
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Half-widths, their temperature dependence, and line shifts for the HDO–CO2

collision system for applications to CO2-rich planetary atmospheres

Robert R. Gamache ⇑, Anne L. Laraia, Julien Lamouroux
University of Massachusetts School of Marine Sciences, and University of Massachusetts Lowell, Department of Environmental, Earth, and Atmospheric Sciences,
1 University Avenue, Lowell, MA 01854-5045, USA

a r t i c l e i n f o

Article history:
Received 23 December 2010
Revised 14 March 2011
Accepted 15 March 2011
Available online 7 April 2011

Keywords:
Atmospheres, composition
Infrared observations
Radiative transfer
Mars, atmosphere
Venus, atmosphere

a b s t r a c t

Measurements of water vapor in the atmospheres of Venus or Mars by spectroscopic techniques in the
infrared range are being made routinely by instruments onboard the Venus Express and the Mars Recon-
naissance Orbiter. The interpretation of these measurements in the 2250–4450 cm�1 region is being com-
plicated by the presence of HDO lines absorbing radiation in this region. These spectra cannot be modeled
properly because line shape parameters for CO2 broadening (principal gas in these atmospheres) of HDO
are not available. Here semi-classical line shape calculations for the HDO–CO2 collision system are made
using the Robert–Bonamy formalism for some 2300 rotational band transitions of HDO. From these cal-
culations, the half-width, its temperature dependence, and the line shift are determined to aid in the
reduction of the measured spectra. These data will greatly reduce the uncertainty of the reduced profiles
from the Venus and Mars measurements and will also allow better estimates of the D/H ratio on these
planets.

� 2011 Elsevier Inc. All rights reserved.

1. Introduction

Venus and Mars, Earth’s two closest neighbors, have been un-
der close study since the invention of the telescope. The ques-
tions of water and life on these planets have stirred the
imaginations of authors, scientists, and the general public. In situ
measurements made in 1976 by the Viking Landers showed the
presence of trace amounts of water vapor in the atmosphere of
Mars, however, ground based measurements detected water va-
por decades earlier. Since then technological improvements have
allowed observation of water vapor from ground-based, satellite,
and in situ platforms. See Encrenaz et al. (2005, 2001) and refer-
ences therein for monitoring H2O(v) on Mars and Fedorova et al.
(2008) and references therein for monitoring H2O(v) on Venus.
On both planets the most abundant molecule in the atmosphere
is CO2, however the physical conditions are vastly different. The
martian atmosphere surface pressure is only �10 mb and the
temperatures range from 150 to 300 K whereas the surface pres-
sure on Venus can be up to 90 bar with temperatures ranging
from 200 to 750 K.

In order to invert the remotely made measurements the
spectroscopic parameters must be known. Most of these param-

eters can be found on the HITRAN (Rothman et al., 2009) or
GEISA (Jacquinet-Husson et al., 2008) databases. These databases
have been constructed for Earth’s atmosphere (296 K), thus for
application to the hot atmosphere of Venus many of the weaker
transitions will be missing. Note that the HITEMP database
(Rothman et al., 2010) contains the HDO data from HITRAN,
however, Voronin et al. (2010) have calculated a HDO line list
which contains some 700 million transitions. Both HITRAN and
GEISA have air-broadening line shape parameters and the work
of Voronin et al. contains only frequency and intensity data.
The collisional broadening needed to study Venus or Mars is
due to carbon dioxide. To address this fact Brown et al. (2007)
recently made measurements, in the 6 lm fundamental, and the-
oretical calculations of CO2-broadening of H2O. These data are
now being used to interpret the spectra measured by instru-
ments on the orbiting platforms (see below). However, the spec-
tra are complicated by the presence of HDO lines, for which the
line shape parameters are not available. In this work the Com-
plex Robert–Bonamy (CRB) is extended to consider calculations
for the HDO–CO2 collision system.

There are no data, experimental or theoretical, on the line
shape parameters for the HDO–CO2 system. Scientists have been
forced to estimate these data by scaling the broadening param-
eters from other collisions systems; generally air-broadening of
H2O, however recently Krasnopolsky (2010) scaled the H2O–
CO2 results of Gamache et al. (1995) to determine HDO–CO2

broadening parameters. It will be shown below that the scaling

0019-1035/$ - see front matter � 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2011.03.021

⇑ Corresponding author.
E-mail address: robert_gamache@uml.edu (R.R. Gamache).

Icarus 213 (2011) 720–730

Contents lists available at ScienceDirect

Icarus

journal homepage: www.elsevier .com/ locate/ icarus



Author's personal copy

of data yields values with very large error. Chu et al. (1993)
have shown that at pressures near or greater than 1 atmosphere
the error in the retrieval of mixing ratios is 1:1 with the error
in the half-width. Thus, the calculations presented here will
allow a better determination of HDO profiles on Venus and
Mars.

