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Introduction 

Current importance of the work 

The information about rotation-vibration spectral lines is used in different fields of science 

such as atmospheric studies, laser and flame physics, etc. Spectral line shape parameters due to 

the pressure of atmospheric gases allow studies of collisions dynamics and determination of the 

intermolecular interaction potential. Consequently, a lot of line parameter measurements 

covering a wide spectral region from the microwave to visible domains have been made [1-10].  

The first practically convenient method for semi-classical calculation of half-widths and 

shifts of isolated spectral lines was developed by Anderson [11] and reformulated by Tsao and 

Curnutte [12]. It is referred to in the literature as the Anderson–Tsao–Curnutte (ATC) theory. 

The principal drawback of the ATC theory – the artificial cut-off procedure to avoid the 

divergence of the interruption function for small intermolecular distances – initiated 

development of improved semi-classical methods. The most known and popular of them is the 

Robert–Bonamy (RB) formalism [13] based on the linked cluster theorem [14] and using 

parabolic trajectories curved by the isotropic potential. Later a model of exact classical 

trajectories [15] has been introduced in the RB approach (RBE method) [16-18].  

This theorem enables an exponential representation of the collision matrix elements and 

yields finite values of the interruption function for small values of the impact parameter. 

However, the terms are usually retained to the second-order only. Attempts to improve the 

calculations require adding more terms which also diverge at short distances so that the results of 

term-by-term summation are really indefinite. Thus, at a deeper insight, the problem of the 

summation of the perturbing theory series steel remains in the RB formalism.  

Recently, Ma, Tipping and Boulet [19] revisited the derivation of the RB expressions and 

discovered that the use of the linked cluster theorem is not valid for the diagonal matrix element 

2222 ifSif . The general structure of the RB equations can be however kept if the average 

on the bath molecules is taken as the cumulant average. For strongly interacting molecular 

systems the modified expressions lead to an observable change in the line width values and to a 

drastic change of the line shifts; the agreement with experimental data was however surprisingly 

worse.  

The same authors (with some new collaborators) tried to estimate the importance of the 

vibrational dependence of classical trajectories [20] which is typically ignored in the RB 

formalism (active molecule in the initial and final vibrational states is supposed to follow the 

same classical path). Their study realized for H2-He system with a strong vibrational dephasing 
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revealed the non-negligible character of this vibrational dependence for the 1
st
-order line shifts. 

No improvement was obtained for the line widths defined principally by the second-order 

contributions (vibrational dependence of the trajectories for these terms was completely 

neglected by the authors). 

Quite expensive CPU cost of semi-classical RB calculations for active molecules with 

many vibrational modes and many branches in their IR spectra initiated the development of a 

semi-empirical method similar to the ATC-theory but including correction factors [21]. These 

factors allow accounting for the trajectory curvature, vibrational effects and correction to the 

scattering matrix. The necessary fitting parameters are determined from some available 

experimental data. 

Like the ATC theory, this method is characterised by a clear physical meaning and a 

possibility to calculate separately the contributions of different types of intermolecular 

interactions and different scattering channels to the collisional line shape parameters. The last 

aspect allows an analysis of the vibration-rotational dependence of line broadening and shifting 

coefficients. Since the linewidths are practically not sensitive to the vibrational dependence, the 

semi-empirical approach gives the possibility to make numerous calculations of the line shape 

parameters without a noticeable loss of precision.  

However, there is no universal method to calculate the collisional parameters of 

rovibrational spectral lines in different spectral regions, so that theoretical methods require 

constantly further improvements. 

For active molecules with small values of rotational constants rovibrational lines are not 

very well isolated and start to overlap even at moderate pressures. This overlapping called also 

“line mixing” or “line interference” has an influence on the absorption, emission and Raman 

scattering spectra and leads to an increased absorption in the atmospheric microwindows. The 

interference influence on the line shift is small for most water vapour lines. However, this 

influence can be significant for the lines whose upper vibrational–rotational states are in a strong 

resonance. It is therefore necessary to evaluate the contribution of the line interference in the 

absorption of radiation for different atmospheric paths (vertical and slant) as well as for summer 

and winter conditions.  

 

Purposes of the work 

The goals of the present work are focused on improvements or testing the existing semi-

classical methods for collisional line width and shift calculations. The main tasks of this work 

are: 
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1. Modification of the calculation method for the resonance functions by the use of the 

generalised Euler transformation in order to obtain broadening and shifting coefficients of 

spectral lines. 

2. Semi-classical and semi-empirical calculations of ozone line widths broadened by nitrogen 

and oxygen and a study of the vibrational dependence of classical trajectories for the pure 

vibrational contribution to the ozone line shifts, aiming to improve their values included in 

spectroscopic data banks. 

3. Determination of semi-empirical parameters and calculation of broadening and shifting 

coefficients of water vapour lines for spectroscopic databases. 

4. Study of the interference of water vapour spectral lines and evaluation of its influence on the 

atmospheric transmission for vertical and slanted paths. 

 

New results obtained: 

1. Using the generalized Euler transformation for the summation of divergent series allowed 

obtaining a convergent expression of the interruption (or “efficiency”) function and 

calculation of new resonance functions in the cases of strong (HF-HF) and weak (CO-CO) 

dipole-dipole and dipole-quadrupole (HF-N2) interactions.  

2. Nitrogen- and oxygen-broadening coefficients of ozone lines were calculated by semi-

classical RBE and semi-empirical methods for the ν1+ν3 band.  

3. Vibrational dependence of classical trajectories was studied for the 1
st
-order contribution to 

the rovibrational shifts of O3-N2 lines in the framework of semi-classical RB approach with 

exact trajectories and vibrational dependence of isotropic potential coming from the O3 

dipole moment and polarizability.  

4. Values of effective dipole polarizability in excited vibrational state were obtained for all 

vibrational bands of water vapour experimentally studied in the literature. 

5. Collisional parameters of water vapour spectral lines were calculated for highly excited ro-

vibrational states up to the dissociation limit of 25000cm
-1

. 

6. Interference of water vapour spectral lines is shown to lead to noticeable error in 

computation of atmospheric absorption coefficient for slanting atmospheric paths for 

winter conditions of mid-latitude atmosphere model and to the disappearance of 

microwindow region for increasing zenithal angle. 
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Scientific importance of the work 

As a rule, the interruption function represents a perturbation series, which is divergent for 

small values of the impact parameter. Therefore, the use of the generalised Euler transformation 

allows avoiding the cut-off procedure and obtaining a correct asymptotic behaviour of the 

interruption function and calculation of new resonance functions. New resonance functions 

obtained by the generalized Euler transformation can be used for obtaining broadening and 

shifting coefficients in the case of strong molecular collisions when the straight-path 

approximation is applied. These functions take into consideration all collision factors and can be 

used for all linear molecules. 

Use of exact trajectory model in the RB formalism leads to a better agreement with 

experimental data for ozone spectral lines broadened by N2 and O2 pressure. The semi-empirical 

method gave also very good results for reproducing the line widths in the ν1+ ν3 band and opened 

a perspective of their easy calculation for all other vibrational bands. 

