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Collisional parameters of HoO with COy are currently missing from international spectroscopic databases,
although they are essential for accurate modeling of water vapor in COy-rich planetary atmospheres. In this
study, high-resolution infrared spectra of HoO broadened by COy were recorded using a Fourier Transform
Spectrometer in the 1.18 and 2.34 um spectral regions. CO»-collisional parameters for selected H,O transitions
were derived through a multispectrum fitting procedure employing both Voigt and quadratic speed-dependent
Voigt profiles. Furthermore, calculations based on the semi-classical Complex Robert-Bonamy-Ma formalism

were performed to estimate CO»-broadened half-widths, line shifts, and their temperature dependencies across
various atmospheric transparency windows. It results in a strong agreement between theoretical predictions and
experimental data. Finally, the shared calculated linelist, obtained for a wide range of transitions, can be directly
applied to radiative transfer modeling of atmospheres primarily composed of carbon dioxide.

Introduction

In the coming decade, several space missions are set to explore
Venus’ atmosphere, surface, and evolutionary history, relying on
increasingly advanced instrumentation [1-3,4]. These missions aim to
better characterize trace species such as water vapor, a key element to
determine the D/H isotopic ratio and gaining deeper insights into
planetary evolution processes [5-9,10]. To achieve this, radiative
transfer models must rely on accurate spectroscopic parameters to
enable robust atmospheric retrievals. However, concerning water vapor,
most radiative transfer models use the air-collisional parameters instead
of the CO»-collisional parameters for H,O lines, because of the lack of
CO»-collisional data [11].

To overcome this lack, since 1995 [12] several studies performed
measurements of COaq-collisional parameters for HyO lines across
various spectral regions [12-22,23]. Some of them include theoretical
calculations, needed for atmospheric retrieval, as the laboratory mea-
surements cannot cover all transitions of the spectral windows of in-
terest for planetary studies.

Among these efforts, Régalia et al. (2019) [16] proposed a calculated
linelist of HoO lines broadened by CO» between 1300 and 5000 cm™.
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Nonetheless, several spectral regions relevant to Venus’ atmosphere
remain outside this range. Additional measurements and calculations
are therefore required, particularly in the planet’s main infrared trans-
parency windows [24-27,28], where new experimental data can sup-
port further refinement of theoretical predictions.

In this context, new HO spectra broadened by CO, have been
recorded using a high-resolution Fourier Transform Spectrometer (FTS)
in two key spectral regions of atmospheric interest for Venus: 2.34 ym
(from 3978 to 4306 cm™) and 1.18 uym (from 8486 to 8801 cm™), with
the aim to determine accurate CO5-collisional parameters for HO lines.
Then, thanks to them, new calculations have been made to reach a wider
number of HyO transitions in the main Venusian infrared transparency
windows.

First of all, Section 2 describes the experimental conditions to record
H30 broadened by CO; spectra around 1.18 and 2.34 pm. Section 3
presents the fitting procedure using two different line profiles and a
comparison with the literature. Finally, new measured CO32-collisional
parameters are compared with new calculated ones based on the semi-
classical Complex Robert-Bonamy-Ma formalism in Section 4.

Received 1 April 2025; Received in revised form 27 June 2025; Accepted 2 July 2025

Available online 7 July 2025

0022-4073/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:laurence.regalia@univ-reims.fr
www.sciencedirect.com/science/journal/00224073
https://www.elsevier.com/locate/jqsrt
https://doi.org/10.1016/j.jqsrt.2025.109576
https://doi.org/10.1016/j.jqsrt.2025.109576
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2025.109576&domain=pdf
http://creativecommons.org/licenses/by/4.0/

E. Ducreux et al.
Experimental conditions
2.1. Experimental setup

Using a Bruker IFS 125HR Fourier Transform Spectrometer coupled
with a 2-m White-type cell, new spectra of water vapor broadened by
carbon dioxide were recorded in the 2.34 ym and 1.18 pm spectral re-
gions, both being transparency windows for the Venusian atmosphere.
The recording conditions are summarized in Table 1.

