
Venus Atmospheric Composition in situ Data: A Compilation

Natasha M. Johnson1, Marta R. R. de Oliveira2

1Astrochemistry Laboratory, Code 691, NASA Goddard Space Flight Center, USA;

2European Space Agency HQ, France

Abstract

The Venus atmosphere is of significant interest yet only rudimentary solid data has been gathered 

about its composition and chemistry. These measurements are scattered through time and place 

and are limited by parameters such as resolution and error margins as well as reinterpretations. 

This paper presents an extensive compilation of published in situ data for the atmospheric 

composition of Venus. It also includes remotely gathered measurements and some extrapolated 

and modeled data for the lower atmosphere. The composition tables are divided in four categories: 

noble gases, reactive gases, noble and non-noble isotopes. These tables were first presented in 

2016 within the scientific heritage appendix of the Deep Atmosphere Venus Investigation of Noble 

gases, Chemistry, and Imaging (DAVINCI) mission proposal. These tables provide respective 

measurements, error margins, techniques, altitudes, instruments, mission and references. The 

objective of this paper is to provide a simple, comprehensive list of available measurements to 

date; in particular, the in situ data, to serve as a quick overall Venus atmosphere data reference.

Key point / Plain language summary:

A compilation of in situ Venus atmospheric data from a variety of journals and difficult to locate 

sources.
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1. Introduction

Venus is our nearest planetary neighbor, excluding the Moon, yet we only have rudimentary 

knowledge of its deep atmosphere and geology. This is not for the lack of trying. Several 

spacecraft have been sent to Venus, either as orbiters, atmospheric probes, or landers, with 

differing levels of success. There have been opportunistic observations of Venus using 

instruments on spacecraft ‘flybys’ that were headed elsewhere as well as numerous Venus 

observations conducted from Earth-based telescopes or made with the naked-eye. The 

motivation for this paper was to create an easily accessible manuscript that contains the sum 

total of all previous measured and modeled Venus composition data that could be used as a 
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straightforward reference. Specifically, the renewed interest in sending spacecraft to Venus, 

as demonstrated by the recent NASA Discovery and New Frontiers Mission opportunities, 

justified such a compilation. In the early stages, it appeared that this task would be both 

simple and quick but it became quickly evident that without proper guidelines, this effort 

would devolve into a multifaceted morass. Therefore, we compiled an extensive list of 

published in situ measurements of the Venus atmosphere with some additional data derived 

from modeling.

The Venus environment is characterized by extreme conditions from the global sulfuric acid 

clouds to the high temperatures and pressures present at the surface (740 K and 95.6 bar). 

This challenging environment resulted in relatively few in situ measurements and remote 

observations are for the most part, limited to the region above the clouds. This dearth of hard 

data restricts what can be ascertained directly and requires the use of models in order to 

predict complex composition and processes within the Venus atmosphere. As a result, it is 

not uncommon for some extrapolated/modeled data to be quoted as ‘fact’, particularly for 

the deep atmosphere (below the clouds to the surface). There exist a large variety of Venus 

data compilations and presentations but an inescapable fact is that the in situ compositional 

data of the deep atmosphere, originates from the Venera, VeGa and Pioneer Venus missions. 

The last of these missions, VeGa 2, completed its task in June 1985. It should be noted that 

none of the entry/descending probes of the Venera or Pioneer missions were able to collect 

composition data until the probes became sub-sonic which typically occurred below 64km in 

almost all of the cases. More recent data was obtained through remote Earth-based, fly-by or 

orbiter observations. Tables 1a and 1b lists the spacecraft and Earth/space-based facilities 

that have gathered data about Venus and whose data is reflected in this compilation.

1.1 Overview of Previous Venus Atmospheric Data Compilation Studies

The Deep Atmosphere Venus Investigation of Noble gases, Chemistry, and Imaging 

(DAVINCI) mission proposal included a science heritage table within its appendix on the 

atmospheric composition of Venus. While conducting background research for this mission, 

it was evident that there needed to be one comprehensive, clear-cut table of the existing 

measured Venus atmospheric data. Limaye et al. (2018) present a comprehensive review of 

Venus thermal structure and radiative balance results but not the composition. Some 

previous compilations, although unquestionably excellent such as the Venus International 

Reference Atmosphere, aka VIRA, (Kliore et al. 1985), are now outdated while others were 

unclear or did not explain how values were derived. Imagine the frustration when significant 

literature digging was required to determine whether a value was an extrapolation, or has 

been accepted as ‘fact’ because the original source receded far into citation history, or had 

been derived solely from models or from well-studied estimates. This additional research 

was, unsurprisingly, neither straightforward nor swift due to difficulty in obtaining original 

sources, if cited at all. It was also easy to fall into a false sense of knowledge regarding the 

breadth of data because, at first, the data appear comprehensive but upon closer inspection, 

the data is limited in scope either by vertical resolution, massive error bars, or having no 

measurements whatsoever, i.e., oxygen at depth. This paper includes the aforementioned 

Venus data compilation from the DAVINCI proposal and recently obtained remote data. It is 

hoped that this presentation of the current knowledge of Venus’ atmospheric composition 
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data will save future investigators the frustration and effort of tracking down the proverbial 

needles in a haystack. The intent is to not to debate whether a measurement or estimate was 

made correctly or not; rather it is to report in one place currently known and published 

measurements regarding the Venus atmosphere.

