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[1] The composition of Venus’ lower atmosphere, beneath the clouds, has been investigated
through both in situ measurements and remote-sensing observations. In 1978 the mass
spectrometers and gas chromatographs aboard the Venera 11—12 landers and Pioneer Venus
Large probe returned unique information on the abundances of carbon dioxide, nitrogen,
noble gases, and other minor species. Radio occultations from the Pioneer and Magellan
spacecraft provided measurements of the vertical profile of sulfuric acid vapor. In the 1980s
and 1990s the discovery of near-infrared emission from the night side of Venus, through
narrow spectral windows in the 0.9—2.5 micron region, opened a new opportunity of
probing the lower atmosphere and surface. The abundances of water vapor, halides, carbon
monoxide, sulfur dioxide, and carbonyl sulfide were determined, as well as the
deuterium-to-hydrogen ratio. The vertical profile of water vapor in the 0- to 45-km-altitude
range and the CO and OCS mean vertical gradients in the 30- to 40-km region have been
determined from various analyses. In addition, evidence for latitudinal variations of these
two species was found from Galileo and recent ground-based nightside observations.
Conlflicting results have been reported on the SO, abundance below 35 km and on the H,O
profile below 20 km. The whole set of available measurements provides important
constraints on the chemistry and dynamics of Venus’ lower atmosphere. However, key
information is still missing, including the abundances of CO and sulfur compounds near the
surface, composition maps at high latitudes, and possible small-scale and temporal

variability of trace compounds.

Citation:
E04S07, doi:10.1029/2006JE002794.

1. Introduction

[2] The lower atmosphere of Venus, beneath the sulfuric
acid cloud decks, can be investigated by only a limited
number of means. First of all, atmospheric sensors aboard
entry probes in the 1970s and 1980s provided unique
information on the temperature and composition. The Venera
11-12 and Pioneer Venus Large Probe carried mass spec-
trometers and gas chromatographs which directly sampled
the abundances of various gases at different altitudes (see
review by Von Zahn et al. [1983]). Spectro-photometers
aboard the Venera 11, 13, and 14 probes scanned the range
0.4—1 pm throughout the descent, allowing for determina-
tion of the water vapor abundance profile [Moroz, 1983;
Ignatiev et al., 1997]. The Vega 1 and 2 entry probes in 1985
recorded absorption spectra of the atmosphere in the range
from 220 to 400 nm using a ultraviolet spectrometer with a
light source (ISAV). Vertical profiles of sulfur dioxide (SO,)
were derived along with information on the aerosol and cloud
structure [Bertaux et al., 1996].

[3] Remote sensing of the deep atmosphere is possible at
centimeter wavelengths either from ground-based radio
telescopes or from radio occultation experiments aboard
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spacecraft. Multifrequency measurements with the Very
Large Array (VLA) have provided constraints on sulfuric
acid vapor (H,SO,), the dominant microwave absorber,
between approximately 35 and 55 km [Jenkins et al.,
2002]. The Mariner 10 and Magellan radio occultation
experiments yielded vertical profiles of H,SO, in about
the same altitude range but with a much better vertical
resolution [Jenkins et al., 1994; Kolodner and Steffes,
1998]. Sulfur dioxide also absorbs at centimeter wave-
lengths, more at X-band than at S-band, so that some
constraints on its abundance can be placed from the above
measurements.

[4] Finally, as detailed in section 2, thermal emission
from the sub-cloud atmosphere can be detected on the night
side in narrow infrared windows. Spectral analysis of this
emission, originally detected by Allen and Crawford [1984],
offers a unique opportunity to investigate remotely the
composition of the deep atmosphere. A first review of the
results obtained from various studies up to the mid-1990s
has been presented by Taylor et al. [1997].

[5] Carbon dioxide (96.5%) and nitrogen (3.5%) are by
far the most abundant gases in the lower atmosphere of
Venus. Noble gases and a series of chemically active species
have also been detected, including water vapor, sulfur-
bearing gases and halides. We review here our knowledge
on these active compounds related to the complex sulfur
cycle at work on Venus, the formation of the sulfuric acid
clouds and the surface-atmosphere interactions. The Venus
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Figure 1.

A schematic of Venus’ atmosphere showing the temperature profile, location of the cloud

layers, and nightside thermal emission in the near-infrared windows.

International Reference Atmosphere (VIRA) was published
in 1985, after the extensive exploration of Venus by the
Venera and Pioneer Venus spacecrafts [ Von Zahn and Moroz,
1985]. We present updates to this model, based on the
information gathered from the re-analysis of in situ probe
data, microwave measurements and nightside investigations.
The successful orbit insertion of the Venus Express space-
craft, more than a decade after the Magellan mission (1990—
1994) and two decades after the Vega 1 and 2 missions in
1985, makes this review particularly timely. A more general
review of the composition of Venus below 100 km has also
been recently published by de Bergh et al. [2006].

2. Near-Infrared Nightside Windows

[6] A series of narrow atmospheric windows, located
between the strong bands of CO, and H,0, take place in
the near-infrared region and can be detected on the night
side. They are centered at 2.3, 1.74, 1.31, 1.27, 1.18, 1.1,
1.0, 0.90 and 0.85 pm. Shortward of 2.5 um, sulfuric acid,
the main constituent of the cloud particles, is almost non-
absorbing and a fraction of the thermal emission from the
hot deep atmosphere can then escape the atmosphere in
these windows, leaking through the clouds (Figure 1). In the
core of the windows, the major source of gaseous opacity is
pressure-induced CO, bands and the far wings of allowed
nearby CO, bands (see Tonkov et al. [1996] for the 2.3-um
region). Gas opacity generally decreases with decreasing
wavelength and the transparency of the windows accord-
ingly increases, allowing emission from the surface to
escape below 1.2 um, as attested by observations and
radiative transfer modeling [Taylor et al., 1997].