Taking into account the vibrational dependence of the classical trajectories allows 

evaluation of its importance for shifting coefficients of the O3-N2 spectral lines. 

The semi-empirical method gives the values of broadening and shifting coefficient of 

rovibrational spectral lines of water molecule which agree favourably with experimental and 

other theoretical data and enables therefore a reliable prediction of collisional line shape 

parameters. 

Since the interference influence of water vapour spectral lines gives a significant 

contribution to weakening of atmosphere radiation, it is necessary to take into account this 

interference.  

Practical use of the work:  

The calculated line broadening and shifting coefficients as well as their temperature 

exponents are included in the “ATMOS” Information System and spectroscopic data basis 

GEISA. 

The results obtained in this work are published in scientific journals and presented at the 

national and international conferences:  

 International Symposium “Atmospheric and Ocean Optics. Atmospheric Physics”: Tomsk 

(2004, 2006, 2009, 2010), Ulan-Ude (2007), Krasnoyarsk (2008); 

 International Symposiums on High Resolution Molecular Spectroscopy HighRus-2006 and 

HighRus-2009, 

 IV Russian conference “Material engineering, technologies and ecology in the 3
d
 

millennium (Tomsk, 2009),  
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Chapter I 

Impact theory of broadening and shifting of spectral lines by 

pressure of atmospheric gases 

 

I.1. Semi-classical theory of Anderson–Tsao-Curnutte and semi-

empirical method 

It is well known that the impact approximation assumes binary collisions between the 

radiating and perturbing molecules, and a short duration of collisions in comparison with the 

time between collisions. In his pioneering paper [11] Anderson also supposed that the classical 

molecular trajectories could be approximated by straight-line paths. The time-evolution operator 

that describes the collision dynamics was expanded in a perturbation series by means of standard 

time-dependent perturbation theory. This theory was further reformulated in a simpler manner by 

Tsao and Curnutte [12], so that in the current literature the approach is usually referred to as 

Anderson–Tsao–Curnutte (ATC) theory. 

In the ATC theory the half width γfi and shift δfi of the spectral line corresponding to the 

optical transition i→f are given by  

 

  
 


r

iffi bSbdbvfvvdr
c

n
i

0 0

)()()( ,   (1.1) 

 

where n is the density of perturbing molecules; r is the ensemble of quantum numbers of the 

perturbing molecule; ρ(r) is the occupation number of the perturbing molecule; v is the relative 

collision velocity; f(v) is the Maxwell velocity distribution function and S(b) is the efficiency 

function for collisions with the impact parameter b: 

 

...)()()( 21  bSbSbS .     (1.2) 

 

Usually only the first- and second-order terms of this expansion are retained. The first-order term 

in Eq. (1.2) is purely imaginary and gives contribution to the line shift only. It depends on the 

difference between the mean values of isotropic potential in the upper and lower vibrational 

states. In the second-order, there are two types of contributions, the well known “outer” and 

“middle” terms, which give rise both to the width and shift. The second-order contribution 
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depends on the strengths of transitions induced by collisions and degree of fulfilment of 

resonance condition.  

 

middleouterfouteri bSbSbSbS )()()()( 2,2,22  .  (1.3) 

 

When b is small the collision is very strong and the second-order term diverges. It means 

that the radiation is completely interrupted by the transition of the molecule to a different 

nondegenerate state or that an arbitrary phase-shift occurs even if the molecule remains in the 

same nondegenerate state. In each case, it is assumed that for these small values of b (b≤b0) 

 

1)(2 bS ,      (1.4) 

 

and the interruption (cut-off) parameter b0 the in determined from the condition 

1)(Re 0 bS      (1.5) 

(in the initial Anderson’s work only the line widths were considered).  

Many calculations were performed on the basis of expansion (1.2) resulting in satisfactory 

agreement with experimental data for the case of polar colliding molecules having large dipole 

moments. For polar molecules colliding with atoms or non-polar molecules the ATC-calculated 

line widths were however not satisfactory. 

Many alternative approaches were suggested in order to avoid the using of Anderson’s 

interruption procedure. The most recent of them is the semi-empirical method proposed several 

years ago [21]. This method is based on the ATC theory which is improved by introducing 

correction factors with model parameters determined by fitting the calculated broadening and/or 

shifting coefficients to some experimental data. These factors account for the trajectory 

curvature, vibrational effects and corrections to the scattering matrix. The semi-empirical method 

allows also separate calculation of contributions from different types of intermolecular 

interactions and different scattering channels, an analysis of vibration-rotational dependence of 

line broadening and shifting coefficients as well as easy numerous calculations of line shape 

parameters without a noticeable loss of precision. 

The half-width of a spectral line in the ATC theory can be written as 

 

         





l f

ff

ATC

l

l i

ii

ATC

lfi PlffDPliiDifA  2

'

'

2 ',
,

  (1.6) 
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where      



r

fiv,rvdvbrρ
c

n
ifA

0

2

0 ,,),(  is the term coming from the cut-off procedure,
 

 liiD 2
 are transition strengths and the expansion coefficients  ii

ATC
P   are so-called 

interruption or efficiency functions. These functions depend on the properties of perturbing and 

radiating molecules and are determined by the intermolecular potential, relative trajectories as 

well as the energy levels and wave functions of the perturbing molecule. Since  liiD 2
 are 

well known, the correction factor  С  introduced by the semi-empirical method is applied to 

the interruption functions: 

 

     ωPωCωP ATC

lll 
,      (1.7)

 

 

and the usual choice of  С : 

 

 
12

1




Jc

c
ωСl ,   (1.8) 

 

is completely defined by the fitting parameters c1, c2. The parameter c1 includes a correction 

connected with the using of ATC-theory interruption procedure and the parameter c2 allows 

taking into account vibrational dependence of line shape parameters.  

Once determined from fitting to experimental data, these parameters c1 and c2 enable 

reproducing of line widths in all other vibrational bands, since the vibrational dependence of line 

broadening coefficients is known to be weak. 

 

 

I.2. Semi-classical formalism of Robert–Bonamy and its modifications by 

Ma–Tipping–Boulet 

 

The principal drawbacks of the ATC theory (straight-line trajectories appropriate solely for 

long-range interactions, perturbation series for the scattering matrix resulting in the obligatory 

but unphysical cut-off procedure) are easily overcome in the framework of the semi-classical 

formalism developed by Robert and Bonamy [13]. 
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The using of the linked cluster theorem in this approach allows an exponential 

representation of the collision matrix elements with an infinite series of Eq. (1.2) as argument. 

This representation leads to finite values of S(b) for small values of the impact parameter if a 

restricted number of terms is taken into account. The evaluation of the exact sum (necessary for 

improving calculations) requires more terms of the series. It is obvious, that the complete series 

diverges at short distances likely the ATC series (1.2), so that the results of term-by-term 

summation are indefinite and the problem of summation of the perturbation theory series steel 

remains.  

