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PREFACE

This is the report of a study convened by the Space Science

Board in cooperation with the Lunar and Planetary Missions

Board of the National Aeronautics and Space Administration

to consider the scientific potential of missions to Venus

based on the relatively low-cost Explorer technology concept.

The participants considered a program initially estimated to

cost approximately $100 million for the first three missions

and $20 million to $25 million for each succeeding probe or

orbiter mission; it must be borne in mind that these figures

are preliminary and reflect planning estimates rather than

contractual obligations.

This study was conducted during the week of June 7, 1970,

under the cochairmanship of Richard Goody and Donald M. Hunten

and involved twenty-one scientists representing a range of

scientific interests in the exploration of Venus. The recom-

mendations of the group were presented to NASA management on

the morning of June 18 and endorsed by the Space Science Board

at its meeting of June 22 and 23, 1970.

The Space Science Board is grateful to those who parti-

cipated in this study, to Bruce N. Gregory, who served as

Staff Director of the study, and to Mrs. Jacqueline Boraks,

for her contributions to the report's publication. The Board

acknowledges with appreciation the support of the National

Aeronautics and Space Administration, which helped to make

this study possible, and the special assignments undertaken

by NASA in preparation for the study.

C. H. Townes, Chairman
Space Science Board
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SUMMARYOF PRINCIPALRECOMMENDATIONS

1. We believe that the combination of scientific goals
and the feasibility of contributing to these goals makes the

exploration of Venus one of the most important objectives for

planetary exploration in the 1970's and 1980's. And we ~ec-

ommend that exploration of Venus be prominent in the National

Aeronautics and Space Administration program during this

period.
2. We pecommend

Planetary Explorer as
ploration of Venus by
landers.

3. We pecommend a mission strategy that will make use

of the next three opportunities to launch a spacecraft to

Venus and many subsequent opportunities. For the first mis-
sions we indicate desirable payloads with which to obtain new
data in all scientific fields.

4. In the interests of maintaining minimal cost we
recommend:

(a) that the National Aeronautics and Space Administra-

tion be prepared to accept a somewhat higher risk for the
Planetary Explorer than has been its practice for previous
planetary missions, if substantial over-all cost savings can
be achieved;

(b) that experiments to be carried on early lander mis-
sions emphasize simplicity of operation and, where possible,
avoid manipulation and processing of surface material.

5. To ensure adequate lead time for instrument devel-

opment we pecommend that the National Aeronautics and Space
Administration announce the existence of a series of oppor-

tunities listing some of the more crucial needs.
To extend the lifetime of surface instrumentation we

~ecommend that the National Aeronautics and Space Administra-

tion undertake and support engineering research and develop-

ment to provide, if possible, lander systems and experiment
components able to operate at temperatures up to 800 K.

6. We give reasons for believing that the probability
of growth of terrestrial organisms in the atmosphere of

the Delta-launched, spin-stabilized

the prime vehicle for the initial ex-
orbiters, atmospheric probes, and
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-6
Venus is less than 10 , and we recommend
cautions, spacecraft be allowed to impact

entific benefit is to be gained thereby.

7. We recommend that the National Aeronautics and Space
Administration set up and maintain a continuing planning group

ror the exploration of Venus which will advise on strategy for
the mission series and on conceptual payloads for each mission.

8. We point to the possibility that, in the 1980's, more

elaborate spacecraft may be needed to continue the investiga-
tion of Venus beyond an exploratory stage.

9. We believe that the Planetary Explorer provides a

particularly good opportunity for international collaboration,
and we recommend that the National Aeronautics and Space Ad-
ministration actively seek collaboration of other national

space organizations in planning and carrying out these inves-
tigations.

10. We recommend that the National Aeronautics and Space
Administration continue to support and develop earth-based

studies of Venus, and we commend its past efforts in this
respect.

11. We endorse the Venus/Mercury mission for the contri-
bution it can make to Venus science.

that, with some pre-

the planet when sci-
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Chapter 1

INTRODUCTION

In June 1968 the Space Science Board made a study of Planetary
Exploration 1968-1975~ in which the principal conclusion was
that litheplanetary exploration program be presented~ not in
terms of a single goal, but rather in terms of the contribu-
tion that exploration can make to a broad range of scientific
disciplines."

This view was further expressed in a series of recommen-

dations for missions to all targets that seemed practicable

at that time, with measurements to forward the objectives of
all disciplines involved in the space program. In particular
the need for exploration of Venus was brought out.

To achieve such a broad and flexible program, the study
emphasized the need for modest and relatively low-cost mis-

sions. A prime recommendation ,vas "that NASA initiate now

a program of Pioneer/IMP-class spinning spacecraft for orbit-
ing Venus and Mars at each opportunity~ and for exploratory
missions to other targets."

While developments since 1968 tend to modify specific
points made in the 1968 study, the spirit of the recommenda-
tions is as important today as it was then. Nevertheless~
the program of the National Aeronautics and Space Administra-

tion contains no significant Venus missions (the Venus/Mercury
flyby is essentially a Mercury mission with only a small con-
tribution to Venus science) and no small missions to the inner

planets in the Pioneer/IMP class (which includes the Planetary

Explorer discussed in this report).
At the same time a strong Mars program has developed,

with a very ambitious program funded for the early 1970's.
There is also an ambitious program for Grand Tour missions
to the outer planets proposed in the 1969 NAS study The Outer

Solar System: A Program for Exploration.
The present study was convened to re-examine the ques-

tion of Venus exploration in the light of the proposed NASA

programs and the scientific developments since 1968. In the
event that an imbalance in planetary-exploration strategy
should be found, the study had, as a second objective, the

task of recommending appropriate Venus missions.

3
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The study was concerned with relative priorities within

the NASA planetary-exploration program. There are, however,

larger issues: the relative priorities between different parts
of NASA's unmanned science program (astronomy, applications,
lunar exploration, space physics, space biology); the relation-

ships between manned and unmanned programs; and the effect of
changing national priorities upon both programs. These issues
are the concern of an extensive Space Science Board study, also

carried out during the summer of 1970, under the chairmanship
of Herbert Friedman. The two studies came together because a
preliminary version of our recommendations was available to the

Friedman study and influenced its conclusions.
The reason for the exploration of Venus is related to the

justification for exploring the solar system, as well expressed

in the NAB studies: Space Research/Directions for the Future;
Planetary Exploration 1968-1975; and The Outer Solar System:
A Program for Exploration. Nevertheless, it is appropriate
briefly to address the question: Why explore Venus now?

On the most general level, the answer to the question is
tied to the remarkable evolution of planetary studies during
the 1960's. Not long ago planetary studies were a part of
astronomy, often accorded a different treatment and status

from solar physics and astrophysics but not yet related to
any other discipline. The advent of the space probe in the
1960's provided the tool and some of the data for the detailed

investigations and model building characteristic of, and essen-
tial to, terrestrial studies. Very rapidly studies of plane-
tary meteorology, planetary aeronomy, planetology, and plane-
tary biology emerged which involved, in the main, research
workers from the parallel terrestrial disciplines. Earth and

planetary studies suddenly merged and simultaneously diverged
from astronomy. In some major universities, departmental and
research center organization was changed to meet this develop-
ment.

From an intellectual point of view we have moved to the
position in which terrestrial studies have expanded to include

the whole of the solar system. Problems such as the origin of

the solar system, the origin of life, and the large-scale pro-
cesses that control man's environment will in the future be

considered in terms of many rather than a single object. The

detail will obviously differ from one planet to another: from
the immense detail required on earth for environmental pur-
poses and made possible by the comparative accessibility to

the very small amounts of information on Uranus, Neptune, and

Pluto and the difficulty of substantially increasing this
information.
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Thus the call for a balanced approach to planetary explo-
ration has a firm logical basis, although the word "balanced"
is not clearly defined in terms of the relative priority of

new objectives and the investigation in depth of more familiar
problems. In whichever way the situation is viewed, however,
the absence of almost any firm information about the solid sur-

face and lower atmosphere of Venus is the most striking \.veak-
ness in our information about the inner planets.

If we consider the need for Venus research in terms of

particular examples we find striking examples of how knowledge
of this planet can illuminate our knowledge of earth. The sur-

prise effect of the unexpected ionospheric data on both Mars
and Venus has led to timely re-examination of fixed ideas about
the earth's ionosphere. Studies of atmospheric circulations in

slowly rotating atmospheres have provided new ideas applicable
to tropical meteorology. The extensive cloud systems of Venus
have led to investigations of the coupling between clouds and

motions not yet undertaken on earth. The question of why Venus

has a complete cloud cover and a high surface temperature is
beginning to interest those concerned with possible environmen-
tal changes on earth. This is not so much in the belief that
earth might go the way Venus if the atmosphere is suffi-
ciently polluted but rather with the thought that Venus is an
observable example of a class of problem that concerns our own
environment.

One final answer to the question, !I\.Jhy explore Venus now?"

is that events have conspired to produce a situation in which
exploration of Venus is unusually timely and rewarding. De-

spite Venera entry probes and Mariner flybys, we know very
little about the lower atmosphere of Venus, and yet we have

many competing theories the merits of which can be tested with
relatively simple measurements. For example, we do not know

how many and how thick are the cloud layers, let alone the
composition of the uppermost. We know that lower-atmosphere
motions are of central importance to all aspects of the phy-

sics and chemistry of the atmosphere, but we know nothing
about them. At least three independent hypotheses exist with
regard to the high surface temperatures.

In each of these major areas rather elaborate theories

have been developed, generally of a quantitative nature, so

that they can be tested by means of a few well-defined mea-
surements with proven instruments. This is a situation that
occurs but rarely and should be exploited when it does. It
provides a further and powerful reason for a strong program

of exploration of Venus in the coming decades.
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The Study Group was able to determine at an early stage
that the developments in Venus science since 1968 heightened
the need for substantial effort to explore the planet. Con-
siderable attention was therefore directed to the question of
the appropriate exploration strategy.

Although since 1968, no programs have been approved or
funded involving missions to Venus or small spacecraft, it has

been a period of planning activity by NASA, its centers, and
its contractors. This planning has taken place in close con-

tact with scientific groups from outside the agency, and the
result has been a particularly rewarding interaction among
scientists, engineers, and planners, which in this group's
opinion represents a significant advance in the planning of
space missions. This Study Group was, therefore, presented
with a series of detailed and careful studies of the explora-
tion of Venus by means of Planetary Explorer spacecraft (see
Chapter 6).

Our study benefited greatly from access to these NASA
plans. In general, we found them to be well conceived and

almost ideally suited to the requirements of scientific in-

vestigation in the 1970's and 1980's. As a consequence, our
recommendations are detailed and circumstantial and often

presented in terms of this particular spacecraft.
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Chapter 2

RECOMMENDATIONS

SCIENTIFIC RETURN FROM VENUS MISSIONS

In this report we examine the state of knowledge of the atmo-
sphere of Venus, the important questions that can now be asked,
and the relatively straightforward means by which these ques-
tions can be answered.

Noteworthy in this context is the extraordinary flow of
ideas since the U.S. Mariner 5 and the Soviet Venera 4, 5, and

6 missions. Compared to the range of questions of first mag-
nitude that remain to be answered the contribution from these

space missions was small. Nevertheless, the few pieces of in-
formation that they contributed made the investment of time
and effort into the complex process of geophysical modeling
worthwhile, and we now have stimulating quantitative theories
about the atmosphere and surface of Venus.

A strong scientific interest in Venus now prevails among
geophysicists and astrophysicists. This interest can best be
maintained by a series of missions that will permit broad par-

ticipation by scientists in the U.S. planetary program.
Another important reason to support the exploration of

Venus is that we must have more information on that virtually

unknown planet in order to obtain some of the data necessary

to unravel the puzzle of the origin of the solar system--a
question of major interest to laymen and scientists alike.

Furthermore, a better understanding of the atmosphere of
Venus will make important contributions to our understanding
of generalized atmospheric problems and, hence, lead to added

understanding of our own atmosphere. The problems of Hadley
circulations and interactions between clouds and atmospheric

dynamics are two cases in point. The long-range climatic ef-
fects of pollutants on the transfer of solar and infrared ra-
diation is another.

We believe that the combination of scientific goals and

the feasibility of contributing to these goals makes the ex-
ploration of Venus one of the most important objectives for

planetary exploration in the 1970's and 1980's. And we,

7



Copyright © National Academy of Sciences. All rights reserved.

Venus Strategy for Exploration 
http://www.nap.edu/catalog/12395.html

8

therefore, recommend that exploration of Venus be prominent

in the program of the National Aeronautics and Space Adminis-
tration during the 19701s and 19801s.

THE VALUE OF SMALL MISSIONS

The idea of small, minimum-cost exploratory missions has immedi-

ate appeal to large sectors of the scientific community. This
is in part accounted for by a feeling of responsibility toward
the taxpayer and society. It also results, however, from the
real advantages that accrue from projects involving minimum
funding and therefore minimum complexities of planning and or-
ganization, personnel, and collaboration between organizations.

The Space Science Board study,. PZanetar>y..Exploration 1968-
19?5~ took place at a time when the Mariner program had estab-
lished some of the fundamental physical parameters of the inner

planets and most of the technology needed for future missions.
As a result of this experience, the study chose, as the pre-
ferred course for the early 19 IS to go in the direction of
smaller, lower-cost missions. The first priority recommended
by the study was lIaprogram of Pioneer/IMP-c.1ass [Planetary

Explorer] spinning spacecraft for orbiting Venus and Mars at
each opportunity, and for exploratory missions to other tar-
gets.1i That entry probes were not included in this statement

merely reflects. the prevailing climate of engineering thought
at that time: entry probes did not come to mind as practical,

inexpensive spacecraft. Since then, the success of the Venera
probes and a number of engineering studies have greatly changed
the situation; moreover, it has become clear that the entry

probe is an ideal vehicle for attacking a number of prime

scientific questions.
There are many contributing reasons for this support for

small missions:

1. If the cost is sufficiently low, a series of missions
can be envisaged. This opens upm~ny opportunities, novel to

planetary exploration. One is that relatively high-risk ex-
periment.s can be undertaken if a high return of scientific
information can be foreseen. Initiative is encouraged if the
cost of failure is reduced.

2. A series of missions can be planned, Missions can
build upon the observations of previous ones and upon the new
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theories and speculations to which they may give rise. Early
observations can often be kept much simpler if there is an ex-

pectation of more elaborate measurements to follow, based upon
the preliminary results. It is, of course, necessary to de-
velop organizational techniques to take advantage of this pos-
sibility. It is barely possible to make some changes in in-
strumentation from One VenuS opportunity to the next. It
should, however, be relatively easy to ensure complete payload

redesign, if necessary, every second opportunity (i.e., at
approximately 3-year intervals).

3. A series of missions can stimulate the active parti-

cipation and collaboration of many scientists and scientific

disciplines. Moreover, with many opportunities, the value of
the program to the educational process is enhanced because it
becomes possible to involve less-senior experimenters--even
to make use of graduate students under supervision.

4. A series of missions can, in times of fiscal strin-

gency, be reduced in frequency without a complete cutoff of

the program and the attendant loss of experimenters. Because

of the nature of NASA funding, projects are not always funded
as predicted, and it is therefore healthy to maintain the max-

imum flexibility in this respect.
5. It is difficult to plan science far in advance. On

the other hand, a very expensive mission is often inflexible.
This can lead to a mismatch between the desire for unfettered

and innovative thinking On the one hand and responsible tech-
nical planning on the other. This gap closes as the cost of
the mission decreases, although it cannot ever be expected to
disappear. Scientists, engineers, and administrators each

have to modify their attitudes when collaborating in a large
project, but the Planetary Explorer concept should ensure that
the difficulties are minimized.

6. The Planetary Explorer concept makes it possible to

use probes, landers, and orbiters in combination, each sup-
porting the other, in planetary exploration. There are ex-
amples in this report in which orbiter science can prepare
for better probe science and vice versa, and lander science
can benefit from both. Thus, atmospheric-probe measurements
can establish the wind-noise spectrum that might be encoun-
tered by a landed seismometer--a parameter essential to de-
fine sensitivity.

When the above advantages of small missions are combined,

the value of this concept becomes clear. We are not without

previous experience of this kind of development. The
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exploration of the earth's atmosphere increased greatly in pacEc

and became a different kind of program when the low-cost Aero-

bee rocket replaced the V2 and Viking rockets in the early
1950's. Although the Aerobee has only arrow flight stability
and a relatively small payload, and it was a long step back-

wards in sophistication, it has been a workhorse for aeronomy
and astronomy observations with which generations of experi-
menters have been well satisfied. We may expect that the

Planetary Explorer will playa comparable role in NASA's plane-
tary program.

The rest of this report summarizes the results of our ex-

amination of the scientific questions posed by Venus, of the
potential for rapid advance in our knowledge of the planet,
and of the Planetary Explorer as the prime vehicle for this
advance in the next 10 years.

We peoommend the Planetary Explorer as the prime vehicle

for the initial exploration of Venus by orbiters, atmospheric
probes, and landers, because this inexpensive, Delta-launched
spacecraft has the capability and versatility to obtain an-
swers to most of our prime questions about Venus and to aid
in defining the environment of Venus for possible bigger mis-
sions in the future.

