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1 ExewtiveSummary

Background Formed in the inner solar system out of the same protoplanetary material as the
Earth, Venus is considerdgartits twin. Although these siblings have nearly the same size,

mass, and density, unlikhe Ear t h Venusd cl i mat e;atmasphdrauel ed
producing an enormous greenhouse effect with a surface pressuréais@@dd a neasurface

tempergure of 470°C. Shrouded in clouds of sulfuric acid, the surface lacks water and has been
sculpted by volcanism and deformed by faulting and folding forming belts of mountains and

rifts. The | ack of an intrinsic magsirecture mayflsodé d s u
different than that of thEarth.

These differences indicate that the Earth and Venus took substantially different evolutionary
paths. Because the Earth, with its abundant water supply, is currently our only known example of
a planethosting an active biospherave are compelled to understand when the evolutionary
paths of these twin planets diverged, as well as understand how and why the divergence
occurred. Answers to these questions can help us determine if conditions ever existed on Venus
that could have fosted the origin of life and in turn help us understand what makes a planet
habitable.Thus, the study of Venus will aid in better understanding the past and possible future
of our climate. In particular, answering questions regarding the instability alimate and the
increase in amount of greenhouse ga§est we be slowly going the Venudirection?These
guestions may be addressed through the VelDarassion concept consisting of an orbiter and a
lander.

VeneraD Concept andArchitecture The concpt of VeneraD (VeneraDolgozhivuschaya
(long-lasting)) is the next step ime highly successful series of Venera and VEGA missions of
the 1970s and 1980#&vduevskii et al. 1977 Marov et al. 1973, 197&lorenskyet al. 1977,
Barsukovet al. 1982 1986 Moroz et al. 1985, 1990, 1996urkovet al. 1984; Sagdeeet al.
1986 19939. The baseline mission concept would consist of an orbiter and lander with advanced,
modern, instrumentatio® | i st of possi bl e A wasalsbstudibditeed mi s
science objectives of the mission would address key questions about the dynamics of the
atmosphere witlan emphasis on atmospheric superrotation, the geological processes that have
formed and modified the surface with emphasis on the mineralogicag¢l@ntental composition
of surface materials, and the chemical processes related to the interaction of the surface and the
atmospherd-or each baseline mission component, the following goals would be addressed:

Focused Orbiter Goals:

A Study of he dynamics rad nature of supeotation, radiative balancandthe nature of
the greenhouse effect;

A Characterize the thermal structure of the atmosphere, winds, thermaatidesolar
locked structures;

A Measurehe composition of the atmosphes&ydy the clouds, their structure,
composition, microphysics, and chemistry;

A Investigate the upper atmosphere, ionosphere, electrical activity, magnetosphere, and the
escape rate
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Focused Lander Goals:

A Perform chemical analysis of surface matsraild $udy the elemental composition of
the surface, including radiogenic elements;

A Study of interaction between the surface trehtmosphere;

A Investigate the structure and chemical composition of the atmosphere down to the
surface, includingheabundancesral isotopic ratios of the trace and noble gases

A Perform direct chemical analysis of the cloud aerosols;

A Characterize the geology of local landforms at different scales

VeneraD Joint Science Definition Teariio refine the mission science goals, prioritesd
architecture, NASA and IKI/Roscosmos established in 2015 a Joint Science Definition Team
(JSDT) to evaluate the VenebBaconcept with the following objectives:

1. Identify, prioritize and develop science goals, investigations, and measurements
consistentvith the current Vener® concept;

2. Assess the Venefa mission architecture including possible modular options (e.g.,
subsystems) for collaboration opportunities and required instrumentation capabilities.
Assess technology readiness level to implementlssion concept and identify areas
for which development is required;

3. Identify mission components (mission elements/subsystems/instruments) that best lend
themselves to potential collaboration. Outline a general maturation schedule needed to
support a VearaD mission for launches in the pe&d25 time frame;

4. Assess the precursor observations and instrumentation validation experiments needed to
enable or enhance the Vendamission (e.g., instrument testing in a chamber that
emulates the chemistrpressures and temperatures found in the atmosphere or at the
surface of Venus);

5. Evaluate how Vener® will advance the scientific understanding of Venus and feed
forward to future missions with the ultimate goal of sample return.

As part of its task, theSDT traced the baseline Vendbdascience to the science outlined in
the NASA Planetary Decadal Survey (SSRO011) and further mapped it to the specific
objectives and investigations identified by the Venus Exploration Analysis Group (VEXAG)
(Herrick et al. 2014). As part of this analysis, the JSDT identified areas where important
VEXAG science may not be addressed by the baseline concept and generated a list of
Acontributedo optilbytlke JSDT and IR rod efri | df tihretser efisstc
ranging from:
A Specific instruments such as a Raman Spectrometer and anRipten XRay
Spectrometer (APXS)
A Possible flight elements such:as
- A maneuverable aerial platform
- A small longlived surface statign
- A balloon
- A small subsatellite (Roscosmosntdbution); or
- A small aerial platform

Technology Assessmeitihe extremes of temperature and pressure make the operation of a
spacecraft in the Venus environment a unique challehge.JSDT assessed and prioritized
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areas where technology maturationréxjuired. Key among these are (1) the lander sample
handling/processing system, (2) the need for facilities to test and qualifyszcdigl lander, and

(3) maturation, testing, and validation of instruments that would need to operate in Venus
ambient coditions. Additional flight components such as a maneuverable aerial platform and the
small longlived stations offer great promise for the advancement in scientific understanding, but
require maturation to reach flight readiness Technical Readiness I&Iel (

To ensure scientific success of the Venus science goals, laboratory experiments will be
fundamental to validating result&mong the high priority analysis needito be performed
include studies ofl) spectral line profiles under high pressures mdiperatures (orbiterj2)
optical properties of the lower Venus atmosphere in the visible to near infrared (ldBdler)
evaluation of the compositional change of the trace gas components ttheg¢etimperature and
pressure drop during atmospheric sangl(lander); (4)trace and noble gases enrichment
procedure (lander); (5@tmosphere (pressure / temperature) effects on remote sensing
instruments (lander)6) supercritical properties of Venus like atmospheres (landed(7) UV
absorption experimesitto identify absorbers and identify insolation energy deposition (aerial
platform).

JSDT Findings and Recommendatiombe JSDT identified priorities for the science goals
and objectives. Based on these priorities, a baseline mission would consistngfeahgjhly
capable orbiter and a single highly capable lan@xch would address science questions
regarding the composition and dynamics of the atmosphenegard to surface and surface
atmosphere interactions, the lander would be the primary migdénent to address these
objectives while the orbiter, making surface observations in theimkeared would provide
globalscale data to address questions related to recent volcanic activity and compositional
variability of terrains. In the assessmentf opossible mission enhancements, in situ
measurements, both at the surface and aloft made over an extended period of time (many hours
to months) are enabling, especially for understanding the processes that drive the atmosphere.
Mobility within the atmosplre was also deemed of high priority in terms of understanding the
location of the UV absorber and identifying its composition.

In formulating a strategy for the development of Verardahe JSDT identified areas where
investments would need to be madebtong the mission concept fruitiofor an anticipated
launch in the post 2025 timeframe, activities of the following nature would be needed to ensure
mission success:

A The types of instruments to achieve the VesiRiscience require various levels of
validation and maturation to ensure robust and successful operation in the Venus
environment (470°C and 90 atm.)

A Laboratory work to characterize the chemistry of the Venus atmosphere at high
temperatures and pressures

A Development of capable facilities to tesission enabling instruments and the spacecraft
at the component and system level in a simulated Venus environment

A Continued development regarding all potent
Mission Element TradesAs the VenerdD concept matuseand resources (mass, power,
volume, funding to name a few) are better defined, trades will need to be made that impact

science.In anticipation of this, a set of potential architectural options rankednasitious,
Adequate, and Minimaivere identified that acéve no less than the core baseline science.
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Ambitious The most ambitious option contains the most flight elements, the highest potential
science return, and offers the greatest range of potential contribut®onemplexity due to
the large number adlements results in a high level of technical and scientific risk.

Adequate The adequate mission option, composed of three flight elements, would be a
challenge from the standpoint of complexity, interfaces, testing, validation, and operation.
However, like the ambitious option, the opportunity for potential mission element
Acontributiono is very high.

Minimal: The minimal concept would produce significant science results focusing on the
core objectives, but t he s aeaitt i ofnspotweontl idalben
relative to the ambitious and adequate architectures.

Framework forFuture Work. The VeneraD JSDT has completed its formulatiqur¢-Phase
A) of science goals and priorities along with its assessment of key area for technology
maturation.The next phasepfe-PhaseA) of development would focus on a deeper examination
of the science and instruments along with the definition of spacecraft requirekvhis. this
context, specific areas have been identified that deserve attértese include the following:

1. Definition of a focused mission architecture congept

2. Definition of the lander and orbiter operations concept includitigneline of science

observations, strategyorf sample acquisition, handlingnd analysis, data flow and

downlink;

Refinement of instrument capability relative to the ability to achieve the science goals

Refinement of envelope (mass, power, volume) for a potentially contributed element

5. Maturation of the small station conceptstiumentation and concept for targeting and
deploymend if provided as a contributign

6. Aerial platform accommodation and deployment optimization along with science
priorities and instrumentationl f pr ovi ded as a mi ssion el e mi

To achieve anumber of these items, a greater engagement of the broader Venus science
community is recommende@urrent discussion has focused on holding workshops in both the
United States and Russia to understand the limitation and needs of current mod&efeal
Circulation Models or GCMs and interior structure models), landing site selection, and the types
of measurements needed to more adequately constrain parameters in the models and
experimentsThis would in turn, form a basis to better identify the typef instruments needed
to achieve the important science of VenEral he VenereD mission would provide a major step
in understanding our sister planet, and the origins of the solar system.

W
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2 TheAllure of Venus

2.1 Introduction

Formed in the inner solar systesat of the same protoplanetary material as the Earth, Venus is
considered Earts twin sister.Although these siblings have nearly the same size, mass, and
densi ty, unl i ke Eart h, V e n u g @mosphererpeodueing s f u e
enormousgreenhouse effect with a surface pressure of 90 atmospheres and a temperature of
470°C.The atmosphere undergoes superrotation, with the upper clouds rotating at diraés 60

faster than the surface. Shr oudacls waterand hasu d s ©
been sculpted by volcanism and deformed by faulting and folding forming belts of rifts and
mountainsThe | ack of an intrinsic magnetic field

also be different than that of tiiarth. These dfierences indicate thahe Earth and Venus had
substantially different evolutionary paths. What remains unanswered is when, why and how the
paths diverged. Additionally, it remains that the Earth stands as our only known and verified
example of a planetith an active biosphere.

Therefore, we are compelled to explore and understand the differences in the evolutionary
path of these twiplanets. Indeed, the study of Venus will help us to better understand both the
past and possible future evolution of owwvro climate. In particular, answering questions
regarding the instability of our climate and the increase in the amount of greenhouse gases: can
we be slowly goingin Venu direction? Additionally, solving these mysteries will help us
determine if conditins ever existed on Venus that could have fostered the origin of life and also
help us more clearly understand and define what pathways that lead to a habitable planet. The
VeneraD mission concept is designed to address these provocative and timelyrguestio

2.2 The Vener® Concept

The concept of Vener (VeneraDolgozhivuschaya (lontpsting)) was born out of the highly
successful Venera and VEGA missions of the 1970s and 1980s (Sagjdak1986 19929.

VeneraD wasproposed by Vasily Moroz to the Russid&cademy of Siences in 2003s a long

lived (30 days) lander on the surface and it was included in the Russian Federal Space Program
2006 2015. However, detadd analysis showed that high temperature electronics, previously
available in Soviet Union, werno longer being produced in Russia. The concept of Vdhera

was changed ta baseline missioronsisting of an orbiter anghortlived (2 3 hours) VEGA

style lander with advanced instrumentation both elementsA | i st of possible
mission ¢ e me wds salso studied includindyalloons, a subsatellite,and along-lived (24
hours)surfacestation.

Building on the results of the Venera, VEQGAvduevskii et al. 1977 Marov et al. 1973,
1978;Florenskyet al. 1977, Barsukovet al. 1982,1984; Surkovet al. 1984 Moroz et al.1990,
1996; Sagdeev et al. 1986, 199®)agellan(Saunderst al. 1992, Venus ExpreséSvedhem et
al. 2009)and now the Akatsuki missiofNakamura et al. 2011 comprehensive mission is
proposed that would answer key gtiens about the dynamics of the atmosphere with emphasis
on atmospheric superrotation, the geological processes that havedfarmd modified the
surface with emphasis on the mineralogical and elemental composition of surface materials, and
the chemical ppcesses related to the interaction of the surface and the atmosphere.
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2.3 Baseline Venetia Concept and Science Priorities

2.3.1 Mission Elements

The baseline Vener2 mission concept would consist of an orbiter that would be instrumented
to make observations foas on atmospheric dynamics and chemisiitye mission scenario
would place the spacecraft in a polar orbit with a period of 24 hdiwes.expected lifetime of
operation of the orbiter would be greater than three yéapending on the science to be
achieed, there is flexibility in trading orbiter period to gain greater communication time with
other mission elements or to gain system mahs. architecture of the lander component of the
VeneraD mission concept is envisioned to be similar to the VEGA lanfighe 1980s but with
modern scientific instrument3he lifetime of the lander on the surface is expected to be greater
than two hours with time allocated such that the baseline scwmute beachieved in one hour
with the second hour allocated as giarfor continuing or repeating measuremegevious
studies and the current JSDT study also assessed other components as potential augmentations to
the Baseline VenerB concept which will be discussed in detail in this repdhese elements
include, afreeflying aerial platform, a balloon, a sshtellite, and small lontived surface
stations. The JSDT also considered the case where a smallliled) station could be
incorporated as an instrument on the laddeperating for a period long after the imdander
ceased to make measurements.

2.3.2 Prioritized Overarching Science Goals

Baseline Vener® Goals and Objectiveg he science goals of the baseline (orbiter and lander)
VeneraD concept address key outstanding questions relatatiet&enus atmospheriand
surface sciencelo direct the development of the mission concept, the JSDT prioritized (high,
medium, and low) the goals and objectives for both the orbital and landed components of the
mission. The four focused goaldefined in the summaryséebelow) for the orbiter are all of

high priority. Orbiter objectives Table 2.31) that are related to the goal of understanding the
structure, dynamics, and chemistry of the atmosphere are of highest priority while the orbiter
objectives that focus on thenosphere, magnetosphere, solar wind interactions, and patrticle
environment are of medium priorityn terms of the defined lander goals, those of highest
priority focus on surface material composition, interaction between the surface and the
atmosphereand the structure and chemical composition of the atmosphieeegoal to search

for volcanic and seismic activity is of low priority as it was concluded that the relatively short
period of time (two or more hours) for which measurements could be madig beinsufficient

for positive detectionsAt the objective level Table 2.32), lander objectives related to
atmospheric composition are of high priority and those to assessspheric structure and
dynamics and properties of aerosols are of mediunrifytidAll lander objectives related to
geologic investigations are high priority except those related to the search for seismic activity
and electromagnetic fields; where the latter exception is best done from orbit.

Focused Orbiter Goals:
A Study of thedynamics and nature of supetation, radiative balance and nature of the
greenhouse effect;

A Characterize the thermal structure of the atmosphere, winds, thermaatidesolar
locked structures;
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A Measurehe composition of the atmospheséydy the clouds, their structure,
composition, microphysics, and chemistry;

A Investigate the upper atmosphere, ionosphere, electrical activity, magnetosphere, and the
escape rate
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Table 2.3.Venerd Science from Qrbit

Objectivefitle | Science Objeises

O1. Vertical structl Characterize the three 1) Measure the spectrum in the ran( Fourier
of mesosphere an dimensional atmospheric 5to 45 um with a sampling of  Transform
cloudborn gases composition, including&@  Dv=1cmt Spectrometer

HO, temperature field, clot 2) Depending on latitude and local t (PFSVD)
structure and thermal wind  retrieve the temperature profiles .

thermal tides, therimalance  to 100 km to recover the dynamic Hidh
in 55100 km on both the di  structurand composition of the uj
and night sides clouds, altitude of upper boundar

clouds and scale height, upper
boundary of the middle clouds, S
12f in the range

0O2.Atmospheric 1) Determine the limb and 1) Measure spectra and perform im: UV imaging
dynamics and nadir detailed UV spectr  at 190 to 490 nm with a sampling spectrometer
airglow characteristics to identifi  Dl<= 0.4 nm; (e.g,UVMAS)
"unknown" WAbsorber; | 2) Map the S@nd SO abundance in
2) To study of small scale wavelength range of 0.19 to 0.32
atmospheric dynamics, 3) Map t he dédunknow

cloud structure and clou  0.32 to 0.49 um range with high g
tracking; spectral and spatial resolution (~1
3) Analyze cloud compone 4) Map the cloud structure and wind
(SG, SO, fAun fromimagingat0.19to 0.49 pm;
absor ber doy 5)Measure NO, CQt@study night
night side airglow glow
O3.Structure, 1) Determine the structure, 1) Measure spectra and perform im: UVIR imaging
composition, and composition, dynamics,  inthe wavelength range of 0.4 to spectrometer
dynamics of cloud  thermal balance, structu  5.10m ( 0. 4iVISNIR, 1.5 t€ (e.g, VENIS)
hazes, and surfact  of the clouds and hade (  5.1¢ rnillR; with spectral sampling
thermal eissivity 100 km) on the nightsid @a=0. 002 and O;
upper boundary of clouc 2) Map the thermal structure, distrib
and compositiabove of minor constituents, clouds, sur
clouds on the day side; emissions, ndT E emissiorand
2) Dynamics in the transfel  wind speeds
region between zonal ar 3) Meaure CO, #D, OCS and S0
SSAS modes of circulat  abundance;
(901110 km) 4) Measure winds at different altituc High
3) Surface emissivity, sear  through cloud trackam@50 nm anc
for thermal activities 980 nm in the d
4) Dynamics and polar 50km) on the night side;
vortices 5) Map the thretimensional
temperature field on the nightsid
Venus at 690 km altitude;
6) Mapping the nbilE @ OH, O, NO
CQ dynamics at @40 km;
7) Measure the surface temperature
search for possible emissivity
anomalies.
O4. Vertical struct 1) Study the vertical structt 1) MeasuréR spectrin the waveleng UV & IR solar
andcomposition of  and composition of the range of 2.2 to 4.4 um with a spe and stellar
the atmosphere atmosphere and sampling ;o0f & occultation
thermosphere, including 2) Measure UV spectra in the wave spectrometer
HDO, kD, CO, Sfand range of 11820 nm with a spectr: High

SO, COS,HClILHFetc.( sampling of o
infer O and H escape ra

2) Study the hazes above f
clouds (7@.60 km).
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Objectivelitle | Science Objesies

O5.Dynamics of U1) Track clouds to constrai Perform imaging at 0.285 pum, Qr86E Imaging y&stem
and UVabsorbers = the dynamics of UV and 0.50Qum, and um.
absorbers (
SQ, SO); High
2) Map surface thermal
emissions at 1 um to
evaluate surface gealog

0O6. loosphere and 1) Determine the free elect Measure the amplitude, phase and Radiescience

atmosphere and neutral gas density frequency of radignals in two twofrequency
the ionosphere and frequency ranges of L and X (S) bat occultation in L
thermosphere; emitted from the orbiter, reflected frcand Xbands
2) Characterize the surface and passing through the

interplanetary medium; ' atmosphere.
3) Determine the electron

density (profiles) of the

ionosphere; Mediun
4) Determine the temperat

pressure, concentration

sulfuric acid vapor (profi

of the atmosphere;
5) Determine the surface

scattering properties,

permittivity and density

the surface material.

