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This paper presents the results of measurements and calculations of the shift coef-
ficients for 170 absorption lines of H2O from the vibrational-rotational bands. The 
measurements were made using highly sensitive laser spectrometers with the spectral 
resolution better than or equal to 0.01 cm–1. The calculations were made using the 
Anderson-Tsao-Curnutte-Frost technique. Good agreement has been obtained between 
the theoretical and experimental values of the coefficients of the H2O absorption line 
shifts caused by N2, O2, and air pressure. 

 
 

Investigations of H2O absorption line broaden-
ing and shifting is of current interest for the deter-
mination of narrow-band optical radiation energy 
losses along vertical inhomogeneous paths2 as well as 
for the remote sounding of atmospheric humidity 
fields by the differential absorption method 
(DIAL).1 Neglecting the Í2O absorption line shift 
can lead to systematic errors of from 30 to 100% in 
retrieving the water vapor concentration at altitudes 
from 15 to 20 km.1 Quantitative data on spectral 
line shifting and broadening coefficients also enable 
one to obtain information on the characteristics of 
Intermolecular Interactions in gases, the dynamics of 
molecular collisions and molecular polarizabi1ity in 
excited vibrational states.3 

The paper presents the results of measurements 
of Í2O absorption line shifts caused by N2, O2, and 
air pressure and the corresponding theoretical results 
for the visible spectral range. The DIAL systems 
based on frequency tunable solid state lasers for H2O 
profile sounding are presently being developed for 
use in this spectral range. 
 
EXPERIMENTAL TECHNIQUE AND RESULTS 

 
The experimental data on the H2O absorption 

line shifts in the visible range caused by N2, O2, and 
air pressure presented in this paper were obtained 
using three different high-resolution laser spectrome-

ters.3 The bounds of the spectral intervals under in-
vestigation, the values of the spectral resolution, and 
the identification of the bands corresponding to the 
H2O spectral lines are presented in Table I, The 
same table includes results of IR high-resolution 
spectrometer measurements used while calculating 
the line center shifts of the complex bands and their 
overtones to increase the accuracy of the calculation. 

The use of a dual-channel registration scheme is a 
characteristic peculiarity of our measurement tech-
nique. Two White cells with optical path length of up 
to 120 m are used  in the laser spectrometers5,6 and 
two photoacoustic cells with different pressures of the 
gas mixtures in each of them are used in the photo-
acoustic spectrometers.3,4,7,8 The photoacoustic spec-
trometer with the two absorbing cells located inside 
the cavity and with microphone derivative signal con-
trol7,8  enables one to reach the maximum sensitivity, 
making it possible to investigate very faint lines with 
absorption coefficients down to 2  10–8 cm–1 at their 
maxima. The methods used to take the measurements 
and process the results are described in detail in 
Refs. 2–8. As a result of the experiments in the spec-
tral intervals 13000–14000, 14395–14400, and  
16100–17540 cm–1, the quantitative data on shifts of 
more than 180 weak H2O absorption lines in the 
(103), (301), (221), (401), and (202) bands with spec-
tral resolution from 0.01 to 0.0001 cm–1 were obtained 
using air, N2, O2, and other buffer gases. 
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TABLE I. Laser spectrometers used to investigate the pressure-induced H2O line shifts  
and profiles of the obtained experimental data. The visible and IR regions. 

 

 
 

THEORETICAL ANALYSIS 
 

Theoretical calculations of H2O absorption line 
shifts caused by N2, O2, and air pressure, recorded in 
the above-mentioned experiments, were carried out  
using the  Anderson-Tsao-Curnutte-Frost (ATCF) 
method.15,17  It is known5,6,14,18,19 that the depend-
ence of the H2O absorption line broadening coeffi-
cients (b) on the vibrational quantum number is 
weak for the majority of absorption bands and only 
for the n2 bending modes can interband variations 
of the broadening coefficients exceed 10% (Ref. 20). 
As a consequence of this, the b values calculated for 
the pure rotational lines can be used for the corre-
sponding vibrational-rotational transitions. At the 
same time, the vibrational excitation strongly influ-
ences the shift coefficients (sh) and may change not 

