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Abstract: Atmospheric radiation is widely used in the field of space-based detection of spacecraft and atmospheric remote 
sensing. With the increase of altitude, the air density decreases and the intermolecular collision becomes weaker. As a result, the 
energy distribution of gas molecules deviates from the equilibrium state, and the radiation transmittance and source function 
need to be calculated on the basis of the specific non-LTE energy level population. Energy level population is a key and difficult 
problem in the calculation of non-equilibrium radiation. In this paper, the physical process of molecular energy level transition 
and radiation transfer is studied, including the relationship between molecular transition, radiation spectrum, radiation transfer 
and energy level distribution. The numerical algorithm for energy level population calculation is established. The non-
equilibrium energy level distribution and limb infrared radiation characteristics of CO2, an important infrared radiation 
component in the atmosphere, were studied by using the program. The non-equilibrium radiation mechanism of CO2 4.3μm band 
under different day and night conditions was analyzed. Finally, the model calculation of CO2 4.3μm band under different 
conditions is compared with the limb observation results, and the reliability of the radiation model, calculation method and 
program are verified. 
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1. Introduction 
The infrared radiation effects of hypersonic aircraft in the 

near-space region are crucial factors in early warning and 
penetration design [1, 2]. The detectability of these aircraft is 
closely related to atmospheric radiation transmission 
properties such as radiative transmittance and the atmospheric 
self-radiance. As the altitude increases, the frequency of 
molecular collisions in the atmosphere decreases, leading to 
the internal energy, such as vibrational energy level 
populations, gradually deviating from equilibrium. Near an 
altitude of 100 km, the predictions of the internationally 
recognized atmospheric radiation transmission calculation 
software MODTRAN, which is based on the assumption of 
equilibrium, differ from measured results by several orders of 
magnitude [4]. This indicates that non-equilibrium effects 
must be considered, with the key being the calculation of the 
non-equilibrium distribution of molecular energy levels. The 
energy levels of molecules change through interactions with 
photons or other molecules. Consequently, the distribution of 
molecular energy levels is influenced by the radiation field of 
the relevant spectral bands and molecular collision-induced 
transitions, while the radiation field in turn depends on the 
local energy level populations and radiation from other 
atmospheric layers. This interdependence results in 
considerable complexity. The challenge lies in integrating 
over frequency, spatial angle, and altitude to couple the 
solution of the radiative transfer equations with the energy 
level population equations. 

Energy level transitions give rise to spectral bands, and the 
absorption within these bands leads to energy level transitions. 
When calculating the contribution of band absorption to 
energy level transitions, it is necessary to perform a frequency 
integration within the band to compute the average radiance. 
Common frequency integration methods can be classified into 

two categories: line-by-line integration and band models. In 
the line-by-line integration approach, the spectral lines are 
divided into multiple intervals based on their shapes, with 
relatively small changes in the absorption coefficient within 
each interval. The radiance for all intervals is then summed 
individually. In the band model approach, the distribution of 
spectral line intensities within the spectral interval is 
represented by a simplified model, and simple formulas are 
used to calculate the average transmittance within the spectral 
interval. The line-by-line integration method offers high 
precision but requires significant computational effort. The 
advantage of the band model is its high computational 
efficiency, making it suitable for situations where precision 
requirements are not stringent. 

In solving the coupled radiation transfer and statistical 
equilibrium equations, there are generally two methods: the 
matrix inversion method and the iterative method. In the 
matrix inversion method, the radiation transfer equations and 
the statistical equilibrium equations are solved simultaneously, 
resulting in a system of equations with a number equal to the 
product of the number of atmospheric layers (D) and the 
number of energy levels (L). This necessitates inverting a 
(D×L)×(D×L) dimensional matrix. When the number of 
energy levels is large and the atmospheric discretization is 
significant, the matrix inversion method requires substantial 
computer memory and is less computationally efficient. 
However, due to the consideration of both local and non-local 
effects, the matrix inversion method converges quickly. A 
typical matrix inversion method is the Curtis matrix method 
[5, 6], which transforms the radiation transfer equations into 
equations for the transfer of radiative fluxes. This method has 
been widely applied in calculating radiative heating (cooling) 
rates, atmospheric energy budgets, and atmospheric modeling. 
In the iterative method, the radiation transfer equations and 
the statistical equilibrium equations are solved iteratively. 
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After solving the radiation transfer equations to obtain the 
radiance for all transition bands over D atmospheric layers, 
the statistical equilibrium equations for L energy levels in 
each layer are solved, which involves inverting D L×L 
dimensional matrices. The computational load of the iterative 
method is smaller, but convergence is slower in optically thick 
conditions, leading to the development of accelerated iterative 
methods (ALI). ALI is commonly used to solve multi-level 
non-equilibrium radiative spectroscopy problems in stellar 
atmospheres [7]. Software commonly used abroad for non-
equilibrium radiation calculations includes the SHARC 
software [8] and the RFM program [9]. The SHARC software 
was developed by the United States Air Force Physics 
Laboratory in the 1990s and can calculate the vibrational level 
distributions of various atmospheric molecules under 
different modes, applicable to the altitude range of 30-300 km. 
SHARC uses older collision mechanisms and spectral data, 
operates in band mode, with a spectral resolution of 1 cm-1, 
and has lower computational accuracy; also, the code is not 
open-source. The RFM model is a line-by-line radiative 
transfer calculation model [9]. Users input the vibrational 
temperatures of the energy levels, and through the RFM 
program, calculations yield optical thickness, atmospheric 
transmittance, absorption rates, and radiance. The non-
equilibrium level distribution is an input parameter for the 
RFM model; therefore, RFM cannot solve the core problem 
of energy level distribution in non-equilibrium radiation 
calculations. 

