of the spectral intensity S∗
ω ∼

3 · 10−24 cm/mol. In addition it would be required the difference of energies for
neighboring resonances d must be less than ν ∼ 0.1cm. If this relation is not ful-
filled, a dip occurs in a dependence kω between neighboring energy levels, and the
absorption at indicated frequencies takes place if
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Sω >
ν2

d2
S∗

ω (7.2.17)

These estimations allows one to analyze the character of absorption of atmospheric
water molecules on the basis of the HITRAN bank data given in Fig. 7.11. Roughly,
the absorption band of water molecules is located from small frequencies up to
absorption band of CO2 molecules. The latter means that removing of carbon dioxide
from the Earth’s atmosphere conserves absorption inside its absorption band due to
water molecules. At larger frequencies ω > 800cm−1 absorption takes place only in
narrow ranges due to some spectral lines.

Note that in contrast to atmospheric carbon dioxide, we are restricted by a rough
consideration of atmospheric water because a real water amount in the atmosphere
varies in wide ranges, whereas the concentration of atmospheric CO2 molecules is
more or less close to its average value because of a large residence time of these
molecules in the atmosphere (approximately about of 4 years). For this reason, in
analyzing the role of atmospheric water in the greenhouse effect we are based on the
energetic balance of the Earth and its atmosphere.

Let us analyze the character of the atmospheric emission directed toward theEarth.
We assume on the basis of Fig. 7.11 that atmospheric water molecules provides emis-
sion of the atmosphere at frequencies below 800cm−1. This range includes also the
absorption band due to CO2 molecules according to (7.2.2), i.e. the absorption bands
due to atmospheric carbon dioxide and atmospheric water molecules are overlapped.
Next, one can take the radiative temperature for atmospheric emission toward the
Earth to be equal to the temperature of the Earth’s surface, as we obtain above inside
the absorption band due to CO2 molecules. This gives the radiative flux toward the
Earth J↓(ω < 800cm−1) = 233W/m2, so that according to Fig. 7.2 data the total
flux is J↓ = 327W/m2; the other part of the flux is J↓(ω > 800cm−1) = 94W/m2.
Evidently, the latter is created by water microdrops since absorption by CO2 and
H2O molecules in this spectral range is weak. Accounting for also the radiative
flux (7.2.9) that is determined by atmospheric carbon dioxide, one can obtain that
the atmospheric radiative flux toward the Earth is created roughly in 20% by CO2

molecules, in 50% by water molecules, and in 30% by water microdrops.
Water microdrops are of importance for atmospheric emission along with atmo-

spheric water molecules and CO2 molecules, in spite of a small amount of atmo-
spheric water mass in the form of microdrops compared with that in the form of
molecules. Because of a high optical thickness of the atmosphere at frequencies in-
side the absorption bands due to water and carbon dioxide molecules, the outgoing
atmospheric radiation emitted by the Earth surface, is located in the spectrum range
ω > 800cm−1). It is approximately Jp = 20W/m2 according to data of Fig. 7.2 or
5% of total emitted power from the Earth’s surface.

Let us estimate the radiative temperature Tω and an effective altitude hω for emis-
sion of aerosols in the range ω > 800cm−1). Above we found the radiative flux in
this frequency range to be J↓(ω > 800cm−1) = 94W/m2; according to the Planck
formula this corresponds to the radiative temperature Tω = 265K, that is realized at
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the altitude hω = 3.6km. The optical thickness u of the atmosphere in the spectral
range where absorbers are water microdrops in accordance with the character of
radiation propagation, follows from the equation

Jp = J ′
E

∞∫
0

f (u)du

1∫
0

exp
(
− u

cos θ

)
d cos θ, (7.2.18)

where J ′
E is the radiative flux from the Earth in this spectral range, f (u) is the

distribution function over optical thicknesses, θ is the angle between the normal to
the Earth’s surface and direction of photon motion. As a blackbody, the the Earth
emits the radiative flux J = 153W/m2 at frequencies above 800cm−1. Evidently,
the flux Jt = 20W/m2 passes through the atmosphere in this spectral range, and the
probability for a photon to pass through the atmosphere in the indicated spectral
range is P = 0.13. On the other hand, taking for simplicity the distribution function
in formula (6.3.2) as f (u) = exp(−u/uo), we take for the probability of surviving
of an emitted photon by the Earth

P =
1∫

0

cos θ

uo + cos θ
d cos θ = 0.13

Solution of this equation gives uo = 3.2, i.e. microdrops form clouds with a large
average optical thickness. It is clear that in reality the optical thickness of the atmo-
sphere varies in time.

In addition, one can estimate the amount of the atmospheric water in microdrops,
being guided by experiment [77]. According to this experiment, the average absorp-
tion cross section σabs of infrared radiation at the wavelength λ = (10 − 12)µm by
water microdrops is σabs = (1.5 − 2.1) · 10−6 cm2. The cross section of a typical
microdrop which radius is ro = 8µm is σ = πr2o = 2.0 · 10−6 cm2 corresponds to
the measured value. On the other hand, the absorption cross section for a ball of a
radius ro with blackbody properties of its surface is given by [78]

σabs = πr3o
ro + Cλ

,

where λ is the wavelength, and the numerical coefficient C ∼ 1. Let us denote the
drop number density in clouds as N , and the average thickness of the layer as L .
Then the optical thickness of this layer is

u = NLσabs

On the other hand, the water mass in microdrops per unit area of the Earth’s surface
under these conditions is
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M = 4

3
πr3oρNL ,

where ρ = 1g/cm3 is the density of liquid water. From this we have

M = 4πr3o
3σabs

ρu = 4(ro + Cλ)

3
ρu (7.2.19)

Under these conditions we obtain M ∼ 10−2 g/cm2, i.e. of the order of 0.3% of the
atmospheric water mass is contained in microdrops, i.e. this atmospheric water is
found in clouds.

Basing on the observed data for evolution of global atmospheric parameters and
the above spectroscopic analysis of the atmospheric greenhouse phenomenon, we
below consider evolution of the global temperature as a result of an increase of the
amount of atmospheric water and carbon dioxide separately. Let us represent the
change of the global temperature Tg, if it is determined by variation of the concen-
trations c(CO2) of atmospheric CO2 molecules and that c(H2O) of water molecules,
in the form

dTg = a
dc(CO2)

c(CO2)
+ b

dc(H2O)

c(H2O)
, (7.2.20)

where a = 0.7K according to (7.1.18). In order to determine the parameter b, we as-
sume that the change (7.2.20) of the global temperature in a real atmosphere as a result
of doubling of the concentration of CO2 molecules is determined by atmospheric car-
bon dioxide andwater, and formula (7.1.18) gives that forCO2 molecules. In addition,
we have that doubling of the concentration of CO2 molecules is caused by an increase
of the radiative flux �J = 1W/m2 due to these molecules and �J↓ = 4W/m2 due
to other atmospheric radiators assuming those to be water molecules.