ACHIEVEMENT OF MINIMUM COST

As discussed below, the cost of a given set of hardware can

depend greatly on the philosophy adopted, especially the
amount of testing required. Most of the benefits discussed

in the previous section are a direct consequence of small

project size, which implies a proportionately low cost. Every

effort should be made to keep testing and paperwork to the

minimum required for a reasonable assurance of success. As

the total cost of a mission diminishes, the ideas of what is

reasonable can be relaxed. Recent practice in the planetary

program has been to require extra flight instruments just for

testing and to undertake environmental and life tests whose
total cost may far exceed that of the instrument itself. In

most rocket work, on the other hand, reliance is placed on

the use of high-quality parts and careful design, with only

brief tests in a simulated environment. The quality of the

product is still high. For a given mission the philosophy
chosen should lie somewhere between these extremes, but we
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suggest a considerable relaxation of the standards previously
applied to the large planetary missions.

Another area that can greatly affect costs is the choice
of experiments. For example, complex mechanisms may need to

be developed for some purposes~ but they tend to be expensive
and unreliable. In general, such equipment should be avoided
unless there is an overriding scientific requirement.

We recommend that NASA be prepared to accept a somewhat
higher risk for the Planetary Explorer than has been its prac-
tice for previous planetary missions) if substantial over-all
cost savings can be achieved.

Because of our minimal experience in carrying out un-
manned experiments on a remote planetary surface, and because

of the high temperature and pressure of the surface of Venus,

we recommend that experiments to be carried on early lander
missions emphasize simplicity of operation and) where possible,
avoid complex manipulation and processing of surface material.

INSTRUMENT DEVELOPMENT

Missions to Venus, particularly those entering the atmosphere,
will require a wide range of novel scientific equipment. NASA

has already shown its willingness to support the development
of new instruments~ for example, those needed for cloud studies.
To publicize this fact, we recommend that NASA announce the

existence of a series of opportunities listing some of the more

crucial needs. Such an announcement, coupled with a general de-.
scription of the expected spacecraft and their capabilities~
should stimulate much of the necessary work.

Current technology appears to be unable to provide a
landed mission with a lifetime of more than a day or two, be-
cause of the need to keep down the temperature of the instru-
ments and batteries. Instruments such as seismometers can

reap their greatest benefit only with a much longer period of

operation. Therefore, we recommend that NASA encourage en-
gineering research and development to provide~ if possible,

lander systems and experiment components able to operate at
temperatures up to 800 K.
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QUARANTINE REQUIREMENTS

A slight possibility exists that terrestrial organisms could
grow on airborne particles near to the cloud tops of Venus.

The problem was discussed at the 1970 CaSPAR meeting, and some

interest was expressed in investigations of airborne life.

Life on Venus is no more than a remote contingency, but the

possibility of contamination by terrestrial organisms must be
considered.

The saving feature of all Venus missions is that there

is no longer any doubt that a temperature of about 700 K pre-

vails over the entire surface of the planet. There is no pos-

sibility that terrestrial organisms can grow at such tempera-
tures, and we are therefore at worst concerned with a short

period of transit through the cooler regions of the atmosphere.

According to the CaSPAR agreements, the cumulative proba-

bility up to 1988 of contaminating the planet must be less than

10-3. With 20 miss~gns, the probability per mission must then
be less than 5 x 10 . We are satisfied that this constraint

is readily met, even if the bus or orbiter should enter the

atmosphere. These unshielded vehicles will mostly vaporize

in the upper atmosphere, and at most a few charred members may

fall rapidly through the temperate region of the cloud tops.

For numerical estimates we may start with the figures given

in the Planetary Explorer, Phase A Report (Goddard Space Flight

Center, October .1969, Section 6 and Appendix C). The number of

spores is taken as 104. The probability of release in the at-

mosphere under the above circumstances is estimated to be less

than 10-3; we regard the Goddard figure of 0.3 as far too high

for atmospheric release, because it was based on a hard-surface

impact. The probability of growth was given as 10-4, but this

assumes the presence of a stable particle or droplet to grow

on. However, droplets are subject to evaporation, while solid

particles must be subject to rapid mixing to support them a-

gainst fallout; they will therefore reach a hot region in a

short time. We believe that the probability gf growth in the
atmosphere should be amended to less than 10- for a total

probability of contamination per impact of less than 10-5.

We therefore see no reason why the bus or orbiter should

not be permitted to impact the planet whenever a scientific

benefit is to be gained thereby. Low-periapses orbiters should

also be open to consideration. Surface-sterilized entry

probes, hermetically sealed and with a fully sterilized heat

shield, present a far lower probability of contamination than
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do the bus or orbi~er, and risk of contamination from them

may be neglected.

We therefore recommend that, with some precautions, space-

craft be allowed to impact the planet when scientific benefit

is to be gained thereby.

CONTINUING PLANNING GROUP

The fullest possible benefit of the Planetary Explorer con-

cept can only be realized by an integrated series of missions,
as discussed in Chapter 6. At any given time there will be a
set of prime questions requiring answers; but some of them
cannot be asked at present. Also, certain importantexperi-
ments will require a further definition of the environment by
a previous mission before they can operate to full efficiency.
(For example, television is useless if there is dense fog at
the surface.) The best available mechanism to assure that the

scientific requirements are met is the planning group, which
has already been used successfully for the Venus-Mercury Mari-
ner and the Viking programs. But for a Planetary Explorer

series it is.not enough to have such a group for each indi-
vidual mission: at least some continuity is necessary over
the series.

In addition, the highly integrated nature of the experi-

ments on a particular mission suggests that the traditional
payload concept--a collection of separate experiments indi-
vidually conceived--is not valid. Rather, each mission should
be regarded as a single experiment with the individual experi-
mental subsystems carefully chosen to complement one another
and to maximize the scientific return within the mission con-

straints. Therefore, we reaommend that NASA set up and main-
tain a continuing planning group for the exploration of Venus
which will advise on strategy for the mission series and on
conceptual payloads for each mission.

FUTURE MISSIONS

The strength of the Planetary Explorer concept as discussed

in this report is due in great part to quite recent improve-
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ments in launch capability~ communications~ and science instru-
mentation. We have been able~ therefore~ to demonstrate how

most of the important first-order questions about Venus can be
answered by a series of Planetary Explorer missions. In a
longer view, questions arise regarding the continuation of this

strategy.
As far as we wish to predict~ the study of planetary aer-

onomy and particles and fields can be continued indefinitely
within the Planetary Explorer concept. The two requirements

for a full investigation of the first-order questions are (1)
measurements within the upper atmosphere from entering vehi-

cles and from low-periapsis orbiters and (2) measurements of

particles and fields from orbit, preferably with two vehicles
at the same time.

Atmospheric studies made during the recommended Planetary

Explorer missions will be extremely fruitful in defining the
chemical and physical makeup of the atmosphere. The poten-
tially great complexity of the cloud physics and of the cir-
culation, however, leaves the possibility that these processes
may remain poorly understood. Considering their great rele-
vance to the determination of the high surface temperatures,

it may become desirable, on the basis of the first missions,
to have a more advanced effort to answer these questions. No

guess as to the appropriateness of Planetary Explorer technol-

ogy to advanced work is possible, although the recent rate at
which capabilities have improved leaves ground for optimism.

Most basic questions about the solid planet itself can be

answered only by measurements made on the surface. It appears
possible to make some important measurements of this kind with
missions of the modest scale proposed. However, the lander

mission suggested in this report could be as far as currently
defined Planetary Explorer technology can go in this direction.
If passive seismology proves viable, future visits to the sur-
face ought to be made at three sites simultaneously. Analysis
of surface materials can be definitive only if several sites
are visited and if several fairly complicated experiments are

carried out, involving, for example~ long lifetime, prepara-

tion of samples, and vacuum conditions. As far as we wish to
foresee, this sort of thing goes beyond the current Planetary
Explorer concept in cost and complexity. We think that such
a program will not be desirable until the 1980's~ and we sus-
pect that improvements in launch vehicle and instrument tech-
nology in the interim will greatly increase the viability of
any more ambitious type of mission.
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INTERNATIONAL COLLABORATION

International collaboration projects in geophy~ics--the Inter-

national Geophysical Year, the Upper Mantle Project, and the

International Year of the Quiet Sun--have contributed greatly
to the development of knowledge of man's environment. Further,

the International Geodynamics Project has recently been launched
by the International Council of Scientific Unions to study the
fundamental dynamical processes within the earth's interior

which are responsible for crustal movements--e.g., earthquakes.

Development of international collaboration in planetary explo-
ration is a natural extension of these successful scientific

policies in geophysics, in the development of which the United
States has played a leading role. The proposed program of in-
vestigation of Venus is scientifically the broadest yet proposed
for a planetary investigation involving most of the subdisci-
plines of geophysics. Thus it is most suitable for collabora-
tion with scientists of other nations.

We therefore recommend that NASA actively seek the col-
laboration of other national space organizations in planning
and carrying out these investigations.

EARTH-BASED STUDIES

Optical and radio (including radar) studies of Venus have been
valuable in the past and are expected to remain so. We rec-

ommend that NASA continue to support and develop earth-based
studies, and we commend its past efforts in this respect. Im-

provement of radio facilities can be expected to give better
thermal maps, as well as radar maps of the surface comparable
to earth-based optical photographs of the moon. Optical work
at the cloud tops can give long-term information on inhomo-

geneities and on the possible four-day atmospheric rotation.
The techniques complement one another and give valuable sup-
plementary information for the Planetary Explorer missions.
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VENUS/MERCURY FLYBY

We understand that the Venus/Mercury flyby scheduled for launch
in 1913 is intended primarily for the exploration of Mercury.

However, the opportunity exists for valuable measurements dur-
ing the flyby of Venus. These measurements, particularly high-
resolution, high-contrast imaging of the cloud layer, would

play an important role in advance planning for the Planetary
Explorer program. Specifically, imaging is not contemplated
on the early Planetary Explorer missions. Results from the
Venus/Mercury flyby could help to optimize the payloads for
later Explorer orbiters. For these reasons, we endorse the
Venus/Mercury mission for the contribution it can make to
Venus science.
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Chapter 3

UPPERATMOSPHEREANDPLASMAINTERACTIONS

INTRODUCTION

Observational data on the upper atmosphere of Venus are lim-

ited but have already produced promise of exciting results in
future missions. Mariner 5 obtained a profile of electron
density on the days ide , provided evidence for a very interest-
ing interaction between the solar wind and the planetary iono-
sphere, and identified an extensive region of ionization on
the nights ide of the planet (the plasma tail). An ultraviolet
airglow experiment on Mariner 5 detected a halo of Lyman-a

emission around Venus. The emission showed an unexpected pro-
file, suggesting that two distinct neutral species are involved
in scattering the solar radiation.

The simplest model of the ultraviolet dayglow requires
large concentrations of deuterium, as well as hydrogen, in the
outer atmosphere and stimulated a number of theoretical dis-

cussions of :planetary evolution. A question of great impor-
tance concerns the fate of water on VenUs: Was Venus at some

distant epoch covered by an.ocean, and if so, what happened to
the water? Alternatively, was Venus formed \vith much less

water than was the earth? The isotopic ratio of hydrogen to
deuterium should clarify these questions, and only upper-
atmospheric measurements, where the fractional abundance of

light elements is high, seem likely to provide the answers.
An isotopic analysis of hydrogen compounds in the lower atmo-

sphere is more difficult and does not appear feasible with
mass spectroscopy in the present state of the art.

The interaction of the planet with the solar wind is an
intriguing phenomenon in own right. The 1968 report

(PZaneta:r>y ExpZo:t'ation 1968-1975) identified studies relevant
to the understanding of the origin and evolution of the solar
system as a prime goal in the planetary program. It should
be emphasized that the upper atmospheres of Venus and Mars and
their modes of interaction with the solar \vind are similar,

but they are very differen.t from those of the earth. The
solar wind can modify atmospheric composition in a variety of

17
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ways: it provides a source of hydrogen comparable to the pres-
ent evaporation r~te, gases ionized near the limb of the plan-
et will be carried away by the solar wind, and the apparent
absence of nitrogen on Mars may be a tonsequence of solar-wind

scavenging.
The stability of carbon dioxide atmospheres on both Venus

and Mars is poorly understood. Upper-atmospheric measurements
are essential if the recombination process is to be established.
Theoretical models for the primitive terrestrial atmosphere can

be refined onZy if present conditions on Mars and Venus are
understood.

THERMAL STRUCTURE OF NEUTRAL ATMOSPHERE

At present, observational data relating to the thermal struc-
ture of the upper atmosphere of Venus are extremely limited.
They consist of a single profile of Lyman-a emission and a
single dayside electron density profile provided by Mariner 5.
The temperature information in these data is indirect. The

airglow measurements suggest an exospheric temperature of ei-
ther 350 K or 700 K, with the larger value appropriate if
thermospheric concentrations of deuterium are comparable with
those of hydrogen. The smaller value could be achieved if the

upper atmosphere of Venus contained large amounts of H2. De-
duction of temperatures from the ionospheric data requires
certain assumptions with regard to the composition of the neu-
tral atmosphere and involves a detailed ionospheric theory

which, although plausible, remains relatively untested. The
simplest interpretation of the ionospheric data favors the

higher value for exospherictemperature mentioned above. The
lower value. cannot, however, be categorically excluded.

Detailed radiative equilibrium studies of the upper at-

mosphere of Venus give exospheric temperatures in the range
500-700 K and are consistent therefore with the observational

data. However, analogous studies of radiative equilibrium
have been carried out for Mars, and in this case the agree-

ment with observation is less convincing. The simplest inter-
pretation of Mariner 4 data suggests that radiative calcula-
tions overestimate temperatures by perhaps a factor of 2. The

apparent discrepancy for Mars has led some workers to question
the agreement obtained for Venus. On the other hand, the dif-
ficulties encountered for Mars may simply reflect the impor-
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tance of heat-transfer m~chanisms such as eddy transport and

dissipation of tidal waves, at present poorly understood and
inadequately treated by theoretical models.

Resolution of the conflict is clearly desirable. The in-
ference of large deuterium concentrations for Venus, and de-

ductions relating to the evolutionary history of the planet,
assumes that the exospheric temperature is known and large
(~700 K). The exospheric temperature plays an important role
in the determinatipn of the evaporation rate .of atmospheric
gases. It also determines the extent of the upper atmosphere
and influences the details of the interaction of the planet
with the solar wind. Reliable observational data on thermal

structure would clarify matters not only for Venus but also
for Mars. These data could be obtained from vertical distri-

butions of neutral species, measured by mass spectroscopy in
the appro~imate height range 150-300 km.

COMPOSITION OF NEUTRAL ATMOSPHERE

All measurements related to the composition of the atmospheres
of Venus and'Mars indicate one important and astonishing fact:

the atmospheres are practically pure CO2. On the other hand,
CO2 is only a minor constituent in the present atmosphere of
the earth in which oxygen is present in the form of °2.

These gross differences can be understood, at least quali-
tatively, if one postulates the absence of liquid water for
Venus and Mars. Carbon on earth is locked in the crust mostly
as CaC03, but in the absence of water on Mars and Venus and at
the high temperature of Venus carbon freely enters the atmo-

sphere as CO2'
Another important question is raised by the persistence

of molecular CO2 on Venus (and Mats) into the upper atmosphere.

Although solar ultraviolet radiation dissociates CO2 into CO
and 0, above the cloud tops o.fVenus the concentration of CO

is only about 2 parts in 105 and that of °2 is less than about
10 parts in 105. The ultraviolet .airglow e~periments aboard

the Venera probes indicate that the atomic oxygen density at

300 kInin the upper atmosphere late in Venus's night is only
10-5 times the density at the same altitude on earth. For the

atmosphere of Mars, similar conclusions can be drawn from the
ionospheric chemistry, and resonance fluorescence measurements

carried out on Mariners 6 and 7 give very low values for the
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o density. The CO2 atmospheres of Venus and Mars are aston-
ishingly stable despite the low probability of recombination
of ground state o and CO.

To account for the absence of 02 and CO in the lower at-
mosphere, several possibilities exist. For example, in the

presence of water photochemistry, CO and °2 are efficiently
recombined by OH and H in a catalytic cycle; but the process

does not account for the low concentration of atomic oxygen
above 100 km. The only scheme proposed to date in this alti-

tude regime is speculative and invokes formation. of an unstable

radical C03by a reaction in which the metastable oxygen atom
is produced by the primary dissociation event. Recombination

is achieved in a subsequent reaction of C03 and CO. The C03
scheme may also be important in.the lower atmosphere, particu-

larlyif the concentrations of hydrogen compounds are as low
as current models suggest.

The primary measurements needed to clarify CO2 photochem-
istry appear to be determinations of the composition of the
atmosphere, particularly below 200 km. Most interesting would

be an observation of C03'
A further interesting compositional question concerns the

interpretation of Lyman-a observations performed by Mariner 5.
The deuterium hypothesis suggests an over-all enhancement of
the D/H ratio in the atmosphere of Venus as compared with
earth. As mentioned earlier, if this enhancement were con-
firmed, it would have profound implications for models of
planetary evolution. By analogy with earth we should expect

that Venus over geologic time should have released an amount
of water equivalent to a surface pressure of approximately
270 atm. Such a large concentration of H2O is not observed
at the present epoch. ~an we explain the loss of a whole
ocean of water on Venus?

A model of a "runaway greenhouse" has been proposed in
which an ocean might evaporate rapidly when the solar radia-

tion is as strong as it is at Venus. Water vapor would be

dissociated by sunlight, and H atoms would escape thermally
from the upper atmosphere. Oxygen released in this manner
could react with crustal materials. In a primitive atmosphere

these processes could be very rapid, and it appears that they
would indeed lead to a large depletion of water. After most

of the water was gone, the atmosphere would begin to resemble

the present one, with CO2 as the major constituent and a simi-
lar exospheric temperature.