In the formalism of Robert and Bonamy [13] the line half-width γfi and the line shift δfi are 

determined as 

 
r

fi
RB r

c

n
)(  

         2,22,12,22,1

)(

22,2

00

cos11)(
22,2

)(
2,22,2

iiff

SSSL

if SSSSeSbdbvfvdv
if

C
if 




 ,

 (1.9) 

 

 
r

fi
RB r

c

n
)(  

         2,22,12,22,1

)(

22,2

00

sin1)(
22,2

)(
2,22,2

iiff

SSSL

if SSSSeSbdbvfvdv
if

C
if 




 . 

 (1.10) 

The superscripts (L) and (C) on the second-order contributions S2 correspond to the “linked” and 

“connected” elements of the linked cluster theorem. The first order contributions S1 are defined 

by the isotropic part of the potential, whereas the second order contribution S2 are described by 

its anisotropic part.  

Instead of approximate parabolic trajectories of the traditional RB formalism, Bykov et al 

[22] proposed to use exact solutions of classical equations of motion for a particle in an isotropic 

potential field [15]. However no calculation of line widths had been performed by the authors. 

This model of exact trajectories has been incorporated in the RB-calculation of line widths for 

linear molecules, symmetric and asymmetric tops by Buldyreva et al [16-18]. 

Ma, Tipping and Boulet [19] have found an invalid assumption in the RB formalism 

connected with the using of the cumulant expansion for the diagonal matrix element 

2222 ifSif . Authors have suggested considering an average over the internal degrees of a 
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perturbing molecule as the cumulant average (Modified RB formalism – MRB). Therefore the 

final formulae for calculations of line shape parameters look like the formula of the RB 

formalism: 

 

 






0

Re

21

0

2eImcos1)( r
S

rr

MRB SSbdbdvvfv
c

n
   (1.11) 

 

 






0

Re

21

0

2eImsin)( r
S

rr

MRB SSbdbdvvfv
c

n
   (1.12) 

 

To evaluate the differences introduced by their modifications, the authors calculated line 

widths and line shifts for HF-N2 and HF-HF molecular systems, characterized respectively by 

weak and strong interactions. For the weakly interacting HF-N2 system, no important differences 

with the standard RB calculations were observed. For the strongly interacting HF-HF system the 

line widths were obviously changed, and for the line shifts this change was drastic. However, the 

agreement of MRB results with experiment was worse.  

Ma, Tipping and Boulet [20] studied also the importance of the vibrational dependence of 

classical trajectories, which are tacitly supposed to be vibrationally-independent in the RB 

formalism. Their study was focused on the H2-He system, for which vibrational dephasing give 

the main contribution to the first-order vibrational shift. They tested straight-line, parabolic and 

exact trajectories and obtained a better agreement with their new quantum-mechanical 

calculations for the line shift at various temperatures (the agreement with experiment was 

worse). Since they completely neglected (!) the vibrational dependence of trajectories when 

calculating the second-order terms, for the line widths (due mainly to S2) their results were even 

farther from experimental data then for the usual vibrationally independent trajectories. 

 

 

I.3. Intermolecular interaction potential 

 

The intermolecular potential includes all possible types of interactions between molecules.  

The long-range electrostatic contribution is due to the charges distributions of colliding 

molecules and is generally expressed through the dipole, quadrupole and higher moments 

(subscripts 1 and 2 refer to the radiating and perturbing molecules, respectively):  
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,  (1.13) 

 

where l1, l2, l are the tensorial ranks of the molecular moments and of their tensorial product 

(l=l1+l2 here) which determine the symmetry of the interaction; n1, n2  are the projections of the 

angular momenta 21 , JJ


 along the laboratory z-axis; m1, m2 are the projections of 21 , JJ


 along 

the molecular z-axes;  mmmlllC 2121 ;  is the Clebsch-Gordan coefficient; )( 1
1

11


l

nmD , 

)( 2
2

22


l

nmD are the rotation matrices, where ),,( 1111   and ),,( 2222   are the Euler 

angles describing the orientation of the molecular axes relative to the laboratory axes; )(mlY  is 

the spherical harmonics describing the orientation of the intermolecular distance vector R


 in the 

laboratory frame. The radial components U(…) and the powers w and q (integers) depend on the 

considered interactions.  

The next types of long-range molecular interactions usually taken into account are the 

induction and dispersion terms determined by dipole moment and dipole polarizability. 

Although an electrostatic potential is suitable for large intermolecular separations, it is 

clearly inadequate at short range for neutral molecules. The electrostatic terms in Eq. (1.13) are 

always orientation-dependent, whereas molecules in any orientation must ultimately repel one 

another at close range. In order to include short-range forces, the electrostatic contributions are 

completed by so-called atom-atom pairwise interactions in the Lennard-Jones form:  

 


 
















n

i

m

j ji

ij

ji

ij

ij

atat

rr
V

1 1
6

2,1

6

12

2,1

12

4


 ,    (1.14) 

 

where subscripts 1i and 2j refer to the ith atom of molecule 1 and the jth atom of molecule 2, n 

and m are the number of atoms in molecules 1 and 2, respectively, and εij and σij are the Lennard-

Jones parameters for the atomic pairs. The positive terms (~
12

2,1



jir ) in Eq. (1.13) represent the 

repulsive forces at close intermolecular distances, whereas the negative terms on 
6

2,1



jir  describe 

(approximately) the contributions coming from long-range induction and dispersion interactions.  

The full interaction potential (short- and long-range interactions) contains isotropic and 

anisotropic parts 

V=Viso+Vaniso      (1.15) 
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The isotropic part is due to the short-range forces and long-range induction and dispersion 

terms; (within the atom-atom potential model, Viso is obtained taking the contribution with 

l1=l2=l=0 in Eq. (1.13)). For the long-range part only, the isotropic components are determined 

by the dipole moment of the active molecule and the dipole polarizabilities: 

6

2

2

1

r
V ind

iso


      6

21

21

21

2

3

rII

II
V dis

iso




 ,  (1.16) 

where μ1 is the dipole moment of radiating molecule and α and I are the polarizability and 

ionization potential for radiating and perturbing molecules. When the vibrational dependence of 

Viso is of interest, it is included via μ1 and α1. This isotropic part of the potential is typically used 

to govern the classical trajectories for the relative molecular motion. 
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Chapter II 

Use of the generalized Euler series transformation for calculation of 

widths and shifts of molecular spectral lines 

 

The impact approximation, the perturbation theory and a representation of interruption 

function as a power series of interaction are widely used in calculations of collisional line widths 

and shifts. For small values of the impact parameter the intermolecular interaction becomes 

strong and the perturbation series is expected to diverge [12]. This problem represented the main 

goal of many studies (see, for instance, [23-26] and references therein) and several approaches 

were developed to overcome the perturbation series divergence. The use of the generalized Euler 

transformation allows also solving this problem. The full resonance approximation is employed 

as a starting point and a convergent expression similar to the ATC formulae is obtained for the 

interruption function at short intermolecular distances [1*] (Appendix A). This approach gives 

true sum values for the convergent series, if the chosen approximation function is close enough 

to the approximated function. 