The multireflection cell is stainless-steel and can reach absorption
path lengths from 8.262 to 104.262 m The pressure was monitored by
three thermalized Leybold CTR101N Baratron gauges heads calibrated
beforehand, according to measure ranges of 10, 100 and 1000 Torr and
having an accuracy of 0.2 %. Four TGSA Pt100 probes with an accuracy
of 0.6 K were used for the temperature monitoring.

The spectrometer and the reactor were put under vacuum using a
primary oil pump and a secondary turbomolecular pump. For the rest of
the experiment, the secondary pump maintained the spectrometer under
a pressure of 1.107* mbar to reduce residual background water on the
absorption path. An "empty cell" spectrum was recorded before each
measurement and used to normalize the spectrum with absorbing gas.

2.2. Experimental method of gas injection

The experimental method is the same as the one used in Ref. [21].
After pumping over liquid water in natural abundance, water vapor was
injected at low pressure to neglect, as much as possible, the contribution
of the self-broadening coefficients. After HyO pressure stabilization, CO2
from Air Liquid with a stated purity (CO2 N48) of 99.998 % was added
into the gas cell. The CO2 injection was repeated to reach different
pressures from 100 to 500 Torr in the two spectral regions of interest.

The experimental conditions are listed in Table 2 and the different
spectra of both spectral regions are presented in Figs. 1 and 2. Notice
that at 1.18 pm, despite the increase of the absorption path length, most
of the lines have an absorption not reaching 60 %, whereas at 2.34 um,
they are mostly upper than 30 %.

The H,0 partial pressure was measured using Baratron gauge heads
after the single HyO injection, while the COy partial pressure was
determined from the total pressure measured by the same gauges after
each CO; injection. The temperature was averaged over the entire
measurement duration. Moreover, the mean signal-to-noise ratio (SNR)
was calculated using Bruker’s software by selecting several spectral
windows (approximately 3 cm™ wide) where there are no absorption

Table 1

Recording conditions of the infrared Fourier Transform Spectrometer and the
multi-reflection gas cell used for measurements in the 2.34 ym and 1.18 pm
spectral regions (corresponding to approximately 4273 cm™ and 8475 cm™,
respectively).

Infrared Fourier Transform Spectrometer

Spectral region 2.34 ym 1.18 ym
Source Tungsten Tungsten
Iris radius 0.85 mm 1 mm
Focal length 418 mm 418 mm
Modulation frequency 40 kHz 60 kHz

Optical filter

Band pass 3750-4900
em’?

Band pass 7750-8900
em’?

Beam splitter CaF, CaF,

Detector InSb, 77 K InSb, 77 K

Maximum path difference 90 cm 45 cm

Spectral resolution 0.01 cm™ 0.02 cm™
(Bruker)

2-meter White Cell

Absorption path 64.262 m 104.262 m
length

1.10%t09.10 2 em™ /
(molecule.cm™®)

210 t07.10 em™ /
(molecule.cm™)

Measurable line
intensity range
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Table 2

Experimental conditions for the eight H,O-CO, spectra recorded in 2.34 um and
1.18 um spectral regions at room temperature. The second and third columns
present the fitted H,O partial pressure determined using MFT [29], and the
relative deviation obtained by comparing the fitted values with those measured
by the Baratron gauges, calculated as (fitted H,O pressure - measured HyO
pressure)/measured H,O pressure.

Measured Fitted H,O Relative CO,, partial Temperature
H,O partial partial deviation pressure [K]
pressure pressure [%] [Torr]

[Torr] [Torr]

Spectral region 2.34 pm

0.982 0.940 -4.3 101.4 296.9
0.982 0.932 -5.1 202.1 296.9
0.982 0.925 -5.8 302.6 296.8
0.982 0.920 -6.3 500.5 296.8
Spectral region 1.18 pm

0.999 0.895 -10.4 100.7 295.1
0.999 0.874 -12.5 207.3 294.9
0.999 0.865 -13.4 301.2 294.9
0.999 0.855 —14.4 501.0 294.9

lines. The resulting SNR values reached 8300 and 6200 for the 2.34 um
and 1.18 um spectral regions, respectively.

