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Abstract: The SPICAV IR spectrometer on board the Venus Express mission measured spectra of the 
1.1- and 1.18-μm atmospheric transparency windows at the Venus night side. The H2O volume 
mixing ratio in the deep Venus atmosphere at about 10-16 km has been retrieved for the entire 
SPICAV IR dataset using a radiative transfer model with multiple scattering. One of the challenges 
in modeling Venus’ night-side thermal emission in transparency windows is the deviation of the far 
wings of H2O and CO2 absorption lines from the Lorentz profile. Depending on the chosen approach 
to calculate the H2O absorption, the volume mixing ratio is: 27.1±1.1 ppmv for the Voigt profile, 26.9 
± 1.0 for the semi-empirical MT_CKD water vapor continuum model, 23.6±1.0 ppmv for the super-
Lorentzian line profile. The zonal mean of the water vapor VMR do not vary significantly from 60°S 
to 70°N. Observations of polar latitudes are characterized by the increased noise level and might 
show a slight H2O mixing ratio decrease of 2 ppmv. No prominent long-term change on the time scale 
of 8 years nor local time variations of water vapor were detected. 

Keywords: Venus atmosphere; infrared spectroscopy; acousto-optical tunable filter spectrometer 
 

1. Introduction 

Venus has a dense CO2-atmosphere with a very low water content. Whether liquid water has 
ever existed on Venus remains unresolved. The presence of significant amounts of water in some 
form in the past is supported by the anomalous isotopic ratio of HDO to H2O. In the lower atmosphere 
of Venus, the HDO/H2O ratio is approximately 150 times higher than on Earth [1], and above the 
clouds it has been measured to be 240±25 terrestrial values [2]. The loss of water from Venus can be 
attributed to the dissociation of its molecules into oxygen and hydrogen. In the absence of a magnetic 
field on Venus, the loss of light hydrogen molecules by the atmosphere is significant [3]. Water vapor 
contained in the lower atmosphere plays a crucial role in the formation of sulfuric acid (H2SO4) 
clouds, which enshroud the planet by a layer extending from 47 to 70 km. A potential supply of water 
vapor is volcanic degassing [4]. Thus, study of the abundance and distribution of water vapor in the 
lower atmosphere allows us to gain a comprehensive understanding of the chemistry and evolution 
of Venus. 

The contribution of water vapor to the present greenhouse effect is relatively minor on Venus, 
which is the opposite of what occurs on the Earth. However, H2O absorption regulates the 
transmission of several infrared (IR) transparency windows of the Venus atmosphere. The 
atmospheric windows are narrow spectral intervals between strong CO2 absorption bands and were 
discovered by Allen and Crawford in 1983 [5]. Thermal radiation escaping to outer space in 
transparency windows provides one of the most effective remote sensing tools to investigate 
composition of the Venus near-surface atmosphere. Spectral windows at 1.1, 1.18, 1.74 and 2.3 μm 
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are overlapped by the H2O absorption bands and correspond to thermal emission originating at 
different altitudes in the Venus atmosphere. The 1.1- and 1.18-μm windows allow sensing the Venus 
surface and the altitudes of 0-15 km. Thermal emission in the 1.74-μm and 2.3-μm windows is formed 
at 15-30 km and 30-45 km correspondingly [6]. 

The water vapor is well mixed below the clouds. Its volume mixing ratio (VMR) in the Venus 
lower atmosphere was obtained close to 30 ppmv (parts per million) without vertical evolution in 
remote observations. Spectra obtained during descent of Venera 13 and 14 landers proposed two H2O 
profiles: (1) a uniform distribution with VMR of 30 ppmv, (2) a decrease from 30 ppmv at the lower 
cloud boundary down to 20 ppm at 10-20 km and then an increase up to 50-70 ppmv below 5 km [7]. 
It was not possible to distinguish between the two conclusions due to experimental uncertainties [7]. 
Sensitivity to H2O absorption at altitudes of 0-5 km is low for observations in transparency windows 
[8,9], and it is discussed in Section 3. Table 1 presents the summary of the H2O observations in the 
transparency windows. Spatial variations of water vapor have not been observed in the 1.18 μm 
[10,11] and 1.74 μm [11] windows. At higher altitudes, spatial inhomogeneity of water vapor was 
detected [11,12], and an anti-correlation between H2O and cloud opacity was suggested [12].  

Table 1. Overview of water vapor measurements in the Venus transparency windows. 

Transparency window Altitude, km H2O content, ppmv 

1.1 & 1.18 μm 0-15 

30 ± 15 [13] 
30 ± 15 [14] 
45 ± 10 [15] 
44 ± 9 [10]  
27 ± 6 [16] 
32.5 [17] 

30 + 10−5 [8] 
31 +9−6 [18] 

25.7+ 1.4−1.2 (surface emissivity of 0.95) [9] 
29.4+ 1.6−1.4 (surface emissivity of 0.6) [9] 

29 ± 2 (2009), 27 ± 2 (2010) [11] 

1.74 μm 15-30 

50 +50-25 [19] 
40 [20] 

30 ± 7.5 [6] 
30 ± 10 [14] 
25 ± 5 [21] 

33 ± 2 in 2009, 32 ± 2 in 2010 [11] 

2.3 μm 30-45 

~40 [20] 
25 +25-13 [19] 

40 (dry profile), 200 (wet profile) [22]  
30 ± 6 [6] 

30 +15-10 [14] 
26 ± 4 [23] 
31 ± 2 [24] 

(22-35) ± 4 [12] 
~30-45 (35 km), ~50 (50 km) [25] 
34 ± 2 (2009), 33 ± 3 (2010) [11] 

27 ± 3.5 [26]  

We present the first complete analysis of observations in the 1.1 and 1.18 μm transparency 
windows by the SPICAV (SPectroscopy for the Investigation of the Characteristics of the Atmosphere 
of Venus) spectrometer on board Venus Express [27]. The abundance of water vapor in the deep 
atmosphere of Venus was studied over a period of 8 years, updating and extending the results of 
previous studies [8,9]. The data coverage corresponds almost to the whole night hemisphere and is 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 13 May 2025 doi:10.20944/preprints202505.0965.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202505.0965.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 19 

 

described in Section 2. The developed forward radiative transfer model and retrieval algorithm are 
presented in Section 3. The retrieved water vapor abundance is reported in Section 4 and discussed 
in Section 5. Conclusions are presented in Section 6. 

