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ABSTRACT 

A new era in the study of Earth-like planets in exosolar systems has provided a fundamental and new impetus for 

understanding the evolution of planetary systems, placing traditional comparative planetology focused on our own system 

in a much broader context and a wide range of possible variability. Against this background, the study of our sister planet 

Venus in comparison to Earth is becoming increasingly important. Venus provides a laboratory for comparative 

planetology, with important insights into the sensitive effects of stellar environmental conditions on the evolution of 

habitable planets. A number of space missions to Venus, planned and under development, reflect this approach to 

comparative planetology in the Solar System and its application to understanding global stellar planetary systems. This 

article evaluates and classifies the planned Venus investigations using infrared and ultraviolet spectroscopy in terms of 

their ability to answer these questions. The article is based on known data from missions such as Venera 15/PMV (RU), 

VIRTIS, SPICAV and SPICAV-SOIR/VEX (ESA), and MERTIS (ESA), as well as many others in which the authors have 

been involved. We report on the key questions concerning the evolution of Venus, and the contribution of infrared and 

ultraviolet spectroscopy, and reflect on them in the light of planned space missions. 
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1. INTRODUCTION 

Space-based spectral investigations from the UV to the IR have yielded groundbreaking results on the composition, state, 

dynamics, and evolution of the atmosphere of our sister planet Venus.1-13 The discovery and exploitation of the nightside 

atmospheric windows in the NIR has also opened the possibility of globally observing large-scale compositional surface 

variations, which can be directly related to the results of topological and geological investigations.4-7; 14, 15 There are two 

main reasons for the current upsurge in Venus exploration. First, new approaches to the climatological evolution of Earth 

in comparison to Venus in our Solar System encourage comparative studies.6, 17 On the other hand, observations of exosolar 

planets point to global mechanisms of the formation of Earth-like planets, whose development is also determined by their 

stellar environments.16 This paper focuses on the discussion of future planned space-based UV to IR projects/instruments 

that can shed new light on Venus and its evolution. 
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2. VENUS IN THE LIGHT OF PREVIOUS SPACE-BASED INVESTIGATIONS FROM THE 

UV TO THE IR RANGE 

Atmospheric sounding 

 

Earth and Venus followed different evolutionary paths that led to the dry, hot greenhouse driven Venusian climate and 

dense, super-rotating, CO2-dominated atmosphere we find today. Space-based spectral measurements of the planet from 

orbit have provided key information about the composition of Venus' atmosphere, its dynamics, energy balance and the 

temperature and pressure profiles in different atmospheric layers. Such studies have been conducted in both nadir and 

occultation geometry.  

 

The VIRTIS (Visible and InfraRed Thermal Imaging Spectrometer) aboard ESA’s Venus Express (VEX) mission covered 

the investigation of temperature fields in the altitude range 60 to 95 km (nightside), studies of cloud structure, composition, 

and scattering properties (day- and nightside), studies of the polar vortex, determination of lower atmospheric composition 

below the clouds (nightside), determination of mesospheric composition (dayside), investigation of nightglows and other 

non-local thermodynamic equilibrium emissions (NLTE), surface temperature and emissivity studies. The VIRTIS 

mapping channel VIRTIS-M-IR was the first to provide continuous nightside measurements of Venus from orbit in the 

atmospheric NIR windows over a long period of time.4-7, 14 In 1983, the PMV (Profile Measuring instrument for Venus) 

Fourier spectrometer aboard the Soviet Venera-15 mission, obtained radiation spectra of Venus in the range 6-36 µm 

covering the 55-90 km altitude range. In addition to CO2, H2O and SO2 were detected and the H2SO4 aerosols of the cloud 

layers were investigated. The mid-infrared spectral data enabled the derivation of temperature profiles of the middle 

atmosphere with the help of radiative transfer simulations and retrieval algorithms.1-3, 7, 14 The MERTIS (MErcury 

