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a b s t r a c t
Observations of the 1.10- and 1.18-lm nightside windows by the SPICAV-IR instrument aboard Venus
Express were analyzed to characterize the various sources of gaseous opacity and determine the H2O
mole fraction in the lower atmosphere of Venus. We showed that the line proﬁle model of Afanasenko
and Rodin (Afanasenko, T.S., Rodin, A.V. [2007]. Astron. Lett. 33, 203–210) underestimates the CO2
absorption in the high-wavelength wing of the 1.18-lm window and we derived an empirical lineshape
that matches this wing well. An additional continuum opacity is required to reproduce the variation of
the 1.10- and 1.18-lm radiances with surface elevation as observed by the VIRTIS-M instrument aboard
Venus Express. A constant absorption coefﬁcient of 0.7 ± 0.2  109 cm1 am2 best reproduces the
observed variation. We compared spectra calculated with different CO2 and H2O line lists. We found that
the CDSD line list lacks the 5m1 + m3 series of CO2 bands, which provide signiﬁcant opacity in Venus’ deep
atmosphere, and we have constructed a composite line list that best reproduces the observations. We also
showed for the ﬁrst time that HDO brings signiﬁcant absorption at 1140–1190 nm. Using the best representation of the atmospheric opacity we could reach, we retrieved a water vapor mole fraction of
30þ10
5 ppmv, pertaining to the altitude range 5–25 km. Combined with previous measurements in the
1.74- and 2.3-lm windows, this result provides strong evidence for a uniform H2O proﬁle below
40 km, in agreement with chemical models.
Ó 2011 Elsevier Inc. All rights reserved.

1. Introduction
Thermal emission from the deep atmosphere of Venus, below the
cloud decks, can escape to space in narrow spectral windows between 0.8 and 2.5 lm (Taylor et al., 1997). This emission, originally
detected on the night side by Allen and Crawford (1984), provides a
valuable opportunity to investigate remotely the composition of the
deep atmosphere. The near-infrared windows are regions of relative
transparency between strong absorption bands of CO2 and H2O. In
particular, the 1.10- and 1.18-lm windows are transparent enough
to allow thermal emission from the surface to escape to space. They
are limited on one side by the strong 2m1 + 3m3 and m1 + 3m3 CO2
bands at 1.05 and 1.21 lm respectively, and on the other side by
the m1 + m2 + m3 band of H2O centered at 1.13 lm. Spectral analysis
of these two windows thus provides information on the water vapor
abundance in the near-surface venusian atmosphere, below 25 km.
The H2O mole fraction near the surface is still controversial and
the various analyses of in situ measurements and observations of
the nightside windows do not yield consistent results, as reviewed
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by Bézard and de Bergh (2007) and Bézard et al. (2009). The most recent determination is that of Bézard et al. (2009), which is based on
observations of the 1.18-lm window by the Visible and Infrared
Thermal Spectrometer (VIRTIS) aboard the Venus Express spacecraft. The inferred value (44 ± 9 ppm) is 50% larger than derived at
higher altitudes from the 1.74- and 2.3-lm windows: 30 ± 10 ppm
around 15–25 and 30–45 km respectively (De Bergh et al., 1995;
Taylor et al., 1997; Marcq et al., 2008; Tsang et al., 2010). But the error bars still allow for a uniform H2O mole fraction from the surface
up to 40 km. We also note that such a vertical variation would be at
odds with chemical models (Krasnopolsky, 2007), which predict a
constant mole fraction from 0 to 38 km.
Bézard et al.’s (2009) analysis was hampered by the relatively
low spectral resolution of the VIRTIS measurements (resolving
power R  70 at 1.18 lm) and by uncertainties in the spectral registration and in the precise value of the spectral resolution. Actually, both of them appeared to vary from orbit to orbit, likely due
to variations of the spectrometer’s temperature. On the other hand,
their study beneﬁted from the high S/N ratio and large horizontal
coverage of the VIRTIS observations. In particular, the variation of
the 1.18-lm emission with surface altitude allowed them to constrain the CO2 ‘‘continuum’’ opacity (see Sections 3 and 4). It
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should also be noted that Bézard et al.’s analysis made use of the
GEISA-97 database (Jacquinet-Husson et al., 1999) to calculate
the water vapor opacity. However, the GEISA and HITRAN databases are not designed to be high-temperature databases. Recently, Bailey (2009) has shown that corrections are needed to
these databases, which are incomplete at the high temperatures
of Venus’ lower atmosphere and also likely suffer from systematic
errors for strong lines.
In this paper, we present an analysis of the 1.10- and 1.18-lm
nightside windows observed by the infrared channel of the SPICAV
(Spectroscopy for the investigation of the characteristics of the
atmosphere of Venus) instrument aboard Venus Express. The spectral resolution, 5 cm1 at 1.18 lm (resolving power R  1700), is
about 25 times ﬁner than that of VIRTIS at this wavelength, which
allows a more precise discrimination between the various sources
of atmospheric opacity. We used a large average of SPICAV-IR spectra with a high S/N ratio to investigate the inﬂuence of the various
sources of opacity (CO2 and H2O line lists, CO2 far wing and ‘‘continuum’’ opacity) on the spectrum and of the associated uncertainties
or unknowns. The results are used to propose a best representation
of the CO2 and H2O opacity and to derive a best ﬁt H2O mixing ratio.
Section 2 describes the SPICAV-IR observations used in this
study. In Section 3, we present the radiative transfer modeling
and the spectroscopic parameters that are used to model the
SPICAV spectra. We also test the best ﬁt atmospheric model of
Bézard et al. (2009), based on VIRTIS low-resolution spectra,
against the SPICAV data. In Section 4, we investigate the effect of
the CO2 far wing lineshape, ‘‘continuum’’ opacity and of the available CO2 and H2O line lists. We also reanalyze the VIRTIS dataset of
Bézard et al. (2009) to determine simultaneously the continuum
opacity at 1.18 and 1.10 lm. In Section 5, we derive the best ﬁt
H2O mole fraction, using our best representation of the CO2 and
H2O opacity as detailed in Section 4. We discuss these results in
Section 6 and present ﬁnal conclusions in Section 7.