[7] The broadest and most complex window extends from
2.20 to 2.50 pm and probes the altitude range 26—45 km
[Pollack et al., 1993]. It shows signatures from CO, H,O
and HDO, CO, OCS, SO, and HF (Figure 2). The 1.74-pm
window probes deeper, approximately 15—30 km, and
exhibits absorption features from CO,, H,O and the two
main isotopes of HCI (H*’Cl and H*'Cl) [Bézard et al.,

1990; Pollack et al., 1993]. A narrow window takes place at
1.31 pm; limited on both sides by strong CO, bands, it does
not show signatures from other compounds and is more
opaque than the other windows. At 1.27 pum, thermal
emission from the 15- to 30-km range is detected, forming
a continuum over which strong airglow emission from O, at
high altitudes is seen [e.g., Crisp et al., 1996]. This airglow
was originally detected by Connes et al. [1979] on both the
day and night sides of the planet. At high spectral resolu-
tion, a HF line can be detected in this window. The 1.18-
and 1.10-ym windows are bounded on one side by CO,
bands and on the other side by the wings of the 1.13-pm
water vapor band. A large fraction of the emission (40 and
60%, respectively) originates from the surface [Meadows
and Crisp, 1996]. These two windows can be used to
determine the water abundance in the lowest scale height
of the atmosphere. The 1.0-um window, with essentially all
the emission coming from the surface and practically no gas
absorption, is the most suitable for surface studies. Finally,
two weak windows occur at 0.85 and 0.90 um, interlaced
with the H,O bands at 0.95 and 0.82 pm and the CO, band
around 0.87 pm [Baines et al., 2000]. Spectral observations
of these nightside windows have greatly improved our
knowledge of Venus’ composition below the clouds, as
illustrated below.

3. Carbon Monoxide

[8] In situ measurements by gas chromatographs aboard
the Pioneer Venus and Venera 12 spacecraft have sampled
the CO abundance below the clouds of Venus. The former
yielded 20 + 3 ppm at 22 km and 30 + 18 ppm at 42 km
[Oyama et al., 1980] and the latter 28 = 7 ppm at 36—42 km
and 17 = 1 ppm at 12 km [Gel 'man et al., 1979]. Despite the
large error bars above 36 km, these measurements indicate
an increase of the CO mixing ratio with altitude (Figure 3).
This trend is continuing at higher altitudes with a mixing
ratio of about 50 ppm inferred from ground-based measure-
ments at the cloud tops [Connes et al., 1968; Young, 1972].
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Figure 2. High-resolution (0.15 cm™') spectrum of the 2.3-um nightside window recorded at the
Canada-France-Hawaii Telescope. Absorption features from CO,, H,O, HDO, CO, HF, OCS, and SO,
are detected. From Taylor et al. [1997]; reprinted by permission of the University of Arizona Press.

More recently, nightside investigations confirmed the CO
gradient in the lower atmosphere. As first demonstrated by
Pollack et al. [1993], the (2-0) CO band in the 2.30—2.42 ym
region provides vertically resolved information over approx-
imately the interval 28—42 km. Compiling various studies,

the CO mixing ratio at 36 km can be estimated as 26 + 5 ppm
[Pollack et al., 1993; Bézard, 1994; Marcq et al., 2006] and
the concentration gradient in the 28—42 km interval as 0.6 +
0.4 ppm km ™" [Taylor et al., 1997; Marcq et al., 2006]. The
observed gradient implies a source above the clouds, very

70
Ground-based
60 - -
50 .
E PV
40 | 1
% Venera 12
E AN
= 30+ Night side )
£
PV
20 .
_._Venera 12
10 .
0 - .
10 20 50 100

Mixing ratio (ppm)

Figure 3. Measurements of the CO mixing ratio from Pioneer Venus (PV), Venera 12, and ground-

based nightside and dayside observations.

30f 10



E04S07
28 0.56 _
€| — ¢o (P
& 27F —— 0CS 10.54 &
© 26 F l ‘ I I
@\ _ [ iilihel o
{ = - | i ¢ | r | =
L : | ‘ ‘ | | | | ok ot c
€ 23F L . 11 : :
o | N
&) E Q
22I B
—40 -20 0 20 40

Lotitude (°)

Figure 4. Latitudinal variations of CO and OCS at 36 km
in the range 40°S—40°N as inferred from ground-based
spectro-imaging data in the 2.3-pum nightside window
[Marcq et al., 2006].

likely CO, photodissociation, and a sink near the surface.
This sink is thought to be the formation of OCS, through
reaction of CO either with SO, [Pollack et al., 1993] or more
likely with S,, as advocated by Hong and Fegley [1997].

[v] 2.3-pm nightside observations also give evidence for
horizontal variations in the CO abundance below the clouds.
NIMS spectra recorded during the Galileo flyby of Venus in
February 1990 indicate an increase of about 35% north of
47°N compared to the 55°S—30°N region [Collard et al.,
1993]. Due to the geometry of the observations, the NIMS
data do not allow us to know if a similar enhancement exists
in the southern polar region. More recently, Marcq et al.
[2005a, 2006] observed Venus’ night side in the same
window using the SpeX spectro-imager at the NASA
Infrared Telescope Facility (IRTF). Mapping the 40°S to
40°N region, they derived an increase by 12 + 4% of the CO
mixing ratio around 36 km between the equator and 40°S
(Figure 4) and a concomitant increase of the vertical
gradient by a factor of ~2 (albeit with large error bars).
The increase of CO north and south of the equatorial region
can be interpreted in the framework of general circulation
models with Hadley cells rising at the equator and descending
at high latitudes. Downwelling brings air enriched in gases
formed at high altitudes, such as CO, to lower atmospheric
levels, therefore increasing their mixing ratios at these levels.
An opposite behavior is expected for gases showing a
decreasing-with-height mixing ratio, as illustrated below.