We above determine the average absorption coefficient κω = 0.33km−1 for
the contemporary concentration of CO2 molecules from equation J↓ = 327W/m2.
Correspondingly, doubling of the carbon dioxide concentration leads to equation
J↓ = 332W/m2 that gives κω = 0.35km−1. Since the global temperature change
due to atmospheric radiators other than CO2 molecules, is 1.6K according to for-
mulas (7.2.27) and (7.2.29), one can obtain from this that b = 25K. As it is seen,
b � a, because on the one hand, the concentration of water molecules near the Earth
surface is 40 times more than that of carbon dioxide molecules, and, on the other
hand, a water molecule due to its dipole moment has a higher optical activity com-
pared to the CO2 molecule. Note also that the correlation between evolution of the
CO2 concentration and global temperature was used in this operation that exists only
last 40 years.

In considering emission of atmospheric water in IR spectral range, we were based
on simple models and measurements related to atmospheric water. One can expect a
more fruitful method is to evaluate the absorption coefficient of atmospheric water on
the basis of high-resolved spectroscopy of water molecules [79] in the same manner
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as it is made for atmospheric carbon dioxide. But it is not reliable because of strong
fluctuations in the concentration of water molecules and an important contribution
of water microdrops which in spite a relatively small mass close the windows of
transparency of water and carbon dioxide atmospheric molecules. Additional data
for atmospheric carbon dioxide and water allow one to increase the reliability of
parameters described the greenhouse atmospheric phenomenon.

In conclusion of the analysis of the greenhouse phenomenon in the Earth’s atmo-
sphere we note that atmospheric CO2 molecules give the contribution of approxi-
mately 20% both in the radiative flux of infrared radiation toward the Earth and the
change of the global temperature due to growth of the amount of atmospheric carbon
dioxide. The other part of these values relate to atmospheric water in the form of H2O
molecules and water microdrops. We determine the contribution from atmospheric
carbon dioxide on the basis of the spectroscopy analysis because of a large residence
time of CO2 molecules in the atmosphere that is approximately 4 years. The amount
of atmospheric water varies in irregular manner depending on time and geographic
point. Therefore we are based on the energetic balance of the Earth’s atmosphere
that is reliable. As a result, we obtain roughly that the contribution to the greenhouse
effect due to CO2 molecules is 20%, due to water molecules is 50% and due to water
microdrops is approximately 30%.

7.2.3 Climate Sensitivity

We above have determined the variation of the radiative flux toward the Earth due to
a change of the concentration of atmospheric CO2 molecules. This causes a change
of the Earth’s temperature, and our task is to determine the connection between these
values. The characteristic of this change is according to Arrenius [47] so called the
equilibrium climate sensitivity [48] which is the change of the global temperature
at doubling of the atmospheric concentration of CO2 molecules. But this problem
may be formulated in a general form, as the global temperature change as a result
of variation of the radiative flux �J↓ toward the Earth/s surface. Let us define the
climate sensitivity [16, 80] S as the ratio of the global temperature variation �T to
the change �J↓ of the radiative flux toward the Earth, and this change causes the
change of the global temperature �T . We have

S = �T

�J↓
(7.2.21)

It is convenient to operate with a reciprocal value F = 1/S, which is called the
radiative forcing, since the total radiative forcing is the sum of partial ones. In this
consideration we assume the interaction of solar radiation with the atmosphere and
Earth is not varied at a small Earth temperature change. This also takes into account
that optical parameters of the atmosphere in the visible spectral range are not varied
if these parameters in the infrared spectral range vary slightly, including the con-
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servation of the Earth albedo. In this consideration, we are based on the standard
atmosphere model, so that the Earth’s temperature is TE = 288K, the temperature
gradient dT/dh = −6.5K/km is constant up to the tropopause at ho = 11 km, where
the atmospheric temperature equals Tmin = 217K, and the temperature difference
between the Earth and tropopause is δT = Te − Tmin = 61K. Let the temperature
change at the Earth be �T , while the tropopause temperature is unvaried. We then
determine the change of energy fluxes under the above conditions, where the water
concentration is supported to be a constant.

One can obtain the temperature Th at a given altitude h and its change �Th under
given conditions

Th = TE

(
1 − δh

ho

)
, �Th = �T

(
1 − h

ho

)
(7.2.22)

Correspondingly, a change �Jh of the radiative flux, if it is created at the altitude h,
is

�Jh = 4σT 3
h �Th = 4Jh�Th

Th
, (7.2.23)

where σ is the Stephan-Boltzmann constant. In determination of the convection flux
change �Jc, we assume the energy flux due to convection to be proportional to the
temperature gradient, that gives

�Jc = Jc
�T

δT
(7.2.24)

We use these relations below in determination the
The radiative flux from the Earth’s surface JE = 386W/m2 is compensated par-

tially by atmospheric emission through carbon dioxide and water molecules which
equals approximately �JE = 216W/m2 in the range ω < 800cm−1. Assuming the
radiative temperature for emission of atmosphericmolecules to be equal to theEarth’s
temperature, one can find the radiative forcing FE due to emission of the Earth and
atmospheric molecules

FE = 4�JE
TE

= 2.4W/(m2 K) (7.2.25)

In accordance with the energetic balance of the Earth given in Fig. 7.2, we
take the average energy flux due to water evaporation from Earth’s surface to be
Jev = 57W/m2 and due to atmospheric convection Jc = 47W/m2. The tempera-
ture dependence of the flux due to water evaporation is ∼ exp(−�ε/T ), where
�ε = 0.43eV is the binding of the water molecule for the liquid phase. The flux
change �Jc due to convection we assume to be proportional to the temperature
change. As a result, we obtain for the change of the energy flux for these channels as
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�Jev = Jev
�ε�T