 

 

II.1. The generalized Euler series transformation 

 

In order to compute the series sum by the Euler method it is necessary to use an 

approximate expression for the interruption function, which conserves its main asymptotic 

characteristics.  

Let the series expansion of the function f(z)  







0

)(
n

n

n zfzf       (2.1) 

can be approximated by a known function g(z): 





0

2

210 ...)()(
n

n

n zgzggzgzgzf .   (2.2) 

The Euler method allows expressing of Eq. (2.1) in the form:  







0

)()1()(
n

nn

n zФDzf ,     (2.3) 

where  
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n

r

r
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0

)1( ,  rrr gfa      (2.5) 

When r tends to infinity, the ratio rr gf  tends to one, and the transformed series converges 

[21→26]. 

 

II.2. Calculation of resonance functions 

 

In order to compute the series sum (1.2) by the Euler method it is necessary to use an 

approximate expression for the interruption function with the asymptotic 

characteristics 1|)( 0bbS  and 0|)( bbS . A parameter λ is introduced in the series of Eq. 

(1.2); after summation this parameter will be put to 1. The interruption function and the 

approximate expression for its real part are given, respectively, by 

 

...),( 4

4

3

3

2

2

10  SSSSSbS  ,   (2.6) 

and 
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To obtain the expression for the transformed series the generalized Euler series transformation 
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is used, where  
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    (2.9) 

are corrections for the ATC functions and  

 

 !!! rnrn
r
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      (2.10) 

is the binomial coefficient. 
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In the integral on the impact parameter S(b) contains the resonance functions fnm (n, m – are 

the indexes of electrostatic moments, i.e. n or m equal 1 for dipole radiation, n or m equal 2 for 

quadrupole radiation, etc.) and the correction factor P(b) is a multiplier for them. The “new” 

resonance functions 
nmf

~
 read  

)(
2

)(
~

bP
v

bc
fkf rmnmn 








 


,    (2.11) 

where k is the so-called resonance parameter (Messy parameter).  

The zero-order approximation of the interruption function, the correction for the dipole-

dipole resonance function and “new” resonance functions for the self-broadened lines of the 

strongly interacting HF-HF system are presented, respectively in Figs 1-3. Figures 4-5 show the 

resonance functions for CO-CO system with weak dipole-dipole interaction and HF-N2 system 

with leading dipole-quadrupole interaction.  

 

 

Fig. 1. The zero-order approximation of the interruption function in function of the impact 

parameter for the self-broadened HF lines. 

 

 

Fig. 2. The second-order correction for the dipole-dipole HF-HF resonance function in function 

of the impact parameter. 
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Fig. 3. The resonance function for the dipole-dipole interaction of the HF-HF system for the 

transition frequencies of 1cm
-1

 (a) and 10 cm
-1

 (b): °° -  “old” resonance function, __ -  “new” 

resonance function. 

  

Fig. 4. The resonance function for the dipole-dipole interaction of the CO-CO system for the 

transition frequencies of 1 cm
-1

 (a) and 10 cm
-1

 (b): °° -  “old” resonance function, __ -  “new” 

resonance function. 

 

Fig. 5. The resonance function for the dipole-quadrupole interaction of the HF-N2 system when 

the transition frequency equals 1 cm
-1

: °° -  “old” resonance function, __ -  “new” resonance 

function. 

 

The “new” resonance functions give most contribution to the interruption function when 

the frequency is small (non-adiabatic case). At frequencies higher then 10 cm
-1

 the resonance 

function goes to zero (adiabatic case) and the second-order contribution to the interruption 

function is minimal.  
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Chapter III 

Broadening and shifting coefficients calculations of ozone 

spectral lines calculated by semi-classical and semi-empirical 

methods 

 

The knowledge of collisional parameters of ozone spectral lines is necessary for studies of 

physical and chemical processes in the troposphere and stratosphere as well as for studies of 

solar radiation absorption. 

 

III.1. Calculation of O3-N2 and O3-O2 line widths 

 

Line-broadening coefficients for the most important for atmospheric application cases of 

O3-N2 and O3-O2 broadening were calculated by the semi-classical RB formalism with exact 

trajectories and the semi-empirical method. More details on these calculations can be found in 

Appendix B [6*]. 

Figures 6 and 7 show the comparison of calculated values with experimental data for the 

Q-, P- and R-branch of the ν1+ν3 band. To separate the broadening coefficients with the same J 

values but different Ka values we selected a specific variable J+0.05(Ka-1) for the abscissa.  

 

   

Fig. 6. Calculated by the RB formalism with (triangles) parabolic [27] and with (full circles) 

exact trajectories and by (crosses) the semi-empirical method [21] and (open circles) 

experimental data [27, 28] line broadening coefficients for lines of the Q-branch of the ozone 

ν1+ν3 vibrational band in nitrogen (a) and oxygen (b) atmosphere. 
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Fig. 7. Calculated by the RB formalism with parabolic trajectories [27] and by the semi-

empirical method [21] and experimental [27, 28] line broadening coefficients for: (a) lines of the 

R-branch of the O3-N2 and (b) lines of the P-branch of the O3-O2 of the ν1+ν3 band. 

 

As the line broadening coefficients depend weakly on the vibrational quantum numbers, 

the semi-empirical model parameters c1 and c2 obtained for one vibrational band can be used for 

calculations of these coefficients for other bands. In contrast with the highly polar water vapour 

molecule, the parameters c1 and c2 for O3 molecule demonstrate an observable dependence on 

the rotational quantum number values J and a weaker dependence on the type of branch. 

Therefore, the fitting parameters were determined for three intervals of rotational quantum 

numbers J – small, middle and high values. The parameter c1 varies only slightly when passing 

from low to middle J and more significantly for high J and is responsible for correction of the 

error induced by the interruption procedure. The parameter c2 includes the vibrational 

dependence which is really more complex. 

As can be seen from Figures 6 and 7, the separate fitting to the data of only the R-branch 

mostly improves the computation quality. For the O3-N2 system, the initial rms deviation of 

2.33×10
-3

 cm
-1

atm
-1

 (simultaneous fitting to the data for the P and R-branches) for the whole set 

of studied lines decreases down to 2.29×10
-3

 cm
-1

atm
-1

 (separate fitting for the P and R-

branches). This improvement is insignificant, and the dependence of the fitting parameters on the 

type of branch can be considered as negligibly weak. 

From these figures we can make a conclusion that values of line broadening coefficients 

received by using RB formalism with exact trajectories and semi-empirical approach are in a 

good agreement with data of experiments (see Appendix B and [6*]). So, the modification of the 

semiclassical RB formalism with exact trajectories requires long time for calculations due to 

numerical integration, but this modification is justified. Using of fitting parameters of semi-



 21 

empirical method obtained for the ν1+ν3 band allows calculating the broadening coefficients for 

lines of other ozone vibrational bands. 