At this point in the argument we see the possibility of

a relevant observable parameter, because in the present Venus
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atmosphere deuterium escapes slowly and light hydrogen perhaps
a thousand times more readily. Continued escape should lead

to a great enrichment of deuterium in the remaining water vapor.
Some confirming evidence already exists from the Lyman-a mea-
surements made by Mariner 5. The anomalous distribution of
this radiation around Venus is most readily explained by a large
relative abundance of deuterium. It is important to obtain an

unambiguous confirmation of this inference and as much further
information as possible on the vertical distributions. The

latter can be compared with computed effects of a r.apid upward

flow to give a check on the escape rates.
Measurements of the D/H ratio could in principle be made

from a probe in the lower atmosphere) where hydrogen is com-
bined in molecular forms. But measurement of atoms in the

upper atmosphere may be considerably easier) especially because
several independent methods exist. Dayglow of Lyman-a gives
the sum of both isotopes, but resolution can be obtained by use
of absorption cells containing one or the other isotope. An
undeveloped but promising method is to induce resonance scat-

tering by a hydrogen or deuterium lamp aboard the spacecraft.
A neutral mass spectrometer has the capability to make the
measurement) and it should therefore be designed with this
in mind.

The abundance of helium is also an interesting parameter.
If the rate of emission of radiogenic helium (4He) from the

crust of Venus is similar to that of the earth, the flow should
be of the order of 2 x 106 cm-2 see-I. This is probably more

than is accreted from the solar wind if, as suggested by the
Mariner 5 observations, the solar wind is diverted around the
planet. Other sources of helium appear to be negligible.

The escape of helium from the top of the atmosphere by
thermal evaporation is probably negligible. Thus the total
atmospheric content should be essentially the total production
since the planet was formed 4 x 109 years ago, namely, about
2 x 1023 atoms cm-2. This is about 1000 times greater than
the helium content of the terrestrial atmosphere, and it is

sufficient to permitHe+ ions to play a.nimportant role in the
formation of the topside ionosphere. Because helium is likely
to playa major role in the formation of the topside iono-

sphere and plasma tail, and because the total abundance might
contain information concerning the formation of the planet

itself, observations of neutral and ionized helium are of
prime importance.

Minor neutral constituents should be measured throughout

the upper atmosphere with a neutral mass spectrometer. If
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the earth's atmosphere 1%...valid guide, the atmosphere of
Venus should contain about 1% N2, 0.01% Ar, and even less Ne.
The inert gases are especially interesting because their dis-
tributionsprovide a good measure of structure of the at-
mosphere, und;i.storted chemical . Measurements of
the relative abundance a function altitude of any two
chemically inert gases yie1ciimportant information on the de-
gree of turbulent mixing the :Lower atmosphere and on the
location of the turbopause. It is necessary to measure at
least the relative concentrations of two inert constituents
at two altitudes, one in lower atmosphere below the turbo-
pause and one in the upper atmosphere where molecular diffu-
sion is dominant. Then, because it can be assumed that the
relative abundance of two constituents is uniform below
the turbopause, it is possible to estimate the altitude of the
turbopause from considerations of diffusive separation in the
upper atmosphere. 1t1s advantageous to perform the measure-
ment.s on gases of widely differing mass (e.g., He and Ar), and
if the measurements can be made at more than two altitudes,
more detailed information on the nature of the turbulence can
be obtained.

Isotopic abundances can provide important clues concern-
ing the origin of the atmosphere and the possibility of the
extent to which there .is a primeval component. Isotopes of
Ne, Ar, Kr, and Xe are of inte.rest in this respect. Argon-40,
which is of radiogenic origin, is likely to be the most abun-
dant of these. isotopes and thus relatively easy to dete.ct; its
abundan.ce should yield information on the .constitution of the
outer crust of the planet.

THE IONO~PHERE

Mariner 5 dete.cted a well-developed ionosphere on the da~sideof Venus. A peak ele.ctron .concentrat.ion of about 5 x 10 cm-3
was observed .at 140 km, and the dayside ionosphere was sur-
prisingly extensive; the electron density is large (~104 cm-3)
and approximately constant in the altitude range 300-500 km.
The density decreases rapidly above 500 kID, and this sharp
.cutoffin the dayside ionosphere presumably represents a tran-
sition from planetary to interplanetary plasma. The transition
has been variously termed the ionopause or anemopause (wind
pause).
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An ionosphere was detected also on the nightside of Venus.
Here the peak electron concentration is approximately 104 cm-3
at about 140 km. The nightside ionosphere is also extensive,

with densities of order 102-103 out to heights of approxi-
mately 3500 km.

Theoretical models seem to a satisfactory description

for the lower levels of the dayside ionosphere. Both the peak

density and the scale height near the peak are satisfactorily
described by photochemical equilibrium, if the major neutral
gas is CO2. The identity of the major positive ion is, how-

ever, unknown. Published models favor COZ+. On the other
hand, even trace amounts of 0 can alter this picture, because

the reaction C02+ +0 -+ °2+ + CO is rapid, and in this case °2+
would dominate.

Formation of an °2+ ionosphere has several important con-
sequences. Molecular hydrogen is destroyed by the reaction

C02+ +H2 -+ C02~ + H and not affected by collisions with
°2+' If °2+ dominates, the possibility of large concentra-
tions of HZ in the outer atmosphere is enhanced, and the evi-
dence for D is correspondingly weakened.. A measurement of ion
composition is evidently very important. Additional e1ectron-

density profiles, measured over a range of zenith angles and
solar-activity conditions, would provide valuable checks on
contemporary theoretical models.

Measurements of the ionic and neutral constituents of

the lower ionosphere region can provide information on a pos-
sible D-region formed by galactic cosmic radiation. The mea-

surementsshould also provide some hints regarding the exis-
tenceof attaching species.

Present understanding of the dayside ionosphere above
250 km is minimal. Several important questions arise: How
does the ionopause remain in equilibrium? Are there temporal

variations of the shape and characteristics of the ionopause
and topside ionosphere? What are the main characteristics of

the plasma in the topside ionosphere (especially the tempera-
ture~ composition, and bulk motion), and where is it produced?

Two distinct classes of model have been invoked to ex-

plain the observations: one assumes that there is a magnetic
field in the ionosphere (either of planetary origin or inter-
planetary origin), and the other assumes that there is none.

In the first case the equilibrium of the ionopause is deter-
mined by a balance of the solar-wind pressure on the outside
with the combined pressure of the magnetic field and plasma
in the topside ionosphere. There is essentially no bulk mo-

tion of the ionosphericplasma,which is producedin situ by
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photoionization of light atmospheric gases (ll,

plasma temperature is maintained at about 4000
sion of heat conduction caused by the presence
field.

In the second case, where there is no magnetic field, the
plasma is not constrained and can flow around the planet to
the nightside. In this way it seems possible to produce the

"tail" of plasma having a density of about 103 cm-3, observed
on the downstream side of Venus by Mariner 5. Once again the

mean temperature of the plasma must be about 4000 K, but it
is conceivable that there is a substantial contribution to the

pressure from photoelectrons, which can escape into the tail

instead of being absorbed locally. Also, if these ions are
produced by charge-exchange at low altitudes involving H, D,
and He atoms, they can achieve substantial energies as they
are ejected upwards by the vertical electric field which must

exist in the lower ionosphere. The presence of substantial
quantities of 0 atoms in the upper atmosphere could constitute
a difficulty for this model as far as n+ and D+ ions are con-
cerned, because these are lost rapidly by charge-exchange
yielding 0+. He+ ions can be lost by charge-exchange with
molecules, and there is also a question concerning any model
involving He+ in that the helium abundance is unknown.

If these problems are to be resolved, it is evident that
we need observations of the bulk motion of the plasma in the

topside ionosphere and measurements of its composition, den-

sity, and temperature, both on the sunlit hemispheres of the
planet and in ,the tail. In addition, we require measurements
of the magnetic field in the ionosphere and of the abundances

of H, D, and He in the neutral atmosphere.
It seems difficult to suggest appropriate sources of

thermal energy and ionization in the upper atmosphere on the
mightside. The most plausible source seems to be transport
from the days ide ionosphere, whose temperature and density
at about 500 km elevation are higher than required on the

nightside. Alternative suggestions seem unlikely. Capture
of the solar wind requires cooling and an increase of density
by a factor of the order of 100; it seems more likely that the
wake. would diffuse out if transport across the interface is
not strongly inhibited. Any possible observations of plasma
flow and of magnetic field connectivity with either the denser
atmosphere or the interplanetary region (which might be made

by simultaneous measurements of magnetic-field direction and
the anisotropies of energetic electrons) would help to resolve
these questions. Observations of the strength, direction, and

D, He). The
K by suppres-
of the magnetic
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fluctuations in the magnetic field and of fluctuating electric
fields on orbiters that in time survey an extensive region of
the wake would be valuable. Interactions across the interface

between the wake and the solar wind, whether by viscosity, hy-
drodynamic instabilities, or magnetic effects, are likely to
be of great interest but seem unlikely to be the source of the
nights ide ionosphere.

Maintenance of a peak concentration of 104 electrons cm-3

on the nights ide also poses problems, especially in view of
the long duration of Venus's night (~lO7 see). It seems un-

likely that the observed ionization peak can be maintained by
direct nighttime ion production. A more likely source for this
ionization may be lateral transport of light (atomic) ions
(H+, D+, He+) from the dayside. On the nightside these light

ions can charge-exchange with the neutral molecular species

(CO2)' The CO2+ ions formed in this manner would diffuse
downward. A peak would be formed at an altitude where the

divergence of the downward flux is balanced by the chemical
loss rate caused by dissociative recombination. This mecha-

nism seems to be able to provide a plausible explanation for

the observed peak of the nightside ionosphere. There are,
however, other possibilities, including scattered ultraviolet
radiation from the days ide, photoelectrons from the days ide,
leakage of solar-wind plasma into the tail, and cosmic radia-
tion. The precise mechanism could be clarified by in situ

measurement of ion composition and temperature and by direct
measurement of possible ionization sources.

An additional phenomenon, of great interest on the night-
side, is the mysterious ashen light reported by many visual

observers. Its reality has not been established spectroscopi-
cally at the telescope, in part because of seeing difficulties,
in part because of unavailability of a low-scattered light

telescope. The phenomenon should be investigated, probably
with airglow instrumentation on an orbiting vehicle. Reports
that the intensity of ashen light varies with solar activity
raise the interesting suggestion that it is an auroral
phenomenon.

INTERACTION WITH SOLAR WIND

Almost all current ideas on .interplanetary particles and fields
in the vicinity of Venus are based on the Mariner 5 and, to
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some extent, Venera 4 observations. Although it seems likely
that the main features described below are basically correct,

it would be desirable to check the observations, to study the
variability with time, and to fill in more detail. There are

hints in these data of surprising features that need to be
confirmed by further study.

The Mariner 5 magnetometer and plasma observations showed
that Venus produced a bow shock in the solar wind at the posi-
tion that would be appropriate if the wind flow could not pene-
trate a surface in the ionosphere about 500 km above the sur-
face on the sunward side. This surface was located much more

precisely by the Mariner 5 dual-frequency radio occultation

da~a, which gave an abrupt drop in electron density from about10 cm-3 to 10 cm-3 over a distance of less than 100 km at this

elevation over the sunward side, clearly a transition from

ionospheric to solar-wind conditions. Except for over-all
scale, the observations of Mariner 5 and of Venera 4 show no
difference between the bow shocks at earth and Venus and no

essential difference in magnetic and plasma conditions out-
side and just inside the bow shock.

Well inside the shock, not too far from the presumed wake
behind Venus, there are indications in the Mariner 5 data that

the magnetic and plasma conditions may be different from those
in the corresponding position near the earth. The magnetic
field is stronger, the field direction more nearly toward the
limb of Venus, and the plasma density and velocity lower than
expected. A variety of explanations can be advanced. A tran-
sient change in solar-wind conditions that came and went at

just the right times could explain everything. A lateral ex-
pansion into a cavity behind Venus might explain part, but not
all, of these observations, but more recent observations near

the moon where a similar cavity is known to exist do not par-
ticularly support this model. Alternatively, the magnetic
field lines of the solar wind may be draped over the front
side, moving slowly near the stagnation point but streaming
in the wind, parallel to the shadow cylinder in the rear.

In the shadow and wake region on the side away from the
sun, the observations are even less complete. Venera 4 en-
tered this region and experienced substantial magnetic tr~n-

sients near the boundary of the optical shadow. It showed
that the field inside the shadow is small, probably less than
10 gamma, but its spacecraft field is sufficiently uncertain
that there might be essentially no field in this region, there

might be a remnant of solar-wind field, or there might be a
small field whose source currents are inside Venus. The
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Mariner 5 dual-frequency radio occultation data show a remark-
able increase in electron content along the line from Mariner 5

to the earth just when this line passed through the wake re-
gion. The most natural explanation is that above the iono-

sphere the wake is occupied by plasma with a density of about
103 electrons cm-3 and 103 protons cm-3. If this had a tem-
perature of the order of 1000 K, it would have a reasonable

scale height, and along the roughly cylindrical boundary be-
tween the wake a~d the solar wind there would be an approxi-
mate pressure balance between the magnetic pressure of the
field observed just outside the wake and kinetic gas pressure
of the presumablY stagnant gas inside. It must be emphasized
that this model represents a large structure erected on the
basis of a very small amount of somewhat uncertain data. A

probe measurement of the magnetic and plasma properties over
the elevation range from 6000 to 200 km would determine which
model was appropriate. One such probe on either the bright or
the dark side, but preferably one on each, would provide in-

valuable information for the design of all later missions. An
orbiter that carried a magnetometer, a plasma probe, a dual-
frequency occultation experiment, and a simple 40-keV electron
detector would represent a large advance. Observations for

120 days, i.e., for half or more of a Venus year, with a peri-
apsis of L 2 'radii of Venus and an apoapsis of 2 to 5 radii of

Venus should establish the character of the wake, give con-
siderable insight into the mechanism of the anemopause both
in the stagnation region and along the wake, and establish the
position of the bow. shock and the solar-wind environment of

Venus. Such knowledge is essential for a sound understanding
of the ionosphere and upper atmosphere of Venus. It is pos-

sible that a study of the responses to major changes in the
interplanetary field would yield information on the extent to
which the interplanetary magnetic field diffuses into the
ionosphere, atmosphere, and possibly even the surface of Venus.

It would be highly desirable if the plasma probe could
make measurements in the high-density, low-temperature wake.
It would be interesting to know the extent to which Venus has
a tail resembling that of a comet and to see if there is any
reason other than the gravitational field that makes the ef-
fect of the solar wind on Venus differ from that on a comet.

It would be desirable to observe ions, atoms, and molecules
heavier than helium both in and just outside of the wake.
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INTERPLANETARY MEDIUM AND ENERGETIC PARTICLES

Plasma probes and magnetometers will be required on many of
the Planetary Explorers in order to study the extreme upper

atmosphere of Venus and its interaction with the solar wind.
These instruments are also capable of making valuable obser-
vations in the solar wind both in the immediate vicinity of

Venus and during cruise. Probe measurements during the day
before encounter and orbiter measurements outside the bow shock

are also part of the primary mission because they provide the
only available data on the solar-wind environment of Venus at
the time planetary observations are made. In addJ..tion,mea-
surements made in the solar wind are valuable for their own

sake and should be regarded as secondary objectives that sig-

nificantly enhance the value of the mission. Comparison of
such observations with those made elsewhere in the solar sys-

tem will provide much needed information on the large-scale
structure of the solar wind. If no other solar-wind observa-

tions are being made at this time, it \<lillbe even more impor-
tant for those made on the Planetary Explorer to be as con-

tinuous as possible. Comparison with observations made 11

years earlier whether at 1 A.U. or between 0.7 and 1.4 A.U.
will help to indicate the extent to which there is an identi-

fiable II-year cycle in solar-wind characteristics.
We emphasize the desirability of operating, near earth

and during cruise, those instruments that are capable of pro-

ducing useful information. They include plasma detectors,
magnetometers, and Lyman-a. detectors.

There is no evidence for the presence of radiation belts

near Venus, and none are expected. However, by analogy with
measurements near the earth's bow shock, moderately energetic
electrons (10-102 keV) should be produced occasionally at the
bow shock of Venus. These particles can be detected \<litha

thin-window Geiger-MUller counter. Electrons in this energy
range are also emitted by the sun following solar flares; be-
cause absorption will cause the flux in any magnetic field
line that enters the atmosphere to become anisotropic, it

should be possible to obtain information concerning the struc-
ture of the magnetic field around Venus from observations of
the streaming direction of these particles.

Although observations of galactic and solar cosmic rays
near the orbit of Venus are of considerable interest, there
is much less interest in observations in the vicinity of the

planet (e.g., from an orbiter), because interactions of the
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cosmic rays with the planet will distort the cosmic-ray dis-
tribution. As we noted earlier, cosmic rays (and also solar
and galactic x rays) must produce an extensive lower iono-

sphere somewhat akin to the terrestrial C and D regions.

29
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Chapter 4

LOWERATMOSPHERE

INTRODUCTION

The significant scientific questions about the lower atmosphere
of Venus involve its physical structure, its chemical constitu-
tion, the clouds, the levels of deposition of solar energy, and

the planetary-scale flow patterns. While it is necessary to
discuss these separately, it cannot be emphasized too strongly
that each bears upon the others through complex cause-and-effect

mechanisms. For example, the clouds, be they condensates or
dust, must be produced by the circulation regimes, but by dic-

tating the levels of absorption of sunlight they, in turn, pro-
foundly modify the basic drive for atmospheric circulation. It
may be necessary to unravel most of these interactions before

one can reach a satisfactory understanding of anyone element.
We recognize that it will take several missions to accom-

plish the necessary measurements, and so we unreservedly en-
dorse the concept of low-cost flights carefully designed to
answer well-posed questions of scientific concern, with each
mission as part of a coordinated program.

