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Allowing for Local Thermodynamic Non-Equilibrium
in the Vibrational Bands of Carbon Dioxide Molecules
in the Radiation Block of the Model of the General Circulation
of Earth’s Atmosphere
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Abstract—A way of calculating the field of solar radiation in Earth’s atmosphere is described that considers
the thermodynamic non-equilibrium in the vibrational bands of CO, and O;. The proposed technique allows
calculations with high spectral resolution (line by line), along with parameterizations of the optical parame-
ters of the Earth’s upper atmosphere that can be used in calculating the field of solar radiation.
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INTRODUCTION

To measure the heating of the atmosphere required
for modeling the general circulation of the Earth’s
lower and middle atmosphere, we must consider the
atmosphere’s heating from its own IR radiation in the
10 to 2000 cm™' range of frequencies, and by solar
radiation in the 2000 to 50000 cm™! range. Starting
from a certain altitude, the lifetime of excited CO, and
O; molecules becomes shorter than the mean free time
between collisions, and the vibrational state popula-
tion cannot be described by a Boltzmann distribution
at atmospheric temperature. In other words, the vibra-
tional local thermodynamic equilibrium (LTE) is no
longer valid (it is a non-LTE), and the emission of
atmospheric gases does not follow the Planck func-
tion.

Non-LTEs in CO, vibrational bands with wave-
lengths of ~15 wm form in Earth’s atmosphere at alti-
tudes greater than 75—80 km at night and above 70 km
during the daytime. In vibrational bands with wave-
lengths of around 4.3 and 2.7 um, it forms at altitudes
over 70 km in both day and night. A non-LTE in O,
vibrational bands with wavelengths of around 9.6 um
manifests strongly day and night at altitudes over
75 km.

When an LTE is not valid, the radiation transfer
equation must be solved along with kinetic equations
for the vibrational state populations [1—5]. Models for
the formation of vibrational state populations of CO,
under non-LTE conditions in terms of the vibrational

degrees of freedom of molecules (vibrational non-
LTE) are being developed by different groups of
researchers [3—12]. The most comprehensive theoret-
ical analysis of ways of measuring non-LTE effects
when solving the radiation transfer equation was pre-
sented in [1].

NON-LTE RADIATION
OF ATMOSPHERIC GAS

Let us assume that the atmosphere is flat and hor-
izontally homogeneous. We consider the intrinsic
radiation of the atmosphere with frequency v, which
we assume depends only on altitude z and the angle
between the direction of the photon momentum and
the vertical direction (upward or downward, i.e., the
zenith angle).

Let u be the zenith cosine; z,,,, is the height of the
upper boundary of the atmospheric column for which
the radiation field is calculated; and /(z,v,u) denotes
the intensity of radiation with frequency v and zenith
angle cosine u, at height z. K,;(z,v) and K (z,Vv) are
the coefficients of the volume absorption and scatter-
ing of radiation with frequency v at height z.

The equation for the transfer of the atmosphere’s
own radiation is then written as

al(z,v,u) _ _
u dz (Kab(za V) + Ksc(Z:V)) I(Z, v, u) (1)

+ Wi(z,v) + K (2, VIS (2, v, u),
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where W (z, V) is the radiation term; S[/](z,v,u) is the
normalized density of the source of scattered radiation
at frequency v and altitude z, with zenith angle cosine
u. This density is determined by the equation

1 2n
SUNv.w) = - [ 1.0 { [ 2@ vowu, (p))d(p} dw,
-1 0

where wand u are cosines of zenith angles before and after
scattering; @ is difference between the azimuth angles of
radiation before and after scattering; v(w,u,Q) = uw +

cosy(1 —uz)(l - wz) is the cosine of the scattering

angle; and % (z, v) is indicatrix of scattering for radia-
tion with frequency v at height z, by an angle with
cosine v.

When the LTE is valid, term W (z,v) is found via
the Planck function

W(Z, V) = Kab(Z7V)B(T(Z)’ V)’
20V’
¢ (exp(hv/(kgT)) = 1)’

where 4 is Planck’s constant; kg is Boltzmann’s con-
stant; c is the speed of light; and 7{(z) is the tempera-
ture of the atmospheric gas at height z.