Domestic research on atmospheric radiation primarily 
focuses on equilibrium radiation studies [10-13], and there is 
still a significant gap between the research on non-
equilibrium radiation and that conducted abroad. In the public 
literature, there are only studies on the use of the foreign non-
equilibrium calculation software SHARC [14, 15], and 
radiative transfer calculations using the RFM program based 
on energy level distribution data under specific conditions 
[16]. 

The deficiency in the field of non-equilibrium radiation 
calculation in China has imposed certain limitations on the 
early warning and penetration design of hypersonic vehicles, 
as well as on the utilization of atmospheric remote sensing 
data. In view of this, this paper starts from the fundamental 
physical processes of non-equilibrium radiation and 
investigates the relationships between molecular transitions, 
radiative spectroscopy, radiative transfer, and energy level 
distribution. The line-by-line method is employed for spectral 
integration, and the ALI iterative method is used to solve the 
radiative transfer and statistical equilibrium equations, 
developing a set of computational programs that can be used 
to calculate the non-equilibrium state energy level 
distribution. Finally, the program is applied to study the 
radiative issues of the important infrared radiative component 
CO2 in the atmosphere, analyzing the non-equilibrium 
radiative mechanism of CO2, and comparing the results with 
the publicly available SPIRE and MIPAS detection data from 
abroad. 

2. Physical Model 

2.1. Vibrational Energy Level Jumps and 
Spectral Lines 

The frequency of molecular radiation is related to the 
energy difference between the energy levels before and after 
the transition. The energy difference for electronic state 

transitions reaches several electron volts (eV), corresponding 
to the visible or ultraviolet wavelength range. Vibrational 
transitions correspond to the spectral region greater than 600 
cm-1. The wavenumber for rotational transitions is of the order 
of 1 cm^-1, corresponding to the far-infrared or microwave 
bands. Since vibrational transitions are often accompanied by 
rotational energy level transitions, the molecular vibrational-
rotational energy level transition process should be given 
special attention in the infrared region. 

The distribution of the photon energy absorbed by 
molecules constitutes the spectral lines. Thermal motion of 
molecules and molecular collision effects will cause Doppler 
broadening and pressure broadening, respectively. The 
resulting line shape is known as the Voigt profile, and its 
expression is given by: 
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In the formula, 0v  is the central frequency of the spectral 

line, vk  is the absorption coefficient at frequency v , S  is 

the line strength, and the relationship between the line 
strength and the absorption coefficient is given by 

0
dvkS v


   .  0 Dx v v    ， L Dy    . D   is 

the width due to Doppler broadening, and L  is the width 

due to pressure broadening. Under standard temperature and 
pressure (STP) condition, molecular collisions are frequent, 

and L  is of the order of 0.1 cm-1, which is one to two orders 

of magnitude larger than D . In this case, the Voigt profile 

degenerates into a Lorentzian line shape. Above 60 km in 
high-altitude regions, collisional broadening can be neglected, 
and the Voigt profile degenerates into a Doppler line shape. 
For certain non-equilibrium radiation problems, the altitude 
range may encompass regions where pressure broadening 
dominates as well as regions where Doppler broadening 
dominates, hence the adoption of the more complex but 
universally applicable Voigt line shape. When the 
atmospheric model is known, it is only necessary to calculate 
the line shapes at all altitudes at the initial moment. 

In the numerical calculations, the energies as well as the 
spectral parameters of the vibrational transitions of specific 
molecules can be obtained by querying the database. 

2.2. Radiative Transfer Theory 
For the infrared band, the radiative scattering effect can be 

neglected. The interaction between radiation photons and gas 
molecules can be divided into three processes: (1) molecules 
spontaneously transition from a higher energy level to a lower 
one and emit a photon, which is known as spontaneous 
radiation; (2) under the induction of an incident photon, 
molecules transition from a higher energy level to a lower one 
and emit a photon identical to the incident photon, which is 
referred to as induced radiation; (3) a molecule absorbs a 
photon and transitions from a lower energy level to a higher 
one, which is known as radiative absorption. 