only the magnitude but also the sign of the shift.21 
That is why calculations of the line shifts in the vi-
brational bands must be carried out for each band 
individually. It is evident that the use of "complex” 
calculational methods like the Robert-Bonamy,22,23 
for example, which are based on numerical integra-
tion over the impact parameter and account for the 
repulsive part of the intermolecular potential and 
the deformation of the collisional trajectory, is a 
matter of some obvious difficulty. At the same time, 
a detailed analysis of the data22,23 shows that the 
"simple" ATCF method is valid for the majority of 
lines of the vibrational-rotational H2O bands. Spec-
tral lines with large values of the angular momentum 
quantum number, which are weak in the near-IR and 
visible spectral ranges and, hence, are absent in the 
spectra, are an exception. 
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The modification of the ATCF method required 
for the correct calculation of the line shift coeffi-
cients is described in Ref. 21. Vibrational excitation 
leads to the growth of the contribution of the iso-
tropic term of the polarization potential to the line 
shift which strongly depends on the variations of the 
H2O molecule polarizabi1ity, which, in its turn, de-
termines the value of the dispersion constant C6 in 
the intermolecular potential. The polarizability of 
the H2O molecule in the excited vibrational state is 
determined by fitting one or several of the air-
broadened absorption lines to the measured shift 
value. The line shifts of the band caused by the pres-
sure of other gases as well as the shift of other lines 
of the band are calculated using the found value of 
the polarizability. A comparison of the calculated 
data with those obtained experimentally for different 
spectral intervals and for mixtures of H2O with dif-
ferent gases is essential for determining the accuracy 
and validity of the method. 

For this reason the present article includes not 
only the authors' data but also the results of meas-
urements of the line shifts in the 2 band using IR 
laser spectrometers.9,10–13  Such a comparison makes 
it possible to test the predictive property of the 
ATCF method and to detect lines where the repul-
sive term of the intermolecular potential contributes 
significantly to the shift coefficient. 
 

APPLICATION OF THE ATCF METHOD  
TO THE CALCULATION OF THE H2O LINE 

SHIFTS IN THE VIBRATIONAL BANDS 
 

In the ATCF method the spectral line halfwidth 
if and line center shift if for the transition i – f, 
where i and f are sets of quantum numbers of the 
initial and final states, are given by the following 
formula: 
 

 
 

 (1) 
 
where n is the concentration of the buffer gas mole-
cules; ñ is the speed of light; (j) is the population 
of the level j of the buffer gas molecules; v is the 
relative velocity of the colliding molecules; F(v) is 
the Maxwellian distribution function, and b is the 
impact parameter. The complex interruption function 
Sif(j, b, v) determines the contribution of the colli-
sion (j, b, and v characterize the type of collision) 
to broadening and shifting, the interruption function 
in the ATCF method being represented as a sum of 
the first- and second-order terms of the expansion of 
the intermolecular potential 
 

 (2) 
 
The real part of the interruption function determines 
the halfwidth and the imaginary part determines the 
line shift. The interruption parameter is found by 
solving the equation 
 

 (3) 
 
The smaller of the two values b0( j) and bmin is used 
to evaluate the integral over the impact parameter 
 

 (4) 
 
where bmin is the "hard sphere" radius associated 
with the repulsive forces. 

The ATCF method gives good results in calcu-
lating the H2O line halfwidths due to the pressure of 
polar molecules or molecules possessing a large nu-
clear quadrupole moment.22,23 The method is valid 
for pure rotational line shifts.24 The application of 
the ATCF method to calculating the H2Î absorption 
lines of the vibrational bands was described earlier, 
where the method was shown to be valid if the in-
termolecular interactions and the contribution of the 
polarization part of the intermolecular potential are 
taken into account more accurately. If the broaden-
ing is due to N2 and O2 and the dipole-quadrupole, 
induction, and dispersion terms of the intermolecular 
forces are taken into account, then the interruption 
function (2) is represented in the form 
 

 
 

(5) 
 

 
 

 
 

 (6) 
 

In Eqs. (5) and (6) , , and  are the po-
larizabi1ity, dipole moment, and ionization potential 
of the H2O molecule; 2 and 2 are the polarizabi1ity 
and ionization potential of the perturbing molecules. 
The quantities D(ii1) and D(ff1) are the squares 
of the reduced matrix elements of the Í2O dipole 
moment divided by 2J1  1 (or 2Jf + 1). Similarly, 
Q(jj|2) is the square of the reduced matrix element  
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of the nuclear quadrupole moment of the perturbing 
molecules divided by 2J2 + 1. The nonadiabatic func-
tion of dipole-quadrupole  interaction is written in 
the form 
 

 (7) 
 

where 
 

 
 

 (8) 
 
Ei and iE   are the energy levels of the H2O mole-

cule, Ej and jE   are the energy levels of the buffer 

gas molecules. The parameters ff jjk    are determined 

analogously as in case (8). The functions f12(k) and 
g12(k) are given in Refs. 16 and 17. When calculat-
ing the line center shift the difference in the molecu-
lar parameters of the initial and final vibrational 
states must be taken into account: the polarizability 

,f fV V  the dipole moment 2 ,f fV V  the line 

strength of the rotational transition D(ff1), and 
the frequency .ff   

For absorption lines of the purely rotational 
spectrum Vi = Vf, the contribution of the function 

(1)( , , )ifS j b v is negligible and the line shift is deter-

mined only by the imaginary part of (2) 
(2) ( , , ).ifS j b v  The vibrational excitation manifests 

itself in both the first and the second terms of 
Eq. (2) and the variation of the isotropic part of the 
dispersive interaction is responsible for the negative 
sign of the line shift in the near IR and visible spec-

tral ranges. 21 The function (1)( , , )ifS j b v contributes 

to a growth of the shift when the difference 

i i f fV V V V    on the right side of Eq. (5) 

increases and this growth also influences the behav-
ior of the temperature dependence of the shift.25 
Variations of the dipole moment and the rotational 
and centrifugal constants of the Í2O molecule dur-
ing the vibrational excitation are very important in 
calculating the H2O line shifts. 
 

