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INTRODUCTION

One important problem in the study of the atmo�
spheres of planets of the Earth’s class is measurement
of the content and distribution of water vapor. Unlike
the Earth’s atmosphere, the atmospheres of Mars and
Venus consist of СO2 (95.3 and 96.5%, respectively).
The water cycle is one of the main climate cycles of
Mars. Water is intensely transferred between the hemi�
spheres, and its content changes from less than 1 pre�
cipitated µm to 100 precipitated µm in the summer
period in the northern hemisphere. In Venus’ atmo�
sphere, the relative content of water vapor varies from
30 ppm near the surface down to 1–3 ppm in the
mesosphere. Water vapor is an important chemical
compound taking part in the formation of the dense
cloud layer of Venus consisting of sulfuric acid. Tradi�
tionally, in studies of planetary atmospheres, constant
coefficients have been used to calculate the line broad�
ening in a carbon dioxide atmosphere. They were
determined relative to the air�broadening coefficient
by introducing a constant factor, which has been var�
ied from 1.3 to 1.7 in different studies [1–5]. The val�
ues of coefficients were based on the data of [6, 7]. A
variable broadening was used in some studies depend�
ing on a particular transition [8–10] on the basis of [6,
11] by R.H. Tipping and R. Freedman (private com�
munication, see [12]). At the same time, an inaccu�
racy of the broadening coefficient can introduce a sys�

tematic error in the determination of water content.
For example, in reconstructing the integral water�
vapor content in the Martian atmosphere from data on
the 20–40 µm band [2], the error was estimated to be
±25% if the broadening coefficient is varied in the
interval of 1.2–1.8 with an average value of 1.5. For
this error, a lower estimate of ~5% was obtained in [4]
for measurements in the H2O 1.38 µm band in the
near�IR range.

At present, the instrumental base for the study of
planetary atmospheres by the methods of high�resolu�
tion spectroscopy is rapidly progressing. Starting in
2006, the SOIR instrument on board the Venus
Express mission has measured the water vapor using
the 2.6 µm band with a resolution of 20000 (which is
unparalleled in orbital measurements near another
planet) [13, 14]. High�resolution terrestrial measure�
ments of water�vapor absorption in the atmospheres of
Mars and Venus have been performed [15, 16]. Exper�
iments for the ExoMars�2016 mission are in prepara�
tion [17, 18], which will be devoted, in particular, to
measurement of vertical and spatial content of water
vapor and the isotope ratio H2O/HDO in the Martian
atmosphere. In conducting these studies, accurate
spectroscopic information on water�vapor broadening
in carbon dioxide atmospheres is required.
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CALCULATION OF THE SPECTRUM 
OF H2O–CO2

Of the existing spectroscopic databases containing
H2O, the BT2 line list [19] was recommended for the
use in modeling the H2O absorption in the lower Venu�
sian atmosphere as the most complete and consistent
with the observations of night “transparency win�
dows” of Venus’ atmosphere [20].

The BT2 was obtained by using the discrete variable
representation method DVR3D [21]; it is available on
the Internet (http://www.exomol.com), and contains
data on more than 500 000 000 transitions in the range
of up to 30000 cm–1.

However, its efficient use requires sufficiently pow�
erful computing facilities. The number of energy levels
presented in the BT2 is 221 096 (for J from 0 to 50).
The following information is presented for each
energy level: its energy value; the number in a series;
the number in a submatrix; the symmetry; quantum
number J of angular momentum; and vibration–rota�
tion labeling ν1, ν2, ν3, J, Ka, and Kc. If the value of a
quantum number is unknown, it is marked by “–2”.

In the calculation and/or estimation of line con�
tour parameters, knowledge of the vibration–rotation
labeling is of fundamental importance. If the parame�
ters of a contour are determined only with the use of
their rotational dependence, it is necessary to know J,
Ka, and Kc of the lower and upper levels.