T 2
E

, �Jc = �T

TE
Jc, (7.2.26)

and these channels give Fev = 3.4W/(m2 K), Fc = 0.16W/(m2 K), Fev + Fc

= 3.6W/(m2 K).
We determine also the feedback which takes into account the connection between

an increase of the global temperature �T and the concentration of optically active
components. Let us use the Pauling concept [81, 82] according to which an increase
of the carbon dioxide concentration in the atmosphere results from an increase of the
global temperature, but not vise versa, as it is assumed in the standard consideration.
In this case an atmospheric amount of carbon dioxide follows from equilibrium with
ocean carbon dioxide which is dissolved in oceans and is located there in the form of
HCO−

3 and other compounds. This equilibrium proceeds through the formation of

CO2 + H2O(liq) ←→ H2CO3, (7.2.27)

that means an equilibrium between free atmospheric CO2 molecules and bound ones
in an indicated compound with liquid water, where the enthalpy of this transition
is �H = 178kc J/mol or 1.8eV [83]. Because an amount of atmospheric carbon
dioxide is less compared with bound carbon dioxide in this chemical compound, the
concentration c(CO2) depends on the temperature as

c(CO2) ∼ exp

(
−�H

T

)
, (7.2.28)

that leads to the following relation of a concentration change for atmospheric carbon
dioxide and a temperature change �T of the Earth’s surface

Delta ln c(CO2)

d�T
= �H

T 2
= 0.26K−1 (7.2.29)

This gives for the radiative forcing Ff (CO2) = 0.4W/(m2 K) due to the feedback
between the change of the atmospheric concentration of carbon dioxide and the
temperature change �T if we use formula (2.2.15).

By analogywith formula (7.2.22), we have for concentration of atmospheric water
molecules

c(H2O) ∼ exp

(
−�εb

T

)
, (7.2.30)

where εb ≈ 0.43eV is the binding energy of the water molecule on the surface of
liquid water. This gives by analogy with formula (7.2.23)

d ln c(H2O)

d�T
= εb

T 2
= 0.06K−1 (7.2.31)

From this on the basis of formula (2.2.15) we have
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F f (H2O) = �J↓(H2O)

d ln c

�c(H2O)

d�T
= 2.8W/(m2 K), F f = F f (H2O) + F f (CO2) = 3.2W/(m2 K)

(7.2.32)

Because the radiative forcing due to an increase of the atmospheric concentration
of water molecules due to an increase of the global temperature, we assume for
simplicity, that the the radiative forcing as a result of the feedback due to the change
of the atmospheric concentrations of carbon dioxide andwater molecules to be equal.
This gives for the radiative forcing due to this feedback Ff = 0.3W/(m2 K).

Summarizing the above values, one can obtain the total radiative forcing

Ft = FE + Fev + Fc − Ff ≈ 2.8W/(m2 K), S ≈ 0.36m2 K/W (7.2.33)

Note a low accuracy of the climate sensitivity since the radiative forcing is the differ-
ence of large values. The error increases also because atmospheric water molecules
and water microdrops are not separated in this evaluation. In addition, according to
evaluations [74] this value equals to S = 0.42m2 K/W.

It follows for the change of the global temperature as a result at doubling of the
concentration of atmospheric CO2 molecules.

�T = (0.4 ± 0.2)K, (7.2.34)

where the error accounts for the accuracy of used values, whereas the result depends
on processes included in the above scheme. Indeed, we assume the atmospheric and
Earth’s albedo, as well as another interaction of solar radiation with the atmosphere
and Earth, to be unvaried in the course of the change of the concentration of CO2

molecules, and also the content of atmospheric water is conserved. Because anthro-
pogenic fluxes of carbon dioxide in the atmosphere resulted from combustion of
fossil fuels is about 5%, the contribution of the human activity to ECS (the tem-
perature change as a result of doubling of the atmospheric carbon dioxide amount)
is

�T = 0.02K, (7.2.35)

i.e. injections of carbon dioxide in the atmosphere as a result of combustion of fossil
fuels is not important for the greenhouse effect. In addition, total removal of CO2

from the atmosphere causes a decrease of the radiative flux toward the Earth by
approximately 9W/m2. This corresponds to a decrease of the global temperature by
approximately 4K.

The value (7.2.27) may be compared with the ECS for a real atmosphere on the
basis of data for evolution of the global temperature during past 150 years [32, 33]
and the monitoring of atmospheric carbon dioxide [43, 46]. This is given by formula
(7.1.11)
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�T = (2.0 ± 0.3)K,

so that atmospheric carbon dioxide provides approximately 20% both the radiative
flux toward the Earth and its change resulted from the change of the concentration of
CO2 molecules. The ECS which follows from treatment of data over past 65 million
years is [80, 84, 85]

�T = (3.5 ± 1.3)K, (7.2.36)

Evidently, a large error is determined by the change of conditions during different
epochs.

For determination of the absorption coefficient (7.1.15), the spectroscopy infor-
mation about these molecules is required, and it is the content of the data bank [86]
that may be used for such evaluations. In the case of CO2 molecules an additional
simplification of a simple structure of this molecule allows one to use the regu-
lar or Elsasser model [87] for its vibrational-rotational spectrum with spectroscopy
parameters according to [88]. As a result, this allows one to determine ECS un-
der conditions, that the concentrations of all the atmospheric radiators except CO2

molecules are constant at doubling of the concentration of carbon dioxide molecules.
As a result, under these conditions, the change of the global temperature within the
framework of the absorption band and line-by line models is equal [19, 29, 74]

ECS = (0.4 ± 0.1)K (7.2.37)

Comparing formula (7.2.37) with (7.1.11), one can conclude that approximately 20%
of the change of the global temperature for a real atmosphere gives carbon dioxide,
and then the contribution to the global temperature change from combustion of fossil
fuels is approximately 1%.

In this consideration,we account for the total radiative flux toward theEarth equals
J↓ = 327W/m2 according to (7.1.12). Considering this as equation for the absorp-
tion coefficient of other atmospheric radiators than atmospheric carbon dioxide,
one can obtain for the contemporary concentration of atmospheric CO2 molecules
κω = 0.33km−1. This corresponds to the altitude h↓ = 2km of a layer which is re-
sponsible for atmospheric emission, and its temperature T↓ = 275K is the radiative
temperature in spectral ranges outside absorption of CO2 molecules. An indicated
temperature differs slightly from (7.1.4) where the absorption coefficient for atmo-
spheric carbon dioxide is averaged over frequencies. At the doubled concentration
of CO2 molecules this equation gives κω = 0.35km−1.