Radiometer and Thermal Infrared Spectrometer) instrument aboard ESA’s BepiColombo mission was investigating the 

mesosphere of Venus in the 7-14 µm spectral range during two flybys at Venus in 2020 and 2021, respectively. From these 

measurement results atmospheric temperature profiles and cloud parameters of the upper troposphere and mesosphere (60-

75 km) could be derived.10-12 The SOIR (Solar Occultation in the Infra-Red) and SPICAV (SPectroscopy for Investigation 

of Characteristics of the Atmosphere of Venus)8 instruments aboard VEx enabled the retrieval of vertical profiles of minor 

species, temperature, sulfuric acid upper haze, and discovered a sporadic ozone layer.49 SPICAV was also used in nadir 

mode, where it measured water vapor in the lowermost atmosphere in the near IR50, 51 and SO2 variations at cloud top level 

in the UV range52, 53. Finally, the VeRa (Venus Express Radio Science) experiment completes the overall picture of vertical 

profiles of temperature, pressure and total neutral number density between 40 km and 100 km altitude.9, 21 These more 

recent data, like those of their predecessor missions and ground-based data, are continuously incorporated into the Venus 

International Reference Atmosphere (VIRA) model, which contains tabulated values of temperature and number densities 

obtained during various investigations.18, 19 The work by Limaye et al. provides an insight into the state of knowledge about 

the thermal structure of the Venusian atmosphere in the post-VEX period.20 Finally, JAXA's Akatsuki spacecraft was able 

to record valuable data of Venus' atmosphere with a camera complex from a highly elliptical orbit around Venus from 

December 2015 to May 2024.13 The four cameras on Akatsuki studied the dynamic evolution of cloud structures and the 

top level of the cloud layer on the day side as well as at lower altitudes on the night side.26 The UV imager took UV images 

at 283 nm being sensitive to SO2, and at 365 nm to study the unknown UV absorber.27 Thus, the Akatsuki data 

comprehensively complement the recent space-based UV to IR observations of Venus. 
 

Outstanding questions 

 

Despite the remarkable success of the recent missions discussed above in understanding the atmosphere of Venus, it still 

left a number of questions unanswered (see Fig. 1). The thermal neutral escape in the thermosphere cannot yet be quantified. 

Better profiling and mapping of minor gases in the mesosphere such as H2O, SO2 and others, including their temporal 

dynamics, are needed to better understand the processes around their sources and sinks. A still unanswered question remains 

the origin and distribution of the unknown UV absorber, responsible for the absorption band detected at the near-UV and 

blue range of spectra in Venus’ upper clouds.23 The fine structure of the cloud layering and the formation of sulfuric acid 

above the cloud tops, where there is a supply of atomic oxygen resulting from dissociation of water and CO2 by UV 

radiation and its combination with SO2 is not finally understood.22 Regarding Venus’ atmospheric composition and 

chemistry apart from CO2 (96.5%) and nitrogen (3%) noble gases, CO, small amount of water vapor, SO2 and traces of 

hydrogen halides were detected. Halogens such as HCl and HF are obviously associated with volcanic eruptions but then 
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buffered by reactions with the surface minerals.  Noble gases, which are most likely also of volcanic origin may provide a 

record of these activities. 22 Of particular importance are the gaseous species in the Venusian atmosphere below the clouds 

(troposphere). VIRTIS/VEX was able to measure some of them. They include H2O, HDO, HCl, CO, COS and SO2, whereby 

so far only vertical profiles of the H2O could be determined.6, 7, 14 A more detailed study of these tropospheric gases and 

their spatial and temporal dynamics is crucial for gaining an understanding of the detailed processes of their formation. 

Finally, the processes of the general atmospheric circulation, consisting of the zonal superrotation, the Hadley circulation, 

and the polar vortices, are driven not only by the energy input from the Sun, but also by the physicochemical processes in 

the entire atmosphere that determine its energy balance. These questions are inseparable from those on the geological 

sources of volatiles in the Venusian atmosphere and the geochemical processes on its surface. 