In the BT2 line list, a complete set of quantum
numbers in the normal modes, ν1, ν2, ν3, Ka, and Kc, is

absent for more than 70% of energy levels. In our case,
with the intensity cutoff at 10–30, 10–32, and 10–35

cm/molecule, the complete set of quantum numbers is
absent for 35, 50, and 62% of transitions, respectively.

The general form of the BT2 line list with the inten�
sity cutoff at 10–30 cm/molecule is shown in Fig. 1.

In our calculations, we employed the a semiempir�
ical method based on the impact theory of broadening
and modified by introducing additional parameters
obtained by using empirical data. The model parame�
ters are determined by fitting the broadening and shift
coefficients to the experimental values. In the calcula�
tions of line�contour parameters, we used a new
approach developed in cooperation with colleagues
from the University College London, in which the
intramolecular effects are taken into account on the
basis of accurate wave functions and energy levels
obtained from variational calculations. This approach
takes into account the contributions of all scattering
channels induced by molecular collisions and, in addi�
tion, allows one to calculate the line�contour parame�
ters of water up to the dissociation limit of the mole�
cule.

In our calculations, it is necessary to know the
matrix elements of the collision�induced transition
dipole moment, which are calculated with the use of a
dipole moment surface. The Partridge–Schwenke sur�
face derived from ab initio calculations is the best sur�
face. The broadening and shift coefficients of spectral
lines of the water molecule induced by the pressure of
different atmospheric gases were calculated by a
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Fig. 1. General view of the BT2 line list.
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semiempirical method, which, like the Anderson
method, contained a cutoff procedure. This method
works in the approximations of the impact theory. The
general assumptions in this case are that collisions are
binary, the duration of collisions is shorter than the
time between collisions, the translational motion of
particles is described in the approximation of classical
trajectories, and the line interference is not taken into
account.

Earlier, we used the semiempirical method in con�
junction with the method of effective Hamiltonians to
calculate the line�contour parameters and the coeffi�
cients of their temperature dependence for colliding
molecules H2O–N2, H2O–O2, and H2O–H2O.

Here, the semiempirical method is supplemented
with the use of accurate variational wave functions
obtained from global variational calculations. Their
use not only allows us to improve the calculations of
contour parameters, but also extends the region of
applicability of the method up to the dissociation limit
of a molecule.

A weakness of the technique adopted in our work is
the use of a cutoff procedure similar to that used in the
Anderson method. This approximation is valid for
molecules characterized by strong interactions when
the radius of the closest approach of molecules is
smaller than cut off parameter, i.e., when rc < b0, where
rc is the closest approach radius and b0 is the cutoff
radius. The carbon dioxide molecule has no dipole
moment, but it possesses a rather large quadrupole
moment, so that rc > b0 for most collisions of the col�
liding system H2O–СО2. The influence of short�range
forces is insignificant in this case and is accounted for
by a correction factor.

To calculate the contributions of different scatter�
ing channels corresponding to collisional transitions,
we used transition probabilities D2(ii'|l) and D2(f f '|l)
reconstructed from Einstein coefficients А in the BT2
line list. We had to choose Einstein coefficients А from
the 500 million values presented in the total BT2 list.
In calculating the broadening and shift parameters of
lines, we took into account the collision�induced sym�
metry�allowed scattering channels. In this approach,
their number is much larger than in the method using
the standard Watson’s Hamiltonian. Our calculations
showed that the contributions of scattering channels
with ωii' > 700 cm–1 and  are negligible.

The general expression for the half�width is repre�
sented as follows:
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Here, integral  is the averaging over collisions; f is

a function containing quantities  con�
nected with scattering channel i → i ', which depend
only on the molecular constants of an absorbing mol�
ecule; b is the initial velocity of the collision; and v is
the impact parameter. The integrand of (1) is
expanded in a series, which yields
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,

b0(v, 2) is the cutoff parameter.
The efficiency functions of the channels can be

represented in the form

, (3)

and the expression in square brackets on the right�
hand side of equality (3) can be written in terms of J�
dependent expressions, parameters of which are fitted
to the experimental half�width values.

