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FOREWORD

This report presents the results of a top-down study in which the goals
- and objectives of future planetary missions are defined. Specifically, it
establishes the scientific and engineering objectives for exploration of the
outer planets. It further defines the observable phenomena and parameters
suitable for remote sensing. The information reported herein is part of an ’
overall program to (1) establish the scientific and engineering knowledge
and observation requirements for planetary exploration in the 1975 to 1985
time period, (2) define the state of the art and expected development of
instrument systems appropriate for remote sensing of planetary environ-
ments, (3) establish scaling laws relating performance and support require-
OBSERVATION REQUIREMENTS L ments of candidate remote sensor systems, (4) establish fundfxiental Eemote
FOR UNMANNED PLANETARY MISSIONS sensor system capabilities and limitations during encounter and other
dynamical conditions for specific missions, and (5) construct families of
j 1 candidate remote sensors compatible with selected missions.
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] This study was performed for NASA, Office of Advanced Research
? and Technology, Mission Analysis Division, by the Space Division (SD) of
North American Rockwell Corporation (NR) as part of Contract NAS2-5647.

} Contract NAS2-5647 ] To achieve these goals, a multi-part program was initiated. PartI
considered the support requirements for orbital imaging of the inner
/ planets (Mercury, Venus, Mars) and Jupiter, and was accomplished under
s Approved by Contract NAS2-4494 by Illinois Institute of Technology Research Institute
(LITRI) (Reference 1). Part II, which is being conducted by Space Division
/ of North American Rockwell Corporation, extends this effort to
include nonimaging sensor systems for the inner and outer planets, plus
imaging sensor systems for the outer planets.
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Togram Manager The Part II effort is conducted in three sequential phases, Phase 1
(covered in this report) establishes the scientific and engineering objectives
and observation requirements. Phase 2 will deal with definition of candidate
remote sensors and the development of scaling laws that relate sensor
measurement capabilities to support requirements, corresponding to the
goals and objectives. Phase 3 will establish families of remote sensors

- compatible with selected missions,
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GLOSSARY

The following terms used in this report are defined to-avoid misunder-

standing:

Engineering Knowledge Requirement. One related to the conduct of a
mission or the 1mprovement of technology.

Flyby. A parabolic or hyperbolic trajectory which enters the sphere
of influence of a planet, but does not enter the atmosphere or, reach .
the surface.

-. Goal.
tions, e.g., the acquisition of scientific-knowledge. B

. Imaging Sensor. One which bfbducés:twé <’or three-dimensional images

. of a planetary atmosphere or surface {or portion thereof), in response o
“ to electromagnetxc rad1at10n of any wavelength R A

' sensor envxromnent

Mercury, Venus Earth and Mars' :

" Inner Pldnets.-
= - "y

. Knowledge Requu'ernent
1ng natural processes ‘or technology

C %

Measurement The acqu).s:.t).on of quan‘atatxve data concerning an envi-
ronment. or- observable, e. g, ‘the angular diameter of the v151.b1e disk
of a planet.

Measurement Requiremeént. A quantitative description of the nature,
" quantity, and quahty of measurements to satlsfy an observahon )

u _requlrement oL
Mission.- The opera*mns and traJectory of a space fhght - PR

“_'Objc'etilre- A spec1f1c purpose of planetary explorahon the attainment -
.'of which involves satxsfactl.pn of various knowledge requirements, e.g.,
undérstanding the origin and -evolution of the solar system.

- .
L SP 760-24

A broad purpose of the space program or of planetary explora~- .

Observable. A property of a planet or planetary environment that can
be defined in terrns of physical measurements, e.g., the radius of a
planet.

Observation Requirement. A quantitative description of the nature.;
quantity, and qualify of information to be obtained regarding aa
observable.

Outer Planets. Jupiter, Saturn, Uranus, Neptune, and Pluto.

Remote Sensor. An instrument which senses electromagnetic radiation,
or electric, magnetic, or gravitational fields, originating at a point or
region not in contact with the instrument.

Scaling Law. A graphical or functional relationship of a sensor support
requirement to a measurement capability. A scaling law may involve
trajectory parameters and other support requirements or aspects of
measurement capability. It is based on characteristics of existing,
developmental, or. projected sensors. .

- Sc1ent1fic Knowledge Req\nrement One related to the knowledge of
nature, for the sake of the knowledge. .

CA general and fundamental quesh.on concern="

Senaor. An instrument, or part.thereof. that respond§ directly to an
environment or to incident radiation.

. Support Requirements. The characteristics of a sensor and operations

- . related to its use in an experiment which impose demands on a space-

’ craft; e. g., mass, input power, output data rate and format, pointing
stability, etc.

S 70-24
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1.0 INTRODUGTION
1.1 PROGRAM OBJECTIVES

Exploration of the planets of our solar system is a major objective of
our national space program. Through this exploration, scientists are
addressing.themselves to the two major scientific questions of our time;
What is the origin of the solar system, and what is the origin and nature of
life? Further, the engineering community is concerned with the development
of space and Earth-based systems with operational procedures to perform
useful research and services in space., This study is part of a continuing
effort being performed by NASA for planning and ultimate accomplishment of
these objectives.

A major task in the planning of future space missions and in the
conceptual design of spacecraft is the definition of experiment payloads.. The
mission analyst and vehicle designer need. to know the scientific and engi-
neering observation requirements appropriate to the mission, the charac-
terisitcs of candidate experiment sensors, their support subsystems and
operations necessary to accomplish the observations. . A program to develop
this information for unmanned planetary flyby and orbiter missions has been
intiated by the Mission Analysis Division (MAD) of the Office of Advanced
Research and Technology (OART), National Aeronautics and Space
Administration (NASA).

The overall goals of this program are to (1) establish the scientific and
engineering knowledge and observation requirements for planetary exploration
in the 1975 to 1985 time period, {(2) define the state of the art and expected
development of instrument systems appropriate. for remote sensing of
planetary -environments, (3) establish scaling laws relating performance and
support réquirements of candidate remote sensor systems, (4) establish
fundamental remote sensor system capabilities and limitations during
encounter and other dynamical conditions for specific missions, and
(5) construct families of candidate remote sensors compatible with selected
missions.

Specifically, this report directs itself to the first goal identified above
as Phase I of the overall program. The remaining program goals identified
above will br studied in Phases II and Il and reported separately.

Space Divialon
Nummw

1,2 PHASE I OBJECTIVES

One specific obJectwe of this atudy phase, reported herein, is to
define the scientific and engineering objectives for exploration of the outex
planets, Saturn, Uranus, and Neptune.

The next obJectxve is to 1dent:.€y observable phenomena and parameters
suitable to remote sensing by imaging and nonimaging techniques that will
provide useful information-toward satisfying the exploration goals and
objectives. In addition, nonimaging remote observation requirements will
be defined for the inner:planets and Jupiter. These objectives were achieved
by members of NR's scientific staff and consultants in applicable scientific
disciplinary areas. To simplify and standardize the data generated in this
study, computer techniques are employed which are designed to be compatibie
with the development of system requirements, support requirements

‘definition, documentation, processing, and mission analysis tasks to be

performed in Phases 2 and 3.

QT N oA
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2.0 SUMMARY

The goal of the effort reported here is to establish the observation .
requirements appropnate to-unmanned planetary exploration in the 1975 to
1985 time period. These observations must support scientific and engmeer-
ing knowledge reqmrements concerning planetary environments and prop-
erties. Counsideration is limited to observations that can, in principle, be
performed by remote sensors on flyby and orbiter spacecraft. In later
phases of this study, the sensors to perform the observations will be defined
and the sensor support requirements will be evaluated. Finally, families
of sensors compatible with various planetary missions will be defined.

Imaging observations of the inner planets and Juplter have been des crlbed

under Contract NASZ2- 2294.

A top-down approach began with definition.of the scientific and engi-
neering goals of planetary exploration, and proceeded through the increasingly
specific and quantitative stages of lmowledge requlre.ments, observation
objectives, observable propérties,. and observation and measurement require-
ments. At each stage, branches of the definition process were abandoned

' when they clearly were not appropriate to ‘remote sensing on unmanned

planetary flyby or orbiter spacecraft. The measurement capabxhhes of
sensors and the support capabilities of spacecraft systeme were not consid-
ered in this phase. The observation objectives and requirements were
definéd by consultant scientists and by appropriate specialists at the NR SPace
Division and NR Science Center. -

The quanhta.twe and verbal descriptions of observation requirements
are documented by a data storage and retrieval computer program which
gives visibility to the relationships among planetary exploration goals, know-
ledge requirements, and observation requirements. The estunated worth of
attaining various values of each sighificant observation parameter (e.g.,
wavelength spatial reeolutmn) is.also displayed.-

" The most important knowledge requirements relevant to the study
objectives concern planetary interior ‘structire, surfice cofnposition and
topography, and atmospheric compontxon ‘and meteorology. Visible
imugery of outer planet cloud formations, and microwave, mfrared and

. 'visible ‘spectrommetry and radiometry of’ redhtion absorbed or emitted by all

planetary l.tmolpheree, provide the most’ :ignlﬁcant support to the knowledge
reqliirements.

PRECEDING PAGE BLANK NOT HILMED; ’l‘ SpaceDivislon .

3.0 METHODOLOGY
3.1 DETERMINATION OF OBSERVATION REQUIREMENTS

3.1.1 Top-Down Approach

A balanced and comprehensive experimental program in any space
mission or group of missions is best achieved by a morphological or tap-
down approach in which the goals of the national space program provide a
framework for the definition of scientific and engineering objectives, i.e.,
questions of a broad and fundamental nature to which answers may be sought
through space exploration and operations. Figure 1 shows that the scientific
goals (related to the desire for knowledge) and the engineering operational
goals (related to the attainment of capabilities in space and the exploitation
of these capabilities) imply partially overlapping data requirements, A
given experiment, therefore, may contribute to the attainment of both
classes of goals.

The definition of fundamental scientific and engineering space explara-
tion objectives and the assignment of priorities to these objectives are

_essentially value judgments. By a scientific objective is meant a question

of broid scope, of basic interest to the scientific community for the sake of
the answer itself, which may in principle be sought through investigation of
space and celestial objects. Objectives and experiments related to
Mercury, Venus, Mars, Jupiter, Saturn, Uranus. and Neptune are of
interest here.

The determination.of scientific payload requirements begins with
recognition of the national goals of the space program and the corresponding
planetary exploration objectives. These goals are the advancement of
scientific knowledge, the building of a civilian technologicel base, the
advancement of capabilities for space flight, and the enhancement of national
prestige. To attain these objectives, investigations must be carried out
which, regardless of their motivation in terms of national goals, can usually
be categorized within one or more of the fundamental science disciplines,
For example, the quantitative requirements for atmospheric circulation
measurements may be different from the.scientific and spacecraft engineering
standpoints,- but the measurement discipline involved is that of. meteorology
in both cases.
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Experiments, which can be defined in each investigation area, consist
not only of the sensor instrumentation but also of suppoit equipment and the
mission operations required to conduct the experiment and return the data:

" to Earth, .Phases 2 and 3 of this study will be concerned with sensors, their
_support requirements, and their compatibility with various missions.  We- '
. will only determine what demands must be satisfied by support equipment,’ '

and will not define this equipment, Consideration of compatibility will be
limited to the ability of a sensor within the state of art corresponding to the ’
mission launch date (or, rather, the experiment selection date), to obtain -
‘desired data during a specified mission. Spacecraft integration problems
and payload constraints will not be considered except to point out potential’
cases of mutual interference among sensors identified as members of 2 .
compatible family. . : : )

' The levels of organizational relationship among space objectives, pro- -,
grams, and experiments are illustrated-in Figure 2. This figure traces
national space goals (e.g., increasing scientific knowledge) down to specific
experiments (e.g., a measurement of the infrared radiation flux emitted by .
the Saturn atmosphere) through intermediate levels of problem areas, )
scientific objectives, disciplinary areas, and investigations such as atmos- B
pheric temperature. Figure 2 also relates experiment sensors to vehicle
types and missions with which they may be compatible, 'and then to mission
categories and broad space program areas.

*.77. Table 1 summarizes the levels of development of observation require-
ments in the top-down approach, and identifies places in this report where
the elements at each level are defined. As each level is discussed, an
example of the connection between that level and the next is given, This set
of examples leads to a specimen of the detailed tabulation (Table 2) of
quantitative observation parameters. :

Table 1. Levels in Top-Down Approach

Level Name Location
1 Goal Section 4.1
2 Knowledge requirement Tables 3 and 4
3 Observation objective Tables 6 and 7
4 Observable Tables 8 and 9'
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3.1.2 Reference Source Material

The Nationel Academy of Sciences Space Science Board (NAS-55B) has
in the past five years published three major reports concerning the scientific
objectives of the space program. In the first report {Reference 2), the NAS-

. SSB listed three general scientific problem areas to which the national space-

program should be addressed:

1. The origin and evolution of the solar systern and the universe

2.- The. origin and evolution of life
3, The natiure of the dynamic processes that shape the terrestrial
environment. - o

This report defined and ranked in importance several objectives ‘of explora-
tion of the moon, the planets and their satellites, the asteroids, and inter-
planetary space, the fulfillment of which will shed light od these problem
areas. .Numerous detailed questions, corresponding to specialized investi- .
gations, were presented to indicate an orderly approach to attainment of the

The second report (Rerf.er'ence 3) was concerned with planetary investi-

=7 gations which might reasonably be carried out.in the 1968-1975 time period,. " ..
" and so was:limited mainly ta the unmanned exploration of Mercury, Venus,

-

and Mars

- -Of greateét importance to this study is Reference 4, which reaffirms.

- ...the general objectives mentioned, points out the importance of the outer

planets and interplanetary space at great distances from the Sun, discusses
several investigation areas, and recommends several planetary mission

_ types and experiments as well as Earth-based observations. The NAS-SSB

- here recognized the fortunate coincidence of adequate launch vehicles and

-, spacecraft technology, with rare opportunities to use gravity-assisted fiybys .
" to encounter several outer planets on single flights of much shorter duration

than direct missions to Saturn and beyond.

In addition to the NAS-SSB vreports; numerous planetary exploration
studies (Reférences 5, 6 and 7) have provided much information on knowledge
. and observation requirements applicable tothe present program.

SN 7n.24
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" 3,1.3 Participation by Consultants

The NAS-SSB- and other e:’cte:nél recommendations were translated .
into specific observation and measurement requirements with the assistance
of: : B

Prof-essor Gerard de Vaucouleurs, 'Department of Astronomy,
University of Texas :

Professor Reginaid E. Newell, Department of Meteorology,
.Massachusetts Institute of Technology

Professor de Vaucouleurs concerned himself mainly with the requirements
of imaging, radiometric, and spectrometric measurements of the outer

“"planets. Professor Newell concentrated on observation requirements bear-

ing on the circulation and energy balance of the outer planets' atmospheres.
The consultant efforts were coordinated by Dr. J. B, Weddell, with the
agsistance of the NR Science Center staff. The consultants’' reports are .

. reproduced verbatim in Appendix B. Their significant recommendations

are incorporated in Sections 4 and 5, and in the observation requirements
data presented in Appendix C.

3.2 AUTOMATED DOCUMENTATION _

It was apparent at the ‘outset of the study that a large quantity of

“observation requirements data would be generated. It would become -
" necessary (1) to display these data compactly, economically, and ina

uniform format; (2) to process the data in a way conducive to a minimum of
preparation effort and to automatic sequencing of cases; (3) to display the
limiting (i.e., most stringent) cbservation requirements common to a set

of cases from which a compatible family of sensors may later be constructed;
and (4) to correlate the data with sensor scaling law and mission trajectory
information in Phases 2 and 3. It was decided, therefore, to adopt an
Observations Requirements Data Sheet (ORDS) to record the requirements,
and to prepare a computer program, Space Experiments Requirements
Analysis (SERA) to convert the ORDS into self-~explanatory tabular
presentations,

3.2,1 Observation Requirements Data Sheet

The ORDS provides for entry of the following kinds of information:

1. The goal and knowledge requirement supported by a given obser-
vation objective; if several goals and/or knowledge requirements

are supported, other combinations can be listed on separate forms.

- 10 -
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2. The worth or value wy on a scale of 0 to 1, of the support of the
kth obs ervation objective to the indicated goal-knowledge require-
ment combination.

3. Theobservable property associated with the objective, the related
observation type (i.e., general type of sensor), and the worth w:
of determining the jtl cbservable property at the £th planet. g
Other observable properties, observation types, planets, and
corresponding values of wig, may be entered on separate forms.

4. Each observation parameter aj (e.g., longest wavelength) relevant
" to the observation requirement is defined as follows:

a. Worth v;'i (a.i) of attaining value a; = aj.

_b. "Best' or most stringent desired measurement capability aj.
if a; is better than a)j, w (aj) = w (a}). ’

c. ""Worst' or least stringent acceptable capability al ; if a; is
poorer than aj , w (a;) = 0. :

d. Functional form of wj (a;) for values of aj between a} and aj .
The allowed functional forms are described in Section 5.3.1

and in Appendix D.

5. Explapatory remarks (not processed by computer program).

-Figure 3 is an example of a completed ORDS. Detailed instructions for

preparing the ORDS are included in Appendix D. The example is discussed
in Section 5. 3.2. C

3.2.2 Summary of Computer Program

The SERA computer program is envisioned as a set of routines to pro-
cess the information contained in the ORDS, display it in an understandable
format, sirhilarly process and display information related to sensor capa-~
bilities and support requirements and mission trajectories, and correlate
these data to calculate and display portions of the study results in Phases 2
and 3. In Phase 1, only the first module (SERA-1) of SERA, dealing with
the ORDS information alone, has been developed. The SERA-1 program
reads punched cards containing the ORDS data and libraries of names of
goals, knowledge requirements, and the like, as well a5 certain program
control and option selection parameters. The output for the case repre-
sented by the ORDS in Figure 3 is illustrated in Table 2. This example is
developed in stages at each level of the top-down approach. The output is
in two parts, the ORDS information itself and the most stringent value of
each observation parameter associated with a specified subset of ORDS.

- ]] -
SP 7n-°4
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The observation objective and observable property descriptions
entered in the ORDS, as in Figure 3, need not be the same as the SERA-1
library titles corresponding to the cbservation objective and observable
property numbers. The use of other descriptions allows more precise
definition of the purpose and nature of an observation than the library titles
permit.

The program also _calcﬁlates the products {wg Ww; ) 3nd (w1 wj'l ).
Appendix D, ‘2 user's manual for SERA-1, coitains a fis;ing;l load module

map, data preparation and execution instructions, and specimen data and
results, Source and object decks are transmitted separately.

-12 -

I e




€ Sp .‘ ce Division
PLANETARY OBSERVATION REQUIREMENTS DATA SHEET _N”‘h.""mw
' pECK PROGRAMMER DATE SUBMITTED [ /9 eace OF JOB
n - - T T o - R B ® . n * 90
ORJECT R DL e :
M_JRTH LT n - . e OlﬁﬁVATION OIJECTIVE IDENTIFICATION
1]3]3]2]0]5]5§ “

r LJJ':IE‘I 1 | 1 1

NlElUlTlRIAlLI.l lugnNm JE ILJEIC|TIRI¢IN. IDIEINISJ'ITIYI 1P1R ﬂ’iFLUL;EJSJ |'|N| IAJTI”L¢LSIP1”JEIRIEI ||

ST 5 '. OBSERVATION OBJECTIVE {cONT) *

Ll g1z

[NNNTNREEREREE

llTLLlIIlIJ—lJIlllJlII|IIIIJIl'lilf'llllljlllll
o i e e : o ~ OBSERVATION os;scnvs (oon‘r) L ‘
L ‘lllvlllIjlI'I"ITI""J/J"’III'!Il‘IIIIIJIIJTIIIHIHIH'IHIIJ_Llllllll BENENEL
W.: 1 oBSERV. © . | “oesemv. o= . ml S . . ST
osseav *mte‘ PLANET ' WORTH 1 S ossenwxax.srnovsnw‘ : = e ‘
“8p2] sl sl I8J5 BJ_[‘IFIRIEIQIUlE 1N|C|Y1 |R1A10|' Pl 1¢’|C|CJU1L1TP‘*ITJ'|¢£1 1(|A1 T]EINIU AJTI'IQ’IN!' PIHAISIE] S VIFIT))[1]3]3]210)5( 5]
v‘ ' ‘ ’ ' Tiet —":’;v OﬁERVABLEPRSPE;TY(OONT) o - . |17 | e | e o
Illlillill‘LL]' INAENAR NN G IIlJlIll!lIII I'Iilllllﬂlj;l L 11 1assl3iorielziol 1|1 [1]3131210]5]5]5
.- LONGEST A(p) R : SHORTEST 1\ (M) - SPECTRAL RESOLUTION (M) . ~. - SPATIAL RESOLUTION (M} - FRACTION COVERED . R .
A , non'rrf : xonsr ““eest | F|.womTn | ‘womst.{  BesT | £ | .wormH: |’ woRsT - eest | £ | womm |- womsT eest | F | ;
7y ppostasiopl @l gty by e b e S REE v pib bty bida §113131210)5i50e
<, ¥~ 7*8 LATITUDE (DEG) . MAX. SUN ANGLE (DEG} *_ MIN. SUN ANGLE (DEG) VERTICAL RESOLUTION (M)
wo N WORTH * | _ WORST "' BEST F | WORTH | - wORST |- BEST. F | wortw. [ wonmsT " BEST |~ F—|~wORTH | - woRsT BEST F
s O'Jol'd'd"mml 12}71-151 [0j0j0j09j0j0y1] (2] §.14| [9,0)3)1(9j040;1] 2| ;.14 (910901119003 42y v Ly e doa L §113131210155)0
wug ALTITUDE (M) . MIN. ALTITUDE (M} NUMBER OF SAMPLES DURATION OF 1 SAMPLE {SEC) ) SAMPLING INTERVAL (SEC) "
WORTH vnnsr " BESIT F WORTH WORST BEST F WORTH WORST - BEST F - WRTH .WORST BEST F WORTH ~ MIBT BEST F
oty by e bty b e g Loed vt v b Jy g b % 140)05011,0,52)154] 4 11343121015 Sef -
L. - . ) i17 i18 .- i19 i20 .
WORTH “worst | Best- F WORTH IDRST BEST F WORTH WORST BEST F | WORTH | woRsT " BEST F WORTH WORST .BEST | F
1-1%) [V8y0j2{1j00051 1y4) | j6y |1181012[45 0110112} .19 2161010{2)6101[vi4] |.18) [316102(8jep0yi{iyn] yoyy | pyg by g ] 113131210550
REMARKS Also gaals 3, 5. For geal 5, ob|echveworth 0.99 - ' : '
Also planets. 1, 2, 4, 6,7, 8. .
REFERENCE Hidy, Martin COMPILER Weddll _ DATE_12/23 /199
) ) - i ) Figure 3, Planetary Observation Requirements Data Sheet .13, 14 -
S FOLDOUT FRAME 4 S5D70-24 | ~;iw omene




Table 2. Exlmpie ;qf Observation lieéuirements

PLANETARY OBSEIVIFI_D! DlJ_ECTlV AN REQUIREWENTS ewe
(l!;_ ATNDSPHERTC TENPERATURE, PRESSURE, DENSTTY DISTRIBUTIONS

- 1 lmD!HS'AND' DIIGIN AND EVOLUTION TF UNIVERSE AND SOLAR SYSTEM,

- STANCES 1IN nFTFl!lNINf‘ IT'nSFNElIr PQH'FITI‘S AND V!NICLE 'EQFMIANCE.

ORJIECTIVE WARTH = (.88

av egFLreTION.

w 'DHSEIVIBLE"I'“'EIYV J32e EI.ECTlﬂIlG‘IETI(’ S!I‘IAL TI“E

UVATTON TFTHTOUT mcum?m TRADTAY
PLANCTARY A0DY . 8.~ JUPTTER - N
__GBSERVATIOW wreTH,: GRNSS WARTH = ¢, NET WNRTH = 0.7
T OMSEAVATINN PARAVETER Y. LONGEXT" UAVELE'IGYITDF S“ET'IL RAND (R=ITRONS) T T
DESIRED MEASURFMENT CARSSILITY = “C.17CE O7. ..MARTH AT D.4.C.  GRNSS WORTH = 0.70. NET WORTH = 9.51
! MINI W)™ MEASUREMENT CAPARILITY = -'0,7%0F 06. i - .
T FONNTIF WORTH VS “WEXSUVERERT CASKRYLTTY F\'!HFTYUN & 4y FXBANENTTAL
u;:::::;l::.\;l:::grsa .23 SHORTESY WAVELENGTH OF svscrnu. RAND (NICRONS)
U NT CAPABILITY = “G.35CE 05 GRPOSS WORTH = C.T PTH = 0.
T WINTWN VEXSURTUFNY TAOABYLYTY » G TVCE G50 . ) 58 = 0. NELMIRTN S 0.3
FORM OF WNRTH VS -MTASUREMENY CAPARILITY FUNCTION = 3, EXPONENTIAL -~
NASERVATION PARAMETER. 4. - NORTHEZNWNST LATITUDE DF AREA TR RE CVERED (BES!EES) .
W CXVIRITITY = U TOE B2 T"'TR'IT'T!T!' ST GIOSY UMRTH = T<50, NEY WNKTR = 0.Y%

Il'"lljll MEASUREMFNT CAPARTLITY. = 3
< _.FORM Q€ HO!?N VS MEASURENENT CIPIBILXN ‘UHI:TKON w" 2' 'NUS"'"‘ "
—ORSETVR B THEPRENST_LATITUOE UF A0€A YO BE CWVERED TOSCREEST T
OOOE 02- WORTH A" DN -C- - GR TH .4 v T -
_TAINT UM -EASURE-ENT CAPARILITY w05 213 958 o B 0 Ov RET MORTM. - 03¢

) B .
M - MAXTMUM SUN - ELFVITIM! AVGI.F l!'!v‘ WORIZON AT REGTON OSSERVED (DEGREES)
L~ . DESIRED NEASU MENTCAD, l!L"' e _T0900F 024 : WNRTH AT D.%.C.~ G"ISS WORTH. ﬂ.bo. 'IEl‘ MORTH = 0.2%

fm-‘ns uneTH VS 1EAsun§5 r‘uuuuw FuMCT 10N =S SINusoD - '
ORSERVATINN PARAMETER, =425 MTNTMUN SUN El.=vn|un ANGLE ABDVE MORTZON AT -tmm ‘DBSERVED IDEGIEESO

MINTAUN. NEASURENENT CAPABILT
FORM OF WORTH vS- ‘EISUIEIW‘CADABILIW FU’ICTIDN

. = MINIMUN MEASUREMENT CAPABILITY .a® A,100E N1, ' -
Ty T DF WK TR VS VEASTIENERT CAPKSTLTTY FUNCTTON ™= -—rr—cmm—m:m
"~ OBSERVATINN PATAMRTER LA.  INTENSITY RESOLUTION (GRAY SCALE.ETC.)(PERCENT OF !AIINU! lufnsmn .
i DESIREN nEng;;:Exr -CAPABILITY = 0,260E BT - am"n AY D.%.C.  GROSS WORTM = Go90, NET WORTH = 0,83
&

TAUNCATED EXPOMENTYAL. LDGIBKIIWIEIT)
MeCe  GROSS WORTH = 0.80y NET WORTH =-0.38

TY =2 0,780 02. -
| _MINTMUM MEASUREMENT . CA?A!ILI"* 0.3A0E 03,

- !' Raialiif 'l =

Dungl:v;nou PARA'HEP 3AL  LATITUNE. INTERVAL (DEGIEESD -
NED MEASUREMENT CAPARILITY = "0,100F 02. - NOPTH AT D .C. l "TH

TR REX STREMENT TP AR TCIVY = ‘u:l TE T¥a * SA0s5 0 = C 00- “' IOITN =2.03

- FORM DF WORTH. VS MEASUREMENT CAPARILITY FUNCTION w lA TRUNCATED EXPONENTIA
ORSERVATINK DATAVFTER 39,-- LOMGITUDE INTF.VM. 1DFFHEF§D EATIAL, LDG?OIARGUNEN\‘I

L]
. RENTWY® WEASURENENT CAPAATLITY '!-l .
e Fﬂll NP WNPTH VS NMEASHRENENT CA'l!lLlTV "I’ICHDN ‘e 12, _STHUSNID, LNGIOTARGUNENT)

Te- .i!‘? “‘ll'{l‘"‘f 'nl’FIVl'"‘N IEOI"""{N" FfJ. E“‘ us"vnvnu Fl.l"l‘\‘rl .
ENWLEDGE * ORSERVATION  ABRSERVABLE PLANEYARY  NSSERVATION o-s!numu ORSERVATION

1 .- 2 1
: 1 » 1% 2
: ) N L] LN 1] e
- - : :: ’ 0.9008 02
’ ' { - : ‘ : ‘O:QOOI 02
1o s R 1T 18 0.1008-01
. ! A1 16 - 0,2608 02
N 112 s 0
: ~ 'Y N 38 . 3N 0.100F 02
- » [3 - 38 kL) 0.4308 62

- CHERTT AT PP ERTTE Y, TIF PURF T Y K TR oo, ————
VS.. ALYTTUDF, ON GLOMAL ANN LOCAL "ASSS. WHAT IS THE ROLE nF TQlCE'SW- B

. DESIRFED MEASUREMENT- CAPARILITY = O-IBOE-OI. ll'll“‘H AT'I‘).H.I:. r.iuss \K‘llﬂ! - 0.90.,NET uouu = 0.8%

. = o . Space Division
- : - - ) - North Amencan Rockwell

PRECEblNG PAGE BLANK &QT FILMED.