According to the above mentioned NASA investigations, the concentration of at-
mospheric CO2 molecules increases in time from 0.028% at the preindustrial period
which finishes in 19th century, up to 0.041% now. The amount of atmospheric carbon
dioxide results from the equilibrium between atmospheric and surface carbon [38–
41] and consists mostly of the transition between atmospheric carbon dioxide and
solid carbon in composition of plants. The carbon transition from the atmosphere to
the Earth’s surface proceeds in the photosynthesis process, whereas the opposite tran-
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sition results from breathing and degradation of plants, as well as from combustion
of fossil fuels. Roughly, the Earth atmosphere includes 800 billion tons of carbon in
atmospheric carbon dioxide, and the residence time of an individual CO2 molecule in
the atmosphere is approximately 4 years, i.e. an exchange between atmospheric and
surface carbon is approximately 2 · 108 ton/yr. The total carbon amount in coal, oil
and methane which is extracted from the Earth’s interior annually, is approximately
10 billion tons, i.e. the human activity gives the contribution of 5% to the carbon
circulation. Hence, the contribution of the man activity in the equilibrium climate
sensitivity (7.2.37) is

�T = 0.02K (7.2.38)

But a small contribution of injections of carbon dioxide in the atmosphere as
a result of the combustion process does not mean that the influence of the man
activity on global atmospheric parameters ia absent practically at the contemporary
level of the human activity. Indeed, from the preindustrial period up to now the
concentration of atmospheric CO2 molecules increases by (40–50)%. This results
from deforestation under the human activity. One can conclude from this analysis
that contemporary using of fossil fuels which finally are injected in the atmosphere
in the form of carbon dioxide and hence influence on the atmospheric spectroscopic
properties; it gives the contribution to the global temperature changeof approximately
1%.

7.2.4 Energy Balance of Venus and Its Atmosphere

We also apply the results of emission of a gas layer contained CO2 molecules for
the analysis of the energetic balance of the Venus and its atmosphere. Figure 4.10
gives the frequency dependence of the Venus atmosphere near its surface due to
atmospheric CO2 molecules, and belowwe use this to construct the energetic balance
of the Venus and its atmosphere. Let us represent first parameters of the Venus
atmosphere. The Venus atmosphere consists of carbon dioxide (96.5%) and nitrogen
(3.5%) [89]. On the basis of this, for simplicity, we shall further assume that carbon
dioxide is the only component of the Venusian atmosphere. The gas pressure at the
surface of Venus is 92 atm, the temperature is 735 K [89, 90]. The temperature
gradient is about −8K/km in the altitude range from 0 to 60km and then decreases
monotonically, as the altitude increases, to almost zero at an altitude of 100km [90].
On the basis of measurements [90], the scale of the change in the number density
of carbon dioxide molecules � in the Venus atmosphere, which is introduced on
the basis of formula (7.1.2), varies from � = 19km at the surface Venus up to
about 6km at an altitude of 60km, and 4km at an altitude of 100km. The number
density of carbon dioxidemolecules at the Venus surface is N = 9.2 · 1020 cm−3, and
also N = 6.6 · 1018 cm−3 and N = 1.2 · 1015 cm−3 at altitudes of 60km and 100km
respectively.
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Our task is to determine the contribution of carbon dioxide, located in the Venus
atmosphere, the greenhouse effect. Indeed, the average flux of solar radiation per unit
surface area of Venus is (2622 ± 6)W/cm2 [91] (for the Earth’s surface this value
is 1365W/cm2). For the observed surface temperature 735K, the flux of infrared
radiation under these conditions is JV = 1.7W/cm2, i.e. heat fluxes are increased at
approach to the planet surface. If the Venus absorbs all the solar radiation incident
on it and then radiates as a black body, then its surface temperature will be 463K.

In reality, most of the radiation penetrating into the Venus atmosphere is reflected,
and the absorbed energy is consumed partially for creation of convective gas flow,
while its main part is spent on atmosphere radiation. The Venus albedo is of 0.80 ±
0.02 according to [92] and 0.76 ± 0.01 according to [91]. As a result, the average
radiative flux from the Venus atmosphere is (157 ± 6)W/m2 [93]. This corresponds
to an average radiation temperature of about 230K, which agrees with measurements
[94, 95]. This temperature is realized at an altitude of 70km,where the carbon dioxide
pressure is 28Torr.

The analysis of the Venus energetic balance is beyond this work. Our task is to de-
termine the role of carbon dioxide emission in the heat balance of the Venus. We will
assume that the Venus atmosphere consists entirely of carbon dioxide and determine
the radiative temperature in the spectrum rangewhere carbon dioxidemolecules emit.
In the subsequent analysis, we use the representations of molecular spectroscopy (for
example, [96–101]). Moreover, the CO2 molecule is a linear symmetric molecule,
that simplifies the analysis of its oscillations.

Weuse formula (7.1.20) to find the radiative temperature T (ω) of radiation leaving
the Venus atmosphere in the range of the absorption spectrum of carbon dioxide
molecules. Let us introduce the absorption band by molecules of carbon dioxide
such, that the boundary frequencies for this band ω1b and ω2b in accordance with
formula (7.1.22) are given by relations

kω(ω1b)� = kω(ω2b)� = 2

3
, (7.2.39)

where the scale for the change of the number density of radiating molecules is
determined by formula (7.1.2).

If the width of the absorption band is determined by wings of spectral lines for in-
dividual vibrational-rotational transitions, it is convenient to average the absorption
coefficient (4.2.25) for P and R branches over oscillations within one period, i.e.
over the frequency range for transitions between neighboring rotational momenta.
Next, on the basis of formula (7.1.20), we determine the altitude of an atmosphere
layer hω which is responsible for emission of photons at a given frequency, and the
radiation temperature at a given frequency coincides with the temperature of this
layer. Figure7.12 contains the frequency dependence for this altitude. Correspond-
ingly, the radiation temperature T (ω) of photons, which are produced by emission
of carbon dioxide molecules, is given in an indicated range of photon frequencies in
Fig. 7.13 in accordance with formula (7.1.20).
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Fig. 7.12 Effective altitude of the Venus atmosphere which is responsible for creation of the
radiative flux at a given frequency [102]

Fig. 7.13 Effective temperature of the Venus atmosphere which is responsible for creation of the
radiative flux due to emission of atmospheric CO2 molecules as a frequency function [102]

Let us determine the total outgoing radiation flux from the Venus atmosphere
on the basis of formula (7.2.39) assuming that the radiative temperature for a part
of the spectrum, which is not connected with carbon dioxide, is independent of the
frequency. We have for the energy flux of radiation

J↓ =
ω1∫
0

�ω3dω
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(7.2.40)
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and according to the measurements [93] this flux is J = (157 ± 6)W/m2. Solving
this equation, we find To = (249 ± 3)K,which corresponds to altitudes of 63–64km.
Note that clouds of the Venusian atmosphere, consisting of droplets of sulfuric acid,
are concentrated in the altitude range of 60–70km. Perhaps, these clouds are respon-
sible for emission of thermal radiation in the range of the spectrum, not connected
with molecules of carbon dioxide. We also note that at an altitude of 60km the at-
mosphere temperature is 263K, and the temperature gradient is dT/dh = 4K/km,
and the scale of the change in the number density of CO2 molecules is � = 6km.
This gives a small parameter (7.1.18) α = 0.05, which characterizes the validity of
the assumptions used.

