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FOREWORD 

Th i s  is the report of a s t udy convened b y  t he Space Science Board 
to consider planetary explorat ion in the period from 196 8 to 1975 . The 
group reappraised the recommendat ions of the Board ' s 196 5 Woods Hole 
Study in the light of  advances in sc ient ific knowledge and changing 
demands upon the nat ion ' s resources . 

The study was conducted during the week of June 10, 196 8 under the 
chairmanship of Gordon J .  F .  MacDona ld and involved 23 sc ient i s t s  repre­
sent ing the spect rum of scientific interests  in planetary studie s . The 
recommendations of the group were presented to NASA management on the 
afternoon of June 16 and were d iscussed and endorsed by  the Space S c i ence 
Board at ita  meeting on June 24 and 25 .  

The Space Science Board is  grate ful t o  those who participated in 
this s t udy, to B ruce N .  Gregory of the Space Science Board staff who 
ab ly direc t ed the s t udy, and to Miss Ann Wagoner, also of the staff, for 
her contribut ions to the report ' s pub licat ion .  The B oard acknowledges 
with appreciation the suppor t of the Nat ional Aeronautics and Space 
Administration, which he lped t o  make this study pos s ib le .  

- i i i -

H .  H .  Hes s , Chairman 
Space Science B oard 
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SUMMARY OF PRINCIPAL RECOMMENDATIONS 

1. We recommend that the planetary exploration program be presented, not in 
terms of a single goal1 but rather in terms of the contribution that exploration can 
make to a broad range of scientific disciplines (page 3). 

2. We recommend that a substantially increased fraction of the total NASA budget 
be devoted to unmanned planetary exploration (page 3). 

3. (a) We recommend that duplicate missions for a particular opportunity be 
undertaken only when a clear gain in scientific information will result from such 
double launches (page 4). 

(b) We recommend that NASA initiate now a program of Pioneer/IMP- class 
spinning spacecraft to orbit Veuus and Mars at every opportunity and for exploratory 
missions to other targets (page 5). 

(c) We recommend the following larger missions to Mars: A Mariner orbiter 
mission in 197 11 and a Mariner- type orbiter and lander mission, based on a Titan­
Centaur, in 197 3 (page 5). 

(d) We accord next priorities (in descending order) to a Mariner- class 
Venus- Mercury fly- by in 197 3 or 197 51 a multiple drop- sonde mission to Venus in 197 51 
and a major lander on Mars1 perhaps in 197 5 (page 6). 

4. (a1 b) Rather than attempt to define in detail payloads to be carried aboard 
high priority missions, we have selected several sample payloads (page 6). 

(c) We recommend that with regard to Mars and Venus1 NASA continually re­
assess, in the light of current knowledge of the planets1 its progr� methods, and 
mathematical model for meeting the internationally agreed objectives on planetary 
quarantine (page 11). 

5. (a) We recommend strongly that NASA support radar astronomy as an integral 
part of its planetary program. In particular, we recommend that NASA fund the develop­
ment and operation of a major new radar observatory to be used primarily for planetary 
investigation (page 12). 

(b) We recommend that NASA planetary program planning be closely coordinated 
with Earth-orbital telescopes being designed for the 1970's and with the infrared air­
craft telescopes now under construction (page 13). 

(c) We recommend that the NASA program of ground-based optical planetary 
astronomy continue to receive strong support and that opportunities for planetary astro­
nomical investigations be increased by: 

(1) Construction of an intermediate sized optical telescope in the 
Southern Hemisphere 
(2) Construction of an infrared telescope employing a very large 
collecting area and permitting interferometric measurements at a dry 
site 
(3) Development of new infrared devices, including improved detectors 
and high resolution interferometers (page 14) 

(d) We recommend that· steps be taken to facilitate the analysis by qualified 
investigators of the data secured by the photographic planetary patrol (page 14). 

-vii-
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Chapter 1 

INTRODUCTION 

I n  the s ummer of 1965, the S pace S c i ence B oard unde rtook a comprehens ive rev i ew 
o f  t he s c i en t i f i c  opportuni t i e s  i n  lunar and planetary explorat ion . *  The purpose  of 
the study was to j udge in  a broad way the s c i entif i c  pr i or i t i e s  that s hou ld b e  ass i gned 
to  i nve s t i ga t i ons of t he plane t s  and to ident i fy t he pr i nc i pa l  s c i e n t i f i c  prob l ems 
t hat could be e luc i dat ed b y  such explorat ion. S i nce 1 965, muc h  has happened . As t he 
1965 s tudy was end i ng, Mar i ner 4 encountered Mars and shor t ly thereafter began to  
return h i s toric photographs of the Mar t i an s u r face . I n 1967, Mar i ne r  5 and '

the Sovi e t  
probe Venus 4 measured t he hot , d e n s e  atmos ph e re of Venu s  and d i s c overed t h a t  t h e  s olar 
wind interac t s  muc h more d i rec t ly w i t h  the atmosphere o f  the planet t han it does wi th 
Ear t h  becaus e of t he lack of magnet i sm on Venus . Surveyors and Lunar Orb i te r s , to­
ge t he r  with their Sov i e t  counterpar t s ,  have provided a wealth  of detai led informa t i on 
concerning the surface and even the interior  of t he Moon . I n  add i t i on, ground-based 
ob serva t i ons , par t i cularly radar s tud i e s , have y i e lded valuab le informa t i on on the 
so lar s y s t em . Long held v i ews wi th regard t o  the rate o f  rotat i on of Mercury and 
Ve nus have been s hown to be incorrec t  and a puzz l i ng s e t  of phenomena involvi ng the 
coup l i ng of the s pin of a p lane t to i t s  orb i ta l  mot ion d i scovered . Radar has a l s o  
g iven important new informat ion about t h e  maj or sur face features  o n  por t i ons of Venus 
and Mars . Thus,  the combi ned e ffor t s  of  Eart h-based and space-based obs e rva t i ons 
have great ly increased our knowledge o f  the plane t s  s i nce 1965 . 

Howeve r ,  i t  was not only the rapid deve lopment i n  s c i e nce  t hat mot ivated the 
Space S c i ence Board to conduc t a reappra isal  of the 1965 report with  regard to plan­
etary exp lora t i on .  S i nce 196 5 ,  the budget o f  the Nat i ona l Aeronaut i c s  and S pace 
Admi n i s tration  has b een cut s evere ly . The leve l o f  the present and probab le future 
s uppor t that the nat ion is wil l i ng to provide for planetary explorat i on rai s e s  a 
number o f  d i fficult and impor t ant i s s ue s . What should be t he nat ion ' s program for 
plane tary explora t i on i n  a t ime of cont i nued budgetary cons traint s? What por t ion of 
the l imi ted resource s  made avai lab le to the s pace agency should b e  a l located t o  plan­
etary s tud i es? What i nforma t i on can be gai ned b y  further ground-based expe r imentat ion 
or observa t i ons from near-Ear t h  s a t e l l i t e s ,  and wha t i n forma t i on can only result  from 
s pace veh i c le s  at or in the v i c i ni t y  of a planet? These  are s ome of the que s t i ons  
that the  pre sent s tudy a t t empt s t o  asses s . 

The 196 5 s tudy exami ned both lunar and plane tary i nve s t igat ions , c learly point i ng 
out that the two are c losely i n terre lated and that one cannot adequat ely  p lan a p lan­
etary program wi thout comparab le planni ng for lunar s t ud i e s . Wh i le recognizi ng the 
va l i d i ty of the ear l i er s tudy ' s conc lus ion, t he present s tudy exami nes only opportu­
n i t i e s  for p lanetary explor a t i on .  Sc ient i fic  inve s t igat ion o f  the Moon i nvolves even 
more complex i s s ue s  than those in planetary inve s t iga t i ons . Explorati on of the Moon 
in par t  w i l l  be a manned venture, and in this venture sc ient i fic  cons i derat i ons are 
intertwined wi th ouest ions of nat ional pre s t i ge .  In v i ew of t he uncertainties  about 
the future of t he manned lunar program, the present group d i d  not cons ider in depth 
the deve lopment of a total lunar and plane tary program. 

The p lanning of a program of planetary explorat ion presents s pec i a l  and comp lex 
prob lems . Voyages t o  the planet s  are long and can be undertaken only on l imi ted 
occas i ons . Wh i le favorab le times to vi s i t  Mars and Venus occur about once  every 

* Space Research Directions for the Future : Report of a S tudy by  the S pace S c i ence 
B oard, Woods Hole Mas s . ,  196 5 ;  Par t  I - Pl ane tary and Lunar Exploration ; Nat iona l 
Academy of S c i ences - Nat iona l Research Counci l  Pub l icat ion 1403, Washington, D . c., 
1966 . 
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19 to 26 months , opportunities to use unusual con figurat ions of the planets  to carry 
out more extens ive explorat ion arise  only once in a decade or in some cases only once 
in a century . For example, in 19 70, 1973, and to a lesser degree in 1975, it w i l l  be 
poss ib le to use the gravitat i onal field of Venus to as s i st an At las -Centaur launched 
spacecraft in a flight to Mercury . Explorat i on of Mercury would not otherwi se be pos ­
s ib le without employing a very much larger booster . Thi s opportunity wi l l  not b e  
repeated unti l the 1980 ' s .  A once- i n-a-century opportunity occurs in 197 7- 1978 when 
the planets wi l l  be so pos itioned that their gravitat iona l fields can be exp loited 
for a grand tour of the great p lanets, Jupi ter, Sat urn, Uranus, and Neptune -- again 
without the need for extraord inarily power ful b oos ters . 

The rare opportuni t i es for p lanetary voyages, the le ngth of these voyages, and 
the long times required for preparing experiments a l l  imply that p lanning for p lan­
etary exploration mus t take place years in advance of the actua l miss ions . Thus, 
decis ions arrived at this year and next wi l l  go far in determi ning the future char­
acter  and scope of p lanetary programs . Further, i t  should be emphas ized that the 
long time s  involved in planetary miss ions demand long term commi tment s on the part  
of the scient i s t s  partic ipating in these inves t igat ions . Quite nat ural ly, s c ien­
t i sts are re luctant to make such commi tments without ass urance t hat this nat ion wi l l  
i ndeed have a continuing program for p lanetary exploration . The nature of the p lan­
ning proces s and the impor tance of involving the sc ient ists in the program make it 
c lear that the decis ion makers within both the Executive and Legis lat ive b ranches 
of the gove rnment mus t underst and the very s pec ial prob lema faced by NASA and the 
scienti fic communi ty in the p lanning of a p lanetary program .  For these reasons, 
Planetary Explorat ion 196 8- 1975 i s  addres sed in part to the dec ision makers . 

* * * 

The report cons ists of seven chapters . Chapters 3 to 7 di scuss the ind ividua l  
scienti fic discipl ines re levant to  p lanetary explorat i on - - Atmospheres ; Sur faces ; 
Dynamic s  and Interiors ; Partic les, F i e lds, and Interac t i ons with t he Solar Wind ; 
Exob iology - - and suggest  the experiments and programs b eat ab le to deal with their 
special quest ions . These chapters were prepared b y sma l l  groupe of partic ipants in 
each discipl ine, making use of pos ition papers prepared and c irculated in advance of 
the study . Using these chapters as the bas i s  for d i scuss ion, the s tudy group as a 
whole agreed upon the prior ities and recommendations set forth in Chapter 2 . 
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Chapter 2 

RECOMMENDATIONS 

1 .  Goals of the Plane tary Program 

The 1 965 study identi fied three goals for the nation ' s planetary program. The 
planetary program shou ld be designed to prov ide for progress in our understanding o f :  

( 1 )  The origin and evolut ion o f  the so lar system 
( 2) The origin and evolution of l i fe 
(3)  The dynamic proce sses that shape man ' s terrestrial environment 

We be l ieve that t hese goals remain val id and that a l l  t hree shou ld be recognized in the 
deve lopment of the national program . 

I n  our view, the program o f  planetary explor at ion wi l l  contr ibute in maj or ways to 
the growth o f  s c ience . Exploration o f  the plane ts is not an end in itse l f .  I n  isolat ion, 
the d i scovery o f  new facts about the planets has l ittle intr insic interest . Sc ientific  
interest in the planets l ies i n  the expectat ion that i nvestigat ion o f  the i r  atmospheres, 
sur face s, and inter iors wi l l  contr ibute great ly not only to unrave l ing the comp lex hi s­
tory o f  t he solar system and prob lems of how l i fe or iginated and deve loped, but a lso to 
an understanding o f  the Earth and of t he processes which today take place in the at­
mosphere, oceans, and deep inter ior . 

Our view is that no s ing le goal ,  such as the determinati on o f  whether l i fe exists 
in other parts of the so lar system, shou ld be se t for the p lanetary program. Rather, 
it shou ld be emphasized that the sc ient i f i c  return from planetary exp loration w i l l  flow 
into many areas o f  sc ience and thereby strengthen them. Furthermore, t here is every 
reason to expect that continued deve lopment of sc ient i f ic understanding of the p lanets 
wi l l  lead to bene f its for a l l  mankind .  For examp le, s ince the 1 965 Woods Hole study, 
a ser ies of investigat ions of the lower atmospheric  dynamics of Mars has fo llowed the 
pre l iminary determinat ion by Mariner 4 of the character of Marti an atmosphere . None 
of these stud ies is conc lusive but nevertheless a remarkab le re levance to terrestr ial 
studies is revealed.  Investigat ion of the Mar tian atmosphere has focused at tention on 
a number of important aspects of the Earth ' s atmosphere that were not receiving the 
attention they deserved . On Mars, energy is transferred within the atmosphere through 
radiat ion. This mechanism is also important on Earth but to a great extent has been 
neglected . The interaction o f  the lower leve ls o f  the Mart ian atmosphere with the sur­
face is of great importance in contro l l ing the mot ions of t he atmosphere . Greater under­
standing of these interac tions on Earth is being gained as a resu l t . In the case o f  t he 
atmosphere o f  Mar s, there is t hus a direct and demonstrab le connect ion between study of 
that atmosphere and a bette r understanding o f  our own. From this better understanding, 
we c an perhaps expec t  advances in t he techniques of long-range weather fore casting and 
eventual ly t he deve lopment of e ffec t ive methods for weather modi ficat ion . The signif­
icance of the explorat ion o f  the Martian atmosphere to studies of t he E arth is by no 
me ans uni q ue : we can expect further advancement in the understanding of our own plane t 
.as a result o f  t he study of the other planets . 

Because of the rich contr ibuti on that planetary exploration can make to a broad 
range of sc ient i fic subj e c t s, we recommend t hat the planetary exp lorat ion program be 
presented not in terms of a sing le goal but rather in terms of the contr ibution that 
t hat exp loration can make to a broad range of sc ienti fic discipl ine s .  

2 .  Leve l o f  Support for Planetary Exploration 

The 1965 study recommended that an increasing fraction o f  t he space program ' s re­
sources be devoted to p lanetary exp loration .  T he basis for that recommendat ion was the 
expected richness of the sc ient i fic return from such i ncre ased e fforts . S ince 1965 , a 

- 3 -
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number of groups external to NASA have made s imi lar strong recommendation�. I n  196 7 ,  
t he P resident ' s Sci ence Adv iFory Commi ttee recommended tha t  the exploration o f  p lane t s  
and Fpace aFtronomy should b e  pr imary ob j e c t ives toward which the U. S . space program 
is or iented dur i ng t he post-Apo l lo per i od . 

I n  the coming f i scal  year, p lanetary exp loration wi ll rece ive at mos t 2 pe rcent of  
t he total  space budge t .  We  bel ieve that this amount i s  totally i nade quate to t ake ad­
vantage of the oppor t un i t ie s  avai lab l e  to us . The impor tance of plane tary i nve s t igat ions 
is tha t these explorat ions prov ide i nformat ion that cannot be secured by Ear th- based 
stud ies . We canno t form an expe r imental  p lane t  with a l ight atmosphere composed large ly 
o f  carbon dioxide to de te rmine how i t s  mo t ions are influenced by rad i at ion . We cannot 
e asi ly reproduce t he cond i t ions tha t  have exi sted on the s ur face o f  Mar s over b i llions 
of  ye ars to determine whe the r  l i fe forms could develop . Ins tead, we c an take the ex­
i s t i ng p lane t s  and attemp t to secure informat ion most relevant to some of the gre at 
scient i fic problems of our t ime . The uniquene s s  of planetary s tud ies  make s any com­
par ison of t he relevant bene f it of expend i t ure s devoted to the se and Earth- based s tud ies  
not  only d i ffic u l t  but  i n  many case s irre levant . S t udy of  the planets can prov ide under­
s t andi ng about maj or q uest ions tha t  could  never be ach ieved solely by Ear th-based in­
vest igat ions . 

Today we have deve loped the techno logy to place sc ient i f ic ally meaning ful payloads 
ne ar or on the plane t s  and have developed the instrumentat ion with t he long li fe t ime s 
req u ired to c arry out the complex planetary mi s s ions . We believe that we mus t take ad­
vantage of the s e  deve lopments.  While not competent to argue the comp l icated q ue s tions 
of nat ional prest ige , we certa inly b e lieve t ha t  we canno t abandon a broad area of space 
ac t ivitie s to ou r compe t i tors . There fore , we recommend tha t a sub s tant ial ly increased 
fract ion of the total NASA budget be devoted to p lane tary exp loration . 

3 .  P r i or i t i e s  i n  Plane tary Explora t ion 

At pre sent , the p lanetary program is l imited by resourc e s  rathe r  than by techno logy, 
lack of compe tent s c ient i s t s, or impor tant ideas . The real fac t of re source  l imitat ion 
make s it e s sential to examine the q ue s t ion of  prior it ie s  w i t h  great c are . In thi s ex­
amina t ion,  we have been st rong ly gu ided by the concept that planetary exp lora t i on wi l l  
strengthe n  broad areas o f  sc ience, a s  has been empha s i zed above . 

(a)  Redundancy 

In the pas t  and in c urrent p l anning , i t  has been cus t omary to bu ild cons iderable 
redundancy into a par t icu lar mi s s ion . Thi s redundancy t ake s two forms . It i s  usual to 
plan for two spacecraft to acc omp l i sh a g iven mi s s ion . In add i t ion, backup spacecraft  
for  use on t he ground are  also  manu fac t ured . Seve ral of the orig inal  reasons for s uc h  
redundancy have vanished . Technolog ical  advanc e s  have made failures  infreq uent,  whether 
at launc h or during the mi s s ion . The many space e ndeavors have r educed the pre s t ige of  
a s ingle space shot  and t he pub l ic no longer req u i r e s  s ucce s s  at eve ry oppor tunity . 
Plane t ary exp lorat ion i s  no longer a pr imit ive and r i sky ar t but rather a highly devel­
oped tec hnology . I n  view of  t he se deve lopment s, and w�th the great need to conserve 
re source s, we recommend that dup l icate mis s ions for a par t icular oppor tun i ty be under­
taken only when a c lear gain i n  sc ient i fic informat i on will resul t from such doub le 
launche s .  

We do no t f i nd persuasive the argument that an addi t ional launch costs only 20 or 
30 percent more than the �ingle l aunch . For the expens ive p lane tary mi s s ions that have 
been propo sed , thi s add - on i s  s u f f iciently l arge to suppor t s i gni f i cant other mi s s ions . 
However, i n  view of the fund i ng already c ommi t ted to t he 1969 Mar iner Mar s fly-by 
mi s s ions and t he c lear gain o f  cover ing d i fferent por t ions o f  the p l ane t ,  we recommend 
tha t  NASA proceed with t h i s  part of i t s  program.  
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(b)  Small Spacec raft for Planetary Missions 

Of centra l  importance in the future of planetary exploration is the i n i t iation o f  
a s e r i e s  of relatively sma ll and inexpensive space craft t o  orbit Venus and Mars, primar­
ily, and to make exploratory missions to Jup iter ( as c urrently p lanned in t he P ioneer 
F and G miss ions ) and perhaps to Mercury and t o  comets . Such a broad and we l l  c once ived 
se r ies of opportunitie s for s pace experiments, with flights to the nearer planets at 
each opportunity , w i ll make it possible to reach and maintain a high level o f  scienti fic 
intere st and partic i pation in the p lanetary program .  This is partic ular ly vital during 
the se times of uncertainty concerning support of the larger miss ions . A continu ing 
program with nume rous opportun i t i e s  for p lanetary research using re l atively inexpensive 
plane tary orb iters make s it pos s i ble to : 

(1) Involve a larger number of sc ient i sts,  young researchers, and graduate 
students in p lanetary research 

( 2) Plan and progress Fy�tematica lly to more ingen ious and impor tant expe r­
iment s as more information is obtained 

(3) Respond q u ickly wi th a new payload in order to take advantage o f  new 
find ing s  

( 4 )  G ive groupF o f  expe rimenter s  the opportunity to plan for the use of a 
total integrated pay load 

( 5 )  Conduct exper iments that support or c omp lement larger miss ionF (U. S . 
and Sov iet) or prove out a concept that may have h igh intere s t  but also high r isk 

( 6 )  Carry out planetary and interplanetary part icle s - and- fields exper iments 
on the same missions rather than i nstrumenting separate spacecraft for the two types of 
measurements ; this wil l  also reduce t he load on the tracking facil ities of the Deep 
Space Network 

The merits of smal l  planetary orbiters have been discussed for several year s  and 
are recognized in particu lar in the Space Science Board ' s 1967 "Report of a Study on 
Explorat ions in Space with Sub-Voyager Systems . " The succ ess of smal l ,  spin-stabil i zed 
spacecraft has been we l l  demonstrated in the IMP, P ioneer, and other programs . P ioneer 
A has now continued to ope rate in deep space for 2 . 5 years . The technical feasibi l ity 
of plac ing such a spacecraft in orb it around an extraterrestrial body was proved when 
IHP- 6  (Explorer 35 ) was placed in orbit around the Moon in Ju ly 196 7 . Experience from 
these programs can also be used to estimate costs with a high degree of re l iab i l ity . 

There are both advantages and disadvantages to a spinning spacecraft as compared 
with a Mariner-c lass stab i lized spacecraft, but recent tec hnical advances in e lectron­
ical ly phased antenna array s, for example,  can be used to s imp lify antenna designs for 
high gain c ommunications with Earth . 

We recommend that NASA ini tiate now a program o f  P ioneer / IMP- c lass, sp inning space­
c raft for orbiting Venus and Mars at eac h  opportunity, and for exp loratory mi ssions to 
other targets . We e ndorse the proposed diversion of the existing Pioneer E spacecraft 
to orbital studies o f  Venus i n  1 9 7 0  and we recommend that NASA openly so l ic i t  scient i f­
ic experiments for this miss ion . We strong ly support the P i oneer/ IMP- c lass miss ions 
for i nvestigation o f  the near-Jupiter environment in 197 2 and 1973 . The possibil ity 
of taking advantage of the 1 9 7 3  Venus-Mercury opportunity with a Pionee r-c lass mission 
should be care ful ly examined . 

( c )  Study of Mars 

The Space Science Board and its various pane ls have on freq uent occasions emphasi z­
ed the great importance o f  the investigation of Mars for t he purpose of detect ing possi­
b le bio logi cal ac tivity . The pure ly bio logical studies are of high r isk but c learly 
the discovery of l i fe on Mars wou ld rank as one of the great events of this or any 
other century . Because of the great importance of such b i o log ical investigation we 
recommend the fol lowing for Mars : 
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Mar iner orb i ter mi s s ion in 1 9 71 

Mar iner- type orb iter and lander mission based on a T i t an-Centaur in 1 9 7 3  

The 1 9 7 1  Mar s  orb i ter i s  essent ial b o t h  for the s ignif icant informat ion i t  wi l l  
gain and for the suppor t o f  subsequent landing missions . T his orbi ter wi l l  provide 
t he f i r s t  de tai led maps of Mars and its  sensors wi l l  be ab le to seek out per s istent 
c loud s  a s  we l l  as thermal and co lor anomal ies indicative o f  water sources . This and 
other informat ion wi l l  be of great va lue in se lec t ing favorab le sites for a lander, in 
t he 

·
inte rpre tat ion of  data wh ich a landed capsu le w i l l  obta in, and in providing the 

f i r s t  data on seasona l  var ia tions suc h as t he intriguing wave of darkening . There fore, 
t he 19 7 1  Mars orbi ter shou ld be accorded an espec ia l ly high pr ior ity in t he plane tary 
program for it wil l make uniq ue contr ibut ions to the search for extraterres trial l i fe .  

We be l ieve that t he program ou t l ined above - - smal l  plane tary spacecraft and 
larger Mars �issions -· is a minimal program .  It is our view that such a program has 
greater priority both in terms of expec ted pure ly sc ient i fic re turns and in long term 
bene f i t s  to society t han othe r  space ventures such as the q ua l i fy ing o f  man for p lan­
e tary voyages ( see Sect ion 7 ) . 

( d )  Other Programs 

Our emphas is on ob taining broad knowledge of the so l ar sys tem leads us to g ive 
t he next prior i ty to a Mar iner-c lass Venus-Mercury f ly- by in 1 9 73 or 1975 . We no te 
that the favorab le po s i t ion of t he plane t s  t hat pe rmi ts t h i s  miss ion wi l l  not recur 
unt i l  the 1980 ' s .  

Our incomplete knowledge o f  Venus coup led w i t h  t he importance o f  under s t and ing 
i t s  atmosphe re make s a mu l t i p l e  drop-sonde miss ion in 1 9 75 a very high priori ty miss i on .  

Fina l ly, we no te t he importance o f  a major lander for Mars, perhaps i n  1975, 
wh ich could take advantage o f  t he oppor tunit ies opened up by the earl ier inve s t igations . 

4. Payloads 

We have not at temp ted to s truc ture a de tai led program of exper iment s for each o f  
the high pr ior i ty mi ssions discussed above . Instead w e  have examined i n  some de tail  
poss ible sample pay loads for t he smal l  plane tary orb i ters and for t he Mars lande r . In 
the case o f  the former we wish to demonstrate c lear ly t hat it is possible to carry out 
signi ficant planet ary ob servat ions with smal l spacecraf t . In the case of  the lander , 
t h i s  mi ssion is o f  such impor tance that i t  is essential t hat  de tai led investigations 
o f  t he instrumentat ion for t ha t payload be undertaken at the ear l ie s t  possible oppor­
tuni ty . 