From these profiles and those of H2O, the D/H ratio on Venus
and Mars can be studied. Isotopic ratios are quite useful since they
are not as affected by modifications related to chemistry occurring
in planetary atmospheres as elemental abundance ratios are (de
Bergh, 1995). For the terrestrial planets, which have lost part of
their primitive atmosphere, isotopic ratios give information about
the long-term evolution of the atmosphere. It is thought that dur-
ing planetary evolution differential escape of hydrogen and deute-
rium is the main mechanism for deuterium enrichment in the
atmospheres (the lighter H escapes more easily than the heavier
D). However, there are a number of proposed mechanisms for
the enrichment and the D/H ratios including time-dependent mod-
els (Owen et al., 1988), recent flooding or volcanic events (Carr,
1990), and cometary impacts.

Presently there are numerous observations from ground-based
and orbiting observatories [such as Venus Express (Titov et al.,
2006) with the Venus IR Thermal Imaging Spectrometer (VIRTIS)
(Ammannito et al., 2006; Drossart et al., 2007) and the ultraviolet
and near infrared spectrometer for stellar and solar occultation
and nadir observations (SPICAV/SOIR) (Bertaux et al., 2007) and
the Mars Reconnaissance Orbiter Mission (Graf et al., 2005) with
the Mars Climate Sounder (MCS) (McCleese et al., 2007)] being
interpreted to understand the effects of water vapor on both of
these atmospheres (Fedorova et al., 2006; Grinspoon and Bullock,
2005; Sprague et al., 2006; Taylor, 2005). In the future, a collab-
orative effort by NASA and the European Space Agency are pro-
posing a 2016 launch of the Mars Trace Gas Orbiter (MTGO)
mission. NASA is also considering a Venus lander, Surface and
Atmosphere Geochemical Explorer (SAGE) that would study the
history of Venus’ surface, climate, and atmosphere with a 2018
launch date.

The D/H ratio has been measured in situ on Venus by the
Pioneer Venus Large Probe neutral mass-spectrometer reporting
a value of 100 ± 12.5 times terrestrial (Donahue et al., 1982) later
reinterpreted to about 150 times terrestrial (Donahue and Hodges,
1992) and by the Pioneer ion-mass spectrometer giving values of
137 ± 37 times terrestrial (Hartle and Taylor, 1983) and of 87.5
and 156 times the terrestrial ratio for two different orbits (Bertaux
and Clarke, 1989). More recently, Fedorova et al. (2008) report the
D/H isotopic ratio in the Venus mesosphere by measurements
made by the Solar Occultation in the Infrared (SOIR) spectrometer
onboard Venus Express. They obtained an average ratio 240 ± 25
times the terrestrial ratio, some 1.5 times larger than the value re-
ported for the lower atmosphere.

The first measurement of the D/H ratio on Mars was the work of
Owen et al. (1988) who used the Fourier Transform Spectrometer
at the 3.6-m Canada–France–Hawaii telescope to measure lines
of the m2 band of HDO at 7.1 mm and compared these with lines
of H2O at 1.1 lm to find a ratio of 6 ± 3 times the telluric ratio.
(The telluric ratio corresponds to the D/H value in Standard Mean
Ocean Water; 1.5 � 10�4.) In 1997 Encrenaz et al. (2001) made
observations of Mars studying millimeter transitions of HDO and
H2

18O using heterodyne spectroscopy with the IRAM 30-m anten-
na at Pico Veleta (Spain). However, the quality of the data did not
allow a precise determination of the D/H martian ratio. They found
a value of six times the telluric ratio within a factor of 2, consistent
with previous measurements.

Below the calculations of the CO2-broadened half-widths of
HDO, their temperature dependence, and CO2 pressure-induced
line shifts of HDO are discussed.

2. Theory

The calculation of the half-width and line shift are a complex
implementation of the semi-classical Robert–Bonamy formalism
(CRB) Robert and Bonamy (1979). A summary of the formalism is
presented here, for a more complete description of the complex
implementation of the formalism see Gamache et al. (1998), Lynch
(1995), and Lynch et al. (1996, 1998). The complex valued formal-
ism yields the pressure-broadened half-width, c, and the pressure-
induced line shift, d, from a single calculation. The half-width and
line shift for a ro-vibrational transition f i are given by minus the
imaginary part and the real part, respectively, of the complex
relaxation matrix (Baranger, 1958a,b; Ben-Reuven, 1975). In com-
putational form c and d are usually expressed in terms of the Liou-
ville scattering matrix

ðc� idÞ ¼ n2

2pc
v 1� e�

RS2ðf ;i;J2 ;v;bÞe�ðiS1ðf ;i;J2 ;v;bÞþI S2ðf ;i;J2 ;v;bÞÞ
h iD E

v ;b;J2

ð1Þ

where n2 is the number density of perturbers, c the speed of light,
and hiv;b;J2

represents an average over all trajectories (impact
parameter b and initial relative velocity v) and initial rotational
state J2 of the collision partner. S1 (real) and S2 = RS2 + iIS2 are the
first- and second-order terms in the successive expansion of the
scattering matrix, which depends on the ro-vibrational states in-
volved and associated collision induced jumps from these levels,
on the intermolecular potential and characteristics of the collision
dynamics. Note the vibrational dephasing term, S1, arises only for
transitions where there is a change in the vibrational state. Since
the calculations performed here are for the rotation band,
(0 0 0)–(0 0 0), the S1 term is zero for these transitions and will
not contribute to Eq. (1). The exact form of the S2 term can be found
in Gamache et al. (1998), Lynch (1995), and Lynch et al. (1996,
1998).