Let us give the parameters of Venus related to the problem under consideration.
The atmosphere of Venus consists of carbon dioxide (96.5%) and nitrogen (3.5%)
[89]. For simplicity, we assume carbon dioxide to be the only component of theVenus
atmosphere. The gas pressure at the Venus surface is 92 atm, the temperature is 737K
[89, 90], that corresponds to the number density of molecules of carbon dioxide near
the Venus surface N = 9.2 · 1020 cm−3. The temperature gradient is about−8K/km
in the altitude range from 0 to 60km [90], and the scale of the change in the density
of carbon dioxide molecules � in the Venus atmosphere, which is introduced on the
basis of formula � = d ln N/d(1/h), where N is the number density of molecules
in the atmosphere, h is the altitude above the Venus surface, and � = 19km.

In constructing the energy balance of the surface of Venus and its atmosphere,
we will model the Venus surface as a blackbody for IR radiation. We have that
an absolutely black body with a temperature of 737K creates an IR radiative flux
Jo = 16.7 kW/m2. On the other hand, the average flux of solar radiation per unit
surface area of Venus 2.6 kW/m2 [91]. The Venus albedo is 0.80 ± 0.02 according
to [92] and 0.76 ± 0.01 according to [91]; we take it to be 0.78. It follows that the
average flux of solar radiation absorbed by the atmosphere and surface of Venus is
0.5 kW/m2.An additional contribution to the power absorbed by the surface ofVenus
is due to IR radiation produced by the molecules of carbon dioxide. To determine the
radiative flux to the Venus surface, which contributes to the Venus energy balance,
it is necessary to analyze the emission spectrum of carbon dioxide molecules in
the infrared spectral range, which is presented in Fig. 4.3, so that the frequency
dependence for the absorption coefficient is represented in Fig. 4.10.

The boundaries of absorption bands for the Venus atmosphere due to carbon
dioxide molecules follow from the relation [13, 103]

kω� = 2/3, (7.2.41)

where � = 19 km is the scale of the change in the number density of molecules of
carbon dioxide in the Venus atmosphere near its surface in accordance with formula
(7.1.2). On the basis of this formula, we have for the boundaries of the first two
absorption bands ω1 = 493cm−1 and ω2 = 1174cm−1, which gives IR radiative
flux to the Venus surface J1 = 3.5 kW/m2. The third absorption band, which is
created by the resonant radiation of the carbon dioxide molecule between the lower
excited antisymmetric state and the ground vibrational state, has the boundaries
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ω1 = 2258cm−1 and ω2 = 2439cm−1 that leads to IR radiative flux to the Venus
surface J3 = 0.9 kW/m2. From this one can obtain the total radiative flux to the
Venus surface, which consists of the absorbed flux of solar radiation and IR radiation
generated by carbon dioxide molecules in the Venus atmosphere is J = 4.9 kW/m2.

As it follows from the data presented, solar radiation absorbedby theVenus surface
contributes 3% to the total energy flux absorbed by the Venus surface. In this case,
the contribution of IR radiation of the Venus atmosphere absorbed by its surface is
26% from the total flux of radiation absorbed or emitted by the Venus surface. Note
that in the case of the Earth’s energy balance, the last channel gives 20% [16, 19, 75].
Thus, we arrive at a contradiction according to which the power of radiation absorbed
by the surface of Venus, is small extent (about one-third) compared to the power of
IR radiation from its surface at the observed temperature. In searching the cause
of the discrepancy between the indicated powers, we first analyze the accuracy of
finding the above powers. For this purpose, we use the absorption band model [19]
for carbon dioxide molecules, according to which radiation at frequencies inside
this band is created by carbon dioxide molecules, whereas outside the absorption
band, carbon dioxide molecules do not contribute to atmospheric emission. This
requires a sharp change of the absorption coefficient kω near the boundary of the
absorption band which is given in Fig. 4.9. The accuracy of calculation the above
radiation powers within the framework of the model used is better than 20%; the
error in calculations also includes the fact that the radiative temperature of the Venus
atmosphere near boundaries of the absorption bands is determined by the layers of
the Venus atmosphere whose temperature differs from the temperature of its surface.

Let us ascertainwhich additional channels in theVenus energy balance can remove
the contradiction obtained. Above we did not take into account the convective heat
transfer from the Venus surface, associated with the vortex movement of carbon
dioxide near its surface under the influence of the atmospheric temperature gradient.
In the case of the Earth, the convective energy flux is about 10% of the total flux
of solar radiation entering the Earth’s atmosphere [16, 19, 75]. It can be expected
that the relative contribution of convective transport in the energy balance of Venus
does not exceed this value due to a high gas pressure in the atmosphere of Venus.
Thus, convective transport in the atmosphere of Venus does not eliminate the above
contradiction, especially since the convective transfer only increases the missing
energy flow to the Venus surface, which is necessary for the fulfillment of the Venus
energy balance.

However, convective heat transfer in the Venus atmosphere causes the dust to
move from the Venus surface to its atmosphere. In the case of micron-size dust
particles, the action of gravity leads to their return to the Venus surface through
years. The weighted dust is optically thick in the IR spectral range and even at a
low dust concentration the IR radiative flux may be provided by dust particles. Note
that in the case of the Earth’s atmosphere, the role of dust does not be important,
since atmospheric dust is washed out by atmospheric water for 8–9 days. At the same
time, the energy balance of Venus and its atmosphere begins with absorption of solar
radiation by the atmosphere [104], and then the absorbed energy is transferred to the
Venus surface as a result of convection and radiative transfer. Herewe do not consider
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the radiative transfer from upper layers of the Venus atmosphere to its surface, but
we solve a simpler problem.