The radiance,  ,vL P s


, is defined as the radiation energy 

passing through a unit cross-sectional area per unit solid angle, 
per unit frequency range, and per unit time at position P  in 
the direction of s


. The rate of change of radiance is directly 

proportional to the net emission rate (emission minus 



 

186 

absorption) of photons. 
Taking the two-energy level problem as an example, the 

rate of change of radiance along the path according to the 
spontaneous radiation, induced radiation, and radiation 
absorption processes can be written as [17]: 

2 21 , 2 21 , 1 12 ,1

4 4 4  
  r s r i v r a vv
n A q n B q L n B q LdL

ds hv
         (2) 

where h   is Planck's constant, v   is the radiation 
frequency, vL   is the radiation brightness, and s   is the 

distance along the radiation direction. , 2n   and 1n   are the 

population distribution of the high and low energy levels of 
the jump, respectively. Einstein's constants 21A  , 21B   and 

12B are the rate at which a molecule leaps from energy level 2 

to energy level 1 by spontaneous radiation, energy level 2 is 
induced to leap to energy level 1 by photons, and energy level 
1 absorbs radiation to leap to 2. Einstein's constant satisfies 

the relationship: 3 2

21 21 02A B hv c   and 

12 21 2 1 .B B g g  , c   is the speed of light, and , 1g  , 2g  

are the degree of simplicity of energy levels 1 and 2. , ,r sq ,

,r iq  and ,r aq  are the normalized line shapes with respect to 

spontaneous radiation, excited radiation, and absorption 
spectral lines. 

In the case of spontaneous radiation, for example, 

, d 1r sq 


  (   is the spectral interval of the leap ). In 

general, the absorption and emission spectra of the same leap 
can be considered to have the same linear shape, i.e. 

, , ,r s r a r iq q q  . Further, Eq. (2) can be organized into the 

following simplified form 
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where an   is the number density of radiating molecules 

and vJ  is the radiation source function. Comparison with Eq. 

(1) and the use of , v v  , yields: 
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At this point, the expressions for the absorption coefficient 
and the radiation source function, which are the two central 
physical quantities of the radiative transfer problem, are 
obtained. From the above equation, it can be seen that the 
absorption coefficient and radiation source function are 
related to the energy level spread. Under the thermodynamic 
equilibrium conditions, the energy level spread satisfies the 
Boltzmann distribution, and the radiation source function is 
equal to the Planck function. 

2.3. Statistical Equilibrium Theory of Energy 
Levels 

The population of energy levels is primarily determined by 
radiative and collisional processes. For the vast majority of 
cases, the rates of radiative transitions and molecular collision 
rates are much greater than the rates of change of the radiation 

field and the macroscopic state of the gas. Therefore, it can be 
considered that the production and loss of molecules at energy 
levels are in equilibrium, resulting in a constant population of 
energy levels. 

The previous section introduced the relationship between 
radiation and energy level transitions. This subsection will 
consider the impact of collisions on energy level transitions. 
Collisional processes are divided into thermal collisions and 
non-thermal collisions. In thermal collisions, the higher 
energy state of the transition is excited by gaining energy from 
the kinetic energy of the colliding molecules, or the 
vibrational energy is converted into the kinetic energy of the 
colliding molecules to de-excite. In non-thermal collisions, 
such as vibrational-vibrational collisions, electron-vibrational 
collisions, and chemical reactions, most or even all of the 
vibrational energy comes from (or goes to) the internal energy 
of the collision partner. 

The thermal collision (V-T) process can be written in the 
following general form: 

: n(2) M n(1) M +tk E,               (6) 

where tk  is the rate coefficient for the forward process (in 

cm3 mol-1 s-1),    represents any air molecule, and 

2 1 0
E E E hv      is the energy difference between the 

high and low energy levels. The loss rate coefficient of n(2)  

is proportional to tl   and tk   , the number density of 

colliding   ,i.e.  t tl k  . For the inverse process 2n  

the rate of generation is   1tk n   , where tk    is the rate 

coefficient of the reverse process of Eq.(6), tk   and  tk   

satisfies  2 1 0exptk k g g hv kT    . Similarly, the 

generation rate coefficients of n(2)  can be obtained, which 

is  M
ttp k  .  

For non-thermal collision processes, the vibration-
vibration collision process (V-V), for example, is 

       : M 1 2 Mvv vk v n n v E        (7) 

Where  v   is the atmospheric molecule in the 

vibrational excited state v , in the excited state v  after the 
collision, and the energy before and after the collision 

v vE E  , 0v v vE E E hv    . vvk  is the rate coefficient 

for the forward process, and that for the reverse process is 

vvk  , both of which satisfy the relation 

 1 2 expvv vv v v vk k g g g g E kT    . In the following, 

the generation and loss rate coefficients for the non-thermal 

collision process are denoted by ntp  and ntl , respectively. 

For the two-energy-level problem, under statistical 

equilibrium conditions, the net production 2n  by radiative 

processes and the net loss 2n  by collisional processes cancel 

each other out. 