4. Carbonyl Sulfide

[10] Carbonyl sulfide (OCS) was first unambiguously
detected from high-resolution nightside observations in the
2.3-um window [Bézard et al., 1990]. As shown by Pollack
et al. [1993], the spectral data allow the retrieval of mixing
ratios around 38 km from the core of the absorption feature
at 2.43 pm, and around 30 km from the low-wavelength
wing of the band near 2.42 pm (see, e.g., Figure 5). The best
fit abundances derived from various investigations are 0.35 +
0.1 ppm at 38 km and a range of 10—20 ppm at 30 km [7aylor
et al., 1997]. The OCS vertical profile thus exhibits a strong
negative gradient in the altitude range 30—40 km with a

BEZARD AND DE BERGH: VENUS’ ATMOSPHERE BELOW THE CLOUDS

E04S07

mixing ratio scale height equal to 0.2 + 0.05 times the
pressure scale height [Marcq et al., 2006]. The implied sink
of OCS in this region is thought to be reaction with SO;,
produced by thermal decomposition of H,SOy, to form CO,
S, and SO, [Krasnopolsky and Pollack, 1994]. Thermo-
chemical models thus support the idea that the coupled
decrease in OCS and increase of CO observed from 30 to
40 km results from CO formation at the expense of OCS.
[11] Horizontal variations of OCS have recently been
inferred from SpeX/IRTF spectro-imaging observations.
Assuming no change in the vertical gradient of OCS, Marcq
et al. [2005a] concluded to a ~10% decrease of the OCS
abundance from the equator to 40°S. Solving for both the
36-km mole fraction and the 30- to 37-km gradient, Marcq
et al. [2006] concluded that, southward of 20°S, OCS is
depleted above 35 km but enriched at 30—33 km. Therefore
the OCS wvariation in latitude is anti-correlated with that
of CO around 36 km, with both molecules exhibiting
more shallow gradients near the equator. Because the two
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Figure 5. (bottom) Ground-based observations of the

OCS band in the 2.3-um nightside window at a resolving
power of 2000. (top) Synthetic spectra with two different
profiles of OCS having a mixing ratio (¢ocs) scale height of
0.4 and 0.1 times the pressure (p) scale height (adapted from
Marcq et al. [2006]).
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Figure 6. Vertical profiles of SO, determined by the ISAV experiment aboard Vega 1 and 2 [Bertaux et
al., 1996]. The circles indicate the Pioneer Venus and Venera 12 GC measurements, the square indicates
the 2.3-pm nightside observations [Bézard et al., 1993], and the triangle indicates the upper limit from
microwave flux measurements [Jenkins et al., 2002].

compounds have opposite vertical gradients, this behavior is
likely the signature of the general circulation, with rising
motion at equatorial latitudes (and descending air at high
latitudes). The larger abundance of OCS below ~33 km
south of 20°S may result from the larger abundance of CO
leading to enhanced production of OCS in the lower
atmosphere.

5. Halides

[12] Nightside observations have provided the first meas-
urements of two halides (HF and HCI) below the clouds
[Bézard et al., 1990]. Several HF lines can be detected in
high-resolution spectra of the 2.3-um window probing the
30-40 km range, while strong HCI lines are prominent in
the 1.74-pym window originating from the 15-30 km
region. The derived mixing ratios are 5 £ 2 ppb and 0.5 +
0.15 ppm, respectively [Taylor et al., 1997]. These values
are similar to those measured at the cloud tops 20 years
before by Connes et al. [1967]. This constancy with altitude
and over time suggests that these two corrosive gases are in
chemical equilibrium rather than the result of time-variable
phenomena such as volcanism. Fegley and Treiman [1992]
investigated several potential minerals that can buffer their
atmospheric abundances and proposed various assemblages
common in terrestrial alkaline rocks that lead to the observed
abundances at the temperature of Venus’ surface.

6. Sulfur Dioxide

[13] Sulfur dioxide, a key actor in the sulfur cycle, has
been measured in situ by various entry probes. The Pioneer
Venus gas chromatograph derived a mixing ratio of 185 =+

43 ppm at 22 km [Oyama et al., 1980] and the Venera
12 gas chromatograph determined a mean value of 130 +
35 ppm below 42 km [Gel'man et al., 1979). Bertaux et al.
[1996] published a detailed analysis of the data collected by
the ISAV ultraviolet spectrometer aboard the Vega 1 and
2 probes. The two probes descended into Venus’ atmosphere
on 11 and 15 June 1985 at two different locations (7.5°N—
177.7°E and 8.5°S—164.5°E, respectively). SO, profiles,
obtained from the cloud tops down to the surface, show a
double peak at 51.5 and 42.5 km (150 and 125 ppm,
respectively) for ISAV1, and a single peak at 43 km
(210 pm) for ISAV2. Below, the two profiles exhibit the same
pronounced decrease: 56 ppm at 32 km, 38 ppm at 22 km and
20-25 ppm at 12 km (Figure 6).

[14] The SO, band present in the 2.3-um window has
been used to determine the abundance of this gas in the 35—
45 km region using nightside spectroscopy [Bézard et al.,
1993]. The derived abundance (130 + 40 ppm) agrees with
the Pioneer Venus and Venera 12 gas chromatograph (GC)
measurements in 1978. This stability over time contrasts
with the apparent decline observed at the cloud tops since
these missions [Esposito et al., 1997]. While the ISAV
profiles are in good agreement with the nightside results
relating to 35—45 km, they conflict with the GC determi-
nations at lower altitudes.