(a)  Payloads for Smal l Plane tary Orb i ters of Venus and Mars 

The sc ient i f ic pay load for sp inning spacecraft of t he Pioneer/ IMP c lass p laced in 
orb i t  around Venus and Mars is on t he order of 40 pounds . W i t h  such a pay load there are 
a number of exc i t ing possib i lities  for fundamental s tudie s of t he atmospheres and sur­
faces of  t he se p l ane ts as we l l  as  of the solar wind interac t ion reg ions and t he inter­
p l ane t ary medium.  With  an ongoing program t ha t  inc ludes fl ights to both plane ts at 
every opportuni ty, it is possible to p lan both integrated pay loads that incorporate 
a number of related exper imental  packages o f  relat ive ly sma l l  size and pay loads consist­
ing of a single, large instrument for imaging in, for examp le, the visual, infrared, 
r ad io, or ac t ive radar bands . There has been some tendency to think of the small, spinn­
ing spacecraft as use ful only for par t ic le s - and- fie lds exper iments, but s imi lar space­
c raft in Ear t h  orb i t  have demonstrated vi sual imag ing capab i l i ties  of high qua l i ty using 
t he spin of the spacecraft i tse l f  to scan t he field of view . 
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A high prior i ty i s  p laced on obtaining visual and infrared image s o f  t he Venus 
atmosphere near the tops of the c louds to he lp deduce dynamical  and phy s ical charac ter­
i s t i c s  o f  this mas s ive atmosphere . Bo th remote and in � measurements of atmospheric  
cons t i tuent s are poss ible for Venus and Mars ,  wi th local measurement s being empha s i zed 
during the t ime when the orb it  decays into t he atmosphere . 

An ear ly f l ight to Venus might be used to te s t  t he feas i b i l i ty o f  obtaining radar 
image s of the surface, us ing t he S-band radio sys tem, with an added instrument to sample 
wide-band charac ter i s t i c s  of radio s ignal s  re f lec ted from the surface in t he b i s tat'ic 
mode . This could lead to the pos s ib i l i ty o f  obtaining high re solut ion image s of the 
s ur face o f  Venus u s ing the total capac i ty of a spacecraft of t he Pioneer/ IMP c las s in 
a later f l ight . The b i s tatic radar echoe s wi l l  also be o f  intere s t  in e s tabl i s hing 
elec trical and roughne s s  properties  of the reg ions on and near t he s ur face . Rec ent 
re s u l t s  from the lunar- orb i t ing Explorer 35 sugges t  a variable thickne s s  of t he rubb le 
layer ( the rego l i th) , thicke s t  in the highlands and thinne s t  in t he mar ia, and having 
anoma l i e s  of extreme thinne s s  apparent ly corre lating with infrared hot- spot s .  

A high priori ty i s  also placed on obtaining synop tic  par t ic le s - and- fie lds data 
in t he so lar wind interac tion reg ion around Mar s . Recent results  from Explorer 35 
and data from the Mar iner 5 f ly - by of Venu s  lead us to be l ieve t hat such a synopt ic 
s t udy o f  Mars wi l l  be of great interes t and impor tance in e s tabli shing fundamental 
propert ie s  of  plane t ary bodie s and their environment in t he solar wind.  

The radio links needed for communicat ions have a high potent ial for sc ient i fic 
use,  particularly if they incorporate range and range-rate capab i l i ty and compatibi lity 
wi th t he add i t ion of a s econd frequency . Pressure and tempe rature profile s  of  t he at­
mo spheres of  Mars and Venus ob tained by radio occu l ta t ion in t he Mar iner 4 and 5 
f l ight s prov ided our fir s t  accurate measurement s o f  these  two markedly different 
samples  of t he type s of atmospheres that can evolve from plane tary bodie s .  In fac t ,  
occul tat ion data i n  conj unc t ion w i t h  radar s t udies from Ear t h, radio tracking of Mar ine r 
5 ,  and the resul t s  of the Sovie t Venus 4 probe,  have e s tab l i s hed that atmospheric par­
ame ters near t he mean s ur face of Venus at  low to medium latitude s and at a l l  t ime s  of 
the day are quite di f ferent t han was fir s t  thought on the bas i s  of t he dire c t  Sovie t 
meas ur ement s alone . Approximate pre s sure and temperature values are 100 atmospheres 
and 700° K, respect ive ly ,  rather than the 20 atmosphere s and 550° K value s sugge s ted 
by t he Sov i e t  expe riments . 

Radio occ ultat ion measurement s also provided ini t ial profi les of the ionospheres 
o f  both plane t s .  The pecul iar ,  sharp, inter face be tween the dayt ime ionosphere of 
Venus and t he interplane tary medium, together with magne t ic and plasma e ffec t s  noted by 
Mar iner 5 ,  sugge s t  t hat Venus  and perhaps Mar s represent a different c lass of plane t ,  
as  compared wit h  Earth, i n  terms of  the ways a plane tary body may interact with the 
solar wind .  These differences  could b e  of fundamental impor tance to eventual under­
s tanding of the dif ferent manner in which the atmospheres of Venus and Earth have evolv­
ed to have markedly di fferent charac teri s t ic s  even though t he two plane ts  are very s im­
i lar in s i ze, mas s ,  and distance from Sun . We a s s ume that t hey probab ly formed from 
the same source o f  matter at  abou t the s ame  t ime . 

The radio measurement s wi l l  take on added meaning with t he smal l  orbi ter s ,  as com­
pared wi th previou s  fly- bys . The atmospheric and ionospheric measurement s would become 
synopt ic, c over ing l arge areas o f  the plane t s  and extending over t he l i fe t ime o f  the 
spacecraft . Accurate tracking wi l l  be used to e s tabl i s h  the ma s s  and grav i tat ional 
moment s of the plane t s .  Venus is of part icu lar intere s t  in thi s  regard because of i t s  
s trange de pendence o n  Ear t h  for locking i t s  rotationa l  per iod . Accurate tracking at 
two coherent radio frequenc ie s wi l l  a l s o  provide data on the so lar corona and interplan­
e t ary medium, and wi l l  be used to improve plane tary ephemer ide s .  The se same measurement s ,  
conduc ted when the plane t s  are i n  regions around the opposite  s ide of Sun, wi l l  yield 
informat ion impor tant to fundamental s tudies  o f  general relat ivity . 
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Sma l l  Pl ane tary Orb i t er s :  Samp le Pay loads 

Venu s 1970, 1972, 1973, 1975 . The nex t  oppor t un i ty t o  p l ac e  a pay l oad i n  t he 
vic in i t y  o f  Venus ( 1970) c o u l d  only  involve e x i st ing spac ec r a f t  and sc ie n t ific i n s tr u ­
ment s .  Sub s e q ue n t  s amp l e  pay l oad s a r e  de s igned on the a s s ump ti o n  tha t n o  l arge Venu s ­
orb i t i ng m i ssions w i l l  be  c o nduc t ed d ur ing t h e  p e r iod under c o n s ider at ion . Det a i l ed 
pay l oad cho i c e s  w i l l  de pend upon previous re s u l t s  and c harac ter i s t i c s  o f  the p r o po s ed 
Venu s - Mer c ury f l y - by (1973-75) and the Venus drop - sonde mi s s ion (1975) . In each case 
it i s  assumed that the rad io tracking and data ac q u i s i t ion sy s t em i nc l u d es rang e  a s  
wel l as r ang e -r a t e  capab i l i t y,  and prov i si o n  i s  mad e for incorporat i ng a s e c ond radio 
f r equ enc y  for d i s p e r s i ve mea s u r ement s .  T hus, b a s ed on the h i gh prec i si o n  r ad i o c ap ­
ab i l i t ies , o c c u l t a t i o n  me a s ureme n t s  o f  t he neu t r a l  and i o n i ze d  por t i ons o f  the atmos­
p he r e  w i ll be c onduc t ed ,  as w i l l  exper ime n t s  on c el e sti a l  me c han i c s .  r e l ati v i ty t heory,  
the i n t erplanetary med i um . and the solar c o rona. 

Samp l e  pay l oad s ar e: 

1972 

(1) Sp i n- sc an c ame r a  (AT S) and t ape r ec order 
(2) IR radiome t �r , sp in sc an 
(3) UV at 3600 A, sp in sc an 
(4) UV f i l te r  pho t ome ter 
(5) Modu l es tapped off S- band sy s tem for i n i t ial 
b i s t a t ic  r adar st ud ie s of  the sur fac e ( up link) 
( 6) Par t i c l e s - and- f ie lds instrume nt s ,  a s  many as c an 
be incorporated,for st udy o f  t he so lar w i nd inter­
ac t io n  reg ion. 

1973-75 

De pend i ng upon previous r esu l t s, t he t o t a l  s pac ec ra f t  may be de vo t ed 
t o  b i s ta t i c  r adar i mag ing of t he s ur fac e, o p ti c a l  and infrared im­
aging of t he c l oud t ops, microwave emiss ion (t empe rature ) imag ing ,  
or t o  an integra t e d  se t o f  e xper iment s t o  study the r e g i on o f  
i n t e r ac t ion betwee n  t he u p p e r  a tmo sphere and t he s o lar wi nd , includ­
i ng measu r eme nts of t he i n t e r p l ane tary med i um at 0 . 7  AU. In c a s e  
there i s  no Mar ine r -c lass mi s s i on for mu l t i p l e  ( t hre e )  atmosphe r -
i c  probes , i t  i s  impor tant , and may b e  feasib le ,  to desi gn a sma l l  
spac e c r a f t  for a tmo sp he r i c  entry. An orb i t e r  may inc l ude a mass 
spec t r ometer t o  measure a tmo sp he r i c  c onst i t u en t s, par t i c u l ar l y  
d u r i ng orb i t  dec ay .  

Mar s 1971, 1973, 1975 . We a s sume the r ad io me asuremen t s  desc r i b ed above for  Venu s . 
If the sma l l  p l anet ary orb i t er i s  f lo wn a t  the same oppo r tuni t y  as a Mar iner - c lass orb­
i t e r ,  possi b l e  exper imen t s  for t he s o lar w i nd interac t i on r e g i o n, t he uppe r atmosphe r e ,  
and the i n t er p l ane t ary me dium a t  1.5 A U  from t h e  Sun inc l ude:  

(1) Magne t omet e r  
( 2) Plasma probe 
(3) Trappe d p ar t ic l e d e t e c t o r  
(4)  C o sm i c  r ay d e t e c tor  
(5) Mic rome t eor i te counter  

For t he s e c ond and th i rd m i ss io n s ,  upgraded and new inst r ume n t s  wi l l  be c onsi dered . 

S ho u l d  the sma l l  space c raft be t he only o rb i t e r ,  i t s  pay load shou l d  be c ho se n  
f r om: 
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( 1) Sp in-sc an came ra 
(2) IR rad iome ter 
(3) UV photome ter 
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(4) Y e l low- f i lte r  s p i n- s c an c amera 
(5) B i s t a t ic radar for sur face s tudie s 

Par t ic le s - and-fie lds expe r iment s  are impor tan t ,  but  probab ly of secondary pr ior i ty in 
th i s  case . 

( b) Pay load for Dire c t  Bio logical I nve s t igat i on o f  Mar s (Tab le 1) 

The central purpose of t he lander mis s ion is t o  de termine the ne ar- sur fac e en­
v ironment of the p lane t and, if pos s i ble , whe ther bio log ical  ac t i v i t y  is pre sent . 
The environmental inve s t iga t i ons are o f  d ir e c t  importance to the l i fe de tec t ion ex­
per iment but a l so provide informat ion o f  interest  in other d i s c ip l ine s .  We regard the 
mas s  spe c t rome ter experime nt s  and t he gas chromatograph of par t i cu lar i nte re s t  both 
because of t he uni q ue c apab i l itie s in t h i s  kind of  i n s trumentat ion that exi s t  in this 
c ountry and t he va lue o f  the s e  expe r iments in interpre t ing biolog ical observat ions . 

Ins trumentation  o f  Recommended Pay load 

( 1 )  Imaging .  T h i s  i s  cons idered t o  b e  a l i fe - seeking exper iment o n  a 
gro s s  scale. A re solut ion of a few cent ime ter s at 10 m w i l l  suf f i c e  for a f i r st 
lander, al though higher re s o l u t ion i s  de s i rable i f  i t  c an be atta ined . A high resolu­
t i on v iew i s  needed o f  the s amp l ing s it e ,  pre ferab ly wh i le the s amp le r  i s  be ing operated . 

( 2 )  Sampler . T he exper iment s which need a s o i l  samp le ( I tems 3, 4 ,  7, and 
12) requ ire a total samp l e  we ight not exceeding one gram. 

( 3) Pyrolys i s :  Gas  Chromatograph/Mas s  Spec trome ter . This  i s  a dua l purpose 
ins trument . The f i r s t  use is for atmosphe r ic ana lys i s . A comp l e t e  analy s i s  o f  the 
atmosphe re inc luding trace cons t i tuent s i s  needed, through a d iurna l cyc le i f  pos s i ble , 
to de tec t the rmodynamic unstab i l i ty ( e . g . , CH4 and 02 pre sent) . The analy s i s  of the 
atmos phere should inc lude he l ium and t he argon and neon i sotope s s ince t he re l a t ive 
propor t ions of  the se elements could y i e ld informat ion on proce s s e s  t hat affec ted t he 
pr imi t ive atmos phere and on t he pos s ib i l i ty of secondary outgass ing, solar wind ac cret ion 
and s o l ar wind sweeping . The gas chromatograph of this  ins trument is not the same as 
that in I tem 6 s ince a c o l umn s u i tab le for the separat ion of organic compound s doe s not 
per form sat i s factor i ly w i t h  t he f ixed gase s .  

The second u s e  o f  this  instrument i s  for organic ana ly s i s . The informa t ion t o  be 
ga ined wi l l  indicate the pre sence of organic c ompound s ,  permi t ident i f icat i on o f  the 
c la s s e s  o f  compounds pre sent and , in t he case of compound s  present in high re lat ive 
amount s ,  wi l l  al low ident i f icat ion of individual compound s .  Ot he r  valuable ev idence 
s ugge s t ive o f  l i fe i s  t he de t e c t ion of  organic nitroge n compound s s ince the se have 
not been found in me teor ite s in s igni f i cant amount s .  

Both t he atmosphe r i c  ana l y s i s  and the organic ana ly s i s  are cons idered to be life ­
seeking exper iment s .  

( 4 )  Direc t Bio logy .  Experiment s in t h i s  c la s s  invo lve t he de tec t i on of 
growth,  photo synthe s i s, or me tab o l i sm in the s o i l  s amp le . Depending upon t he number 
o f  contro l s , the numbe r of  different c hambe r s ,  the number of media, e tc . ,  the detec tors 
wi l l  range from s imp l e ,  low-we i ght (1- lb)  ins trument s to c omplex, highe r -we ight (10-lb) 
ins trument s .  They requ ire at least 3 days ' operat ing time . 
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TABLE 1 

Sugge s ted 1 9 7 3  Mar s  Landed Payload, In Order o f  Prior i ty 

Func t iona l 
Obje c t ive Pr iority Range 

Imag ing 1 1 gro s s  scan upon 
landing, 
1 high resolut ion 
of sampler 

So il  Sampler 1 Up to 1 g 

Pyro l y s i s  (ga s  chromato - 1 
graph/mass spec trome te r )  

Dire c t  Biology 1 

�0 De tec tor 1 

Ga s  chromatograph 2 

Differential t hermal 2 
analy s i s  

Pene tra t ing sub sur face 

�0 probe 

So il tempera ture 

Air temperature 

2 

3 

3 

10 to 140 amu 
Dynamic range , 106 

Growth/Metabo l i sm 

Sens i t ivity, 10-5 mb 

Atmosphere : H2, He , 
CO, N2, N-oxide s, C02 
HCN , 0 2, NH3, Clfi., 
C2H2 

10 mg a t 0.011. �0 

Es t .  
We ight 

4 l b  

2 l b  

1 6  l b  

10 lb* 

1 l b  

4 l b  

1 lb 

3 l b  

Air pre s sure 3 ±Q. l mb, range to 30 mb 1 lb 

Element analysis  

Neutron probe 

Air veloc ity 

3 

3 

4 

X-ray fluore scence 20 l b  
x-ray diffrac t ion 

Perma fro s t ( ? )  3 l b  

Range up to 200 km hr -1 2 l b  

*A 1 - l b  l ife de tec t ion exper iment may b e  fea s ibl e .  
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(5) Water De tec tor . A knowledge of  the amount of  water present at the 
landing s i te i s  cruc ial since water i s  considered essential for biological  proce s se s .  
This  instrument measures water vapor . One addit ional water detecting exper iment 
( I tem 8) wi l l  de termine the presence of a permafrost layer whi le a second addit ional 
expe riment ( Item 7 )  w i l l  analyze for water in the s o i l  sample . 

(6 ) Gas Chromatograph .  Thi s i s  a "gap- f i lling" instrument which analyzes 
t he atmosphere for those gases that are difficult to analyze with the mas s spec tro­
meter or which l ie out s ide its mass range . The se gas e s  are H2, He, CO, and N2 . Since 
the column would separate other possib le atmospheric gase s ,  the capab ility o f  the 
ins trument can eas i ly be extended to inc lude t he other gases l isted in the tab l e . 

(7) D i f ferent ial Thermal Analys is (see Item 5) .  
inc lude s a water vapor sensor at the output o f  the DTA unit,  
ident i ficat ion of water in t he soil s ample , inc luding l i q uid 
cry s ta l l izat ion, and hydroxy l wate r . 

This instrument, which 
wi l l  al low posit ive 
water , ice, water of 

(8) Pene t rat ing Subsur face Water Probe (see I tem 5).  This i s  a se l f­
contained and se l f-powered probe which pene trates the s o i l  and g ives indic a t ion o f  
a pe rma fros t layer . Physical ly, i t  i s  part o f  the neutron probe ( Item 13) 

( 9 )  So i l  Temperature . A knowledge of the temperature cyc le o f  t he s o i l  
a t  the land ing site is use ful in de scribing t he environment . 

( 10) ( 1 1 )  Air Temperature and Pre s sure . Measurement of  a ir pre s s ure and 
temperature dur ing at leas t  one diurnal cycle is de s ired to determine whether l iquid 
water can exi s t  at the landing s i te . 

(12) Element Analys is .  This analy s i s  w i l l  y ie ld environmental data as 
we l l  as informa t ion concerning plane tary d i f ferent iat ion . 

(13) Neutron Probe ( see I tem 8) . 

(14) Air Veloc i ty .  This measurement wi l l  he lp t o  de termine whe ther aeo l ian 
eros ion may be occur r ing at the land ing s i te . It wil l also c ontr ibute to t he de s c r ip­
t ion of  the biological environment . 

( c )  Ster i l i za tion o f  Probes for Venus and Mars 

Direc t impac t probes are the mos t  re l iable and economical  devices for exp lora­
t ion o f  the lower atmosphere of Venus . The deve lopment o f  this type o f  mi ssion for 
the U. S .  space program may have been inhibited in t he past by the need to mee t inter­
national s ter i l i zation requirements . I t  now seems l ike ly that these s ter i l i zat ion 
req uirement s can be sat i s fac t or i ly ful f i l led.  Probes which de t ach from the main bus 
and which can impac t in regions where surface temperature is uncertain c an be heat­
ster i l i zed.  

Uni form heat ster i l i zat ion of al l components of  the bus s hould not be nece s sary . 
For the probe s ,  an eq uator ial impac t point can be chosen where the sur face tempera­
ture w i l l  exceed 700°K. C lean cons truc t ion, heat s te r i l i zation where poss ible, sur­
face s te r i l i zat ion of a l l  component s, and t he sur face ablat ion dur ing entry should 
then be suffic ient to reduce t he probab i l i ty o f  contamina tion to acceptable  limits.  

As informat ion about Mar s cont inues to become ava i lable a simi lar reas s e s sment 
of s ter i l i zat ion requirement s  for thi s p lane t  wi ll a l s o  be desirable . 

We recommend t hat with regard t o  Mars and Venus, NASA cont inual ly reassess , in 
�he l ight o f  current knowledge of the plane t s ,  i ts program, methods, and mathemat ical 
mode l for mee ting the internat iona l ly agreed object ives for p lane tary quarant ine. 
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S. Gr ound - Bas e d  and Near - E ar th Ob s e rvati on s  o f  t he Pl ane ts 

In the y ear s s i nc e the 1965 s t udy , ground - based  ob s er va t ions have produc ed a 
wea l th o f  new i n forma t i on on t he p l anets . We expe c t  that t h e  r et urns  from inves tme nts 
in s u c h  s t ud i es w i l l  c o n t i nue to be high . We urg e t ha t  NASA pur s u e  an act ive gro und ­
b as ed p l anetary progr am. 

( a) Radar Stud i es of the Pl anets 

Si nce 1961, con s iderab l e  s t r i d es have b een mad e in our knowledge of the na t ur e  
o f  the t er r es t r i a l  p l anet s ,  muc h  o f  whi c h  ha s  c ome from gr ound - bas e d  ob s erva t i on .  
E ar th- bas ed radar o b s ervations o f  Mer c ury, Venu s ,  and Mar s have b e e n  e s pec i a l ly fru i t ­
fu l .  In t h i s  Se c ti on we r e view br ie f l y the major c ontr i b u t ions mad e  u s ing th i s  te c h ­
n i q u e  and outl i ne ext e ns i on s  of the w o r k  t hat  are po s s ib l e  w i th mor e  s ens i tive r ad ar 
sy s tems .  In v i ew o f  the l ar ge number o f  remarkab l e  d i s c ove r i es alre ady o b t a ined by 
r adar and i ts high pote-nt ial for fur ther advanc es , we ad voc at e it s s u pport as par t o f  
the NASA p l anet ary progr am . In p ar ti c u l ar we have i n  mind gr eat er u s e  o f  t he De e p  
Sp ac e Network a nd impr ovement of i ts c ap ab i l i t y  for r ad ar obs er vatio n s ,  the upgr ad i ng 
o f  o t he r  r adar facil i t i es ,  and t he c ons tr uct i o n  of new ones . 

We b el i eve tha t p l ane tary e xp lora t ion can b es t  b e  car r ie d  out  w i th a p r ope r m i x  
o f  s p ac e- pr o be and E ar t h- b a s ed ob s ervations . T ho s e  data of imp o r t anc e t hat can b e  
o b ta ined l es s  exp en s ively wit h, s ay,  gr ound - based  rad ar eq u i pme nt ought to be s o  
o b t ained . Su ch a co s t - ef fec t i ve approach i s  e s pec i al l y  impor t ant in a p er i od o f  
s tr i ng ent budge t ary l imi t ations .  

Pa s t  Ac c ompli s hments . T he s tud y of plane tar� dynamic s has benefi tte d  enormou s l y 
from the extr eme prec i s ion - - s eve r al p ar t s  in 10 - - of r adar mea s u r eme nts . T he v a l u e  
o f  the as tr onomic al uni t, i n  p ar t i c u lar,  ha s b een r e f ined b y  almo s t  f i v e  order s  o f  ma gn i ­
tud e .  Perhap s mo s t  s t ar t ling have been t he d i s c over ie s o f  the s p in- orb i t  r es onanc e s  o f  
Mer c u ry and o f  Venu s . Fu r t he r ,  t hes e r e s u lts from E a r th- based  r adar al low s e ns i b l e  
in f er e nc e s  t o  b e  mad e about t he ex i s tence of a fl u i d  c o r e  i n  Venu s . 

Radar r e f i nement s o f  the mas s  and r ad i u s  o f  Mercury  have e s tab l i s he d  its d e ns it y  
a s  eq ual t o  t he E ar t h's wit h i n  1 t o  2 p er c en t , and prov i d e  impor tant c o n s tr a i nt s  o n  
mod el s o f  Mer c ury's i n t ernal c ompo s ition. T h e  ac cur ate d e t e rm i nati on by r adar o f  the 
r ad i u s  o f  Venu s ,  coup l e d  w i t h  the Mar i ner S r es u l t s ,  demons t r ate that  the Venu s 4 
pr obe d i d  no t t r ansmi t from t he s u r face and t hat the s u r fac e temp e r atu r e  a nd pre s s ure 
ar e c l o s er t o  700°K and 100 atmo s p her e s  than to  SS0°K and 20 atmo s pher e s ,  t he Sov i e t  
v a l ue s . T h e  a b s orp t i on by t h e  Venus atmo s p he r e  of h i gh freq ue ncy r adar wave s obse r ved 
f r om E ar t h - b as e d  mea s u remen t s  als o  f avo r s  s t rong l y  the former set o f  s ur fac e c ondit ion s .  
C lear l y  t hes e r adar r es u lt s are o f  enormous  imp o r t anc e to fu ture inves t i gati ons o f  the 
l ower a tmo s p her e and s ur face o f  Venu s . 

Radar has a ls o  p laye d  an impor tant part in s t ud i e s  of p l ane t ary topo graphy. s u r face 
roughne s s ,  poro s i ty ,  and c omp o s i t i on . No tab l e  d is c ove r ie s  include l ar ge a l ti t ude var i a­
t i ons (12 km) on the s u r face along 21°N la t i tude on Mars , and the near - ci rc u lar i ty 
( var i a ti ons < 2 km ) o f  t he equatorial  region of Venu s .  T he only map s  o f  the Ve nus �ur ­
f ac e, a l be i t  a t  pre s en t  w i t h  very poor r e s o lu tion (100 to 200 km) ,  have b ee n  p r od u c e d  
u s ing E a r th- bas e d  r a d a r  and s how a large numb er o f  featu r e s .  It ha s b ee n  found that 
the s u r fac e  o f  Venus backs ca t t e r s  r ad i o  waves abou t tw i c e  as e f f i c i e ntly as e ithe r  
Me r c ury , Mar s ,  or t he Moon, indica t i ng a more c ompac t s ur f ac e  o r  one made o f  a mate r ial 
w i t h  a h igher d ie l e ct r i c  cons t an t . Sur face s lope s on the s c ale  o f  t h e  r adar wave l e ngth 
have b een shown t o  be sma l ler  on Venu s ,  f ur t her ac centu at i ng the d iffe r enc e s .  Simi l ar 
compar i sons  among the Moon, Mer c ur y ,  and Mar s ar e p o s s i b l e  from t he p r es e nt mea s u reme nts . 

