
ISSN 1063-7761, Journal of Experimental and Theoretical Physics, 2021, Vol. 133, No. 6, pp. 687–695. © Pleiades Publishing, Inc., 2021.
Russian Text © The Author(s), 2021, published in Zhurnal Eksperimental’noi i Teoreticheskoi Fiziki, 2021, Vol. 160, No. 6, pp. 807–817.

ATOMS, MOLECULES, 
OPTICS
Kirchhoff’s Law in the Emission
of a Mixture of Molecular Gases

D. A. Zhilyaeva and B. M. Smirnova,*
a Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow, 125412 Russia

*e-mail: bmsmirnov@gmail.com
Received July 2, 2021; revised July 2, 2021; accepted July 7, 2021

Abstract—The interaction between molecules of different types through the thermal radiation emitted by
them due to the overlap of spectral lines is considered. This emission results from transitions between vibra-
tional and rotational states of molecules. It is shown that the interaction is governed by Kirchhoff’s law,
according to which each molecule is both an emitter and an absorber. Kirchhoff’s law, together with data from
the HITRAN bank, which contains information on the parameters of radiative transitions for many mole-
cules, is fundamental for the analysis of the greenhouse effect in the atmosphere. The computer program
underlying this analysis uses about two thousand spectral lines taken from the HITRAN databank. The
greenhouse effect in the Earth’s atmosphere is associated with a change in the radiative f lux to the Earth’s
surface as a result of a change in the concentration of one of the greenhouse components. When analyzing
this problem within universal climatological models, which are complex computer programs taking into
account the primary and secondary atmospheric factors, one neglects the interaction between greenhouse
components through the radiation they emit, that is, one neglects Kirchhoff’s law. It is shown that when the
variable component is carbon dioxide, this leads to a fivefold error. If this component is atmospheric water
molecules, this leads to a threefold error. When the variable parameter is the concentration of nitrogen diox-
ide, this gives an overestimation of the radiative f lux by a factor of 2, while, in the case of ozone, the change
in the radiative f lux emitted by ozone molecules coincides with the change in the total radiative f lux. As fol-
lows from the analysis performed, the effect under consideration is associated with the location of the spectra
of molecules and the rate of radiative transitions between molecular states. This emphasizes the important
role of the HITRAN databank in solving the problems under consideration.
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1. INTRODUCTION
According to Kirchhoff’s law [1], each emitting

particle is simultaneously an absorber. In fact, this
law ref lects the principle of detailed balance for the
processes of radiation and absorption [2, 3], which
establishes a relationship between the rates of radia-
tion and absorption. Below, as an absorbing medium,
we consider a mixture of molecular gases, i.e., a gas
consisting of molecules of different types. The nature
of the absorption of this medium at a given point is
described by the absorption coefficient kω for emis-
sion at a given frequency ω, according to the defini-
tion of which the ratio 1/kω is the photon mean free
path at a given frequency in the medium. Based on
Kirchhoff’s law or the detailed balance principle,
when analyzing emission processes, we use the
absorption coefficient kω as a parameter describing
the emission of a molecular gas.

When analyzing emission and absorption processes
in a mixture of different atoms or molecules, i.e., par-
ticles with different absorption spectra, Kirchhoff’s
law is also responsible for the interaction of different

components in radiative processes. For the gas system
containing molecules of different types, it is possible
to determine the thermal radiative f luxes emitted by
each component of this gas at a given frequency. Now
let us change the concentration of a certain type of
molecules. This will lead to a change in the radiative
flux emitted by the molecules of this type. One may be
tempted to take this change as a change in the total
radiative f lux. However, this is true only for an opti-
cally transparent gas, i.e., for the situation when the
photon free path at a given frequency due to absorp-
tion by other components is large compared to the size
of the gas system. If this condition is not met, then one
should take into account Kirchhoff’s law, according to
which other components become absorbers in this
case. This means that, under the described conditions,
along with an increase in the radiative f lux at a given
frequency due to the considered component, there is a
decrease in the radiative f lux emitted by other compo-
nents, since the radiation is partially absorbed by new
molecules introduced into the system.
687
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Unfortunately, Kirchhoff’s law in this form is
neglected in climatological models when analyzing
the greenhouse effect and its variations in the Earth’s
atmosphere [4–10]. Climatological models are com-
plex computer programs aimed at describing the
behavior of all parameters of the atmosphere at every
point in space. One of the blocks of such a program is
the calculation of the radiation parameters of the
atmosphere. Due to the complexity of the system,
Kirchhoff’s law is neglected in this block; that is, the
interaction between individual types of molecules
through the radiation field is neglected. This leads to
incorrect conclusions about the evolution of the ther-
mal state of our planet. These conclusions form the
basis of the Paris agreement on climate, which creates
a misconception about climate change and the factors
influencing it. Incidentally, the same situation occurs
in other cases when one neglects physical principles.
Below, we will not touch upon this aspect of the prob-
lem and will focus on finding out what error can be
caused by the neglect of Kirchhoff’s law when analyz-
ing the emission of a gas consisting of molecules of dif-
ferent types.