2. Observations
SPICAV is a suite of three spectrometers in the UV and visibleinfrared ranges (Bertaux et al., 2007) that can be used in different
observation modes. Here, we only used nadir observations by the
visible-infrared channel of SPICAV. SPICAV-IR is a single pixel spectrometer, with a 2° ﬁeld of view, based on AOTF technology, which
has inherited mostly from the SPICAM IR spectrometer (Korablev
et al., 2006) onboard the Mars Express orbiter. It includes two
channels that cover the ranges 0.75–1.05 (SW) and 1.04–1.63 lm
(LW) (see Korablev et al., in preparation and Bertaux et al., 2007
for details). In this study we only used the LW channel, which includes the 1.0, 1.10, 1.18, 1.28 and 1.31 lm nightside windows.
Two detectors (det0 and det1) record the two beams diffracted
by the AOTF in two orthogonal polarizations. The spectral resolution for each detector is about 5.2 cm1 (FWHM of the main peak)
over the whole LW range but the precise shape of the instrument
function varies with wavelength and depends on the detector.
The wavelength and radiance calibrations have been performed
both in the laboratory and in ﬂight. Several laboratory sources of
continuous and line spectrum have been used. For wavelength
and instrumental function calibration, the Xe, Ar, Hg Pen-Ray lamps
and a He–Ne laser were used. The calibration, performed at room
temperature, has been adjusted later in ﬂight using the solar spectrum. The wavelength assignment of the AOTF spectrometer is
expected to vary with the drift of the crystal temperature (a 0.36nm shift is observed for a 30 K variation). In ﬂight, this temperature
varies from 245 to 270 K. As the wavelength calibration was obtained for a crystal temperature of 255 K, the wavelength calibration error should not exceed ±0.2 nm. Taking into account other

uncertainties coming from the sampling assignment, the resulting
accuracy is about ±0.3 nm. The radiance calibration has been performed using an incandescent lamp at 2500 K.
About 1500 observations of Venus’ night side were conducted
with SPICAV-IR between 2006 and October 2009 (Orbits 20–900).
The nightside observations require a long integration time
(89.6 ms) for each spectral point. To reduce the acquisition time
per spectrum, a special mode has been applied in which only 996
spectral points are recorded. They cover two windows:
928–1051 nm (332 points) in the SW channel and 1040–1330 nm
(664 points) in the LW channel. In this mode, it takes 89 s to record
one spectrum. Only 10–20 spectra were obtained for each observation over a period of about 15–20 min.
The detailed description of the SPICAV IR instrument, procedure
of spectral scanning, calibration process and observation modes
can be found in Korablev et al. (in preparation) and references
therein.
An important ﬁrst test is to compare SPICAV and VIRTIS observations recorded during the same orbit over the same area. We
have chosen an observation during Orbit 824 over a region at latitude 27.4°S and longitude 252.5° for this comparison. The 16
SPICAV spectra recorded during the orbit and all VIRTIS spectra included in the SPICAV ﬁeld of view have been averaged. The wavelength scale of the VIRTIS observations in the v2.1 version (March
2008) of the VIRTIS VEX archive is inaccurate and a shift of 9 nm
was applied to the data, a value similar to that noted by Bézard
et al. (2009). Fig. 1 shows the SPICAV spectra recorded for the
two polarizations (det0 and det1) and the VIRTIS spectrum shifted
by 9 nm. The averaged SPICAV spectrum was convolved at a resolution of 17 nm, appropriate to VIRTIS (Bézard et al., 2009). It can
be seen in Fig. 1 that the SPICAV and VIRTIS data are in excellent
agreement, although the VIRTIS data show a small offset due to
scattered sunlight in the instrument as also shown in Bézard
et al. (2009).
For our analysis, we made a large average of LW spectra recorded
during Orbits 800 and 825. Seventy-nine observations, with 15
spectra per observation, are available for each detector during this
period. For these orbits, the NESR (noise equivalent spectral radiance) of an individual spectral point is about 0.006 W m2 sr1/lm
in the range 1100–1250 nm. For each observation, we determined
the rms noise (N) from the standard deviation of the radiance between 1212 and 1240 nm, a region where no emission from the
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Fig. 1. Comparison of an average of 16 SPICAV-IR spectra recorded during Orbit 824
with a selection of VIRTIS-M spectra (black line with squares) recorded during the
same orbit and averaged over the SPICAV ﬁeld of view. The blue and green lines
correspond to the SPICAV spectra recorded by the two detectors and the red line
with dots to the average SPICAV spectrum convolved at a resolution of 17 nm. (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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night side can be detected. The mean value of radiances in this
interval (D) should thus be zero. Any remaining signal can be due
to some stray light in the AOTF or to an imperfect correction of
the dark current, which is a sensitive function of the detector temperature. In particular, some temperature relaxation occurs after
switching on the device, which affects the ﬁrst one or two spectra
and is not taken into account by the automatic calibration procedure. We also deﬁned S as the averaged radiance in the interval
1178–1188 nm, around the peak of the 1.18-lm window. We then
applied the following selection criteria: S > 0.085, N < 0.003 and
jDj < 0.003 (in units of W m2 sr1/lm) and averaged the selected
spectra with a weighting of S/N2.
The average spectrum for Detector 1 is shown in Fig. 2 after subtracting a constant value of 0.0004 W m2 sr1/lm. This small offset corresponds to the average of the residual signal around 1060
and 1220 nm, where no emission from the night side is expected.
In our analysis, we only retained the spectrum from Detector 1 because the offsets at 1060 and 1220 nm are more consistent than for
Detector 0. We also shifted the wavelengths by 0.2 nm, a change
within the calibration uncertainty that best reproduces the locations of the H2O features as predicted by synthetic spectra (see Section 4). The noise equivalent spectral radiance (NESR) of the
averaged spectrum is 0.00021 W m2 sr1/lm, which yields a S/N
ratio of 500 at the peak of the 1.18-lm window. The characteristics
of this selection are given in Table 1.
In Section 4.2, we also used the VIRTIS dataset presented by
Bézard et al. (2009) to constrain the additional continuum opacity
present in the 1.10- and 1.18-lm windows. These data were acquired with the infrared channel of the imaging spectrometer VIRTIS-M, which covers the range 1.05–5.2 lm with a spectral
sampling of 9.5 nm (Piccioni et al., 2007). The spectral resolution is
about 17 nm (Bézard et al., 2009). The spatial sampling is 0.25 mrad
and the instantaneous ﬁeld of view is 0.25  64 mrad, with 256 pixels along the slit. Scanning in the direction across the slit with 256
step positions at 0.25 mrad per step yields a 256  256 image. The
characteristics of the selections we used are given in Table 2 of
Bézard et al. (2009).
3. Radiative transfer model
Synthetic spectra were generated using a line-by-line radiative
transfer model with scattering as described in Bézard et al. (2009).
The equation of transfer is solved using the DISORT program
(Stamnes et al., 1988), which is based on the discrete ordinate
method. Scattering by cloud particles and Rayleigh scattering by
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Fig. 2. The SPICAV-IR average spectrum used in this analysis (characteristics given
in Table 1). The noise equivalent spectral radiance is 2.1  104 W sr1 m2/lm.
The dominant sources of gas opacity are indicated.

Table 1
Characteristics of the SPICAV-IR selection.