One can estimate a dust amount of the atmosphere from the condition that the dust
optical thickness u with respect to IR radiation is of the order of one. This condition
has the form

uω = kωL = σωNL ∼ 1, (7.2.42)

where σω is the photon absorption cross section of a dust particle, N is the number
density of particles in the atmosphere, L is the thickness of the atmosphere layer
in which the dust is located. Assuming dust particles to be spherical, we assume
a typical dust radius r to be small compared to the wavelength λ ∼ 10µm, which
leads to the following estimate for the photon absorption cross section of the dust
particle [78]

σω ∼ πr2 · r
λ

∼ V

λ
, (7.2.43)

where V is the average volume of dust particles. From this we obtain on the basis of
formula (7.2.42)

ξ = V NL ∼ λuω, (7.2.44)

where ξ is a typical thickness of the dust layer, which ensures the absorption of
infrared radiation of the planet, if atmospheric dust is collected near theVenus surface.

Comparing this amount of dust with the amount of carbon dioxide in the atmo-
sphere of Venus, we obtain that the concentration of dust molecules is ∼10−7 (the
number of molecules of atmospheric dust to the number of molecules of carbon
dioxide in the atmosphere) provides the effect under consideration when this dust
consisting from solid particles of micron and submicron sizes, creates the IR radia-
tive flux absorbed subsequently by the Venus surface. If this dust is collected at the
Venus surface, it forms a layer of thickness of several tens of microns (several IR
wavelengths). Note that the microscopic dust of the Venusian atmosphere is near its
surface, in contrast to the clouds in the Venus atmosphere [95, 105, 106], which are
located at an altitude of 60–70 km and provide IR radiation which goes outside this
planet.

Let us note one more feature of the conducted research. The performed calcula-
tions use information about spectroscopic parameters of carbon dioxide molecules
taken from the HITRAN data bank [79] and include data for several hundred
vibrational-rotational transitions of the carbon dioxide molecule. At present, this
bank has information pertaining to hundreds of thousands of transitions involving
carbon dioxide molecules [79] , i.e. a small part of existed information related to this
problem is sufficient for the calculations of the above parameters.

As is seen, the disperse phase is the basic radiating component for outgoing
radiation as well as for that directed to the Venus surface. In considering the radiative
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Fig. 7.14 Expressed in
kW/m2 average energy
fluxes of the Venus and its
atmosphere [102]

flux toward the Venus surface, we assume that this radiation is created mostly by
dust particles which arose in the atmosphere from the surface under the action of
convective atmospheric motion. We considered sand particles as a more probable
candidate for these particles which are a source of infrared radiation directed toward
the Venus surface. In order to satisfy the energetic balance between the Venus surface
and its atmosphere, it was required that the optical thickness due to sand particles
corresponds to formula (4.1.17) for an atmospheric layer starting from the surface
up to altitude h = 8km. From this one can find the total optical thickness of the
Venus atmosphere due to sand particles as u = 1.8 under the assumption that the
concentration of sand particles is independent of the altitude up to high altitudes.
Hence, the optical density of sand particles starting from the altitude h = 70km up to
infinity is 0.002. Hence, sand particles cannot be responsible for outside radiation.

One can expect that radiators are aerosols which constitute clouds of the Venus
atmosphere [95, 105, 106], are located at altitudes of 60–70km and provide infrared
outgoing radiation of this planet. The Venus is covered by a thick layer of clouds
that extends between 55 and 70km above the surface. These rapidly-moving clouds
are mainly composed of micron-sized droplets of sulphuric acid and other aerosols.
One can estimate a specific mass of aerosols ρξ which are responsible for emission
of outgoing radiation of the Venus, where ρ is the mass density of aerosol material
< and ξ is given by formula (7.2.44). One can find a specific mass m of these
aerosols in analogy with that for dust particles created the radiation toward the Venus
surface. Taking an identical mass density for dust particles near the Venus surface
and aerosol particles in upper layers (ρ = 1.8 g/cm3 for sulfur acid), one can obtain
the same specific mass of particles M ≈ 2mg/cm2 because of the identical optical
thickness of comparable layers. The specific mass of carbon dioxide is 50 g/cm2 for
the Venus atmosphere above 70km, that gives for the aerosol mass concentration
M/m ∼ 4 · 10−5. As is seen, the mass concentration of aerosols which create the
outgoing radiation of the Venus atmosphere is two orders of magnitude higher than
that for dust particles which determine radiation toward the Venus surface.
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Summarized the above data, one can construct the energetic balance of the Venus
and its atmosphere which is presented in Fig. 7.14. Though the convection flux is
included in this Figure, its value is less that the error for radiative fluxes, i.e. the
contribution of the convection flux into the the total one is negligible. Nevertheless,
convection is of importance for Venus energetics because it lifts up dust particles
from the Venus surface which provide its high temperature.

We above use the results for emission of carbon dioxide molecules in the infrared
spectrum range for radiation of the Venus atmosphere, as a demonstration of the
above methods for spectroscopy of molecules in gases. Note two peculiarities of this
process. First, the temperature of the Venus surface is enough high, and the power of
infrared radiation of the Venus atmosphere is two orders of magnitude larger than the
power of solar radiation penetrated in the Venus atmosphere, but solar radiation is
the basis of the energetic balance of the Venus. Second, under known parameters of
the Venus atmosphere, one can evaluate precisely (with the accuracy better 20%) the
power of emission due to atmospheric CO2 molecules, and it is only one third from
the power radiating by the Venus surface. This proves the presence of an atmospheric
dust which amount is seven orders of magnitude less than the amount of atmospheric
carbon dioxide, but this dust provides the atmosphere balance.