   2 21 2 21 1 12 2 1 0      v v t nt t ntn A n B L n B L l n p nl p (8) 

Eq.(8) is the statistical equilibrium equation for the two 

energy levels, where vL   is the average radiance in the 

spectral band interval and spatial direction, i.e. 
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Similarly, for the multi-energy level problem, the statistical 

equilibrium equation for the energy level m  can be written 
as 
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where 
mj
L  is the average radiance of the band of the jump 

from the energy level m  to the energy level j , and is the 

rate coefficient for the conversion of the energy level to the 
energy level by collision. In the two-energy-level problem, 

mjC  corresponds to t ntll   in Eq.(9). When the number of 

energy levels to be sought is N, equation (10) is established 

for N-1 energy levels, and combined with 
1,

m
m N

an n


 , the 

system of statistical equilibrium equations (SEE) for the 
energy levels to be sought can be obtained. 

3. Numerical Calculation Method 

Due to the presence of the mean radiance vL   in the 

system of statistical equilibrium equations , coupling the RTE 

is required to solve the SEE to obtain vL . To simplify the 

calculation, the following assumptions are used [17]: 
(1) The rate of change of planetary atmospheres and 

radiation in the vertical direction is much greater than that in 
the horizontal direction. Therefore, a parallel plane 
atmospheric model is adopted, as shown in Figure 1, where it 
is only necessary to solve for the energy level population 
varying along one-dimensional vertical direction; 

(2) Within the same vibrational energy level, the rotational 
energy level spacing (1 cm-1) is much smaller than the 
vibrational energy level spacing (~100 cm-1). Compared to 
vibrational energy levels, rotational energy levels require 
significantly fewer collisions to maintain an equilibrium 
distribution. Hence, adopting the assumption of rotational 
equilibrium can greatly reduce the computational load; 

(3) In non-equilibrium region, the half-width of the spectral 
lines is of the order of 0.001 cm-1, which is much smaller than 
the spacing between rotational and vibrational spectral lines. 
Therefore, it is considered that spectral lines of different 
transition bands do not overlap. The absorption coefficients 
for each transition band are calculated independently, as well 
as the impact of radiative transitions on the energy level 
population. 

 
Fig 1. An illustration of plane-parallel approximation 

 

References are cited in the text just by square brackets [1]. 
(If square brackets are not available, slashes may be used 

instead, e.g. /2/.) Two or more references at a time may be put 
in one set of brackets [3, 4]. The references are to be 
numbered in the order in which they are cited in the text and 
are to be listed at the end of the contribution under a heading 
References, see our example below. 

Defining optical thickness under the parallel plane 
atmosphere assumption 

,

1
( ) d

v az
k nz z 




                   (11) 

where cos( )   is the direction angle cosine. Combined 

with , ( )z  , the radiative transfer equation i.e. Eq. (3) can 

be written as 
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d d
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The above equation has an analytic 
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The above equation states that the radiance at a given 
position and direction is equal to the part of the boundary 
radiance that reaches that position after absorption, plus the 
part of all the radiation sources along the path that reaches 
that position after absorption. For upward radiation, 0  , 

0z   is located at the lower boundary, and for downward 

radiation, 0   , 0z   is located at the upper boundary. For 

simplicity, the subscript " ,   " is omitted in the following 
writing without ambiguity. 

For the division of the atmosphere into D   layers, as 
shown in Fig. 1, the source function of the integral term in Eq. 
(13) is discretized numerically, and the source function is 
approximated by a first-order or higher-order approximation, 
i.e. 

   1 1..., , , ... ,k k k kJ J J              (14) 

where   denotes a linear function, and substituting into 
Eq. (13), the general form of the numerical solution for the 
radiance can be obtained as follows 
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The above equation can be written in the simple form  
L J                         (15) 

 is a function of ,  . In the case of upward radiation, 

for example, the matrix    is an upper triangular matrix 
when using the first-order approximation. The diagonal 
elements of the matrix   represent the influence of the local 
source function on the radiance. The method of calculating 
the radiance using Eq. (13) and (14) is called the short eigen 
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method, and the second-order short eigen method is used in 
this paper to improve the accuracy [18]. 

After finding the radiance in all frequency domains and 
spatial angles, the spectral bands can be integrated over 
frequency intervals and spatial angles to obtain the average 
irradiance for each jump, i.e. 

,v v vL L 
 

                     (16) 

where " " denotes the average over the frequency domain 

and spatial angle of the spectral band, v   and    are the 

weight functions over the frequency domain and spatial angle, 

respectively. v   is proportional to the product of the 

absorption coefficient of the spectral line and the spectral line 
discrete width. The spatial angle discretization is generally 
done by Gaussian quadrature method to select the 
discretization points and weights. 

When solving the statistical equilibrium equations in 

conjunction with the mean radiance, the local source function 
takes the value of the next step to accelerate the iterative 
convergence process, which is known as accelerated 
algorithmic   iteration (ALI) [7, 17, 18]. 

Decompose   into the diagonal array *  and *   , 
i.e. 

*
v

eff
vL LJ J                       (17) 

From the above equation, it can be seen that the 
contribution of the non-local source function on the 

transmission path to the mean radiance  *eff
vL J     . 