2. Observational Dataset 

The IR channel of the SPICAV spectrometer operated on board the Venus Express spacecraft 
from April 2006 to December 2014 [27,28]. The instrument was based on the acousto-optical tunable 
filter (AOTF) technology, and the spectrum was recorded sequentially by tuning the AOTF to a 
specific wavelength. The full spectral range of the instrument was 0.65-1.7 μm with the ability to limit 
a spectral range and to choose sampling. The filter split the incoming light into two beams with 
orthogonal polarizations, which were focused onto two Si-InGaAs photodiode detectors. The silicon 
and InGaAs sensors were sensitive to radiation in the spectral ranges of 0.65-1.05 μm and 1.05-1.7 
μm. The spectral resolution within these ranges was 7.8 cm-1 and 5.2 cm-1, respectively. The detectors 
could be cooled by integrated Peltier elements to increase the signal-to-noise ratio. Venus 
transparency windows required a long exposure time, which was 44.8 and 89.6 ms per spectral point. 
The signal-to-noise ratio (SNR) was 50 for 89.6 ms exposure time and cooled detectors, and the noise 
doubled without cooling [27]. For each observation, the signal noise was determined as the standard 
deviation of the radiance at 1.21-1.24 μm, where the atmosphere is opaque. When this spectral 
interval was not observed to reduce the duration of a measurement, spectrum uncertainties were 
estimated based on the SNR proportionally to the square root of the exposure time. The wavelength 
was assigned to the spectral point based on the AOTF parameters, and the calibration uncertainty is 
less than 0.2 nm. Radiance calibration accuracy was estimated to be better than 20%. The details on 
the SPICAV IR calibration can be found in Ref. [27]. 

The field of view (FOV) of the SPICAV spectrometer was circular with an angular size of 2°. The 
Venus Express orbit was elongated with a pericenter near the North Pole, and the spacecraft altitude 
varied from 250 km to 66000 km. Thus, the SPICAV footprint diameter varied from 9 km to 2300 km 
from northern to southern latitudes, and the observations of the Southern Hemisphere had lower 
spatial resolution. The spatial coverage, with an indication of the SPICAV footprint at the surface, is 
shown in Figure 1.  

The instrument could observe the Venus transparency windows at 1.0, 1.1, 1.18, 1.28 and 1.31 
μm. Due to the long integration time of one spectral point, the measurements of the transparency 
windows are spatially separated in the northern hemisphere. To minimize the influence of spatial 
shifts in the data analysis, we limit the analyzed spectral range to 1.06-1.21 μm, covering the 1.1 and 
1.18 μm windows to study the water vapor content in the lower atmosphere of Venus. 

 

Figure 1. Spatial distribution of the 1.1- and 1.18-μm transparency window observations analyzed in this study. 
(A) Color indicates the orbit number. (B) Color codes for the diameter of the instrument’s footprint in kilometers. 
The data is overlaid with a topographic map from the Magellan space mission [29,30]. 
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When measurements are made with large footprints or close to the terminator, the spectra may 
contain a fraction of scattered solar light that appears as a continuous background. This contribution 
was removed from the data by linear interpolation based on the 1.21-1.24 μm interval. In the case of 
strong contamination, linear interpolation is inefficient and the spectrum was not considered in the 
analysis. The selected observations overlap the Venus solar local times from 18:20 to 5:40. During 8 
years of the Venus Express mission, the latitude range from 75°S to 84°N and almost the entire 
longitude range was observed. Due to Venus’ slow rotation, longitude coverage depends on the year 
of the space mission (Figure 1). The total dataset consists of more than 2600 observation sessions, 
corresponding to approximately 27000 spectra. 

3. Methods 

3.1. Radiative Transfer Model 

A radiative transfer model including multiple scattering is developed to synthesize transparency 
window spectra. The radiative transfer equation is solved using the discrete ordinate method in a 
pseudo-spherical geometry implemented in the DISORT4 program package [31,32]. Emission angles 
of 60-75° constitute 1% of the analyzed dataset where the pseudo-spherical approximation is 
necessary. Sixteen streams were used.  

The atmospheric structure is set by vertical profiles of temperature and optical properties 
(optical depth of computational layers, single scattering albedo and Legendre series expansion of the 
scattering phase function). The upper boundary is set at 100 km above the reference sphere, and the 
atmosphere is divided into discrete homogeneous layers of 1 km. For altitude profiles of temperature, 
pressure, and density, the Venus International Reference Atmosphere (VIRA) [33] is used, which is 
based on the descend probe measurements. The surface temperature is set equal to the atmospheric 
temperature at the altitude of local elevation, which is calculated from Magellan data [29,30] as an 
average within the SPICAV IR footprint.  

Clouds are modeled according to a three-layer cloud model based on the Ref. [34], where the 
aerosol particles are represented by four modes: 1, 2, 2’ and 3. Each mode follows a log-normal size 
distribution with the effective radius of 0.3, 1.0, 1.4, 3.65 μm and the dimensionless dispersion of 1.56, 
1.29, 1.23, 1.28, respectively [6,34]. The real part of the refractive index and its dependence on the 
wavelength are very close for different acidity of H2SO4-solution in the spectral range 1.06-1.21 μm, 
and the concentration in the cloud model is fixed to 75%. Wavelength-dependent microphysical 
parameters, as aerosol extinction, single-scattering albedo and the Legendre expansion coefficients 
of the scattering phase function, are computed using the Mie theory [35] for each mode. 