4.0 SCIENTIFIC AND ENGINEERING OBJECTIVES .

4 1 GOALS

The general goal of planetary exploration—to acq\nre information con-
cerning the planets, other objects in the solar system, and the interplanetary
medium-—may be divided into the scientific and the engineering aspects. The
scientific goals stem from-man's desire for knowledge for its own sake; the
engineering goals, from his need to understand natural environments in
order to improve the design of spacecraft and operations in space. Develop-
ing and exploiting commercial and military technology and enhancing national
prestige may be considered as additional engineering goals.  Although the
commercial and military goals are not closely related to planetary explora-
tion, any dramatic mission accomplishment or scientific discovery will
improve the prestige of the United States both at home and abroad.

;4 1 1 Sc1ent1f1c Goals - R

. “The three generally recognized sc1ent1f1c goals of pla.netary explorat1on
(References 2 and 4) are the followmg~ .

To understand the origin and ‘evolution of the universe and the:-
solar system, . The concern here is with evidence of the ongmal
constitution, formation, and evolutmn of the planets. Although
the inner planets have probably lost most of the light elements
they once contained, the low atmospheric temperatures and high
.escape velocities of the outer planets probably have allowed .
preservation of the original elemental abundance ratio. Plaxiets‘
on which weathering is not rapid (e.g., Mercury and Mars)will have
surfaces of great age that may disclose levels of meteoroid bom-
* bardment, solar radiation, and the like, as early as four billion
years ago. Comparative studies of the internal structure and
mass distribution of various planetary types (Earth, Mars, and
Jupiter, for example) will provide insight into such evolutmnary
‘=- : " processes.as core formation.

To understand the origin ahd evolution of life. The discovery of
indigenous extraterrestrial life would be of the most profound
scientific and -philosophical importance. If living organisms exist
on the planets, their detection will almost certainly require
experiments conducted after actual landings. However, the ic;leh-
‘tification of complex organic molecules in planetary atmospheres
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would greatly aid our understanding of the processes leading to the
appearance of life on Earth. Our search for such chemicals need
not be limited to exploration of Mars and Venus, but may include
as well the hydrocarbon-rich atmospheres of the outer planets,

1

3.. To understand the dynamic processes affecting terfestrial

environments. This goal concerns internal processes such as -
environments.

tectonic activity, as well as externally driven phenomena such as
atmospheric circulation, magnetic disturbances, and the like. ' By
observing these processes at other planets, under a wide range of
conditions, the scientist hopes to gain a deeper understanding of .
their operation at Earth. Some of the related observations (the
solar wind, for example) are beyond the scope of this study.

4.1.2 Engineering Goals

In addition to having scientific goals, planetary exploration missions
have technology goals related to the performance of spacecraft systems,
opera.tioné.l mission control, and increased capability for designing improved
space vehicles and experiment systems for future missions.

There are two generally recognized engineering goals of planetary
exploration (References 2 and 4), the defm1t1.ons of which are expa.nded here
to afford greater clarity, as follows.

1. To define the interplanetary and atmosphere environments that
affect spacecraft design and mission operations. An understanding
of alien environments during an extended mission will assist in
selecting operational options such as orbital parameters and

" atmospheric entry probe release time.

2. To define surface environments that affect spacecraft design
and mission operations. In order to determine the feasibility of
entry probes and surface landers, the scientist must have knowl-
edge of the composition, temperature, and physical properties of
the planets.

Systemn performance is also related to long-term reliability, opera-
tional testing and monitoring of spacecraft systems, measurement of the
environmental effects upon materials and components, and development of
automatic and/or redundant control and repair capability.

To attain these technology goals, one must examine the actual and
_potential problems encountered in our past manned and unmanned space pro-
grams and must extrapolate from these experiences to those that may be

Ed
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encountered in future deep space missions, Spacecraft system and experi~
ment performance will be affected by the natural environments encountered
or required to be measured. In many cases, a remote sensor system may
have application to both scientific and engineering goals, but with varying
resolution requirements. For example, both disciplines are interested in
the atmospheric scale height at a given planet. However, the scientific

_goals may be satisfied by a height definition of approximately.l kilometer,

whereas the gng1qeermg goa.ls may be dependeat on 2 resolution of 50 meters,
4.2 KNOWLEDGE REQUIREMENTS

"The knowledge requ1rements are specific but qualitative questions of °
a broad nature about planetary and space environments and processes, If
all the knowledge requirements are satisfied, the scientific and engineering
goals of the planetary exploration program will be attained. Many knowl -
edge requirements are associated with engineering and scientific goals. A
set of knowledge requirements is presented in Table 3; some of these are
relevant to the total planetary exploration area but are outside the scope of
this study because they relate to nonplanetary objects or to phenomena
which by their very nature cannot be remotely sensed. Table 4 indicates
the goals of each knowledge requirement.

Table 3. Knowledge Requirements

Number ’ Item

1 . What types, amounts, and distributions of indigenous
extraterrestrial living organisms, or life-associated
chemicals, exist? What evidence of previous life

exists?

2 What were the environmental conditions and processes
in the evolution of past and present life forms?

3 What are the properties and locations of any environ-
ments which may favor the future development of
indigenous life or the survival and propagation of
terrestrial life?

4 I What are the physical and chemical properties of
planetary atmospheres versus altitude, on global and
local bases? What is the role of trace substances in
determining atmospheric properties and vehicle
performance?

219 -
]M TN




s aaieie et

’ Space Division
North Amencan Rockwell

Table 3. Knowledge Requirements (Cont)

Number

Item

10

11

12

*13

. What are the structure, composition, mass distribu-

What are the circulation regime, energy balance, global
and local meteorology, and precipitation processes of
planetary atmospheres? How do these factors affect
vehicle performance and data transmission?

How has the present atmosphere evolved, and how is
it likely to evolve in the future? What were the nature
and evolution of the primordial atmosphere?

What are the physical state, chemical composition and
distribution of any solid or liquid surfaces beneath the
atmosphere? How did liquid bodies, if any, evolve?
What chemicals are present that may affect lander
performance?

What are the nature, origin, ‘and evolution of the sur-
face topography? What is the history of environments
affecting the surface?

What is the shape of the nongaseous body of the planet?
What are the parameters, cause, and evolution of its
present state of rotation? How do the planet's shape
and motion a.ffect vehicle guidance?

tion, and radial and horizontal differentiation of the
interior? .

What are the previous and present sources of mternal
heat, 'if any, and how is energy tra.nsferred to the
atmosphere"

What motions and flow patterns exist in the interior?
How are they related to the problems of energy balance
and mtrmnc magnetism?

What are the sources and energizing mechanisms of
trapped charged particles, external magnetxc fields,
and associated electromngnetlc radiation? What
processes occur at the interface of the planetary envi-
ronment and the interpla.netary medium?

- 20 -
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Table 3. Knowledge Requirements (Cont)

Number

Item

:::14

17

*18

19

20

21

How do particle and field environments in the inter-
planetary medium depend on distance from the sun and
on solar activity? What are the properties of the
interstellar medium and how does it interact with the
interplanetary medium?

< What are the past and present environments and com-
position of meteoroids and dust in the interplanetary
medium and near the planets? How are meteoroids,
asteroids, and comets related? What are their origins?

What are the topography, composition, internal struc-
ture, and surface environments of planetary satellites?
How are the orbits of the natural satellites related to
their origins?

What are the composition, particle size distribution,
structure, and origin of Saturn’'s rings? How do the
rings affect vehicle performance and communications?

How do satellites and dust belts interact with planetary
magnetic fields and trapped radiation? In particular,
how.does Io affect the decametric radiation from
Jupiter? Are the rings of Saturn responsible for the
apparent weakness of its trapped particle environment?

What are the structure, composition, physical proper-
ties, and origin of comets? How is their electromag-
netic radiation stimulated? How do they interact with
the interplanetary medium?

Is the general theory of relativity verified by kinematic
and electromagnetic experiments involving solar or
planetary gravitational f1e1ds"

What are the optimum usable v1s1b1e and RE frequencxes
with respect to time variations, e.g., diurnal, month,
year and solar activity? What are the absorption
bands in the planetary a.tmosphere versus freqiency?

What are the planetary‘surface {eatures, bearing
strength, local thermal or cryogenic environment, and

tectonic activity?

21 -
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== " Table 3.}

_Kne@ledge Requirements (Cont) ~

,':‘Numbel;b

Itemn

exploratxon7

U transm:.ssxon"

" 23~ . |- " What natural or induced surface radioactivity exists.
’ . and how does it affect vehzcle performance or surface-

24 - What effects to system operatmns are caused by inter-
; planetary and planetary magnetic and electrostatic.

fields: -and their Trespective transition zones?
- effect would planeta.ry au‘glow have on data -

e What are t:he requzrements for stenhzatz.on of the
_vehiéle, . operatlonal systems. and respective payloads,
as defmed by the planetary envu‘onments"

t1v1ty, _and ophcal emissivity of the planetary surface"
‘What surface and atmospheric electrical charges and "
currents ex:.st" ‘What are the surface/at:mosphere

What

s

As an example of the aasoc:anon of goals and knowledge requlrements,

consider the goal of-understa.nd.mg the origin and evolution of the universe

and the solar system.

- This problem involves the original composition of the

-. material from which the solar system was formed. This material is most -

likely to be preserved in the atmospheres of the outer planets.
evaluate the importance of exospheric escape and accretion processes in

In order to

. altering the atmospheric composition, the density and temperature must be

determmed as funct:.ons of altitude.

4.2.1° Scientific Knowledge Reqﬁirements

: Bioloéy (Requirements 1 Through 3)

The identification of life on other planets will almost certainly require
in situ senasors, inasmuch as such life is probably too primitive and sparse
to make likely its unambiguous recognition from flyby or orbiter vehicles.
But life-associated chemicals, such as amino acids and chlorophyll, may be
identified spactroscopically; if they are discovered, kﬁowledge of their chem-

22 -

ical and physical environment is needed since the environment is one favorable
_“to processan believed to be agsociated with the development of life.

If, for
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{S) - Sclentific goal
(E) - Engineering goal.
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mission {E)
‘Environments affecting future

No.

1

Legend:

X - Relevant combination in context of study

O - Relevant combinatlon in some renspects, but not in this study
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. example. ‘such subs nces were found in the atmosphere of J\lpltel‘ credence
* would be gained by | the hypothesu that theae and more complex substances
arose on Earth in a pnrmtwe reducing atmosphere g

Atmosphenc Scxences (Requxrements 4 Through 6)

The abundances of hydrogen and helium and the1r ratio are of para.mount

" importance because of their cosmogonic and, possibly, cosmologic, implica-

tions. Next in importance are:the abundances of carbon and heavier

elements—mcludmg, at least potassium and argon; next in line are the iso-

topic ratios, especxally 13C/12C lelH 3He/4He, 36A/40A. All'these are
potential clues to the origin a.nd EVOhItIOu. of the Galaxy and the solar system. -
Quantitative determmatlon of trace substances is of particular interest in
connection w1th color and albedo changes, such as in the belts and zones of
Jup1ter - }

Knowledge of depth
ut1ons is-largely hypothef
mentary for. Verﬁls.r .Only for-Mars are these quant1t1es reasonably well
known, the atmosphere of Mercu
denszty.;- A j

*“Various dzf-
. The appropnate questmns
d* smks fon each 1ayer in the

: converted mto kmetxc.energy . (4) How is the kmetxc energy,redxstnbuted
5 -the" L’%mosphere"' ;

__functmn of 1at1tude, longxtude, he1ght

N Knowledge is needed of the dutnbut).on ‘of solar ra.d1a.t:.on—w1th wave=~
length as a_function of ‘depth or,- alternatively, the distribution of ultrawolet
* absorber®, the: :distribution of infrared absorbers—as a function of depth
together with tempereture and pressure;”and the distribution of substances
which may-contribute to the heat balance through latent heat effects. In-
ldditmn. ‘the boundary layer heating should be determined; indications are

“that it may playa greater relative role for the outer. planete, with their pos- -

eible internal heat |ourcee, than for:Earth.
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The value of studics of atmospheric evolution will depend largely on
chemical and geological investi"ations at the surface, but usetul information
will be obtained from determination of exospheric escape rates and frmn
comparison of the present states of various atmospheres.

Geophysics (Requirements 7 Through 12)

The study of the solid and liquid planetary surfaces may furnish the
answers to many questions concerning the origins and cvolution of our solar
system. Very few measurements can be made remotely—in part because of
the complex nature of condensed materials. However, present knowledge is
often so meager in certain areas that even the most elementary data represent
great improvements and can impose major constraints upon theories con-
cerning the origin and evolution of the solar system. In addition, a study of
other planets and their origins and evolution may provide even a deeper
understanding of terrestrial processes. For example. an understanding of

planetary volea.nism may aid in our knowledge of terrestrial volcanism.

Perhaps the ‘s'-ir'npllest and most fundamental observables are related to
the size, shape, mass, and mass distribution of the planets. The sizes
{(volumes) and massés of the inner planets are known well enough to enable
scientists to calculate densities. of a precision high enough to deduce whether

these planets have metallic cores ~ From present data (Table 5), it appears

that Mercury, Venus, and Earth possess relahvely larae dense cores,
whereas the at rnost, small res' : B

“Table 5.

cle, one ‘needs to know the temperature,

_'“Mas'ses, ’Ra_dii-,.ifahrl 'Densities of thé Inner Planets
Planet - Mass (kg) . |{° Radius (km) Dens‘ity (gm/cm?)
Mereury | 3.26x 1023 | 2438 | 5,43
Venus . |" 4.87x102% 7|7 .7 6056 ' 5..25
Earth- . | 6s04x 1024 6378 : 5.52
‘Mars 6.43 x 1023 3410 ’ 3,89

Investigation, of surface topography calls for imaging sensors and

appears to be feasible: only at the.inner planets.

The-internal heat balance problem is of greatest importance at Jupiter;

" the net outward heat flow must be determined moré accurately to show
whether it can be accounted for by gravitational heating during formation of
‘the planet.. Information on the internal heat balance and energy regime may
“be obtained from atmospheric circulation.and magnetic field data. The atmos-
pheric circulation approach has been mentioned earlier. The ut:.hty of

- magnetic observations is discussed in Section 5. 1.
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Particles and Fields (Requirements 13 and 14)

These knowledge requirements are outside the scope of the study inas-
much as they involve in situ observations, but they are included in Tables 3
and 4 for completeness. .

Miscellaneous Obj»ectis (Requirements 16 Through 19)

These requirements deal with nonplanetary bodies and are outside the
scope of the study. An exception is determination of the particle size
distribution and composition of Saturn's rings. This information may reveal
whether the rings are disrupted satellites or are remnants of the diffuse
material from which Saturn was condensed. In the first case, the rings may
be relatively transient phenomena, and the absence of rings at other planeta
would be at least partly explained.

General Ph&sics (Requirement 20)

Verification of the general theory of relativity is not properly a plane-
tary investigation but merely takes advantage of the planets, and so is outside
the scope of the study. Experiments for this purpose are suggested in
Reference 4. ’

4.2.2 Technology Knowledge Requirements

Fundamental knowledge of specific technologies is a prerequisite for
systematic development of spacecraft and experiment systems for future
planetary and deep space missions; The listed knowledge requirements indi-
cate dedication to a maximum use of this 1nformat1on for exploiting and
satisfying the engineering goals.

Telecommunications (Requirements 5, 17, 21, _é.nd 24)

The optimization of the communication subsystem must consider the
transmission frequency, type of modulation, antenna design, RF power con-
version, electric and magnetic fields, as well as the data format scheme and
means for data storage and retrieval, Frequencies in the centimeter band
are of course prime candidates; however, the potential of attaining greater
communication capability with reduced power in the millimeter range should
be evaluated thoroughly, All the experiments and the operation of the vehicle
and associated systems are dependent on the information relayed to ground
stations, The optimum design for a reliable communication/data subsystem
must condider the degree of attenuation, reflections, occultation, phase shifts,
planetary and interplanetary magnetic and electric noise contributors, etc.,
that can be tolerated and still allow useful dats to be recovered.

26 -
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For a given data transmission system, the rate of data transmitted (in
bits per second) is proportional to the received signal plu‘s noise-to-noisce
ratio. Limits and vehicle configuration (size and weight) impose limits on
bit rate and received signal power since transmitted power is limited. New
methods and technigues will have to be developed for increasing the data
information without imposing severe penalties on weight, volume, and power
requirements. The quantity of information to be returned from planetary
missions over a period of years imposes another constraint on the design of
an adequate communication/data systém.

Atmospheric Environment (Réquireﬁents 4, 5, 17, and 26)

The design of the initial experiment systems and the attainment of the
primary engineering goals will depend on the data about the various planetary
atmospheres. Determination of the chemical and isotopic composition,
pressure and temperature distributions, heat balance, and circulation (local
and global) will be necessary. It is desirable, also, to search for complex
organic chemicals and trace elements. Such critical design parameters as
entry probes, surface landers, protective devices, communication capability,
and spacecraft and experiment hardware will be affected.

The design of an entry heat shield system will depend on knowledge of
the scale height, density, and composition of the atmosphere. For example,
atmospheres containing a high percentage of COz will intensify the radiative

_ heating of the heat shield; similarly, heating rates are proportional to velocity

in a dense medium. When this information is translated into engineering
data, considerable weight saving may be achieved. Another area of concern
is communications blackout, which may depend on atmospheric composition,”
electron'density, and.collision frequency rates. For each phase of the mis-
sion, it will be necessary to determine when blackout may occur in

terms of density, the frequency utilized, and other variables, and when it will
be reestabhshed

At a planet with little or no atmosphere (Mercury), for example, the
retardation systems for landed vehicles utilize retrorockets; however for
landed missions on other planets containing atmospheres, consideration will
be given to parachute systems. The effects of atmospheric properties—
density (primarily), altitude profiles, and wind shear data—are required
before a retardation system concept can be developed.

Surface Environment (Requirements 7, 22, 23, 25, and 26)
In the conceptual design of a landed vehicle and in establishing its feas-
ibility, knowledge of the expected surface environment is the paramount con-

sidcration. Such parameters as pressure, temperature, local conditions
(thermal or cryogenic), thermal conductivity, magnetic and/or electric fields,
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load-bearing strength, tectonic activity, etc., will have an effect on the
design of the operational and experiment systems. Suriace environment
investigation ia necessarily allocated a lower priority in the early missions
when the atmosphere surrounding the planet is' dense. Subsequently, addi-
tional data will identify various spectral windows, in which surface data can
be acquired by remote sensors. For example, design of adequa.te thermal
control and protective systems and their associated weight, volume, and
power requirements will be dependent on identification of temperature (as a
function of time, season, locale), albedo, topography, and the like. Another
major system dengn is the conﬁgurahon of the lander pads, a factor directly
dependent on the lotd-besnng strength of the goil, any tectonic activity, and
the topography Most of the initial remote sensor data on surface environ-
ment will be obtamed at Mars, Mercury, and—to a lesser extent—at Venus.

- 28 -
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5.0 OBSERVATION AND MEASUREMENT REQUIREMENTS

5.1 OBSERVATION OBJECTIVES

The knowledge requirements presented in Section 4. 2 are stated in
terms of basic phenomena and processes, some directly observable and some
inferred from observatmns As the next step toward quantitative definition
of measurement requirements, a set of observation objectives must be formu-
lated which contains descriptions of immediate observation purposes. The
following example illustrates the distinction between knowledge and observa-
tion requiréments: understanding the origin and evolution of planetary
atmospheres is a knowledge requirement while determination of the molecular
composition of the atmosphere is an observation requirement. One of the
observable properties of the atmosphere is its infrared absorption spectrum.
The required spectral observations can be defined by specifying the measure-
ments to be performed, such as the range of wavelengths and the solar
$llumination angle.

Table 6 lists the planetary observation objectives established for this
study. A few of these (nu:mbérs 20, 23, and 26) are outside the scope of this
study, while others (e.g., number 8) will fail to lead to remote measurement
requirements, Table 7 indicates by marks (X) the combinations of goal,
knowledge req.uirernent, and observation objective relevant to this study.
Table 12 presents the values of wgm, the worth of the kt} observa-
tion objective with respect to attainment of the mth combination of
goal and knowledge requirement, The scale of the wkm is 0 to 1. The values
were obtained from consultants' reports (Appendix B) and from assessments
by specialists in the various cbservation disciplines. If no mark appears in
Table 7, the combination is judged irrelevant or to have wim <0.10.

To continue the example of the top~-down approach begun in Section 4,
the requirement for knowledge of atmospheric physical and chemical
properties, as related to the goal of understanding planetary evolution, leads
to.the objective of observing the pressure, density and temperaturs of the
atmosphere as functions of altitude, latitude, and sun angle.

5.1.1 Scientific Observation Objectives

Biology (Objective 8)

With the exception of imaging experiments at Mars, remote observations
bearing on extraterrestrial biology are limited to those of atmospheric
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: "i"ote;tio‘n,r_ precession, . perturbations of

distributmns
B Topography, evidenc -of volca.msm :|.rnpacts, erosion of sur-
Sl face features. tectomc activ-ity

L li T Phys:.ca.l properties of eu.rface materials
12 ’ Atomic, molecular. 1onic, 1sotop1c composa.tmn of atmosphere
13 Atmospheric temperatur:,’ pressure density distnbutions '
": 14 Circuhtion pe.tterns and energy transfer rate and direction in

atmosphere; wind velocity and direction, dust storm intensity,
) meteor debris, aercsols, and the like

15 Phase transitions in atmosphere, cloud structure. precipitation.
forms, composition, and-emounts »
16 Electric and magnetic fields (interior, surface, atmosphere.
_ space)
|
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Table 6. Observation Objectives (Cuont)

Number Description

17 - - Ionizing radiation environments (surface, atmosphere, space)

Nonthermal electromagnetic emission characteristics and
source location

19 Gravity field distribution (surface, atmosphere, space)

20 General relativistic optical and mechanical effects
) 21 Electromagnetic (radio, optical) reflectivity, absorptivity
22 Occultation (radio, optical) of natural and artificial sourc es
by planet
DL 23 Meteoroid, asteroid, cosmic dust environments
24 Saturn ring gross structure, composition, particle size
T distribution
L257° Vehicle performance (trajectory, atttitude, aerodynamics,

subsystems status, and function)

26 Navigation and guidance
27 Data transmission and signal propagation
28 Radiation-scattering properties of cloud tops and atmosphere -

above clouds

chemical properties. The biological observation objectives, therefore, are
discussed implicitly in connection with atmospheric sciences.

Interiors and Surfaces (Objectives 1to 7, and 9to 11)

Current belief is that the dccay of radioactive nuclides heats the interior
of planets. - At high temiperatures, reducing materials (presumably carbona-
“ceous) in the primordial planetary material reduce oxidized iron to molten
metal which sinks to form a core. While it is often assumed that planets all
"have a composition close to that of carbonaceous chondrites, it appears
" that Mereury, Venus, and Earth have large cores and too much iron for this
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hypofhesis to be valid. An even more important problem arises in compar-
ing Mercury and Mars. The extent of radioactive heating depends on the
‘size of a planeti the larger the planet, the greater the heating for a .
given composition. If current beliefs are correct, Mercury, which is smaller
than Mars, does not have a core and has a density somewhere between those

of Mars and the Moon. ’

The study of the optical and dynamical oblateness of planets, if measur-
able, is necessary to déduce the fluidity of the planetary interior and the.
degree of hydrostatic equilibration. .Even Mercury, which presently has a
slow axial rotation (59-day period), and possibly a metallic core which indi-
cates fluidity, may present surprises. Its rotation period may have been
much shorter in the past and hydrostatic adjustment is not necessarily com-
plete.” By analogy, isostatic readjustment on Earth is not complete in areas

_of mountain building. Further, nonradial distribution of mass, as in the lunar
mascons, can be investigated by precise tracking of satellites of planets.
Important questions to be answered are: Is the density of Mercury as high
as our best present values? 'If so, Mercury has a core. Why does Mercury,
which is smaller than Mars, have such a core? Is the presence of 2 core a
necessary and sufficient condition for fluidity? ’

Remote measurements of the magnetic fields of planets are possible.
These fields, very small for the Moon, Venus, and Mars,. are unknown for
Mercury and should be measured... Measurements of thermal radiation by
‘infrared (IR) or-microwave radiometry to deduce the net thermal budget of
planets is impox;tant for understanding the contribution of internal heat
sources. The measurement of thermal radiation in a traverse across the
terminator will also provide an ap'proximate value of thermal conductivity
or surface materials. If a long-lived satellite is employed, temporal varia-
tions in thermal emission will give an idea of thermal conductivity of plane-
tary surface layers and of possible local internal heat sources. These meas-
urements are especially significant for Mercury, where present theory
requires volcanic activity as extensive as on Earth, with many localized heat
sources.

The most significant measurements are of the composition of planetary
surfaces. Imagery of planetary surfaces, except possibly at long wavelengths,
is limited to the inner planets, but the following discussion is presented for
the sake of a coherent treatment of surface observations. Imagery gives an
idea of the fluid properties of magmas (if they exist), which is a measure of
‘the acidity of the magma. For example, -forms and shapes observed in the
lunar maria are consistent with the flow of basaltic materials, which has been
confirmed. These deductions are indirect and not always fully convincing.
More direct measurements are obtained from radiation. The most promising
is Y-ray spectrometry, which can measure the amounts of radioactive nuclides
of X, U, and Th in planetary surfaces. There is a close correlation between

SD 70-24

the concentrations of these radioactive nuclides and the kinds of racks., This
correlation appears valid for the moon where early Soviet Y-ray measure-
ments with the Luna 10 orbiting vehicle indicated that the maria were basal-
tic. Even these early, crude measurements provided a significant conclusion.

-Improvements in techniques will be tested in lunar orbit and should be avail-

able for studies of other planets. In addition to y-ray spectra, x-ray and.
o-particle spectra should prove significant. Breakthroughs in IR, visible,
and ultraviolet (UV) reflectance spectra, as well as in measurements of
neutron albedo or neutron scattering, will be necessary for them to be -
useful, “Most important are measurements of the average composition of the
surfaces of Mercury and Mars: Fundamental questions must be answered,
Is Mars' surface like the moon, is it more acidic like the Earth, or is it
closer to chondritic composition? Is the surface of Mercury acidic? If not,
then volcanism is not as extensive as on Earth, which raises the question: -
how was the core formed? Present theories of the origin and evolution of .
planets are often supportable only because of their age and the lack of
competing hypotheses. Even crude data are needed to test them.

Atmospheres (Objectives 12 to 15, 21, and 28)

Atmospheric properties of interest can be divided into those related to
the global and nearly stationary state of the planet (chemical and isotopic
composition, global averages of pressure and temperature, radiation absorp-
tion and scattering, and the like), and those related to atmospheric kinematics
and dynamics such as circulation motions, precipitation, and local variations
in pressure and temperature.

The spectral energy distribution of thermal radiation from the planets
in the radio, microwave, and infrared ranges may give information on
temperature gradients below tlie visible cloud tops and help detect internal -
heat sources. Such heat sources are believed to account for the excessive
radiation temperatures of Jupiter and possibly Saturn over that which balances ..
the solar flux. Detailed thermal mapping will also help understand radiation
exchanges in the atmosphere below the cloud tops.

The requirements and interpretation of atmospheric spectral measure-
ments are discussed at greater length in Section 5. 2 and Appendix A.

Observations of stellar occultations can give information on exospheric
temperatures, escape rates, and (through the scale height variations) the
H/He ratio, Observations of radio occultations could give information on
molecular and electronic densities over a larger pressure range (S1 atm).
Airglow observations, i.e., of night-side emissions such as the 584-A
He resonance line, could also contribute pressure and density data and dis-
close precipitation of trapped electrons into the upper atmosphere.

- 34 -
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Detailed and integral scattering propertic¢s of the outer planets are not
well known because the phase angle never exceeds a few degrees; thus the
phase funciions and integrals cannot be observed and computed. It follows
that the spherical albedos arc unknown, except in unverified -model atmos -
phere calculations. This fact, and the incompleteness of the spectral
energy curve, combine to leave the radiometric albedo almost indeterminate
within wide limits (at least 50 percent uncertainty). In addition to multicolor
phase curves over a large range of phase angles, detailed observations of the
monochromatic limb-darkening laws along the equator and the meridian are
needed. The abundances of major constituents in the Jovian atmosphere
(H3, He, NHj3, and CHy) have begun to approach seli-consistent and repro-
ducible numbers (Reference 8). -However, the concentration of major
constituents of the other outer planets remains much less certain. To make
better estimates of the atmospheric structure below the clouds, the composi-
tion of the upper atmospheres must be measured more precisely. In addition
to Hp, He, NHj3, and CH4, important components of these atmospheres may
include HD, D3, and othér noble gases, as well as H20, H2S, and the like.

Several experiments projected for spacecraft show promise for such measure- .

ments, including absorption and emission spectra of radiation in the UV,
visible, IR, and microwave regimes. Because of their cosmological signifi-
cance, the ratios of H/D and H/He should be determined as accurately as
possible. ’

Along with spectroscop].c ‘measurements for major constituents,
attempts should be made to find trace components such as purines and pyrim-
idenes (for their relevance to biological materials), ethylene (believed to
be in the Saturnian atmosphere), and ammonium hydrates or hydrated
sulfides (in c‘lou'd‘s)'. ., Determination of the average global composition will -
be of great signifiéénce - However; obtaining distributions of major constit-
uents with latitude and 1ong1tude and in regions of different color or albedo
would prowde ‘more ‘information about planetary structure. Obtaining such
spectral ‘data would require much greater sophistication than the global aver-
age measurements alone. : :

In addition to electrically neutral species, information about concen-
tration distributions of ions such as HT and Het would be very useful in
constructing more ‘detailed models of the photochemistry of the mnospheres
(Reference: 9)

) Tempcratui:'e, Density, and Pressure Distributions. To develop better
models of the atmospheres of outer planets, it'is vital to obtain vertical dis-
tributions of dr‘ns:.ty, temperature, and pressure as far down into the atmos-
phere as purnible. “Three possible experiments can be used: (l) a stellar or
radxo occ uIl atlion investigation, (2) investigation of the absorption line shapes
of gases lik e NH3 and CHy by high resolution infrared or microwave spectros-
copy, and {) observation of f11tered radiation during limb darkening. The
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apparent temperature of the cloud level can be derived, of course, from
radiometric measurements at several frequencies (i.e., Reference 10).