Orbits (#)
Distance to target (km)
Latitude (°)
Longitude (°)
Emission angle (°)
Surface altitude (km)

Range

Mean value

800–825
27,700–52,100
55 to 27
203–294
0–48
1.0 to +0.9

41,100
39
242
23.5
0.25

CO2 are considered. DISORT is used with eight streams, the deltaM approximation turned on, and Henyey–Greenstein phase functions for particle scattering. We used the simpliﬁed cloud model
of Crisp (1986) with the Mie scattering parameters (extinction
cross section, single scattering albedo and asymmetry parameter)
calculated for 75% H2SO4 spherical particles. However, this model
slightly overestimates the SPICAV radiances in the 1.10- and
1.18-lm windows and we increased the optical depths in the middle and lower cloud regions, below 57 km, by 20% and above, in the
upper cloud layer, by 12% to reproduce the observed peak radiance
at 1.18 lm in our best ﬁt model. As shown by Bézard et al. (2009), a
change in the cloud optical depth produces a gray variation of the
calculated spectrum and is equivalent to a constant scaling factor.
This occurs because the clouds are cold, optically thick, and located
well above the emitting regions in the two windows. All calculations presented in the following section incorporate this nominal
cloud model but we allow the use of a constant scaling factor
(accounting for the unknown cloud optical depth) to best reproduce the observed spectrum.
The temperature proﬁle is the VIRA proﬁle, based on entry
probe data at low latitudes, as compiled by Seiff (1983, Table
A1). Surface emissivity was set to 0.95 as in Bézard et al. (2009).
The CO2 mole fraction is 0.965 and the H2O proﬁle is assumed constant with height below the clouds.
For CO2 line opacity, we tested two different line lists. The high-T
database developed by R. Wattson and presented by Pollack et al.
(1993) (hereafter ‘‘High-T’’) is based on the Direct Numerical Diagonalization (DND) technique and is commonly used by the community to model Venus’ nightside (e.g. Bézard et al., 2009). The second
database useable at high temperatures is the Carbon Dioxide Spectroscopic Databank (CDSD) developed by S.A. Tashkun and V.I. Perevalov with an effective operator approach (Tashkun et al., 2003;
Rothman et al., 2010). We used the CDSD-Venus version from June
2008 (ftp://ftp.iao.ru/pub/CDSD-2008/), which is adapted to Venus
conditions with a reference temperature of 750 K and an intensity
cutoff of 1  1030 cm molecule1. The CO2 self-broadened half
width was taken as 0.10 cm1 atm1 and varying as T0.75 for all
lines.
Bailey (2009) has presented a detailed comparison of various
H2O line lists that have been used or could be used to model the
absorption in Venus’ deep atmosphere. He concluded that the
HITRAN and GEISA lists used in most studies are deﬁcient in
high-energy lines that are important to model the deep hot atmosphere and also show errors for some tabulated lines. Bailey recommended to use instead the BT2 line list which should provide
a more complete and accurate representation of the H2O opacity
in Venus’ conditions. The BT2 line list (Barber et al., 2006; Rothman
et al., 2010) is calculated from an ab initio energy surface, combined with the ab initio dipole moment surface of Schwenke and
Partridge (2000). In this study, we tested both the BT2 and the GEISA line lists. GEISA, like HITRAN, is a compilation of data from various sources (Mandin et al., 1988 for the region 8000–9500 cm1).
We used the GEISA97 version (Jacquinet-Husson et al., 1999) as did
Bézard et al. (2009) but we checked that the 2009 edition of the
database (Jacquinet-Husson et al., 2011) is identical in the range
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8000–9500 cm1 of interest here. We added the values of the CO2broadened halfwidths from a routine provided by R.H. Tipping and
R. Freedman (private communication, 2000). As concerns BT2, the
half widths were kindly provided by J. Bailey (private communication, 2009) following the model described in Bailey (2009).
HDO has not yet been included in models of Venus’ 1.18- and
1.1-lm windows. BT2 only contains lines of the main isotopologue
H16
2 O and no HDO lines are present in GEISA or HITRAN below
1.8 lm. Recently, Voronin et al. (2010) computed a list of HDO
transitions, called VTT, using the HDO07 potential energy surface
of Yurchenko et al. (2008) and the CVR dipole moment surface of
Lodi et al. (2008). We used this line list to investigate the role of
HDO absorption in the 1.18- and 1.1-lm windows, in particular
in the region of the m2 + 2m3 band centered at 1161 nm. We ﬁxed
the D/H ratio to 127 times the terrestrial value, in agreement with
De Bergh et al. (1991). For the HDO line half widths, we used the
air-broadened values from the VTT database and multiplied them
by a factor of 1.56, which is the average CO2-broadened to airbroadened ratio derived by Delaye et al. (1989) for H2O.
We used a Voigt proﬁle for the H2O lineshape with a cutoff at
180 cm1. To model CO2 absorption in the 1.18-lm window, and
more generally in all nightside windows, it is mandatory to use a
sub-Lorentzian lineshape as illustrated in Section 4. To do so, we
simply multiplied the Voigt proﬁle by a v factor that departs from
unity beyond 3 cm1. The corrected proﬁle was calculated up to a
cutoff of 250 cm1 from line center and renormalized to yield an
integral of unity in order to conserve the line intensity. Various v
factors are tested in Section 4. We did not treat explicitly CO2 line
mixing. Bézard et al. (2009) have shown that an additional continuum opacity, possibly due to collision-induced CO2 bands and/or
extreme far wings of strong allowed CO2 bands, is needed to reproduce the variation of the 1.185-lm spectral radiance with surface
elevation. As did these authors, we parametrized this absorption
with a constant binary coefﬁcient expressed in cm1 am2. In Section 4, we re-determined this continuum absorption from the same
set of VIRTIS-M observational sequences used by Bézard et al.
(2009) and extended the analysis to the 1.10-lm window.
Fig. 3 shows a synthetic spectrum calculated at the SPICAV resolution with the same representation of the H2O (Geisa 97 database) and CO2 (High-T database, v proﬁle, continuum absorption)
opacities as in Bézard et al. and using their best ﬁt H2O mole fraction (44 ppm). Although this model very well reproduces the
low-resolution VIRTIS-M 1.18-lm spectra (e.g. Fig. 6 of Bézard
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Fig. 3. The SPICAV-IR spectrum is compared with two synthetic spectra using the
same representation of the CO2 and H2O opacities as in Bézard et al. (2009), and H2O
mole fractions of 44 ppm (red) and 30 ppm (blue). The blue dotted line corresponds
to the 30-ppm spectrum multiplied by a factor of 0.9. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