The radiance of the 1.1- and 1.18-μm transparency windows forms at 0-15 km (Figure 2A). The 
deep atmosphere has a large thermal inertia preventing diurnal variations of temperature. Based on 
the multispectral images by the Near-Infrared Mapping Spectrometer on board the Galileo 
spacecraft, horizontal temperature variations were constrained to ±2 K on the Venus night side [36]. 
Surface emissivity also affects radiance in the spectral windows. Decreasing the emissivity from 0.95 
to 0.4 results in 16% and 15% attenuation in 1.1- and 1.18-μm transparency windows, respectively 
(Figure 2C). Absolute emissivity values of the Venus surface in the near-infrared (NIR) range are 
poorly known, and it is difficult to retrieve them [37]. Nevertheless, the emissivity variation over the 
surface was observed and linked to the different geological areas: tesserae, basaltic plains or recent 
lava flows [38]. A general decrease in emissivity was also associated with a higher elevation area 
[36,38]. In the current analysis surface emissivity was set to 0.95, and the sensitivity of the retrieval 
water vapor volume mixing ratio to this parameter is discussed in Section 4. 
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Figure 2. (A) Radiance increment caused by a temperature rise of 1 K within a 1-km layer centered at a given 
altitude. (B) Radiance decrease caused by a H2O VMR increase by 1 ppmv within a 1-km layer centered at a 
given altitude. (C) Relative radiance attenuation due to surface emissivity reduction. Synthetic spectrum with 
the emissivity value of 0.95 is a reference. 

The absorption of CO2, H2O and HDO is included in the model. The CO2 mixing ratio is set to 
0.965. H2O and HDO are assumed to be uniformly mixed under clouds. The radiance of the 1.1- and 
1.18-μm transparency windows is sensitive to variations in the H2O volume mixing ratio (VMR) in 
altitude range of 4-22 km with peak sensitivity at 10 km. The core of the H2O absorption band is 
between two spectral windows at 1.12-1.16 μm, and radiance sensitivity to the H2O abundance 
extends from 7 to 30 km with peak at 16 km. The sensitivity is evaluated as the radiance change at 
each wavelength induced by water vapor VMR increase of 1 ppmv (Figure 2B). The limits of model 
sensitivity to H2O VMR change are defined as a full width at half maximum of the obtained radiance 
change profile. Consequently, the spectrum exhibits minimal sensitivity to a potential gradient within 
the range of 0-5 km. HDO should contribute to at least 7% of gaseous absorption in the 1.18-μm 
window [8,9]. It is included in the model with the D/H ratio fixed to 127 times the terrestrial value 
[9,39]. The CO2 Rayleigh scattering cross-section is calculated according to [40,41].  

3.2. CO2 and H2O Absorption 

Modeling of the gaseous absorption at high pressure and temperature is a complicated problem. 
In order to account for weak absorption lines with the spectral line intensity down to 10-45 cm-

1/(molecule cm-2), an updated carbon dioxide line list for the HITEMP spectroscopic database [42] is 
used. The absorption of H2O is modeled based on the BT2 line list [43] with CO2-pressure broadening 
coefficients [44]. The VTT line list [45] with CO2-pressure broadening coefficients [46] is used to 
compute the HDO absorption. 

A deviation of a spectral line wings from the Lorenz profile also introduces an uncertainty in the 
determination of gaseous absorption at high pressure and temperature. The absorption in the far 
wings of the CO2 lines is less than determined by the Lorentzian profile, i.e., the sub-Lorentzian line 
shape, and the opposite effect occurs for water vapor, i.e., the super-Lorentzian line shape. In this 
study, we assess three approaches to describe the far wings of the CO2 and H2O absorption lines. As 
will be demonstrated below, the line shape model affects the retrieved value of the water vapor 
content in the deep Venus atmosphere. 

Model 1 follows the absorption line shapes representation by Ref. [8], where a sub-Lorentzian 
profile is used for CO2 and the Voigt profile is set for the H2O absorption (Figure 3).  
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Figure 3. CO2 and H2O cross-sections computed at the altitude of 10 km (44.2 atm, 651K) computed for different 
approximations of absorption in far wings. CO2 sub-Lorentzian line profile of Model 1 and Model 2 is based on 
Ref. [8]. The Voigt profile is used in Model 1 for H2O. H2O absorption in Model 2 is computed based on the H2O 
far-wings correction MT_CKD model and the HITRAN2020 [47,49]. Model 3 incorporates a sub-Lorentzian line 
profile for CO2 and the super-Lorentzian line profile for H2O based on Ref. [15,50]. 

Model 2 follows the CO2 far wing determination of Model 1. For H2O, the MT_CKD (Mlawer-
Tobin_Clough-Kneizys-Davies) water vapor continuum model is used [47]. The MT_CKD model 
provides a superimposed absorption in the H2O line wings besides the ±25 cm-1 interval from the line 
center. The H2O foreign continuum is developed and experimentally verified for the Earth 
atmospheric conditions in the range of 8100-8500 cm−1 [48], which correspond to the range of the 
Venus 1.18-μm transparency window. The MT_CKD model is integrated into the HITRAN molecular 
spectroscopic database [47]. HITRAN2020 [49] is used to compute the absorption in the line center 
within ±25 cm-1 and to subtract the line “pedestal” at 25 cm-1 for the correct continuum 
implementation [47]. The MT_CKD model and HITRAN2020 are developed for the Earth-atmosphere 
conditions, and therefore, the broadening by air pressure is implied. For Venus CO2-rich atmosphere, 
we use the MT_CKD model foreign continuum evaluation without any possible change due to the 
broadening by the CO2 pressure. Air-broadened half widths (γair) of HITRAN2020 are multiplied by 
a coefficient of 1.5. Thus, in the Model 2 we combine the MT_CKD H2O model and the HITRAN2020 
line parameters to compute the total absorption. The resulting H2O absorption in the core of the 
absorption band is higher in the Model 2 than in the Model 1, modifying the absorption in the spectral 
range of 1.12-1.15 μm (Figure 3).  

The formulation of the MT_CKD H2O continuum model is close to the single line shape 
correction approach. This differs from the CO2 continuum definition, which is proportional to the 
square of the atmospheric density, and will be discussed below. To prevent any potential ambiguity 
between these two terms, we will refer to the MT_CKD H2O continuum model as “H2O far-wings 
correction by the MT_CKD model”. 