The intermolecular potential for the collision system of this
work, HDO–CO2, consists of an electrostatic component (dipole
and quadrupole moments of HDO with the quadrupole moment
of CO2) and an atom–atom component. The initial values of the
heteronuclear Lennard–Jones atom–atom parameters for the
atomic pairs are determined using the ‘‘combination rules’’ of
Hirschfelder et al. (1964) with the parameters of Bouanich
(1992) and Wang (2003). The atom–atom distance, rij is expressed
in terms of the center of mass separation, R, via the expansion in
1/R of Sack (1964). Here the atom–atom formulation of Neshyba
and Gamache (1993) is used.

Generally the atom–atom parameters are adjusted slightly to fit
the calculated half-widths to measurement. A search of the litera-
ture revealed no measurements for the HDO–CO2 system. Thus
there are no data to refine the atom–atom coefficients. However,
in previous studies involving water vapor (Antony et al., 2006;
Bandyopadhyay et al., 2007; Bauer et al., 1996; Brown et al.,
2007; Durry et al., 2005; Gamache, 2005; Gamache and Fischer,
2001; Gamache and Hartmann, 2004; Gamache et al., 1995,
1996, 1997; Lynch et al., 1996) and HDO (Gamache and Fischer,
2003a,b) the half-widths determined using unadjusted atom–atom
parameters demonstrated good agreement with measurements.

Some recent work on the collision dynamics (Lamouroux et al.,
2010a) has shown small but noticeable differences in calculated
half-widths between the use of the Robert–Bonamy parabolic
model (Robert and Bonamy, 1979) and solutions of Hamilton’s
equations for the trajectories. Thus in this work, the dynamics of
the collision process are based on the solution of Hamilton’s equa-
tions using the isotropic part of the atom–atom potential.

The wavefunctions used to evaluate the reduced matrix ele-
ments are obtained by diagonalizing the Watson Hamiltonian
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(Watson, 1967) in a symmetric top basis. Here the calculations
were made for the ground vibrational state for transitions with
J 6 18. In order to have valid wavefunctions the Watson constants
must have been determined by fits to states with J greater than or
equal to the maximum J value of the calculations plus the rank (‘1

and ‘2 values) of the interaction. Here the wavefunctions were
determined using the Watson–Hamiltonian constants of Papineau
et al. (1982).

Many of the molecular parameters for the HDO–CO2 systems
are well known and the present calculations use the best available
values from the literature. The dipole and quadrupole moments of
water vapor are taken from Shostak and Muenter (1991) and
Flygare and Benson (1971), respectively. There have been a
number of measurements of the quadrupole moment of carbon
dioxide (see Gray and Gubbins, 1984) which range from 4.0 to
roughly 4.6 in units of 10�26 esu. The most recent measurement
(Graham et al., 1989) reports a value of 4.02(10) � 10�26 esu which
is adopted in this work. The numerical values are listed in Table 1.
The ionization potential of water is taken to be a vibrationally-
independent value of 12.6 eV (Lide, 2003). For carbon dioxide the
polarizability, 29.13 � 10�25 cm3, is taken from Bose and Cole
(1970) and the ionization potential, 13.77 eV, from Tanaka et al.
(1960).

3. Calculations

In this work calculations were made for transitions of HDO that
are important for current needs for remote sensing of the Venus
and Mars atmospheres (Graf et al., 2005; Titov et al., 2006). The
spectral range of the spectroscopic-space instruments measuring
HDO are 20–50 lm for MCS, 1.7–4.3 lm for SPICAV/SOIR, and
2.0–5.0 lm for VIRTIS (roughly 200–4500 cm�1). The half-widths
determined here are useful for the far-IR to 4500 cm�1 assuming
vibrational dependence is not important. The calculated line shifts
are only applicable to the far-IR transitions. Estimated half-widths
and line shifts, described in Appendix A, are used for the other
transitions. Two sets of temperature dependence of the half-widths
were determined; one for applications to Venus and the other to
Mars. The calculations are described below.