[15] Microwave wavelengths are somewhat sensitive to
SO, opacity, and 1.3- and 2-cm maps obtained with the
Very Large Array (VLA) seem to suggest low SO, mixing
ratios below the clouds: less than 100 ppm at low latitudes
and less than 50 ppm in polar regions [Jenkins et al., 2002].
However, the sensitivity of the microwave flux to SO, is
limited and the derived constraints strongly depend on the
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Figure 7. Vertical profiles of H,SO,4 vapor obtained with the Magellan and Mariner 10 radio occultation
experiments at 67°N latitude and the equator, respectively. The solid line represents the saturation profile

[Kolodner and Steffes, 1998].

assumed temperature profile. They also might be affected
by uncertainties in the measurement calibration and in the
SO, absorptivity at the relevant temperatures and CO,
pressures.

[16] Fegley and Treiman [1992] have shown that chem-
ical reactions with surface minerals cannot buffer the SO,
abundance in the lower atmosphere because of their extremely
low kinetics. The gradient in the ISAV profiles below 40 km
would thus require the transformation of SO, into another
sulfur-bearing gas in the lower atmosphere. The fact that this
putative abundant gas is still undetected and that existing
thermochemical models do not reproduce such a SO, deple-
tion casts doubt on the ISAV profiles, which in addition rely on
a number of assumptions made in this complex data analysis.
The ISAV results clearly need to be confirmed by future in situ
experiments, given the strong implications they would have on
Venus’ sulfur chemistry.

7. Sulfuric Acid Vapor

[17] Gaseous H,SO,4 was detected from data recorded with
the Pioneer Venus radio occultation experiment at a wave-
length of 13 cm [Jenkins and Steffes, 1991]. Despite quite
large error bars, the abundance profiles derived from the
absorptivity profiles suggest significant latitudinal variations
in the abundance of H,SO,4 between the equatorial region and
latitudes above 35°N, with generally lower values at high
latitudes. The Magellan radio occultation measurements in
19911992 provided a set of H,SO, profiles at high northern
and southern latitudes with a much better accuracy [Jenkins et
al., 1994; Kolodner and Steffes, 1998]. Data at 67°N indicate
mixing ratios of 3—7 ppm below the cloud base at 47 km,
with a sharp drop off below 39 km (Figure 7). At 88°S, a
6—10 ppm abundance is derived below the cloud base at
44 km and no information is available below 41 km. A

reanalysis of the Mariner 10 radio occultation results by
Kolodner and Steffes [1998] yields a sub-cloud abundance
of 10—14 ppm below 48 km at the equator and a sudden
drop off below 45 km (Figure 7). The differences between
the derived profiles indicate variations in gaseous H,SOy4
with latitude, longitude and possibly time. At some spe-
cific locations, the differences in the H,SO, abundances
retrieved from S- and X-band data suggest an elevated
amount of another constituent, most likely SO,.

[18] Jenkins et al. [2002] conducted radio observations
with the VLA at 1.3 and 2 cm to investigate horizontal and
vertical variations of temperature and H,SO, abundance. At
high latitudes (beyond 45°), the H,SO, profile peaks around
46 km with a mixing ratio of about 8 ppm, and decays rapidly
away from this altitude. The results are generally consistent
with the Magellan profiles. At low latitudes, no significant
H,SO, is observed with an upper limit of 2.5 ppm, well
below that derived from Mariner 10 radio occultation data
(Figure 7).

[19] The sharp drop off in the H,SO4 mixing ratio
observed a few kilometers below the cloud base is consis-
tent with the expected thermal decomposition of this gas
into SO3 and H>O [Prinn, 1978]. The whole set of available
measurements indicates large spatial and temporal varia-
tions that likely result from dynamical processes.

8. Other Sulfur Compounds

[20] Strong absorptions in the 450-600 nm range
observed in situ by the Venera 11 and 12 probes between
10 and 30 km have been interpreted as due to trace amounts
of gaseous elemental sulfur [Moroz et al., 1979]. Among all
the sulfur allotropes that could exist in the lower atmosphere
(S, forn =1 to 8), only S5 absorbs significantly near 450 nm.
Moroz et al. [1979] used these wavelengths to derive a
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mixing ratio profile of S5 that peaks at 4 x 10~'" around
23 km altitude. Using San 'ko’s [1980] calculations of the
relative abundances and vertical profiles of the various sulfur
allotropes, a global mixing ratio of gaseous sulfur can be
derived. A value of 2 x 10~® for sulfur allotropes taken all
together is found, with S, being the dominant species below
30 km altitude. Further analyses of the same data set showed
that the single scattering albedo at 490 nm peaked about one
scale height lower than the S5 and S, profiles calculated by
San’ko [1980]. Von Zahn et al. [1983] suggested that this may
result from photochemistry of the sulfur allotropes not
considered by San ko [1980]. Some of these species could
be responsible for dark markings in the clouds [see, e.g.,
Esposito et al., 1997]. 1t should be further noted that Pollack
et al. [1980] have suggested that gaseous SO, could be partly
or entirely responsible for the “unexplained” absorption in
the Venera 11 and 12 data but did not publish detailed results
of their computations.

[21] In any case, thermochemical equilibrium modeling
does reproduce the Venera absorption profile below 12—
14 km, suggesting that, in this region, the sulfur allotropes are
in equilibrium with one another and not too affected by
photochemistry [Fegley, 1997]. The so-derived S, abundance
(0.02 ppm) is actually lower than the equilibrium abundance
in the near-surface atmosphere of 0.2 ppm [Fegley et al.,
1997], indicating that the kinetics for the exchange of
elemental sulfur with other S-bearing gases is relatively slow.
The measured abundance is also smaller than that of S, gas in
equilibrium with pyrite and pyrrhotite (0.7 ppm at 733 K and
95 bar), indicating that pyrite is not stable on Venus [Fegley,
1997].