Fu t u r e  Potent ial. The potent i al o f  r adar for p l a netary e xp lorat io n  ha s not bee n 
f u l ly e xp l o ite d .  New facili t ie s ,  with improvements i n  s e n s it i vi ty of nea r ly t hree ord e r s  
o f  mag n i t ud e  ove r ex i s t i ng radar sy s t ems , can b e  b u i lt for r e l a ti v ely mod es t c ap i tal 
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expend i ture s .  With  one s uch fac i l i ty, detailed  radar map s of Mercury, Venus, and Mars 
c an be prepared, the Venus map having a r e s o l u t ion o f  1 to 2 km which is comparab le to 
that achievab le  in Ear t h- based op tical  photographs of the Moon . (A radar int e r ferometer 
c an be used to reso lve t he two fold amb iguity pre sent in a map made with only a sing le 
r adar receive r . The s i ze of  the second rece iver is not c r itical . )  

Radar s t udie s o f  the Gal i lean sate l l i t e s  of  Jup iter w i l l  b e  pos s ib l e , g iv ing informa­
t ion on the ir rotat ion rate s ,  s ur face propertie s ,  and dens i t ie s . These  measurements wi l l  
a l s o  permit enormous improvement s i n  t he knowledge o f  the orbits o f  t he sate l l i t e s  and o f  
t he orb i t  and grav i tat iona l fie ld o f  Jup i ter . Radar e choe s from Jup i ter may not in them­
se lve s be de tec tab le because of i ts very deep atmosph�re . However, the upper regions o f  
the Jovian a tmosphere  and magne tosphere c an be s t ud ied b y  ground- based radar u s ing s igna l s  
r e f l e c te d  from the G a l i lean sate l l i t e s  near occul tat ion w i t h  t he p lane t .  The large s t  
sate l l i te o f  Saturn, T itan, w i l l  a l s o  b e  acce s s ib l e  to radar s t udy as wi l l  the two t iny 
moons of Mar s . The inner p l ane t s  themse lve s wi l l  be eas i ly detectable  at a l l  point s in 
t he i r  orb i t s, al lowing important extens ions o f  exi s t ing s t ud ie s .  For e xamp le ,  t he Mar t ian 
topography c an be de termined over the entire lati t ude and long i t ude region spanned by the 
s ubradar point .  The impor taqt value s of the frac t iona l d i f ferenc e s  in the equator ial 
moment s of ine r t i a  o f  Me rcury and Venus - - vital to an under s tand ing o f  t he i r sp in- orb i t  
coup l ings and t he ir inter ior s - - can b e  determined from radar measurement s o f  the phys ical 
l ibration o f  the s e  p l ane t s . Several  a s t e r iods and perhap s some come t s  c an a l s o  be brought 
under surve i l lance by such a new radar sys t em .  In  a l l  c a s e s ,  the knowledge gaine d  from 
the radar inve s t igations shou ld aid s igni f icant ly in arr iving at the b e s t  choice  of  ins tru­
ments  for more detailed exp lorat ion with space probes .  

In view o f  the past  accomp l i shment s and future potent ial of  the radar technique , we 
recommend s t rongly that NASA s uppor t radar a s t ronomy as an integral par t  of i t s  p lane tary 
explorat ion program. We further recommend t ha t  NASA fund the deve lopment and operat ion 
of a maj or new radar ob servatory required for t he inve s t igations d i scus sed above . 

This  obse rvatory s hould provide an increase in sens i t ivity o f  about 103 over exi s t ing 
s y s tems, and such an increase seems read i ly ob tainab le for a c ap i tal  expend i ture of the 
order o f  $30 mi l l ions . 

( b) P lane tary Observa tions from Near-Earth Orb i t  

T h e  NASA p lane tary p rogram shou ld take account o f  t he Ear t h- orbi tal  te l e scope s that 
are being planned for the mid- 19 70 ' s .  The s e  a l l - re f lect ing t e l e scope s having ape;ture s 
o f  about 1 m, are be ing de s igned for d i f frac t ion- l imited per formance at � = 5 000 A and 
wi l l  there fore have a l imi t ing r e s o l u t ion o f  0 . 1 arc sec . High resolut ion imagery can 
be obtaine d  par t i c ularly in the wave lengths from 2000 to 8000 � and long term ob serva­
t ions of plane tary sur face and atmosphe r ic de t a i l  on the p l ane t s  will be pos s ible . 

For the mid-19 70 ' s i t  appear s that fly-bys and orb i t e r s  are prac t ical  for only Venu s ,  
Mar s, and Jup i te r . I n  a l l  t he s e  case s ,  a f ly-by o r  orb i t e r  i s  capab le o f  a t  least  100 
t ime s  mor e  resolut ion t han an Ear t h- orb i tal t e l e scope , but over only a rather sma l l frac­
t ion o f  the p l ane t ' s sur face at a g iven t ime . There fore , the Ear th- orb i tal  tele scope s 
shou ld comp lement the s e  de tai led pho tographs by p lane t-wide photographs taken at appro­
p r iate interva l s . High r e s o l u t ion photography o f  p lane t s  from the Ear t h ' s sur face at  
per iods of  exc e p tiona l ly good see ing shou ld al so be v igorou s ly pur s ue d .  

The large s t  contr ibut ion o f  Ear t h- orb ital  t e l e scope s t o  p lane tary image ry would  
appear to be imagery o f  the maj or p l ane t s .  W i t h  the except ion of  Jup i ter , fly-bys  of 
the se p lane t s  canno t be expec ted unt i l  at leas t 1980 . Fur the rmore , the r e l a t ive ly long 
exposure s required for t he s e  objec t s, part ic u lar ly Uranus and Nep tune , make i t  more d if­
f i c u l t  to obtain ground- base d  photographs dur ing interva l s  of good see ing .  

Many other solar sys tem obj e c t s  are photographic a l ly reso lvable with a 40- inch d i f­
frac t ion- l imited t e l e s cope . The se inc l ude Plu to,  about ten o f  the large s t  as ter iod s ,  
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T i tan, and t he Ga l i lean s a te l l i te s  o f  Jup i ter . The latter have angular diame ters  o f  
about one arc s e c  and s hould exhib i t  sur face features  o n  photographs hav ing a resolut ion 
o f  0 . 1 arc sec . 

U l traviolet spec troscopy from Earth- orbi t ing te l e scope s shou ld a l so be used t o  com­
plement spec trographi c  data ob tained by plane tary mi s s ions . In the next few year s ,  three 
Orb i t ing A F tronomical  Observator i e s  (OAO ' s) are s c heduled to carry a var i e t y  o f  instru­
me ntat ion for wide- band photome try and spec troscopy . Although pr imar i ly de s igned for 
s te l lar observat ions,  each of these OAO ' s c an g ive va luable suppor ting informa t ion on 
the p lane t s .  

At tent ion s hould b e  d irec ted toward t he feas i b i l i ty o f  spe c i a l ly mod i fying the 
Smal l  A � tronomic a l  Sate l l i te ( SAS) for optical  plane tary ob servat ions . 

0 
High re solut ion ( 0 . 1 to 0 . 3 A) u l traviole t spec troscopy o f  the p lane t s ,  u t i l i z ing 

t he h igh spat ial resolution o f  a d i f fract ion- l imi ted 1 -m te l e scope wou ld be extreme ly 
val uab le . Ins trumentat ion now being des igned s hou ld a l low such spec tra to be obtained 
in the mid- 70 ' s .  

At present, t here are no ac t ive p lans to per form infrared spec troscopy o f  t he p lane t s  
from Ear t h  orb i t . However,  NASA i s  equipping a Convair- 990 j e t  aircraft w i t h  a 36- inch 
t e l e scope ,  s t ab i l i zed to about one arc sec , and to be flown at about 40, 000 fee t .  There 
appear s to be very l i t t le water vapor about this leve l w i t h  the result  that t he infrared 
spec trum is near ly comp l e t e ly transparent below 25 � and par t ia l ly transparent above 25 � .  
This  new fac i l i ty ,  scheduled t o  become operat ional i n  1970  or 1 9 7 1 ,  should b e  v igorous ly 
u t i l i zed for obtaining ir spec tra o f  the plane ts  at moderate spatial re solut ion (1 to 2 
arc sec) . 

In l ight o f  the s e  cons idera t ions , we recommend that the NASA planetary program p lan­
ning be c lose ly coordinated with t he Ear t h- or b i ta l  tele scopes be ing des igned for the mid-
1 9 7 0 ' s and w i th the infrared aircraft te le scope s now under cons truc t ion . 

( c) Ground-Based Opt ical  P lane tary As tronomy 

We commend NASA for i t s  program o f  ground-based optical plane tary as tronomy , and 
for the construct ion o f  new te le scope s being under taken to further th i s  program.  The 
e f fe c t i vene s s  of the program would be greatly increased by the add i t ion of a Southern 
Hemi sphere observatory : A number of plane t s  wi l l  be in the southern sky three to ten 
year s  hence wi th the resul t  tha t  high reso l tu ion spec troscopy from nor t hern ob servator­
ies wi l l  be hampered by the large masses o f  air through which ob servations mus t  be made . 
Moreover the highly successful  technique o f  inter ferome tric spectroscopy should be ex­
tended to t he fainter p lane t s  and come t s .  We recommend that thi s  program cont inue to  
rece ive s trong suppor t and that i t s  c apab i l i t ie s  for plane tary astronomical inve s t iga­
t ions be increased by : 

( 1) Cons truc t ion o f  an intermed iate- s i zed optical  telescope in the Southern 
Hemi sphere 

(2) Construc t ion of an infrared tele scope employing a very large c o l lec ting 
area and permi t ting inter ferome tric  measurement s at a dry s i te 

(3 ) Deve lopment of new infrared devices i nc luding improved detec tors and 
h igh re solut ion inter ferome ters 

( d) Photographic Plane tary Patrol s  

We commend the implementat ion of a wor ldwide photographic plane tary patrol ,  but we 
are concerned that the data ob tained w i l l  not be suf f i c ient ly evaluated . There fore , we 
recommend that s teps be taken to fac i l i tate the ana ly s i s  by q ua l i fied inve s t i gator s o f  
these d a t a  for s u c h  things  as presence and mot ions of  c louds o n  Mar s ,  Venus,  Jup i ter,  
and o ther p l ane t s ,  the seasonal wave o f  darkening on Mars ,  and unusual phenomena . 
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6 .  Interac t ion of  the P l anetary Program wi th the S c ient i fic Community 

At pre sent , only a few group s in the country are d irec t ly involved with the sc ien­
t i f ic por t ion o f  the p l ane tary program. There i s ,  however, wide spread intere s t ; we 
be l ieve that the program could be great l y  s treng t hened by increased involvement . We 
have recomme nded certain s teps - - ins t itution of the smal l  p lanetary orb i ter program 
to he lp .  Fur t her init iative s  wi l l  be valuable . 

(a) Princ ipal Inves t igators or Teams 

The me thod s for se lect ion of individual sc ient i s t s  to partic ipate d irec t l y  in pas t 
p lanet ary mis s ions have been critic i zed . This i s  due to � !!£!2 procedures  which pre­
c l uded open announcement of f l ight oppor tuni t ie s  or evalua t ion o f  proposals of  experi­
ment s  from !!! intere s ted and q ua l i fied s c ient is t s ,  and led to the present s i tuat ion in  
which only a very few ind ividua l s  have access to p l anetary spacecraft as plat forms for 
the ir experiment s .  An al ternat ive me thod, the format ion of sc ient i fic teams whose mem­
bers have been chosen in several d i fferent ways ,  has had s imi lar consequenc e s ,  i . e . , 
e l iminating the part icipat ion o f  we l l-qual ified and interes ted inve s t igator s .  

Pane l ' s Views . We recognize that certain types of spacecraft exper iment s are 
suffic ient ly complex or costly so tha t  no one individual sc ient i s t  is ab le or interest­
ed in ut i l i z ing the ful l  capab i l i ti e s  o f  the exper iment . Visual imaging exper iments 
are an exampl e  o f  thi s  c l as s .  By contras t ,  in � measurement s o f  the p lanetary en­
vironment by ion spec trome ter or magne tome ter repre sent another c lass of experiment s in 
which an ind ividual sc ient i s t  can and indeed is intere s ted in both deve loping the in­
s trument and analyzing i t s  resul t s . 

We recommend that NASA openly sol i c i t  par t ic ipat ion in a l l  future planetary mi s s ions 
by announc ing fl ight oppor tuni ties  wi th adeq uate t ime for response from t he sc ient i f ic 
community . The as signment o f  exper imental respons ibi l i ty to a pr inc ipal inve s t igator 
or to a team of sc ient i s t s  cannot be made under a s ingle po l icy that doe s not recognize 
the unique aspe c t s  that a given expe r iment may have from the point of v iew of d i f ferent 
d i s c i p l ine s .  Thus,  at present, we recommend that  re spons ibi l i t y  be ass igned to teams 
o f  inve s t igators for imagery- type experiments and to pr incipal  inve s tigator s in a l l  
others . Because o f  the w ide appl icab i l ity  o f  image s t o  many disc i p l ines ,  d i s seminat ion 
of the pre l iminary imag ing informat ion should be as wide spread and promp t as pos s ible . 
We recommend that  these data be released immed iately through t he NASA Goddard Space 
F l ight Center National Space S c ience Data Center . We recognize that  the imag ing team 
should have t he exc lus ive opportuni ty and respons ib i l i ty to carry out the c omplex pro­
cedures,  dependent on knowledge o f  the camera system, req uired to yie ld photometr ic a l l y  
and geometrically correc t  scans . S imi larly, for those exper iment s that  demand comp lex 
treatment of the returned data be fore interpretat ions can be made ,  we recommend that the 
present we l l- tes ted pr inc i pal  inve s t igator sys tem, which i s  based on an exc lus ive- use 
period, be cont inued . 

(b) Summer Ins t itute on P lanetary Explorat ion 

It is e s sent ial , in p lanning mi ss ions and suppor t ing spec i f ic experiments for the 
future , that t he par t ic i pat ion o f  the sc ient i f ic community be broadened . Only a smal l  
number of  s c ient i s t s  have had an oppor tunity t o  par tic ipate d irec t l y  i n  the plane tary 
explorat ion program and the experience t hey have gained i s  not general ly fami l iar to 
the p l anetary sc ienc e  communi ty . New ideas from young sc ient i s t s  mus t  be inc l uded as 
mus t  concepts  from more e s tab l ished sc ient is t s  not ye t invo lved in the p lanning process­
e s  o f  NASA . 

We recommend that NASA deve lop a summer ins t itute program expre s s ly de s igned to 
introduce intere s ted sc ient i s t s  and eng ineer s  to the sc ience , technology, and adminis­
tration o f  t he planetary program. Par t i c ipant s would inc lude graduate s tuden t s ,  j unior 
and senior university  facu l ty ,  NASA and industry sc ient i s t s  and engineer s .  The purpose 
of the ins t i tute wou ld be to : (1) Summar i ze t he  pre sent s tate o f  knowledge o f  the 
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p l ane t s  and t he kinds o f  s c ient i f ic s tud ies  that can be made from e it her spacecraft  or 
the Earth ' s sur face ; (2) Review the technology and oper at ions of pas t , pre sent , and 
future s pacecraft  and the ir support cons traint s ; and (3) Discuss  the mec hanisms of NASA 
financ ia l s upport of ins trument deve lopment and mi s s ions s tudie s . 

I t  i s  e s sent ial for a v igorous , v iable  program of p lane tary exp loration that the 
future par t ic ipat ion of indiv idua l s c ient i s t s  be enc ouraged . Such a s umme r  ins t i tute 
wi l l  comp lement the ex i s t ing pos t-doc toral re search programs tha t  NASA suppor t s  through 
the Nat i ona l Academy of Sc ienc e s  - Nat iona l Re search Counc i l  and which s hould be ma in­
ta ined . 

7 .  Manned P lane tary Explora t ion 

Dur ing t he pas t few year s ,  there have been n u m e rous discus s ions of the pos s ib i l ity 
of  manned p l ane tary exp lorat ion . For examp l e ,  in 1966,  the NASA O f f ice  of Manned Space 
F l ight prepared a de tai led s tudy for a manned round- tr ip mi s s ion to the immediate v ic in­
i ty o f  Mar s  to c o l l e c t  information about t he plane t and,  perhap s ,  to return a sma l l  
sample o f  Mar tian s ur face mater ia l .  I t  was sugge s ted that such a mis s ion could be flown 
a s  early  as 1975 . This s t udy and othe r  s imi lar propos a l s  s upported the point of view 
that  the next ma j or space goa l  s hould be the p lac ing of man on a p l ane t,  pre sumab ly 
Mar s s ince the other p lane t s  appear to be even more inhospitable t han the Moon . 

In order t o  ma intain the opt ion open of eventual manned exp lora tion o f  the p l ane t s , 
several group s ,  inc l ud ing the Space Sc ience and Tec hno logy Pane l s  of Pre s ident ' s Sc ience 
Advisory Commit tee have recommended t hat NASA undertake a var i e ty of programs . The se 
inc l ude biomed ica l programs expos ing man to s pace cond i t i ons for long per iod s ( 100 to 
200 day s )  in Ear t h  orb i t  to determine whe ther he i s  q ua l i f ied to undertake p lane tary 
mis s ions ( the se mi s s ions involve round t r ips of abou t 700 day s) . Such biomedical qual­
i ficat ion require s the deve lopment of s pec ial vehic les s ince ne i ther the pre sent Manned 
Orbit ing Laboratory nor Apo l lo could eas i ly be adap ted for long term mi s s ions ; need­
l e s s  to say the se pr ograms invo lve subs tant ia l fund ing . 

Pane l ' s Views . We were unable to ident i fy a need in p lane tary exp lora t ion, in the 
for seeable future , for the unique ab i l i t ie s  of man . For examp l e ,  in the proposal for 
a manned f ly-by o f  Mar s ,  man is  not u t i l ized in a unique role . In the face of a l imi ted 
space budge t ,  we favor rea l locat ion to the unmanned exp lorat ion o f  the p lane t s  those 
re sources d irec ted to  ef for t s  preparatory to a manned p l ane tary program.  The rap id de­
ve lopment o f  techno logy sugge s t s  tha t  ful l  automa ted sys tems of  sub s tantial comp lexity 
w i l l  be ava i lable for p l ane tary exp lora t ion and that thi s  technology should be c apab le 
of answer ing the maj or sc ient i fic q ue s t ions that we can now pose about the p lane t s . 

Whi le a t  some t ime in t he future i t  may be in t he na t iona l  inter e s t  to under take 
manned mis s ions to the p lane t s, we do not be l ieve man i s  e s sent ial for sc ient i f ic plan­
e tary inve s t igation a t  this  s tage . There fore we recommend that those resource s  present­
ly intended for suppor t of  manned p lan� tary programs be rea l located to programs for in­
s trumented inve s t igation of the p lane t s . The s c ient i f ic inve s t igations recommended in 
the 1 965 s tudy and in th is  re port apply d ire c t ly to the proper p lanning of any eventual 
manned program, but t hey s hou ld be v iewed in terms o f  the ir c ontr ibut ion to t he ma j or 
sc ient i fic goa l s  of t he NASA program rather than in suppor t of manned exploration of 
the plane t s . 

8 .  New Oppor tun i t ie s  for United S tates- Soviet Cooperat ion in P lane tary Exploration 

Dur ing the ear ly years of the s pace program, Pres ident Kennedy sought cooperat ion 
in s pace  w i t h  the Sov ie t  Union. He be l ieved that the deve lopment of areas of common 
inter e s t  could gradua l ly be expanded as t ime went by,  thus e s tabl ishing a hab i t  o f  
cooperat ion be tween the two countr ie s .  Some o f  the e ar ly proposa l s  for cooperat ion 
invo lved j o int phys ical imp lementat ion in space venture s .  For examp le , Pre s ident 
Kennedy in a speech be for� the United Nat ions General A s sembly in 1 96 3  sugge s ted t hat 
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t he Sov i e t  Union and the United States  join in send ing to t he Moon representat ive s 
o f  a number of nations . The pre l iminary a t t empt s  a t  b i lateral coope rat ion re sulted  
in l imited agreements for  s har ing me teoro log ical data,  examining pos s ib l e  j oint e f for t s  
i n  ob taining magne t ic data, and in u s i ng c ommunicat ion sys tems . 

Looking ahead to t he near future, i t  is c lear t ha t  t he re wi l l  be numerous oppor tun­
it ie s  for new and s ub s tant ive c o l l aborat ion with the Sov i e t  Union in p lane tary exp lora­
t ion . Pre s s ures  p laced on the programs of both nat ions by l imited re sour c e s  may add 
impe tus to e f for t s  for cooperat ion in s pace ac t iv i t ie s .  Cooperat ion be tween them and 
eventual ly w i t h  other nat ions may take the form o f  planning for , rather than the ac tual 
j o int phy s ic a l  imp lementat ion o f, space expe r iment s .  Jo int p l anning would permit the 
maximum u s e  of t he spec ial talents o f  each o f  the countri e s  involved, whi le at t he s ame 
t ime prov id ing pre st ige returns to e ac h .  Cooperat ive planning has the add i t ional ad­
vantage of no t nec e s s ar i ly involving de tai led hardware cons iderat ions ; as a re s u l t ,  que s­
t ions of secur i ty ,  in t he narrow mi l i tary sens e ,  are no t as re levant as they would be 
in j o int imp lementa tion of s pace f l ight s . 

For examp le,  the Soviets  recent ly pene trated the a tmosphere of Venus with a probe . 
A l t hough thi s exper iment was not ent ire ly unexpec ted, U .  S .  p lanning for t he explorat ion 
o f  Venus had not taken into account pos s ible Sov iet r e s ul t s . The exper iment s aboard 
Mar ine r  5, whic h f lew by Venus short ly after the entry of the Sov ie t  probe , in par t con­
f irmed by indire c t  rad io tec hniq ue s what the Sov i e t s  had obtained by in s itu observat ion . 
Apparent ly t he Sov i e t  experiment s were not carr ied t hrough to comp l e tiOn and radar ob­
servat ions c arr ied out in the Uni ted S ta te s  wer e  needed ful ly to inte rpre t t he Sov ie t  
r e s u l t s . We d o  not know t o  wha t extent Sov ie t  p lanning for t he i r  Venus probe recognized 
pos s ible U. S .  exper iment s ,  even t hough U .  S .  p lans had been pub l i s hed several year s 
earl ier . 

Dup l icat ion o f  e f fort  may have been va luab le dur ing the ear ly s tage s o f  s pace exp lor­
at ion because of t he high probabi l i ty o f  fai l ure . The great r e l iab i l i ty o f  the pre sent 
sy s t ems re s u l t ing from cont inued exper imentat ion and advance s  in techno logy has e l imin­
ated the need for repe t i t ive exper iments .  In t he s ame  sense, the rapid deve lopment of 
a broad area of space ac t ivit i e s  d i lutes the pre s t ige value to any na tion of a par t icu­
lar space  succ e s s . There is no longer the great pre s t ige advantage tha t  ac companied a 
sc ient i f ic d i scovery made in advance of comp e t i tor s now tha t  such discove r ie s  have be­
come more commonp l ace . This i s  so even with respe c t  to the exp lorat ion of p l ane t s ,  in 
whic h cons iderat ions of  c e l e s t ial  mechanics  permit v is i t s  from Earth to a par t ic u lar 
p lane t at interva l s  s paced as far apar t as one or two year s . Only i f  one nat ion were 
c omp le te ly to dominate an area of exp lorat ion, such as  p lane tary s t udie s ,  wou l d  the 
pre s ent balance o f  space-re lated pre s t ige be upse t .  

The above cons iderations and t he pos i t ive values to be der ived from enlarg ing areas  
of  contact sugge s t  that in t he future cooperat ion in planning for the explorat ion o f  the 
p lane t s  wi l l  be rewarding to bo th the Soviet  Union and t he United S tate s .  Plane tary ex­
p lorat ion may be the ear l ie s t  and mos t  suitable cand idate for such c omb ined p lanning 
e ffor t s . Jour neys to the plane t s  are expens ive , t hey require long lead t ime s because 
o f  l imited oppor tunit i e s  for making t he j ourney and great sophis t icat ion in ins trumenta­
t ion if the ins trument s are to surv ive t he leng t hy voyage . Furthermore , p l ane tary in­
ves t igat ions have no relevance to na t ional secur i ty,  nor has any nat ion as yet  made a 
national  goa l o f  palne tary exp lorat ion. 

Imp leme ntat ion o f  s uc h  j o int planning wou ld,  o f  cour s e ,  require agreement be tween 
the two government s .  De s p i t e  this need, i t  would appear be s t  to proceed f i r s t  through 
the me c hanism o f  informa l but coord inated c ontac t s  be tween Amer ican and Sov ie t  sc ient i st s . 
We know l i t t le about how the Sov i e t  space program i s  p l anned . Informa l  discuss ions wi th 
Soviet counte rpar t s  might provide a bas i s  for s uch an information exchange . On the bas i s  
o f  s uc h  e ar ly d i scus s ions , i t  s hou ld b e  pos s ible  to draw u p  a s pe c i f ic proposal whic h 
�n could be pre sented to the government s  for agreement . 

Planetary Exploration, 1968-1975; Report of a Study by the Space Science Board, Washington, D.C., June 1968

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18655


- 18-

We recommend a c oordinated e f for t involving repre sentat ive s of NASA, t he Depar tment 
of S tate,  and the Nat iona l Academy of S c ienc e s  wi th the pur pose of informal ly contac t ing 
knowledgeab le Sov i e t  sc ient i s t s  in regard to the pos s ib i l i ty of j o int planning of p lan­
e tary exp loration .  Such ear ly d i s c u s s ions should provide the bas i s  for more formal in­
tergovernmental agreement s .  

P l a n e t a r y  E x p l o r a t i o n ,  1 9 6 8 - 1 9 7 5 ;  R e p o r t  o f  a  S t u d y  b y  t h e  S p a c e  S c i e n c e  B o a r d ,  W a s h i n g t o n ,  D . C . ,  J u n e  1 9 6 8

C o p y r i g h t  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .
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Chapter 3 

PlANETARY ATMOSPHERES 

Introduc t ion 

T he 1965 Woods Ho le S t udy ident i f ied three pr inc ipa l obj e c t ive s in t he explorat ion 
o f  the so lar sys tem. T he inve s t igat ion of p lane tary atmospheres c an contr ibute to these 
obj ec t ive s ; t he re lation of  research on the inner p lane t s  to advanc e s  in terre s trial  
me teoro logy is  part icular ly d i rec t .  