In the 1i    iteration, the mean irradiance in the radiative 

jump band from l  to l  ( l l ) is written as 
1 , 1 ,i i i eff i

ll ll ll llL J L  
                        (18) 

Combined with the Eq. (5) for the source function, the 
numerical solution format for the energy level statistical 
equilibrium Eq. (10) can be obtained as 
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l

n A n B n B L n A n B n B L

n C n C
         (19.a) 

 

The number of equations included in the above system of 
equations is the number of energy levels to be solved, 
replacing the conservation equation for the last energy level 
by 

1i
l a

l

n n                       (19.b) 

the system of equations is closed now. 

  When solving the radiative transfer equation, after 

obtaining *  and eff
vL , we substitute (19.a) and invert the 

coefficient matrix of the statistical equilibrium equations to 
obtain the energy level distribution. Fig.2 shows the coupled 
solution process of the radiative transfer equation and the 
statistical equilibrium equation. 

 
Fig 2. Calculation procedure for populations of non-LTE states. l  and l : energy levels. i : iteration step. k : atmospheric layer 
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4. CO2 Non-equilibrium Radiative 
Energy Level Distribution 

CO2 is an important component of the Earth’s limb 
atmospheric infrared radiation. CO2 participates in the 
atmospheric thermal cycle through infrared cooling and 
heating, exerting a significant impact on the thermal structure 
of the atmosphere; the 15 μm and 4.3 μm bands of CO2 are 
crucial for limb atmospheric environmental detection and 
military target early warning. 

CO2 is a triatomic molecule with three vibrational modes: 
symmetric stretch (ν1), symmetric bend (ν2), and asymmetric 
stretch (ν3). The symmetric stretch mode (ν1) does not change 
the molecular dipole moment and is inactive in the infrared 
radiation band; the symmetric bend mode (ν2) is doubly 
degenerate, corresponding to the 15 μm band. The 
asymmetric stretch mode (ν3) corresponds to the 4.3 μm band. 

In addition, CO2 also has many hot bands, combination bands, 
and isotopic bands. 

This paper includes calculations for four CO2 
isotopologues, with a total of 22 energy levels, as detailed in 
Table 1. The spectral line parameters are obtained from the 
HITRAN database [19, 20]. This work references the 
collisional reaction model from literature [9], as shown in 
Table 2, with reaction rates consistent with those in literature 
[9]. Processes 1-2 represent thermal collisions between 
neutral molecules and CO2, while processes 3-8 involve 
vibrational energy levels of CO2 in V-V transitions. The 
energy of the first vibrational state of N2 is close to the energy 
gap of the asymmetric stretch vibrational state of CO2, leading 
to near-resonance V-V transfers between the two, as shown in 
process 6. Therefore, it is necessary to simultaneously solve 
the statistical equilibrium equations for both N2 and N2(1). 
Processes 9-11 show the main collisional processes affecting 
N2(1). 

 
Table 1. CO2 vibrational energy levels 

Number Isotopes Energy level Energy (cm-1) Concurrency
1 626 00001 0.0000 1
2 626 01101 667.3801 2
3 626 10002 1285.4087 1
4 626 02201 1335.1317 2
5 626 10001 1388.1847 1
6 626 11102 1932.4702 2
7 626 03301 2003.2463 2
8 626 11101 2076.8557 2
9 626 00011 2349.1433 1

10 626 01111 3004.0122 2
11 626 10012 3612.8417 1
12 626 02211 3659.2728 2
13 626 10011 3714.7828 1
14 636 00001 0.0000 1
15 636 01101 648.4784 2
16 636 00011 2283.4876 1
17 636 01111 2920.2387 2
18 628 00001 0.0000 1
19 628 01101 662.3734 2
20 628 00011 2332.1128 1
21 627 00001 0.0000 1
22 627 01101 664.7289 2
23 627 00011 2340.0136 1

 
According to the collisional reaction mechanism, the 

atmospheric components that affect the energy level 
distribution of CO2 include: N2, O2, CO2, O, O(1D), and O2(1). 
The atmospheric model used is consistent with that in 
literature [9], with specific reference to the supporting 
documentation. 

For ease of analysis and comparison, the energy level 
distribution is converted into the corresponding vibrational 
temperatures. The expression for vibrational temperature is 
given by: 

 
0 0

ln
  v

v

v vB

E
T

k n g n g
                  (20) 

Where Bk   is Boltzmann constant, 0
n  , v

n  is the ground 
state, the vibrational state of the population distribution, 

0
g , 

v
g  is the degree of simplicity of the ground state, vibrational 

state, 
v
E  is the energy of vibrational state . The higher the 

vibrational temperature of the energy level, the higher 
population distribution of energy level populations relative to 
the equilibrium state. 

Fig.3 shows a comparison of the vibrational temperatures 
of energy levels related to the 15 μm band with the 
atmospheric thermodynamic temperature under conditions of 
October, 45° north latitude, and a solar zenith angle of 44.5° 
during the day, with the black line representing the 
atmospheric dynamic temperature. Figure 4 shows the 
vibrational temperatures of energy levels related to the 2.7 μm 
and 4.3 μm bands under the same conditions. 