The spectral ranges of interest are 200–500 wavenumbers (the
rotational band) and 2250–4450 cm�1 (4.4–2.2 lm). In the higher
wavenumber region there are seven vibrational bands: m1, 2m2, m3,
m2 + m3 � m2, m1 + m2 � m2, 3m2, m1 + 2m2 � m2. The CRB calculations re-
quire the ro-vibrational wavefunctions be known (determined from
the Watson Hamiltonian constants). Unfortunately the constants
are available for only a few bands of HDO. Even for the rotational
band the set of constants determined by Toth (1993) from high res-
olution spectra cannot be used because the fits are to transitions
with J00 < 8 and here many of the transitions have higher J values.
As mentioned above, the Watson Hamiltonian constants from the
earlier work of Papineau et al. (1982) are used since their fits in-
cluded states to J00 = 20. Because the constants are for the rotational
band and a number of transitions are for upper vibrational bands,
the following scheme was adopted. The vibrational dependence of
the half-widths is assumed to be small. This may not be true for
all transitions (Gamache and Hartmann, 2004) and results for high

J-high Kc transitions, the prolate limit of the molecule, should be
used with caution. It should be noted that the results will be better
than scaling results from other perturbing molecules. Finally, all
HD16O transitions in the range 0–4450 cm�1 were extracted from
the 2008 HITRAN database (Rothman et al., 2009). From this list
all unique rotational transitions with J 6 18 were retained for the
calculations. This procedure gave 2358 transitions.

The work of Ma et al. (2010) has shown the importance of the
expansion of the atom–atom potential for the accurate determina-
tion of the half-width especially for narrow lines. Based on that
work the atom–atom potential was expanded to 20th order with
rank 4 for both the radiating and perturbing molecules (discussed
below). The calculations included proper averaging over the veloc-
ity, which has been shown to be important (Gamache, 2001;
Gamache and Rosenmann, 1994; Tran et al., 2007). While there
are no measurements of HDO broadened by CO2 the work of Brown
et al. (2007) on H2O–CO2 can be used as a proxy. The two calcula-
tions are similar and those reported here use a better intermolec-
ular potential and a more realistic trajectory model. Vibrational
dependence is ignored for transitions at higher frequencies. So
overall it is expected that for the rotation band the half-widths
have uncertainties in the 5–10% range and the other bands have
uncertainties in the 10–20% range.

The results from the calculations are reported at seven temper-
atures: 200, 225, 275, 296, 350, 500, and 700 K. From these data
the temperature dependence of the half-widths and their uncer-
tainty (described below) were determined. The line shifts were
determined as well, however they represent values for rotational
band transitions. It is expected that the uncertainty of these shifts
is roughly ±30%. Because of the strong vibrational dependence of
the line shift (Gamache and Hartmann, 2004) it is recommended
that they not be used for transitions in the vibrational bands. In
Appendix A the scaling algorithm used for the ro-vibrational tran-
sitions is described.

4. Discussion

4.1. Order of the atom–atom expansion

Before the calculations for the 2358 transitions were made, the
file of high J transitions was used in a test of the expansion of the
intermolecular potential. This file contained 325 transitions with
13 6 J00 P 18. Eight sets of calculations were made with the
atom–atom potential expanded from 6th order to 20th order for
all even powers; ‘1 and ‘2 were taken as four for both HDO and
CO2. The results were plotted for all transitions. Fig. 1 gives three
examples for transitions where the order of the calculation had a
small, intermediate and strong effect. In the figure the half-widths
in cm�1 atm�1 are plotted versus the order of the atom–atom po-
tential expansion. The top panel is for the 14 9 6 14 8 7 transition.
For this transition the effect of the order of the expansion of the
atom–atom potential is small. The middle panel is for the 16 5

12 15 2 13 transition; here the effect is somewhat stronger than
the top panel. The bottom panel is for the 15 0 15 16 0 16 transi-
tion. Here the half-width from the 20th order expansion is more
than twice that of the 6th order expansion, confirming the results
of Ma et al. (2010). It is also noted that in the prolate limit of the
molecule, Kc � J, the effect of the order of expansion of the atom–
atom potential had its largest effects (Gamache and Hartmann,
2004). Given this information, the following calculations used or-
der = 20, ‘1 = 4 and ‘2 = 4.

4.2. Half-width as a function of the rotational quantum numbers

The half-widths were determined for the 2358 transitions with
Jmax = 18 and Kamax = 12. The resulting half-widths range from

Table 1
Values of the electrostatic moments of water vapor and CO2.

Molecule Multipole (esu) Reference

H2O l = 1.8549 (9) � 10�18 Shostak and Muenter (1991)
Hxx = �0.13 (3) � 10�26 Flygare and Benson (1971)
Hyy = �2.50 (2) � 10�26 Flygare and Benson (1971)
Hzz = 2.63 (2) � 10�26 Flygare and Benson (1971)

CO2 Hzz = �4.02 (10) � 10�26 Graham et al. (1989)

722 R.R. Gamache et al. / Icarus 213 (2011) 720–730
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0.0365 to 0.2205 cm�1 atm�1, roughly a factor of 6. This ratio can
be compared with that of H2O–N2, where the half-widths change
by a factor of �30 (Gamache and Hartmann, 2004). This

comparison suggests that the vibrational dependence of the half-
widths for HDO–CO2 will be smaller than that for H2O–N2. In
Fig. 2 the half-widths in cm�1 atm�1 are plotted versus

Fig. 1. Effect of the order of the atom–atom expansion on the half-widths. Plotted are the half-width in cm�1 atm�1 versus the order for the 14 9 6 14 8 7 transition (top
panel), the 16 5 12 15 2 13 transition (middle panel), and the 15 0 15 16 0 16 transition.