O7. Structure, Determine the structure,  Perform measurements betwéen 1C Millimeter
composition, and composition, dynamics, the 90GHz (0i38 cm) using three chann( radiometer

dynamics of the  balance of the atmosphere and several zenith angles to measu High
atmosphere (20 the altitude range of6B0km temperature profiles, mixing ratios ¢

60km altitude) HSQO and S@

0O8.Atmopsheric | 1) Determine density and 1) Measure atmospheric absorption < Infrared
density, temperatt  temperature vertical pro.  in the QL1 pm spectral range in n¢ heterodyne

wind velocity, in the altitudange 80L60 geometry and solar occultation mc spectrometer
mesospheric mina  km by means of solar with a r esoil08;t i
constituents, and occultation; 2) Doppler measurementoaiponent
CQ dayglow 2) Determine wind velocity al ong t he plandyg e
the altitude rangé 90 means of solar occultations;
160km; 3) Perform nadir singtEnt and imagi
3) Map wind velocities inth spectroscopic measurements; High
Venus mesosphere; 4) Imaging spectroscopy of atmospl
4) Determine the absorption in the i®11 pm spectr

concentration of minor range in nadir geometry with resc
constituentsinthe Venu power al08pa ~107
mesosphere (vertical  5) Measure dayglan the @ 11 pm

profiles); spectral range in nadir geometry
5) Characterize @@ayglow  solar occultation mode with resol
on the Venus limb power &l08&so ~107
09. Venus 1) Characterize the Measure magnetic field vector(s) in Plasma
magneispheric Interplanetary magnetic amplitude range of 1000 nT in the packa@--
interactions (during cruide Venus); frequency range of 0 to 32 Hz with ¢ Magnetometer
2) Characterize the interac sensitivity of 0.1.nT (e.0,FMV)

between the solar wind |
the induced magnetospt
at Venus (boundaries,-p
up processes);

3) Determine the structure
Venusian magnetic wak

Mediun
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Objectivelitle | Science Objesies

4) Characterize any ULF
waves resulted from
possible discharges in
Vens atmosphere

0O10Solarwind 1) Monitor plasma parame! 1) Measte the total ion fluxwesn Plasma

ionosphere in solar wind and Venus  5x106 and>1010 crfs® with incider packageSolar
interactions magnetosheath with ah  angles of total ion flux within 40° { wind monitor
resolution (32 Hz); central direction; (e.g,BMSW)
2) Characterize the interac 2) Measure the energy distribution ¢
between solar wind and  between 0.2 and 4.0 KeV;, Mediun

Venus ionosphere (bow 3) Measure the bulk velocisplaf winc

shock, magnetosheath, between 200 and 850 km/s;

ionopause and wake  4) Measure the lon mature betwee

boundary) 1 and 100 eV. Plasma density be
0.1to 200 cin

O1l1linteraction  Investigate the interaction 1) Measure the thrénensional ion a Plasma
between the solar between the solar wind anc  neutral energiyass spectrometer fi package-

wind and Venus | Venus by evaluating: the energy range of 30 eV to 5 ke Panoramic
1) The accretion 2) Measure Electrons betweaV/1&nc plasma analyz
magnetosphere of Venu  5keV (eg, ARIESY)

pickup of planetary ions;

2) The bow shock and pike
ion influence on its
structure; Mediun

3) The boundary layers at
Venus their fine structur

4) The acceleration proces
in Venusian wake;

5) The total losses of
Venusiaatmosphere
resulted from its interact
with solar wind.

0O12Venus particle 1) Determine the energy | 1) Measure protons at energies betv Plasma

environment spectra gdrotons and 20 and 1000 keV; packag--
interactions electrons with high time 2) Measure electrons at energies  Electron and
energy resolution in the  between 20 eV and 40Q keV proton spectru
solar wind (cruise phase analyzer, (e,g.
and at orbits around Vet ASPECV)
2) Constrain the fine struct Mediun

of iorbeams resulting frc
transient acceleration at
discontinuities in the sol
wind and interaction

between solar wind and
Venus plasma environir

013. Characterize the Measure the spectrum-{iwannel Plasma
Electromagnetic | electromagnetic fields, spectruranalyzer) in the low frequen package{e.g,
fields electrical activity and range betweenl0 Hz and 15 kHz GROZ/ASAS2 | Mediun
conductivity of the atmospt 0)
of Venus
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Lander Goals:

A Perform chemical analysis of the surface material and study the elemental composition of
the surface, including radiogeretements;
Study of interaction between the surface and atmosphere;

Investigate the structure and chemical composition of the atmosphere down to the
surface, including abundances and isotopic ratios of the trace and noble gases

Perform direct chemical anglis of the cloud aerosols;
Characterize the geology of local landforms at different scales;
Search for volcanic and seisnactivity andsearch for lightning

To o Do I Do

Table 2.2. Venerd® Descent and Landed Science

ObjectiveTitle | _Science Objectives| ___Measurements | ____Instrument | Priority |

Atmospheric Science

L1.Atmosphere  Determine the In situ measurements of Multichannel tunable diodks
composition durin composition, chemistr chemical composition of the laser spectrometer
descent greenhouse, atmosphere including

photochemistry, origir abundances of ga§«€3, CO,

and evolution of the  COS, KD, NQ HCI, HF, their High

atmosphere, dynamic isotopologues and isotopic t
atmosphersurface D/H, 13C/12C, 180/170/16
interaction. 34S/33S/32S during descer

from 65 km and after landin

Determine the conten During the descent, measur Chemical analyses packa
and isotopic composit chemical composition of the (CAP}Gas Chromatograp!
of light and niebgases Venus atmosphere and of Mass Spectrometer (GCN
in the atmosphere.ifye aerosols of clouds.

CQ and NMgradient at

altitudes below 120 ki

L2. Atmosphere Determine the chemic At the surface, measure the Chemical Analyses Packe
Composition at th. composition of the  chemical compositidithe (CAP)Gas Chromatograpl  High

High

surface atmosphere, clouds. atmosphere. Mass Spectrometer) (GC!
L3 Atmospheric | Determine atmospher Measure temperature, press TemperatuferessurdVind
structure and structure, dynamics, wind speed, temperature  (TPW) package
dynamics turbulence, convectiol gradient, and acceleration fr (nephelometer, Medium
thermal balance 120 km altitude to the surfac accelerometer/altimeter,
and at the surface. photometer)
L4.Physical Evaluate aerosol Measure atmospheric aeros Nephelometémparticle
properties of microphysics, particle number density, siz¢ counter (e dNEFAS)
atmospheric composition, vertical distribution and optical Medim
aerosols profile, cloud formatio properties.
and chemistry, therm:
balance
Surface Geology and Geophysics
L5.Surface Characterize surface 1) Surface imaging during tl Imaging System (Descent
structure and structure, morphology,  descent phase and meas imager; panoramic camer
morphology and relief elements at the optical properties of t microscopic imager)
scale of 1000m/pixel atmosphere;
during descent; on the 2) Imaging on the surface a Hi
. . id
surface, characterizet  measure the optical

surface at the scalenf  properties of the near sut
to 0.0In/pixelocalized  atmosphere;

characterization to bet 3) Stere imaging of the surf
than 0.2 mm/pixel (FOV 30° to 45° and ang!
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resolution ~0.0005 rad)
starting from an altitude ¢
several kilometers and w
on the surface;

4) Panoramic stereo imagin
the surface. Detailed ster
imaging of surface with tf
spatial resolutioetter than

0.2 mm.
L6.Surface Determine tldementa 1) Measure the Gamrag A Active Gamma
elemental composition of surfaci  spectrum of the surface = spectrometer (g.g.
composition rocks with emphasis ¢ induced by the flux of AGNESSA);
trace elements includi  neutrons with energies A XRF mode of Mdssbaue
the radioactive isotopi  14MeV; spectrometer;
of KU and Th. 2) Spectrum of gamma radii A Chemical Analyses
from natural radioactive Package (CAP) High

elements of the surface. .
ray Fluorescence (XRF)
spectra to determine the
elemental comptasi.

3) Chemical composition of
rocky sample (which mus
delivered inside the lande

L7. Mineral phase Identification of miner Measure Mdssbauer spectr: Miniaturized Méssbauer

phases, containing Fe the surface rocks spectrometée.g,

(Fe2+, Fe3+, Fe6+). T MIMOS2A)

address atmosphere i

surface evolution alor High

with surface minerals

(search for any possit

bound water e.g.

philosilicates?).
L8.Global and Assess global and Measurement of planetary ' Seismometer
regional seismic | regional tectonic activ seismic background and sel

activity oscillations to constrain crus Low
thickness
L9.Electromagnet Determine Measure of emissions in the Wave package (e@ROZA
fields electromagnetic fields range of 10 Hz t0100 kHz  SAS2)
electrical activity and Low

conductivity of the
atmosphere of Venus

2.4 VeneraD Joint Science Definition Team

As the stated sciencgoals of Venerd are consistent with those outlined in the NASA
Planetary Decadal Survey (SSB)11) and the detailed objectives and investigations identified
by the Venus Exploration Analysis Group (VEXAG) (Herrick et al. 2014), a joint IKI
RoscosmafNASA science definition team was formed to prioritize science objectives, codify
investigations that would be of mutual interest to bothhROscosmosand NASA, provide an
initial assessment of a mission architecture, identify technology needs and arezsded n
laboratory experiments, and elements for collaborationcmdribution. The members of the
Joint Science Definition Team (JSDT) and their roles are providdée 2.41 and Figure
2.4-1.
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Table 2.4.Members of the VedABrdoint Science Definition Team

SDT Member Institution

L. Zasova, Gthair IKI Atmosphere

N. Ignatiev IKI Atmagphere

O. Korablev IKI Atmosphedel Kl POC

N. Eismont IKI Ballistics

I. Lomakin Lavochkin Assoc. Technology

M. Gerasimov IKI Surface & atmosphere chemistry
M. Ivanov GEOKHI Surface geology

A. Martynov Lavochkin Assoc. Technical

|. Klatuntsev IKI Atmosphere

D. Senske, &@hair JPL, Calif. Inst. of Tech Surface geology

S. Limaye Univ. of Wisconsin Atmosphere

K. Lea Jessup SWRI Atmosphere

T. Economou Univ. of Chicago Chemical analysis (APXS)
T. Kremic GRC Technology

L. Esposito LASP Atmosphere

A. Ocampo NASA Study Scientist

NASA HQ

Figure 2.4..Group picture from the third \Bng&DT meetiditendees included the director of IKI,

representatives from Lavochkin Association, and the NASA office in Moscow.

To direct the work of the JSDT, a joint NASA/IKI charter was establishibd.tasks othe

JSDT are as follows:

1.

2.

Identify, prioritize and develop science goals, investigations, and measurements
consistent with the current Venebaconcept;

Assess the Venefa mission architecture including possible modular options (e.g.,
subsystems) for colteoration opportunities and required instrumentation capabilities.
Assess technology readiness level to implement the mission concept and identify areas
for which development is required;

Identify mission components (mission elements/subsystems/instrunteatd)est lend
themselves to potential collaboration. Outline a general maturation schedule needed to
support a Vener® mission for launches in the pe@d25 time frame;

Assess the precursor observations and instrumentation validation experimentstoeeded
enable or enhance the Vendamission (e.g., instrument testing in a chamber that
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emulates the chemistry, pressures and temperatures found in the atmosphere or at the
surface of Venus);

5. Evaluate how Vener® will advance the scientific understanding \6énus and feed
forward to future missions with the ultimate goal of sample return.

To address these tasks, the JSDT organized itself into thregrauyts, Atmosphere,
Surface/Surface atmosphere interaction, and Technolagjhe course of its work, indidual
subgroups held telecons or had splinter meetings during the full JISDItddaee meetings.
The full JSDT discussed issues during telecons that took place every other week.

This report of the JSDT is structured in the following manner, Scienckgimund and
current open questions that can be addressed by VBnévbssion architecture; Technology
Assessment, Enablers, Challenges, and opportunities for Laboratory Work; Potential
Contributions to Vener®; JSDT Findings and Recommendations; andaaniéwork for Future
Work.
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3 Science Backgroun@urrentOpenQuestions andRelation to Venes

3.1 The Venus Atmosphere

3.1.1 WhatWe KnowAboutthe Venus Atmosphere ar@ben Questions

Our knowl edge of Venusd6 basic at themsapstrueturée,c pr o
etc.), and how different it is from Earth has come through the success of the S&ieESA

and now, JAXA missions to Venus and began wit
Lomonosov during its transit across the diskhefSun in 1761 from St. Petersbuigrthbased
observations of Venus have continued to make significant contrilsutarards our knowledge

of its surface, atmosphere with its global cloud cover, and the thermosphere. The discovery of
new knowledge about&hus has brought us more questions than answers.

Venushosts one of the most extreme atmospheric environments in our inner solar system and
one that is dramatically different from that of the Earth at present. The predominantly CO
atmosphere with a smamount of N exerts a pressure of about 92 bars on the sysdueh is
responsible for a stace temprature of ~735 K due to the greenhouse effect despite the planet
reflecting almost 80% of incident solar energy back to space. The planet is covareg eith
sulfuric acid haze and cloudsnd the atmosphere also harbors other gases suc®asB,and
SO, which all have strong absorption bands in the infrared spectral aaageap some of the
thermal emission from the surface and the lower ghimae. With only a slight tilt to the
rotation axisVenus 06 atmosphere exper i emeeasnosphere g we ak
also known to be superroiag relative to the solid planet surfacéhe Venus atmospherat
present,has five orders of magnde less water, than Earth, but Venus could have harbored
liquid water on the surface for as long as 2 billion yeed could have been the first habitable
planet (Way et al. 2016}-rom a comparative planetology perspectme are compelled to
understand when and how the evolutionary paths of the two planets diverged since both planets
were formed from the same region of the protoplanetary disk and the physical properties of the
solid bodies are nearly identical in termavtdss, size and density.

Despite the many successful missions to Venus, fundamental questions about the atmosphere
remain, primarily because of the constraints of previous observing platforms in terms of altitude
access, spatial access, temporal contiranty instrument resolutipand occasionallyhe lack of
suitable or capable instruments for certain altitude regions.

At present, the most prominent open major qu

A Why does the atmosphere of Venus rotate fakter the solid planet?

A What is the composition and nature of the UV absorber, and what determines its spatial
distribution and evolutioh

A When and why did Venus take a different evolutionary path compatéd farth and
what are the mechanisms respohsd f or Venusd evolution and
present climate

A Whatare theprocesses of surfagmosphere interactién

A Why arenét the two pri malEqandkmwslimixedéennt s of
the troposphere and show a vertical gradient?

To answer each of these questions, it is paramount that measurements are made using
capable instruments both remotely anditu. The VenereD baseline mission consisting of an
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orbiter in a highinclination orbit and a lander descending to the surface has the potential to
obtain many of the measurements needed to addrggsificant seof the outstanding questions
listed above about the Venus atmosphere. The science return of the msgie further
enhancedoy supplementing the baseline architecturéhve capable aerial platfornal{itude
changing UAV lasting many months or a balloon lasting several w@eksyiding longterm
monitoring of the ambient atmospheric circulation within the cloud layer at a small range of
altitudes. Additionally, a londgived surface stationcould provide critical additional
measurements at the surfeatenosphere boundary over a full Venus salay (~117 Earth
days). Inclusion of a lonfived aerial platform or a lontived surface statiosould provide for
thefirst time continuous monitoring of the atmosphere over a full Venus solar day. These types
of sustained longerm observations are ré= for the successful achievement of Ver@r@a s
primary atmospheric science goal: to Intmevestig
following sections we describehow VeneraD could achieve this goal and improve our
understanding of the atmusere

3.1.1.1 Atmospheric Circuliain

Why doesthe Venus atmospheretate faster than the surface everywhere it has been measured

in the deep atmospher&uperrotatorof Venusdé <c¢cloud top at mosphe
than half a century ago from groubdsed images. Its global and veat structure has now been

inferred from UV and NIR images (Mariner 10, Galileo Orbiter, Venus Express and now
Akatsuki), and from trackingof the Veneralanders, Pioneer Venusntry probesand VEGA

balloons (Figure 3.1-1). The Venus Express missidmas provided some new facets of the
atmospheric circulatioand now Akatsukdataare providing new perspectivene of these is

thatboth the cloud coveand the cloud motions both exhilpigriodicities with periods ranging

Subsolar 1o

Subsolar

Westward

Superrotation

Figure3.11. (Lef) Acomposite of VIRTIS image showing the night side view of the polar region an
of the sunlit hemisphere superposed on a 365 nm image taken from the VMC, both mapped in a
projection. The dynamical instability shows NpRrbthen image in the core region of the hemispheric
seen in the VMC image which extends to the(Riglgtdr schematimageof the general circulation of
atmosphere of Venus. Zonal flow is indicated by the arrows from right thési onrtdg isfthigbsolar to
antisolar point circulation above the cloud tops (from Bullock and Grirdpoains@&BYotation returns
higher levels (>115 km) when the meridional temperature gradient again changes sign.
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from the period of superrotatigrone Venussolar dayto as long aghe Venus rotation period
(Kouyama et al. 2(8; Khatuntsev et al. 2071 Lee et al. 2015McGouldrick 2017) Another new
discovery is that somehow the cloud level atmosphere is influenced by the surface topography
resultig in cloud level albedo variations (Bertaux et al. 2016) and standing gravity waves
(Fukuhara et al. 2017).

Thus, the current wealth of lbservations has raised many tantalizing questions aheut
maintenance and the global structure of the superrotafimanswer these questions, we need
the following:

1. Critical measurements of the wind fields at pdissiblealtitudes, over a lifetime long
enough to reliably characterize the mechanisms controlling the atmospheric flow;

2. Detailed mapping of thglobal characteristics of the solar energy deposiadrall
possiblealtitudes

3. Critical measurements of the spectpabperties and temporal evolutiai substances
that absorlihe major fraction of the incident solar radiationthe clouds, particuléy at
wavelengths between 0.3255um;

4. Measurementshat are able to characterize the meridional transfer of momentum and
heat. Additionally, theseneasurementseed to be madwith sufficient spatial coverage
over time to resolve the contributions fraransports by thermal tides and other waves

While issues of the radiative balance and energy deposition are discus&etion3.1.1.5
we discuss below theesultsof previous observations of circulation and wind speeds at each
altitude level, and the limitations of these observations thatope to overcome with Veneia.

Cloud Level andBelow Vertical profiles of wind velocity from the surface up to 60 km were
measured by alspacecraftincluding the Venera and VEGA landeralong with thePioneer
Venus probestle latter down to 12 km)lt was found that thevind speed increased from 0.5
1.5 mi's near the surface to B0 m/secat 60 km Wind speedst the cloudtop and inthe low
cloud can bedirectly mapped by tracking cloud motions (Kerzhanovich and LimkSg5;
Gierasch et al. 1997) . V e n ang @anetary wavemle derivecd N p a't
by the analysis ofUV imagestakenon the daysidefrom the Mariner 10(Murray et al. 1974)
Pioneer VenugRossow et al. 1980, 199Qimaye et al.1988),and Venus Express (VIRTIS,
VMC) (Hueso et al. 2012Khatuntsev et al. 2013Moissl et al. 2009, while imagesin NIR
spectral windows allow such measurensenn the night side (Sanchekzavega et al. 2008).
Other measurements related to the cloud levels wehgevedthroughEarthbased tracking of
the VEGA 1 and 2 balloongSagdeev et al. 1992). Thisovidedinsight into thezonal motios
atthe altitudelevel of about 5855 kmwhile floating for 48 hours between midnight and a little
after 6am. local time at low latitudes north and south of the equator (Sagdeev et al. TH86)
VEGA 2 balloon (7.5°S) traveled through areas wiihh instability. It wasdeterminedhatthe
highest instability was observed above Terra Aphrodtamont 1986)and, in turn, Young et
al. (1987) explainedthat the motions were affected kyravity waves, generated by the
mountains.The wind speed from cloud tracking in LMages obtained by VMC (Khatuntsev et
al. 2013) as well as albedueasurements the UV (Berteaux et al2016)together withcloud
top brightness temperature results from Akatsuki d&takuharaet al. 2017 confirm the
influence of topography on thlilgynamics in upper clouds

All these data are sparse and were obtained at different epochs. The most complete is the
VMC VEX data (8 years of observations of predominatity southern hemisphere), bgaps
still existin the coverage of latitude, local timand longitude. Akatsuki is now providingn
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equatorial viewto fill in some of these gapMeasurements within the atmosphere have not been
made sincehe VEGA landers descended to the surface in 1985. All imadlonly have several
wind profiles below the cloudthat weremeasured by landers and fraime VEGA 1 and 2
balloonsin the middle cloudsA long-lived atmospheric platform (>30 days$ needed to map

the circulation, planetary waves and wind spe#al estimate thestructure of the thermal tides
and other waves and turbulence (within the floating altitude ranges) that are important
understanding momentum transp@tVeneraD has the opportunity to provide the required
long-term elementMonitoring of the temperatre structure on the day and night sides below
the clouds inthe mm-spectral range (down to I20 km) will also help to undertand the
circulation below the clouds.

From the Vener® orbiter, information about the wind=st low cloudlevek can be obtainelly
imagesin the NIR spectral windowsn the night sideThese together, with dayside winfilem
cloud tracking inthe UV and NIRwould improve upon our knowledge of the circulation in the
cloud layer.

Mesosphere (6®0 km).Venus isa slowly rotating planet andn average the atmospheric
flow is believed to be close to being é¢gclostrophic balanceEstimates of the ambient wind
have beermadeby the calculation of the balanced wind under cyclostrophiancefrom a
limited number ofradio occultationsobtained from the Pioneer Venus and Venus Express
orbiters Newman et al. 1984Piccialli et al. 2012 The geometry ofthe radio occultatios do
not allow forsystematic measurements, tee calculation of the cyclostrophic wind frothese
datamustbe done after zonal averaging. Thermal zonal (cyclostrophic)swinthe northern
hemispheremesospheravere obtained from thermal IR spectrometvia the OIR on Pioneer
Venus (Schofield et al. 1983he Fourier Spectrometer on board Venéf(Zasova et al. 2007),
andthe VIRTIS VEX (Piccialli et al. 2008). The local time behavior of the zonal wind speed
(also in the midatitude jet) waobservedyy Venerals (FSV15).