The correction factor in (3) was obtained in the fol�
lowing form:

, (4)

where c1 and c2 are adjustable parameters. The form of
the correction factor is determined from analysis of
the rotational dependence of the half�widths of СО2

lines.
In the case of H2O–СO2 collisions, the main con�

tribution to the broadening and the shift is made by the
interaction between the dipole moment of the water
molecule and the quadrupole moment of the carbon
dioxide molecule. In addition, we take into account
the higher�order electrostatic interactions—the qua�
druple–quadrupole, induction, and dispersion inter�
actions. The quadrupole–quadrupole contribution
(which is smaller than 5%) was taken into account
with the use of Watson’s Hamiltonian method.

The calculated results and the experimental data
[22, 23] are compared in Table 1, where the broaden�
ing coefficients are presented as functions of line fre�
quency. The experimental data were obtained for the
rotational band [22] and the ν2 band [23].

A crude estimate of the broadening coefficients of
H2O–CO2 lines is often obtained by multiplying the
air�broadening data by a certain coefficient. In [24], in
interpreting the spectra of the Martian atmosphere in
the IR range of 20–40 µm, the coefficient was taken to
be 1.5. A value of 1.3 was used in [25] for the 1.38 µm
band, and the factor was set to be 1.7 in [23]. Other
values of the coefficient have been used for the atmo�
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sphere of Venus: 1.56 in [26] and a value of 1.7. For
comparison, we presented the root�mean�square devi�
ations of half�widths of air�broadened H2O lines taken
from the database HITRAN�2012 [27] and multiplied
by 1.7 from the half�widths measured in [22]. Data
with this factor appeared to be closest to the experi�
mental and calculated values presented in Table 1.
Large values of root�mean�square deviations are
indicative of significant errors in using such crude esti�
mates in calculations of the spectra.

The root�mean�square deviations are shown in the
last four columns. It is seen that our calculation by the
semiempirical method reproduces the data with
almost the experimental accuracy, whereas the use of
the JJ '�dependence for the calculations leads to a
worse result.

It was already mentioned above that the complete
set of quantum numbers is absent in the BT2 for many
transitions. In this case, we cannot use the semiempir�
ical method and must invoke other methods for deter�

Table 1. Experimental, calculated, and estimated data: broadening coefficients γ of H2
16O–CO2