Fig. 2. CO2-broadened half-widths of HDO transitions in the rotational band. Half-width in cm�1 atm�1 versus J00 + 0.1(J00 � K 00a). The plot symbols are color coded for the values
of K 00a . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

R.R. Gamache et al. / Icarus 213 (2011) 720–730 723
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J00 + 0.1(J00 � K 00a) where the factor added onto J00 is to spread out the
points for transitions with the same J00. The plot symbols are color
coded for the values of K 00a (see plot). The low J00 transitions have lar-
ger half-widths due to more on-resonance collisions, which is typ-
ically found for other systems (Antony and Gamache, 2007;
Gamache and Laraia, 2009; Jacquemart et al., 2010; Laraia et al.,
2009). Studying the distribution of K 00a values reveals no systematic
trends with this pseudo-quantum number. Because the calcula-
tions were made for the rotational band transitions it is expected
that the rules cf i = ci f and df i = �di f (Brown et al., 2007; Toth
et al., 1998) will hold and the data from these calculations confirms
the rules. Note, the first of these rules implies that nf i = ni f. The
data suggest that there is no simple method to estimate the half-
width for the HDO–CO2 system.

4.3. Line shift as a function of the rotational quantum numbers

The line shifts determined from these calculations are for the
rotational band. The values range from �0.0518 to
+0.0482 cm�1 atm�1. The line shifts are plotted in Fig. 3 versus
the energy ordered index, J00(J00 + 1) + K 00a � K 00c þ 1, where the plot
symbols are color coded for the values of K 00a as in Fig. 2. These
are larger in magnitude by a factor of 4–5 than those observed
for the rotation band of H2

16O broadened by N2, O2, or air
(Gamache and Laraia, 2009). The line shifts are fairly large and it
is expected that they will influence the retrieval data (Bosenberg,
1985; Pumphrey and Buehler, 2000). Appendix A describes a
method based on the Empirical Estimation Algorithm (EEA)
(Gamache and Hartmann, 2004; Jacquemart et al., 2005) to esti-
mate the line shifts and half-widths. Because of the large depen-
dence of the line shift on vibrational state the values reported
here should only be used for rotational band transitions.

4.4. Temperature dependence of the half-width

For applications to planetary atmospheres, the temperature
dependence of the half-widths must be known. Theoretical consid-
eration of the temperature dependence of the half-width for a one
term intermolecular potential gives the power law model
(Birnbaum, 1967; Gamache, 1985; Gamache and Rothman, 1988),

cðTÞ ¼ cðT0Þ
T0

T

� �n

ð2Þ

Recently, however, it has been observed that the power law model
given by Eq. (2) does not hold for certain transitions. Wagner et al.
(2005), using measurement and theory, report that for a particular
class of transitions of H2O perturbed by air, N2 or O2 the power law
does not correctly model the temperature dependence of the half-
width. The measurements of Toth et al. (2006) of air-broadening
of water vapor transitions in the region from 696 to 2163 cm�1

(14.4–4.6 lm) confirm the work of Wagner et al. In the previous
work on the rotation band (Gamache and Laraia, 2009) it was found
that the ln–ln plots of Eq. (2) did not produce straight lines. The
mechanism that leads to negative temperature exponents has been
named the resonance overtaking effect (Hartmann et al., 1987) and
has been discussed by Wagner et al. (2005), Antony et al. (2006)
and Hartmann et al. (1987). Antony et al. showed that for self-
broadening of water vapor that there are always enough collisions
that are on resonance where the resonance overtaking effect can
be neglected.

Previous work has also shown that the value of n derived from
the fits depends on the range of temperatures (Brown et al., 2007;
Gamache and Laraia, 2009; Priem et al., 2000). The application here
is to interpret the atmospheres of Venus and Mars, which are quite
different; the atmosphere of Mars with a temperature variation of
150–300 K and that of Venus with temperatures ranging from 200
to 750 K. Because of this difference the determination of the tem-
perature exponents was done using two different temperature
ranges; seven temperatures from 200 to 700 K for Venus and five
temperatures from 200 to 350 K for Mars.

Using the calculated half-widths reported in this study, linear
least-squares fits were made to determine the temperature expo-
nent, n, and the correlation coefficient of the fit. The uncertainty
of the calculated temperature exponents is determined for each
transition by the following procedure. Values of n are determined
using any two of the seven (Venus) or five (Mars) calculated points.
This generates 21 (or 10) 2-point values of n. The maximum differ-
ence between the 2-point values and the least-squares fit value
was taken as the uncertainty of the value of n. While this procedure
generates a maximum error of the fit, it is thought to be more