It may be possible to map the horizontal thermal structure of the clouds

by radiometry, and it may be possible to penetrate deep into the atmosphere
by radiometry near 10 millimeters.

Closely as ‘sociated with the study of horizontal and vertical distribu-
tions of temperature and density is the analysis of thermal emission. Since
models based on simple reflection and Rayleigh scattering from a homo-
geneous atmosphere do not agree with observations, inhomogeneities from
scattering sources such as cloud layers must be accounted for (Reference 8).

It appears that radiation from Saturn and Jupiter can be explained only
by considering an unknown internal source of heat. Furthermore, Goody
(Reference 8) has given arguments suggesting that Jupiter cannot be in radia-
tive equilibrium, Motion in the atmosphere plays 2 modifying role, and may
indeed control the thermal structure near the cloud tops.

Many questions about the thermal structure of the outer planets’
atmospheres can be derived from straightforward astronomical observation
(Reference 10). For example, measurement of the bolometric thermal flux
will better fix the effective temperature of the planets. The observations
must be made in this case over the entire thermal spectrum, say, from
5 to 100 microns beyond the Earth's atmosphere.

Other fundamental quantities to be determined are the Bond albedo
and the phase function (Appendix B). The Bond albedo will provide a direct
indication of the solar input to the planet's radiative flux.

'Combined vﬁth observation of the bolometric thermal flux, the Bond ~
albedo will yield a direct estimate of any internal heat source. Determina-
tion of the phase function at many wavelengths will give data on'the

_Bcattering media responsible for diffuse reflection in the atmospheres. It

also will yield data to calculate the phase integral, an unknown part of the
Bond albedo. In addition to the cbservations over a broad wavelength range
and measurements of thermal flux at several wavelengths. such results can
be used to dntmgu:.lh between various models. By choosing intervals to
contain different opacities (Reference 10), the ratio of flux from the two
regions identifies models which best fit the observations. For example,

the radiative flux from Jupiter in the 17- to 33-micron region would
characterize the upper layers, while .the ﬂux measured in the 33- to
100-micron region would identify the lower layers. In combination, they
would present a strong observat:.onal constra;nt on the speculated atmosphere

‘structure.
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Obse rvatmn of l1rnb darkemn;, also w11] give mformatlon on various '’
layers of the atmosyher(\'

For’ cxamplc, some knowledpe ol sources of
1s” should be attained along w1th some-checks on
”opac1ty sources and- fhe 1mportance of Mie scattering.” By making limb-

darkening’ obs ervanons at wavelength intervals with different average opaci-
_tles, the atmosphere st’ructure can be~ studied to great depths. Comparison
of the equatorz.al and meridional limb-darkening: curves should provide further
knowledge about. 4Ke extent of latitudinal heat flow and the relative magm.tudes .
‘of mternal and solar sources _of heat. - Direct radiometric scanning of the -

disk at various wavelengths should yield meridional and longitudinal grad:.ents B
Such information will . .+ _ -

o in temperaturef at different depths in the atmospherel
. ‘reveal much ‘about the atmospheric dynarmcs 1:nc1ud1ng the nature of correc-

“tion and turbulence 1n the atmosph

Probmg t'he atmospheres of the ‘buter planets with 10 cm microwave
‘ radwmeters may reveal apparent heterogene1t1es in the deep layers of the
atmosphere ,Frorn combmed tradiometric and radar measurements, the
nature and depth of- &, sohd or:liquid interface in the planet may be 1dent|.f1-
_able. If the interface is liquid, "it may be possible to make a thermal map _
of the planet's sur_face by microwave radiometry. Unfortunately, the possi-
bility of penetratmg ‘deep” mto the Jovian atmosphere, evern with microwave’
devices, . appears remote because of the planet's nonthermal radio nolse

However, -more success.in such experxments may be achieved on m1ssmns ER

to- the other planets

. Knowledge of the motmn field is requu-ed on all scales at which: energy

conversion may occur..;When air flows down the'pressure ‘gradient, the _

kinetic" energy of the air increases. An alternmative formulation 1nvolves
warm air rising and cold air ‘sinking. In generaf it is very difficult to
measure the vertical motions, even in the Earth's atmosphere, and deduc-
tions from the honzontal motions seem to offer the best possiblity. The -
strongest clue to the motion fields is in the presence of a banded cloud
structure on Jupiter, Saturn, and Uranus; the resemblance is clearly to’
terrestrial Hadley cells rather than to the perturbed wave circulations of
terrestrial rmddle lat1tudes e . S

From extensive res earch on the large-scale dy'nam.lcs of the Earth's
atmosphere, basic ideas have developed which can be applied to’ the behavior’
of other planetary atmospheres.' For rapidly rotating planets that are
thermally stratified, theory suggests that the wind structure should b'e
bounded into zonal flow patterns. ' If instabilities develop by barotropic or
baroclinic disturbance, one can expect planetary waves to form with possible
cyclone formation. The observation of cloud patterns on Jupiter gene.rally
bear out the lheoretual pred1ct10ns (References 11, 12, and 13). While
banded structure has also been observed on Saturn, it is. uncertam on Neptune
and Uranun becau_se of their great distances from Earth.

.37 - ‘
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There are major potential differences in the general circulation of the
outer planets' atmospheres compared with Earth. The question of internal
heating on Jupiter and Saturn is important from the standpoint of the hydro- .
static stability of the atmospheres. If there are no liquid or solid phases (at

-least strong density discontinuities) on these planets, strong thermal or

orographic disturbances may not be possible, giving rise to more prevalent

- banded structure than on Earth despite the atmospheres pos sibly being in an

unstable Rossby wave regime. Uranis may be unique in its circulation
because it rotates (during the 1975 to 1995 time period) with a pole toward
the Sun rather than with equator to Sun. The solar heating, through much
weaker at Uranus' distance; may drive a peculxar atmosphenc motion on
this planet.

Particles and Fields (Objectives 16 to 18)‘

Observat1ons of charged particles and electric and magnetic fields are-
generally outside the scope of this study. An exception is inference of
interior differentiation and motions from the external magneticfield; this
is discussed under interior observations.

" 5,1.2 Technology Observation Objectives

- The technology observation objectives are closely interrelated with the

‘science observation objectives, and in many cases are indistinguishable.

These objectives should include the expected range of the observable environ--
ments, the vehicle, and interfering phenomena such as solar noise emission’
and planetary and/or atmospheric data as'discussed under science observa-
tion objectives. The objectives should define the times and places at which
the observable should be carfied out (that is, the times and planetary regions
in which the measurable phenomena exist) rather than where the sensor is
located. It is also necessary to specify the spacecraft trajectory require-
ments, and understand how related measurements on a given mission rein-
force the observation in question. If the observation conditions are adequately
defined, appropriate sensor systems and supporting subsystems can be
selected to carry out the experiments.

Using a top-dowh approach, each objective leads to a series of
investigations and each in turn leads to a series of sensor systems. A given
instrument (sensor) may relate to several different investigations. Sometimes
a given investigation may relate to more than one objective. For example,
establishing the atmospheric circulation ts & definable engineering objective.
Two observables, cloud motion and chemical composition, can be combined
to formulate a descriptive model of this phenomenon. Instrumentation
(sensors) that contribute to knowledge of cloud motion are camera imaging
systems (IR and visible), bistatic radar, and telescopes. Sensors that define
atmospheric circulation are spectrometers (IR and visible), RF occultation,
and Lidar,

- 38 -
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Tl L Ee ’Ihe knowledge requlrements that” muat be fulfilled by engineering ° s
T re.xperzlméntu are largely established by the data ‘requirements and the conduct L

- of the flyby and orbital missions, The design of guidance and navigation

_systems for_ such missions requires knowledge of such planetary character-
istics as:the’ ﬁgure (that s, the diarmeter as a function of direction from the
g _enter) and thegravxtatwnal field dxstnbutmn. The present uncertainty -
ronments, partlcularly around Jupiter, implies
ty in radxatlon shleldmg and matenal protectmn .

Thus, “an isolated or single value for molecular weight/scale height
- ‘and pressure, together with one or more theoretical or experi- ’
mental temperature values, may be utilized to construct an
‘.. exponential, first-approximation model atmosphere.

2. Category 2. Improved model atmospheres; either exponential or
- hydrostatic equilibrium models, which demonstrate the probable
range of atmospheric properties may be constructed if data are
collected from different geographical and/or seasonal locations.

3, Category 3. The ultimate engineering model atmospheres may
. be constructed in the form of hydrodynamically consistent models
_for geographical locations, each having different season versions,
and upper atmosphere portions projected for future time periods
via a prediction of solar activity (Reference 14). Extensive
observation over long time periods, altitude ranges, and geo-
: graplncal locatmns are required. SO

" State of the Art. .Earth model atmospheres are the only ones which
‘currently apply to Category 3. Category 2 model atmospheres have been
proposed for Mercury, Venus, and Mars.. -For the outer planets, Category 1
‘model atmospheres are nonexistent except for preliminary Category 2 models .
for J'uplter (Reference 15) and these’ a.pply above the- cloud la.yers onlys
Experunental Data for Model Atmcﬂhere Constructxon. Keally, the
engmeermg model a.tmosphere would be conatructed from the following
. observed data

: Temperature proﬁle

2, Molecular welght proﬁle

-unless the experiment 1tse1f depends on the. ey
ndxtmns-dunng entry, landmg, stay, and launch/

her ha; d dn‘ectly a.ffect the spa.ce vehxcle des1gn. ! K 3, Pressure (or dens;ty) at a given a1t1tude, preferably ‘the surface.

Ergineeri Such data are most easily collected by an entry probe descendmg to the
. hydrodynamxcally cons1stent i oflle:go;ntc;irelpea:zs:zhe;re:s:i:-znydesrl::::y and surfa.ce.‘t Howe;r e:g adn Y remo:e sensor data, even point ﬁtail ab;:t the -
) then' en . y ? 4 - composition and abundances, temperature, pressure,.scale height, or

Bl eermg denvat - : - -.density would be useful in the absence of profile data. Such data, for varying-
RS seasons, for day and night, and for geographical locations would be of even’
L -1~ greater va.lue. For engineering model atmosphere construction, it is most
TR important to acquire data on the constituents believed to be preésent in major.
proportions since minor constituents contribute little to the molecular wa;ght,
adiabatic lapse rate, densities, and the like, "Data regarding Hz, He, and
CHy are requi.red for the outer planets in particular.

A £1rst approx1mat10n may be achxeved by the
umthcrmal/ex onentlal tnodel’ atmosphere which requires the = - i
i ) atc of mean isothermal temperature, - |
mean mo]ecular we1ght or the average scale ’ %
!

]

1

1
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Wmd Data, Another atmospheric parameter of engineering design
lmpnrtnnue is wind spéed. For both descent/boost and for occupation
stations, the wind speed, in proﬁle and at the surface, is an important
design factor from the standpoints of reliability and mission success.

Wind speed data may be measured or may be theoretical in nature..
Because the descending probe is undoubtedly the most important wind profile
measuring system, the collection of such data from remote sensors is not
suggested. On the other hand, the wind speed at a visible surface may be
deduced from remotely. sensed cloud movements. Such information, when
combined with other data, may lead to general circulation theories from
which wind speed ‘profiles may be deduced,

Condensates/Particulates. Although not a part of the model atmosphere,
knowledge of the particulates (such as dust) and condensates (clouds, precipi-
tation types, amounts, and intensities) would be useful in such engineering
applications as structural damage potential in high- speed flight through dust
and/or preciptation, and the effects of dust and/or precipitation on electronic
systems of landers and long-life occupation systems. Knowledge of these
atmospheric properties is less important than knowledge of the model
atmosphere parameters.

Ionoépheric Structure. Because the electron profile of the upper
atmosphere may influence communijcations between landers, orbiters, and
Earth, the collection of electron density data from the ionosphere of the

.outer planets is warranted.

Surfaces {Objectives 9 to 11, 19)

For definition of surface environments, data on the following param-
eters are required:

1. Surface light and reflectivity

2. Surface tempérafure and thermal conductivity
3. Surface load bearing strength

4. Surface features (foughness)

5. Surface el_ectromagnetic properties

6. Surface composition ‘

7. Meteoroid flux, mass, and velocity

S o4 -
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8. Figure of planet
9. Tectonic activity
10, Particulate radiationa

The resultant data wi.ll define the surfa.ce effects on the vehicles and
measurement subsystem as follows (Objective 25):

—

. Thermal control
2. Surface mobility capabilities
3, Surface navigation and comﬁm}:nica.tion capa‘bilities
4. Vehicie/ surface cqmpatibilitir
5. Particulate radiation effects
6. Meteoroid mass and penetration
7. Descent and landing capability
8. Surface laﬁnch capabilities
9. Surface optical experiments
Interplanetary Medium (Objectives 16 to 22)

For definition of interplanetary environments, data on the following
parameters are required:

1. Meteoroids and cosmic dust
2. Solaf radiation

3. Magnetic fields

4. Planetary radio emissions

The resultant data will define the interplanetary medium effects on the
vehicle and measurement subsystems on an extended mission as follows:
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1. Communications (optimuin frequencies)
2. Degradation of materiais »
3, Electronic systems and operations

4. rMeteoroid puncture

5. Stabilization and control

6. Spacecraft space charges

There is a recognized third group of measurements other than the
scientific and technology types previously discussed. These are called
housekeeping measurements (operational and flight qualification), which
are in situ measurements located throughout the vehicle and sensor sub- ‘
systems. This category is outside the scope of this study, but will furnish
significant data to satisfy observation objectives. For example, triaxial
accelerometers, mounted in the vehicle, will identify permutations of the
vehicle during an orbit. These data can be used to compute the figure of
the planet or determine whether there are any localized mass concentrations.

I Operational measurements are defined as those which remain relatively
stable for similar types of mission, and are utilized for in-flight management
of the vehicle, mission evaluation, and measurement system.performance
and inflight checkout of the spacecraft. Flight qualification measurements
are defined as those which will vary from flight to flight and define the
development state of the vehicle and measurement subsystems. These '
measurements, along with the engineering and scientific measurements, will
provide all the env:.ronmental data necessary for a planetary flyby or orbital
mxssxon. o L ® . -

Preﬂight sensor instrumentation development requirements will be
examined in Phase 2 of this study.  Support equipment development is beyond
the scope of the study, but the support requirements will reveal inadequacies
of support technology. - ‘

5.1.3 Supporting Research

Planetary astronomy from Earth "orbit.and from surface observatories,’
as well as laboratory experiments and theoretical calculations, are indis-
pensable supplements of | Observations at the planets and in interplanetary
space. Altlmugh these programs are not proper parts of an analysis of
remote seuuur req\urements, they merit attention because they establish
minimum space observatmn requirements {a planetary mission must exceed
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Earth-based observation capabilities) and also help scientists understand -
sensor data. Examples of such supporting research requirements are:

1. Laboratory measurement of colligion-induced far infrared spectra
of COp, CHy, and NH3, and mixtures of polar and nonpolar gases
found in planstary atmospheres (Reference 22).

2. Calculation of line shapes related to requirement 1 above.

3. Calculation and measurement of the equation of state of hydrogen
at pressures up to 3 x 10/ atmospheres, which may exxst at the
center of Jupiter.

4, Synoptic measurements from Earth orbit of infrared and ultra-
violet spectra of planetary atmospheres... -

5, Development of Earth-based transmitters capable of illuminating
outer planets for bistatic radar experiments using receivers on
planetary orbiter spacecraft (Reference 4).

5.2 OBSERVABLE PROPERTIES

The properties that can be remotely sensed in principle to accomplish
the observation objectives just defined are now considered. At this point
the distinction between scientific and engineering data is abandoned. How-
ever, Append:.x C presents any quantitative differences in the desired obser-

- vations according to their mot;vatmg goals.

The observables considered in thig study are listed in Table 8. Many
of these are outslde the scope of the study, but are included to provide a list
suitable for all classes of planetary observatzon. Table 9 mdxca.tes by a

_mark (x) the relevant associations of observable properties and observation

objectives. The warth values wj of each observable (i.e., of observing the
property with attainment of the tiesu-ed values of all observation parameters)
are given in Table C_6. The scale of w; is 0 to 1, and values of wJ<0 1

are considered to represent irrelevant observations.

In the example of the top-down approach, one of several means of deter-
mining atmospheric density versus altitude is to measure the retardation
time (phage shift) and attenuation of an electromagnetxc signal passing through
the atmosphere. If this meapurement is made euenti&lly nzmulta.neou.sly at
two frequencies, the densities of ions and ‘neutral atoml or molecules can be
determined separately.

D:.scusnom of specific observables and observation requirements

follow. More detailed treatments of most requirements are given in the
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S T i e o IR T “..* Table 8. Observable Properties (Cont)

" Description . -"- ;
No. (§) | - . : : Description
e .. 29 Electric field and currents in atmosphere*
,Lf R 30 . Surface mechanical propertie's (direct)*

31 Gravitometric data - _ ‘

32 Electromagnetié signal time and 1;ay deflection

33 Wind velocity and direction (direct)* *

g ) 34 | Dust storm mtens1ty and movement (direct)*

35 _ | Radio-frequency permittivity, re51st1v1ty, suscept1b111ty
: - 36 Optical permittivity, resistivity, susceptibility

< . B ] -37 " .| Acceleration and deceleration of vehicle*
7 Mmera.lograplnc, petrograplnc, crystallographxc assay (direct)* | . . ‘ : 38 Distance, altitude of spacecraft from topogra.pluc features, etc.
Gamma ray flux and SPe‘:trmn ' RSN ”-:-‘-_' SRS RN 39 Electromagnetic phase shift ‘
40 Polarization (amount, type, rotation, etc.)

- 41 Stellar occultation (photometric)

n - : 42 X-ray absorp'tion and emission
. - 43 X-ray spectrum induced by solar electrons
rared_ rad:.atxo ﬂux, emis sw1ty, absorpt1v1ty - 44 Fast/slow albedo neutron flux ratio

ln.frared spectrum - T »',‘:“",-'—-.
; *Outside scope of study (in situ observation or nonplanetary

= 19;;-" V151b1e/ultrav101et radlatlon flu.x, emissivity, absorpt1v1ty observation)
) 20 V1s1b1e/ultra;rlolet spectrum
el Radio flux and spectrum - consultants’ reports (Appendix B). and quantitative requirements information
22 | Biological assay and activity* is presented in Appendix C.
- 23 .| Surface temperature (direct) ’ 9 5.2.1 Imagery (Observables 1,2)*

24 Laser beam reflectivity/absorptivity of atmosphere '
. Optical systems of different apertures and focal lengths, associated

with Vidicon-type image sensors, are available to provide direct imagery

on a much greater scale and resolution than provided by present ground-based
telescopes or envisaged for near-Earth orbital observatories of the next

20 years, For example, practical resolution of one second of arc is seldom
exceeded on Earth-bound telescopic'photographs of the outer planets which,

25 Atmospheric temperature (direct)*
26 Atmospheric pressure (direct)*

27" | Radio reflectivity/transmissivity of atmosphere

28 Entry prbbe trajerctory parameters

*Qutside scope of study {in situ observation or nonplanetary observation) ' *saturn, Uranus, and Neptune only.
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Table 9.

Association of Observable Properties

With Observation Objectives
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L. 1. 1
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1 Figure. rotation X0 X X N
2 Interior composition (o} [o]
L] {nterior temperature o (o]
3 Interior energy flow (o] o] o x hY
] f 3 Geologic structure
e 6 Interior physical properties X X X
~ 7 | Surface composition o x o o o0 o
' 8 Biological activity . : .
9 Surface temperature X X X
10 Topography and tectonics X
11 Surface physical properties X .
12 Atmosphere composition X X X x X o X
13 Atmosphere temperatare . X X X x x o X .0 [o]
. 14 ] Atmosphere circulation X i i X X : X X
8 15 | Clouds, precipitation - X S o x
16 Electric. magnetic fields X X X N
=3 17 | Particle radiation * x
o 18 | Nonthermal EM emission N E x| x .
§ 19 { Gravity fields : -
Nd 20 | Relativistic effects
> -
' 21 | Optical. RF reQlectivic - X o 0. X o o
. 22 | Occuhtations . - : x I : -
23 Meteoroid environmeats . : - X .
24 Saturn ring properties X (o] 0o O o X
25 | Vehicle performance ) ;
26 Guidance and navigation . [
27 Data transmission ) :
28 . { Scattering from clouds o] [e] X X X .
Legend: X Applicable association

Not applicable to study
Imaging
Non -imaging

Z™= %0

Inappropriate to rernote sensing ‘-
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Because of the low illumination levels, require long exposures. One second
of arc corresponds to the follwoing linear resolutions at mean opposition:

Saturn; -6, 000 km Uranus: '12‘. 400 km Neptune: 20, 000 km

From direct images,-and provided uncalibrated distortions of the
electronic readout system do not exceed the resolution limit, diarneters and
optical ellipticities of the three outer planets could be derived to a degree
of accuracy far greater than present ground-based data. This degree of
accuracy is 0,1 to 0.2 second of arc on the mean opposition apparent diam-
eter, or about 1 percent for Saturn and perhape 5 percent for Uranus and
Neptune. (The diameter of Neptune is now known more precisely from a ~
recent stellar occultation,) Direct images in several colors will be needed
to decide whether the edge of the planet is defined by a definite cloud surface -

_or by a critical optical depth in a molecular or particle atmosphere.

Direct images of large enough scale, obtained over periods of time
greater than one rotation period (10 to 16 hours), may provide enough
detailed information on motions of discrete cloud formations to establish.
much more precisely the rotation periods of Urarnus and Neptune, and
differential rotation as a function of latitude on Saturn (and possibly on the
outermost planets). : - i

The conversion of available potential energy to kinetic energy
involves air motions! of primary importance are iotione in the lower
atmésphere. Because density decreases with altitude, the kinetic energy -
density is low in the upper atmosphere and energy transfer from the lower.
to the upper atmosphere is more important than the reverse process. A
detailed knowledge of motions in the lower atmosphere is therefore required.
The only feasible remote technique at present is to use the clouds as tracers
of the motion field. Sequential cloud photography of the same region, as
from a synchronous orbiter, is required.

The resulting mean motions (averaged over many rotations) would be
used to construct the mean circulation pattern and the daily values together
with temperature values —required at the same place, time, and resolution—
used to compute heat transports.

Special imaging observations of Saturn's rings are described in
_Appendix B,

5.2.2 ‘Spectrolcopy (Observables 12, 16, 18, 20, 21, 42, 43)

Thae following projects seem to deserve first consideration for
_sgectroncopic observations from flybys: ultraviolet scanning spectrometry
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at medium resolution, about' em-1 (103 to 104), of the spectral range 0.1
to 0.3 micron, to extend the absorption-reflection spectrum of the disk and,
at close range, to search for characteristic fluorescence of upper atmos-
pheres on the dark side; special observation of the resonance lines of
helium, (584A), hydrogen (12164A), and other light elements; a search for
resonance lines of lowest order of ionized molecules, such as NZ (3114A).
Since many other molecules and radicals might be optxcally active, a
complete exploratory program rather than a selective search at a few
wavelengths appears advisable.

X-ray and Y-ray spectroscopy to identify surface materials is feasible
only at Mercury, whose thin atmosphére should transmit most of this radia-
tion. The observation requirements are similar to those planned for lunar
missions (Reference 16). Radio spectrometry is related to magnetospheric
phenomena and is outside the scope of the study.

Spectroscopic studies of planetary atmospheres in the visible and
infrared region of the spectrumi are primarily studies of the intensity,
polarization, and strength and shape of absorption spectral bands of the
reflected solar energy, and the infrared radiations emitted by the atmos-
phere. They pertain, mostly to the upper atmosphere in the region near
the top of any reflecting cloud layer that may be present. From the infrared
absorption band spectra of the planet, the constituents of the atmosphere
can be identified; and from studies of relative intensity distribution of the
various absorption spectral bands, the temperature of the atmosphere where
these bands are formed may be estimated. Studies of the polarization of
the reflected solar energy can poténtially yield information regarding the
properties of the particulate matter of the clouds. Studies of the infrared
thermal emission from the atmosphere give the temperature of the atmos-
phere at a depth where the infrared opacity is near unity. - Therefore, the
main types of information deducible from these measurements are the
constituents and their relative abundances in the atmosphere, »and the
temperature and density of the atmo sphere.

It is generally quite difficult, however, to'extract these physical
properties of a planetary atmosphere from the observed spectra, and the
results obtainable depend almost entirely upon the particular theory of line
formation adopted to interpret the spectra. In.particular, if the atmosphere
is optically opaque and the lines are fortned at large optical depths through
multiple scattering, the problem can be enormously complicated and can
often lead to unreliable results with large uncertainties. Relationships

- between a(znospheuc spectra ‘and physical properties are developed in
Appendnr Al

© - 49 -
SD 70-24

S ‘ Space Division .
R , North Amet wan Rockwell

5.2.3 Radiometry and Photometry (Observables 15, 17, 19)

: Infrared Rndlometry

; Thermal detectors assocxated with broad-band filters and/or low=-
resolution spectrometers should be used to derive the energy distribution

-of the thermal-emission of thé planets.in the 5- to 25- -micron range.  With
- radiative ethbrmm temperatures of the outer planets in the 50 K to 150 K

interval, the expected maximums of the: spectral energy curves are in the

-20- to 60-micron range;. however, departures from a simple black-body

curve at a single effective’ texnperature may be observed if, atleast in the
case of* .Tup1ter and Saturn, internal heat sources play a significant role in
the heat\balance of the plangt. Detailed observations of the distribution of

. thermal emission over thé d1sk of Saturn’ (including the dark side) with a -
: -."resolutxon of at Teast 10 x 10 elements (20 x 20 elements may be needed to

resolve the. belt. structire clearlv), as well as total radiation spectra of

-H,Uranus and Neptune, are requxred to supplement the temperature indications

from spectroscoplc and microwave rad:.ometnc studies.

Attempts to detect thermal emission from the dark side of Uranus and
Neptune would also be of value to_ check on possible internal heat sources.
If thermal maps of these planets can be obtained at one or two wavelengths
in the expected range of maximum emission (40 to 60 microns), a resolution
of 10 x 10 elements should be suﬁxment to attempt correlation with poss1ble

" belt structu.res.

) Infrared radibmetry of Mercury‘ is primarily an imaging observation
to obtain thermal maps of the surface. At Venus, experiments similar to
those at the outer planets can be performed to determine lower atmospheric
temperatures, except that the cloud top temperature is near 250 K, I is
expected that, by the 1975 to 1985 time period, remote observations of the
Martian atmosphere and surface will have been superseded by entry and
lander experu'nents.

Microwave Radiorrietry-

The millimeter and centimeter waves cover a spectral region of great
importance for the thermal balance of cold planets and include some discrete
abaorption lines of major significance. Microwave observations from
flybys, if possible with some angular resolution (10 x 10 on Jupiter and
Saturn, 5 x 5 on Uranus and Neptune), deserve a high priority. Continum

.emission measurements near wavelengths 0,3, 1.3, and 10 cm should be

sufficient to define the thermal spectrum and effective temperature. Of
special intocreat are observations at 1.25 and 1. 35 cm, corresponding to the
absorption lines of NH3 and HO; positive detection and study of the
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center-to-limb and center-to-pole variations should preatly assist develop-
ment of theories of the cloud and atmospheric structures, Such observa-
tion is likely to be simpler for Saturn if there is an internal heat source
providing a stronger background emission than in the cas« of pure solar
heating. Again, if internal heat is present, microwave emission might be
detectable on the dark side of the planet. Study of the day-night cycle of
emission at several wavelengths will help separate the contributions of the
internal and external heat sources. :

Photometry

Photometry in the visible spectrum should be one of the most
important tools in an investigation.of the outer planets by remote sensors
because of the phase angle and resolution limitations of ground-based
observations. It will be necessary to determine the normalized (relative)
integral intensity of the planet as a function of phase angle from 0 degrees
(opposition, full phase) to as close to 180 degrees (Sun occultation) as
possible and over a wavelength range as large as possible, at least from
0.2 to 5 microns.

It will be especially important to determine directly the phase function"

F (i) and phase integral q, which are still unknown because of phase angle
limitations; according to theoretical calculations, g may range from 1,25
for Rayleigh scattering to 1.45 for isotropic scattering to 1.77 for some -
models of anisotropic scattering. This uncertainty is reflected in the value
of the sphierical albedo A = pq, where p, the geometric albedo, is the only
factor known from ground-based observations.