From Fig.3, it can be observed that for the 12C16O2( 2v ) 

energy levels, below 70 km, thermal collision is the dominant 

process, and the vibrational temperature of 12C16O2( 2v ) is 

consistent with the atmospheric dynamic temperature, with 
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the energy level populations satisfying the Boltzmann distribution. 
 

Table 2. Collision processes affecting the CO2 vibration levels 

Number Crash course 

1a    2 2 2 2 2 2CO CO 1i iN N   
 

1b    2 2 2 2 2 2CO CO 1i iO O   
 

1c    2 2 2 2CO CO 1i iO O   
 

2a    2 2 3 2 2 2 3 2CO , CO 2,3 or 4, 1i iN N      
 

2b    2 2 3 2 2 2 3 2CO , CO 2,3 or 4, 1i iO O      
 

2c    2 2 3 2 2 3CO , CO 2,3 or 4, 1i iO O      
 

3      2 2 3 2 2 2 3 2 2CO , CO CO 1, 1 CO 1i i i i        
 

4      2 2 3 2 2 2 3 2CO , O CO 1, 1 O 1i i      
 

5a      2 2 2 2 2 2 2CO CO CO 1 CO 1i i i i     
 

5b        2 2 2 2 2 2 2 2CO CO CO 1 CO 1i j i j       
 

6      2 2 3 2 2 2 3 2CO , N CO , 1 N 1i i     
 

7    2 1 2 3 2 2 1 2 3 2CO , , N CO , , Ni iv      
 

8        2 3 2 3 2 3 2 3CO CO CO 1 CO 1i j i j       
 

9    1
2 2 1N O D N O  

 

10  2 2 2 21N O N O 
 

11  2 21N O N O 
 

Note: The superscripts i, j in the table indicates the isotope numbers. 
 
During the day, the absorption of 2.7 μm solar radiation 

excites the 10012, 02211, and 10011 levels, and the 
absorption of 4.3 μm solar radiation directly excites the 00011 
energy level, causing the vibrational temperature of the () 
energy levels to deviate from equilibrium starting at an 
altitude of 50 km and to be higher than the dynamic 
temperature. Between 70-105 km, as the thermal collision 

process weakens, and the relaxation due to 3v   quantum 

emission or collisions (processes 2-4, 6) occurs, the 

vibrational temperature of the 2v  energy level is greater than 

the dynamic temperature; similarly, related to the 3v  

relaxation processes of the quantum, the higher the energy 
level, the higher the vibrational temperature. Above the lower 
thermosphere, the atmosphere absorbs ultraviolet radiation, 
causing a sharp rise in temperature, and the thermal collision 
process weakens with increasing altitude, resulting in 
vibrational temperatures lower than the dynamic temperature. 
Above the lower thermosphere, the energy levels related to 
the 2.7 μm and 4.3 μm bands are mainly influenced by solar 
radiation absorption and emission, with the vibrational 

temperatures trending towards stability with altitude; for the 
vibrational energy levels related to the 15 μm band, the energy 
level distribution is primarily influenced by the absorption of 
the lower atmospheric radiative flux and radiative emission, 
with the vibrational temperature decreasing with increasing 
altitude. 

 

Fig 3. Vibrational temperatures for the 12C16O2( 2v )levels at 
daytime. 
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Fig 4. Vibrational temperatures for the 12C16O2( 3v )levels at 
daytime 

 
Figure 5 shows a comparison of the vibrational 

temperatures of energy levels related to the 15 μm band with 
the atmospheric thermodynamic temperature under 
conditions of October, 45° latitude north, during the night. 
Figure 6 shows the vibrational temperatures of energy levels 
related to the 2.7 μm and 4.3 μm bands under the same 
conditions. 

From Figure 5, it can be observed that below 80 km, the 

vibrational temperatures of the 12C16O2 ( 2v ) energy levels 

are consistent with the atmospheric dynamic temperature. 
Above 80 km, there is a deviation from equilibrium. At the 
same altitude, energy levels with higher energy, such as the 
11101 level, have higher vibrational temperatures, while 
energy levels with lower energy, such as the 01101 level, have 
lower vibrational temperatures, which is related to the 
strength of the spectral bands. This is because the 11101 level 
produces a weaker 15 μm second thermal band, and compared 
to the fundamental band, the lower atmosphere is optically 
thinner, allowing for the absorption of more radiation from 
the warmer lower atmosphere. Similarly, energy levels with 
even higher energy and related bands that are optically thinner 
can absorb more radiative flux from the lower atmosphere, 
resulting in vibrational temperatures that are higher than the 
local dynamic temperature from about 65 km to 
approximately 105 km, as shown in Figure 6. It is further 
evident that the vibrational temperature distributions of 
energy levels with similar energies, such as 10012, 02211, and 
10011, differ very little. Due to the effect of radiative cooling, 
the vibrational temperatures of all energy levels are below the 
dynamic temperature above 100-105 km.  