Let us concentrate on the algorithm for calculating
the radiative f lux from a plane-parallel layer of a
weakly inhomogeneous gas containing molecules of
different types. Our goal is to determine the radiative
flux emitted by a gas containing emitting and absorb-
ing molecules of different types. For definiteness, we
will focus on the Earth’s atmosphere, simulating it by
a plane-parallel weakly inhomogeneous layer of gas.
Since the air pressure in this case is on the order of
atmospheric pressure, the width of an individual spec-
tral line due to certain vibrational–rotational or rota-
tional transitions of molecules is small compared with
the frequency difference between adjacent spectral
lines. This means that the emission spectrum of the
molecular gas layer consists of a large number of peaks
in the infrared region, and, to analyze the radiative
flux from the molecular gas, one should apply the
line-by-line model [11, 12], which requires an analysis
of the radiation parameters at each frequency sepa-
rately.

The interaction of molecules of different types,
which is based on Kirchhoff’s law, uses the fact that
the radiation emitted by molecules of one type can be
absorbed by molecules of another type and vice versa.
This means that the interaction is determined by the
overlap of the spectra of different molecules, and its
analysis requires detailed information on both the
behavior of the spectra of the molecules and the
parameters of radiative transitions for these molecules.
Therefore, the HITRAN databank, due to which such
information is available, is of great importance for the
processes under consideration [13, 14]. Note that the
existence of the HITRAN databank reflects the level
of the modern quantum theory of radiation and allows
solving problems that could not be solved previously.
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2. RADIATIVE FLUX 
FROM A PLANE-PARALLEL LAYER 

OF A MOLECULAR GAS

Our goal is to find radiative f luxes from a molecular
gas layer simulating the atmosphere and to determine
the role of Kirchhoff’s law in this problem. Before
analyzing the radiation parameters of the gas layer, we
present examples where this physical situation is real-
ized. First, consider a warehouse fire or a forest fire
occurring over large areas. In this case, radiation emit-
ted by hot air containing optically active components
and combustion products plays a significant role in the
thermal balance of air above the hot surface. Another
example is the greenhouse effect in the Earth’s atmo-
sphere whose thermal radiation is produced by impu-
rities including mainly water molecules and water
microdroplets that make up clouds, as well as carbon
dioxide molecules, while the bulk of the air (nitrogen
and oxygen molecules) is a buffer medium. The last
example will demonstrate the role of Kirchhoff’s law
in the emission of a gas layer containing different mol-
ecules.

Next, we present an expression for the radiative
flux from a plane-parallel layer containing a mixture
of molecular gases [15]. The nature of the emission
from a plane-parallel layer of molecular gas is deter-
mined by the optical thickness uω of the layer at a given
radiative frequency ω:

(2.1)

where h is the height measured from the boundary and
the integral is taken over the entire height of the layer.
We will assume first that the temperature T of the layer
does not change with height. Then the radiative f lux Jω
from the gas layer at a given radiative frequency ω is
[16, 17]

(2.2)

where Iω(T) is the equilibrium radiative f lux from a
plane-parallel layer, which is determined by the
Planck formula [18, 19]

(2.3)

The opaque factor g(uω) of the layer appearing in
formula (2.2) is given by the expression [16, 17]

(2.4)

and represents the probability that a photon of a given
frequency ω arising at one boundary and directed to
the other will not reach the latter, being absorbed on
the way. In this case, the act of emission of a photon by
a molecule is isotropic.
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KIRCHHOFF’S LAW IN THE EMISSION 689
Now, consider the emission of the Earth’s atmo-
sphere by simulating it with a weakly inhomogeneous
layer of gas. The weak inhomogeneity of the layer
means that a relative temperature change in the layer is
small, i.e., there is a small parameter, and the expres-
sion for the radiative f lux Jω emitted by the Earth’s
atmosphere can be represented as an expansion in this
small parameter. As a result, the expression for the
radiative f lux is described by the modified formula
(2.2) represented as [20, 21]

(2.5)

where Tω is the effective radiation temperature of the
layer at a given frequency, and the value of the radiative
flux can be found as a result of expansion in the small
parameter. This operation is described in [20, 21].