Fig. 3. CO2 pressure-induced line shifts of HDO transitions in the rotational band. Line shift in cm�1 atm�1 versus the energy ordered index, J00(J00 + 1) + K 00a � K 00c þ 1. The plot
symbols are color coded for the values of K 00a . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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reasonable than a 1- or 2-r error of the fit. The resulting n values
range from 0.18 to 0.84 and from 0.15 to 0.93 for the 7-point and 5-
point fits, respectively. Figs. 4 and 5 are the temperature exponent
versus J00 + 0.1(J00 � K 00a) for the 200–350 K and 200–700 K fits,
respectively. The plot symbols are color coded for the values of
K 00a as in earlier figures. The dashed red line in each figure is the
‘‘rule-of-thumb’’ value for the temperature exponent. The figures
show that for the 200–350 K data the temperature exponent range
is larger. Fig. 6 shows the 7-temperature fits for the 1 0 1 2 1 2

transition (top panel), for which the correlation coefficient is 1

(note, a correlation coefficient of 1 implies that Eq. (2) fits the data
perfectly), and for the 8 1 8 9 0 9 transition (bottom panel), for
which the correlation coefficient is 0.979. It is clear that the top pa-
nel shows a very good fit resulting in a small error and that the bot-
tom panel shows a poor fit with large error. All other transitions
fall within these limits. Several things to note about the fits: the
correlation coefficients of 200–700 K fits are further from one than
the corresponding 200–350 K fits and the estimated error on n is
larger for the 200–700 K fits than the corresponding 200–350 K
fits.

Fig. 4. Temperature dependence of CO2-broadened half-widths of HDO transitions in the rotational band. Temperature exponent of Eq. (2) versus J00 + 0.1(J00 � K 00a) for fits to
five half-widths from 200 to 350 K. The plot symbols are color coded for the values of K 00a . (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Temperature dependence of CO2-broadened half-widths of HDO transitions in the rotational band. Temperature exponent of Eq. (2) versus J00 + 0.1(J00 � K 00a) for fits to
seven half-widths from 200 to 700 K. The plot symbols are color coded for the values of K 00a . (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

R.R. Gamache et al. / Icarus 213 (2011) 720–730 725



Author's personal copy

Plotted in Fig. 7 are the percent differences between the 200–
700 K fits and the 200–350 K fits of the temperature dependence.
The plot symbols are color coded for the values of K 00a as in earlier
figures. While the average is �7.6% (dashed line in the plot), the

differences range from �42% to +35%. There does not seem to be
any structure with respect to the pseudo-quantum number K 00a.
The large differences in the temperature dependence suggest that
Eq. (2) does not work as well over large temperature ranges. A

Fig. 6. Fits of ln{c(T)/c(T0)} versus ln{T0/T} to determine the temperature exponent for the CO2-broadening of HDO for the 1 0 1 2 1 2 transition (top panel) and for the
8 1 8 9 0 9 transition (bottom panel).

Fig. 7. The percent differences between the 200–700 K fits and the 200–350 K fits of the temperature dependence versus J00 + 0.1(J00 � K 00a). The plot symbols are color coded for
the values of K 00a . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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better model might be to use the calculated half-widths versus
temperature in an n-point Lagrange interpolation scheme. This ap-
proach might slow down remote sensing algorithms but will give
better results. This will be investigated in future work.

4.5. Approximating line shape parameters

4.5.1. Scaling from data for different radiator–perturbers pairs
In the case of HDO broadened by CO2 there were no line shape

parameters for use in retrieval algorithms. For some applications to
Venus, researchers have scaled the half-width for ro-vibrational
transition (Crisp et al., 1991; Fedorova et al., 2008; Pollack et al.,

1993) from measurements or calculations made with a different
perturbing gas using the average ratio or average difference ob-
tained from a few transitions. This procedure yields line shape
parameters with uncertainties that are difficult to predict. To test
the accuracy of the scaling procedure the air-broadened half-
widths for the rotational band of H2

16O were taken from the HI-
TRAN database and the ratio c(HDO–CO2)/c(H2O–air) was formed
for all transitions with the same rotational quantum numbers. This
procedure yielded 842 transitions in common. In Fig. 8 the ratio is
plotted versus the energy ordered index, J00(J00 + 1) + K 00a � Kc + 1. The
plot symbols are color coded for the values of K 00a as in earlier
figures. The average value of the ratio of CO2-broadened HDO

Fig. 8. The ratio c(HDO–CO2)/c(H2O–air) versus energy ordered index, J00(J00 + 1) + K 00a � Kc + 1 for 842 transitions in common between this work and the HITRAN database. The
plot symbols are color coded for the values of K 00a . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 9. The ratio ccalc/cpredicted versus energy ordered index, J00(J00 + 1) + K 00a � Kc + 1 for 481 transitions in common between this work and that of Brown et al. (2007). The plot
symbols are color coded for the values of K 00a . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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transitions to air-broadened H2O transitions is 2.198 (red dashed
line) with a spread from 1.15 to 5.35. The results indicate that scal-
ing from the data from another perturbing gas generates large er-
rors in the half-width, up to �±100%.