et al.), the ﬁt is less impressive when compared to SPICAV spectra.
The model yields too much absorption at 1150–1170 nm and
around 1110 nm, two regions where H2O is by far the dominant
gaseous absorber. Decreasing the H2O water mole fraction to
30 ppm reduces the discrepancy in these two regions (after renormalization at 1.180 lm) but underestimates the absorption in the
core of the water band at 1125–1145 nm. Also, both models do not
reproduce the wing of the strong 1.21-lm CO2 band in the interval
1190–1200 nm, which points to an inappropriate v factor. Finally,
the low-wavelength side of the 1.10-lm window, which was not
investigated by Bézard et al., is not correctly reproduced by the
model. Overall, this comparison suggests that it is ﬁrst necessary
to investigate carefully the various sources of opacity and compare
the available databases in order to derive reliable constraints on
the water vapor abundance.
4. Spectral parameter and line list comparisons
4.1. CO2 far wing lineshape
Absorption in the high-wavelength wing of the 1.18-lm window
is predominantly due to the wings of the strong m1 + 3m3 (r = 2) CO2
band centered at 8294 cm1 (1205.7 nm) with a band head at
8310 cm1 (1203.4 nm).
Modeling of the CO2 absorption at high pressure and temperature is a difﬁcult problem. The mechanics involved in radiation
absorption are not clear and result from several phenomena. These
include the breakdown of the Lorentz shape in the line wings,
absorption by weak (overtone and hot) allowed dipole transitions
of CO2 as well as signiﬁcant contribution of collision-induced
absorption. Such calculations require a large amount of computational time. In any case some theoretical approaches are available
to construct a model proﬁle of CO2 absorption at high temperature
and pressure. Here we tested a simple model of line mixing in the
strong collision approximation, which results in a fourth-power
decay of the band wings. This model has been proposed by Filippov
and Tonkov (1998) and applied to calculations of the opacity in the
lower atmosphere of Venus by Afanasenko and Rodin (2007). They
considered the vibrational band proﬁle instead of the individual
line proﬁles and showed that it reproduces well Venus observations in the 2.3-lm window. In the strong collisional approximation, the lifetime does not depend on the rotational state and is
averaged over the vibrational band. There is no dependence of
the collision cross-section upon the rotational degrees of freedom
and the net absorption coefﬁcient of molecular gas is obtained by
adding absorption values from all vibrational bands. Fig. 4 shows
a comparison of the theoretical spectrum calculated using this
model with the SPICAV spectrum. Clearly, the model does not provide enough absorption at 1185–1200 nm, which shifts the radiance peak to longer wavelengths. We conclude that this model
underestimates the CO2 far wing absorption.
As discussed in Section 3, the CO2 far wing absorption can be
empirically parametrized with a line shape correction factor (v).
For example, a v factor was proposed by Tonkov et al. (1996) for
the wings of the m1 + m3 band in the 2.3-lm region using laboratory
measurements at room temperature and high pressures. More recently, Tran et al. (2011) deduced temperature-dependent v factors for the m2, m3 and m1 + m3 bands from measurements at
various densities (3–57 am) and temperatures (230–473 K). Fig. 5
shows calculations made using a full Lorentz proﬁle and a proﬁle
corrected with the Tonkov et al. (1996) v factor:

Dr < 3 cm1 : v ¼ 1
3 cm1 < Dr < 150 cm1 : v ¼ 1:084 expðDr=37:0Þ
150 cm1 < Dr < 300 cm1 : v ¼ 0:208 expðDr=62:5Þ;
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Fig. 4. The SPICAV-IR spectrum (black line) is compared with synthetic spectra
calculated with the theory of molecular state interference in the strong collision
approximation using ‘High-T’ CO2 database (blue line) and the composite CO2
database proposed in this work (green line). (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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Fig. 5. The SPICAV-IR spectrum (black line) is compared with synthetic spectra
calculated with different CO2 line proﬁles: a full Lorentzian proﬁle (green dashed
line) with a cutoff at 250 cm1 from line center, the sub-Lorentzian proﬁle derived
by Tonkov et al. (1996) for the 2.3-lm region (blue dashed line), and the subLorentzian proﬁle proposed in this work (red line). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

where Dr is the distance from line center and v the factor by which
the Voigt proﬁle is multiplied. Both proﬁles are calculated up to
250 cm1 from line center. All other atmospheric parameters are
identical to those of our best ﬁt model (Table 2). As expected, the
Lorentz proﬁle clearly produces too much absorption in the wing
of the CO2 band and shifts the peak of the window to wavelengths
shorter than observed. On the other hand, the Tonkov et al. proﬁle
does not yield enough absorption at 1185–1192 nm and predicts a
peak radiance at wavelengths longer than observed. The same is
true for the proﬁle derived by Tran et al. (2011) for the m1 + m3 band,
which is very close to Tonkov et al.’s v proﬁle. We thus constructed
a v proﬁle to best reproduce the high-wavelength wing of the window. We assumed v = 1 for Dr < 3 cm1 and, beyond, a series of
exponentials for which we adjusted the intervals and constant
terms in the exponents. The quality of the ﬁt was evaluated in the
interval 1185–1200 nm after renormalization to the observed radiance at the peak of the window (1180 nm). We obtained the following form:

We used the same VIRTIS-M dataset as Bézard et al. (2009) to
determine the continuum opacity at 1.10 lm, following the method
they used at 1.185 lm. In that paper, spectra recorded during the
same session, over different surface elevations, but having similar
cloudiness, were selected. Spectral radiances at 1.31 (Spectel 30),
1.28 (Spectel 27) and 1.74 (Spectel 76) lm do not probe down to
the surface and were used to characterize the cloudiness of the selections. Their characteristics are given in Table 2 of Bézard et al. We
ﬁrst redid the analysis at 1.185 lm, using our best ﬁt atmospheric
model (Table 2) and slightly improving over Bézard et al.’s analysis
by correcting the data points from scattered light in the instrument.
To remove it, we used Spectels 3–5 (1053–1072 nm) and 22–23
(1233–1243 nm) where no emission from the night side is expected,
and assumed a linear variation between these two regions. Fig. 6a
shows the variation of the 1.185-lm radiance, ratioed to that for a
zero-elevation spectrum, as a function of altitude. Each datum point
bears an estimated uncertainty of ±0.02 or ±0.03, depending on the
amount of scattered light that was subtracted. A least square ﬁt of
these data indicates a variation of the intensity of 6.0 ± 0.4% per
km. Comparison with model calculations indicate that a constant
absorption coefﬁcient of 0.70 ± 0.16  109 cm1 am2 best reproduces the observed variation.
We performed the same analysis for the 1.10-lm window. Scattered light was removed as described above. The peak intensity in
the window was derived from a parabolic ﬁt of Spectels 7, 8 and 9
(1091, 1100 and 1110 nm). The variation of the relative intensity
(with respect to that at 0 km altitude) with surface elevation is
shown in Fig. 6b. The mean slope is 7.2 ± 0.6% per km. It is about
20% steeper than that at 1.185 lm due to the higher atmospheric
transparency of the lower atmosphere. The 1.10-lm variation is
best reproduced by a model with a constant continuum absorption
coefﬁcient of 0.69 ± 0.23  109 cm1 am2.
The coefﬁcients determined at the two wavelengths agree within error bars and we have therefore included in our best ﬁt model a
constant continuum absorption of 0.70 cm1 am2.
Fig. 7 shows a comparison between spectra calculated with constant absorption coefﬁcients of 0.5 and 1.0  109 cm1 am2,
which bracket the possible range for this coefﬁcient. Increasing the
absorption coefﬁcient from 0.5 to 1.0  109 cm1 am2 causes a
25% decrease in radiance at the peak of the windows. However, after
renormalization at 1.185 lm, the two spectra are relatively close so
that the uncertainty in the absolute value of the continuum absorption coefﬁcient is not a major source of modeling error. Also shown is
a case in which the absorption coefﬁcient decreases from
0.75 cm1 am2 at 1.185 lm to 0.65 cm1 am2 at 1.10 lm as allowed by the error bars. It illustrates that the variation of this absorption coefﬁcient between the two windows affects their relative
intensities and is potentially an important parameter when the
two windows are modeled simultaneously.
4.3. CO2 line lists
Two line lists, CDSD and ‘‘High-T’’, are appropriate to model Venus’ nightside emission (see Section 3). Fig. 8 shows synthetic
spectra calculated using CDSD or ‘‘High-T’’ and, for the other
parameters, those of our best ﬁt model. Clearly the CDSD line list
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Table 2
Recommended opacity model for the 1.10- and 1.18-lm nightside windows.
Parameter
Sub-Lorentzian proﬁle with v factor
Dr < 3 cm1: v = 1
3 cm1 < Dr < 20 cm1: v = 1.2214 exp(Dr/15.0)
20 cm1 < Dr < 120 cm1: v = 0.3477 exp(Dr/260.0)
Dr > 120 cm1: v = 0.7276 exp(Dr/100.0)

Additional continuum opacity
CO2 line list
H2O line list
HDO line list
H2O mole fraction

0.7  109 cm1 am2 (constant)
Combination of CDSD (Tashkun and Perevalov, 2008a) and ‘‘High-T’’ (Pollack et al., 1993) line lists (see Section 4.3)
BT2 (Barber et al., 2006)
VTT (Voronin et al., 2010)
30 ppm with D/H = 127 

ftp://ftp.iao.ru/pub/CDSD-2008/
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Fig. 6. Relative variations of the intensity at 1.185 lm (a) and 1.10 lm (b) as a
function of surface elevation for the Visible and Infrared Thermal Imaging
Spectrometer (VIRTIS) spectral selections in Table 2 of Bézard et al. (2009)
(symbols). Model variations for different additional continuum opacities (0.5, 1.0
and 1.5  109 cm1 am2) are shown for comparison.

provides less opacity than ‘‘High-T’’ in the region 1110–1190 nm
and yields a worse ﬁt of the SPICAV data. This is due to the lack
of lines from the 5m1 + m3 series in the CDSD database (V. Perevalov,
private communication, 2010). This occurs because the effective
dipole moment parameters for this series could not be obtained
in the lack of laboratory intensity measurements. In contrast,
‘‘High-T’’, which was generated using the Direct Numerical Diagonalization (DND) technique and uses a dipole moment function, includes lines from these exotic bands with relatively reliable
intensities. At wavelengths shorter than 1100 nm, where hot bands
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Fig. 7. Comparison of the observed spectrum with spectra calculated for continuum
absorption coefﬁcients equal to 0.5  109 cm1 am2 (green line), 1.0  109
cm1 am2 (blue line) and varying from 0.75  109 cm1 am2 at 1185 nm to
0.65  109 cm1 am2 at 1110 nm (purple line). Upper panel: raw calculations;
Lower panel: spectra renormalized to the observed radiance at 1185 nm. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

from the 2m1 + 3m3 dominate the CO2 opacity, CDSD yields more
absorption than ‘‘High-T’’ and is closer to the SPICAV spectrum.
In general, CDSD is expected to be more accurate than ‘‘High-T’’ except for some missing exotic bands such as the 5m1 + m3 series.
We built a composite CO2 line list by combining the CDSD and
‘‘High-T’’ databases. In the region 8387–9017 cm1 (1109.0–
1192.3 nm), dominated by the 5m1 + m3 series, we used ‘‘High-T’’
but we also added the lines from the 4m3  m2 combination band
and its ﬁrst hot band (4m3 + m2  2m2) which are in CDSD but not
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Fig. 8. Synthetic spectra calculated with the CDSD (blue line) ‘‘High-T’’ (green line)
and composite (this work, red line) CO2 line lists are shown along with the observed
SPICAV spectrum. The spectrum calculated with the composite CO2 line list (red
line) follows closely that calculated with ‘‘High-T’’ between 1100 and 1190 nm and
that calculated using CDSD beyond 1190 nm. This spectrum is also visible as a red
line in Figs. 9–11. (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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in ‘‘High-T’’. Outside this interval, we used CDSD to which we added
lines from the 5m1 + m3 series and the associated hot bands from the
lower levels m1, m2 and 2m2. Positions, energy levels and relative
intensities were calculated by V. Perevalov (private communication, 2010) and the absolute intensities were derived by rescaling
to the intensity of the most intense component (r = 4) of the
5m1 + m3 band in ‘‘High-T’’. A synthetic spectrum generated with this
composite line list is in better agreement with the SPICAV spectrum
compared with spectra based on either CDSD or ‘‘High-T’’ (Fig. 8).
4.4. Water vapor line lists
We compared spectra calculated with the BT2 database recommended by Bailey (2009) and with the GEISA database which was
used by Bézard et al. (2009). The sub-cloud H2O mole fraction is
30 ppm in both cases. Fig. 9 shows that, as expected, BT2 provides
more absorption than GEISA. We can note however that, after
renormalization at 1.18 lm, the ﬁt of the observed spectrum is
not drastically improved by the use of BT2. It is better at
1170–1180 nm but worse at 1140–1150 nm where there is not enough absorption. Increasing the H2O mole fraction to remove this
discrepancy degrades the ﬁt in other regions as shown in the following section. Following the recommendations of Bailey (2009),
we chose to retain the BT2 database in our modeling as it clearly
brings more absorption, being more complete than GEISA (or
HITRAN).
Fig. 9 also shows the effect of HDO absorption, which was not
included in any previous modeling of these windows. It reduces
the radiance at the peak of the 1.18-lm window by 7% and is
noticeable from 1140 to 1190 nm, i.e. in the region of the m2 + 2m3
HDO band. On the other hand, HDO brings no signiﬁcant opacity
in the 1.10-lm window. After renormalization at 1.185 lm, one
can see that adding HDO opacity reduces the discrepancy with
the SPICAV spectrum in the interval 1170–1180 nm.
5. Water vapor abundance
Having deﬁned the best representation of the CO2 and H2O
opacities, we can now investigate the inﬂuence of the water abundance on the spectrum in the two windows. We assumed a constant-with-height mole fraction below the clouds and kept the
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Fig. 9. The SPICAV spectrum is compared to synthetic spectra calculated with the
GEISA 97 (blue line) and BT2 (green line) H2O line lists, and to a spectrum
incorporating the VTT database for HDO in addition to the BT2 line list for H2O (red
line). The H2O mole fraction is 30 ppm and the D/H ratio is 127 times the terrestrial
value. Upper panel: raw calculations; Lower panel: spectra renormalized to the
observed radiance at 1185 nm. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