The cyclostrophidalance breaksadvn at 8090 kmbecausehe dynamical regime becorse
more complex and cannot be described by simple eqsatdncyclostrophic balance.
Observations indicate thatlow these levelshe temperature increases fraime equator tathe
pole nearly monotonouslyand the meridional windis directed mainly fromthe equator tothe
pole Below 6065 km the temperature decreases frahe equator tothe pole andthe
meridional flux is directed téhe equator.This may represent a Hadley cell thie cloud level.
Direct measurements of the wind (VMC, Khatuntsev eR@lL3, 2017)confirm the direction of
themeridional wind at 65 km tthe pole and at 5%m to the equator Thus strict cyclostrophic
balance cannot beccurringon Venus all of the time aswvitould preclude meridional transpaut
heat and momentum, both required to maintairothservectirculation

Upper Atmosphereabove 90 kmThe main method to study the circulation ab6@e140 km
has been through nadir observations of the distribution of thé. & emissionf O2 (Piccioni
et al. 2009), NO (Stiepen et al. 2013), and2GDrossart et al. 2007). Additionally, gravity
waves were identified in the vertical profiles of the ightglow at 90100 km (Altieri et al.
2015) and irthe horizontal distioution of the CQ@ dayglow at 150 km (Drossart et al. 2007).
Atomic hydrogen is used as a tracer of thermospheric activity (Chaufray et al. 2012; Hodges and
Tinsley 1982) and Doppler shifts of spectral lines can provide some clues about-gwasub
antisolar circulation near 110 km level (Clancy etz012)

No previous observing campaign to date has provided the wind, temperature, pressure, and
atmospheric structure data needed at the required vertical, horizontal and temporal sampling
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continuously ovetthe duration of one Venus day. Consequently, the processes that drive the
superrotation remain ill defineds stated abovédo resolve these issues requires both a study of

the circulation patterns and an understanding of energy transfer. This latteraesstes both to

our knowledge of thehermal structure discussed in detail in below in 83.1.1.2 and the

i mportance of Venusd UV absorber which is dis

Previous missions were unable tachieve the required global coverage or vertical
resolution. VeneraD has the opportunity to provide the required lotgrm and systematic
measurements needed to map the upper atmosphere wind spBEeelshoice of the orbit and
the instrument capabilities requig will need to be investigated further.

3.1.1.2 Atmospheric Thermal Structure

Characterization of thehérmal structure of the atmosphere is crucial to undersigritie
processes that drive tiseiperrotation both from the implied pressure field that actualyesrit

and also to estimate the energy balandeally, we would measure the temperature fields in
coordinates of latitude, longitude and local solar time with high accufiamy the surface to
thermosphere, simultaneously while measuring the composdfothe atmosphere, cloud
properties and thermal balance. As of now, these measurements have been only obtained in very
specific altitude ranges at varying local times from infrared remote sensing, radio, solar infrared
and stellar ultraviolet occultationand from entry probes.

Vertical profiles of temperature, pressure, densityhantroposphere (below 60 km) as well
as the surface temperature, were measured by the Venera and \2El@Aders (Linkin et al.
1987) andhe Pioneer Venus probgSeiff et al.1980). In addition, measurements were obtained
up tothe low thermosphereThe VEGA2 temperature profile wasbtained witha high vertical
resolution andaccuracy of 1 K.The tmperature profiles, obtained before VEGwWere
summarized irthe Venus Interational Reference AtmospherélRA (Seiff et al. 1985).The
VEGA 2 datic stability profile confirmedhat the atmosphere is generally stable extmptwvo
altitude intervals, 50 to 55 km, and 18 to 30 km whiie peak of high stability is observed
arourd 15 km, whichis presentin the VIRA profile, but is not very pronounced. Below this
peak the VEGA 2 profile showshe highest instability in thef range 24 km altitude. Above
thetropopause levaheVenus atmosphere is stable.

The difference betweetemperaturg at isobaric levels, measured by different prolvess
found typically to bewithin 10K. There isinsufficientinformation to identify the reasdior the
differencebut it may be due ttemporal, local time, spatial variation, thermal tidesdifferent
kinds of waves as well amcertainties in theneasurements.

The Pioneer Venus, Veneidb andVenus Expressrbiters have also provided observations
that haveshedinsight into how the thermal structure is forced by diurnal variatidhe thre
dimensional thermal structure of the atmosphere has been inferredthiéoneer Venus OIR
(Taylor et al.1980, Veneral5 Fourier spectrometryZasova et al. 200@ata on botlihe day
and night sidesandVIRTIS VEX (Migliorini et al. 2012) on theight sideusingthe absorption
profiles of the CQ (4.3 or 15 pm band The spectral range, spectral resolutiand observation
geometrygave Veneral5 the ability toretrieve from eachspectrum in selfconsistent way
vertical temperature profige(55i 100 km) along withaerosol and S£and HO profiles in the
clouds.Solar related behavidnas also been identified thetemperature and aerosol profiles
the mesospheralong withthe distribution of the thermal tides vs. latitude and altitase the
solar related dependence of the altitude of upper clouds.
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The thermal tidesesult fromthe absorption of solar energy, deposited on Venush@
upper c¢clouds (within -abgborbde(sihichiprpvide energy torsppod wn 6 U
the superrotatianTherefore, to solve the supetation problem, it is crucial to obtain detailed
maps of the phases and amplitudes of the diurnal-demmal tides and smaller scale waves
the thermal structure and winds distribution in camates pressure, latitde) with high vertical
and horizontal resolutioextendingfrom the surface to upper atmosphere.

There are additional uni que features i n Ver
further investigation. Ithe mesosphere at high latitu@e75°) the cae region of the hemispheric
vortex <circulation of Venus (fieye ofandise vo
characterized by temperatures higher thiaensurrounding by 10 K. AAA S0 shaped d
feature was discovered by OlRoReerVenus(Taylor et al. 1980) over the north poke similar
feature was observeaver the south pole by Venus Express (Piccioni et al. 200¥3. feature
has been explained as a dynamical instability (Limaye et al. 2009) common to vortex circulations
such as irtropical cyclonesBut many details of the vortex organization of the circulation are
unknown. The vertical temperature profiles {#£) allowed the position of the temperature
maximum in the vortex to be identified ati®® km, but the vertical circulain in the core
region remains unknowfl.he core region of theavtex in Southern hemisphere waeen to be
asymmetricand not precisely centered over the pbjeVIRTIS VEX (Luz et al. 2011) and
similar behavior was seen from VMC.

Another puzzling structure is the existence dicald colla between65i 75° latitudes in
both hemisphered he cold collar exhibita tidal natureThe diurnal and semidiurnal amplitudes
exceed 10 and 6 K respectively (at latituafe7/0°N, altitudeof 62 km). It lies below 72 km,
above this levethe temperaturegenerally does natliffer from its surrounding(Zasova et al.,
1992) The maximum differencén temperature between areas nd@ evening and morning
terminatos was observedo be 30 K (FSV15), with a higher temperature in the afternoon.
Above 90 kmin thetransition regionthetemperature variatiois also connected tthe thermal
tide with diurnal and semidiurnal amplitudes both of 5 K, at low latitudes, providing temperature
differencein exaess 0f20 K at 95 km with lower temperature in the afternoon, comeptr the
morning terminator (Zasova etl. 2007). Gravity waves are also generatadthis region,
reveakd through airglows.The Pioneer Venus OIR (Schofield and Taylor 1983) also oleskerv
solar related behavior of the cold collar, as waslthermal tides above 85 knithe hermal tides
have also been detectad well fromcloud motionsin data returned fronMariner 10 to Vens
Express (Limaye and Suomi 198limaye 1988 2007;Toigo et al. 1994; Peralta et al. 2007
SancheZd.avega et al. 2008Khatuntsev et al. 2013) and modelled (Pechman and Ingersoll
1984).

The measurements describedly provide part of theicture relative tothe nature othe
thermal tidesand the thermal structure that supportsTihe available data pose new questions
that help define the objectives of the Ven@amission. Overallthe goal of Vener® is tofill
the gaps irthe spatial and temporal coverage and vertical resoldtmm previous observations
of both the circulation and the ther mal Str uc
the dynamics of the atmosphere that remain open or have been created hgwasservations
can be addressed. Currently, these questions are

1. How does the meridional and vertical transport of angular momentum that is required to
maintain the superrotation take place in the atmosphere?

r t
I
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2. What is the vertical and meridional transfer of heat that is required to maintain the
radiative balance of Vers?

3. What is the exchange of angular momentum between the surface and the atmosphere?

These open questions can only be answered by sustained, systematic measurements of the
ambient wind and temperature (proxy for pressure) in three dimensions for at leassalar
days at all latitudes and longitudddeedless to saya single missiorsuch as the baseline
VeneraD cannot expect to make suadomprehensivemeasurements and hence we must
compromise by using remote senswoigservationdrom orbit (3 years)supplemented byn situ
atmospheric measurements at leastthe achievable altitude rango add to thein situ
measurements to be made by the Veiizdander during its descent to surfaGée ensemble
measurementgould enable the spatial and verticalustture of the wind$o be determinedA
variety of techniques and instrumemtsorbit, on alander andin the atmosphez would be
required. Cloud motion measurements at different wavelengths in reflected solar and emitted
short wave infrared images halveen shown to yield reasonable estimates of the ambient wind
as a function oflifferent vertical levelatday and nightHowever, cloud motions aimeday and
night hemispheres cannot be obtainatlthe same altitude or pressure leus currently
available capability and henda situ measurements are required in order to determine the
precise structure of planetary scale waves (including thermal tides) as well as smaller scale
waves that contribute to the meridional and vertical trarspf energy and angular momentum.

Measurementsf the circulationfrom anorbiter andan atmospheric platform is expected to
shed light orother significaneaspects ofhe Venus atmosphere such as:

A Characteristics of the Hadley circulation

A The temporabehavior of the global circulation in hemispheric vortices

A Structure of the thermal tides

A Circulation Inks to the surface topography and the responsible mechanisms

3.1.1.3 Composition of thAtmosphere

To characterize the origin and evolution of Venus, from atsnfition to the presenaccurate
assessment of the composition of the atmosphere is essentialtheilkarth and Mars, the
atmosphere of Venus seems to have substantially evolved from its original composition. Whether
the major processes that shapedatmospheres dhe Earth and Ma@ such as impacts of large
bolides and significant solar wind erosioalso occurred on Venus is largely unknown.
Detailedchemical measurements of the composition of the atmosphere, in particular, the noble
gases and theisotopesalong withlight elements and isotopes, will aid in understanding if the
modern (secondary) atmosphere is a result of degassing from the interior, or if it resulted from
impacts by comets or asteroids. Likewise, it is imperative to determine leantlespheric
abundances of water, sulfur dioxide, and carbon dioxide change under the influence of the
exospheric escape of hydrogen, outgassing from the interior, and heterogeneous reactions with
surface minerals.
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Another issue that must to be resolved is the accurate measurement of the vertical profile of
Venusd bul k atmosphere constituents. Currentl
of the atmosphere provide surprising and conflicting results thdtazbct our expectations of
the atmospheric structure and need further investigation to be adequately explained. For
example, the highest accuracy measurements:aoNcentration have come frothe Pioneer
Venus Large Probe (PVLP) (Oyama et al. 1980) MitSESENGER (Peplowski and Lawrence
2016). Combining these observations implies that a vertical gradient ine t@nbkentratiorn(%o)
exists such that the value decreaséh altitude from 5.5 at 6&m to (4.6 + 0.14) at 51.6 km, to
(3.54 + 0.04) at 41.7 knto (3.41 £ 0.01) at 21.6 km altitudé&igure 3.1-2). This result
contradicts the expectation that the atmosphere is well mixed and therefore constant with altitude
in the lower thermosphere and troposphere. Inferences of the@®entrations also obtaid
by Pioneer Venus show that the £§as concentration varies with altitude, but in tase the
gas density increases with altitude (Oyama et al. 19B8% result is also in conflict with the
expected atmospheric profil@he question arises, is thasreal variationin the vertical profiles
or is theuse of thehydrostatic lawusedto infer the thermal structureéo longerapplicable €é.g.,
could the gases deehaving as super critical fluidsJo further verify and interpret the available
atmosphericstructure resultshigh vertical resolution and high precision measurements of both
the bulk and trace species are needed. These types of meassindrg derived from a well
designed Vener® lander and probe that may be included on the lander. Addilyo should a
mobile aerial platform be added to the mission architecture, wighproper designsuch a
vehicle might operat&éom the top of the atmosphere to the altitude of float/fly of the Likd
could provide critical measurememsthe bulk atnesphere state between 50 and 60 km altitude

The outstanding questions are:

A What are theroble gas isotopic ratios F
that can provide clues to the origin
and evolution of the Venus
atmosphere?

A What are the isotopic ratios of the
light elements, crucial to uedstand
the origin of the atmosphere?

A What is the N mixing ratio profile E 3
from surface to the homopause level” z~ E
What causes thabservedrertical :
gradient of N? T

A What are thevertical profiles of trace 0 20 40 60 80 100
species in the Venus atmosphere tha. Altitude (km)
play a role in thevertical cloud Figure 3.2. Peplowski and Lawre2€4.§) present tt
structure globallyThe abundances offigure comparitigMESSENGER Neutron Spectro
SOs, SO and elemental sulfur in the (greenjesults to previousneasuremerasd the

cloud laver are needed to understan@ccepted VIRA value which is an averamesitfiall
the sulfalr cycle and chemistry measurements made prior to 1980. The measure

X resented for compare@nl. Pioneer Venus Large
particularly near the base of the Clou‘E’robe Gas Chromatograph, 2. Pioneer Venus La
layer.Below this layer, CO and Mass Spectrometer, 3. Venera 11 and 12 Mass
different sulfur specieCOS, SQ, &, Spectrometer, 4. Venera 12 Gas Chromatograph
H2S) are needed down to the surfacePioneer Venus Multiprobe Bus Mass Spectromet

von Zahn et al. 1983.

(4]

Mixing Ratio (vol. %)
]
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to constrain the oxidation state of the lower atmosphere and surface, and determine the
stability of various minerals. (Bezard and de Bergh 2007).

3.1.1.4 Clouds

The clouds play an important roletime thermal alance through the absorption of incident solar
energy on the dayside and emission to space on theswlghiThey participate in chemistry of
the atmosphere, trace the circulation of the atmosphere through contrast featdregealthe
presence of @ity waves and thermal tides.

For the detailed characterization of the thermal balance it is necessary to know the cloud
structure, composition and microphysicBhe measurements should allder an adequate
analysis of the cloud opacity whighaninput componento the greenhouse effect, and the cloud
albedo levels which directly impacts the thermal balance. The fact that the upper clouds of Venus
are composed mainly of ~1 um radius particles has been known since the last century from
polarization meagements (Lyot1929), but the composition of the particles with a high
concentration of sulfuric acid was not identified until nearly 50 years later (Hansen and Hovenier
1974). Vertical profiles of aerosol distribution were successfully obtained durirdesoent of
theVenera 9 and 10 landers (Marov et #80), Pioneer Venus Large Probe (Knollenberg and
Hunten 1980), anthe VEGA 1 and VEGA 2 lander descents (Moshkin et al. 198®arly, the
measurements are sparse, and information about aerosdégroélow 30 km is somewhat
contradictorybetweerthese measurements.

The clouds of Venus have a vertical depth of ~20 km 20- 40). There are three separate
layers of clouds with each layer showing its own peculiarity. Surprisingly, the upper cloud
properties are similar over the entire planet except in high latitudes poleward of ~70°. In general,
the clouds are composed of sulfuric acid aerosols but other species are present depending on the
altitude. Spectral observations from Ven&ta(Zasova etla2007) indicate that sulfuric acid is
the main compound of cloud particles at all latitudes, from the equator to the poles. In the diffuse
upper cloud layer, sulfuriacid droplets are formed, the middle clouds containing sulfuric acid
are convective, #low cloud layers are patchy, and the abundance of sulfuric acid in gaseous
phase admit that low clouds are condensing. Other aerosol and/or particle species may also be
present. For example, in the low cloud, the VEGA 2 Lander found sulfur, phosphodus, a
chlorine particleqSurkov et al. 1987)The size of the cloud particles are distributed in three
modes: the Mode 1 particle radius, r, iISi@®.3 pm, these particles exist fra®® to 90 km; the
Mode 2with radiusl pm in the upper cloudsnd Mode2awith radius of 1.4 pm inhe middle
clouds;andMode 3,with radus of 3.65 um in the middle and low clouds, below 57 km (Pollack
et al. 1980).

The outstandingssuesare:

A Rigorous identification of the composition of the Modes 1 and 3 particles
A Rigorous proof of the existence and composition of crystals in the low clouds

A Characterization of thstructure othe aerosol layersind their compositiobelow the
clouds;ls it possible for these layers to exist down to the near surfacg(ilageations
were found by VEGA2)?

A Characterization of theertical and hdzontal structure of the clouds, thécal time
variations andsolar related structure.

A Insights regarding thiafluenceof thesurfaceatmosphere interactiaanthe cloud
formation/disgpation and cloud circulation
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3.1.1.5 Dynamicslracers and th€oudContrasts

TheRole of theUnknown UVAbsorbet Venusd6 disk is practically f
spectral ranges (contrasts maximum iad 20), but in the UV they reach @®at 365nmKEigure

3.1-3). The albedo of Venus decreases from a value & atlonger than 550 nm to as low as

0.3 at UV wavelengthsThe cloud contrast peak is observed at 365 nm. The UV contrasts, even
though we do not know their origienable the global circulatiom be measured by using them

as circulation tracers fof e n u s 6topadynamicdin fact, it was by tracking UV features that
Venusod cloud top s up e rProadingd waypto deriva windfspeedsdnd di s c
cloud motions, the UV absorberrissponsible for 50% of the energy deposit on Venus. Notably,
UV-absorption at 0.32.5 um was observed to disappear below&&Bkm by the PVprobes

(Tomasko et al. 199 and VEGA (Bertaux et al. 1987)T hu s , absorption by
absorbing species hasimparily been associated with the cloud tops. Since the atmospheric
circulation is directly linked to the solar ultraviolet radiati@bsorbed in the cloud layer of

Venus, absorption by these species results in the generation of the thermal tides and
consgjuently provides the energy to drive the superrotation (Gierasch et al. 097). &= <
0.32pum the main absorbers are 5&nd SO and this absorptionntmues in the clouds and

below Bertaux at al. 1996

Currently, the distribution and the composition of the UV absorbing species angoalbp
known, although S®is certainly a contributor. As described abotreere are a few available
profiles of UV flux in the atmosphere that suggest that the UV absorber is present at and below the
cloud tops inthe upper clouds. However, it is a lotgrm debate as to whether the cloud level
abundance of the absorber is a result of material upwelled from below, or results from chemical
reactions of upwelling and downwelling species. In terms of composition, currently the strongest
candidat esn fw\Y aOusnnkmmewr 6 are allotropes of su
FeCk in sulfuric acid (Zasova et al. 1981). Both species fit well the UV Venus spectrurii (0.32
0.50 um), but face some difficulties. Zasova et al. (1981) pointed out that the lifétarsoloition
of FeCk in H2SQOs is of 2 weeks at room temperature (~ temperature in the middle and low clouds)
and the conversion of Fe@b FeSQresults in a white color that may explain the disappearance of
the UV absorption. For this hypothesis to heported there must be a resupply of EeCl
chemically or through transport from the surface. However, Krasnopolsky (2016) concludes that
sulfur abundance measured is insufficient and only FHs@e likely absorber.

There may be another possible soudfethe UV contrastsRecent information about
properties of acid resistant bacteria such
Thiobacillus Ferrooxidans indicates that
these species have absorptive signatures
UV and NIR spectral ranges. These da
allow us to speculate about possibilioy a
biogenic origin of the UV absorber.

New observations providing extensiv
and temporally continuous observations of t
cloud layers fromin situ could significantly
improve our ability to sort out the viability of
the most likely potential candidatefor the Figure 3.8.Images of Venus in reflecteybtim the
UV absorber. UV (leftjandat Omi ddl e) . Compc

nightside atmosphere in the emitted near IR (1.7+
and 2.321). CrediNASA, JAXA, JAXA
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TheRole of NIRImaging Ni g ht side IR imagi niBpuofFiguxtkenus o6
3.1-3) reveals contrasts (¥3%). Images, obtained by VMC VEX at 1 pgnable th@racking of
contrasts to calculate the wind at the cloud topseél#o the middle cloud (55 + 4 km), the
effective level from which the 1 um NIR radiation originéikhatuntsev et aR017) The origin
of the contrasts is not certain and they may possibly be related to variations in the clouds opacity.
These NIRcontrastsio notcorrelate with thosebservedn UV images on the dayside

Tracking the cloud structures the low clouds on the night side allewfor the winds at
lower altitude to becalculatel. To accomplish thishere are several windows the COz bands
in the NIR (1, 1.18, 1.74, 2.3 gymThe structure of the low clouds evident in the images in this
wavelength range is similar, but with different contrasts. The highest contraststlz.Bum
window, making itthe most reliable for tracking. Thiew clouds are patchy, spossibly, the
contrasts are connected to different cloud opexcit

Barstow et al. (2012) use 2.3nVIRTIS images to retrieve data about the microphysical and
chemical composition of Ven@slouds suggesting that variations the acid concentratioand
H20 and CO abundance are recorded in the intagegcific conclusions regarding the relative
importance of dynamics and chemistry in maintaining the observed variability is deferred until
situ observations can provide defingivnsight into the vertical motions and thermal structure of
the atmosphere.