Frequen�
cy, cm–1

Rotational quantum 
numbers γ (CO2), сm–1 аtm–1 Δγ (CO2), сm–1 аtm–1

J', Ka', Kc' J'', Ka'', Kc'' [22] [7] JJ'�de�
pendence 

γ CO2 
semiempir�
ical method

[22], [7] [22], JJ'�de�
pendence

[22], γ 
(air) × 1.7

[22], 
semiempir�
ical method

18.577  1 1 0  1 0 1 0.2156 0.2094 0.2122 0.2136 0.0062 0.0034 0.0354 0.002

32.954  2 0 2  1 1 1 0.2247 0.201 0.1796 0.2066 0.0237 0.0451 0.0510 0.0105

25.085  2 1 1  2 0 2 0.1937 0.1961 0.1975 0.2142 –0.0024 –0.0038 0.0227 –0.0129

55.702  2 1 2  1 0 1 0.1812 0.1807 0.1482 0.1948 0.0005 0.0329 0.0034 –0.0137

40.988  2 2 0  2 1 1 0.1731 0.1598 0.1642 0.1948 0.0133 0.0089 0.0068 –0.0095

55.405  2 2 1  2 1 2 0.1781 0.1729 0.1482 0.1411 0.0052 0.0299 0.0088 –0.0197

57.265  3 0 3  2 1 2 0.1917 0.1682 0.1224 0.1609 0.0235 0.0693 0.0345 0.0065

38.464  3 1 2  2 2 1 0.1831 0.1784 0.1796 0.1826 0.0047 0.0035 0.0116 –0.0117

36.604  3 1 2  3 0 3 0.1705 0.1624 0.1041 0.1949 0.0081 0.0664 0.0010 0.0077

72.188  3 1 3  2 0 2 0.1449 0.1384 0.1224 0.1778 0.0065 0.0225 –0.0193 –0.0154

38.791  3 2 1  3 1 2 0.1566 0.1535 0.1796 0.1978 0.0031 –0.0229 –0.0117 0.0155

73.262  3 3 0  3 2 1 0.1974 0.1955 0.1975 0.1507 0.0019 –6E–05 0.0216 0.0026

78.918  3 3 1  3 2 2 0.164 0.1732 0.1642 0.0991 –0.0092 –0.0001 –0.0046 0.0031

40.282  4 2 2  4 1 3 0.1489 0.1117 0.0894 0.1852 0.0372 0.0595 –0.0073 0.0072

53.444  4 1 3  4 0 4 0.1168 0.1295 0.0894 0.1603 –0.0127 0.0274 –0.0391 –0.0169

68.063  4 3 1  4 2 2 0.1471 0.1384 0.1041 0.158 0.0087 0.0429 –0.0091 –0.0059

69.196  4 1 3  3 2 2 0.159 0.1524 0.1224 0.1576 0.0066 0.0366 0.0036 0.001

75.524  4 2 3  4 1 4 0.1402 0.1362 0.1348 0.1014 0.004 0.0054 –0.0218 –0.0174

79.774  4 0 4  3 1 3 0.1764 0.1732 0.1642 0.1167 0.0032 0.0123 0.0050 –0.0014

82.155  4 3 2  4 2 3 0.1594 0.1524 0.1482 0.0929 0.007 0.0112 0.0061 0.0087

74.11  5 1 4  5 0 5 0.1381 0.1238 0.1041 0.1283 0.0143 0.0339 –0.0171 0.0098

47.053  5 2 3  5 1 4 0.119 0.1141 0.1224 0.1628 0.0049 –0.0034 –0.0369 0.0176

89.583  5 2 4  5 1 5 0.1073 0.1069 0.0781 0.0888 0.0004 0.0292 –0.0357 –0.0036

62.301  5 3 2  5 2 3 0.1193 0.1206 0.1482 0.153 –0.0013 –0.0289 –0.0320 0.0202

59.868  6 2 4  6 1 5 0.1274 0.1267 0.1348 0.1337 0.0007 –0.0074 –0.0341 0.0107

58.775  6 3 3  6 2 4 0.1045 0.1079 0.1224 0.1417 –0.0034 –0.0179 –0.0420 0.0116

78.196  7 2 5  7 1 6 0.1041 0.1265 0.0781 0.1109 –0.0224 0.0259 –0.0450 –0.0058

88.881  7 4 3  7 3 4 0.1033 0.1044 0.1041 0.1099 –0.0011 –0.0008 –0.0402 0.0145

CKO 0.0035 0.0178 0.0183 0.0037
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mining the line�contour parameters. Earlier [28–30],
the JJ '�method was proposed for determining the air�
broadening of lines for which the complete set of
quantum numbers is absent but the values of angular
momentum for upper and lower states (J and J ') are
known, as well as the symmetry of the upper and lower
levels.

Figure 2 presents line half�widths γ(H2
16O–CO2)

calculated by the semiempirical method for different
rotational quantum numbers J. In addition, JJ ' esti�
mates of the broadening coefficients for the P, Q, and
R branches are presented for high values of angular
momentum and for transitions for which the complete
set of quantum numbers is absent. One can see that the
difference between the values obtained by the two
methods is large and can exceed 100%. However, if the
complete set of quantum numbers in the normal
modes is absent, the JJ ' estimation of line half�widths
provides the best results.

Figure 3 shows the broadening coefficients versus
the line number (the line number increases with the
line frequency). The figure displays the experimental
data measured in the rotational band [22], the data
measured in the ν2 band [23], and our calculated
results obtained using both the semiempirical method
and the JJ ' dependences. The average discrepancy
between our results and measured half�widths
γ(H2

16O–C16O2) from [22] is 7.9% with a maximum
discrepancy of 22.3%; the analogous discrepancies
from the measured data [23] are 7.3 and 13.3%,
respectively.