When analyzing the radiation emitted by the
Earth’s atmosphere, we will use the standard atmo-
sphere model [22], within which the atmospheric
parameters are averaged both over the Earth’s surface
and over time. In this case, the main greenhouse
components of the atmosphere are water molecules
and carbon dioxide, as well as microdroplets of water
that form clouds. The density distribution of water
and carbon dioxide molecules over height is obtained
from the standard atmosphere model [22], as well as
from subsequent measurements. The radiation
parameters of molecules, including transition rates
between vibrational or rotational states of the mole-
cules, as well as the broadening parameters of the
spectral lines, are taken from the HITRAN databank
[13, 14], which summarizes the results of measure-
ments and calculations.

It should be noted that this bank is important for
spectroscopic calculations. The quantum theory of
radiation, which could be used to analyze the pro-
cesses of emission of molecules, applies only to sym-
metric molecules and allows one to present the results
in an analytical form (for example, the regular model
or the Elsasser model [23]). The HITRAN bank has
changed our ability to perform spectroscopic calcula-
tions. In short, based on the data of the HITRAN bank
[13, 14], one can determine the absorption cross sec-
tion of a photon at a given frequency, and, on the basis
of the spatial distribution of molecules, one can deter-
mine the radiative f lux emitted by a plane-parallel
layer of gas containing these molecules by formula
(2.2). Thus, the HITRAN bank, which contains data
on the radiation parameters of molecules, including
the broadening of spectral lines, is an important tool
for modern molecular spectroscopy, which enabled
one to make a significant step in the analysis of the
radiation parameters of a molecular gas. Naturally,
this required the development of a special mathemati-
cal apparatus to present the data of the HITRAN bank
[24, 25].

ω ω ω ω= ( ) ( ),J I T g u
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3. CLOUDS IN ATMOSPHERIC EMISSION
Our goal is to determine the error caused by

neglecting Kirchhoff’s law, as is done in climatological
models. To this end, we have to formulate a model of
an emitting atmosphere. This model was presented in
the monograph [26], where it was used to calculate the
radiation parameters of the atmosphere in the spectral
region up to 1200 cm–1. This made it possible to ana-
lyze the nature of atmospheric emission associated
with changes in the concentration of carbon dioxide
molecules. In this work, we have extended the spec-
trum under consideration to 2600 cm–1. About 0.1% of
the radiative f lux emitted by an absolutely black body
at the temperature of the Earth’s surface remains out-
side this spectrum. The inclusion of more than 2000
spectral lines from the HITRAN databank into con-
sideration makes it possible to analyze changes in the
radiation associated not only with the greenhouse
components, but also with the participation of the so-
called trace components, the total contribution of
which to the atmospheric radiative f lux is about 1%.

Note that the three main greenhouse components
of the atmosphere, namely, water and carbon dioxide
molecules and microdroplets of water that form
clouds, together provide more than 99% of the atmo-
spheric radiative f lux. As for the greenhouse molecular
components, as mentioned above, for given tempera-
ture and density profiles of molecules, based on the
data from the HITRAN bank, one can determine the
infrared radiative f luxes of the atmosphere for each
component and at each frequency. In this case, the
layer of emitting gas is assumed to be plane-parallel,
which corresponds to the assumption that the charac-
teristic dimensions in the horizontal direction on
which the spatial density and temperature distribu-
tions of molecules change noticeably significantly
exceed the size of the vertical region, which is respon-
sible for the formation of emission. In reality, this con-
dition is satisfied.

However, in the case of emission of clouds, we do
not have the information necessary to determine the
associated atmospheric radiative f luxes with the same
accuracy as in the case of molecular components. The
condensation of water in the atmosphere occurs when
a stream of warm moist air from the lower layers of the
atmosphere is mixed with cold air of the upper layer
under the action of a vertical wind, i.e., as a result of a
nonequilibrium process. This is a rare process; there-
fore, atmospheric water consists mainly of water mol-
ecules, and the condensed phase of water in the atmo-
sphere constitutes a small fraction of atmospheric
water. Moreover, the standard atmosphere model [22]
excludes the condensed phase of water in the atmo-
sphere.