In summary, solar radiation, the cold space environment, 
the vertical temperature structure, and atmospheric thinning 
are the main factors causing CO2 to deviate from equilibrium 

distribution. Energy level 3v   with higher energy deviate 

from equilibrium at lower altitudes than energy level 2v  

with lower energy. During the day, at middle atmospheric 

heights, energy level 3v  absorb solar radiation, causing the 

vibrational temperature to be higher than the dynamic 
temperature, and subsequently, through collisional and 

radiative relaxation, the energy level 2v begin to exceed the 

dynamic temperature at an altitude of 70 km. At night, the 

middle atmospheric energy level 3v   absorb radiative flux 

from the warm stratospheric layer, causing them to exceed the 
dynamic temperature starting at an altitude of 65 km. Around 
the lower thermosphere at altitudes of 100-105 km, the 

primary atmospheric components experience a sharp rise in 
temperature due to the absorption of ultraviolet radiation. 
Owing to the thinning atmosphere and lower collision 
frequencies, as well as the radiative cooling to the space 
environment, the vibrational temperatures exhibit a non-
equilibrium state below the dynamic temperature. 

 

 

Fig 5. Vibrational temperatures for the 12C16O2( 2v )levels at night-
time 

 

 

Fig 6. Vibrational temperatures for the 12C16O2( 3v )levels at night-
time 

5. Comparison of Numerical and 
Experimental Calculations of Limb 
Radiance 

Limb detection sensing, due to its unique advantage of 
traversing only through the atmosphere, is particularly suited 
for high-altitude atmospheric detection. Representative 
examples include the 1977 SPIRE sounding rocket 
experiment [21]; the MIPAS instrument launched by the 
European Space Agency (ESA) in March 2002, which was 
carried on the EVISAT satellite [22]; and the SABER 
instrument launched by NASA in 2002, which was carried on 
the TIMED satellite [23]. Combined with numerical 
simulations, infrared sensing data plays a crucial role in 
atmospheric remote sensing and modeling [24-30]. This 
section will compare the calculated results of the 4.3 μm edge-
of-atmosphere radiance of CO2 with experimental results to 
validate the correctness of the non-equilibrium radiative 
calculation model presented in this paper. 

5.1. Comparison with SPIRE Data 
The SPIRE experiment was a rocket test conducted by the 

United States on September 28, 1977, in Alaska. It operated 
in the wavelength range of 1.4-16.5 μm and obtained infrared 
spectral bands such as the CO2 4.3 μm band under daytime 
and nighttime conditions. The experiment measured the 



 

192 

background radiation brightness distribution of the limb 
atmosphere with respect to tangential altitude. 

To simulate the experimental conditions, an atmospheric 
model and illumination conditions were adopted for early 
October at 45°N, 10 am and 10 pm, respectively. Based on the 
calculated changes in energy level distribution with altitude 
(see Section 3), the RFM package was used to calculate the 
changes in limb radiance with tangential altitude. 

Fig.7 compares the measured and calculated limb radiance 
of the CO2 4.3 μm band during the daytime. The SPIRE 
experiment conducted multiple scans of the daytime side 
atmosphere, and the data from different scans showed very 
small deviations. Figure 7 shows the results of the 9th scan. 
To compare with the equilibrium state, the calculated results 
of equilibrium state radiation under the same conditions are 
also shown. It can be seen from the figure that the non-
equilibrium state calculation results are in good agreement 
with the experimental detection results up to 140 km, well 
reproducing the variation law of limb radiance with altitude. 
At about 42 km altitude, a “knee point” appears in the 
radiance profile, below which the radiance changes little with 
altitude, and above which the radiance decreases rapidly with 
altitude. At about 68 km altitude, a second knee point appears 
in the non-equilibrium calculation, which was not observed in 
the experimental results, possibly due to the experiment being 
conducted in a more northern location. Below 50 km, there is 
almost no deviation between the experimental and non-
equilibrium calculation results, and the deviation between the 
calculation results and the experimental measurements is less 
than 50% between 50-140 km. Compared with the 
equilibrium state calculation results, it can be seen that the 
daytime 4.3 μm radiation deviates from the equilibrium state 
starting at about 50 km, consistent with the calculated results 
of the energy level distribution. 

Fig.8 compares the measured and calculated limb radiance 
of the CO2 4.3 μm band under nighttime conditions. The 
nighttime radiance is one order of magnitude lower than the 
daytime at 100 km altitude. Due to the large errors in the 
nighttime measurement results above 100 km altitude, only 
the data below 100 km is shown in the figure. The radiation 
measurement and non-equilibrium calculation results are in 
good agreement below 56 km, and the relative deviation is 
about 50% between 56-100 km. 

 

 
Fig 7. CO2 4.3μm band limb radiance at daytime, comparison of 

data measured by SPIRE and calculated by LTE and non-LTE 
model, with autumn-daytime atmosphere at mid-latitude of north 

semi-sphere 
 

 
Fig 8. As Fig. 7, but at night 

5.2. Comparison with MIPAS Data 
The MIPAS instrument has a spectral range of 4.15-14.6 

μm, divided into five sub-bands, with a spectral resolution of 
0.0625 cm-1. This section compares the calculated results of 
the CO2 4.3 μm band with the spectral measurements of the 
MIPAS in the range of 2200-2400 cm-1. 