 
Figure 1. Key questions investigating Venusian atmosphere and surface Left: Diagram of the temperature, altitude, pressure and 

structure of the Venus atmosphere with simplified day side temperature profile (copyright: gabriele.arnold@dlr.de). Right: Table of 

outstanding questions.  

 

Surface studies 

 

The dense atmosphere of Venus prevents direct observations of the surface on the day side of the planet in the visual region 

of the electromagnetic spectrum. Our knowledge of the topology, geomorphology, and geology of Venus is based 

primarily on radar data from the Magellan mission and the few descent or lander probes in the past. NASA’s Magellan 

orbiter, launched in 1989, obtained global radar maps with a spatial resolution of 120–280 m, and altimetry information.22 

Using the planetary stratigraphic classification approach to geological mapping, Ivanov and Head identified distinctive 

units and a series of structures and related features, compared local and regional stratigraphic columns, and compiled a 

global stratigraphic column, defining rock-stratigraphic units, time-stratigraphic units, and geological time units.25 The 

surface of Venus is characterized by shield volcanoes. The presence of hundreds of flow channels, some thousands of 

kilometers long and tens of kilometers wide, and large, viscous, pancake-like domes indicate a complex magma 

composition. Coronae were found to be globally distributed. Wide linear rift zones over thousands of kilometers connect 

broad topographic elevations, capped by corresponding volcanoes.25 Only 10% of the surface is dominated by highlands, 

20% by lowlands, and about 70% by depositional plains and rolling hills. Unlike Earth, the Magellan data show little 

evidence of plate tectonics. Venus appears to be a single lithospheric plate that loses heat by conduction and advection. 
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Only a few young impact craters have been discovered, indicating that most of the current surface of Venus was formed 

within the last several hundred million years. Tesserae are the oldest formations discovered. Ivanov and Head25 place these 

structures in the Fortunian epoch, which means that they are probably no older than 1 billion years. Competing theories 

attempt to explain the relatively recent resurfacing of the Venusian surface. These include vertical crustal accretion with 

catastrophic mantle uplift and episodic plate tectonics versus mantle convection and a transition from a mobile lid to a 

stagnant lid regime. Alternatively, continuous resurfacing is discussed.25 

 

In contrast to the topology, geomorphology and geology of the surface of Venus, little is known about the composition of 

the surface structures. This is mainly due to the fact that the radar signal is not very sensitive for mineralogical 

characterization. Most of our knowledge comes from a few regional in-situ investigations with the Venera and Vega 

landers28 and from analyses of the emissivity of the Venusian surface in the night-side atmospheric window of Venus at 

1.02 µm recorded by VIRTIS on VEX.7, 14, 15 The in-situ data suggest a basaltic-tholeiitic composition. The Venus Express 

investigations provided evidence for recent volcanism based on local high emissivity values.15 

 

Outstanding questions 

 

The study of the global surface mineralogy is one of the central open questions in the exploration of Venus (see Fig. 1). On 

the one hand, the global comparison of geological structures and their mineralogical composition provides important 

insights into the formation of individual structures and the surface as a whole. Possible evidence for felsic deposits in the 

older areas can provide a deeper insight into the history of ancient Venus and extend the time horizon of our knowledge 

into pre-Fortunian times. On the other hand, the surface mineralogy of Venus is an important feature for identifying sources 

and sinks of atmospheric gases, studying outgassing and possible volcanism, and better understanding cloud chemistry. In 

particular, the sulfur cycle and water vapor release are not independent of buffer reactions on the Venusian surface. The 

high pressure and temperature at the surface of Venus and the presence of a number of reactive species in the atmosphere 

(e.g. sulfur dioxide) and in the rocks lead to some possibilities for gas-solid phase reactions. The sulfur in the lower 

atmosphere of Venus reacts with the presumably common minerals on the surface, especially calcite. This would require 

the gas to be emitted by volcanoes at a rate slightly above the estimated average sulfur dioxide emission rate of volcanoes 

on Earth to provide enough SO2. However, if the surface is low in calcite and instead has a high proportion of pyrite (FeS2), 

for example, the observed amounts of SO2 could actually be in equilibrium with the surface without any volcanism. 