Nevertheless, clouds make an appreciable contri-
bution to the atmospheric emission, so that the total
radiative f lux from the atmosphere to the Earth’s sur-
face, which follows from the energy balance of the
YSICS  Vol. 133  No. 6  2021
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Table 1. Parameters of energy balance between the Earth
and the atmosphere, as well as average parameters of clouds
for the global atmosphere

Source
, 

W/m2

Jm, 
W/m2

Jcl, 
W/m2

hcl, km Tcl, K

[26] 327 233 94 4.3 266
This work 335 ± 7 272 ± 7 63 ± 7 4.6 ± 0.7 258 ± 6

↓J
Earth, includes the emission of clouds. Clouds divide
the troposphere into upper and lower parts: the lower
part is responsible for the atmospheric emission to the
Earth’s surface, while, in the upper part of the tropo-
sphere, infrared radiation is emitted that goes beyond
the atmosphere. In this case, the optical thickness of
the clouds is sufficient for the upper and lower parts of
the troposphere not to influence each other. Within
the framework of the atmosphere model [26], which
describes atmospheric emission to the Earth’s surface,
the clouds are located at a certain height hcl, and their
emission corresponds to an absolutely black body,
whose temperature Tcl coincides with the air tempera-
ture at this height. In this case, the radiative f lux emit-
ted by clouds is the difference between the total radia-
tive f lux of the atmosphere, which follows from the
Earth’s energy balance, and the radiative f lux due to
water and carbon dioxide molecules, which can be cal-
culated based on the data of the HITRAN bank. Ear-
lier [26], data from the NASA program obtained half a
century ago [27] were used as the Earth’s energy bal-
ance. At present, one uses other versions of the energy
balance of the Earth and its atmosphere.

Among additional sources for the energy balance of
the Earth and its atmosphere, we use the version given
in the book by Salby [28]. This version, along with
data obtained by NASA, uses the results of additional
measurements of atmospheric emission. In addition,
it uses the data of [29–32] carried out for the Interna-
tional Meteorological Society, as well as the Earth’s
energy balance constructed in [33, 34]. Below we use
the parameters of the energy balance of the Earth and
its atmosphere that are based on statistical averaging of
the parameters for each variant of the Earth’s energy
balance.

The atmospheric emission model used within the
line-by-line model leads to the following expression
for the atmospheric radiative f lux Jω at a given radia-
tive frequency ω:

(3.1)
The first term on the right-hand side of the equa-

tion is given by formula (2.5) and describes the emis-
sion of atmospheric molecules. The second term refers
to the emission of clouds, which, within this model,
emit as an absolutely black body with the temperature
Tcl of air in the region of the atmosphere where the
clouds are located. This radiation reaches the Earth’s

ω ω ω ω ω ω= + −cl( ) ( ) ( )[1 ( )].J I T g u I T g u
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surface with probability 1 – g(uω). Hence we obtain an
integral relation for the total radiative f lux J↓ from the
atmosphere to the Earth’s surface:

(3.2)

This f lux can be divided into two parts:

(3.3)
where

In this case, the radiative f lux Jm to the Earth’s sur-
face is emitted by optically active molecules of the
atmosphere; i.e., it is mainly determined by atmo-
spheric molecules of water and carbon dioxide, and
the radiative f lux Jcl results from the emission of water
microdroplets of clouds. Just as in the case of atmo-
spheric molecules, the emission of water microdrop-
lets occurs under the condition of thermodynamic
equilibrium between the radiation field and air mole-
cules.

In fact, relation (3.3) is an equation for determining
the height hcl of the clouds, as well as the temperature
Tcl of the atmospheric region where the cloud bound-
ary is located. The parameters of these formulas are
presented in Table 1 and obtained on the basis of the
data given above.

4. KIRCHHOF’S LAW FOR A STANDARD 
ATMOSPHERE

Next, we will demonstrate the role of Kirchhoff’s
law for the greenhouse effect, i.e., for the emission of
the Earth’s atmosphere. For this purpose, we devel-
oped a computer program based on the above algo-
rithm, which uses radiative transition data from the
HITRAN bank for greenhouse molecules H2O and
CO2, as well as for trace-component molecules N2O,
CH4, and O3. In total, more than two thousand spec-
tral lines are taken into account. The computer pro-
gram makes it possible to calculate, within the stan-
dard atmosphere model, both the radiative f luxes inci-
dent on the Earth’s surface and their dependence on
the radiative frequency. Hence one can determine the
changes in the partial and integral atmospheric radia-
tive f luxes to the Earth’s surface due to a change in the
composition of the atmosphere.