The Path Forward. Until observations ar@btainedthat can characterize the distribution,
vertical profile and lifetime othe Venus UV absorber and NIR contrasts, as well ashéenal
structure and vertical motions of the atmosphérdne open questions aboui
tracers will remain:

A What is a nature of the UV absorlferganic, inorganic, aerosol, gas, eampiwhat
controls its distribution?

A What causes the UV amdiR contrasts?
A What are the impacts of the UV contrasts on the radiative balance?

VeneraD would use instruments on therbiter, lander, and any other availabie situ
element to help resolve these questions. For example, detailedetomdJV spectroscopy in
combination with Raman LIDAR observations of the cloud layers woulhlirevaluable way to
thoroughly document t he s pect ralitude fevelomperertliei es o
UV absorberis anticipated to be presermrhe longterm observationsould be used to uniquely
identify the compositiorfand better document the lifetimef) the UV absorbing source based on
a comparison to the measured opticalparties of the candidatgpecies in the 0.2D.5 um
range

3.1.1.6 Solar Wind/enudnteraction and Venidagnetosphere

As Venus does not have intrinsic magnetic fidlie solar wind interacts directly with Venus
atmosphereRigure 3.1-4) . As a r epeualmosphend bas a detawy pype interaction

with the solar wind flowThat is,the flow past Venus is loaded by planetary ions formed in the
solar wind flow due to solar UV ionization. This pigk of planetary ions leads to the
development of an accreh magnetosphere and bow shock. The solar wind induced|ossss

an i mportant component of Venusd at mospheric
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Plasma and magnetic field experiments
Venera9 and VenerdO in the 1970s
provided the initia
interaction and magnetosphere formati
(Vaisberg et al. 1996 Important followon
investigations of the magnetic barrier ali
magnetic tail were performed by the Piore
Venus Orbiter(Russell and Vaisberg 1983
A Model of the induced magnetosphe
(Vaisberg and Zelenyi 1984Zelenyi and
Vaisbergl98) was developa& based on thes
experimental data. To further advance t
field, Venus Express also performec’

investigations of the solar wind interactiongure 3#.Ar t i st 6s i mpressi
with Venus(Barabash et al. 2007 wind shapes the magnetospheres of Venus (shoy
brown tail, closer to the Sun) and Earth (shown ir

Even with the work completed by Venuggih planets are roughly the same size. Venus is
Express, there are outstanding problent§ién the Sun, at roughly 0.7 AU (AstrononiticalHile Eari
study of the solar wind/enus interaction.is located at 1 AU. Unlike Venus, Earth has an in
They include: magnetic field which makes its magnetosphere b

A Determination of the mass lines coming out of the Sun symbolize the propac

i, . direction of the solar wind. Credit; ESA
CO”TPOS'“O” of planetary lon OUtﬂoW’http://www.astrobio.net{lemkaews/emagnetisurprise
besides H+, He+, O+, and its

. . .. fromvenus/#sthash.emLmRylQ.dpuf
variations under varying conditions
and in different regions of Venusian magnetosphere

A The measuremés of the velocity distribution of escaping ions to investigate loss and
acceleration processes

A Investigation of the structure of the thin magnetospheric boundary with high temporal
plasma and magnetic field measurements in order to understand theobtigi
boundary

A Investigation of mas®ading processes at an atmospheric obstacle
A Investigation of acceleration processes at current layers

3.1.2 Neededvikasurements

To advance our understanding of the dynamics, structure, and composition of the Venus

atmephere and plasma, the following measurements are required:

1. Mapping of the vector wind fields at the different levels in the atmosphere from the

surface, low atmosphert the thermosphere. These measurements are needed to assess
the atmospheric thermatructure, dynamics, convective behaviors, and thermal balance
as a function of altitude and horizontal distributidhe required measurements could be
obtained from the orbiter, lander and a supplemental aerial platformbined with a
long-lived surfacestation These measurements are also critical for the study of the
superrotation source mechanism, a@nadhis caseit is required that the measurements be
obtained near continuously over one full Venus day.

Measurements that map thexintides gravity waves,and planetary waves, which
includes mapping information regarding the thermal structure,-salkted behavior of
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the clouds, and wind from UV and NIR spectroscopy and imaging. Measurement of
temperature profiles from the surface to 140 Ilatitude (from lander, orbiter,
atmospheric platform and lodiyed station on the surfage

3. Measurements that map the thermal baldnites includes mapping of the wind,
pressure, and temperature fields as well as detailed measurements of the comgosition o
the atmosphere and associated aerosols as a function of altitude, local time, latitude and
longitude.

4. Measurements to help understand the processes associated with the greenhouse effect.
This includes mapping of the composition and abundance of the @ieres and
associated aerosols as a function of altitude at all latitudes, as a function of lo¢al time
and as a function of latitude/longitude. Spectroscopic imaging of the clouds remotely and
In situ in order to identify the location and composition &f thv absorber.

5. Measurementgo help infer the origin and evolution of the atmosphere. This requires
accurate measurement of the composition of the atmosphere, including the noble and light
elements and their isotopes as a function of altitude and hotizdistebution. The
required measurements could be obtained by using in tonsguments proposed for the
orbiter, lander, and aerial platform (from the laddeertical profile, aerial platforn®d
horizontal distributions)including vertical profiles of the main componentsadd CQ.

6. Measurement$o help constrain microphysical processes within the atmosphere. This
requires measurements that map the chemical composition of the clouds and aerosols and
the acquisition of meaurements that can assess the size and shape of the aerosols. This
latter measurement may help to identify the unique distribution of thahdérber and
the HSOs aerosol, which help to segregate the role of thedldsorber and the 30y
condensate in miophysical processing. These types of measurements are best
accomplished using remote and direct measurement of the aerosol properties from
payloads aboard the lander and aerial platform with the capability to map both the
vertical and horizontal distribioin of the aerosol and UV absorber species from orbiter.

7. Measurements of the magnetic field, ion, and electron characteristics, including energetic
ions and electrons, ion composition, and plasma wavesoutstanding problems in the
study of the solar vad-Venus interaction will be solved by the plasmate locatedon
the orbiter and sulzatellite.

Previous missions ka provided significant insightto many aspects of Venus atmospheric
studies.The rew knowledge that has been gained from these misgiefise the next Venus
atmospheric investigationd/eneraD6s basel i ne mi s $anocorbiter ancha c h ¢
lander, could fulfill these investigations by using instruments with improeagability In
particular, instruments on the orbitould have higher spatial and spectral resolutigreater
mapping capability at UV and IR wavebghs than previously flownThe orbiterwould have
instruments with the capability to obtain critical measurements from the suafatiglit side) to
the thermospheréhe lander instrumentsould have higher spectral resolution and sensitivity
and improved capabilities relative to thdk®vn on the Venera and VEGA landeadlowing for
high accuracy meteorological and composiibmeasurements during descent

The JSDT emphasizes that to fully study the superrotation of the atmosphere, the atmosphere
must be monitored both remotely, situ, and on the surfacen a longterm basis (months). The
singletrajectory measurements thabuld be obtained from the landéduring descentjvould
be extremelyvaluablebecause of theinigh accuracybut insufficient to meet the need of leng
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term monitoring of the atmosphere over a full Venus day. The VEGA ballworellustrate the
possibilities and importance of lomyraion measurements in the atmosphere, particularly
within the cloud layer. The JSDT considdipotential platforms such as variants of the constant
level VEGA type balloons as well as the Pathfinder prototype of the solar powered Venus
Atmosphere Mobile Pteorm (VAMP) currently under development ltlye NorthropGrumman
Corp. The VAMP/Pathfinder platforrmould becapable of flying within a range of altitudes
within the cloud layer (~502 km) and is being developed to operate over the 117 Earth days
needed dr complete monitoring over one full Venus dayith the appropriate payload, the
VAMP/Pathfinder mobile aerial platforroould acquite crucial observations of the atmospheric
structure, circulation, radiation, composition (light and noble gases as wh# @&otopologues

of both the bulk (C@ N2) and tracegas species such as S, O, etong with cloud
particles/aerosoland the unknown ultraviolet absorfsr

Another set of important measurements tlbatld have a significant impact on our
understanohg of the superrotatiomre long-term meteorologicaimeasurements on the surface
These measurementsuld be obtained from a proposézhg-live statiord andmultiple stations
could provide enhanced surface coverage by extending the capability of the-Deméssion to
several pointsSuch a statiocould providesporadicmonitoring of meteorological parameters at
the surface over a long period of time (months), possibly identifying the origin of gravity waves
which surprisingly have been evident in thenasphere over a broad altitude range extending up
to at least 100 kmAdditionally, the longlived surface stations could help to track planetary
waves, tides, turbulence, and momentum transfer from the surface to atmo§hhezatly, a
long-lived wind-powered station is being developed by NASA/GRC that could be included as an
instrument within the anticipated mass constraints for the payload of the ldhéeuccessful
development of thisstation would represent a significant advance in the capabilifiesn
available technology and could resulsignificantadvancemerit our ability to exploré/enus.

3.2 Science at the Surface of Venus

3.2.1 Venus Geology

The strong greenhouse effect on Venus limits the egaofj possible geological processes
operating on this planet. The surface temperature, “500and apparently low
temperature/pressure gradients in the lower atmosphere cause thaldyymdmost saignant
nearsurface environmenfThey preclude the wateand winddriven geological processes and,
thus, the common EaHlke geological record of sedimentary materials cannot form in the
current Venus environmenf nly three geological processes are important on the planet:
volcanism, tectonism, and impact ang.

There are only about a thousand impact craters on Venus. This means that: 1) the surface of
the planet is relatively young (the mean age estimates vary from ~750 to ~3@¢hader et al.
1992; Phillips et al. 1992; McKinnon et al. 1997) and 2 tlontribution of impact craters to
resurfacing is minor. Only volcanism and tectonics were the principal geological processes
during the observable geologic history of Venkg(re 3.2-1).

Regardless of the volcanic and/or tectonic nature, there arecksses of Venusian
landforms: simple and complex. The morphologically homogenous terrains represent the simple
landforms; their homogeneity suggests that they formed under the dominance of a specific
process. Examples of the simple terrains/landform$aaeeplains with a specific morphology or
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Tectonic units

Volcanic units

Figure 3.22.The major tectonic and vimeants that make up the surface of Venus. Each scale bar is
North is up.

graben swarms. When the simple terrains are tied by common evolution and aggregated, they
produce complexes. Coronae represent classic examples of the complex terrains.

The simple terrains constitute morphologically homogenous units that establish the base for
the unfolding of the geologic histories of plan@tglhelms 1990. Inspection and comparison of
units mapped by many geologists on Venus have shown that a restricted number of units
adequately describes the geology in different and remote regions of the (Blasivsky and
Head 200D The repeatability of these unitsver the surface of Venus allows compiling of a
global geological map of the planet that shows the distribution of units in space and time. Since
the morphologically distinct units are related to specific geological processes, the geological map
allows tiacing the changes of the rate and style of geological activity, expressed in resurfacing,
as a function of timélvanov and Head 20)1

Analysis of the global geological map reveals that the observable geologic history of Venus
consists of three differemegimes of resurfacing: 1) the global tectonic regime, 2) the global
volcanic regime, and 3) network riftingplcanism regimeRigure 3.2-2) (lvanov and Head 20}5

TheGlobal TectonicRegime The tectonic resurfacing dominated during the earlier stages of
the observable geologic history of Venus resulted in the formation of strongly tectonized terrains
(Figure 3.2-1) such as tessera (t), densely lineated plains (pdl), ridged plains/ridg§b&i),
and groove belts (gb). Exposures (minimum area) of these units comprise ~20% of the surface of
Venus {Table 3.21). The apparent beginning of the global tectonic regime is related to the
formation of tessera, which is among the oldest materigs wm the plaet and may represent
t h e windbwpintd its far geological past. The age relationships of tectonic structures within
tesserae indicate that this terrain is the result of crustal shortening and may a mosaic of crustal
blocks (Senske 2010 The shortening of the crust suggests that the global tectonic style during
the tessera formation included elements similar to plate tectonics such asschege
underthrusting. No morphologic evidence for plate tectonics was found on Venus among the
landforms that postdate tessera. Densely lineated and ridged plains are partly overlapping in time
with tessera. Formation of groove belts manifest the later phases of the global tectonic regime.
and the majority of coronae formed synchronously with the dpuwetnt of groove beltd-{gure
3.2-2).
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Figure 3.2.Regimes of resurfacing that operated throughout the visible portion of the geologic hi
is the mean age of the surface (based on the density of all craters).

TheGlobal Volcanic Regime During this time, volcanism overwhelmed tectonic activity and
caused formation of vast volcanic plains mildly deformed by tectonic structeicpgd 3.2-1).
Three types of plains manifest the global volcanic regifmgu(e 3.2-2): 1) shield plains (psh)
2) regional plains, lower unit (rpl), and 3) regional plains, upper unit (rp2). These plains
compose ~60% of the surface of Ventislfle 3.21) and show a clear stratigraphic sequence
from the older shield plains to the younger upper unit of regionaig(lvanov and Head 2004
The distinctly different morphologies of the

plains Figure 3.21) indicate different volcanicTaple 3.4. Areas of the most important units fro
styles of their formation. Shield plains ha&fferent regimes of resurfacing on Venus.

numerous small volcanic construdtsat were Unit areal® ki? UnitArea, %

the sources of the plains material. In Tast, Global tectonic regime

the lower unit of regional plains shows ne 35.7 7.8
evidence for the sources and the style of {al 7.8 1.7
formation resemble volcanic flooding. pr 10.3 2.2
The upper unit of regional plains formed bgP 39.9 8.7
the emplacement of individual extensive lav@M _____936 20.3
flows often erupted from large stinct sources Global volcanic regime
such as coronae or large volcanoes. psh 85.2 18.5
: . : rpl 152.0 33.0
The density of impact craters on units of tlhrg2 45.2 9.8
tectonic and volcanic regimes suggests tk??le 282'4 61'4
these regimes characterized about first one tk* o o '
e . . Network riftinggolcanism regime
of the visible geologic history of Venus. Duriny
T 2 24.3 5.3
this time, ~8085% of the surface of the planelbI 407 8.8
was renovated. oS 103 23
SUM 75.3 16.4
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The NetworkRifting-VolcanismRegime This regime characterized the last two thirds of the
visible geologic history of Venud-{gure 3.22). Three units represent the major components of
the regime Figure 3.2-1): lobate plains (pl), rift zones (rz) and smooth plains (ps). These units
are bradly synchronous to each other and units of the volcanic nature (pl and ps) are about twice
as abundantT@ble 3.21). Although the volcandectonic regime characterized ~2/3 of the
visible geologic history of Venus, only 180% of the surface &srenovate during this time.

This means that the level of endogenous activity during the vekembonic regimeKigure 3.2
2) has dropped by about an order of magnitude comparing with the earlier regimes.

3.2.1.1 Open Questions and the VeHatoncept

Despite the detald view of the surface provided by the Magellan and Venera data, there are a
range of questions about the nature of the surface, its evolution, and its implications for volatile
history and interior evolution. For the surface: What is the geochemistrgnanatalogy of the
different units we see in the Venera and Magellan data? What is the origin of layered rocks seen
in Venera panoramas? What formed the mountain belts of Ishtar Terra, which rise up to 11 km
abovethe mean planetary radius? Are the corotimesurface manifestation of mantle plumes,

are they still active, and what are the implications of their morphologic and size diversity? Has
resurfacing occurred in brief, global catastrophes, at a steady uniform rate, or by some mixture of
these two st@s?

Many questions directly relate to the tessera, including whether all tessera formed by the
same mechanism(s), how widespread the terrain is, whether tessera form from upwelling or
downwelling and their relationship to volcanic rises, and whether Hser@ are composed of
thickened basaltic crust or a different low density composition. The current and past rates of
volcanic outgassing are unknown, as is an understanding of how volcanoes affected the
atmosphere and climate. Even more fundamentally,rthe of water in geodynamics and
petrogenesis needs to be constrained.

Just as on Earth, or perhaps more so, Venl
(Bullock and Grinspoon 2001Yhe causes and effects of rapid changegeologic expression
can be investigated in detail by a capable surface payload and remote surveying techniques
(Helbert et al., 2008)The surface and climate systems may be so copladips et al. 2001,
Solomon et al. 199%hat records of climate change, either in atmospheric or surface isotopes
and chemistry, may ultimately elucigahe geologic history of Venus.

To resolve the key geologic questions, it is necessary to characterize the geochemistry,
mineralogy, and petrology of surface features/terrains, especially tessera. These data, which are
the clues to the first 80% of Venimsstory now obscured by volcanic and tectonic resurfacing,
will allow us to constrain the history of volatiles, especially water, on Venus, and provide a basis
for direct comparison of crustal evolution on Earth and Mars. In addition, isotopic meas@grement
of the composition of the Venus atmosphere and an improved understanding of atmosphere
surface interactions will aid in constraining the outgassing history, in particular current and past
volcanic outgassing rates.

3.2.1.2 Needed Investigations
The geologic olgctive of VeneréD is to understand the geologic processes and history of
Venus. Within the context of this objective, a number of specific questions are put forward:
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1. What are the geologic processes that have shaped the surface of Venus from the regional
scale to that of a landed element and what does this imply about the resurfacing history of
Venus?

2. What is the composition of surface material units and how might they vary across Venus?
3. Are there significant volumes of silicic volcanic deposits?

Landinéite Selection angationale Science

Although the results from the Soviet Venera landers suggest that the surfaces that they sampled
are primarily basaltic in composition, there is morphologic evidence that suggests a range of rock
types may be present. & on geologic setting, rock types may range from continkkeain

nature to those associated with subduction. As such, future measurements should focus on
understanding the diversity of rock types on Venus, with implications for crustal recycling. A
number of target areas for landed measurements that would most likely provide opportunities to
improve understanding of geologic process on Venus include:

Tesserde.g., Alpha Regio)lt has been suggested that some occurrences of tessera may be
composed of lowdensity continentalike crust. To investigate this hypothesgeochemical
sampling and optical imaging of a region of tessera is a high priority.

Lava flow fields Rocks sampled by the Venera landers show compositions that are similar to
terrestrial basalts. Although basaltic plains may generally be representative of Venus, morphologic
evidence suggests the presence of more exotic compositions. In areas wheharaeds have
mechanically eroded the substrate, compositions analogous to carbonatites have been proposed
(Kargel et al. 1994)It has also been suggested that broad homogeneous lava flow fields may be
analogos to Deccan trap or Snake river plains volcanism and composed of high Fe/Mg high
temperature basalts. To provide greater insight into materials that may represent a large part of the
Venus crust it is necessary to determine the chemistry of at leasttbesefegions.

Regional plains: Although the regional plains have previously been sampled, the
uncertainties of the measurements are typically large. To provide greater insight into the makeup
of Ferxoon i ,aypicalj Surfaee.materials, it would lnseful to investigate the chemistry of
the rocks that may represent a large part of the Venus crust.

3.2.2 Venus Geochemistry

In contrast to the geological models, our knowledge of geochemistry of solid Venus is limited.
This is primarily because the dense lagéclouds prevents optical and, thus, spectral studies of
Venus. The only means by which the geochemical data from deunuigce can be obtained are
landers. Several of them have visited the planet in a period from 1972 (MYneral985
(VEGA-1 and 2)and reported the first and ondiata on the chemical composition of soils on the
surface of Venus. Chemical measurements were made in seven points that are concentrated in
the BetaPhoebe region and in Rusalka Planitia to the north of Aphrodite Tieigaré 3.2-3).

Selection of the landing sites were based purely on the interplanetary ballistic constraints
because no knowledge on the surface geology existed when the Wé&@ra missions were
planned and implemented.

In four landing points (Vener§, -9, -10, and VEGAL1), concentrations of the three major
thermalgenerating components, K, Th, U, were determined by gamma spectromadily 8.2
1) (Surkov 1997. The mean values of their concentrations on Venus are well within the range
that is typical of theerrestrial basaltéKargel et al. 1993; Nikolaeva 1995, 199However, the
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90
Figure 3.38.Landing sites of the Soviet stations of the\\EgBAraeries.

120

enhanced concentrations of K, Th, and U in soils at the Véhtmading site gave the possibility
to interpret the results of this station as evidence for the presence oftasaitic material on
Venus(Nikolaeva 199D

In two landing sites (Venera3, and-14), the concentrations of the major petrogenic oxides

(without NaO) were measured by therdy fluorescence (XRF) methodidble 3.22) (Surkov

1997. In one point (VEGA2), both methods (gamma spectrometry and XRF) were used
separately and the concentrations of the thegeakrating elements and the major oxides were
measured Table 3.22) (Surkov 199]. The XRF data also suggested that rocks of hasalt

composition make up the surface in the landing gi&skov et al. 1984, 1986; Karget al.

1993.
Two important factors, unfortunately, strongly limit the value of the Venera/VEGA data and
prevent their robust interpretation.