2. Methodology

2.1 Measurement Discussion

The data in these tables list measured values and a concerted effort was made to only include 

data from original sources. Modeled data were mostly avoided, unless well justified, in order 

to maintain the basic original data integrity of the tables. As such, the values presented in 

this paper are taken verbatim from the sources using original units and connotations unless 

noted otherwise. Later papers that quote the same value from an earlier source are not 

included. Some values that were tweaked over the years are also included if the reworked 

values have clear explanations and techniques. In order to ease access and understanding, the 

tables include a comment column for each item to provide information that is not reflected is 

the main body of the table. For example, a statement about how the data value was derived 

or settled upon would be noted from the original source. Theoretical or modelled data are 

indicated.

While compiling this data and speaking with researchers in the community, it became 

apparent that is not always obvious how the measurements are reported. The terms 

abundance and ‘mole fraction’ have been used interchangeably which, at times, has led to 

confusion as to what exactly the measurements represent. As this situation appears to occur 

fairly often, it seemed to be a useful exercise to clarify the measurement definition with a 

brief overview. When we refer to one of the first major and commonly cited compendiums 

of measured data, von Zahn et al. (1983), the reported measurements for each species are 

provided as mixing ratios: “We provide … mixing ratios xi = ni/Σ ni, (with ni being the 

number density of species i) of all those gases which have been positively identified in 

Venus’s atmosphere below 100 km.” The number density is a fixed number of particles (or 

molecules) for a given volume not to be confused with number fraction, which is defined as 

the number of molecules of a species ni divided by the total number of all molecules ntotal. 

Confusion creeps in when the term abundance appears because this term is not precise and 

requires context as to whether the value refers to the total amount of a species or as a 

comparison ratio to the whole. Additionally, measured values are also reported as ppmv 

(parts per million by volume) and should not be confused with concentration. The ‘v’ in this 

context (ppmv or ppmv) refers to the volume mixing ratio to differentiate it from other types 

of mixing ratios (e.g. Schwartz and Warneck, 1995). The purpose of describing these 

minutiae is to illustrate how easily confusion could occur. Fortunately, we are dealing with 

gases which allows straightforward calculations to compare measurements. In atmospheric 

chemistry, the mixing ratio usually refers to the mole ratio (ri) as shown in Eq. 1 where Ni is 

the number of moles of species i such that Ni = ni/Avogadro’s number.

ri =
Ni

Ntotal − Ni
(1)
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The mole fraction, xi, is defined in Eq. 2 as:

xi =
Ni

∑i = 1
k Ni

=
Ni

Ntotal
(2)

If Ni ≪ Ntotal, then ri is almost identical (ri ≈ xi) to the mole fraction, xi. This is particularly 

true if Ni is small which is the case on Venus where CO2 and N2 dominate the atmosphere at 

fractions of ~96.5% and ~3.5%, respectively. Therefore, the mixing ratio on Venus is 

essentially the mole fraction and represents the same quantity.

For the purposes of this compilation all measurements, unless noted otherwise, are stated as 

mole fractions for the reasons just described.

2.2 Measurement Errors

The errors shown within the tables reflect what was noted in the original sources. 

Unfortunately, many sources do not specify the error ranges, whether the error was 1 or 3 

sigma or if the error came about due to instrumental bias.

3. Data Tables

3.1 Noble Gases: Table 2

3.2 Noble Gas Isotopes and Associated Isotopic Ratios: Table 3

3.3 Reactive Gases: Table 4

3.4 Isotopic Ratios of the Reactive Gases: Table 5

4. Summary

These Tables are by no means the last word on Venus atmospheric data, both measured and 

modelled, but rather provide a useful overall reference for future work. We look forward to 

obtaining new information about Venus’ atmosphere from the cloud-tops to the surface and 

the exciting, new missions that hopefully, will eventually and inevitably be sent to Venus.
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Table 1a:

Missions to Venus and Spacecraft that returned Venus data

Date Launched Name (Nation)
a Type Venus Date

b
 (Lat, Long) Comments

27 Aug 1962 Mariner 2 (USA) Flyby 14 Dec 1962 (n/a) First successful Venus flyby

12 Jun 1967 Venera 4 (USSR) Probe 18 Oct 1967 (unknown) First spacecraft to transmit data from a 
planet’s atmosphere

14 Jun 1967 Mariner 5 (USA) Flyby 19 Oct 1967 (n/a)

5 Jan 1969 Venera 5 (USSR) Probe 16 May 1969 (3°S, 18°)

10 Jan 1969 Venera 6 (USSR) Probe 17 May 1969 (5°S, 23°)

17 Aug 1970 Venera 7 (USSR) Lander 15 Dec 1970 (5°S, 351°) First transmissions from the surface of 
another planet

27 Mar 1972 Venera 8 (USSR) Lander 22 Jul 1972 (10°S, 335°)

3 Nov 1973 Mariner 10 (USA) Flyby 5 Feb 1974 (n/a)

8 Jun 1975 Venera 9 (USSR) Orbiter/Lander 22 Oct 1975 (32°N, 291°) First image of Venus surface

14 Jun 1975 Venera 10 (USSR) Orbiter/Lander 25 Oct 1975 (16°N, 291°) Transmitted 65min from surface; 
Surface images

20 May 1978 Pioneer Venus 1 (USA) Orbiter 4 Dec 1978 (n/a) Radar map 73°N/63°S @ 75km 
resolution; in operation for ~14yrs

8 Aug 1978 Pioneer Venus 2 (USA) Multiprobe 1 
large 3 small

9 Dec 1978 (4.4°N, 304°; 
Large Probe)

Small probes: North (59.3°N,4.8°); Day 
(31.3°S,317°); Night (28.7°S,56.7°) 
Two of three survived impact

9 Sep 1978 Venera 11 (USSR) Flyby/Lander 25 Dec 1978 (14°S, 299°) Date reflects surface landing

14 Sep 1978 Venera 12 (USSR) Flyby/Lander 21 Dec 1978 (7°S, 294°) Lander relayed data for 110 minutes 
after reaching the surface.

30 Oct 1981 Venera 13 (USSR) Flyby/Lander 1 Mar 1982 (7.5°S, 305°) First color images of Venus surface; 
relayed data for 127 mins

4 Nov 1981 Venera 14 (USSR) Flyby/Lander 5 Mar 1982 (13.25°S, 310°) Lander relayed data for 57 minutes after 
reaching the surface.

2 Jun 1983 Venera 15 (USSR) Orbiter 10 Oct 1983 (n/a) Mapping

7 Jun 1983 Venera 16 (USSR) Orbiter 14 Oct 1983 (n/a) Mapping

15 Dec 1984 VeGa 1 (USSR) Flyby/Probe/
Lander 11 Jun 1985 (7.2°N, 177.8°)

Balloon-gondola gathered atmos data 
(survived 46.5 hrs); lander relayed data 
for 56 mins

21 Dec 1984 VeGa 2 (USSR) Flyby/Probe/
Lander 15 Jun 1985 (6.45°S, 181.08°)

Balloon-gondola gathered atmos data 
(survived 46.5 hrs); lander relayed data 
for 57 mins

4 May 1989 Magellan (USA) Orbiter 10 Aug 1990 (n/a) Radar mapping; 98% coverage; 
remained in orbit ~4 yrs

4 Aug 2004 MESSENGER (USA) Flyby 24 Oct 2006 5 Jun 2007 (n/a)
Destination: Mercury Remote 
measurements/images of Venus 
atmosphere

9 Nov 2005 Venus Express (Europe) Orbiter 7 May 2006 (n/a)
Global mapping; remote analyses; 
plasma, cloud, atmos studies; final 
mission duration ~9 yrs

20 May 2010 Akatsuki (Japan) Orbiter 7 Dec 2015 (n/a) Failed initial orbit 2010 insertion; atmos 
dynamics & cloud physics; ongoing

a
Mission design and operation: NASA(USA), Lavochkin(USSR), ESA(Europe), JAXA(Japan)

b
Date of flyby/entry/landing of spacecraft; if known, Venus latitude and longitude of final resting spot.

Earth Space Sci. Author manuscript; available in PMC 2020 June 25.



N
A

S
A

 A
uthor M

anuscript
N

A
S

A
 A

uthor M
anuscript

N
A

S
A

 A
uthor M

anuscript

Johnson and de Oliveira Page 9

Table 1b:

Earth- and Space-based facilities referenced in this study for Venus data

Facility/Spacecraft Instrument Comments

Apache Point Observatory 3.5 m Telescope TripleSpec spectrograph

Extreme Ultraviolet Explorer (EUVE) Wolter-Schwarzschild Type II grazing incidence 
mirror Launch: June 1992 Deactivated: Jan 2001

Mauna Kea Observatories Canada-France-Hawaii 3.6m Telescope Fourier Transform Spectrometer

International Ultraviolet Explorer (IUE) Long Wavelength Primary Camera: High 
Dispersion Mode/Small Aperture Launch: Jan 1978 Decommission:Sept 1996

NRAO Very Large Array Radio observations Microwave frequencies

Observatoire de Haute Provence, France 1.9 m Telescope Michelson Interferometer
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