Model 3 provides the highest absorption for both CO2 and H2O among three approaches. Model 
3 follows the absorption line shapes representation by Ref. [15]. The CO2 spectral shape in Model 3 is 
wider than in Model 1, providing more absorption in the far wings, and it mainly influences the 
spectral shape of the 1.18-μm transparency window (Figure 3). The H2O line wings are defined 
according to a super-Lorentzian profile [50]. Despite the implementation of the considered super-
Lorentzian profile in the analysis of Venus transparency windows by Ref. [15], its shape for foreign 
broadening, as defined by [49], corresponds to water-air molecular broadening. Nevertheless, the 
resulting H2O absorption is higher in the whole spectral interval 1.06-1.21 μm (Figure 3). 

The absorption line wings extend from the center of each line up to 250 cm-1 for CO2 and up to 
180 cm-1 for H2O (Model 1 and 3) and HDO. The Voigt profile is used for HDO. 

A superposition of collision-induced transitions, far wings of strong CO2 bands, and absorption 
by molecule dimers form a carbon dioxide continuum absorption at high temperatures and pressures, 
which is proportional to the squared density [56,61]. This fraction of the CO2 absorption is set by a 
binary coefficient α. Its values were constrained for the 1.1- and 1.18-μm transparency windows in 
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the ranges (0.29-0.66)×10-9 cm-1amagat-2 and (0.30-0.78)×10-9 cm-1amagat-2, respectively, for the “High-
T” spectral database [9]. For the transparency window of 1.18 μm, the laboratory-determined 
absorption coefficient is α ~0.3×10-9 cm-1amagat-2 [9,51] for the “High-T” spectral database [6,8]. We 
have recomputed this value for the HITEMP spectroscopic database, which includes more spectral 
lines than “High-T”, and the line shape parameters of Model 1, 2 and 3. We fix the CO2 continuum 
coefficient to a value of 0.3×10-9 cm-1amagat-2 for Model 1 and 2 and 0.1×10-9 cm-1amagat-2 for Model 
3. One amagat density unit corresponds to 2.687×1019 molec/cm3. 

3.3. Fitting Algorithm and Variable Parameters 

Spectrum analysis involves two iterations. First, it is necessary to eliminate the background, 
which is formed due to scattered solar light or remaining dark current signal. The background level 
is low yet comparable to the signal in the water vapor absorption band (1.1-1.6 μm). The signal in the 
ranges of 1.06-1.07 μm and 1.205-1.24 μm is approximated by a linear function, and then eliminated 
from the spectrum. After removing the background, the spectrum is fit to a model with two variable 
parameters. 

Cloud optical depth is highly variable, and this affects the whole 1.06-1.21 μm spectral range. 
Following the approach used to characterize spectra of the 1.28- and 1.31-μm transparency windows 
[61], cloud variations are fitted adjusting a scaling factor applied to the vertical profiles of aerosol 
particles’ number densities of modes 2, 2’ and 3. Distribution parameters of each mode remain fixed 
as described in the Section 3.1. The H2SO4-concentration in the cloud droplets is assumed to be 75%.  

The second variable parameter of the radiative transfer model is volume mixing ratio of water 
vapor, which is constant with altitude. The HDO volume mixing ratio is computed in accordance 
with the value of D/H ratio fixed in the model to 127 times the terrestrial value [9,39]. A summary of 
all the model parameters is presented in Table 2.  

Table 2. Summary of parameters and methods used in the radiative transfer model. 

Radiative 
transfer solver 

DISORT4 in the pseudo-spherical geometry with 16 streams [31,32] 
Line-by-line computation on the wavelength grid with a step of 0.1 cm-1 

Atmosphere 
structure 

Venus International Reference Atmosphere (VIRA) [33] 

Cloud model 

Aerosol number density from Ref. [34] 
Effective radius of aerosol modes 1, 2, 2’ and 3: 0.3, 1.0, 1.4, 3.65 μm [6,34] 
Dispersion of aerosol modes 1, 2, 2’ and 3: 1.56, 1.29, 1.23, 1.28 [6,34] 
Aerosol composition: water solution of H2SO4 with concentration of 75% 
Aerosol particle shape: spherical 
H2SO4 refractive index from Ref. [52] 
Optical depth, single scattering albedo and Legendre series expansion of the 
scattering phase function are calculated using Mie theory[35] 

Surface 
emissivity (ε)  

0.95 

Surface 
topography 

Magellan global topography map [29,30] 

 Model 1 Model 2 Model 3 

CO2 absorption 
and molecular 
scattering 

Line list: HITEMP [42] 
Line profile: sub-
Lorenztian of [8] 
Line cut-off: 250 cm-1  
CO2 continuum coef.: 
0.30×10-9 cm-1amagat-2 

CO2 volume mixing ratio: 
0.965 

Line list: HITEMP [42] 
Line profile: sub-
Lorenztian of [8] 
Line cut-off: 250 cm-1  
CO2 continuum coef.: 
0.30×10-9 cm-1amagat-2 

CO2 volume mixing ratio: 
0.965 

Line list: HITEMP [42] 
Line profile: sub-
Lorenztian of [15] 
Line cut-off: 250 cm-1  
CO2 continuum coef.: 
0.10×10-9 cm-1amagat-2 

CO2 volume mixing ratio: 
0.965 
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Rayleigh scattering [40,41] Rayleigh scattering [40,41] Rayleigh scattering [40,41] 

H2O absorption 
Line list: BT2 [43] 
Line shape: Voigt profile 
Line cut-off: 180 cm-1  

Line list: HITRAN2020 [49] 
Line shape: Voigt profile 
Line cut-off: 25 cm-1  
H2O far-wings correction: 
MT_CKD model [47]   

Line list: BT2 [43] 
Line shape: super-
Lorenztian [15,50] 
Line cut-off: 180 cm-1 

HDO absorption 

Line list: VTT [45] 
Line shape: Voigt profile 
Line cut-off: 180 cm-1  
D/H ratio: 127 times the terrestrial value 

Model free 
parameters 
  

(1) scaling factor applied on particle number density vertical profiles of modes 2, 
2’ and 3 
(2) H2O volume mixing ratio 

Transparency windows spectra are fitted to the measurements using a look-up table, where the 
radiance is calculated for parameter values in the intervals: 40-240% for the aerosol particle number 
density scaling factor with a 20% step, 16-40 ppmv for the H2O VMR with one ppmv step. Spectra are 
modeled for various initial heights and emission angles. Surface heights are set from -2 to 9 km with 
a 1 km step. Emission angles are considered from 0° to 80° with a step of 10°. Synthetic spectra are 
computed on a wavelength grid with a step of 0.1 cm-1. The model spectra are then convolved using 
the SPICAV IR point spread function [61].  