Table 3.2.Results of chemical analyses conducted by the Venera (V) and VEGA (Vg) landers.

| Lander_SiQ | TiQ | AbO: | _FeO | MnO MgO| CaO | KO | S* | C K | Th U |

V-8
V-9
V-10
V-13
V-14
Vgl

Vg2

45.1
+3.0

48.7
+3.6

45.6
3.2

15.8
+3.0

17.9
+2.6

16

0+1.8

9.3
+2.2

8.8
+1.8

7.74
+1.1

11.4
6.2
8.1
+3.3

115
+3.7

6.5
0.2

3.7
+0.4

0.7
+0.3

15
+1.2

2.0
+1.0

U
2.2
+0.7
0.6
0.2

0.5
+0.3

0.64
+0.47
0.68
+0.38
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1) The first major prol@m is that we do not know the exact position of the landers. This
situation makes impossible the clear understanding of the type of materials that the landers
investigated. All stations landed somewhere within their own landing circle, which is ~300 km in
diameter and usually embrace terrains of different origin and age. For example, the landing circle
of VeneralO includes six various and extensive units related to tectonics and volcanism.
According to the Venera0 panoramaRigure 3.2-4) and the inclinorater data, the station is on a
flat, subhorizontal surface. This type of surface favors vast volcanic plains (shield plains and/or
regional plains) as the hosting units for the lander and disfavors the tectonized units such as tessera,
densely lineated pins, and groove belt, although these later units cannot be ruled out confidently.

& L.

Figure 3.22. Panorama taken by thesyidtem on the Vendr@ lander.

Thus, in the Venerd0 landing circle and in all other landing sites as well, association of the
chemical data with the specifierrains can be madm a probabilistic basis onlbdrakhimov
20095. From the morphology of the surface, it is obvious that different volcanic units on Venus
are related to different volcanic styles, each of which could have its own geochemical signature
The lack of knowledge on the

exact location of the lander K200x16.000)
prevents understanding of th
geochemical aspects of nature o: PauSiamte Lire
. + Volcanic Arcs
the units and, thus, preven * Volcanic islands

formulation of reasonable
petrogenic models.

2) The second and mos
important limitation of the
VenerdVEGA geochemical
data is the low precision of th
measurements made on tl .9
surface Table 3.22). The large
error bars keep the dat
collected by the landers at a lo 0.8
level of possible interpretation
For example, on a ternary plc
that shows relationsrépof the o ww ; - ; 0
major thermabeneratingl o 0.2 0.4 0.6 0.8 1 Th
elements Kigure 3.2:5) points Figure 3.%. Ternary plot that shows relationships of the major t
of terrestrial magmatic rockgenerating elements for volcanic rocks from different geodynai
form a prominent trend thabn Earth. Yellow stars correspond to the mean values of the m
reflects broad variations of Th/Ky the VeneMEGA landers. Ellipses arounthtisecerrespond to tt

measurement errors.
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ratio in the rocks. The points of the Ven&and Vener® landers, which have the smallest
errors fall onto the terrestrial trend. The mean value of Vefeliaes at the lower (THicher) end

of the trend and the Venegaerror ellipse overlays rocks from continental magmatic provinces
and ocean volcanic islands, the sites presumably related toathitéerplume activity. The mean
value of Venera lies in the middle of the trend and its error ellipse overlays the transition from
the plumerelated geodynamic environments to the subduction zones (i.e., oceanic arcs). The
mean values of Vene/H0 and VE@\-1 and 2 seem tbe shifted from the main terrestrial trend
toward the Uside of the diagram FHgure 3.2-5). However, the error ellipses of these
measurements are so large that make them to be almost completely unconstrained.

All these interpretations afgased on the assumption that the chemical weathering did not
significantly change the surface material on Venus. Such an assumption is potentially consistent
with the lack of free water on the surface, but cannot be reasonably constrained by the available
chemical data, particularly because of the large error bars for the sulfur measurérablas (
3.2-2).

So far, Venus remains to be the less geochemically studied terrestrial planet and the Venera
D mission is called to partly close this gap in our knogéed

3.2.2.1 Open Questions
Questions related to the geochemistry of Venus include:

1. Was there ever an ocean on Venus, and if so, when did it exist and how did it disappear?
This question requires a search for rock compositions affected by abundant water. At the
broadest scale, oceans of water should affect magma genesis as they have done on Earth:
ANo water, no gr ani t(€ampbelbandbTakonl9as), no cont i

2. What caused resurfacing of Venus during the last billion years? Are resurfacing and
climate change refaed? | s Venus stil]l an active pl at
past point to a relatively young surface, completely reworked and resurfaced within the
last hundreds of millions of years. This absence of obvious ancient crust has led to
geophysical mods of periodic catastrophic mantle overturn and crustal disruption (e.g.,
Parmentier and Hess 1992jeasurement of abundances of he@iducing elements (K,

Th, U) at the surface would help constrain
and thus the heat@duction responsible for mantle overturn.

3. What are the nature and extent of preskmty c hemi c al reactions
atmosphere and its surface? Is the composition of the atmosphere buffered by the
surface? Because of V e n wle@dical hreagtibns lsetweeh a ¢ e
surface rocks and atmosphere may be so fast and extensive as to partially buffer the
at mos pher e d gFegley ang Tresman 19e2nLewis 1970; Urey 19%A)rrent
models disfavor C@buffering, but favor buffering of sulfur gases and oxidation state
(Hashimoto and Abe 1998) Even the simplest mi ner al ogi
could resolve these questions immeelyat Measurement of volatile abundances in fresh
basalt at the surface could constrain their-gneptive volatile contents, and thus the
atmospheric/climate input from weathering.
estimated through investigation of thehi cknesses and patterns o
rocks, calibrated by laboratory experiments and theoretical studies.

4. Wh a't are the geodynamic settings of Venus
environments with magma composition8ased on geomorplogic interpretation,
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Venus volcanism is primarily basaltic. On Earth, basalts in different tectonic settings can
commonly be distinguished by their geochemistry (€garce 1976008; Verma et al.

2006; Vermeesh 2006; Winchester and Floyd 19BY)analogy with Earth, one might

expect that in different geodynamic position on Venus the volcanic products will be

di fferent. F o r-spoél xi aknepdl eh a stahlet sé hhoaty ad soci at
volcanoes, basalts within rift zones might be alkaline, and the extensive plains volcanism
might be comparable to that of the large igneous provinces on Earth.

3.2.2.2 Needed Investigations

For the geochemical aspects of Venus exploration, two types of meastseane paramount:

(1) elemental chemical analyses of rocks/soils and (2) mineralogical analyses, determining the
crystalline compounds that contain those elements. Measurements of these categories would
allow understanding rock compositions and inferriog this basis mantle processes that
produced surface rocks and atmospheric processes that modified surface rocks. Of the many
analytic techniques available, gaminag spectroscopy has the potential for measuring the bulk
elemental composition in the regiaithin 1 n? of a lander. Xray fluorescence spectroscopy is

a precise way of quantifying the elemental composition of the rocks and soils of Venus.

Definitive mineral identification can be achieved byra§ diffraction, similar to the Chemin
instrument orMars Science Laboratory rover. Raman spectroscopy on acquired samples holds
promise for identifying minerals and weathering layers at the surface.

3.3 Traceability of VeneEaGoals and Obijectives to the Decadal Survey and VEXAG

Traceabilty to Decadal Surwe and VEXAG Ojectives The development of the Venela
concept was underway with its own science goals and objectives prior to the most recent NASA
Planetary Decadal Survey (SSB, 201M9.determine how this science would correlate with that
defined inVisons and Voyages$SB, 201) along with mapping to the goals, objectives, and
investigations identified by VEXAGM{enusExploration Goals, Objectives, Investigations, and
Priorities: 2007 (Herrick et al. 2014), the JSDT compiled a traceability that lihksgoals of
IKI/Roscosmogo those othe NASA Planetary Science Division for the scientific exploration of
Venus. As the science goals discussed in the NASA Dec&daley are for the study of
Mercury, Venus, and the Moptheir corresponding objectiveguestions, and future directions
for investigatios are presented at a hitdvel. The results here show the overall relevance of
VeneraD to the NASA desires for Venus exploratiofable 3.31). As conceived, VenerB
would address each key objective identified in the Decadal Survey.

Venerd® Final Report 36



Table 3.4.Mapping of the science capability of-Denedise NASA Planetary Decadal Survey
Decadal Surve Future Directions fo

VeneraD Contributio

Goals for the Stug

of Mercury, Venu

Objectives

Important Questions

Investigations and

MeasurementRelevan

to Futurdnvestigation

andMeasurements

and the Mon

Understand the Constrain the What are the proportionsand AA | n

origin and diversit bulkcompositio compositions of the major
of terrestrial plane of the terrestric components (e.g., crust, man

to Venus

Venusods c

s i t u ALander chemical an

mineral analysis of
crustal rocks;

planets to core, atmospheesbsphere) of
understand the the inner planets?

formation from
the solar nebul
and controls or
their subseque

A Orbiter msarement
of 1 micron emissivi

b A Lander atmospheric
composition and inte  compositions, isotoj
evolution awaits the  ratios and reactive (

What are the volatile budgets AVe nu s 6 s
the interiors, surfaces, and
atmospheres of the ipt@nets?

evolution

How did nebular and accretio
processes affect the bulk
compositions of the inner plai

Characterize How do the structure and

planetary
interiors to

composition of each planetan
body vary with respect to loce

understand ho\depth, and time?

they differentia \what are the major Hess
and dynamicall mechanisms and associated
evolve frotheir gynamics of their cores and

initial state

Characterize

planetary
surfaces to

mantles?

How does differentiation occt
(initiation and mechanisms) a
over what timescales?

critical characterizati
of the noble gas
molecular and isotoy
composition of the
Venus atmosphere

A Obtaining higher

resolution topograpt
of Venus would proy
new insights into the
emplacement
mechanisms of
features such as
mountains and lava
flows

measurements; effe
of supecritical state
the two primary
constituents

A Lander stereo imag

on descent

What are the major surface A Major advances in ¢ A Both orbiter and lan

features and modification
processes on each of the inn

understand ho\ planets?
they are modifi \what were the sources and ti

by geologic
processes

of the early and recent impac
of the inner solar system?
What are the distribution and
timescale of volcanism on the
inner planets?

What are trmmpositions,
distributions, and sources of
planetary polar deposits?

understanding of the
geologic history of tt
innemplanets will be
achieved in the com
decade through the
orbital remote sensi
of Venus...as well a
from in situ data fror
Venus

Understand how t Understand the Howare volatile elements and A Determine the

evolution of

composition ar compounds distributed,

terrestrial planets distribution of transported, and sequesterec
enables and limits volatile chemic nearsurface environments on

the origin and
evolution of life

compounds;

surfaces of the Moon and
Mercury? What fractions of
volatiles were outgassed fron
those planets
fractions represent fatteoritic
and cometary infall?

inventories and isotc
compositions of
volatiles in the mant
and crust afl of the
terrestrial planets

observations will
advance the
understanding of
Venus; measure
vertical profile of
reactive constitis to
characterize surface
atmosphere
interactions

A Both lander and orh

compositional
measurements of
volatiles. Chemical
measurements may
indicée disequilibriur
e.g, COS, nitriles.
Isotopic ratios may
indicate life or other
processes.
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Decadal Surve
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of Mercury, Venu Objectives

Important Questions

Future Directions fol
Investigations and
MeasurementRelevan

VenereD Contributio
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andMeasurements
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effects of interr
planetary
processes on li
and habitability

to Venus
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compositions of hydragem
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the Moonds su
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crusts of the inner planets?

What are the elemental and
isotopic compositions of spec
Venusbés at mos
the noble gases and nitrpgen
hydrogencarbon and sulfur
bearing species? What was
Venusbés origi
and how has this inventory be
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How and to what degree are
volatiles exchanged between

Venusds at mos
surface?
Are Venusods h

tesserae made of materials
suggestive of abundant magr
water (and possibly liquid wal
the surface)?

What are the timescales of
volcanism and tectonism on t
inner planets?

Venus is tobtain
highprecision
analyses of the ligh
stable isotopes
(especially carbon,
hydrogen, oxygen,
nitrogen, and sulfur’
the lower atmosphe
and noble gas
concentrations and
isotopic ratios
throughout its
atmosphere.

A Determining the

transport rates and
fluxes of volatile
compounds betweel
the interiors and
atmospheres of the
inner planets,
specifically Venus

Is there evidence of environn A Determining the

that once were habitable on
Venus?

composition of the
Venus highlands

How are planetary magnetic 1 A Constraining the

orbiter will mak
measurements of tt
light stable isotopes

A Both the lander and
orbiter will make
measurements of
atmospheric volatile
compounds

A Orbiter 1 micron
emissivity observati
should provide insic
into the compositior
highlands material;

A If the lander is sent
the highlands, direc
situ measurements
be made

A Lander descent,

initiated and maintained? styles, timescales, ¢
rates of volcanism ¢

tectonism on Venus

surface imaging, ar
chemical analysis ¢
surface samples wi
provide insight into
styles of volcanism
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planets?

on radiative balances of plant
atmospheres, including cloud
properties: microphysics,

circulation, clot morphology, dynamics, and
formation, and coverage?

chemicatycles
that define the
current climate
on terrestrial

planets

How does the currentrate of AEx p| ai n

volcanic outgassaftect climate

rates of loss of volat
from planets to
interplanetary space
terms of solar intens
gravity, magnefield
environment, and
atmospheric
composition.

influence oforids on
radiative balances a
Venus with both in <
and orbital
investigations, inclu
cloud microphysics,
morphology, dynam
and coverage, and ¢
elucidation of the rol
volcanalimate
interactions.

circulation better wit
the theoretical
framework of model
technigues develops
for terrestrial GCMs
and to understand tl
chemistry and
dynami cs
middle atmosphere.

How do the global atmospher A Characterize the

circulation patterns of Venus
from those of Earth and Mars

What are the key processes,
reactions, and chemical cycle
controlling the chemistry of th

photochemistry of
chlorine, oxygen, ar
sulfur on Venus anc
measuring current

orbiter will make
atmospheric
compositional
measurements;
potential staatellite
simultaneous
measurements coul
constrain atmosphe
escape

Determine how What are the influences of clc A Measurement of the A Both the lander and
solar energy

orbiter will focus on
characterizing the
Venus atmosphere;
descent will obtain
single vertical profile
clouds, composition
absorbers, winds,
waves, vertical
transport. Remote
sensing of cloud
structure and motiol

V A Look for volcanic

gases on descemid
anomalies relative ti
prior observations.

A Potential stdatellite
simultaneous
measurements wou
constrain atmosphe
escape
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Decadal Surve Future Directions fo

Goals for the Stug Investigations and VenereD Contributio

to Futurdnvestigation

Objectives Important Questions

of Mercury, Venu MeasurementRelevan
and theyMOn to Venus EE L2 BITEMETES
middleypper, and lower atmospherascape
atmosphere of Venus? processes at Venus
How does the atmosphere of ~ with orbital and in si A Measure solar wind
Venus respond to solale investigations. properties and
variations? interactions from
orbiter and possible
subsatellite over pa
of a solar cycle.
Observe ionospheri
responsand mass
loss from the Venus
atmosphere.
Characterize tr What is the history oftmaway A Quantifying A The lander chemica

record of and greenhouse on Venus, and is  surface/atmosphere analysis would iden
mechanisnfer a possi bl e f u interactionsonVen weathering crusts a

climate evoluticclimate? including the focus on surface
on Venus, with composition of the = atmosphere

the goal of lower atmosphere, 1 interactions
understanding bulk composition ar

climate change mi neral og

on terrestrial

planets, includi
anthropogenic
forcings on Eai

surface rocks, and
effets of that

interaction at depth
Venusobds ¢

What is the relative role of we A Quantifying the effe( A Venerd woulfbcus

on the terrestrial planets in of outgassing (volca extensively on

determining climate, surface  and other) fluxes (e. understanding the

geology, chemistry, tectonics  piogenic methane) ¢ atmospheric chemis

interior dynamics, structure, &  the climate balance: and dynamic

habitability? terrestrial planets, w processes
emphasis on Venus

What is the history of volcani¢ A Studying complex A Venerd data woulc
and its relationship to interior  nonlinear global allow the analysis @
composition, structure, and  systems theory thro  climate feedback

evolution (e.g., outgassing hi¢  an analysis of Venu:  processes.
and composition, volcanic climate feedback

aerosols, amtimate forcing)?
How has the impact history o' A Measure the stable
inner solar system influenced isotopes of the light
climates of the terrestrial plan  elements (e.g., carb
hydrogen, oxygen,
nitrogen, and sulfur)
Venus for comparist
with terrestrial and
martian values
What are the critical processe A Identify mechanism
involved iatmospheric escape gas escape from
volatiles from the inner planet terrestrial planet
atmospheres, and ti
quantify the rates of
these mechanisms
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Decadal Surve Future Directions fo

Arooch VeneraD Contributio
Goals for the Stug . . Investigations and |
of Mercury, Venu ClajpEliEs L Yl QSIS Measurementelevan ©© ;nuéwggfféggﬂ?g
and the Mdon to Venus
functions of time,
magnetiield

strength, distance fi
the Sun, and solar

actvity

Constrain ancit Do volatiles on Mercury and t A Measuring and A The lander would m
climateson  Moon constrain ancient modeling the noble gas and isoto
Venus and  atmosphera@igins, sources, al  abundances and ratio measurements
search for clue loss processes? isotopic ratios of not

into early gases on Venus to

terrestrial plane understand how simr

environments ¢ its original state was

as to understar
the initial

conditions and
longterm fate o
Eart hos

those of Earth and
Mars and to underst
the similarities and
differences betweer
the coupled evolutic
interiors and
atmospheres for the
planets

How similar or diverse were t A Characterizing ancie
original states of the atmospl  climates on the

and the coupled evolution of  terrestrial planets,
interiors aratmospheres on including searching
Venus, Earth, and Mars? isotopic or mineral

evidence of ancient
climates on Venus

How did early extreme ultravi A Examining the geol
flux and solar wind influence  and mineralogy of tl
atmospheric escape in the ez tesserae on Venus:

solar system? search for clues to
ancient environmen

Flowing from the broad Decadal Survey science goals are specific VEXAG goals, objectives
and investigationsfrom which that science for a mission could be formulafeal.show the
relation to the Vener® concept, the JSDT first generated a mappihghe three Decadal
Survey goals(1) Understand the origin and diversity of terrestrial planets, (2) Understand how
the evolution of terrestrial planets enables and limits the origin and evolution of life, and (3)
Understand the processes that controimate on Eartlike planets to the VEXAG
investigations. This was done separately for atmospheric, surface, and -stmiasphere
interaction scienceT@bles 3.32, 3.3-3, and3.3-4). Secondly, the VEXAG investigations were
prioritized as high (green), mieain (yellow), or low (red)Finally, the appropriate individual or
set of Venerd objectives fromTables 2.31 and 2.3-2 (captured as short title names) were
mapped to each VEXAG investigatioim addition, the JSDT provided a higgvel assessment
of potential technology needs and requirements and designated if thereamengerceived
missing measurementBhe detailed assessment of technology needs is provided in Section 5.
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VEXAG Goals, Objectives and Investigations

Venus Atmosphere

Goals are not prioritized; Objectives and Investigations a
priority order

Decadal Survey
Understand how Understand

Unde;rsjand the evolution of the processe VEXAC Investigatiorjitems listed in red cannc
ﬂ:ﬁ origin arfw( terrestrial planets that control ' Goo” Objective be achieved by the baseline
tgﬁg%; enables and limit; climate on orbiter/lander)
planets the origin an_d Earthlike
evolution of life planets
A. How did the 1. Measure the relative abundances ¢
atmosphere of Venu: Oisotopes, bulk Xe, Kr and other nob
form and evolve?  gases to determine if Venus and Eart
X X formed from the same mix of solar ne
ingredients, and to determine if large,
) comets played a substantial role in
o delivering volatiles.
> 2a. Measure the isotopes of noble ga
5 (especially Xe and Kr), D/H, 15 N/14
X X Py
e
B2
<
% 2b. Measure current O and H escape
£ todetermine the amount and timeline
X X X © loss of the original atmosphere during
2 last stage of formation and the curren
< to space.
.§ B. What is the nature 1. Characterize and understand the
= the radiative and atmospheric sugetation and global
% dynamical energy circulatiomcluding solaantisolar
= balance on Ventlist circulaton above ~90 kand planetary
o defines the current scale waves, by measuring the zonal
& | climate? Specifically, meridional wind structure and energy
X X E  what processes cont transport from the equator to polar lat
“{C; the atmospheric sup¢andover timeof-day from the surface t
S rotation and the ~12Ckm altitude. Use global circulatio
< atmospheric models to compreheealsi connect
2 greenhouse? observations acquired over different ¢
= altitudes, and latitudinal regions.
©
2 2a.Define the atmospheric radiative
% balance needed to support the atmos
@ temperature profile observed as a fur
2 oflatitude and timef-day, from the
2 surface to ~140 km altitude
X X

Table 3.2. Mapping of science capability of \l2tethe VEXAG Objectineslavestigations for Atmospheric Science

VenereD Objective

L1.Atmosphere composition ddescent Lander

L1. Atmosphere composition during de Lander

O4. Vertical Structure and compositior Orbiter

atmosphere;
010. Solar wind ionosphere interactior

O1. Vertical structure of mesosphere ¢ Orbiter
[Aerial
03. Structure, composition, and dynar Platform]

cloud born gases;

VeneraD asCurrentlyDefined

VeneraD
Flight

Element (s) Instrument (s)

package (CAP);

diode laser

spectrometer ISKRA

package (CAP);

diode laser

spectrometer ISKRA

1. UV & IR solar and N/A
[Subsaellite] stellar occultation

spectrometer;

2. Plasma package

clouds, hazes and surface thermal em [Subsatellite] CMV;
O4. Vertit&tructure and composition ¢ [Small Long 3. UMR imaging

atmosphere;

O5. Dynamics of UV anehBorber€06.
lonosphere and atmosphere;

O7. Structure composition and dynami
the atmosphere (20 to 60 km altitude);
08. Atmospheric density, temperature
velocity, megaiseric minor constituents,
CQ dayglow

O1. Vertical structure of mesosphere ¢ Orbiter,
Lander
03.Structure, composition, and dynam [Aerial

cloud born gases;

lived Station] spectrometer VENIS:!