5.2.4 Polarimetry (Observable 40)

Light reflected by the planets is partially polarized in 2 manner
characteristic of the nature and structure of the scattering particles. The
degree of polarization is generally small, often less than 10 percent, but
it could be large under some circumstances; for instance, a Rayleigh
scattering atmosphere observed at right angles to the direction of incidence
may have close to 100-percent polarization., Because of the severe restric-
tion of phase angles observable from Earth, and the faintness of the light of
the two outer planets, this technique has not yet delivered its potential. The
situation will be quite different from spacecraft if a large range of phase
angles is observable at distances small enough to glve good resolution of
the disk. -

Even at large ranges, -a fair degree of polarization of the total light of
Uranus and Neptune, possibly 30 to 50 percent, might be observed, if, as
has been suspected, Rayleigh scattering plays a major role in explaining the
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blue-green colors of these planets. More important will be studies of the.: .
detailed distribution of polarization over the disks and particularly center-
to-limb darkening curves in the two main directions of the electric vector
(along the radius and perpendicular to it), This information at several
wavelengths, selected by broad-band filters, is essential for a detailed
verification of theories of atmospheric scattering and for differentiation
between molecular and particle scattering as the main contributor to the
diffuse reflection of sunlight by the outer planets. The relative contributions
are expected to vary with latitude, particularly in the polar regions, where .
preliminary information on Jupiter and possibly Saturn suggests that pure
molecular scattering may be dominant. ‘

5.2.5 Coherent Light Observations (Observable 24) .

Optical radiation is scattered and absorbed in a planetary atmosphere
by the gaseous molecules, natural aerosols, and particulate matter present.
As a result, a light beam decreases in intensity as it passes through an
atmosphere while some light is observed to the side and rear of the original-
beam. Some of this scattered light may be partially or completely polarized,
even though the original beam was unpolarized., A weak component is
observed which is also at a different frequency (Raman scattering) but is of
greatly reduced intensity compared with the intensity of the scattered 11ght

" of the original frequency.

In the Earth's atmosphere, the majority of the scattering and absorption
occurs as a result of aerosols and particulate matter such as clouds, haze, .
and smoke. This part of the scattering is adequately described by the Mie .
theory, which treats it-as-an electromagnet:.c-wave boundary problem on
spheres.

It may be possible to aim a laser beam, in the visible or infrared, at.
the planetary atmosphere and, at another spacecraft, to observe the Mie-
scattered radiation from suspended part:cles such as crystals of solid
CO5, NH3, and CHy.

5,2.6 Occultations (Observables 27, 32, 39, 40, 41)

Two general classes of occultation experiments can provide, with
minimal spacecraft sensor and experiment support requirements, valuable
information on the density and composition of atmospheric neutral (atoms,
molecules) and ionized (electrons, lonized atoms and molecules, and free
radicals) particles ae a function of altitude. Sources of electromagnetic
radiation are artificial for the first class and natural for the second.

Radio-frequency occultation experiments employing one (downlink) or
two (downlink and uplink) communications frequencies have been described
by Kliore and his colleagues (Reference 17). The first experiment does not _
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1nvolvo a apacecraft sensor, “since it reqmres only the spacecraft tele- :
: ,__'commu_niz.atxons system and the receiver on Earth. The second experiment -
‘requu-e- a transponder on the spacecraft to process data representing the
attenuation and phase shift of the uplink signal. Similar experiments could
be performed between two spacecraft at the planet. The electron density
lapse rate at Jupiter may be so small (possibly 5 to 10 km, as in the case
of the” neutral denslty just above the clouds) that little information other than
the height of the upper edge of the ionosphere can be obtained.
tion al’one -howeve W ﬁld‘Be‘ of‘great interest.

. This informa-

Solar occultation-in the visible a.nd infrared can provide compositional
_data from Fraunhofer spectroscop, (Reference 18), - Stellar occultations
_allow J.mproved determination of pla.netary radii to the top of the atmosphere.

»5 2 7 M1scellaneous Observatrons

opagatmn of the d1stu.rbance through the satellite is a measure of the
saté]11te s electncal conductlwty (Reference 19). The time reqmred for
magnetlc"’lmes ‘of force to drﬁuse through the satelhte is :

et1c permeab:.'hty, ris 1ts electncal con- )
he solar wind flows past t.he satell:.te in

rela.twe to the satelllte. ) A‘steady rnaénetic e

~ . ~The general structure oi’ Saturn' 5 rings can be stud1ed by optrcal

K unagmg From a flybyor: an’orbiter; a ‘'seéarch can be made for a division

e between the -crepe (C) and second (B) ring, material in Cassini's division
‘bétween rings A and B, a faint ring outside the la Roche limit (2.44 Saturn
_radn) the possfble rmg inside the crepe rmg (Reference 20), and the like.
2. Radio occultatmn _experiments.can'be a sensitive indicator of sparse ring

‘ “material. - To 1nvest1gate the compos:.twn, mfrared and microwave

. ;spectroscopy can be used S

o .
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Infrared radiometric measurements as ring material enters and exits
the umbra of Saturn may give some indication of the particle size and
thermal capacity and conductivity. If, as Kuiper has recently reported
(Reference 20), the ring particles are solid ammonia blocks several centi-
meters on an edge, microwave radiometry at 1.25 cm and longer wavelengths
should verify both the composition and size estirnates.

" The use of two active spacecraft (e.g., a Saturn orbiter or a probe
and a flyby vehicle going on to Uranus or Pluto) at Saturn encounter permits
a unique experiment to measure the size and number of particles in the
rings. The experiment requires an active microwave radar transmitter and
receiver on the orbiter or probe and a receiver on the flyby vehicle (activated
when the Saturn orbiter is separated). The beam is transmitted through the
rings, with the following possible results:

1. The beam is completely interrupted, indicating thick, dense
swarms of ring particles. -

2. The beam is interrupted for brief instants,____ indicating occasional
ring particles as large as the geometric beamwidth.

3. -The beam is. smoothly attenuated mdlcatmg a thm populatmn of
" small part1c1es B . "

ER The re.flected srgnal also md:.catea the d1stnbut:.on of part:.de sizes
- ' near the wavelength. Variants of the experiment with laser, beams, inco-
7 ~ herent 11ght sources. and the 11ke can eas:.ly be u-nagmed

»5 3. OBSERVATION PA.RAMETERS

. The final step in qua.nt1tat1ve definition of Dlanetary observatmn S
requirements is specification of the desirable and just-acceptable values
of various parameters, These parameters refer to the intrinsic pla.netary
property to be observed rather than to the measurement capability of a
remote sensor. For example, spatial resolution at the planetary surface
is an appropriate parameter; but angular resolution at the spacecraft loca-
tion is not because it depends on the trajectory. Observation requirements
will be translated into sensor measurement _capability requiremnents in
Pha.lea 2-and 3 of the study.

5. 3 1 Oblervuion Types

To.aid in entabl:lshmg wh:u:h pata.rneters are relevant to a g:lven
| observation and to assist (in Phasees 2 and 3) in matching sensor types. to
! observation requirements, candidate observation types have been listed in
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Table 10.  Obsérvation Types

Number Description
1 Radio flux measurément (nonimaging) (wavelengths longer than 1 e¢m)
2 Microwave radiometry (1 ¢cm to 100 micron)
3 Infrared radiometry (100 to 0.7 micron)
4 Visible photometry (0.7 to 0.4 micron)
5 Ultraviolet photometry (0.4 micronto 100 A)
6. X.ray photometry (100 A to 0.1 A)
7 Y-ray flux measurement (<0.1 A, or photon energies >120 kev)
8 ‘Multiband flux measurement .
11 Radio-wave spectrometry
12 Microwave spectrometry
13 Infrared spectrometry.
14 Visible spectrometry
15- Ultraviolet spectrometry
16 X-ray spectrometry
17 Y-ray spectrometry
18 Multiband spectrometry
21 Passive radio-wave imagery
22 Passive microwave imagery
23 Passive infrared imagery
24 Passive visible imagery
25 Passive ultraviolet imagery
26 Passive X-ray imagery
27 Passive Y-ray imagery
28 Passive multiband imagery
31 Monostatic radar (nonimaging)
32 Monostatic radar imagery
33 Bistatic radar (nonimaging)
34 Bistatic radar imagery.
35 Laser transmission/reflection/scattering
36 Earth occultation {radio) R
38 Other observations involving active artificial sources of electromagnetic
radiation (e.g., another spacecraft)
39 Occultation of natural sources of electromagnetic radiation (e.g., stars)
41 Radio-wave polarimetry '
42 Microwave polarimetry
43 Infrared polarimetry
44 Visible polarimetry
45 Ultraviolet polarimetry
46 X-ray polarimetry
47 Y-ray polarimetry
48 Multiband polarimetry.
51 Magnetic field measurement
52 Electric field measurement
53 Charged particle (electrons, protons, and heavy nuclei) flux or dose
measurement '
54 Charged particle spectrometry
55 Neutral particle (neutrons) flux or dose measurement
56 Neutral particle spectrometry
57 Auroral and airglow emission spectrometry
58 Microwave tracking
99 (fther ohacrvation types

*Special came of types 14 and 15. |

- 55 -
SD 70-24

ST U

’ ‘ Space Division
North Amencan Rockwell

Table 10, These types are distinguished by wavelength and kind of measure-
ment (radiometry and photometry, spectrometry, imagery, radar and laser
experiments, occultation experiments, polarimetry, and particle and field
measurements). The observation types are, therefore, closely correlated
with observable properties and also with candidate sensor instrument cate-
gories. The wavelength regions for each kind of measurement are indicated
for the radiometry and photometry types.

These observation techniques are only guides to the later identification

.of applicable sensor types, and serve mainly to exclude grossly inapplicable

sensors. Actual identification of sensors will be based on a detailed com-
parison of observation requirements with measurement capabilities. It may
result that portions of an observation can be accomplished by different
sensors, although no one sensor can perform 2ll of the observation. For
example, a microwave radiometer (electronic) could cover part of a spectral
region, and an infrared radiometer (optical) another part.

In the top-down approach example, the observation of electromagnetic
phase shift and attenuation is clearly suited to a bifrequency radio occultation
experiment employing command (uplink) and teleme*ry (downlink) frequencies,
with a transponder on the spacecraft.

5.3.2 Observation Parameter Definition

The observation parameters and their units are listed in Table 11. Any
of the first 15 parameters and any five of the remaining 25 may be used to '
describe a given observation. It was never necessary to use more than 4 of
the last 25 parameters in any one case.

If the ith parameter is relevant to an observation, its ''best'" (most
stringent desired) value al, its "worst' (least stringent acceptable) value a;.,
its ma.xn'num worth wi (2i), and the functional form of wj (a;) for values of a;
between a1 and 31 are specified. - It must be indicated whether greater or
smaller values of aj represent a more_ strmgent requu‘ement i.e., Whether
a1>a1 or a.1 >a1 If aj is poorer than al, wi(ai) = If aj is better than al,
usually wi(a;) = wj(aj), but provision can be made for wi (aj)>wj (2i) in this
case. In all cases, Oswij(aj)<1. The allowed forms of wi (a3) are defined in
Appendix D; these forms are linear, trigonometric. exponential, step, delta,
and square-wave functions of aj or logjg |a.1|

The observation regquirements in the example (Table 2) are explained
as follows. The experiment is to be performed at two communications fre-
quencies; the lower of these should correspond to 2 75-cm or.longer wave-
length, with 1.7 meters desired. The higher frequency should correspond
to a wavelength of 13 ¢cm or longer, with 3.5 cm desired. The lower
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Table 11. Observation Parameters
No. Definition Unit
1 | Longest wavelength of sapectral region Micron
2 | Shortest wavelength of spectral region Micron
3 | Spectral resolution, at wavelength requiring highest resolution { Micron
4 | Spatial resolution at target Meter
5 | Fraction of surface area of planet covered Percent
6 | Northernmoast latitude of area covered (negative if in Degree
northerm hemisphere)
7 | Southernmost latitude of area covered (negative if in ~ Degree
northern hemisphiere)
8 | Maximum Sun elevation angle above horizon at target Degree
9 | Minimum Sun elevation angle above horizon Degree
10 | Vertical resolution Meter
11 | Maximum altitude of observed property (above surface at Meter
Mercury and Mars; above visible cloud tops at other
planets)
12 | Minimum a.lt:.tude of observed property Meter
13 | Number of observations oxr samples ---
14 | Time elapsed during one observation Second
15 | Interval between commencement of two successive Second
observations .
16" | Intensity resolution (gray scale, spectral line strength, Percent of
field strength, and particle flux) maximum intensity
17 | Planetocentric angle from planet center-to-spacecraft line Degree
18 | Angle at planet surface from surface element-to-spacecraft Degree
" line
19 | Angular resoclution Degree
20 | Phase shift precision Degree
21 Polanzatxon (amount) Percent
22 | Rotation angle of plane of polanzatmn (posxtxve counter- Degree
clockw:.se)
23- | Albedo Percent
.24 | Magnetic field strength Oersted
'25- | Electric field strength Volt m-1
26 | Gravitational acceleration. m sec~2
27 [ -Particle flux- m-2 sec-1
_ 28 | Particle or photon energy Electron volt
29 | Electromagnetic energy flux ' Watt m=-2 =
30 | Maximum temperature °K
31 [ Minimum temperatire °K
32 | Temperatute resolution K
33 -| Maximuwmn pressure Bar
34 | Minbnum pressure . Bar
35 | Presnure resolution Bar
36 |'Volocity mi'sec~l
37 L(multude (east of central mendlan seen from Earth except 'Degree
standard areographic ccorchnates are uged at Mars)
38 | Latitude inferval: Degree
. 39 -| Longltude intérval Degree
. 40 | Other than above Degree
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frequency is characteristic of the uplink signal, and the higher frequency
corresponds to S-band or X-band telemetry to Earth. Any latitude is accept-
able, but coverage of all latitudes is desired. Likewise, any solar elevation
at the occulting limb is acceptable, but all elevations should be covered to
allow investigation of diurnal variations in the ionosphere. The occultation
data should be acquired once each 0.0} to 1 second, to allow adequate defini-
tion of the altitude profile with a typical spacecrift trajectory. The attenua-
tion of the occulted signals should be measured to a precision of at least 1 db,-
and preferably 0.1 db. The phase shift should be determined to a precision
of 1 cycle to 0.1 cycle. Any single obgervation is of value, but it is desirable
to cover all latitudes in 10- degr ee intervals, and all planetographic
{co-rotating) long:.tudes in 45- -degree intervals.

Some of the observation parameter definitions in Table Il are unam-
biguous, but others require clarification with regard to their use in the
observation requirements specifications.

Longest and Shortest Wavelengths of Spectral Region (Parameters 1, 2)

The lonéest wavelength M) and the shortest wavelength Ay, are specified
independently in the ranges N'Mz ApfE A'M 88d Mm;zZ Am ZN'm, respectively.
AM Shm, even if MM <Ay, where single prithes refer to the desired obser-
vation capability, and double primes to the poorest acceptable capability.

Spectral Resolutiiévn (3)

Usually AMNX is constant, 8o A\ is minimum at A = M'm. In a spectro-
scopic observation, the entife spectral region is to be covered at the indicated
AM/\. In other observations, a single band of width A\ is to be selected,
centered at any \in Xpg5 N+ AN/ 2> k- AN/ 25 Xp,. If several non-contiguous
bands are to be covered, a separate"ORDS is generated for each band.

Spatial Resolution at Target (4) . N

In imaging observations, this is the resolution of image elements.
Otherwisge, it is the resolutmn of the entire frame considered as a single
element.

Northernmost and Southeérnmost Latitude (6, 7)

This s:.tuat:on is s:.rmlar to longest and shortest wavelength Figuré 4
illustrates a case where northern latitudes from the equator to 40 degreés
must be covered, and coverage up to 60 degrees is desired. In the scuthern
hemisphere, minimum acceptable coverage is 0 to 30 degrees, with 0 to
60 degrees desired.
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T ] . Number of Obéervatio_ns (13)

PN IO e e S
96% 0 :o:o: % ’o’o’c:':0°o’o’o’o’
0003000 %0% % %% %%

b . . In cases of imagery, a sample consists of one frame. This param-
) ' : eter is. specified only when it is of intrinsic importance, e.g., related to
statistical accuracy of the results. Determination of the number and size
of frames needed to cover a given total area depends on the mission
trajectory and the sensor design.

Time Elapsed During One Observation (14)

. o This is the "shutter speed, " specified only when it is necessary to
determine, to a given precision, the instantaneous value of a time-dependent
quantity: ' . Coe :

Albedo (23)
The various albedo measures (Bond, bolometric, etc.) are not
-distinguished here (see discussion by G. deVaucouleurs in Appendix B).

Latitude and Longitude Intervals (38, .759)

- . .- .These quantities refer to the separation of centers of adjacent viewed
areas. In imaging observations, the areas must touch or overlap to form
a complete image. - In other observations, the areas overlap if .

.

“ ' (cos A) (Ad) < Rp AX -

AA<R, AX

where A is the mean latitude, AA is the latitude interval, A¢ is the longitude
interval, Rp is the planetary radius, and AX is the spatial resolution (see
90 s o Figure:4).

. . 5,4 OBSERVATION REQUIREMENTS SUMMARY

% , ‘
//////A DESIRED LATITUDE COVERAGE Table 12 is 2 condeansed summary of the observation requirements.

) It indicates the relevant associations of goals, knowledge requirements,
m LEAST ACCEPTABLE COVERAGE : observation objectives, observable properties, observation techniques, and
o planet. The table is arranged with inner-planet observations first, obser-
‘ vations common to inner and outer planets next, and outer-planet observa-
tions last. Each set of observations is arranged in order of decreasing

Figur
kY, i wavelength. Page numbers refer to the detailed requirements data in

- 4. Latitude and Longitude Coverage and Intervals

Appendix C.,
o9 s
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~6.0 CONCLUSIONS . L

.,;S\I:fac compos1txon and topography. atxnoaphenc composition and c:.rcula- :
.tion, and interior structure. Although remote sensors can support all of

e " these Tequirements;
e Vespecla.lly at the outer planets P .

IR The observa.tlon requlrements tabulated in Volume 4 are dxstnbuted
“among. planets, wavelength regions, and kind of measurement, 2s shown in’
Tables 13 Jand. 14 b Req\urements 1nvolv1ng several spectral regions are

: Re uixjei'gxents by Planet

Planet - ORDS -
Mercury. . ~. 24
- Venus - ) 31
‘Mars . ] ot 24
- Jupiter » . |- -7 69
Saturn 71

Uranus o
.-  Neptune = . i

The greater number of observation requ:.rernents defined for the outer
planets reflects the inclusion of imagery.

study. The most frequently represented kinds of measurement are passive
imagery, radiometry, and spectrometry. The infrared and visible spectral
regions account for more requirements than do other regions. It must not
be inferred that the other observation types and spectral regions are less
important. Indeed, visible imagery and infrared radiometry and spectrom-

etry are the most important types.

-67 -
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‘their greatest contnbut;on is to atmosphenc studxes, Lo

Most imaging observations defined

for Saturn, Uranus, and Neptune are also required for Jupiter and are defined
for that planet although such definition is nominally outside the scope of the

However, -a balanced and comprehensive
planetary exploration program should include all types, for each type makes
unique contributions to knowledge of planetary environmients and properties.

quirements by Spectral

Region and Kind of Measurement

Distribution of Obaervation Re

Table 14,

5
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APPENDIX A, DETERMINATION OF ATMOSPHERIC PHYSICAL
PROPERTIES FROM SPECTRAL DATA%*

For, thé present purpose, only the simplest model is considered
whereby it is assumed that the incident solar energy is reflected by a well-
defined reflecting layer and the lines are formed in the absence of scattering
above this layer. Although the model is admittedly crude, the simple
expressions which result do serve to give a qualitative description as to the
manner in which the physical properties of the atmosphere are related to
the properties of the measured spectra. - These relationships should not be
very much different from the results of more complicated analysis. They
are equally applicable for the case where the absorption spectrum is cbtained
by observing the Sun through the planetary atmosphere in an occultation-type
experiment.

PRESSURE
The integrated absorption S(J) for an isclated line corresponding to a

rotational ‘transition {either pure rotational or rotational-vibrational) from
J to J+1 is defined by,

S(T) =f: az(vdv,

where ¢ 3(v) is the absorption coefficient per unit length for this transition
which appears in Lambert's Law:

- ar(v)L
/i, = .
Here I/I, is the fractional transmission through the absorber of length L.

For a collision-broadened line (such as is considered here), the
absorption coefficient e3(v) can be approximated by the Lorentz expression,

*By Dr. W.W. I, NR Science Center.
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aJ‘v)=ﬂ_z.._._Y(J_)..__
T o[vav P+ YR

where Y (J) is the half-width at half maximum of the line, S({J) is proportional
to the density of the absorbing molecule p,, and: Y(J) is proportiona.l to the
total density of the atmosphere, pr,

S(7) = g Sold);

Y(@) 8 pyp Vo).

Here S (T)- and YO(J) are the values of S(J) and Y(J), respectively, ata
densgity of one atmosphere, which are measured in the laboratory.

For such an isolated line, it is possible to measure both 5{J) and v(J)

in a straightforward manner provided the resolution of the spectrometer & v,
is such that

Av/ (J)<<1.

The line half-width vy is related ‘to the density and temperature by the
relationship, -

1/2
vevy [Pz} 15
°ole il T )

Since Yo at po, and Ty (usually chosen at standard conditions of 273 K -
and 1 atm.) is known, the mean density of the atrnosphere at which the line
is formed in the atmosphere is then simply given by

1/2
S .
A [Tol (et ).

where T is the mean tempera.ture of the atmosphere at the altitude where
the line is formed

SD 70-24
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Since the temperature can be determined independently by either
infrared emission measurements or by measuring the variation of S(J) with
J, and since usually the variation of T with altitude is gradual, i.e.,

—-———-—-—T‘(h) - T(h, fﬂ )<< 1
p

where £ is the mean free path for the radiation at v, the accuracy in the
determination of the mean density of the atmosphere is just proportional to
the accuracy with which Y is measured, i.e.,

APT

—= Ay,

PT Y
It is immediately apparent that, if Av/Y(J) 2 1, then no information can be
obtained regarding the atmospheric density.

TEMPERATURE

The rotational temperature may be determined by the ordinary
Boltzmann equation method by noticing that S{J) is proportional to the popula-
tion in the Jth state, N(J). If the temperature variation in the path length is
not severe, then the rotational temperature is a good approximation of the
physical ’tern'perahn"_e ‘at the level where the lines are formed. For this case,

log SE) = AD) = 2

rot

where A(J) and B(J) are constants for a given J.

If the ‘ir;;tegréféd intensity S(J) is measured for several lines of differ-
ent J states, then Tpot can be detérmined. The accuracy with which Tyt
is determined is given by:

2s0) _B@) | T
S(J) T T
A-3

SD 70-24

Space Division
NonhAmenaa'anlookweM

B(J)/T can, for some cases, be larger than unity and therefore S(J)
must be accurately measured in order to give a Tyt accurately to a few
percent or so. In this instance, the resolution of the spectrometer need not
necesgarily be better than the linewidth, i.e., it is posaible to work in the
limit where

av/ @3 2 1.

In this limit, slit function effects enter which make the measured
integrated intensity smaller than the actual intensity S(J). However, tech-
niques {commonly referred to as ''curve of growth" methods), exist for
correcting for these éffects, so that an accurate value of S(J) can still be
determined. More exact analysis for the case of a scattering atmosphere
results only in changing the constants A and B,

ABUNDANCE

The equivalent path length of the molecule giving rise to the observed
spectral line may be estimated roughly by assuming the simple reflecting~
layer model for the atmosphere. The equivalent path length is then given
by, ’

_ 8(T)
AL __.SO(J') L (meter-ami.)

where L is double path length above the reflecting layer and S,(J) is measured
in the laboratory at the mean temperature Tpq of the atmosphere.

The mixing ratio for the absorbing molecule is then given by

Jor 5O Ye)
P TS Y@

The fractional changes are then correspondingly

afpa L) . AS(T) .
L 8@

A-4
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and .~ o

alPaleT) ap() + 8y
(palpp) SO v(I)

: Again it is apparent that the equivalent path length may be deduced
from spectra taken with a spectrometer of inferior resolution whereas the
mixing ratio requires that the spectral resolution be much better than the
widths of the individual lines.
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APPENDIX B. CONSULTANTS' REPORTS

\

This appendix contains the reports of consultant scientists reta.lned by

North American Rockwell (NR) to support the Remote Sensor study. The -
consultants are:

Prof. Gerard de Vaucouleurs, Department of Astronomy, University
of Texas, Austin, Texas

Prof. Reginald E, Newell, Department of Meteorology, Maséachﬁs.etts
Institute of Technology, Cambridge, Massachusetts

The reports iaresented here are unedited except for format
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R "‘_’A“’SUI'WEY OF SCIENTIFIC OBJECTIVES, OBSERVABLES,
L. =77 ~AND EXPERIMENTS FOR FLYBY MISSIONS TO
- *_ THE OUTER PLANETS

) G_. de Vaucouleurs .-

1.0 INTRODUCTION

Th1s docunxent 1s a prell.rnmary survey of the scxentxﬁc objectives,
observa.t::.onsJ requxrements, and measurement requirements to be con-
sidered in planm.ng remote sensor observations of the outer planets during
flyby missions to Saturn, Uranus, and Neptune.  Both imaging and nonimaging
sensors, ‘will be consideréd. In the first part, a survey of scientific problems
- and ob;echves applicable .to.all tHe outer planets will establish a framework
of the discussion; next, a brief survey “of :available or potential téechniques

of observation will ‘define the tools which, in principle, . could be operated

. fromi“a. spacecraft {with some extrapolation of current technology); and-

fmally, ob_]ect:.ves, observables, and mstru.rnents will be compared in terms -

~of actual’ experunents In a-second pa.rt 2 special discussion of each planet .-

detailed fea.sx.b:.hty stud:.es
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.2.0 SCIENTIFIC OBJEC.TIVE_S
Information on the major planets can be organized under three main
topics: general or global propertiea, atmospheric structure and properties,
and internal structure.
2.1 GLOBAL PROPERTIES

Global properties include the gross features of the planet and its rela-

tions to the environment—its mass, diameter, density, magnetic, electric,

and gravitational fields, Of particular interest for the outer planets are the
diameters and ellipticities which are still poorly known (especially in the case
of Uranus), and this, in turn, leaves much uncertainty on the mean density.

In the special case of Saturn, the thickness and particle density of the ring
system, the absence or presence of suspected minor divisions, and their
possible relations to satellite orbital periods are still essentially unknown

or in grave doubt: There is a general agreement that the outer planets fall
into two groups: Jupiter and Saturm on the one hand, Uranus and Neptune on

"the other. -Yet the radio-emission properties of Saturn are more akin to
o Uranus and Neptune than Jupiter. Because of the greater distance, very
“-. little is known of the radio properties of Uranus and Neptune. Among the

basic objectives of flyby missions to the outer planets should be included
studies at close range of the thermal and nonthermal (if any) radio emissions,
of the magnetosphere and trapped particles belts (if any), of its interaction
with the solar wind, a search for a possible tail to the magnetosphere, and’
perhaps use of the latter as a probe to estimate the relative importances of
the solar and stellar (galactic) winds in these outer regions of the solar
system.

2.2 ATMOSPHERIC PROPERTIES

Atmospheric properties constitute the major observables of the outer
planets. The following seem to be the most important or most directly
accessible to remote sensing.

2.2.1 Chemnical and Isotopic Composition

The abundances of hydrogen and hellum and H/He ratio are of paramount
importance because of thelr cosmogonlc and possibly cosmologic implications;
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next in importance are the abundances of carbon and heavier elements at
least up Lo potassiumiand argon; next in line are the isotopic ratios, espe-

. 13~/12~ 21 3 4 436, 40 .
cially “°C/*“C, “D/"H, “He/"He, and "A/""A. All these are potential
clues to the origin and evolution of the galaxy and the solar system.

2.2.2. Vertical Structure

Knowledge on depth, scale height, temperature and density distribu-
tions, and variations of composition in the atmospheres of the giant planets
is still largely hypothetical. Observations of stellar occultations can give
information on exospheric temperatures, escape rates, and (through the
scale height variations) on the H/He ratio. Observations of radio beacon
occultations could give information on molecular and electronic densities.
over a larger pressure range (<1 atm). Airglow observations, i.e., of
night-side optical emissions, such as the He A584 resomance line, could also
contribute information on composition and density. o

2.2.3 Composition of Clouds-and-Organic Compounds

The presence of methane and ammonia in the atmospheres of the outer
planets suggests the possibility of more complex organic compounds forma-
tion which may have a bearing on the origin of life in the primitive atmosphere
of the earth. A number of relevant or related questions are: What is the
chemical composition of the particles in the clouds? Are they colored by
organic compounds ? Are the color changes related to variable phase
equilibria governed by changes in temperature or density {due to possible
vertical oscillations)? Are electrical discharges present? What chemical
reactions take place in the upper atmosphere above the clouds ? What
hydrides, such as OH, HO, H28, are present and what role do they play in .
the organic chemistry of the clouds and atmosphere ?

2.2.4 Kinetic and Dynamics

The large-scale circulation of the atmosphere of Jupiter as evidenced
by cloud motions has been studied for many decades, but little is known of
the kinetics of the atmospheres of the outer planets. The belt structure is
weak and definite spots are rare on Saturn. The existence of a belt structure
on Uranus, and especially on Neptune, is still in doubt; direct imaging
observations at close range are needed to solve this fundamental question.
Horizontal and vertical temperature gradients must be determined before a
realistic model of the dynamics and "'meteorology' of these atmospheres
can be even formulated. In particular, it is of great importance to determine
whether, as on Jupiter and possibly Saturn, internal energy sources contri-
bute significantly to the radiation balance of the outer planets. If definite
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cloud structure is weak or absent even at close range, spectroqcopic deter-
minations of horizontal velocity gradients (as well as improved data on the
general rotation of the planet) will be important for Uranus and Neptune.