It is more convenient to demonstrate the effect of
Kirchhoff’s law on the change in the radiative f lux
from the atmosphere to the Earth’s surface as a result
of a change in the composition of the atmosphere due
to the overlap of the spectra of these components by an
example of trace components, since they act in a lim-
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Fig. 1. Optical thickness uω of the atmospheric layer
located between the Earth’s surface and clouds for CH4,
N2O, and H2O molecules near the absorption spectrum of
methane molecules. The height of the clouds is taken to be
hcl = 4.6 km. The straight line uω = 2/3 separates the
regions of low and high optical thicknesses of the atmo-
sphere for a given component. 
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Fig. 2. Optical thickness uω of the atmospheric layer
located between the Earth’s surface and clouds for opti-
cally active molecules near the second absorption band of
nitrogen dioxide molecules. The height of the clouds is
taken to be hcl = 4.6 km. The straight line uω = 2/3 sepa-
rates the regions of low and high optical thicknesses of the
atmosphere for a given component. 
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ited spectral region. Next, consider the interaction of
radiation with methane molecules, whose absorption
band is centered at 1306 cm–1, as well as with nitrogen
dioxide molecules, for which two absorption bands are
centered at 1285 cm–1 and 2224 cm–1.

Figures 1–3 show the values of the optical thick-
ness of the atmosphere for individual optically active
components in the region of absorption bands for the
trace components of the atmosphere. The contempo-
rary concentration of trace components in the atmo-
sphere is 1.9 ppm [35] for methane molecules and
0.29 ppm [36, 37] for nitrogen dioxide molecules.
These figures show that the spectral absorption lines of
different components overlap in the spectral regions
under consideration.

According to Figs. 1 and 2, in the spectral region
where the methane and nitrogen dioxide molecules
absorb, there is an overlap of the spectra of different
optically active molecules. It is this fact that deter-
mines the inf luence of different molecules on the
change in the radiative f lux from the atmosphere in
these spectral regions. In particular, the neglect of
the absorption of water molecules on the wing of the
atmospheric emission spectrum in [26] led to an
overestimated contribution of N2O molecules to the
radiative f lux, although this contribution did not
exceed one percent of the total radiative f lux from the
atmosphere to the Earth’s surface even in this case.
Note that the spectroscopic frequency unit, just as
the photon energy, is cm–1, so that its inverse is the
wavelength.

Thus, there are two absorption bands for N2O mol-
ecules in the thermal emission spectrum of the Earth’s
atmosphere. The lower band, which is associated with
the bending vibrations of a molecule, overlaps with the
absorption spectrum of methane and water molecules,
while the second absorption band, which corresponds
to antisymmetric vibrations of a molecule, overlaps
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
with the absorption spectra of water and carbon diox-
ide molecules. Doubling the concentration of nitrogen
dioxide molecules leads to a smaller increase in the
total radiative f lux of the atmosphere towards the
Earth’s surface compared with an increase in the radi-
ative f lux emitted by nitrogen dioxide molecules in the
absorption band of these molecules.

Table 2 demonstrates the general character of
change in radiative f luxes due to the emission of mol-
ecules of each type when the concentration of mole-
cules of a certain type is changed. Namely, an increase
in the concentration of molecules of a given type leads
to a relatively smaller increase in the radiative f lux due
to the molecules of this type and to an even smaller rel-
ative increase in the total radiative f lux of the atmo-
sphere to the Earth’s surface. This change leads to a
decrease in the contribution of other components to
the total radiative f lux of the atmosphere.

Note that the example presented above is a
demonstration of the optical interaction of different
components; it does not play a role in the radiation of
the atmosphere. Indeed, taking the global tempera-
ture, i.e., the average temperature of the Earth’s sur-
face, equal to TE = 288 K, and assuming that the
Earth radiates as an absolutely black body, we find
that the radiative f lux in this frequency range is
0.68 W/m2, while the total radiative f lux from the
Earth’s surface is equal to about 390 W/m2. This fact
also demonstrates that the total f lux of atmospheric
radiation to the Earth’s surface emitted by trace mol-
ecules is relatively small and does not exceed 1%. The
radiative temperature of the standard atmosphere in
this frequency range is 272 K.