[22] Data from the Pioneer Venus mass spectrometer
[Hoffman et al., 1980; Donahue and Hodges, 1993] suggest
detection of H,S with a mixing ratio of 3 + 2 ppm below
20 km whereas the gas chromatograph provided an upper
limit of 2 ppm [Oyama et al., 1980]. This value is at least
an order of magnitude larger than predicted by thermo-
chemical equilibrium at the surface (0.1 ppm) [Fegley et
al,, 1997]. If H,S is actually present in Venus’ lower
atmosphere at the ppm level, it would probably require a
surface source, such as reaction of H,O with pyrrhotite or
volcanic outgassing, and slow gas-phase kinetics.

9. Water Vapor and D/H Ratio

[23] Water vapor measurements by entry probes below
the clouds have provided conflicting results, differing by
more than two orders of magnitude [Von Zahn et al., 1983;
Taylor et al., 1997]. The situation cleared up with spectro-
scopic investigations of the nightside emission published in
the 1990s [Bézard et al., 1990; Crisp et al., 1991; Pollack et
al., 1993; de Bergh et al., 1995]. Water vapor absorbs in the
2.3-, 1.74-, and 1.18-ym windows (Figures 1 and 8),
allowing the retrieval of a vertical profile from about
45 km down to the surface. As reviewed by Taylor et al.
[1997], a consensus has emerged toward a mixing ratio
of 30 £ 10 ppm approximately constant in the whole 0—
45 km range. Venus’ lower atmosphere thus appears
globally extremely dry, much drier than indicated by
the GCMS in situ measurements.

[24] The range of abundances derived still leaves room
for possible vertical variations. From spectro-imaging data
recorded at the Anglo-Australian Telescope (AAT) in the
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Figure 9. Determination of the H,O mixing ratio profile from various investigations. Dots with error
bars: nightside observations as compiled by Taylor et al. [1997]. 1, Meadows and Crisp’s [1996] AAT
nightside observations; 2, Ignatiev et al.’s [1997] reanalysis of the Venera optical spectra.

1.0, 1.1 and 1.18-pm windows, Meadows and Crisp [1996]
proposed a profile that increases from 20 ppm at the cloud
base to 45 + 10 ppm from 30 km to the surface (Figure 9).
Reanalyzing the Venera 11, 13 and 14 optical spectra
recorded during the descents, Ignatiev et al. [1997] sug-
gested a decrease of the H,O mixing ratio from 40 ppm in
the clouds down to 20 ppm at 10—20 km, although a
constant value of 30 £ 10 ppm from 5 to 60 km could not
be excluded. They also concluded that the mixing ratio
probably increases up to 50—70 ppm below 5 km (Figure 9).
This gradient is at odds with the constancy (within +10%) of
the H,O mixing ratio derived by Meadows and Crisp [1996]
in the lowest 6 km using the local topography as an altitude
discriminator. The non-constancy of the H,O profile below
the cloud base would imply an atmospheric source or sink
for this compound that remains to be identified. It appears
thus very desirable to reach a better precision on the H,O
profile in order to settle the issue.

[25] Various observers searched for horizontal variations
in the H,O abundance using spatially resolved nightside
spectra. Drossart et al. [1993] analyzed a sequence of
Galileo/NIMS data covering overall a small area but a wide
latitude range (40°S, 50°N). The 1.18-xm window was used
to map the water abundance below 15 km and no variations
exceeding 20% were detected. From their IRTF spectro-
imaging data at 2.3 um, Marcq et al. [2006] did not see
either any H,O variations at 28—42 km in the range 40°S—
40°N (with an upper limit of 20%). In contrast, Bell et al.
[1991] presented 2.3-pum spectra of Venus’ night side
recorded with the CGS instrument at the IRTF which
indicated an enhancement by a factor of 5 in the H,O
abundance over a low cloud opacity spot. This localized
observation was interpreted as a strong downdraft associated

with evaporation of H,SO,4 droplets. Such a feature was never
seen in subsequent measurements. Although this unique
measurement still remains to be confirmed, it suggests the
possibility that the 2.3-pm window can be used to investigate
the meteorology of Venus’ clouds, not only through maps of
the lower cloud opacity, but also from measurements of the
water vapor abundance just below the cloud base.

[26] The 2.3-ym window offers the opportunity of
observing lines from both H,O and the deuterated isotope
HDO. This can be used to measure the D/H ratio below
the clouds: de Bergh et al. [1991] derived a value of 120 +
40 times the terrestrial SMOW value from high-resolution
CFHT spectra and, more recently, Marcq et al. [2005b]
derived a similar Earth-to-Venus ratio (130 + 20) from
SpeX/IRTF data. The first determinations of the D/H ratio
date back to the in situ measurements by the neutral mass
spectrometer of Pioneer Venus, the analysis of which
yields D/H = 157 + 30 times the ratio in Earth’s oceans
[Donahue et al., 1997]. Both in situ and remote-sensing
determinations thus agree and point to a strong deuterium
enrichment in Venus’ atmosphere.