Unders tand ing o f  Man ' s Env ironment . S ince the 1965 S tudy a number of t heore t ical  
inve s tigati ons have been made of the  lower a tmosphere dynamic s of Mars and Venu s ,  and 
o t her s t ud ie s are known to be under way . None of t hem is de f in i t ive,  or even near ly so,  
but a remarkab le re levance to terre s tr ial s tudi e s  i s  already c lear . Inve s t igat ion of  
the Mar t i an atmosphere focuses  at tent i on on a number of impor tant aspec ts  of  the Earth ' s 
atmos phere t ha t  were not rece iv ing the at tent ion t hey de served . T he role o f  rad iat ive 
trans fer i s  gre a t ly exaggerated on Mar s but is also important on Ear t h .  The lower 
boundary layer i s  e s sent ial  for long- term weather forecas t ing .  No theore t ic a l  mode l 
atmos phere that inc ludes t he boundary layer exis t s  for Ear th, but one i s  be ing deve loped 
for Mars .  The low leve l d iurnal j e t  has been treated as a minor feature of the Ear t h, 
but i t  i s  a plane tary- scale phenomenon on Mar s and i s  rece iv ing increased attent ion. 
Diurnal t ide s also are of  much greater impor tance on Mar s . In the case of Venu s ,  two 
q ue s tions are c entral.  F ir s t ,  t he c irculat ion mu s t  c lose ly re semb le a Had ley ce l l ,  a 
type o f  c irculat ion general ly neg lec ted on Earth, but of impor tance in the tropic s .  
Mode l s  of  Venus may be the f ir s t  to g ive a modern numer ical treatment . Sec ond, we do 
not know how t he Venus c louds couple to t he atmospheric dynamics nor how a comple te c loud 
c over can form.  Why do t he terre s trial oceans not evaporate and produce a hot ,  c loud­
c overed plane t l ike Venus ? We may d iscover that such a configurat ion was pos s ible in 
prev ious geological eras . 

As we learn more about t he s truc ture of t he atmosphere s of Mars and Venus,  we 
f ind that our unde r s tand ing o f  the Earth ' s atmos phere i s  i ncreased . S ince atmosphe r ic 
theor ie s mus t  now exp lain t hree planetary atmosphere s ,  t he new theor ies  are more l ike ly 
to be correc t .  T here are examp l e s  in bot h  me teoro logy and in upper atmosphere phy s i c s . 
The e lectron dens i t y  in the ionospheres of Mars and Venu s  has now been measured . 
I t  has b een surpris ing t hat these i onospheres do not have F 2 regions as the Earth doe s . 
The phys ica l processes that produce this  high,  dense ionizat ion regi on on the Earth are 
being re-examined to unders tand not only why s uch a region does not form on Mars and 
Venus,  but why i t  does occur on the Ear th . The unders tanding of the thermal s t ruc ture 
of  the upper atmosphere is another s uch prob lem .  Mara,  Venus , and the Earth provide 
three atmospheric examples . Two of the plane ts have carbon d i oxide atmospheres , the 
other an oxygen-ni trogen atmosphere .  Venus rotates very s lowly whi le Mara rotates with 
near ly the period o f  Earth . Now that exoapheric temperatures of these planets are be­
ing measured, the theory being deve loped to explain a l l  three wi l l  increase our under­
s tanding of the heat ing and cooling processes in the Eart h ' s atmosphere . 

I f  Mercury has a few mi l l ibars ' pres sure o f  C02, i t a  atmosphere may a l s o  be o f  
meteorologic a l  intere s t .  I t  i s  more l ikely, however, t o  be o f  mos t  relevance to 
plane tary aeronomy . The outer planets,  and Jupiter in particular, are leas s imi lar 
to the Earth, but s t i l l  of some importance . S tone ' s s tud ies of symmetric ins tab i l i t i es 
extend the range of previou s  work on baroc l inic s tab i l i t y  and lead to a much better 
fundamental unders tanding of these phenomena . 

The Or igi n o f  Li fe . The determination of the compos i t i on of a p lane tary atmos­
phere wi l l  show if the bas i c  i ngred ients necess ary for l i fe, as we unders tand it,  are 
pre sent in the plane tary environment . Compounds containing t he atoms of carbon, oxy­
gen, hydrogen, and nit rogen, and water i n  par ticular, are of central interes t .  
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His tory and Origin  of the  Solar Sys tem. The atmosphere of an inner plane t compr is­
e s  only a minute par t of the  whole p lane t .  Nevertheless i t  i s  an  indicat ion of  the  re­
cent sur face his tory of the plane t -- the fir s t  s tage in unders tanding its planetology . 

The origin of the atmospheres can be better unders tood by comparing the ir  compo­
sit ion . The inner p lanets appear to have los t the ir original atmospheres . The Earth, 
we know, has ob tained its present atmosphere from the outgass ing of its interior . The 
amount of  he lium, argon, and nitrogen in planetary atmospheres such as Mars and Venus 
are indicators of the amount of degass ing that has occurred . Whi le Venus and Earth 
are about the  same s ize and the  same distance from the  Sun and were probab ly formed 
from the same source at about the same t ime, their atmospheres have evolved quite 
different ly . A maj or prob lem i s  the lack of  water in the atmosphere of Venus to 
correspond with Earth ' s  oceans . 

The outer planets,  notab ly J�pi ter ,  appear to have their  original atmospheres . 
Following these ideas , the Jovian atmosphere is  a current-day example of what the 
material that formed the solar sys tem was l ike . The compos ition and structure of 
the atmosphere of Jupi ter may serve as criteria for unders tanding theories of the 
evolut ion of the solar sys tem.  There may be no sudden change of  phase on Jupiter or 
Sat urn and we may be able to unders tand a great deal about the bulk of the p lanet 
from a s tudy of its  atmosphere . S i nce these p lanets are in a qui te different s tage 
of evolut ion, and s ince they form the maj or part of the p lanetary sys tem,  they are 
vital  to our understanding of the solar sys tem. 

Measurements Required 

� 
The phys ic s ,  chemistry, and dynamics of the lower atmosphere should be given high 

pr iority in inve s t igat ions of Venus . The physic s  of  the upper atmosphere is  a des irable 
concomitant . Earth-based observations are s t i l l  of value , but s ince the bu lk of  the 
Venus atmosphere i s  beneath the c loud tops ,  the atmospher ic drop-probe wil l  be the mos t  
impor tant tool  for invest igating the lower atmosphere in  the next decades .  

The fol lowing measurements are needed to tes t  and deve lop existing theories :  
temperature-pressure profile s  at subsolar and ant isolar points and at the poles,  wi th 
measurement of the point of impact ;  the vertical f lux of  solar radiation down to the 
surface ; compos it ion, number-dens i ty and s ize distribut ion of c loud partic le s ; winds ,  
turbulence and c loud dynamic s ;  and detailed compos i t ion of  the atmosphere , wi th part ic­
u lar reference to condens ible constituents . Molecules  such as nitrogen, oxygen, and 
ozone can be measured by ultraviole t spec troscopy . The temperature of the upper atmos­
phere and its var iat ions can be determined from the ul traviolet radiation emitted by 
hydrogen atoms . The e lectron density in the ionosphere should be measured as a 
func t ion of locat ion about the planet by radio occultation technique s . 

A mas s- spectrome ter capabil ity  should be deve loped to measure the concentrations 
and isotopic compos it ions of the noble gase s of Venus . Inventor ies of He4 and Ar40 in 
in the terres tr ial  atmosphere have been valuable indicators of the outgassing of radio­
ac tive rocks . These  inventories wi l l  be s imilarly important for the other terres trial 
planets . The kind and amount o f  the remaining rare gas isotope s  in a plane tary atmos­
phere are funct ions of the original entrapment of those isotopes wi thin the plane t  and 
of  its  subsequent outgass ing history . As such, these  de terminations can se t use ful 
boundary cond i t ions on theor ies of  the plane t ' s  or igin.  Differences ,  if  they exis t ,  
i n  isotopic compos it ion be tween plane tary matter and terres trial matter are probably 
mos t  eas i ly de tec table in the rare gases ; and al l  the gases  from neon through xenon 
can probably be inc luded in the search because background inter ference in mass  spec­
trometer measurements  tends to fal l  off more rapidly with increasing atomic mass than 
does the abundance of the rare gases .  In the case of xenon gpecial  anoma l ie s  in 
isotopic composit ion due to extinc t  radioac tive 1 127 and Pu�4 have been prominent in 
the meteor ites and may be vis ib le in Venus . If so, it may be pos s ible to infer when 
Venus was formed . 
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The problems of the Mart ian a tmosphere d i ffer great ly from those of Venus ; s imi lar­
ly , researc h  vehic l e s  and the types o f  measurement emp loyed to reso lve t hem wi l l  d i ffer . 
Me teoro log ical  and aeronomic a l  s tud ie s of t he Mar t ian atmos phere are c oncerned with the 
free atmos phere , above t he sur face boundary l ayer . This  boundary layer wi l l  exi s t  even 
over a pe r fe c t ly smooth and uni form s ur face,  w i l l  probably be fr om 1 0-m to 1- km  thick, 
and wi l l  d i f fer great ly from the ove r ly ing free atmosphe re in its thermal and dynamical 
proce s s e s . A maj or d i f f iculty in s tudy ing t he boundary layer i s  t hat no one s i te can 
be cons idered truly re pre sentat ive . Except  for compos i t iona l  de terminat ions , t hose 
atmospher ic measurement s made by an early Mar t ian lander w i l l  be de s igned to s uppor t 
bio log ical  or sur face s tud ie s rather than for atmospheric  s tud ie s .  

Drop- probe s are o f  secondary value t o  s tudy t he Mar t ian free atmosphere ; t he ir 
ma in obj e c t ive would be to  make a de t a i led c hemical analy s is of t he lower atmosphere . 
The mos t  valuab le vehic le is an orbi ter . With t he orb iter,  rad io occultat ion measure­
ment s c an map the lower atmos phere temperature pro f i le and t he ionosphere . Airglow 
and re sonance f l uore scence exper ime nt s  wi l l  g ive compos it ion informat ion . Whi le the 
maj or cons t ituent of t he Mar t i an atmos phere,  carbon d ioxide , has been ident i f ied, it  
i s  not known whe ther mo lecular nitrogen, mo lecular oxygen, or ozone are pre sent and if  
so,  in what amount . The d iurnal temperature change s in t he uppe r atmosphere should be 
measured . A COz- band infrared ins trume nt could g ive crude temperature prof i le s . A 
radiome ter could map ground temperature s and c ompare t hem w i th topography . The same 
rad iometer would g ive temperature s of c loud s and t he nights ide . 

Wind s ,  an import ant feature o f  the Mart ian atmos phere,  are probab ly be s t  measured 
ind irec t ly by means of v i s ual obse rvations of c loud s . Dus t-dev i l s  and o ther loc a l  
phenomena w i l l  pr obab ly a l s o  b e  v i s ib le i f  the resolut ion i s  suffic ient ly high .  A 
f loat ing balloon- sonde i s  not out o f  t he q ue s t ion, but should probab ly be de ferred unt i l  
the re s u l t s  of  c loud mot ion s tud ies  are known . 

Again, a mas s - s pec trome ter c apab i l i ty i s  needed to measure t he concentrations and 
isotopic c ompos i t i ons of t he nob le gases of Mar s ,  for the same reasons as for Venus . 
I t  i s  l ike ly that useful informat ion can be obtained from orb i ters . At one extreme , 
he l ium measurement s  shou ld be pos s ible in a s pacecraft orb i t ing the p l ane t at large 
d i s tance s .  At the other extreme , a comp l e te rare gas assay s hould be feas ible from an 
orb i ter of c o l laps ing orbital radius,  and certainly from a lander .  

Jupiter 

Jup i ter,  the neare s t  and mos t  t horoughly s tudied o f  the maj or p lane t s ,  pre sents 
intere s t ing and important phy s ical prob lems to plane tary a s tronomers . Jup i ter apparent­
ly pos s e s s e s  an internal source of energy, and i s  t hus o f  intere s t  to s te l lar as tronom­
ers . Space probe s to Jup i ter are becoming technical ly fe as ible and they seem certain 
to be as fru i t ful as those already sent to Venus and Mars . 

One o f  the mos t  important q ue s t ions is the c ompos i t i on o f  Jup iter ' s atmos phere . 
A de tai led knowledge o f  t he compos i t ion wi l l  prov ide c ons traints on theor ie s o f  t he 
or ig in o f  t he so lar sy s tem. A be tter knowledge o f  atmospher ic abundance s  wi l l  a l s o  
permit improved mode ls  o f  the inter ior . It  seems fairly certain that Hz and H e  make u p  
t he bu lk o f  the atmos phere , b u t  t he Hz/He rat io i s  qu i te uncertain. A l t hough the evi­
dence sugge s t s  t hat the abundance (by number ) o f  He i s  comparab le with Hz, we cannot 
exc lude a so lar compo s i t ion ( Hz / He 3) or a predominant ly he l i um  atmosphere ( 

Hz < 1 ) . 
Ground - based observat ions in the near infrared may provide the Hz/He He J 
rat io i f  the dominant source of opac i ty in this wave leng t h  reg ion is due to c o l l i s ion­
induced trans i t ions in l'z . In this  case,  the s p·ec tral d i s tr ibut ion o f  the emi t ted 
radiat ion w i l l  depend on whe the r the Hz trans i t ions are induced by He or se l f- induced . 
A l t hough the resu l t s  o f  the s e  observat ions are not l ike ly to be highly accurate , t hey 
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are of great intere s t . 

With  such l imited informat ion atta inab le  from Ear th, i t  seems ful ly j us t i f ied to 
comm i t  a s igni f icant por t ion o f  the ins trumentat ion aboard a Jup iter space probe to 
determining the compo s i t ion of  the atmosphere . Rad io oc cul tation exper iment s ,  wh ich 
have proved very succe s s fu l  on Venus and Mar s ,  wou ld yie ld an accurate val ue for the 
scale  he ight . From this the mean mo lecular we ight can be de termined i f  t he tempe rature 
at the occultat ion leve l i s  known . 

The rad io occul tation exper iment i s  probab ly the only observat ion re lat ing to 
a tmosphe r i c  c ompos i t ion that is  prac tical  for the ini t ia l f ly-by s . Howeve r,  observat ions 
w i t h  a more advanced mi ss ion of the absorp t ion of  u l traviole t solar r adiatJon by Jup iter ' s 
atmosphere may yield  fur ther resul ts . In par t ic ular,  the f l ux of the 584 A He ! chrom­
osphe r ic emi s s ion line at Jupiter  i s  of the orde r o f  108 photons/cm2 sec . I t  seems 
feas ible to measure t he he l i um  abundance from the absorpt ion of this l ine as the plane t 
occu l t s  the Sun . 

Anot her impor tant q ue s t ion to wh ich a Jup i ter space probe can contr ibu te unique ly 
i s  the plane t ' s energy balance . I t  seems p l aus ible t hat the total energy emit ted by the 
i l luminated hemisphere could be measured q u ite we l l  by t he p lanned Convair- 990 te le scope . 
The maj or uncertainty in Jupiter ' s bolome t r ic albedo, howeve r ,  ar i s e s  from the lack 
of knowledge o f  t he phase func t i on, s ince only a 12° var iat ion in phase ang le is  observ­
ab le from t he Ear t h .  This uncer t a inty can and should be removed by visual photome tr ic 
me asurement s ,  idea l ly in several color s ,  dur ing the Jup iter miss ion . Never t he le s s ,  the 
total  energy emi t ted wi l l  no t be known pre c i s e ly unt i l  bolome tr ic measurement s  are made 
of the dark hemis phere . There fore , the s pacecraft should also make suffic ient measure­
me nt s in the far infrared to e s tab l i s h  t he d i f fe renc e ,  i f  any , be tween t he amount of 
radiat ion emit ted from the l ight and dark hemisphere s . 

Muc h  informa t ion on Jupiter ' s atmos phere can be ob taine d  from the absorp t ion l ine s 
and bands found in t he near infrared s pec trum. Howeve r ,  the analys i s  of the se l ine s and 
bands i s  great ly comp l ica ted by t he fac t t hat they are almos t certainly formed in the 
c loud s . A maj or q ue s t ion about Jup i ter thus c oncerns i t s  c loud s truc ture . I s  i t  a 
s ingle l ayer or is i t  composed of several layers as is o f ten the case in the Eart h ' s 
a tmosphe re ?  Are the c loud tops highly irregular ? De f init ive answers wi l l  probab ly re­
q u ire atmosphe r ic drop-probe s on more advanced Jup i ter miss ions . One impor tant measure ­
ment for the se probe s i s  c loud par t ic le dens i ty as a func t ion of dep t h .  C lose ly re­
la ted are measurement s of the upward and downward flux in v i s ib le wave lengths as a 
func t i on o f  depth, ind icat ive of the depth to which solar radiat i on pene trate s .  

D irec t measurements o f  pre s s ure and tempe rature by a probe into Jup i te r ' s atmos­
phere wou l d  provide a d irec t  te s t  o f  atmosphe r ic mode l s  and would req uire re la t ive ly 
s imple ins trumentat ion.  Meas urements w i th a mas s  spec trome ter would provide an indepen­
dent check on the atmosphe r ic abundance s , e spec ia l ly important in t he case o f  the rare 
gase s . 

In add i t ion to t he observat ions sugge s ted above , measurement s o f  inte rplane tary 
magne t ic f ie lds and plasma and of  so lar and galac t ic cosmic ray s  to d i s tances of 5 AU 
( further in case of  a swing-by) wou ld be of enormous impor tance to cosmic r ay phy s ic i s t s .  
The se measurement s  would dec is ive ly t e s t  theor ies o f  t he so lar modulat ion o f  galac t ic 
cosmic ray s  and provide a be t ter knowledge of the l ow  energy end of the cosmic ray 
spectrum. Extreme ly va luable meas urements can also be made on Jup i te r ' s immense radia­
t ion be l t s . The se measurement s inc lude the energy spec tra of t he trapped par t ic le s  and 
the s treng t h  of the magne t ic fie ld . 

In summary, because of i t s  many d iverse phenomena, Jup iter  i s  probab ly the mos t  
intere s t ing p lane t from a phy s ical  po int o f  v iew . I t  is now tec hni c a l ly feas ible to 
send space probe s to  the vic inity o f  Jup iter . We there fore recommend t hat Jup iter 
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mi s s ions be g iven high prior ity,  and that two exp loratory probe s in the P ioneer c lass 
be launched in 1 9 7 2  or 1 9 7 3 . 

Mercury 

S ince i t  is doubt ful that Mercury has any atmosphere, the p l ane t is at present o f  
minor intere s t  for atmospheric inve s t igat ions . 

Ground-Ba sed and Near-Ear t h  S tud ie s of P lanetary Atmosphere s 

Observat ions from the sur face o f  the Earth and from near-Earth orb i t  produce 
valuable informat ion on the nearer p lane t s ,  and for many years to come they w i l l  be 
our pr imary source of informat ion on the more remote p lane t s . Such observations are 
le s s  expens ive than p lanetary miss ions . Because our knowledge of the more remote p lan­
e t s  is very l imited at pre sent, every avenue of study from t he vic inity o f  t he Ear th 
s hou ld be exp lored be fore we c ommit expens ive probes to the se objec t s . 

We no te with sat i s fac t ion the as s i s tance to ground- based plane tary a s tronomy that 
NASA has been prov id ing s ince the Woods Hole Study . An intens ive ground- based program 
is obvious ly a sens ible means to  assure, at  relative ly low cos t ,  tha t  opt imal use is 
made of deep- space exploratory miss ions . 

In the same sense , we urge that more attention be d irected to t he use of as tronom­
ical tele scope s in E ar t h  orbi t  for plane tary observations . To date, t he only space 
observat ions o f  p l ane t s  are a few low resolut ion, u l traviolet spec tra of t he br ight 
p lane t s  ob tained from sound ing rocke t s  (which provide about 5 minutes ' ob serving t ime 
above t he a tmosphere ) .  

(a)  Earth- Based Observat i ons . Impor t ant p lane tary observat ions have recent ly 
been made by convent ional te lescopes . One of the foremos t are the exce l lent s pec tra 
of Venus,  Mar s ,  and Jup iter obtained by P. and J .  Conne s . The spec tra we re obtained 
with a resolut ion of approxima t e ly 0 . 1 cm- 1  but they covered only a l imited par t of  
the avai lab le infrared s pectrum.  This type o f  observat ion should be  extended through­
out the infrared and should s pec i f ica l ly inc lude the reg ions where molecular vibrat ion, 
bend ing, and rotat ion are revealed . A resolut ion of at leas t 0 . 1 em- appears  to be 
a reasonable goal . At e spec i a l ly dry locat ions ( total water vapor content of the 
atmosphere l e s s  t han 2 mm) a s i zab le por t ion o f  this reg ion can be reached from t he 
ground . 

NASA i s  to be commended for sponsoring t he cons truc t ion o f  three large telescopes 
( t he 105- inch tele scope at t he Univer s ity of Texas,  and the 88- inc h t e le scope at the 
Univer s i ty o f  Hawai i ,  and the 6 1- inch te lescope a t  the Univers i ty of  Ar izona) , and for 
up-dat ing for p lane t ary use the fac i l ities  of two o ther large tele scopes ( the 60- inch 
at Mt . W i l son and t he 82- inc h  McDona ld te lescope ) . 

Opt ical astronomy c an furnish data that allow,  or fac i l i tate,  interpretat ion o f  
atmospheric data obtained from s pace mis s i ons and that gu ide the formulation o f  these  
mi s s i ons . W i t h  re spec t to  the  s truc t ure of p l ane tary atmo spheres , ground- based meas­
urements y ie ld informat ion on the fo l low ing : ( 1 )  Compos i t ion of l ower atmosphe re s ,  
( 2 )  Pre s s ures and temperature s ,  ( 3 )  Wind ve loc i t i e s  if  cloud s c an b e  photographed and 
followed synop t ically,  (4) Propert ies o f  part ic u la te ma t ter in c loud s ,  and ( 5 )  Var ia­
t ions of minor atmospheric cons t i tuent s (par t icu lar ly water vapor) w i t h  season or 
other parame ters . 

Another ground- based program suppor ted by NASA is a p lanetary patrol to be 
carr ied out at 6 loca t ions around t he wor ld for cont inuou s d iurna l photographic moni tor­
ing of the p lane t s  when they are favorably s i tuated . This program goe s far t oward im­
plement ing i tem (3 ) above . We not e ,  however,  that immense quant i t ie s  of data wi l l  be 
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produced,  and mus t be interpre ted if  t hey are to be of use . We commend NASA for 
s uppor t ing t he p l ane tary patro l and urge that data ana ly s i s  be g iven par t icu lar 
empha s i s . 

To be f u l ly e f fe c t ive , ground-based observa t ions should be made be fore , dur ing ,  
and fol lowing encounter of  a s pec ific  p lane t b y  a space mis s ion . Cond i t ions found 
dur i ng encounter can thus be re lated to the large body of informat ion acqu ired in the 
long his tory of te le scopic examinat ion.  This procedure is impor tant not only for 
photographic observat ions , but also  for s pec troscopic ob servat ions of var iab le minor 
c ons t ituent s .  

(b)  P lane t ary Ob servations from Near-Eart h  Orb i t . The NASA plane t ary program 
s hou ld take account of the Ear th- orb ital  t e l e s cope s that are be ing planned for t he 
mid- 1970 ' s .  These a l l-reflect ing t e l e scope s ,  hav ing ap�r t ures  of abou t 1 m are be ing 
des igned for d i ffrac t ion- l imited per formance a t  A-5000 A and wi l l  there fore have a 
l imi t ing resolut ion of 0 . 1 arc sec . High resolut ion imagery w i l l  be par c t ical  in the 
wave length interva l from 2000 to 8000 A .  Imagery be low 2000 A i s  po s s ib le ,  but the 
r e l at ive ly long exposure t ime s  req u ired make s compensat ion for b lurrin� due to p l an­
e t ary rotation and mo t ion increas ing ly d i fficul t .  Imagery above 8000 A can also  be 
per formed,  but spec ial imaging sens or s wi l l  be requ ired . 

Long term observa t ions of  sur face and atmospheric  de t a i l  o n  t he p l ane t s  wi l l  be 
po s s ible . The fo l lowing t able  ind icates the l imi t s  of resolut ion \ and its rat io to the 
d iame ter D of a p lane t a t  a favorab le appar i t ion :  

P l ane t* D �km} l <�l D/� 

Venus 1 2 X 10
3 

5 0  240 

Mar s 6 X 10
3 35 1 7 0  

Jup i ter � X  104 300 470 

Saturn 12 X 104 650  180 

Uranus 5 X 1 04 1 2 00 40 

Ne ptune 5 X 10
4 

2000 25 

For t he mid- 1 9 7 0 ' s ,  it appear s that fly-by s  and orb iters  are prac t ical  for only 
t he firs t three p lane t s  in t he above t able . In  a l l  the se c ase s ,  a f ly-by or orb iter i s  
capab le o f  at �eas t 100 t ime s  more re solut ion than a n  Ear th- orb ital  t e l e s cope , b u t  over 
only a rather sma l l  frac t ion o f  the p l ane t ' s s ur face at a given t ime .  There for e ,  the 
Ear th- orbital  te le s cope s s hou ld comp lement the se detai led photographs by p l ane t-wide 
photographs t aken at  appropriate interval s .  H igh resolut ion pho tography of p l ane t s  
from the Ear th ' s s ur face at  per iod s of  except iona l ly good seeing shou ld a l s o  b e  vigor­
ou s ly pur s ued . 

The large s t  contr ibut ion o f  Earth- orb i tal te le scope s to plane t ary imagery would 
appear to be imagery o f  the maj or p lane t s . With t he except ion o f  Jup iter,  f ly-bys of 
these  p l ane t s  canno t be expec ted unt i l  at leas t 1980 . Fur thermore ,  the re lat ive ly long 
exposure s req uired for the se ob j ec t s ,  par t icular ly Uranus and Neptune ,  increases the 
d i fficulty  of  obtaining ground- based photographs dur ing interval s  of  good seeing .  

Many o the r so lar sys tem obj e c t s  are photographica l ly re s o lvab le wi t h a 40- inc h  
d i f frac t ion- l imited t e l e s cope . The se inc lude P luto, about t e n  o f  the large s t  asteroid s ,  

*The p l ane t Mercury i s  exc luded because o f  the d i fficul t ie s  i n  arr iving at a thermal 
des ign for an Earth-orbital  t e l e scope point ing within 20° of the Sun .  These  d i fficul­
t ie s  are unl ike ly to be  so lved in t he next  few year s .  
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T i tan, and the G a l i lean sate l l i te s  of Jup i ter . The latter have angular d i ameters  of 
about one arc sec and shou l d  exh i b i t  sur face feature s on photographs hav ing a resolut ion 
of  0 . 1 arc sec . 

Ul travio l e t  spec troscopy from Ear th- orb i t ing te lescope s shou ld a l s o  be used to 
c omp lement spectrographic data obtained by p l ane t ary mi s s ions . In t he next few year s ,  
three Orb i t ing As tronomical Observa tories (OAO ' s )  a r e  scheduled to carry a var ie ty o f  
ins trumentat ion for wide-band photome try and s pe c troscopy . A l t hough pr imar i ly de s igned 
for s t e l lar ob servat ions , each of t hese  OAO ' s c an g ive va luable suppor t ing informat ion 
on the p lane t s . 