4. UV imaging
spectrometer;
5. UVMAS;

6.Radio occultations;
7. Heterodyneries IR

spectrometer

clouds, hazes and surface thermal em Platform] 3. MMradiometer;

O4. Vertical Structure and compositior [Subsatellite] 4. IR solar and stellal
[Small Long occultation
lived Station] spectrometer;

atmosphere;

O6. lonosphere and atmosphere;

O7. Structure composition and dynam
the atmosphere (20 to 60 km altitude);
08. Atmospheric density, temperature
velocity, mesospheric minor constituer
CQdayglow;

L3. Atmospheric Structure and Dynam

5. T,P,W meteo
package;
6. Optical package

Applicable Venefa Technolog\Needs &
Requirements

1. Chemical analyses Delivery of the
atmospheric probes,
2. Multichannel tunab rarefying for MTDL

1. Chemical analysesDelivery of the
atmospheric probes,
2. Mulichannel tunab rarefying for MTDL

1. Fourier transform N/A
spectrometer PND;
2. Monitoring camers

1. Fourier transform N/A
spectromet&FSVD;
2. Radio occultations

MissingMeasurementso(biter/lande
inadequacylescribed in redther
colors highlight capabilities of

alternative measurement platforn

N/A

N/A

SubSatelliteHas best capability to
measure neutrals, ions and their e
rates

Aerial Patform Measurement of P, T
over range of altitude$ §5km) that
varies as function of local time; floi
platform can measuredd winds alf
the same level on the day andsidgl
and their variation with local-tine
~55 km altitude range;
SubSatellite Simultaneous remote
observing would help for higher
altitudesbest from stdatellite orbitel
Small Londived Stationwould
provide measuremdntdower altituc

A measurement of the horizontal
variation of cloud structure is need
Aerial Patform flying aeriplatform
can provide detail$ & km;
SubSatellite remote sensing from-<
satellite orbiter for additional altituc
SmallLonglived Stationdrop
sondes/probes needed for lower a
measurements;
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VEXAG Goals, Objectives and Investigations

Goals are not prioritized; Objectives and Investigations a

Venus Atmosphere

priority order

Decadal Survey

Understand how Understand
the evolution of the processe

terrestrial planets that control

enables and limitt climate on
the origin and Earthlike
evolution of life planets

Understand
the origin anc
diversity of
terrestrial
planets

Investigatiorfitems listed in red cannc
be achieved by the baseline
orbiter/lander)

VEXACG

Goal Objective

2b. Determine the atmospheric radiat
balance based on characterization of
deposition of solar energy in the clout
layers and s@diation from below, inclt
the role of the widespread UV absorb

3. Characterizenaltscale vertical
motionsin order to determine the role:
convection and local (e.g., gravity) we

X the vertical transport of heat and mas
their role in global circulation.

C. What are the 1. Characterize the dynamic meteoro
morphology, chemic: and chemistry of the cloud layer throt
makeup and variabili correlated measuremehferanation anc
of the Venus clouds, dissipation processes over alktiFdag
what are their roles itand a range of latitudes. Analyze clot
theatmospheric aerosols, including their particle sizes
dynamical and radiat number/mass densities, bulk compos
energy balance, and and vertical motions. Study the abunc
what is their impact c of their primary parent gasspacies,
the Venus climate? such as SOHO, and 50, as well as
Does the habitable z:minor cloud constituents, such as Sn
in the clouds harbor |and aqueous cloud chemical product:

2. Determine the composition, and th
production and loss mechanisms, of
i Gr e e mdvasalsand gases,
including sulfur cygenerated species i
UV absorbersand their roles in the elo
level radiative balance.

VenereD
Flight
Element (s)

VeneraD Objective

O1. Vertical structure of mesosphere ¢ Orbiter,
cloud born gases; Lander
0O2. Atmospheric dynanmcsaarglow; [Aerial
03. Structure, composition and dynamn Platform]

VeneraD asCurrentlyDefined

Applicable Venefa Technolog\Needs &

Instrument (s) Requirements

1. Fourier transform N/A
spectrometer PN®;

2. Radio occultations

3. MMradiometer;

clouds, hazes and surface thermal em [Subsatellite] 4. UV imaging
O4. Vertical structure and composition [Small Long spectrometer UVMA!

atmosphere;

O5. Dynamics of UV anéhbBorbers;
O6. lonosphere and atmosphere;

O7. Structure compositr@hdynamics of
the atmosphere (20 to 60 km altitude);
08. Atmospheric density, temperature
velocity, mesospheric minor constituer
CQdayglow;

L1. Atmospheric composition during dk
L3. Atmospheric structure and dynami
L4. Physicatqperties of atmospheric
aerosols.

03. Structurepmposition, and dynamic Orbiter
clouds, hazes and surface thermal em [Aerial
O5. Dynamics of UV anébBorbers; Platform]
08. Atmospheric density, temperature

velocity, mesospheric minor constituer
CQdayglow

0O2. Atmospheric dynamics and airglov Orbiter,
O4. Vertical structure and composition Lander
atmosphere; [Aetial
O5. Dynamics of UV anéhbBorbes; Platform]
O6. lonosphere and atmosphere;
O7.Structure dynamics of the atmosph

(20 to 60 km altitude);

L1. Atmospheric composition during dt

L3. Atmospheric structure and dynami

L4. Physical properties of atmospheric
aerosols.

O1. Vertical structure of mesosphere ¢ Orbiter,
cloud born gases; Lander
02. Atmospheric dynamics and airglov [Aerial
03. Structurepmposition, adgnamics o Platform)|
clouds, hazes and surface thermal em

O4. Vertical structure and composition
atmosphere;

O5. Dynamics of UV anébBorbers;

O6. lonosphere and atmosphere;

lived Station]5. UV & IR solar and

stellaoccultation
spectrometer;

6. T,P,W meteo
package;

7. Optical package

1. IVOLGX Infrared N/A
heterodyne
spectrometer;

2. Monitoring camers
CMV;

3. UVR imaging
spectrometer

1. UV imaging
spectrometer;

2. UVMAS;

3. UV & IR solar and
stellar occultation
spectrometer;

4. Radio occultations
5. Nephelometer
particle counter
(NEFAS)

N/A

1. UV & IR solar and Delivery of the
stellar occultation ~ atmospheric probes,
spectrometer; rarefying for MT®L
2. Radio occultations

3. UMR imaging

spectrometer VENIS;

4. UV imaging

spectrometer UVMA!

5. Fourietransform

MissingMeasurementso(biter/lande
inadequacylescribed in redther
colors highlight capabilities of

alternative measurement platformn

A measurement of the horizontal
variation of cloud structure,
composition and microphysics is
needed to meet this goal,

Aerial platformaerial platform can
provide detailsi®®km (flying) oris0
55 km (floating

Small Londived Stationdrop
sondes/probes needed for lower a
measurements

SubSatellite remote sensing from-<
satellite orbiter for additional altituc

AerialPlatform Smaktscale motions
and turbulence require direct
measurements from a flying/floatin
platform.

Numerous remote spectroscopic
measurements have not uniquely
resolved the questions regarding t
composition/characteristics of the
cloud particles and the nature of th
UV absorber, strongly indicating th
in situ measurements are needed.
AerialPlatform Measurements of th
cloud patrticles, their microphysics
chemistry from the flying/floating
platform should be able to advanci
objective

AerialPlatform Diurnal variations in
thermal structure and thermal bala
needed to properly assadsative
balance process are best determir|
from a floating/flyingitn platform.
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VEXAG Goals, Objectives and Investigations

Venus Atmosphere Goals are not prioritized; Objectives and Investigations a

priority order

Decadal Survey
Understand how Understand

Unde_rs_tand the evolution of the processe VEXAG Investigatiorfitems listed in red cannc
ﬂ:ﬁ origin a?( terrestrial planets that control g 7 Objective be achieved by the baseline
t'gﬁg%; enables and limit; climate on orbiter/lander)
planets the origin ar!d Earthlike
evolution of life planets
3. Characterize lightning/electrical dis
strength, frequency, and vanatiornime
X X of dayand latitude. Determine the role
lightning in creatinace gas species an
aerosols.
4. Determine the atmospheric/surface
cycle by measurements of the isotopi
of D/H, 15 N/14 N, 17 O/16 O 18 O/1i
S/32 S 13 C/12 C in solid samples an
X X atmospheric measurements 950,
OCS, CO, 34 S/32 S suiltlric acid
aerosols @80Q), to determine, in partic
the current rate of sulfur outgassing fi
surface.
Priority
High
Medium
Low

Decadal Survey Future directions for investigations and measurements
Understand the origin and diversity of terrestrial planets

VeneraD .
S . Applicable Venef2a Technolog\Needs &
VeneraD Objective Flight ;
Element (s) Instrument (s) Requirements
L1. Atmosphere composition during de spectrometer PVD;
L3.Atmospheric structanel dynamics; 6. Mulichannel tunab
L4. Physical properties of atmospheric diode laser
aerosols spectromter ISKRA
L9. Electric magnetic fields; Lander 1. GROZSASD N/A
013. Electromagnetic fields Orbiter
[Aerial
Platfornj

L2. Atmosphere Composition at the su Larder,
L6. Surface elemental composition;  Orbiter
O4. Vertical Structure and compositior [Aerial
atmosphere Platform]

Undestand how the evolution of terrestrial planets enables and limits the origin and evolution of life.

Understand the processes that control climatelite Rimtiets.

VeneraD asCurrentlyDefined

1. Chemical analyses Delivery of the
package (CAP);
2. Mulichannel tunab rarefying for MT®L
diode laser

spectroeier ISKRA;

3. UV & IR solar and

stellar occultation

spectrometer

MissingMeasurementso(biter/lande
inadequacylescribed in redbther
colors highlight capabilities of

alternative measurement platform

AerialPlatform Diurnal variations in
lightning are best determined from
situ flying/floatinggform.

AerialPlatform Chemical analyses

atmospheric probes, package (CAR) aerosol; Multi

channel tunable diode laser
spectrometer ISKRRAmay be
installed on flying platform
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Table 3.3. Mapping of science capability of 2tethe VEXAG Objectives and Investigations for Surface Science

Venus Surface and Interior

Decadal Survey
Understand how Understand

ﬂ? engfi rSi:]a;lg ) the evolution of the processe
divergit of terrestrial planets that control
terrest?lial enables and limit¢ climate on

S the origin and Earthlike
P evolution of life planets
X
X X X
X
X X
X X
X X
X X

VEXAC

Goal

Il.Determine the evolution of the surface and interior of Venus

VEXAG Goals, Objectives and Investigations

Goals are not prioritized; Objectives vestigations are in priority order

Objective Investigation

A. How is Venus 1. Through higésolution imaging and topography,
releasing its heat no' characterize the stratigraphy and deformation of sur
and how is this relate in order to learn the sequence of events in Venusiar
to resurfacing and  history. This includes assessing any evolution in vol
outgassing? Has the tectonic styles and analyzing any evidence of signifi
style of tectonism or horizontal surfagisplacement.

resurfacing varied wi 2 Characterize radiogenic 4 He, 40 Ar and Xe isoto
time? Specifically, di ratios generated through radioactive déetyrtine the

Venus everexperieNme an rate of interior o
atransition in tectoni

style from mobile lid
tectonics to stagnant
tectonics?

3. Combine geophysical measurements with surface
observations to characterize the structure, dynamic:
history of the interior of Venus and its effects on sur
geology. Relevant geophysical approacheshutchrée,
not limited to, gravity, electromagnetics, heat flow, r
dynamics, remnant magnetization, and seismology.

4. Determine contemporary rates of volcaeotcamicl
activity through observations of current and recent ¢
such as evaluating thermal and chemical signatures
image analysis, ground deformation studies, and ob
of outgassing.

5. Determine absolute ages for rocks at locatoakdy
to understanding the pl

B. How did Venus 1.Determine elemental composition, mineralogy, an
differentiate and evo petrography of surface samples at key geologic site
over time? Is the cru the highlands tesserae, in order to understand the
nearly all basalt, or e compositional diversity and origin of the crust.

there significant

volumes of more

differentiated (silica

rich) crust?

2. Determine compositional information for rocks at
scales using remote sensing to gain a regional pictu
geochemical processes.

VeneraD asCurrentlyDefined

VenereD
Flight
Element (s

VeneraD Objective

L5.Surface structure and Lander
morphology (regionally t
locally)

L1.Atmosphere composit Lander
during descent

L8.Global and regional ' Lander
seismic activity; (possibly, b
L5. Surface structure anc low priority
morphology for VenerB)

0O3. Structure, compasiti Orbiter
and dynamics of atpiwere

and clouds, hazes, and

surface thermal emissivit

Oz, OH airglows

N/A N/A

L6. Surface elemental  Lander

composition (masure
major and
trace
elements)

L7. Mineral phases Lander

O3. Structurepmpositn,
and dynamics of atmospl
and clouds, hazes, and
surface thermal emissivit
O, OH airglows

Applicable Veneia

Instrument (s) TechnologiNeeds &Requirements

1. Imaging during  Correlation of descent imaging with lan¢N/A
descenand while on in Magellan radar images; Data volume
the surface an issue

1. Chemical analyse< 1. Challenge of taking atmospheric samN/A
package (CAR3as differentieels in the atmosphere.
Chromatograph Mas:

Spectrometer (GCM¢

1. ismometer{#D); 1.Provide strong coupling between the N/A

2. Highresolution and the instrument;

imaging 2. Very high resolution imaging to identi
features at the soiillimeter scale

1. VENIS,UNR imagin 1. High signal to noise Imaging on the nN/A

spectrometer side at um spectral widow

N/A N/A N/A
1. Active Gamma  Raman Spectroscopy is desirable for  N/A
spectrometer (e.g. mineralogy

AGNESSA);

2. XRF mode of

Mossbauer

spectrometer;

3. Chemical Analyse:
Package (CAP)

Miniaturizdddssbaue 1.Delivery of rocky sample inside the la N/A

spectrometer Delivery of at least 1 g (min) of rocky sa

(MIMOS2A inside the lander; Rock Sample by drillir
brushing, grinding, etc.; sample distribu
system; human in the loop for saraple s
selection would require a ldivgerlander;
need to establish context for the sample

1.VENIS,lAR imagin N/A
spectrometer

N/A

Missing

Measurements
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: VEXAG Goals, Objectives and Investigations :
Venus Surface and Interior S T — : P VeneraD asCurrentlyDefined
_ Goals are not prioritized; Objectives kavestigations are in priority order

Decadal Survey
Understand how Understand

trl]Jnde_rs_ta”d the evolution of the processe VEXAG - - -
d‘? 0r|g_'tn a?( terrestrial planets that control Objective Investigation VeneraD Objective
tg/rer;sslt?/iaﬁ enables and limitt climate on
planets the originand  Earthlike

evolution of life planets

3. Determine the structure of the crust, as it varies b L8.Global and regional
spatially and with depth, thioiggsresolution geophysic  seismic activity
X measurements (e.g., topography and gravity, seism
order to constrain estimates of crustal volume and li
structure and processes.

4. Determine the size and state of the core and mar L8.Global and regional
X structure (e.g., via geodesy or seismology) to place  seismic activity

constraints on early differentmticesses and thermal

evolution history.

5. Evaluate the radioghaaproducing element conter L6.Surface elemental
X X the crust to better constrain bulk composition, differ¢  composition
and thermal evolution.

6. Characterize subsurface layeringalogjic contacts 1 N/A

X depths up to several km to enhance understanding
processes.
Priority
High
Medium
Low

Decadal Survey Future directions for investigations and measurements
Understand the origin dimdrsity of terrestrial planets
Undestand how the evolution of terrestrial planets enables and limits the origin and evolution of life.
Understand the processes that control climatelite Rimtiets.

VeneraD
Flight
Element (s

Lander

Lander

Lander

N/A

Applicable Veneia

Instrument (s) Technolog\Needs &Requirements

1. Seismometer (very 1.Provide strong coupling between the N/A
limited ad low priority and the instrument;
for VenerB)

1. Seismometer (very1.Provide strong coupling between the 'N/A
limited and low prioritand the instrument;
for VenerB)

1. Gammapectromet(N/A N/A
(AGNESSA)
N/A N/A N/A

Missing

Measurements
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Table 3.3. Mapping of science capability of \lzhethe VEXAG Objectives and Investigations fekiSwrsatere interaction

Venus SurfacAtmosphere Interaction

Decadal Survey
Understand how Understand

ﬂ? engfi rSi:]a;lg ) the evolution of the processe
divergit of terrestrial planets that control
terrest?lial enables and limit¢ climate on

S the origin and Earthlike
P evolution of life planets
X X X

X X

X X

X X
X

EXAC
Goal

[ll. Understand ¢hnature of interiesurfaceatmosphere interactions over time, including whether liquid water was ever

Objective

VEXAG Goals, Objectives and Investigations

Goals are ngrioritized; Objectives and Investigations are in priority ¢

Investigation

A. Did Venus ever hi 1. Detamine the isotopic ratio of D/H in the atmo
surface or interior liq to place constraints on the history of water. Dett
water, and what role isotopic ratios of 15 N/14 N, 17 O/16 O, 18 O/1¢
has the greenhouse S/32 S, and 13 C/12 C in the atmosphere to cor
effect had on climate evaluation of paleochemical disequilibria.

through Venus' histo

B. How have the

2. ldentify and characterize anythetasflect
formation in a geological or climatological envirc
significantly different from present day. Determii
role, if any, of water in the formation of highland
tesserae.

3. Search for evidenceyolrous minerals, of water
deposited sediments, and of greenhouse gases
in surface rocks in order to understand changes
planetary water budget and atmospheric compa
over time.

1. Characterize elemental composition and isotc

interior, surface, and of noble gases in the Venus atmosphere and in
atmosphere interacte samples, especially Xe, Kr, 40 Ar, 36 Ar, Ne, 4 |
as a coupled climate He,to constrain the sources and sinks that are d

system over time?

evolution of the atmosphere, including outgassit
surface/interior.

2. Understand chemical and physical processes
influence rock weathering on Wfeouoder to determ
contemporary rates and identify products from
climate conditions. At large scales, determine tr
and spatial extent (horizontal and vertical) of we
regimes such as the falglvation lowering of
microwave emisliviAt local scales, evaluate the
characteristics of weathering rinds and compare
unweathered rocks.

VeneraD Objective

O4 Vertical structure an(Orbiter
composition of the

atmosphere (340 km)

the atmosphere

L1.Atmosphere Lander
composition during desc

N/A N/A
N/A N/A
L1.Atmosphere Lander
composition during desc

L7. Mineral phases Lander
L1.Atmosphere Lander

composition during desc

VeneraD asCurrentlyDefined

VeneraD
Flight
Element (s

Applicable Veneia . Missing
Instrument (s) Uzennalon; el CRERUEmENE Measurement:
1. UV & IR solar and N/A N/A

stellar occultation
spectrometer

1. Chemical analyses 1. Challenge of taking atmospheric samples N/A
package (CAP) different levels in the atmosphere.

2.6 | S BDiode 2. Rarified atmosphere sampling during desc
Laser Spectrometer after landin@Cllaser technique and optical fi
(DLS) with multiple f or | onger wavelengt
channels and for long optical pathei1km); Challenge of
Atmosphere Gas taking atmospheric samples at different level
Sampling (AGS) syste atmosphere

N/A N/A Raman Spec.
N/A N/A Atmospheric
platform.

1. Chemical analyses 1. Challenge of taking atmospheric samples N/A
package (CAP); different levels in the atmosphere.

2. n-V&KRBi 2. Rarified atmosphere sampling during desc
Laser Spectrometer after landin@Cllaser technique and optical fi
(DLSWith multiple for onger wavelengt hs
channels and for long optical pathgei(1 km); Challenge of
Atmosphere Gas taking atmospheric samples at different level
Sampling (AGS) syste atmosphere

1. Miniaturized Delivery of rocky sample inside the lander. C N/A
Mdssbauer spectrome of at least 1(gnin) of rocky sample inside the
(MIMOS2A) APXS lander; Rock Sample by drilling, brushing, gr
etc.; sample distribution system; human in th
for sample site selection would require dived:
lander; need to establish context for the sam

1. Chemical analyses L1: 1. Challenge of taking atmospheric samg Raman Spec.
package (CAP); different levels in the atmosphere.