CALCULATIONS OF THE WATER VAPOR LINE 
SHIFT COEFFICIENTS IN THE (301), (221), 

(202), (103), AND (401) BANDS 
 

To calculate the broadening and shifting coeffi-
cients of the absorption lines of the above-mentioned 
bands, it is necessary to determine the energies and the 
wave functions of vibrational-rotational states, and the 
dipole moments and polarizabilities of ground and ex-
cited states of the Í2O molecule. The energy levels, 
rotational and centrifugal constants, dipole moment, 
and polarizabi1ity are known for the (000) state. 

The vibrational-rotational energy levels for the 
(301), (221), (202), and (103) states are given in 
Ref. 26, and for the (401) state — in Ref. 27. The 
vibrational-rotational wave functions of these states 
had not been previously determined. We have done 
this work now. To estimate the rotational and cen-
trifugal constants, we used energy levels up to J  4 
(Refs. 26 and 27) and the effective rotational Wat-
son Hamiltonian, and the inverse spectroscopic prob-
lem was solved without taking into account the 
Coriolis, Fermi, or Darling-Dennison resonances. 
This approach makes it possible to estimate rota-
tional (A, Â, C) and centrifugal (k) constants and, 
hence, to account for the k effect in calculating the 
halfwidth and the line shifts in the band. The spec-
troscopic constants are given in Table II. 

 
TABLE II. Rotational and centrifugal constants of some vibrational states of H2O. 
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The mean dipole moments 2V V  and 

V V  were calculated by formulas taken from 

Ref. 28. The first and second derivatives of the dipole 
moment with respect to the normal coordinates and 
the anharmonic constants were taken from Ref. 29. 
The Fermi and Darling-Dennison resonances were 
taken into account in the calculations of the dipole 
moment matrix elements, and the resonance mixing 
coefficients were determined according to Ref. 30. The 
transformed dipole moment operator and its parame-
ters as given in Ref. 29 were used to calculate the line 
strengths of the dipole transitions D(ii1) and 
D(ff1). The calculated mean dipole moment 
V V  was used to determine the probability of the 

transitions D(ff1) to the upper vibrational state. 
The polarizability of the Í2O molecule in the 

excited vibrational states was determined by fitting 
the calculated value of the line shift to that of the 
measured shift for one or several, lines in the broad-
ening caused by air pressure. These lines are marked 
with an asterisk in the tables, which contain for 
comparison both the calculated and measured data. 
The value of the polarizability, determined in this 
way, was used to calculate the shift caused by the 
pressure of other gases as well as for the shift coeffi-
cients of other lines of the given band. The molecu-
lar constants and N2 and O2 parameters needed for 
the calculations are taken from the literature and are 
presented in Table III. 
 

TABLE III. 
 

Molecular constants of N2 and O2. 
 

 
 

COMPARISON OF CALCULATED  
AND EXPERIMENTAL DATA 

 

A comparison of the calculated and measured 
values of the line shift coefficients is given in Ta-
bles IV—VIII. The first two columns of each table 
contain the quantum numbers, followed by the tran-

sition frequency, followed by the shift coefficients 
caused by air, nitrogen, and oxygen. The first row of 
columns 4–7 gives the measured result, the second 
one gives the calculated result. The line center shift 
caused by air pressure is given by the formula 
 

 (9) 
 
The calculated values of the shift coefficients show 
satisfactory agreement with the measured values; the 
sign of the shift is the same for every row, except for 
the line 4]4–331 of the 21 + 22 + 3 band. The cal-
culated value of the shift coefficient differs from the 
measured one by less than 20% for 84.5% of the 
lines. In general, the agreement between the calcu-
lated and measured results is characterized by the 
following data 
 

 
 

Here exp

exp

100%calc  
  


 and max is the maximum 

deviation. 
 

TABLE IV. 
 

Water vapor line shift coefficients of the band 
31 + 3 (cm

–1atm–1). 
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Note: experimental uncertainty is equal to ±0.0025 cm–1atm–1 
 
 
TABLE V. Woter vapor line shift coefficients of 
the 21 + 22 + 3 band (cm–1atm–1) 
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Note: experimental uncertainty is equal to 0.0025 cm–1atm–1. 
 