An important feature of most of the planetary atmospheric
problems identified is that they involve the three-dimensional
distribution of various properties. Single-point measurements

are inherently seve~ely limited in their ability to provide
the requisite solutions. A key consideration is, therefore,
the capability of simultaneous multiple entries into the at-

mosphere at selected locations.
One of the most difficult planetary measurements is the

determination of wind velocity in a way that is useful to the

theory of general planetary circulations. Radar techniques
can measure the motion of an entry probe as it approaches the

ground. This too, however, is a one-time measurement and does
not lead to three-dimensional data. The dense atmosphere of

Venus permits an alternative approach. It is technologically
feasible to eject a number of small packages during entry which
will inflate modest constant-level balloons to drift with the
wind at several levels. These can be tracked from earth or
from an orbiter and can have lifetimes of a month or more.

30



Copyright © National Academy of Sciences. All rights reserved.

Venus Strategy for Exploration 
http://www.nap.edu/catalog/12395.html

31

Why should we explore the atmosphere of Venus from the

point of view of planetary dynamics? First, because the mas-

sive and hot atmosphere is different from the other inner plan-
ets, and knowledge of how Venus developed to its present state
could provide an important clue to the understanding of the
evolution of the solar system. Second, the very slow planetary
rotation and the dense, ubiquitous cloud cover indicate a dif-
ferent thermal and dynamical control of the planetary flow pat-
tern. Thus we can present meteorological theory with a dif-

ferent set of circumstances than those presented by the earth.
Both must be explicable by a correct and general theory, and
so our comprehension of our own planetary atmosphere can be
improved in the process.

It is instructive to compare the atmospheres of Mars,
Venus, and the earth. On Mars the low atmospheric density,
low water-vapor concentrations, and paucity of clouds all mean
that the atmosphere is nearly in radiative equilibrium and
that dynamical effects on the temperature distribution are of
small consequence. This is a simple situation worthy of study
in its own right. On Venus the very large densities and dense
cloud cover act to minimize the effects of radiation so the

temperature field is expected to be strongly controlled by
dynamical wind systems. This is the opposite simplification
from Mars. On earth, radiative and dynamical influences are

more nearly of equal importance, resulting in a complex prob-
lem. Clearly, we can expect fundamental gains by studying
these simpler atmospheric systems provided by nature.

The slow rotation of Venus means that Coriolis forces

will be small, a situation found on earth in the tropics,
where the significant part--the vertical component of the
rotation vector--is also small. Thus the circulation of Venus

may be fundamentally related to that in our own tropics, an
area where our understanding is far less than for middle and
high latitudes. Another potential relationship to terrestrial
motions is to the part of oceanic circulation that is ther-
mally driven. We know that the oceans absorb solar radiation

close to the top boundary. We have reason to believe that

much of the deposition of solar energy on Venus is in the
upper part of the clouds, so the parallel to terrestrial
oceans is apparent.

The highly clouded state of the atmosphere of Venus as
compared with that of the earth represents a case in which
the absorption of solar energy and the absorption and re-
emission of .infrared energy are strongly controlled by the
clouds. Appropriate observation of Venus can add to our
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understanding of this situation. Such understanding is poten-
tially important to knowledge of the terrestrial atmosphere in

which human activities are producing a progressive increase
in turbidity. Any knowledge of the state represented by Venus
may be overwhelmingly important.

PHYSICAL STRUCTURE OF THE LOWER ATMOSPHERE

Direct measurements of temperature and pressure, with simple

and reliable instruments, are among the primary tasks that
should be undertaken in any future investigation of the lower
atsmosphere of Venus by spacecraft. These quantities are two

of the most direct links existing between observation and the
theory of atmospheric motion, and they are important in any
attempt to understand the heating of the lower atmosphere.

They are, moreover, often the final goal of complex methods
of remote sensing.

Our first knowledge of the physical structure of the at-
mosphere of Venus came from the analysis of radio-astronomical
observations. From studies of the variation of the intensity

of radio emission with wavelength it was inferred that (1) the
lapse rate in the lower atmosphere is adiabatic, and (2) the
temperature T and pressure P at the surface of the planet are
elevated by terrestrial standards, with T 'V 700 K and P in the

range from 25 to 200 atm. The in situ measurements of the
Soviet space probes Venera 4, 5, and 6, in conjunction with
the S-band occultation experiment of Mariner 5, have confirmed

these atmospheric conditions in significant detail. Recent
interferometric radio observations from earth indicate that

horizontal temperature gradients at the planet's surface are
small, even on the scale of planetary dimensions.

Present knowledge, however, is too imprecise and limited
in coverage to serve as the starting point for a theory of the

general circulation of the atmosphere. For this purpose, si-
multaneous measurements of the vertical profiles of tempera-
ture and pressure are required over some grid covering the

planet's surface. In its most rudimentary form, such a grid
should consist of at least three or four widely separated

points, located to yield information on the pole-to-equator
and dark side-to-brightside gradientsof P and T.
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TYPES OF MISSION

The types of mission that are feasible for future planetary
explorations of Venus with small vehicles are orbiter, entry
probe, and balloon.

Orbiters

Infrared or radio-occultation experiments on an orbital probe
can provide information about the upper 5 percent or less of
the atmosphere, but this is inadequate for solving the major
problems of the lower atmosphere of Venus.

Entry Probes

The instrumentation to p~rform measurements on .an entry probe
is lightweight, modest in power consumption and telemetry re-
quirements, and comparatively inexpensive. It is thus well
suited to simultaneous deployment on several small entry probes
launched from"a single bus.

It is important that three small entry probes should ac-
company a larger entry vehicle into the atmosphere of Venus.
There are several factors, discussed later, which constrain
the entry point of the main probe to lie within 35° of the
subearth point. The small probes can then be independently
targeted to lie 120° apart on the circumference of a circle
not necessarily centered on the entry point of the main probe.
We find it highly desirable from a scientific point of view
that these small probes be separated by distances comparable
to the planetary radius and that one probe lie within roughly
30° of either pole. It is then feasible and desirable for one
of the remaining probes to enter at low latitude on the sunlit
side of the planet and the other at low latitude on the dark
side. If dual missions are flown, it may be desirable to se-
lect the target locations for the second set of probes after
the first set has actually entered the atmosphere.

On both the main and small probes it is imperative that
both temperature and pressure be measured down to the plane-
tary surface. Some indication of actual or imminent contact
of each probe with the surface is necessary in order to re-
move the possibility that termination of data transmission is
merely an indication of instrument failure under the severe
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environmental conditions encountered. It is reasonable to ex-

pect that more accurate and frequent measurements will be pos-
sible on the main probe than on the small probes because of its

greater size and weight.
Pressure measurements on the main probe should be made to

an accuracy of at least 0.5 percent over the range from about
0.1 atm (or as determined by deployment) to 180 atm. Tempera-
ture should be measured to an absolute accuracy of 1 K and, if

possible, with a relative accuracy of 0.1 K; it should be mea-

sured over the range 200-900 K. Both pressure and temperature
should be measured and transmitted to earth at altitude inter-

vals of at most 1 km. Doppler tracking of the vehicle will
provide information about one wind component. A wind-drift
radar will, if the probe rotates, give a vector wind measure-
ment.

On the small probes, temperature and pressure should be

measured over the same range as on the main probe. Pressure
should be measured to an absolute accuracy of at least 1 per-
cent. Temperature should be measured to an absolute accuracy

of 2 K and a relative accuracy of 0.2 K. Measurements need
not be taken at equal altitude intervals~ but it is desirable
that the intervals should not exceed 2km. With feasible te-

lemetry systems, several hundred measurements of both pressure
and temperature should be possible before impact with the
ground.

Balloons

We see important advantages in the use of constant-density-
level balloons situated at pressure levels of 50, 500~ and
1200 mbar. The balloons at the lower levels can carry in-
struments to make global measurements of atmospheric tempera-

ture and pressure. This kind of measurement will complement
and reinforce the data obtained from entry probes.

RADIATIVE HEAT BUDGET

Venus is characterized by two features that provide a chal-
lenge to our understanding of atmospheric science: high sur-
face temperatures (700 K) and an extremely turbid atmosphere.
These features are believed to be interrelated: Solar radia-
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tion is attenuated within the turbid atmosphere and heats the

interior of the atmosphere. This heat energy is then rera-
diated at infrared wavelengths. However, the clouds are be-

lieved to trap the infrared radiation. This trapped infrared
radiation has been assumed by some investigators to be solely
responsible for heating the lower atmosphere of Venus. This

mechanism is generally called the "greenhouse" effect. While
this effect provides a qualitative explanation of some fea-
tures of the temperature structure, quantitative estimates of
the heat budget show that it is necessary to invoke dynamical

as well as radiative considerations for any explanation of the
thermal profile. One of the main purposes of the recommended
atmospheric probes should be to provide the data required to
understand these mechanisms.

A quantitative measurement of the solar radiation flux
. absorbed at various altitudes will be an essential part of the

data required. Measurements of the penetration of solar ra-
diation~ the emission of infrared, and the characteristics of
the clouds as a function of altitude are made most definitively

from probes that actually enter and penetrate the entire atmo-
sphere.

The radiative heating at each altitude is given by the

divergence of.the net radiation flux. Entry probes can mea-
sure this quantity directly from the difference between upward
and downward directed fluxes as a function of altitude. Appro-
priate flux sensors can be placed on the upper and lower sur-
faces of a probe descending through the atmosphere. Such sen-

sors have been employed extensively in terrestrial meteorology
to measure fluxes to 2 percent accuracy. It would be desirable
to obtain such measurements to better than 5 percent accuracy~
which can be realized if suitable care is taken in the design

and testing of the solar-flux sensing system.

The relative simplicity and compactness of solar-flux
sensors renders it feasible to place such sensors on board
all probes.

Thermal flux plates have been employed in terrestrial
meteorology to measure infrared cooling rates. These instru-

ments are light and rugged, and they should also be employed
on all probes.

It has been our experience on earth that clouds in tem-
perate and polar regions differ from those found in tropical

regions. We have no prior knowledge about the latitude de-
pendence of cloud structure on Venus. Distributing solar
flux and infrared sensors on several probes will enable us

to ascertain whether there are morphological differences in
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the clouds which affect the radiative heat budget at different
latitudes. If more than one instrument package is sent to Ve-
nus, this opportunity should be taken to provide US with more
global coverage op radiation measurements.

ATMOSPHERIC CHEMISTRY

Knowledge of the chemical and isotopic composition of the at-
mosphere of Venus is essential to the understandipg of the
conditions of origin of the terrestrial planets and the solar
system in general. We can expect that the total abundances
of certain volatile elements on Venus are very sensitively de-
pendent on the temperature of that portion of the solar nebula
in which proto-Venus accreted. Those volatile elements, such

as nitrogen, mercury, and the rare gases, which would be in-
capable of forming condensed compounds at the present surface
temperature of Venus, would currently reside in the atmosphere.
~hus an analysis of the abundances of these elements in the
atmosphere would contribute directly to an understanding of
the origin of the entire planet and, by comparison with the
atmospheres of the earth and Mars, might permit the develop-
ment of consistent models for the origins of the terrestrial
planets.

In a very different way, knowledge of the atmospheric

composition contributes to our understanding of the mechanisms
by which planetary atmospheres are produced, maintained, and
buffered. The chemical interaction between reactive gases
and the surface rocks of Venus may well be a study in essen-
tially pure and unperturbed chemical equilibrium. Understand-
ing the emission of gases from terrestrial volcanoes and fuma-
roles is made tremendously more complicated by the competing
effects of equilibrium, kinetic barriers, temperature and
pressure gradients, compositional variations in the rocks in
contact with the gases, and, finally, contamination and oxi-
dation by the oxygen-rich atmosphere. Venus may therefore be

the ideal laboratory in which to isolate and study the effects
of chemical equilibrium and thus open the way to the under-
standing of the processes governing the initial generation of
the earth's atmosphere and composition as a function of
time.

It is clear that the atmospheric composition also reflects

the current mineralogy of the surfac.e. We thus may make
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plausible medels fer the mineralegical cempesitien .of the sur-
face frem atmDspheric cempesitiDnal data alene. In the absence

.ofprecise temperature and pressure data en the surface .ofthe
planet, it is even pessible teestimate these parameters by
searching fer a limited temperature and pressure regime within
which the .observed abundances .ofatmespheric censtituents are

cempatible with already-knewn buffer reactiens. This latter
technique leads te seme ambiguity) because mere than .one pres-
sure-temperature peint may satisfy all the available data.
This leads te uncertainty cencerning the exact reactiens re-

spensible fer the atmespheric cempesitien and thereby generates
a list .of"plausible" minerals and mineral assemblages which

may be present. This ambiguity may be remeved by applying seme
additienal censtraints en the surface cenditiens, such as in

situ~meas.urements .ofthe surface temperature and pressure. The

cempesitiDn .ofthe atmDsphere reflects the equilibrium cDndi-
tiens in that pDrtien .ofthe planet's surface which acts as a
"celd trap,!! and thus we need a minimum temperature mere than

just the mean Dr maximum temperature .ofthe surface. The use
.ofseveral lightly instrumented prDbes tD make direct determi-
natiDns .ofthe surface temperature at widely separated pDints

en the planet presents an ideal selutiD.n te this prDblem. A-

mDng the regiDns which must be prDbed te answer these ques-
tiDns, the pDlarand antisDlar regiDns are .ofparamDunt im-

pertance. It can be seen that cempesitiDnal data .on the lcwer
atmDsphere and surface temperatures at widely separated pcints
are bath relevant te the surface mineralegy and petrclcgy, and
that the results .of such measurements weuld be useful in the

design .offuture petrDlcgical, mineralDgical, and geechemical
experiments.

Current epinien .on the nature .ofthe cleuds .ofVenus fa-
vars the view that the clauds are farmed by ccndensaticI'l.of

gaseaus censtituents .ofthe atmesphere. (The pDssibility .of
airborne dustcannDt~ hDwever~ be ruled cut, and a discussien
.ofthis and related prablems is presented in the fcllawing
sectien.) We can learn abaut the claud cempcsition and struc-

ture frDm cDmpesitienal analyses .ofthe atmDsphere itself.
The mDst direct applicatiDn .of the atmaspheric cDmpDsitien
determinatiens is in the seart:h fer regiens in which the at-

mDsphere is saturated with respect ta any cDnstituent Dr re-

actien preduct fDrmable frDm the gas. Compesitienal discen-
tinui ties shDuld occ.ur at levels where clcuds cendense ~ and

adequate mDdels fer the cleud structure might fDI1DW frDm a
simple thermDdynamic treatment in which the .only input param-
eters are the atmDspheric cDmpesitien and the IDcal tempera-
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ture. It is clear that cloud-physics measurements in the ab-
sence of such compositional data are incapable of identifying
the chemical nature of cloud condensates.

The atmospheric composition as a function of altitude,
tied as it is to the problem of the location, mass, and opti-
cal properties of cloud layers, assumes considerable importance
when one attempts to understand the thermal structure and ther-
mal balance of the atmosphere. The atmospheric opacity in the

infrared regions is strongly dependent on the abundances of
trace atmospheric constituents. Even as little as one part of

8°2 per 107 parts of CO2 may have a significant influence on
the greenhouse effect, and the atmospher:lc opacity at wave-
lengths less than about 3 cm may be largely due to trace con-
stituents. One must therefore expect that knowledge of the
atmospheric composition could help considerably in explaining
the thermal structure of the atmosphere.

Finally, detailed knowledge of the atmospheric composi-
tion near the visible clouds permits investigation of photo-
chemical processes and products whose existence might not be

readily apparent to an outside observer.
Mass spectroscopy is the most effective method of carry-

ing out an adequate analysis of the atmosphere. We shall at-
tempt to describe the performance requirements for such an

analysis in light of the uses to which the results will be put.

In order to permit the determination of isotopic abundance
ratios for a variety of elements, it is essential that the
resolution be no worse than one mass number. If cloud-produc-

ing condensates are to be detectable down to the limits at
which the clouds become vanishingly important, then the detec-

tion limit should be 10-5 to 10-6 of the CO2 abundance. The
mass range which must be covered by the analysis is not so
easy to define specifically. It is certainly of great impor-
tance to cover the range up to at least m/e = 44. This will

ensure coverage of H2, He, H2O, HF, Ne, CO, N2' H2S, HCI, Ar,
and CO2' It is unfortunate that some of the interesting con-
stituents will not be sufficiently abundant relative to CO2

to be visible in the same mass spectrum. Of these, the rare
gases might possibly be subjected to a separation step to re-

move CO2 and N2, as well as species such as H35CI which may
interfere at certain interesting mass numbers. For planeto-
logical purposes one should not hastily dismiss the signifi-
cance of the heavier rare gases. The relative abundances of
fissiogenic and solar Kr and Xe and the possible existence
of the extinct-radionuclide decay product of l29Xe would be

of great interest, particularly in comparison with terrestrial
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and meteoritic evidence. Thus the mass regions near m/e = 80

and 125 are also of considerable value. In the immediate vi-

cinity of the Kr and Xe masses are found the other volatile

elements, bromine and selenium (near m/e = 80) and iodine and

tellurium (near m/e = 125).

Several other plausible atmospheric constituents are also

of interest, such as the gases S02, cas, FeC12, Hg, and Hg ha-
lides up to HgI2' We believe that coverage of the range from
m/e = 1 to 140 is possible and highly desirable. The feasibi-

lity and utility of a chromatographic column in conjunction

~ith the mass spectrometer should be studied with later and
more sophisticated mission opportunities in mind.