Attent ion shou ld be d irec ted t oward t he feasib i l i ty of spe c i a l ly mod i fy ing the 
Sma l l  Astronomical Sate l l i te ( SAS) for op t i c a l  p lane t ary ob servat ions . 

High resolu t ion, 0 . 1 to 0 . 3  1 ,  u l travio l e t  spec troscopy o f  the p l ane t s , uti l i z i ng  
the high spat i a l  re s o lut ion of  about 1 a r c  s e c  and a spec tral resolut ion of about 1 ! 
c an be obtained by a 1 -�e ter orb i t a l  te le scope for a l l  but the mos t  d i s tant p lane t s . 
Ins trumentat ion now be i ng de s igned shou ld a l low s uch spectra to be obtained in the mid-
1 9 7 0 ' s .  

A t  present t here are no ac t ive p lans to per form infrared spec tros copy o f  the 
p lane t s  from Earth orb i t .  Howeve r ,  NASA i s  p lanning t o  equip a Convair-990 j e t  aircraft 
with a 36 - inc h  ir te l e scope, s t ab i l i zed to about one arc sec ,  and to be flown at about 
40, 000 fee t .  There appear s to be very l i t t le water vapor above this leve l w i t h  t he 
r e su l t  that the infrared spec trum i s  nearly comp le t e ly trans parent below 25 � and par t ial ly 
transparent above 25 � .  This new fac i l i ty,  scheduled to become operational in 19 70 or 
1 9 7 1 ,  s hould be vigorou s ly ut i l ized for ob taining ir spec tra of t he p lane t s  at  moderate 
spatial  re s o lut ion (1 to 2 arc sec) . 

In l ight o f  the s e  cons iderat ions , we recommend that t he NASA p lane t ary program 
p lanning be c lose ly coord ina ted w i t h  the Ear t h- orbital  tele scopes be ing des igned for 
the mid- 1 9 7 0 ' s and w i t h  the infrared aircraft te lescopes now under cons truc t ion . 

Miss ion P r ior i t ie s  for Atmospher ic Re search 

The fol lowing at temp t s  to order prior i t ie s  for a tmosphe r ic re search .  I t  repre sent s  
an as s e s sment a t  one moment of t ime, and pri or i t ie s  shou l d  b e  reevaluated a s  re s u l t s  
accrue from succe s s ive mis s i ons . 

Sma l l  P lane tary Orbi te r s  

Smal l  p lane tary orb iters  of t he P ioneer/IMP c las s shou l d  b e  a par t o f  the p l ane t ary 
explorat ion program, whatever the leve l of fund ing a l located t o  i t .  Whi l e  the ir value 
for p lane tary a tmosphe r i c  research i s  not equal in eve ry case to tha t  o f  larger probe s ,  
the prospe c t  o f  a relat ive ly low- cos t ,  ongoing ,  f lexible program i s  extreme ly attrac t ive . 
Instrument s  s hou ld inc lude plasma probe s and magne tometers  for solar p lasma measurement s ;  
aeronomy ins trumentat ion in certain cases for use dur ing orb i t  decay into p lane t ary at ­
mos phere s ;  rad i o  occul tat ion ; imag i ng in the v i s i b le and infrared for me t eorolog ic a l  
s tud ie s ,  i f  the pay load permi t s ; microwave r adiome try for Venus orb i ters . 

Direc t Impac t  Probe s on Venus 

From the s t andpoint of p l ane t ary atmosphere s ,  the s tudy of the lower a tmosphe re of 
Venus is t he mos t  impor tant s ing le area in which rap id advance is poss ible at  the pres ­
ent t ime . C r i t i c a l  me asurement s inc lude phy s ical  and dynamical  prope r t i e s  of the c loud­
c ove r ,  thermal and dynamical  c harac ter i s t i c s  at a number of  locat ions above the p l ane t ' s 
s ur face , the r ad iat ion environment , and t he c hemic a l  compos i t ion of the atmosphere . 
Such measurement s c an be made only from probe s tha t  pene trate to the p l ane t ' s sur face . 
S ince the probe mus t  pass t hrough the upper atmosphere , va luab le aeronomica l  measure­
ment s can a l so be made during this  phase of the mis s i on .  
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The mos t  economic a l ,  convenient , and re l iable mis s ion emp loys a d irec t impac t 
trajec tory . Owing to the p l ane t ' s very high sur face temperature s ,  the s ter i l i zat ion 
prob lem c an probably be overcome . A very e laborate exper iment can be c arr ied out 
us ing mu l t ip le probe s on a Mar iner- c las s mi s s ion, and it i s  possible  that useful  
par t s  of the exper iment c an be accomp l i shed using sma l le r  vehic les . 

We recommend that in s i tu exp lorat ion of the lowe r atmosphere and c loud layer o f  
Venus b e  one o f  the pri�ipal obj e c t ive s o f  the space program of the 1970 ' s . 

Mar iner Orb iters  to Mars 

We re cognize the value o f  t he p l anned 1971 Mars orb iter mi ss ion . Visual and 
infrared imag ing are power ful too l s  for me teorological inve s t igat ions . I t  i s  pos s ib le 
t ha t  wind ve loc i t ie s  c an be obtaine d  from measurement s  of dus t- dev i l s ,  c l ouds , e t c . 
Vert ical temperature profi le s  c an be measured from the 15- � C02 -band emi s s ion . High 
resolut ion infrared spe c t roscopy may be used to map conc entrations of polyatomic gases 
( inc lud ing water vapor) . Synopt ic measurements o f  a tmosphe r i c  pre s s ure and temperature 
prof i le s ,  and ionosp her ic prof i le s ,  c an be obtained from rad io occultat ion. P l asma 
and airglow measurement s c an also  be made . 

I t  i s  no t c lear to what extent these  me asurement s c an be made from sma l l  plane tary 
orb iters or to what extent Mar ine r - c lass vehic les  are requ ired . The pos s ib i l i t ie s  mus t  
b e  examined i n  order t o  p lan mi s s ions after 1 97 1 .  

Jupi ter - Sma l l  F ly- by 

Exp lorat ion of Jup i ter mus t  have a mode s t  beg inning . We recommend that this  s tar t 
be made dur ing t he early ' 70 ' s .  A sma l l  f ly-by could per form a valuab le occ ul tat ion ex­
per iment , giving data on both t he ionosphere and the neutral atmos phere . Meas urements 
of p lasmas and magne t ic fields would be a pr ime ob jec t ive o f  the f l ight . 

Mar s Drop- Sonde 

De pend ing on the re su l t s  of meas urements from orbi ters i t  may prove impor tant to 
obt a in in � data on elec tron dens ity  and the ion spec ies in the ionosphere,  the c ompo­
s i t ion of  t he neutral atmosphere,  and on atmos pheric s truc ture with par t icular re ference 
to  the pre sence o f  a turbopause . A sma l l , hard- impac t probe could per form these  tasks . 

Mars Landers 

Because a sur face s t a t ion would be s i tuated in a comp lex t hermal and mechanical 
boundary layer the value of a lander for a tmospher ic s tud ie s i s  not gre at . We ant ic ipate , 
however , t ha t  flUCh mis s ions w i l l  t ake p lace in the 1 9 7 0 ' s and would wish  to make use of 
them for acc urate atmos pher ic ana ly s e s ,  par t icular ly of the nob le gase s .  To do so wi l l  
require s pec ial ins trumentat ion becau se t he abundant gase s should b e  ge t tered away be fore 
meas urements are made . If we ight is avai lab le on the lander dur i ng  de scent , t he drop­
sonde mi s s ion descr ibed above c an be per formed as we l l .  

Me rc ury F ly- by 

Atmo spheric inve s t igat ions of Mercury shou ld not command a high pr ior i ty in the 
near future . F ly-by mis s ions to the p l ane t may take p lace for other reasons , however .  
I f  so,  radio-occul tat ion and floure scence measurement s  wou ld be o f  intere s t . 
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Chapter 4 

PLANETARY SURFACES 

Introduct i on 

Explorat ion of our solar sys t em cons t itutes an intel lec tual endeavor in which 
the search for ext raterres trial l i fe is  only one of  many fasc inat ing element s .  In­
creased understand ing of the origin and evolution of the solar system can be best 
accomplished b y  visit ing a number of  other planets .  In part icular, it is  on the 
surfaces o f  these  bodies t hat we mus t look for a record of thei r  history . Here we 
search for evidence of present or former l i fe,  and also s tudy materials formed in 
d iverse environments and over a long period of t ime . 

The interiors o f  most planet s  are largely inaccessib le and, in any event, the ir 
present s tate t ends to reflect only comparat ive ly recent history . Planetary a tmos­
pheres are more read i ly s t udied but, here too, we examine the end product of a whole 
s equence of ear l ier processes . Only on a planet ' s surface do we f ind a written 
record o f  events t hat can lead us backward in t ime over a cons iderable  fracti on of  
the durat ion of the  solar system. 

In t he rocky surface of each of t he minor planet s  is written a long record of 
planetary change through t ime .  The early events of  this record may be overprinted 
by later event s ,  or even ob l i terated . Ye t a planetary surface invariab ly preserves 
a c lear sequence of  many maj or events t hat have shaped its present form. At a partic­
ular spot the  las t s i gnat ure on the  surface rock may be that of  any one of dozens o f  
d i f ferent processes : the lava spewed forth from a h o t  interior ; the accumulation of  
sediments and fos s i ls on the f loor of  a former sea ; the depos i t s  le ft by a vanished 
g lacier ; the craters formed by infa l l  of ob j ec t s  from outer space . 

B ecause planetary sur faces have been subj ected to a great variety of modi fying 
processes of both int ernal and external origin, we expect cons iderab le loca l varia­
t i on .  S ome  processes operated only in the distant pas t ; others are s t i l l  act ive . 
These processes can be recognized only when the surface is explored on the scale to 
which the processes succeed in modi fying it . For example, large craters formed eithe r  
by meteor i t e  impac t o r  b y  volcanic act ivity on the Moon o r  Mars are read i ly recognized 
in photographs having relat ively poor resolut ion . Here recognition depends upon t he 
d is t inct ive and re lat ively s imple shape o f  the featur e . Event s on the surface of the 
Moon can be recognized as being of internal origin in photographs with resolut ion of 
1 km or bet ter . In the absence of  other informat ion we may take this f igure of 1 km 
as the upper l imit of resolut ion needed to detect pas t  volcanic ac t ivity on Mercury or 
Mars . Other processes require even better resolut ion .  For example, Orbiter  photo­
graphs of the Moon with resolut ion o f  about 10 m show t ransported boulders with d i s ­
t inct ive skid and skip marks . 

Visua l  photographs may be supplemented by infrared images or, in the case of  
Venus , b y  radio emi s s ion plots  which depict the  thermal properties of the surface . 
This type of remot e sens ing also tend s  to d i s t inguish between compact mater ial ( e . g . , 
rock) and f ine debris ( e . g . ,  sand) and may also provide evidence of recent volcanic 
ac t ivi t y .  Imaging b y  radar seems the chie f means b y which the sur face of Venus can 
be stud i ed in view of  i t s  high sur face temperature and extens ive c loud cove r . Non­
s pecular radar tend s  to s ingle out s tructure on the s ur face having comparab le s ize 
to the radar w a v e length and can penetrate thin coverings of dus t to  yield the pat tern 
of t he underlying rock.  S pecular radar echoe s , whi le not forming images of high reso­
lut ion, would reveal larger scale s t ructure and would provide a measure of t he die lec­
tric cons tant and layering, such as might be produced b y sub s ur face water . 
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From the recognit ion of  physical processes revealed by large scale pictures of 
adequate resolut ion, one may proceed to the s t udy of the par t i cular by means of p i c ­
tures wi th finer resoluti on, and eventual ly to local exp loration by means of a landed 
veh i c le . Photographi c  reconnai ssance of representat ive port ions of t he s ur face is 
c r i t ically important for selec t i on o f  best s i tes for land ing mis s i ons . Wi thout thi s 
background two danger s  exi s t :  firs t ,  that the lander ma y  b e  d i rected t o  an unfavor­
ab le s i te ,  and s e c o  n d, that the lander may return impor tant informa t ion which i s  
largely uninterpre tab le out of context . W e  s ingle out Mars orb i tal imagery as the 
highe s t  priority mis s i on tha t i s  now pos s ible in  t he area of planet ary s ur faces . 

I t  i s  a lso important  to attempt at leas t an exploratory, pre liminary examinat ion 
o f  all  the terres trial planets . In pract ical terms , th is means that we place c ons id ­
erable value upon a photographi c  reconnaissance of Mercury and radar examinat ion o f  
Venus . 

In the sections that fol low, we out lin� what i s  current ly known about the s ur­
faces o f  Mars,  Venus, Mercury, and the moons of Jupi ter . We  discuss  also the  ques­
t i ons we believe mus t  be answered next and the s t rategy for arr iving at the answers .  
Our eva luation ie predicated on assumptions concerning t he overa l l  balance that t he 
space program w i l l  have during the next seven year s . Thus , we s uppose that oppor­
tunities  to s t udy the sur face of Hare will  far outnumber those for Venue and Mercury . 

Both because of i t s  proximity to Earth and its  phys ical behavior Har e  holds a 
favored pos i t ion in p lans for p lanetary exploration. In add i tion to provid ing a 
pos s ib le hab itat for l i fe,  Hare  has surface features and an a tmos phere t hat can be 
eas i ly and profitably s tudied . Our present knowledge o f  the Mar t ian sur face i s  at  
a c r i tically favorab le point . On one hand, we know that there are certain enigmatic 
but d i s t inct ive markings : dark and light regions , b r i ght polar cape, "canals , " and 
craters . On the other hand, our present knowledge ie eo fragmentary that i t  is im­
poss ib le to teet many o f  the modele proposed to explain these features . A c loser 
look at t he p lanet by a Mar iner- type orb i tal mis s ion i e  certain to provide much of 
the information needed to guide further exploration .  

Present knowledge of the Mart ian surface comes f r om  study o f  large scale varia­
t iona d iscernib le with Earth-based telescopes and radar, and from Mariner 4 photo­
graphs o f  a smal l  part of the surface ( Ieee than one percent) . Earth-based ob serva­
t i ons show dark areas of i rregular shape covering about one- third of the planet and 
featureless brighter areas covering the remainder .  Polar cape,  perhaps composed o f  
ice  frozen from e i ther H20 or C02, appear seasonally.  

No agreement exis t s  concerning t opographic relat ione between bright and dark 
areas . Certain radar ob servat ions sugge s t  t hat the dark areas are re lative ly h igh, 
but other ob servat ions indicate t hey are low . Mar iner 4 photographs show a s ur face 
covered with c raters having d iameters from the r esolut ion l imit of 4 km to at  leas t 
1 20 km. The spect ral and photometric propert ies o f  both the bright and dark areas 
are cons istent with a sur face composed primar i ly of s i l icates . The s ize- frequency 
d i s tribut ion of part iculate mater ials ie unknown, but radar returns suggest  a highly 
porous s ur face materia l .  

Two "waves o f  darkening" start alternate ly from the two polar cape at half­
yearly intervale, erose the equator, and fade at about 22° lat i t ude in the opposite 
hemisphere from whi ch they began . One importance o f  these waves of darkening lies 
in their  intere s t  ae a poss ib le c lue to the presence of l i fe on Hare . This inter­
pretat ion i e  challenged by other model e  involving inorganic changes a f fec t ing e i ther 
the surface or the lower atmosphere . For example, gaeee seasonally generat ed by 
mel t ing or sub liming ice cape may systema t ically move l ight absorbent hazes towards 
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the equator ial regions , caus ing c learing and color change . Alternately, sub s urface 
seasona l changes in temperature may lead to me lt i ng of permafros t , thus changing the 
color and a lbedo of the s oi l .  From present data no c lear c hoi ce can be reached batween 
var ious mode ls . 

S c ient i f i c  Priori t ie s  for Mars 

( a) Orb i ters and F ly-bys . Mariner f ly-by and orb i t a l  mi s s ions provide an ideal 
opportun i t y  for a reconnaissance survey o f  the Mart ian s ur face by  means of vi sual  
photographs and ad j unc t infrared - t herma l  and ultraviolet imagery . The  orb i t ing 
s pacecraft that fly during the 197 1 opportun i ty wi l l  be ab le t o  image the s outhern 
hemi s phere dur ing the t ime of maximum change in contras t .  Ut i l i zation of two space­
craft wi l l  permi t photography of two sets of c r i t ical phenomena . One spacecraft 
can monitor the area, record ing i t s  image at high Sun angles . These observations 
wi l l  a l low determination of  a lbedo d i fference and color contras t -- import ant for 
detec t ion both o f  organic  and i norganic processes . The second spacecraft could be 
launched at the appropriate time t o  ob tain images a t  low S un angles . These pictures 
contain the t opographic detai l that makes pos s ib l e  the interpre tat i on of processes  
and their  sequence in t ime . 

S t udy o f  the images ob ta ined during the 1969 fly-by mi s s ions wi l l  as s i s t  in 
mi s s ion des ign ; that is,  in  choos ing the S un angles that wi l l  make t he orb i ta l  mis ­
s i ons mos t e f fect ive . Also,  the resul t s  of the f ly-by wi l l  inf luence camera design 
for s ub sequent mi s s ions . The impor t ance of these cons iderations i s  ind icated by 
the fac t that only 5 of the 26 photographs taken during the Mariner 4 fly-by are 
high q ua l i ty,  appropriately exposed images . 

S tudy of the images of large portions of Mars ob tained by the two orb i t a l  mis ­
s i ons wi l l  al low c lass i ficat ion of those features of internal and externa l or igin, 
and compari son with s imi lar features on Moon and Earth . The c rus t of Mars can be 
subdivided into regional geological  and environment a l  provinces . Pred i c t i ons con­
cerning the favorab i l i ty and unfavorab i lity  of those provinces as hos t s  for b i o­
logi cal act ivity can be made . Thi s s tudy, then, as s i s t s  the later d i re c t  search 
for l i fe .  

A specific s o lut ion o f  the wave o f  darkeni ng phenomenon may b e  indicated b y 
topographic d i f ferent iat ion of ligh t  and dark areas , b y  textural variat ions b etween 
light and dark areas , or by secular changes in the boundary b e tween light and dark 
areas . 

(b) Lander . I t  i s  reasonab le to expe c t  that much of the experimenta l  pay­
load on the first  Mara lander w i l l  be devoted to experiment s  ei ther inve s t igat ing 
the ab i l i t y  of the surface environment to suppor t l i fe or seeking to detect l i fe 
d i rec t ly .  Some o f  these experiment s are also  import ant. in charac teri z ing the in­
organic nature of the surfac e . For example,  a photographic experiment,  of  cri t ical 
importance in detec t ing large l iving forms , i a  also a firs t requirement for a de­
tai led inorganic reconnaissance of the surface . I t  appears l ike ly that the lander 
wi l l  be  d i rec ted t o  regions thought t o  be large sed imentary bas ins -- a favorab le 
kind of  loc a l i t y  for the exob i ological  exper iments . I f ,  indeed, the region is 
underlaid by sed iment s a s i ng le panoramic photograph may confirm and amp l i fy this  
presump t ion by showing s t rat i ficat ion and other large scale  sed iment ary fea tures . 
The panoramic photography should be fol lowed b y  a l imi ted and selec t ive program 
o f  detai led photography to a lower l imi t o f  1 mm coup led with 0 . 0 1 -mm resolut ion 
microscopic photography of the s amp l e . Rounded , fros ted grains may bear w i t ne s s  t o  
wind t rans port . Euhedral shapes may re flect  a primary crys t a l l i zat ion h i s t ory i n­
volving ei ther igneous processes or crys t a l l i zat i on from low tempe ra ture med ia on 
the sur face . 
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The mi croscop i c  exper iments wi l l  bear greatest  d iv idend s  i f  coup led wi th a direc t 
chemical-mineralogic experimen t  making use of a comb ined x-ray f luorescence and d i f ­
fraction uni t .  

So that the chemi cal  ana l yses  j us t  men t ioned wi l l  have opt imal re levance, i t  is  
desi rab le to  d i rect the lander toward an area representat ive of a large par t of the 
Mart ian sur face . Even then i t  i s  unreasonab le to expec t that the ana l yses wi l l  re­
veal " the" chemis try and mineralogy of the ent ire Mart i an crus t . B ut i t  i s  reason­
ab le to expect that a careful reading of the resu l t s  wi l l  ind icate the maj or processes 
and produc t s  o f  c rys t a l l i zation and s edimentat i on on and perhaps below the sur face . 

S tudy of the surface of Venus may be more d i fficult  and less  reward ing than that 
o f  Mars . Recent evidence ind i cates s urface temperatures be tween 6 00 and 700° K, and 
atmospheri c  pressure as high as 100 atmospheres . The combination of these properties 
renders i t  exceedingly d i fficult t o  devise  ins truments  capab le of operat ing on the 
s ur face for more than a short time .  The dense atmosphere may prevent mos t imaging 
systems from obs erving the s ur face unless they are equipped w i th the ir own sources 
o f  i l luminat ion .  F rom orb i t  one mus t  contend both with  the e f fects of the dense 
atmosphere and with extens ive c loud cover . 

Despi te these drawbacks the nature of the s urface of Venus s t imulates our sc ien­
t i fic  curios i ty .  What wou ld happen to the surface of the Earth i f  i t  were rai s ed 
to 700° K and b lanketed b y  an a tmos phere one hundred t imes as dense ?  Why should Venus , 
wh ich i s  a near- twi n of the Earth in s i ze,  mass, and loca t i on wi thin the solar s ys tem 
have evo lved s o  d i fferent ly? I s  Venus at a more pr imi t ive a t age o f  evolut i on than 
the Earth? 

Ground-based radio  and radar s tud ies are the s ource o f  v i rtua l l y  a l l  our know l­
edge of the  surface of Venus . Radar ranging experiment s when combined with orb i ta l  
analys i s  y i e ld a value for the rad ius o f  approxima tely 6050 km .  The p lane t  rotates 
in a retrograde manner with a per iod of 243 . 1  Earth days , wi th the result that the 
length of  the solar day on Venus is  about 117  Earth days and the Sun r ises in  the 
West and sets  in the East . 

The 243 . 1-day rotat i on per i od imp l ies capture o f  Venus ' rotat ion by the Earth . 
Thus a s t ick placed on Venus to point t o  the Ear th when Venus is c los e s t  wou ld do s o  
again at  each succeeding inferior conj unc tion ( i . e . , at i nterval s  of 19 months) . 
This means tha t, as seen from Earth ,  Venus executes pre c i s e ly four axial  rota t i ons 
b e tween c lose approaches to our planet . 

The dyna,ical properties have somet hing to say concerning the interior o f  Venus 
and seem to  point to the exi s tence of a l iq uid core . Radar d i stance measurements are 
capab le of yie ldi ng informat ion concerning the variat ion of s urface hei gh t  a long a 
region c lose t o  the equator of Venus . The present measurement s s ugge s t  that the 
surface of Venus i s  leve l to � ± 2 km over hori zontal  scales o f  the order of 100 km .  
This  i s  in contras t to the Earth and Mars where e leva t ion d i fferences of � 15 km 
are found between the t ops of mountains and nearby val ley ( or ocean) f loors . 

Mercury, the Moon, and Mar s  have s imi lar radar re flec t ivity, but Venus re flects 
about twice as we l l . Thus the sur face of Venus is more compact than t hat of the 
Moon, if  the two are made o f  s imi lar material . Comparison of the radar backscatter­
ins propert ies o f  Venus and t he Moon impl ies that  Venus has a smoother and more 
gent ly  undulat ing s ur face . Large l y  as a result o f  eros ional processes,  the s urface 
of the Moon is  smooth on a centimeter scale . One might therefore conc lude that 
there is an extreme ly effect ive eros ional mechanism on Venus . 
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F rom the foregoing one mi ght expect that the s ur face of Venus i s  extreme ly mon­
otonous . Yet radar s tudies  have defined about ten regions that are remarkab ly rough 
compared with t heir envi rons . The s e  regions are s evera l hundred ki lometers across ,  
c lose to  the present leve l of resolution .  There appears to be  a c lustering of these 
regions c lose to the equator, though ob serva t i onal se lec t i on cannot b e  ruled out as 
the caus e . I n  the case of  at  lea s t  one feature the shape seems to resemb le that of 
a large circular crater, sugges t ing an impac t origin or pos s ib ly a maj or int erna l 
convect ive process .  

Radar maps of Venus made from Earth s uffer from the inab i lity to d iscriminate 
b e tween the hemispheres un less mul t i-antenna s ys tems are employe d . Sub j ec t  t o  this  
amb i guity, a sma l l  part of the disk of Venus has been mapped with a resolut i on o f  
50 km or les s . By  improving t h e  capab i li t y  of terres t rial  radar sys tems , this  limit 
might b e  reduced to a few ki lometers , although s t i l l  s ub j ec t  t o  the above amb i gui t y, 
which can b e  removed by an interferometer sys t em.  

S c ient i fic Priorities for Venus 

A s t ep-by-s tep approach to the examinat ion of the surface of Venus, as advo­
cated for Mars , may not be pos s ib le within the present fiscal const raints . This 
suggests  the advi sab i l i ty of making use of partial  opportuni ties provided by other 
scient i fic missions . To b e  speci fic, visua l  imaging of Venus t o  detect discont inu­
i t ies in the c loud cover seems a reasonab le requirement for a Venus -Mercury fly-by, 
though i t  might not b e  accorded highe s t  priority in a miss ion devoted ent ire l y  t o  
Venus . S imi larly, chemical analysis of the Venus sur face at the terminat ion of the 
descent phase of an atmospheri c probe would be t remendous ly interes ting even if not 
preceded by adequate reconnai ssance missions . 