2.2.5 Scattering Pro;.)erties

. Detailed and evern integral scattering properties of the outer planets

‘are still very poorly known because the phase angle never exceeds a few

degrees (6 degrees for Saturn, 1.5 degrees for Neptune) and consequently

the phase functions and integrals cannot be observed and computed. It

follows that the spherical albedas are unknown, except in unverified model

atmosphere calculations. This fact and the incompleteness of the spectral

energy curve combine to leave the radiometric albedo.almost indeterminate

within wide limits (at least 50-percent uncertainty). In addition to multi-

color phase curves over a large range of phase angles, detailed observations

of the monochromatic limb-darkening laws, both along the equator and the V-
meridian, are needed to build and check realistic models of atmospheric B
structure and scattering properties of the atmospheres of the outer planets. N
In the case of Saturn, special studies of the spectral reflectivity and phase i
function, as well as opacity of the ring system; are also needed. oo

2.3 INTERNAL STRUCTURE

Models of the interiors of the outer planets range over a wide spectrum,
some with hot, semi-stellar interiors, some with cold, icy cores; some
problems that might be solved by remote sensor observations from flybys
have a bearing on the internal constitution problem

2.3.1 Magnetic Fields

The presence of a strong magnetic field, such as the one indicated by
radio observations of Jupiter, may give information on the presence or
absence of an electrically conducting core or shells (fluid layers) in the outer
planets. Since no definite observation exists of nonthermal emis sion from
these planets, detection should be attempted during near encounters. ;

2.3.2 Thermal Emission

The spectral energy distribution of thermal radiation from the planet
in the radio and infrared ranges may give information on temperature
gradients below the visible cloud tops and help detect internal heat sources,
such as are believed to account for the excess radiation ternperatures of
Jupiter and possibly Saturn over that which balances the solar flux. Detailed
thermal mapping will 2lso help understand radiation exchanges in the
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atmosphere below the cloud tops. The chemical composition of the lower
levels of the atmosphere may be reflected in details of the infrared thermal
emission spectrum and, in particular, bands of methane and ammonia. Pos-
sibly other compounds may be observable. Similarly, in the microwave
spectrum observation of the 1.25-cm line of NH3 and of the 1. 35-cm line of
H>O should give information on atmospheric composition and pressure below
the visible clouds.

2.3.3 Mass Concentration

‘ Deiﬁﬂed analysis of the gravitational deflection of the ox;bital path of a

. probe in close encounter may give information of the degree of mass con-

centration and dynamical ellipticity of the planet, and serve to narrow down
the range of acceptable models of internal structure.
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3.0 METHODS OF OBSERVATION AND OBSERVABLES

A large array of tools and methods of observation is available which
bear on one or several of the scientific objectives listed in Section 2. 0.

3.1 OPTICAL IMAGING

Optical systems of ch.fferent apertures and focal lengths, associated
to Vidicon-type image sensors, are available to provide direct imagery ona
much greater scale and resolutmn than is presently provided by ground-based
telescopes or is currently envisaged for near-earth orbital observatories of
the next 20 years. For example, practical resolution of one arc-sec (in the
sense of modulation transfer function = 1/2) is seldom exceeded on earth- .
bound telescopic photographs of ﬁhe outer planets which, because of the low
i.lluminaﬁon levels, require long exposures. One arc-sec corresponds to
the fo]low:.ng linear resolutions at mean opposition:

Sétu'rn', 6; 000 kmi; Uranus, 12, 400 kn; Neptune, 20, 000 km.

Marginal detection is possible on rare photographs down to perhaps
1/4 arc-sec. For comparison, a Mariner-type Vidicon system placed at the
focus of a 50-mm lens -4nd a 500-mm Casségrain system has a theoretical
resolution limit (R. L. ) (cne line pair) of approximately 20 inches and

.2 inches, respectwely, g:.vmg the following linear resolutions at several

ranges:
Range m) I 106 I 105 ‘ 10% l 103
50 mm £. 1. R.L. | 100 10 1 0.1
500 mm £.1. R.L. 10 1. 0.1 0.01

These figures are optimum values for unit-contrast, simple targets and do
not allow for possible image motion (blurring); on low-contrast targets such
as the cloud structuré of the oiter plansts, relolu.tlon limits may be almost
an order-of-mngnltude poorer. Also, the shortest di ftknce may not be
realistic. . Even with these. teutrictiona, t.he resolution gaine over ground-
based photography are in the range 10 to 103 for Saturn and up to 102 to 104

- for Neptune.
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. I‘rnm such direct’ 1mage:-. and provxded umn;hln ated dxstortxons of the
._electronu readout system do not exceed- the resolution limit, diameters and
'.opl:xcal clhptxcxt:.es ‘of the three outer planets could be derived to a degree of
accuracy far in eXcess of present ground-based data which is of order 0.1 to

Saturn,: a: diperhaps 5 percent for Ura.nus and Neptune (the diameter of
: Neptune 48 ,now known more prec1se1y from a recent stellar occultation).
‘Direct. :Lmages in; sevéral colors will be needed to decide whether the edge
"“of the planet is defmed by a definite cloud surfice or by‘a critical optical
,depth ina molecular or partxcle atmosphere

o D:.rect xxnages of 1arge enough scale over penods of time greater than
one ‘rotation period (10 to 16 hours) may provide enough detailed information
. on-thotidns of discrete cloud formations' to establish much more precxsely the
rotation periods of Uranus and Neptune and differential rotation as a function
" of latitude on Saturn (and possibly on the other two planets).
It is known that differential rotation follows different-laws on Jupiter
- and Saturn, represented by two-djscrete periods (Systems I.and II) of about
9 h 50 mand 9 h 55 m on Jupiter, and by a more continuous transition from
-10 h 14 m-at the equator to 10 h 38 m at latitudes + 45 degrees on Saturn—if
the few definite spots-observed in the past century are representative. This
difference needs to be confirmed and similar studies of the two outer planets
. are needed. All this could be done by simple optical imaging, which deserves
- " high priority on the list of flyby experiments. . Exposure times may be-con-
L sidered; -using for illustration the Vidicon systems and exposure times used
L _in the Mariner 1969 and 1971 missions to Mars:'..- 7. -

Planet S Mars- | Saturn | Uranus. Neptune
V1sual surface bnght:ness in.
mag/(arc-sec)? at mean ) .
opposition 4.5 6.9 - 8.2 9.6
Relative exposures 1.0 9 30 110
Typical cxposure (unfiltered) 0.003s 0.03s- 0.1s 0.3s

Outside the normal visual (yellow-green) visual range, details of the respec-
tive spectral reflectivity ¢urves should be considered {see Section 6.0). ~

3.2 PHUTOMETRY

. Phutumetry should be one of the most important tools in an investiga~
tion of the ¢uier planets by remote sensors because of the phase angle and
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resolution limitations of ground-based observations. We need to determine
the normalized (relative) integral intensity of the planet as a function of phase
angle from .0 degrees (opposition, full phase) to as close to 180 degrees (sun
occultation) as possible and over. a wavelength range as large as posaible, at

.leagt from 0.2 to 5 microns. A standard photoelectric photometer with a

choice of photodetectors and filters at the focus of a small reflector (4- to ~
8-mch aperture) should be suffidient to make useful observations within
108 km from each of the outer planets., The filter bandwidth can be fairly

- ‘large, about 0.1 of the central wavelength chosen outside the main absorption
* bands of methane and ammonia. The scaling factors can be derived from the

visual magnitudes of the three planets at mean opposition Vo or from the
corresponding value V; (0) at unit distance from the sun and earth:

. saturn® Uranus J Neptune
v, 0. 67 +5.52 +7.82
Vi (0) -8.88 -7.19 -6.89

*With ring edge on

- 1t will be e5pecia].1); important to determine directly the phase function

’ F(i) and phase integral q, which are still unknown because of phase angle

limitations; according to theoretical calculations g may range from 1.25 for
Rayleigh scattering, to 1,45 for isotropic‘scattering, to 1. 77 for some models
(Chandrasekhar, Horak) of anisotropic scattering. This uncertainty is
reflected in full in the value of the spherical albedo A = pq, where p, the
geometric albedo, is the only factor known from ground-based observations

(it follows from V,) (see Section 6.0).-

Spectrophotometry at medium resolution, say 0.0l of the bandwidth,
will be needed over the largest practicable spectral range not subject to
thermal emission; say 1216 A to.10 microns, to derive more precisely the
spectral albedo curve and compute the total radiometric albedo A¥ for solar
radiation. If the wavelength dependence of the phase integral is well defined
by the broadband photometry (see above), spectral observations may be
limited to the optimum combination of phase and range of the planet to maxi-
mize the energy available. The inverse square of the range (as long a8 the
disk of the planet does not exceed the field-of-view of the photometer) is the
dominant factor because the phase coefficlent at small phase angles is unlikely
to exceed 0.0l magnitude per degree, or a l0-percent correction at
10 degrees phase angle; at larger phase angles an approximate estimate may

'be made from the Lambert phase function, which gives Q = 1.50, near the

middle of the range of various theoretical estimates noted above.
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At shorter ranges, detailed photometry and spectrophotometry could be )
obtained- with essentially the same photometric sensors, if slewing capability
is. prOV1ded for scanning a].ong the equatorial and polar diameters of the
pla.nets ' This also would be useful as a calibration check on the photometric
response of the. du-ect 1mag1ng ‘'sensors and to extend knowledge of limb-
-darkening’ functionsito a greater range of wavelengths. Of particular impor-
tance:will be scans.in narrow. wavelength bands within the absorption bands
of methane_ and ammonia;: Only very crude preliminary information is avail-
able on thé limh- darken.mg curves of Saturn, and none at all for Uranus and
Neptune. Erom an'analysis of minor effects in the integral photometry of
Uranus, there is preliminary evidence that the coefficients of the limb-
darkemng law are-different along the equator and a meridian; direct verifica-
tion is important (see Section 6:0). .

3.3 POLARIMLE‘TRY :

Light reflected by the planets is partially polarized in a manner .. . ~®
characteristic of the nature and structure of the scattering parl::.cles The.
degree of polarization is generally small, often less than 10 percent, “but it
could be large under some circumstances. For instance, a Rayleigh scatter-
ing atmosphere observed at right angles. to the direction of incidence may -~
have close to 100-percent polarization. - ‘Because of the severe restriction of -
| < _- phase angles observable from earth and the faintness of the light of the two' . - -,

. ) " oufer planets, this techniqie has not yet ¢ delivered its potential. The situation _. - Lo

[Uy ' will Bé quite different from spacecraft if a large range of phase angles is - o
observable.at ‘distances small enough to.give good resolution of the disk. "I
Even at large rénges, a fair degree of polarization of the total light of Uranus,
and: Neptune, possibly 30 to 50 percent, might be observed if, as has been : s
suspected Rayleigh scattering plays 2 major role in explammg the’ blue-green P

- colors. of these planets’ (in addition to selective absorptxon by molecular-. =
ba.nds)l ~More unportant wﬂ_l be- st:uches of the deta11ed d1strxbut1on of polan-

Thx.s mformatxon af several wavelengths selected by bx:oadband ﬁlters
is essennal fora detaxled ver:.f:.cat:.on of theones of atmospheric scattering
and to: ’d1£fercnuate ‘between molecular ‘and particle scattering as the main e

-contributor to. the diffuse reflection of sunlight by the outer planets. It'is
expected that the relative contributions will vary with latitude, in particular

in the polar regions, where preliminary ‘information on Jupiter and possibly
Saturn suggestn that pure molecular scattering may be dominant. ‘The instru-
mentation needed for this type of study is essentjally the same- as for direct
1mag1ng and })hulumetry; with the add:.tmn of suitable polarizing filters capable
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of four, or better, six, fixed, known orientations. High photometric pre-
cision is necessary for a useful interpretation, about 0.1 or 0.2 percent with
the photoelectric photometers, and 0.5 to 1 percent with the imaging devices
whose lower intrinsic precision will be compensated by the greater number
of image picture elements resolved. High angular resolution may not be
essential; something like 100 x 100 resolved picture cells in the planetary
disks should be adequate for the testing of theoretical models; at least four
color bands are necessary ranging from near ultraviolet to near infrared
(polari.zation of planets and natural substances is often near a maximum in
the green region). As a minimum, two colors (blue and red) and 10 x 10
resolutmn elements should give some useful. m.formauon

3.4 SPECTROSCOPY

Ground-based, high-resolutmn spectroscopy of the integrated light of
the outer planets with large coudé spectrographs and Fourier transform
spectrometers is expected to be 2 major item of NASA-sponsored programs
in ‘support of space missions during the next 15 years. There is little expec-
tation that instrumentation comparable in weight, size, and complexity to
these large and cumbersome systems can be flown by spacecraft.during the

‘" same time span. It follows that the emphasis of space missions should be to
e"xpldre spectral regions-inaccessible from the ground because of absorption

"- by the earth atmosphere, and to take full advantage of the close range at

encounter for studies which require 2 higher angular resolution of the plane-

. +. tary disk than is possible from earth. Very little resolution is available on

“Saturn, and practically none on Uranus and Nepture where the mere detection
" of inclined lines to'estimate the rotation period was a tour-de~force that has
" not been- successfully repea.ted m 40 years.

Ty'pxcal performance f:.gures of present or contemplated ground-based
spectrographs applicable to visible or near-infrared studies of the outer

L planets. are spectral resolutions of the order of 105 (about 0.1 cm‘l) in the

. 0.3to-1.0 micron range, and of the order of 104 (about 1 cm™ ) in the I to'3 -
‘micron range, with exposure tirnes in the 10 to 100 hours range with assis-
tance of image converters in the infrared. Angular resolution could, in.
principle, be as small as 2 arc-sec (or 10 x 10 elements in the disk of Saturn,
2 x 2 for Uranus and Neptune) if all‘systems and the atmosphere worked at .
their theoretical best. In practice, it is doubtful that a resolution better

‘than 3 or 4 arc-sec will be achleved with the long exposures required, leaving
very little room for detailed studies of Satum and none at all for- Ura.nus and
‘Neptune. "

With these factors in mind, the following projects seem to deserve flrst
consideration for spectroscoplc ocbservations from flybys: ultraviclet scanning
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spectrometry at medium resolution, about 1 cm‘l‘(lo?’ to 104), of the
spectral range 0.1 to 0.3 micron, to extend the absorption-reflection spec-
trum of the disk and, at close range, to search for characteristic fluores-
cence of the upper atmosphere on the dark side. Of special interest are the
resonance lines of helium (584 A), hydrogen (1216 A), and other light
elements;.a search for resonance lines of lowest order of ionized molecules,
such as [N5¥] (3914 A), might be warranted. Since many other molecules
and radicals might be optically active, a complete exploratory program
rather than selective search at a few wavelengths appears advisable.

An infrared scanning interferometer for Fourier transform spectrom- -
etry of the 1 to 20-micron range at the highest practical resolution (0.1 cm=-1)
is required to resolve the rotational structure of the NH3 and CHy4 bands,
with emphasis on the spectral regions blocked off by telluric absorptions in
ground-based observations. - At short distances where angular resolution -
of 10 (minimum) to 100 resolution elements will be available in the disk of
each planet, it will be of great interest to study the variations of the band
strengths as a function of longitude and latitude, to derive seasonal as well
as diurnal effects on the solid-gas equilibrium of the molecules, and possible
effects of variable optical depth through the atmosphere (e.g., due to varia-
tion of cloud level with latitude). If the rotational structure can be resolved,
fine studies of the rotational ternperature of the bands as 2 function of optical
depth will become possible. The methane bands at \ 8873 and 9706 A should
be especially useful for such studies.

In addition to molecules known to be present on the outer planets, a
search should be made for other compounds which chemical theory suggests
as possibly present; among them, ordinary water may be locked up with
NH3 crystals in the clouds as hydrated forms NH3.H2O and ZNH3. HpO.
Similarly, H2S may be depleted by formation of solid ammonium hydrosulfide
(NH4SH) in clouds at higher elevation than the NH3 hydrated clouds. Other
compounds that have been discussed as possible present in the atmospheres
of the outer planets include SiHg4, SiO, and the noble gases.

In the ultraviolet, it has been suggested that a search be made for the
displaced Raman line of Lyman alpha scattered by molecular hydrogen; the
expected wavelength is 1280 A and it could be sought in the upper atmos-
phere projected against the dark side of the planet near the terminator.
Extreme precautions against scattered light from the illuminated disk and
long integration times will be required.

3.5 INFRARED RADIOMETRY

Therinal detectors associated with broadband filters and/or low-
‘resolution mpectrometers should be used to derive the energy distribution of
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the thermal emission of the planets in the 5 to 25-micron range. With radia-
tive equilibrium temperatures in the 50° K to 150° K interval, the expected
maxima of the spectral energy curves are in the 20 to 60-micron range;
however, departures from a siraple black body curve at a single effective
ternperature may be observed if, atleast in the case of Saturn, internal heat
sources play a significant role in the heat balance of the planet. Only mean
temperatures of the entire disk are available for Saturn at 10 and 20 microns,
marginal observations for Uranus, and none for Neptune. Detailed observa-
tions of the distribution of thermal emission over the disk of Saturn (including
the dark side) with a resolution of at least 10 x 10 elements (20 x 20 may be
needed to clearly resolve the belt structure) are needed, as well as total
radiation spectra of Uranus and Neptune to supplement the temnperature
indications from spectroscopic and microwave studies (Sections 3.4 and 3.6).

Uranus presents a special problem because of the high inclination of
the rotation axis, resulting in the planet being illuminated by the sun either
pole-on or equator-on four times per revolution period. If the sun is the
only heat source, effective temperatures are expected to vary between
50° K in the first presentation and 73° K in the second, subject to present
uncertainties in the radiometric albedo.

Attempts to detect thermal emission from the dark side of Uranus and
Neptune also would be of value to check on possible internal heat sources.
If at the closest range, thermal maps of the two outer planets can be obtained
at one of two wavelengths in the expected range of maximum emission
(40 to 60 microns), a resolution of 10 x 10 elements should be sufficient to
attempt correlation with possible belt structures in the optical picture.

Thermal maps of the ring of Saturn with about 100 resolution elements
in the width of the ring should be a special value to assist in estimating the
effective cross-section, as well as the effective temperature of different
parts of the ring system. A direct comparison of the thermal emission
spectra of the ring and the globe will also facilitate the search for weak
molecular absorption bands in the far infrared spectrum of the globe.

3.6 MICROWAVE RADIOMETRY

The millimeter and centimeter waves cover a2 spectral region of great
importance for the thermal balance of cold planets and include some discrete
absorption lines of major significance. Microwave observations from flybys,.
if possible with some angular resolution (10 x 10 on Saturn, 5 x 5 on Uranus
and Neptune), deserve a high priority. Continuum emission near 1, 3, 10,
30, and 100 mm wavelengths should be sufficient to define the thermal
spectrum and effective temperature. Of special interest are observations
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e discontinuity could be
at 12.5 and 13.5 millimeters, carresponding 1o the absorption lines of or liquid surface or, mox:e.generalldys, : p:l:-:: ::::fvaﬁon, "t lomger wave-
NHj3 and 11;0; positive detection and study of the cenler-ro-limb and center- detected well below the visible clow Bp;:eric  dbeervations at lenger wave
to-pole variations should greatly assist theories of the cloud and atmospheric lengths penetrating to the .lower atmo e e used at close range to
structures. Such observation is likely to be simpler ror Saturn if there is an could be made with an active radar syl
internal heat source providing 2 stronger background emission than in the

. t. (Studies of optical occulta-
study occultations of the gatelllt‘: zybthei:hfja:'l:nets( would give information
. case of pure solar heating. Again, if internal heat.is present, microwave tions of the satellites ax.zd even 81 r ndyscale height but might be more
emission might be detectable on the dark side of the planet and study of the on the upper atmospheric densztxes‘ 3tance range needed to give the optical
"day-night cycle of emission at several wavelengths will help separate the difficult-to perform at the larger 1& reat importance, of course, is the
contributions of the internal and external heat sources. If radio observations technique the required ‘Ieverage.)b itielf to determine the orbital pertyrba-
at longer wavelengths (Section 3.7) confirm the absence of nonthermal Doppler radar tracking of the probe e herefore. thore precise values 'for
emission from Saturn and the two ou*er planets, the separation of the micto- tions due to the planets thgmselve_ﬂ 3D the period of closest approach, if the
wave emission into two components should be definite. the masses of the outer planets.4DunnE the quadrupole term ini the
‘ range can be brought down to 10% km or 1:1(: apd give some indication of the
Thermal maps of the ring system of Saturn, with a resolution of at gravitational field may become mea?uraarticular the mass concentration, the
least 10 elements in the width of the ring and at least two wavelengths, would internal structure of the Plane‘-; a]-ld - 531 of the internal constitution of the
be useful to supplement the infrared radiometry (Section 3. 5). basic information for any realistic mo -

outer planets.
3.7 LONG-WAVE RADIO EMISSION

The strong nonthermal emission of metric and decametric waves by
Jupiter has not yet been detected from the other outer planets. Its absence
is particularly surprising in the case of Saturn because of its otherwise close
similarity with Jupiter. Two sources are identified on Jupiter: the con-
tinnous emission from the radiation belt of particles trapped in a strong
magnetic field, and the discrete deep-seated sources of the noise bursts
‘associated with the quasi-solid body System III rotation period of the magnetic
field. It'is possible that much weaker emissions of this type-might be )
detected at closer range, at least frorn Saturn. Failure to detéct such emis-
siom at degim'c_etric and metric wavelengths would indicate that the planet lacks
a radiation belt and perhaps a magnetic field of significant strength, or
alternatively, that the.ring system effectivly swéeps clean the potential radia-
tion belt region. Less likely is the hypothesis that the solar wind becomes
insignificant at the greater distances from the sun.

Likewise, no 'long-wave (i.e., longer than 20 cm) emission has been
detected from Uranus and Nepfune; a search for such emissions at close

range is clearly needed to help detect nonthermal emission and possible
trapped radiation belts. )

3.8 RADAR OPSERVATIONS AND RADIO OCCULTATIONS

S-band oheervations of the occultation of a transmitter carricd.by the
probe ds it passes behind the planet provide a powerful method of determining
electronic and miclecular densities in the atmospheres of planets.. A solid

o 6
B-15 B-l
- SD 70-24
SD-70-24




quant1tal:1ve and determmed by the scalmg factors (Sectmn 5.0).
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-4.0” SCIENTIFIC_OBJECTIVES, OBSERVABLES, AND _ ' -
- "~ REMOTE SENSOR REQUIREMENTS | . ‘ o

]'.n Em.s sectmn the sc:.entxfxc obJectwes are rev1ewed under major’
headmgs The observable parameters relating to each objective are listed
and the remote sensor requ.lrements for the determination of each" parameter .

‘are indicated..- Except for the ring system of Saturn; requirements are

qualitatively the same for the three outer planets; differences are mainly

4.1 SURFACE COMPOSITION

-On S planet w1th_a v151b1e solid surface, or if there is a solid or liquid .
or phase change surface below the cloud decks of the outer planets, the
scientific objectives would come under the headings of mean surface density,

'; $urface. chemical compos:.tmn, and surface isotopic ratios. Observables
" - having’ a'bearmg on these problems are the ultraviolet, visible, infrared

reflection Spectrum, and the thermal emission spectrum, including:its
diuipa;v;?ariatipns governed (;n the absence of internal heat source) by the
density,” specific heat, -and heat conductivity of the surface materials deter-

. mining the thermal inertia: - The radar reflectivity and its variation with

wavelength depend on the dielectric constant of the surface materials within

a few centimeters from the exposed layer. The principal methods of analysis
available using only remote sensors include photometry, in particular
detailed photometry with good angular resolution; spectrophotometry; ultra-
violet; visible and infrared spectroscopy; and radar reflectivity studies. It

is unlikely that any of these tools will have a direct bearing on the problem of
the composition of the solid or liquid surfaces of the outer planets which are
hidden by clouds at all visible wavelengths, although there is some remote
possibility that active radar probing of the atmospheres at the longest
practical wavelengths might detect reflection by 2 solid surface, in particular
on Neptune if all atmospheric gases except hydrogen and helium are frozen
out.

4.2- GLOBAL STRUCTURE

The scientific questions relating to the basic properties of the globe of
a planet include its mass, radius, and oblateness, or more generally
geometric mhape, which is ‘related to the principal moments of inertia,
rotation period, and mass distribution. The morphology and internal struc-
ture of the plobe is a matter of mainly theoretical interest, bul is related to
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some observable or derivable quantities such as the harmonics of the gravita-
tion field. The observables having a bearing on the internal and global
strucfure problems include the apparent shape of the visible surface of the
planet, the polar and equatorial diameters, the rotation period or periods if
differential rotation is present, its mass and the quadrupole term of the.

‘ gravxmtxon field.

A variety of remote sensor techmques are applicable to one or several
of these observables. Direct imaging with geometric calibration of the field

-~ distortion and scale properties will yield accurate values of the apparent and,

therefore, linear diameters and the polar oblateness if the direction of the -
pole of rotation is known (e.g., from the known satellite orbits or from the
belt structure‘). Present uncertainties on the diameters of Saturn, Uranus,
and Neptune are of the order of 1 percent and 3 to 5 percent; this precision
would be easily surpassed by direct imaging with Mariner-type Vidicon
systems associated with 50-mm and 500-mm focus optics at all distance
ranges less than the following (assuming a measuring uncertainty of 1 picture
element and 100 TV lines per millimeter in round numbers):

Maximum range for 1% accuracy Saturn ' Uranus ’ Neptune
50 mm f. 1. optics .| 6,106 | 2,5.106 | 2.5.106 ¥m
500 mm f. 1. optics 60.106 | 25,106 25,106 km

'

In order to achieve significant improvement on ground-based values, distance
ranges of the order of one-tenth or less of the above values will be needed.
Subject to the sharpness of the edge of the planet, 2 gain of two orders.of
magnitude appears possible over current uncertainties on the diameters.

Direct imaging should be supplemented by photometric scans across
the disks of the planets, at least along the equator and central meridian, in

- order to evaluate the significance of limb darkening in diameter measurements

and help define more precisely the atmosphenc levels which determine the

" apparent edge of the disk.

The oblateness of the apparent ''surface' of the planet derived from
direct imaging should be compared to the dynamical oblateness derived from
orbltal perturbations of the spacecraft (and the natural satellites). In a close
encounter, the harmonice of the gravitation field also may be eatimated, but
orbiters may be needed for a reliable solution.

Greatly improved values of the masses of the outer planets should also

result from the Doppler tracking data as the spacecraft comes to the imme-
diate vicinity of each planet. Masses derived from the natural satellites are
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- of lirnited precision because of scale factor uncertainties in the micremetric
‘measureiments of the radii of the orbits of the satellites on ground-based

photographs. Direct TV imaging of the planets and their satellites from the

. spacecraft at’ ranges of 10° to 107 km may be of value here too, if the geo-..
"metnc fxeld dxstortmns can be cahbrated out prec:.sely-

4. 3 GLOBAL-ACTIV'ITY

The sc1ent1f1c objectives u:nder this heading include the dynanncs and .

"thermodynanucs of the internal and superficial motions, such as flows and-
‘convection or large-scale drifts, and heat exchanges,' such as occur in

volcanos and other types of localized heat or radiation sources in the globe
or near its surface (or phase change interface). - There is probably little that

can be observed by remoté sensing, except perhaps the detection and monitor-.

ing of fixed sources of radio emission and their rotation period or periods,

if such are “present as on-Jupiter with a deep-seated-origin. The instrumenta-
d tion’ ‘required is a metrlc. or decametric receiver of sufficient sensitivity:and

dn-echv:.ty It is probable Thowever, .that any internal activity observable
near the outer planets will really : refer to a not-very-deep atmosphenc layer
elow the cloud tops (refer to Sectxon 4.6).

,MOSPHERIC OMPOSITION :

-z,.- E "
que tions under th:.s heading compnse the chem:.cal

}composm.on and 1sotop1c' abundances of the gas and the compos;t:.on of con-
. 'densates and partxcules i suspension in the molecular atrosphere. ‘Obser-
}ables bearlng on'these sub;;ects include the reflection and absorption”

-spectrum (optical and rad1o) of the planet, and, in partu:u"ar, possible night-
. . side emission dye to: recombmatmn or twilight zone emission due to fluores-

:.cence.. The fine structure of the rotation-vibration bands.in the red and near

mfrared (including ﬂuorescence emission if detected) is more specifically

\the observable for 1sotop1c abundances. The particle scattering is most -

the monochromahc phase functions of reflected sunlight -

observed over a'la ge range of wavelengths and phase angles (especially
“hear- 180 degrees);also, special refraction and diffraction effects such as

halos, .coronas, parhel:.ons (”sun dogs”), etc., could be observed and give
additional mIormatmn on part1c1 dxameters, shapes, and possibly
composxtum

. Thc lools avaﬂable for remote observation 1nc1ude dlrect Lmagmg .

thalos, et(. ). ultraviolet, visible and infrared spectroscopy, .and spectro-
photomeh v, ) in particular’for the:detection of twilight and night-side. (air{low)
emissions- Hnrlndmg a search for H and He resonance lines, Raman-

. scattered I yinan alpha) and for abundance determmatwns from absorptlon
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bands. " In addition to the CH4 and NHj; bands, particular interest attaches
to more precise measurements of the pressure-induced dxpole and quad-
rupole lines of molecular hydrogen.

The isotopic composition studies call for high-resolution spectrographs,
probably too bulky for spacecraft operation, or Fourier-transiorm spec-
trometry. - The microwave radiometer is needed to detect possible narrow
absorption features of NH3 and H,O at 12.5 and 13.5 mm.

The phase function of scattered light can be determined by multicolor
photometry and polarimetry with a suitable compact photometer provided '
with a set of color and polarizing filters (3- or 4-position angles as a mini-
mum). Complete.phase curves of total light and polarization curves of the
outer planets at 10 to 20 wavelengths covering the range 0.2 to 5 microns
should give enough information for a detailed theoretical attack on the diffi-
cult problem of multiple scattering in semi-infinite atmospheres. In general,
such observations should be made in relatively clear windows between molecu-

‘- lar absorption bands, but additional information would be provided by photom-

etry in 2 few narrow ranges within the principal absorption bands of methane.
4.5 ATMOSPHERIC STRUCTURE

) Under thm heading come the science objectives covering the average
or global vertical structure of the molecular and particle atmosphere, viz.,
the pressure-density-temperature distributions in the gaseous atmosphere

_down to the phase change level (or super-critical level as the case may be),

the cloud ‘structure, in particular levels and belts locations, and the upper
atmosphere problems, including ionized layers and exospheric region. A

* . good many parameters of interest are observable with remote sensars.