[27] This high D/H ratio is due to the removal of water
vapor through photodissociation and hydrogen escape but
its interpretation depends on the lifetime of water in the
atmosphere. It has first been interpreted as the signature of a
lost primordial ocean [McElroy et al., 1982; Donahue et al.,
1982], which is reasonable if the lifetime of H,O is longer
than the age of the planet. However, Grinspoon and Lewis
[1988] have argued that, given the small present-day
amount of water in the atmosphere and the estimated
hydrogen escape flux, the residence time of water is
probably shorter than the age of Venus. Consequently, the
water abundance could essentially reflect a balance between
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Table 1. Composition of Venus’ Atmosphere Below the Cloud Decks

Gas Altitude Range Mixing Ratio, ppm Comments

CO 36 km 265 latitudinal variations

below 12 + 0.38 x z (km)
OCS 38 km 0.35+0.1 latitudinal variations

30 km 10-20
SO, 35-45 km 130 £ 40

below Conflicting results (from 38 to

185 ppm at 22 km)

S, below 12 km ~0.02 derived from S; measurements
H,S below 20 km 1-2?
HCI 15-30 km 0.5+0.15
HF 30—40 km 0.005 £+ 0002
H,SO,4 46 km 4-10 horizontal variations

below 39 km ~0
H,0 0-45 km 30+ 10 possibly varies with altitude
D/H 30-40 km 120 + 40 @

loss by escape and supply by a source. Grinspoon and
Lewis [1988] proposed an external source from cometary
infall, while Grinspoon [1993] proposed an internal source
from volcanic outgassing, either continuous or episodic
such as the catastrophic resurfacing that occurred in the
past 1 Gyr. Gurwell [1995] proposed an alternative solution,
incorporating the primordial ocean and a steady source,
which succeeds in reproducing the present D/H ratio while
assuming Earth-like values for the primordial ocean and the
continuous source. A better assessment of the various
scenarios will require an improved understanding of the
past and present escape mechanisms.

10. Conclusions

[28] Table 1 summarizes our knowledge of the composi-
tion of the lower atmosphere as discussed above. In addition
to the horizontal variations observed for some compounds,
temporal variations are also possible. The Venus Express
spacecraft, orbiting the planet since 11 April 2006, will
conduct scientific observations for over two full Venusian
days (486 Earth days). Instruments aboard the spacecraft
will allow us to map and monitor the compounds in Table 1,
except HF, H,S and S,. The radio science experiment VeRA
will provide the H,SO,4 vapor profile within and below the
clouds at specific locations through occultation measure-
ments. The other gases will be mapped below the clouds
with the ultraviolet/visible/near-infrared mapping spectrom-
eter (VIRTIS) using the nightside windows. In addition, the
infrared channel of SPICAV (Spectroscopy for Investigation
of Characteristics of the Atmosphere of Venus) will record
spectra of the short-wavelength (<1.7 pm) nightside win-
dows in its nadir observing mode. The Venus monitoring
camera (VMC) may also provide some constraints on the
water vapor near the surface by imaging the night side
through its filter centered at 0.935 pm. These observations
by Venus Express are obviously crucial to investigate the
large-scale circulation in the deep atmosphere, the meteo-
rology of H,SO, clouds, and to search for possible volcanic
activity. The latter can be sought through images of the
surface at 1.0 pm on the night side (looking for hot spots) or
spectroscopic monitoring in the nightside windows (looking
for local enhancement of specific gases such as SO,).

[20] The nightside windows are clearly an important target
for the Venus Express mission. However, the absolute preci-

sion with which the absorbers’ abundances can be retrieved
from these observations is still limited by uncertainties in the
modeling of the CO, opacity. A continuum absorption, due to
the far wings of the strong CO, bands outside the windows
and to collision-induced bands, limits the depth of the levels
contributing to the emission. Up to now this opacity has been
reliably measured only in the 2.3-micron window and at
room temperature [Tonkov et al., 1996]. Measurements in
other windows and in conditions relevant to Venus’ deep
atmosphere are urgently needed. Analysis of the nightside
emission would also benefit from improved molecular line-
lists especially for CO, and to a lesser extent H,O. The high-
temperature CO, database (HITEMP) used up to now
[Pollack et al., 1993] allows a correct reproduction of the
CO, bands present in the observed windows but significant
discrepancies clearly remain.

[30] Other quantities important for the sulfur cycle will
require in situ measurements by future missions. Of partic-
ular importance is the determination of the abundances of
gases such as CO, SO,, OCS, S, or H,S near the surface to
constrain the oxidation state of the lower atmosphere and
surface, and determine the stability of various minerals.
Measurements at higher altitudes of, e.g., SO3;, SO or
elemental sulfur are also needed to better understand the
sulfur cycle and the chemistry at work below the cloud base.

References

Allen, D. A., and J. W. Crawford (1984), Cloud structure on the dark side of
Venus, Nature, 307, 222—-224.

Baines, K. H., et al. (2000), Detection of sub-micron radiation from the
surface of Venus by Cassini/VIMS, Icarus, 148, 307—311.

Bell, J. F., 1II, D. Crisp, P. G. Lucey, T. A. Ozoroski, W. M. Sinton,
S. C. Willis, and B. A. Campbell (1991), Spectroscopic observations of
bright and dark emission features on the night side of Venus, Science, 252,
1293-1296.

Bertaux, J.-L., T. Widemann, A. Hauchecorne, V. I. Moroz, and A. P.
Ekonomov (1996), VEGA 1 and VEGA 2 entry probes: An investigation
of local UV absorption (220—400 nm) in the atmosphere of Venus (SO,,
aerosols, cloud structure), J. Geophys. Res., 101, 12,709—12,745.

Bézard, B. (1994), The deep atmosphere of Venus probed by near-infrared
spectroscopy of the night side, paper presented at 30th COSPAR Scientific
Assembly, Comm. on Space Res., Hamburg, Germany, 11—-21 July.

Bézard, B., C. de Bergh, D. Crisp, and J.-P. Maillard (1990), The deep
atmosphere of Venus revealed by high-resolution nightside spectra,
Nature, 345, 508—-511.

Bézard, B., C. de Bergh, B. Fegley, J.-P. Maillard, D. Crisp, T. Owen,
J. B.Pollack, and D. Grinspoon (1993), The abundance of sulfur dioxide
below the clouds of Venus, Geophys. Res. Lett., 20, 1587—1590.