D/H ratio constant (127 ). Fig. 10 shows spectra calculated with
mole fractions of 20, 30 and 45 ppm. Varying the H2O abundance
from 20 to 45 ppm has a large effect on the spectrum from 1090
to 1190 nm by increasing the absorption in the core and in the
wings of the H2O band. After renormalization at 1185 nm, it appears that the 20-ppm spectrum clearly underestimates the H2O
absorption in the whole band. The 45-ppm spectrum yields too
much absorption except in the 1120–1140 nm region where the
agreement with the observations is good. The 30-ppm spectrum
yields a good reproduction of the water band in the SPICAV spectrum except near 1125 and 1140 nm and in the high-wavelength
wing of the band between 1168 and 1177 nm, where the calculation misses some absorption. Clearly, some absorption is also missing outside of the water band, in the low-wavelength wing of the
1.10-lm window from 1085 to 1100 nm. The 1.10-lm window
as a whole cannot be reproduced for any value of the water vapor
mole fraction; the missing absorption at 1085–1100 nm is thus
likely not due to water vapor but possibly to missing CO2 bands
in the CDSD database (or collision-induced CO2 bands).
We also performed a least-square ﬁt to the data in the range
1100–1185 nm. We excluded the region longward of 1185 nm because it is dominated by far-wing absorption from the 1205-nm
CO2 band and the model depends strongly on the assumed subLorentzian CO2 factor which was adjusted for a 30-ppm H2O mole
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fraction. We also excluded the low-wavelength side of the 1.10-lm
window because it clearly gives evidence for a missing non-H2O
opacity, as discussed just above. We get a best-ﬁt mole fraction
of 35 ppm either after ﬁxing the scaling factor to reproduce the
1185-nm radiance or considering it as a free parameter in the ﬁt.
The rms value of the residuals is 0.0025 W m2 sr1/lm, about
12 times larger than the NESR. Fig. 11 shows a comparison between spectra calculated with 30 and 35 ppm after renormalization of the latter at 1185 nm (multiplying factor of 1.05). It is
difﬁcult to decide which one provides the best ﬁt of the data. The
35-ppm calculation reproduces well the high-wavelength wing of
the H2O band (1168–1180 nm) and the core of the band at
1115–1135 nm, at least better than the 30-ppm case. On the other
hand, it yields too much absorption in the 1145–1160 nm region
near the center of the H2O band and in the low-wavelength wing
of the band between 1105 and 1115 nm. The 30-ppm calculations
matches the SPICAV spectrum in these two regions but underestimates the absorption at 1120–1130 nm and in the high-wavelength wing of the H2O band, between 1168 and 1177 nm, as
mentioned earlier. Both spectra yield a too high radiance around
1125 and 1140 nm, which points to a missing source of opacity
in these two regions. Although 35 ppm is the best choice to minimize the residuals of the ﬁt, we tend to prefer a mole fraction of
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Fig. 10. The SPICAV spectrum is compared to synthetic spectra calculated with H2O
mole fractions of 20, 30 and 45 ppm using our best estimate for the representation
of the H2O/HDO and CO2 opacity. The D/H ratio is 127 times the terrestrial value.
Upper panel: raw calculations; Lower panel: spectra renormalized to the observed
radiance at 1185 nm (multiplicative factors of 0.90, 1.0 and 1.165 have been applied
to the 20-, 30- and 45-ppm spectra respectively).

1080

Fig. 11. Comparison of the observed spectrum with spectra calculated for H2O mole
fractions of 30 and 35 ppm. The latter is rescaled by a factor of 1.05 to match the
1185-nm observed radiance.

30 ppm because we consider that the mismatch in the regions
1120–1130 nm and 1168–1177 nm could result from a missing
opacity, likely from CO2 or H2O. On the other hand, the 35-ppm calculation provides too much absorption in two intervals of the H2O
band, which seems difﬁcult to reconcile with the data, except if the
BT2 database has signiﬁcant errors. In any case, we agree that the
two values are defensible and we retain 30–35 ppm as a possible
range for the best-ﬁtting water vapor mole fraction. Calculations
with either 20 or 45 ppm disagree strongly with the observations
in the whole H2O band and we can conservatively set a range of
25–40 ppm for the acceptable range of the water vapor mole
fraction.
We evaluated the altitude range to which the SPICAV spectrum
is most sensitive to the H2O mixing ratio. To do so, we calculated a
sensitivity function S(k, z) as the change in radiance (dI) at wavelength k induced by an increase of the H2O mole fraction from 30
to 45 ppm in a 1-km thick layer centered at altitude z (Fig. 12).
We found that at 1170 nm, in the wing of the H2O band, the sensitivity function peaks at 12 km with a full width at half maximum
(FWHM) of 4–23 km. In the core of the band, at 1150 nm, the sensitivity to the H2O mole fraction is maximum at 18 km and extends
from 7 to 31 km at half maximum.

6. Discussion
We have investigated the effects of the various model parameters that inﬂuence the nightside spectrum from 1060 to 1220 nm
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Fig. 12. Sensitivity of the nightside emission at 1150 and 1170 nm to the water
vapor mole fraction proﬁle. Shown is the variation of radiance dI caused by a change
in the water mole fraction from 30 to 45 ppm in a 1-km thick layer centered at a
given altitude.