The exponents of the temperature dependence of
line half�widths of water vapor induced by carbon
dioxide pressure were calculated for each line in the
presented range. For rotational transitions with the
complete set of quantum numbers (circles in Fig. 4),
the temperature exponents were calculated by the
semiempirical method. For transitions without the
complete set of rotational quantum numbers or/and

0.20

20100 j'

0.16

0.12

0.08

0.04

γ(H2O�CO2), cm−1 atm−1 at 296 К

Fig. 2. Broadening coefficients of water�vapor lines induced by carbon dioxide pressure. �—the semiempirical approach; �∇�—
the JJ ' dependence, R branch; ���—the JJ ' dependence, Q branch; and –Δ–—the JJ ' dependence, P branch.

Table 2

File Size Intensity cutoff, cm/molecule Number
of transitions 

Number of transitions 
without identification

IntE�30�BT2�296�Venus 34 M 10–30  323310  115123

IntE�32�BT2�296�Venus 80 M 10–32  753529  381392

IntE�35�BT2�296�Venus 211 M 10–35 2011072 1255506

readVenus.me 1801 byte
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transitions with large values J > 20 (joined black cir�
cles), we used the J dependence (Fig. 4).

In the calculations, we used the ordinary power law,
and the broadening coefficients were calculated at

temperatures T = 230, 260, 296, 320, and 350 K with
reference temperature T0 = 296 K. The obtained val�
ues of temperature dependence coefficients are pre�
sented in Fig. 4. The values of temperature exponents

0.20

20100

0.16

0.12

0.08

γ(H2O�CO2), cm−1 аtm−1

30
Transition number

Fig. 3. Calculated and measured broadening coefficients of water�vapor lines induced by carbon dioxide pressure. �—experi�
ment [22], �—experiment [23], �—the JJ ' dependence, and �—the semiempirical calculation.

0 j'

0.6

0.4

0.2

0

Temperature exponent γ(H2O�CO2), rel. units

5 10 15 20

Fig. 4. Coefficients of temperature dependence (�) calculated by the semiempirical method and (–�–) estimated using the J
dependence.
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calculated by the semiempirical method vary from
0.65 to 0.28.

The calculated data are available at the website
ftp://ftp.iao.ru/pub/VTT/H2O�BT2�HW/BT2�296�
Venus/. The database was constructed as follows.
From the BT2, we chose transitions with intensity val�
ues of 10–30, 10–32, and 10–35 cm/molecule, the total
numbers of which are 323 310, 753 529, and 2 011 072,
respectively (Table 2).

Each file contains the frequency (cm–1), intensity
(cm/molecule), vibration–rotation quantum identifi�
cation and symmetry of the upper and lower energy
levels, the energy value of a lower level (cm–1), the
broadening coefficient γ(H2

16O–CO2) in cm–1/atm,
the self�broadening coefficient γ(H2

16O–H2
16O) from

[28], and the temperature dependence coefficient of
γ(H2

16O–CO2).
The BT2 line list containing information on the

line centers, intensities, and quantum identification
was supplemented in the range of 0.001–30000 cm–1

with line�contour parameters such as the self�broad�
ening and carbon dioxide broadening coefficients and
the temperature dependence coefficient at 296 K. The
line broadening coefficients of water vapor induced by
carbon dioxide pressure were calculated for rotational
quantum number J from 0 to 50. For transitions with
the complete set of quantum numbers in the normal
modes, the calculations were performed by the
semiempirical method. In other cases, the data were
found using the JJ ' dependence. The coefficients of
the temperature dependence were determined for
each line. All the calculated data, both the line half�
widths and the temperature dependence coefficients,
are available at the website
ftp://ftp.iao.ru/pub/VTT/H2O�BT2�HW/BT2�296�
Venus/.

The calculated data can be used in spectroscopy of
the atmospheres of the Earth, Venus, and Mars. In the
future, we intend to considerably improve the identifi�
cation of calculation lists and the transition frequen�
cies in much the same way as it was done in [31] for
HD16О.
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