2. fAV&KRBIi 2. Rarified atmosphere sampling during desc

Laser Spectrometer after landin@Cllaser technique and optical fi
(DLS) with multiple f or | onger wavelengt

channels and for long opthl paths (& 1 km); Challenge of

Atmosphere Gas taking atmospheric samples at different level

Sampling (AGS) syste atmosphere
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: VEXAG Goals, Objectives and Investigations .
Venus SurfacAtmosphere Interaction T AT ) T g . P VeneraD asCurrentlyDefined
Goals are nairioritized; Objectives and Investigations are in priority ¢

Decadal Survey

Understand how Understand

trl]Jnde_rs_tand the evolution of the processe \exac o igati ]
e origin anc terrestrial planets that control oal Objective Investigation VeneraD Objective

?gﬁ;sslgliaolf enables and limitt climate on
planets the originand ~ Earthlike

evolution of life planets

3. Determine the abundances and altitude profil L1.Atmosphere

reactive atmospheric species (Q€S5@ SQG, composition during desc
HSQ, Sn, HCI, HF, Gkhd C), greenhouse gase:!

H2 O, and other condensables, in order to char:

sources of chemical disequilibrium in the atmos

and to understand influences on the current clin

4. Determine thmospheric/surface sulfur cycle | L1.Atmosphere
measurements of the isotopic ratios of D/H, 151 composition during desc
17 0/16 © 18 O/16 O, 34 S/32S 13C/12Cins

samples and atmospheric measuremenisHO50

OCS, CO, 34 S/32 S and sulfuric acid aesS¢a)s

to determe, in particular, the current rate of sulft

outgassing from the surface.

Priority
High
Medium
Low

Decadal Survey Future directions for investigations and measurements
Understand the origin dimdrsity of terrestrial planets
Undestand how the evolution of terrestrial planets enables and limits the origin and evolution of life.
Understand the processes that control climatelite Beatiets.

VeneraD
Flight

Element (s

Lander

Lander

Applicable Veneia

Instrument (s) Technolog\Needs &Requirements

1. Chemical analyses 1. Challenge of taking atmospheric samples N/A
padkage (CAP); different levels in the atmosphere.

2. fA-V8&KRBIi 2. Rarified atmosphere sampling during desc
Laser Spectrometer after landin@Cllaser technique and optical fi

(DLS) with multiple f or | onger wavelengt
channels and for long optical pathgi(1km); Challenge of
Atmosphere Gas taking atmospheric samples at different level

Sampling (AGS) syste atmosphere

1. Chemical analyses 1. Challenge of taking atmospheric samples N/A
package (CAP); different levels in the atmosphere.

2. fAVE&KRBIi 2. Rarified atmosphere sampling during desc
Laser Spectrometer after landin@Cllaser technique and optical fi

(DLS) with multiple f or | onger wavelengt
channels and for long optical pathsrill km); Challenge of
Atmosphere Gas taking atmospheric samples at different level

Samplig (AGS) systen atmosphere

Missing

Measurements
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3.4 VeneraD Science Relative to Ongoing and Potential Other Future Missions

The science that could be achieved by Veiizraould build upon and be synergistic with that
from past and current missions. To demonstitais, Table 3.41 provides a comparison between
the notional Vener® payload and the instruments carried on Vdaxsress and Akatsuki

The primary goals of Veneifad atmospheric superrotation and improved knowledge of
Venus surfac& would be achieved by improved and augmented instruments compared to Venus
Express and Akatsuki througdn IR Fourier Transform Spectrometer, better IR imaging from
orbit, highresolution surface imaging from the lander, Raman LIDAR, and other instruments.

Table 3.4.1Baseline VendbaUnique Science relative to recent missions.

VenereD Baseline Akatsuki

PFSVDFourier transform spectrometeiPFSd i d n 6t f u n Longwave infrared camera (l9fR)cture ¢

2502000 crha- =455 O m, cmies upper clouds altitude & 1 a ti

12¢ m) .
UVmappingpectromete190490nm, Ultraviolet imager (UY293 365 nm).
aA=0.3nm,

MMradiomete Millimeter Wave
Radiometer; Ka, V and W bands

UVIRImaging SpectromeWENIS VIRTI isible and Infrared 2 3 m ¢ a)hike6b2a. J 2 Re2m)
Thermal Imaging Spectron coming from low clouds and below the

Monitoring camera VMCVenus Monitoring 1 3 m c ameutdamade hddtl )
Camera radiation emitted f@®01 . 01 & m

SSOESolar and star occultation Solar and star occultation

spectrometer spectromet&PICAV/ SOIR

IVOLGAInfrared heterodyne spectrom

Radiescience Drbiter to groundc VeRa/enus Radio Science UltraStable Oscillator (USf) high
frequency occultation in (L&h&Xbands precision measurement of distance anc
communication

Radiescience Zround to orbiter two
frequency occultation in (L&hdS<bands

GROZASAS2DFMD, Electromagnetic Lightning and Airglow Camera (LAC)
waves generatbylightning and other lightning in the visible wavelengths of 5
electric phenomena 777 nm

Plasma instrumen@Suite of 3 ASPERAL Analyzer of Spac

Panoramic energy masalyzer of ions ' Plasmas and Energetic Atc
CAMER, electron spectrometer ELS

fast neutrabnalyzer FNA

Energetic particle spectrometer

3.5 Science Gaps

The JSDT has identified several areas where important VEXAG science may not be addressed
by the baseline Venefa concept and has suggested options to resolve fhemance gaps.For

surface science, Mossbauer spectroscopy (current \‘@n@@tional instument) is limited to
iron-bearing minerals of a sample brought inside the larilbas been suggested that inclusion

of a Raman spectrometer would provide greater molecular compositional measurements of
surface materials inside or outside the lander.

To better address the drivers of atmospheric superrotation and characterize of the chemical
composition and dynamias situin the atmosphere, The JSDT concluded that the addition of a
capable/semautonomous longjved atmospheric platform operating ati89 km to performn
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situ analysis would enhance the science return by providing the first opportunity to complete
long-term cloud layer measurements of dynamic and microphysical cloud properties using
meteorological instrumentation, Raman LIDAR and a U\éctpmeter over a time period
~1Venus day. Irsitu measurements obtained using these instruments would also greatly
advance the investigation of the nature of the enigmatic ultraviolet absdnbeddition,
inclusion of a simple longjved (months) smalsurface station could provide measurements of
atmospheric motion (pressure, temperature, wind direction) over a range of latitudes and
longitudes and could provide needed data to better constrain models of atmospheric
superrotation.
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4 Mission Architecture

As the supplier of the flight system and mission design, the Lavochkin Association has provided

a general assessment of the mission architectlings includes, anevaluation of launch
opportunitiesgeneralconfiguration of the spacecraft, accommodatibn op ot ent i al icon
payload elements, cruise to Venus and orbit insertion, and telecommunication for data return.

4.1  General Architecture

Successful Venus exploration commenced in 1967 with Vehensdnich was the first mission
designed at LavochkingsociationFrom 1970 to 1984, 10 successful landings on the surface of
Venus were accomplished with the landers surviving up to 2 hdims.current Vener®
concept is based on the reliable prototypes from previous mission architectures. The overall
misgon concept is to use a carrier spacecraft to deliver a lander to the vicinity of \Adtaus.
separation of the lander, the carmeould beinserted into orbit to serve as a relay orbiter and the
means to downlink data to the earffar VeneraD, the orliting elementwould also servas a
platform to make higipriority atmospheric science observations.

4.1.1 LaunchCruise, and Orbihsertion at Venus

The trajectory analysis presented here assumes launch opportunk@simnd 2027Higures
4.1-1 and 4.1-2). The key components and events in the launch, cruise, and orbit insertion at
Venusphasesnclude:

1. Launch from Earth using and Anga#® launch vehicle for the Vostochny launch facility
in 2026. The backup datesuld bein 2027 and 2029

2. Transition tothe EartiVe nus fl i ght trajectory wusing (F
Briz (c¢citedLé) ;upper stage vehicle

3. Flight along the Eartenus trajectory with necessary corrections (practically, two
corrections)

4. Separation of the descent module (lander, and any other componembtitdenter the
atmosphere, e.gsmall surface stations or balloon) and VAMP (two days before arrival at
Venus)

5. Maneuver to transfer the orbiter to the nominal approaching orbit

6. Entry into the atmospherdander, small surface statiomnpdballoon may enter inside the
descentmodule. VAMP enters separately;

7. Transfer of the orbital module onto a high elliptical orbit by the use of the rocket gngine

8. Separation of a sugatellite (if povided)

9. Nominal scientific operations assuming data transmission from the Venus surface,
VAMP and subsatellite to the Earth through the orbiter

For this analysis, the flight system includes the following main constituents:

1. Orbiter and subsatellite andeihscientific payloag

2. Descent module and its scientific payload (including ssaiface station(s) and
balloon)

3. VAMP (see below for discussion of the VAMP concept)

It should be mentioned that an alternative to the architecture described above hesnnot b
assessed. It assumes the transfer of the composite spacecraft into a high elliptical orbit. The
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current assessed configuration demands a high expenditure of prop&dldittonal work is
required to optimize the mission.

The key parameters for a missilaunch in2026 are provided ifable 4.1-1. For a backup
launch in 2027, the parameters are giveiiable 4.1-2. Trajectory plots are shown Rigures
4.1-1 and4.1-2. The following notations are used:

A deltaV to start from Earth satellite initiatircular low orbit with altitude
200km:;

@ modulus of departing velocity vector (at infinity), km/s;

. @ energy of departing from the Earth trajectory g%

1 declination of the departi ngegessymptot:i

| right ascension of the same vector at J2000 equatorial coordinate system,
degrees;

Yo deltaV to transfer onto Venus satellite high elliptic orbit with pericenter
altitude 500 km and period of orbit equal 24 hours;

@ modulus of arriing to Venus relative velocity at infinity (i.e. asymptotic),
km/s;

. @ energy of arriving relative to the Venus trajectory2igi

1 declination of the vector of arriving asymptotic velocity, degrees, degrees;

| right ascension of thearriving relative vector of asymptotic velocity in
coordinate J2000, degrees.

Table 4.41.Key trajectory parameters for 2026 date of launch.

FirstDate forLaunchPeriod MiddIeDgé?i:)%maunch LastDate forLaunchPeriod

Date of launch 30.05.2026 09.06.2026 20.06.2026
Y&, km/s 3.905 3.881 3.896

@ - ,km/s 3.930 (15.4) 3.858 3.904

! 13000 28.44 38.33 46.17

- ecliptic -17.64 -26.50 -33.46

| ,° 202.50 203.15 203.65
Duration of transfer traject 189 182 180
days

Angular distance of transfi 210.04 206.57 209.05
degrees

Date of arrival 05.12.2026 09.12.2026 17.12.2026
Y&, km/s 0.899 0.859 0.899

@ + ,mis 3.117 (9.7) 2.982 3.118
1—J2’OOO -12.71 0.12 13.14

- ecliptic -9.00 6.66 20.76
-Venus equator -10.17 5.46 19.56

| ,° 186.73 197.25 202.11

I nitial mass of spacecraft after separation from upper stage

Mass of the orbital module after putting it onto Venus satellite orbit with 24 hourkpegpiericanteb@@itude: more than 3100 kg.
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Table 4.2.Key trajectory parameters for 2027 date of launch.

Parameter

Date of launch 25.12.2027 06.01.2028 16.01.2028
Yo, km/ sSd/ fy 4.302 4.198 4.112
WP u , Cdi/ M 4.989 4.732 4.510

b o
! 13000 44.22 49.78 52.98
- ecliptic 24.43 28.37 30.64
| B,e 52.56 61.36 68.57
Duration of transfer traject 200 197 193
days
Angular distance of transfi 224.29 224.76 225.55
degrees

Date of arrival 12.07.2028 20.07.2028 27.07.2028
Yo, ¢ &/ f 0.917 0.975 1.058
P u , km/s 3.178 3.365 3.613

b o
! 13000 1.33 110.09 15.07
- ecliptic -18.04 -28.31 -34.08
- Venus equator -16.83 -27.13 -32.92
| B, ° 46.48 53.18 56.91
I nitial mass of spacecraft after sCeparation from upper

FirstDate foLaunchPeriod MlddIeDgéer:i;can_aunch LastDate forLaunchPeriod

Mass of the orbital module after putting it onto Venus satellite orbit with 24 hours period and 500 kmgreribam&odiitide: m

As anexample,Figure 4.1-1 illustrates the descent of module (landevhich enters the
atmosphere of Venus on a ballistic trajectotith a speed of = 11.0 km/s The descent module
would makean adjusted entry at the formal altitude of the borderove nus é at mospher
with the entry angle beindin = -15° This means that the maximum load during entry into
atmospherevould not exceed 100g.

12

— — Vensra-D 5
Eath ‘\.‘

1 ( Trajectories Earth direction

06 —

4

as

Xy 0

Figure 41-1. (Lef) Trajectory of transfer Edethus with start in June 282@h) Arrival ietail. Notes: 1:

Separation and trajectory offset, 2: MNMwerus
communication, 6: Braking and transferring the orbiter onto the orbit around Venus, 7: Radio sha
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It is important to note that for planning the operations in vicinity of the Venus at least four
factorsmust betaken into account. The first is the entry angle (or what is directly connected with
the so called virtual pericenter height), second is pasitd the entry point (or the tght of
virtual pericenter). This means that the position of the entry point on the circle which presents
points set on the surface of entry. We can choose any point on this circle when we perform the
final maneuver before &y and before separation of the lander. Furthermore, the lavaldd
fly uncontrolled (the orbit cannot be changed). ©tiger two factors are the orbiter pericenter
coordinates with respect to the Venus surfé&xe Figure 4.1-1, the case is presentedhd€tcase
for Veneral2) when the two points (entry point and orbiter pericepbent) were choseto be
in the same plane but withe opposite direction of motiothe orbiter has a retrograde motion
as observed from the Earth. This was done in order to reach the most favorable conditions for
relay of the lander signal to the Earth from the lander.

The conditions of the VAMP separation are different from that megdi@bove and should be
specified by Northrofisrumman. The entry angle is expected to be much lower, abolto5°
achieve this configuration. TREAMP separation would need to be earlier than that of the lander.

4.1.2 TheComposite Venefa Spacecraft

For the ceposite Venerd spacecraft, it is suggested to use a spacecraft similar to the
ExpeditionM (¢ C S mHfjeH)d, ydwhi c h i s currently under
spacecraft is a truss structure with 4 fuel tanks and rocket engines mounted onto itaslaged

or 8face structure with solar panels and all the necessary service systems that facilitate the
spacecraft during the mission. The systems and the scientific payload, depending on their
requirementsgcouldbe mounted at the side faces, top or bottaces, structure elements of solar
panels, outer beams or other design elements.

In regard to the choice of launch vehicle fairing, it is suggestethédfeneraD mission to
use a KVTK fairing (currently under development). It consists of 3 conical parts. The lowest part

1,2

Trajectories
— | ——— Transler (S}
- — e —— Earth
- — anus

- Craparture

0,6 —

0.3

Yy, 8u
o
] | [

-0, —
-0,6

0,8 — — T

My, 8L

Figure 4.2. Trajectory of transfer from Earth to Venus with a launch in December 2027.
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has an almost cylindrical shape with
height of 6635 mm. Its inner lower
diameter is 400 mm and inner upper
diameter is 480 mm.

Two crucial payload elements are
considered below: (1) the lander, becau
of its mass (600 kg) and (2) the VAMP,
because of its size X8 m).

There are two  options for
accommodating the lander and the VAM
inside the composite spacecraftigure
4.1-3):

Option 1. Lander alongthe +X axis,

VAMP along the 11X axis. This

combination has a height of ~10 m

and the center of mass is at ~7 1

height. With such a large height of th

center of mass, an additiona
assessment dhe KVTK and Angara

A5 capabilities igequired.

CA

na

nA

CA

Figure4.13. Notionatoncept of the composite spacec

Option 2. Lander alongthe 71X axis, and the 2 accommodation options described above.

VAMP along the +X axis. This

combination has a height of ~10 m as well, and the center of mass is at ~3 m height. This
option needs special requirements for the spacecraft design and use of a fairing \ath a ta
cylinder part. It is recommended to reduce the height and the geometry of the VAMP in its

folded form while preserving its volume.

4.1.3 Communicton andDataTransmission

To transmit the scientific data from the lander and other surface or atmosphere mission elements
to the orbiter it is suggested to use medgam antennas and transmitters tatld meet all the
requirements. It is planned tse the UHF frequency band for this communication.

To transmit the scientific information from the orbiter to the Earth several communication
options are suggested, using higdin antennas and groubdsed stations:

1. X-band at 8 Mbit/s data rate. This igraditional optio® the data would be received by
already existing grounbased stations. The average data volume per 24 hours would be

~20 Ghyte in this case

2. X-band, 1217 Mbit/s data rate. This option is currently under development within
projects thatire expected to be launched by 202@P2. The data would be received by
already existing grounbased stations with some level of augmentation necessary. The
average data volume per 24 hours would be from 35 to 50 Gbyte in this case

3. Ka-band, 100 Mbit/s da rate. This option is the most difficult because the construction
of Ka-band receivable ground stations is required. The average data volume per 24 hours
would be from 100 to 200 Gbyte in this case.
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4.1.4 Spacecraft Mass

Table 4.1-3 provides a preliminary estiate of spacecraft mass distribution, includitg
VAMP. Not included is the mass of design elements that attach the VAMP itself, and the upper
stagé spacecraft adapter.

Table 4.B. Estimated mass breakdown for M&nera

Orbiter (whxientific payload) 3250
A Structure A 1,000
AFuel A2100
AReserve A 150
Lander 1,600
A Structure A 1500
A Scientific instruments A 100
Scientific payload which includes: 1,650

AVAMP, drop sondes, subsatellite, orbiter scier A 1,550
instruments and all subsystems

A Reserve A 100
Total 6,500
Notes:

1. The 600 kg mass is for the spacecratft fully filled with propellant after separating from t
without the adapter.

2. This is the maximum spacecraft mass for the worst launch conditions.

3. The mass of the spacearddtits elements will be clarified during future stages of develop

4. The scientific payload includes all the instruments, all of their subsystems, and other ni
structural parts.

4.1.5 ArchitecturéSummary

1. Launch of the Vener® mission is possible ithe years of 2026, 2027 and beyond, with
intervals between lanch opportunities of approximately 1.6 years (583.9 days), using the
AngaraA5 launcher and KVTK or Briz upper stage.

2. The spacecraft mass after separation from upper stage after insertiom tirgosfer
trajectory to Venus is,600 kg for the entire period of launch cycles for 8 years starting
in 2026.

3. The scientific payload mass, including subsystems and structural elemen&50iskd,
plus 100 kg for the lander.

4. The LandeiOrbiter, small stface statiorOrbiter, VAMP-Orbiter, as well as Orbiter
Earth communication options are shown to be feasible.

5. If the VAMP is implemented and its folded size i863m, it will require further
development of the launcher, upper stage, and the fairing.
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5 Techmwlogy, Challenges (CH) and Enablers (EN)

5.1 BaselindVission

As discussed in previous sections, the baseline missions consist of-bvéahgrbiter and a
shortlived lander. Recent mission experience such as Venus Express and Alegsuéll as a
numberof critically reviewed orbital mission proposals submitted to NASA and other agencies
suggest that all needed instrumentation is at a technology readiness level of 6 or higher, and in
many caseshere is no technology development required to implement a resengngorbital

mission around Venus. This proves true for the Velemaission concept developed by the
JSDT. The only instrumentation with an identified technology readiness level é&&s6 tielates

to development of L and W band systems for atmosphere proAirigp-level summary of

overall technology readiness for the main mission elemengsoidded inTable 51-1. The

colors used in the Assessment Tables in this chapter represegneretadiness, or consequently
relative risk levels. A green box represents high level of readiness / relativelyidkw
essentially an expectation that little new development is required and that standard practices and
processes are expected to leadsticcessfully meeting requirements. A red box indicates there
are known areas where significant development, test, and demonstration will be required to be
confident in succesand a yellow box indicates a moderate level of readiness / risk. The detailed
technology assessment is provided in Appendix A

Implementation of the main lander is technically more challenging, but there have been
numerous examples of successfully landing and operating missions very similar to what is
planned for Vener®. While seeral successful landers have been implemented, it has been
several decades since a lander has been put on the Venus surface; therefore, work in analysis,
testing, and qualifying of materials and systems for entry, the descent through the sulfuric acid
clouds, and hourscale tolerance for the high surface temperatures and pressures will be
required. Test facilities to replicate surface pressures and temperaturesieaC@ment will
be required, and at least one facility will be needed that is largegh to accommodate the
main lander (CH). There are facilities in the United States that can perform some of these tests
including the Glenn Extreme Environments Rig (GEER) facility at NASA GIBesearch
Center,which can replicate precise chemistry mddion to surface temperature and pressure.
The current GEER vessel however, is not large enough to accommodate the planned lander.

The bulk of the technologselated efforts for the lander; however, will be in 1) development
of the sample acquisition drprocessing system (CH), 2) updating components or elements of
instruments with recent heritage in other environments and then testing and qualifying them for
use inside the Venefa landing vessel, 3) developing and testing the sensors and systems
exposé to the Venus environment (CH), and 4) maximizing data recovered from the lander
instrument suite (EN)

(CH): The sample handling system will need to collect 5 ofreample through a pressure
lock and process/distribute portions of the sample to sepetahtial instruments (e, gGas
Chromatograph Mass Spectromef&CMS, possible Mossbauer Spectrometer/Alpha Particle
X-ray SpectrometefAPXS], possible Raman spectrometer, and possiblayXFluorescence
SpectrometefXRF]), which would be inside thehded vessel. The acquisition and distribution
system must minimize heat transfer during the acquisition process in order to maximize lander
life. A system that ingests the required volume of sample and minimizes heat transfer has been
proven on previous &hera missions. However, the sample processing and distribution system
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inside the vessel would be new, and need complete development and testing. Sample handling
and processing is a critical element of the lander, and needs significant developmenirand test
and should begin as soon as possible.