Large footprint observations can be affected by atmospheric curvature or spatial inhomogeneity. 
SPICAV IR integrated an average signal over the FOV. We assume that the cloud opacity is constant, 
and the topography elevation is equal to the mean height of the area. To account for atmospheric 
curvature, the model is averaged along the spread of emission angles defined by the spacecraft’s 
distance from Venus and the angular size of the instrument’s FOV [61].  

Reduced χ2-value of the experimental and modelled spectra, computed by multilinear 
interpolation over the look-up table, is minimized by varying parameters by the simplex algorithm 
[53]. Figure 4 presents various spectra fitted by the radiative transfer model with the CO2 and H2O 
line profile of Model 1, 2 and 3. Examples of analyzed observations show observations of low and 
high topography elevations under different emission angles.  

 
Figure 4. Examples of measured spectra of 1.1- and 1.18-μm transparency windows fitted by the radiative 
transfer model computed for the CO2 and H2O line profiles of Model 1, 2 and 3. Surface emissivity is set to 0.95. 
(A-C) Orbit #0025A10 observed on the 16th of May 2006 at latitude of 7.1°N, longitude of 333.9° and local time 
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of 1H17. (D-F) Orbit #2595A06 observed on the 29th of May 2013 at latitude of 67.7°N, longitude of 358.2° and 
local time of 23H59. (G-I) Orbit #3098A01 observed on the 6th of October 2014 at latitude of 9.1°S, longitude of 
11.2° and local time of 5H05. Experimental data is fitted by the radiative transfer model (Table 2) with the CO2 
and H2O absorption line shapes of Model 1 (A, D, G), Model 2 (B, E, H) and Model 3 (C, F, I). The panel legends 
indicate the surface height in the observed area and the emission angle (∠) value. 

The radiative transfer modeling and an observed spectrum comparison shows that spectral 
shape of the 1.18-μm transparency window depends on the CO2 line shape approximation. 
Nevertheless, a non-zero residual of ~0.005 W/m2/μm/sr in the spectral range of 1.18-1.2 μm remains. 
This pattern is systematic and can be observed if the spectrum noise level is below 0.005 W/m2/μm/sr 
threshold. Therefore, the further investigation of CO2 spectroscopy, including the CO2 continuum 
absorption and line profile, is important for better description of the Venus transparency window 
spectra. The line shapes of Model 2 and 3 provide stronger absorption in the core of the H2O band, 
leading to a small reduction on the resulting reduced χ2-value. 

The benefit of correction of the H2O line shape is particularly pronounced when successive 
spectra are averaged, thereby reducing the noise level in the data. Figure 5 demonstrates that for the 
mean spectrum of the 2383A02 observing session, encompassing 52 measurements, the range of 1.11-
1.16 μm is more accurately characterized by models incorporating the H2O far-wings correction. For 
the average spectrum, the χ² value decreased when using Model 3, i.e., the widest absorption line 
profiles. However, the 1.18-μm transparency window is not fully described by the models, unlike the 
1.1-μm window. 

 

Figure 5. (A) Mean of 52 spectra measured during the #2383A02 orbit fitted by the radiative transfer model 
computed for the CO2 and H2O line profiles of Model 1, 2 and 3. Surface emissivity is set to 0.95. Orbit #2383A02 
observed on the 29th of October 2012 at latitudes from 14.9°S to 33.0°N, longitude of 44.1° and local time of 1H20. 
(B) Residuals of the Models 1, 2 and 3. (C) Same as Panel A for the spectral range of 1.11-1.16 μm. The panel A 
legend indicates the emission angle (∠) value. 

3.4. H2O VMR Retrieval Uncertainties 

H2O VMR retrieval uncertainties are defined by (1) experiment error bars and (2) uncertainty of 
the background elimination. To estimate the influence of the background elimination uncertainty to 
the H2O VMR retrievals, we consider so-called “spot-tracking” observations. SPICAV IR have 
conducted ~1000 distant observational sessions where 4 or more sequential spectra are obtained in 
the same location, i.e., the footprint (“spot”) shift is negligible. One spectrum is recorded for about 1 
minute and the whole observational session lasts several minutes. This time scale is small enough to 
neglect water vapor variations, and link obtained spread of the values to the algorithm uncertainties. 
The obtained spread of the retrieved values was compared with the H2O VMR retrieval uncertainties 
computed from the χ² function. The computed uncertainties are in good correspondence with the 
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STD of the H2O VMR in “spot-tracking” observations. Therefore, the obtained scatter of values 
(Section 4) represents the uncertainty rather than the variability of water vapor. 

4. Results 

4.1. Water Vapor Volume Mixing Ratio at Altitudes of 10-16 km 

The H2O volume mixing ratio in Venus lower atmosphere was retrieved from the nadir spectra 
obtained for 8 years, from April 2006 to December 2014, by SPICAV IR/VEx. About 27000 spectra 
from ~2600 observations were analyzed (Figure 1). The radiative transfer model was computed for 
three far wings approximations of the CO2 and H2O absorption lines (Table 2). The weighted average 
of H2O VMR for all observations, using the measurement error as weight, is presented in Table 3. The 
standard deviation of the values is ~1 ppmv for all the absorption line approximations. 

Table 3. Weighted mean of the water vapor volume mixing ratio in the lower atmosphere of Venus retrieved 
using different approximations of the CO2 and H2O absorption line shape and surface emissivity of 0.95 and 0.4. 
Radiative transfer model details can be found in Table 2. 