4.6. Scaling using mass dependence of the half-width

Using the rule-of-thumb temperature dependence of the half-
widths (Birnbaum, 1967; Hartmann et al., 2008) and the mass
dependence of the mean relative thermal velocity a relationship
between the half-width and reduced mass, l, can be developed

cðTÞal�
ðq�3Þ

2ðq�1Þ ð3Þ

where q = 4 for a dipole–quadrupole system. Thus, knowing the
broadening of H2O by CO2 the broadening of HDO by CO2 can be
approximated by (for details see Appendix A of Lamouroux et al.
(2010b)),

cðHDO—CO2Þ
cðH2O—CO2Þ

� �
¼ lðHDO—CO2Þ

lðH2O—CO2Þ

� ��a

ð4Þ

where the ratio of the reduced masses is 1.03899 and a = 1/6, hence
the right-hand side equals 1.258. Taking the H2O–CO2 broadening
calculations of Brown et al. (2007) gives 481 transitions in common
with this work. In Fig. 9 the ratios of the HDO–CO2 half-widths cal-
culated here to the values predicted by Eq. (4) are plotted versus the
energy order index with the plot symbols color coded as above. The
average ratio (dashed red line in Fig. 9) is 1.49 with a minimum va-
lue of 0.57 to a maximum value of �3.5. Thus the ratios change by a
factor of roughly 6 from minimum to maximum, compared to a fac-
tor of �5 from the scaling method above.

The data indicate that both methods of scaling do not yield pre-
cise half-widths. When there are no other data, scaling may be the
only method to obtain these parameters. Researchers using scaled
half-width data should take into account the large uncertainty in
the parameters. Whenever possible researchers should rely on
measurements or calculations.

5. Conclusion

CO2-broadened half-widths, their temperature dependence, and
line shifts were calculated employing the Robert–Bonamy formal-
ism for all HDO transitions on HITRAN08 with unique rotational
quantum numbers in the frequency range 0–4450 cm�1. The calcu-
lations were made using the Watson Hamiltonian constants of the
rotational band. The results suggest the vibrational dependence of
the half-width and its temperature dependence should be small.
For the calculated line shifts the data should only be used for the
rotational band. The magnitude of the line shifts suggests that they
may affect the retrieval process. To help remediate this problem a
method to estimate the shifts is presented in Appendix A. The
absolute accuracies of the current calculations are estimated to
be P5% and 610% for the rotational band half-widths, P10% and
620% for the other ro-vibrational transitions; P0.001 and
60.01 cm�1 for the rotational band line shifts; and the uncertainty
of the temperature exponents are given for each transition. How-
ever, laboratory measurements of HDO broadened by CO2 would
be very useful for confirming these estimates and for guiding fu-
ture calculations.

These data should help improve the retrievals of H2O and
HDO concentration profiles from spectra of Venus and Mars and
hence determination of the D/H ratio. The data presented here
along with previous work on the H2

16O–CO2 system (Brown
et al., 2007) were incorporated into HITRAN format line files for
application to the atmospheres of Venus and to Mars. These files
are described in Appendix B. The files, along with a reference table

file (ref-table_H2O-CO2.pdf), can be obtained from the Supplemen-
tary data of this journal or from the web site of one of the authors
(http://faculty.uml.edu/Robert_Gamache).
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Appendix A

A method to estimate half-widths and line shifts was first pro-
posed by Gamache and Hartmann (2004) and later developed by
Jacquemart et al. (2005). The method is based on taking the leading
terms in the expansion of the equations of the Robert–Bonamy for-
malism. Gamache and Hartmann showed that the vibrational
dependence of the half-width and line shift can be approximately
written as

c½v 01;v 02; v 03; f  v 001;v
00
2; v

00
3; i�

¼ c0
f i þ Af i � ð0:3Dv1 þ 0:07Dv2

þ 0:3Dv3Þ2 ðA1-1Þ

d½v 01;v 02;v 03; f  v 001;v 002;v 003; i�
¼ d0

f i þ Bf i � ð0:3Dv1 þ 0:07Dv2

þ 0:3Dv3Þ ðA1-2Þ

Jacquemart et al. used measured and calculated values of
c½v 01;v 02; v 03; f  v 001;v 002;v 003; i�; d½v 01;v 02;v 03; f  v 001;v 002; v 003; i�; c0

f i, and
d0

f i in fits to determine the coefficients Af I and Bf i. The work of
Jacquemart et al. allows the estimation of half-widths and line shifts
for rotational transitions belonging to vibrational bands when only
the rotational band parameters are known. The resulting Empirical
Estimation Algorithm produced estimates of the half-widths and
line shifts (see Jacquemart et al. (2005) for details).

Here it has been assumed that the slopes (Af i and Bf i) in Eqs.
(A1-1) and (A1-2) are not dependent on the perturbing molecule. It
is thought that this assumption is reasonable since the part in the
parenthesis of the last term of Eqs. (A1-1) and (A1-2) is related to
the vibrational dependence of the polarizability of the radiating
molecule. Furthermore, as an electric property this should not dif-
fer greatly for H2O and HDO. These assumptions allow the estima-
tion of c and d for transitions not considered in this study and that
of Brown et al. (2007) by retaining the coefficients determined by
Jacquemart et al. and using the c0

f i, and d0
f i for H2O–CO2 and

HDO–CO2 that were determined in the work of Brown et al. and
in this work. This procedure has been followed for the six levels
of approximation presented by Jacquemart et al. for both H2O–
CO2 and HDO–CO2 whenever data for c0

f i, and d0
f i are available.