2.3. H30 partial pressure

As explained and detailed in our previous article [21], the injection
of a polar molecule, like H50, in a stainless-steel reactor can lead to
adsorption effects that have an impact on the water vapor partial pres-
sure value in the cell. To take into account this phenomenon, the mul-
tispectrum fitting program MultiFiT [29] (MFT) was used to fit HyO
partial pressure for each spectrum. The intensity parameters, which
have to be as accurate as possible, were fixed to the HITRAN2020 values
[30] during the multispectrum fitting process. In the 2.34 pm spectral
region, 8 water lines measured by Loos et al. (2017) [31], having an
uncertainty on the line intensity parameter <1 % [30], were used to
ensure an accurate determination of the HyO partial pressure. While, in
the 1.18 um spectral region, 19 water lines calculated by Conway et al.
(2020) [32] with an uncertainty on the line intensity parameter between
2 and 5 % [30] were used, leading to less precise determination of the
partial pressure of H20. The relative deviation between measured and
fitted HpO partial pressure is shown in Table 2 and is calculated as fol-
lows: (fitted HyoO pressure - measured HyO pressure)/measured HyO
pressure. Note that the fitted HoO partial pressures reflect the best
agreement with the observed line intensities, minimizing residuals and
implicitly accounting as best as possible for possible water vapor
adsorption effects in the experimental cell. The difference in relative
deviations between the two spectral regions may partly result from the
different origins of the used HITRAN line intensities. As mentioned
above, despite the increased absorption path length at 1.18 pm, most
lines exhibit absorption levels not exceeding 60 %, unlike at 2.34 pm.
This difference may also have affected the HO partial pressure retrieval,
as weak and strong absorption lines do not respond in the same way.
Furthermore, as also shown by Gamache et al. (2023) [33] for HyO
broadened by Oo, the retrieved partial pressure of HyO tends to decrease
with increasing broadening gas pressure.

Line shape parameters determination

This section explains how the COs-collisional parameters for HyO
lines were determined from the recorded spectra using a multispectrum
fitting procedure with different line profiles. The multispectrum fitting
procedure will be presented in the following section before a discussion
on the fitting residuals obtained with two different line profiles.
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Fig. 1. Four spectra of water vapor broadened by carbon dioxide measured in the 2.34 um spectral region in the upper panel. Two successive zooms on a few H;O

lines are represented in the middle and lowest panel.
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Fig. 2. Four spectra of water vapor broadened by carbon dioxide measured in the 1.18 pum spectral region, with two successive zooms on a few H5O lines, from top to

bottom panels.

3.1. Multispectrum fitting procedure

For both spectral regions, isolated H,O lines with an absorption
range from 10 % to 80 % were selected to obtain accurate line-shape
parameters. The MultiSpectrum Fitting (MSF) [34] program based on
the least squares method was used to determine the COgz-collisional
parameters for some HyO rovibrational transitions in different spectral
bands, employing different line profiles. Some of them were used in
Ref. [21], but the most coherent for the H,O-CO; collision system in
these experimental conditions were the Voigt [35] and the quadratic
Speed-Dependent Voigt (qSDV) [36-38,39] profiles. The first is gener-
ally implemented in models for its simplicity (a convolution between a
Gaussian profile and a Lorentz profile) and its low number of parameters
(the pressure-induced broadening I'y and shift Ay coefficients). How-
ever, it can result in significant residuals, often referred to as a
"W-shape". This phenomenon arises from line narrowing, which the
Voigt profile does not account for; it also happens due to speed depen-
dence. To mitigate the discrepancy between measurements and fits, the
qSDV profile can be used to take into account the speed dependence of
the collisional parameters. It is defined by two additional parameters
compared to the Voigt profile, 'y the speed-dependence of the
pressure-induced broadening coefficient and A; the speed-dependence
of the pressure-induced shift coefficient.

As we determined the HyO partial pressure by fixing the intensity
values to those from HITRAN2020 [30], these values were kept fixed
during the fitting process of the collisional parameters. Throughout the
multispectrum fitting procedure the position, broadening, and shift co-
efficients were allowed to vary simultaneously. Specifically, when using
the qSDV profile, the speed-dependences of the broadening and shift

coefficients were also fitted.