CO2 and H2O line shape model ε = 0.95 ε = 0.40 
Model 1. H2O Voigt profile 27.1 ± 1.1 ppmv 27.7 ± 1.2 ppmv 

Model 2. H2O line profile correction by the MT_CKD 
model[47] 

26.9 ± 1.1 ppmv 27.0 ± 1.1 ppmv 

Model 3. H2O super-Lorenztian profile [15,49] 23.6 ± 1.0 ppmv 24.0 ± 1.0 ppmv 

The error bars of the H2O VMR computed by the fitting algorithm ranges between 0.5 to 5.7 
ppmv, with an average value of 1.1 ppmv. The values and their associated uncertainties depend on 
the H2O line shape approximation, the signal noise, and any residual background signal. It has been 
found that higher noise levels generally result in slightly lower VMRs, since the residual background 
signal is also determined with the increased uncertainty. When considering spectra with signal 
uncertainties below 0.006 W/m2/μm/sr, the variability of H2O VMR is reduced to ±15% of the mean. 
This filtering results in a slight increase of mean values to 27.4±0.9, 27.1±0.9 and 23.7±0.8 ppmv for 
the CO2 and H2O absorption line shape approximations of Model 1, 2 and 3, respectively. In general, 
elevated noise levels lead to decreased VMR values. The VMR error bars are close to the obtained 
standard deviation, strongly suggesting that there is no significant variability of water vapor at 10-
16 km. 

The line wing approximation introduces a systematic uncertainty to the results (Figure 5). This 
uncertainty exceeds both the H2O VMR error bars and the resulting standard deviation of the values 
(Table 3). It is challenging to select a particular model from among the others based on the individual 
observations due to the minimal change in the reduced χ2-value.  

4.2. H2O Spatial Distribution 

The obtained H2O latitude behavior does not change for different approximations of gaseous 
absorption line shapes. The zonal mean of the water vapor VMR do not vary significantly from 60°S 
to 70°N. Latitudinal profile presented in Figure 6 was averaged taking into account the footprint size 
(Figure 1). At latitudes above 60°S the VMR zonal mean exhibits a decrease of 2 ppmv. SPICAV IR 
was only capable of observing these latitudes from a large distance, resulting in a footprint diameter 
of 1000-2000 km (Section 2). The radiative transfer model accounts for the atmospheric curvature, i.e., 
the variation in emission angles across the SPICAV IR FOV. Other parameters are set uniform across 
the footprint, including the surface elevation. With this assumption, there is no correlation between 
the retrieval parameters and the footprint diameter or the emission angle (linear correlation 
coefficient 0.01). Consequently, the radiative transfer model demonstrates robust performance. 
Distant observations of latitudes above 60°S are characterized by the elevated noise level (>0.007 
W/m2/μm/sr), resulting in increased VMR error bars >1 ppmv. Similarly, a decrease by 2 ppmv is 
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obtained at latitudes of 75-85°N, where observations had noise levels greater than 0.006 W/m2/μm/sr. 
As previously discussed, an increase in spectrum uncertainty can result in lower VMR. Moreover, 
these latitudinal intervals are distinguished by a reduced statistics of the observations (Figure 6D-F). 
The zonal mean of the water vapor VMR, computed for observations with a footprint diameter less 
than 1000 km and a noise level below 0.006 W/m2/μm/sr, demonstrates no latitude dependence. This 
sampling does not provide further details on a VMR decrease at polar latitudes. 

 
Figure 6. (A-C) Water vapor volume mixing ratio with respect to latitude. Values were retrieved using the CO2 
and H2O absorption line approximation of Model 1 (A), Model 2 (B) and Model 3 (C) presented in detail in Table 
2. Color represents the percentage of retrievals in the corresponding VMR bin of 0.5 ppmv relative to all retrievals 
in the same latitudinal bin of 3°. The black line is the latitudinal distribution of the H2O VMR weighted mean in 
the latitudinal bin. The magenta line is a similar distribution for a set of values obtained in spectra with signal 
noise less than 0.006 W/m2/μm/sr and a footprint diameter smaller than 1000 km. Error bars represent a standard 
deviation within one bin. (D-F) Histogram representing the number of values in one latitudinal bin. Black color 
corresponds to the latitudinal distribution based on the whole set of observations. Pink color shows distribution 
of measurements with signal noise <0.006 W/m2/μm/sr and a footprint diameter <1000 km. 

The observation statistics accumulated over 8 years allow us to compile the geographic 
distribution of water vapor in the lower atmosphere of Venus. When the data is binned by 10° of 
latitude and 10° of longitude, 63% of the Venus globe is covered (Figure 7). Since the line-shape 
approximation for H2O and CO2 introduces systematic uncertainty into the results, the geographic 
distribution was computed for the mean of the three outputs obtained using Models 1, 2, and 3 
(Figure 7A). For each of the output sets, the absolute values are scaled, but the distribution 
characteristics are retained. The geographic distribution of the H2O VMR is uniform. The latitudinal 
decrease at polar latitudes is evenly distributed along longitude in the Southern Hemisphere. The 
standard deviation in a map bin (Figure 7C) is also estimated for these values, which is in the range 
of 0.8-1 ppmv almost for the entire map. This value is in perfect correspondence with the STD for all 
the available data, corroborating uniform distribution of H2O in the lower atmosphere. 
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Figure 7. (A) Geographic distribution of the weighted mean value of H2O VMR obtained on a grid with a 10° 
latitude and 10° longitude step. (B) Statistics of observations in each 10° latitude-longitude bin. (C) STD of H2O 
VMR in each 10° latitude-longitude bin. Contour plots are overlaid on the Venus topographic map obtained by 
the Magellan space mission. 

The vertical gradient of the water vapor mixing ratio was measured by Venera-13 and Venera-
14 below 5 km. Transparency window spectra have poor sensitivity for this altitude range. In order 
to address any correlation with altitude, we study a correlation between all the retrieved values and 
surface elevation of the observed location. A corresponding linear correlation coefficient is 0.1. The 
mean geographic distribution of water vapor accumulated for 8 years shows a 0.4 ppmv increase of 
VMR over Ovda Regio (longitude of 75-105°, latitude of 10°S-8°N, maximum elevation of 5 km) and 
Atla Regio (latitude of 10°S-25°N, longitude of 180°-215°, maximum elevation, i.e., Maat Mons, of 8 
km) (Figure 7A). This increase is however below significance level since the STD of the values in one 
bin is 0.8-1 ppmv (Figure 7C). However, no persistent correlation with the relief could be established 
due to the experimental uncertainties (Supplementary material, Figure S1). A dependence on the 
solar local time could not be established either (Supplementary material, Figure S2). A 
comprehensive evaluation of the eight-year data set revealed no apparent long-term trend 
(Supplementary material, Figure S3). 