There is another trace component, ozone, whose
contribution to the total radiative f lux of the atmo-
sphere to the Earth’s surface is comparable to the con-
tribution of other trace components. The concentra-
tion of tropospheric ozone in the atmosphere is an
YSICS  Vol. 133  No. 6  2021



692 ZHILYAEV, SMIRNOV

Table 2. Radiative f luxes emitted by a given molecular component and clouds from the atmosphere to the Earth’s surface
in the region of the absorption band of the N2O molecule at frequencies between 2170 and 2280 cm–1 under different con-
ditions of the atmosphere (the f luxes are expressed in units of W/m2)

State N2O H2O CO2 Clouds Total f lux

Standard atmosphere 0.24 0.056 0.053 0.053 0.41
Dry atmosphere 0.26 0 0.054 0.061 0.38
Doubled concentration of CO2 molecules 0.24 0.055 0.068 0.049 0.42
Doubled concentration of N2O molecules 0.32 0.048 0.051 0.035 0.46

Table 3. Contribution of individual optically active components of the atmosphere to the total radiative f lux from the atmo-
sphere to the Earth’s surface near the absorption band of ozone molecules at frequencies between 990 and 1070 cm–1 for
given compositions of the atmosphere (the f luxes are expressed in units of W/m2)

State O3 H2O CO2 Clouds Total f lux

Standard atmosphere 0.84 1.4 0.48 9.1 11.8
Dry atmosphere 3.4 0 0.62 9.8 13.8
Doubled concentration of O3 molecules 1.9 1.4 0.52 8.7 12.5
order of magnitude lower than the concentration of
nitrogen dioxide and amounts to 20–30 ppb [38].
However, the absorption band of an ozone molecule,
centered at about 1042 cm–1, falls simultaneously into
the region of maximum thermal emission and the
transparency region of the atmosphere. Although the
concentration of stratospheric ozone is significantly
higher than that of tropospheric ozone, the emission
JOURNAL OF EXPERIMENTAL AN

Fig. 3. Optical thickness uω of the atmospheric layer
located between the Earth’s surface and clouds for opti-
cally active molecules near the absorption band of ozone
molecules. The contribution of atmospheric water to the
optical thickness of the atmosphere is marked in black, of
carbon dioxide, in red, and of ozone, in blue and brown,
respectively, for its contemporary and doubled concentra-
tions in the atmosphere. The height of the clouds is hcl =
4.6 km. The straight line uω = 2/3 separates the regions of
low and high optical thicknesses of the atmosphere for a
given component. 
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of the stratosphere does not reach the Earth’s surface,
being absorbed on the way by clouds.

Table 3 demonstrates the optical properties of the
atmosphere in the region of the absorption band of
ozone molecules; it is an analog of Table 2 for the
absorption band of nitrogen dioxide molecules. The
data in this table, just as in Fig. 3, refer to a concentra-
tion of 25 ppb for the standard atmosphere and 50 ppb
for the atmosphere with a doubled concentration of
ozone molecules. Since the optical thickness of the
atmosphere due to ozone molecules is much less than
unity, the contribution of ozone molecules to the total
radiative f lux of the atmosphere changes in proportion
to the change in the concentration of ozone mole-
cules, provided that ozone molecules play the main
role in this spectral region.

Further, despite the relatively low concentration of
ozone molecules in the atmosphere, the contribution
of ozone to atmospheric emission is comparable to the
contribution from other trace optically active molecu-
lar components of the atmosphere. In this case, the
low concentration of ozone molecules in the tropo-
sphere is compensated by the spectral region favorable
for emission, as well as by the transparency of the
atmosphere in this spectral region.

Obviously, the main changes in the greenhouse
effect are associated with the main molecular compo-
nents, namely, with carbon dioxide and water mole-
cules. In the case of carbon dioxide molecules, one
usually compares the global temperatures for the con-
temporary and doubled concentrations of these mole-
cules. Therefore, below we will use this change in the
concentration of carbon dioxide molecules as a mea-
sure of its effect on global temperature. A change in
the concentration of carbon dioxide molecules pri-
marily manifests itself in the radiative temperature of
D THEORETICAL PHYSICS  Vol. 133  No. 6  2021



KIRCHHOFF’S LAW IN THE EMISSION 693

Fig. 4. Radiative f lux (CO2) from the atmosphere to the
Earth’s surface emitted by CO2 molecules in the atmo-
sphere for the contemporary concentration of CO2 mole-
cules in the atmosphere (dark symbols) and its change Δc
when the concentration of carbon dioxide molecules in the
atmosphere is doubled in accordance with its definition
according to formula (4.1) (open symbols). The circles
correspond to the work [26], and the squares refer to the
present work. 
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total infrared radiative f lux from the atmosphere to the
Earth’s surface (dark symbols). The circles correspond to
the results of calculations from [26], and the squares cor-
respond to the calculations performed in this paper. 
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the atmosphere. In this case, the change in the global
temperature due to a change in the concentration of
carbon dioxide molecules is small near the centers of
the absorption bands associated with the correspond-
ing vibrational transitions. In particular, this is the
case for the strongest vibrational transition of a carbon
dioxide molecule under normal conditions, which
occurs between the ground and lower deformation
(bending) vibrational states of a carbon dioxide mole-
cule centered at 667 cm–1. The same situation is
observed in the frequency range corresponding to the
centers of the strongest vibrational transitions, where
the radiative temperature is close to the temperature of
the Earth’s surface.