(CH): Most instruments planned for the lander have some heritage related to an instrument
flown on anothemission. However, none of the instruments have been used at Venus or from a
pressure vessel as planned for VesBrarhe instruments would need to be tested for the

Table 5l-1.Overall Technology Readiness.

. Overall
Platform Instrument/Subsystem Development Required

Orbiter Given prior successful orbiting missions  Specific science objectives may requ

and/or Sub including the recent Venus Express and | enhancing remotensing capability

satellite Akatsuki orbiters, the overall risk to a suc previously applied in this environmen
orbit and remote sensing mission elemer (Higher resolutions, probing with exp:

deemedlow. or new frequencies, updated detectol
electronics are examples).
Lander Several Soviet lander missions have bee Essentially all the instruments, while

successfully implemented in tharghtte  heritage in othegpplications, would nee
basic approach of a pressurized vessel h be adapted and tested to ensure proj
proven successful. Priority science operation and resdilighether they are
measurements that can be completed an exposed to the Venus environment o
transferred to the orbiter at time scal@s o the vessel.

hours have been identified and are viable The highest risk is expected to be the
However, it has been severabdscsince th sample handling system, the capture
last landed mission. The people, instrum: manipulatiori the sample(s) from the
and lander subsystems, facilities, and  sample acquisition mechanism to the
procedures would be new. Some subsys various instruments within the vessel
like the sample handling system, are a nt higher risk items / more development
design and involve complex integration tcinclude instruments such as Mossbalt
support up to four intersédiments. spec / APSX and the integrated GC r
Overall risk is deendelliunalthough some spec.

subsystems and potential instruments ha Facilities will need to bal#isthed to tes
maturity or long development time and th and qualify systems, particularly nota
will require early attention and resources the ability to test the full scale lander.

Aerial Soviet missions have also successfully d Essentially all the insamts, while havir

Platforms  and implemented baHbased science heritage in other applications, would |
platforms over periods of days and prove be adapted and tested to ensure proj
basic concept. Depending on the mobile operation and results in the Venus _
platform itself, the overall risk midgdiem atmosphere at the specific altitudes t/ | Conventiona
toHigh Conventional balloons have been platform will operate in.
proven, but lofiged balloons are desired ¢

mobility. Both tieally and horizontally mot Conventional balloons will require sol -
Mobile

platforms will require significant developr developm to realize longer life and r
and testing. As with landers, all instrumel power than earlier missions. Mobile

would require adaptation to the Venus  platforms like VAMP or a vertically cy
environment, including sulfuric acid clouc balloon will require significant develo

certain altitudes. and testing.
LongLived | This element will rely on latest developme Power and communication systems ¢
Station high temperature sensors, electronics, po driving capabilities. The sensors and

mechanisms. When successfully demons electronics need scaling to for specifi

these capabilities may create a new parac lander needs and integration/ testing

Venus surface exploration. This system h system level. A project to develop an -
system level matpdlthough many of the  the londjved station is currently under
components have been successfully teste at NASA.

Venus surface environments. Overall rela

is deemeHigh
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environmental conditions, and calibrated to understand the effects of the vessel and Venus
surface conditions on the measurements,(egjical effects of looking through windows and the
effects of the high pressure/temperatures gases and supercritical fluids on remote sensing
measurements). Given the short mission life and limited power, utap&nning and
management of power utilization, instrument operations, and data transmission will be required.

(EN): Lander science would benefit from instruments that precisely determine
mineralogy/composition. Ramdrased spectroscopy may serve suclkdse and a couple
systems are nearing maturation and may be considered for inclusion in the lander instrument
suite.

(EN): Long term study of the Venus surface is currently not possible due to the harsh
conditions. This severely limits our ability for tpwral studies of near surface winds, dynamics
during transitions, seismology and other important investigatthat would allow better
understanding of superrotation, surfacing histaryd other important science questions. Recent
advances in high tempure electronics and other subsystems may enable a paradigm shift in
Venus exploration concepts, and VenBramay have the opportunity to demonstrate that
capability while producing new loAgrm measurements of surface temperature, pressure,
winds and lasic chemistry. If the technology currently in development meets its goals, it will be
feasible to incorporate a lotliyed element/instrument onto the exterior of the lander that would
make, take, and transmit these measurements long after the landes tedanction. This
element would be based on the capability planned for theliloegjstation described below.

(EN): Given that opportunities to explore the Venus surface are rare, every effort needs to be
made to maximize the science data returnee. ahount of data returned is a function of lander
life and the datdransfer rates to the orbiter, which must be within view for the short life of the
lander. Analysis indicates that approximately 200 Mbytes of data can be transmitted to the
orbiter, assummg one hour of operations once the lander reaches the surface. This will be
accomplished by selecting a transmission frequency (50 Mhz) that is optimized for the Venus
atmosphere, and using lossless compression coding techniques.

Other obvious opportunés to maximize lander life exist and should be considered. Some of
these include minimizing power consumed within the vessel, utilizing high efficiency
electronics/designs, minimizing heat sources in the vessel and heat transfer into the vessel.

5.2 OtherPotentialMissionComponents

The baseline mission can be significantly enhanced by adding other elements to the mission such
as mobile aerial platform(s), lofiyed station(s) and a smaller orbiting $shtellite.

Previous missions (e,QVvEGA) have demorisated successful deployment and operation of
freefloating balloons in the Venus atmosphere. Such a platform with new instruments is of high
science value and deemed relatively low risk. Some material testing work is required, however,
particularly sincdonger float periods are desired than what was achieved on previous missions.
Mass on such platforms is highly constrained so ddtwamass (and low power) versions of
instruments would be sought.

(EN and CH): An increase in science, above what can bewechby a standard balloon,
could be realized with an aerial platform that has propulsive capability to control altitude and
position. VAMP is such a concept, and has been looked at by this SDT. Analysis and work to
date offers promise of feasibility, bthere is significant development required to mature the
VAMP or another mobile aerial platform concept (g.materials qualification, deployment
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demonstration, flight demonstration, controlled entry, and more). To get a large enough payload

to accommodat instruments that take advantage of the enhanced capability, requires a VAMP of
the APathfindero cl ass. There is a challenge
amount of volume on the launch vehicle and about Kp0f added mission masThese may

prove difficult to accommodate but the VAMP technology is robust in that it can trade
parameters to meet particular constrains. For example, to meet mass of volume constraints, float
altitude, science payload or life can all be adjusted.

(EN and CH): A long-lived station is another platform that could provide a significant
science return (e.gtemporal atmospheric data from Venus surface), but it needs development.
Such a platform would need to rely on components and electronics that nauovile but
function at 460°C and 92 bar in harsh chemistry. Recent advances in high temperature
electronics offer such promise. A lotiged station that would operate through two Venus
day/night transitions and the period in between is desired (~60 Hays). In addition to the
immediate and significant science return, such capability could open the door for future Venus
mission concepts, and could be a powerful technology demonstration option. Prime technology
challenges are storing or harnessing ghmoenergy and the operations of the electronics,
especially the communication system, in Venus ambient conditions.

There are solution options being developed and plans to demonstrate such capability. For
example, high temperature batteries exist, and dmme been demonstrated to work at Venus
temperatures. Scaling and packaging work is required for a rechargeable system and ultimately a
demonstration of operation in Venus conditions.

For longterm Venus surface investigations, such as taking seismisumeaents or mobile
platform operations, lonrterm power solutionsvould be required. Techniques that help solve
that challenge include harnessing powesitu or use ofradioisotopeébased power systems. Both
have challenges, but a nonclearsystemis expected to havéewer integration and materisl
challenges, andbwer cost. This isthe preferredpower system optioat this time. Given the
dense and dynamic atmosphere, a system that captures energy from that atmosphere may be
feasible. Thigdeais beng investigated by NASA GlenResearch Centemd considered by the
JSDT. Power from such a system is envisioned to support alil@ugstation that would
function as a simple weather and chemical sensing probe for a minimum of 60 days and perhaps
for yeas.

The other critical component, high temperature electronics, also exist. These have been
demonstrated to function long term in Venus surface conditions, but these circuits still need to
scale up in complexity. Another challenge at this time is to dpveéry low power circuits to
acquire and transmit science data in very efficient ways. Development should continue for the
electronics and a power system that will enable H@nmn Venussurface exploration, and for
VeneraD, a longlived weather and chenal sensing probe.

(EN): The SDT also explored a sshtellite platform to enhance science return focused on
better understanding SiMenus interactions and upper atmosphere/ionosphere composition and
loss. Because this would be a small orbiter, techmris& is deemed low. Key technology
considerations would be the ability to transmit/receive the desired frequencies and the ability to
move orcontrol the relative position between the sattellite and the main orbiter. Both of these
are seen as enginaay efforts versus technology development effoktsummary of technology
readiness for the main mission elements and major instruments is provitadles 5.21 and
5.2-2.
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Table 8-1. Technology readiness for main mission elRslatively Hidgtisk Instrumerftdig
Science but low maturity and / or long development time expected)

Platform Instrument/Subsystem Development Required

Orbiter Millimeter Wave Radiometer Development of W channel, scanning anter

Orbiter Radiescience L band detector developrtauttprototype is
twofrequency duplex occultation in available
and Xand possibledands.
Orbiter/Sub Suite of 3 plasma instruments ELSPEC and NPD need developing but reli
Satellite Panoramic energy masalyzer of ior existing technology. Prototypes are under
CAMERM, electron spectrometer  development.
ELSPEC, fast neutrals analyzer FN
Orbiter IR Imager Adapt Akatsultike cameras for VerAeraeeds
Main Lande Mossbaué&pectrometer / APXS Demonstrate feasibility to make the measui
at the temperatures and within the available
Main Lande Chemical analyses package {&GaRB) Sampling System for atmospheric gases/ae
Chromatograph Mass Spectromete Coupling of MS with LIMS

Main Lande METEO Requires design and constructive integratic
lander

Main Lande Sample acquisition Based on heritage system but will need upc
testing with new vessel and to minimize the
transfer

MainLander Sample handling / processing Handling system must pull sample from acc

system, separate sample, process if neede
delivery to up to four instruments in vessel i

Table 5.2.Technology Readiness for Potential Sub Elements and InfRaetttivatlyrdéligh
(High Priority Science but low maturity and / or long development time expected)

Platform Instrument/Subsyste Development Required

Mobile Aerial US Balloon(s) Confirm performance with prototype testing, demon
aerial deployment and inflation technology, integrat
approach to track position and orientation

Mobile Aerial VEGA based lalingd Requires materials qualification, solar power develc

balloon and integratiddeed approach to track position and
orientation
Mobile Aerial For VAMP or vertically Need proof of concept demonstration at relevant
mobile balloon environments, significkavelopment and testing, and
integration work with entry systems
LongLived Temp, pressure and wir Validate life at conditions, develop wind sensor for |
Station version, demonstrate orientation determination capi
LongLived MEMS chemical sensor Validate life at conditions and performance with cor
Station chemistries
LongLived Longdived station life Demonstrate power solutions, develop 50M Hz comr
SttiorPlatform platform system, complete development of low power circuit:
Entry System If using VAMP or second entry fdivieshgtations,

additional deployment / entry work may be needed.

Test Facilities  Facilities for experiment Some facilities exisig(&EER) but more will need to
testing and calibration a built, especially to qualify full scale lander
qualification

h Priority

Overall
Assessment

iRl | (igigl

Risk Instrum

Assessment

1000000 O
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5.3 Potential Technology Demonstrations

As new Venus mission concepts begin to migrate from orbiters $du systems, either in the
atmosphere or on the surface, there will be a need to address the technical challenges posed by
the hostile environments. Consequenitiysitu Venus exploration is ripe for potential technology
demonstrations, especially those tbpén up opportunities to increase the survival/mission life.

The greatest technical i mpacts for exploring
high temperature systems such as electronics, 2) surface power generation and storage, and 3)
mobility, with aerial mobility being the easier challenge to work given the prior successes with
balloons.

Two potential technology demonstrations stand out for the Vdherassion that have been
considered and assessed from science impact and architecture feasibility perspectives.

One potential technology demonstration that addresses the mobility chaeandmnglived
mobile aerialplatform. The Vener® JSDT has looked at a concept in development by the
Northrop Grumman Corporation that is being designed to offer vertical and horizontal mobility
in the 5062 km ranggFigure 5.31). Vertical
mobility however is heavily depended on th
scale of the vehicle. A midize version, one
that could potentially launch with VeneE is
expected to have a vertical range
approximately 5660 km. The platform has
number of other significant advantag
including he ability to cover a target multipl
times as it traverses the planet. It is expecte
stay at float altitudes for up to three mont

At 1})' -:J:Jn drie .J.l”l,JIl”_j v
el 103 2E -mg &
and provide approximately 25 kg of payload fu.
figure 5. a Concept for the Venus Atmospheric

science instruments. Such a platform co
provide science return reét to the long Lilﬂggﬁf;g;ﬁ?ﬁnzlstéo;?)é?g:g/lnp) being develop:

standing UV absorption questions

The potential technology demonstration in the Vesirarchitecture that would target the
problems of surface power and letegm survivability via high temperature systems is thedong
lived station. The elment is designed to be staatbne, would communicate directly to an
orbiter, be selpowered, and operate in Venus surface conditions for thousands of hours. It could
be incorporated directly onto the lander as an instrument, if needed. If the capatslityive
long termin Venus conditions is demonstrated, it would allow for exciting new concepts to be
considered for future missions, even the idea of directly measuring seismic activity over long
time periods. The longived station would provide sciea return as well, functioning as a leng
term weather station to help better understand weather and superrotation, and will provide deep
atmosphere chemistry measurements over long time periods including across day/night
terminators.

Both demonstrations euld offer major technical advances and higlue science return,
and both require development before they are ready for flight (as discussed in previous sections).
However, the science and technology benefits are significant, and therefore, thesebshould
considered for inclusion into the final mission design.

Venerd® Final Report 62



6 Opportunities for Lab Work

6.1 BaselindVission

Laboratory experiments could significantly improve preparing for implementing and interpreting
results of the Vener® mission concept. For the orbitexxperiments on emissivity of expected
Venus surface materials at the one micron window would be valuable. Experiments to quantify
propagation parameters for the intended communication and sounding frequencies, and correlate
that to atmosphere compositiaand properties, is also desired. Other experiments can be
considered such as optical properties / spectral profiles at various wavelengths again correlating
that with atmosphere characteristics. Modeling and experiments would also be invaluable to
betterunderstand and constrain our understanding of the Venus atmosphere. This could confirm
some basic assumptions such as mixing particularly in high temperature/pressure conditions.

Similar types of experiments are needed in support of lander science.l @poperties of
the nearsurface atmosphere are needed at wavelengths corresponding to what the remote sensing
instruments would be using. For composition and mineralogy science experiments, weathering
experiments (exposing potential Venus minerals to eepleVenus near surface atmosphere
conditions) are needed to help determine and refine sampling and sample processing objectives.
Other lab work / experiments should include trace and noble gas enrichment procedures,
supercritical fluid properties, and t®gas composition changes due to temperature and pressure
drop during samplingThis will help interpret measurement results and science implications.

There is also a class of experiments that is required simply to verify and validate instrument
performance and support calibration. Many instruments for the lander will require these types of
tests/experiments.

6.2 OtherPotentialMissionComponents

Laboratory experiments are required in support of potential science from an aerial platform. The
in situ instruments will need to be tested and calibrated for expected chemistry, optical and
infrasound properties, particulates/aerosols, and of the local environmental conditions including
corrosive compounds. Experiments on the potential ropkef the UV absrber, even perhaps
biologically connected processes, are recommended to better predict mission scenarios and test
intended platform instruments.

Laboratory experiments are also needed for testing theliled) station and its sensors and
systems. As mdioned previously, environmental tests are needed for all systems to demonstrate
performance and function in the anticipated environment. Specific for the station, more tests will
need to be conducted to verify performance of the chemical sensors arabiiitgito uniquely
identify and quantify target species from a complex and unknown set of species. Engineering
oriented experiments will be required to understand power generation capability in various wind
conditions should a wind powered version bevfio

The subsatellite will require focused test and experiments. Like all elements, tests will be
required to demonstrate performance and to calibrate the planned instruments. However, there
are unique tests/experiments required to support thesatellie. These include propagation
experiments, especially in the L band, to allow interpretation of future data and perhapsadine
instrument parameters.
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7 PotentialContributions to the Baseline VenBr@oncept

As part of its science assessment,andbesed t he areas of fAscience ga
the JSDT identified a range of specific items that could be candidates for potential contribution

or collaborationDepending on the finarchitecture of the Venefa mission, these items could

range fom individual instruments to flight elementBable 7-1 summarizes, in priority order,

areas for potential contribution or collaboratidm.this list, theJSDT emphasized that the first

priority would be to accommodate the baseline Veiimaission consisting of an orbiter and
lander.The remainder of this section provides a general discussion of the science enabled by the
aerial platform and small lorliy ed surfacestation(s).

Table 71.Priority list of potential contributions, augmenting the baseline mission.

First PriorityAccommodation of Baseline VeAergorbiter and lander)

VETSS .

Instrument¢dpnder Variable RamarSpectrometeriray Fluorescence Spectrometer (XRFSPratpha
X-ray Spectrometer (APXS) to baseline lander

Venus simulation ankéstFacilities

Aeriaplatform 450 kg Lifetime of 1 to 3 months; approximately 25 kg of payload to addres
atmospherauperrotation, chemistry, and trace species in the middle
layer; mobility to different altitudes in the atmosphere

Small lontived 8 to 10 kg per Potential for lofiged (60 days to a year) presencesunfde; For studyi
station(s) statiod 5 stations superrotation, meteorology and chemistry
~50 kg (temperature/pressure/winds/atmospheric composition) measureme

near surface layer; limited to data taken when the relay asget is in v
restricted to real time measurements

Freeflaating balloon Up to 450 kg Lifetime of up to 1 month; approximately 15 kg of payload for studyi
atmosphere; moves by winds, no directed mobility; would need trac

Earth
Small satellite ~40 kg Magnetospheric amichaspheric science
(Roscosmos
contribution)
Small aerial platforr ~90 kg Lifetime of 1 to 4 weeks; server as a technology demonstration for |

larger vehicle; very limited mass for science payload

7.1 Aerial Platform

Advancement in addressing science questions focused on understanding the mechanisms that
drive and maintain atmospheric superrotation along with the identification of the unknown UV
absorber, could be enabled ibysitu measurements over an extended peoiotime (months) In

its proceedings, the JSD&ceived a briefing from the Northrt@@rumman corp. on a concept for

a Venus Atmospheric Maneuverable Platform (VAMP) with the capability to navigate and
operate over a range of altituddable 7.2-1). In comparison with most balloon systems that are
restricted to a single altitude, this type of vehicle would potentially enable the assessment of
vertical variaions in atmospheric compositi@nd properties. Examples of the type of scientific
measurements & could be made are providedTiable 7.12. In the context of VenerB, the

JSDT discussed the accommodation the Pathfinder VARWlIiminary assessment by the
Lavochin Association suggests that the estimated mass of 450 kg could be accommodated, but
acommodation of the vehicle and is support structure would be challenging and additional work
would be needed.
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Table 74L.General specifications for Venus Atmospheric Maneuverable Platform (VAMP) (provided by Northrug
Grummagorp).

Table 7.22.Keysciencanvestigations that could be achieved by an aerial platform.

Area of Investigation Science to bAchieved Exampldayload

Origin & evolution of | Trace gas composition and profiles; isotopic Tunable Laser Spenteter (TLS); GCMS

reactive species temporal/spatial variabilithefical species

Clouds Compositioparticle microphysics; cloud Nephelometer; microscopy;
chemistry; identification of UV adsorber TLS; Ramdidar; UWISNIR imager

Dynamics Winds (u, v, wiirbulencealanetary waves; Doppler radar; acceleromdiévISNIR
atmospheric momentumflmet imager; radiometer

Meteorology Pressure and temperature prdfiletz stability; Meteorology package
thermal structure & gradients

Surface science Surface geology; topography; search for aci Navigation radar; NIR spectrometer (o
volcanism camera with several channels)

Electromagnetic Lightning intensity & location; atmosphere | Lightning probesicrophones

environment conductivity

7.2 SmallLongLivedStations

In situ measurements to serve as input to constrain parameters in noddaisnospheric
circulation have been limited in location and single instances in Timelearly understand the
dynamic nature of atmospheric phenomena, measuremeats aorelatively long temporal
baseline are require@see discussion in Section 3.13s little is known about how the
atmosphere behaves at or near the surface, meteorologgmivations in this harsh part of the
Venus environment are needd®iecent adancements in high temperature components, along
with the development of chambers to test these components (see Section 5) have led to the
concept of the small lonlived meteorological station discussedSection 5.2 Figure 7.2-1).

The goal would be to ake observations of pressure, temperature, wind speed and direction, and
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