Knowledge of the global distribution of rocks and minerals on the surface of Venus is therefore fundamental to 

understanding the history of the planet and the structure and chemistry of its atmosphere. It is also a link to processes in 

the interior of the planet, which are not discussed in this paper. 

3. UPCOMING SPACE-BASED UV-TO-IR EXPERIMENTS TO STUDY VENUS' 

ATMOSPHERE AND SURFACE 

The importance of understanding the evolution of Venus compared to the terrestrial planets of our solar system and possible 

exoplanets has led to the selection and preparation of important space missions to our neighbouring planet. A fleet of 

spacecraft will study Venus in the coming decades and help to answer some of the unanswered questions. The EnVision 

(ESA, launch 2031)29, VERITAS (Venus Emissivity, Radio science, InSAR, Topography, and Spectroscopy, NASA, 

launch 2031)30, and DAVINCI (Deep Atmosphere Venus Investigation of Noble gases, Chemistry, and Imaging, NASA, 

launch 2031/32)31 missions are expected to significantly advance our understanding of Venus. The following considerations 

will be limited to the remote sensing spectral investigation of Venus from UV to IR with the help of the missions mentioned 

and will not focus on aspects of the analyses of other payload instruments of these missions. 

 

EnVision, is an orbital mission and was selected as the fifth medium mission (M5) of ESA’s Cosmic Vision program. It 

will house a suite of three spectrometers (VenSpec)32 including VenSpec-H, a spectral high spectral resolution IR 

spectrometer for the 1.0 to 2.5 µm range, VenSpec-U, a dual UV spectral imager, and VenSpec-M, an NIR surface 

emissivity mapper covering the main nightside atmospheric windows of Venus. The core element of VenSpec-M is the 

Venus Emissivity Mapper (VEM), which will be part of the VERITAS orbital mission in the same design. 

 

The VenSpec34, 35, 36 suite on EnVision will synchronously and continuously study and monitor the troposphere, parts of 

the mesosphere, and the surface of Venus from orbit, providing better access to the complex processes of surface-
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atmosphere interaction, surface composition, and atmospheric chemistry. VEM on VERITAS and VenSpec-M on 

EnVision, in conjunction with the advanced radar systems on both missions, will be able to provide global references for 

higher spatial resolution surface mapping and material-mineralogical mapping. Fig. 2 shows the comprehensive approach 

of the VenSpec studies for this purpose. 
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Fig, 2. Left: Scheme of Venusian atmosphere, atmospheric and surface processes (copyright: gabriele.arnold@dlr.de). Right: 

VenSpec/VEM science approach (after Helbert et al.33) 

 

VenSpec-U will search for atmospheric effects of geological activity, investigate the amount of outgassing, and study the 

feedback of atmospheric chemistry on surface geochemistry at Venusian day side. The relationship between mesospheric 

gas fluctuations and volcanism is of central interest.  It provides causes for the fluctuations of the mesospheric sulfur-

containing gases (SO, SO2) and allows the investigation of the link between cloud and particle fluctuations and volcanism.  

A possible detection of ash or sulfate clouds caused by volcanism and a connection between the sulfuric acid clouds on 

Venus and volcanism could be investigated. VenSpec-U is a dual nadir pointing channel UV spectral imager. The lower 

spectral resolution channel encompasses the190-380 nm spectral range at a spectral resolution of 2 nm, whereas the high 

spectral resolution channel covers a spectral range of 205-235 nm at a spectral resolution of 0.3 nm and typical SNR values 

better than 100.  With a FOV of 20° the spatial resolution at top cloud level will range from 6 to 48 km. The instrument 

takes heritage from SPICAM/Mex, SPICAV/Vex and PHEBUS/BepiColombo (see Fig. 3 left).37, 54 

 

VenSpec-H will detect variations of the SO2, OCS, CO, HCl, HF, H2O and HDO abundances in the lower atmosphere to 

characterize volcanic plumes and other sources of gas exchange with the Venusian surface. VenSpec-H will also observe 

these species above the clouds to understand the high variability of the Venusian atmosphere and its chemistry.  