The pressure‘-'density-temberatu;e distributions are reflected in the

- refraction and scattering constants, the scale height and its variation with
- elevation, and in the line broadening parameters of pressure-sensitive
“-absorption lines and bands. The cloud structure, in particular the presence

of bands and polar caps, is directly observable in the optical image and by
scanning photometry of the disk; the proportion of polarized light also is an.

observable indicator, but of rather more difficult interpretation. The ioniza-

tion and upper atmospheric layers are detectable by the optical emission
spectrum of the upper atrnosphere, and by the refractivity for radio waves.
A powerful method to detect layers of different optical refractivity (and
possibly absorptmn at lower levels) is the photometry of stellar occultations
observed at a great distance range from the planet (strong mdxcatxon of such
layers was obtained recently during the occultation of a star by Neptune), but
it may be difficult to- predlct and arrange for such observatxong from a
spacecraft.
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The remote sensor requirements applicable include high-resolution
spectrosvopy of pressure-scnsitive bands and lines, in particular the
pressurc-induced dipole transitions in hydrogen, and intensity distribution
of the rotation lines in resolved rotation-vibration bands (possibly also pure
rotation bands in the far infrared observablé from a spacecraft). Ultra-
violet photometry -and spectrophotometry are primary tools for the detqctic;n

_of Rayleigh scattering which may be dominant in the polar regions of Saturn

and on the two outer planets (confirmation by polarimetry would be essen-
tial). If stellar occultations are a practical proposition, observations are
best made through a narrowband interference filter centered in one of the
strongest lines of the Fraunhofer spectrum, such as H or K, to minimize
contamination by sunlight reflected by the planet (the technique applies mainly
to early-type stars in which the K line is weak or absent). If the orbit of

the spacecraft can be maneuvered out of the plane of the ecliptic, the possi-
bility of arranging an occultation of Alpha Leonis (Regulus) or some other B-
type zodiacal star by one or several of the outer planets should be seriously
considered to help derive the scale height in the upper atmospheres (around
the 10-6 atmospheric level, depending on the planet-spacecraft distance).
Similarly, observations of the radio occultations of some of the strongest
cosmic radio sources; such as Virgo A (M 87), which are not too far from
the plane of the ecliptic, should be considered to help derive the electronic
density in the uppermost atmospheric levels. At a shorter range, a radio
beacon might be released by the spacecraft and its occultation observed.
Finally, occultation of the spacecraft radio signals as observed from the
Earth will give electronic and total density data in a manner analogous to

the Mariner 4, 5, and 6 occultations by Mars (S-band occultation).

Ultraviolet scanning spectroscopy of the dark side and of the atmos-
pheric twilight fringe with angular resolution of the order of 0.1 percent of
the disk apparent diameter, but modest spectral resolution (1 to 10 cm™")
and long-enough integration times (possibly in the 1-min to 1-hr range) should
be attempted to search for possible fluorescence and recombination lines of
hydrogen {Lyman alpha and H-alpha, possibly the Raman displaced line of
L-alpha) and Helium (resonance triplet at 522, 537, and 584 A) in particular.
The complex chemistry of the atmospheres of the outer planets may lead to
a correspondingly complex molecular spectrum of the night "airglow" similar
to, but richer, than the earth's. Here, the possibility of detecting strong
resonance lines of relatively rare atomic species, such as sodium and
potassium, should not be overlooked.

The cloud structure will be best observed with the television camera
and a sel of Buitable filters, some centered in the clear atmospheric windows,
but also sunir centered in the stronger bands of methane (and ammonia for
Saturn only). Infrared and possibly radar scanning of the disks at several
frequencion, mainly along the meridians, should give additional information
on the bell siructure. Of special interest is a search for a belt structure on
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Neptune which has been suspected by early observers, but was not confirmed
by more modern and presumably more reliable observations.

" 4.6 ATMOSPHERIC ACTIVITY

" The scientific problems under this heading include the large-scale
circulation of the atmosphere; the dynamics of cloud condensation, evapora-
tion, and motions; and the role of the atmosphere in the energy exchanges '
and total heat balance of the planet. - Of special interest will be the similari-
ties and differences between the violent activity of Jupiter, the more sluggish
activity of Saturn, and the as yet unknown activities of Uranus and Neptune.
Special problems such as the Red Spot on Jupiter may or may not arise, but
the occasional eruptions of temporary white spots on Saturn are probably
related phenomena. 'Whether such effects also occur on the two outer planets
can only be answered by observations at close range.

The observable effects or parameters bearing on these questions include
direct imagery - in particular time-lapse studies - and high-resolution spec--
troscopy to determine rotation velocities and departures from a smooth
laminar flow. Of special interest is the latitude dependence of the average
atmospheric rotation velocity, i.e., the differential rotation velocities,
including special studies of the velocities indicated by the reflected solar
lines on the one hand and the intrinsic absorption lines of the atmosphere on
the other. . Ground-based data are conflicting on the reality of reported
systematic differences between the two sots of lines. Also, lines formed at
different depths may give different velocities.

- Bearing on the problem of heat balance and exchanges are the energy
distribution in the thermal emission spectrum (radio and infrared) of the
disk as a whole, but more significantly of different parts of the disk as a
function of longitude and latitude. Fine studies of the rotation structure of
vibration-rotation bands (mainly methane and ammonia) with angular resolu-
tion of one-tenth of the disk diameter or better, and limb-darkening curves
along the equator and meridians with similar resolution, will also contribute
information on this problem of the heat balance.

The remote sensors applicable to such studies include the televieion
system for studies of cloud motions and possibly, at close range, of eleva-
tion differences of different cloud belts at the limb of the planet. High-
resolution spectroscopy and/or Fourier transform spectrometry may be
applicable to the detection of minute Doppler shift differentials, in addition
to the general rotation of different belts as a function of latitude. It is
doubtful that vertical motions will be large enough to be detected by such
methods, however. If radio-reflecting transition surfaces are available,
radar may be also used to measure relative motions, but the probability is
that radar waves will be mainly absorbed or irregularly reflected by outer
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ionized laywers such as in the solar zorona, before any hard reflecting surface
is encountcered. Infrared and microwave spectroscopy and detailed thermal
mapping (with at least 10 x 10 resolution elements in the disk) will provide
some basic information for studies of the detlailed thermal balance. Of
special interest will be a search for hot-point sources at or below the visible
cloud levels. possibly associated with the temporary eruptions of white spots
on Saturn (the alternative that such are localized "freeze-out''—or '"snow"
falls ~—may also be considered).

4.7 EXTERNAL FIELDS

This item covers the scientific problems of the gravitational, magnetic,
and electtic fields surrounding the planet (or in its atrhosphere) and their
interaction with the solar plasma. Observables include the orbital motions
of spacecrafts and natural satellites, and in particular, the quadrupole term
of the gravitational field; the magnetic field strength is probably too small
to produce any observable optical or radio Zeeman effect, but it should be
related to the density, energies, and composition of any belt of trapped
particles. It is unlikely that the outer planets have any significant net elec-
tric charge, but atmospheric activity may cause local charge separation
followed by electric discharges and associated radio noise (atmospherics)-
distinct from radio emission by a radiation belt or by deep-5eated sources.

The remote sensors applicable to such problems include the ground-
based Doppler tracking of the spacecraft orbit, nuclear precession magne-
tometer, microwave receiver, particle detectors of the types flown on many
of the earth orbiters and planetary missions. (Whether such detectors are
applicable to long-duration, deep-space missions is a technical matter that
this author is not competent to discuss.) . On the remiote possibility that light
emission accompanying electric discharges might be visible on the dark sides
of the pldanets, direct imaging or photometric monitoring of the night side
might be attempted with enough. spectral and angular resolution, as well as
time resolution, - to dlst1ngu1sh between short light pulses and the more
steady "'night au-glow or "auroral' types of emission.

4.8 SATURN'S RING SYSTEM

Saturn's ring system raises its own special set of scientific problems,
in particular the overall thickness of the ring or rmgs is still in great doubt
with current ~stimates ranging all the way from a few millimetérs 6r centi-
meters ta scveral kilometers (at least). The detailed velocity distribution
of the particlen {in particular at right angles to the plane of thé system),
the particle dinmeler frequency function and space density in the A, B, and
C rings, as well as in the major division or divisions; the reality of the finer
divisions often reported and olten denied; the pusdible existence of an
extremely tenunus outermost ring (outside ring A), suspected at the times of
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transits of the earth in the plane of the ring (e.g., in 1907); the nature of the
surface deposit (water, ammeonia ices?) that may be coating the ring parti-
cles; these are some of the many questions that remain unanswered. Perhaps
the most significant and urgent is that of the thickness of the rings.

The remote sensors applicable to such problems are first the direct
imaging at the closest practical range, especially if the spacecraft orbit
can cross the plane of the ring near minimum distance. With a 500-mm
focal length opt:.cal system and the Mariner-type Vidicon sensor, one line
pair corresponds roughly to 10 arc-sec which could perhaps detect the
thickness of the ring at the following ranges:

Thickness (k) 0.01 0.1 1 10 100
Range (kam) 2.102 2,163 2.10% 2.10° 2.106

These nominal figures are optimistic, and in practice half the listed
ranges would probably be needed for detection {(measurement will require
another reduction of range by a factor of 5 to 10 depending on the accuracy
required). Because of quarantine requiremernts to minimize the probability

of catastroph1c encounter of outlyxng partxcles with the spacecraft, it appears
that if the ring system is as thick as some recent high estimates, confirma-
tion will be possible at minimmum ra.nges of 104 im. But, if it is as thin as
the low estimate liinits direct, confirmation may require a special "kamikaze'
mission for the spacecraft {range less than 100 lan).

Other techniques applicable from safer ranges include photometry of
bright stars observed through the ring system at small incidence angles
(i. e., far from the plane of the ring). Such observations are marginally
possible from earth and should offer no special difficulty at closer range.
Ephemerides of stellar occultations {star brighter than about 7th or 8th
magnitude) by the rings when the spacecraft is at distance ranges less than
108 km should be computed (including the possibility of adapting the space-
craft orbital path to achieve occultation of 2 very bright star), and precise
tracking and fast data recording facilities incorporated in the photometer
head and data logging system to allow high-time resclution observations of
the star occultation. (Such facilities will also be essential to observe stellar
occultations by the disk of the planet,) Caution should be exercised in
selecting the star to avoid red supergiants with significant apparent diameters;
a point source is best for the teést.

At closer range, photometry and spectrophotometry of selected sections
of the ring system will give the phase function and spectral reﬂectivxty curve
of the rings, including 2 search for characteristic diffuse a.baorptzon ba.nd-
of suspected sclid (ice and solid‘am:nonta) surface coatings. High- resoluﬂon
spectroscopy of selected solar lines will give precise rotation velocities {the
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author tends to regard this experiment as relatively unimportant since,
except fur satellite perturbations, and unless the particles are niuch smaller
than anticipated, it is difficult to see how the particles ¢an have velocities

. different from that correspondmg to their mean distance to the center of.
Saturn). . Of special interest to help resolve the question of-the composition

: - of the rmks is the detailed thermal niapping at several wavelengths along a
radius of the ring system. Radar reflectivity measurements will also be

A 1mportant to help derlve the filling factor of different parts of the ring system.

Detaxled scannmg photometry along a radius of the ring near the diam- . .

eter of the elliptical projection of the ring, with precise allowance for
scanning rateand high angular resolution, should be used to supplement the
‘television experiment in defining the positions of the major divisions, and
to séarch for minor divisions (shielding against direct 111u.mmat1on by the
globe may be needed to achieve good photometry of the mner "crepe'' ring
and search for the suspected division at its outer edge, i.e., , between rings

B and C)..

. If the ring particles are very small, or include a sizable population of
sma.u (1. ‘e., micron- s1zed) partlcles, special optical effects should be looked
for near the antisolar point {opposition effect, 'heiligenschein', etc.) and
around the direction of the sun if it can be shielded artifically or by inter-
position of the disk ‘of the planet. Detection of a ''corona!’ effect should be
espec1a11y helpful to derive the frequency dlstnbutmn of small particles.
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5.0 SCALING FACTORS

The major scaling-factors relative to the three outer planéts are listed
below. N .

5.1 GEOMETRIC FACTORS

The dvi‘ameters and éllipticities are uncertain, by perhaps 1l to 3 or
5 percent and systematic errors are still difficult to assess. From recent

_discussions, the following values are currently the most probable estimates:

(mean diameter = 116, 820 km

Saturn: Equatorial diameter - 120, 670 km
(=9.17 earth mean diameter))

Polar diameter - 109, 110 km
Elljpticity - 1/10.21
. Inclination of rotation axis to orbital plane - 26 degrees, 44 minutes
Rotation period - 10 h 14 m at equator
10 h 38 m at *45-degree latitude
Mean distance to sun - 9.53885 AU

mean - 10h 24 m

Ring system: Ring A outer diameter -'155, 000 km
Ring A inner diameter - 133,700 -km
Ring B outer diameter - 129, 500 km
Ring B inner diameter -.99,200 km
Ring C inner diameter - 80, 100 km

Diameters are uncertain by about 1 percent in absolute value; but relative
values may be consistent to 0.5 percent. Note that dynamical ellipticity’
(0.0979) is not in perfect agreement with optical ellipticity for the current

'best' values of the diameters (0. 0959),

Uranus: Mean diameter - 49, 000 #1000 km (estimated mean error)
Ellipticity - 1/(18. 00, 6) dynamical
Inclination of rotation axis to orbital plane - 98 degrees
Rotation period (retrograde) - 10, 84 %0, 16 hours (equator)
Mean distance to sun . . ., 19. 18228 astronomical unit (AU).

Limb darkening make diameter measurements uncertain; previous values
from disk-meter observations was 47, 100 km, now believed to be under-
corrected for limb darkening. Older optical data for ellipticity averaged
about 1/12, Rotation period is probably more uncertain than indicated by
formal estimated error of Moore and Menzel obeervation of 1930 which has
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ne\rerﬂj'bec;\ ;j-_uccessfuily 1;epe:‘n:ed.w Recause of the Bigh inclination,” Uranus
is seen alternately equator-on-and pole-on every 21 years; it was seen -
equator-on in 1966~ and will appear pole-on in 1985,

Neptune:: Mean diameter - 45, 000 £1, 500 km (estimated mean error)
T T Ellipticity - 1/(58.5 £6.2) (dynamical)
- 'Inclination of Totation axis to orbital planeé - 29 degrees
Rotation period.-.15.8 +1.0 hours (equator) ‘

"-Mean distance to sun - 30.05708 AU,
Limb darkening makes optical diameter measurements incertain. - The
rotation period still depends on the original observation of Moore and
Menzel in 1928 which has not been checked

5.2" DYNAM:[CAL FACTORS

The mas‘s‘es are fairly well-known from the motions of the satellites;
the main source. of uncertainty is the plate scale of the photographs which
enters directly in the orbital radius. The harmonics of the gravitation field

- J and K are fairly well- determmed for Saturn, J only is roughly known for
" Neptune, but neither can be estunated_; for Uranus because the orbits of the .
: satelhtes ar&'tog nearly cirdular and exactly in the- eguatorial plane of the [
- planet. Den51t1.es will vary mainly with the adopted diameter and e111pt1c1ty
- dras does ‘the surface: gravities; the correction for the rotational centrifugal. . ="'
force at the equator is more precisely known. The escape velocity depends ST
" on the adopted level and temperature of the exosphenc regmn of the :
T atrnosphere : ; - :

Saturn»r Mass -J/(3497 64 EXR 27) (su.n = 1) after Hertz, 1953
T 'Harmomcs J=.0. 02501 +0. 00003
» K0, 00386 +0.00026°
Surface grav;ty -"eq. cent. force - 1044 - 176 cm sec'2 )
Escape ‘velocity'- 37 kxn/sec (approx Yy SN
Mean density - 0. 68 (water = 1) -

Uranus Mass - 1/(22 934 :k6) (su.n = 1), after Harrls, 1950, ‘
~Harmonics - unknown . s o L
Surfacc gravity - eq. Cent. force —~965 - 62 (cm/sec )

._Escape velocity - 22 Xm/sec, (approx.)» : - ’ T kT

Mean drnmty & 1 5 (water =1) - . _"——i; R e

Neptune AER - l/(18 889 162) (sun = 1) after van B1esbroeck 1957 .
Harnmnu_z: - J - 0.0074 £0. 0007 : CoE T

- K - unknown - o - o :
Surfavn graw.ty - eq. cent force - 1427 -27 (cm/secz) .

pl
i
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Escape velocity - 25 km/sec (approx.)
Mean density - 2.2 (water = 1) w

Note: Dynamical ellipticity ¢ is given by
' =T+ 6/2) (1+7)-K/6
-J =3 (C - A)/2MR?
where
C‘ = mio‘rrxerxt ef i.nertia ‘al;gut‘ rotatmn axis
A =. moment of inertia about etjuatorial axis’

M = mass, R = radius, K = coefficient of fourth-order term of force
function, and ’

¢; = w? R3/GM

. is the ratio of centr;fugal force to gravity at equator. (For a more detailed
discussion see chapter by Clemence and Brouwer in Volume III of the Solar. -

. System (planets and satellites), ed., by G. P. Kuiper and B. Middleburst,

o University of Chicago Press.) - » :

5.3 THERMODYNAMIC FACTORS .

. Approximate temperatures can be derived £rom the solar energy ﬂu.x
and theory or from radiometric infrared and microwave measurements of
the thermal emission spectrum. The latter is fairly well-established for
Saturn; there are marginal measurements for Uranus and none for Neptune.

Saturn: Solar constant at mean distance - 0,022 calories per square centi-
meter per minute = 1, 54 milliwatt/cm
Radiometric albedo - unknown (cf. sect. 6.2), take 0.5 as a_
plausible guess ‘
- Mean black-body temperature of whole disk at" 10 microns (8 to
14 ba.nd) - 93° K (Low, 1964)
107° K (Moroz, 1968)
in0,1tolcm range - 120° K.(ave
in 1to-10 cm range - 150° K {average)
: : at 21 cm - 300°K -
Inereue in temperature with wa.velength may indicate a hot 1nterior er.
more plu.usibly, a special greenhouse effect in a hydrogen-methane ~ammonia
atmosphere, where ammonia is the only source of opacity in the microwave
Tange, as proposed by Gulkis, McDonough, and Craft (Icsrus 10,421, 1969),
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Uranua: Solar constant at mean distance - 0.0055 cal/cmZ/mn = 0,38 m-W/crrg
Radiometric albedo - unknown (cf. sect. 63.), take 0.47?
Mean black-body temperature of whole disk at 10 microns (8 to
14 band) - 85° K? (marginal) :
Computed mean effective temperature
pole toward sun - 52° K?
equator toward sun - 73° K?

Neptune: Solar constant at mean distance- 0.0022 cal/em? fmn = 0.15 1.'nW/cmZ
. Radiometric albedo - unknown (ci. sect. 6.4), take 0.47?
Estimated mean effective temperature - 50° K?

5.4 ATMOSPHERIC FACTORS

Data on atmospheric composition refer mainly to the regions above the
cloud level, some are estimates from line and molecular band absorption,
others are from assumed strength of Rayleigh scattering in'a pure molecular.
atmosphere with a plausible H/He ratio; the latter has been estirnated in one
case (Nepf:xmg) from the scale height derived from a stellar occultation (for
an assurned temperature). : :

Saturn: Atmospheric composition (after Owen, 1969)
Hp - 190 %40 km-atm -
He - presumed present with cosmic abundance (about 20 percent)
CHy - 350 meter-atm. (all data are for gas above the 95°K
NH3 mixing ratio - 5. 10-4 cloud tops)
Atmospheric depth below the 95° K cloud tops 2 120 km
Pressure at cloud levels - 2 to 4 atm. ?

Uranus: Atmospheric composition :
Hp - 1500 km-atm? (after Belton, 1969)
He - presumed present with cosmic abundance)
CHg - 3 km-atm? {more frozen out) )
NH3 - frozen out

Neptune: Atmospheric composition

H2 - bands stronger than on Uranus

He - presumed present with cosmic abundance

CHy - 5 km-atm? ' '

NHj - frozen out.

Scale height about 1000 km above apparent surface derived from
stellar occultation - 50 to 60 km .

Diameter of 1/2 intensity shell in stellar occultation - 50450 %60 km
(Kuvalevski and Link 1969) o i
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Rémark: The atmospheric ievéi cauging an intensity reduction of 50 percent

by differential refraction must be at least 1000 lan above the apparent optical

edge of the planet; its diameter is an upper limit to the diameter of the -
planet and it may be used to derive a lower limit to the density (1.57); the,
optical value used in Sections 5.1 and 5.2 may lead to an upper limit of the
density (2.21) if limb darkening was under-corrected. .

The large intensity fluctuations observed during the stellar occultation
suggests that in addition to scintillation effects, discrete absorbing layers
may be present in the upper atmosphere of Neptune. (For further discussion
refer to Kovalevski and Link, Astronomy and Astrophysics, 2, 398, 1969.)
(The temperatures quoted in this paper seem too high and the mean molecular
mass too low, unless there is a very effective mechanism for diffusive

separation of H; and He in the higher atmospheric levels or a photodissocia- .

tion of Hy reducing the effective mean molecular mass to 2 or less.)
5,5 PHOTOMETRIC FACTORS

Many of the experiments from a space vehicle, including direct
imagery, photometry, polarimetry, spectroscopy and spectrophotometry,
will critically depend on scaling factors determined by the energy flux
available at various wavelengths. A more detailed discussion of photometric
data is given in Section 6,0, but a summary of some of the more important
parameters is given here for completeness, in particular for the ordinary
optical range. '

Saturn: Solar flux density at mean distance - 2.20 erg em-2 sec~! -1
at \g B 0,437y and Ay = 0. 545y (see note 1 below)

Visual magnitude at mean opposition - 10,67
at unit distances - 08.88 (see note 2)
Mean visual surface brightness of disk at mean distance -
6.9 mag/arc-sec?
Mean phase coefficient of globe only - 0. 015 mag/deg or less
of globe and ring - 0, 04 mag/deg {variable)
Visual geometric albedo - 0,46 (globe only)
’ 0.67 (ring only)
Mean color index B - V (blue - yellow) - 1.04 (globe only)
0.9 (ring only)
U - B (UV - blue) - 0. 58 (globe only) .

Note 1: these values are calculated for 2 solar constant of 2, 00 cal/emZ/mn
* ut the earth and a spectral snergy curve of total solar radiation correspond-

ing to a spectral irradiance of 200 erge per square centimeter per second
and per Angstrom at the earth. ’ .
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Note 2: this is the standard value for the (fictitious) situation of a planet )
seen at full phase and simultaneously at unit astronomical distance from the

_sun and from the observer (see Section 6.1 for further details).

Note 3: for.a discussion of photometric parameters of the ring of Saturn,
see Section 6.2.

Uranus:  Solar flux density at mean distance - 0, 545 erg sec-lem-2a-1
 (at 0.437 and 0. 545u)
Visual magnitude at mean opposition - +5.52
at unit distances - -7.19 (-7. 16 pole on)
Mean visual surface brightness of disk at mean distance -
‘8.2 mag/arc-sec?
Mean phase coefficient (Linear phase law) - 0,0013 mag/deg
(quadratic law) ~-0.00031 mag'/dégz
Visual geometric albedo - 0,53
Mean color index B - V - 0,56
U-B-0.28

Note 4: for a discussion of the differences between pole-on and equator-on
presentations, see Sectmn 6. 3. ..
Neptune: sola:r flux at mean distance {at 0.437 and 0. 5451) -
; 0.22 erg cm-2sec- 1a-1
Visual magnitude at mean opposition - +7, 83
at unit distances - 6. 88
Mean visual surface brightness of disk at mean d1stance -
9.6 mag/arc-sec?
Mean phase coefficient (quadratic) - 0. 0006 mag/deg (‘?)
. Visual geometric albedo - 0,44
Mean color index B - V - 0,41
U-B- 0.' 22

Note 5: for further d1scussmn of the photometric parameters of Neptune,
see Section b, 4.
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6.0 PHASE FUNCTIONS, ALBEDOS, AND SPECTRAL
REFLECTIVITIES OF THE OUTER PLANETS

Important objectives of the optical observations of the three outer
planets from flyby missions will be a refinement of current knowledge on .-
the photometric phase functions: which.is severely limited by the-phase angle
restrictions of earth-bound telescopes; the determination of their spherical
albedos (impossible from earth for the same reasons), and an extension of
the present limited knowledge of their spectral reflectivity curves., These
elements are not only important for the construction of theoretical models
of their atmospheres, and in particular their scattering properties, but also
for the planning of the optical observations to be carried out from space
vehicles.

Experience has shown that engineers often have difficulty in translating .
astronomical photometric datd into more familiar physical units because
of the peculiar concepts and nomenclature that have been inherited from a
long tradition of astronomical photometry. The following notes on planetary
photometry in general, followed by a special discussion of each of the outer
-planets, should prove useful in this respect.

6.1 PHOTOMETRIC UNITS AND PARAMETERS

The visual brightness and reflectivity of a planet, i.e., near A = 0, 55,
is still a convenient starting point in planetary photometry.. The stellar
magnitude of the disk zeen at full phase'(i. e., at exact opposition to the
sun) ig the basic factor to compute the geometric albedo p of the planet and
its surface brightness, either in conventional visual photometric units
{luminance), or in energy units (specific intensity). The phase function or
law of variation of relative luminosity with phase angle (sun-planet-observer)
determines the phage integral q and, in conjunction with p, the spherical
albedo (also called physical albedo or Bond albedo), A = pq, which measures
the fraction of the incident flux reflected in all directions of space (wl'ulo P
measures the reflection toward the source only)

A kriowledge of p and qasa function of wavelength over the whole
spectral range in which solar radiation is significant would provide funda-
mentul information on the scattering properties of the atmospheres of the -
outer planets. Integration of the apectral reflectivity function A (x) weighted

by the source function, 1.e., the spectral energy distribution of solar

radiation F () leads to the radiometric albedo A%, The fraction of the
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: 1nci;(:'ler_1{-}501a.'f radiation absorbed 'by'i:he planet (1 :- A%*)F is the fundamental )
;. ~quantity in'the thermal.equilibrium of the planet (apart from possible inter- -

?-n’a}l h_eﬁt: sourc es):

1 -"Mdg;x'itude" Systems

sl €& trat nal ;_str’ono_iﬁké.l system of stellar hﬁag;litude's mv‘
smeasures the illumination I (or.visual flux density) which determines the -
Tluminous flux ¢ =15 rec€ived by an optical system having an aperture area

=k -2.510gI

. The constant ii],.called;'"stellar magnitude of the lux'!, is difficult to

- _mieasure precisely because of the great differences between the color temp-

<. eraturés of the starg and of the primary photometric standard (black body -

_at'2042°2K). From a number of modern discussions of this problem we may

accept, 'in the'V systern (see below), k] = -13.8, for the magnitude of a star

producing an jllumination of 1 lux on a screen normal to the rays outside the

earth atmosphere. ' To produce the same illumination at sea level, a star

"+ "-at the zenith Should have a magnitude -14, 05, assuming an average extinc-
" tion ky =.0,25 magnitude (or_a transmission of 80 percent) by the earth .-

¥ atmdsphere on a clear day. ' The'constant p] is needed only to relate . -

-, - astfonomical ‘photometric units to the practical units of illumination engineer-

" ing-{see Section 6. 0 for a2 brief summary); it does not enter in the calcula-
tion of _albe;los(whiqh require only a knowledge of the corresponding photo-
rietric constants for‘the sud. < In practice, the zero point of the V system
of stellar magnitudes does not depend on uj either; it is fixed by the mean
magnitude of 10 stars designated as primary standards after multiple precise
photoelectric comparisons through a yellow filter approximating the visibility
function of the human eye which no longer enters in the definition and
measurement of so-called "'visual" magnitudes (except through a long chain
of historical evolution of concepts and methods). The present V system
replaces the previously (1920 to 1950) used "international:photovisual sys-

" tem', denoted IPy, which was defined by selected stars in the so-called

"North Polar Sequence'’; for these stars the average zero-print difference

is V = IP, - 0.02; it matters only when older data need to be precisely

reduced to the V system, but the 2-percent difference is hardly significant

considering the lower precision of the pre-photoelectric data. )

The luminance {surface brightness) of 2 planet can be expressed in
magnitudes per square second of arc {or per square degree of per steradian),
because a mmagnitude is basically a measure of illumination {flux density)

_ and a luminance is a measure of illumination per unit solid anglé (see
- Section 6.0 for definitions). - Sincé 1 cm sub-tends 1" at a-distance
Pt =206, 264, 8. cm, it follows that a luminance of 1 cd cm-2 (one candela
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- 'per'sq. cm, ) corresponds to m; =py +5logp''=-13.8+ 16.57=+ 2. 3::;8/
arc-secZ, - The average luminance of the outer planets is about 5 magnitudas
or 2~orders-b£-magnitude fainter, i.e., of order 0.01 cd cm=-2.