and tried to deﬁne the best representation of the opacity sources,
given the present unknowns or inaccuracies in the relevant spectroscopy. Our recommended model is given in Table 2.
As illustrated in Fig. 13, the sub-Lorentzian proﬁle we derived
from ﬁtting the high-wavelength wing of the 1.18-lm window is
clearly more absorbing (or less ‘‘sub-Lorentzian’’) than that inferred by Tonkov et al. (1996) or Tran et al. (2011) for the m1 + m3
band wing near 2.3 lm. This may result from a variation of the
far wing lineshape with the band or with temperature (Tonkov
et al.’s analysis is based on room temperature measurements), or
both of course. We have also plotted in Fig. 13 values of v derived
by Burch et al. (1969) for the wing of the 3m3 band in the 7000cm1 (1.4 lm) region at 431 K. These wavelength and temperature
conditions are closer to those relevant to Venus’ 1.18-lm window
and it appears that the Burch et al. values are close to the v proﬁle
we used. We also compared our proﬁle with that designed by
Meadows and Crisp (1996) to reproduce the 1.18-lm window they
observed from the ground at moderate resolution (k/Dk  400).
This proﬁle (here shown at 650 K) provides too much absorption
for our modeling of the SPICAV spectrum.
The line mixing model in the strong collision approximation
(Tonkov et al., 1996; Filippov and Tonkov, 1998; Afanasenko and
Rodin, 2007) does not reproduce the data beyond 1180 nm. The
model may be improved further by employing a tuneable branch
coupling factor and taking into account the effect of intermolecular
potential leading to the exponential decay of very far wings, which
overlays the conventional line-mixing band shape. This study is beyond the scope of this paper.
Re-analyzing the VIRTIS dataset from Bézard et al. (2009), we
found that the variation of the radiance at the peak of the 1.10and 1.18-lm windows with surface elevation requires an
1
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Fig. 13. The v factor we used for modeling CO2 lineshape (solid line) is compared
with Tonkov et al.’s (1996) v proﬁle near 2.3 lm for room temperature (dashed
line), that measured by Burch et al. (1969) at 431 K around 1.4 lm (square symbols)
and that used by Meadows and Crisp (1996) to model their ground-based
observations of the 1.18-lm window (at 650 K, dash-dotted line). The Lorentz case
(dotted line) corresponds to v = 1.
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additional opacity. We derived an absorption coefﬁcient of
0.7 ± 0.2  109 cm1 am2 for the two windows, which is somewhat lower than that derived by Bézard et al. (2009) at 1.18 lm
(1.0 ± 0.4  109 cm1 am2). The reason is twofold: ﬁrst, we reﬁned the analysis by correcting for the small amount of scattered
light in the VIRTIS data at this wavelength and secondly, our atmospheric model incorporates more opacity from water vapor. The use
of the BT2 and VTT line lists for H2O and HDO respectively in place
of GEISA more than compensates for the lower H2O mole fraction in
this work (30 vs. 44 pm in Bézard et al. (2009)).
As concerns the CO2 line databases, we have shown that the
‘‘high-T’’ database (Pollack et al., 1993) provides more opacity than
CDSD (Tashkun et al., 2003; Rothman et al., 2010) in the region
1110–1190 nm and better reproduces the observations. This is
due to the absence of the various components (cold and hot) of
the 5m1 + m3 band in CDSD. On the other hand, CDSD is supposedly
more accurate than HITEMP, besides such missing exotic bands. In
particular, it provides more absorption than HITEMP below
1100 nm, where hot bands of the 2m1 + 3m3 mode dominate, which
better agrees with the SPICAV spectrum. We therefore recommend
using a composite line list which combines CDSD and ‘‘High-T’’ to
model the 1.10- and 1.18-lm windows. In the future, it would be
more satisfactory to include the 5m1 + m3 series directly in CDSD
but this requires intensity measurements of several components
of this vibrational transition.
We agree with Bailey (2009) that the BT2 spectroscopic database (Barber et al., 2006) yields more opacity than GEISA or
HITRAN in the whole region 1090–1190 nm. It leads to a 10%
reduction of the peak radiance at 1.10 and 1.185 micrometers
and slightly reduces the extra radiance around 1125 and
1140 nm. We also showed for the ﬁrst time that HDO brings a signiﬁcant additional opacity at 1140–1190 nm with a 7% reduction
in radiance at the peak of the 1.18-lm window. This calculation relies on the VTT line list, recently made publicly available by
Voronin et al. (2010). We recommend the use of BT2 and VTT for
future modeling of the 1.10- and 1.18-lm windows.
Using the sources of atmospheric opacity described above, we
determined a best-ﬁt value for the H2O mole fraction of 30þ10
5
ppm (assumed constant below the clouds). This value is smaller
that that derived by Bézard et al. (2009) from VIRTIS-M spectra
(44 ± 9 ppm), even though the error bars overlap. We believe that
the difference is due to the low resolution of the VIRTIS data
(17 nm) which impedes the separation of the various sources of
opacity and of some instrumental parameters (spectral registration, spectral resolution). Fig. 3 clearly shows that a spectrum calculated with the best ﬁt model of Bézard et al., i.e. using a mole
fraction of 44 ppm and their representation of the CO2 and H2O
opacity, does not reproduce the SPICAV spectrum and yields too
much H2O absorption. Our result agrees with most previous determinations as reviewed by Bézard and de Bergh (2007) and with the
values recommended by these authors and by Taylor et al. (1997),
30 ± 10 ppm. The relatively high value of Meadows and Crisp
(1996), 45 ± 10 ppm, appears to be due to the use of a preliminary
high-temperature line list for H2O that Bailey (2009) showed to
have large errors in line intensity. When these are corrected, the
Meadows and Crisp (1996) mole fraction drops to 27 ± 6 ppm (Bailey, 2009), in good agreement with the SPICAV determination.
From a reanalysis of the Venera optical spectra, Ignatiev et al.
(1997) argued that the H2O mole fraction increases from about
20 ppm at 10–20 km to 50–70 ppm below 5 km. We cannot really
test this possibility as our weighting functions peak at 12 and
18 km respectively in the wings and in the core of the H2O band,
with little sensitivity to a possible concentration gradient between
10–20 and 0–5 km.
Our determination, which mostly pertains to the altitude region
5–25 km, is similar to that measured at higher altitudes below the
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clouds from the nightside windows at 1.74 and 2.3 lm. Groundbased observations, as reviewed by Bézard and de Bergh (2007),
and analysis of VIRTIS-H spectra (Marcq et al., 2008) at 2.3 lm indicate a H2O mole fraction of about 30 ppm in the range 30–45 km.
Recently, Tsang et al. (2010) have interpreted spectral variations in
VIRTIS-M spectra as an indication of water vapor variations between 22 and 35 ppm at 30–40 km. Such a variation, if conﬁrmed,
could be linked to cloud convection. Ground-based observations
of the 1.74-lm window, which probe the altitude range 15–
30 km, also indicate a mole fraction of 30 ppm with an error bar
of about ±10 ppm (Bézard and de Bergh, 2007). Thus, Venus’ nightside emissions in the different windows point to a uniform water
vapor proﬁle between 5 and 45 km with a mole fraction
30 ppm. This agrees with chemical models which do not predict
any signiﬁcant variation between 0 and 38 km (Krasnopolsky,
2007). Below the clouds, the only sink for H2O is the formation of
H2SO4 vapor above 38 km, leading to a depletion of about 2 ppm
at 40 km and 7 ppm at 45 km.
Our best ﬁt model still show discrepancies with the SPICAV
spectrum. The most noticeable one is a missing absorption between 1085 and 1100 nm. This interval is no longer sensitive to
H2O absorption (see Fig. 10) and accordingly we believe that the
mismatch is due to missing CO2 absorption. It could result from
missing bands in the CDSD databank, or from the presence of collision-induced bands. Another possibility could be absorption by
weak bands from another abundant molecule, such as SO2. The
7m3 and m1 + 6m3 bands of SO2 are predicted to occur in this region
(Iachello and Oss, 1990) but the large number of vibrational quanta
involved in these transitions likely implies too low band intensities
to affect the Venus spectrum. The other discrepancies are near the
core of the H2O band near 1125 and 1140 nm and possibly in its
wing in the interval 1168–1177 nm if a 30 ppm H2O is used. The
missing absorptions in these regions can be due to inaccuracies
in the CO2 or H2O line lists we used. In particular, the intensities
of the 5m1 + m3 series of CO2 cold and hot bands come from the
‘‘high-T’’ database and may be affected by large uncertainties.