The sampling scheme for a mass spectral analysis should

obey certain general constraints. The vertical sampling fre-
quency should be sufficient so that at least two analyses
could be conducted at widely separated altitudes above the
visible cloud layer, at least two more between the 250 and
400 K levels, and at least one or two in the deep atmosphere.

At least one analysis capable of giving the He, Ne, and Ar
isotopic composition is essential. There are no clear reasons

for preferring any particular area of the planet for conduct-
ing these analyses. A bright-side entry of the large probe
at low latitudes would be completely acceptable.

Certain other data are essential for full utilization of

the compositional information. These include pressure and
temperature profile measurements at several widely separated

points on the planet, nephelometer and condensimeter measure-
ments as will be discussed in the next section, and some inde-

pendent estimates of one very important parameter--the H2O
vapor mixing ratio. A number of special-purpose instruments
are possible candidates for measuring the water-vapor abun-
dance. Our present remarks shall be confined to stressing one

extremely important point: the water detector must be sensi-
tive but highly specific. The presence of soluble hydrogen
halides such as HCl and HF must be taken into account in the

design and calibration of such detectors; otherwise the mea-
surement would not be acceptable.

Venus orbiters may also make a long-term contribution

to the study of atmospheric structure above the critical re-
fraction level (total pressure near 6 atm) via single- or
dual-frequency occultation experiments. Attenuation and
phase-shift data for the atmosphere over a wide range of la-
titude and solar phase angle would be most useful in under-

standing the structure of the uppet troposphere.
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CLOUD PHYSICS

The essential questions that can be approached by cloud-physics
measurements are:

1. Are the clouds condensation (reaction) products or
wind-blown dusts?

2. Are the clouds cumuliform, stratiform, or haze?

3. What are the processes involved in cloud formation
and dissipation?

4. How do the clouds affect the planet's heat budget?

In addition, detailed knowledge of the physical characteristics
of the clouds are important for the interpretation of earth-
based and orbiter measurements.

Because optical measurements from earth are necessarily
limited to an examination of the upper regions of the atmo-
sphere of Venus, the structure of the bulk of the clouds is
unknown. Much larger particles and denser clouds are likely
between the upper atmosphere and the planet's surface. Parti-
cle concentration may well increase and the particle-size dis-
tribution function broaden; however, large spatial variations
in size and concentration should be expected. One may specu-
late about the lower regions of the atmosphere, but the actual
situation can only be revealed with certainty from in situ mea-
surements. The measurement of the particle-size distribution
is necessary to.establish the mechanisms by which the cloud
particles form and are removed from the cloud. Scavenging by

coagulation and agglomeration alone will lead to larger parti-
cles and may ultimately cause sedimentation and some form of
precipitation. If the particles are condensation products,
particle-size information will provide important information
on latent heat fluxes as well as insight into particle-growth
regimes.

In the event that the cloud particles are not condensa-

tion products, the changes in the particle-size spectrum may

provide clues to electrostatic processes active in agglomera-

tion and coagulation that increase particle size. Carbon di-
oxide is an excellent insulator, and frictionally produced

electrification is a distinct possibility.
Certain aspects of cloud particulates are easier to ex-

plain if the cloud is formed by condensation from a relatively
pure parent phase. Such a process in our terrestrial atmo-
sphere is responsible for spherical water droplets and ice
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crystals of hexagonal habit. On the other hand, the latent

heat released by condensation drives vertical motions and tur-
bulent mixing processes causing a high variability of cloud
properties in space and time. Likewise, when the parent phase
is impure, particles of irregular shape and nonuniform optical
properties result; terrestrial pollution is an example. In
view of the high surface temperature and pressure of Venus, a
number of condensable vapors may exist and their particulate
condensation products may thus be vertically layered. Whether
cloud particles are condensation elements or dust scoured from
the planet's surface has important ramifications in the atmo-
sphere's dynamics and heat budget.

The solar flux transported through the atmosphere depends
on the absorption and scattering properties of the atmospheric
constituents. The high albedo, A = 0.77, of the planet sug-

gests that the scattered solar flux will be of marked signi-
ficance. The solar flux is scattered predominantly by the
clouds. The cloud particles most assuredly will affect the

infrared cooling of the atmosphere. The radiation scattering
and absorption characteristics of clouds depend on the size
and shape of the particles and the material of which the par-
ticles are composed.

Instrumentation and Measurements

Pa~tiaZe-Size Speat~omete~ To provide adequate size resolu-
tion and dynamic range, multiranged instruments are desirable.
Size measurements over a 2-500 !lm range, subdivided into 2-20,
10-100, and 50-500 !lmranges with ten size intervals, would pro-
vide adequate size resolution with 50 percent overlap in range.
Such an instrument is within the present state of the art. The
instrument should be capable of making single-particle-size
measurements at high concentrations (103 to 104 cm-3) and be
relatively insensitive to particle orientation, shape, or

refractive index, because particle morphology is completely
unknown. These constra.ints make particle-size detection by
imaging or extinction techniques more suitable than by scat-

tering. However, detection of number density of submicron
particles by scattering is both practical and desirable. It
is desirable to transmit a complete size spectrum every 100-

300 m inside cloud layers.

Au~eoZe Senso~ System Primary scattering by cloud particles

will give rise to a halo or aureolearoundthe sun causedby



Copyright © National Academy of Sciences. All rights reserved.

Venus Strategy for Exploration 
http://www.nap.edu/catalog/12395.html42

the forward diffraction lobe of the phase function. As the
light penetrates more deeply into the atmosphere it is multiply
scattered and the aureole broadens. The forward-scattered

light is thus a function of the size and number of particles
between the sun and the sensor and provides a relatively simple
observation from which these parameters of the clouds may be
inferred.

An instrumental configuration on the main probe to measure
the aureole would consist of collimated tubes which would sub-

tend angles of 3 x 10-4 sr disposed within 20° of the center

of the solar disk. The instrument package should have vanes
so that the package spins as it descends through the atmosphere.

It is desirable to determine the local uniformity of the
cloud cover, for which purpose one simple collimated sensor
can spin scan the cloud. One of the aureole sensing units
could be monitored to meet this objective.

Extination Measurement The intensity of solar radiance as a
function of altitude can be related to the extinction coeffi-

cient, which is a function of the number of particles, their

size, and their composition. Although no unique inference of
all these quantities is feasible with only a measurement of
the extinction coefficient, the results obtained from all mea-
surements obtained from the probe should be consistent with
the measured extinction coefficient. The extinction of solar

radiance could be measured by means of the cente~ sensor on

the aureole sensor system.

NepheZometer The simplest means of measuring the presence of
clouds is to carry a light source on board the probe and to
measure the light scattered back to the probe at a fixed angle

by atmospheric particles. A rugged apparatus (nephelometer)
based on this principle is feasible. Lasers, suitable for
spaceflight have been produced, and solid-state light detec-

tors are readily available. Television pictures of the sur-
face of Venus may be of interest to planetology. A measure
of the solar flux level at the planet's surface is a prereq-

uisite to the design of such a television system. A nephe-
lometer will allow the visibility near the planet's surface
to be determined.

Infrared CZoud Sensor Infrared sensors may be employed to
derive data on the vertical distribution of cloud particles
that emit the measured infrared radiances. A thermal radi-

ometer should be mounted looking do,vnward. In a near
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adiabatic atmosphere the difference between the brightness
measured in a CO2 window at 7 flmand a CO2 absorp-

tion at 10.4 wm is proportional to the transmission
characteristics of the clouds. Small differences correspond

to opaque clouds} large differences to thin or absent clouds.
The trument thus provides a vertical profile of effective

cloud density in a particularly simple way.

Condensimete~-EVapopimete~ An essential datum in studying the
clouds whether they are in equilibrium with the gas phase
or 'Vlhethey are solid matter raised from the planetIs sur-
face by the action of winds. The distinction between these

two types of cloud is not necessarily complete. It is possible
that condensed and gaseous phases are in equilibrium low in the
atmosphere, but that at higher cooler levels the cloud parti-
cles have such a low vapor pressure and lag-time constant that
they are essentially equivalent to a dust cloud.

A measurementto illuminatethis problemwould
be development of a frost-point or dew-point hygrometer. A
test surface or volume slightly belo,>"atmospheric temperature
should increase in solid matter if the cloud is con-

densing} i.e.} in equilibrium the vapor. If the tempera-
ture is higher} on the other hand) the solid matter should
disappear. A.device to cycle temperature above and below am-
bient would show unmistakably \vhei:herthe cloud is condensing.

A of devicescouldbe considered. A mirrorwith
variable temperature is one. A small cloud chamber} which
can bo and compress the atmosphere, is another. Both
ins have been developed for terrestrial investigations,
and one should be installed on the main probe.

Composition

If the cloud particles are in equilibrium with the gas phase,

it should possible to infer their composition by the methods
described earlier. If they are dust, on the other hand, the

problem is quite different.
It not clear at this point whether the best way to

proceed with dust particles to measure their chemical com-

position directly, to determine the composition of the planet's
surface from a lander, ot to do both. The instrumentation for

particle collection and analysis is straightforward concep-
tually, it is not yet involve a lengthy

development program. It cannot, therefore, be placed on high
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priority for an early mission. However, it is possible that
there will be no acceptable alternative to this kind of mea-

surement on one of the Planetary Explorers in the 1980's.

Cloud Forms

We do not know whether the Venus clouds are stratiform, cumu-

liform, or more analogous to a terrestrial haze. The nature

of the physical processes depends greatly upon which general
cloud type prevails. We cannot hope to obtain this informa-
tion for all cloud layers in a simple manner, but the upper-
most cloud layer can be observed directly by visual and ther-

mal imaging. A limited number of high-contrast images with a
horizontal resolution of about 2 km or better (such as might

be obtained by the Venus/Mercury flyby) are, therefore, a
prime requirement for cloud-physics studies.

Such imaging measurements can be made from an orbiter.
The data rate requirements are not excessive because only an
occasional image is required. The specification of a cloud-
imaging experiment depends to some extent on the results of
the Venus/Mercury flyby. It is possible that the visual

images from the spacecraft, although very few in number, may
be sufficient to answer some of the main questions about cloud
morphology. On the other hand, if the spatial resolution of
the system is insufficient, no definitive answer may be ob-
tained from this mission.

ATMOSPHERIC MOTIONS

State of Knowledge

There have been no direct measurements of atmospheric motions
below the clouds, but there are two pieces of evidence that
indicate movement. The most direct indication is given by the

time variability of the undulations of the cloud surface as
seen at the terminator. Less direct is the observation that

the temperature variations over the cloud tops and over the

surface are small. This can only be explained by a rapid

transport of head by wind systems.
Because Venus rotates slowly, Coriolis forces are much

weaker than on earth and may be neglected to a first approxi-
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mation. Theoretical arguments and laboratory experiments sug-
gest that a simple convective circulation will be set up with
air rising in warm regions and sinking in cold regions. The
location of the heat sources and sinks is crucial in deter-

mining the form of the circulation. Heat loss to space is by
infrared cooling from the upper strata of the cloud deck. The
altitude at which the solar energy is deposited in the atmo-
sphere is not known; this is one of the most fundamental ques-
tions in the dynamics of Venus's atmosphere. Enlightened
guesses may be made, however. The extensive cloud and high
albedo make it improbable that much of the sunlight incident
on the atmosphere reaches the planetary surface. Detailed

calculations on plausible clouds have indicated that most of

the solar heating takes place in the clouds.
The response time of the atmosphere of Venus to solar

heating is long compared to a Venus day, up to a level approxi-
mately coincident with the cloud top. The atmosphere below
that level experiences an average heating like the earth, sym-
metric about the rotation axis, highest at the equator, and
vanishing at the poles. We may anticipate a Hadley circula-
tion in which the flow is up over the equator, poleward at
high levels, down over the poles, and equatorward at low levels.
This circulation is not relevant to middle latitudes of the

terrestrial atmosphere, but it does bear a relationship to the
tropical atmosphere.

Another possibility occurs if the solar energy is de-
posited in a region in which the response time of the atmo-
sphere of Venus is short compared to the Venus day. The cir-
culation in that case would be expected to be up over the

subsolar point, toward the antisolar point at high levels,
down over the antisolar point, and back to the subsolar point
at low levels.

An analysis of a Hadley circulation, driven by solar
heating and infrared cooling at the upper surface, has been
performed. The model is perhaps primarily of heuristic value,
as the numerical values used are quite uncertain. However,

two important features emerge. First, the circulation will

transport a sufficient amount of heat to reduce the tempera-
ture contrast well below that of a model which neglects large-
scale motions. This is in agreement with both the infrared
measurements of cloud-top temperatures and with microwave

surface-temperature measurements. Second, the deep circula-
tion could be adiabatic, creating an adiabatic lapse rate.

If this circulation extends nearly to the surface, it could
produce the observed high surface temperature through compres-
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sional heating, without requiring any solar radiation at the
surface.

Several features of this model must be established before

it will be possible to consider more detailed questions. First,
is the circulation of the equator-to-pole type? Second, how
deep is the return layer? Third, how large are the velocities
at the cloud top and in the ret~rn layer?

Observations in blue and ultraviolet light have sometimes

shown fain.t cloud markings that move around the planet in 4
days, in a direction opposite to that of rotation. Because
they are seen at ultraviolet wavelengths, they are presumed

to be above the visible surface. Some recent Doppler-shift
measurements tend to support such motions.

Such a circulation cannot be explained on the basis of the
Hadley cell. An explanation has been put forward based on mo-
mentum transport by thermally created eddy stresses. Labora-
tory studies have shown that retrograde motions can be created,
but further work must be done to demonstrate the relevance of
this work to Venus.

The existence and morphology of such disturbances needs

to be established, along with such temperature measurements
as will test the proposed explanation. Further, the relation-
ship between the Hadley and the 4-day circulation, if any,
needs observational and theoretical elucidation.

Motions of planetary atmospheres result from horizontal
and vertical density gradients. The questions raised above

require that we measure spatial variation of temperature,
pressure, solar, energy deposition, and motion. The number of
measurements necessary to define these fields depends upon

the questions posed. With our present knowledge, only the
most fundamental questions may be realistically asked; i.e.,
where is the energy deposited, what is the stability of the
atmosphere, what is the general form of the temperature dif-
ferences and flow regimes?

Measurements

P~obes The major question concerning the lower atmosphere

can only be answered by in situ measurements at several loca-

tions. In particular, we need measurements of temperatures

and pressures in the three regions of particular interest--the

subsolar, the antisolar, and one of the poles--plus an inter-

mediate region.
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In each of the regions we should like to measure the
pressure at all levels to an accura.cy of 1 percent. To inte-
grate the hydrostatic equation) a temperature measured to 1

percent accuracy is also desirable. To determine the lapse

rate between successive determinations to within 3 percent of
the adiabatic value, a relative accuracy of 0.2 K will be re-
quired, but even 1 K is useful. Solar...fluxmeasurements should

be made from as high as possible to the surfa.ce~ but at least
a fe,vmeasurements should be made above the clouds. These mea-

surements are easily within the capabilities of the state of
art the weight and telemetry 1imita-

probes. i,and-velocity measurement accuracy of
a few meters per second is useful in the upper cloud levels.
At lower , higher accuracy is desired, with a few centi-
meters per second as the goal. This accuracy may be achieved
from Doppler tracking data or, from a wind-drift radar
on the probe itself.

BaZZoons Balloons are useful primarily to examine the atmo-
circulation of Venus by means of range and Doppler
ents. A complete analys of the obtainable accuracy

of measurement has yet to be made, but it is li~ely to
be at least 1 .or 2 m sec-l, ,.;rhichis precise enough for our

purposes. The discovery of scales of motion smaller than the
planetary radius is quite possible and would offer importan.t
clues to the details of the atmospheric circulation.

As the balloons drift with the atmosphere of Venus,tem-
perature, pressure, and solar and thermal flux can also be

sampled. latter allow determination. of the variability
cloud structure and thermal irregularities.

a three-dimensional picture of the wind struc-
, balloons should be placed at two or three levels. The

, 500-, 1200-mbar pressure levels appear to be possible.

Orbiter Bus Experiments Great insight into the of
the circulation of's atmosphere has been gained the
planetwide coverage available from satellites. We may
confidentlyexpectthe same for Venus. Two types of

recommend themselves in particular.
A high-resolution spin-scan camera can resolve features

n 2 km an 600 km. This will tell

there are small holes the cloud deck, or cumulus
as have been suggested. On a large scale, the undula-

the 'cloud surface probably reflect dynamic processes
in the lower atmosphere. These will indicate the scale of
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such motions and their direction. Such observations will give

invaluable clues to lower-atmosphere motions and possible

longitude variations of the type that is crucial to an under-
standing of the earth's atmosphere.

The payload of a mission to fly by Venus and Mercury in
1973 has not been settled, but it very likely will include a

TV camera. The flyby distance is expected to allow a few thou-
sand pictures, with resolution from 0.1 to 40 km during the

time of passage. This will provide essential information on

light levels and contrast of the cloud features of Venus, but
it will pass by too rapidly to provide the coverage in time
desired for wind measurements.

A simple thermal radiometer, looking down in a window
region of the spectrum, would allow temperature maps of the

cloud surface to be drawn. For best results, a resolution
much less than 100 km is desirable, and it should be bore-
sighted with the TV camera.

Measurements of Venus from earth have already shown a
few degree temperature anomaly near the top of the clouds near
the south pole. With a closer view, smaller and weaker anom-
alies may be seen which will act as tracers of events that
have been described as storms.