TABLE VI. Water vapor line shift coefficients of 
the 31 + 3 band (cm–1atm–1). 
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Note: experimental uncertainty is equal to 0.0025 cm–1atm–1. 
 

The considerable disagreement between the calcu-
lated and the experimental values of the shift coeffi-
cient for a number of the lines may be explained by 
insufficient accuracy in the values of the vibrational 
and centrifugal constants and by the fact that the 
Coriolis, Darling-Dennison, and Fermi resonances are 
not taken into account in calculating D(ff1). This is 
confirmed by the fact that the largest deviations  
are observed, as a rule, for lines with large values of 
the quantum number K (Ka g 4–6). Random reso-
nances are known to strongly affect highly excited 
vibrational-rotational H2O states. 

At the present time it is not possible to ade-
quately take into account resonance effects in the 
line shift calculations because of the absence of rota-
tional, centrifugal, and resonance constants charac-
terizing the mixing of the wave functions of the 
states under consideration (i.e., the inverse spectro-
scopic problem has not yet been solved). For this 
purpose, the calculational results for lines with large 

values of the quantum numbers J and Ka should be 
considered as a satisfactory. 
 
TABLE VII. H2O line shift coefficients of the 
bond 1 + 33 (cm

–1 atm–1). 
 

 
 
Note: experimental uncertainty is equal to 0.003 cm–1 atm–1 
 
TABLE VIII. H2O line shift coefficients of the 
bond 41 + 3 (cm

–1 atm–1). 
 

 
 

Note: experimental uncertainty is equal to 0.002 cm–1 atm–1 
 

TABLE IX. 
 

Parameters of some vibrational states of H2O. 
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Note that calculations which do not take the k 
effect into account (i.e., when the rotational con-
stants of the vibrational states are the same as for 
the ground state) lead to results that strongly differ 
from the experimental values. The last column of 
Table IV lists the measured and  calculated9 results 
for the H2O line center shifts caused by air pressure. 
A comparison of the results of Ref. 9 with the re-
sults of the measurements of Ref. 6 and our own 
calculations shows that the calculated shift values9 
differ in sign and order of magnitude from the meas-
ured results6,9 and our calculations. This is due to 
neglecting the k effect and polarization interactions 
in the calculations.9 The trajectory distortion effect 
of collisions and the short-range part of the intermo-
lecular potential22,23 probably have an effect on the 
shifts of the line centers with Ka g J. Application of 
the ATCF method in this case is impossible. 

There are no fitting parameters in the calcula-
tions of the H2O line shifts caused by N2 and O2 
pressure, and hence the results are predictive. These 
results agree well with experiment, which shows 
that the polarizabilities, obtained from the shift 
caused by air pressure, satisfactorily reproduce the 
intermolecular potential for the binary collisions 
H2O–N2 and H2O–O2. 

Table IX presents values of V V  for a 

number of H2O vibrational states. The polarizabili-
ties of the (010), (012), and (201) states were ob-
tained earlier using the measured shift coefficients 
given in Ref. 21. An analysis of the data In Table IX 
reveals that vibrational excitation leads to a nearly 
linear increase of the polarizability with V Its maxi-
mum increase stands at 10% relative to the polariza-
bility of the (000) state. The vibrational dependence 
of a can be simply described by the expression 
 

 (10) 
 

where 
1 2 3VV V  is the polarizability of the H2O mole-

cule in the vibrational state (V1V2V3) and  1,   2,  

 3  are the coefficients which describe the vibra-
tional dependence (they are obtained by fitting to 
the experimental data on the lineshifts using the 
method of least squares) Their values with 68% con-
fidence intervals are  1  = 0.26998±0.0237, 

 2  = 0.178±0.036, and  3  = 0.390±0.025. It should 
be noted that the well-known approximation for the 
dispersion constant C6 is used in Eq. (5): 
 

 (11) 
 

and the applicability of (1)( , , )ifS j b v  in Eq. (5) to 

calculate the line shift depends on the accuracy of 
Eq. (11) where 1 and 2 are the polarizabilities, 
and 1 and 2 are the ionization potentials of the in-

teracting molecules. Therefore the improvement of 
the accuracy of the polarizability values of the mole-
cules in excited vibrational states increases the pre-
dictive power of the calculation method. 

In general the results presented show that the 
ATCF method and approximation (11) enable one to 
calculate with satisfactory reliability the H2O ab-
sorption line shifts caused by nitrogen, air, and oxy-
gen pressure not only for IR-range bands, but also 
for the visible spectral range. The available experi-
mental data on the Í2O vibrational-rotational line 
shifts and the calculational method for applying 
these data in numerous calculations of shifts in the 
spectral ranges that are most important for laser gas-
analysis make it possible to contribute new informa-
tion to existing databases of molecule absorption 
spectra.31,32 
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