The experimental detection conditions were set for midday 
on July 15, 2009, during the daytime. The atmospheric model 
and solar illumination conditions for mid-July in the Northern 
Hemisphere at middle latitudes, at 10 am, were adopted in the 
calculations [9]. The energy level distribution with altitude 
was calculated using an unbalanced model. On this basis, the 
RFM package was used to calculate the radiation spectrum 
and radiance along the limb path. 

Fig.9 compares the MIPAS measured results, the 
equilibrium state, and the non-equilibrium state calculated 
results of the CO2 4.3 μm limb radiance. It can be seen from 
the figure that the equilibrium state and non-equilibrium state 
calculated results exhibit the first “knee point” at about 40 km, 
and the first “knee point” of the detection data is slightly 
higher, at about 41 km. Above 40 km, the radiation begins to 
deviate from the equilibrium state. The non-equilibrium 
calculation results reach a minimum at 60 km altitude, and 
between 60-70 km, the radiance increases with the tangential 
altitude, and above 70 km, it decreases with increasing 
altitude. The detection data is slightly larger than the 
calculated results above 50 km altitude, with a local minimum 
in radiance at 65 km altitude and a local maximum at 71 km 
altitude. 

 

 
Fig 9. CO2 4.3 μm band limb radiance at daytime, at summer of 

mid-latitude of north semi-sphere. 
 
Overall, the non-equilibrium calculation model in this 

paper can replicate the law of atmospheric background 
radiation changing with altitude under different seasons and 
day-night conditions. Below 50 km altitude, the non-
equilibrium calculation results are in good agreement with the 
experimental measurements, and above 50 km, the non-
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equilibrium calculation results have a deviation of less than 
50% compared to the experimental measurements. The 
deviation between the experimental and calculated results is 
mainly related to the experimental measurement error, the 
atmospheric temperature and pressure model, the atmospheric 
composition model, and the collision model and rate [27, 31-
33]. The uncertainty of some trace components and collision 
rate coefficients is the main reason for the uncertainty in non-
equilibrium calculations. To further improve the calculation 
accuracy of the model, it is necessary to conduct research in 
conjunction with atmospheric models and collision models. 

Fig.10 shows the contours of the ratio of the calculated 
equilibrium to non-equilibrium IR irradiance versus altitude 
under diurnal and nocturnal conditions. It can be seen from 
the figure that under night conditions, the radiance calculated 
by non-LTE model is smaller than that calculated by LTE 
mdel for altitudes higher than 45km. At daytime, the non-LTE 
radiance is larger than LTE radiance for altitdues between 
45km and 90km. 

 

 
Fig 10. The ratio of limb radiance calculated by non-LTE model to 

that calculated by LTE model for CO2 4.3 μm band in different 
conditions. 

6. Summary 
This paper investigates the computational methods for 

atmospheric infrared non-equilibrium radiation. By utilizing 
the short characteristic method to solve the radiation transfer 
equations and adopting the ALI (Accelerated Lambda 
Iteration) method for iterative solution of the statistical 
equilibrium equations, a computational algorithm for solving 
the non-equilibrium energy level populations is constructed. 
An atmospheric non-equilibrium radiation transmission and 
energy level distribution calculation program is 
independently developed. The non-equilibrium state energy 
level distribution and limb infrared radiation characteristics 
of important infrared radiation components in the atmosphere, 
such as CO2, are studied. The non-equilibrium radiation 
mechanisms of the CO2 15 μm and 4.3 μm bands are analyzed. 

Above the thermosphere, the non-equilibrium effects of 
radiation are primarily due to radiation cooling and 
atmospheric thinning. For middle atmospheric heights, during 
the daytime, the non-equilibrium effects of the 4.3 μm band 
are mainly caused by the absorption of solar radiation, while 
the non-equilibrium effects of the long-wave 15 μm band are 
primarily due to the collisions and radiative relaxation of the 
energy level. During the nighttime, the non-equilibrium 
effects of the 4.3 μm band are mainly derived from the 
absorption of radiative flux from the warmer lower 
atmosphere. The 4.3 μm band deviates from equilibrium 
above approximately 50 km during the day and above 
approximately 60 km at night. The 15 μm band deviates from 

equilibrium above 70 km during the day and above 80 km at 
night. 

The calculated results of limb radiance are compared with 
the limb detection results of SPIRE and MIPAS. The 
calculated results are in good agreement with the 
experimental data, with a relative deviation of less than 50%. 

This work addresses deficiencies in the calculation of 
atmospheric non-equilibrium radiation energy level 
distribution in China and is of significant importance for 
modeling the non-equilibrium radiation mechanisms in the 
atmosphere, as well as for domestic aircraft infrared detection 
and atmospheric modeling research. 
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