Collard, A. D., F. W. Taylor, S. B. Calcutt, R. W. Carlson, L. W. Kamp,
K. H. Baines, Th. Encrenaz, P. Drossart, E. Lellouch, and B. Bézard

9 0of 10



E04S07

(1993), Latitudinal distribution of carbon monoxide in the deep atmo-
sphere of Venus, Planet. Space Sci., 41, 487—494.

Connes, P., J. Connes, W. S. Benedict, and L. D. Kaplan (1967), Traces of
HCI and HF in the atmosphere of Venus, Astrophys. J., 147, 1230—1237.

Connes, P., J. Connes, L. D. Kaplan, and W. S. Benedict (1968), Carbon
monoxide in the Venus atmosphere, Astrophys. J., 152, 731-743.

Connes, P., J. F. Noxon, W. A. Traub, and N. P. Carleton (1979), O, 'A
emission in the day and night airglow of Venus, Astrophys. J. Lett., 233,
L29-132.

Crisp, D., D. A. Allen, D. H. Grinspoon, and J. B. Pollack (1991), The dark
side of Venus: Near-infrared images and spectra from the Anglo-Australian
Observatory, Science, 253, 1263 —1266.

Crisp, D., V. S. Meadows, B. Bézard, C. de Bergh, J.-P. Maillard, and
F. P. Mills (1996), Ground-based infrared observations of the Venus night-
side: 1. 27—pm OQ(alAg) airglow from the upper atmosphere, J. Geophys.
Res., 101, 4577—-4593.

de Bergh, C., B. Bézard, T. Owen, D. Crisp, J.-P. Maillard, and B. L. Lutz
(1991), Deuterium on Venus: Observations from Earth, Science, 251,
547-549.

de Bergh, C., B. Bézard, D. Crisp, J.-P. Maillard, T. Owen, J. Pollack, and
D. Grinspoon (1995), Water in the deep atmosphere of Venus from high-
resolution spectra of the night side, Adv. Space Res., 15(4), 79—88.

de Bergh, C., V. I. Moroz, F. W. Taylor, D. Crisp, B. Bézard, and
L. V. Zasova (2006), The composition of the atmosphere of Venus below
100 km altitude: An overview, Planet. Space Sci., 54, 1389—1397.

Donahue, T. M., and R. R. Hodges Jr. (1993), Venus methane and water,
Geophys. Res. Lett., 20, 591-594.

Donahue, T. M., J. H. Hoffman, R. R. Hodges, and A. J. Watson (1982),
Venus was wet: A measurement of the ratio of deuterium to hydrogen,
Science, 216, 630—633.

Donahue, T. M., D. H. Grinspoon, R. E. Hartle, and R. R. Hodges Jr.
(1997), lon/neutral escape of hydrogen and deuterium: Evolution of
water, in Venus II—Geology, Geophysics, Atmosphere, and Solar Wind
Environment, edited by S. W. Bougher, D. M. Hunten, and R. J. Phillips,
pp. 385—414, Univ. of Ariz. Press, Tucson.

Drossart, P., et al. (1993), Search for spatial variations of the H,O abundance
in the lower atmosphere of Venus from NIMS-Galileo, Planet. Space Sci.,
41,495-504.

Esposito, L. W., J.-L. Bertaux, V. Krasnopolsky, V. I. Moroz, and L. V.
Zasova (1997), Chemistry of lower atmosphere and clouds, in Venus II—
Geology, Geophysics, Atmosphere, and Solar Wind Environment, edited
by S. W. Bougher, D. M. Hunten, and R. J. Phillips, pp. 415—-458, Univ.
of Ariz. Press, Tucson.

Fegley, B., Jr. (1997), Why pyrite is unstable on the surface of Venus,
Icarus, 128, 474—479.

Fegley, B., Jr., and A. H. Treiman (1992), Chemistry of atmosphere-surface
interactions on Venus and Mars, in Venus and Mars: Atmospheres, lono-
spheres, and Solar Wind Interactions, Geophys. Monogr. Ser., vol. 66,
edited by J. Luhmann, M. Tatrallyay, and R. Pépin, pp. 7-71, AGU,
Washington, D. C.

Fegley, B., Jr., M. Yu. Zolotov, and K. Lodders (1997), The oxidation state
of the lower atmosphere and surface of Venus, Icarus, 125, 416—439.
Gel’man, B. G., V. G. Zolotukhin, N. I. Lamonov, B. V. Levchuk, A. N.
Lipatov, L. M. Mukhin, D. F. Nenarokov, V. A. Rotin, and B. P.
Okhotnikov (1979), An analysis of the chemical composition of the
atmosphere of Venus on an AMS of the Venera-12 using a gas chro-

matograph, Cosmic Res., 17, 585—589.

Grinspoon, D. H. (1993), Implications of the high D/H ratio for the sources
of water in Venus’ atmosphere, Nature, 363, 428—431.

Grinspoon, D. H., and J. S. Lewis (1988), Cometary water on Venus:
Implications of stochastic impacts, Icarus, 74, 21-35.

Gurwell, M. A. (1995), Evolution of deuterium on Venus, Nature, 378, 22—
23.

Hoffman, J. H., R. R. Hodges, T. M. Donahue, and M. B. McElroy (1980),
Composition of the Venus lower atmosphere from the Pioneer Venus
mass spectrometer, J. Geophys. Res., 85, 7882—-7890.

Hong, Y., and B. Fegley Jr. (1997), Formation of carbonyl sulfide (OCS)
from carbon monoxide and sulfur vapor and applications to Venus,
Icarus, 130, 495—-504.