Observations will be made in the atmospheric windows of 1.16 - 1.18 μm, 1.7 - 1.74 μm and 2.3 - 2.5 μm during the night, 

probing the lower atmosphere and in the spectral windows 1.36 - 1.4 μm and 2.3 - 2.5 μm during the day measuring above 

the clouds. VenSpec-H (see Fig. 3 middle) is a high spectral resolution nadir pointing Echelle spectrometer with spatial 

resolution of 100 km (heritage from SPICAV-SOIR/VEX, NOMAD/EMTGO). It will operate an MCT (Mercury Cadmium 

Telluride) detector with a modified integrated dewar cooler assembly (T=150 K).38 

 

VenSpec-M/VEM will provide a global map of rock types on the surface, monitor for active volcanism by its heat signature 

and by the enhancement of water vapor in a volcanic plume, and study change within the mission and in comparison, to 

other ongoing and previous missions using measurements at Venusian night side. It is a nadir pointing pushbroom 

Proc. of SPIE Vol. 13144  131440B-5



 

 

  

multispectral imaging system (heritage from MERTIS, BepiColombo) using an InGaAs detector. The telecentric optics 

images the scene onto a filter array, and the image is relayed by a three-lens objective onto the detector. VEM’s optical 

sub-system sits on top of the electronics compartment and the power supply. Of VEM’s total of 14 narrow spectral bands, 

six would see the surface through all Venus atmospheric windows; three compensate for stray light; three measure cloud 

transparency; and two measure water abundance. A 45° FOV yields a swath width of 207 km at an altitude of 250 km 

providing a thorough sampling of surface emissivity and orbit-orbit repeat coverage. The spatial resolution at surface level 

is limited mainly due to the radiance scattering at the cloud aerosols to 50-100 km. (see Fig. 3, right).39, 40 
 

 
Fig. 3 The VenSpec spectrometers: From left to right: VenSpec-U (credit: Lesia, https://sites.lesia.obspm.fr/envision-venspec-u) , 

VenSpec-H, optical path (credit: Lesia, http://dites.lesia.obspm.fr/envision/envision-venspec-h); VenSpec-M/VEM, development 

model (credit: DLR(CC BY-NC-ND 3.0). 

 

Detailed descriptions of the VenSpec suite and its organization41, the scientific objectives and instrumental requirements 

of VenSpec-H42, the design of the VenSpec-H instrument43, the development of the filter wheel for VenSpec-H44, the 

instrument design of the VEM45, the laboratory support for the interpretation of the VEM spectra46, the design and operation 

of VenSpec-U47,48 can be found in other proceedings publications of this conference. 

4. CONCLUSION 

The results show that we are facing a new chapter in the exploration of Venus in the immediate planetological context and 

in comparison, with exoplanets, which also touches on fundamental aspects of planetary habitability. The planned spectral-

optical analyses of the VEM on VERITAS and the VenSpec complex on EnVision will focus on the surface-troposphere-

mesosphere system of Venus, including the H2SO4-dominated cloud system. Some of the key questions, such as the global 

surface composition, its relation to geology, the sources and sinks of atmospheric gases, the role of current volcanic activity, 

insight into older pre-Fortunian processes, and questions about the climatic evolution of Venus will receive new impetus. 

Cloud chemistry and outgassing, variability of SO2, precise monitoring of tropospheric and mesospheric gases and their 

variability on spatial and temporal scales can be studied in detail. The combination of these investigations with data from 

the Subsurface Radar System (SRS), Radio Science and VenSAR (S-band operating radar as microwave radiometer and 

altimeter) measurements on EnVision and the Venus Interferometric Synthetic Aperture Radar (VISAR) on VERITAS will 

provide the basis for a comprehensive treatment of many of the open questions about the Venusian surface, troposphere 

and mesosphere system. Finally, the results expected from the DAVINCI decent probe will complete this comprehensive 

approach. 
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