 

III.2. Calculation of vibrational shifts of O3-N2 lines 

 

The goal of this study was to check the importance of vibrational dependence of classical 

trajectories for a molecular system of practical interest, and not for a very particular system as 

did Ma and co-authors [20]. The initial project consisted, first, in calculation of purely 

vibrational O3-N2 line shifts by the RB formalism with vibrationaly-dependent exact classical 

trajectories; then the rotational contributions (defined by S2 terms) should be added. By the lack 

of time, only the first part has been realized and is shortly described here. 

We started with the vibration-dependent contribution S1 for exact trajectories proposed by 

Ma et al. [20]: 
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   (3.1) 

 

where frVfrV isofiso ),()()(,  , irVirV isoiiso ),()()(,  , frVfrV isofiso ),()()(,   

and irVirV isoiiso ),()()(,  ; ξ is the normalized vibrational coordinate defined by 

  ee rrr  , where r is the vibrational displacement and re the equilibrium displacement, Viso 

is the isotropic part of the interaction potential, ΔViso is vibrationally dependent part of potential. 

From Eq. (3.1) it is seen that S1,(i) and S1,(f) are calculated with different minimal rc values: 

rc,(i) and rc,(f). In order to define these values the long-range isotopic potential was approximated 

by the induction and dispersion terms, as described in Sec. I.3, which provide the vibrational 

dependence of trajectories via the dipole moment and polarizability of the active molecule. 
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Since the determination of rc,(i), rc,(f) requires also the short-range part of the isotropic 

potential (for which the vibrational dependence is not available), we used the repulsion term in 

the form 

12

124
)(

r
rV rangeshort

iso




 ,      (3.2) 

where ε and σ are the usual Lennard-Jones parameters.  

The interaction potentials in the final f (ν1+ν3) and initial (ground) i states are shown in 

Figure 8. The vibrationally dependent interaction potentials were calculated with new values of 

Lennard–Jones potential parameters described below. From this figure it can be seen that the 

values of the potential in the f and i states slightly differ from each other – about 0.5*10
-15

 cm
-1

. 

Figure 9 presents these two curves in comparison with the standard Lennard–Jones potential 

(ε=150K and σ=3.93 Å) [29] used in the literature for O3-N2. Their differ significantly, 

especially in the potential well region.  

 
Fig. 8. The interaction potential Viso in the initial ground (red line) and final ν1+ν3 (blue line) 

states.  

 

Fig. 9. The vibrationally dependent interaction potential Viso in the initial ground and final ν1+ν3 

states and the standard Lennard-Jones potential (ε=150K and σ=3.93Å) from the literature. Viso(i) 

– red line, Viso(f) – blue line, V(LJ) – black line. 



 23 

To obtain new, more appropriate, Lennard–Jones parameters for the vibrationally 

dependent isotropic potential, we supposed the equivalence between the induction and dispersion 

terms in  r
-6

 and the attractive part of the Lennard–Jones potential (ε will fixed at 150K for O3-

N2 and the same for O3-O2) 
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,
     (3.3) 

Which leads to  σ=3.1949 Å for the O3-N2 system and σ=3.0637 Å for the O3-O2 system. The 

values of σ for other vibrational bands  are presented in Table I. The O3-N2 isotropic potentials 

for the initial (ground) and final (ν1+ν3) states (σ=3.1949 Å) are presented in Figure 10.  

 

Table I. The values of Lennard–Jones parameter σ for the O3-N2 and O3-O2 systems 

(ε=150K). 

Band 
σ, Å 

О3-N2 

σ, Å 

О3-О2 

ν1+ν3 3.1949 3.0637 

2ν1 3.1670 3.0368 

2ν3 3.2218 3.0896 

ν1 3.1624 3.0325 

ν3 3.1907 3.0598 
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Fig. 10. Viso(LJ) – the standard Lennard-Jones potential (ε=150K and σ=3.93Ǻ), Viso(i) – 

vibrationally dependent potential for the initial state with the standard values of σ and ε, 

Viso(i)_fit, and Viso(f)_fit_101 – the vibrationally dependent potential in the initial and final 

(ν1+ν3) states with ε=150K and σ=3.1949 Å. 
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The relation between rc and b  
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Eq. (3.1), in its turn, reads 
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(3.5) 

where μ1,(f) is the dipole moment and α1,(f) is the polarizability of the radiating molecule in high 

excited state f.  

Table II presents a comparison of the line-shifting coefficients in the ν1+ν3 band of the O3-

N2 and O3-O2 systems obtained by the RB formalism with exact trajectories taking into account 

the vibrational dependence of the isotropic interaction potential with the semi-empirically-

calculated [21] and the experimental ones [30]. In our RBE-calculations of the purely vibrational 

line shifts we first took into account the vibrational dependence of the isotropic interaction 

potential with the same, vibrationally independent, trajectory for the initial and final states  (RBE 

calc.1 in Table II), then, for this Viso, we considered two different trajectories for the i and f states 

(RB calc.2 in Table II). The experimental values of the vibrational shifts for the lines with high J 

(and low Ka) values give an estimation for the asymptotic behaviour which should be observed 

for purely vibrational shifts. 

From Table II it can be seen that the purely vibrational line shift calculation with 

vibrationally dependent isotropic potential and two different trajectories for i and f states differ 

noticeably from the results with one and the same trajectories.  
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Table II. Comparison of the calculated and experimental ozone line-shifting coefficients 

(in cm
-1

atm
-1

) for the ν1+ν3 band.  

О3-N2 

J′ K′a K′c J′′ K′′a K′′c SE calc. [21] 

(vib-rotational),  

expt. [30] 

(vib-rotational) 

RBE calc.1 

(vibrational) 

RBE calc.2  

(vibrational) 

31 1 30 32 1 31 - 2.85 - 3.8 - 3.86 - 2.1 

О3-О2 

J′ K′a K′c J′′ K′′a K′′c 
SE calc. [21] 

(vib-rotational) 

expt. [30] 

(vib-rotational) 

RBE calc.1 

(vibrational) 

RBE calc.2  

(vibrational) 

27 0 27 26 0 26 - 4.53 - 3.0 - 3.17 not calculated 

 

In this study a model vibrationally dependent isotropic potential was proposed of 

vibrationally dependent line shifts of the O3-N2 and O3-O2 systems. The parameters of this were 

determined for various vibrational bands of O3-N2. It is shown that taking into consideration min 

and max of the vibrational dependence of classical trajectories has an influence on calculations 

of vibrational line shifts. Consequently, in order to improve calculations it is necessary to 

examine the vibrational dependence of trajectories for the considered molecular pair.  

Since in our calculations we don’t take into account the rotational dependence of ozone 

line-shifting coefficients therefore we do asymptotic comparison for our data. The addition of 

rovibrational contributions to line-shifting coefficients and comparison ones with other 

calculated data [31] will be in future. 
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Chapter IV 

Calculation of broadening and shifting coefficients of water vapour 

lines by semi-empirical method 
 

An accurate knowledge of the water vapour line pressure broadening and shifting 

coefficients induced by N2, O2, H2O and other atmospheric gases is of interest for many 

atmospheric applications including models of the propagation of laser radiation along vertical 

and slanted paths [32].  