Let us consider a case where the atmospheric gas
consists of a mixture of several gases and different
types of aerosol particles, and when LTE is not valid
for several absorption lines of some of the gases. The
term in this case is the sum of the contributions from
all gaseous components and aerosol particles:

B(T,v) =

W(ZV) = D Wo(tV) + Kier (V)BT (2), V), (2)

where index o denotes the type of molecule, and
K,.:..v(2, V) is the coefficient of the volume absorption

of aerosol particles. Coefficient K,;(z,V) is the sum of
the coefficients of the volume molecular absorption of
all gaseous components and aerosol particles:

Kab(z’v) = Zna(z)cmol,ab,a(ziv) + Kaer,ab(z’v)a (3)

where n,(z) is the concentration of oo molecules, and

Omolab.a(Z,V) is the absorption cross section of this
molecule at height z. Along with frequency, this cross
section also depends on the temperature and partial
pressures of atmospheric gases and is conventionally
calculated as the sum of all absorption lines of an
o molecule:

Onotana(&V) = D Su(T@Fy@V = V), (4)

where i is the number of the absorption line of the o
molecule; v is the center frequency of this absorption

line; S,(7T(z))is the intensity of this line; and
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F,(z,v —v,) is the Voigt contour of this absorption
line at height z. The intensity of the line is calculated
using the equation

Soti(T) = Sai(Tref)
X Qa(T;ef)eXp(_C2Eom/T)(l - eXp(_C2Eoti/T))
0,(T) eXP(_Cqun/Tref)(l - CXP(_CzEai/Tref)) ’

where T,..= 296 K is a reference temperature; Q,(7) is
the product of the rotational and vibrational partition
functions of an o molecule; E,, is the energy of the
lowest transition level of this molecule (cm™'); E; is
the energy of this molecule’s transition, which corre-
sponds to the absorption line with number i (cm™!);
C, = he/kg = 1.438769 cm K is second radiation con-
stant; c is the speed of light; and kp is the Boltzmann
constant.

Intensities S,;(7,.;) of lines at the reference tem-
perature and parameters E,, E,; for all lines are con-

tained in the HITRAN 3’612 database. Parameter
0,(T) for each type of molecule is calculated using the
interpolation tables given in [13]. The procedure for
calculating Q,(T’) is included in the software package
appended to the HITRAN database.

The HITRAN 2012 database was described in
[14—17]. It contains spectroscopic parameters
for7400447 spectral lines of 47 molecules. It can
be downloaded from the official website at
http://www.cfa.harvard.edu/hitran.

The Voigt contour is a convolution of Doppler and
Lorentz contours and describes the experimental one
quite well in the intermediate range of pressures. For
the i-th line of an a molecule at height z, this contour
is given by the equations

I exp(—1)’dt

Fu(zv=ve) =—2= | :
ai ai aDn\/E_myQ + (X _ f)2 (5)
x=Y"Va -4
ap ap

where ap, is the width of the Doppler line and g, is the
half-width of the Lorentz contour line, which at
height z is calculated with the formula

B,
— | elf M air P(Z) — Pa(z) Tref “
" (Y‘” ( Py j’L E ( P D 7]

where 7" is the coefficient of self-broadening of the

(¢4
ith line of an o0 molecule (due to collisions between

air

these molecules); v,; is the coefficient of the air
broadening of this line (due to collisions between these
molecules and ones of other types); and B, is the coef-
ficient of the temperature dependence of this line,
P.s= 1 atm. P,(z) is the partial pressure of o. mole-
cules, and P(z) is the total pressure of atmospheric gas
at altitude z.
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Parameters v,; , Y, and B; for all lines are con-
tained in the HITRAN 2012 database. Parameter ap, at
altitude z is given by the equation

_Va [2RT(2)
ap = ——— >
¢ U

where c is the speed of light, R is the universal gas con-
stant, and , is the molar mass of oo molecules.

Term W, (z,v) in Eq. (2) is calculated as the sum of
contributions from all absorption lines of an ot molecule:

Wa(z,v) = Z 16(2)Sei (T (D)) Foi(2,V = Vi) (2, V), (6)

where J,(z,V) is a function of the source of o mole-
cule radiation due to the i-th absorption line. At LTE,
Jui(z,V) = B(T,V).

Approximating a low population of the vibrational
states of CO, and O; molecules and a two-level model
approach to calculating the population of these states
can be used for a non-LTE in Earth’s atmosphere. In
such an approach, function J,(z, v) is given by the
equation [1]

Lou'(z) + S(Z)B(T(Z),V) 8(Z) — fai(z) (7)
1+2(2) ’ Au

Joi(z,V) =

where A, is the Einstein coefficient for the ith absorp-
tion line of an o molecule, and f;,(z) is the frequency
of deactivating collisions of excited o molecules that
correspond to the i-th absorption line:

oo

1
]
L(2) =3 J}' (Fai(z,v —Vy) _jl 1(z,v,u)duJ dv. (8)

The procedure for calculating rate f,(z) of colli-
sions was described in [13].