Therefore, the main contribution to the change in
the radiative temperature of the atmosphere and,
accordingly, to the change in the radiative f lux of the
atmosphere to the Earth’s surface is made by the fre-
quency ranges where the optical thickness of the
atmosphere is on the order of unity. In addition, a cer-
tain contribution to the change in the radiative tem-
perature and, accordingly, to the change in the radia-
tive f lux emitted by carbon dioxide molecules in the
atmosphere, is made by the regions of laser transitions
near the wavelengths of 9.4 and 10.6 μm, since the
laser transitions are in the transparency region of the
atmosphere. At the same time, the contribution of
laser transitions to the radiative f lux emitted by carbon
dioxide molecules is about 2%.

Figure 4 demonstrates the frequency dependence
of the radiative f lux emitted by carbon dioxide mole-
cules at frequencies below the indicated one, as well as
the difference between the radiative f luxes emitted by
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
these molecules for the doubled and contemporary
concentrations of carbon dioxide molecules in the
atmosphere. One can see that the radiative f lux
increases rather monotonically with frequency, while
the difference between the f luxes for different concen-
trations of atmospheric carbon dioxide increases in
jumps near the boundaries of the corresponding
absorption bands. Figure 5 shows the comparison of
the changes in the radiative f lux of the atmosphere to
the Earth’s surface emitted by carbon dioxide mole-
cules and in the total radiative f lux of the atmosphere.

Now, let us analyze the nature of the change in the
radiative f luxes emitted by different greenhouse com-
ponents from the viewpoint of Kirchhoff’s law. Con-
sider three main greenhouse components, namely,
water molecules, carbon dioxide molecules, and water
microdroplets that form clouds. Denote by Δc, Δw, and
Δd the changes in the radiative f luxes emitted by the
molecules of carbon dioxide, water, and by water
microdroplets, respectively, when the concentration
of carbon dioxide molecules in the atmosphere
changes. Thus, we introduce these changes by the
relations

(4.1)

where Jω(CO2), Jω(H2O), and Jω(drop) are radiative
fluxes from the atmosphere to the Earth’s surface that
are emitted by the above components for the contem-

ω ω

ω ω

ω ω

Δ = − ω

Δ = − ω

Δ = − ω




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J J d
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porary concentration of carbon dioxide molecules,
and the radiative f luxes (CO2), (H2O), and

(drop) correspond to an increased concentration of
carbon dioxide. The change Δ in the total radiative
flux from the atmosphere to the Earth’s surface is

(4.2)
Note that the computer program used in [26] refers

to the frequency range from 0 to 1200 cm–1. Although
this frequency range includes only a part of the fre-
quency range responsible for the atmospheric thermal
emission, it is sufficient for analyzing the radiation
associated with carbon dioxide molecules, since the
thermal emission spectrum of carbon dioxide mole-
cules is concentrated within this range. Therefore, the
results of this work with a wider frequency range of
investigations from 0 to 2600 cm–1 should be close to
the results of calculations of [26]. Indeed, the compar-
ison of these results, presented in Figs. 4 and 5, shows
that the difference between the frequency-integrated
radiative f luxes does not exceed 7%. The integral radi-
ative f luxes from the atmosphere to the Earth’s sur-
face, averaged over two groups of calculations, are

(4.3)

The calculations performed allow us to determine
the error due to the neglect of Kirchhoff’s law. This
error accompanies climatological models. Indeed, if
we neglect the overlap of the spectrum of carbon diox-
ide molecules with the spectra of water molecules and
water microdroplets, then the change Δc in the radia-
tive f lux emitted by carbon dioxide molecules coin-
cides with the change Δ in the total radiative f lux. For
real spectra and the radiation parameters of green-
house components, we have the following ratio for the
changes in radiative f luxes:

(4.4)
In addition, using the linear dependence of the

total radiative f lux J↓ from the atmosphere to the
Earth’s surface on the concentration of carbon dioxide
c(CO2) molecules in the atmosphere, which follows
from the calculations, we can conveniently represent
formula (4.3) as

(4.5)

where c(CO2) is the contemporary concentration of
carbon dioxide molecules in the atmosphere, c'(CO2)
is the changed concentration of atmospheric carbon
dioxide molecules, and Δ is the change in total infra-
red radiative f lux from the atmosphere to the surface
Earth for a given change in the concentration of atmo-
spheric carbon dioxide molecules.