For s t udy of the Venus surface, we accord h i ghes t  priorit y  to an orbi t a l  map­
ping mi s s i on .  S ome form o f  radar imaging on a scale o f  about 1-km resolut ion, 
together with temperature measurement s (alb e i t  on a much coarser scale of about 
100 km) may represent t he two most  worthwh i le endeavors .  The t emperature mapping 
mus t be conduc ted at a wavelength that can completely penet rate the atmosphere 
with l i t t le or no absorption .  This means a w a v e length greater than 10 em; the 
1 2 . 6 - cm communicat ions wa ve l ength would seem an exc e l lent choice . The communica­
tions antenna migh t be oriented toward the surface near periaps is . I f  the sat e l­
l i t e  i s  at an altitude of 1000 t o  2000 km and the antenna d iameter i s  about 2 m 
the required resolut ion could be achieved . The precession of periapsis would 
permit determinat ion of temperature as a funct ion of lat itude and inso lat ion . 
Large local t emperature variations might indi cate t he existence o f  internal con­
vec t ion ce l ls or volcanic areas . These, in turn, may be related to the rough 
regions . A f inding of t emperature variat ion with lat itude would discredit that 
model which depends upon internal heat product i on, and would also provide a valu­
ab le guide in the cons t ruct ion of models for the atmospheric c irculat ion system 
for the planet . The radiometer developed for this measurement may be capab le 
of a relat ive accuracy {day-t o-day) of � 1 percent though the ab solute accuracy 
may b e  poorer ( e . g . , 10 percent) . 

Surface s t ructure can be recognized by radar imaging . We propose that radar 
maps with resolut ion of about 1 km be prepared for parts of t he s urface . Perhaps 
this can be accomplished by using a b i s tat ic radar system ( e . g . ,  i l luminat i on of 
Venus from the Earth) . Re lat ive ly low weight requirements favor this  experiment . 
However, it must  be recogni zed that the feas ib i lity of thi s  technique remains to 
b e  demonstrated . An alternate spacecraft experiment would be a coherent s ide­
looking radar . Unfort unate l y, i t  would probab ly require a large part of the total 
payload of a Mariner- c lass vehic le .  

F l y-by or probe data can provide some informat i on on the Venus surface . The 
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d i s t r ib u t i on o f  t emperatures detectab le b y  mul t i p l e  probes w i l l  give i ndicat i ons of  
the extent to which t he p lane t ' s high temperature i s  a res ult  of internal or of  ex­
terna l hea t ing . The atmos pheric  compos i t ion data may indicate the degree of dega s ­
s ing of i t s  inter ior b y  pas t volcan i c  ac t iv i t y .  

Mercury 

Mercury i s  the sma l le s t  and mos t  dense of the terre s t r i a l  p lane t s . I t  i s  a lso 
the c lose s t  to  t he S un .  Albedo and radar re flect ion sugges t  a sur face resemb l i ng 
the lunar maria . Only ind i s t inct sur face markings are v i s ib le from Eart h .  

The great range i n  temperature between s ubso lar and midnight pos i t ions , the 
large solar rad iation f lux, and t he probab le lack of an atmos phere mus t a l l  i n f l uence 
the nat ure of t he s ur face in a maj or way . Yet the remotene s s  o f  Mercury from Earth 
has served t o  lessen i ts at tract ivene s s  to  those intere s t ed i n  p lane tary exp lora t i on . 
Recent ly,  however ,  an upsurge i n  interes t has b een s parked b y  the rea l i zat ion that 
in 1 9 7 3  or 1975 a s pacecraft launched b y a mode s t - s i zed vehi c le can take advantage 
o f  the Venus grav i t a t i ona l fie ld to  gai n  acce lerat ion and t hereby ent er a t raj ectory 
that w i l l  send i t  pas t Mercury . 

Venus -Mercury F ly-by 

The Venus swi ng-by mi s s ion propos ed for 19 7 3  prov ides the f i r s t  oppor t uni t y  t o  
examine Merc ury . A s  a prime obj ec t ive, we recommend photographing the p lanet with  
a resolut i on o f  about 2 km.  S imi lar photography of Venus during the f l y-by port ion 
of the orb i t  may reveal c loud pat terns indicat ive of the atmospheric c irculat ion s ys ­
tem . Add i t i ona l experiment s  for the Mercury encount er should inc lude a magnet ome ter 
t o  de t e rmine if Mercury has a magne t i c  f i e ld and some form of emi s s ion l i ne photome­
ter to determine i f  Mercury has an atmosphere . I f  the t raj ectory permi t s  occulta­
t i on, a second test of t he exi s tence of an a tmosphere can be achieved from the S -band 
rad io l i nks . 

I f  imagery of Mercury at 2-km resolution i s  indeed ob tainab le  from a Pioneer­
c lass Venus -Mercury fly-by, i t  b ecomes a mos t s igni f icant experiment from the view­
point of planet ary s urfaces . The Sun may have a pro found e f fect on its neare s t  
neighbor s o  that a n  unusual balance of  internal and externa l ac t iv i t y  i s  evidenced 
b y  surface t opography . The best  way t o  unders core the s c ient i fic value of a l imited 
imagery mi ss ion for Mercury is to recall  the maj or changes in our t hinking about 
Mars produced by the 4-km resolution Mariner 4 pi c tures . 

The short lead t ime, the low cost  of a Pioneer mis s ion, and the va lue to our 
nat iona l prest ige of a p lane tary first  are s trong argument s  s uppor ting the bas i c  
s c ient i fi c  va lue o f  the mis s i on .  

J upi t e r  and I t s  Moons 

The pos s ib i l i t y  of a "Grand Tour" in 19 7 7 - 7 8  pas t  t he four large, low-dens i t y  
outer p lanet s  - - using the i r  gravi tat iona l fields for as s i s tance - - is  an exc i t ing 
prospec t  for i t  would permi t the f i rs t  comp le t e  reconna i s s ance of the maj or members 
o f  the s o lar s ys tem .  The t our would provide much needed i n format ion on the outer 
p lane t s  which could be compared with our growing knowledge of the inner , more dense , 
terre s t r i a l  p lane t s . 

The s pacecraft  would pas s some sate l l i tes o f  the outer p lane t s ,  obj ec t s  of con­
s iderab le intere s t  in t heir own right . Jupiter, the mos t  mass ive p lane t ,  has three 
sate l l i tes that are larger than our Moon and one that is larger than Mercur y .  They 
might be cons idered s emi p l anetary bodies whose proper t i e s  b ear on the genera l prob lem 
of the origin o f  t he s o lar sys tem .  The s ur face features o f  these sate l l i tes provide 
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c lues to the maj or event s  in their h i s tory . In a l l  prob ab i l i t y  they wi l l  b e  cratered 
by me teori t e  impac t s , but they may a l s o  provide s ome hints of  the even t s  assoc i a ted 
w i t h  the i r  separat ion from t he gas eous mat erial  o f  the ir parent body,  the extent of 
the ir int erna l a c t iv i ty,  and t he evo lut ion of  the i r  own atmospheres . 

The Grand Tour wi l l  not have as i ts main focus an exami nat ion o f  the sate l l i tes , 
but  i nsofar as t raj ectory and equipment l imi ta t i ons permi t ,  any data gat hered on 
sate l li te s urface fea tures wi l l  be of sub s tant i a l  interest . 

C ome t s  and As teroids 

Comets  and asteroids may b e the olde s t  memb ers of the solar s ys tem ; that i s , they 
may represent those bod ies least changed by s ub s equent even t s  s ince the i r  creat ion . 
It i s  pos s ib le that the sur faces of the Moon, Mar s ,  Mercury,  and Venus contain  mate­
rial  not much o lder than the olde s t  on Earth ( 3 . 5  b i l l ion years) . In  this  event , our 
e ffor t s  to s t udy the origin and evolut ion of the solar  system w i l l  be c i rcumscribed 
unless  we can examine cometary and asteroidal mater i a l . At t he present t ime the im­
mense di fficulty of s t udying a come t or asteroid at c lose hand makes this an unprofit ­
ab le endeavor . The s i t uat ion may change during t he course of the next decade , how­
ever ; in that event, the ques t i on should be reopened . 

Pr inc ipa l Recommendat i ons 

1 . Orb i tal Mapping o f  Mars 

The acqui s i t i on of orb i tal  images of a s igni ficant portion of the Ma rt ian surface 
is among the highe s t  immediate prior i t ies of  the planetary exp loration program .  The 
wide range o f  i nforma t i on to  b e  der ived from orb i ta l  images has b ear ing on a lmost  a l l  
othe r  aspect s  of Mar t i an exp lorat ion . The s uccess rat io o f  the Lunar Orb i t er mi s s i ons 
and t he ext ent to wh ich the i r  data have mod i fied both our view of the Moon ' s basic  
processes  and the detai l of much o f  our present l unar p lann ing speaks e loquent ly  for 
the need of s imi lar data for Mars . We s t rongl y  recommend Mariner- c lass  orb i t a l  map­
ping miss ions of Mars in 19 7 1  as j us t i fied b y  the la rge s c i e nt i fi c  return , b y the 
ear ly  need for p lanning data,  and on grounds that 197 1 i s  an opt ima l  year for orb i t ­
ing o f  Mars . 

2 .  Mar i ner Mapping of Venus 

By 1975 it is hoped tha t  a Mar i ne r- c lass  mi s s i on to  orb i t  Venus can be carried 
out . The pr ime ob j ec t ives of  this mi s s i on are mapping the therma l emi s s ion of the 
s urface and radar imag ing . The former of thes e  ob j ec t ives w i l l  require a radiome ter 
opera t i ng at a w ave l e ngt h  of 10 em,  a l ow a l t i t ude periaps i s , and a high inc l ina­
t ion orb i t . A reso lut i on o f  about 100 km i s  des i red . Radar imaging cou ld be carried 
out b i s t at i c a l ly or b y  using side- looking radar , and should s t r ive for a res o lut ion 
o f  1 km or less . By 1975 a s ub s tant i a l  part of the s urface may have been mapped at a 
resolution o f  abou t 2 km with Earth-based ins trumen t s . 

3 .  F ly-by Mapping o f  Mercury 

I f  images of Mercury with  2- km resolut i on are indeed obtai nab le  from a Pioneer­
c lass Venus -Mercury f ly-by this  become s  a mos t  s i gn i f i cant exper iment from the view­
poi nt of p lanetary surfaces and is recommended . 

The fo l lowing tab le ind i cates those f l ights and ins t rument packages d es i rab le for 
a meaning fu l  p lanetary s urface exp lorat ion program . Instruments are intent iona l ly not 
de s cr ibed in  s t r ic t  engineering t erms b ut rathe r in terms of des irab le resu l t s . The 
res u l t s  depend both on ins t rument design and f light c onfigurat ion . 
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TABLE 2 

Des i rab le Mi s s i ons for Pl ane tary S u r face S t udies 

P lane t 

Ma rs 

Mars 

Mars  

Mars 

F l ight  

Mar i ner F ly-by 

Mar i ner Orb iter  

Sma l l  Orb i ter 
P lanetary 
Orb i ter 

T i t an- Orb i ter-
Centaur Lander 

J upi ter Pioneer F ly-by 

Venus- Pi oneer 
Mercury 

Venus Marine r  

F ly-by 

Orb i ter 

Year 

196 9  

197 1 

197 1 

1973  

197 2 
or 

1973  

1973 

1 9 7 5  

No . Payload 

2 V i sua l imag i ng sys tem pr oducing several  
100-m resolut i on phot ographs . IR rad i ­
ome ter des i gned to produce therma l  maps 
o f  t he surface . 

2 Visua l  imag i ng sys tem produc i ng s ever al  
100-m (0 . 2 - km) resolut i on photographs 

2 

1 

1 

1 

1 
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o f  a large par t o f  the s outhern  hemi ­
s phere . One f l ight to ob tain b lack-and­
wh i te images wi th maximum morpho logic 
detai l taken at low Sun angles  from a 
high i nc l i na t i on orb i t ; the second ,  s ame 
resolut i on a t  several band passes  that 
wi l l  produce co lor images taken at ve ry 
h i gh Sun ang les from low i nc l i nat i on 
orb i t .  Sys tem s hould b e  des igned to 
have a l i fe t ime of  a year . 

IR rad iome ter desi gned to produce ther ­
ma l maps of the surface . 

A back- up sys tem for the 19 7 1  Mariner 
orb i ter . Vi sua l  imaging system w i t h  
�1 - km resolut ion . 

Orb iter :  
V i s ua l  imaging system s imi lar to  
that carried by the 197 1 orb i ter . 

IR rad iometer designed t o  produce 
thermal maps of the s ur face . 

Lander:  
Panoramic photographic  sys tem and 
high res olut ion mic roscopic photo­
graphic sys tem (0 . 0 1 -mm res . ) ; x- ray 
fluorescence and d i ffract ion ; alpha 
backscat ter . 

Photography of planet and sate l lites  
at �10- km res o lut ion .  

V i s ua l  photography o f  part o f  Mercury 
wi th 2- km  resolut ion and of Venus at 
�1- km resolut i on . 

Radar imaging of the s ur face wi th 1-km 
re solut ion e f fec ted e i ther by  b i s ta t i c  
o r  s ide- looking sys tems . Thermal map­
ping o f  the surface i n  the 10- cm wave 
length range . 
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Chapter 5 

PLANETARY DYNAMIC S  AND INTERIORS 

Introduc t ion 

This chap ter d iscus ses  the orb i t a l  and rotat ional dynamics of the p l ane t s  and the ir 
sate l l i te s (with  the except ion of the Earth-Moon sys tem) , asteroid s  and come t s ,  and the 
compo s i t ion and phy s ical s tate o f  the inter iors o f  these bod ie s . Of the three fundamen­
tal sc ient i f ic que s t i ons under ly ing solar sys tem exp lorat ion, these  mat ters  pe r ta in 
mo s t  strong ly to that  o f  the origin o f  the s o l ar sys tem: the locat ions and dens i t ie s  
o f  the p lane t s  and othe r bod ie s provide t he seve re s t  boundary cond i t i ons o n  the forma­
t i on of the p l ane tary sys tem.  They a l s o  pertain to an under s t and ing of the terre s t r ial  
environment in  that mode l s  purpor t ing to exp lain the mechanical and the rma l his tory of  
the Ear th mus t  exp lain the his tory of the o ther terre s tr ial  p lane t s  as we l l . 

Expe r iment s  tha t  contr ibute to an under s tand ing of p l ane t ary dynamic s and inter ior s 
inc lude : determina t ion of orb i t s  and rotat ions of natural  bod ies  and o f  the orbi t s  of 
ar t i f ic ia l  bod ie s ; measurement o f  rad i i  and topographic var iat ions by radar and opt ical 
me ans ; se i smome try ; sur face chemi s try by technique s  such as  a lpha scatter ing and x- ray 
d i ffrac t ion ; and infrared and radio emi s s ion ob servations and magne tome t ry insofar as  
they ind icate internal conduc t iv i t ie s ,  tempe rat ure s ,  and dens ity . Geological  informa­
t ion obtained from p ic ture s of sur faces  is d irec t ly re levant to the prob lem of the evo­
lut ion of the interiors . 

Spacecraft mi s s ions of intere s t  to t he s t udy of p l ane tary dynamics and inter ior s 
that appear prac t ical ly feas i b le in t he mid- 1970 ' s ( l is ted in order o f  d is t ance from 
the Sun) are : 

Mercury f ly-by 
Ve nus orbiter 
Mar s  orb i ter 
Mars lander 
Astero id probe 
Short- period-come t probe 
Jup i ter  f ly - by 

The plan of this chapter i s  to d iscuss  e ach o f  the bod ie s to which the s e  expe r iment s 
pertain and then to take up the que s t ion of prior i ties . 

Merc ury 

From the point of view of p l ane t�ry dynamic s ,  Mercury is perhaps the mos t impor tant 
obj e c t  in the so 1ar sys tem . Be ing c lose s t  to the Sun, it is t he mos t  sens it ive de tector 
of depar ture s from the laws proposed to account for p l ane t ary orb it a l  mot ions . I t s  sp in 
is also  unusua l ,  be ing coupled to i ts orbital  mot ion in a three- halve s resonance s tate . 
In view o f  i t s  unusua l ly high dens ity,  the inter ior of Mercury is also  of s pe c ia l  inter­
e s t . 

A s pace- probe f ly- by of Mercury cou ld provide impor tant information on both i t s  
dynamic s and i ts inter ior . From pho tographs we may obtain the precise  orientat ion of 
Mercury . Combined wi th s imi lar pic ture s from later f ly-by s ,  the vital knowledge o f  t he 
dire c t ion of Mercury ' s s p in ax is and t he fract i onal d i fference in i t s  eq uator ial moments 
of ine r t i a  can be determined . Search for magne t ic fie ld s t rengths and de terminat ion of 
the e le c t romagne t ic rad iation from Me rcury ' s sur face , as we l l  as photographs of t he sur­
face,  wi l l  provide important data on i t s  inter io� s truc ture . The rad ius , mas s , and hence , 
dens ity,  and the orbi t  can a l s o  be refined from the fly-by data . An orb i ter  is requ ired 
to de termine the - de tai led gravitat iona l field of Mercury and a lander to s tudy t he in­
ter ior by monitor ing s e i smic ac t iv i ty . 
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Venus  

V e n u s  is  t he p l ane t  mos t s imi l ar t o  Ear t h  i n  s i z e , d e n s i t y ,  and  d i s tanc e f r om the  
S u n . Howe ve r ,  it  d i f f e r s  s ig n i f i c ant l y  i n  hav ing a mu c h  mor e  mas s ive a tmo s phere c omp o s ­
e d  ma i n l y  o f  c a r b o n  d i o x i d e ; a mu c h  h i g he r  s ur fac e t empe r a t ur e  ( 700° K) ; a mu c h  s l owe r , 
r e t rograd e  ro t a t i on ( p e r i o d , 24 3 . 1 Ear t h  d ay s ) ; and no moon or oc e an s . The r o t a t ion 
pe r iod is  w i t h i n  0 . 1 day o f  a s p in- orb i t  c oup l ing t o  t he E ar t h ,  wh i c h  c ons t r a ins  t he 
v i s c o u s  d e c ay t ime for a r e a s onab l e  probab i l i t y  o f  c ap t ure  i n t o  t he c ou p l ing , a nd w h i c h  
c o n s t r a i n s  t he mome n t - o f- i ne r t ia d i f fe r e nc e ,  ( �A) / C ,  f o r  s t ab i l i ty .  O f  r e levanc e to  
the p l ane t ' s i nt e r i o r ,  Mar i ne r  S and Ve nus 4 d id no t d e te c t a p l ane t ary mag ne t i c f ie l d  
and ground - b a s e d  r adar ha s no t been a b l e  t o  obse rve t opograp h i c  he ight  var i a t i ons on a 
r e s o l u t ion s c a le o f  a few k i l ome t e r s .  

The c l o s e ne s s  o f  the me a n  dens i t y  o f  Ve nu s t o  t ha t o f  t he E a r t h  ( ab ou t 96 percent  
of  t he E ar t h ' s )  c ompe l s  u s  to pre s ume , i n  t he a b s enc e o f  ev i d e nc e  to t he c ontr ary , t ha t 
t he b u l k  c hem i c a l  c ompo s i t ion o f  t he two p l ane t s  i s  roug h ly t he s ame . T h i s  s imi lar i t y  
o f  c ompo s i t ion wou l d  e x t e nd t o  t he pre sence  o f  t h e  rad ioac t ive e l eme n t s  uran i um ,  kry p t o n ,  
and t hor i um, w h i c h  a r e  be l ieved to b e  t he p r inc i p a l  he a t  s ou rc e s  in t he E ar t h . Henc e  
Venus furn i s he s  a va luab le t e s t  o f  t heor ie s ,  b o t h  o f  t h e  Ear t h ' s  inte r ior and o f  t he 
o r ig i n  o f  t e r re s t r i a l  p lane t s : any acc e p t ab l e t he o r y  mu s t  exp l a i n  why E ar t h  and Venus 
are d i f fe re n t . 

S imp l e  e xtrapo l a t ions from t he E ar t h  t o  Venus inev i t ab l y  re s u l t  in c on t rad i c t i ons : 
a h igher s u r face t empe rature  ind i c at e s a hot t e r ,  we ake r ,  and more rap i d l y c re e p i ng 
i n te r i or ,  wh i c h  i s  c ons i s t ent w i t h  the v i s c ou s  d e c ay t ime b u t  i nc ons i s t e n t  wi t h  t he 
s tr e ng t h  imp l i e d  by t he s p in- orb i t  c ou p l ing . Howeve r ,  h i g he r  t empe r a t ur e s  may imp l y  
no t only l ower v i s c o s i t y  b u t  a l s o  greater  dynamic  imba l anc e s  - - convec t i o n  c e l l s ,  for  
examp l e  - -which c an s u s t a i n  depar t ur e s  from hyd ro s t a t ic  e q u i l ibr ium .  Yet  if  t he i n­
t e r ior we re s o  ac t ive , we shou l d  a l s o  expe c t  a far more irregu lar s ur fac e t han i s  in­
d ic a ted by r adar . We s hou l d  a l s o  e xpec t Ve nu s t o  have a c ore and he nc e a magne t i c 
f i e l d  - - unle s s  t he presence  o f  a moon i s  nec e s sary t o  prov i d e  p r e c e s s i ona l torq u e s  a s  
a dr i v i ng me c han i sm .  T he ab s e nc e  o f  a moon i s  t h e  b igge s t  pr o b l em o f  a l l  in exp l a i ning 
t he d i f fe r e nc e s  i n  t he or i g in o f  t he Ear th and Venus . 

P l a i n l y , more d a t a  about Venu s are ne ede d .  I t  i s  a l s o  p l a i n  tha t c hemi c a l ,  s e i s ­
mic , o r  o t he r  me asureme n t s  o n  the s ur face  w i l l  b e  d i f f ic u l t  i f  no t imp o s s i b le i n  t he 
ne x t  d e c ad e . However , a Ven�s o rb i t e r  wou l d  y i e l d  v a l uab le  informa t i on .  T he d e d uc t ­
i o n  t h a t  ( B-A ) / C  e x c e e d s 1 0- c an b e  t e s ted  by mea s u r i ng var i a t ions i n  the grav i t a t i ona l 
f ie l d ,  whi c h  are a f unc t i on o f  t he leve l o f  dynamic imba lanc e . A more s e n s i t ive mag ­
ne t ome t e r  me a s u r ement c ou l d l ower t h e  uppe r l im i t  f o r  an int r ins ic magne t ic f i e ld ; 
s uc h  a l im i t  wou ld  be re l evant to d i sc u s s ion o f  t he or ig in o f  magne t ic f i e l d s  d r iven 
by t he ac t i on of p r e c e s s iona l  torq ue s .  A t t emp t s  to d e r ive t he p l ane t ar y  he a t  f low wou l d  
be f r u s t r a t e d  by t he atmosphe r e . 

A me asurement that appe ar s feas i b l e  w i t h  l arge r ,  mor e s e ns i t ive ground - b a s e d  rad a r s  
i s  a d e t e rmina t i on o f  t h e  p hy s i c a l  l ibrat ion o f  Venus , wh i c h  i s  a me a s ure o f  ( B-A) / C . 
The l a t t e r ,  i n  conjunc t ion w i t h  or b i t e r  mea surement s o f  ( B-A) ft1R 2

, wou l d  yie l d  t he mome nt 
of  i ne r t ia .  This  imp or t ant parame t e r  wou l d  be very d i f f i c u l t  t o  d e t e rmine by any o t he r  
me thod . De te rmi na t ion o f  t he s e  grav i t a t iona l and r o t a t i ona l irreg u l ar i t ie s  wou l d  no t 
only cont r i b u t e  gr e a t ly t o  t he q ue s t ion o f  t he or ig i n  o f  t he t e rr e s tr i a l  p l ane t s ,  but 
wou l d  a l s o  s t imu l a te be t t e r  ideas  abo u t  me c hanical  and t he rma l mode l s  o f  p l ane t ary in­
t e r i or s ,  wh i c h  i n  turn wou ld contr ibute t o  a be t te r  unde r s t and ing o f  t he E ar t h ' s  
inter ior . 

Mars 

With r e s p e c t  to  i t s  i nt e r ior and dynami c a l  proper t ie s ,  Mar s  i s  o f  no greater intr in­
s ic intere s t  t han Venus or Me r c ury,  pe rhap s l e s s . Howeve r ,  mo s t  o f  the appropr i a t e  
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me asurement s are muc h mor e eas i ly made for Mar s ; we addre s s  our s e lves to the de t e rmin­
a t ion of t he dynamic s and int e r ior o f  Mar s  w i t h  s p e c i a l  cognizance of t h i s  fac t and o f  
t he unique bio logical  and ge l og i c a l  intere s t  in t he p l ane t .  In rough order o f  pr ior i ty ,  
t he pr inc ipal q ue s t ions are : 

(a) What i s  t he internal  mas s  d i s tr i bu t ion o f  Mar s ?  
(b) Doe s Mar t ian s ur face phy s iography provide e v idenc e ,  i n  add i t ion t o  t he 

pattern o f  impac t craters  de tected  by Mar iner 4 photography ,  of pre sent or pas t 
interna l  ac t iv i ty ?  (Be l t s  o f  mountain bui ld ing or maj or vo lcanism o f  the s o r t  
found o n  Ear t h  would  b e  s e e n  wi thou t d i f f icu l ty w i t h  higher r e s o l u t ion imagery . )  

(c ) What i s  the pre sent leve l of  tec tonic ac t ivi ty in Mar s ?  (T h i s  ac t iv i ty 
wou ld be re f lec ted in t he s e i smic i ty . ) 

(d ) Wha t i s  the hea t  f l ow at t he sur fac e ?  
(e ) Doe s Mar s  pos s e s s  even a feeble magne t ic d ipole mome n t ?  (Mar ine r 4 s e t  an 

uppe r l imit  o f  about 3 x lo- 4  of t he Ear th ' s d ipole mome nt . )  

Mar s Orb i ters  

T he answe rs to mos t  o f  t he above que s t ions c an be obtained by  s pacecraft  orb i t ing 
Mar s  at rather high inc l inat ion . Ob servat ion o f  the spacecraft  as t hey are occ u l ted 
by t he p l ane t wi l l  g ive us  t he true geome tr ic f la t t ening o f  Mar s ,  and t hus  re s o lve t he 
pre sent  d i screpancy b e tween dynamic a l  and o p t i c a l  va lue s ,  which are 0 . 005 and 0 . 010  to 
0 . 0 15 re spec t ive ly .  From the se s ize and shape measurement s ,  a better  value o f  t he me an 
dens ity t han t he pre sent 4 . 0  + 0 . 1 5  can be der ived . S u s t ained observat ion of t he 
s pacecraft ' s  orb i t  w i l l  y i e ld

-
t he d i fferenc e s  in moments o f  iner t ia o f  t he p l ane t and 

t he s e  data,  coup led w i t h  va lue s for dens i ty and f l a t tening , prov ide s igni ficant in­
format ion on t he interna l  mas s  d i s tr ibut ion . 