The temperature structure above the clouds has been mea-

sured twice when Mariner 5 passed behind the atmosphere of
Venus. These measurements reached roughly the 5-bar level.
Simple S-band tracking of an orbiter would allow this kind of
determination to be made many times over. The obvious advan-

tage of this 'is the need for no additional weight or power on
the orbiter. On the other hand, there are only two determina-
tions per orbit (~l7 h), and they will be made in very nearly
the same place for many orbits in a row. The geographical
coverage is limited.

Vertical infrared sounding can also be performed, as it

is done on the earth, with a multichannel radiometer looking
at the emission of the l5-~m band of carbon dioxide. This

has modest weight and power requirements and gives much more

geographical coverage. However, analysis of downward verti-
cal soundings yields only rather poor vertical resolution.

Further, layers of particulates may modify the signal but not
be detected.

The technique of limb scanning overcomes some of these

limitations. By looking along long paths through the edge
of the atmosphere, much higher altitudes may be probed. It

appears that temperatures at heights up to the base of the
thermosphere of Venus may be determined. Much greater vertical
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resolution is possible; 2 or 3 km has been obta~ned in simula-
tions of the terrestrial atmosphere and seems easily obtainable

in the atmosphere of Venus as well. Layered particulates, if

sufficiently opaque, will be more easily located. The weight

and power requirements are similar to those of a nadir-viewing
multichannel radiometer. The geographical coverage can be ex-
tended by scanning off the plane of the orbit.

A final use of the orbiter is to obtain thermal maps from

microwave images. We have reason to believe that there is no

thermal boundary layer on Venus. There may even b~ a few kilo-

meters of isothermal atmosphere. If this is so, the surface

temperature will provide a measure of the atmospheric tempera-
ture in the lowest one or two scale heights. The importance

of such data cannot be overstated. We do not anticipate any

large local differences of temperature, but it is possible that
I K over several hundred kilometers will produce highly signi-

ficant local circulations~ possibly of greater importance than
the planetary-scale circulation. Such temperature contrasts
may well come about if there is a significant internal heat
source on the planet as has been postulated by some investi-
gators.

We cannot expect to measure all such local effects, if

they exist, with probes. Some kind of remote thermometer is
essential. The problem with a microwave radiometer is that of
distinguishing between changes of emissivity and changes of

temperature. Atmospheric investigations, by themselves, are

unlikely to solve the problem; however, these data are also of
interest for planetological purposes. It has been suggested
that this imaging can be done almost as well from the ground
as from an orbiter about Venus, and that development of the

necessary radiometers for orbiters is not yet sufficiently
advanced. Consequently, ground-based measurements are recom-
mended for the immediate future. This conclusion must not,

however) be taken to imply a lo\;.]priority for the thermal maps.

By one means or anoth~r this mapping must be performed in order
to study atmospheric dynamics. The allocation of time on large

radio telescopes must be adequate for this purpose, and con-

tinuing effort should be directed tm.]ard development of orbiter
radiometers.
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Chapter 5

PLANETOLOGY

INTRODUCTION

The long-range aim of planetological studies is to obtain basic
knowledge concerning the nature of planetary bodies of various
masses and chemical compositions, in order to infer the pro-
cesses that determine their origin and evolution and to under-

stand why different planets evolve in different ways. The most
important development in this field in recent years has been

the possibility of directly studying planetary bodies other
than the earth, particularly the moon. The Mariner and Viking
missions to Mars are extending our understanding to that plan-

et, and future missions to Mercury and the major planets will
also be important in this context.

Venus, so similar to the earth in mass and radius, never-

theless appears to have evolved quite differently. Thus its
study promises to reveal new insights into planetary evolution.
Because of its opaque atmosphere and the absence of satellites,
our present knowledge of Venus is not comparable even with that

of Mars; consequently there are numerous highly valuable plan-
etological measurements to be made. Ideally, these would in-
clude such things as the chemical composition and mineralogy

of the surface'materials, the heat flux coming from the inte-
rior, the presence or absence of an iron core, and the varia-
tion of elastic-wave velocity with depth and density. The

difficulties of making many of these necessary measurements
under the conditions prevailing on Venus are severe; neverthe-

less, a program of measurements on the scale proposed for the

Planetary Explorers will permit some highly significant mea-
surements to be made. These include measurements made from

orbiters, probes, and landers. For example, surface eleva-
tions can be measured with a radar altimeter on an orbiter,

and some information regarding the distribution of mass in
the planet can be obtained from perturbations of the orbit
of the satellite. The internally generated magnetic field
can be measured as a function of altitude, latitude, and lon-

gitude from multiprobe missions. In addition, there are

50
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important measurements that can made from a probe which
will provide data needed the planning of lander missions.
E~amples of these are miniature seismometers to be carried on

probes to provide measurements of the seismic noise background
subsequent to their impact and measurements of the near-surface

opacity and illumination, which will be necessary in the plan-
ning of lander missions which will involve television imaging.
While it is questionable whether television should be carried

on Explorer landers, it may prove useful in the next stage of
exploration of Venus, and its feasibility should be evaluated.

There are some important experiments which are sufficient-
ly well defined and simple to be carried out by a lander on the

surface of Venus within the framework of the Planetary E~plorer
concept. These include passive and a<;:tiveseismic measurements
and measurements of elemental composition using natural and in-
duced gamma radiation. These are suggested for one or more

lander missions following the early probe missions which should,
in addition to their intrinsic importance, serve to define the

problems of making scientific measurements in the deep atmo-
sphere of Venus. These lander experiments will be discussed
in more detail below.

Beyond these proposed early experiments to be carried out
on the surface of Venus, someday it will be desirable to carry
out further geophysical and geochemical measurements of a more

difficult nature. These will require experience in performing
fairly complex manipulations on a remote planet. Similar re-
quirements will arise in the study of Mars and future unmanned
exploration of the moon, e.g., by an unmanned lunar roving
vehicle. It seems wise to acquire such experience and assess
the reliability of these techniques on a body such as the moon

or Mars, where the physical environment is less rigorous, and
where, in the case of the moon, the relevant quantities have

already been studied at some sites, as a result of a program
of manned explorations. Although it is difficult to see too
far into the future, it does not seem that this more advanced

stage of exploration of Venus should, at this time, be consi-
dered in the framework of relatively inexpensive Planetary

Explorers. This is particularly true because in many cases
it will prove most to out a number of
ent measurements on the same material at the same ,rather
than one by one on a of missions to different sites.
In order to preserve the the Planetary Explorer
concept it would be to emphasize the highly
able data obtainable on the more simple missions and leave

the next stage of explora.tion of the surface and interior

Venus open for future eva.luation.
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ANALYSIS OF SURFACE COMPOSITION

Knowledge of the .elemental composition of the surface of a
planet is fundamental to an understanding of the processes of
geochemical differentiation which the planet has undergone,
and these processes are strongly coupled with its thermal and
tectonic history. Consequently ,.measurements of composition
constitute a first-order problem. Ideally, such measurements
should be made at a number of places on the planetary surface.
However, as was the case for the Surveyor analyses of the moon,
one or a small number of such analyses constitute a major ad-
vance in knowledge.

In accordance with the point of view expressed in the in-
troductionto this Chapter, high priority is assigned only to
those experiments that do not require complex manipulations.
Consequently, it would be most desirable if a device could be
developed which could be placed on the surface of Venus and,
within a p.eriod of a few hours, would provide analytical data
for at least the most abundant elements. Such measurements
might be combined with the knowledge of the concentrations of
condensible and permanent gases in the lower atmosphere to per-
mit some understanding of the mineralogy of the surface, in
addition to the directly measured elemental composition.

Previous experience with unmanned chemical analysis of a
planetary surface is limited to alpha backscatter measurements
made by Surveyor on the moon. It is also reasonable to sup-
pose that a simple device adequate for the moon or Mars could
be based on x-ray fluorescence. However, the short range of
alpha particles and of x radiation, combined with the high at-
mospheric density at the surface of Venus probably preclude
instruments of this kind. Their use would require detaching
a sampl~ from the surface, transporting it to an air lock of
some kind, and then transferring it to a low-pressure or vacuum
environment within a pressure vessel. Such manipulations are
in conflict \vfth the criteria proposed for these early studies.

However, it does se.em likely that a device based on the
much more penetrating nuclear gamma radiation could provide
the data desired. A simple sodium iodide gamma-ray spectrome-
ter placed on the surface would permit measurement of thena-
tural radioactivity of potassium, uranium, and thorium. An
operating lifetime of several hours should permit measurement
of these elements even at the low concentrations found in chon-
dritic meteorites. These elements are especially indicative
of processes that have fractionated material of chondritic
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composition to form rocks such as basalts and granites, con-

taining characteristic enrichments of these elements. The

gamma radi~tion will be sufficiently penetrating to be trans-
mitted through the wall of the pressure vessel and through se-
veral inches of thermal insulation. Therefore, it would prob~-

bly be feasible to use an ordinary thallium-activated NaI crys-
tal, although it is possible that some other scintillator, such
as sodium-~ctivated Csl, would be preferable.

The value of the data obtained would be greatly enhanced

if, inste~d of using only the natural radioactivity of the
planetary surface, a neutron source were used to irradiate
the surface and thereby produce neutron-capture gamma radia-
tion characteristic of particular elements. Devices of this

general type have been developed at the Goddard Space Flight
Center using as a source the intense flux of neutrons from
the spontaneous fission of microgram quantities of 252Cf. With
such a source, combined with the gamma-ray scintillation spec-
trometer described above, such elements as Si, AI, Mg, Fe, Cu,

Mn, and Ti could probably be determined in an operating time
of 1 h. These neutron-capture gamma rays are more penetr~ting
than those of the natur~l gamma emitters and consequently could

penetrate considerably more thermal insulating material sur-
rounding the detector. The neutron source could be operated at
the high surface temperature.

There are undoubtedly many design problems which would
have to be overcome in modifying the existing instruments for

operation on the surface of Venus. These appear to be sur-
mountable. Studies would be necessary regarding such ques-

tions as the need for including material for the moderation

of the high-energy neutrons produced by the source or whether
the surface material itself would provide adequate moderation.

The necessary quantity of moderator and of shielding m~terial
to isolate the detector from the source would be important

factors in determining the weight of the instrument. It seems

possible that the weight of the entire instrument, including
these materials, could be held down to approximately 15 lb,

although a much more detailed design study would be necessary
to determine a reliable value for the weight.

Inclusion of the neutron source would probably preclude
the simultaneous measurement of U and Th, because of inter-

ferences of the induced gamma radiation with the natural radia-

tion, although measurement of K might still.be possible. In
order to measure U and Th, it might prove feasible to jettison
the neutron source following completion of the other measure-
ments. At the risk of complicating the experiment, considera-
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tion should be given to the possibility of moving the source

to two or more different distances (~l m) away from the detec-
tor. If the instrument were made of hydrogen-free materials
(e.g., if necessary, deuterated), this could permit measure-
ment of the hydrogen concentration of the surface as well as
of the surface density.

The question of whether this surface analysis could be
carried on the same lander as a seismic experiment must await
a more detailed design study. It does not seem out of the

question that this may be possible, provided that the weight
of explosive used for an active seismic experiment is appro-
priately limited.

SEISMOLOGY

Seismology represents the most potentially useful method of

learning about the bulk properties of the interior of Venus.
Information may be obtained from a variety of frequency bands,
from 0.01 to 100 Hz, and for natural or artificial sources.

This includes time-of-trave1 measurements for the rays and the
dispersion characteristics of surface waveguide modes. The
most important type of result is a global-scale determination--
involving several source-receiver distances in the 15-180°
range.

Clearly, such a program is possible only if enough sources

of adequate magnItude are available. The quantitative meaning
of "enough" or "adequate" depends critically on the shape and
amplitude of the ambient ground-noise spectrum. In a first
visit, any experiment that depends strongly on assumptions
about the noise spectrum would be risky. The existence of

natural seismic sources is of great intrinsic interest, in ad-
dition to their importance as signal sources. Terrestrial
earthquakes are known to be caused by the interactions of large,
slowly advected plates of the lithosphere. Their frequency is
a rough measure of the rate of thermally driven motion. A de-
termination of seismicity on another planet, by comparison with
the earth, provides a comparative measure of its thermal evolu-
tion rate. For Venus, a lack of seismicity would be quite im-
portant, since the vo1ume-to-surface ratio of Venus is so like

that of the earth. The presence of seismic activity would be
equally interesting and would provide sources for determining
the interior structure.
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TABLE 1 Number Qf Useful Seismic Events per 24 h

Seismicityb
----------------------.

5

5-25

Many

Many

aNoise level is in millimicrons peak-peak in the band
0.3-5 Hz.

bSeismicity is the number of quakes per 24 h compared

with earth, assuming the same magnitude/number law.

The situation may be summarized by the matrix of Table 1,
in which the possible situations with respect to seismicity
and noise level are used as coordinates. An educated guess

of the noise level of Venus would put it roughly in the 1-5 m]J

range; some natural sources could then be seen even if the
seismicity were one tenth that on earth.

An active source--from a bomb probe--is necessary to pro-

vide any sensing of the interior, if the seismicity is too low.
In any event, such a controlled source would be highly desir-
able as a means of calibrating the signals from natural sources.

It is highly desirable that the bomb probe be as far away from
the receiver as signa1-to-noise considerations permit. This,
of course, makes it desirable that as large as possible a

coupling of energy into seismic waves be achieved.
We, therefore, propose a three-stage strategy for the

seismic exploration of Venus, based on the use of Planetary

Explorer missions.

1. One of the early atmospheric probes should survive
impact long enough (a few minutes) to transmit information on
the magnitude of the seismic noise. This could be in the form

of pressure data or one axis of accelerometer data. The noise

Very
Noise Leve1a Small 1/10 1
---

Earth noise 0 <1 Earth si-

10-500 m]J luck tuation

required 1-5

'V1-5 m]J 0 'V1 5-25

<: <1 5-25 Many'VO.1 m]J

(Lunar (Indeter-
level) minate)
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signals of interest at 5 Hz (~he band 1-10 Hz) would have:
(rms) acceleration, 250 x 10- cm sec-2; displacement, 10-6 cm;

pressure, 10-5 bar. Only mean rms power in some band would be
required. This information would make it possible to choose
the best distance for the bomb in stage 2. Unusually high
noise level would reduce the prospective worth of the subse-
quent missions. We hope that the entry-probe sensors can be
designed with the aim of including information on turbu1ent-
wind fluctuations as a function of height; this can also be
used to estimate the magnitude of the seismic noise.

2. A Planetary Explorer seismology mission from a lander

should be undertaken on the basis (if possible) of the noise

data from the first probe. A passive three-axis seismo-acce1-
erometer would go in the main lander probe. A bomb probe at
a distance of 100-200 km would be used as an active source of

signal. For passive operation and detection of natural seis-
micity, the lifetime should be at least one day, but preferably
longer.

3. Further exploration should be based on the knowledge

gained at stage 2, and on engineering advances to that time.
In particular, we foresee that, in the best of circumstances,

future passive systems should have surface lifetimes of several
months.

Referring to Table 1, we emphasize our feeling that a

fair strategy requires the seismic program to be given reduced
priority if unfavorable conditions are found. This would occur
after stage 1, if very high noise levels are found, or after
stage 2, if no useful signals are obtained.

LOW-FREQUENCY SEISMOLOGY

If a stable low-noise vertical accelerometer based on the

quartz fiber or LaCoste suspensicn can be operated on the sur-

face of Venus for about 2 solar days, certain important new

information on the bulk properciec of the planet may be col-

lected. The e~:istence of a liquid core as large as the earth's

would be detec~ab1e by a measurement of the solar gravity tide

for 2 solar days. Such an undertaking is technologically out
of the question at this time--because the appropriate instru-

ment is not ypt ready for adaptation to planetary use and ttl~

long-lifetime technology is not available. Nevertheless, if
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seismic methods are ineffective for reasons already discussed,
the surface measurement of solar tides would be the best way
to answer questions about a core. In addition, this instru-

ment with response at periods near 1 cycle/h would be a detec-
tor of free oscillations from large quakes.

RADAR AND THERMAL MAPPING OF THE SURFACE OF VENUS

Radar experiments are capable of precise measurements of range

and velocity between an orbiting vehicle and a remote, passive

planetary surface. Determination is also possible of surface
scattering from which bulk electrical properties, surface
structures at wavelength and larger size, and mean surface
slopes may be inferred. Both monostatic- and bistatic-radar
experiments specifically directed toward studies of surface
electromagnetic properties and structure may be carried out
from vehicles orbiting a planet.

Radar measurements may be used to study Venus in a number
of ways. The surface topography may be measured by direct al-

timetry from an orbiter. Radar observations from earth may

also determine surface topography. But, with the exception of
a relatively narrow band of latitudes near the equator, the
topographic accuracy available from these observations does

not approach that given by relatively simple Venus-orbiting

systems. If polar orbits are flown, altimetry from an orbiter
of Venus can determine the planetary shape (flattening); from

this the gravitational figure may be inferred.
Bistatic radars are those employing a well-separated

transmitter and receiver. Bistatic-radar observations may be

carried out using transmissions between a ground station and
an orbiting radar probe. A radar transmitter located on the
earth is used to illuminate Venus with radio-frequency energy.
Reflections from the planet's surface are detected by an on-

board receiver; this permits observation of the forward-scat-

tered energy. The reflected signals are distinguished from
the much stronger, directly propagating wave, by a subs'tantia1

Doppler shift. The strength and polarization of the echo are
related to the planet's surface material; the spectral proper-
ties of the echo are related to surface roughness. Such ob-

servations are extremely valuable in the construction of sur-
face models and cannot be carried out from the ground alone.
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More elaborate, orbiting, monostatic-radar systems can
map the radar-scattering properties of the surface over a wide

area and would yield maps similar in appearance and usefulness

to photographic maps of the same region--if these were possible
for Venus. Maps of radar-scattering properties may also be
used to yield statistical information on local surface slopes,

wavelength-sized roughness, and the bulk electrical properties
of local regions of the surface. Here, however, great weight

and complexity are required for an orbiting system with reso-
lution comparable to that available from terrestrial, ground-
based radars. Such imaging of Venus is directly competitive
with ground-based observations and would provide similar data.
These experiments would provide somewhat more coverage of the
planet than ground-based radars can do in the next decade, but
it is not yet clear whether the high cost of the additional

information could be justified.