In this work, based on the computer program used
for the thermal emission spectrum in the range from 0
to 2600 cm–1, we also determined the role of Kirch-

ω'J ω'J

ω'J

Δ = Δ + Δ + Δc w d.

Δ = Δ =2 21.4 7.W/m , W/m .2c

Δ Δ = ±c/ 5.2 0.2.

↓∂ Δ= =
∂ 2

2 2 2

W2 ,
ln (CO ) ln[ '(CO )/ (CO )] m

J
c c c
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hoff’s law in changing the concentration of water mol-
ecules in the atmosphere. In this case, as before, we
believe that the changes in the concentration of mole-
cules in the atmosphere preserve the radiative tem-
perature of clouds, that is, the temperature of the
cloud boundary remains constant during this change.
Therefore, the change in the radiative f lux emitted by
clouds to the Earth’s surface is associated only with
the shielding of the f lux by additional molecules intro-
duced into the atmosphere. Applying the procedure
previously used with atmospheric carbon dioxide to
water molecules in the atmosphere, in the case of a
change in the concentration of water molecules in the
atmosphere, we obtain

(4.6)

where Δw is the change in the radiative f lux from the
atmosphere to the Earth’s surface emitted by water
molecules and Δ is the change in the total infrared
radiative f lux. In addition, for the change in the radia-
tive f lux due to a change in the concentration of atmo-
spheric water, we have

(4.7)

where c(H2O) is the contemporary concentration of
atmospheric water molecules and c'(H2O) is the
changed concentration of water molecules in the
atmosphere. Hence it follows that carbon dioxide
molecules are about an order of magnitude more
effective than water molecules in terms of the forma-
tion of the total radiative f lux to the Earth’s surface,
since the concentration of carbon dioxide molecules
in the standard atmosphere is almost 40 times lower
than the concentration of atmospheric water mole-
cules.

5. CONCLUSIONS

The analysis carried out demonstrates the impor-
tance of Kirchhoff’s law for the radiative processes in
a mixture of molecular gases. This law manifests itself
in the influence not only of carbon dioxide on the
greenhouse effect [39, 40], but also of various compo-
nents of molecular mixtures. At the same time, since
Kirchhoff’s law occupies an important place in the
physics of radiation of molecular gases, carbon diox-
ide was not ruled out from physical considerations. In
particular, in [41, 42] the authors pointed out that,
according to the information of that time (1956), the
overlap of the spectra of carbon dioxide and water
molecules leads to a decrease in the radiative f lux
emitted by atmospheric carbon dioxide molecules by
about 20%. Subsequently, the study of the greenhouse
effect of the Earth’s atmosphere became the subject of
climatology, where the choice of the main factors was
made intuitively, and Kirchhoff’s law was neglected.

Δ Δ = ±w / 3.2 0.1,

↓∂ Δ= =
∂ 2

2 2 2

W7 ,
ln (H O) ln[ '(H O)/ (H O)] m

J
c c c
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At the same time, we stress the fundamental role of
the HITRAN databank in this analysis. Indeed,
without these data, the problem under consideration
could not be solved, and the information required
for the purpose is very extensive. In particular, the
computer program used for the above analysis
includes the parameters of about two thousand radi-
ative transitions in molecules, and such information
cannot be presented in a limited number of articles,
as well as in a review or a monograph. Therefore, the
conclusions of this article also demonstrate the
importance of the modern molecular physics tool—
the HITRAN databank.

In addition to what has been said, we note that the
neglect of Kirchhoff’s law is possible only in the
spectral region where the optical thickness of the
layer for each molecular component is small, and
then the inf luence of other components on the radi-
ation yield of a given component is relatively small.
This occurs in the spectral region containing the
absorption band of ozone molecules, where the opti-
cal thickness of the atmosphere is small. Then the
radiative f lux emitted by ozone molecules changes
proportionally to the ozone concentration in the
atmosphere, and the changes in the radiative f lux
from the atmosphere to the Earth’s surface emitted
by ozone molecules coincide with the respective
changes in the total radiative f lux.
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