It is thought that this level of approximation will be much better
than scaling of the half-widths and line shifts. The modified Empir-
ical Estimation Algorithm is used below to predict half-widths and
line shifts for water vapor transitions perturbed by CO2.

Appendix B

HITRAN format files have been produced for application to the
atmospheres of Venus and Mars. Using the data from this work
and that from Brown et al. (2007) for the H2O–CO2 system, the
air-broadened half-width, its temperature dependence, and the

728 R.R. Gamache et al. / Icarus 213 (2011) 720–730



Author's personal copy

air-induced line shifts in the HITRAN files have been replaced by
the CO2-broadened values. Because water vapor line shape param-
eters are independent of the oxygen isotope (Gamache and Fischer,
2003a), line shape data was added for H2

16O, H2
18O, H2

17O, and for
HD16O, HD18O, and HD17O isotopologues. All transitions with
0 6 m 6 4450 cm�1 were extracted from the 2008 HITRAN data-
base, some 29,161 lines. A code was written to add the
cCO2

; dCO2 ; nCO2 , the respective error codes and reference codes to
the line files.

Since there are many more transitions in the line list than there
are measurements or calculations the following scheme was
adopted. For the non-deuterated species, H2

16O, H2
18O, H2

17O,
the procedure starts by using the m2 band data (measurements of
c and d and calculations of n for CO2-broadening of 257 transitions)
and rotational band calculations (c, m, and d for CO2-broadening of
937 transitions) of Brown et al. (2007). These data are added to
transitions with the same vibrational and rotational quantum
numbers. Next, for the half-widths and their temperature depen-
dence, vibrational dependence is ignored and the rotational band
calculations of Brown et al. (2007) are added to transitions with
the same rotational quantum numbers. The line shift within this
group of transitions will be the empirical estimation algorithm va-
lue, if it is available, otherwise the shift is scaled to CO2-induced
pressure shifts from the HITRAN air-induced shifts by 4.211.

For transitions that do not match the rotational quantum num-
bers in the list of the Brown et al. data, a modified version of the
Empirical Estimation Algorithm (EEA) of Jacquemart et al. (2005)
is used (described in Appendix A) for the half-widths and line
shifts. The EEA applied here uses the A and B coefficients derived
by Jacquemart et al. with c0 and d0 from the rotational band data
of Brown et al. The temperature dependence of the half-width is
taken from either an average as a function of J00 K 00a K 00c or an average
as a function of J00.

The above procedures will not generate data for all transitions.
The next approximation used is to scale the HITRAN air-
broadened half-width and pressure shift to CO2-broadened value
by using the average ratio of cH2O—CO2

=cH2O—air ¼
1:723 and dH2O—CO2= dH2O—air ¼ 4:211. The temperature dependence
of the half-width is taken as the average value as a function of J00.
Finally, if a transition still does not have line shape parameters
the half-width and its temperature dependence averaged as a func-
tion of J00 are used and the line shift is set to 0.

For the deuterated species, HD16O, HD18O, and HD17O, the pro-
cedure starts by adding the calculated rotational band parameters
determined in this work to the rotational band transitions. Next,
the vibrational dependence of the half-width and its temperature
dependence is ignored and the rotational band data from this work
are added to transitions with the same rotational quantum num-
bers. The line shift for these transitions will be the semi-empirical
value, if it is available, otherwise the shift is the HITRAN dair scaled
by 4.286.

If the transition still does not have the line shape parameters as-
signed the modified EEA is used for the half-width and line shifts.
The EEA applied here uses the A and B coefficients derived by Jac-
quemart et al. with c0 and d0 from the rotational band data of this
work. The temperature dependence of the half-width is taken from
either an average as a function of J00 K 00a K 00c or an average as a func-
tion of J00.

The next approximation used is to scale the HITRAN air-broad-
ened half-width and pressure shift to CO2-broadened value by
using the average ratio of cHDO—CO2

=cHDO—air ¼ 2:198 and dH2O—CO2=

dH2O—air ¼ 4:286. The temperature dependence of the half-width is
taken as the average value as a function of J00. Finally, if a transition
still does not have line shape parameters the half-width and its
temperature dependence averaged as a function of J00 are used
and the line shift is set to 0.

Two line lists were produced; one for application to the atmo-
sphere of Venus (water_vapor_for_Venus.par) and the other for
application to the atmosphere of Mars (water_vapor_for_Mars.
par). The difference between the files is the temperature depen-
dence of the half-width. For the Venus line list the temperature
exponent was determined with data from 200 to 700 K. (Note
the rotation band calculations for H2O–CO2 used the range
200–500 K.) For the Mars line list the temperature range used for
determining the temperature dependence of the half-width is
200–350 K. As noted above the difference in the temperature expo-
nents can be substantial. The line lists are in HITRAN format, see
Rothman et al. (2009) for details. The reference and error codes
have been updated for the CO2-broadening data. These values are
described in Supplementary material (ref-table_H2O-CO2.pdf).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.icarus.2011.03.021.
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