Earth-Based Radar Studies

Virtually all our present knowledge of the radius, rotation,

and surface of Venus has been obtained using ground-based ra-

dars. The general picture that emerges is of a planetary sur-
face that is considerably smoother and denser than that of the
moon. The surface dielectric constant of Venus as determined

by both radiometric and radar techniques appears to lie between
4 and 5, substantially higher than that for any other solar-
system target except the earth.

On a lateral scale of hundreds of kilometers in the equa-

torial region, Venus exhibits very little topographic relief.

Only one region is known that departs from the mean radius by
as much as 2 km, in contrast to Mars where peak-to-valley vari-

ations up to 15 km are observed. Using delay-Doppler tech-
niques, maps showing local departures from the mean scattering
law have been prepared. These have been obtained at wave-
lengths of 3.8, 12.5, and 70 em, with a linear surface reso-
lution varying from 100 to 500 km, and are in remarkably good

agreement. Perhaps a dozen permanent scattering anomalies
have been shown to exist, although the precise nature of these
anomalies has not been established. That they arise from lo-
cal variations in surface roughness at a scale of the observing
wavelength is clear, but whether they represent young moun-
tainous regions, flows of lava, large meteoritic impact cra-
ters, dune fields, or simply debris is not known.

In the next decade, more sensitive observatories will

come into existence. We may reasonably expect radar images
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of Venus from these with a linear surface resolution comparable

to present ground-based astronomical photographs of the moon

(3-5 km). Topographic maps with a height resolution of 0.1 to

0.2 km will be prepared for the region within about 10° north

and south latitude in the vicinity of the subradar point at in-

ferior conjunction and for a complete equatorial band of dimi-

nished width elsewhere.

Orbiter Radar Altimeter

A relatively simple radar altimetry experiment from an orbiter

of Venus can complement the equatorial topographic information

available from earth. From a planetary orbiter, measurements

of vertical relief averaged over a lateral extent of some 5 to

50 km may be made with relatively simple low-power systems.

It is likely that such an instrument would achieve sufficient

precision to permit a meaningful comparison of the geometric

and gravitational figure of the planet and would be adequate
for the detection and characterization of continent-size trends

in elevation and the characterization of morphological surface

features comparable in size to the crater Copernicus on the

moon. If carried out. from a polar orbit, the variations in

surface radius. could be measured over most of the planet with

accuracies consistent with those that will be obtained from

the earth for the equatorial region of Venus. The connection

of the two sets of measurements, one (from the earth) taken

along an equatorial swath and the other (from polar orbit)

along displaced polar tracks, should permit the construction

of a highly accurate map of the planet's geometric shape, from

which the figure and smaller-scale topography can be extracted.
Measurement of variations in the echo amplitude with plane-

tary location will provide a large-scale, normal-incidence re-

flectivity map for the same position of the planet, which may

also be tied to the ground-based observations. These maps

would be of considerable importance in the interpretation of

the radar maps which will be prepared from the ground in the

same period. It is essential to obtain both total echo power

and some measure of surface dispersion effects.

Bistatic Radar Measurements from an Orbiter

Bistatic radar measurements provide a direct measurement of

large-scale surface slopes and the bulk electrical properties.
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Experiments comparable to those carried out on the moon, using
the telemetry transmissions from orbiting spacecraft, can be
carried out at Venus, provided that earth-based transmitters,

with reception on the spacecraft, are employed. Measurements
of both total echo power and the spectral broadening imparted
by surface roughness are required. To be most useful, two
orthogonal polarizations should be received. Bistatic radar
measurements provide a unique capability for the determination
of surface slopes in the region removed from the equator of
Venus. Slope determinations for the moon, which are in good

agreement with those determined by more direct (and laborious)
optical means, photoclinometry, and photogrammetry, have been
carried out using bistatic-radar observations on Explorer 35.

These methods are presently undergoing further development and
are expected to become highly reliable within the next few
years. Bistatic-radar observations of small- (wavelength-)
scale scattering phenomena have also been carried out on the

moon. While the interpretation of the observations is at pre-
sent uncertain, it is clear that such observations, when com-

bined with monostatic (ground-based) observations strictly
constrain the range of possible surface models. Planetologi-
cally, such observations provide unique data on both large- and
small-scale surface structures and bulk electrical properties.
These quantities are in turn intimately related to such ques-

tions as the evolution and erosion of surface topography,
mountain building, weathering, and surface density.

RADIOMETRIC MEASUREMENTS OF THE SURFACE OF VENUS

The surface temperature of a major portion of Venus can be

measured by observation of the thermal emission from the sur-

face at (microwave) wavelengths for which the atmosphere is

optically thin. Such an experiment by itself is currently of

some general interest to both planetology and the study of the

lower atmosphere. It would be possible to obtain thermal maps

from a properly designed radar apparatus with only a small

extra effort.

The wavelength requirement that the atmosphere be opti-

cally thin is compatible with the radar and implies frequen-

cies lower than about 5 GHz. The temperature measurements,

however; require a more elaborate antenna system than that

needed for the simple radar. Assuming a IO-cm wavelength and
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a 5-ft parabolic antenna, the beamwidth would be 4.50 and pro-
vide a planetary resolution of 1/13 of the spacecraft altitude.
So large an antenna may not be justified for the radar measure-
ments alone and would have to be considered as the cost of in-

cluding the thermal measurements. Relative brightness tempera-
ture measurements would have an accuracy of 12 K, based on an

absolute accuracy of 11 K. If a spinning antenna system is em-

ployed, the experiment will be limited in integration time by
the motion of the antenna beam. Hence it is desirable to mini-

mize the spin rate. Rates as low as five revolutions per min-
ute can be achieved and are suitable for this kind of observa-
tion.

Radiometric measurements do not give actual surface tem-

peratures unless the emissivity is known. This quantity can
be inferred from the radar measurements, which therefore give

valuable support to the radiometer.
Current earth-based observations indicate that the broad-

scale variation in the surface temperature is less than 20 K.

Improvements in these observations can be expected during the
1970's. If such improvements are realized, and if in situ mea-

surements confirm a small temperature variation over the plan-
et, then the need for the microwave radiometric experiment is
appreciably less and should be re-evaluated.

The temperature of the lower atmosphere could be measured
by using a wavelength less than 6 cm. The height range probed
will depend on the wavelength chosen and could be estimated
from model atmosphere computations based on the direct entry
probe measurements. However, such an experiment could not make
such convenient use of the radar receiver. More stringent con-

straints on the mechanical properties of the antenna would also
be required.

Conclusions

Given our present knowledge of Venus we believe that the de-

termination of the topography and geometric figure of Venus,
measured by a radar altimeter, is the most significant radar

experiment concerning the solid planet which can be carried
out from orbit. We also believe that bistatic-radar experi-

ments) conjunction '\<1ith ground-based observations, can pro-
vide a significant insight into the details of the surface
structure and electromagnetic properties of Venus. Microwave

thermal mapping of the planet from orbit offers a potentially
powerful tool for high-resolution (10-40 km) temperature maps
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of the surface... If such questions develop in the future, or
if such measurements may be carried out easily in conjunction
with other radio-frequency experiments, then they should be
given sgrious consideration. In view of the rapidly improving
capabilities of radar observatories on the earth to image Ve-
nus, high-resolution, oblique, monostatic radar mapping of the
planet from orbit seems relatively less important at the pres-
ent time.

GRAVITATIONAL FIELD

The coefficients in the spherical-harmonic expansion .of the
gravitational field may, in principle, be determined by anal-
ysis of the perturbations of orbits of planetary orbiters.
From a finite number of orbits and spacecraft, least-square
fitt.ing to a. truncated set of low-order coefficients may be
undertaken. In addition, local perturbations in orbiter ac-
celeration may be determined directly from residuals in the
Doppler tracking data. From this method comes a series of
profiles of local variations in gravity. This information
summarizes the shorter wavelengths in the field, which the
low-order coefficients may not describe very well. The pos-
sibility that useful numbers can come out of these undertak-
ings depends on the orbits being quite low: fields of order
n decay radially as r-n-l; and distant orbits have longer pe-
riods, hence fewer orbits, as input data.

The importance of the gravity coefficients may be summa-
rized as follows:

1. The J2 coefficient reflects the distribution of mass
in the rotational equatorial bulge. It dominates on the earth.
with a value of approximately 3 x 10-3. The earth's high spin
rate gives a precession, which, combined with J2, gives the
moment of inertia. The low rate of rotation of Venus implies
a J2 ~ 10-5 and a precessional period ~105 years. The latter
appears unmeasurable, and the former is at the noise level
defined by the other coefficients.

2. The full range of coefficients contains the informa-
tion about the non-centro-symmetric mass moments--namely, those
due to the departure of the planet from hydrostatic equilibrium.
These tend to be of the order of 10-5 at low order and decay in
magnitude with increasing order. The magnitude and decay rate
of these coefficients are the primary outcome of the work and
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differ according to the mechanical properties and history of
the interior.

The rotation of Venus appears to be coupled to the rela-
tive orbital motion of the earth. This seems to require an
asymmetrical equatorial bulge, which is worthy of special
attention.

3. The local variations in gravity as
celeration residuals in the tracking may be
of near-surface masses and are of intrinsic

with other planetological imaging.

determined by ac-
modeled in terms

interest along

Feasibility

A good gravitational experiment would require orbiting tran-
sponders in low «300 km), near-circular orbits, at several
inclinations. Orbits with large apoapsis permit only a de-
graded look at the gravitational field: it should be possi-
ble to infer the second-order coefficients but not the spec-

trum. Surface-mass concentrations corresponding to a horizon-
tal scale of 400 km or more and a surface gravity variation
of 100-1000 mg would be detectable during near-periapsis track-
ing. This level of gravitational experiment is useful and in-
teresting because it does not impact the spacecraft design.

Too frequent orbital changes would degrade this experiment.
Because of the great value of low, near-circular orbits,

careful attention should be given to the possibility of using
atmospheric drag to lower the apoapsis. The low periapsis re-
quired for this purpose is useful for aeronomical studies.

Once the apoapsis is low enough, the periapsis can be raised
by a short burst of propulsion.

MAGNETIC FIELDS

Magnetic-field measurements are readily made from the orbiter,

the bus, the probes, or the lander. We therefore discuss what
such measurements would reveal about the interior of Venus.

The Mariner 5 and Venera 4 observations enable an upper

limit to be placed on the internally produced field of Venus
of about 0.5 x 10-3 to 1 x 10-3 that of the earth.

Magnetometer observations inside the anemopause are im-

portant for two quite distinct reasons. Some models of the
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anemopause structure and mechanisms require an ionospheric
magnetic field, and some exclude it. The extent to which the

interplanetary magnetic field can diffuse into the ionosphere,
the possibility that ionospheric gas can be caught up in the
solar-wind flow because of the interchange instability, and
the possibility of field-line reconnection across the anemo-

pause all require study.
Venus may also have a small magnetic field of its own.

If so, its strength, its relation to the axis of rotation, and
its spatial distribution need to be determined. Because there
are no natural satellites, the moment of inertia factor of

Venus is unknown: density and radius provide only an insecure
basis for a model of its physical constitution. Thus the size
of a possible iron core of Venus cannot be estimated. Also

the theory of the geomagnetic dynamo is still in many respects
unsatisfactory. It is probable that the dominance of the ro-
tation on the core motions is essential to the generation of
a field. Thus the very low rotation rate of Venus may be un-
favorable to dynamo action, but any quantitative statement is
lacking. The discovery at Venus of a small magnetic field of
internal dynamo origin would, therefore, be of fundamental
interest, both from the viewpoint of its physical constitution
and also for the theory of planetary magnetic fields.

Other magnetic fields of the order of 10-100y with inter-
nal sources occur in the earth: steady fields from permanent

magnetization of the crust and varying ones induced by varying
external fields. At the high surface temperature of Venus,

most minerals. will be near or above their Curie points, and

magnetic anomalies may be much weaker than on earth. There
is a possibility of strong magnetization remaining from a
strong planetary field in the past, but it seems unlikely.

The variations in conductivity, height, flow patterns,
and other properties of the ionosphere should be fixed in
position relative to the sun. Were the ionosphere sufficient-
ly conducting and firmly fixed in place, the short-period (of
the order of 1 min to 1 h) fluctuations in the solar wind
would be screened out and not observed near the surface. If

the ionosphere is such that short-period variations are pres-

ent, they would induce electric currents in the upper parts
of the planet, and these would contribute a measurable frac-
tion of the field observed below the ionosphere.

Although magnetometer observations near the surface pro-
vide information on a variety of interior and exterior char-
acteristics, conclusions will in most cases be very ambiguous
unless the effects of interior and exterior ~ources can be
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separated and unless some information can be obtained on the
structure of these sources. This requires simultaneous obser-

vations at more than one point, preferably enough observations

to make a harmonic analysis as for the earth. In principle,
probes similar to the miniprobes of themultiprobe mission

could be used. Each would have a slow spin about the vertical,

controlled by fins or grooves, and three samples per revolu-

tion by an inclined single-axis magnetometer would determine
a static field. The characterization of the sources is greatly

improved if an adequately long vertical profile can be measured
by each probe. A careful analysis should be made to determine
how many probes are needed to obtain significant results. If
four are enough, a serious effort should be made to include
these magnetometers on the firs.t probe mission. It is likely

that no sound analysis can be made until magnetic observations
have been made down to 150 or 200 km elevation by the bus for
the first probe mission, and that the more ambitious study is
more appropriate for one of the later missions when it can be

designed with better knowledge of the requirements and condi-
tions.

Magnetometers should also be given very serious considera-

tion for the balloon missions because these will give both the
simultaneous ~easurements at widely spaced positions and the

observations of temporal variations needed to determine the
conductivities of the ionosphere and surface layers as well as
the extent to which the anemopause (ionopause) and ionosphere
screen out the effects of changes in the interplanetary magne-
tic field and in solar-wind pressure.
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SCIENTIFIC CAPABILITIES OF THE PLANETARYEXPLORER

Chapters 3, 4, and 5 of this report define the principal sci-

entific questions and measurements which we feel should be per-
formed on, and near, Venus. This study was primarily concerned

with how these questions should be answered and was prepared to
consider all types of missions. We were, however, presented
with a series of studies of the Planetary Explorer concept made
by NASA.* This concept includes a relatively low-cost, univer-
sal bus, which can carry entry probes, orbiters, balloons, or
landers to the planet. The studies of entry probes and orbit-
ers were extensive, and we concluded that weight and cost fig-

ures were firm; balloon capability was based on extrapolation

from thorough studies and was thought to be relatively secure
but not in the same category as the probe and orbiter data;
lander studies were only sufficient to demonstrate that a ca-
pability existed.

We reviewed these studies and considered that the Plane-

tary Explorer was almost ideally suited to answering the sci-
ence questions posed, and one of our most important conclusions
is that the Planetary Explorer should be the prime vehicle for
exploration of Venus in the next decade. We have, therefore,

*The most important documents are:

Comp~ehensive Study of Venus by Means of a Lo~-Cost Ent~y P~obe
and Orbiter Mission Series, by J. E. Ainsworth, GSFC Rep.
X-625-70-203 (June 1970).

Planetary Explore~J Phase A Repoyt~ Technical Plans, GSFC Rep.
(Oct. 1969) [deals with orbiters only].

Final Project Report for Delta-Class Venus Pyobe Mission Study,
AVCO Government Products Division Rep. AVSD-0433-69-RR
(Oct. 1969) [available from GSFC].

Final Pyoject Repoyt foy Planetary Explore~ Unive~saZ Bus
Study, AVCO Government Products Division Rep. AVSD-0146-
70-RR (Oct. 1970) [available from GSFC].

Delta-Class Balloon and Lande~ Missions foy the Exploration
of Venus, Martin Marietta Corp. Rep. MCR-70-211.