T he phy s iographic informat ion wi l l  be provided by a program o f  high r e s o l u t ion 
te l ev i s ion p ho tography ,  s uc h  as  is c ommonly inc luded in orbi ter p l anning . A more 
sens i t ive magne tome ter in a magne tical ly c lean s pacecraft  is technical ly feas i b l e ; a 
fe e b le d ipole  moment de t e c t ed by t h i s  inst rument might be taken t o  ind icate t he pre s ­
enc e  o f  a sma l l  f luid core in Mar s . 

P l ane tary hea t  f low i s  a d i f f icul t que s t i on, one t ha t  i s  unl ike ly to be answered 
by an ear ly generat ion o f  Mar s  landers  because o f  the we ight and comp lexity o f  equip­
me nt needed to imp lant he at sensors bene a t h  the surfac e . A crude measurement from 
orb i t e r s  may be p o s s i b l e . I t  wi l l  depend on sur fac e mapping bo t h  by infrared rad iome t ­
ry and b y  rad io emi s s ion in t he em-wave leng t h  range . From t he s e  map s  we might hope to 
e s tab l i s h  value s of t he thermal gradients  at var ious po ints  on the p lane t .  In genera l ,  
t h i s  prob lem i s  d i f f i cu l t  t o  approac h and any me t hod mus t  b e  subj ec t to c lo se scrut iny . 

Mar s  Landers 

T he mos t  impor t ant s ing le instrument for s t udy o f  the inter ior is  a se i smome t e r  
landed o n  t he sur face . Analys i s  o f  s e i smic s igna l s  permi t s  a good f ir s t - order determin­
at ion of  (a) t he c ompre s s i ona l wave ve loc i t y  ver s us depth,  (b ) t he dens i t y  versus  
depth,  and (c ) t he e x i s tence and loc a t ions of  eart hq uake s .  The f ir s t  two are o f  d ir e c t  
intere s t  in t he s t udy o f  p l ane t ary int e r iors and lead to  certain inferenc e s  about the 
compos i t ion of t he inter ior . T he ir de terminat ion depend s heav i ly on t he e x i s t e nc e  of  
ear t hquake - l ike d i s t urbanc e s .  T he t hird permi t s  a few fair ly f i rm inferenc e s  about how 
the interna l dynamic s o f  Mar s  compare w i t h  t he E ar t h .  

The s e i smic i t y  o f  Mar s  i s  a mos t informa t ive measure o f  t he p l ane t ' s  internal reg ime . 
Que s t ions o f  intere s t  he re are : I s  Mar s highly se i smic , ase i smic , or s l ig h t l y  s o ?  I f  
i t  i s  s e i smic , d o  the e p icent e r s  c lu s t e r  along narrow s truc tural be l t s ?  The re levance 
o f  t he s e  q ue s t ions s tems from recent d i scove r i e s  about t he re lat ion o f  t he Ear t h ' s 
se i smic i ty to i t s  large - scale  interna l  mo t ions . I t  has been found that ma j or " thin" 
(5 0 to 100 km) s he l l s  o f  t he E ar th ' s  sur fac e ,  w i t h  cont inenta l  d imens ions , are mov ing 
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re l a t ive to each o t he r  at rate s o f  about 2 to 20 em/yr . T hese  mo t ions are apparent ly 
dr iven by heat generated in the mant le and produce nearly a l l  the Earth ' s s e i smic i ty ,  
which occur s a long t he boundar ie s be tween she l l s . Informat ion o n  the se i smic i ty of 
Mar s c an ind icate the extent to which i t  shows the same tec tonic s tyle . This i s  of  
d irec t re levance to the  q ue s t ion of t he hi s tory o f  Mar s ,  the his tory o f  i t s  vo lat i le s ,  
and t he amount o f  heat generated in i t s  inter ior . 

Cond i t ions required for me aning ful re s u l t s  from a s e i smic exper iment on Mar s are :  
(a)  some 10 to 20 ear t hquake s from var ious par t s  o f  Mars  dur ing t he record ing interva l ,  
( b )  a t hree- axis  s e i smome ter with a bandwidth  from 0 to  1 H z ,  and ( c )  ab i l i ty to re­
s o lve s igna l s  in t he pre sence of wind-generated no ise , and to i so late the ins trument 
from the d i re c t  vibrat ion c aused by w ind . 

Whe ther t hese  cond i t ions c an be me t ,  we can s ta te on t he bas is  o f  current know­
ledge : 

(a)  One c an only make educated gue s s e s  abou t the frequency of se ismic events on 
Mars . We e s t imate that a record ing pe r iod o f  3 months is appropriate for 10 to 20 
event s .  Use fu l ,  but incomplete interna l  mode l s  can be obtained from fewe r s igna l s ,  and 
the total absence o f  s e i smic ity over this  per iod would,  as ind ica ted above , be s ignif­
ic ant . 

( b )  The we ight of the t hree - axis  sys tem i s  a matter of some concern.  Whi le 
exis t ing sys tems for lunar and Ear t h  s tudie s we igh 25 pounds or more , sub s t ant ial ly 
l ig hter ins trument s  can be cons truc ted through e ffec t ive ut i l i za t i on of modern me t hods 
o f  pos i t ion sens ing and s ignal treatment . The requirement of  a three- ax i s ,  as opposed 
to a s ingle ax i s ,  ins trument i s  made to provide maximum informat ion from t he few 
recorded event s ant ic ipated . I t  wou ld be far more d i f f icult  to unrave l the s t r uc ture 
o f  the plane t from z - axis  data alone , and the re s u l t s  wou ld tend to be amb iguous . 

( c )  The ab i l i ty to reso lve s ignal s  in the pre sence of wind-generated no ise i s  an 
outs tand ing unso lved que s t ion .  Theore t ic a l  and mode l s tudy ought to be able to provide 
fairly good e s t imates of t he no ise produced by ground- coup l ing and d irec t ins t rume nt 
coup l i ng from the wind . We may hope that orbital photography in an ear ly Mar s miss ion 
and nume r ical- theore t ical work on the atmosphere wi l l  provide c lo ser e s t imates of wind 
ve loc i t ie s  near the sur face . 

Jupiter 

Jup i ter is  obvious ly of great import ance because of  its  huge mas s  and central 
locat ion in the plane t ary sys tem. A f ly-by to Jup iter could be used to ref ine knowledge 
o f  i t s  orb i t  and, perhap s ,  of  its gravitat ional field,  and could obtain informat ion on 
its magne tosphere that might s hed l ight on the nature of  the plane t ' s inter ior . However,  
ground- based radar ob serva t i ons o f  the G a l i lean sate l l ites  can prov ide more acc urate 
orb ital  informat ion and be tter de terminations o f  Jup i te r ' s gravi tat iona l  f i e ld . The f ly­
by, on the other hand, can prov ide important data on Jupiter ' s heat balance and on the 
c hemical  compo s i t ion of i t s  atmosphere . Theore tical  and laboratory s tud ie s  based on such 
data o f fer great hope for improving our knowledge o f  Jupiter ' s inter ior . 

Come t s  and Asteroids 

Whi le come t s  and as teroids are re lat ive ly low on pr ior i ty l i s t s ,  they are neve r t he ­
l e s s  extreme ly intere s t ing ob j e c t s  whic h potent ially  could prov ide s igni f icant ins ight 
into que s t i ons of  solar sys tem evo lut ion . 

Next to e c l ipse s of the Sun, come t s  are the c e le s t ial phenomena that have mos t  
aroused human c ur ios i ty s ince the ear l ie s t  day s  o f  pr imi t ive man. We know re lative ly 
l i t t le about t he ir s truc ture and compo s i t ion.  Poss ibly they could give us informat ion 
on t he c hemi s try of obj ec t s  from the outer fr inge s of t he solar sys tem, and hence indic ate 
whe t he r  a c hemical d i fferent iat ion of the heavier e lements occurred outward from t he Sun. 

A probe pas s ing through the coma of a come t and on into the t a i l  might s amp le ions , 
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neutral par t i c le s ,  e lec trons , and dus t ,  us ing a mas s  spe c trome t e r ,  an ion spec trometer,  
and var ious other sens ing device s to measure compo s i t ion. Intere s t ing prob lems also  
exis t relat ing to inte rac t i ons be tween the so lar wind and ions s treaming away from 
come t s . Mos t  import ant would be an analys i s  o f  a come tary nuc leus , but tha t i s  beyond 
our pre sent capab i l i t ie s . 

As teroid s are o f  part icu lar intere s t  because o f  t he ir pos s ible relat ion to me teor­
i t e s ,  on which a vas t amount o f  re search has been per formed in t he las t few year s .  How­
ever,  feas ible exper iments to achieve some such corre lat ion are lacking . Probably the 
only prac t icable experiment wou ld be one t ha t  determine d  mas s  from tracking data, and 
volume by imag ing :  from the s e  t he mas s  dens i ty could be c alculated . 

In the case o f  both c ome t s  and as teroids the real need i s  for returned s amp l e s . 
To accomp l i s h  this seems beyond the realm of pos s ibi l i ty in this decade . 

Re lated Inve s t igations 

A number of  sc ient ific  d is c i p l ine s and techniques contr ibute to the solution o f  
problems o f  plane t ary dynamics and interiors ; only some o f  them are carried o n  within 
t he framework of t he space program.  The opt imal program of s tudy wou ld be one t hat 
attained the be s t  balance o f  s uppor t among them. Some of t he re lated areas o f  endeavor 
are : 

Ce le s t ia l  Mec hanic s .  T he main dynamical fac t s  that mus t  be exp l aine d  by a s a t i s ­
fac tory theory of  the origin o f  t he solar system, such as the d i s tr ibut ion of  angular 
momentum and mas s ,  and var ious near-commensurab i l it i e s  among orb i t s ,  have been known 
for some t ime . However ,  apprec iable progre s s  has been s t imulated in recent years by 
new meas urement s such as the radar determinat ion of the rotation of Mercur y .  The s e  
new d a t a  point to t he var ious orb i t - orbit  and spin- orbit  coup l ing s  as consequence s of  
t idal frict ion e ffec t s . Some o f  the o ther near-commensurab i l i t ie s  may be  t he consequence 
of othe r  type s of energy trans fer at  an ear l ie r  s tage in t he his tory of the solar sys tem.  
In  recent year s a be t ter under s tanding has deve loped o f  hydromagne t ic c l ouds and other 
phenomena, so that it i s  reasonab le t o  expe c t  improved dynamical mode l s  of  solar sys tem 
format ion . 

Cosmochemis t ry.  The dynamical mode l of  so lar sys tem format ion mus t  prov ide the 
pres sure and temperature env ironme nt s  necessary to account for the c hemica l  d i f ferences 
be tween the Sun, the Ear th ' s crus t ,  the me teor i te s ,  and (soon to be learned ) the Moon .  
T hese  chemical r e s t r i c t ions a r e  cont inua l ly be ing re f ined . 

Geophys ic s .  Mos t  o f  our ideas about terre s t r ia l  plane t ary interiors are der ived 
from s tudi e s  of the Ear t h .  Recent deve lopment s such as the evidence of sea- f loor 
spread ing have le d  to new no t ions about rheology and thermal condi t ions in  the mant le , 
whic h  in turn app ly to the inter iors of o ther p l ane t s . 

S te l lar Evolut ion. A dominant e ffec t in the or ig i n  o f  the p lane t s  may have been 
the over- luminous s t age of format ion o f  the Sun as it  contrac ted onto the main sequence . 
The T Taur i s tars appear to be s tars in the fina l  s tage of contrac t ion . Hence a s a t i s ­
fac tory theory o f  so lar system origin wi l l  exp lain many o f  t h e  ob served proper t ie s  of 
T Taur i s tars : the i r  mas s  los s ,  e nhanced radiat ion, nebulos i ty ,  e t c ; converse ly ,  
at tainment of a be tter t heory wi l l  b e  as s i s ted b y  be tter observat ions o f  these  s t ar s . 

P l ane t ary As tronomy. There i s  s t i l l much to be acc omp l i s he d  by ground - based 
as tronomical tec hnique s . T hose that contr ibute mos t  important ly to the s t udy of  p l ane t­
ary dynamics  and inte rior s  are radar measurement s (which yie l d  orb i t  and spin data as 
we l l  as sur face prope r t ie s ,  inc luding var iations in topographic he ight s )  and ir  and 
thermal emi s s ion observat ions (which o f fer a pos s ib i l i ty of obtaining the rate o f  heat 
f low from p l ane tary inter i or s ) . 
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Conc lus ions and Re commendat ions 

The ob j ec t  of  highe s t  prior i ty ,  ba lanc ing int r ins ic  importance and feas i b i l i t y ,  i s  
Venus . Venus i s  t he p l ane t mos t  l ike the Earth,  ye t i t  has s igni ficant d i fferenc e s  
which,  in the f i r s t  p lace , mus t be exp la ined b y  any t heory o f  s o l ar system or ig in, and 
in the sec ond p l ace ,  make Venus a te s t  body for t heor ie s  o f  t he mec hanical  and t he rma l  
reg ime o f  t he Ear t h .  Bec ause o f  i t s  exc e s s ive sur face temperat ure and th ick atmosphe r e ,  
howeve r ,  t he only u s e f u l  meas urement s that appear feas ible are determinat ions of the 
variat ions of the gravi tationa l f ie ld from sate l l i te orb i t  per t urbat ions . Such determ­
inat ions , pre ferab ly us ing orb i te r s  of d i f fer ing inc l ina t i on, s hould y i e ld s igni f i c ant 
boundary cond i t ions on t he mec hanic al  and the rma l s tate of t he inte r i or . T he only 
s pace vehicle ins trument req u i red is the tracking transponder ,  s o  the three Venus 
or b i ter mis s ions proposed ( see  Tab le 3) can be r e l a t ive ly s imp le P i oneers  and smal l 
orb i t e r s .  

The exp lorat ion of Mar s is o f  sec ond p r i o r i t y ,  s ince i t  i s  o f  somewhat sma l le r  
s i ze and shou ld have a lower leve l o f  internal ac t ivity . Var iat ions o f  Mar s ' grav i t a t i on­
al fie ld c an a l s o  be de termined by orb iter  per t urbat ions . However , the greate s t  im­
proveme nt in knowledge of Mars ' interior w i l l  come from a s e i smome ter p l aced on i t s  
sur face . A t hre e - axis  se i smome ter c an be made to we igh a s  l i t t le as  5 pounds ; as ide 
from dete rmining s e i smic i ty,  it might improve know ledge of the var iation of dens ity 
with dep t h .  The s ur face chemis try of  Mar s  shou ld also be per t inent t o  cons iderat ions 
of the inter ior . Eventua l ly it is hoped that some e s t imate of the heat f l ow may be 
obtainab le from a c omb inat ion of ir  and rad io-wavelength rad iome try in orb i t . 

Me rcury i s  of par t icu lar inte re s t  as the end member of the seq uence of terre s tr i a l  
p l ane t s ; s ome e s t imate of  i t s  inte rnal ac t ivity may b e  obtainab le from Mar ine r- type 
s ur face photography . A l t houg h  there i s  l i t t le prospect that Mercury has i t s  own mag­
ne t ic f ie ld ,  a measurement thereof shou ld be attempted on a fly- by .  Certainly a look 
shou ld be taken at  Mercury, if only to s ugge s t  the mos t  appropriate que s t ions to  ask . 

Jup iter i s  of the greate s t  importance of a l l ,  re lat ive to the que s t ion o f  the 
origin o f  the solar sys tem .  However ,  i t  i s  of low pr ior i ty in the framework of this  
report  because o f  the great d i f fic u l ty o f  obtaining s igni f i c ant new informa t i on concern­
ing i t s  inter ior w i t h  the smal l s pacecraft  avai lable in the t ime pe r iod under cons ider­
at ion.  In add i t ion to providing magne t ic fie ld measurement s and heat balance informat ion, 
a Jup iter probe could a l s o  improve our knowledge of Jup iter ' s orb i t  and mas s .  I t  s hou ld 
a l s o  carry a micrometeorite  de tec tor so  we can learn some thing about the de ns i ty of  sma l l  
part i c les  i n  the as teroid be l t . 

Come t s  and as teroids are o f  intere s t  because they may contain material  t hat has 
been r e l at ive ly und i s turbed s ince the origin of the so lar sys tem .  The s truc ture of 
come t s  may also  ind icate the manner in which mate r i a l  orig ina l ly condensed in t he s o lar 
nebu l a .  W i th the s imp le probe s ava i l able in the ear ly and mid- 1970 ' s ,  however , it i s  
d i f fic u l t  to  find a useful  measurement to make , othe r  than perhaps t o  der ive t he ma s s  
dens ity of  an asteroid . 

Of the re lated inve s t igat ive technique s ,  i t  i s  mos t  s trong ly urged t ha t  suppor t 
be g iven to t he c ons truc t ion and operat ion of a more powerful  radar sys tem to s t udy the 
var iat ions in p lane t ary rotat ions , orb i t s , and topography . Only in this  manne r can we 
hope , for examp l e ,  to ob t a in the moment s of inert ia of Venus and Mercury . The topograph­
ic var iat i ons o f  any p l ane t are needed for any e ffec t ive inte rpretat ion o f  i t s  gravita­
t iona l f ie ld .  

Table 3 s ummar i zes t he re levance t o  inter ior/dynamica l  q ue s t ions o f  var ious plane t­
ary mis s ions s ugge s ted for the e ar ly 1970 ' s .  Mos t  of  these  exper iment s wi l l  y ie ld con­
s traint s  o r  boundary cond i t ions which  are nec e s s ary but not s u f f i c ient to unde r s t and the 
ac tual s tate and h i s t ory of t he plane tary bod ie s .  Not unt i l  landed spacec raft permi t 
the p l acement o f  s e ismome te r s  can more d irect informa t i on be obtained . 
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Year 

1969  

1970  

1 9 7 1 

1972  

1 9 7 2  

1 9 73 

1 9 7 3  

1975  

1975  

TABLE 3 

OPT IMAL MISS IONS FOR PLANETARY DYNAMICS AND INTERIORS 

Body 

Mar s  

Venus 

Mars  

Venus 

Jup iter 

Mars 

Type M i s s ion 

F ly- by 

Orbiter 

Orbiter 

Orb iter  

F ly-by (2)  

Orbiter 

Capab i l i t ie s  of Interes t  
t o  Dynamic s & Inter iors 

Sur face photography 
IR rad iome try 

Tracking trans ponde r  
( 3  months in orb i t )  

Photography 
IR rad iome try 
Tracking ,  3 mos . in orbi t  

Tracking, 3 mos . in orb i t ; 
d i f ferent inc l inat ion from ' 7 0  

Magnet ome ter 
Microme teor i te de tec tor 
Tracking 

Tracking, 3 mos . in orb i t ; 
d i f ferent inc l inat ion from ' 7 1  

Me rcury F ly-by 
(via Venus ) 

Surface photography & photome try 
Magne tome ter 

Venus 

Mar s 

IR rad iome ter 

Orb iter Tracking ,  3 mos . in orb i t ; 
d i f ferent inc l inat ion from ' 70  and ' 7 2 . 

Orb iter- lander Lander :  3 - axis s e i smome ter 
A l pha- scatter ing or x- ray 
d i ffrac t i on- f luore scence 

- 4 1-

Orbi ter : Tracking ,  3 mo s .  in orb i t ; 
d i f ferent inc l inat ion from ' 73 
IR and 10- cm rad iome try 

Planetary Exploration, 1968-1975; Report of a Study by the Space Science Board, Washington, D.C., June 1968

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18655


Chapter 6 

PARTICLES , F IELDS , AND PLANETARY INTERACT IONS WITH THE SOLAR WIND 

Introduc t ion 

A s t udy o f  the near- space environment of the p lanets requires invest iga t i ons 
in s i tu of p lanetary magnet ic f ields,  i onospheres ,  exosphere& ,  radiation b e l t s ,  and 
Tntei&Ct ions wi th the int erplanetary medium. S uch s t udies  contribute both d irec t ly 
and ind irec t ly to s a t i s fyi ng the three main obj ec t ives for the explora t i on of the 
solar sys tem ident i fied by the 1965 Woods Hole S tud y .  

Mos t o f  the volume o f  s pace and a sub s tant ia l frac t ion o f  the ma s s  o f  the uni­
verse is composed of a magne t i zed, col l i s ionless p lasma conta ining e lectrons , pro­
tons , and i onized atoms of heavier elements .  A dramatic example of  this p lasma is 
g iven by t he Earth ' s radiat i on belts . The s tate o f  p lasma, the nature of s hock waves 
and of the ins tab i l i t ie s  occurring within i t ,  and the large-scale processes tha t  
acce lerate and produce energet i c  charged part ic les can very rare ly be s tud ied in the 
laboratory . The space program has presented scient i s t s  w i th unique opportunities  
for  performing !E � measurement s o f  p lasma within the solar sys tem ;  our increas­
ing knowledge of bas ic p lasma and high energy particle physics i s  us e ful  in both 
astrophysics  and in laboratory p lasma s tud ies such as control led fus i on .  I t  a lso 
can d i rec t ly answer ques tions fundamental to an unders tand ing of  t he origin and 
evolution o f  our solar syst em.  

The origin o f  the s olar system b y  condensati on from a solar nebula requires  
unders tand ing t he bas ic magnetohydromagnet i c  processes o f  t he interact ion of ionized 
gase s  and magnetic  fi e ld s . S t ud ies of the near - s pace environment of the p lanets  
provide us  with an unders tand ing and knowledge of these bas i c  processes . Theoret ica l 
extrapola tion to the pas t can then be accompli shed with a degree o f  certainty hereto­
fore impossible . 

Recent Development s 

S igni ficant progres s  has been made in th i s  general field s ince 1965 by the 
United S t ates with the smal l  Earth- and lunar- orb i t ing IMP sat e l l i tes , the helio­
centric Pioneer space probes and the Mariner 5 Venus fly -b y i n  196 7 .  Cons i derable  
advances have been made in  s t udying the so lar w ind -- natural p lasma from the S un - ­
which represents the evapora t i on o f  t h e  solar atmosphere supersonica l ly into inter­
p lanetary s pace . The int eract ion of this plasma w i t h  the Earth ' s magnet ic field 
generates a detached bow shock wave as the solar wind flow i s  deflected around t he 
Earth ' s magnet ic field,  forming an extended magne t i c  tai l o f  the Earth quite s imi lar 
to come tary tails . Acce leration of charged par t i c le s  appears to take p lace in the 
vic ini ty of  t he bow shock wave and also in the neutral sheet imbedded in the Earth ' s 
magne t i c  tai l .  Both processes are of direct int erest to plasma physics and con­
trol led thermonuc lear reac t i ons in t he laboratory. 

The s tudies from Lunar-Explorer 35  ( IMP 6 )  reveal the direct impac t of solar 
p lasma on t he Moon and the very rapid d i f fusi on of the imbedded interplanetary 
magne t ic f i e ld through the lunar body . It ind icates that the outer layers o f  the 
Moon are at relat ive ly low temperatures and that the compos i t ion and internal 
t emperatures cannot correspond to an origin s imi lar to chondri t i c  me teor ites . 

Mariner 5 data ind icate that Venus has no appreciab le magnetic  field although 
i t s  ionosphere leads to an interac t ion s imi lar to the Eart h ' s whereby a collision­
less bow s hock wave deve lops . These result s  were also obtained by the Soviet Venus 
probe which performed p lasma and magnetic f i e ld measurements to within 200 km of 
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the p lanetary surface . 

In summary, these s t udies reveal the existence o f  two add i t i onal c lasses of solar 
wind interact i on with the planets  and suggest a new and powerful method for ind i rect ly 
s t udying the p lanetary interior by ob serving the solar wind interact ion with those 
p lanets  that do not possess an appreciab le intrins i c  magnetic  f i e ld or an ionosphere . 

Re lat ion to Prime Object ives 

The study of the history and origin of  the solar s ys t em is  not a short term proj ­
ect but one that demands s ucces s ive increment s of unders tanding as progress  toward the 
ult imate goal is achieved . A knowledge o f  the present s tate o f  t he s o lar system is an 
important element of this understand ing . As add i t i ona l informat ion on t he near- s pace 
env ironment of the p lanets i s  obtained, a better unders tand i ng of  the s igni ficance of 
d i fferences in their environment wi l l  result . The s is ter p lanets Venus and Earth are 
now known to be radically d i f ferent : a lthough Venus has approximate ly the same size  
and average d ens i �y as Earth, i t  has  no  magnet ic field nor rad iat ion belt s . 

An understanding of the origin of planetary atmospheres requires an evaluati on of 
the long term e f fects of  the contribut ions, both pos i t ive and negat ive, of  the solar 
wind to the atmosphere . The nature of anc ient p lanetary atmospheres requires estimates 
of the s trength of the solar wind interaction with the p lanets .  

As knowledge i s  gained concerning the near- space environment of the p lanets,  i t  
wi l l  be pos s ib le to evaluate the merits of specific  theoret ical models  of the Earth ' s 
environment . One examp le is the s trong support that the negat ive results obtained 
on a Venus magnetic fie ld g ives to theories that require rapid p lanetary rotation to 
produce p lanetary magnet ic fie lds . The existence of the Earth' s field prevents the 
solar wind from interact ing d irect ly with t he terrestrial atmosphere . Solar disturb­
ances do affect the atmosphere and ionosphere ind i rect ly, in ways tha t affec t bas ic 
day- to-day l iving on Earth, s uch as in communicat ions and perhaps in long term weather 
cyc les . The response o f  the Earth ' s atmosphere to charged partic les from the S un baa 
been s tud ied by observing the varying atmospheric e ffects on sate l l ite motions • 

. 

The contribut ions that the s t udy of near- apace environment s can make to an under­
s tanding of the origin and nature of l i fe are at best ind irect .  The existence of a 
p lanetary magnetic field part ially shields the surface from bombardment by biolog­
ical ly harmful radiation .  More important , it fac i l i tates the format i on and retent ion 
of a planetary atmosphere which i a  indispena ible to l i fe and which also p lays a larger 
role in b locking harmful radiat ion .  

The long term effec t s  o f  exposure t o  low level ionizing rad ia t ion are not we l l  
known . However, the estab li shment o f  quantitative values for cosmic ray background 
flux and for periodic  outbur s t s  o f  solar f lare part i c les will  provide es t imates for 
compari s on with dose leve ls to which present- day forma of l i fe are exposed . Indeed, 
one o f  the results of sate llite  a tud iea of the near- Earth environment baa been to 
secure data on the radiation hazard s o f  manned s pace f l ight . At the aame t ime, apace­
craft have provided quant itat ive informat ion on the leve ls  of radiation direc t ly 
inc ident on those p lanets possess ing no magnetic field and only a smal l  atmosphere . 