4.3. Surface Emissivity Uncertainty 

The emission in the 1.1- and 1.18-μm windows is also sensitive to the surface emissivity (Figure 
1C) which value is poorly known in the NIR range. The Magellan radar mission measured microwave 
emissivity on average of ∼0.85 with variations from ∼0.35 at Maxwell to ∼0.95 northeast of Gula 
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Mons and other locations [54]. Lowest emissivity appeared in elevated areas [54]. Analysis of 
emissivity based on albedo measurements by the Venera 9 and 10 landers provided a value of 0.85-
0.9 at 0.9 μm [55,56]. In our basic model a constant surface emissivity of 0.95 is assumed and the 
results are presented in Section 4.1 and 4.2. It is impossible to include surface emissivity as a variable 
parameter to the minimization problem for the SPICAV IR spectra. The scaling factor of aerosol 
number density is highly correlated with the emissivity for the narrow spectral range of 1.06-1.21 μm. 
The correlation exceeds 0.9, while the cloud scaling factor and VMR are not correlated. Thus, we 
analyzed the experimental spectra assuming a constant emissivity reduced to 0.4, in order to 
investigate the VMR uncertainty related to this parameter.  

Figure 8 shows the same spectra as Figure 4 analyzed with a new surface emissivity value. The 
observation #2595A06 shown in Figure 8D-F was conducted in the Maxwell Montes region (60-70°N 
latitude, longitude from 350° to 14°) where a reduced microwave emissivity was obtained [54]. For 
the spectra under consideration, both emissivity values show the same quality of fit with the reduced 
χ2-value of 0.7. For measurements exhibiting lower noise levels (see Figure 8A-C, 7G-I), the reduced 
χ2-value shows an increase (<10%) with lower emissivity value. The systematic non-zero residual at 
1.18-1.2 μm in these observations increases from 0.005 W/m2/μm/sr to 0.006-0.007 W/m2/μm/sr. 
However, the data fitting for a lower emissivity did not show significant improvement, and the 
determination of this parameter is beyond the scope of this study.  

 

Figure 8. Examples of measured spectra of 1.1- and 1.18-μm transparency windows fitted by the radiative 
transfer model computed for the CO2 and H2O line profiles of Model 1, 2 and 3. Surface emissivity is set to 0.4. 
(A-C) Orbit #0025A10 observed on the 16th of May 2006 at latitude of 7.1°N, longitude of 333.9° and local time 
of 1H17. (D-F) Orbit #2595A06 observed on the 29th of May 2013 at latitude of 67.7°N, longitude of 358.2° and 
local time of 23H59. (G-I) Orbit #3098A01 observed on the 6th of October 2014 at latitude of 9.1°S, longitude of 
11.2° and local time of 5H05. Experimental data is fitted by the radiative transfer model (Table 2) with the CO2 
and H2O absorption line shapes of Model 1 (A, D, G), Model 2 (B, E, H) and Model 3 (C, F, I). The panel legends 
indicate the surface height in the observed area and the emission angle (∠) value. 

Decrease of emissivity in the model results in a systematic increase of retrieved H2O VMR. The 
retrievals were performed for each approximation of gaseous absorption line (Table 2). For CO2 and 
H2O line shape approximation of Model 1, 2 and 3, the weighted mean H2O VMR is 27.7 ± 1.2 ppmv, 
27.0 ± 1.1 ppmv and 24.0 ± 1.0 ppmv, respectively (Table 3). The increase is below a standard deviation 
of the obtained mean values. Distributions of retrieved H2O mixing ratios obtained for two values of 
surface emissivity are presented in Supplementary material, Figure S4. 
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5. Discussion 

We investigated the influence of different model parameters that determine the spectrum of the 
1.1- and 1.18-μm transparency windows. Previously, the influence of different approximations of the 
sub-Lorentzian CO2 line profile on the 1.1- and 1.18-μm windows has been studied in detail using the 
“High-T” database [8]. In our work, we use an updated CO2 spectral line database, incorporating 
approximately 50 times more spectral lines [42]. The CO2 continuum coefficient was adjusted to this 
database and both CO2 line profiles (Table 2). However, an absolute description of the 1.18-μm 
transparency window spectrum was not achieved for either CO2 line shape approximations. 
However, the 1.1 μm window is described with reasonable accuracy using the sub-Lorentzian profile 
(Model 1, 2) [8]. The intensity of this window is slightly overestimated in the model when using a 
Model 3 for CO2 line profile [15]. This result is due to the substantial suppression of the 1.18-μm 
transparency window when employing this line profile, a factor that disrupts the equilibrium 
between the windows. The model improvement of the spectrum in the 1.1-μm transparency window 
is achieved by adjusting line intensities and incorporation of new lines of HITEMP [42]. The SPICAV 
IR data were obtained with the highest resolution of all space instruments observing Venus. Obtained 
outside the Earth atmosphere, spectra are free from the uncertainties of telluric water vapor 
absorption. Therefore, for the first time, this work studies the effect of the H2O line profile correction 
in detail. Prior studies have indicated insufficient absorption of H2O near 1.125 and 1.140 μm in the 
model [8]. A comparison of Models 1 and 2, using the same CO2 line shape approximation (see Figure 
5), reveals that this discrepancy is attributable to insufficiency of the Voigt profile for H2O absorption 
computation. 