The apparatus function was taken into account during the fitting
process. The width of the instrumental line shape was chosen near the
Doppler width of HyO at the studied wavelength. Under these condi-
tions, the apparatus function has no significant influence on the CO-
broadened spectra. Consequently, its impact on the determination of the
collisional parameters is negligible.

Finally, it is important to notice that the MFT program [29],
mentioned earlier, was limited to the Voigt profile and thus was exclu-
sively used for the HoO partial pressure fit.

3.2. Line profile comparison

Figs. 3 and 4 compare the fits obtained using the Voigt profile and the
qSDV profile in the two analyzed spectral regions.

In Fig. 3, the Voigt fitting residuals exhibit the characteristic W-
shape, which is significantly reduced using the qSDV profile, as what has
already been observed in Ref. [21]. In Fig. 4, the residuals from the Voigt
profile are lower and further reduced by accounting for speed depen-
dence effects. Regarding the CO»-broadening coefficient 'y values ob-
tained with both profiles, I'y (qSDV) is consistently larger than I'y (Voigt)
with a mean increase of 4.9 %. This is coherent with the 4.1 % increase
found at 2.7 pm in Ref. [21].

Therefore, by incorporating speed-dependence effects, the experi-
mental line-shape is better reproduced, achieving fitting residuals below
0.1 %. This enhancement is essential for obtaining reliable CO,-colli-
sional parameters, which will be increasingly crucial for high-precision
atmospheric modeling as space instruments continue to improve.
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3.3. Literature comparison

In the literature, previous gSDV CO;-collisional parameters for water
vapor lines were recently measured by Deichuli et al. [17]. However, the
number of comparable transitions remains limited (Fig. 5) due to dif-
ferences in experimental setups — notably, their measurements were
performed using only one single-pass cell with a 24 cm path length. For
the collisional half-widths obtained with qSDV, a mean relative devia-
tion of 3.3 % is observed, with a standard deviation of 6.5 %, indicating
a reasonably good agreement with our results, as shown on the bottom
left panel of Fig. 5. In contrast, the comparison of the speed-dependence
parameters of the half-widths shows a larger mean relative deviation of
27.2 %, with a standard deviation of 69.1 %, as seen on the bottom right
panel of Fig. 5. This significant dispersion highlights the greater sensi-
tivity of speed-dependent parameters to experimental conditions such as
signal-to-noise ratio, spectral resolution, line selection, and pressure

range. Using a wide range of CO, pressures allows for a large variation in
the ratio between the Lorentz and Doppler widths, which improves the
fit quality and facilitates the retrieval of higher-order collisional pa-
rameters such as I'; and Ay, as discussed in Ngo et al. (2013) [39].
Moreover, the experimental setup in Deichuli et al. [17] was more
restrictive: the absorption cell was significantly shorter, limiting access
to the same HO transitions. The few lines available for comparison
correspond to the weakest absorption lines in Ref. [17]. For these lines
the determination of collisional parameters—especially the higher-order
ones—is more sensitive to experimental conditions and prone to
dispersion. Indeed, extracting accurate speed-dependence coefficients
requires very high-quality spectra and precise control of experimental
parameters, which can be difficult to achieve in practice, especially for
H30 due to adsorption phenomena. These results underline the need for
improvements in experimental conditions to better constrain these
sensitive parameters. The comparison of the shift coefficient and its



E. Ducreux et al.

Journal of Quantitative Spectroscopy and Radiative Transfer 345 (2025) 109576

0.16
§  This work 0015 §  This work
i Deichuli ef al. 2022a [17] o Deichuli et al. 2022a [17]
0.15
} 040
T 0035
T T } —* 0,030 } { . {
{ } I } =00 { ' {
-
T o } }
20020 t ¢
s = i E i } §
I T { 0.015 ) )
! !
010 } I 0.010
1
0.005
20 30 10 50 60 70 S0 20 30 10 50 60 0 80
Jx(J+1)+Ka—Kc+1 Ix(J+1)+ Ka—Ke+1
0.16
= X=y —— = X=y
0.045]  —F4—
£ 4+ Ty (SDV): This work vs Deichuli et al. 2022a [17] £ ’ Ty (SDV): This work vs Deichuli et al. 2022a [17]
%015 B 2
S0 7 0.040
=014 =0.035 e
= = §
a a
= A 0.030 5
<01 - gt
018 = t
] = 0.025
S 8 e —H—
S 0020 —=
= i
N T 0.015 ——
E 0t
=l < 0.010 —
£ 0.10 It —_—
0.005
0.10 0.11 0.12 0.13 0.14 0.15 0.16 00125 00150 00175 00200 0.0225 00250 00275 0.0300 0.0325
This work: Ty (SDV) [em™. atm™] This work: I'y (SDV) [em™!. atm™]