Equations (2) and (6—8) show the intensity of radi-
ation at certain frequencies depends on those at other
frequencies. This greatly complicates calculations for the
radiation field in Earth’s atmosphere. However, Eq. (8)
can be simplified considerably, for two reasons:

First, substantial deviation from the LTE is
observed in the CO, and O; vibrational bands at alti-
tudes above 70 km, where the absorption line contours
become very narrow and virtually coincide with the
Doppler contour.

Second, the main contribution to integral (8) for
wavelengths of ~15 and ~9.6 um comes from upward
atmospheric radiation, formed at altitudes below 20
km. This radiation is virtually constant for non-LTE
absorption lines at altitudes of more than 40 km. For
the indicated wavelengths, the contribution to integral
(8) from direct and scattered radiation formed in the
upper layers of the atmosphere is negligible.
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The main contribution to integral (8) for wave-
lengths of ~4.3 and ~2.7 mm was made by direct solar
and scattered solar radiation of the atmosphere, which
formed at altitudes below 20 km. This emission is also
virtually constant over the range of the non-LTE
absorption lines. The contribution to integral (8) from
the solar radiation scattered by the upper layers of the
atmosphere for the indicated wavelengths is negligible.
Equation (8) for the vibrational bands of CO, and O,
at altitudes of more than 70 km can thus be replaced
with the formula

1
1
L,(2) = Ejl 1(z, v, u)du. ©)

Equations (2), (6), (7), and (9) allow us to calculate
the radiation field in Earth’s atmosphere by consider-
ing the non-LTE in CO, and O; vibrational bands
independently for each frequency.

The authors performed reference calculations of
the field of self-radiation of Earth’s atmosphere with a
frequency resolution of 0.001 cm™! in the range of alti-
tudes from the surface to 100 km in an approximation
of a horizontally homogeneous atmosphere. The cal-
culations were made as described above, allowing for
the non-LTE in CO, vibrational bands with wave-
lengths of around 15 um. A version of the technique of
discrete ordinates that was described in detail in [18]
was used to obtain a numerical solution to the radia-
tion transfer equation. A uniform grid was used for
altitude with a spacing of 200 meters and for zenith
angles with an increment of less than 9°. Molecular
and aerosol scattering were also taken into account.
Vertical profiles of the temperatures and concentra-
tions of the main atmospheric gases, calculated using
the empirical NRLMSISE-00 model for July condi-
tions over the North Atlantic at latitude 55°, were used
in our calculations, along with vertical profiles of the
volume fractions of minor gas components. The pres-
ence of three types of background aerosols (continen-
tal, marine, and stratospheric) was allowed for. The
optical parameters of these aerosols were borrowed
from [19].

Fluxes of upward and downward natural radiation
in the 500—1000 cm™! range of frequencies in a cloud-
less atmosphere (right image) and the rates of atmo-
spheric heating/cooling due to these fluxes, obtained
using reference calculations (left image), are presented
in Fig. 1. As can be seen, the atmosphere cooled below
62 km, with the rate of cooling reaching ~13 K/day at
an altitude of 48 km. On the other hand, heating
occurred at altitudes of 62 to 77 km, with the maxi-
mum heating rate of ~5.5 K/day being reached at an
altitude of ~70 km. Cooling also occurred at altitudes
of 77 to 100 km, where its rate did not exceed
Vol. 85
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Fig. 1. (Right) Upward and downward fluxes of natural radiation in the 500—1000 cm ™! range of frequencies. (Left) Rate of heat-
ing/cooling of atmospheric gas due to these fluxes, obtained from reference calculations.

5.5 K/day. Our vertical profile of the heating/cooling
rate of atmospheric gas is consistent with calculations
by other authors, particularly the results presented in
[1]. Calculations made without allowing for the non-
LTE considerably overestimated the rate of heating at
altitudes of more than 70 km.