References

1. J.B.J. Fourier, Annal. Chem. Phys. 27, 136 (1824)
2. J.B.J. Fourier, Mem. Acad. Roy. Sci. 7, 569 (1827)
3. https://en.wikipedia.org/wiki/Greenhouse-gas
4. J. Tyndall, Proc. Roy. Inst. 3, 155 (1959)
5. J. Tyndall, Philos. Mag. 22, 169–273(1861)
6. J. Tyndall, Philos. Mag. 26, 44 (1863)
7. https://en.wikipedia.org/wiki/John-Tyndall
8. Y.G. Houghton, Physical Meteorology (MIT Press, Cambridge, 1985)
9. S. Twomey, Atmos. Environ. 25A, 2435 (1991)
10. B.M. Smirnov, Introduction to Plasma Physics (Moscow, Nauka, 1975; in Russian)
11. B.M. Smirnov, Introduction to Plasma Physics (Mir, Moscow, 1977)
12. B.M. Smirnov, Physics of Weakly Ionized Gas (Moscow, Nauka 1979; in Russian)
13. B.M. Smirnov, Physics of Weakly Lonized Gases (Mir, Moscow, 1980)
14. Understanding Climate Change (Washington, National Academy of Sciences, 1975)
15. J.H. Seinfeld, S.N. Pandis, Atmospheric Chemistry and Physics (Wiley, Hoboken, 2006)
16. M.L. Salby, Physics of the Atmosphere and Climate (Cambridge University Press, Cambridge,

2012)
17. H.N. Pollack, S.J. Hunter, R. Johnson, Rev. Geophys. 30, 267 (1997)
18. O. Boucher, Atmospheric Aerosols. Properties and Climate Impacts (Dordrecht, Springer,

2015)
19. B.M. Smirnov, Microphysics of Atmospheric Phenomena (Springer, Switzerland, 2017)
20. G.R. North, K.-Y. Kim, Energy Balance Climate Models (Weinheim, Wiley, 2017)
21. J.T. Kiehl, K.E. Trenberth, Bull. Am. Meteorol. Soc. 78, 197 (1997)
22. K.E. Trenberth, J.T. Fasullo, J.T. Kiehl, Bull. Am. Meteorol. Soc. 90, 311 (2009)
23. K.E. Trenberth, J.T. Fasullo, Surf. Geophys. 33, 413 (2012)
24. https://www.ssmi.com/msu

https://en.wikipedia.org/wiki/Greenhouse-gas
https://en.wikipedia.org/wiki/John-Tyndall
https://www.ssmi.com/msu


264 7 Greenhouse Effect in Atmospheres of Earth and Venus

25. https://en.wikipedia.org/wiki/Earth’s-energy-budget
26. https://en.wikipedia.org/wiki/Greenhouse-effect
27. M. Wendisch, P. Yang, Theory of Atmospheric Radiative Transfer (Wiley, Singapore, 2012)
28. U.S. Standard Atmosphere (U.S. Government Printing Office, Washington, 1976)
29. B.M. Smirnov, EPL 114, 24005 (2016)
30. J.E. Hansen, D. Johnson, A. Lacis et al., Science 213, 957 (1981)
31. J.E. Hansen, R. Ruedy, M. Sato, K. Lo, https://www.data.giss.nasa.gov/gstemp/2011
32. J.Hansen,M. Sato, R.Ruedy et al., https://www.columbia.edu/~jeh1/mailing/2016/20160120-

Temperature2015
33. J. Hansen, M. Sato, R. Ruedy, https://www.columbia.edu/~jeh1/mailing/2014/20140121-

Temperature2013
34. J.E. Hansen, R. Ruedy, J. Glascoe, M. Sato, J. Geophys. Res. 104, 997 (1997)
35. J.E. Hansen, R. Ruedy, M. Sato et al., J. Geophys. Res. 106, 947 (2001)
36. J.E. Hansen, R. Ruedy, M. Sato, K. Lo, Rev. Geophys. 48, RG4004 (2010)
37. B.M. Smirnov, Physics of Global Atmosphere (Dolgoprudny, Intellect, 2017; in Russian)
38. T. Pedersen, Y. Rosental, S. Seitzinger et al., Science 290, 291 (2000)
39. T.M. Wigley, D.S. Schimmel, The Carbon Cycle (Cambridge, Cambridge University Press,

2000)
40. D. Archer, The Global Carbon Cycle (Princeton University, Press, Princeton, 2010)
41. https://en.wikipedia.org/wiki/Carbon-cycle
42. https://www.esrl.noaa.gov/gmd/ccgg/trends
43. https://www.ersl.noaa.gov/gmd/cggg/trends
44. Ch.D. Keeling et al., Tellus 12, 200 (1960)
45. Ch.D. Keeling et al., Tellus 28, 538 (1976)
46. https://en.wikipedia.org/wiki/Mauna-Loa-Observatory
47. S. Arrhenius, Phil. Mag. 41, 237 (1896)
48. https://en.wikipedia.org/wiki/Climate-sensitivity
49. https://climate.nasa.gov
50. I.A. Shiklomanov, Water in Crisis: A Guide to the World’s Fresh Water Resources In: P.H.

Gleick (Eds.) (Oxford, Oxford University Press, 1993; p. 13–24)
51. I.A. Shiklomanov, J.C. Rodda (eds.), World Water Resources at the Beginning of the Twenty-

First Century (Cambridge University Press, Cambridge, 2003)
52. R.W.Healy, T.C. Winter, J.W. Labaugh, O.L. Franke,Water Budgets: Foundations for Effective

Water-Resources and Environmental Management (Reston, Virginia, U.S. Geological Survey
Circular 1308, 2007)

53. https://en.wikipedia.org/wiki/Atmosphere-of-Earth
54. S. Bashkin, J. Stoner, Atomic Energy Levels and Grotrian Diagrams, Vol. 1–4 (Amsterdam,

North Holland, 1975–1982)
55. J.P. Peixoto, A.H. Oort, Physics of Climate (Washington, Amer. Inst. Phys., 1992)
56. K.E. Trenberth, L. Smith, T. Qian et al., J. Hydrometeorol. 8, 758 (2007)
57. https://en.wikipedia.org/wiki/water-circle
58. https://water.usgs.gov/edu/watercycleatmosphere.html
59. https://www.climate4you.com/GreenhouseGasses.htm
60. https://atmospheres.gsfc.nasa.gov/meso/index.php
61. https://tamino.wordpress.com/2010/08/08/urban-wet-island/
62. https://www.c3headlines.com/greehouse-gases-atmosphereco2methanewater-vapor
63. https://www.c3headlines.com/natural-negativepositive-feedback
64. http://en.wikipedia.org/wiki/Properties-of-water
65. D.R. Lide, Handbook of Chemistry and Physics, Edn. 86 (CRC Press, London, 2003–2004)
66. A. Dai, J. Climate 19, 3589 (2006)
67. K.M. Willett, P.D. Jones, N.P. Gillett, P.W. Thorne, J. Climate 21, 5364 (2008)
68. D.I. Berry, E.C. Kent, Bul. Amer. Meteorol. Soc. 90, 645 (2009)
69. https://tamino.wordpress.com/2011/05/17/hot-and-wet/