66
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TABLE 2 Instrumented Probes--1975 Mission

BUS

Science weight
Science power
Lifetime (from 15 radii to

loss of communications)
Communications loss altitude

Telemetry rate
Spin rate

MAIN PROBE

Descent time

Science weight
Science power

Telemetry rate

Landing site (with 40-bps
telemetry rate)

Impact velocity
Spin rate
Lifetime

SMALL PROBES

Descent time

Science weight
Science power
Telemetry rate

Landing sites

Impact velocity
Spin rate
Lifetime

25 lb
19 W

4 h
130km

'\)350bps

30-85 rpm

90 min
68 lb
90 W
80 bps (p <
40 bps (p >

1 atm)
1 atm)

Limited to a 350

circle from

subearth point

17 m/sec
Variable

Survival after impact

not currently planned

95 min
4 lb
3 W
1 bps

Limited to annular

region from '\)200to
'\)600from the sub-

earth point
6 m/sec
Variable

Survival after impact

not currently planned
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TABLE 3 Planetary Explorer Orbiter

Lifetime

Science power

>6 months

50 W (sunlight)

25 W (shadow)

~30 min (12-h orbit
20-90°
8-10 km/sec

period)Shadow duration
Orbit inclination

Velocity at periapsis

TABLE 4 Planetary Explorer Orbiter--1976-l977 Mission (Launch

Date: December 1976; Travel Time: 169 Days)

Periapsis change capability (km)

low
Apoapsis high (km)

Experiment weight (lb)

Orbital period (h)

Communication distance at

arrival (AU)
Maximum communication distance (AU)
Bit rate at arrival to 85-ft

dish ts/sec)
Minimum bit rate to 85-ft dish

its)
Bit rate at to 210-ft

its)
bit rate to 210-ft dish

0.54
1.64

440

25

4600

(bits ) 550

Periapsis of Orbit

400 km 1000 km

0 1500

26,000 22,000
61,000 52,000

100 SO
170 130

8.2 6.9
21.8 17.9
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TABLE 5 Atmospheric Balloon Mission

Number of separate packages
Number of balloons per package

Float levels (typical)
Float altitude

Initial target sites

2
3

50, 500, 1200 mbar

70, 57, 51 km

lOoN, 400N latitude
20° on dark side of

terminator

30 interrogations
5 min

:t200 km

Lifetime

Duration of interrogation
Tracking accuracy

Float Level

TABLE 6 Planetary Explorer Landera

Impact site
Lifetime

Lander weight
Total power

Subearth point
2 h minimum

245 1b

127 H average

220 1\1peak
55 Ib

rv2000 bps

Science weight
Telemetry rate

aValues given depend on payload and number of landers

derived from the primary vehicle.

50mb ar 500 mbar 1200 mbar

Science weight 4.3 lb 4.8 lb 4.8 lb
Science power 22 IN 23 IN 23 IN
Telemetry rate Tracking only 20 bps 20 bps

plus plus
tracking tracking
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continually referred to this specific concept in foregoing
chapters, for our ideas were clarified by considering the sci-
ence within a framework of known practicability.

The Planetary Explorer is a small, 850-lb, spin-stabilized,
spacecraft launched by a Delta rocket. For a typical mission

designed to send instrumented probes through the atmosphere to
the surface of Venus, the spacecraft consists of a bus that

will operate down to 130 km altitude, a main probe to carry
~70 lb of instruments to the surface, and three smaller probes,
each carrying 4 lb of instruments, which are separated from
the bus and provide measurements from three widely separated

regions of Venus. Some of the important characteristics of
the spacecraft are given in Table 2.

A second mode of operation of the Planetary Explorer is
to place a 470-lb spacecraft in orbi~ about Venus. The total

weight for scientific experiments depends on the desired orbit
(or orbits) during the mission lifetime, but representative
figures on this, and other mission parameters, are given in
Tables 3 and 4.

A third mode of operation which can be accommodated with-
in the Planetary Explorer framework is a mission to place con-
stant-level balloons in the atmosphere of the planet. Pre-

liminary study of a typical mission shows that six balloons,
two each floating at levels of 50, 500, and 1200 mbar, corre-
sponding to altitudes of 70, 57, and 51 km, respectively, are

feasible. One set of balloons can be placed at 40oN and the
other at lOoN latitude and 20° on the dark side of the termi-

nator. Representative parameters are given in Table 5.
Finally, the Planetary Explorer can be utilized to soft-

land an experiment package on the surface of Venus. This as-
pect of the Planetary Explorer concept has been studied less
than the others, but typical mission parameters are given in
Table 6. If desired, such as for a seismic experiment, se-
veral small stations can be soft-landed on the surface by re-
leasing more than one lander from the bus.

The numbers given in Tables 2-6 should be taken as rep-

resentative of the potential of the Planetary Explorer space-
craft, bearing in mind that some values will be perturbed by
particular constraints imposed by the dynamics of a specific
Venus opportunity and each scientific payload. In any event,

we conclude, without reservation, that most important scien-
tific measurements of Venus fall within the capability of the
Planetary Explorer spacecraft as currently envisioned.

Our study has pinpointed several ways in which the sci-

entific utility of the spacecraft and its systems can be im-
proved. These can be summarized as follows:
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1. The data-taking lifetime of the main bus in the upper
atmosphere can be significantly improved by targeting it to
have a low angle of arrival. This increases its useful life
and provides an increase in its total telemetry capability.

2. The atmospheric probes, both the main probe and the
small probes, are greatly enhanced in value if they can be de-
signed to operate after impact on the surface. This is true

even if their useful surface life is only a minute or two. We

anticipate that, with normal contingencies, a probe designed
to reach the surface will have a capability for brief survival.
If it does not inflate the cost or complexity of the mission,
this feature should be incorporated.

3. All instrument packages designed to operate, even

briefly, on the surface of Venus pay severe penalty in terms
of scientific payload or lifetime or both because of the high-
temperature environment. The primary concern appears to be
the power supply, usually a battery, but all equipment must

be provided with extensive thermal shielding. A significant
increase in payload or lifetime could be obtained if space-
craft and experiment components could be developed to with-

stand temperatures of ~)800 K. It is recognized that this may,
and probably will, require extensive (and expensive) develop-
ment, but there should be many auxiliary applications for such

components and materials both within and outside the space
program.

4. Near-circular orbits, which are desirable for many

experiments, can be achieved by using atmospheric drag. The
low periapsis required is also useful for measurements of the
upper atmosphere. '~en the orbit has decayed sufficiently,

the periapsis can be raised out of the sensible atmosphere by
means of the orbit-changing motor.

The concept of the Planetary Explorer, as a lower-cost

alternative to Mariner, was the basis for recommendations made

by this study. We were presented with cost estimates for a

three-mission sequence involving bus, probe, and orbiter devel-

opment costs and new instrumentation on each mission. The se-

quence consisted of a dual-launch multiprobe, a single multi-

probe, and a single orbiter and was estimated to cost $130

million, for an average cost of $33 million per launch. Sub-

sequent probe or orbiter missions, with substantial new in-

strumentation, were estimated to cost close to $20 million.

These costs are for outside contractors but with a significant

manpower contribution by Goddard Space Flight Center.
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The cost of a Mariner launch, averaged over the whole

series, is considerably higher than the cost of a Planetary

Explorer. Estimates prepared by NASA for the Mariner 1971
Mars orbiter compared to a 1975 Planetary Explorer orbiter

to Venus show that, including all development costs, the Mari-
ner costs at least twice as much as the Planetary Explorer.

Although elaborate equipment for the Planetary Explorer
could greatly increase its cost, it is clear that the Plane-
tary Explorer is fundamentally cheaper, because, as compared
to Mariner, it has about half the capacity, a booster costing

about 40 percent as much, and a simpler stabilization system.
Even on the basis of a fixed cost per pound, a costs factor
of 2 lower can be anticipated.

In practice the cost saving should be greater than this.
The smaller and simpler system may well allow economies in
the number of development models, less stringent controls

during construction, and less paper work. The savings on
these accounts can be substantial. If the concept of a stan-

dard bus is strictly adhered to, further savings are possible.
Thus the important features of the Planetary Explorer

are that it is adequate, but minimally so, for the explora-
tion of Venus, and that we recommend a policy of maximum stan-
dardization of hardware and restraint in instrumental com-

plexity. This represents a novel approach to planetary ex-
ploration with a flexibility and possibility for quick reac-
tion that make it most attractive for the coming decade.
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Chapter 7

AN EXPLORATIONSTRATEGY

In this chapter we address the question of what sequence of

missions should be followed as opportunities present themselves.

We have identified several types of mission to Venus for the

Planetary Explorers. These are listed together with their
characteristics in Tables 2-6.

The following constraints are important in the

nation of what options are at our disposal and to a

extent dictate the sequence that logically ought to

determi-
certain
be followed.

1. No more than two launches are possible during each
window. This is because of the number of launch pads avail-
able--two--and the turn around time for the Delta vehicle--

greater than the length of the window.
2. Hybrid missions are impractical or impose severe pen-

alties in compromises. Thus, to combine, say, orbiter and
balloons in one payload is not feasible.

3. There is an economic advantage in preparing two iden-

tical payloads for a given opportunity. Hence if there are

scientifically valid reasons for launching two missions with
identical payloads (though not necessarily identical objec-
tives or targets at Venus) these ought to be exploited.

4. More than the 18 months between windows is required
between mission definition and launch. Hence the results of

one mission cannot be used to design for the next following

window in any essential way. On the other hand, 36 months
provides an adequate interval for digesting the results of a
mission and using the information to design a succeeding one.

5. The system has a varying capability to perform a
mission of a given type--say, an orbiter--during a me tonic
cycle. Hence it is not practical to build and store space-

craft to be used for all opportunities. Each mission must be
tailored to fit a given window.

6. Certain missions depend for optimum design on the
results obtained from others. In fact, the multiprobe and

orbiter missions tend to provide data which are needed for
proper definition of the various lander and balloon missions.
For this reason it seems cleaL that the first two windows

should be reserved for probes and orbiters.

73



Copyright © National Academy of Sciences. All rights reserved.

Venus Strategy for Exploration 
http://www.nap.edu/catalog/12395.html

74

In choosing between probes and orbiters for the first

opportunity we are moved by the following consideration to
select the multiprobe mission.

To a certain extent the sort of information an orbiter

will provide is or will have been made available from previous

Mariner missions (including Mercury/Venus) and from ground-
based radar studies. On the other hand, the data that the
probes will deliver concerning cloud composition, illumination

conditions below the clouds and on the surface, magnetic fields
in and below the ionosphere, seismic noise background (from

microbarographs on the probes), atmospheric pressure, tempera-
ture, and composition will all be novel and will be badly needed
in planning both lander and balloon missions. Indeed, the
multiprobe missions appear to offer the greatest return of in-
formation which is essentially of a new class for each of our
disciplines except perhaps for that of particles and fields.

We have considered the argument that an orbiter should

be selected for the first mission because placing a space-
craft in orbit around another planet has already been performed,
whereas landing probes has not. On the other hand there is ex-

tensive experience in sending probes to the moon. We regard
the scientific, technical, and logistical reasons for begin-
ning with a probe mission as overriding the others. Hence, we

recommend sending two multiprobe Planetary Explorers to Venus
during the 1975 window.

We recommend two probes rather than one because of the
desirability, particularly for ionospheric, solar plasma, and
aeronomic studies, of observing properties of the planetary
environment on the days ide and nights ide of Venus at very
nearly the same time. Thus we recommend that the first mis-

sion target the bus and main probe on the days ide of the plan-
et. Then, if the first entry is successful, a mid course cor-

rection should redirect the second spacecraft to send the bus,

at least, in on the nightside. If the first probe fails, the
second should be allowed to follow the same trajectory as the
first. This element of redundancy, making a successful mis-
sion almost certain is, in any case, desirable for the first
of a long series.

Because of the requirement that the probe data be used
in planning and designing balloon and lander missions and be-

cause of the wide variety of information useful to many dis-
ciplines available from successful orbiters, we recommend that
during the 1976-1977 window an orbiter be sent to Venus. To

take advantage of the payload bonus associated with a large
apoapsis, we recommend that apoapsis be in the neighborhood



Copyright © National Academy of Sciences. All rights reserved.

Venus Strategy for Exploration 
http://www.nap.edu/catalog/12395.html

75

of 36,000 km initially and the orbital period be 12 h in order
to synchronize with earth rotation for maximum coordination
with the Arecibo and Goldstone facilities. (We note that dur-

ing the 1976-1977 opportunity Venus will enter the Arecibo beam
just as the Explorer arrives and will remain in the beam all
summer, i.e., during most of the nominal lifetime of the or-
biter. This is true only for this window during the metonic
cycle.)

We also note the aeronomy requirement to study in situ

the region between 150 and 400 km. We, therefore, recommend
that periapsis be lowered during the course of these missions

down to 150 km. The possibility of using periapsis drag to
give an almost circular orbit should also be considered for
this mission, but not until after substantial results have

been obtained from the initial high-apoapsis condition.
It has been suggested that the 1976-1977 orbiter mission

should also be dual-launched. There are definite scientific

advantages to be gained by so doing, but we believe them to
be insufficient to justify an increase in cost of approximately
50 percent of the first orbiter. The question should, however,
be kept under review by the Continuing Planning Group.

It is less clear than for these first two missions what

criteria should be used in selecting missions for subsequent

opportunities. Other classes of orbiters, landers (composi-
tion, seismic, and imaging), and balloons are candidates.
However, because less information will have been provided by
earlier studies concerning the solid planet than any other
aspect of Venus it would seem most rewarding to reserve the
1978 window to a lander. The mission of this lander should

be to studyc the composition of the crust with a gamma-ray spec-
trometer and neutron source and to measure seismic properties
with an active source and a seismic probe. The distance be-

tween source and probes will be determined in part on the basis

of information obtained during the 1975 probe mission. We note
that it may be possible to use information obtained from the
1976-1977 orbiters concerning surface features of Venus to se-
lect the exact site for the 1978 lander.

Until some results have been obtained from the first two

basic missions it would not be wise to fix too rigidly the
scenario for launches in 1980 and beyond. It is conceivable
that the results of the first mu1tiprobe experiment will call

for another probe series at this time. Or it may have been
that desirable experiments were excluded from the first or-
biter and a .different type of orbiter ought to be scheduled.

Nevertheless, from our present vantage it would appear most
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TABLE7 Proposed Missions

Mission (wt/year) Description

Multiprobe
(881 lb/197S)

Bus

Large probe
Three miniprobes

Orbiter

(746 Ib/1976)
Aeronomy; particles and fields
Imaging and radar

Lander
(845 Ib/1978)

Crustal composition; seismicity;
atmospheric pressure, temperature,
and winds

Balloon Two sets of three balloons at 50,

500, and 1200 mbar

reasonable to plan tentatively in 1980 to launch a balloon
mission. Otherwise it will be 1981 at least before many data

are available concerning atmospheric dynamics. A summary of
the resulting mission sequence is shown in Table 7.

It is also clear that with the completion of this sequence
of four launches we shall have acquired only the first round of
basic information. We foresee the need to plan as a matter of

policy to take advantage of every subsequent launch opportunity
until l.,Jehave adequately exploited the scientific potentiali-
ties of these Explorer-type probes. Planning for the series

beginning in 1981 should begin after the results from the 1975
and 1976-1977 experiments are available.

We note that eventually this sequence of controlled and
modest observations can lay the basis for a more ambitious
series of probes of the orbiter-lander class. We endorse the
concept which the Planetary Explorers express of preparing for
such an elaborate venture with a well-thought-out series of

preliminary observations carried out with moderate resources.
The scientific requirements outlined in preceding sec-

tions will most effectively be satisfied, we believe, with the

payload assignments shown in Tables 8-10. The time available
to the Study Group did not permit a complete evaluation of all
the considerations needed to arrive at a firm opinion regard-

ing the optimum payload. These tables give a first attempt
at this evaluation, which must be reviewed by the Continuing
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TABLE 8 Multiprobe Payloads

PriorityExperiment Weight (lb)

77

BUS

Dayglow photometer

Dayglow spectrometer
Solar wind

Magnetometer
ac electric field

Neutral mass spectrometer

or ion mass spectrometer
Ion trap or Langmuir probe
Fluorescence

MINIPROBES

Temperature
Pressure
Solar radiation

Surface approach
Magnetometer (unclean)a

MAIN PROBES

Temperature
Pressure
Acceleration

Mass spectrometry (1-140 AMU)
Solar flux
Infrared flux

Transponder
Altimeter

Magnetometer (unclean)

Nephelometer
\.Jind drift radar

Condensimeter/evaporometer

Cloud particle-size distribution
Aureole

Hygrometer
Cloud-particle composition
Omniantenna
Miniseismometer

2
6
7
4.7
2.5

13
4
5

1.0
0.8
1.2
2.0
1.3

1.2
1.3
4.0

10.
4.0
3.0
3.6
6.0
1.3
4.0
12.
2.0
5.0
2.0
1.0
20
1.4
1.0

1
2
2
2
3

1
1
2

1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
2
2
1
1

aHigh priority is contingent upon further feasibility
studies.
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TABLE 9 OrbiterPayloada

Experiment \\feight (lb)

Thermal infrared/sounder
altimeter/bistatic/radio

Ion mass spectrometer
Neutral mass spectrometer
Electron temperature probe
Solar wind probe
Hagnetometer
ac ric field
Geiger counter

Dual-frequency radio propagation

Tops sounder
Airglo\v

Spin-scan TV

Data storage

6
20
3
10
2
7
5
2.5
2.5
7
15
5
10
15

aThe data transmission rate and the pmver available for
experiments in the Planetary Explorer orbiter may be insuffi-

cient to handle these experiments simultaneously. If this is

the case) time-sharing of experiments would be required.

TABLE 10 Lander Payload

Experiment Weight (lb)

Active seismic experiment
Source

Seismic instrument

Surface composition experiment

Gamma-ray scintillation spectrometer
Neutron source

Pressure probes
Temperature probes

2S-45a

r\,lS

2.5

aDepending on mission.
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Planning Group. We have satisfied ourselves that these pay-
loads lie within the capabilities of the spacecraft proposed.

We note that, in the case of the orbiter, periapsis probably
will be behind the planet during the first one or two months

of satellite life. Hence adequate data-storage capability
will be needed. We note also that it is possible to reduce

apoapsis drastically by taking advantage of the high drag in
orbit at temporarily very low periapsis. By using the tech-

nique of lowering apoapsis in this way we add an entirely new
class of missions based on near-circular orbits. We envision

taking advantage of this maneuver relatively in the life-

time of the orbiter to ensure accomplishment of other major
mission objectives before risking very low periapsis,
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