Fig. 5. Top left panel, a comparison is shown between the CO»-broadening coefficients I'y from this study at 2.34 um and those from Deichuli et al. [17] for 20
common water lines. The 1-¢ error bars of the broadening coefficients of this work consider the numerical uncertainties, which are very small, and the experimental
uncertainties, estimated at 2 %, coming mainly from the fit of water vapor partial pressure. Top right panel, a similar comparison is presented for I'p, the
speed-dependence of the CO2-broadening parameters, where the experimental uncertainties are estimated at 5 % in addition to numerical uncertainties. Note that for
Deichuli et al. parameters, only the 1-6 numerical uncertainties are shown. The bottom panels show the correlation between this work and the literature for I'y and I'y

collisional parameters obtained using a speed-dependent Voigt profile.

speed-dependence is not possible with our values because the second
one was fixed to zero in Deichuli et al. [17], as mentioned in our pre-
vious article [21]. To further assess the impact of this A, parameter,
additional tests were performed with A fixed to zero. This led to a mean
relative difference of 2.1 % with a standard deviation of 3.7 % for the
broadening parameters, and respectively 12.2 % and 28.5 % for their
speed-dependence — suggesting, at first glance, a better agreement with
the data from [17]. However, the fitting residuals showed larger de-
viations and a poorer overall fit, confirming that including A, gives a
better and more reliable fit to the line shapes.

New line lists

After the description of the new experimental line list at the begin-
ning of this section, the theoretical model based on a semi-classical
Complex Robert-Bonamy-Ma formalism is presented. The results of the
calculations are then compared with the experimental values.

4.1. Experimental line list

Thanks to the fitted H,O partial pressure values and the program
MSF [34], COz-collisional parameters were determined for 60 rovibra-
tional H3%0 transitions in the 2.34 um spectral region and 65 transitions
in the 1.18 um region. These new results were combined with data at 2.7
um, previously measured and presented in [21]. A total of 187
COq-broadening and shift coefficients for water lines using the Voigt
profile was obtained. Moreover, for 106 of these lines, the speed
dependence of the CO2-broadening and shift coefficients was considered
using the quadratic speed-dependent Voigt profile. The vibrational
bands probed are detailed in Table 3. The measured HyO-CO5 collisional
parameters are available in the supplementary materials in three
different files corresponding to each studied spectral region.

Table 3
Number of measured HA®O transitions broadened by carbon dioxide in each
observed vibrational band.

Band Number of H3%O fitted transitions

Spectral region: 2.7 pm

001<000 29
100000 15
020000 18
Spectral region: 2.34 pm

001<000 39
100000 21
Spectral region: 1.18 pm

111<000 53
031000 8
210000 3
130«<000 1
TOTAL 187

Concerning the uncertainty on the newly measured CO»-collisional
parameters, several sources can contribute: the instrumental line shape,
the absorption path length, the temperature measurement, the deter-
mination of COy and HyO partial pressures, and the use of the multi-
spectrum fitting procedure. The instrumental function has a negligible
effect on the final uncertainty, as its width is much smaller than the
collisional broadening. Similarly, the absorption path length and cell
temperature are well characterized and stable. Regarding the CO; par-
tial pressure, since CO, does not adsorb onto the cell walls, its mea-
surement is considered reliable, and thus its effect on the collisional
parameters’ uncertainty is minimal.