As mentioned above, the details of the semi-empirical approach are given in Ref. [21]. The 

main feature of the semi-empirical approach applied to the H2O molecule is the use of a 

complete set of high-accuracy vibration-rotation dipole transition moments calculated for all 

possible transitions using the wave functions determined from variational nuclear-motion 

calculations and an ab initio dipole moment surface (DMS). This approach explicitly takes into 

account all scattering channels induced by collisions. Results of these calculations clearly 

demonstrate an improved agreement between observed and calculated parameters for both line 

widths and line shifts and, in principle, extends the range of applicability of the semi-empirical 

method up to the dissociation limit [33]. However, it should be kept in mind that the method of 

effective Hamiltonians (EH) traditionally used for determination of vibrational energies and 

wave functions of the active molecule is based on perturbation theory expansions which have 

poor convergence for highly excited states. In addition, the parameters of these effective 

Hamiltonians are usually extracted from experimental spectra, so that massive calculations are 

not possible. At the same time, variational methods do not suffer from this problem and also take 

into account all intra-molecular effects. 

In our work we used energy levels and dipole transition moments from the BT2 (Barber 

and Tennyson) line list [34]. This line list was constructed using the DVR3D nuclear motion 

suite [35], the semi-empirical Potential Energy Surfaces of Shirin et al. [36] and Schwenke and 

Partridge’s Dipole Moment Surface [37]. The BT2 line list includes all transitions between 

rotation-vibration states of water up to 30000 cm
-1

 above the ground state and with rotational 

excitation up to J = 50. This gives in total 221,000 states and 5.08*10
8
 transitions. Further 

information can be found in the original publication [34]. The H2O molecular constants required 

for calculations (mean dipole moments in the ground and excited vibrational states, components 

of quadrupole moments, and dipole polarizability) were taken from Refs [38-40], respectively. 

All calculations were made for the room temperature T=297 K. The parameters c1 and c2 were 

fitted to the measured N2- broadening coefficients of the 2ν1+2ν2+ν3 band c1=1.08, c2=0.11 and 

then were used for all subsequent calculations of both N2- broadening and shifting.  
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IV.1. Calculation of line-broadening and shifting coefficients of water 

vapour lines induced by N2 and O2 pressure 

 

For the line shift calculation the “effective” dipole polarizability in the upper vibrational 

state was used as one more additional fitting parameter; its values obtained for the studied bands 

are listed in Table III.  

 

Table III. “Effective” dipole polarizability in the upper vibrational states. 

Band Polarizability, Å3 Band Polarizability, Å3 

2 1.496 31+2+3 1.631 

3 1.502 31+22+3 1.640 

1 1.510 41+3 1.641 

1+2+3 1.561 41+2+3 1.646 

1+23 1.606 51+3 1.655 

21+3 1.572 51+2+3 1.690 

21+22+3 1.601 61+3 1.682 

31+3 1.609 71+3 1.710 

1+33 1.660   

 

Our calculated values were compared with both experimental data and calculations based 

on the effective Hamiltonian of Watson (see Figs. 1-2 and Table III of Appendix C [2*]). It can 

be seen that half-widths calculated using variational wave functions agree reasonably well with 

those obtained using the standard approach of perturbative wave functions from the Watson’s 

effective Hamiltonian and an effective dipole moment operator. For most lines the differences in 

half-widths do not exceed 10%. However, the differences are larger for the line shift coefficients: 

usually about common 20% but up to 35% in some cases. This demonstrates that the shift 

coefficients are more sensitive to different intra-molecular interactions.  

We have also studied the problem of drastic disagreement between the line width data 

included in HITRAN database and recent experimental values obtained by a Franco-Belgian 

group with a Fourier-transform spectrometer (FTS) in the region 13000-26000 cm
-1

. To 

understand the possible origins of this problem we compared our calculated line width values 
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with the experimental ones for the 3ν1+ν3 band (Fig. 11). This figure shows that the experimental 

values obtained in Refs [2] and [41, 42] differ strongly. The discrepancies between the 

measurements reach 0.02 cm
-1

atm
-1

 (25%). Our calculations agree well with the experimental 

values of [2], with a root mean square (RMS) of 0.0056 cm
-1

atm
-1

, and agree poorly with the 

FTS experiment [41] (RMS = 0.011 cm
-1

atm
-1

 for the same lines).   
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Fig. 11. Comparison of our calculated and available experimental broadening coefficients for 

lines of the 31+3 band. N is the number of the vibration-rotation transitions according to 

increasing of frequency and correspond to the numbering given in Ref. [43]. 

 

An analysis of the spectral intervals for which Refs. [41, 42] give large broadening 

coefficients shows that they are characterized by blended lines [2*]. For such cases the fitting of 

a single profile to blended lines leads to very significant overestimation of the broadening.  

For the line shifting coefficients, the situation is similar (see Fig. 12 of Appendix C [2*]). 

The experimental data of Ref. [2] agree very well with our calculations (RMS = 0.00056 cm
-

1
atm

-1
). The agreement of experimental data [41, 42] with our calculations is much worse (RMS 

= 0.0009 cm
-1

atm
-1

). For some lines the shift coefficients of Refs [41, 42] are more than twice 

greater than those of Ref. [2], or even differ in sign. 

We find and noted in our paper [2*] (Appendix C) that the largest disagreement between 

the BT2 and EH calculations takes place for high bending vibrations. For example, the 3ν1+ν3 

band involves no excitation of bending vibrations and the EH method works well; RMS are the 

same for calculations using EH or variational wave functions. In contrast, for the 2ν1+2ν2+ν3 

band which involves two quanta of bending excitation, our method gives better agreement with 

the experimental data in Ref. [2]. For example, the RMS of line shifts is 0.0005 cm
-1

atm
-1

 for the 

complex RB calculations [44] and 0.0004 cm
-1

atm
-1

 for our calculations. The decreasing line 

width in these bands is influenced by the centrifugal distortion – the so-called Δk effect [45], 

which leads to a strong change in the energy structure in high bending states. 
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We made calculations using this method for more than 200 000 transitions, corresponding 

to the most intense lines, for the H2O-N2 and H2O-O2 colliding systems. Line broadening and 

shifting coefficients, as well as their temperature exponents, have been calculated. The results of 

these calculations are available via the “ATMOS” Information System (http://saga.atmos.iao.ru) 

and spectroscopic data bank GEISA (http://ara.lmd.polytechnique.fr/htdocs-

public/ref_for_geslines_2008.html, details of changes since the 2003 edition of GEISA). 

 

IV.2. Calculation of self-broadening and self-shifting coefficients of water 

vapour 

In the self-broadening case the main contribution to the line widths is given by the dipole-

dipole interaction. We also take into account the higher-order electrostatic (dipole-quadrupole, 

and quadrupole-dipole) interactions as well as polarization (induction and dispersion) 

interactions.  