7. Conclusions
We have used observations of the night side of Venus by the Venus Express/SPICAV-IR instrument in the 1.10- and 1.18-lm windows to better characterize the various sources of molecular
opacity at these wavelengths and determine the average mole fraction of water vapor in the 5–25 km altitude range.
We ﬁrst showed that the theoretical line proﬁle proposed by
Afanasenko and Rodin (2007) does not yield enough absorption
in the high-wavelength wing of the 1.18-lm window, dominated
by the far wing of the strong m1 + 3m3 (r = 2) CO2 band centered at
1205.7 nm. More theoretical work, e.g. on the effect of intermolecular potential and considering a tunable branch coupling factor is
necessary to improve the theory. We have derived instead an
empirical v factor proﬁle that reproduces this wing. This v proﬁle
is larger, and thus provides more absorption, than that derived by
Tonkov et al. (1996) and Tran et al. (2011) for CO2 bands near
2.3 lm at room temperature. It is relatively close to the v proﬁle
derived by Burch et al. (1969) at 431 K for CO2 lines near 1.4 lm.
The variation of the 1.10- and 1.185-lm radiance with surface
elevation, as observed by the Venus Express/VIRTIS-M instrument,
requires an additional ‘‘continuum’’ opacity, besides that provided
by the CO2 and H2O allowed bands. We have re-analyzed the dataset of Bézard et al. (2009) to constrain this additional absorption at
1.10 and 1.185 lm. We found that a constant absorption coefﬁcient,
equal to 0.7 ± 0.2  109 cm1 am2, reproduces the variation of
the spectral radiance with surface elevation. This continuum opacity probably results from CO2 collision-induced bands and extreme

far wings of strong CO2 bands at wavelengths beyond 1.2 lm. Up to
now, this continuum opacity could be measured only in the 2.3-lm
window, at room temperature, and has been shown to result mostly
from collision-induced bands (Tonkov et al., 1996). Laboratory
measurements in the 1.10- and 1.185-lm windows at temperatures of Venus’ deep atmosphere would be very useful but are overwhelmingly difﬁcult due to the huge pathlengths and high
temperatures (600–730 K) required.
We have modeled the SPICAV spectra using either the high-T
CO2 line list (Pollack et al., 1993) or the CDSD line list (Rothman
et al., 2010; version from June 2008). The latter provides less
absorption than HITEMP in the interval 1110–1190 nm, and reproduces worse the observed spectrum, due to the absence of the
5m1 + m3 series of CO2 bands (cold and hot). On the other hand,
CDSD agrees better with the observations shortward of 1100 nm
although the data clearly show evidence for a missing absorption
between 1085 and 1100 nm. In this work, we have ﬁnally used a
composite CO2 line list combining ‘‘High-T’’ and CDSD. Laboratory
experiments, using Cavity Ring Down Spectroscopy (e.g. Campargue et al., 2010), could allow precise intensity measurements of
lines from several components of the 5m1 + m3 series of CO2 bands.
These bands could then be added in the CDSD database with a good
accuracy, which would likely improve over the CO2 line list we
used here.
Absorption by HDO had not been previously added in the modeling of the 1.10- and 1.18-lm windows owing to the lack of spectroscopic line list. Using the recent VTT line list provided by
Voronin et al. (2010), we found that the inﬂuence of HDO is significant in the range 1140–1190 nm, inducing a 7% drop in radiance at
1185 nm and slightly improving the ﬁt of the SPICAV spectrum. We
also conﬁrm that the BT2 database of Barber et al. (2006) yields
more opacity than the GEISA or HITRAN databases, being more
accurate and more complete in high-energy lines (Bailey, 2009).
Using BT2 in place of GEISA reduces the peak intensities in the
two windows by 10%.
Based on this atmospheric model (Table 2), the water vapor
mole fraction we inferred is 30þ10
5 ppm. It pertains to the altitude
range from 5 to 25 km. This value is fully consistent with the mole
fraction derived at 30–45 km from the 2.3-lm window and at 15–
25 km from the 1.74-lm window (e.g. Bézard and de Bergh, 2007).
This result gives strong evidence that the water mole fraction is
constant from approximately 5 to 40 km, as predicted by chemical
models (Krasnopolsky, 2007). Note that our analysis is not really
sensitive to a possible gradient in the H2O mole fraction below
5–10 km as suggested by some in situ measurements (Ignatiev
et al., 1997; Donahue and Hodges, 1992).
A natural extension of this work would be to use SPICAV observations at various locations to search for possible spatial (or temporal) variations as did Bézard et al. (2009) from VIRTIS-M data.
SPICAV-IR observations offer a good coverage of the southern hemisphere but with a limited horizontal resolution (1000–2000 km, i.e.
10–20° in latitude). In contrast, at high northern latitudes, a much
better resolution (100 km) can be achieved but the integration
time available at one location is short due to the rapid motion of
the spacecraft. Peltier cooling of the detectors, routinely applied
to nightside observations since Orbit 1400, combined with shorter (22 s) observing sequences limited to the short-wavelength windows allow us to obtain a sufﬁcient S/N ratio for such observations
and search for H2O variations. Also, analysis of SPICAV data recorded over terrains of various elevations, including if possible
Maxwell Montes, would allow us to constrain the water vapor proﬁle in the 0–10 km range, following the method developed by
Meadows and Crisp (1996). This is important to discriminate between a uniform proﬁle and a large change below 5–10 km as mentioned above. It may also provide better constraints on the
‘‘continuum’’ opacity and possibly allow us to check if it varies
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quadratically with density as expected for collision-induced bands
or far wing opacity.
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