<6. 1.2 Color Indices and Effective Wavelengths

As a first approximation and crude indication of spectral energy
distribution in the radiation from stars and planets, astronomer » have used
‘traditionally color indices Ci,j defined as the difference of magnitudes
‘measured through two or more wideband color filters. By definition

[T109m100 2100 ax ©.2)
fw I T () Qp(N) dA

C1'2‘§,m1 -y = -2.5 log

oo

where T(A) Q(A) is the product of the spectral transmission factor of t.he
optical system {telescope + filter + atmosphere) by the. qua.ntu:m_ efficiency
_of the detector; in other words, the "spectral sensitivity" function S(A) of

" the photometric system in which the magnitude m is measured. For the

standard photometric systems U, B, V, R, L, .. .listed in Table B-1, the
magnitudes are measured through filters with band-pass of 0. 0.5 to 0.1p
half-width centered at the given wavelengths in the near ultraviolet, blue,
yellow (visual), red and near-infrared, etc. The centroid or first m.oment
of the area under the curve I(\)T(x) Q(\) defines the so-called "effective
wavelength'' e of 2 given combination of source-filter-detector fu.nctions.
The effective wavelengths in Table B-1lare calculated for the solar energy
function Ig (\) given in Table B-2, - - o

When it is necessary (in the absence of direct determinatioz»:s)’ to use
‘broadband magnitudes as approximations for narrowband or monochromatic
magnitudes, the wavelength that must be assigned to the broadband values
is rot the effective wavelength, but the so-called "isophotal wavelength" \; _

TableB-1. Mean, Effective®, and Isophotal Wavelengths

System | U U | B v R by 1 I | kK| L
Aol - [0.36 |0.44 [0.55 |0.70 - |o0.90 |1.25 |2.2 | 3.4
Nelw) |0.3310.37 [0,445(0.555 | 0.695 | 0. 82

Ay (w) - | 0.365]0.437]0.545 | 0.717

;"Fo:" the source function Ig(r).
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which is so defined that it is independent of the color of the source; i.e.,
of I()); the isophotal wavelengths for the U, B, V, R systems are also listed
in Tabie B-1.

A neutral or "gray' scatterer has the same color indices as the source
of illumination; nongray scatterer has an intringic color due to selective
scattering which may be measured by its '"color excees' (cither positive if
it is redder than the source or negative if bluer) compared to the color .
indices of the sources measured between the same wavelengths. Planets
tend to be redder than the sun, except when their reflected light is pre-
dominantly of atmospheric origin and due to Rayleigh scattering and/or (as
in the case of Uranus and Neptune) when strong molecular bands suppress -
large regions of the yellow and red parts of the spectrum.

6.1.3 Solar Units

(Albedo calculations require a knowledge of the stellar magnitude of
the sun, or at least (in principle) of the magnitude difference between the -
planet and the sun (it is impossible in practice to measure this difference by
direct comparison because of the enormous ratio of illuminations involved).

- The illumination produced by the sun at a distance of one astronomical unit

{1 a.u. = 1,49598, 108 km), called the '"lumincus solar consta.nt" is
appro:umately, . SRt

1. 25 104 ft-candle

=1, 35, 105 lux = 13. 5 phots

" The correspondmg luzm.nance ofa perfect scattermg or Lambert duk

u'rad:ated ‘at normal incidence is o
L1 4.3 cd cm'z 13 5 Lamberta.

The energy flux density recewed from the sun at unit dxstance, or

I: = 2. 00:calories per sq cm per minute

or

- f 1,(\) dA = 1,40, 106 erz_cm'zae “lso.14 watt em -2

The corre:pondlng radiance o£ a perfect. bhck diuk in rndntive equui-
brium with it (at normal incidence) is

@ - ’ S ;
; [ Lo(N) @\ = 34 erg cm=2 sec-! deg-2
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The energy distribution of thw rachatmn is that of the black body in
thermal ethbnum . .

The visual magnitude of the sun at unit astronomical distance is still
somewhat uncertain, perhaps by as much as 0.1 magnitude (or 10 percent

in Ig).” From a variety of modern re-discussions of this problem the value

m(V) = -26.80

may be adopted, with an estimated probable error of 0. 02 or 0.03 magnitude.

It is important to remember that this uncertainty in mg is directly reflected
in a corresponding uncertainty of planetary albedos.

The color indices of stars having the same spectral-type G2 V as the
sun are as follows:

U'-V=+40.63, U-V=40.70, B~V =140.64, R - V= -0.52
1-V=-0.78 J-V=-1.6, K-V =-1.41, L - V=-1.53

The spectral energy distribution of solar radiation is known in relative
values with sufficient precision for current problems of planetary spectro-
photometry; Table B-2 sumrmarizes modern rediscussions of the best data
normalized to a $olar constant of 2. 00 cal cm~2 min-1. The values (Fig-
ureB-1) are smoothed through a bandwidth varying from 0. 005k in the
ultraviolet to 0. 01lp in the infrared. The normalization factor happens to
be such that the spectral irradiance at the isophotal wavelengths of the
standard B and V systems (Ag = 0.437u and A = 0.545y) is

I(B, V) = 200 ergs em-2 sec-! per Angstrom

By integration of Ig(A) the fraction

A =
kg (V) =f () dx// 10D dax
0 (]

" of solar energy radiated at wavelength shorter than A can be computed

(Figure B-2); in particular kg = 1/2 for A = Ag(1/2) = 0.70k. In other words,
half the solar energy is carried by infrared radiations of A>0.70k. This .
fact explains why any calculation of the radiometric albedo of the outer
planets must remain highly uncertain as long as prec1se data on the infrared
albedos are lacking. e
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6.1.4 Photometric Parameters

Reduced Magnitudes

Let I be the flux density received from the sun (in some spectral
range) at a distance of 1 a.u.; let 1{i) be the flux density received from a
planet when it is at distance R from the sun and A from the earth, and i is
the phase angle sun-planet-earth. By definition, the relation between the
corresponding apparent magnitudes is

0.8 —

Tog [1(1)/1s] = 0.4 (my - m) (6.3)

In practice, the observed magmtudes are reduced to some atandard
distances, often R A = I, by application of the inverse square law, i.e..

IR,a,1) = 1, 1,1)/R2A2

“r

or
= _ m (i) = m(i) - 5 log RA
~ - A (/2)=0.695 . iy . L.
N r o 02 In particular, when i @ 0 (full phase),
m;(0) = m(0) - 5 log R(6)a(0) (6.4)
0.4 This sifuation RA = 1 withi=0is a mathematical fiction: some astron-
omers prefer to reduce observations to the dlstances at mean opposition
Rodo = Ro(Ro - 1), if Rp is-the semi-major axis of the orbit (= mean distance
of planet to sun). This situation is observable for the outer planets, but the
convention RA = 1 is more commonly used and it will be adopted here. The
tranaformanon constants are easily calculated through the relation
mj(R =1) =m(Rgd,) - 5 log ROAO (6.5)
0.2 For Saturn, the last term is -9. 558 magnitude, for Uranus, -12.717, and for
‘ Neptune, -14.711. .
Phase Function
Thgl phase function (or phase law) is defined by
R SR N o) = 10/10) ‘ 6.6
o N : . B . -~y B B K )
T -2 S 0
( ") ;

v FlgureB-Z Integrated Solar Radmt:on Fraction of Solar Constant ‘
T .. Em:ltted at x< XK
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and can be calculated through -~
1og &(i) = 0. 4 [m](0) - mj(i)] - 6.7

. Th1s function measures the relatwe lu:nmou.s intensity as a Iunctmn of phase
"angIe and is normalized to unit intendity at full phase (for a fixed value of
‘RA). ~The phase function may be graphed. in rectangular coordinates as my (i)
or in polar coordmates as (i) whxch serves as ‘diffusion 1nd1ca.tr1x.

”I'he relatxve mean lummance of the pla.net at phase iis L

E ;3(1) = L(x)/L(O) = ¢(1)/k -2 6@)/(1 + cos i) - (e 8)

‘»:'- hmnnance of the dxsk at full pha.se L(O) is the unit.

Geometnc Albedo
o It ma.y be defmed as the ‘Fatio p of the mean luminance of the planet at
full phase (i =.0) to that of a perfect scatterer (Lambert surface) illumi-
nated by the sun at normal incidence and at the same distance to the sun. It
_ is also equal to the ratio of the luminous intensity of the planet at full phase
"~ to'that of a Lambert disk hawng the same diameter as the planet and nor-

~ !-* ‘mally illuminated by the sun at the same distance R to the sun and A to.the

earth.z If r is the linear radius and o the angular semi-diameter of the planet'_:

at- dlstance A, we have

2a2 2 :
p_mRA _10) RZ_ ©6.9)

Is 1.2,. Is sin?o’

If ¢ is the apparent semi- &1ameter at unit distance, and if we write
m, =m,(0), Equations (6.1), (6.2), and (6.9) give
log p = 0.4 (m, - m,) - 2log sin o (6.10)
When, as in the case of the outer planets, the dxsk is not cxrcular, oy must
be replaced by the radius u’l of the circle having the same pro;ected area.

If the observer is placed in the equatorial plane of 2 planet having elhptxctty
=1 - (b/a). where a, b = equatorial and polar radu, then

oy =oy (1 - nl/z = o (1 - 1/210) (6. 11)

The differcnce hetween oy and o-'l‘apprqaches 5 percent for Saturn.

‘SD70.24
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Taking into account the relation sin ¢ = r/A and the approximation
¢ = gin ¢ for the smmall apparent diameters of all pllnet- u seen from '’
earth (not from a flyby), we have in seconds of arc ¢" = p' t/A where

= 1/sin 1" = 206, 264.8. (Whend.=4; =la.u.,¢ =0 = /a,) By
substxtuhon in Equation (6 11) we obtain the practical formulu

log p-= 0.4 (m, - m,) - 2log (e} /p") " (6.12)
‘where 0"" is the apparent semi-diameter at unit distance and ldg p" = 5.314425.

The luminance of a Lambert disk illuminated by the sun at normal
incidence and at a distance of 1 a.u. is

L =13/1r (6.13)

The average luminance of a planet at full phase and at distance R from the
sun is, from Equations (6.9) and (6.13)

L(0) = p L;/R? = 1(0) nsinq (6.14)

" Phase Integral and Spherical Albedo

The spherical (or Bond)albedo A = pq is the ratic of the total luminous
flux reflected by a sphere in all ditections to the fiux intercepted by the
sphere in a-parallel beam of light. The phase integral q is, by definition,

2
a i) sin i di
1 fog(t) sin i di (6. 15)
If the phase law ¢ (i) is symmetrical with respect to the direction of incidence
q= 2["4»(1) in 1 & (6..16)

For an ldeal sphere obeiing the Lambert lcattering law L = L; cos¢’
where €' g the angle of incidence, the phase function is

¢ = [gin 1+ (v - 1) cos ] ©17)°
and
o =3/2.

Since the albedo of a perfectly scattering sphere is, by deﬁnltlﬁn.

‘Ag =1, it follows that py = A,/q, = 2/3-(NOT 11), and that the average
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lummance of a Lambert sPherl at fuil phase and at umt astronomxcal dxs-
- tam:e from the sun.is. -

=0.2122 Ig (6.18)

eal planet the ratlo L /I ‘is called the brlghtness factor No planet
obey the rLambert phase functmn, but according to some theor etxcal

‘the outer planets could-have phase functions leading to phase mtegrals
‘of the order of PR to'l.7: verification or otherwise will be a suitable task for
1551ons in t'heu- cru1se phases.

?.‘mtegral q_(k) and finally of the spectral sphencal ‘albedo A(L) p(x) q(\).7

(6. 21)
damental quantxty in theorehcal stud1es of the heat balance of the .
The total’energy flux absorbed by the pla.net in the solar radxatxon e
= (6. 22)'

re I; i5 the terrestrial solar‘constant (m erg cm-2 sec-l‘
»dxus (m cm) and R the dlstance to the sun (m a.u.). :

. Unfortunately, -the: funCthnS p()\) and g(\) are st111 very poorly known
or- completrly unknown m the infrared for the outer planets and the. calcula—

as to- rough nrr]er-o{-magmtude LIt w111 be 1mportant to obtam the necessary
" obseryatioin (rom space vehxcles o ml o

SD 70-24 . . - ..

étral reﬂect1V1ty funchon 1()\) and the spectral var1atxon of the phase ‘ i

r the plaimeta ty..

ion of the lnlngrala in Equatxons {6.19). and (6. 20) is not yet poemble‘_except )

Spectral Irradiance

The monochromatic energy flux density or spectral irradiance received
from a planet at unit distance (R & = 1) and at full phase (i = 0) is given by

log Io(A) = log Ig(A) + 0.4 [mg(X) - mo(A}]

(6.23)
- =log Ig(MK(\) . .
It is convenient to normalize this quantity'to the isophotal wavelength
)\v— 0. 545}1 of the V systen. where
IO(V) = I (VIK(V) (6. 24)

with I3(V) = 200 ergs cm-2 sec‘l‘A' and, as above, I_=1I(i=0, Ra=1).

o
Then, at any given wavelength

Io()‘) = IO(V)_[IS( x)K(X)/I (V)K(V)]

. ‘ (6.25)
 - I, (v) [I (Hp(x)/l (V)p(V)]

(6 26)

and at any other wavelength it is .

In (i, RA) = I (i, RA). [66)/by(i)] [15(\)/14(V)] T e2n

If, then, a.planet is observed through an optical system of aperture
area S, focal length'F, and transmission factor T(k) (including the earth
atmosphere if ground based), the energy flux 1nc1dent upon the image of t'he
dlsk is . . .

T(A) dx

S g SN LN p)
,RA) = I (V)oy (V .

WO R = NGV [ S T KT
R .

and ghe',a:véfdge flux density in the image of surface sis.
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i S ¢ AV)I_(V)
-Jl = J)‘ - L e times the same integral:
s v(mzk(x) "F2g2 k(i) RZ ' .

where k(i) is the illuminated fraction of the disk. The last two expressions
are basic to the calculation of the energy available for optical observatlons
from space vehicles. :

The following sections will review the best current information on the
basic parameters applicable to the three outer planets which will be needed
for the planning of optical observations (photographic, photometric, polar- ‘
imetric, and spectroscopic) from the flyby missions. This review is based
on a recent rediscussion by the author of all available data; detailed refer-
ences to the original papers which would be superfluous in the present survey
are not included, but publication dates are noted where appropriate.

6.2 SATURN

6.2.1 Phase Function and Visual Albedo of the Globe

The photometry of Saturn-is complicated by the presence of the ring.
Visual observations by Muller at Potsdam, covering a half-revolution of the
planet during the second half of the 19th century, led him to the followmg
empirical correctmn formula

Amy = + 2.60 sin B - 1.25 sin?B {6.28)

where B is the latitude of the earth with respect to the plane of the ring.
Application of this correction to the observed magnitude of the Saturnian -
system gives the magnitude of the globe alone.” In contradistinction to the
earlier conclusions of Becker (1933, 1948), Harris (1961) found that the mag-
nitude of the globe of Satirn at mean opposition is a constant within the
accuracy of the data (£0. 05 magnitude or 5 percent). The mean value between
1862 and 1952, according to the visual measurements of Z5llner {1865) and
Muller (1893) and the photoelectric observations of Kuiper and Harns (1952)
is Vo = #0. 67, corresponding to V1(0) = -8.88.

The phase effect is linear in the small range of observable phase angles
i<6 degrees and for the total saturnian systemn a, = 0. 044 mag/deg, after
Muller (1893). Photoelectric observations by Guthnick and Prager (1918 to
1921) give similar values: 0.033 in 1914, 1915, and 1917, 0.043 in 1918 and
0.049 in 1920. Schinberg (1921) showed that this high value of the coefficient
is due m'ainly' to the phase function of the particles in the ring; the phase
coefficient of the globe alone is probably not much greater than 0.01. A
rediscussion of the Franklin and Cook measurements (see below) gives for

 B-45 -
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the globe alone phase coefficients of 0.013 mag/deg in the blue and 0.015 mag/
deg in yellow light, . Horak (1950) has computed a theoretical value of

0. 005 mag/deg for a phase function consistent with the limb-darkening law

in yellow light. Provisionally, one may adopt 0,01 as a plausible approxi-
mation of the phase coefficient in vigible light for the globe of Saturn.

There is no detectable longitude effect in the apparent lummosxty- of
Saturn; its amplitude was less than +0. 01 magnitude in 1914, 1915, and 1917,
according to photoelectric observation by Guthnick and Prager. However,
a slight effect may be observable during the temporary apparitions of white
eruptions on the planet.

The geometric albedo corresponding to V(0) = -8. 88 for a mean diam-
eter of 116,820 km is p, = 0.46 (very nearly the same as that of Jupiter, and
close to the values for Uranus and Neptune). As explained above, the phase
integral cannot be computed, except hypothetically for some assumed atmos-
pheric model; with the indicative value q = 1.5, the spherical albedo is
Ay = 0.69.

6.2,2 Phase Function and Visual Albedo of the Ring

The most recent and complete study of the Saturnian system is that of
Franklin and Cook (Astron, J., 70, 704, 1965). By combining photoelectric
measurements of the total light of the system in the U, B, V, and R photo-
metric systems with detailed photographic photometry in the same colors on
photographs taken between May and September 1959, Franklin and Cook were
able to rigorously resolve the raw data into separate phase curves for the
globe alone and for the ring alone, corrected for their mutual obstruction.
The phase curves of the total light of the planet (Figure B-3) show a definite
opposition effect (i.e., a spike above a linear extrapolation of the phase
curve) at phase angles i<2 degrees. Most of this effect is caused by the

‘scattering law of the particles of the ring, as shown by Figure B-4 which

gives the phase curves of the ring alone in the B and V color bands. In the
inferval 275 < i < 525, the phase coefficient is 0. 036 mag/deg in both colors;
at exact opposition (i = 0 degrees) the excess above 2 linear extrapolation of
the phage law is 0.28 magnitude in B and 0. 23 magnitude in V.

Through a combination of the phase functions in Figure B-4 with photo-
graphtc measurements of the respective areas and relative luminances of
the various zones of the ring system (A, B, and C), Franklin and Cook com-
puted the absolute surface brightnesses in magnitude per sq arc-sec at
exact opposition given in Table B-3, which refers to the opposition of 1959
when the elevations of the sun and earth above the plane of the ring was about
26 degrees, Values computed for a' Lambert surface at the same distance
from the sun are lilted for comparison.

B-46 ,
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‘The phase coefficient ol the ring and the opposition effect prove that
it differs greatly from an orthotropic scatterer obeying Lambert's law.
By analogy with the phase curves of thé moon and Mercury, which have 'a
similar behavior at small phase angles, Franklin and Cook adopted q = 0,574
for the value of the phase integral of the ring. Then, in order to cornpute
the spherxcal a.lhedo A =pq and the optical thickness T of the various'zones
of the ring;*Franklin and Cook used Chandrasekhar's theory ‘of multiple
1sotrop1c scattermg in- the form LN .

A
wF ,_,4‘n'qr(p..+ g'_)

where I is the observed specific intensity, v F the incident solar flux; u, p'

nng and” u(T A) a correction for scattering of higher order than the fu-st
-, Extrapolatién of the observed phase law to i.= 0 degrees (excluding the ;.
opposm.on-ef.fect) leads to Ay=0.67 and AB ='0. 54 for the albedo of the
particles in all z.Ones of the'ring and to the values of T listed in Table B-3.
The only “part of ‘the ring which is optmally thick is part B, the brightest; ;
the outer ring Ais semi‘transparent a fact which is confirmed by du'ect
observanons of stars and of the globe of Saturn through this zone.

FA L in the ring, proposed by Kuiper (1952, 1957), is incomplete or that the -
77w L albedo.of the ice is reduced by an admixture of impurities. This conclusion
is strengthened by the fact that the ring is redder than the sun for which
B - V = + 0,64, while the color index of the ring is B - V. = + 0. 86 at
_ opposition, ‘and B - V' = + 0.91 outside opposition.

v Table B-3. Surface Brightness of the Ririg'of Saturn™

Zone Ay AZ Bl . BZ B3 y Lambert
v . 7.20 | 6.69 6.35 6.47 6.80 5,67
B - 8.06 7.55 7.21 7.33 7.66 6.28
T | 017 | o0.36 1. 00 0.61 0.32 —

™ mag/arc-sec? at 1959 Opposltlon (B, V) thu-d line is
opncal thickness

B-49
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b 1 1 . R . .
.[1_(*(-’;#-}3)] +u(T; A) g (_6_-2,9)_:

- the sines of the elevatmn angles of the sun and earth above the plane of the T

- The va.lues ‘of Ay, AB above md1cate that the ice cover of the particles -
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The opposition effect may be explained at least qualitatively by the
interplay of mutual shadowing and occultation of the particles by each other
when the direction of observation approaches closely the direction of inci-
dence. Figure B-5 compares the light curve of the ring corrected for the
linear phase effect (i.e., it shows the excess of light with respect to a
linear extrapolation of the phase law) to values computed for two models of
the particle density in ring B (7=1.0) in which the correction for multiple -
scattering accounts for about one-quarter of the observed luminosity.. The
B and V data agree fairly well with a model formed of particles having a
mean radius of 0.3 mm and filling a fraction D =4x10-3 of the volume of the
ring, In ring A, 7= 0.4, u(T, A)=20.1 and D=6, 10-3'IF the particles have
the same mean radius. According to Franklin and Cook, the actual geo-
metric thickness of the ring is only 4 centimeters in ring A and 10 cm in
ring B. Opik {1967) has argued that such a low value is difficult to accept;
it is. much less than values of the order of 1 to 10 kilometers derived by
several authors from photometric observations of the ring seen edge-on at
times of transit of the earth through the plane of the ring.

The total mass of the ring, according to this analygis, may be of the
order of 2 x 1019 grams according to Opik (1967), after correction of the
value 1013 grams originally published by Franklin and Cook

6.2.3 Color Indices and Spectral Reﬂect.ivity .

Values of the color indices U - B end B - V, observed by Hardie
(Harris 1961) and by Franklin and Cook (1965), are listed in Table B -4
together with corresponding values of the geometric albedos py. Data on

‘the infrared reflectivity are still very scarce; one observation by Kuiper

(quoted by Harris 1961) shows that the albedo at A = 2 is about 0.47 for

the globe and 0. 45 for the ring OF the still unknown values at A = 1u,

Table B-4. Spectral Reflectivity of Saturn

U-«B | B=-V i _ Source
Globe 0.58 104 | 2 Harris (1961) »
Globe + ring 0.56  |..0.98 0° Franklin & Cook (1965)
0. 62 1.01 5°
Ring - 0.86 0°
- 0,92 5°
) é) B v . ‘ Source
Globe py 6.21 | o0.32 0.46 Harris (1961)
Ring Py - . 0,54 0.67 Franklin & Cook (1965)
B-50

SD 70-24




———

PREDICTED CLRVES FOR A CONE-CONE MODEL WITH',
Gy - ol

0.30+—

 PREDICTED CURVES FOR

292378, u=0.:256nd

'

®D=23.0X 103
0D=59X10-3 -

© sD70-24 .

&

r Franklin and Cook)

=

n's Rings'in V and B Compared

_Oppolsition Effect"lo’ffSa.tur
With Calculated Values (Afte

-5,

: Fiéur‘e_B

" photoelectric data (Harris 1961).

6.3 URANUS

6.3.1 Phase Function and Visual Albedo

0
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The most complete and recent data on the photometry of Uranus are
byproducts of a long-range program carried out in the 1950's at Lowell
‘Observatory in a search for solar flux variations by photometric monitoring
of Uranus and Neptune (Sinton 1959, Johnson and Iriarte 1959, Serkowski

1961, and Jerzykiewicz and Serkowsln 1966).

Older observations, whether

. visual or photographic, were probably not precise enough to detect a very
small phase effect in the observable range of phase angle i < 3 degrees.
The only previous photoelectric observations by Stebbins and Jacobsen {1928)
gave 0.0028 mag. /deg., more than twice the value that would be indicated by
the Flagstaff data for a linear phase law, about 0.0013 mag. /deg. (The
observed variation in B color is only.0. 003 to 0. 004 magnitude between:

" opposition and the maximum phase angle 3 degrees.) However, theoretical

- calculations by Talley and Horak (1956) for a thick atmosphere with isotropic -

scattering and unit albedo (not a good model, incidentally, if the emergent. -
flux is mainly due to molecular scattering) suggested that the phase law
should be guadratic with a phase coefficient 0. 00020 mag. /degg

i accordingly,

Sinton fitted the Flagstaff data in the B band for 1952 and 1953 to 1957 and
1958 by a quadratic term leading to a phase coefficient 0. 00031 %0, 00006
mag/deg2 The .correct phase function for Uranus can be derived only from

. ﬂyby xmssmns

Ql_der vigual and photographic observations had on several occasions

been in’terpréted by a'longitude term synchronized with the 10 hr 50 min =~ ~
spectroacopu: rotation period. This result is not confirmed by the modern .

Likewise, long-term variations in the

mean magnitude at opposition, reported by Becker (1948), could not be
confirmed by modern data, except for those of much smaller a.mpl:.tude due
to the variable presentation of the spheroidal globe {see Section 6.3.2)." :
discussion of observations prior to 1955 (Harris 1961) gave Vi(o) = =7, 19

of 49 000 km (Sectmn 5.1).

6. 3. 2 . Ellipticity and Limb Darkening Effects

" and Vg = +5, 52, cotrespondmg to. pv = 0.53 for the adopted mean dxameter

The long series of observations at Lowell Observatory between 1950
and 1966 haa been analyzed by Jerzykiewicz’ and Serkowaki (1966) who
showed that not only the ellipticity,. but also the limb- darkenmg law must

be taken into account. .
different along the equator and toward the poles.

Furthermore, the darkening coefficient may be

Under the c;rcumutancel,
they decided to reduce all cbservationa to the pole-on presentation of

Uranus, even though the equator-on presentation is f.he -ta.ndard adopted for

K all other planet-

SD 70-24

AR




‘ ‘Space Divisilon -
North Amencan Rockwell

For a uniform disk, the ellipticity corraction simply measure the,
ratio of the projected areas, expressed in magnitudes,

amg =1.251og [1 - (1 - b2) cos? (6] - L)] (6.30)

where b2 = 0. 833 is the square of the ratio of, the polar and equatorial axes
{note that this value, used by J & S, is not consistent with the value adopted
in Section 5.1 but with older optical data on the ellipticity), 87.= 166953
{for the equinox of 1950) is the longitude of the node of the orbits of the

satéllites of Uranus on the equator of the earth (one assumes that the equator-

of Uranus coincides with the plane of the satellite oxbits), :and L is the
geocentric longitude of Uranus given by the:American-Ephemeris: -.

The correction Equation (6. 30) does not suffice to make the B magni-
tude of Uranus a constant throughout the 15-year span of the observations.
A residual variation, amounting to a 0.04 magnitude change (luminosity
increasing with time), must apparently be attributed to differences in the
limb~darkening laws in longitude and latitude. The limb-darkening coef-
ficients X = 1.2 along the equator and Y = 0.2 along the meridians will make
the reduced B magnitude of Uranus a constant between 1950 and 1966 while

the presentation of the planet was changing from nearly pole-on to equator-on.

Application of these corrections to the V and B magnitudes gives.

" = 45,56, B! =+6.08 for the mean apparent magnitudes of Uranus.in
polar presentation at the mean opposition (r = 19.191 a.u.), or for the
standard conditions, V"(O) = -7.16 and B'l'(()) = -6.34. These values differ
little from those resultmg from the Harris (1961) d1scuss1on of earlier data
{except for the revision of the d1ameter)

6.3.3 Color Indices and Spectral Reflectivity

Ava11ab1e data on color indices are listed Below, the first line is from
Harris' (1961) discussion of observations by Hardie, the second line is from
Sinton's (1959) discussion of the Flagstaﬁ observations:

Uranus U-B ’ B-V L V'-R ‘ R-1
(1 0.28 0. 56 -0.15 -0..80
(2) 0.26 0.55

Further, according to Kuiper, I(Zp/[(]p) = 0. 66.  The spectral reflectivity
curve derived from these data is given by Figure B-6. Uranus is much
_' darker in the infrared than most other planets (except Neptune), probably
because of an accumulation of molecular bands. The blue-green color of |
“the planet is also due in part to this effect, although Rayleigh scattering by
. . B:53 oL
B SD 70-24
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Figure B-6, Spectral Reflectivity Curve of Uru.\us (Ordinates Should
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the molecular atmosphere may also play an important role. For Rayleigh
scattering, the phase integral should be q B°1. 25, as compared with q = 1,45

- for isotropic scattering (Harris in his classical discussion of 1961 adopted

ay = 1. 65 for the four major planets, but this could lead to.A @ 1, which is
almost certainly impossible). As long as the phase integral and the infrared
reflectivities are essentially unknown, it is impossible to compute the
radiometric albedo (take 0.4 as a guess, if necessary}.

6.4 NEPTUNE

6.4.1 Phase Function and Visual Albedo

Data prior to 1955 were discussed by Harris (1961). As in the case
or Uranus, secular or periodic variations suspected by earlier authors in
the old visual and photographic observations were not confirmed by modern
photoelectric data. The mean of 13 oppositions between 1864 and 1954 gave
V1(0) = -6.87 and V; = +7.84, corresponding to py = 0. 44 for the adopted
diameter of 45, 000 km (Section 5. 1J. v

The most recent and extensive series of observations is again the
Lowell observatory photoelectric pPhotometry covering 1954 to 1956, analyzed
by Sinton (1959), and by Jerzykiewicz and Serkowski (1966). The maxgimum
phase effect (i < 1°9) .does not exceed 0. 001 magnitude. Nevertheless, fol-
lowing the theoretical model of Talley and Horak (1956) - predicting a quad-

ratic phase law for isotropic scattering -~ Sinton (1959) derived with marginal .

significince a coefficient 0. 00060 +0, 00025 (p. e. ) mag. /deg? whick'is of the
same order as the theoretical value 0.00020, Again, this problem will be .
solved only by new observations from flyby missions providing a-large range
of phase angles. B ) : B

The mean magnitude, reduced to the opposition of 1950, which ‘may be
derived from the Lowell observations of 1954 to 1966 is V = +7.82. :
(r = 30.0707 a.u.), which ‘corresponds to'V1{0) = 0. 43, in close agreement )
with Harris' discussion of the older data, . o

6.4.2 Color Indices and Spectral Reflectivity

Available data on color"indi-.crgs are listed Below‘. the first line is from -

Harris' (1 961) discussion of observations by Hardie, .the second line f?om

Sinton's (1959). discussion of the Flagstaff. obsesvationg:

- Neptine ’ " U-B ] B-V ( “V-R- l R-1

R ) I P! '0‘."4'1'_'_ - 20.33% | -0.80

@ 0.23 0,41 S
BEBS i

q Spece Division
' North Amencan Rockwell

is g i 1y bluer than Uranus; the infrared
oy agreemell:t 18\5 :tosdin :::P::“an:e 1c:f .I}?a.}:u: but direct data are still }acking.
e o muﬁtl y ffectivity curve derived from these data and for the wsu.al
o Bpe;qtri - in Figure B-7. As in the case of Ura.nu's, any.calculanon
a}bt;deq;:d:o;:tric a.lbedovmust be strictly hypothetical (if required, and as
° - .

a guess, take 0.4).