CONCLUSIONS

A way of calculating the function of a radiation
source in the vibrational bands of CO, and Oj; that
considers non-LTE conditions in Earth’s upper atmo-
sphere was proposed and substantiated. This tech-
nique allows calculations of the radiation field in
Earth’s atmosphere with high frequency (line by line)
resolution independently for each frequency. It also
allows us to parametrize the optical parameters of
Earth’s atmosphere to make quick and accurate calcu-
lations of the thermal and solar radiation fields in
Earth’s lower, middle, and upper atmospheres in light
of scattering. The technique was tested using reference
calculations and proved to be effective.

FUNDING

1.V. Mingalev and K.G. Orlov are grateful for the finan-
cial support given by the Russian Foundation for Basic
Research, project no. 18-29-03022-mk.

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS

10.

11.

. Lopez-Puertas,

REFERENCES

. Lopez-Puertas, M. and Taylor, EEW., A Non-LTFE Radi-

ative Transfer in the Atmosphere, Series on Atmospheric,
Oceanic and Planetary Physics, vol. 3, World Scientific,
2001.

Shved, G.M., Izbrannye glavy dinamiki atmosfery (Se-
lected Chapters of Atmospheric Dynamics), St. Peters-
burg: St. Petersburg Gos. Univ., 2007.

Lépez-Puertas, M., Rodrigo, R., Molina, A., and
Taylor, EW., J. Atmos. Terr. Phys., 1986, vol. 48, no. 8,
p. 729.

Loépez-Puertas, M., Rodrigo, R., Molina, A., and
Taylor, EW., J. Atmos. Terr. Phys., 1986, vol. 48, no. 8,
p. 749.

M., Zaragoza, G., and Lopez-
Valverde, M.A., L, J. Geophys. Res.: Space Phys., 1998,
vol. 103, no. D7, 8499.

Ogibalov, V.P., Fomichev, V.I., and Kutepov, A.A.,
Izv., Atmos. Oceanic Phys., 2000, vol. 36, no. 4, p. 454.

. Shved, G.M., Stepanova, G.I., and Kutepov, A.A.,

Izv Akad. Nauk SSSR. Fiz. Atmos.
vol. 14, no. 8, p. 833.

Okeana, 1978,

. Shved, G.M. and Semenov, A.O., Astron. Vestn., 2001,

vol. 35, no. 3, p. 234.
Nebel, H., Wintersteiner, P.P., Picard, R.H., et al.,
J. Geophys. Res.: Space Phys., 1994, vol. 99, 10409.

Ogibalov, V.P., Kutepov, A.A., and Shved, G.M.,
J. Atmos. Sol.-Terr. Phys., 1998, vol. 60, p. 315.

Ogibalov, V.P., Phys. Chem. Earth, Part B, 2000,
vol. 25, p. 493.
Vol. 85

No.3 2021



286

12.

13.

14.

15.

16.

MINGALEYV et al.

Ogibalov, V.P. and Shved, G.M., J. Atmos. Sol.-Terr.
Phys., 2002, vol. 64, p. 389.

Gamache, R.R., Hawkins, R.L., and Rothman, L.S.,
J. Mol. Spectrosc., 1990, vol. 152, p. 205.

Rothman, L.S., Rinsland, C.P., Goldman, A., et al.,
J. Quant. Spectrosc. Radiat. Transfer, 1998, vol. 60,
no. 5, p. 665.

Rothman, L.S., Chance, K., and Goldman, A.,
J. Quant. Spectrosc. Radiat. Transfer, 2003, vol. 82,
nos. 1-4, p. 5.

Rothman, L.S., Jacquemart, D., Barbe, A., et al.,
J. Quant. Spectrosc. Radiat. Transfer, 2005, vol. 96,
p- 139.

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS

17.

18.

19.

Rothman, L.S. and Gordon, I.E., Babikov, Y., et al.,
J. Quant. Spectrosc. Radiat. Transfer, 2013, vol. 130,
p. 4.

Ignat’ev, N.I., Mingalev, 1.V., Rodin, A.V., and Fe-
dotova, E.A., Zh. Vychisl. Mat. Mat. Fiz., 2015, vol. 55,
no. 10, p. 109.

McClatchey, R.A., Bolle, H.-J., and Kondratyev, K.Ya.,
A preliminary cloudless standard atmosphere for radia-
tion computation, World Climate Research Pro-
gramme, International Association for Meteorology
and Atmospheric Physics, Radiation Commission,
1986.

Translated by M. Hannibal

Vol. 85 No.3 2021



	INTRODUCTION
	NON-LTE RADIATION OF ATMOSPHERIC GAS
	CONCLUSIONS
	REFERENCES

		2021-04-21T11:08:22+0300
	Preflight Ticket Signature