Ignatiev, N. L., V. 1. Moroz, B. E. Moschkin, A. P. Ekonomov, V. I. Gnedykh,
A. V. Grigoriev, and 1. V. Khatuntsev (1997), Water vapour in the lower
atmosphere of Venus: A new analysis of optical spectra measured by entry
probes, Planet. Space Sci., 45, 427—438.

BEZARD AND DE BERGH: VENUS’ ATMOSPHERE BELOW THE CLOUDS

E04S07

Jenkins, J. M., and P. G. Steffes (1991), Results for 13-cm absorptivity and
H,SO, abundance profiles from the season 10 (1986) Pioneer Venus
Orbiter radio occultation experiment, Icarus, 90, 129—138.

Jenkins, J. M., P. G. Steffes, D. P. Hinson, J. D. Twicken, and G. L. Tyler
(1994), Radio occultation studies of the Venus atmosphere with the
Magellan spacecraft, Icarus, 110, 79—94.

Jenkins, J. M., M. A. Kolodner, B. J. Butler, S. H. Suleiman, and P. G.
Steffes (2002), Microwave remote sensing of the temperature and
distribution of sulfur compounds in the lower atmosphere of Venus,
Icarus, 158, 312-328.

Kolodner, M. A., and P. G. Steffes (1998), The microwave absorption and
abundance of sulfuric acid vapor in the Venus atmosphere based on new
laboratory measurements, /carus, 132, 151—169.

Krasnopolsky, V. A., and J. B. Pollack (1994), H,O-H,SO, system in
Venus’ clouds and OCS, CO, and H,SO, profiles in Venus’ troposphere,
Icarus, 109, 58—78.

Marcq, E., B. Bézard, T. Encrenaz, and M. Birlan (2005a), Latitudinal
variations of CO and OCS in the lower atmosphere of Venus from
near-infrared nightside spectro-imaging, Icarus, 179, 375—386.

Marcq, E., T. Encrenaz, B. Bézard, and M. Birlan (2005b), A preliminary
work to Venus Express: Near IR spectro-imagery of the lower atmo-
sphere, Bull. Am. Astron. Soc., 37, 742.

Marcq, E., T. Encrenaz, B. Bézard, and M. Birlan (2006), Remote sensing
of Venus’ lower atmosphere from ground-based IR spectroscopy: Latitu-
dinal and vertical distribution of minor species, Planet. Space Sci., 54,
1360—-1370.

McElroy, M. B., M. J. Prather, and J. M. Rodriguez (1982), Escape of
hydrogen from Venus, Science, 215, 1614—1615.

Meadows, V. S., and D. Crisp (1996), Ground-based near-infrared observa-
tions of the Venus nightside: The thermal structure and water abundance
near the surface, J. Geophys. Res., 101, 4595—-4622.

Moroz, V. L. (1983), Summary of preliminary results of the Venera 13 and
Venera 14 missions, in Venus, edited by D. M. Hunten et al., pp. 45—68,
Univ. of Ariz. Press, Tucson.

Moroz, V. 1., B. E. Moshkin, A. P. Ekonomov, N. F. San’ko, N. A. Parfent’ev,
and Yu. M. Golovin (1979), Spectrophotometric experiment aboard des-
cent probes Venera 11 and Venera 12: Some results of analysis of the
Venusian day sky spectrum, Pis 'ma Astron. Zh., 5, 222—-228.

Oyama, V. L., G. C. Carle, F. Woeller, J. B. Pollack, R. T. Reynolds, and
R. A. Craig (1980), Pioneer Venus gas chromatography of the lower
atmosphere of Venus, J. Geophys. Res., 85, 7891—7902.

Pollack, J. B., O. B. Toon, R. C. Whitten, R. Boese, B. Ragent,
M. Tomasko, L. Esposito, L. Travis, and D. Wiedman (1980), Distribu-
tion and source of the UV absorption in Venus’ atmosphere, J. Geophys.
Res., 85, 8141-8150.

Pollack, J. B., et al. (1993), Near-infrared light from Venus’ nightside: A
spectroscopic analysis, Icarus, 103, 1-42.

Prinn, R. G. (1978), Venus: Chemistry of the lower atmosphere prior to the
Pioneer Venus mission, Geophys. Res. Lett., 5, 973—-976.

San’ko, N. F. (1980), Gaseous sulfur in the atmosphere of Venus, Cosmic
Res., 18, 437—443.

Taylor, F. W., D. Crisp, and B. Bézard (1997). Near-infrared sounding of
the lower atmosphere of Venus, in Venus [I—Geology, Geophysics, Atmo-
sphere, and Solar Wind Environment, edited by S. W. Bougher, D. M.
Hunten, and R. J. Phillips, pp. 325-351, Univ. of Ariz. Press, Tucson.

Tonkov, M. V., N. N. Filippov, V. V. Bertsev, J. P. Bouanich, N. Van-Thanh,
C. Brodbeck, J. M. Hartmann, C. Boulet, F. Thibault, and R. Le Doucen
(1996), Measurements and empirical modeling of pure CO, absorption in
the 2.3-pm region at room temperature: Far wings, allowed and collision-
induced bands, Appl. Opt., 35, 4863 -4870.

Von Zahn, U., and V. I. Moroz (1985), Composition of the Venus atmo-
sphere below 100 km altitude, Adv. Space Res., 5, 173—195.

Von Zahn, U., S. Kumar, H. Niemann, and R. Prinn (1983), Composition of
the Venus atmosphere, in Venus, edited by D. M. Hunten et al., pp. 299—
430, Univ. of Ariz. Press, Tucson.

Young, L. D. G. (1972), High resolution spectra of Venus—A review,
Icarus, 17, 632—658.

B. Bézard and C. de Bergh, LESIA, Observatoire de Paris-Meudon, 5, Place
Jules-Janssen, F-92195 Meudon Cedex, France. (bruno.bezard@obspm.fr)

10 of 10