The main sources of uncertainty on the CO-collisional parameters
are (1) the numerical uncertainty from the multi-spectrum fitting pro-
cedure and (2) the uncertainty on the retrieved water vapor partial
pressure, which is directly linked to the uncertainty in the HyO line
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intensities used in the retrieval. The total uncertainty is therefore the
sum of these two contributions. A 1 % uncertainty in the HyO line in-
tensities translates to a 1 % uncertainty in the retrieved water vapor
partial pressure, which in turn leads to an approximately 1 % uncer-
tainty on the broadening parameter. The uncertainty on the shift
parameter was estimated as higher than that of the broadening uncer-
tainty, as these parameters are more difficult to measure, with a
maximum uncertainty set to 5 %. For the speed-dependence coefficients,
the uncertainty was estimated at 5 %. When the H»O line intensities
originated from Loos et al. (2017) [31], an additional 1 % uncertainty
was added to account for the fact that those intensities were scaled on
experimental data using a speed-dependent Voigt profile, whereas a
standard Voigt profile was used in the water vapor partial pressure fit.
The estimated uncertainties for each collisional parameter and spectral
region are provided in the readme file included in the supplementary
materials.

4.2. CRBM calculations

The line shape parameters were calculated using the semi-classical
Complex Robert-Bonamy-Ma (CRBM) formalism [40,41]. The
half-width and line shift of a given ro-vibrational transition f«i are
given by the real and imaginary components of the following expression:

(rfié)fhizzn—;c / v x f(v) dv / 21b dbx [1—e SIS0, gRelS2h, )
0 0
m

where ny is the density number of perturber, c the speed of light, f(v) the
Maxwell-Boltzmann distribution of the velocity v, b is the impact
parameter, S; and S are the first and second orders of the successive
expansion of the scattering matrix [42,43]. The S; and S, terms depend
on the ro-vibrational states of the optical transition, on the associated
collisionally induced transitions from these states, on the intermolecular
potential, and on the collision dynamic. The semi-classical formulation
refers to the fact that the trajectory of the colliding molecule is treated
using classical mechanics while the internal structure of the molecules
(both radiator and perturber) is treated quantum mechanically. The
active molecule of an optical transition from f«i will undergo collisions
with the bath of perturber molecules. These collisions will induce
non-radiative transitions of the initial (i) and final (f) states of the
radiating molecule to states i’ and f’ interrupting the radiation and
causing collisional broadening and shifting. The prime states are called
collisionally connected states and are given by selection rules determined
by the wavefunctions and the intermolecular potential. Since the
high-order intermolecular potential contains a lot of terms, many i’ and
f* are possible. The quantum mechanical components of the calculations
are the energy of the states involved in the non-radiative transitions and
the wavefunctions of the states which are used to determine the prob-
ability of the collisionally induced transition through the reduced matrix
elements (RME). A recent study [44] showed that CRBM calculations
should use the ground state RMEs for all vibrational states to ensure
completeness.

The intermolecular potential used in the calculation was composed
of electrostatic terms, atom-atom components and the induction and
London dispersion terms. The atom-atom components are expanded to
the 20th order and rank 4 to ensure convergence. The atom-atom part of
the potential was determined to reproduce the half-width measured in
the v, band of H,0 diluted in CO4 by Brown et al. [13] and Régalia et al.
[16]. The methodology has been previously explained and has shown to
provide excellent results [45-47]. The atom-atom components of the
final potential are given in Table 4 and reproduced the v, band data of
Brown et al. [13] and Régalia et al. [16] with an Average Percent Dif-
ference of —1.57 % and —0.08 % and standard deviation of 5.75 % and
5.25 %, respectively. All other parameters are set to the literature rec-
ommended values: the dipole moment of water vapor and its vibrational
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Table 4

Final atom-atom constants for the H,O0-CO- collision system.
Atom-atom e/k [K] ¢ [A]
H-O 21.717 3.2798
H-C 18.470 3.1100
0-0 51.730 4.0635
O-C 60.550 3.0000

dependence are taken from Shostak and Muenter [48], the quadrupole
moments are from Flygare and Benson [49]. The polarizability and its
vibrational dependence come from Luo et al. [50]. The
vibrationally-independent ionization potential is taken from [51]. For
carbon dioxide, the quadrupole moment is taken out of Chetty and
Couling [52], the polarizability from Bogaard and Orr [53] and the
ionization potential from Tanaka et al. [54].