PA
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1 | | ,
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E ‘Figure B<7, Spectral vﬁeﬂectlvi_ty-Cutve‘di*Nepeung'- gQrdiutgi Should
’ - he X 46/51 to Allow for Correction of Py) ,
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O SERVATIONAL REGIUIREMENTS FOR STUDIES OF -
THE ATMOSPHERES OF THE OUTER PLANETS

Reglnald E Newell
iN'rRoDUCTION

- " - The general ob_\ectwe of the study reported herein is to define the

‘ observatmn and measurement requirements for planetary exploration
: appro_prxate to remote sensing of the atmospheres of the outer planets from
flyby or orbm.ng unimanned spacecraft The general knowledge require-
~ ments are first formulated drawing upon our more extensive knowledge of
_the earth's atmosphere. These are generally the same as ‘those put forward
" by the Space Science Board (1969) but the implementation suggested in terms

of spec1.f1c missions 15 not the same.

. 'SD 70-24
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SCIENTIFIC KNOWLEDGE REQUIREMENTS

Basically we should like to understand how each planetary atmosphere -

works. Inthe case of the earth the operational mode is different in'the
troposphere, stratosphere, ‘mesosphere, and thermosphere. Similar
differences are to be expected for the outer planets. The appropriate
questions are: (l) what are the heat sources and sinks for each layer in
the atmosphere? (2) How do the heat sources and sinks generate available
potential energy for the atmosphere? (3) How is this available potential
energy converted into kinetic energy? (4) How.is the kinetic energy

redistributed and finally dissipated in the atmosphere?

In order to study the energy cycle we need to know the temperature,
density, wind, and composition as a function of latitude, longitude, height,
and time. It should be noted that variations with latitude and longitude-are’
just as important as variations with height as for some aspects of the
energy cycle.

Some of the specific items required for these questions are listed
below.

QUESTION 1

In the earth's atmosphere the main sources and sinks are radiative
processes, latent heat, and a boundary layer flux from the underlying
surface. The three terms are of the same order of importance in the
troposphere with latent heat dominating the overall picture (latent heat
release at low latitudes provides the main mechanism whereby the air at
low latitudes is kept warmer than that at middle latitudes). In the.strato-
sphere and higher layers, radiative processes dominate the heat sources
and sinks but motions driven from the troposphere play a substantial role
in determining the temperature distribution at least up to 50 km.

For the outer planets, then, we need to know the distribution of solar
radiation with wavelength as a function of depth or alternatively the dis-
tribution of UV absorbers, the distribution of infrared absorbers as a
function of depth, together with temperature and pressure and the distri-
bution of substances which may contribute to the heat balance through
letent heat effects. In addition, the boundary layer heating should be
determined; indications are that this may play a greater relative role for
the outer planets with their possible internal heat sources than for the earth.

SD 70-24




. 'for .the 30 to 100 km reglon have been made by Murgatroyd and Goody (1958)
“and the infrared portlon has been brought up to date recently by Kuhn and
Londén’ (1969) " Heating rates at higher levels were presented by Mahoney -
{1966) and Lago"s (1967), who were interested in explaining the circulation

of the thermosphere. Rodgers {1967) has vomputed the total radiative
heating. rates. for the¥surface to the 10-mb region, ‘A summary of the total
heating ra.te “foEthe™0 to 30—krn region, xncludlng latent heat:and boundary

coolmg is _requ:.red. From Figure B-~8, it can be seen that
eatmg" occurs. where the atmosphere is warm, tending to mcrease

ble potentxal energy. ieeo o e B

motmn field’is ‘réquired on all scales at which
‘When a1r flows down the pressure gradient, work
_An alternative formu-
In general,. it is very

1oud Stru ture on Jup1t
'Hadley ce s rat ér than to the perturbed wave circulations of

Streamhnes for the terrestrial case appear
et al., 1969); ‘clouds accompany the rising
“and the sinking reglons are clear. The cell picture is basedon . --: .
£ north-south motmns averaged around latitude circles; the

measurements

pattern, ‘shifts with lcmgxtude owmg to the land-sea" dxstnbutlon.A The inference .. -

for the outez- planets would be a. surface structure not extenswely broken by

o RS ; north uth barners. ._The ‘kinetic energy of the circulation is derived from
N the‘- ng inthe’ tlslng arm of the cell by latent heat release.  Presumably
oA om J'up1te - and Saturn: it would be the 300 ‘cal/gm for arhmonia or.the.value -
:solution rather than the 600 cal/gm for water %

’ appropnate to ammonia i
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Figure B-9. Streamlines of Mass Flux (!OIZg/sec)
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There is a considerable amount of meteorological literature pertain-
ing to the growth of symmetric circulations such as the Hadley cells, under
various conditions of heating contrast and rotation; most notable is the work
of Kuo (1954a, b and many other papers). Stone (1967) has applied some of

‘the reasoning to Jupiter although he favors differential radiation as a

driving force (my suggestion here that latent heat release may be as
important or more important seems to be original}). The cloud photographs
also show evidence in Jupiter of eddy-type motions. The horizontal motion
pattern can probably best be studied by sequential cloud photography, as has
been used to date to determine the rotation period and establish the existence
of a westerly jet near Jupiter's equator. Little is known about the motion
field above the clouds although it is important in the energy budget there.
The horizontal temperature field is also an irhportant part of this question
presently unexplored. Correlations between temperature and meridional
motion give a measure of the heat transport.

QUESTION 4

Details of the mechanisms by which interchange of kinetic energy
takes place between the various scales of motion are required. For
example, is momentum transfer down the gradient, as at low latitudes in
the troposphere, or up the gradient as just south of the terrestrial jet
stream? The profile of zonal velocity and the eddy momentum flux déter-
mine this aspect of kinetic energy conversion. Motion determinations mnst
be accurate enough so that correlations between the zonal and meridional
components are reliable. Kinetic energy may also be transferred to the
upper atmospheres of the outer planets, there to appear as substantially
greater velocities. Foi example, some of the tidal energy, generated by
heating of the atmosphere below 50 km, leaks up to the thermosphere.
While the troposphenc tidal velocities are fractions of a meter per secord,
at the 100 km level they reach 100 msec-1.

In addition to understanding how each planetary atmosphere works,
we should also like to be able to explain the distribution of trace con-
stituents. Some of these, such as methane and ammonia, will be of
obvious importance in the atmosphere energy budget. The distribution
of ammonia on Jupiter, for example, may be inextricably linked with the
circulation through the Hadley cell-type circulations just as water is on ’
earth; in such a case it is very difficult to separate cause and effect. . The
distribution of other substances such as sodium on earth (which probably
originates from the oceens) is governed by the circulation; aercsols also
probably fall into this category. )

CA special class of trace substances are the ions and electrons; we
require knowledge of their sources and sinks, their transport by electric
fields and atmospheric motions, and their posasible acceleration into

B-62 . .
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radiation belt populationﬁ. Concomitantly, the magnetic and electric fields
involved must be observed and understood. Photoionizatlon is the main
source of electron and ion production on earth, but at the subatantially
greater distances it may be that part;cle precipitation 1s of equal or greater
importance at high latitudes on the outer planets. The eloctric fields on
earth derive either from the motion of the air through a magnetic field (in
the E- regxon) or from the motion of plasmia in the magnetosphere. These
flelds, then, -should be measured for the outer planets. The precipitating
part:.cles may- be expected to produce auroral emissions and the ionospheric
reactions plus the various photochem:.cal chemical processes may be
expected to produce a1rglow. These optical phenomena will provide valu-
able clues concerning the mechanisms taking place in the upper atmosplieres.

Another sp'ecial c‘lass of trace substances are those which may be
related to the origin of life. While they may not be directly pertinent to
understanding how presernt atmospheric processes work, theyareé certainly
relevant to the problem of the evolution of the atmosphere and should clearly
be included in any atmospheric sampling program.

SD 70-24
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OBSERVATION REQUIREMENTS, 1975 TO 1990

QUESTION 1. HEAT SOURCES AND SINKS

In the earth's troposphere the important radiative constituents in the
IR are Hp0O and CO3.. The important phase changes involved are those of
Hz0 and the factor most controlling the visible light distribution and pene-
tration to the surface is HpO clouds. In the stratosphere and mesophere,
the IR transfer is dependent oh COz and O3 and the UV absorption of O3 -
and O2-

Jupiter .

In the Jovian troposphere we might anticipate NH3, CHg, and H; to be
the important IR radiative constituents. (Gillett, et al., 1969). The
important phase changes will be those of the NH3 ~-H70 cloud system (Lewis,
1969) and will control the visible light distribution. In the Jovian strato-
sphere the IR transfer is probably dependent on CH4 and NH3 and the UV
absorptl.on, at least inthe region 1450-22004, mainly on NH3, and between
1000 and 1450A on CH4 (McNesby, 1969). There may bé other products.
of photolysis of these substances that are important in the UV. Note that
there has éven been a suggestion of the presence of ‘atomic oxygen (Moos,
et al., 1969).

From the present facts, then, an observational requirement is the
concentration of Hp, CHy, and NH3 as a function of latitude, longitude,
and height. Density and pressure will thereby be specified but cornputatmn
of the IR transfer requires temperature also.

Below the tropopause. a reasonable goal is to determine the con-
centrations to within 20 percent. Variations with longitude are not.as
important as variations with latitude and a goal is a2 measurement every
two degrees of latitude, 20 degrees of longitude, and 5 km of height. A

-goal for tempenture is #1°K with the same grid, and an areal resolition

of 104km?,

Above the tropopause goals are 50 perci!ii’t for' concentration +5°K

- for temperature, 2 degrees ht:l.tude, 20 dagreel longitude, and 10 km

height.
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Possible experimental approaches are 2 limb-scanning spectrophotom-
eter for density above the clouds, coupled with selective filters (in the 1700-
2200A region) to determine NHj3 and possibly CHy (1300-1400A7?) from
absorption of the Rayleigh scattered Light. Temperature could then be
obtained directly through integration.of density versus altitude.

At and.below the cloud or haze tops, it may be reasonable to assume
that the CH, mixing ratio is constant and use an infrared spectrometer,
like that used by Wark and Hilleary (1969), assuming the CO, mixing ratio
is constant, to determine the temperdture profile. Note that the method S
works also in the presence of clouds and also yields a surface temperature.

In addition, an IR scanning spectrometer such as that discussed by
Hanel and Conrath (1969) may enable NH3 distributions to be obtained in
the dark regions. -

The distribution of clouds which will govern the deposition pattern of
solar energy can best be obtained by imaging with filters (e.g., CH4 at
8900, Owen and Mason, 1969). It is not yet clear that cloud height can be
obtained in this way. The cloud albedo over the range 2000~10, 000A is
required to 0.05. From the point of view of computing latent heat release,
as is the interest here, the rainout from the clouds as well as their
vertical distribution is required. Radar scanning at 3 and 10 cm would
show up precipitating regions of the clouds, if any, and also give a measure
of the rainfall rate; it would also reveal the surface location. Grid sizes
required are the same as for temperature and concentration. Imaging
with filters on a scale of 1 degree latitude and longitude would be helpful
to determine the smaller scale variations in solar heat input. Possible
elevated aerosol layers which will influence the scattering and solar energy
deposition will also be revealed by the limb scanning experiment. .

Saturn

The observational requirements are very similar to those for Jupiter
under this heading. The smaller abundance of NH3, p:esumably due to the -
lower temperatures, will probably lead to a different type of heat balance
in the region above the tropopause (i.e., NH is not so likely to be involved’
in the UV absorption). The greater abundance of CH, may simply reflect
a lower cloud top. '

Uranus
The very great abundance of CH, observed may again reflect a low

cloud top. A basic unknown parameter is the latitudinal scale of the zones
and bands. Bands are indicated by the photographs available but resolution

4

.. very successful for the determination of cloud patterns at night in the L

"‘ ‘;};l;\;l: i v{la:w .

>r. Hence, measurements like those outlined for Jupiter would be a ‘
ep forward., The temperature field may neveyr‘be subject to analysis
the earth. The clouds themselves may be methane rather than
mnia in solution and a variety of filters should be carried for the cloud
ng experiments. As well as those specifically directed at absorbing’
(such as 8900A for CH, used by Owen, 1969), there should be filters
1ed to the UV and IR at wavelengths where absorption is not antici-
(e.g., 3500 ™ 200A wide). ‘This would help in a search for clouds
ferent levels,

In 1985, the north pole of Uranus and Neptune will be poiﬁting toward
urth and sun (Alexander, 1965). The cloud patterns, then, particularly
dark hemisphere, will be of special interest. If these patterns are

mined by the solar energy deposit, they should clearly be different in

- ro hemispheres. If the boundary layer heating is the dominant energy

e, the cloud patterns may well change little. Infrared imaging has

»strial.case.

ne

The observation of even more CH, than Uranus sug“gests (to me) an
lower cloud altitude, as might be anticipated from the quite weak solar

.y available to drive the circulation.- The question of internal heat
-.v.e8 has, however, arisen once again (e.g., Aumann, etal,, 1969)
- being once thought to be settled by Jeffreys. If such sources exist,
‘he prime energy source for the circulation may be heating from

and no a priori arguments about the clouds may be.made. The

. >sition and temperature requirements are the same as those for
-«r under this heading, There is no well documented case for bands

->nes and any information on the distribution of clouds will therefore

advance. Cloud photographs with one degree resolution were sug-

1 for Jupiter as pertinent to the local variations of solar energy input.
ame resolution is desirable on Neptune. We do not know whether

d structure dominates; the temperature sounding, therefore, should
'e perforrmed at high spatial resolution, say 200-km.aquares, but it
mly be neceasary to do this at, say, 100 points over the disk.

TION 2. GENERATION OF AVAILABLE POTENTIAL ENERGY

The. computations require net heating rate (UV, visible, IR, latent
‘elease) throughout the volume together with boundary layer flux;

~rature is required at the same grid points. They proceed as out-

for example, by Lorenz (1967); we have recently carried out 2 set

.+ .~h computations for the global atmosphere up to 30 km (Newell, et al.,
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1970) and have previously presented estimates for the 15-80 km region
{Newell, 1963) and the 100 to 10-mb repion (Newell and Richards. 1969).

As temperature was already specified as a necessary obsérvational require-
ment under Question 1, thereé is no additional specification here. Given the
cloud distribution and the various radiative fluxes, the radiative heating
rate calculations are straightforward. The boundary layer contribution,

if any, is quite complex and requires temperature at the surface and.in

the lower layers of the atmosphere. The most difficult part, perhaps, is
the latent heat releasé effects which require éssentially rainfall rate data.
On earth, we have had’ the opportunity to relate rainfall rate data to
measured radar backscatter. Signal intensity and Doppler shift are
requ:u-ed the latter may give terminal velocities of the "'hydrometeors" :
and updraft velocities in the clouds but the rainfall rate interpretation will
be very difficult.

QUESTION . CONVERSION OF AVAILABLE POTENTIAL ENERGY
'I'O KINETIC ENERGY ] . T

This portxon of a planetary energy cycle involves air motions. It is
prﬁnarﬂy motions in the lower atmosphere ‘(troposphere and lower strato-
sphere for earth) that are of 1mportance Because of the reduction in
dens1ty ‘with alt1tude, the-kinetic energy density is low in the upper atmos-
e’and energy transfer from the lower to the’ upper atmosphere is more

1mportant than the reverse proeess A detaﬂed knowledge ‘of the motxons
ih the Tower atmosphere is therefore required under this heading. The only
feas1b1e remote techmque at present Seéms to be to use the clouds as
tracers of the rnotmn f1e1d Sequent1a1 cloud'photography 'of the same region
is requu-ed stich 'd's ‘¢ould corne from a cloud satellite in synchronous orbit.
The photographs would _preferably be taken with a set of filters to distinguish
clouds at dxfferent levelsas the “wind veloc1ty versus altitude s required.
The v by Chapman (1969) ‘on the “zonal wind’ componént‘in: J'up1ter is ‘the-
only
Wmd combonents are necessary. Chapman s data show that'the velocities

" range up to 100 msec"1 For many.of the slower speeds an estimate to
within 0.5 msec~] is desirable, - For 2 comprehenswe general -circulation
study the veloc1ty pattern shoild be measured every 2 degrees of latitude’
and every 10 degrees of longitude. While some longitudes’ ‘should be
'sampled SImultaneously, it is'quite poss1b1e that the longitude coverage
could-be made satxsfactorﬂy on'different rotations. The frequency of |
measurement should be ‘once per rotation period. The imaging: process needs
to produce a've ry ‘clear ‘end product in'ofder to enable velocity. pattern to be
derived from rhsplacements It may- well be necessary touse: l'ugh magmﬁ-
cation and examine the patterns in“say, 1o:- “degree grid- squares; -oneata

time. %, "The’ mean mot1ons resullmg (averaged over many' rotahons) would
be used :

valu g tourther \;nth tempera.ture valués requtred at the dame: place.
nd renuhmon used to compute heat transports

‘B67
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In passing, we note that some information on upper atmosphere
motions may be derived. from Doppler shift of airglow lines (Armstrong,
1968) but at present these lines are not known for the outer planets.

These.energy conversions involve cssentially the factors 2! siné
[u] [v] where U and V are the time mean zonal and meridional wind com-
ponents L4 is lat1tude and @ angular rotation rate, and [—T]dT/a¢ where
T is temperature and [ ] represents an average round a latitude circle.
The second term represents the conversion from so-called zonal ‘available
potential:energy to eddy available potential energy. From this latter
quantxty, the conversion to eddy kinetic energy involves: vertical motion -

- {e.g., warm air rising and cold air sinking) in the eddies.. The first term

represents the direct conversion from zonal available potential energy to
zonal kinetic energy. Judging from the photographs showing zonal flow,
it is more likely to be the largest. loss term for zonal -available potential
energy. This is fortunate as the vertical motion pattern on an eddy scale
is still not properly measured on earth and.would be very difficult to
estimate on the outer planets by any pr,eSently known technique.

The requ1rements are essentially the same for a]l four outer planets.
But in view of the lack of data- presently on the velocity field except for
Jupiter, the numerical requirements may differ.” For example, much
slower speeds would. require a smaller absolute uncertainty in the deter-
‘minations. A fairly good picture can be obtained if a _goal is to determine.
the velocity ata: p_omt to mth:.n 10 percent of its’ value.

.Q_U.ES:I‘ION 4, IN‘IERCHANGE OF KINETIC ENERGY .

“Inthe.terrestrial case kinetic energy converted from available
potential energy.on the . eddy scale is-fed back to the larger scale to main-
tain the mean.zonal flow, ‘Estimates of the conversion rate are derived
from the .quantity - {av']alal/é¢ .- At middle latitudes, for example, one
finds [u'v'] pogitive and El [w]/0¢. also positive equatorwards of the jet
stream; hence conversion.is into the mean zonal flow. On the outer planets,_
with their predominantly. banded cloud structure, it may well be that the
conversion is.in:the. oppos:.te sense and tends to reduce the mean zonal flow.
The terms will be available under the requirements for Question 3. lee
photographs of. Jupxter (e.gw Slipher. 1963) show many occas;ons .when eddy
ltructures/are,present, soxnetunes even spanni.ng the equator.

In sddition to theeplsnetary energy budget, w:th which Questions 1 to
4 were concerned, there are other items which are part of a complete
understanding of. the: phnetary atmospheres. ‘One is the angular momentum -
budget for which the three-dimenaional motion field is required. Specifi-
cltions have- elrea,dy been mde to obtaln the pattern of two d:.mensioml

;Q:JB.—.(S& Lo o '
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motions. -The third dimension must come from the continuily equation,
Another item is the atmospheric rhass budget; it entails knowledge of the
sources, sinks, and transfer of each of the atmospheric constituents.
While some of this information may already have been included under
Question 1, there are most likely substances. of interest other than those
directly involved in the radiation budget. ’

TRACE CONSTITUENTS

We note that the amount of a particular gas present reported by
earth-based measurements is very much a function of the technique and
wavelength used. For example, Owen (1969) reports an H, abundance on
Saturn of 190 km atm as measured at 6367A whereas Bless, et al,, (1968)
report 25 km atm as measured in.the 2100-2800A region. Presumably the
latter measurement reflects scattering from a higher layer of the atmos-
phere. We also note that CH, abundances increase from Jupiter to Neptune -
an effect which could be due to a decrease of cloud top altitude with distance
from the sun. Measurements made over cloud-free regions of each planet
could sort out these problems. It would seem desirable to search for other
trace substances, such as the photolysis products mentioned, which are not
necessarily of importance as radiative constituents; this could be done at
higher resolution at a relatively few points over the surface - say 20 points.
A scan across the whole spatial range 1000-2000A, 2000~10, 000A, 1.-20y,
should be attempted at each point, both looking down and at the limb. The
resolution should be good encugh to detect single lines (A/aX =1007).

Aerosols rnay be importaht both in the energy budget, mainly through .
their reflecting properties, and in the trace constituent budget. A powerful -
approach for distinguishing molecular and aerosol scattering would seem to
be measurement of the wavelength dependence of polarization (Gehrels,
et al., 1969).. I have not worked through the results of such experiments
and so have no feel for its quantitative capability —I would like to know the
extent of aerosol haze over the disk on a grid size of about 2 degrees
latitude, 20 degrees longitude for the energy computations.)

From the point of view of ionospheric physics, one needs concentra-
tions of substances from which can be ionized, particle influx from the
solar wind (if any), and magneto éphere and electron concentration profiles,
The latter are a fundameéntal requi:efnent. . The topside profiles could be
obtained from a satellite using techniques like those on Alouette [ and IL.
Good areal coverage is required as we have found on earth that electron
transport within the ionosphere is an-important factor in determining local
concentrations. Samipling at a grid of 5.degrees latitude and 20 degrees
longitude would be appropriate. Also desirable is the delineation of the .
mnagnetic and clectric fields within the ionosphere; it is not obvious how

B-69 _
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these can be determined remotely but an orbiting satellite within the
radiation belt limits would provide data on local fields which could be
extrapolated downward to the ionosphere. Some of the physical processes
ocurring within the ionospherc may also be monitored by their optical
emissions. Auroral emissions will give some evidence about the bombard-
ment processes and some airglow lines {6300A in the terrestrial case) can
give information about the dissociative recombination processes. These.
emission lines should be evident from the detailed scan mentioned above.

A general point about all those observation requirements is that they
require data over the disk. As noted, horizontal gradients of temperature
and horizontal variability of the wind are important features. It is difficult
to see how the spatial coverage required may be obtained from a single
flyby; rather orbital missions seem to be desirable.
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RELATIVE IMPORTANCE - PROBLEMS

In my opinion the outstanding proble:ﬁ,ia'uhderstanding the energy
budget of planetary atmospheres. If we accept Westphal's (1969) recent
measurement of a'ter‘npgrature of 300°K deep in the atmosphere of -Jupiter,
then it is fairly clear that solar radiation is not the dominant factor in the
energy budget. I have previously argued (Newell, 1967) that no conceivable
greenhouse effect could explain the high temperature of Venus; an identical
argument applies to Jupiter, Saturn, and Uranus (if some of their large
microwave emission also comes (rom deep in their atmospheres). For
these planets and Venus, then, an internal heat source is required. It
may well be ultimately responsible for driving the ingtions which produce
the cloud bands on Jupiter (Peek, 1958), Saturn (Alexander, 1962), and
Uranus (Alexander, 1965). While there are many'suggesti‘ons.t'h_at grav-
itational contraction may supply the energy for the outer planets, there -
have been no such arguments put forward for Venus. It is-always satis-
fying to find 2 common explanation for such problems. The determination -
of the horizontal temperature gradient at depths well below the cloud tops
is then a first priority measurement.’ ' :

At the surface itself, the temperature may be determined by an
S-band radiometer except in the case of Jupiter where emission from: the
radia_xtion_ belts may interfere. '

Numerical values of the order of importance of the scientific know-
ledge and observation requirements are assigned in Tables B:5.and.B -6,
respectively. We conclide with a series.of sketches (Figures B-10'to B-13)
showing the value of incomplete attainment of the observation requirements.
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Table B-5. Scientific Knowledge Requirements - Importance

. Knowledge Requirement Importance
Energy Budget: Troposphere . ) 1.0
Stratosphere-mesophere 0.6
Thermosphere 0.2
Momentum Budget: Troposphere 0.7
' Stratosphere-mesophere 0.5
Thermosphere 0.1
 Mass Budget: Troposphere-substances with 0.95
phase change
] Troposphere-aerosols 0.85
Mass Budget: Stratosphere-mesosphere 0.4
Mass Budget: Thermosphere 0.25
Ionospheric morphology g 2:
Aurora. 0: 5-
Airglow
‘Table B-6. Observation Requirements-Importance
Observation Requirement

Importance

Temperature vs height at different latitl.xdes
Temperature vs height at different longitudes
Horizontal wind velocity to cloud top level
Horizontal wind velocity above cloud top
Composition atmosphere

" Composition-clouds

Compogition haze -~ if any

Surface terhperature pattern T

Electron concentration profiles --topside
sounder :

Auroral spectra

Airglow spectra

Magnetic fields
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APPENDIX C., OBSERVATION REQUIREMEN TS TABULATIONS

This appendix preserts the planetary observation requirements,,
appropriate to remote sensing, in the form of the printed output-of the
SERA-1 computer program. The arrangement and interpretation of the

- output information are discussed in Section 3.3. The observation require-
ments are described qualitatively in greater detail in Section 5.0. The
computer program description is contained in Appendix D.

Tables C-1, C-2, and C-3 show the relevant associations of goals,
knowledge requirements, observation objectives, and observable properties.
These tables are the same as Tables 4, 7, and 9 of the main report, and are
repeated here for completeness of the tabulation. Table C-4 is a listing of
the library of titles of goals, knowledge requirements, observation objec-

- tives, observable properties, observation techniques, observation para-
meters, planets, and worth functional forms. Descriptions of sub-objectives
and sub-observables are added to provide more detail than the basic titles.

Table C-5 is a condensed guide to the observation requirements. It
indicates all combinations of goal, knowledge requirement, observation
objective, observable property, observation type, and planet to which each
observation requirement is relevant. The worth wk of each observation
objective, and the worth wj, of each observable property-planet combination
in support of each observation objective, are indicated. If either wy or
w:, is less than 0,20, no results are presented, To avoid unnecessary
repetition, only one case is displayed in detail for each combination indi-
cated in Table C-5, If any of the observation requirements change quanti-
tatively, a new combination is shown. -The observation sub-objective and
sub-observable descriptions are more specific than the objective. and
observable titles in the computer program library. ‘

Table C-6 contains the detailed observation requirements, - This
table is divided into four main sections as follows: -

(i) Observations limited to the inner planets (noninmginé only)

(ii) Observations common;te inner and outer planets (nonimaging
only) - . ”

{iid) Nohimaging observations limited to the outer planets

(iv) 1lmaging observaﬁons limited to the outer planets
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APPENDIX D, COMPUTER PROGRAM DESCRIPTION

A program or series of programs for the IBM 5/360, Model 65, digital
co.m.puter is required for the storage, retrieval, and analysis of data per-
tan?lfxg to pl;netaty o’bservatjon requirements, remote sensor performance
requirements, sensor scaling laws, and Sensor support requirements. The
overall program, called Space Experiment Requirements Analysis (SERA),

" will be developed in a progression of modular steps through Phases 1 and 2,

afd possibly If’hase ‘3, of the study. Only the first module {SERA-1), dealing
?v:.th observation objectives and requirements, is to be developed and used
in Phase 1. .

‘ OUTLINE OF ANALYSIS B S

) SERA-1 is an input/output program intended for autormated retrieval
and documentation of quantitative and de scriptive planetary observation
r?quirements data. It is anticipated that SERA-1 will later be combined
with routines to correlate these data with sensor capability and support
requirements information (see Figure D-1). '

The -input data to SERA-1 consists of:
1‘. Program control parameters which select input and output options
. and establish which SERA modules are to be called. If SERA-1

alone is used, the only meaningful option is to use it to read and
print data. o

2. A library of identiiication numbers and titles of planetary explora-
tion goals, knowledge requirements, obsérvation objectives,
Planets, observable properties, ‘observation types, observation
Parametgrs; and functional form types. These terms are defined
in Sections 4 and 5, and the present contents of the library are
Presented in Table B-3,

3. 'Data entered for keypunching on the Planetary Observation
'Requirgments Data Sheet (ORDS), Figure D-2 (page D-39).

Let wy) be the worth (i.e., the value to science and technology) of
cm.'nplete achievement of the k th observation objective, insofar as that
objective is related to the m th combination of goal and knowledge require-
ment (0 < Wl < 1). wmk is entered on the ORDS ia columns 13-16, line 1.

D-1 ‘ :
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