https://en.wikipedia.org/wiki/Earth's-energy-budget
https://en.wikipedia.org/wiki/Greenhouse-effect
https://www.data.giss.nasa.gov/gstemp/2011
https://www.columbia.edu/~jeh1/mailing/2016/20160120-Temperature2015
https://www.columbia.edu/~jeh1/mailing/2016/20160120-Temperature2015
https://www.columbia.edu/~jeh1/mailing/2014/20140121-Temperature2013
https://www.columbia.edu/~jeh1/mailing/2014/20140121-Temperature2013
https://en.wikipedia.org/wiki/Carbon-cycle
https://www.esrl.noaa.gov/gmd/ccgg/trends
https://www.ersl.noaa.gov/gmd/cggg/trends
https://en.wikipedia.org/wiki/Mauna-Loa-Observatory
https://en.wikipedia.org/wiki/Climate-sensitivity
https://climate.nasa.gov
https://en.wikipedia.org/wiki/Atmosphere-of-Earth
https://en.wikipedia.org/wiki/water-circle
https://water.usgs.gov/edu/watercycleatmosphere.html
https://www.climate4you.com/GreenhouseGasses.htm
https://atmospheres.gsfc.nasa.gov/meso/index.php
https://tamino.wordpress.com/2010/08/08/urban-wet-island/
https://www.c3headlines.com/greehouse-gases-atmosphereco2methanewater-vapor
https://www.c3headlines.com/natural-negativepositive-feedback
http://en.wikipedia.org/wiki/Properties-of-water
https://tamino.wordpress.com/2011/05/17/hot-and-wet/


References 265

70. R.M. Goody, Atmospheric radiation. Theoretical Basis (Oxford, Oxford University Press,
1964)

71. F. Reif, Statistical and Thermal Physics (McGrow Hill, Boston, 1965)
72. L.D. Landau, E.M. Lifshitz, Statistical Physics, vol. 1 (Pergamon Press, Oxford, 1980)
73. R.M. Goody, Y.L. Yung, Atmospheric Radiation (Oxford University Press, New York, 1995)
74. B.M. Smirnov, JETP 126, 446 (2018) §3
75. W.M. Haynes, CRCHandbook of Chemistry and Physics, Edn. 97 (London, CRC Press, 2016–

2017)
76. https://www.hitran.iao.ru/home
77. C.M.R. Platt, Quart. J. Roy. Meteorolog. Soc. 102, 553 (2006)
78. L.D. Landau, E.M. Lifshitz, Electrodynamics of Continuous Media (Pergamon Press, Oxford,

1984)
79. https://www.hitran.org/links/
80. Paleosens Project Members, Nature 491, 683 (2012)
81. L. Pauling, General Chemistry (Freeman, San Francisco, 1970)
82. J.M. Kauffman, J. Sci. Explor. 4, 723 (2007)
83. https://en.wikipedia.org/wiki/Calcium-carbonate
84. T.M. Cronin, Paleoclimates: Understanding Climate Change Past and Present (Columbia

University Press, New York, 2010)
85. M.L. Bender, Paleoclimate (Princeton University Press, Princeton, 2013)
86. I.E. Gordon, L.S. Rothman, C. Hill, R.V. Kochanov, Y. Tan et al., J. Quant. Spectr. Rad. Transf.

203, 3–69(2017)
87. W.M. Elsasser, Phys. Rev. 54, 126 (1938)
88. L.S. Rothhman, W.S. Benedict, Appl. Opt. 17, 2605 (1978)
89. https://en.wikipedia.org/wiki/Venus
90. https://en.wikipedia.org/wiki/Atmosphere-of-Venus
91. V.I. Moroz et al., Adv. Space Res. 5, 197 (1985)
92. M.G. Tomasko et al., J. Geophys. Res. 85, 8187 (1980)
93. https://asp.colorado.edu-espoclass/ASTR-5835-2015...Notes/Titov
94. J.T. Schofield, F.W. Taylor, Icarus 52, 245 (1982)
95. L.V. Zasova et al., Planet Space Sci. 55, 1712 (2007)
96. G. Herzberg,Molecular Spectra and Molecular Structure (Van Nostrand Reinhold, Princeton,

1945)
97. M.A. El’yashevich, Molecular Spectroscopy (Fizmatgiz, Moscow, 1963; in Russian)
98. H.C. Allen, P.C. Cross,Molecular Vib-rotors; the Theory and Interpretation of High Resolution

Infra-red Spectra (Wiley, New York, 1963)
99. G. Herzberg, Molecular Spectra and Molecular Structure: Electronic Spectra and Electronic

Structure of Polyatomic Molecules (Van Nostrand, New York, 1966)
100. C.N. Banwell, E.M. McCash, Fundamentals of Molecular Spectroscopy (McGraw-Hill, Lon-

don, 1994)
101. https://en.wikipedia.org/wiki/Infrared-spectroscopy
102. B.M. Smirnov, JETP 127, 48 (2018) §5
103. B.M. Smirnov, Physics of Ionized Gases (Wiley, New York, 2001)
104. D.V. Titov et al., https://asp.colorado.edu-espoclass/ASTR-5835-2015...Notes/Titov
105. L.V. Zasova, V.I. Moroz, L.V. Esposito, C.Y. Na, Icarus 105, 92 (1993)
106. Y.J. Lee, D.V. Titov, S. Tellmann et al., Icarus 217, 599 (2012)

https://www.hitran.iao.ru/home
https://www.hitran.org/links/
https://en.wikipedia.org/wiki/Calcium-carbonate
https://en.wikipedia.org/wiki/Venus
https://en.wikipedia.org/wiki/Atmosphere-of-Venus
https://asp.colorado.edu-espoclass/ASTR-5835-2015...Notes/Titov
https://en.wikipedia.org/wiki/Infrared-spectroscopy
https://asp.colorado.edu-espoclass/ASTR-5835-2015...Notes/Titov

	7 Greenhouse Effect in Atmospheres  of Earth and Venus
	7.1 General Principles of Atmospheric Greenhouse Effect
	7.1.1 Nature of Atmospheric Greenhouse Effect
	7.1.2 Global Properties of the Earth's Atmosphere
	7.1.3 Models of Emission from Optically Dense Gaseous Layer

	7.2 Greenhouse Effect in Atmospheres
	7.2.1 Emission of Atmospheric CO2 Molecules Towards the Earth
	7.2.2 Water as Atmospheric Radiator
	7.2.3 Climate Sensitivity
	7.2.4 Energy Balance of Venus and Its Atmosphere

	References