The speed-dependences of the line shape parameters are given by
two parameters representing the line broadening, (yo, y2), and two pa-
rameters representing the line shift, (5o, 52). v and & are, respectively,
the collisional width and shift averaged over all speeds, while y, and
are the quadratic terms describing the speed dependence of the broad-
ening and shift [55,56] as shown in Egs. (2).

\? 3
Y(Va) =70 +72 K:—) - 5} (2a)
2
5(v) = 8o + 6 K}) - g} (2b)

where v, is the speed of the active-molecule and vy is its most probable
speed.

Calculating the integral over db in Eq. (1) gives the collisional cross-
sections as a function of the relative velocity,

(GRe(Vrel) — io_lm(Vrel)) = / 27b db[]_ _ e—i<SlAIm{52}>J2 e(*Re{SzﬁJz] 3)
JOo

and allows the determination of the half-width and line shift as a func-
tion of vy

. n .
Vi (Vrel) + laf«i (Vrel) = 2_7:(:Vrel [GRe (Vrel> + 101m (Vrel)] (4)

Given y(vye) and 8(vyep) the half-width and line shift as a function of
the absolute speed of the active molecule [37,38,57,58], v, allowing a
fit to be made to the data to determine the speed dependence of the
half-width and line shift. These calculations will be part of the future
work.

The CRBM calculations include all real and imaginary terms allowing
the determination of the half-width and line shift from a single calcu-
lation. The RMEs were determined from ab initio wavefunctions
following Lamouroux et al. [59]. The trajectories are deduced from
Hamilton’s equations and an explicit velocity averaging over the
Boltzmann distribution was done.

4.3. Measured vs calculated parameters comparison

Thanks to the improvements made to the HoO-CO5 molecular po-
tential, the calculation of spectroscopic parameters for this collision
system has become more accurate. Comparisons between the most
recent experimental HyO-CO; spectroscopic parameters and the newly
calculated ones are presented for the 2.7 ym, 2.34 pm, and 1.18 pym
spectral regions, as shown in Figs. 6, 7, and 8, respectively. As the most
common line profile in the study of the radiative transfer of planetary
atmospheres remains the Voigt profile, the comparison between
measured and calculated parameters was made on parameters coming
from Voigt profile. Table 5 highlights the resulting deviations, which are
notably low, indicating a very good agreement between the
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Fig. 6. On top panels: comparison between measured and calculated CO-broadening (I'o) and shift (A¢) coefficients for some water transitions in the 2.7 um spectral
region coming from Ducreux et al. (2024) [21]. The uncertainties at 1-c came from numerical errors provided by the multi-spectrum fitting procedure and mainly
from HyO partial pressure error. This last one is estimated at 2 % for the half-widths and 3 % for the shifts. On bottom panels: correlation plots between mea-
surements, obtained using a Voigt profile, and calculations for Iy and Aq collisional parameters.
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and calculations for I'y and A collisional parameters.

Table 5

Deviations between measurements and calculations in three spectral regions on COs-broadening and shift parameters for H,O lines. APD is the Average in Percent
Deviation calculated as the mean of (calculated parameter - experimental parameter) / experimental parameter. The mean absolute deviation is calculated as the mean
of |calculated parameter - experimental parameter| / experimental parameter and SD is the standard deviation.

Spectral region CO,-broadened half-width of HO lines

CO-shift coefficient of H>O lines

Number of compared H,O

i

[um] APD Mean absolute SD Average deviation [em™. Mean absolute deviation [ecm” SD [em™. ines
[%] deviation [%)] [%] atm™] atm™] atm™]

2.7 —0.4 4.1 5.4 —0.7 x 107 4.8 x 107 6.2 x 1072 62

2.34 —-0.6 4.8 7.0 0.9 x 107 3.8 x 107 5.1 x 107 60

1.18 0.1 6.0 7.9 1.6 x 1073 3.6 x 107 4.8 x 107 65

experimental measurements and the calculations using the updated
molecular potential. In addition, correlation plots on Figs. 6, 7, and 8
underline the consistency of the measurements, especially for the
pressure-induced shift parameters which are complex to determine and
depend a lot on experimental conditions.