We performed the calculations of self-broadening coefficients of water vapor lines for the 

3ν1+ν3, 2ν1+2ν2+ν3 and ν3 vibration-rotation bands, experimentally studied in [1, 4* Appendix 

D]. All the calculations were made for the room temperature T=297 K. Fig. 12 presents the 

calculated and experimental self-broadening coefficients for the 3ν1+ν3 band (N is the number of 

the vibration-rotation transitions according to increasing of frequency). It is seen that the 

calculations are in satisfactory agreement with experiment. The self-broadening coefficients of 

water vapor lines, calculated with the same set of the fitting parameters for all bands agree 

reasonably experimental values. 
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Fig. 12. Calculated and experimental [1] water self-broadening coefficients for the band 3ν1+ν3 

(middle J). N is the number of the vibration-rotation transition according to increasing of 

frequency. 

http://saga.atmos.iao.ru/
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In Fig. 12 in order to analyze the self broadening more carefully we separate the lines in 

three groups with low (J < 4), middle (3 < J < 7) and high (J > 6) rotational quantum numbers. 

After that, the model parameters were fitted for each group of lines. The results of fitting are 

presented in Table IV. This table shows that the c1 coefficient depends on the quantum number J 

value: c1=1.31-0.042*J. 

 

Table IV. Mean root-square deviation (MRSD) in the case of separating the calculation 

with respect to J values and varying the model parameters с1, с2 and gas kinetic diameter R0. 

 a) – present method;   b) – Watson Hamiltonian 

a) 

Rotational 

quantum 

number J 

(3 0 1) band (2 2 1) band 

MRSD γ MRSD γ 

low (J<4) 

R0=7.76  

c1=1.23  

c2=0.08 

R0=10.0  

c1=1.23  

c2=0.08 

R0=7.76  

c1=1.23  

c2=0.08 

R0=10.0  

c1=1.23  

c2=0.08 

0.0109346 0.006728273 0.0113214 0.008595 

middle 

(3<J<8) 

R0=7.76  

c1=1.23  

c2=0.08 

R0=7.76  

c1=1.1  c2=0.1 

R0=7.76  

c1=1.23  

c2=0.08 

R0=7.76  

c1=1.1  c2=0.1 

0.005704511 0.005 0.023121214 0.021936396 

high (J>7) 

R0=7.76  

c1=1.23  

c2=0.08 

R0=7.76  

c1=0.9  

c2=0.08 

R0=7.76  

c1=1.23  

c2=0.08 

R0=7.76  

c1=0.9  

c2=0.08 

0.0230145 0.0152971 0.049289817 0.032120113 

 

b) 

Rotational 

quantum 

number J 

(3 0 1) band (2 2 1) band 

MRSD γ MRSD γ 

low (J<4) 

R0=7.76  

c1=1.23  

c2=0.08 

R0=10.0  

c1=1.23  

c2=0.08 

R0=7.76  

c1=1.23  

c2=0.08 

R0=10.0  

c1=1.23  

c2=0.08 

0.0064649 0.0104901 0.0110736 0.008928 

middle 

(3<J<8) 

R0=7.76  

c1=1.23  

c2=0.08 

R0=7.76  

c1=1.1  c2=0.1 

R0=7.76  

c1=1.23  

c2=0.08 

R0=7.76  

c1=1.1  c2=0.1 

0.0056495 0.0047727 0.0244309 0.0228648 

high (J>7) 

R0=7.76  

c1=1.23  

c2=0.08 

R0=7.76  

c1=0.9  

c2=0.08 

R0=7.76  

c1=1.23  

c2=0.08 

R0=7.76  

c1=0.9  

c2=0.08 

0.0247585 0.0157944 0.0675662 0.0417901 
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Fig. 13. Calculated and experimental [1] self-shifting coefficients for medium J values for the 

band 3ν1+ν3. N is the number of the vibration-rotation transitions according to increasing of 

frequency. 

 

The dependence of water line broadening coefficients on the “good” quantum numbers 

(angular momentum and symmetry of the upper and lower levels) has been analyzed for the 

rotational quantum numbers up to J=50. Trends were investigated separately for the P-, Q-, and 

R-branch transitions for the atmospherically important water isotopologues H2
17

O, H2
18

O, 

HD
16

O. Two different methods were used: averaging the broadening coefficients from HITRAN-

2008 for small J values and averaging of data calculated by the semi-empirical method for higher 

J. The resulting air-broadening coefficients allow calculation of water vapour spectra with 

millions of weak lines with an accuracy reasonable for many applications, for example, 

estimation of the sun radiation with low resolution. These results have been presented in [7*] 

(Appendix E).  
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Chapter V 

Influence of the water vapour line interference on the atmospheric 

transmission of near-IR radiation 

 

The collision-induced interference of spectral lines in vibrational-rotational spectra of 

molecular gases is the object of numerous investigations [46-48]. This interference influences 

absorption, emission, and Raman spectra of dense gases, absorption in atmospheric windows and 

microwindows, as well as line wings. In particular, when solving problems associated with laser 

sensing, the influence of interference on spectroscopic parameters of spectral lines should be 

carefully examined. The most important cases for atmospheric applications are given by H2O, 

CO2, CH4 (and some other molecules) in a mixture with nitrogen and oxygen at temperatures 

200–300 K. 

A relation of intramolecular resonances (such as Coriolis, Fermi, and Darling–Dennison 

resonances) with the line interference was established in Ref. [48]. A nonlinear pressure 

dependence of the line shift and a deviation of the line shape from the Lorentz profile were also 

ribution of the line interference in 

the atmospheric extinction of radiation can reach several percents. That is why corrections for 

the line interference should obviously be taken into account in analysis of high-resolution 

atmospheric spectra. 

We carried out theoretical studies of the IR line interference in spectra of water vapour and 

estimated its influence on the atmospheric transmission for slant and vertical atmospheric paths 

for summer and winter conditions of the atmosphere model for middle latitudes [49, 50]. 

 

 

V.1. Basic equations for a line profile accounting for line interference  
 

The full description of a line profile taking into account line interference in presented in 

our paper [3*] (Appendix F) so that only main formulae are briefly reminded here. 

In the impact approximation, the absorption coefficient for overlapping lines can be written 

as [46, 47] 
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where na is the density of absorbing molecules, subscripts m and n enumerate the lines and 

include all the necessary quantum numbers of the initial and final states related to the transition 

moment μ , and ρn is the population of the lower state of the transition n; the matrix ω0 is 

diagonal: mnmnm  0

0  , where 
0

m  is the proper frequency of free active molecule; W is 

the relaxation matrix. The real and imaginary parts of the diagonal elements of W determine the 

half-width 
0

m  and the shift 
0

m  of isolated spectral lines (in the absence of overlapping).  

In order to calculate the line shape parameters and the absorption coefficient it is necessary 

to determine the resolvent matrix   1

0


 W1 i , for example, using the diagonalisation of 

the non-Hermitian matrix Wi0 . Then we can write the absorption coefficient as a sum of 

Lorentzian profiles. Since at atmosphere pressure the Doppler broadening is responsible for a 

significant fraction, the joint action of the collisional and Doppler broadening is taken into 

account via the convolution of the Doppler spectral distribution  D  with the spectral 

function  k  of Eq. (5.1). 