The water vapor line shape correction has the largest effect on the result. It should be noted that 
in this paper the super-Lorentz profile [15,50] was applied to a considerably larger number of spectral 
lines than in Ref. [15]. Consequently, this model probably overestimates the water vapor absorption 
in combination with the BT2 line list [43]. Model 2 and 3 use the findings of the H2O line shape for 
the air pressure conditions. Recent laboratory studies have obtained that the H2O line broadening by 
CO2 should be stronger than predicted by the MT_CKD model in the range of 100-1500 cm-1 [57]. The 
H2O line profile correction used in [57,58] have not applied in the current study. This correction was 
obtained for temperatures of 296-366 K, that correspond to altitudes of 48-56 km in the atmosphere 
of Venus, and no temperature dependency was concluded. Preliminary computations showed 
greater H2O absorption using the findings of [58] than the MT_CKD model at 48-56 km. However, 
the MT CKD model, which takes into account the change in temperature, gives the H2O absorption 
greater at 10-16 km in the Venus atmosphere than Ref. [58]. This demonstrates the importance of 
further laboratory studies of the H2O absorption parameterization, including the temperature 
dependency, in the NIR transparency windows of Venus.  

The water vapor volume mixing ratio retrieved from the 1.1- and 1.18-μm transparency 
windows, using Model 1 and 2 to compute H2O absorption, are in good correspondence with recently 
published results of ground based observations [11], previous partial analysis of the SPICAV IR 
dataset [9] and reanalysis of [15,16] using a high-temperature BT2 H2O line list. The mean H2O VMR 
are a little lower than the 30+ 10−5 ppmv by [8] and 31+9−6 ppmv [18] but within the error limits of these 
experiments. Model 3 provides slightly lower results (Table 3) than previously obtained. This also 
suggests that the Model 3 may overestimate the H2O absorption in the transparency windows. For 
the complete SPICAV IR dataset we found that the surface emissivity discrepancy does not introduce 
a large uncertainty to the retrieved values. 

Observations of water vapor in higher atmospheric layers below the clouds also show VMR 
values similar (Table 1) to the results of Models 1 and 2 retrievals. The dataset of the VIRTIS-H 
spectrometer aboard the Venus Express spacecraft, accumulated from 2006 to 2011, obtained H2O 
VMR of 27±3.5 at ~35 km [26]. Therefore, the vertical distribution of water vapor is uniform below 
the clouds. Venus atmosphere models also reproduce a uniform H2O mixing ratio below the altitude 
~30 km because no source or sink is expected [59,60].  
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Thanks to the SPICAV IR dataset almost the whole latitude range was overviewed. Values of 
H2O VMR at polar latitudes over 70° in both hemispheres were obtained for the first time. In the 
Southern Hemisphere, the VMR zonal mean exhibits a decrease of 2 ppmv above 60°S and in the 
Northern hemisphere, a decrease by 2 ppmv is obtained at latitudes of 75-85°N. Spectra obtained at 
these latitudes are characterized by an increased noise level, which may interfere with the values 
obtained, and statistics of the observations is very low (Figure 6). Also, observations above 75°S were 
performed with switched-off Peltier cooling, and have an error of ~1.5 ppm. The zonal mean of the 
water vapor VMR, computed for observations with the footprint diameter smaller than 1000 km and 
a noise level below 0.006 W/m2/μm/sr, demonstrates no latitude dependence. A two-dimensional 
circulation model of the Venus atmosphere does not predict any latitude variations of the water vapor 
at 10-16 km [60]. The Venus Planetary Climate Model (Venus PCM), a three-dimensional general 
circulation model, demonstrates the influence of the Hadley cell circulation to water vapor at ~35 km 
[59], which is about 20 km higher than the altitudes, observed by SPICAV. The simulated mixing 
ratio at low and mid-latitudes is close to 30 ppmv and decreases to 27 ppmv at high latitudes at 35 
km [59]. 

6. Conclusions 

We have analyzed nadir observations of the Venus night side by the SPICAV IR spectrometer 
on board the Venus Express mission in 2006-2014. The dataset contains about 27000 spectra of Venus 
thermal emission in the 1.1- and 1.18-μm atmospheric transparency windows. In this spectral range, 
thermal emission originates from 0-15 km. The signal is modeled by a radiative transfer model with 
multiple scattering, and allows us to retrieve the H2O volume mixing ratio in the lower atmosphere 
of Venus at 10-16 km. 

We compare, for the first time, different approaches to describe the water vapor absorption at 
high pressures and study their influence on the retrieved values. When the Voigt profile is applied, 
the absorption is underestimated at 1.125 and 1.140 μm. The optimal fit of the data in the range of 
1.1-1.18 μm is shown by Models 2 and 3 (see Table 2). Model 2 is based on the MT_CKD H2O 
continuum model [47], and Model 3 uses the super-Lorentzian correction to each H2O absorption line 
[15,50]. Depending on the chosen approach to calculate the H2O absorption, the volume mixing ratio 
is: 27.1±1.1 ppmv for the Voigt profile, 26.9 ± 1.0 for the MT_CKD model, 23.6±1.0 ppmv for the super-
Lorentzian line profile. Absorption line model introduces more uncertainty in the retrieved values 
than the surface emissivity discrepancy. 

Water vapor spatial distribution is rather uniform in the lower atmosphere of Venus. The zonal 
mean of the water vapor VMR does not demonstrate prominent variation across the range of 60°S-
70°N. It is noted that there might be a slight H2O decrease of 2 ppmv. Mean values at polar latitudes 
are obtained from the observations with the increased noise level, so the present data set does not 
allow the confirmation of this decrease within the specified latitude range. However, if observations 
are characterized by reduced experimental uncertainties and smaller footprint diameter, no latitude 
dependence is obtained within 70°S-80°N. Moreover, standard deviation of VMR averaged in bins of 
10° latitude and 10° longitude shows values of 0.8-1 ppmv, which are in perfect correspondence with 
the STD for the entire dataset. There is no long-term trend and no local time dependence of water 
vapor in the lower atmosphere for 8 years. 

Supplementary Materials: Figure S1: Longitude distribution of the water vapor volume mixing ratio; Figure S2: 
Diurnal distribution of the water vapor volume mixing ratio; Figure S3: Water vapor volume mixing ratio from 
2006 to 2014; Figure S4: Distribution of H2O mixing ratio retrieved for different model parameters. 
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VIRA Venus International Reference Atmosphere 
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