Using the determined intermolecular potential, CRBM calculations
were performed, at 13 temperatures between 200 and 3000 K, for
transitions of the 3 main isotoplogues of water vapor having an intensity
larger 1028 em™/(mol.em®) and belonging to the main Venusian
infrared transparency windows. The temperature dependencies of the
line shape parameters were determined using the standard power law,
¥(T) = y(To) (To/T)", for addition to the HITRAN format file. The tem-
perature dependence determined using the second order approximation
of the Gamache-Vispoel temperature dependence law [60] were also
computed and are available from the corresponding author. These data
were not added to the line file as the simulation code currently only uses
the standard power law data. The temperature dependencies of the line
shape parameters were determined using the empirical power law. The
computed line shape information was incorporated in a HITRAN-like file
using the “diet” scheme [61]: for a particular rovibrational transition.
First, if measurement data are available, they were used. Next if a CRBM
calculation was made, these data were used. Next, if available, data

computed for a transition having the same rotation quantum number
were used (i.e. vibrational dependence is ignored). Finally, if measure-
ment and calculations are not available for the transition, a J’-averaged
value is used. Note that in the two last cases, the line shift is set to zero.
Line shape information for HDO perturbed by CO, was also included
using the results of Malathy Devi et al. [62,63], only the DO iso-
topologue was not considered. The generated linelist is available in the
supplementary materials.

4.3.1. Vibrational dependence of the half-widths

Using the datasets of 4535 calculations and 525 measured of the half-
width for 41 vibrational states: 17 cold bands (transitions originating
from the ground vibrational state (000)) and 24 hot bands (lower state is
not the ground vibrational state (000)), the vibrational dependence of
the half-width was studied. For a given set of rotational quantum
numbers, the average percent difference (APD), absolute average
percent difference (AAPD) and standard deviation (SD) in percent was
determined. This procedure gave 589 APDs, and 292 AAPDs and SDs,
implying 297 of the comparisons were for 2 data points. Then the same
statistical quantities were determined for the APDs, AAPDs, and SDs of
the comparisons. Table 6 gives the statistics of comparing APDs, AAPDs,
and SDs of the comparisons, i.e. vibrational dependence of g. The data
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Table 6
Statistics of the vibrational dependence of the half-width, Given are the number
of comparisons, the average percent difference of the APDs, the average absolute
percent difference of the AAPDs and the average standard deviation in percent of
the SDs.

Quantity # Average % Average Average
comparisons difference absolute % standard
difference deviation
APDs 589 —0.16765 3.07395 6.02916
AAPDs 292 3.60597 3.60597 2.87653
SDs 292 3.56223 3.56224 3.22872

show that the vibrational dependence of the half-width is small, —0.168
% on average with the AAPD and SD roughly 3-4 %.

Conclusion

The newly measured HyO broadened by COx collisional parameters,
obtained using an infrared Fourier Transform Spectrometer and a mul-
tispectrum fitting approach, show excellent consistency with CRBM
calculations based on a refined intermolecular potential for the HoO-CO4
system. This agreement highlights the strength and predictive capability
of theoretical models, especially in spectral regions where experimental
measurements are limited by different factors such as limited optical
path lengths, restricted pressure ranges, and line overlapping. The
consistency between measured and calculated parameters, particularly
for the pressure shift coefficients, which are challenging to measure,
reinforces the reliability of the dataset and supports its use in atmo-
spheric studies.

This dataset of line-shape parameters for HoO broadened by CO;
provides a valuable resource for atmospheric radiative transfer
modeling in CO»-rich planetary environments. By combining the present
results with the earlier work of Régalia et al. (2019) [16], these linelists
serve as an important spectroscopic reference for modeling HO ab-
sorption in planetary atmospheres such as those of Venus, Mars, and
certain exoplanets. Finally, the experimental and calculated linelists of
H20 broadened by CO, line-shape parameters are available in the sup-
plementary materials.

Given the increasing capabilities of future planetary missions, these
high-precision data are essential for advancing the accuracy of atmo-
spheric property retrievals. Another article is being written to show the
impact of these collisional parameters on atmospheric planetary
retrievals.
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