The absorption for a slant path is determined by  

 


h

hhPk dhhK
0

)()(e1)( 
     (5.2) 

where k(ω) is the profile of the corresponding line, h is the altitude, P(h) is the pressure of the 

air, which depends on the altitude and the tilt angle of the path [48]. 

 

 

V.2. Influence of H2O line interference on the atmospheric transmission for 

horizontal, vertical, and slant atmospheric paths 

 

Our calculations have been performed for the spectral range 12412–12415 cm
–1

, which 

includes two lines centred at 12414.2027 and 12413.9720 cm
–1

. These lines correspond to the 

transitions 634←541 of the 8ν2 band and 652←541 of the 3ν1 + ν2 band considered here. The 

cross-relaxation parameters Wkl, half-widths γk, and shift coefficients δk necessary for 

calculations of the absorption coefficients were calculated for these two lines in the case of 

broadening by nitrogen and oxygen in the temperature range 200–330 K. The data are 

summarized in Table I [3*] (Appendix F) according to the following equation: 

 

X(air) = 0.79X(N2) + 0.21X(O2),     (5.3) 
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where X is any of the parameters γk, δk, Yk, Wkl .  

For the resonance lines mentioned above and involved in the so-called HEL (Highly 

excited local) resonance [51] caused by the abnormally strong centrifugal effect in H2O, the 

strong effect of the interference is observed: the coefficients Yk are about 0.02 cm
–1

atm
-1

 at room 

temperature. 

In Ref. [48] the calculations were performed for a horizontal path at a path length of l = 

100–1000 m, temperature of 297 K, and air pressure of 760 Torr, and only the absorption by 

water vapour was taken into account. In the considered case the influence of the interference was 

found to be low: the highest addition is 3% at 12414.07 cm
–1

. It was concluded that the line 

interference leads to an increased absorption in the atmospheric microwindows. 

The calculation of the transmission coefficient for a slant path was also made, with the 

atmospheric models of mid-latitudinal summer and winter [49, 50]. In this calculation, it was 

necessary to take into account the dependences of the line profile parameters and the cross-

relaxation parameters on temperature, pressure, and water vapour concentration, whereas the 

dependences, in their turn, are function of the zenith angle (Table V). The calculations were 

performed using the profile from Ref. [47] taking into account line interference and Doppler 

broadening. 

 

Table V. Pressure, temperature, and concentration of water vapour in the range 0–10000 m [49, 

50, 3*] 
h (m) Summer conditions Winter conditions 

P (atm) T (К) n (atm) P (atm) T (К) n (atm) 

0 1.013 292 0.0205 1.018 272 0.0077 

1000 0.9020 288 0.0155 0.8973 270 0.0059 

2000 0.8020 283 0.0111 0.7897 267 0.0040 

3000 0.7100 278 0.0077 0.6938 263 0.0029 

4000 0.6280 272 0.0052 0.6081 257 0.0019 

5000 0.5540 266 0.0036 0.5313 251 0.0012 

6000 0.4870 260 0.0021 0.4627 244 0.00073 

7000 0.4260 253 0.0012 0.4016 237 0.00042 

8000 0.3720 246 0.00084 0.3473 231 0.00014 

9000 0.3240 239 0.00052 0.2992 224 0.000071 

10000 0.2810 233 0.00031 0.2568 220 0.000038 

 

For a slant path and a vertical path as its particular case, we considered the influence of the 

interference on the water vapour absorption in the atmosphere and analyzed how the absorption 

varies under winter and summer conditions. 

One can see from the frequency dependence of the absorption in the range 12414–12414.2 

cm
–1

 (Fig. 14) that under summer conditions the interference contributes 0.5%, while under 
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winter conditions the influence of interference is about 1.5%. If the shift is taken into account, 

the lines shift toward lower frequencies. Simultaneous consideration of the line interference and 

of the shift gives corrections of about 7% for winter and about 1% for summer conditions. As the 

zenith angle increases (Figs. 15a and 15b), the influence of the interference halves. For a path tilt 

angle of 75°, the microwindow disappears (Fig. 15c). In the line wing, the neglect of the 

interference leads to a larger error than the neglect of the shift does (Figs. 16a–16b). 

    

  (a)       (b) 

Fig. 14. Frequency dependence of the absorption for a slant atmospheric path (at an angle of 

30°): (a) (winter conditions) frequency range 12413.9–12414.3 cm
–1

, (b) (summer conditions) 

microwindow range 12414–12414.2cm
–1

; (dotted curve) absorption with regard for interference 

and shift, (solid curve) absorption with regard for shift but neglecting interference, (dashed 

curve) absorption with regard for interference but with zero shift, (dot-and-dash curve) 

absorption with neglected interference and with zero shift. 

      
  (a)       (b) 

Fig. 15. Frequency dependence of absorption for a slant atmospheric path: (a) (at an angle of 60°, 

winter conditions) microwindow range 12413.9–12414.3 cm
–1

, (b) (at an angle of 75°, summer 

conditions) microwindow range 12413.7–12414.2 cm
–1

. Designations are the same as in Fig. 14. 
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(a)              (b) 

Fig. 16. Frequency dependence of absorption for a slant atmospheric path in the microwindow 

range 12412,5 – 12413,1 cm
-1

 (summer conditions): (a) at an angle of 30°, (b) at an angle of 75°. 

Designations are the same as in Fig. 14. 

 

In conclusion, it should be noted that our calculations demonstrate that the interference of 

H2O lines contributes significantly to the atmospheric extinction of radiation, leads to the 

disappearance of atmospheric microwindows and should be taken into account in calculations of 

the transmission of laser radiation. 
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Basic results  

1. Using the generalised Euler series transformation allowing obtaining the resonance 

functions necessary for calculations of half-widths and shifts of molecular spectral lines 

without the use of Anderson’s interruption procedure, new resonance functions were 

obtained in cases of strong (HF-HF) and weak (CO-CO) dipole-dipole, and dipole-

quadrupole (HF-N2) interactions. 

2. Calculations of vibrotational line broadening coefficients and vibrational line shift 

coefficients of ozone molecule perturbed by nitrogen and oxygen were realized by the 

Robert–Bonamy formalism with exact trajectories and by the semi-empirical method; 

vibrationally dependent model isotropic potential was proposed. 

3. Calculations of line shape parameters of vibrotational water vapour spectral lines induced by 

pressure of basic atmospheric gases N2, O2, H2O were carried out. The semi-empirical 

method using results of variational calculations allowed determination of the line shape 

parameters up to the dissociation limit.  

4. Effective values of the dipole polarizability of the water molecule in excited states were 

obtained for all vibrational bands experimentally studied in the literature. 

5. The interference of water vapour lines for slanting and vertical paths leads to visible errors 

in calculations of the absorption coefficients for winter conditions of middle latitude 

atmosphere model and to disappearance of microwindow region with increasing zenithal 

angle. 
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