Measurements Required and Scient ific Priorities 

Detai led measurements of the near- space environment of the p lanets do not re­
quire large and expens ive three-axis oriented spacecraft of the Mariner c lass or 
larger . I t  is  pos s ib le to conduct highly accurate and precise measurements of 
magnet ic fields, p laamaa, energetic partic le fluxes, and subs idiary measurements 
of the exospheric p lasma in the p lanetary environment by ion and masa spectrometers 
from smal l  and re lative ly inexpensive spacecraft . This was pointed out by the Space 
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S c ience B oard in a report i s s ued in 196 7 . *  The pre s ent s t udy s trongly end ors e s  the 
c oncept of us ing sma l l  s pacecra f t  in t he p lane tary exp loration program a s  d i s c ussed  in 
d e t a i l  i n  that report . 

Lack of Near-Space Environment S t ud i e s  in Present Program 

The present NASA program for p lanetary exp lora tion does not inc lude any d irec t ,  
in � meas urements of the near - s pace env i ronment . In fac t ,  the Mariner-c lass s pace ­
c ra f t  that have flown thus far have not provided suffic ient ly  c lean magne t i c  back­
ground s for acc urate s t ud i e s  of the interplanetary magnet ic fie ld or planetary magne t i c  
fields . A s  the explorat i on of the s olar system progre s s e s  and exploratory s tud i e s  
a r e  rep laced b y  re fined meas urements , i t  wi l l  be e s s ent ia l  that magne t i c  f i e ld meas ­
urements of the p lanetary environments b e  per formed on s pacecraft  that are magnet ­
i ca l ly c lean along the lines o f  the IMP ' s ,  anchored IMP ' s ( i . e . , planetary or lunar 
orb i ters) , or P i oneers . 

Such mea surements can be best  performed from s pacecraft p laced into moderate ly 
eccentric orb i t s  and for whi c h  the pos sib i li t y  of decaying periaps i s  through the use 
of onboard propuls ion wi l l  permit rad i a l  pro f i l ing of the exospheric and upper atmos­
pheric compos i t i on .  An important requi rement of these  orb i t a l  studies i s  that they 
extend for periods of approximat e ly hal f  a planetary year so that seasona l variat ions 
can be effect ive ly s tud ied and a s ynopt ic mon i t oring both of the environment and i t s  
dynamic respons e to  s o lar d is t urbances be carried out . 

Anchored Monitoring Plat forma 

Thus far, measurement s  of the interplanetary medium have been made on s pace 
probes  from the orb i ts o f  Venus t o  Mars , but not beyond . The extens i on o f  t hese  
measurements to  the outer regions of the solar system beyond J upi ter and c loser to 
the S un than the p lane t Merc ury wi l l  contribute s igni ficant ly to our unders tand ing of 
the present -day solar s y s t em and our deve lopment of appropriate theore t i c a l  mode l s . 
S imultaneous observa t i ons from anchored moni toring plat forma wi l l  permi t detai led 
s tud ies  of the propagat ion of s olar d i s turbances into interplanetary space and the 
response of the planetary environment , t he i onospheres and atmospheres ,  to such phenom­
ena . 

Adequate prov i s i on for ava i lab i l i ty and schedul ing of ground-based antenna fac i l­
i t ies i n  s upport of the moni toring programs mus t  b e  c onsi dered in any long range p lans 
for systemat i c  s tudy of the s o lar system .  

P lanetary Priori ties  

The plane t having the  highest prior i t y  by far in terma o f  studying i t s  near ­
space environment i s  Jupiter . In add i t i on to i t s  rad io emi ss ion, whi ch demons t rates 
the exi s tence o f  a large planetary magnet i c  fie ld and a huge radiation b elt ,  the s tudy 
of i t s  near-space environment is s i gni ficant wi th respect to  a study of the depth of 
penetration of the solar wind into deep spac e .  J up i t er at 5 AU may be near the bound ­
ary separat ing our own solar-dominated environmen t from tha t  dominated by the galaxy . 
An early exploratory probe to Jupi ter wou ld provide a definit ive s t udy of the radial  
grad i ents o f  the physical  properties of  the interplanetary medium as wel l  as e s tab ­
lishing the q uant itat ive nature of the Jovian environment . 

*"Report o f  a S tudy on Explorations in S pace wi th S ub -Voyager Sys tems , " S pace Sc ience 
B oard , NAS -NRC, Washington, D C . , 196 7 
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Measurement s  b eyond 5 AU pre s ent prac t ical d i fficulties  with respect  to power 
s ources , and radioisot ope thermonuc lear generators may be necessary to  furnish suffic­
ient thrus t and e ffec t ive c ommunicat ions . 

As previous ly d iscussed ,  t he Moon, Venus , and Earth represent a sui t e  of near­
s pace env i ronment s  that becomes inc reas ing ly c omplex as interact ion with the inter­
p l ane tary environment progres s e s  from minimum to maximum . Although Venus has been 
ident i fied as an inte rmed iate case be tween Moon and Earth wi th respe c t  to i t s  near­
s pace environment ,  no s ynopt i c  s tud i es have yet been pe rformed . Thus , a sma l l  s pace­
craft  t o  moni tor and s t udy s ynoptica l ly the Venus environment , t o  define more pre­
c i s e ly the e f fe c t s  of the s olar wind sweeping on the h igh a tmos phere and to inves t i ­
gate the forma t i on of the i onosphere , are of high pr iority in the s tudy of near- space 
environmen t s . 

A d i s tant fly-by of Mar s  by the Mariner 4 spacecraft has e s tab l i shed only a c on­
servat ive upper l imi t t o  the pres ence of a p lanetary magnet i c  field . Wh i le i t  i s  
expec ted that the s o lar wind interact ion w i t h  t h i s  p lane t and i t s  magne t i c  f i e ld i s  
more ana logous to Venus t han to Earth o r  Moon n o  pos i t ive conc lus ions can be  drawn 
without defini t ive meas uremen t s  in s i tu of the magne t i c  field ,  p lasma, and charged 
part i c l e  envi ronments . The higher rotat i on rate of Mars , once every 24 hours , may 
induce the forma t i on o f  an intrins i c  p l anetary f i e ld . The abs ence of nonthermal  
emi s s ion from Mars , however,  does  not  encourage this  point of view .  

Li tt le  i s  known about the poss ib le magnet i c  field o f  Mercury . The p lanet ' s high 
dens i t y  and p robab le lack of an ionosphere s ugges t  that a s tudy of s olar wind inter­
act ion w i th the p lane t c an provide in forma t i on concerning the electrical  c onduc tivity 
and thermal regime o f  the  interior ,  a s  in the case of the Moon . 

In s ummary, balanc ing s c ient i f i c  intere s t  and t e c hnical  feas ib i l ity,  the fol low-
i ng order i ng l n  prior i t y  of the p lane t s  i s  sugge s t ed :  

1 .  J up i t e r  
2 .  Mar s  
3 .  Venus 
4 .  Mercury 

We s t rongly endors e  present plans for Pioneer F and G fly-bys of Jupiter in 
1 9 7 3  and 1974 . A series of smal l  planetary orb iters as recommended in th i s  report 
( see C hapter 2) w i l l  provide the necessary measurement s of the Mar s  and Venus near­
s pace env ironments in the early 1970 ' s at relative ly low cos t . F inal ly ,  a Mercury­
Venus swing-by mis s ion in the mid - 1970 ' s w i l l  pre s ent an opport unity for detai led 
stud i e s  of Mercury ' s env i ronment . 
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Chapter 7 

EXOBIOLOGY 

The bio logical  examinat ion of a p l ane t othe r  than the Ear th was cons idered at 
length in Biology and the Exploration of Mar s . *  The sc ient i f i c  j u s t i ficat ions , t he 
propo sed general s trategies for var ious kind s  o f  exp lorat ions , and the detai led rev iew 
of many subord inate aspec t s  o f  this  general topic pre sented in this vo lume cons t i tute 
a use ful background for current p lanning of p lane tary exp lorat ion . 

What i s  L i fe ?  

L i fe i s  no t a thing i n  i tse l f ; rather i t  re fers t o  a s tate o f  chemical  comp lex­
i t y .  I t s  phys ical bas i s  occur s i n  d i screte  unit s  cal led l iving organisms . A l iv ing 
organ i sm is a coherent , he terogeneous ,  and thermodynamic a l ly improbab le assemb lage o f  
mo lecule s tha t  i s  far out o f  equi l ibr ium w i t h  i t s  immed iate surround ings and exhib i t s  
se l f- coord inated internal func t i ons . I t  interac t s  w i t h  i t s  environment as an open 
sys tem through wh ich a c ont inual flow of energy and mater ial s  mus t  occur, channe l led 
by a highly s pec i f ic catalys i s  that enab le s this  l iving sys tem to be se l f-maintaining 
and se l f- repl ic a t ing . E s sent ial to the cata lyzed energy f low and to the repl icat ive 
proc e s s  are large mo lecule s  of e s pe c ial ly high information content,  t he s t ruc tura l 
requ irements for which can be met ,  we be l ieve , only by a c hemis try based on carbon . 
The chemical and energe t ic change s that cons t i tute the me tabo l i sm of the organism can 
occur only in assoc iat ion with a polar so lvent ; o f  the so lvent s ,  l iq uid water appears 
to be the only reasonable pos s ibi lity . The requ irement s that  t he chemi s try be based 
on carbon and that the so lvent be water e s tab l i s h  a l imi ted tempera t ure range , depen­
dent on so lute c ontent and atmos phe r ic pre s sure, wi thin which the e s sential ly aqueous 
l iv ing sys tem can cont inue to func t ion . 

We thus as sume a c arbon-wa ter biochemi s t ry .  The re lat ive cosmic abundance of  
the  pe r t inent e lement s ,  the spontaneous forma t ion of  organic compounds ,  the ab i l i ty 
of c arbon to comb ine with many o the r e lements and e s pec ia l ly with i t se l f  to form 
large compound s s tab le enough for continu i ty and lab i le enough for me t abo l i sm, and 
t he anoma lous behav ior of water (wi th temperature ) speak for this assump t ion. Exot ic 
b iochemi s tries  based, say, on s i l icon are q u i te unl ike ly .  

How t o  Search 

The search for l i fe s hou ld be preceded by an ident i f ication of  environments 
where cond i t ions are c ompatible with the exis tence o f  l iving sys tems . Thu s ,  compound s 
of c arbon, some water (not nec e s s ar i ly oceans ) ,  and a temperature range that permi t s  
water t o  exi s t  in l iquid form a t  leas t par t of  the t ime are absolute requ irements . 
Add i t iona l ly ,  the u l t ima te energy source needed to ma intain a highly evo lved sys tem o f  
l iving organisms i s  rad iant energy , and the form in whic h carbon enters the open sys tem 
is mos t  l ike ly to be carbon d ioxide . There fore a search for l i fe could be reward ing 
where l ight can pene trate and where there is d i ffus iona l ac c e s s  to co2 . Explor ing a 
p l ane tary sur face with respe c t  to the se env ironment a l  var iab les  wi l l  te l l  u s  whe t her 
l i fe i s  pos s ible there and in what  spec i f ic reg ions i t  i s  mos t  l ike ly to be found . 
Suc h an examinat ion o f  the environment is not ,  however ,  a search for l i fe i t se l f .  

T o  demons trate i n  fac t that  extraterre s t r ia l  l i fe exi s t s ,  we mus t  e i ther 

*B iology and the Explorat ion o f  Mars : Re por t o f  a s t udy he ld under the au spices  of the 
Space Sc ience Board, 1964- 196 5 ,  C .  S .  P i t tendr igh, W .  Vishniac , and J .  P .  T .  Pearman, 
eds . ,  NAS- NRC Pub . 1 296,  Washing ton, D C . , 1966 . 
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(a)  ident i fy organ isms by imag ing me thods (by recogniz ing an unmis takab ly b iological ly 
der ived morphology ) ,  (b)  iden t i fy env ironmental fac tor s that po int inc ontes tab ly to 
t he influence of l i fe proces s e s  (cer tain isotope frac t ionat ions , ma j or depar ture s 
from c hemical equil ibr ium, cons umpt ion or produc tion of C02 or othe r  s pec i f ic subs tanc e s )  
o r  ( c )  observe a n  inc rease of bioma s s  or a c atalyt ic ac t ivi ty for which a nonbio log ical  
exp lanation would be cons idered mos t  unlike ly .  Any or al l of  the s e  thing s  c an be 
accomp l i s hed upon the p l ane tary s ur face or on a re turned samp le here on the Ear t h .  

Consequenc e s  of  Discove r ing Extraterre s trial  Li fe or of Negat ive Re s u l t s  

The d iscovery that l i fe exi s t s  o n  another p lane t wou ld y ie ld unique informat ion 
on the or igin of l i fe anywhere . If the extraterre s tr ial l i fe were fundamental ly 
d i fferent in i t s  chemical organization from l i fe on the Earth,  we s hould have to con­
c lude that i t  or ig inated independent ly of terre s tr ial  l i fe . This wou ld imp ly s trong ly 
tha t  l i fe is a common phenomenon in the universe . I f  t he extraterre s tr ial b iota bore 
a c lose chemical re semb l ance t o  terre s tr ia l  l i fe ,  we wou ld entertain the pos s ib i l i ty 
that l ife or ig inated on one p lane t  and was trans ferred to the other . Thi s wou ld sugge s t  
that the or igin o f  l i fe i s  an unl ike ly event , and that trans ferral o f  l iving ma t ter 
through interp lane tary s pace i s  more probab le than is now general ly thought to be the 
c ase . 

The d i s c overy of l ife on another p l ane t wou ld have c onsequenc e s  far beyond i t s  
immed iate sc ient i f ic imp l ic at i ons . Suc h  a d iscovery would b e  one of  the momentous 
event s o f  human his tory . Its e f fe c t s  on man ' s v iew of  himse l f, of  nature , and o f  the 
universe  wou ld be profound and far- reaching . 

Fai lure to f ind l i fe on a p lane t whose environment was compat ible with l i fe wou ld 
imp ly that the origin of l i fe is an unusual event , no t a pre d ic table outcome of geo­
c hemical proce s s e s . This information, too,  wou ld be of sc ient i f i c  value for it wou ld 
demand a reappraisal  of  the wide ly he ld assumpt ion that l i fe inev i t ab ly or ig inates  in 
any hos p itab le environment . 

S t ra tegy and Tac t i c s  

Our c ho ice  of p l anet ary search targe t s  i s  l imited . Be s ide s Ear th, only Mar s  
appear s t o  b e  sui tab le for l i fe as  w e  know i t .  Mar s  provides a n  environment of  l ight , 
water ( a lbe i t  in severe ly l imit ing amounts ) ,  and co2 . The temperature range i s  c om­
patible with terre s t r ia l  l i fe .  The Venus sur face i s  too hot ,  and the idea of a f loating 
b iota at great a lt i tude , whi le not to be re j e c ted out of hand, requ ire s spe c ia l  and 
c omp l icated assumpt ions . Too l i t t le i s  known about Jup i ter, and the outer p l ane t s  are 
too cold . 

In common with his  c o l league s in othe r  disc ip l ine s ,  t he biolog i s t  searc hing for 
l i fe is intere sted in a tmospheric compos i t ion, s o i l  s truc ture and c ompo s i ti on, water 
economy, me teorological  data, tempera ture s ,  and other phy s ic a l  parame te r s  such as rad i­
at ion flux .  The bio log i s t  i s  pr imar i ly intere s ted in data pertaining to the vic ini ty 
of t he sur fac e ,  i . e . , the microc l imate immed iate ly above , at ,  or just  be low, the surfac e .  
I n  atmospheric  ana lyses  the gas e s  o f  interes t  t o  h im inc lude , be s ides  t he maj or compon­
ent, co2 , the sma l l  amounts ,  if an� of H2S ,  NO, NH3 , HCN, CH

4
, C O ,  N2 , 0 , and volat i le 

organic compounds .  He i s  also intere s tea in the nob le gase s ,  He , Ne , A, 2which c an te l l  
s ome thing o f  the a tmosphe r ic hi s tory o f  the p lane t • .  Soi l analys i s  t o  him means i n  par ­
t icu lar a search for organic compounds and de termination of water c ontent . He searche s  
for departure s from predic tab le equi l ibr ia : both in c hemical compo s i t ions , wh ich are 
thermodynamic a l ly unl ike ly unles s  s ome c ont inuous chemic a l  ac t ivity ( pos s ib ly bio log ic ­
a l )  regenerates them, or in i sotopic d i s t r ibutions whic h s ugge s t  a cont inuous frac t ion­
ation.  

One exc lus ive ly bio logical  exper iment i s  the attempt to observe "ac t ive b iochemi s try , " 
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be i t  growth or a catalyt ic  ac t ivity that is unl ike ly to be o f  nonbio logical  origin.  

T he mea surement o f  temperature i s  bound to be  o f  s ome use , but  its  bio log ical  s i g­
ni f i c ance (w i t h  re spec t to determining the pre sence or ab sence o f  l i fe )  i s  low .  Hence 
t h i s  i s  a low r i sk - low y ie ld measurement . The at temp t to de termine ac t ive b ioc hem­
i s try is r i sky ,  bu t an aff irmat ive observation wou ld have a ve ry high yie ld indeed . 

The s trategy o f  a b io logi c a l  m i s s ion should there fore be to c arry out a var ie ty o f  
observat ions among which  r i sk and yie ld are proper ly balanced . The determinat ion o f  
a tmosphe r ic c ompo s i t ion, for examp l e ,  c arr ies  w i t h  i t  l i t t le r isk because we are bound 
to obtain use ful informat ion and are independent o f  the me c hani c a l ly d i ff ic u l t  problem 
o f  obtaining a s o l id s amp le .  At t he s ame t ime , it provides  u s  with s igni f i cant y i e ld 
s ince the informat ion is o f  biological  re levance (more s o  i f  carr ied out over several  
d iurna l cyc le s ) , and c an even be  ind icat ive o f  l i fe i f  i t  shows the atmos phere to be  
far from an e q u i l ibr i um mixture . 

Conc lus ive Negat ive Re sul t s  

I t  i s  e a s y  t o  descr ibe the kind s o f  evidence that wou ld demons trate that Mar s  i s  
inhab ited,  b u t  i s  i t  po s s ib le t o  prove the negat ive ? What observa t i ons would conv ince 
b iolog i s t s  t ha t  Mars i s  a dead p lane t ?  The fo l l owing ,  taken toge the r ,  wou ld,  we be ­
l ieve , c ons t i t ute such proo f for mos t  bio log i s t s : 

( a )  Demons trat ion that the observed seasonal c hange s (wave o f  darkening )  on the 
p lane t re s u l t  from nonbiolog ical  caus e s  

(b)  F ind ing that  Mar s has neg l ig i b le amounts o f  water 
(c)  F ind ing that the Mar t ian atmosphere is e s sent ia l ly in c hemical  equ i l ibr ium 

(or,  more correc tly,  doe s no t depar t  s igni f icant ly from the s teady s ta te expec ted from 
interac t ion o f  t he atmosphere w i t h  so lar r adiat ion) 

( d )  Demons trat ion that  Mar tian soi l at a number of  d i f ferent s i te s  conta ins 
organic mat ter no d i f ferent than that expec ted from me teor i t ic infa l l  

( e )  Fai l ure to  f ind evidenc e s  o f  the exis tence of  l iquid water o n  t he p l ane t 
in the pas t .  Such evidence c ou ld be obtained by photoimag ing from an orbi ter and by 
c hemical analys is  of t he soi l ( spec i f ically,  w i th re ferenc e  to the presence or 
absence o f  c lay minerals  or other hydrated mate r i a l )  

( f) Negat ive re s u l t s  in l i fe - seeking exper iment s 

T iming 

An early biological  mis s ion to Mars i s  de s i rab le bec ause o f :  
( a }  Sc ient i f ic and phi losophic a l  s igni ficance . The d is covery o f  l i fe o n  another 

p lane t wou ld, as no ted above , be one of the momentous event s of human his tory, with pro­
found and far- reac hing imp l ications . I t  i s  wi thin our c apac i ty,  for a re lative ly sma l l  
expend i t ure o f  money and e ffor t ,  to reap a tremendous harve s t .  

(b)  The prob lem o f  pos s ib le contanima t ion . Many biolog i s t s  cons ide r Mar s to be 
a sui tab le e nvironment for the mu l t i p l ic at ion o f  cert ain type s o f  terre s t r ial microorg­
ani sms . This  opinion i s  not unanimou s ,  but so long as the i s s ue remains unse t t led,  i t  
wi l l  b e  prudent t o  c arry out b io logical  s tud ies  on Ma r s  at  t he ear l ie s t  oppor tuni ty . 
Thus the p l ane t c an be examined be fore any rocke t- borne organi sms can have al tered the 
Mar t ian eco logy, and t he q ue s t ion o f  whe t her terre s tr ia l  microorganisms c an infe c t  Mars 
w i l l  be re so lved . If the answer i s  negat ive , spacecraft s ter i l izat ion thereafter wi l l  
be unnecessary . 

A Program for 1969- 1 9 73 

The 1 96 9  Marine r-Mars f ly-by spacecraft are , at this  wr it ing, we l l  on the ir way to 
c omp l e t ion . The se s pacecraft ,  i f  suc c e s s f u l ,  wi l l  great ly en large our knowledge o f  Mar s . 
They wi l l  ac qu ire new pho tographs o f  t he Mar t i an sur face at highe r  re solut ions than any 
ye t ob taine d ,  and o f  the entire p l ane t at lower re s o l u t ions . They wi l l  make rad iome tr i c  
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measurement s of the sur face tempe rature and s pec trome tr ic analy se s o f  the atmosphere 
from t he ne ighborhood of the p l ane t . Our att i tude s toward Mar s as a pos s i b le hab itat  
for l i fe wi l l  be  s trong ly inf luenced by the results  o f  th i s  mis s i on .  I t  i s  equa l ly 
true , however ,  that the Mar iner ' 6 9  f ly-bys wi l l  not s e t t le t he q ue s t ion o f  l i fe on 
Mar s and that fur t he r  s tudy of  the p l ane t w i l l  be needed . 

The Mar s 1 9 7 1  orb iter  program recommended e l sewhere in t h i s  repor t wi l l  observe 
t he impor t ant wave- o f- darkening phenomenon, whose ex i s t ence f i r s t  led ast ronome r s  to 
sugge s t  that Mar s is an inhab i ted p lane t .  I t  wi l l  map mos t  o f  the p l ane t photographi c ­
a l ly ,  and i t  w i l l  s e e k  loc a l e s  e spec i a l ly favorable for l i fe b y  examining t he sur face 
and atmosphere for ev idenc e s  of h igher- than- average water c ontent . These  re s u l t s  w i l l  
s trong ly influence the choice of  a land ing s ite for the Mar s  1 9 73 lander .  

The 1 9 73 T i tan/Centaur - launc hed Mar s orbi ter / lander wh ich i s  recommended i n  t h i s  
report w i l l  b e  the f i r s t  U .  s .  p lane tary entry- and- lander m i s s ion . A sugge s ted l anded 
pay load for bio log ical  inve s t igat ion o f  the p l ane t is descr ibed in Chap ter 2 .  The 
entry- lander c ap s u le wi l l  be accompanied by an orbiter whose pr imary func t ion wi l l  be 
to suppor t the c ap s u le as a re lay l ink . There i s  a s trong pos s ib i l i ty that a soft  
land ing by means of  re tro-descent wou ld c ontaminate the atmos phere and sur fac e ,  and 
thereby inval idate t he sc ient i f ic exper iments . A " hard" or "rough" l and ing is there­
fore far the pre ferable for this mis s ion unl e s s  it can be demons trated that  the re tro­
descent wi l l  no t ,  in fac t ,  d i s t urb the area to be s amp led nor inter fere with the at­
mos pher ic analy s e s  to be obtaine d  dur ing entry . 

Second-Generat ion Lander 

After the b io log i c a l ly s igni f ic ant mis s ions recommended by this s tudy ( 1969 
Mar s  fly-by, 1971  Mars orb iter , and 1 9 7 3  Mars  orb i t er / l ander )  have been completed ,  
what will  remain to be done ? I f  we  as s ume  that  after we  have d ige s ted the resu l t s  of 
t hese  mi s s ions Mar s w i l l  command enhanced b iological  intere s t , then NASA should be pre­
pared to op t imize i ts exob iological  e f fort and doub t le s s  wi l l  be j u s t i fied in rais ing 
pr ior i t i e s  for exper imenta l  work on the Mar t ian sur face . The next generat ion lander / 
orb iter , which we recommend should be p l anned for 1975 , w i l l  bu i ld on ear l ier mi s s ion 
r e s u l t s  and there fore wi l l  be ab le to c arry ou t more soph i s t icated exper iment s .  Surface 
explorat ion by means o f  a roving vehic le c arry ing a comp leme nt of s c ient i f i c  ins truments  
a mob i le laboratory for  b iochemic a l  and re lated s t ud i e s  - - wou ld be very de s irab le ,  al low­
i ng us to take advantage o f  a potent i a l ly great oppor tunity to s t udy an exo t ic b iota in 
de tai l .  Ins truments on the ve h i c l e  might inc lude "we t c hemical"  apparatus not recommend­
ed for t he 1 9 73 l ande r  pay load . NASA s hou ld c arry out s t ud ie s to dete rmine whe ther a 
T i tan/Centaur vehic le wou ld prov ide t he pay load c apac i ty to ac c omp l ish  a s u i tab ly am­
b i t ious mis s ion at t he 1975  oppor tunity . Al terna t ive ly,  i f  Saturn- c lass  ve hic l e s  are 
made avai l able to the p l ane tary program for a 1975  mi s s ion, it wou ld provide an oppor­
tunity to introduce a m i s s ion which w i l l  e f fe c t ive ly u t i l i ze this c apac ity into t he 
p l anning for Mar tian exp lorat ion .  

I n  conc lus ion, we empha t ic a l ly suppor t one o f  NASA ' s major goa l s : to increase our 
under s t and ing of  the or igin and nature of  l i fe . We recognize that t h i s  is achievab le  
mainly through s urv ivab le Mart ian lander mi s s ions when prope r ly suppor ted by f ly-by,  
orb i t e r ,  and entry s c i ence . In terms of  the part icu lar mi s s ions recommended in this  
S t udy , we no te that the 1969 f ly-bys fo l lowed by the 197 1 orbi ter and the s ubsequent 
1973 orb iter / lander are rat ional s teps  tha t could p lace us in pos it ion, for the f i r s t  
t ime , to make c lose - up ob serva t i ons o f  the kind that could e s tabl i s h  whe ther l iving org­
ani sms are pre sent or absent on Mars . 
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